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Chapter 2

Introduction to Volume V of the

Book Wilhelm Weber’s Main Works on
Electrodynamaics Translated into English

A. K. T. Assis3

2.1 General Aspects of Volume V

The picture on the cover of Volume 5 comes from a 1884 portrait of Wilhelm Weber taken
by the German photographer Bernhard Petri (1840-1887).%

This volume presents material which was not included in the 4 earlier volumes of the
book Wilhelm Weber’s Main Works on Electrodynamics Translated into English. Errata of
these 4 volumes are available in my homepage.

I included here the Introduction of Gauss’ 1840 paper on the general propositions relating
to attractive and repulsive forces acting in the inverse ratio of the square of the distance.
Then comes the full translations of Weber’s two papers on unipolar induction, published
in 1840 and 1841, preceded with introductory comments by the editor. After that comes
Weber’s large paper on galvanometry published in 1862. I also included Weber’s 1874 paper
on the equivalent of vis viva, preceded by the translator’s introduction. Then comes Weber’s
1875 treatise on the motion of electricity in bodies of molecular constitution.

Articles with biographical content were subsequently included: (a) Eduard Riecke’s
memorial speech given at the public meeting of the Royal Society of Sciences of Gottingen on
December 5, 1891; (b) Heinrich Weber’s 1893 biographical sketch of Wilhelm Weber; and (c)
W. Voigt’s 1899 speech on the unveiling of the monument to Gauss and Weber in Gottingen.

I also included the Prefaces to the six volumes of the collected works of Wilhelm Weber
published between 1892 and 1894.

I then included the following treatises by Wilhelm Weber only published posthumously
in his Collected Works: (i) on galvanometry (excerpt); (ii) comments on the paper: “in-
vestigation into the electric arc” by Prof. E. Edlund; (iii) electroscopic and electrodynamic
actions of free electricity in closed conductors; and (iv) on electrothermism (on electricity
and heat).

3Homepage: www.ifi.unicamp.br/~assis
41t appears, for instance, in [Web92e, frontispiece] and [Web93b, frontispiece].
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Finally T included three chapters discussing additional topics:

e The Weber as an electrical unit of measure, in which I show the decisive role of Weber’s
main opponents, William Thomson (Lord Kelvin) and Hermann von Helmholtz, in
suppressing the term Weber as the unit of electric current at the first International
Electrical Congress held in Paris in 1881. It was their suggestion to replace the term
Weber by Ampere as the unit of electric current.

e The velocity in Weber’s electrodynamics versus the velocities in different field theories.

o Weber’s electrodynamics versus different field theories.

The words between square brackets, | |, in the middle of the text have been inserted by
myself or by the translators in order to clarify the meaning of some sentences.

2.2 The Ratio Between the Numerical Values of the
Same Magnitude Expressed in Two Different Units
of Measure Is Equal to the Inverse Ratio of the
Corresponding Units of Measure

I present here an important topic which helps to understand clearly Gauss and Weber’s
absolute system of units.
Let a distance d between two points be measured in centimeters (cm) and inches (in):

distance = d = 3.28 em = 1.29 in . (2.1)

Therefore,

3.28 in  2.54
129 em 1
This is a general result. Suppose there is a certain magnitude measured with two different

units of measure:

(2.2)

magnitude = ny - unit, = ny - unity , (2.3)

where n, and ns represent two dimensionless numerical values, while unit; and unity repre-
sent the two units of measure. This magnitude can be a distance, a time interval, the value
of an electric charge, a current intensity etc. In the specific case of Equation (2.1) we had
ny = 3.28, ny = 1.29, unit; = cm and unity = in.
From Equation (2.3) we obtain
ny  unity k

= —— 2.4
N9 unity 1 (2:4)

In this equation k is a dimensionless numerical factor. It is used to convert the numerical
value of the measurement of a magnitude expressed in one unit of measure into the numerical
value of the same magnitude expressed in another unit of measure. It is also used to convert
one unit of measure into the other unit of measure. In the case of Equation (2.2) we had
k=254, 11in = 2.54 cm, or unity = k - unity.
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In other words, in general, the ratio between the numerical values of the same mag-
nitude expressed in two different units of measure is the inverse of the ratio between the
corresponding units of measure, as indicated by Equation (2.4), that is:

unit 1
AE (2.5)
unity  k
That is, if ny/ne = k/1, then unit, /unity = 1/k.

2.3 The Absolute Measure of Magnetic Force Con-
verted to Magnetic Field Intensity

In Gauss and Weber’s absolute system of units, all electrical and magnetic magnitudes can
be measured in terms of length, mass and time. In particular, they used the millimeter (mm),
milligram (mg) and second (s) as the fundamental or absolute units. Gauss explained some
of his ideas in a letter to the German astronomer Heinrich Olbers (1758-1840) on February
18, 1832:°

| am now working on geomagnetism, in particular the absolute determination of
its intensity. My friend Weber is carrying out the experiments according to my
instructions. Just as one can only give a clear concept of velocity, for example, by
assuming a time and a space, so, | think, for the complete determination of the
intensity of the Earth’s magnetism one must specify (1) a weight = p, (2) a line = r,
and then one can express the Earth's magnetism by \/]3/7" that is, a doubled Earth
magnetism would result in a weight four times as great with the same r, or, with the
same weight, half as great r.

In other words, the absolute unit of measure of the magnetic force is given by the unit
of @. Using Newton’s second law, according to which a force or weight is equal to a mass
(in milligrams, mm) times an acceleration (in millimeters per second squared, mm/s?), we
then have the following absolute unit of measure for the magnetic force:

Vmg - mm/s? N
= . (2.6)
mm sy/mm
Measurements made by Gauss and Weber in May 21, 1832, indicated that the horizontal
component of the Earth’s magnetic force in the city of Gottingen was 1.7820 /mg/(s/mm),
this quantity being represented by the letter 7. This was the first ever absolute measurement
of the geomagnetic force:

NGD
T =1.7820 Y7 | (2.7)
sy/mm
What they called the intensity of the magnetic force is represented by the magnetic field
in current electromagnetic theory taught in textbooks. The magnetic field is represented by
the letter, B = |B|. The unit of measure of the magnetic field in the MKSA International

°See https://gauss.adw-goe.de/handle/gauss/990. See also [MB82], [Mal82] and [Sch88].
6[Gau32] with English translation in [Gau21b, p. 44] and [Gau94] with English translation in [Gau21d,
p. 77).
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System of Units is the Tesla (1 Tesla = 1 kg/(As?)). The conversion between the absolute
measurements of Gauss and Weber and the International System of Units is as follows:”

NGD
1V 1075 Tesla . (2.8)
sy/mm
In other words, according to the measurements made by Gauss and Weber in Gottingen
in May 21, 1832, the intensity of the horizontal component 7" of the Earth’s magnetic force
is equivalent to the horizontal component By, i.ontar Of the Earth’s magnetic field given by:

m
T =1.7820-Y"9 s Byorioontar = 1.7820 x 1075 Tesla . (2.9)
Sy mm

7See footnote 5.
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Chapter 3

(Gauss, 1840] Introduction of the
Paper “General Propositions Relating
to Attractive and Repulsive Forces
Acting in the Inverse Ratio of the
Square of the Distance”

C. F. Gauss®?:10

Nature presents to us many phenomena which we explain by the assumption of forces
exerted by the ultimate particles of substances upon each other, acting in inverse proportion
to the squares of their distance apart.

Amongst these forces, the first to be noticed is that of universal gravitation, by virtue of
which every ponderable molecule j exercises upon every other such molecule y/, a moving
force, which, if we call the distance r, is expressed by uu’/r? and tends to produce the
approximation of the molecules in the direction of the straight line connecting them.!

If, in order to explain magnetic pheenomena, we assume two magnetic fluids, one positive
and the other negative, two magnetic elements pu, p’, will exert, each on the other, a moving
force pp'/r?, acting along the straight line which joins the two elements, repulsively if ;4 and
', are of the same kind of fluid, attractively if they are of different kinds.'2

The same is true of the mutual action of the particles of electric fluids upon each other.?

The linear element ds of a galvanic current exerts in like manner on an element of the
magnetic fluid p (if we allow the latter) a moving force, which is inversely proportional to

8[|Gau40] with English translation in [Gau43]. I present here only the Introduction of this paper.

9Edited by A. K. T. Assis, www.ifi.unicamp.br/~assis

0The Notes by A. K. T. Assis are represented by [Note by AKTA:].

" Note by AKTA:] This law is due to Isaac Newton (1642-1727) in 1687. See [New34] and [New99)].
Portuguese translation in [New90], [New08] and [New10]. See also [New79] with Portuguese translation in
[New96].

12[Note by AKTA:] This law is due to Charles Augustin de Coulomb (1736-1806). See [Cou88b] with
complete German, Portuguese and English translations in, respectively, [Cou90b], [Ass22] and [AB23].

13[Note by AKTA:] This law is also due to Coulomb, [Cou88a] and [Cou88b] with complete German,
Portuguese and English translations in, respectively, [Cou90a], [Cou90b], [Ass22] and [AB23].
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the square of the distance r; but there is now introduced a new and distinctive circumstance;
the direction of the force is not in the connecting straight line, but is perpendicular to the
plane passing through p and the direction of ds; and the intensity of the force depends not
on the distance alone, but also on the angle which r» makes with ds. If this angle be called 6,
then sin 6 - puds/r? is the measure of the moving force which ds exerts upon u; and an equal
force in the parallel and opposite direction is exerted by p on the element of the current ds,
or on its ponderable carrier.*

If we assume with Ampeére that the elements ds, ds’ of two galvanic currents act attrac-
tively or repulsively on each other in the straight line which joins them, then the phaenomena
require us to consider this force as acting in the inverse ratio of the square of the distance;
but as having, at the same time, a somewhat less simple dependence on the direction of the
elements of the currents.'®

We shall restrict ourselves in this treatise to the three first cases, or to those forces
which are exerted by one element upon another in the straight line which joins them, and
which are therefore simply in the inverse ratio of the square of the distance; although several
propositions will be found applicable, with slight alterations, to the other cases also, the
more detailed development of which must be reserved for another treatise.

]

4[Note by AKTA:] In German: dessen ponderabeln Tréiger. That is, its ponderable carrier, or material
conductor of the current element ds. This law is due to Jean-Baptiste Biot (1774-1862) and Félix Savart
(1791-1841). See [Bio21]; [BS24] and [BS85] with English translations in [Far26] and [BS65a]; see also [AC15,
Chapters 6, 16 and 17].

15[Note by AKTA:] André-Marie Ampere (1775-1836). Ampere’s masterpiece was published in 1826,
[Amp26] and [Amp23]. There is a complete Portuguese translation of this work, [Cha09] and [AC11]. Partial
English translations can be found at [Amp65] and [Amp69b]. Complete and commented English translations
can be found in [Ampl2] and [AC15]. A huge material on Ampere and his force law between current
elements can be found in the homepage Ampére et I’Histoire de Z’E’lectricité, http://www.ampere.cnrs.
fr and [Blo05], at the homepage of the Friends of André-Marie Ampere, https://saama.fr, and at the
homepage of the Ampere Museum, https://amperemusee.fr/en.
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Chapter 4

Editor’s Introduction to Weber’s First
Paper on Unipolar Induction

A. K. T. Assis!6

4.1 Faraday’s Experiment

Wilhelm Weber (1804-1891) presented in 1839 a paper on unipolar induction which was
published in 1840.'7 We present here the first English translation of this paper.

Michael Faraday (1791-1867) was the first to perform this experiment in 1832."% He
placed a copper disk above a cylindrical magnet and connected a galvanometer between
the center and edge of the disk through sliding contacts. The magnet and the disk might
rotate relative to the ground, while the galvanometer and conducting wires always remained
stationary. The copper disk and magnet had the same radii and axis of symmetry, Figure 4.1.

Figure 4.1: Unipolar induction experiment.

16Homepage: www.ifi.unicamp.br/~assis

17[Web40].

18[Far32a, §§ 217 to 230] with Portuguese translation in [Farl1] and German translation in [Far32b] and
[Far89).
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Faraday observed the same electric current flowing through the galvanometer in two
situations, namely, (a) when only the disk rotated relative to the ground with a certain
angular velocity w, and (b) when the disk and magnet rotated together relative to the ground
with the same angular velocity w. The direction of the current depends on the direction of
rotation and also on the orientation of the magnet, that is, if the North pole is above or
below the South pole.

In some experiments Faraday removed the disk and considered only a cylindrical magnet,
with a galvanometer connected by sliding contacts to the center of the upper face and to a
point along the edge of the magnet. When he rotated the conducting magnet relative to the
ground, a current was indicated by the galvanometer.

This phenomenon became known as unipolar induction, a name coined by Weber in the
paper which is being translated here. Other common names for this experiment are unipolar
generator, homopolar induction, homopolar generator and Faraday generator.

4.2 Weber Knowledge of Faraday’s Experiment

Weber seems to have developed the idea of this experiment quite independently from Fara-
day’s earlier work of 1832. He performed the experiment and sent his text for publication
without being aware of Faraday’s paper, as pointed out by Wiederkehr:!'?

When writing the article, Wilhelm Weber appears to have been unaware of Faraday's
experiments on unipolar induction. The initially strange fact that Weber suddenly
speaks of Faraday and his earlier experiments at the end of his treatise is explained
by a letter from Weber to Gauss.

Wiederkehr then quoted Weber’s letter to Gauss, number 15, from September 06, 1839:

| saw Ettingshausen® in Leipzig on the way to Gottingen. He pointed out to me that
the phenomenon which | had considered under the title of unipolar induction had also
been noticed by Faraday. | found the passage easily and was able to refer to it, since
Reimer?! was willing to have the last page of this essay reprinted...

4.3 Weber’s Experiment

One of Weber’s original apparatus related to unipolar induction, his unipolar inductor of
1840, still exists at the Scientific Collections of the Georg-August-University Gottingen in
Germany.?? It appears in Figure 4.2.

19[Wie60, pp. 41-42, footnote 6]. See also [Gau d].

20 Andreas von Ettingshausen (1796-1878) was an Austrian physicist.

21Karl August Reimer led the Weidmannsche Buchhandlung where Weber’s work was originally published.

22nttps://sammlungen.uni-goettingen.de/sammlung/slg_1020/ and https://uni-goettingen.de/
en/47114 .html.
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Figure 4.2: Weber’s original instrument. Source: Physicalisches Cabinet, Georg-August-
Universitat Gottingen / CC BY-SA 4.0; Photo: Sauer Marketing, Gerhard und Maren Sauer.

Figure 4.3 presents the main components of this device.?® A brass disk can be fixed
at different points along the axis of a magnetized steel cylinder N.S. The lower portion of
the disk touches a mercury tray or trough. Hand gears allowed the rotation of the magnet
around its horizontal NS axis at a known rate. A galvanometer GG is connected through
conducting wires to the mercury tray and to the center of one extremity of the magnet.
When the disk and magnet rotate together relative to the ground, while the galvanometer
and conducting wires remain stationary, a current flows through the galvanometer. One of
his magnetized cylinders was 26.9 cm long with a diameter of 2.3 cm, while the other was
50.2 cm long with a diameter of 2.05 cm. This experiment is analogous to Faraday’s unipolar
induction experiment when the disk and magnet rotate together relative to the ground. It

Z[BecT9].
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is also analogous to Faraday’s experiment in which there was only a magnet which could
rotate relative to the ground.

Brass
disk
Mercury
tray

Figure 4.3: A representation of Weber’s unipolar inductor.

4.4 On the Existence of Magnetic Fluids

In this paper of 1839 Weber based his explanation of the phenomenon on the existence of
magnetic fluids, namely, the austral and boreal fluids (also called the northern and southern
fluids, respectively). Later on he changed completely his point of view, rejecting the existence
of these fluids. This was due to his experiments on diamagnetism published in 1852 in his
third major memoir on Electrodynamic Measurements. In particular, he discussed this
important topic in a Section 22 (On the Existence of Magnetic Fluids) of his 1852 paper.?*
André-Marie Ampere (1775-1836) had already argued against the existence of magnetic fluids
in his masterpiece.?®

In 1852 Weber concluded that the hypothesis of magnetic fluids in the interior of bodies
had been refuted, while Ampere’s hypothesis of the existence of electric molecular currents
in the interior of bodies had been corroborated through diamagnetism. His conclusion runs
as follows:2¢

The diamagnetic phenomena discovered by Faraday?” decide between these two the-
ories in the same way as the phenomena of interference decided between the emission
and wave theory in optics. This is the most essential and important meaning asso-
ciated to this discovery. Thanks to the discovery of diamagnetism the hypothesis
of electric molecular currents in the interior of materials gets affirmed and the
hypothesis of magnetic fluids in the interior of materials gets disproved.

24[Webb2a, Section 22] with English translation in [Web21h, Section 2.22].

25See Section 19 (The Magnetic Poles and Dipoles are Disposable Hypotheses) of [AC11] and [AC15]. See
also footnote 15 on page 18.

26[Webbh2a] with English translation in [Web21h, Section 2.22 (On the existence of magnetic fluids), pp.
66-68]. See also [Web52d]| with English translations in [Web53b], [Web66b] and [Web211, Section 3.1.6 (On
the existence of magnetic fluids)].

2T[Far46b] and [Far46c].
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4.5 On the Existence of Molecular Currents

Another aspect which should be emphasized here is that in this paper of 1839 Weber argued,
based on the phenomenon of unipolar induction, against the existence of Ampere’s molecular
currents, see Subsection 5.4.1. Later on he also changed completely his point of view on
this respect. For instance, in his paper of 1852 on diamagnetism he made the following
comment:2®

Before in the “Resultate aus den Beobachtungen des magnetischen Vereins im Jahre
1839”29 | tried to justify the conjecture that the phenomenon described by the name
“unipolar polarity” could lead to such a decision.>® However, this is not the case, since
there can be given a different explanation for the phenomena described there, as soon
as such a connection takes place between the electric fluids moving in the interior
of the conductor and the ponderable parts of the conductor, that each force acting
on the electric fluids completely or nearly is transferred to the ponderable parts, as |
explained in more detail in the “Electrodynamic Measurements” (Abhandlungen bei
Begrindung der Koniglichen Sdchsischen Gesellschaft der Wissenschaften edited
by the F. Jabl. Ges., Art. 19, p.309).3!

These molecular currents proposed by Ampeére became the foundation of many researches
which Weber developed in the following years.

4.6 Unipolar Induction Explained with Weber’s Elec-
trodynamics

Normally when most scientists considered unipolar induction in the last 190 years they
concentrated their attention only on the rotations of the disk and magnet around their
common axis. Let us represent by w the clockwise angular velocity of the disk and/or
magnet relative to the ground when seen from above, while —w represents the anti-clockwise
rotation. When we rotate only the disk relative to the ground, we can measure a current
I flowing through the galvanometer connected by sliding contacts between the center and
periphery of the disk, as represented in Figure 4.1. This current is linearly proportional to
w and to the intensity of the magnet. These facts suggest that the induced current depends
on the interaction between the disk and magnet, an action originating from their relative
rotation.

If we let the disk stationary in the ground and rotate the magnet in the opposite direction
with an angular velocity —w, most people expect the same current I to be measured in the
galvanometer. However, the galvanometer measures no current, as shown in Table 4.1

28[Webb2a, footnote 1, p. 536 of Weber’s Werke] with English translation in [Web21h, footnote 59, page
67).
29Gee [Web40, p. 171 of Weber’s Werke] and Subsection 5.4.1 with the English translation of Weber’s
discussion.

30In 1839 Weber decided in favour of the existence of magnetic fluids and against the existence of molecular
electric currents.

31[Web46, Section 19, p. 134 of Weber’s Werke] with English translation in [Web21d, Section 5.19 (De-
velopment of a general fundamental law of electrical action), pp. 130-141].
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Rotation of the

Rotation of the

Current in the

Disk Magnet Galvanometer
w 0 1
0 —w 0

Table 4.1: First apparent paradox.

There is an apparent paradox here. The relative motion between the disk and magnet is
the same in both cases, but the measured effect indicated by the current in the galvanometer
is completely different for these two cases.

Another apparent paradox originates when the disk and magnet are stationary, or when

both of them rotate together relative to the ground. The result of this experiment is indicated
in Table 4.2.

Rotation of the

Rotation of the

Current in the

Disk Magnet Galvanometer
0 0 0
w w 1

Table 4.2: Second apparent paradox.

In these two cases there is no relative motion between the disk and magnet. However,
the current measured in the galvanometer is very different for these two cases.

The solution of these apparent paradoxes is that in unipolar induction we need to consider
not only the disk and magnet, but also the closing circuit (composed of galvanometer and
conducting wires connected to the center and periphery of the disk). We are here supposing
that the magnetism of the magnet has a much larger intensity than the magnetism of the
Earth, so that we can neglect the magnetic influence of the Earth on the outcome of this
experiment.

In 1994 a theoretical prediction has been made of what would happen in this experiment,
based on Weber’s electrodynamics, if it were possible to rotate the closing circuit relative to
the ground.??> We now have 8 cases to consider, as indicated in Table 4.3.

From Table 4.3 we can see that the opposite of rotating only the disk clockwise is not to
rotate the magnet anti-clockwise, but to rotate together the magnet and the closing circuit
anti-clockwise, cases 2 and 6. In both cases the same current I should be measured in the
galvanometer.

Likewise, the situation when everything is stationary in the ground is not equivalent to
rotate together the disk with the magnet, but to rotate together the disk, magnet and closing
circuit, cases 1 and 8. In both cases no current should be measured in the galvanometer.

Moreover, the situation when we rotate only the magnet is not equivalent to rotate the
disk in the opposite direction, but to rotate together the disk and closing circuit in the
opposite direction, cases 3 and 5. In both cases no current should be measured in the
galvanometer.

And finally, the situation in which we rotate together the disk and magnet, should be
equivalent to rotating only the closing circuit in the opposite direction, cases 7 and 4. In

32[AT94].
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Rotation of the | Rotation of the | Rotation of the | Current in the

Disk Magnet Closing circuit | Galvanometer
1 0 0 0 0
2 w 0 0 1
3 0 —w 0 0
4 0 0 —w 1
5) w 0 w 0
6 0 —w —w 1
7 w w 0 1
8 w w w 0

Table 4.3: Prediction based on Weber’s electrodynamics.

both cases the same current I should be measured in the galvanometer.

These predictions of Weber’s electrodynamics have been confirmed by an experiment
performed in 2022:3 Baumgirtel, C., Maher, S. Resolving the paradox of unipolar induction:
new experimental evidence on the influence of the test circuit. Sci Rep 12, 16791 (2022).
Available at https://doi.org/10.1038/s41598-022-21155-x and also at:
https://www.nature.com/articles/s415698-022-21155-x.

33[BM22] and [Bau22].
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Chapter 5

[Weber, 1840] Unipolar Induction

Wilhelm Weber34:35:36,37,38

There are two sources responsible for magnetic phenomena, namely terrestrial magnetism
and bar magnetism®® which are differentiated not because there is a specific difference in the
magnetism itself, but because the circumstances under which they act are different and the
questions to be answered are different. This distinctness especially shows in the known gen-
eral magnetic laws (which were found through experiments with bar magnets) often being
applied directly to the action of bar magnets and give a straight-forward explanation to
phenomena stemming therefrom; but being rooted and applied to terrestrial magnetism only
indirectly through the general theory of terrestrial magnetism, which contains the principles
of explanation for all terrestrial-magnetic phenomena. The latter theory was first developed
by Privy Councillor Gauss*® in the previous Volume of the Resultate;*! the theory of bar
magnetism is older*? and, because it is essentially included in the general theory of mag-
netism, may in some respects be regarded as self-contained and completed for a long time,
but this does not prevent the occurrence of individual problems which need to be solved, and
through which even new light can be shed on the nature of magnetism. One of such tasks
is the core of the present article. The phenomena to be regarded here are induction phe-
nomena which consist in general of the excitation of galvanic currents through magnetism in
motion. These induction phenomena are split into two categories, where the ones in the first
category, which shall be titled bipolar induction, are sufficiently known and have been shown
with both bar and terrestrial-magnetism; the ones of the other category, in contrast, which

34[Web40)].

35Translated by C. Baumgirtel, Department of Electrical Engineering and Electronics, University of Liv-
erpool, Liverpool, L69 3GJ, United Kingdom, ORCID: 0000-0002-0702-0480. Edited by A. K. T. Assis, www.
ifi.unicamp.br/~assis

36The Notes by E. Riecke, the editor of the second Volume of Weber’s Werke, are represented by [Note
by ER:]; the Notes by C. Baumgértel are represented by [Note by CB:]; while the Notes by A. K. T. Assis
are represented by [Note by AKTA:].

37[Note by ER:] See Table VIII, Figures 1-4 [of Weber’s Werke].

38[Note by ER:] Resultate aus den Beobachtungen des magnetischen Vereins, 1839, III, pp. 63-90.

39[Note by CB:] It is likely Weber is implying permanent ferromagnetism here.

10[Note by AKTA:] In German: Herr Hofrath. The title by which Weber addressed Gauss can also be
translated as Mr. Court Councillor.

41[Note by AKTA:] [Gau39] with English translations in [Gaudla] and [GT14].

42[Note by AKTA:] See footnote 12 on page 17.
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shall be titled unipolar induction, have been previously unknown and have only been shown
to arise from bar magnetism. In addition to the many examples we have where essentially
the same phenomena as with bar magnetism are also produced by geomagnetism (for exam-
ple, almost all electromagnetic and magnetoelectric phenomena), it is interesting to learn
of a case where this is not possible. That the reason for this impossibility lies not within
magnetism itself, but in external circumstances, (for instance, the Earth is not as good a
conductor as the steel of a bar magnet, and not all of Earth’s parts are magnetic, — apart
from the fact that the Earth itself prevents the execution of some experiments due to its size)
is easily anticipated and proved through testing. — Before we move on to the experiments
themselves, which have led to the investigation of unipolar induction, some general remarks
shall be made about the nature, the method and the laws of unipolar induction, since this
helps the understanding of the experiments and shortens their description.

5.1 General Remarks

5.1.1 Bipolar and Unipolar Induction

The existence of two magnetic fluids is presupposed, one northern and one southern, which
exist in the molecules of a magnet in equal amounts, but separate from each other. If such a
magnet is set in motion, a galvanic current is induced in a neighbouring conductor following
known laws.*® This current is such that it can be decomposed into two currents, of which one
is caused by the motion of the northern fluid and the other by the motion of the southern
fluid. This induction of two currents through the motion of both magnetic fluids shall be
called bipolar induction. But it is also conceivable a kind of induction whereby either only
one kind of magnetic fluid moves and the induced current of the other fluid is always zero,
or the other fluid induces alternating positive and negative currents whose sum is zero, so
that the only remaining current is the one induced by the first fluid. This induction of a
current caused by the motion of one magnetic fluid shall be called unipolar induction.

5.1.2 Method

Imagine a horizontal circular or annular conductor and move a body containing only northern
fluid downwards along the vertical axis, thus a galvanic current will show in the ring,** the
direction of which is opposite to the diurnal motion.*> For uniform velocity [of the northern
fluid,] the current increases from zero during the motion from infinite height to the ring
plane, and decreases similarly back to zero for motion from the ring plane to infinite depth.
During this motion the magnitude of the current changes, but never the direction in the
conductor. If eventually the body with the northern fluid is moved back from bottom to
top, but not in a straight line and rather in a circular motion whose centre is located in the
conductor and staying infinitely far away from the same, so that the body does not excite the
conductor, the first motion can begin anew and the same current induced in the conductor
a second time. In this manner the body containing only northern fluid could continue the

43[Note by AKTA:] Weber is referring here to Faraday’s law of induction from 1831. See [Far32a] with
German translation in [Far32b] and [Far89], and Portuguese translation in [Farll].

44[Note by CB:] In German: im Ringe. This expression can be translated as “in the ring” or “in the loop”.

45[Note by AKTA:] In German: dessen Richtung der tiglichen Bewegung entgegengesetzt ist. That is, the
current will flow anti-clockwise when viewed from above.
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same induction arbitrarily, whereby the current’s magnitude in the conductor changed, but
never the direction. The same would be true for a body only containing southern fluid, but
the current’s direction would be opposite. In both cases the magnet’s path can be shortened
drastically, since on all paths where the magnet moves downwards through the ring and
upwards around the ring to return to the initial position, the induction is the same. The
essential criterion for a continuous homogeneous induction with a magnet containing only
one magnetic fluid is, that this magnet moves downwards through the ring and upwards
around it, or vice versa. On the contrary, if it is moved through the ring for both upwards
and downwards motion or around it for both motions, the direction of the induced current
changes and the total effect is zero.

It is simple to apply these laws to the second case, where a magnet is responsible for
the induction that contains both fluids in equal amounts, where both move with the magnet
at the same time. The current induced by both fluids simultaneously at every instant is
the sum of the currents induced by each individual fluid at that instant, which leads to the
conclusion that

1. if the magnet is moved back and forth from its original location and position, so that
it passes through the ring either not at all (neither downwards nor upwards) or both times
(downwards as well as upwards), the total effect is zero, as it vanishes in its parts;

2. if the magnet moves through the ring only once during this motion (downwards
or upwards), the total effect is also zero, because the southern fluid induces an equal but
opposite current to the northern one.

It does not follow from this, however, that a continuous homogeneous induction, such
as can be produced by a magnet that contains only one fluid, is impossible with a magnet
containing both fluids, rather, there remains a third case to be considered, which is not yet
included in the previous two, and is possible if really magnetic fluids exist and are really
spatially separated from one another in the molecules of the magnet, that is

3. a magnetic molecule® is moved in such a way that it does not pass through the ring
completely or not at all, but half through it and half remains outside it, for instance that
the half containing northern fluid goes down through the ring, upwards around the outside,
or vice versa; but the other half containing southern fluid always remains outside. The total
effect is then non-zero, since one fluid (which moved through the ring) has induced a current,
which has not been nullified, since the other fluid (which did not move through the ring) has
not induced any or only an inhomogeneous current whose combined effect vanishes in total.
However, since the ring as well as the magnetic molecule are solid bodies, it appears that
this third case is only possible if either one is broken up. Yet, a magnetic molecule cannot be
broken in such a way that each part only contained one fluid, which would be necessary to
move one single fluid through the unbroken ring; thus the ring has to be broken up, which
is easily done: however, it must be noted that the galvanic circuit must not be interrupted
while the ring is being broken. The ring can be broken without interrupting the circuit, if
the inseparable magnetic molecule is such that the galvanic current can flow right through
between both fluids; since that molecule can conductively connect both parts of the ring while
it is being broken.

It is easy to create a setup which fulfills the conditions of the third case. It is sufficient to
magnetize a steel cylinder in such a way that its magnetic axis coincides with its geometric
one, and spin it around this axis. If both ends of a conducting wire then come into contact

46[Note by AKTA:] Each magnetic molecule is made up of a North fluid and a South fluid of the same
intensity, separated by a small distance, making it a magnetic dipole.
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with the cylinder, one end to the rotational axis at A, Figure 1, the other to the periphery
at B, the wire forms a conducting circuit ABC'DA, which always remains closed during
rotation of the cylinder.*”

Let ns be a magnetic molecule in the cylinder, where the northern fluid is situated at
end n and the southern at s. The molecule is such that a galvanic current can be passed
right through it. If one imagines the conducting circuit ABC' DA containing the point where
the centre of the molecule is located, it is easy to see that the northern fluid n is moved
downwards through the ring of the circuit and upwards around it with each rotation, if we
assume that in the Figure ns is moving downwards during rotation and after half a rotation

47[Note by AKTA:] In Figure 1 the magnetized cylinder is represented by the horizontal rectangle. The
arrow indicates the direction of the current in the wire BCDA. Weber considered the rotation of the magnet
around its horizontal axis of symmetry. An experiment like this one was first performed by Faraday in 1832,
see Chapter 4. In the Figure of this footnote I included the horizontal axis AA’ of the magnet, its angular
velocity w around this axis, and the electric current ¢ induced in the wire BC' DA due to the rotation of the
magnet. I also replaced the lower letters sn by s'n/'.

(DQA»
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reaches n's’*® where it moves back upwards. In contrast, the southern fluid s always remains

outside the circuit during rotation. These circumstances allow to speculate that a continuous
homogeneous current will be excited, whose direction is indicated by the annotated arrow.
This speculation has been confirmed by experience, as the experiments to be shown later
will prove.

After explaining the underlying idea of the experiments to be described, a few theorems
shall be developed which have guided the design of individual experiments.

5.1.3 Laws

1. The induction along all paths from the point of contact on the cylindrical surface to
the point of contact at the end of the rotational axis is uniform if the magnetic fluids are
separated uniformly everywhere.

It is presupposed that all magnetic molecules in the rotating cylinder are equal in strength
and equally spaced, as if the cylinder was split into small identical cubes, with magnetic
molecules sitting at the ends. The molecules may then form parallel rows to the rotational
axis. No matter which path the current takes, it needs to traverse every row of molecules
from the surface to the axis, and the probabilistic number of magnetic molecules being cut
by the current on its way is proportional to the number n of these rows; furthermore it is
directly proportionate to the length [ of these molecules and indirectly to their distance a,
so that = nl/a. Since all molecules are assumed equal and equally spaced (that is, [ and a
constant), it follows that the number of cuttings on all paths is expected to be equal. This
theorem holds true even for those paths which exceed the rotational axis and cut many more
rows of molecules beyond it, until eventually reaching the end of the axis; for it is obvious
that such a path cuts each row beyond the axis twice, once moving away from the axis, the
other time approaching the axis again, each time with equal probability to come across a
magnetic molecule. The induction due to the cutting of a particle on the outbound path is
cancelled by that on the return path, so that the probability of induction on such a detour
is zero overall.

2. If the galvanic current passes simultaneously along several paths from the surface of
the cylinder to the axis, on all of which the induction is the same, the induction is just as
strong as if the current took only one path.

It is known that if you set up multiple equally strong galvanic piles and connect their
poles of the same type to each other and to the ends of a long circuit of conductors (so that
all currents emanating from the piles combine immediately after the piles and flow through
the long circuit and eventually split immediately before the piles to complete their circuit),?
then the current in the circuit is just as strong as if the ends of the circuit only made contact
with the poles of one pile, presupposing that the resistance in the piles is vanishingly small
compared to the resistance in the circuit. Applying this theorem to our case, every path
through the cylinder can be compared to a path through a pile, from which the present
theorem follows, since the resistance in the cylinder is vanishingly small compared to the
rest of the circuit. From this it follows,

3. The induction is independent of the number of points on the surface of the cylinder
being contacted.

48[Note by AKTA:] In Figure 1 we should have at the lower portion of the magnet n’s’ instead of ns, as
shown in the Figure of footnote 47.
49[Note by AKTA:] That is, the piles are connected in parallel.
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4. The induction is independent of the length of the cylinder, whose molecules are equally
strong magnetic.

5. The induction is proportional to the cross section of the cylinder under otherwise
similar circumstances.

6. When there are different paths through the cylinder, some of which where the induction
is larger, some of which where it is smaller, the current will be as strong as if it traversed
the latter path alone through the cylinder.

This theorem stems from the comparison of our case with a circuit, which is split at the
end and connected to multiple unequal piles. Because if such a current division occurs that
some parts traverse weaker and some parts stronger piles, the current in the rest of the circuit
will be just as strong as if there was no division and the current only traversed the weakest
pile, presupposing the resistance of the piles vanishes in comparison to the resistance of the
circuit. If one part was led only through a conductor, instead of through a pile, where too
the resistance [of the conductor| disappears compared to the resistance of the entire circuit,
the galvanic current would cease in the remaining undivided circuit. It is straightforward to
apply this to our case. All induction would need to vanish if the surface of the cylinder was
connected to the axis by a copper sleeve.

7. If the cylinder is equally strong magnetic in all parts, two rotations will induce a current
which is equal to the current created by the same cylinder through a single alternation in an
inductor coil consisting of a single winding,”® presupposing that the diameter of the latter is
very small compared to the length of the cylinder.

If M is the magnetic moment of the cylinder and L is its length, and if the magnetic
fluids are spread across the end face of the cylinder, which is allowed under the previous
condition that all particles of the cylinder are equally magnetic, then :t% is the amount of
northern or southern fluid situated at one or the other end face. The induced current S by
a single alternation is then equal to the current induced by one fluid i—% if it was moved
twice along the same path in the same direction through the inductor ring (presupposing,
that the diameter of the later is very small compared to the length of the cylinder), which
allows to write

M
:2~—
S c 7

where ¢ is a constant only depending on the resistance of the circuit. If the inductor consists
of multiple windings, ¢ would need to be multiplied by the number of windings.

If the cylinder consists of equal and parallel molecules, each of which has a magnetic
moment = m, a length = [ and whose distance is = a, then the number of molecules is equal
to the volume of the cylinder divided by the cubed distance a, or = “f;L, where R is the
radius of the cylinder. The sum of all molecules’ moments is equal to the moment M, or

TR2L
a3

-m=M .

If at one end of each molecule there is +75 (northern) fluid, at the other end —% (south-
ern) fluid, then the amount of northern (or southern) fluid which traverses the ring of the

%0[Note by AKTA:] In German: der von demselben Cylinder durch einen Wechsel in einer aus einer
Umwindung bestehenden Induktorrolle hervorgebracht wird. The word Wechsel can be translated as alter-
nation, change or rotation. The word Umwindung can be translated as winding, loop or turn. The word
Induktorrolle can be translated as inductor coil. Gauss defined the meaning of the word “Wechsel” in his
1836 work “Erdmagnetismus und Magnetometer”, [Gau36b, pp. 39-43 of the Jahrbuch and pp. 340-341 of
Gauss’ Werke] and [Web39b, pp. 108 and 112 of Weber’s Werke].
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circuit during each rotation, and induces a continuous homogeneous current, is obtaining by
multiplying £7 by the number of molecule rows in the cylinder and by the ratio //a (which
measures the probability that the current cuts a molecule while traversing a molecule row).
The amount of induction-causing fluid traversing the ring of the circuit during each rotation
is then

~m wR* | 7Rm

I a2 a ad

since the number of molecule rows in the cylinder is equal to the cross section mR? of the
cylinder, divided by the square of the distance a between the molecules. According to this
the current induced by every rotation is

TR*>m

S=2¢C

)

a3

where ¢ has the same meaning as before. Comparing both currents, one finds
S =2s,

that is, the current induced by two rotations of the cylinder is equal to the current induced
by a single alternation, presupposing that the wire of the inductor coil forms only a single
winding.

8. If some parts of the cylinder are more strongly magnetized, some more weakly, the
current induced by two rotations of the cylinder is weaker than the one by a single alterna-
tion, presupposing the wire of the inductor coil forms only one winding which is very small
compared to the length of the cylinder.

There is one path among the many which the galvanic current takes through the cylinder,
which traverses the most weakly magnetized parts. According to [theorem] (6.)°' the current
induced through rotation of the cylinder is not stronger than as if the cylinder was only
weakly magnetized in all of its parts. In contrast, the current induced by a single alternation
is increased, even if the magnetism of the cylinder is not amplified in all, but only in individual
parts, from which the previous theorem follows by itself.

5.2 Instruments

The instruments used to cause and observe unipolar induction consisted of the following
parts: firstly two axially magnetized steel cylinders; secondly gears with which the cylinders
could be rotated around their axes with a known rate; thirdly a magnetometer equipped
with a multiplier to measure the induced currents;** fourthly a device for conductively con-
necting one end of the multiplier wire to the end of the rotational axis, the other end [of
the multiplier wire] to the cylindrical surface without impairing its rotation; fifthly a coil to
perform induction experiments described in the previous Volume of the Resultate, page 98
and following,3:%* with the same magnet.

51[Note by AKTA:] See page 32.

52 A multiplier is a galvanometer. It received this name “multiplier” from the German chemist, physicist
and mathematician Johann Schweigger (1779-1857) who built the first galvanometer in 1820. He amplified
the effect that Oersted first observed in 1820 by forming a coil with multiple windings looped around
a rectangular frame, in the center of which the magnetized needle was suspended, [Sch20] and [Sch21d];
[Sch21c] with French translation in [Sch21a]; [Sch21b]. See also [Chi64] and [LSN21].

3[Note by ER:] Wilhelm Weber’s Werke, Vol. II, p. 115.

54[Note by AKTA:] [Web39b, p. 115 of Weber’s Werke].
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5.2.1 The Cylindrical Magnets

Two hardened steel cylinders, one 269 mm long, 23 mm wide, the other 502 mm long, 20.5
mm wide, were fitted with a spike at one end (North end) and equipped with a nut at the
other [end]. The latter was attached to a toothed wheel (40 teeth) whose shaft was pointed
as depicted in Figure 2. The first steel cylinder was magnetized twice, first weakly, then
strongly, so that its magnetic moment was first 65 [Million| and then 108 Million according
to absolute measure.”® The second cylinder was magnetized to 450 Million.

e

I

Fig. 2.

5.2.2 The Gears

The gear was the same as described in the second Volume of the Resultate (for 1837) in
connection with the induction inclinometer.?®-*"® Only an additional wheel with 60 teeth
was added which meshed with the 40 tooth wheel fixed to the magnet. Each rotation of
the crank equalled 8% of the steel cylinder. To connect the gears with the magnet a rack
was used, Figure 3, which consisted of an iron clamp to which the gears were screwed, with
a small notch at the end, in which the spike of the small wheel fixed to the magnet was

55[Note by AKTA:] Gauss introduced the absolute measure of bar magnetism in 1832, see [Ass21j]. Gauss’
work on the absolute measure of the Earth’s magnetic force was announced at the Koniglichen Societat der
Wissenschaften zu Gottingen in December 1832, [Gau32] with English translation in [Gau33a], [Gau37a] and
[Gau2lb], see also [Rei02, pp. 138-150]. The original paper in Latin was published only in 1841, although
a preprint appeared already in 1833 in small edition, [Gaudlb] and [Reil9]. Several translations have been
published. There are two German versions, one by J. C. Poggendorff in 1833 and another one in 1894
translated by A. Kiel with notes by E. Dorn; a French version by Arago in 1834; two Russian versions,
one by A. N. Dragusov of 1836 and another one by A. N. Krylov in 1952; an Italian version by P. Frisiani
in 1837; an English extract was published in 1935, while a complete English translation by S. P. Johnson
was published in 2003 and 2021; and a Portuguese version by A. K. T. Assis in 2003: [Gau33b], [Gau34c],
[Gau3d6a], [GauldTc], [Gaud4], [Gaudh], [Gaub2], [GauT75], [Gau03] and [Gau2ld], and [Ass03].

6[Note by ER:] Ibidem, p. 77.

5T[Note by AKTA:] [Web38, p. 77 of Weber’s Werke].

58[Note by AKTA:] In German: Induktions-Inklinatorium. The dip circle, dip needle, inclinometer or
inclinatorium is an instrument used to measure the angle between the horizon and the direction of terrestrial
magnetism (the dip angle). It consists essentially of a magnetic needle pivoted at the center of a vertical
graduated circle. Weber’s induction inclinometer (Induktions-Inklinatorium) is a new instrument which he
presented in 1837, [Web38|. It offered a novel way to circumvent the two main problems with dip circles:
the effect of gravity, and the need to reverse the polarity of the needle, [WSHO03].
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inserted, while the spike of the North end of the magnet fit into a similar notch in the second
clamp. The shape of the clamp was used to bring the ends of two large magnets close to
the rotating magnet from two opposite sides, as done in some of the tests. The clamps were
held by the weight of these magnets. In absence of the magnets the clamps were screwed
tight to the table hosting the apparatus.

S
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5.2.3 Magnetometer and Multiplier

The magnetometer used for these tests is the same transportable magnetometer as described
in the previous Volume of the Resultate.”? This smaller magnetometer was preferable over
a larger one, because the multiplier wire had a larger number of windings (2000) over a
shorter length (roughly 600 metres). Due to the shorter length, the resistance was smaller,
and with this the induced current stronger; due to the larger number of windings, the
current’s intensity was multiplied: both leading to a larger deflection of the magnetometer’s
needle. To further increase the amplification, a 25 pound magnet-rod was erected about 2
metres South of the magnetometer, with its South-pole facing North. The magnetism of this
rod balanced a large part of the Earth’s magnetic force in the needle and thereby increased
the sensitivity of the magnetometer, thus achieving the same purpose as an astatic device.®
The needle’s period of oscillation®! was previously 10 seconds and was increased to about 20

%[Note by AKTA:] [Web39a] with English translations in [Web41b], [Web66a] and [Web21k].

60[Note by AKTA:] The adjective “astatic” is used in physics with the meaning of something having no
tendency to take a definite position or direction. An astatic needle can be a combination of two parallel
magnetized needles having equal magnetic moments, but with their poles turned opposite ways, that is, in
antiparallel position. The arrangement protects the system from the influence of terrestrial magnetism. It
was invented by Ampere, [Amp21] and [LA9S|. An earlier system composed of a single magnetized needle
had also been created by Ampere, [Amp20c, p. 198] with Portuguese translation in [CA09, p. 133], [Amp20a,
p. 239] and [Amp20b, p. 2], see also [AC15, p. 57].

61[Note by AKTA:] In German: Schwingunsdauer. Gauss and Weber utilized the old French definition
of the period of oscillation ¢ which is half of the English definition of the period of oscillation 7', that is,
t =T/2, [GilTla, pp. 154 and 180]. For instance, the period of oscillation for small oscillations of a simple
pendulum of length ¢ is T' = 2m/¢/g, where g is the local free fall acceleration due to the gravity of the
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seconds through these means.

5.2.4 Connection of the Wire Ends with the Rotating Magnet

One end of the multiplier wire which was intended to be conductively connected to the
rotational axis, was tied to the iron clamp on which the gears were screwed and into which
ran the spike, which formed the end of the rotational axis. The other end of the multiplier
wire was submerged in a tray of mercury which was placed underneath the rotating magnet.
A brass disk was sitting around the centre of the magnet, rotating with it and its lower end
running through the tray of mercury.%? This way the magnet’s rotation was not obstructed
by being connected to both ends of the multiplier wire.

5.2.5 The Inductor Coil

A piece of the same sort of over-woven copper wire®® as the multiplier was made of, was

wound around a wooden ring of 44 mm diameter with 20 windings. This ring was used as
an inductor coil. The resistance was small enough to be negligible compared to the larger
resistance of the multiplier; therefore, the currents induced with the same magnet, sometimes
by rotation, sometimes by the alternation of this coil, directly measure the magnitude of the
induction.

5.3 Experiments

The magnets used for the following tests were, like all magnets, not equally magnetized
throughout all their parts, but instead stronger in the middle and weaker towards the ends.
Thus, they were not fulfilling the requirements laid out in the previous conditions. Similarly,
no magnet can be manufactured that exactly fulfils these requirements. If, therefore, in
these experiments, one has to be content with rods which are often very far away from a
very uniform magnetization, one cannot expect that the previously-mentioned theorems will
be directly and accurately applied to these experiments, and that the strength of the induced
currents can be correctly and accurately predetermined from them. The previous laws can
and should only be used under these circumstances to get an idea of the intensity of induced
currents, or at least estimate the magnitude that can be expected. Only a limit of current
intensity is given by these laws to which the induced currents come close but will never
reach with an unevenly magnetized cylinder. Thus, the closest aim of the following tests is
to check if a current can be generated by the described means at all, more so, if the current
intensity is of the expected magnitude as the intensity of a current induced by described
alternation, and finally if, as expected according to [theorem] (8.),%* that current is exceeded
by this one. If these questions are answered affirmatively by the following experiments,
an attempt will finally be made to alter the external conditions of the former induction in
such a way that the current produced approaches the limit indicated more closely, and even
surpasses the other, hitherto stronger, current. The reason why the induced current is not

Earth, while t = T/2 = w+/{/g.

52[Note by AKTA:] See Figure 4.3.

63[Note by AKTA:] In German: iibersponnenen Kupferdrahtes. The coating insulates electrically the copper
wire.

64[Note by AKTA:] See theorem 8 on page 33.
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reaching the previously specified limit, namely that the magnet is weaker towards the ends
compared to its centre, can be partially or fully alleviated by approaching larger magnets,
which will increase the magnetism of the ends, while almost not influencing the magnetism
in the centre. Supposing that magnetism in the centre remains completely unaltered by this,
and now being the weakest throughout the entire rod instead of previously the strongest,
there would result a current which can never be lower than the previously specified limit;
transforming the upper bound into a lower bound. It is easy to see that this largely depends
on the length and initial magnetism and the softness of the steel cylinder. With short
cylinders the magnetism would not only be amplified at the ends, but also in the centre,
increasingly so the weaker the magnet initially was. With long cylinders the magnetism in
the centre will be barely affected or not at all at considerable distance from the ends to
the centre. From this we can expect that, (1) rotating a short, weakly magnetized cylinder
between two fixed magnet-rods to reinforce its ends, will induce a current which surpasses
the previously specified limit; however, (2) approaches it more closely, the stronger the
cylinder gets magnetized; (3) if the same cylinder is rotated freely, without the presence of
other magnets, the induced current will not reach the specified limit, but get ever closer, the
stronger the cylinder gets magnetized; yet even at the highest point of saturation it cannot be
reached, even if stronger magnetisation will smooth the unevenness of magnetism of centre
and ends, however, it cannot remove the unevenness. (4) Rotating a very long cylinder, even
if it is strongly magnetized, it is to be expected that the induced current will never reach the
previously specified limit, and can only weakly be alleviated by external magnets slightly
reinforcing the rod’s ends; since it is to be expected that the area of influence of the latter
is not reaching a respectable distance away from the ends and will not suffice to amplify
the magnetism of all parts of the magnet so that they would be equal to the centre of the
magnet. To verify this, the following sets of experiments are performed.

5.3.1 First Set

Rotation of a short and weakly magnetized cylinder. Its ends were reinforced through the
presence of external magnets.%

The cylinder was 269 mm long and 23 mm thick, it’s magnetic moment according to
absolute measure = 65 Million.

65[Note by AKTA:] In German: Die Enden wurden durch magnetische Vorlagen verstirkt. The expression
magnetische Vorlagen can also be translated as magnetic templates or magnetic plates.
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60 revolutions in 7 seconds
Rotation forwards Rotation backwards
616.3 743.0
623.3 736.0
626.8 732.5
622.1 737.0
619.7 739.2
621.9 | 622.56 736.3 | 736.54
623.0 734.8
623.1 737.5
623.2 738.8
622.4 735.9
622.0 734.5
617.0 734.2
623.1 736.7
626.2 738.0
622.5 737.0
620.7 736.5
622.2 | 622.02 737.2 | 737.12
623.0 737.5
621.0 737.2
620.0 737.0
621.3 737.5
622.0 737.8

The first column shows the observations of maximum and minimum values of magnetome-
ter readings during rotation; the second column shows the calculated real value consisting
of two observations including damping considerations: the second observation is approxi-
mated towards the first by one third of the difference; the third column is the mean of the 5
readings in the previous column. If the values of the third column are put together, the dif-
ferences of the readings, alternating between forwards and backwards rotation, give double

the deflection caused by the induced current

forwards

backwards

forwards

backwards

622.56

736.54

622.02

737.12

113.98

114.52

115.10

114.53

Through the same method, the double of the deflection for 30 rotations in 7 seconds is

found as

which is nearly half of the previous. According to this we can assume on average 57.02 as
the single deflection of 60 rotations or double deflection of 30 rotations in 7 seconds, giving

= 56.52 ,
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6.652 as single deflection of 1 rotation in 1 second, or 13.304 of 2 rotations in 1 second. For
comparison this magnet was also used for the induction experiments described in the previous
Volume of the Resultate, p. 98 f£.96:67 It should be noted that the period of oscillation of
the magnetometer’s needle was 20.5 s and the coil had 20 windings. The external magnets
had to be removed for these tests. It will suffice to collate the observation of elongations,
without specifying the alternation of set-ups described in the place cited.

Elongations | a b
643.0
637.0 8.2
651.2 .. 1 17.0
654.0 9.2
642.0 ... 1 16.0
638.0 9.0
651.0 | 15.2
653.2 8.0
643.0 o | 157
637.5 7.8
650.8 o 1 16.7
654.2 8.6
642.2 o | 15.2

Elongations | a b
639.0 8.5
650.7 .. | 16.5
655.5 8.7
642.0 R v
637.8 8.5
650.5 o 1 16.7
654.5 8.7
641.8 .. 1 16.3
638.2 8.2
650.0 .. | 15.3
653.5 8.0
642.0 .. | 155
638.0

On average this yields
a=28.5,
b=16.15,

a’+ v
T 28.44 .

If the last value is multiplied by ﬁ, where t is the oscillation period of the magnetometer’s
needle (= 20.5 s), n the number of windings in the inductor coil (= 20), the single deflection is

66[Note by ER:] Wilhelm Weber’s Werke, Vol. II, p. 115
67[Note by AKTA:] [Web39b, p. 115 of Weber’s Werke].
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found which corresponds to 1 winding and 1 alternation in 1 second, = 9.279. If we compare
the deflection obtained previously for 2 rotations in 1 second = 13.304; it is apparent that
the induced current responsible for the deflection is stronger than the one causing the first
deflection according to expectation (see the previous item (1)).%®

5.3.2 Second Set

Rotation of a short, strongly magnetized cylinder.

Its ends were reinforced through the presence of extra magnets.

The cylinder was 269 mm long, 23 mm thick; its magnetic moment according to absolute
measure = 108 Million. Because the experiments were carried out just like the previous
ones, it suffices to present the results. The double deflection of 60 rotations in 7 seconds was
found to be

= 152.50 ,

and of 30 rotations in 7 seconds

= 76.61 .

On average 76.37 can be assumed as single deflection of 60 rotations or double deflection of
30 rotations in 7 seconds, giving 8.91 as single deflection of 1 rotation in 1 second, or 17.82
for 2 rotations in 1 second.

For comparison the tests with the 20 windings inductor coil were repeated, where the
oscillation period of the needle was ¢t = 21.44 s. Which yields

a=14.22
b= 2694,
2 | 12
LSV
Vab
If the last value is divided by Fm = % -3.14159.., the deflection corresponding to 1 winding
and 1 alternation in 1 second is found as
=16.178 .

Comparing this to the deflection found previously for 2 rotations in 1 second

= 17.82 ,

it is apparent, that the induced current causing the latter deflection is barely any stronger
than the one causing the first deflection, in accordance with expectation (see the previous
item (2)).%

68[Note by AKTA:] Item (1) on page 37.
59[Note by AKTA:] See item (2) on page 37.
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5.3.3 Third Set

Rotation of a short, strongly magnetized cylinder without the presence of extra magnets.
The cylinder itself was unchanged from the second set.
The double deflection for 60 rotations in 7 seconds was found to be

= 64.33 ,

for 30 rotations in 7 seconds

=31.83 .

On average 32.05 can be found as the single deflection for 60 rotations or double deflection
for 30 rotations in 7 seconds, giving 3.74 as single deflection for 1 rotation in 1 second, or
7.48 for 2 rotations in 1 second.

If one compares this result with the deflection, which according to the previous series
for the same magnet corresponded to 1 winding of the inductor coil and 1 alternation in 1
second,

= 16.178 ,

it can be seen that the induced current, causing that deflection = 7.48, is in accordance with
expectations weaker than the one causing this deflection = 16.178 (see the previous item
(3))," however, it is still of the same magnitude, so that according to [Theorem] Number 87!
it seems justified to deduce the difference in reading from the considerable difference which
takes place between the magnetism of the middle and end parts in such a rod, the ends of
which are not reinforced by any extra magnets.

5.3.4 Fourth Set

Rotation of a long, strongly magnetized cylinder.

Its ends are reinforced through the presence of external magnets.

The cylinder was 502 mm long and 20.5 mm thick, its magnetic moment according to
absolute measure = 450 million. The double deflection for 60 rotations in 7 seconds was
found to be

= 194.22

for 30 rotations in 7 seconds

=97.85.

On average 97.36 can be found as a single deflection for 60 rotations or the double deflection
for 30 rotations in 7 seconds, giving 11.36 as single deflection for 1 rotation in 1 second, or
22.72 for 2 rotations in 1 second.

"0[Note by AKTA:] See item (3) on page 37.
"1[Note by AKTA:] See theorem 8 on page 33.
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For comparison the induction tests with the 20 windings coil were repeated as well with
this magnet. The oscillation period of the needle was t = 22.34 s. Which yields

a = 28.76
b= 57.69
2 2
@AY 001

Vab

If the last value is divided by Fm = % -3.14159.., the deflection corresponding to 1 winding

and 1 alternation in 1 second is found as

= 36.27 .

Comparing this to the deflection found previously for 2 rotations of the cylinder in 1 second

=22.72

it is apparent that the induced current causing the latter deflection with this long cylinder
even in the presence of amplification of its outermost ends does not equal the current induced
through the first method, causing a deflection = 36.27, as was postulated (see the previous
item (4)).7

5.3.5 Fifth Set

In the experiments described so far, the brass disk running through mercury was always
situated on the centre of the magnet; however, in the following experiments it was moved
to the end of the cylinder to confirm that the length of the parallel path which the induced
current has to travel inside the magnet parallel to the rotational axis has no influence on
the current intensity. The current was first conducted at the end of the rotation axis that
was further away from the brass disk and then at the end of the rotation axis closest to the
brass disk.

Cylinder and extra magnets remained unchanged from the previous set.

1. Contacting the far end of the rotational axis.

Double deflection for 30 rotations in 7 seconds was found to be

=57.12 .

2. Contacting the close end of the rotational axis.
Double deflection for 30 rotations in 7 seconds was found to be

= 59.08 .

Comparing these results it is self-evident that the induced current through the longer
path it had to travel parallel to the rotational axis in the cylinder was at least not amplified.
The difference between these results is too small to justify the conclusion of the opposite
assertion.

"[Note by AKTA:] See item (4) on page 37.
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5.3.6 Sixth Set

Rotation of a long, strongly magnetized cylinder without external magnets.

The cylinder is the same as in the previous two sets; the brass disk running through
mercury was situated in the centre of the magnet. The double deflection for 30 rotations in
7 seconds was found as

= 61.70 ,

yielding 7.20 as single deflection for 1 rotation in 1 second, or 14.40 for 2 rotations in 1
second.

Comparing this result with the deflection, which according to the fourth set for the same
magnet corresponded to 1 winding of the inductor coil and 1 alternation in 1 second,

= 36.27 ,

one can see that the induced current, which produced that deflection = 14.40, is much
weaker than the one causing this deflection = 36.27, as was also assumed under the prevailing
circumstances (see above under (4)).™

5.3.7 Seventh Set

The experiments of the previous set were repeated by moving the brass disk running through
mercury to the end of the cylinder, to confirm the result of the fifth set, where no external
magnets were used.

1. Contacting the far end of the rotational axis.

Double deflection for 30 rotations in 7 seconds was found as

=20.44 .
2. Contacting the close end of the rotational axis.
Double deflection for 30 rotations in 7 seconds was found as

= 21.66 .

Comparing these results again shows that the induced current through the longer path
travelling parallel to the rotational axis in the first case was not amplified.

5.4 Applications

5.4.1 Application to Ampere’s Electrodynamic Theory of Mag-
netic Phenomena

The phenomena of unipolar induction find an interesting application, first of all, to Ampere’s
electrodynamic theory of magnetic phenomena,™ or to the question whether physical exis-
tence must be attributed to the two magnetic fluids, or whether the assumption of continu-
ous galvanic currents inside the magnets is sufficient to explain the phenomena. To explain

"3[Note by AKTA:] See item (4) on page 37.
™[Note by AKTA:] See footnote 15 on page 18.
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unipolar induction the latter assumption does not seem to suffice, while the assumption of
the physical existence of two magnetic fluids not only seems to provide this explanation, but
also first led to the investigation of these phenomena.

If one wanted to derive an explanation for phenomena titled with the name of unipolar
induction from Ampere’s electrodynamic theory of magnetic phenomena, the attempt would
fail since according to Ampere galvanic currents can only be decomposed into such elements
which attract or repel along the straight line joining those elements. It is evident from this
that a current element in the plane of a ring cannot be moved perpendicularly against the ring
by a current in the ring, and conversely, that such a movement of the current element cannot
induce a current in the ring. The vital question of unipolar induction seems to consist in the
fact that an induction is happening in the moment where the inducing element is present
in the plane of the ring, because, if in this moment the induction is zero, a transition from
positive to negative or vice versa takes place. The characteristic trait of unipolar induction,
however, is rooted in the fact that such a transition never occurs. Thus, it seems futile to
search an explanation for unipolar induction in Ampere’s electrodynamic theory, at least so
long as the decomposition of galvanic currents is limited to such elements that attract or
repel along the straight line joining them.

The fruitlessness of this endeavour is made increasingly visible, if the beautiful theorem
first proved by Ampere and stated in the previous Volume of the Resultate, p. 51,"7 is
considered, with which the magnetic effects of galvanic currents can be defined. With this
theorem — that instead of any linear current confining an arbitrary surface, a distribution
of the magnetic fluids on both sides of that surface in immeasurably small distances from
it can be substituted with the intended effect, — it should first be regarded that when a
linear closed current is given, infinitely many confined surfaces can be thought of; secondly
that what is true of the action of the current can only be true of the action of the magnetic
fluids distributed on all those surfaces in common: in other words, that in this representa-
tion nothing may be inferred from the distribution of the magnetic fluids on one of those
surfaces which does not also follow from the distribution on each of the other surfaces. Now,
imagine the plane of a small circular conductor, through which a continuous galvanic cur-
rent is flowing, which is replaced by a magnetic element according to Ampere’s hypothesis,
perpendicular to the plane of Figure 4, and let AB be the diameter of the circle; imagining
to both sides at immeasurably small distances from the circular plane in AaB and Ad’'B the
distribution of the northern and southern fluid; this conductor can be moved in such a way
that the magnetism at a is moving through the inductor ring, while a’ always stays outside.”
It is easy to see, however, that something has been concluded from the distribution of the
magnetic fluids on the plane of the circle which would not follow from the distribution of
the same on any other surface bounded by the same circle, and which consequently cannot
apply to the effect of the galvanic current in that circle.

"5[Note by ER:] Gauss’ Werke, Vol. V, p. 169.

"6[Note by AKTA:] See footnotes 15 and 41 on pages 18 and 27, respectively. See, in particular, [Gau39,
Section 37, page 51 of the Resultate and page 169 of Vol. V of Gauss’ Werke|] with English translations in
[Gaudla, Section 37, pp. 229-230] and [GT14, Section 37, p. 39]. See also [AC15, Section 10.7: Equivalence
between a Magnetic Dipole Layer and a Current-Carrying Closed Circuit].

""[Note by AKTA:] In Figure 4 the left letter a should be replaced by a’. The northern fluid would be
distributed on AaB, while the southern fluid would be distributed on Aa’B. The inductor ring is represented
by the circle in the plane of Figure 4. This ring is orthogonal to the circular conductor with diameter AB
where flows a constant current.

44



5.4.2 Application to the Distribution of Magnetism Inside Per-
manent Magnets

All effects of magnets which are usually observed are effects in external space, from which,
as is well known, no definite result can be drawn about the distribution of magnetism in the
interior [of the magnets]. There are rather countless ways in which internal distributions of
magnetism can be assigned, which are all identical in relation to the effects. Among those is
one, where no magnetism at all is situated inside the magnet, but all along the surface. There
has been only one experiment by which something has been learned about the distribution
in the interior and, in particular, it has been recognized that the latter type of distribution,
namely on the surface, does not occur in nature; this is the experiment in which a magnet
is broken apart.

But we have now gotten to know effects of a magnet through unipolar induction which
act on the fluids on its interior, being set into flowing motion. It appears as an application
from unipolar induction that the inner distribution of magnetism can be investigated without
breaking the magnet. Even if it is not possible to know the distribution fully through this
method, it is still very important to obtain only a few new insights about it.

From the point where the conducting wire is touching the cylindrical surface of the magnet
to the end of the rotational axis in contact with the conducting wire, a path exists inside
the magnet for galvanic current where induction is the weakest. If the cylinder is rotated,
that path is changing in general and will describe a curved area over a whole rotation
bisecting the cylinder into two parts like a cross section. The free magnetism within this
area has a ratio to the average of free magnetism within an arbitrary cross section in the
first investigated cylinder, according to the third set of 7.48:16.178, in the second cylinder
according to the sizth set of 14.40:36.27. The induced current (which for the shorter magnet
caused a deflection of = 16.178 scale divisions if repeated every second, for a longer magnet =
36.27) by alternation of an inductor (consisting of 1 winding) gives a measure of the average
amount of free magnetism of all cross sections of the cylinder, while the current induced by
2 rotations of the cylinder (for the shorter magnet with rotations every 2 seconds caused a
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deflection of = 7.48 scale divisions and for the longer = 14.40) gives according to the sixth
theorem, page 32,” a measure of the minimum of free magnetism which is contained in those
curved cross sectional areas which can be described by the paths of the galvanic current in
the rotating cylinder.

Looking at the results of the fifth or seventh set, where the current was diverted from the
surface of the cylinder not in the middle, as in the other series of tests, but at the end, it is
found (as pointed out previously) that the result is almost the same, for the galvanic current
having to cross the entire length of the cylinder to reach from its point of entry to its point
of exit, as well as not having to cross the length of the cylinder — that is, in other words,
the two minima of free magnetism contained in those cross sections which can be described
by the different paths during the cylinder’s rotation, taken by the galvanic current from the
contacted point on the surface either towards the close or the far end of the rotational axis
are nearly the same, which leads to the conclusion that the galvanic current passes from
the surface to the rotational axis only at its entry and exit (that is, here at the ends of the
cylinder which are magnetized with nearly equal strength).

Comparing the results of the fifth and seventh set and considering that in the former
magnetism in the ends (where the galvanic current crosses) was strongly reinforced through
the use of external magnets, but not in the latter, the difference which one finds will not be
noticeable, namely, that the measured deflection in the first case is nearly three times larger
than the latter, or expressed by the ratio 58.10:21.05. It is interesting, however, to note that
the former result, that is, 58.10, is close, but not identical to the one obtained in the sixth
set, that is, 67.10, disregarding the amplification of the cylinder’s ends (where the galvanic
current crossed) through the use of external magnets, — a proof that this amplification is
far from making the magnetism of those ends equal to the magnetism of the centre from
which the galvanic current was conducted in the sixth series of experiments.

Further consideration of this application will need to be kept to a time in the future.

5.4.3 Application to the Distribution of Magnetism in Soft Iron

A special difficulty so far was the investigation of the distribution of magnetism in soft iron.
The iron will only form a stronger magnetism if it touches a magnet or is brought at least into
very close proximity, where we lack the means to distinguish the effects stemming directly
from the iron and stemming from the magnet, all the more so because the latter cannot be
regarded as constant because the magnet undergoes a change due to the reaction of the iron.
However, unipolar induction now presents such a procedure. When the magnet is stationary
and only the iron is rotated, an induction is caused solely by the magnetism of the iron, and
if only the magnet is rotated an induction is caused solely by the magnet. Finally, when
both are rotated together, it is possible to determine the magnetism of that cross section
within the iron where magnetism is weakest (at the end facing away from the magnet).

5.5 Conclusion

It is known that nearly all magneto-electric experiments have electromagnetic counter exper-
iments. One can therefore assume that there will also be such a counter experiment for our

"8[Note by AKTA:] Page 70 of the Resultate or page 158 of Weber’s Werke, [Web40], which are equivalent
to page 32 of this English translation.
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experiment, which was first made by Faraday.” This is indeed the case. This counter ex-
periment will not need to be performed, since it has already been performed and it has been
known for a long time. This counter experiment obviously consists in the fact that, instead
of rotating the magnetic cylinder and thereby inducing a galvanic current in the conducting
circuit, a galvanic current is passed through the circuit in the opposite direction, where the
magnet then begins to rotate by itself in the same direction in which it was previously ro-
tated.®® If one had researched this long-known phenomenon in more detail, this path would
have easily led to the herein investigated wunipolar induction, which to my knowledge has
not been done. This long-known experiment seems also to contradict Ampere’s hypothesis,
that there are no magnetic fluids, but rather continuous galvanic currents exist inside the
magnet; moreover this phenomenon also seems to only be explained by the real existence of
two spatially separate magnetic fluids.

W.81

™[Note by AKTA:] See footnote 18 on page 19, and Section 4.2.

80[Note by AKTA:] This experiment was first performed by Ampere in 1822 and will be discussed in
Chapter 6.

81[Note by AKTA:] That is, written by Wilhelm Weber.
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Chapter 6

Editor’s Introduction to Weber’s
Second Paper on Unipolar Induction

A. K. T. Assis®?

In his second paper on unipolar induction Weber made some additions and amendments
related to his previous publication.®3

In 1821 Faraday showed that the extremity of a straight piece of wire carrying a constant
current could rotate around the vertical axis of a cylindrical magnet, while the other extrem-
ity of the piece of wire remained stationary along the axis of the magnet. He also showed
that it was possible to rotate the extremity of a cylindrical magnet around a vertical piece of
wire carrying a constant current, while the other extremity of the magnet was located along
the axis coinciding with the vertical piece of wire, Figure 6.1.8% This phenomenon is usually
known as Faraday’s motor and should not be confused with Faraday’s unipolar induction
experiment of 1832.

In 1822 Ampere showed experimentally and theoretically that it was possible to make a
cylindrical magnet turn around its axis utilizing constant electric currents. He considered a
magnet with its North and South poles along the vertical direction, with the N pole above
the S pole. To turn the magnet, he connected a battery between the center of the upper face
of the vertical magnet and a point in its lateral edge utilizing conducting contacts. When
an electric current was made to flow through the magnet, it rotated around its axis. This
phenomenon is known as Ampere’s motor. Alternative names for this device are homopolar
motor or the world’s simplest motor.®> Nowadays it can be easily reproduced utilizing a
neodymium’s magnet, a nail, a piece of wire and an ordinary battery, Figure 6.2.

In this paper of 1841 Weber compares Ampere’s motor with Faraday’s unipolar induction

82Homepage: www.ifi.unicamp.br/~assis

83[Web40] and [Web41le], both of which are translated in this book.

84[Far22b] and [Far52c] with French translation in [Far21], [Far22a] and [Far52a).

85[Amp?22a] with partial English translation in [Amp69a], [Amp22b] and [Amp22b]. See also [Blo82, pp.
114-115], [GVMO1], [GVMA02], [GV02], [AGV0T], [Cha09], [AC11], [AC12], [CA13] and [AC15, Section
7.2.3: Rotation of a Magnet around Its Axis].
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Figure 6.1: Faraday’s motor.

experiment. In particular, he considers Faraday’s experiment of unipolar induction in which
a cylindrical magnet was rotated relative to the ground and this produced an electric current
indicated by the galvanometer connected by sliding contacts between the center of the upper
face of the vertical magnet and a point in its lateral edge.

Most portions of Weber’s 1841 paper are identical with his earlier paper published in
1840. When Weber’s second paper was reprinted in his Collected Works, the identical parts
were not included.

20



Figure 6.2: Ampere’s motor.
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Chapter 7

[Weber, 1841] Unipolar Induction

Wilhelm Weber36,87,88,89

[Excerpts.]?%:9!

In a “Note about the interaction of a magnet and a galvanic conductor” contained in
Volume 37 of Annales de chimie et de physique,®®> Ampere gave an account of the rotation
of a galvanic conductor around the axis of a magnet as discovered by Faraday, and has tried
to connect this to the explanation of the rotation of a magnet around its own axis when a
galvanic current is passed through it as discovered by Ampere.”?

Ampere first shows that according to the general laws he established, a closed current,
which is not in a fixed connection with the magnet, cannot rotate it around its axis, nor
vice versa (if all the parts of the current conductor are firmly connected to each other) can
it be set in rotation by the influence of the magnet.”* However, if a portion of the closed
current lies within the magnet, he says this part will form a fixed system with the magnet,
and action and reaction would have to cancel out. The remaining action is only the portion
of the galvanic current which is not fixed to the magnet, and because that current is not

86[Web41e].

87Translated by C. Baumgirtel, Department of Electrical Engineering and Electronics, University of Liv-
erpool, Liverpool, L69 3GJ, United Kingdom, ORCID: 0000-0002-0702-0480. Edited by A. K. T. Assis, www.
ifi.unicamp.br/~assis

88The Notes by Johann Christian Poggendorff, the editor of the Annalen der Physik und Chemie, are
represented by [Note by JCP:|; The Notes by E. Riecke, the editor of the second Volume of Weber’s Werke,
are represented by [Note by ER:]; the Notes by C. Baumgértel are represented by [Note by CB:|; while the
Notes by A. K. T. Assis are represented by [Note by AKTA:].

89[Note by JCP:] From the “Resultate des magnetischen Vereins” (Volume 4), with some additions and
amendments by the author [that is, by W. Weber].

9[Note by ER:] Annalen der Physik und Chemie, Vol. 52, p. 353-386.

91[Note by AKTA:] [Web41le].

92[Note by AKTA:] [Amp28].

93[Note by AKTA:] In 1828 Ampere was comparing his own motor of 1822, the modern version of which
is presented in Figure 6.2, with Faraday’s motor of 1821 shown in Figure 6.1. Ampere was obviously not
discussing Faraday’s 1832 experiment of unipolar induction described by Figure 4.1.

94[Note by AKTA:] That is, under these conditions, the closed circuit cannot rotate the magnet around
the axis of the magnet. Likewise, under these conditions, the magnet can also not rotate the closed circuit
around one axis of the closed circuit.
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closed, it will, in general, cause the magnet to rotate around its axis. He notes that it does
not matter if the galvanic current flows through the magnet or if a portion of the conductor
is rigidly connected with the magnet.

These two phenomena which Ampere tries to explain through the same reasons, are
however, different in nature and each beg their own explanation. The explanation given by
him only fits the rotation discovered by Faraday, but is not applicable to the one discovered
by himself.

The difference between both phenomena is easily explained with the following.

Let ABCD, Figure 1, be the long cross section of a magnet, abc an insulated galvanic
conductor guided through the magnet, the continuation of which outside the magnet is
denoted by the dashed line.

g T
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In reality, this Figure depicts, as presupposed by Ampere, in the first place, the entire
galvanic conductor as a closed curve, in the second place, the portion abc as a fixed system
with the magnet. These two conditions which are fulfilled in Figure 1 are no longer valid,
when the magnet is rotated around its axis. The insulated conductor abc will remain fixed
within the magnet, but its endpoint ¢ will describe a circle around the rotational axis and
therefore be separated from the remaining circuit, as shown in Figure 2, at least if the magnet
is not surrounded with a conducting belt, which the end c is constantly touching during its
rotation. When such a connection is in place, there will be, additionally to the two conductor
parts distinguished previously, a third part, that is, the piece of the belt which enables the
connection between ¢ and the dashed conductor, which is substantially different from the
other two [parts] by its variable length. This conduction belt was utilised by Faraday through
the use of mercury.
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Figur 2.

With Ampere’s experiment, however, where no insulated conductor abc is present in the
magnet, but instead the current is moving freely through the magnet from a to ¢, the con-
dition which Ampere presupposes is not applicable, that the portion of the current moving
through the magnet is acting exactly similar during rotation of the magnet as a current
would, flowing through the insulated conductor abc, that is forming a fized system with the
magnet, and consequently would have to partake in the rotation, but cannot cause it. Mag-
netism and galvanic current, even if they are present in the same carrier (the steel cylinder)
do not form a fized system; since only the magnetism adheres to the steel molecules, and
can only move in conjunction with them. The galvanic current, however, does not adhere
to the steel molecules, but rather can move freely and independently inside the magnet in
all directions. It is apparent from this, that this current and this magnetism are not allowed
to be regarded as rigidly connected bodies rotating with the steel cylinder whose interaction
would have to nullify each other, contrary to Ampere’s claim. If however, the magnetism
is bound to the steel molecules, but not the traversing galvanic current, it follows that the
current could move the steel cylinder through magnetism, but not vice versa. This however,
removes the reason attributed by Ampere to explain why a magnet rotates when a galvanic
current freely flows through it, and this phenomenon, which exists without a doubt due to
experimental proof, would according to Ampere even seem impossible, which is however,
not the case if the physical existence of magnetic fluids is allowed to be presupposed in the
steel molecules, instead of Ampere’s hypothetical currents, as is to be demonstrated by the
following experiments. The phenomena investigated herein are the induction phenomena
discovered by Faraday, which form the analogue of the previous electromagnetic phenomena,
and which can easily be applied to the latter.”

It does not follow from this, however, that a continuous homogeneous induction, such

95[Note by AKTA:] The paper in the Annalen der Physik und Chemie continues here just as in the original
publication in the Resultate aus den Beobachtungen des magnetischen Vereins. However, when this paper of
the Annalen der Physik und Chemie was reprinted in Volume 2 of Weber’s Werke, the common portion of
both papers were not reproduced, as it had already appeared in the previous reprint of the paper published
in the Resultate aus den Beobachtungen des magnetischen Vereins. We are here following this approach of
Weber’s Werke. The next 3 paragraphs should be compared with the corresponding paragraphs of page 29.
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as can be produced by a magnet that contains only one fluid, is impossible with a magnet
containing both fluids, rather, there remains a third case to be considered, which is not yet
included in the previous two, and is possible if really magnetic fluids exist and are really
spatially separated from one another in the molecules of the magnet, that is

3. a magnetic molecule is moved in such a way that it does not pass through the ring
completely or not at all, but half through it and half remains outside it, for instance that
the half containing northern fluid goes down through the ring, upwards around the outside,
or vice versa; but the other half containing southern fluid always remains outside. The total
effect is then non-zero, since one fluid (which moved through the ring) has induced a current,
which has not been nullified, since the other fluid (which did not move through the ring) has
not induced any or only an inhomogeneous current whose combined effect vanishes in total.
However, since the ring as well as the magnetic molecule are solid bodies, it appears that
this third case is only possible if either one is broken up. Yet, a magnetic molecule cannot be
broken in such a way that each part only contained one fluid, which would be necessary to
move one single fluid through the unbroken ring, thus the ring has to be broken up, which
is easily done: however, it must be noted that while breaking the ring the galvanic circuit
must not be interrupted. The conductor can (1) be broken without interrupting the circuit,
if the inseparable magnetic molecule is such that the galvanic current can flow right through
between both fluids; since that molecule can conductively connect both parts of the conductor
while it is being broken; (2) the ring can be broken without interrupting the circuit if the
copper wire forming the ring is wound once around the centre of the magnet before the break,
and, after the break, behind the magnet at ¢, the connection is maintained at a, Figure 3.
During this connection in a, the cut wire ends abc and ab/c can be passed through a and
finally their endpoints can be reconnected.

Figur 8.

Of theses two methods, the first is to be investigated further here. It is easy to devise a
set-up that meets the required conditions.

To conclude this paper some words of explanation about the phenomenon first discovered
by Ampere, which was discussed in the Introduction, are offered.?® It is known that nearly
all magneto-electric experiments have electromagnetic counter experiments. The herein in-

9[Note by AKTA:] This final paragraph of the paper in the Annalen der Physik und Chemie should be
compared with the final paragraph of the paper in the Resultate aus den Beobachtungen des magnetischen
Vereins, see Section 5.5.
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vestigated phenomenon of unipolar induction belongs to the class of magneto-electric ex-
periments, whereas the phenomenon discovered by Ampere as discussed in the Introduction
belongs to the class of electromagnetic experiments, and further investigation yields that
this phenomenon®” has to be seen as the counter experiment of that,”® and therefore is to
be explained by the same means, so that the counter experiment can be demonstrated as
a proof of the physical separation of the magnetic fluids. After the well-known reversal,
according to which the induction laws are derived from the electro-magnetic ones, the above
considerations can easily be applied to this counter experiment, and it seems superfluous to
elaborate further here.

97[Note by CB:] Ampere’s phenomenon.
9[Note by CB:] Unipolar induction phenomenon.
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Chapter 8

[Weber, 1862] On Galvanometry

Wilhelm Weber?9-100,101
Presented to the Royal Society of Sciences [of Gottingen] on January 4, 1862.

In the ever-expanding technical applications of galvanism, various proposals have already
been made for the introduction of galvanic resistance units (etalons or standards)!®? in order
to meet the manifold needs arising therefrom, and it is likely that the serious efforts made
by experts will succeed in not only identifying and establishing, to the widest extent and
in the most perfect way, the measurement rules corresponding to this purpose, but also to
bring them to a practical and successful implementation as soon as possible.

All galvanic cells'®® used for chemical analysis, galvanoplastic, telegraphic and other
technical purposes, even if they are called constant,'%* are continuously subject to smaller
and often larger changes, which one must get to know more closely in order to master them.
But even if these cells were completely unchangeable, their actions would now be larger and
sometimes smaller, depending on the variety of applications that are made of them. To
control these actions therefore requires not only knowledge of the cell itself, but also of all
bodies through which the current of the cell is to pass, namely, knowledge of their resistance.
Therefore, resistance measurements have become indispensable, and the need for them has
become most urgent for telegraphic use.

However, a resistance unit of measure is required for the resistance measurements. With-
out measuring with such units, the bodies through which the current is to be conducted
can be described in various ways; but after a measurement made with such units, a single

99[Web62].

100Translated and edited by A. K. T. Assis, www.ifi.unicamp.br/~assis

101The Notes by Wilhelm Weber are represented by [Note by WW:]; the Notes by Heinrich Weber, the
editor of Volume 4 of Wilhelm Weber’s Werke, are represented by [Note by Heinrich Weber:]; while the
Notes by A. K. T. Assis are represented by [Note by AKTA:].

102[Note by AKTA:] In German: galvanischer Widerstandsmaasse (Etalons oder Standards). The word
“Maass”, nowadays written as “Mafl”, can be translated as: measurement, measure, dimension, unit, stan-
dard, unit of measure etc.

103[Note by AKTA:] In German: galvanischen Sdulen. This expression can be translated as a galvanic cell,
pile, battery or element.

104[Note by AKTA:] That is, a cell supposed to produce a constant electromotive force between its terminals,
or to produce a steady electric current when connected to a closed circuit containing a constant resistance.
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number is enough to express everything essential more completely and more precisely than is
possible through all descriptions. This is because the resistance measurements often reveal
differences and changes in the bodies that cannot be recognized even from their most precise
description.

Basically, such a standard was put into use at an early stage by comparing the various
bodies through which currents were to be conducted with copper wires, the length and
cross-section of which were measured. It is obvious that this was based, even if only tacitly,
on the resistance of a copper wire with a length equal to the linear unit of measure and a
cross-section equal to the area unit of measure, as resistance unit of measure. However, the
explicit determination of a certain standard of resistance was first raised by Jacobi in [Saint]
Petersburg in 1846.

Jacobi said:!%

It is no less important than the absoluteness of the current measurements that the
physicists express the magnitude of the conducting resistance in terms of a common
unit. But there can be no absolute determination here, because it seems that there
are differences in the resistances of even the chemically purest metals that cannot be
explained by a difference in dimensions alone. All of these difficulties are eliminated
if you let a copper wire or other wire of your choice wander around the physicists and
ask them to refer their resistance measuring instruments to it and in the future to
only give their measurements according to this unit.

Of such a resistance standard chosen by Jacobi (a copper wire 25 English feet long and
weighing 22 337% milligrams) a number of copies were actually made and used for resistance
measurements. However, be it that the necessary care was not taken in the production, or
be it that such resistance standards suffer changes over time, very significant differences have
later emerged between these copies.

Therefore, in 1860, Siemens in Berlin,'%® with special consideration of the increasingly
urgent needs of technical physics, tried to set up a new resistance standard that would meet
all requirements and be easily produced by anyone and with the necessary precision, based
on the use of the resistance of mercury, as that metal which can be obtained or produced
anywhere with great ease in sufficient, almost perfect purity and, as long as it is liquid,
does not assume any other molecular properties that modify its conductivity, and is also
less dependent on temperature changes than other metals in its resistance, and finally offers
particular convenience for use due to the size of its specific resistance.

With the creation of this new resistance unit of measure, Siemens also combined the pre-
sentation of resistance scales, as necessary and indispensable mediators between the standard
and the objects to be measured, and has constructed them to such an extent and perfection
that all resistances can be formed with the greatest ease and accuracy, which according to
his unit of measure can be expressed by integer numbers from 1 to 10 000.

Finally, in England too, there are currently plans to establish a certain standard of
resistance and it is hoped to ensure its general distribution and application, as well as
all the scientific and technical purposes that can be achieved thereby, by establishing an
institution under the combined protection of the British Association and the Royal Society,

105[Note by AKTA:] Moritz Hermann von Jacobi (1801-1874). A French version of this letter can be found
in [Jac51].

106[Note by AKTA:] E. W. v. Siemens (1816-1892), [Sie60] with English translation in [Sie61]. See also
[GT19].
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from which every experimenter in the whole world should, at his request, be provided with a
resistance standard, which is not only valid for a precisely determined temperature, but also
with an indication of its variation for a specific change in temperature, and whose galvanic
significance is finally given by a precise indication of the [electromotive] force required to
excite a specific current in it.

A long time ago I dealt with more precise measurements for this latter purpose, namely, to
investigate the galvanic significance of a conductor, by determining the [electromotive| force
required to produce a certain current, under the title of absolute resistance measurements.
For example, the galvanic significance of the Jacobian resistance standard was established
by stating that in order to excite in it a current intensity equal to 1 according to the Gaus-
sian units,'%” an electromotive force according to Gaussian measure of 5980 million units
is required.!%®:109.10 T have a similar determination from another copper circuit which I
submitted to the Royal Society [of Gottingen] in 1853.111:112:113 Thege previous provisions,
however, had been more concerned with the method and the significance of the results to
be obtained with them than with the extreme finesse of the quantitative execution, which
had been achieved only on a trial basis with the tools and instruments available for other
purposes.

But if these absolute resistance measurements are to find further application, if they
are to be used to give a lasting expression to all quantitative results of important galvanic
observations and research, then a similar situation arises as with other fundamental de-
terminations, namely, the need to carry out at least one absolute resistance measurement
according to the strictest methods, with the most perfect instruments and with all the art
of the finest observation. This is a task which can only be completely solved by very skilful
hands, with the most undisturbed leisure and with more complete facilities than are now
available for physical research. The fact that only one such measurement is required, but
one which must be carried out with the greatest precision, is readily apparent from the fact
that the resistances of all bodies can be accurately compared with the resistances of a single
standard, and that therefore only a precise knowledge of the absolute value of this single
standard is required in order to transfer the advantages of all relations given by absolute
values to all bodies in general.

Apart from these advantages which the knowledge of the absolute value of such a standard
resistance can confer, the task of this measurement also offers interest in itself because of
the influence which it has on the development of science. The development of almost all of
galvanometry can be linked to this task, and all advances in galvanometry can be tested in
solving this task. Once the goal to be achieved has been defined after gaining insight into
the possibility of the solution, every more perfect solution is almost more important as proof
of the progress of galvanometry than for its own immediate benefit.

A finer design of absolute resistance measurement not only fills essential gaps in gal-
vanometry, but also brings many scattered investigations into a closer context. Conversely,
if a higher level of galvanometry were to be achieved by other means, the result would be

107[Note by AKTA:] That is, a current intensity equal to 1 according to the absolute system of units
proposed by Carl Friedrich Gauss (1777-1855).

108/Note by WW:] Abhandhingen der Kénigl. Sichs. Gesellschaft der Wissenschaften, I, p. 252.

109/Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 351.

HO[Note by AKTA:] [Web52b, p. 351 of Weber’s Werke] with English translation in [Web21le, p. 333].
1Note by WW:] Abhandlungen der Konigl. Gesellschaft der Wissenschaften zu Géttingen, Vol. 5.
112[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. II, p. 319.
H3[Note by AKTA:] [Web53d, p. 319 of Weber’s Werke]. See also [Web53a] and [Web53c].
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a finer execution of absolute resistance measurement. We will now take a closer look at
some of these galvanometric investigations that serve to carry out the absolute resistance
measurement in more detail.

A distinction is made between galvanometers and galvanoscopes. The former, which in-
clude tangent galvanometers,''* are only used for stronger currents, the intensity of which
is thus obtained in terms of a precisely known absolute unit of measure. The latter, on the
other hand, serve to observe the slightest traces of currents, of which nothing else can be
perceived. The great sensitivity of the latter is only achieved by very tightly surrounding
the [magnetized] needle with its multiplier,''® which means that the more precise knowl-
edge of the scale is lost, which arises automatically from the construction of the tangent
galvanometer. In order to use such a galvanoscope for measurements, therefore, in addition
to observing the deflection produced by the current, some other observation is required as a
yardstick for the sensitivity of the instrument. As a rule, this yardstick is determined once
and for all by making corresponding observations on the galvanometer and galvanoscope
in advance. Apart from the fact that such corresponding observations do not produce an
exact result because of the very different sensitivity of the two instruments, the yardstick
of sensitivity for very sensitive galvanoscopes is generally not constant at all and therefore
cannot be determined in advance. On the other hand, the observation of the deflection can
be combined with another observation, namely, that of vibration damping, which directly
provides this yardstick.

This connection makes it possible to use the most sensitive galvanoscopes for the most
precise measurements, which is the necessary condition for carrying out absolute resistance
measurements. However, galvanoscopes for this use require a construction that differs from
ordinary galvanoscopes and the theory of which must be specially developed. This develop-
ment is also of interest because it paves the way for the use of the most sensitive galvanoscopes
in many other fine researches.

The present purpose therefore requires such a construction which allows the deflection and
damping to be observed simultaneously with the greatest accuracy, whereas with ordinary
galvanoscopes only the finest observation of the deflection was decisive for the construction.
But what increases the deflection does not always increase the attenuation and vice versa.
In addition, the deflection and attenuation must not exceed certain limits if they are to be
capable of the finest determination. It is now the consideration of damping that particularly
requires the use of strong magnets as galvanoscope needles, to which is added the need for
a longer period of oscillation and a less variable resting point for the galvanoscope needle.
This establishes the use of an astatic system formed by two strong magnets,''% the period
of oscillation of which is regulated by the length and strength of the metal wire used for
suspension.

The absolute measurement of a standard resistance does not only depend on the accu-
racy of the galvanometric measurements, but also on the accuracy of our knowledge of the
Earth’s magnetism in absolute value at the place and at the time of those galvanometric
measurements. The ultimate goal of galvanometric measurements is therefore that the in-

4[Note by AKTA:] In German: Tangenten-Boussole. The tangent galvanometer was invented by Johan
Jakob Nervander (1805-1848) and the sine galvanometer by Claude Servais Mathias Pouillet (1790-1868),
[Ner33], [Pou37] and [Sih21]. Friedrich Kohlrausch discussed measurement of currents with the tangent and
sine galvanometers, [Koh83, Chapters 64 and 65, pp. 188-192].

15[Note by AKTA:] See footnote 52 on page 33.

H6[Note by AKTA:] See footnote 60 on page 35.
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evitable uncertainty in the absolute value of the standard resistance, which arises from the
determination of the Earth’s magnetism, is not noticeably increased by the galvanometric
measurement. Explaining and examining how this goal is to be achieved is the main pur-
pose of this treatise, which will be followed by some discussion of the copying of resistance
standards and other questions relating to the determination and meaning of the resistance
standard.

I - The Method of Absolute Resistance Measurement

8.1 Ratio of an Electromotive Force to a Current In-
tensity

A galvanic current ¢, which is moved with its ponderable carrier with respect to a conductor
with the velocity v, exerts an electromotive force e on the conductor according to the induc-
tion law discovered by Faraday,''” which is proportional both to the intensity of the inducing
current ¢ and to the velocity of the inducing movement v. The ratio of this electromotive
force to the product of the intensity of the inducing current in the velocity of the inducing
movement, e/iv, therefore has a value that is independent of both the intensity ¢ and the
velocity v, namely, this value is determined from geometrically given relationships between
the current carrier and the conductor as a pure numerical value, that is, independent of the
spatial units of measure used for the geometric dimensions, as well as of the units of measure
of the electromotive forces, current intensities and velocities. If one considers a single length
element « of the inducing current 7, which is moved with the velocity v with respect to the
length element o’ of the conductor, at the moment when the distance of both elements from
each other = r, and denote the four angles which are determined by the directions of the
two elements, (o] and [¢/], on the direction of their connecting line [r| and on the direction
of movement of the current element [v], with ¥ = [r, o], ¥ = [r, v], e = |, V], ¢ = [r, ],
then according to the well-known law applicable to voltaic induction,!'® the electromotive
force e, which is exerted by the element « of the inducing current 7 on the induced element
o/, [is given by:]
/
e=1v- O;—ZZ (3cosv cos) —2cose) cosp

or it is the ratio

e ad!

—=— (3cosv cost) — 2cose)cosyp ,
wor

H7Note by AKTA:] See footnote 43 on page 28.

H8Note by AKTA:] The expression utilized by Weber, Volta-Induktion, had been first suggested by Faraday
himself in paragraph 26 of his first paper on electromagnetic induction of 1831, [Far32a, § 26, page 267 of
the Great Books of the Western World] with German translation in [Far32b] and Portuguese translation in
[Far1l, p. 159]:

For the purpose of avoiding periphrasis, | propose to call this action of the current from the voltaic
battery, volta-electric induction.

In this English translation of Weber’s 1862 paper we utilized the expressions Volta-induction and voltaic
induction for this class of phenomena which is nowadays called Faraday’s law of induction.
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the value of which is hereafter obtained expressed in a pure number, since the ratios of two
lines a/r and o’ /r are pure numbers, as are the cosines of the angles.

If we now call those ratios of the current carrier and the conductor to each other, under
which this number is = 1, the normal ratios, it follows that under these normal ratios the
ratio of the electromotive force to the current intensity, e/i, is equal to the velocity v with
which the current carrier is moved, or that

- =71 .
2

In general, one can see from this that the quotient of any electromotive force divided by
any current intensity is equal to any velocity, which is expressed by the following theorem:
an electromotive force is to a current intensity as a distance is to a time.

The same theorem also follows directly from the concepts which in the theory of galvanism
are associated with electromotive forces e and current intensities i.

If € denotes the quantity of positive or negative electricity in one unit of length of the
conductor according to the electrostatic unit of measure (in parts of that quantity which
exerts on an equal quantity in one unit of distance a force which would give one unit of
velocity to one ponderable unit of mass in one unit of time), and u the velocity at which the
electricity moves in the conductor, so ¢ is proportional to eu and is obtained by multiplying
it by the factor [1/c] - v/8, where ¢ denotes a constant velocity known from the fundamental
law of electric action, as shown in Volume 5 of the Treatises of the Mathematical-Physical
Class of the Konigl. Séchs. Gesellschaften der Wissenschaften [Royal Saxon Societies of
Science],''9:120 page 264, which has been found = 439450 - 10° millimeters/(second).

Furthermore, if f denotes the difference between the force acting on the positive electricity
contained in the induced conductor in the direction of the conductor and the force acting on
the negative electricity contained therein, expressed in parts of that force which would give
one unit of velocity to one ponderable unit of mass in one unit of time, then the electromotive
force e acting on the induced conductor is proportional to f and is calculated by multiplying
it by the obtained factor [c/e] - \/1/8.

These meanings of ¢ and e are the same, according to which a current of the intensity
= 1, when passing around one unit of area, exerts actions equal to one unit of the magnetic
moment, and according to which, furthermore, one unit of the magnetic force on a closed
conductor, while it is rotated in such a way that the projection of the area enclosed by it on
the plane perpendicular to the direction of the magnetic force grows uniformly in one unit
of time around one unit of area, exerts one unit of electromotive force. These meanings of ¢
and e are to be used as the basis for all absolute measurements because of their relationship
to magnetism.

According to these values of e and 7, which must also be taken as a basis for the absolute
resistance measurements, the ratio is

fc 1
e ?\/; o f
i =2\/8 C 8u e?’
If the electrostatic force which the amount of positive or negative electricity contained in a

piece x of the conductor, = ex, exerts on an equal amount at the distance x, is called f’,
then it is known that

119[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 652.
120[Note by AKTA:] [KW57, p. 652 of Weber’s Werke] with English translation in [KW21, p. 179].
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/
f IZ}2 = I
consequently,
e & f
i Su f'

Now the ratio of two forces f/f’, as well as the ratio of two velocities ¢/u, are expressed by
pure numbers, from which it follows that

=N

oo —
2|0
[

is a pure numerical factor, and from this it follows that e/i is a velocity n times larger than
the velocity c.

8.2 Representation of a Velocity Equal to the Resis-
tance of a Conductor

According to Ohm’s law of the galvanic circuit,'?! the current intensity 7 is directly propor-
tional to the electromotive force e acting on the circuit, and inversely proportional to the
resistance w of the circuit, and, if the resistance unit of measure is chosen accordingly,
. e
i= —
w
can be set, from which it follows that the quotient
e
- =w
7
has a constant value for any given circuit, which is called its resistance in absolute units.
This resistance, because it is the quotient of an electromotive force divided by a current
intensity, must, according to the previous Section, be equal to a certain velocity, and it is of
interest not only to determine this velocity in terms of its magnitude, but also to actually
represent it in such a way that it corresponds to the ratio e/i in all physical relationships.
Give the conducting wire the shape of a circle, which is placed parallel to the magnetic
meridian plane and rotated around its horizontal diameter, while a small compass is placed in
the center of the circle. This compass is then deflected from the magnetic meridian according
to known laws, the more so the faster the circle is rotated; for the currents induced in the
circle by the vertical component of the Earth’s magnetism during this rotation act on the
compass and exert on it a directive force'?? perpendicular to the meridian plane, the mean
value of which for the duration of half a revolution increases proportionally with the angular

121[Note by AKTA:] Georg Simon Ohm (1789-1854). Ohm’s law is from 1826: [Ohm26a], [Ohm26c],
[Ohm26d], [Ohm26b] and [Ohm27] with French translation in [Ohm60] and English translation in [Ohm66].

122INote by AKTA:] In German: Direktionskraft. This expression can be translated as directive force,
directing force or directional force. This concept was introduced by Gauss in 1838, [Gau38b, p. 4] with
English translation in [Gaudlc, p. 254]. Consider, for instance, a compass needle of magnetic moment m.
Utilizing Gauss and Weber’s terminology, let T" be the horizontal component of the Earth’s magnetic force.
The torque 7 exerted by the Earth on the needle when it is deflected by an angle 0 relative to the local
magnetic meridian is given by 7 = mT sin 6. The so-called magnetic directive force is here given by mT.
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velocity.'?> — During the duration of half a revolution, this directive force is of course
variable, from which it follows that the [compass] needle cannot remain at rest, but must
fluctuate within certain limits; however, the shorter the duration of half a revolution becomes
during accelerated rotation compared to the oscillation period given to the needle by the
Earth’s magnetic directive force, the more those limits come closer to one another, and
the above needle fluctuation can be reduced to such an extent that it becomes completely
imperceptible and the needle appears completely still. — The velocity at which the conductor
particles must be moved by the rotation, at a distance from the axis of rotation equal to the
radius of the circle, so that this mean value is 72 times greater than the vertical directive
force exerted directly on the compass by the vertical component of the Earth’s magnetism,
is the velocity equal to the resistance of the conducting wire.

However, this mean value and this vertical directive force exerted directly by the Earth
on the compass behave like the tangents of the deflections v and I they produce, where v is
the horizontal deflection of the compass and [ is the geomagnetic inclination observed during
the rotation. So if one observes that at n revolutions in the unit of time, tanv/tan I = 72,
then the resistance of the circular conductor will be

w = 2n7wr ,

if r denotes the radius of the circular conductor.

This velocity represented in this way, which is equal to the resistance, actually has the
same physical relationships as the ratio of the electromotive force to the current intensity
or the resistance of the conductor; because it can be proven that this velocity, as well as
this resistance, is completely independent of both the strength and direction of the Earth’s
magnetic force, which acts inductively on the conductor, and also of the strength of the
compass, on which the Earth’s magnetism and the currents induced in the conductor act.

The following explanations serve to prove this relationship between the velocity and
resistance just described.

If ¢ is the angle which the circular plane forms with the meridian plane, dy/dt is the
angular velocity and r is the radius of the circle, then one obtains the electromotive force
exerted on the circle by the vertical component 7" of the Earth’s magnetism, according to
the meaning given in Section 8.1,

dy

dt

If the angular velocity dy/dt = p is constant, that is, e = 7wr?T"pcos p, proportional with
cos @, then, according to Ohm’s laws, the intensity of the current ¢ induced in the conductor
is also proportional to cos ¢, and can be set

e=mr?-T - cosyp

1 =19COSY ,

where iy has a constant value.
According to electromagnetic laws, this induced current exerts a torque?* on the needle
m in the center of the circular conductor,'?> which, when the circular plane is vertical, or

123/Note by AKTA:] In German: Drehungsgeschwindigkeit.

124[Note by AKTA:] In German: Drehungsmoment. This expression can be translated as torque, rotatory
action or moment of force.

125[Note by AKTA:] That is, on the needle with a magnetic moment m.
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¢ = 0, and also when the deflection of the needle from the magnetic meridian v = 0, from
the known theory of the tangent galvanometer would be represented by the quotient of the
product of the length of the conductor 277 into the current intensity ¢ and into the needle
magnetism m, divided by the square of the circle radius 72, so = 2wim/r; but if ¢ and v are
different from zero, then, as can be easily shown, this quotient must still be multiplied by
cos ¢ cos v, whereby the torque exerted on the needle by the induced current is obtained!?¢

2mim 2mm 9
= - COS (P COSV = 1) COSV - COS P~ .
r

The mean value of this torque for the duration of half a revolution = 7/p results from
this

2mm . p [™° 9 2mm . 1 [ 9 ™
10 COSV + — cos p dt = 10 COSV + — cos pdp = —1igcosv .
r 7 Jo r 7 Jo r

Now, further, the torque exerted by the Earth on the needle, when T" denotes the hori-
zontal component of the Earth’s magnetism, is,
=Tmsinv ,

which, if v suffers no perceptible change, can be taken as constant. This torque exerted
by the Earth on the needle must then be equal to the average value of that exerted by the
induced current, that is,

. ™m .
Tmsinv = —igcosv ,

’
consequently
_ rT
19 = — tanv ,
s
A
1= —tanv-cosy .
s
But now
e=mr’T'p-cosyp ,
consequently

e 2 T
— = —r ,
7 tanv T p

or, because T"/T = tan I, if I denotes the geomagnetic inclination,

e tanl
- = STIrp .
7 tanwv

Finally, if 2n7 denotes the value of p for which

126[Note by AKTA:] The next equation should be understood as:

2mim

= ©COS P COSV = ig COSV - COS° P .
r

The same meaning should be understood in similar equations.
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tanv 9
=7
tan /

is observed, then

e
- =2n7r
1

that is, the velocity with which the conductor particle located at the distance r from the axis
of rotation moves in its circular path represents the resistance of the conductor w = e/i.

If we denote the resistance of one unit of length of the conductor by the name of its
specific resistance, then the specific resistance of a circular conductor is equal to a certain
angular velocity of this conductor, namely, since 277 is the length of the conductor, the
angular velocity n, for which

tanwv m

tanl 2
is observed.

8.3 Determination of the Resistance from the Ratio
[edt/ [idt for an Induction Surge

From the possibility of actually representing those velocities that are equal to the resistances
of conducting wires, the possibility of measuring these velocities, and thus also the resis-
tances equal to them, is recognized. These measurements are called the absolute resistance
measurements.

However, even if the possibility of absolute resistance measurements is obvious from this,
it is by no means the most accurate and finest method for the actual implementation, on
which the practical significance of these measurements depends; rather, further discussions
are required to determine them, which must be carried out before the implementation.

The conducting wire mentioned in the previous Section, which is brought into the shape of
a circle and can be rotated around its horizontal diameter, together with the compass located
in the center of the circle, essentially forms the same instrument that was already discussed
under the name of the induction inclinometer'?” in the “Resultaten aus den Beobachtungen
des magnetischen Vereins im Jahre 18377 (Results from the Observations of the Magnetic
Association in 1837), pages 81-96.12%:129 Through this induction inclinometer, the resistance
measurements can be reduced to velocity measurements. But an exact execution of these
velocity measurements, as is self-evident, requires a completely uniform angular velocity, the
realization of which, although not impossible, is associated with great practical difficulties.
It is therefore of the greatest importance for the execution of an accurate absolute resistance
measurement that it be made independent of the realization and measurement of such a
completely uniform angular velocity.

The method of achieving this purpose is generally based on, instead of obtaining a certain
average value of the electromotive force e and the current intensity ¢ for a long time by
continued uniform rotation, and measuring the same during this time, trying to produce

127[Note by AKTA:] In German: Induktions-Inklinatorium. See footnote 58 on page 34.
128[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. II, pp. 75-88.
129[Note by AKTA:] [Web38].
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precisely determined and measurable integral values [ edt and [ idt, but limited to a very
short time, under circumstances in which the quotient e/i remains constant for all time
elements dt, although e and i vary. Exact measurement of the integral values [ edt and
[ idt then results in the quotient [edt/ [idt = e/i, equal to the desired resistance of the
conductor wire w, whereby it does not matter, whether the short period of time over which
those integrals extend, which do not need to be measured at all, is slightly larger or smaller,
since the result is completely independent of this.

8.4 Execution with the Induction Inclinometer

The method given in the previous Section could now be easily carried out using the induction
inclinometer in the following manner. Instead of setting the circle formed from the conductor
wire into a continuous, uniform rotation, you just turn it a little, for example halfway around,
most expediently starting from the horizontal position of the circle up to the horizontal
position again, and in a very short time, which is referred to by the name of an induction
surge.*® The integral value [ edt for such an induction surge is easy to determine; because
according to Section 8.2, e = mr?T" cos ¢ - dp/dt, therefore the integral value of edt taken
from ¢ = —7/2 to p = +7/2 is

/edt = 21T,

if r denotes the radius of the circle and T” the vertical component of the Earth’s magnetism.

The integral value [ idt can also be determined very simply by determining the angular
velocity at which the compass is set by such an induction surge; because if this angular
velocity is denoted by <, the magnetism and the moment of inertia of the compass are
denoted by m and k,'3! then we have

2rk
[t 2
Tem

Now, with a needle set in vibration, the greatest angular velocity v (at the moment when
it passes through the equilibrium position) is related to the greatest deflection from the

139[Note by AKTA:] In German: eines Induktionsstosses. This expression can be translated as induction
surge, spike, impulse, shock, kick, blow or hit; or inductive surge, spike, impulse, shock, kick, blow or hit.
That is, an induced voltage surge generated by electromagnetic induction, or a short-term induced voltage
spike caused by electromagnetic induction.

131[Note by AKTA:] That is, if the magnetic moment and the moment of inertia of the magnetized needle
are represented by m and k, respectively.

132INote by WW:] According to Section 8.2, the horizontal torque exerted on the needle by the induced
current i = i cos p was = [27mm /7] -ig cos v cos 2, hence, if at the moment of the induction surge the needle
is at rest and v = 0, [this expression becomes] = [2mm/r] - ig cos p?. This torque divided by the moment of
inertia k gives the angular acceleration of the needle dvy/dt = [27wm /rk] - ig cos *. From this we get, if the
angular velocity of the circle dy/dt is denoted by p, dy = [2mm/rk] - [io/p] - cos p?dp, and the integral value
thereof, between ¢ = —7/2 and ¢ = +7/2, v = [r?m/rk] - [io/p], therefore i = igcos = [rk/m?m]- pycos o,
from which idt = [rk/n%m] - ycospdy, and the integral value thereof, between the limits ¢ = —m/2 and
o =+p/2, [idt = [2rk/7%m)] - v is obtained. The angular velocity p of the circle has been assumed to be
constant; but one can easily see that the result would remain unchanged even if p were variable; because i
would then also be variable, but the ratio ip/p would remain constant.
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equilibrium position, that is, to the elongation width «, as [the ratio of] 7 to the period of
oscillation ¢ of the needle,'® or it is v = [7/t] - a, s0

/z’dt:ﬁ-a.
mmt

Since [ edt = 2wr*T", from this we get the desired resistance of the conductor wire
[edt — m*mrtT’
W= "= :
[ idt ko
If T" denotes the horizontal component of the Earth’s magnetism and I the inclination, then
it is known that 7"/T = tan I and mT/k = 7% /t?; consequently

71'47“

w=——tan/ .
o-t

If the wire formed, instead of a simple circle, a ring composed of n windings of equal size,
isolated from each other, one would find:

nmtr

~tan [ .

w =
o-t

8.5 Separation of the Inductor from the Galvanometer

As simple as the method of absolute resistance measurement with the induction inclinometer
described in the previous Section appears, it does not prove to be effective in practice. For,
in the first place, the angular velocity imparted to the needle by a single half revolution of
the circle (induction surge) and the elongation width thereby produced are far too small
to be observed and measured with an ordinary compass; even the finest magnetometric
observations would not be sufficient for this purpose if the compass could be replaced by a
magnetometer equipped with a mirror and scale, the placement of which would, incidentally,
be associated with great practical difficulties in the center of the rotating circle. In the
second place, however, there is also the fact that with this method the horizontality of the
needle axis would have to be completely guaranteed; otherwise, as one can easily see, when
the circle rotates about its horizontal diameter, the induction of the vertical component of
the Earth’s magnetism would be mixed with the induction of the vertical component of the
needle magnetism.

These reasons therefore make it seem far more expedient to form two circles from the
conductor wire instead of one circle, one of which is used as an inductor and is rotated,
the other serves as a multiplier and is fixed.!** This separation gives freedom for the most
expedient arrangement of the inductor as well as the multiplier required for the galvanometer,
where each can then be constructed much more perfectly on its own, without having to take
the other into account. On this separation of the inductor from the multiplier is based the

133[Note by AKTA:] In German: Schwingungsdauer. Gauss and Weber utilized the old French definition
of the period of oscillation ¢ which is half of the English definition of the period of oscillation 7', that is,
t =T/2, [Gil7la, pp. 154 and 180]. For instance, the period of oscillation for small oscillations of a simple
pendulum of length ¢ is T = 27/¢/g, where g is the local free fall acceleration due to the gravity of the
Earth, while t = T/2 = 7/¢/g.

134[Note by AKTA:] See footnote 52 on page 33.
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method developed in the First Volume of the Treatises of the Konigl. Sachs. Gesellschaft
der Wissenschaften,'35:136 about which the following comment will suffice here.

The calculation of the resistance of the conductor wire from the observations is changed
only slightly by the separation of the inductor from the multiplier, namely, only as a result of
the fixed position in which the separated multiplier, which no longer takes part in the rotation
of the inductor, remains, according to which, firstly, the horizontal torque = [2mm/r|-iy cos ¢
exerted on the needle by the induced current i = igcos is found (instead of that value
= [2mm/r]-ig cos p? stated in the Note to Section 8.4), from which follows [ idt = [rk/2mm]-7;
and secondly, the elongation width « can no longer be determined from the angular velocity
v according to the law v = [r/t] - a listed in Section 8.4, because this law is only valid
for one freely oscillating needle that does not suffer any attenuation, which was the case
in Section 8.4, because the multiplier connected to the inductor was always in a horizontal
position before and after the induction surge. If, on the other hand, the multiplier, which is
separated from the inductor, remains in its vertical position parallel to the meridian plane
during the entire needle oscillation, the oscillating needle suffers damping and the elongation
width «a is then to be determined from the angular velocity v according to the laws developed
by Gauss in the “Resultaten aus den Beobachtungen des magnetischen Vereins in Jahre 1837”7
(Results from the Observations of the Magnetic Association in 1837).137:138 If ~ is determined
according to these laws from the observed elongation width and from the simultaneously
observed decrease in the oscillation arcs of the needle, the following equation results for the
calculation of w, namely, either for simple circles of the same radius r, both as inductor as
well as multiplier:

Aty
-t

or for a ring composed of n windings of radius r as an inductor and for a ring composed of
n' windings of radius " as a multiplier:

w = ~tan [ |

Ann/mt  r?
w = -— -tan/ .
- t2 r!

8.6 Damping as a Measure of the Sensitivity of the
Galvanometer

The freedom to make the radius 7’ of the multiplier windings smaller than the radius r of the
inductor windings, and to increase the number n’ of multiplier windings, which is obtained
by the separation of the multiplier from the inductor discussed in the previous Section,
then acquires greater importance in that, firstly, in the fixed position of the multiplier, the
substitution of the compass with a magnetometer is no longer obstructed, secondly, that, in
addition, the angular velocity v imparted to the needle by an induction surge can be given
a size appropriate for finer observation. For from the equation at the end of the previous
Section it can be seen that if r’ gets half the value and n’ gets twice the value, otherwise
under exactly the same conditions, with unchanged conducting wires, the angular velocity

135/Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 301.
136[Note by AKTA:] [Web52b] with English translation in [Web21e].
137[Note by Heinrich Weber:] Gauss’ Werke, Vol. V, p. 389.

138[Note by AKTA:] [Gau38a, p. 389 of Gauss’ Werke].
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~ obtained by an induction surge assumes a value four times greater. Only in this way is it
possible, with an induction as weak as that offered by geomagnetism, to give the elongation
width « of the needle, which is dependent on ~, the size necessary for accurate measurement.

But it is clear that if the multiplier encloses the needle tightly, instead of forming a wide
circle around it as in a tangent galvanometer, the law valid for the tangent galvanometer,
according to which it was determined the angular velocity v given to the needle by an induc-
tion surge, namely, the equation [ idt = [rk/2mm]-~ listed in Section 8.5, according to which
v = [2rm/rk] - [idt (or, for a plurality of windings n’ of radius v/, v = [2n/7m/r'k] - [ idt)
no longer applies, because then the difference in the position of the various windings from
which the multiplier is composed and the way in which the magnetism is distributed in
the needle gain influence and must be taken into account more precisely; but even then ~
remains proportional to f idt and the constant ratio 7/ f 1dt, which can be called the sensi-
tivity coefficient of the galvanometer and can be denoted by f, can easily be determined for
any given galvanometer by observation, by simultaneously measuring v and [ idt. However,
it should be noted that the constancy of the coefficient v/ [idt = f is necessarily linked to
the immutability of the instrument, an immutability that cannot be attributed to such sen-
sitive galvanoscopes with tightly surrounding multipliers in the long term, which is why, as
already noted in the Introduction, the sensitivity of such instruments cannot be determined
i advance. So the coefficient f, or the sensitivity of the instrument, must be determined
for the moment of observation itself.

Such a determination is made by the observations combined according to the throwback
method'® (which was discussed in more detail in the First Volume of the Treatises of the
Konigl. Sdchs. Gesellschaft der Wissenschaften, page 349),140:14! which determine the angu-
lar velocity imparted to the needle by an induction surge and at the same time affect their
damping; because this damping is proportional to the square of the coefficient f. If from
such observations the damping resulting from the closure of the circuit is determined by
the value of the logarithmic decrement (according to the natural system), then if w is the
resistance of the circuit, k is the moment of inertia of the needle and 7 denotes the period
of oscillation under the influence of damping,

f2:2_w_)\.142

kT

139[Note by AKTA:] In German: Zuriickwerfungsmethode. See [Gau38a], [Web39b] and [WK68, p. 108,
Note 13].

140Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 441.

141 [Note by AKTA:] [Web52b, p. 441 of Weber’s Werke] with English translation in [Web21le, p. 412].

142[Note by WW:] According to the electromagnetic law, as stated before, the angular velocity imparted to
the needle by the currents induced by an induction surge was

7=f-/idt,

so, during the induction surge, dy = fidt. Therefore, the angular acceleration imparted to the needle by the
current 7 in the multiplier is dy/dt = fi, and consequently, if & denotes the moment of inertia of the needle,
the torque exerted on the needle by the current 7 in the multiplier is = k fi.

However, if ¢ = 1 is set in it, the expression of this torque gives, according to magnetoelectric law,
the factor which, multiplied by the angular velocity + of the needle, is equal to the electromotive force
exerted by the moving needle on the multiplier, = kfv, from which, according to Ohm’s law, follows the
current generated by the moving needle in the multiplier ¢ = kfvy/w. If one now puts this value of 4
into the equation dy = fidt, one finds that the damping caused by closing the circuit retards the angular
velocity of the needle and that this retardation is dy/dt = [kf?/w] - 7. Now the differential equation of the
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But now f =/ [idt, and according to Sections 8.3 and 8.4, w = [edt/ [idt and [ edt =
2nmr*T"; consequently, if f, [edt and [ idt are eliminated from these four equations, we get,
21\ 2
w:8(n7rr T N
ky2t

With regard to the execution of the observations, it should be noted that, firstly, with
strong attenuation, it may occur that the period of oscillation 7 with a closed circuit cannot
be directly determined precisely, and that it is therefore necessary to observe the period of
oscillation ¢ with an open circuit for this purpose; secondly, even with an open circuit a still
perceptible attenuation occurs very often, which is determined by observing the logarithmic
decrement \g. If the circuit is closed, A is added to Ay, and the observed logarithmic decre-
ment is Ao + A = A;. Under such conditions, A = A\; — X\g and 7 = t5/(72 + A?) /(72 + \2)
must be substituted in the above equation to represent the resistance w in its dependence
on the observed values ty, \g and A\{, namely:

8(nmr?T")? 2+ N\

8.7 Induction by the Horizontal Component of Terres-
trial Magnetism

In a similar manner as the separation of the multiplier from the inductor specified in Sec-
tion 8.5 can be used to obtain a galvanometer with a closely surrounding multiplier of the
highest sensitivity for the measurement, in the same way this separation can also serve to
give the inductor a more suitable and advantageous arrangement.

The radius of the inductor windings no longer needs to be limited by the galvanometer,
but can be increased as much as is compatible with a rapid and slight rotation of the
inductor, whereby the induction surges are significantly increased. Because the strength of
the induction surge has been found [ edt = 2nmr?T" and one can easily see that this value
is increased m times, even with an unchanged wire length, if the radius r of the inductor
windings is taken to be m times larger and consequently the number n of inductor windings
is taken m times smaller.

In addition, as a result of the inductor being separated from the multiplier, the reason
why the inductor rotation had to occur by the horizontal diameter of the inductor when the
inductor and multiplier were combined no longer applies, namely, the reason that when the
inductor rotates there is only an induction due to the Earth’s magnetism, and not at the
same time by the needle magnetism, because the latter would be difficult to determine or
eliminate. As a result of the separation of the inductor from the multiplier, the rotation
can also occur around the vertical diameter of the inductor, whereby the induction is made
dependent on the horizontal component T of the Earth’s magnetism, instead of on the vertical

oscillating needle (see Resultate aus den Beobachtungen des magnetischen Vereins, 1837, page 74) [[Note by
Heinrich Weber:] Gauss’ Werke, vol. V, page 389][[Note by AKTA:] [Gau38a, p. 389 of Gauss’ Werke].] is
d%x/dt? + 2edx/dt + n*z = 0, where the angular velocity v = dz/dt and the rotation retardation resulting
from the damping is set [kf?/w] -y = 2edx/dt, hence kf?/w = 2¢. — From this differential equation it
follows z = p+ Ae*'sin (tv/n? — 2 — B), according to which the oscillation period is 7 = 7/v/n? — €2 and
the natural logarithmic decrement is A = e7. According to this, kf?/w = 2e = 2\/7, or f? = [2w/k7] - ),
which had to be proven.
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component T”. By substituting 7" with 7", the equation at the end of the previous Section

turns into the following:
8(nmr?T)? 24+ A3
=——— (M=) | —— -
S TR G AR | b= rup v

This exchange offers the advantage that it is sufficient to measure the horizontal component
T of the Earth’s magnetism, while in the other case it was also necessary to measure the
inclination I in order to be able to determine the vertical component 7" = T tan I.

II - Construction of the Galvanometer

8.8

From the overview of the method of absolute resistance measurement given in the previous
Section, it is clear that the construction of the galvanometer is important for carrying out
such a measurement. What is important is not just a high degree of sensitivity, but also
that this degree of sensitivity can be precisely determined from the damping observations of
the needle vibrations.

The theory of the galvanometer has often been discussed from different sides, according
to the variety of purposes for which it was intended to serve. Closely related to the purpose
of absolute resistance measurement, with which we are concerned here, is the use of the
galvanometer, discussed in the Fifth Volume of these Treatises'*3:144 for the measurement of
magnetic inclination carried out with the help of induction, which also in the place mentioned
has one application connected to the resistance measurement itself. The rules given there for
the construction of the galvanometer also apply here, for example that the resistance of the
multiplier should be almost the same as that of the rest of the circuit, to which the inductor
belongs. However, in the case of the galvanometer there, it was mainly only a question of
the sensitivity or size of the deflection of the galvanometer needle set in vibration by an
induction surge, whereas here it is also about the size of the attenuation, which is to be used
to precisely determine that sensitivity. This use of damping has already been discussed there,
on the occasion of the application to resistance measurement; however, it still requires further
discussion in order to determine what is the highest degree of accuracy in this determination
of sensitivity and how it can be achieved.

8.9 Limits on the Size of the Deflection and Attenua-
tion

Even if the deflection and attenuation could be increased at will, partly by tightly surrounding
the galvanometer needle with the multiplier, partly by increasing the needle magnetism,
certain limits should not be exceeded if the accuracy of the resistance measurement is not
to be reduced instead of increased.

143[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. II, p. 277.
144[Note by AKTA:] [Web53d].
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For as far as the defiection is concerned, which must not go beyond the scale with which
it is to be measured, its enlargement in all magnetometric observations is governed by the
rule that it should always remain limited to small deflection angles, according to which
the length of the scale length is determined. Otherwise the most important advantage of
these observations would be lost, which is that small deflections are always needed and
sufficient even for the finest measurements, which avoids many disturbing influences and
greatly simplifies the calculation of the observations.

Likewise, with regard to the attenuation, which can be determined from the difference in
the size ratio of two successive oscillation arcs from unity, it is clear that this difference must
have a size sufficient for precise determination, but must not be so large that, on the other
hand, the unity itself disappears because otherwise either the first oscillation arc would be
too large to be measured with the scale, or the second would be too small for an accurate
measurement. Between these two limits there must be a case where the accuracy that can
be achieved in determining the damping is a maximum.

If the larger oscillation arc, which should be almost equal to the limit value set by the
length of the scale, is denoted by a and the smaller one by x, then the size of the damping
is found proportional to logla/z| = A, and the accuracy that can be achieved in determining
the damping is represented by the quotient of the smallest measurable change in z, divided
by the corresponding change in A expressed in parts of A. The value of x for which the
absolute value of this quotient is a maximum is given by the equation

Mz 2 =~ 2 (1o @ 2 )
(W) =x < 0g E) = maximum,
from which follows a : * = e : 1 if e = 2.71828 denotes the base of natural logarithms.
This results in the rule that for the determination of the damping it is most advantageous
to construct the galvanometer in such a way that the ratio of two consecutive arcs of the
vibrating needle is equal to or at least comes close to the ratio e : 1.

8.10 Unifilar and Bifilar Suspension of the (Galvanome-
ter Needle

The suspension of the galvanometer needle can be either unifilar or bifilar and only a closer
consideration of the observations to be made can give preference to the choice of one or the
other suspension.

If the galvanometer needle is set into vibration by an induction surge, that is, if it is
given a certain angular velocity v at the moment when it is in the rest position, it is well
known that it is not enough to observe the deflection or the first elongation a of the needle,
but rather it is necessary, especially to determine the attenuation, to also observe the second
elongation b of the needle, to the opposite side from the rest position. However, for the
purpose of accurate measurement, these two observations must be repeated more frequently.
It is now clear that, instead of waiting until the needle has reached complete rest between
every two repetitions, there is great advantage in carrying out a system of such repetitions
without interruption in a continuous succession, which is useful if one considers that although
the needle at the moment of each induction surge should be in the position where it could
remain in equilibrium if it had no movement, it is not necessary for the purpose of these
observations that it really be in equilibrium. Rather, the needle can have an angular velocity
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at this moment, if the latter is always the same in all repetitions at the moment of each
induction surge. The method of arranging such observation system was given by Gauss and
can be found in the First Volume of the Treatises of the mathematical-physical class of the
Konigl. Sachs. Gesellschaft der Wissenschaften, p. 349, discussed in more detail under the
name of the throwback method.'*>-146 Tt follows from this that the precise implementation of
such an observation system requires, firstly, that the duration of an induction surge forms
a very small fraction of the oscillation period of the needle, secondly, that the moment of
each induction surge coincides as precisely as possible with the moment when the needle
is in the position in which it could remain in equilibrium if its angular velocity were zero.
However, it is clear that the fulfillment of these two requirements can only be achieved with
a longer oscillation period of the needle, for example 20 to 30 seconds, which means that the
construction of the galvanometer must be adjusted accordingly.

If such a longer period of oscillation is to be produced by unifilar suspension of the needle,
and if the needle is to have the strongest possible magnetism in relation to its size for the
purpose of damping, then the necessity of a larger needle is obvious, for example from 600
to 900 millimeters in length, which also requires a corresponding expansion of the multiplier
in the direction of the needle. With such an extension of the multiplier, a sufficiently strong
damping can be achieved through the associated increase in the magnetism of the needle;
the size of the deflection caused by an induction surge, on the other hand, decreases so
quickly as the needle and multiplier are lengthened, that it can happen that they are no
longer sufficient for precise measurements. With larger needles, under normal circumstances
one can calculate that the size of the deflection is inversely proportional to the length of
the needle, for example with a 600 to 900 millimeter long needle, which would require an
oscillation period of 20 to 30 seconds, the deflection would be 4 to 6 times smaller than
with a 150 millimeter long needle.’” If it were found that the deflection, under otherwise
favorable conditions, remained of a size sufficient for finer measurements, there would be

145/Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 441.

146[Note by AKTA:] See the footnote 139 and [Web52b, p. 441 of Weber’s Werke] with English translation
in [Web2le, p. 412].

147[Note by WW:|] For the present consideration it is sufficient to consider only a single winding of the
multiplier in the vertical plane of the needle, and only two points of the needle, which can be called the
North pole and the South pole, the distance from each other being = [. The multiplier winding forms a
semicircle of radius r around each of these points, both connected by two parallel pieces of length [. The
angular velocity which is imparted to the needle by an induction surge is then composed of several parts,
namely, that which comes from the two semicircles acting on the needle poles located at their centers, which
is obtained = [wm/kr| - [idt when m denotes the magnetic moment and k the moment of inertia of the
needle; further from that which comes from the two parallel connecting pieces, = [2lm/rkv/1? + 2] - [idt,
and finally from that which comes from each semicircle acting on the needle pole located at the center of the
other semicircle, which, however, can be considered vanishing if r is very small compared to [. According to
this, if r is very small compared to [, v = (7 + 2)(m/kr) [ idt can be set. Now, for two homogeneous needles
of similar shape, the largest magnetic moments they can assume, m : m’, behave like the cube [of their pole
distances [ : I'], their moments of inertia & : k¥’ behave like the fifth power of their pole distances [ : I, or it
ism:m/ =103:1" and k: k' = [° : 'S, from which follows the ratio of their angular velocities

yiy =120

And since their deflections « : o’ are in the composite ratio of this angular velocity and the period of
oscillation proportional to the pole distance, we get from this

a:a’=1:1.
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no essential reason for its use to discard the wunifilar suspension. However, if it should turn
out that the reduced deflection was no longer sufficient, one would be forced to use bifilar
suspension.

This bifilar suspension can then be set up in such a way that the resulting static directive
force S is greater than the magnetic directive force D,'*® and that (if the needle poles are
inverted) the oscillation period of the needle depends only on the difference S — D, which
makes it possible to regulate and extend it as desired. A longer period of oscillation produced
in this way, combined with a relatively strong magnetism of the needle, not only makes
it possible to produce a galvanometer with very high sensitivity, but also to increase the
damping so as to be able to determine it as accurately as the deflection of the needle. Finally,
even in cases where the main purpose just described could be achieved by unifilar suspension
of larger magnets, this bifilar suspension still offers the special advantage of making it possible
to construct the galvanometer on a smaller scale without compromising the accuracy of the
measurements, which is often of great importance for practical application.

8.11 Astatic Needle System with Unifilar Suspension

However, the same purpose for which, according to the previous Section, the bifilar suspen-
sion was particularly suitable and, especially when smaller needles were involved, seemed to
deserve preference over the unifilar suspension, can also be achieved by the unifilar suspen-
sion if the simple needle is substituted with an astatic needle system, that is, with a system
of two identical needles that are firmly connected to each other, one of which is enclosed
by the multiplier, the other with the opposite position of the poles outside, either above or
below the multiplier.!*® The magnetic directive forces of the two connected needles then
cancel each other out, and the static directive force can be regulated by choosing a suitable
suspension wire so that the most appropriate period of oscillation is obtained. In addition
to all the advantages that could be achieved by bifilar suspension of a simple needle, this
device offers a special advantage in that the influence of many otherwise unavoidable exter-
nal disturbances is completely avoided. Such external disturbances are particularly due to
the declination variations of the Earth’s magnetism. Although these variations are gener-
ally small, even during the short duration of the observations, it should not be overlooked
that they occur with a needle which is directed by the mere difference between the static
and magnetic directive force, which was the case with a sensitive bifilar suspension, they
are magnified as many times as that difference is contained in the whole magnetic directive
force. As a result, the equilibrium position of the needle can often be subject to a rapid and
considerably large change, which disrupts the precise execution of the induction surges and
greatly reduces the certainty and agreement that otherwise characterize these observations.
These disturbances are completely avoided in the described astatic needle system, if one pays
attention to the exact equality of the needles and the parallelism of their axes; because it is
obvious that the variations in the Earth’s magnetism have no influence at all on the behavior
of such a needle system. Thus, if only the static directive force is constant, the equilibrium
position of such a system is completely unchangeable and allows the most precise execution
of the observations.

148[Note by AKTA:] See footnote 122.
19Note by AKTA:] See footnote 60 on page 35.
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8.12 Theory of the Multiplier

After the preceding discussions about the construction of the galvanometer in general and
in particular about the construction of the galvanometer needle and its suspension, we move
on to the main task, namely, the theory of the multiplier, which for the present purpose
requires a more complete development than has hitherto been given of it.

The main findings of previous discussions can be summarized briefly as follows. If, firstly,
it is the multiplier of a tangent galvanometer, which is supposed to form a circular ring of
a very large radius, against which the dimensions of the needle as well as those of its own
cross-section are very small, then it is clear that the shape of this cross-section is of very
little influence. If, however, this shape is not to be left to arbitrary determination, in the
first place, for practical reasons, the expediency of giving the cross-section the shape of a
rectangle is self-evident, and in the second place, for the ratio of the two sides of this rectangle
the simple rule follows: if the area of the rectangle is given and is expressed in parts of the
square of the ring radius = 2¢3, the height of the rectangle to the base behaves like ¢ : 2.

If, secondly, it is a question of the multiplier of a galvanoscope, which is intended to
enclose the needle as tightly as the free movement of the needle permits, then only the shape
of the winding which initially encloses the needle is to be regarded as given. As a rule, this
winding will form a figure enclosed by two parallel lines and two semicircles. For practical
reasons, it may then be assumed that a number of coils of the same shape and size lie side
by side on the surface of a column having that figure as its base and form the lowest layer
of the multiplier coils over which all the other coils are wound in the form of parallel layers.
The whole multiplier thus takes the shape of a ring, for which the shape of its cross-section
has to be determined even more closely.

This determination is obtained by considering the torque exerted on the needle by any
winding. When considering the torque in this way, it is sufficient (as in the Note to Sec-
tion 8.10) to consider only two points on the needle, which can be described as the North
pole and the South pole, and whose distance, = [°, can be set equal to the length of the two
parallel sides of the winding. The torque which the current ¢ passing through the winding
exerts on the needle is then composed of several parts, namely, in the first place, that which
is exerted by the two semicircles on the needle poles lying in their axes, if the axis of a
semicircle is understood to be the perpendicular to its plane erected in its center point; in
the second place, from that which comes from the two parallel sides of the winding; in the
third place, from that which is exerted by each semicircle on the needle pole located in the
axis of the other semicircle. If r denotes the radius of the semicircles and x the length of
the perpendicular drawn from a needle pole to the plane of the semicircle, so the first part is
found = 7r?mi/(r? + 22)%2, the second [part] = 2ri°mi/[(r? + 22)V/192 + r2 + 2], the third
[part] = 2rmi [(I°cos + r)de/(1 + r? + 2% + 2rl° cos ¢)*/?, where the integral value is
to be taken between the limits ¢ = 0 and ¢ = 7/2. If we then prefer to consider the two
main cases, namely, in the first place, where [° = 0 or the multiplier windings form circles,
and in the second place, where [° is so large that x and r can be regarded as vanishing in
comparison, then in the first case the second part is = 0 and the third is equal to the first,
= mr®mi/(r? + x%)3/2 ) in the second case the third part is = 2rmi/I°?. If we now denote the
quotient of the total torque of one winding divided by its length by the name of the specific
torque, then all windings for which the specific torque is equal, in the case where {° = 0,
that is, when the multiplier windings are circular, are given by the following equation:
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1 2mrmi
21r (r?2 + x2)3/2

= constant;

in the case when [° is very large compared to r and z, that is, when the multiplier windings
are very elongated, [the multiplier windings are given| by the following equation:

1 Trimi N 2r1%mi N 2rmi tant
= constant,
2000+ 7r) \(r2+22)32 (2 4 22)/12 4 72 4 22 1

for which can also be set

mi - + 2r = constant
200\ (r2 +22)32 "~ r2422) ’

In the former case, if one sets the constant = mi/d?, or, by taking d as the unit of measure
of length, = mi, one obtains

T 1.
(r2+x2)3/2 o

in the latter case, if one sets the constant = mi/21°d or, by taking d as the unit of measure
of length, = mi/2(°, one obtains

w2 2r

=1.
(r2 + 22)3/2 + r? + x?

If you finally set 72 + 22 = p? in both equations, this results
for the first case, r = p?,
for the second case, mr = p(y/1+ mp — 1).

But the sensitivity of the galvanometer increases in proportion to the torque exerted
by the multiplier on the needle, and from the latter it is clear that if its value is to be a
maximum, the specific torque of all the windings on the outer surface must be the same. It
follows from this that the outer limit of the cross section of the multiplier must be determined
according to the above equations if the galvanometer is to have the greatest sensitivity. The
inner limit of the cross section of the multiplier is given by the space that must be left free
for the needle.

Figure 1 represents the cross-section of the multiplier in both cases. The given inner
boundary is indicated by the lines AB and A’B’; ADB and A’D’B’ are the outer boundaries
in the former case, aDb and o’ D'l in the latter case.
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If, however, as with the multiplier of a tangent galvanometer, a rectangular cross-section
is preferred, for which only the ratio of the two sides of the rectangle is to be determined,
the following equation results for the former case, where the multiplier windings are circular,
if the radius of the cylindrical space to be left free for the needle is set equal to 1 and the
side of the rectangle parallel to the radius is denoted by a and the side perpendicular to it

by 2b:
2 /1+a ridr 1 /b (1+a)dx
(T+a)2=1J,  (2+02)2 b )y (1+a2+a2)32°

or when the integration is executed,

o l+a+/(1+a)?+0? 3(1+a)? -1 1
& 14+ V1+02 20 +a)y/ A +a)?+02 I+

According to this,
for small values of a, b = /a,
fora=1, b= 1.1444,
for a = 0o, b =0.4413 - a.
For the latter case, the following equation results in the same way:

E/H‘l mrdr +1/1+‘1 2rdr _l/b (1 + a)’dx +1/b 2(1 4 a)dx
ali (240232 afi 2402 b Jy ([L+a2+22)32 b )y, (1+a)2+a22’

from which is obtained
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(14 a)* +b? lL+a+/(1+a)?+0b
log ——————— + 7wlog
1+ b2 1+ V1402

(1 + 2a) T 2a b

= — + — arctan .

VA +a?+0r i+ b l+a
According to this,
for small values of a, b? = 2 42:37; ca=0.5745 - a,

fora =1, b = 0.8322,
for a = oo, b = 0.3435 - a.
Figure 2 represents these cross sections when a = 1.
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The given inner boundary against the space left free for the needle is indicated by the
lines AB and A'B’; ADEB and A'D’'E’'B’ represent the two rectangular cross sections of
a circular [multiplier|, adeb and o’d'e’t’ those of an elongated multiplier. The former cross
section ADFE B is more than twice as large as the square of the distance ¢ of the needle axis
from the multiplier, the latter adeb is close to 5/3 of the same square. If a smaller multiplier
is to be formed with the same size of the space left for the needle, then ade( and o'd’e'(’
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represent the cross sections of the circular [multiplier], abed and a’b’e’d” those of an elongated
multiplier, of which one of the former is close to 1/16 [of the square of ¢|, one of the latter
is close to 1/21 of the square of c.

Finally, when designing the cross section of the multiplier, particular attention must be
paid to ensuring that the proportionality of the observed deflections with the current intensi-
ties is maintained within the widest possible limits, which is very important for measurement
purposes. In this respect it is sufficient to note that this proportionality is the more perfect
the larger, with the same cross-section, the side 20 is in relation to a; but, given the small ex-
tent of deflections in magnetometric observation, such an increase in the side 2b compared to
a need not occur at the expense of sensitivity, which would be the case if b exceeded the value
determined above. On the other hand, it must be completely avoided, which often happens,
that the multiplier breaks into two parts separated by a gap, in order to gain space for the
suspension of the needle. Between the needle enclosed by the multiplier and the suspension
thread or the needle to be connected astatically, it is always easy to establish a hook-shaped
connection that is sufficiently firm and free and that runs around the cross section of the
multiplier, which allows sufficient scope for the needle movement without bumping into it,
so that there is no need to break through the multiplier to suspend the needle.

8.13

In many cases, for the galvanometer to be constructed, not only the room to be left free
for the needle is given, which is, in the case of a circular shape, the radius ¢ of the cylinder
space enclosed by the multiplier, but also the wire itself to be used for the multiplier with
its volume v. In all such cases, the provisions developed in the previous Section shall suffice;
because from the given radius ¢ and volume v both a and b can then be calculated, namely,
for circular multipliers according to the two equations

IL+a+/(1+a)?+0* 3(1+a)*—1 1
1+ V1 +82 20 +a)/(T+a)2+b2 I+’

log

v =2m(2+ a)abc® .

However, the situation is different if, as in the present case, the choice of wire is left
completely free in order to achieve the highest sensitivity and greatest attenuation.

This choice, apart from the specific nature (usually copper), refers only to the cross-
section and volume of the wire. But since Section 8.8 already states that it is advantageous
to make the resistance of the wire to be used for the multiplier the same as that of the rest
of the circuit to which the inductor belongs, this freedom is reduced either to the choice of
the cross-section from which the volume is determined, or the choice of volume from which
the cross section is determined. It therefore remains to determine how this choice can be
made most expediently to increase the sensitivity and attenuation.

For the selection of the volume, from which the wire thickness is to be determined in each
case, it is first of all important to consider that the sensitivity also increases rapidly with
increasing volume at the beginning, but that this growth is not uniform, but decreases until it
disappears completely, whereupon even the case occurs where the sensitivity decreases with
increasing volume. There is therefore a certain value of the volume for which the sensitivity
is greatest.
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In order to determine this value, the expression of sensitivity must be developed more
precisely. The angular velocity f which is given to the needle by the unit of current in the
time unit serves as a measure of sensitivity; therefore f must first be developed.

According to the electromagnetic law, the torque exerted on the galvanometer needle m
by the element « of a multiplier winding, through which the current unit passes, when r is
the radius of the winding and x is the distance of the axis of rotation of the needle from the
plane of the winding, both expressed in parts of the radius c of the space left free for the
needle, is, in the case of the circular shape,

_am r
2 (r2 + 22)3/2

If you multiply this expression by dz, the integral value of it from x = —b to x = +b, divided
by 2b, gives the mean torque of all current elements corresponding to the same value of r

am 1

& orr2 42 7

from which the average torque of all multiplier windings corresponding to the same value of
r is obtained by multiplying by 27re/a, namely,

2mm 1
c V2
If one now multiplies this expression by dr, the integral value from » = 1 to r = 1 + a,
divided by a, gives the mean torque of all windings of the entire multiplier

2tm . l1+a+/(14+a)?+1?

= lo ,
ac ® 1+ V1402
from which the torque of the entire multiplier is obtained by multiplying by the length [ of
the entire multiplier wire and dividing by the average length of all its windings 2wc(1+a/2).
The quotient of this torque, divided by the moment of inertia k& of the needle, is the
desired expression of f, or it is

f 21 m, l+a++/(1+a)?+b
=——-—1lo .
Qtaac k ° 1+/itp
If w now denotes the given absolute resistance of the multiplier wire, and s the given
specific resistance of the metal (copper) of which it is made, then the cross-section of the

wire, according to Ohm’s law, is = [s>c/w] - [, that is, the volume of the entire multiplier

“p = 27(2 + a)abc® .
w

If you put the resulting value of [ into the above expression of f, you get

f—QQ [2mw b o l+a++/(1+4a)?+0b
TRV e V@rae T axvize

Since m, k, w, ¢, » are given quantities, the sensitivity f only changes with the value of a
and becomes a maximum if
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b 1 14+a+ /(14 a)?+b? .
- 10 = Imaximaulil,
(2+a)a & 1+ V1+b?

where b is given as a function of a by the first equation quoted at the beginning of the
Section. If one then adds the second equation given there for v, and the equation resulting
from Ohm'’s law, I? = [w/] - v, for the wire length [ (from which the cross section = v/l
results), the four elements a, b, v, [ can be determined, in which all regulations for the
construction of the multiplier are completely contained.

If one initially only takes into account the equation

b ! l+a++/(14+a)?+0?
- 10
(2+a)a & 1+ V1+40?

but assumes b/(1 + a) =  as known or given, then, setting r = 1 + a, one can write

r 1+ /14 52 .
5 - | logr + log = maximum,
re—1 1+ /1+(Br)?

0

= maximuim,

from which follows through differentiation'®

1472 1+ 1+B2>

2r3 (r? — 1)%2 14+ +/1+(pr)?
r (1 322 )
/5 N =0,
re—=1 \r 14 (Br)2++/1+ (8r)?

which can be traced back to

1 r+vr24+56  3r2—1 1 1
0 = . — .
g1+\/1+b2 1+7r2 V1402 V1400

If one now also adds the equation given at the beginning of this Section, setting » = 1 + a,
namely,

(log r + log

o r+VrZ+r o 3t -1 1
*THVITE 2Vt R Jite

you get a third equation from these two equations

150[Note by AKTA:] The next equation appeared in the original text as follows:

1412 1+/1+ 32 )

2ry (12 = 1) 3 1+/1+ (Br)?

A prr 0
el \r (VT )

<10g r + log
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(1T+r)V1I4+b0 =2rVr2 + 0,
out of which follows
3r2+1 _
r2—1"~

and if one substitutes this value of b? into the first equation, one finds for the determination
of r

b =

rvrz —147r241 B (r? —1)3/2
V2 —142r r(1+72)
From this equation one finds r = 3.0951, from which a =r — 1, b= (3r* +1)/(r* — 1),
v =2m(2+ a)abc®, | = \/wv/s can be calculated, namely,

log

2.0951 ,

b = 1.86178,

v = 100.364- ¢,
.3

I = 100182/ 2 °
a4

All of these regulations for the construction of the multiplier result solely from the re-
quirement for the greatest sensitivity, without any consideration of the attenuation, and it
therefore remains to discuss in particular how the attenuation behaves in such a multiplier.
If we now note in relation to the damping that it generally depends not only on the mul-
tiplier, but also on the needle magnetism, but that in our case, where we are only dealing
with the theory of the multiplier, the needle magnetism should be considered as given, it can
easily be proven that under these conditions, with a given needle magnetism, it increases
with the sensitivity and at the same time reaches the highest value with it, so that through
the same construction of the multiplier, through which the highest sensitivity is produced,
the strongest damping will also be obtained. If the measure of sensitivity f given above is
also referred to again, then, as already stated in Section 8.6, f? = [2w/k7] - A\, where 7 is
the period of oscillation of a closed circuit (which is related to the oscillation period ¢ of an
open circuit as /1 4+ A2/72 : 1) and w is the resistance of the entire circuit, to which the
multiplier and inductor belong, further e¢* : 1 was the ratio of two consecutive oscillation
arcs, the exponent of which A\ = [k7/2w] - f?, for a given oscillation period, can be taken as
a measure of the damping. This measure of attenuation is therefore, with a constant value
of the factor k7/2w, proportional to the square of the sensitivity, from which it follows that
the highest sensitivity also corresponds to the strongest attenuation.

For the case of the highest sensitivity, however, according to page 8

N 27 1+a+\/1+a )2+ b2 Jw
=1.79227 -
\/ 2+a L+V140? k: co

151[Note by AKTA:] Page 83 of this book corresponds to page 49 of Vol. 4 of Weber’s Werke.

3151
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where w denotes the multiplier resistance; the resistance of the entire circuit was twice as
great, so that according to this designation

m2

ks

Now, according to Section 8.9, the ratio should be e* : 1 = e : 1, consequently

k
A= L2~ 0.803056 -
4w

T
C

T m2

A=0.803056-—-—=1.
c kx
Therefore, if the attenuation corresponding to the highest sensitivity were too strong, only
the galvanometer needle would need to be substituted with a weaker one, whereby it can
easily be arranged so that m/k, and consequently the sensitivity f, remains unchanged with

this substitution.

8.14

For the sake of simplicity, only the rules for constructing a multiplier with circular windings
have been developed in the previous Section, although elongated multipliers are usually used
for finer observations; however, it is clear that similar provisions for the latter can be derived
from Section 8.12, which were also developed for elongated multipliers. For practical use,
however, such a more precise development will rarely be necessary, but it will suffice to set
up the cross-section of an elongated multiplier in accordance with the regulations given in
Section 8.12, but otherwise to follow the regulations given in the previous Section for circular
multipliers, only with the modification that the expression of the sensitivity f is reduced in
the ratio of

1:2+7r\/ me(l+a/2)

2 \ me(l+a/2) 410"

after which the ratio of two consecutive oscillating arcs is also to be altered, namely, its
exponent is to be set:

2T >

2 2
5 — 0.803 056 247\ me(l+a/2) Tom ’
me(l+a/2)+1° ¢ kx

consequently, because according Section 8.9, e : 1 =e¢: 1,

Tme(l+a/2) 10 ¢ ks =1
It is sufficient here, as in the Note to Section 8.10, to consider only a single winding of the
multiplier, whose torque is reduced for large values of [ in the ratio of 27 : 2+. In addition,
by increasing the mass of the wire through the extension of the multiplier, with unchanged
cross-section and resistance, in the ratio of wc(1 + a/2) : me(1 + a/2) + 1°, the number of
windings and, proportionally, both the torque and the sensitivity of the whole multiplier,
decrease in the ratio of \/mc(1+ a/2) +1°: \/7c(1+ a/2).

Finally, it should be noted that in the theory of the multiplier developed here, also for
the sake of simplicity, only a simple needle enclosed by the multiplier has been considered.

2 2
O.803O56~<2+7T> me(l+a/2) Tom

2T
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For an astatic needle system, according to Section 8.11, the results found can therefore only
be directly applied if the needle not enclosed by the multiplier, which can easily be done, is
kept so far away from the multiplier, that its action on the same needle disappears against
the action on the enclosed needle. As a rule, however, this is not the case, but the two
needles are usually suspended symmetrically at an equal distance from the upper side of the
multiplier, which results in an increase in both sensitivity and attenuation. With an elongated
multiplier, the sensitivity is increased by a ratio of almost 3 : 4 and the attenuation by a
ratio of 9 : 16.

IIT - Galvanometric Observations

8.15

After discussing the method of absolute resistance measurement and the construction of the
galvanometer, we move on to the consideration of the observations, which can be broken
down into galvanometric and magnetic, but of which the latter only concern the intensity of
the horizontal component of the Earth’s magnetism, its determination in terms of absolute
value has been dealt with so completely by Gauss that the necessary observations do not
require any further consideration.

If the galvanometric observations were to be made with a galvanometer constructed
according to the regulations of the previous Section, then for the production of it the standard
whose resistance is preferred, namely, the etalon intended for general use and serving to
compare the resistances of all bodies, must actually be available and given; for it is intended
to provide the yardstick according to which the galvanometer is to be constructed, so that
the resistance of the circuit formed by the multiplier of the galvanometer and the inductor
becomes equal to its resistance, which is necessary so that both can be directly compared
with each other.

If this standard resistance was really present and given and its absolute value was at
least approximately known, namely, W = 2w, then, according to the rules developed in the
previous Section, a more specific approach to the construction of the whole galvanometric
apparatus, the galvanometer as well as the inductor, could easily be made in the following
way.

For example, assume the radius of the space to be left free for the galvanometer needle
is ¢ = 20 millimeters. In the case of a circular multiplier, the volume of the multiplier would
then be = 802912 cubic millimeters according to the equation v = 100.364 - ¢*. This wire
would then have to be wound according to the rule that b = 1.861 78 in the form of a ring
with a clear diameter of 2¢ = 40 millimeters and a height of 2bc = 74.471 2 millimeters, after
which the outer ring diameter 2(1+a)c = 123.804 millimeters. — In the case of an elongated
multiplier, which is necessary in order to be able to use stronger needles and thereby produce
stronger damping, the specified cross section would have to be changed slightly according to
the rules developed in the previous Section, namely, to increase the outer diameter slightly,
but to reduce the ring height slightly, whereby the size of the cross section would also suffer a
small change. But since the size of the cross-section that is then precisely determined would
correspond to a maximum value of the sensitivity, where small changes in the cross-section
have only an insignificant influence on the sensitivity, it is sufficient for the practical purpose
of the survey to adhere to the unchanged size of the cross-section calculated for a circular
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multiplier, for which it is necessary, however, to increase the volume of the multiplier in
the ratio of wc(1 + a/2) : me(l + a/2) + 1°, if I° denotes the length of the parallel sides
connected between the two half rings. Now mc(1 + a/2) = 128.65 millimeters, therefore, for
[0 = 128.65 [mm)], the volume would be = 1605824 [mm?], for [° = 385.95 [mm], the volume
= 3211648 cubic millimeters. If one assumes the average density = 6 for copper, but taking
into account the wrapping used for insulation and the gaps remaining in the cylindrical wire
shape, the wire mass would be estimated at 9634 944 [mg] for [° = 128.65 [mm)], while for
[0 = 385.95 [mm)] it would be estimated at 19269 888 milligrams. This wire would therefore
have to be wound on a multiplier frame, which would be formed by two semicircles, each of 20
millimeters in radius, and by two parallel sides, each of the length I° = 128.65 or I = 385.95
millimeters, and that would leave a ring-shaped space for the wire, which should be slightly
smaller in height than the value 2bc given for a circular multiplier, that is, a space of almost
70 millimeters in height. The length [ of the wire to be formed from the given mass would
be obtained from the equation [*> = [w/] - v, where 3¢ denotes the [specific] resistance of
the wire with 1 millimeter length and 1 square millimeter cross section, for which the value
n = %-2 000 000 can be calculated in round numbers, assuming a density = 6. This results in
the value of [ = 2.1949,/w for [° = 128.65, but | = 3.104\/w for [° = 385.95. If, for example,
the given standard resistance was W = 2w = 2 - 10'%, a wire length of 219490 millimeters,
which would form 426 windings, would have to be produced from the given mass for the case
[ = 128.65, and a wire length of 310400 millimeters, which would form 302 windings, for
the case Y = 385.95.

As far as the manufacture of the astatic needle system is concerned, the moment of inertia
k of the same can be divided into that of the two needles and that of their fixed connecting
piece together with the mirror and other accessories. The latter can be considered as given
since it is independent of the choice of needles and is assumed, for example, for millimeters
and milligrams as units of measure of length and mass, = 20-10°. The length of the needles,
which must depend on the length of the multiplier, can also be estimated at a maximum
of 150 millimeters for [ = 128.65 and a maximum of 400 millimeters for I° = 385.95,
after which can be calculated the moment of inertia of the two needles in the former case
= % -150% - p, in the latter case = 1—12 - 4002 - (g)sp, where thin and homogeneous needles
of similar shape are assumed and the mass of the smaller pair of needles is denoted by p.
According to this, the moment of inertia of the entire astatic needle system, for I© = 128.65,
is k = 20-109425-1502-p, for I = 385.95, k = 10-10°+%-400%- (£)*-p. The oscillation period
of the system can be adapted to the needs of the observation by appropriately choosing the
suspension wire, after which the oscillation period 7 = 30 seconds is assumed. Since the
[specific| resistance of the wire with a length of 1 millimeter and a cross-section of 1 square
millimeter has now been assumed to be » = %2 000 000, then according to the equation of
Section 8.14

=1,

2 2
0.803 056 - (2—|—7r) me(l+a/2) _ % om?

2 . me(l4a/2) +1° ek

for 1 = 128.65 [mm]| the value of the magnetism m of a needle'® is equal to the geometric

mean of the two numbers 824 880 and 20 - 10° + 1875p; for [° = 385.95 [mm)] is equal to that
[geometric mean| of the two numbers 1649760 and 20 - 105 + 252840p. So if the mass of
a smaller needle is assumed to be %p = 50000 milligrams, its magnetic moment should be

152[Note by AKTA:] That is, m is the magnetic moment of this needle.
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= 13083 000, hence for each milligram on average 261.66 units; the mass of the larger needle
would then be 948 160 milligrams with a similar shape and its magnetic moment should be
= 204 310000, hence 215.48 units for each milligram. However, magnetic needles of this size
and strength are easy to prepare.

According to the comment made at the end of Section 8.14, these provisions only apply
to an astatic needle system if the outer needle is kept far enough away from the multiplier.
However, if the arrangement is such that the upper side of the multiplier lies symmetrically
between both needles, the change in the above equation is that the unit in the second term is
substituted with the fraction 9/16, according to which the magnetic moments of the needles
are obtained in the ratio 4 : 3 smaller, namely, for the smaller needle = 9812250 [units], for
the larger needle 153 232 500 units.

Finally, as far as the inductor is concerned, it should be constructed in such a way
that the length of wire 273r used for it has a resistance which is equal to the resistance
w of the multiplier after subtracting the resistance of the connecting wires; so, if all wires
are of the same type, it is 27Xr = [ — [’, if I’ denotes the length of the two connecting
wires. The integral value of the current produced by an induction surge is then, with
inducing Earth magnetism 7', [idt = [27T/2w] - ¥r* and consequently the angular velocity
imparted to the astatic needle system by such an induction surge, according to Section 8.13,
isy = f- [ddt = 27T - Xr* - \/1/wkr, if 7 is the period of oscillation with a closed circuit
and if in the ratio e : 1 of two consecutive oscillation arcs, A is = 1. This angular velocity
v, when given to the needle in the rest position, results in the size of the first subsequent

: _ 14-¢2 — (241 arctan 1 .
deflection av = 7 - Wire A (3+7 fr), or, if we replace the value for ~,

o =271 - 27‘2 . (1 + 62) ﬁ . 6_(%+%arctan%> '
T)w

If the radius of all inductor windings were the same and their number n, then the total wire
length would be [ — 1" = 2n7r and $r? = nr? = [(1 —1') /27 - r. After substituting this value,
one obtains from the previous equation

r = a . (1 + 7T2)’UJ]€ . e%—l—%arctan%
I+e)i—nT NV =+ ’

where « can be taken as large as the scale with which the deflections of the needle are to
be observed allows, since the deflections to be observed using the throwback method never
quite reach the value a. So if, as is usually the case with magnetometers, a 1 meter long
scale is needed at a distance of 5 meters from the mirror, « = 1/20 can be set, and 7' = 1.81
(as currently in Gottingen),'®® so one obtains, since 7 = 30 has been assumed,

5

r = 0.009 799 -

="
In the example already given, where W = 2w = 2-10'°, this results in the first case, namely,
with a multiplier for which {° = 128.65, [ = 129490 and k = 20-10° 4 1875p, for p = 100 000

and [ = 10000, » = 67.38 millimeters; in the second case, namely, with a multiplier for
which [° = 385.95, [ = 310400 and k = 20 - 10° + 252 840p, for the same values of p and

153[Note by AKTA:] According to Section 2.3, this horizontal component of the Earth’s magnetic force
corresponds in modern field theory to a horizontal component of the geomagnetic field given by Bporizontal =
1.81 x 107° Tesla.
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I', r = 518.9 millimeters. However, it should be noted that in the case of an astatic needle
system it was assumed that the outer needle was so far away from the multiplier that its
action on it disappeared compared to that on the enclosed needle. But if both needles lay
symmetrically against the upper side of the multiplier, » would have to be reduced in almost
the ratio 4 : 3 and in the first case it should be » = 50.53, in the second case it should be
r = 389.18 millimeters.

However, if these found radii do not fit correctly for the exact measurement or convenient
rotation of the inductor, you only need to use a different type of wire to construct the inductor
than the one used for the multiplier. For example, if you want the radius to have the value
ur instead of r; you take a wire whose length and cross-section are related to those of the
multiplier wire as 1 : u; the resistance and the sum of the circular areas enclosed by all
the windings, and consequently also the actions produced by an induction surge, remain
completely unchanged.

With an apparatus manufactured in this way, in accordance with all the prescribed
rules, the galvanometric observations would be made from which (in connection with the
measurement of the horizontal geomagnetic force carried out with the instruments of a Mag-
netic Observatory and traced back to the place and time of the galvanometric observations)
the given standard-resistance should be determined according to its absolute value. — At
present, however, it is not possible to manufacture such an apparatus where there is still a
lack of the standard, which is in general use and which serves to compare the resistances of
all bodies.

If, as already noted, it is not a question of the definitive determination of such a standard-
resistance, but only of testing the galvanometric observations required for this, which require
an accuracy that is at least equal to that of the other observations, then observations made
with an apparatus which does not conform to all prescribed rules are sufficient, if only the
deviations either have little influence on the accuracy or if their influence can be easily and
precisely determined. The following observations are therefore sufficient for this purpose.

8.16

The following observations were made with an apparatus that deviated from the given regu-
lations only in that an already existing and precisely known inductor was used, the resistance
of which was significantly greater than that of the multiplier. The resulting influence on the
observations is easy to determine and will be discussed in more detail below. This devia-
tion is therefore not of any significant disadvantage if it is simply a matter of testing the
security and accuracy that can be achieved in galvanometric observations, and the following
observations made with it can be used quite well for this purpose.

The following Table contains a set of such observations made by the throwback method,
arranged in five columns in such a way that, in order of time, the first column contains
observations 1, 5, 9 etc., the second contains observations 2, 6, 10 etc., the third contains
observations 3, 7, 11 etc., the fourth contains observations 4, 8, 12 etc. The observations in
the first two columns are the elongations of the galvanometer needle that initially precede
and follow the negative induction surges. The observations in the last two columns are the
elongations that initially precede and follow the positive induction surges. The numbers are
the scale divisions observed at the moment of greatest elongation.

154

154[Note by AKTA:] See footnote 139.
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1. 2. 3. 4.
661.5 | 600.9 | 844.8 | 904.9
659.6 | 598.7 | 842.7 | 903.0
657.2 | 596.2 | 840.0 | 900.4
654.5 | 593.5 | 837.5 | 897.7
751.7 1 590.4 | 834.8 | 894.8
649.5 | 588.3 | 832.6 | 892.7
647.3 | 586.2 | 830.5 | 890.8
645.4 | 584.7 | 828.2 | 889.0
643.3 | 582.3 | 826.7 | 886.7
641.4 | 580.4 | 824.3 | 884.5
639.2 | 578.0 | 822.3 | 882.6
637.5 | 576.6 | 820.3 | 881.3
635.2 | 574.8 | 819.0 | 879.7
634.2 | 573.9 | 817.9 | 879.3
632.8 | 573.1 | 816.1 | 877.0

The resting position of the needle can be determined from four consecutive observations
for the moment falling symmetrically in the middle between these observations. The average
between two such successive periods of rest then gives the period of rest which corresponds to
the moment of elongation in between. In this way, the resting positions corresponding to all
individual elongation observations in the previous Table were calculated and the elongation
widths resulting after their deduction were compiled in the following Table: the first two and
the last two data in this Table are determined by adding two preceding and two following
observations made solely for this purpose.

1. 2. 3. 4.
—92.49 | —152.46 | +92.01 | +152.63
—92.14 | —152.54 | +92.00 | +152.91
—92.24 | —152.57 | +91.89 | +152.96
—92.29 | —152.64 | +92.05 | +152.99
—92.29 | —152.89 | +92.15 | +152.69
—92.07 | —152.74 | +92.10 | +152.74
—92.14 | —152.74 | +92.04 | +152.76
—92.16 | —152.35 | +91.64 | +153.00
—92.21 | —152.74 | +92.19 | +152.66
—92.10 | —152.52 | +91.93 | +152.70
—92.05 | —152.76 | +91.99 | +152.68
—92.00 | —15249 | +91.66 | +153.18
—92.54 | —152.57 | +91.95 | +152.89
—92.36 | —152.47 | +91.75 | +153.43
—92.75 | —151.94 | +91.49 | +152.91
—92.255 | —152.561 | +91.923 | +152.875

At first sight there is a very satisfactory agreement among these observations, which
becomes even more clear when one considers that every small disturbance which slightly
reduces or enlarges the elongation before an induction surge causes an enlargement or re-
duction of the next following elongation. The averages from the first two and the last two
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columns, in which these opposite influences almost balance each other, therefore provide an
even more definite test of the accuracy of the results which can be obtained by this method
of observation. These averages are as follows.

1. 2. Difference from the mean. 3. 4. Difference from the mean.
—122.475 +0.067 +122.320 +0.079
—122.340 —0.068 +122.455 —0.056
—122.405 —0.003 +122.425 —0.026
—122.465 +0.057 +122.520 —0.121
—122.590 +0.182 +122.420 —0.021
—122.405 —0.003 +122.420 —0.021
—122.440 +0.032 +122.400 —0.001
—122.255 —0.153 +122.320 +0.079
—122.475 +0.067 +122.425 —0.026
—122.310 —0.098 +122.315 +0.084
—122.405 —0.003 +122.335 +0.064
—122.245 —0.163 +122.420 —0.021
—122.555 +0.147 +122.420 —0.021
—122.415 +0.007 +122.590 —0.191
—122.345 —0.063 +122.200 +0.199
—122.408 +0.095 +122.399 +0.089

From this you can see that the difference between the individual values and their mean
is on average less than 1/10 part of the scale.

8.17

According to the fineness of the observation method examined in the previous Section, it
is sufficient for further consideration to stick solely to the four averages of the observed
elongations, namely, corresponding to the four columns:

| —92.255 | —152.561 | +91.923 | +152.875 |

The first of the third and the second of the fourth elongation should now be oppositely
equal. The reason why this is not exactly true is that as a result of the gradual decrease
in the rest position of the galvanometer needle, which is immediately apparent from the
observations cited in the previous Section, the individual induction surges do not occur
exactly at the moment when the needle passed the rest position, but in a moment when the
needle passed a slightly higher scale point (namely, the one which had been resting shortly
before), from which it easily follows that with a uniformly decreasing resting point, the first
and third elongations are almost as small as the second and fourth had to be found too
big. This gradual decline in the rest position was a result of the elastic after-effect'®® of the
recently suspended iron wire supporting the galvanometer needle, and would disappear in
time. It did not seem necessary to wait for this time because, given the uniformity of the
sinking, there would be no detrimental influence on the measurement. It is also easy to take

155[Note by AKTA:] In German: der elastischen Nachwirkung. This effect was discovered by Weber in
1835, [Web35] and [Dor91].
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this influence into account by adding a small correction +x to the observed elongations. So
if, instead of the observed elongations, you put

| —92.255 4+ = | —152.561 —x | +91.923 + = [ +152.875 — x|

and x = 0.1615, you get the corrected values:

| —92.0935 | —152.7225 | +92.0845 | +152.7135 |, |

which do not deviate from the required symmetry by 1/100 part of the scale.

For further consideration, where only the difference of the fourth and second elongation
= 2a’ and that of the third and first = 20’ are taken into account, these corrections are not
necessary at all because these differences are independent of this, namely:

2a' = 305.436 |
2 = 184.178 .

Let » now denote the distance of the mirror from the scale and set

a =rtan2yp ,

b =rtan2y’ |

so p and ¢’ are the deflection angles of the galvanometer needle and, if they are small, can be
equated to the elongations labeled a and b in Section 8.10, from which the angular velocity
~ and the logarithmic decrement A should be calculated. For larger values of ¢ and ¢/,
however, a and b, which should remain proportional to the angular velocities, grow like the
sines of the half deflection angles, after which

— 9gin —
a sinzy

1
b=2sin=¢'
sin ¢’

is to be set. Strictly speaking, these exact expressions'®® for needles oscillating without
damping would have to be accompanied by a small correction resulting from the hitherto

156[Note by WW:] For needles that oscillate without damping, according to Section 8.4, a is the product
of the oscillation period ¢ divided by 7 into the highest oscillation velocity. However, the greatest oscillation
velocity is = /2, when ~ denotes the entire change brought about by the induction surge, because without
damping the needle velocity before and after the induction surge (in the throw-back method) should be
oppositely equal, therefore a = [t/27] - v. However, a needle whose period of oscillation is = ¢ oscillates
just like a simple pendulum of length [ = gt?/m2, which, when at the lowest point of its path, has the
angular Vflocity 7/2, rises to the height $7%1?/2g = Isinvers ¢, from which v/2 = [27/t] - sin 3¢ follows, so
a = 2sin 5¢.
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undeveloped theory of needle oscillations for larger oscillation arcs under the action of damp-
ing, which, however, may be neglected in the case of oscillation arcs as small as those observed
with magnetometer needles.

If you now expand a and b into powers of a’/r and ' /r, you get

L1t
Ty T s T
R S L
2 0 64 3T
In the observations described in the previous Section, from which o' = 152.718, I/ =

92.089 were obtained in parts of the scale, the distance of the mirror from the scale was
r = 3245 scale divisions; consequently,

a = 0.023503 ,
b=0.014186 .

8.18

The galvanometer observations described in Section 8.16 must also be accompanied by the
auxiliary observations with the open circuit, regarding the period of oscillation and the
decrease in the oscillation arcs. These observations gave

Number of the oscillation Time Oscillation arc
0. 11" 34’ 59.15" 464.0
17. 45" 23.20" 376.3
34. 55" 47.39” 307.6

These observations yield the oscillation period = 36.7109” reduced to infinitely small arcs
according to clock time adjustment, or, after reducing the clock time adjustment to mean
time, the oscillation period with the open circuit was

to = 36.7061" .

This also results in the logarithmic decrement for the decrease in the oscillation arcs when
the circuit is open

Ao = 0.01209 .

To these observation results must be added the constants of the instruments, namely,
the moment of inertia K of the galvanometer needle, and, for the inductor, the value of
S = Ymr?, if r denotes the radius of the inductor windings, and finally the horizontal
intensity of the Earth’s magnetism found by magnetic measurements at the time and place
of the galvanometer observations, namely,
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K = 1132000000,
S = 39216930,
T = 18164.

The inductor was the same as that described in the Fifth Volume of these Treatises!®7-158

and that was used for inclination measurements, where the value of S was also given. The
values of the moment of inertia K and the horizontal intensity 7" of the Earth’s magnetism
were determined according to the instructions given by Gauss in the Intensitas.'™

These results of the auxiliary observations, added to those of the galvanometric ones,
finally give in absolute value all the elements for determining the resistance of the circuit
formed by the multiplier and inductor at the temperature of 17.5 degrees of the 100-divisions
scale at which the galvanometer observations were made. Because first of all, according to
the theory of the throwback method, it follows from the values listed

a = 0.023503,b = 0.014 186, ty = 36.706 1, A\ = 0.01209 ,

5 )\2 b b %arctan(%lognat %)
Lo VTN (a\/§+ b\ﬁ> . <_) — 0.0033304 ,
to b a a

A1 = log nat % — 0.50487 :

2

then according to Section 8.7, where S = nnr* was set, with the given values of K, S, T you

get the resistance of the entire circuit

. 8S°T?

o ™+ A 12855 . 106millimeter
K~%tg

w2 + A} second

()\1 _)\0).

8.19 Thomson’s Standard and Other Etalons

Even if there is not yet a generally accepted and used resistance standard to which the
result derived from the previous observations could be related, there are several standards
which have gained particular interest by the studies made with them or by the measurements
reduced to them. The specific reason for the observations described above was to determine
the absolute resistance value of such an etalon, which is referred to as Thomson’s standard.
It was available for this purpose in two copies, kindly communicated by Professor William
Thomson of Glasgow,'%” one in copper wire, the resistance of which, according to Professor
Thomson, increases by 36/10000 with each degree of the 100-divisions scale, and the other in

157[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. II, p. 323.
158[Note by AKTA:] [Web53d, p. 323 of Weber’s Werke].
159[Note by AKTA:] See footnote 55 on page 34.
160[Note by AKTA:] William Thomson (1824-1907), also known as Lord Kelvin, was a British mathemati-
cian, physicist and engineer. See [L1080] with Portuguese translation in [L1007].
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nickel-silver wire,'®! the resistance of which increases by 36/100000 with each degree. Both
were guaranteed to be exactly the same for the temperature of 16.3 degrees.

With this special purpose in mind, it was particularly important to ensure that, even if
not all of the requirements made in the previous Section could be met in these observations,
at least the resistance equality of the circuit formed from the multiplier and inductor with the
standard was achieved as closely as possible, in order to put the result found for that circuit
in the most direct and precise relationship with this standard resistance. This equality had
been established to within 1/1850 of the standard resistance, as was shown by a very precise
comparison with the copper copy made at 16.6 degrees.

This is followed by the resistance of the copper copy of Thomson’s standard for 17.5
degrees of the 100-divisions scale from the results found in Section 8.18

meter

= 42832000
second

or for 0 degree temperature

_ 40203 000 e

second

Another standard was the Siemens’ standard already discussed in the Introduction,'6?

which formed the basis of a Siemens’ resistance scale made of nickel-silver wires as a unit.
This Siemens’ unit of resistance, given in a nickel silver wire at 15 degrees of the 100-
divisions scale, was, according to Siemens’ data, exactly equal to the resistance of a mercury
column with a length of 1 meter and a cross section of 1 square millimeter at 0 degree
temperature. If this nickel-silver wire was connected to the circuit formed by the multiplier
and inductor, the resistance of the circuit was increased in the ratio of 1 : 1.2395, from which
the resistance of this nickel-silver wire is obtained at 17.5 degrees on the 100-divisions scale
= 10266 000 meter/second, hence at 15 degrees, that is, the Siemens standard resistance
itself, = 10257000 meter/second. However, it is easy to see that the determination of the
Siemens standard resistance derived from this comparison is not quite as accurate as that of
the preceding Thomson standard resistance, because the influence of unavoidable observation
errors on the ratio of two different resistances is much greater than when comparing two very
close resistances.

Finally, Siemens also compared his standard resistance with Jacobi’s standard resis-
tance, whose absolute value, as already mentioned in the Introduction,'®® was found to
be = 5980 000 meters/second after an earlier, less precise measurement. Siemens found that
the ratio of his standard resistance to the Jacobian would be 1000 : 661.8, from which the
Jacobian standard resistance would follow = 6788000 meters/second. However, Siemens
himself noted that he did not have the Jacobi normal standard at his disposal, but that he
had obtained several copies of it, which, however, differed greatly from one another. This is
probably the main reason for the deviation of over 12 percent, since the error in the earlier
measurement can be estimated at a maximum of 2 to 3 percent. Anyway, this case can
serve as evidence of how important an appropriately established Institution would be for the
general dissemination of consistent, precisely tested resistance standards and scales.

161/Note by AKTA:] In German: Neusilberdraht. Nickel-silver, German silver, argentan, new silver or
alpacca is a range of alloys of copper, nickel, and zinc which are silvery in appearance but contain no silver.

162[Note by AKTA:] See footnote 106.

163[Note by AKTA:] See footnote 105.
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8.20

If only the galvanometric observations referred to in Section 8.16 are considered, the mean
error of a distance measured on the scale is 0.092 part of the scale, according to which the
distances considered in Section 8.17 are obtained as:

24’ = 305.436 +0.092 ,
200 = 184.178 +0.092 .

From this it follows that:

1
a = 0.023503 (1:&%) ,

1
b = 0.014186 <1:|:m) ,

and finally the angular velocity v caused by an induction surge of the needle, as considered
in Section 8.18, and the logarithmic decrement A; of the decrease in oscillation, [namely:]

1
1
A1 = 0.50487 (1:|:%) .

Could the sensitivity of the galvanometer be increased according to the regulations developed
in the previous Section, so that the distance

2a’ = 1000 £ 0.92

would be obtained, and if the damping could also be increased so that A\; = 1, then,'®

2 = 367.9 4 0.92 :

in the same way, the mean error of v would be

1
4
7127
the mean error of \; can be obtained

1
_i3753k’

164[Note by AKTA:] The next equation appeared in the original text as:

2" = 367.9 £ 092 ;
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which may be regarded as the highest degree of accuracy with which these results of gal-
vanometric observations can be determined, but only when the sensitivity and attenuation
are regulated in the manner indicated. Errors in the scale division and in the measurement
of the distance of the mirror from the scale are not taken into account at all because they
are not to be counted as purely galvanometric observations, but as auxiliary observations.

Finally, the description of the apparatus with which the observations just considered
were made shows how easy it would actually be to produce the required sensitivity and
attenuation. For it has already been mentioned in Section 8.16 that this apparatus differed
essentially from the rules prescribed in the previous Section only in that an already existing,
exactly known inductor was used, the resistance of which was significant, namely, almost
four times greater than that of the multiplier. Therefore, if only the cross-section of the
inductor wire had to be increased in the ratio of 3 : 8, the resistance of the entire circuit
would have been reduced in the ratio of 8 + 2 : 3 + 2, whereby the sensitivity as well as the
attenuation would have been increased in the opposite ratio, namely, in that of 1 : 2.

It even turns out that the sensitivity as well as the attenuation could easily be increased
far beyond the prescribed limits, whereby the regulations given in Section 8.9 regarding these
limits would actually come into effect.

Finally, it follows that it is not due to the galvanometric observations that the absolute
value of a given standard resistance would not be obtained with great certainty and precision
if the prescribed rules were followed; because the error arising from these observations alone
would, according to the above information, only be about 1/2530 of the entire resistance; on
the contrary, it will be difficult to carry out the other observations, especially the magnetic
ones, to determine the intensity of the horizontal geomagnetic force at the place and time
of the galvanometric observations, with corresponding accuracy, from which it follows that
the unavoidable uncertainty in the absolute value of the given standard resistance resulting
from the determination of Earth magnetism would not be significantly increased by the
uncertainty of the galvanometric measurement carried out in accordance with the prescribed
rules, so that the main purpose of the present Treatise, namely, to explain how to achieve
that objective, may be regarded as fulfilled.

IV - Copying Methods
8.21

It follows from the two preceding paragraphs that a galvanometric apparatus for absolute
resistance measurement can be manufactured with the greatest practicality only for the
measurement of one certain standard resistance, which is sufficient because the comparability
of the resistances of all bodies to one another only requires the exact knowledge of one such
standard resistance in absolute terms in order to indirectly gain knowledge of the absolute
resistance values of all bodies and to make all possible applications of it.

However, the same rules apply to the selection and determination of such a standard resus-
tance as to the selection and determination of fundamental units of measure'®® of other types
of quantities: only those types of quantities are suitable for the establishment of fundamental

165[Note by AKTA:] In German: Grundmaassen. This expression can be translated as fundamental (or
basic) units of measure, fundamental measures, fundamental dimensions or fundamental standards. See also
footnote 102.
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standards whose existing dimensions can be preserved unchanged, moved from one place to
another at will, and reproduced using a method of the finest copying. Wherever these condi-
tions can be met, the establishment of such a fundamental unit of measure would appear to
be desirable because of the practical importance of the simplification of measurements that
can thereby be achieved, which at the same time increase in finesse and accuracy. But where
these conditions cannot be satisfied, the determination of an unit of measure is necessary,
but this does not have to be a fundamental unit of measure, but can also be a derived unit
of measure, namely, an absolute unit of measure reduced to the basic units of measure of
other types of quantities. For example, velocities are one of those types of quantities that
are not suitable for establishing a fundamental unit of measure because a velocity cannot be
maintained unchanged, cannot be moved arbitrarily and cannot be copied exactly. On the
other hand, straight lines and body masses are, as is well known, particularly suitable for
establishing fundamental units of measure.

Whether galvanic resistances are suitable for establishing a fundamental unit of measure
in a certain etalon or standard also depends only on whether an existing resistor can be
preserved unchanged, moved from one place to another at will and reproduced using a
method of the finest copying. If there is an unchanging resistance attached to a certain
metal wire (like an unchanging length on a rod or an unchanging mass on a weight), then
it is self-evident that the existing resistance of the wire can be maintained unchanged with
the wire and moved from one place to another; it remains only to be proved that it can also
be reproduced by the finest copying methods.

If one considers that the most important and essential thing about a fundamental unit
of measure, in addition to its immutability for all times and places, is the general use of it,
and if one considers the great difficulties which such a general introduction encounters, then
for this reason it might seem expedient to limit the number of such fundamental units of
measure as much as possible and to expand the use of the derived units of measure, namely,
the absolute units of measure reduced to the fundamental units of measure of other types
of quantities; but on closer examination one will easily see that, instead of substituting
absolute units of measure for fundamental units of measure, it is more expedient to bring the
fundamental units of measure into quite exact agreement with the absolute units of measure
by which they could possibly be replaced because the absolute unit of measure can then
represent the fundamental unit of measure where it is not widely used.

The absolute unit of measure does not permit direct implementation, as can be seen from
the example of the absolute unit of resistance, but every absolute measurement is always
mediated by certain laws of the interdependence of different types of quantities observed
simultaneously in an object, and therefore requires a planned combination of different obser-
vations, the execution of which requires greater effort and work, and also sets stricter limits
on accuracy, than if the results were based directly on simple observations. On the other
hand, a fundamental unit of measure is directly applicable for types of quantities which are
suitable for this purpose, combined with greater simplicity of measurement and greater fine-
ness of results, whereby it should be particularly emphasized that the freedom in the choice
of such a fundamental unit of measure also allows a really existing quantity that is equal to
the absolute unit of measure, or at least very close to it, to be taken as the fundamental unit
of measure, or a higher or lower decimal unit of the same, or at least one which comes very
close to it after the finest examination, and thus to preserve all the advantages connected
with the use of absolute units of measure which the laws of the dependence of different kinds
of quantities considered simultaneously on one object confer on each other.
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For example, the derived unit of measure we use for resistance is the absolute unit of
measure traced back to the fundamental unit of measure of space, time and mass, namely,
millimeters, seconds and milligrams have been assumed as fundamental units of measure for
the latter types of quantities. If one persists with these latter fundamental units of measure,
so the freedom available when choosing a fundamental unit of measure for resistance can
very well be used, a really existing resistance which, after the most precise examination,
is equal to a higher decimal unit of that absolute unit of measure or at least comes very
close to it (which is the case with Siemens’ measure, which is almost 10'° times larger than
that absolute unit of measure, which actually takes place approximately), to be taken as
the fundamental unit of measure, whereby all the advantages associated with the use of that
absolute unit of measure would also be preserved for the use of this fundamental unit of
measure.

But it must be possible to really apply such a fundamental unit of measure to general
or at least very extensive application. However, the only way to do this is to reproduce the
standard by copying, if a method is available which allows all copies made afterward to be
considered completely identical for all practical purposes. Without a doubt, the establishment
of a fundamental unit of measure for galvanic resistors is also very desirable, but above all
it is necessary to check whether the coping methods of the resistors meet the stated purpose.
This test becomes even more necessary in view of our investigation, because the wire circuit
of our galvanometric apparatus itself is in no way suitable to serve as a fundamental unit
of measure, since it cannot be moved from one place to another at will. This wire circuit
should therefore also be a copy of the fundamental standard, which for all practical purposes
may be regarded as completely identical to the fundamental unit of measure, so that all
determinations obtained for this circuit also apply to the fundamental unit of measure.

8.22 Copying Methods Without Current Division

Copying is based on the judgment about the equality or inequality of two quantities. Directly
from the definition of resistance arises a first method of judging the equality or inequality of
two resistances, namely, according to the following principle: the resistance of two conductors
is the same if the same currents are excited in them by the same electromotive forces. The
accuracy of the method based on this principle is, however, limited: (1) by the accuracy
that can be achieved when assessing the equality of two electromotive forces acting on two
different conductors; (2) by the accuracy with which one can observe and compare the current
intensities in two different conductors. Closer examination easily shows that this sets much
narrower limits to the comparison of resistances than would appear permissible when copying
unit-standards.'%

A second method is that of connection according to the following principle: if two con-
ductors are connected successively in the same circuit, in which the same electromotive force
always acts, the resistance of the two conductors is the same if the current intensities are
the same. — In addition to the definition of resistance, Ohm’s law of summation of the
resistances of conductors through which the same current passes is used. — Even according
to this method, the accuracy of the comparison of two resistances is limited by the accu-
racy that can be achieved by observing the current intensities, which, even when using the

166[Note by AKTA:] In German: Maass-Etalons. This expression can be translated as unit-standards or
measure-standards.
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finest galvanometers, generally does not meet the requirements to be made when copying
unit-standards, even if it is sufficient for many practical purposes.

Finally, the third method to be discussed in more detail in the following Sections is that of
current division, whereby two cases can be distinguished, namely, that of single and double
division. The method implemented in Wheatstone bridge or balance is based on double
current division, but a closer look at this method should be preceded by a brief discussion
of the method based on single current division.'57

8.23 Copying Methods With Simple Current Division

In order to determine the accuracy achievable by the simple current division method in
comparing two resistors with each other, it is necessary to go back to the principle of this
method. This principle is as follows: if a current splits into two branch currents, and both
branch currents, each through a multiplier through which it passes, act on the same magnetic
needle but in opposite directions, then the resistance of two conductors passed through by these
branch currents is equal if the total action observed at the magnetic needle is not altered by
the exchange of the two conductors. — The total action may be greater or smaller, or even
zero, from which it is obvious that the accuracy achievable by this method in the comparison
of two resistors is completely independent of the magnitude of the observed total action. —
With this method, in addition to the laws listed in the previous Section, Ohm’s laws of
current branching are also used.

8.24

The principle stated in the previous Section can be easily proven in the following way. A
current i produced by the electromotive force e passes through the conductor ¢, Figure 3,'%®
which is divided into two branch currents i; and ¢’, of which the former passes through the
conductors which have the resistors a and «, the latter going through the conductors which
have the resistors b and (.

167[Note by AKTA:] In German: Wheatstone’schen Briicke oder Waage. The so-called Wheatstone bridge
was invented by S. H. Christie (1784-1865) in 1833 and popularized by C. Wheatstone (1802-1875) in 1843,
[Chr33], [Whe43, p. 325] with French translation in [Whe44b] and German translation in [Whed4a]. See
also [Eke01].

168[Note by AKTA:] In Figure 3 we should have a(i;) instead of a(i).
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a and b are the resistances that are to be compared with each other, which is why the
arrangement is made so that the two conductors that have these resistances can be exchanged
with each other. The conductors with the resistances «, S form multipliers for one and the
same magnetic needle, which, however, is deflected by the branch current passing through
the conductor « in the opposite direction than that passing through the conductor 5. — A
current in the conductor « of intensity = 1 keeps the needle in a deflection = m; a current
in the conductor § of intensity = 1 keeps the needle in a deflection = —n. m and n can
therefore be called the sensitivity coefficients of the two multipliers. — Finally, the two
conductors «, § reunite with the conductor ¢, closing the circuit.

The following three equations result from Ohm’s laws of current division:

e +(a+oz)(b+5)
i a+a+b+p5"

i+i =i,

i =(b+8):(a+a),

in addition, there is the determination of the total deflection of the needle by the two branch
currents, which may be denoted by A, namely:

A=mi; —ni .

From these four equations, if 4, i, and ¢’ are eliminated,
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B m(b+ B) —n(a+ «a)
S clatat+b+p)+(at+a)b+B)

If one further denotes the total deflection of the needle after exchanging a and b with A’, so
is

- €.

s m(a+ 5) —n(b+ «)
Cclata+b+B)+(b+a)(a+p)
From this it follows that if the deflection A = A’ is found,

(b—a)-[(m+n)(a+b+a+pBetmat+B)b+F)+nlata)lb+a)=0.

However, since the second factor enclosed in brackets consists of a sum of positively given
quantities and therefore cannot disappear, the first factor

b—a=0

must be set, from which it follows that if the deflection A = A’ is found, the resistances a
and b are equal, which had to be proven.

8.25

According to the method just considered, the accuracy of comparing the two resistances a
and b with each other is completely independent of the size of the observed total action A,
and A can therefore generally have a larger or smaller value, or be zero; however, carrying
out such a comparison is much easier if A is quite small or zero, from which it follows for
a = b that the ratio of the sensitivity coefficients m : n should be almost equal to the ratio
of the resistances a + « : a + [ in the branch currents, which can best be achieved if both
multipliers are made from exactly the same wires, which are wound together in such a way
that they form exactly the same windings. The differences m —n and § — a will then, if they
do not disappear completely, at least be very small. If one now denotes the smallest value of
the difference A— A’, which can still be observed with certainty, by /A and the corresponding
value of the difference b — a by z, then the value of x/a can be developed, which gives the
smallest fraction up to which the equality of the resistances a and b can be guaranteed using
this method.

From the values of A and A’ found in the previous Section, the following equation easily
results:

(m+n)cla+b+a+B)+ab+af+i(a+b)(a+B)]+ 3(a+b+28)(m—n)(B—a)+n(B—a)?
[cla+b+a+B)+ab+ab+L(a+b)(a+B)2—Lb—a)2(8—a)?

3

for which, considering that the differences b — a, m — n, 8 — « are always very small,

AN m-+n
ex  cla+b+a+pB)+ab+aB+i(a+b)(a+pb)’
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or even more simply

AN 2m

ex  (a+a)(a+a+2c)

can be set, from which is obtained

T (a+oz)(a+oz+20)A.
a

2mea

8.26

After the determination found for the accuracy that is required for resistance comparisons
using the method of simple current division, rules for the appropriate construction of the
devices and the limits of the accuracy that can be achieved can easily be specified in more
detail. In general, it is clear that the rules developed in the second Part apply to the con-
struction of the galvanometer and especially the double multiplier required for it, according
to which the multiplier space can be viewed as given, that is, the product of the length in
the cross section of the multiplier wires. Since according to Ohm’s law the ratio of length to
cross section is proportional to the resistance c, this results in an n? value of the resistance
«a with n times the length. With n times the length, the number of multiplier windings,
and thus also the sensitivity m, is increased n times. According to this, m and « can be
determined in their dependence on n by the equations

m=mnmg , Oé:’n,zOéo.

If you put these values of m and « into the equation of the previous Section, you get

T A a(2¢+a) +2(c+ a)an® + ain?

a  2mgea n

It can be seen from this that the accuracy of the resistance comparison depends primarily
on the choice of multiplier wires, by which the value of n is determined, and that there is a
value of n and consequently of a for which that accuracy is greatest or the fraction z/a is

smallest, namely,
a+c 3 2
= 241 — ———=—1
" 3ap ( 4 (a+c)? ) ’

1 3
a:§(a+c) <2 I_ZW_1> :

In addition, the accuracy increases the smaller ¢/a becomes, which means that at the same
time a and z/a approach certain limit values, namely,

Ol coW|
. IS
=~
>

SRS
3
Q)
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Now [3/4] - me/a is the value to which, for o = [1/3] - a, the value of me/[a + a + (]
approaches the more, the smaller ¢/a; but me/[a+ o+ | is the deflection of the needle when
the branch current passing through the conductors b and [ is removed, and would be easily
measured if at the high sensitivity m the length of the scale was sufficient. However, the
high sensitivity m can be compensated for by a small electromotive force e. If, for example,
one finds for an electromotive force € = ¢/100 (if, for example, a thermomagnetic element is
set for a Grove’s element)'® the deflection me/[a + o + ¢] = 10004, then in the limit case
[3/4] - me/a = 1000004, hence z/a = [8/9] - [a/me] - A = 1/150000 is the smallest fraction
up to which the equality of the resistances a and b can be guaranteed.

It follows from this that the copying method with simple current division allows a dupli-
cation of resistance etalons or standards, which may be considered completely identical for
all practical applications.

8.27 Copying Method with Double Current Division

The same thing that can be achieved by simple current division according to the previous
discussion can also be achieved by double current division, namely, with the Wheatstone
bridge or balance.'™

The Wheatstone bridge consists of a closed conductor, of which four points, Figure 4, A,
B, C, D, are also connected crosswise.

\ /
\\ w fZ) _,,./

—-— " . —_— e ———

169[Note by AKTA:] The Grove voltaic cell, element, battery or pile was named after its inventor, William
Robert Grove (1811-1896), [Gro39].
170[Note by AKTA:] See footnote 167.
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Let the resistors AB, BC', CD, DA be denoted in sequence by a, b, ¢, d; furthermore,
by w the resistance of the conductor connecting the first point A with the third C, in
which the electromotive force e (a voltaic pile)!™ acts and which may therefore be called
the undivided conductor; by v the resistance of the conductor connecting the second point
B with the fourth D, which is called the bridge and forms the multiplier of a galvanometer;
let ¢ denote the current intensity in the undivided conductor, i denote the current intensity
in the bridge. — If the bridge were missing, a current in the undivided conductor from A
to C' would form the two branch currents ABC and ADC' and, in the whole, the resistance
w' =w+ (a+b)(c+d)/[a+ b+ c+ d]; if the undivided conductor were missing, a current
in the bridge from B to D would form the two branch currents BAD and BC'D and, in the
whole, the resistance v = v + (a + d)(b+ ¢)/la + b+ ¢+ d]. — Finally, the real resistance
which the current produced by e finds in its entire circuit is denoted by W.

It is known how, in the theory of the Wheatstone bridge, the ratio of the current intensity
in the bridge ' to the intensity of the undivided current 7 is determined from the ratios of
the resistances a, b, ¢, d to the resistance of the bridge v, namely, by the equation

7 ac — bd ac — bd

i (atdbto+(atbtetrdy (a+btctdn
It follows from this that if the current in the bridge i’ disappears, ac—bd =0ora:b=4d: c.
If 7" does not disappear, its value, and consequently that of (ac — bd), should at least be very
small. Assuming this, we add to that special equation for the Wheatstone bridge the general
one given by Ohm’s law, namely,

=,
w
and develop the total resistance W in a series progressing after powers of (ac — bd), where,
however, with the assumed small value of (ac — bd) all members containing a power greater

than the square of this magnitude may be considered as vanishing. You then get

Wy @t Detd)  bletd) telatb) 1 ac—bd 2
B a+b+c+d db+c)+vic+d) b\at+b+ct+d) ’

where w+ (a +b)(c+d)/[a + b+ ¢+ d] = w'. From this it finally follows
) ac — bd e (ac — bd)e

T (a+b+ctdv W (a+b+c+dvw

If, as in the previous Section, the deflection of the needle produced by one unit of current
intensity in the bridge is called m, then the deflection produced by the current ¢’ is

(ac — bd)me
(a+b+c+dvw
If the two resistances a and b are now to be compared with each other, then one sets their

very small difference a —b = = and also ¢ —d = ¢§, which also has only a small value for small
values of A. Then you get

A=mi =

B ad +cxr me
~ 2(a+c) v’

17 [Note by AKTA:] In German: einer Siule. See footnote 103.
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and if @ and b are swapped, we get

, a0 —cr me
2(a+c) vw'’

because the factor me/[a+b+c+d)w'] remains completely unchanged in this substitution, as
you can see, if you set w+(a+0b)(c+d)/[a+b+c+d] for w'; v’ remains unchanged at least for
small values of  and 0, because v' = v+ (a+d)(b+c)/[a+b+c+d] =v+(a+c)/2—(0+x)/2
then changes into v + (b+ d)(a+c¢)/[a+b+c+d = v+ (a+c)/2— (6 —x)/2; finally
(ac — bd) = ad + cx becomes (bc — ad) = ad — cx. So it is

mec

A-—A=——1—.
(a+ c)v'w’

Y

consequently, if A — A" = A denotes the smallest value of the deflection difference that
can still be observed with certainty, then one obtains the smallest fraction up to which the
equality of the resistances a and b according to these observations can be guaranteed, namely,

T (a+ c)v'w’ A (a+c+2v)(2ac+ (a + c)w)

a meac 2meac

AN

The smaller the resistances of the bridge v and of the undivided conductor w, the smaller
this fraction is, and the smaller v and w become, the closer it approaches the value of

a+c
me

A .

T
a

Now me/[a+c| is the value that me/[a+c+v+w] approaches the smaller v+w becomes; but
me/la + ¢+ v+ w] is the deflection of the needle when the branch currents passing through
b and d are removed, and can be easily observed and measured, even at high sensitivity m
of the galvanometer, if the larger electromotive force e used in the observations A and A’,
as already stated in the previous Section, is substituted with a smaller electromotive force,
for example, e = €/100. If the deflection me/[a + ¢ + v + w] then has a measurable size, for
example, 10004, then in the limit case me/[a+ c| = 1000004, consequently z/a = 1/100000
the smallest fraction up to which the equality of the resistances a and b can be guaranteed.

It follows from this that the copying method with double current division allows an
almost as accurate test of the equality of two resistances a and b as that with single current
division, and therefore also enables a duplication of resistance etalons or standards, which
for all practical applications can be considered completely identical; but in this respect the
method of double division cannot be given any preference over the method of single division.
— The method of double division only has a peculiar value when it is not a question of testing
equality, but rather of determining the unknown ratio of two very different resistances a : b,
which then, with disappearing deflection A, a known resistance ratio d : ¢ is recognized as
equal; however, the accuracy of the result is made dependent on the exact knowledge of the
resistance ratio d : ¢, which must be given.
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V - On the General Principles of Resistance Measure-
ment

8.28

The principles of galvanic resistance measurement were derived from the nature of galvanic
resistance, which is a property of ponderable bodies, for example, a copper wire, and therefore
had to be derived from the definition given by this property. Such a definition was first
established on the basis of Ohm’s law, which determines the dependence of the current
intensity in a ponderable body on the electrical forces acting on the electricity contained
therein. According to the principles derived from this definition, the method by which the
resistance of a given body (a copper wire) can be determined most accurately has been
developed in the first Parts of this Treatise. In the last Part it was finally discussed how
the resistances of other bodies could be most accurately compared with the resistance thus
researched.

All these investigations were based on the first definition of conduction resistance, which
is based on the well-known Ohm’s law of experience derived from related measurements
of electromotive forces and current intensities, namely, that no matter how different the
electromotive forces e and current intensities ¢, as long as the ponderable body remains the
same to which these forces and these currents belong, the quotient e/i always has the same
value, while it assumes different values for different bodies, according to which the constant
value of the quotient e/i for each body is a property of the body which can serve to distinguish
it from other bodies and is called its conduction resistance.

The property of a ponderable body, which is hereafter referred to as resistance, must
have its causes in the peculiar nature of the ponderable body itself, and must in itself be
independent of the forces that act on the electrical fluids contained in it, as well as of the
movements, into which these fluids are thereby put; however, these causes, which lie in the
nature of the ponderable body itself, have not yet been investigated. We therefore only know
the action of its resistance from experience, and from this we only know that, for a given
electromotive force, it consists of a certain current intensity.

But if resistance itself is a property founded in the nature of the ponderable body itself,
then other actions can also exist that can be proven through experience; for example, the
case could take place that such an action, which can be proven by experience, would be
present in any given current that passes through the body, regardless of where it comes from
or by what forces it is produced. Such a really existing action, which takes place with every
given current passing through a body, is called electrical work,'™ and the only question is
how this action can be observed and how its dependence on the conduction resistance of the
body can be proven.

As experience shows, a current produces heat in the wire through which it passes, and
heat is, according to the mechanical theory of heat, vis viva equivalent to work.'™ If one can

172[Note by AKTA:] In German: Stromarbeit. This expression can be translated as electrical work or
current work.

173[Note by AKTA:] I am translating the German expression lebendige Kraft, literally “living force,” by the
Latin expression vis viva (plural vires vivae) also meaning “living force.” Originated by Gottiried Leibniz
(1646-1716) in the 17th century, the vis viva of a body of mass m moving with velocity v relative to an
inertial frame of reference was defined as mv?, that is, twice the modern kinetic energy. During the XIXth
century many authors, including Hermann von Helmholtz (1821-1894) and Wilhelm Weber, defined the wvis
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now consider the heat generated by a current as electrical work, then this electrical work is
measurable, as is the current that produces it. Joule and Lenz finally based an empirical law
on these related measurements of the intensity of the currents and the heat they generate in
the same way as Ohm’s law on the related measurements of electromotive forces and current
intensities, namely, the law that no matter how different current intensities i, and no matter
how different heat productions A, as long as the ponderable body remains the same, to which
those currents and these heat productions belong, the quotient A/i* always has the same
value, which therefore also, as a property of the ponderable body, can serve to distinguish it
from other bodies for which this quotient has different values.!™

If this second property could now be considered identical to the first one, which was
called resistance (experience really shows the proportionality of both quotients), then a
second definition of resistance would be obtained, from which entirely new principles for the
measurement of resistance would result, quite independent of those previously considered.
The development of a method of resistance measurement based on these new principles would
initially have to involve research into, firstly, the accuracy of the heat measurement methods
to be used, secondly, the determination of the equivalence of heat with work, and thirdly,
the examination of the prerequisite that all electrical work is converted into heat. However,
before we go into this new, broad area of research, we still need to discuss in more detail
what can be achieved independently of the consideration of heat, based solely on the known
general electrical laws.

8.29 Electrical Work According to Electrical Laws

Work is only spoken of when the points of action of forces are moving. The work A of such a
point is the product of the component of the force acting upon it, according to the direction
of its motion, in the path it has travelled. However, work can be taken in two senses: it
means either the work itself or the work that is done. According to the given definition, A
is work in the latter sense, while work in the former sense is represented by the differential
quotient of A with respect to time, that is, is expressed by dA/dt.

With a galvanic current ¢ in a conductor element «, all particles of the electrical fluids
contained in « are points of action of the electromotive forces, and these points of action
move partly forward and partly backwards in the direction of element a.'™ The work A or
dA/dt of all these points of application is the work of the galvanic current 7 in the conductor
element «. The fact that the moving points of application of the forces in this case do
not have a ponderable mass is of no importance for the work itself, according to the given
definition.

The amount of positive electricity contained in the element « is denoted by +ae, and the
force acting on it, which is proportional to it according to electrical law and directed forward
in the direction «, is denoted by +f, where f is the numerical value which indicates how
many times the force which gives the ponderable mass unit the unit of speed in the unit of

viva as mv? /2, that is, like the modern kinetic energy.

17 [Note by AKTA:] James Prescott Joule (1818-1889) and Heinrich Friedrich Emil Lenz (1804-1865). See
[Joud1b]; [Joudla] with French translation in [Joud2]; [Lend3c|, [Len43a], [Len43b], [Lend4b] and [Len44al.
See also [MS20] and [Mar22].

175[Note by AKTA:] That is, according to the usual assumption at that time, positive particles would move
in one direction relative to the body of the conductor, while negative particles would move in the opposite
direction.
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time is contained in it. — The amount of negative electricity contained in the element « is
denoted by —ae, and the force acting on it, directed backwards in the direction «;, is denoted
by —f. — The velocity at which these electrical masses move forward and backward in the
direction o shall be denoted by +u.!"® According to the given definition, the work of positive
electricity in the element «, during time ¢, is

A = (+f) - (+ut) = +fut;

the work of the negative electricity in the element o during the same time,

A" = (=f) - (-ut) = +fut ;

consequently the entire work of the galvanic current in the element «, during the time t,

A=2fut .
But for work, taken in the sense of working, you get

dA

— =2fu.

a2

2f is called the absolute separating force'™ acting on the electricity in the element v, v is the
absolute current velocity,!™ both of which can neither be observed nor measured directly.

176[Note by AKTA:] The velocity here should be understood as the velocity of the electrified particles in
relation to the material body of the conductor, that is, the drift velocity.

177[Note by AKTA:] In German: Scheidungskraft. This expression can be translated as “separating force”,
“force of separation” or “segregating force”. I present here a simple example of a separating force. Consider
a metal plate AB insulated from the ground by a dielectric support I as in Figure (a) of this footnote:

A B

o

(a) (b)

B

N

If a negatively charged straw is placed close to side A of the plate, the charges on the plate become
separated as illustrated in Figure (b). Side A of the plate becomes positively electrified, while side B
becomes negatively electrified. This polarization of the plate is caused by the electric force of the negatively
electrified straw acting on the free electrons of the plate. I presented several interesting experiments on this
topic made with simple material, together with many quotes from original sources, in the 2 volumes of the
book The Ezperimental and Historical Foundations of Electricity which is available in English, Portuguese,
Ttalian and Russian: [Ass10al, [Ass10b], [Ass15b], [Ass17a], [Ass18a], [Ass18b] and [Ass19b].

Another effect of a separating force takes place in electrolysis. The electric forces in general are proportional
to the charge ¢ of the test particle on which they are acting. A positively electrified particle with ¢ > 0
experiences a force in one direction, while a negatively electrified particle with ¢ < 0 will be forced in the
opposite direction. If these particles are free to move as in electrolysis, a double current will be produced due
to this separating electric force. That is, the positive particles will move in one direction and the negative
particles will move in the opposite direction.

178[Note by AKTA:] In German: die absolute Stromgeschwindigkeit. From the context of Weber’s discussion,
this so-called absolute current velocity is the velocity of the electrified particles relative to the body of the
conductor, that is, their drift velocity.
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On the other hand, the so-called electromotive force e and the current intensity i acting
on « are observed and measured according to the absolute units determined earlier.

If the electrical work in « is to be determined, the relationship between the separating
force 2f and electromotive force e, and also the relationship between the current velocity u
and the current intensity ¢, must be given, which has already been discussed in Section 8.1.
It is, as stated there (where only f meant the absolute force of separation, denoted here by

2f),

i_f\ﬁ
2f V8’

where ¢ is a constant velocity known from the fundamental law of electrical action, namely,
¢ = 439450 - 10° millimeters/second.*™

This results in 2 fu = ei; consequently, the resistance according to the second definition,
namely, the quotient of the electrical work dA/dt divided by the square of the current
intensity,

1 dA_Qf_u e

2 dt iz i
is identical to the resistance according to the first definition, namely, the quotient of the
electromotive force e divided by the current intensity 4,

—=w.
1

So the electrical work in a current conductor is dA/dt = wi?, where i denotes the current
intensity and w denotes the resistance of the conductor according to the absolute units
determined earlier. Conversely, the resistance of a current conductor can be defined in
absolute terms as the work of the unit of current in the conductor. If, in some way, electrical
work wi? and current intensity ¢ can be observed independently of one another and measured
according to the established absolute units, then from these two measurements one can find
the resistance according to absolute unit of measure w = wi?/i?, without any knowledge of
the electromotive force e by which the current was produced. These principles result in an
essentially new method of absolute resistance measurement.

It has already been noticed how the observation and measurement of the heat generated
by a current in a conductor can be used to determine the work of the current independently
of the intensity of the current; but there is another way where it is not necessary to use
the assumptions of the mechanical theory of heat, but where the basic electrical law is
sufficient, according to which measurable work of ponderable bodies can be converted into
electrical work, so that electrical work can be determined by measuring the work of moving
ponderable body. However, the closer discussion of this method of measuring the work of
electricity should be preceded by a brief consideration of the maximum of the electrical work,
which results directly from the determination of the work of the electricity given according
to electrical laws.

17 [Note by AKTA:] See footnote 120 on page 64.
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8.30 Maximum of Electrical Work

Let there be a voltaic pile or any other electric motor which, depending on the conductor
through which it is connected, performs sometimes a greater, sometimes a smaller electrical
work; we search the conductor for which this electrical work is a maximum.

If we denote the resistance of the conductor by w and the current intensity by ¢, then
the electrical work in this conductor according to electrical laws, as shown in the previous
Section, is = wi?. According to Ohm’s laws, if e denotes the electromotive force and w’
denotes the resistance of the given electric motor, the current intensity i = e/(w' + w),
therefore, wi* = e*w/(w’ + w)?. The conductor is then found for which the electrical work
is a maximum if

2w

—— — maximum
(W' + w)?

is set for a variable value of w, from which follows

[(w' +w)?e? — 2e*w(w' + w)]
[w' + w4

=0,

that is, w = w’. This means that the electrical work in the conductor is greatest when
the resistance of the conductor is equal to the given resistance of the electric motor; but
this greatest value itself is = e%/4w’, while the entire electrical work, taken together in the
conductor and in the electric motor, is = €*/2w/’, that is, twice as large. If w > w’, the work
transferred to the conductor would be more than half of the total electrical work, but would
still be smaller, with reduced total electrical work, than if w = w'.

However, the maxzimum of the entire electrical work takes place when no conductor is
needed at the end of the circuit, and therefore no transfer of electrical work to such a
conductor is possible, but the electric motor is closed in itself. This greatest value of the
entire electrical work is = €?/w’, which is four times greater than the electrical work that can
be transferred to other conductors. This is related to the strong heating of self-contained
cells, especially when these cells have a very low resistance in relation to their electromotive
force, as is the case, for example, with Grove cells.

Incidentally, it is easy to see that the law previously established for galvanometers,
namely, that their sensitivity, regardless of the size and shape of their multiplier, is al-
ways greatest when the resistance of the multiplier wire is equal to the resistance of the rest
of the circuit, can be considered as individual case or special application of the more general
law found for the maximum of the electrical work transferred to conductors.

8.31 Conversion of the Work of Moving Ponderable
Bodies into Electrical Work through Electrical In-
teraction

If a closed conductor is moved against a solenoid, that is, against another closed conductor on

which a given electromotive force e acts, then the fundamental law of electrical action results
in partly electromotive forces which move the electrical fluids in their ponderable conductors
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180 partly in forces that move the electrical fluids

181

(induction forces according to Faraday),
with their ponderable conductors (electrodynamic forces according to Ampere).
The former or the inductive forces according to Faraday are

1. the electromotive force &’ acting on the closed conductor according to the law of voltaic
induction as a result of the movement of the closed conductor against the solenoid;'%?

2. the electromotive force 1’ acting on the closed conductor according to the law of voltaic
induction as a result of the change in current [intensity/ in the solenoid,;

3. the electromotive force € acting on the solenoid according to the law of voltaic induction
as a result of the movement of the closed conductor against the solenoid;

4. the electromotive force n acting on the solenoid according to the law of voltaic induction
as a result of the change in current [intensity/ in the closed conductor.

The latter, or the electrodynamic forces according to Ampere, are the attractive or re-
pulsive forces exerted by all current elements of the solenoid on all current elements of the
closed conductor.

According to this overview, one has to distinguish, firstly, the electrical work dA’/dt of
the current ¢’ excited by the electromotive forces (¢' + 1) in the closed conductor, secondly,
the electrical work dA”/dt of the current i excited by the electromotive forces (¢ + ) in
the solenoid, thirdly, finally, the work dA” /dt carried out by the moving ponderable particles
of the closed conductor, on which the attractive and repulsive forces exerted by the current
elements of the solenoid act.

If the resistance of the closed conductor is denoted by w’, then

PSR

dt w
if the resistance of the solenoid is denoted by w and if e is the given constant electromotive
force in the solenoid, and i = e/w is the intensity of the current excited by this force, then
we have

dA” e o (ete4n)t—é?
o =w(i+1i")" —wi* = " ;

finally, if we denote by f the sum of the components of all the attractive and repulsive forces
exerted on a moving ponderable particle of the closed conductor by all the current elements
of the solenoid, according to the direction of the movement, and [if we denote] by v the
velocity of this movement, then we have

d "
@ =2

If one now substitutes here the values of the electromotive forces €, 1, &/, ' known from the
general fundamental electrical laws, as well as the electrodynamic forces f, then it must be
proved that

180[Note by AKTA:] See footnote 43 on page 28.
181[Note by AKTA:] See footnote 15 on page 18.
182[Note by AKTA:] See footnote 118 on page 63.
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dA"  dA"  dA”
/(dt TR )dt_o’
if the integration is extended over the entire period of time after which all ponderable particles
of the closed conductor return to their previous positions with an unchanged velocity.

We restrict ourselves here to considering the simple case where the solenoid as well as the
closed conductor are circles whose radii may be denoted by r and »’. The distance between
the two circle centers is R and is so large that r and ' can be considered vanishing. The
connecting line R is perpendicular to the solenoid plane, and the closed conductor rotates
around its diameter perpendicular to R, with uniform velocity da/dt = 7, where o denotes
the angle that the perpendicular to the plane of the closed conductor forms with R. If you
then set w2r%r"2/R3 = a, the following expressions for the electromotive forces can easily be
derived from the fundamental laws of electrical action:!8?

8/ f— _20/7@ . Sina s
de + dn
' = 21—
n a(l — cos a) e
g+ sin «
- 9 :
c T T4 3cosa?

1 /7 de' + dn/
n = —2a\/; <§ — arctan [cosoz . \/§D e

If one now expands (¢' + ') and (e + 1) in series according to increasing powers of a, one
obtains the first members of these series, against which all subsequent members disappear,®4

/

g+n = —2@73 -sina
w
b = ety (0 (T aretan [eosa- v
19 = a — | — — arctan [Cos « - COS
g T ww' \1+3cosaz  V3\3 ’

and from this, likewise developed,

dA’ 2.2 € 2
dt = 4a v m S,
dA”

)

2 02
B 9 9 € sin v 1/
at Sa Cwrw! <1+3cosa2+\/;<§—arctan [cosa-ﬁ])cosa) ’

or, since the differential coefficient is
d [sina - arctan (cos a-V3 )}
da

183[Note by AKTA:] The expression cos a? should be understood as cos? a.
184[Note by AKTA:] The expression sin a? should be understood as sin’ a.

sina? - /3

1+ 3cosa?’

= cos «v - arctan (cosa . \/§> -
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we have

dA//
= 8a*y* -

. —cosa —
dt w2w’ 3

e? 1 (= d [sin a arctan (cos o - V3 )]
3 da ’

Finally, if one denotes the distance of any ponderable particle of the closed conductor from
its axis of rotation by p, then the torque exerted by the solenoid on the closed conductor
is D = > fp, and the velocity at which the ponderable particle moves in its circular orbit
(the tangent of which coincides with the direction of the force f), v = p7; consequently, at
constant angular velocity -,

di Zvazz:fm:vpr:vD.

However, the torque D exerted by the solenoid on the closed conductor is according to
Ampere’s law

e+e+n g+17

Y
w/

D =2aysina -

and if you insert the found values of (¢ +7) and (¢' + ') here, and expand into powers of a,
you get the first term against which the others disappear,

e
D = —4a*y 5 - sin o’
ww
consequently
dA"” e? dA’
= —4a’~%- sina? = — .
dt T v dt

For dA” /dt this results in the integral value [[dA”/dt]-dt for the time of a whole revolution of
the closed conductor, that is, for the time after which all ponderable particles with unchanged
velocity return to their previous positions, with constant angular velocity da/dt = -,

dt w2w' V3 \3 do

/dA”dt _ /8&27- e? 1 (E cosa d [sina - arctan (cosa -3 )]) dor

which is equal to zero when taken between the boundaries a and « 4 27. Since dA’/dt +
dA"/dt = 0, therefore also [ (dA'/dt + dA”/dt)dt = 0, it follows from this, between the

specified limits,
dA/ dA// dA///
dt =0
/ ( a @ T ) ’
which was to be proved.

It can be seen from this, in relation to the work of the ponderable particles of the closed
conductor, that at every time interval dt there is a loss of work due to the damping caused
by the induction,

dAl//

dt = —4a’? -
dt “

-sin odt |

w2w’
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which must be replaced by a driving force'®® acting on the closed conductor if the angular
velocity v is supposed to remain unchanged. On the other hand, at the same time interval
dt there is a gain in electrical work in the closed conductor, namely
dA’ 5 o5 €
p dt = +4a"v* - "
of the same amount, from which it follows that through the mediation of electrical interac-
tions, a pure conversion of work from ponderable bodies into electrical work has taken place.
If it were to result from observation that the angular velocity 7 really remained completely
unchanged, and if the driving forces were measured, which would have to act on the rotating
closed conductor in order to keep this angular velocity unchangeable, both with the solenoid
open (whereby the driving force required to overcome the resistance of the air and the friction
is determined), as well as with the solenoid closed (whereby the driving force required to
overcome the electrical damping is determined together with that required to overcome the
resistance of the air and the friction), then the difference between the two measured driving

forces, multiplied by the angular velocity ~, which is also easy to measure, would give the
value of

oW - sin o2dt
w

dA/// dA/
Codt o dt
that is, the value of the electrical work in the closed conductor, which the current ¢ induced
therein performed in the unit of time.
If this measurement of the electrical work dA’/dt were finally combined with the mea-
surement of the current intensity i', the resistance of the closed conductor, in absolute value,
would result:

w’—i dA’
2 dt

8.32 Determination of the Electrical Work by Means
of Heat Measurement, According to Experiments
by Becquerel and Lenz

If the resistance of a conductor is to be determined in absolute terms, but not according to
the previously used method, by measuring the electromotive force and the current intensity,
but according to the last given method, by measuring the electrical work and the current
intensity, then in general it is as shown, two ways open, depending on the difference in the
method by which the electrical work is measured. FElectrical work can be measured, firstly,
by measuring the work of moving ponderable bodies, which is converted into electrical work,
which was discussed in the previous Section, and secondly, by measuring the heat into which
the electrical work is converted.

The first method was of particular interest because it was based solely on the known laws
belonging to the pure theory of electricity. The way in which it is carried out was explained
using a simple example in the previous Section, but in reality this would not lead to any
practical results. At least the most favorable conditions for the observations required using

185[Note by AKTA:] In German: Triebkraft.
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this method should first be discussed in more detail, but this will not be discussed here
because it is easy to overlook in advance that even then, the resistance of the air and the
friction of solid bodies against each other are always dependent conditions under which all
ponderable bodies that we observe move, the measurement of the work done by them, or
the driving force necessary to maintain their movement, could not be carried out precisely
enough even under the otherwise most favorable conditions.

The latter method, in which the laws of the mechanical theory of heat must be used, there-
fore seems practically the only one from which one may expect such precise determinations
of electrical work as would be necessary to determine a conduction resistance from electrical
work and current intensity as precisely as from electromotive force and current intensity. It
is therefore of interest to take a closer look at what has been achieved in this way in recent
times through the numerous experiments carried out on it, particularly by Becquerel and
Lenz.

Edmond Becquerel states in his Treatise: Des lois du dégagement de la chaleur pendant
le passage des courants électriques a travers les corps solids et liquides (The laws of heat
production during the passage of electric currents through solid and liquid bodies) (Annales
de Chimie et de Physique, 1843, Volume IX)'¥6 that, according to his experiments, a current
which, if it were passed through water, would produce 3.383 cubic centimeters of oxyhydrogen
gas'®” every minute, at a temperature of 0° and a barometer reading of 0.76 meter, would
produce in a platinum wire 44 centimeters long and weighing 0.422 grams, as much heat per
minute as 2.18523 grams of water need to raise its temperature by 1 degree.

If we add to this information the determination found by Joule,'®® based on the mechani-
cal theory of heat, according to which the amount of heat which can warm 1 kilogram of water
from 0° to 1° when converted into mechanical work has a work quantity of 423.55 kilogram-
meters, it is found that the heat generated in every minute by the specified current in the
platinum wire, when converted into mechanical work, has a work quantity of 2.18523-0.42355
kilogram-meters, so the heat generated every second gives the 60th part of this amount. This
results in the electrical work according to the absolute unit of measure of work, which we
reduce to millimeters, milligrams and seconds as the fundamental units of measure of length,
mass and time (according to which the gravity g = 9811 millimeters/second?) as given by

wi? = 6—10 9811 - 2.18523 - 0.42355 - 10° = 151340 - 10° .

As far as the intensity of the current is concerned, we use the statement that the intensity
of a current that decomposes 1 milligram of water in one second, is 106% times larger than
the absolute intensity unit (see Treatises of the mathematical-physical class of the Konigl.
Sichs. Gesellschaften der Wissenschaften, Vol. 3, p. 224).189:190 If you now calculate that
1 milligram of decomposed water produces 1.8568 cubic centimeters of oxyhydrogen at a
temperature of 0° and a barometer reading of 0.76 meters, then the intensity of the current
described, which produces 3.383 cubic centimeters of oxyhydrogen every minute, in absolute
units, is

186[Note by AKTA:] Edmond Becquerel (1820-1891) was a French physicist, see [Bec43].

187[Note by AKTA:] In German: Knallgas. This expression can also be translated as explosive gas.

188[Note by AKTA:] See footnote 174.

189[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 614.

199[Note by AKTA:] [KW57, p. 614 of Weber’s Werke] with English translation in [KW21, p. 144]. See
also [Web41d] and [Web42] with English translation in [Web21m, p. 199, footnote 357].
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1 3.3%3 2
= 2% 1062 = 3.2391 .
1= 50 Tases [V0g =32

From these determinations the resistance of the described platinum wire in absolute units
finally emerges

wi* 151340 - 10°
2 3.23912
422

This resistance, multiplied by the mass of a millimeter-long piece of wire = 715 and divided
by the length of the wire = 440 expressed in millimeters, gives the resistance of a platinum
wire of 1 millimeter length and 1 milligram mass according to Ohm’s laws, that is, the specific

resistance of platinum

= 14425 - 10° .

w =

p = 31443000 .

Lenz, in his Treatise: Ueber die Gesetze der Wirmeentwickelung durch den galvanischen
Strom (On the laws of heat development by galvanic current) (Poggendorff’s Annalen, 1843-
44, Vols. 59, 61)!1 gives the time for heating 1 gram of water to 1° R!? through a wire
of resistance = 1, through which a current = 1 passes, as 57% minutes (due to a misprint,
as it appears, 5% seconds is given), whereby the unit of resistance has been attributed to a
copper wire of 6.358 feet length and 0.0336 English inches in diameter, at a temperature of
15°, and the unit of intensity has been attributed to a current whose electrolytic action =
41.16 cubic centimeters of oxyhydrogen per hour, at a temperature of 0° and a barometric
pressure of 760 millimeters.

According to the mechanical theory of heat, in accordance with Joule’s determination
already mentioned, the heat generated by the assumed unit of current every second in the
described copper wire, when converted into mechanical work, gives a work quantity = [5/4] -
[1/(60 - 57.5)] - 0.42355 kilogram-meter, that is, according to absolute units of measure of
work (reduced to millimeters, milligrams and seconds as the fundamental units of measure
of length, mass and time), the electrical work

5
2_-0811.-2 .~
wit =W ST

Furthermore, for the assumed unit of current, the electrolytic action of which corresponded
to 41.16 cubic centimeters of oxyhydrogen gas per hour, the value is found after reduction
to absolute unit of measure

-0.42355 - 10° = 1506 - 10° .

1 41.16 9
= — . 1 - = . .
"= 3600 1.spos V03 T 0-09083

From these determinations the resistance of the described copper wire according to absolute
units of measure finally results

wi* 1506 - 10°
2 0.656832
If you calculate the mass of the described 6.358 English feet = 1938 millimeter long copper
wire to 9889 milligrams by assuming the density of the copper = 8.921, then according to

= 3490 - 10° .

w =

191[Note by AKTA:] See footnote 174.
192[Note by AKTA:] That is, 1° Réaumur.
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Ohm’s laws you get w by multiplying the resistance found by the mass of a 1 millimeter
long piece, = %, and dividing by the length of the wire expressed in millimeters, = 1938,
the resistance of a copper wire 1 millimeter long and 1 milligram mass, that is, the specific

resistance of the copper

»2 = 9190000 .

This result, compared with that derived from Becquerel’s experiments, would show that
the resistivity of copper would be about 3% times smaller than that of platinum, while it
is known from numerous direct comparisons that it is still much smaller, namely, according
to Arndtsen’s experiments, if one reduces the information given for equal wire lengths of
the same cross-section to equal wire lengths of the same mass, and thereby assumes the
density ratio of copper to platinum as 1 : 2.244, 15.22 times smaller, and after Matthiessen’s
experiments are 15.93 times smaller, on average 15.575 times smaller.!”® According to this,
the specific resistance of copper

nw = L
15.575

would be calculated from Becquerel’s experiments, which is quite close to the average of the
values found so far in other ways for various types of copper, but is exceeded by 4% times in
magnitude by the value derived from Lenz’s experiments.

However, Lenz himself remarks at the place cited in relation to the absolute magnitude
of the result derived from his experiments:

= 2018800

This result is merely an approximation, and can only serve as a rough estimate, for
neither the absolute quantity of the spirit nor its heat capacity have been determined
with certainty. My present experiments had no other purpose than to determine the
law of the heating of metal wires; for the exact determination of the absolute value
of this heating, | intend to undertake special experiments.

It is therefore very likely that with the care Lenz otherwise took in all respects in these
experiments, simply because the attention was less focused on absolute value determinations,
some accidental confusion took place in the value of the reduction coefficients, which had no
influence on the sole purpose of establishing the laws, which is to blame for the above great
deviation in absolute value; for a closer examination of the experiments clearly shows that
the determination of the resistance of a body using this method can be carried out, which
also seems to be confirmed by the good agreement of the result derived from Becquerel’s ex-
periments with those found by other means; however, in order to obtain completely reliable
and precise results in this way, the heat measurement methods would have to be very per-
fected and sharper determinations about the equivalence of heat and work than are currently
available would have to be obtained, and even then, the absolute resistance measurement of
a conductor wire using this method would not achieve the accuracy of the result that can be
obtained by measuring electromotive force and current intensity.

But if one divides the galvanic conductors into metallic ones, which cannot be decomposed
by the current, and moist ones, which can be decomposed, it follows that with moist decom-
posable conductors, for example with water, an inverse relationship to that with conductor

193[Note by AKTA:] Adam Frederik Oluf Arndtsen (1829-1919) was a Norwegian professor and physicist
who was trained by Weber at Gottingen in 1857. Augustus Matthiessen (1831-1870) was a British chemist
and physicist. See also [RA11].
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wires takes place, namely, that a direct determination of the resistance of wet conductors by
measured electromotive force and current intensity is almost impossible, and what’s more,
even an indirect determination by comparing the unknown resistance of the wet conductor
with that known resistances of a conductor wire, because of the so-called polarization of the
metal surface touching the wet conductor, finds great difficulties. It is known that, despite all
the effort and care expended, the resistance conditions of wet conductors are still very poorly
researched. For these reasons, the other method of resistance measurement gains the greatest
importance for this research, namely, through measured electrical work (heat) and measured
current intensity, because when applied to wet conductors it has just as great advantages over
the former, as the former, when applied to conductor wires, owned before the second. These
advantages are based not only on the more perfect heat measurement methods applicable to
wet conductors (water), but primarily on the independence of the entire measurement from
the consideration of the electromotive force, which must always be considered as variable
in all circuits where wet conductors are connected, because the influences of polarization
can be reduced, but not completely eliminated. However, the electromotive force cannot be
precisely determined with such irregular changes.

This equally important and interesting application that this second method finds in the
absolute resistance measurement of moist, decomposable conductors, should be reserved for
a special discussion, since it has no closer connection with the subject of this Treatise.

8.33 On the Conversion of Electrical Work into Heat

The electrical work is linked to the movement of the electrical fluids; according to the me-
chanical theory of heat, heat is also linked to the movement of a body, which, however, is
usually distinguished from electrical fluids. A closer insight into the way in which electrical
work is converted into heat therefore first requires that the movements of the electrical flu-
ids be followed closely to the end, in order to get to know the conditions under which the
transition of the movement of the electrical fluids into the movement of another medium
takes place. The ideal assumption of the superposition of several substances continuously
and uniformly distributed in the space of the conductor, namely, the ponderable substance
of the conductor, the two electric fluids and also that of a so-called heat medium, however
appropriate it may be for many other purposes in the case of actions at a distance, would
not seem to be permissible; rather, it is easy to see the need to assume that the ponderable
substance of the conductor is concentrated in individual molecules, which are surrounded by
electrical particles which, in the case of a current, move from one molecule to the other. The
separation of an electrical particle from a molecule must then take place either more slowly or
more quickly, depending on the different magnitude of the electromotive force by which the
current is produced, on which the number of electrical particles separating from the molecule
in a certain time depends. The work of each electrical particle in the separation movement,
as a result of the forces exerted on it by the molecule, may or may not depend on the velocity
of the separation; an oppositely equal work will always be done by the same particle in its
union movement with the following molecule, so that these two work quantities compensate
each other. But as soon as the electric particle is separated from the first molecule, it will,
driven by the electromotive force f, pass through the space a to the second molecule and
thereby perform the work fa. The sum of all of these work quantities, > fa, forms the
total electrical work in the conductor. Each electric particle therefore enters the region of
the following molecule with a wis viva that is greater than the value equivalent to fa when

120



it left the region of the previous molecule, which means that the value of the vires vivae in
the region of all molecules taken together must be increased by an amount equivalent to the
entire electrical work. However, according to the mechanical theory of heat, such an increase
in the vires vivae in all molecules taken together, which is equivalent to the electrical work,
is also the heat generated by the current in the conductor, and the only question is whether
it is completely identical to that, that is, whether it consists in the continuous movement
of those electrical particles themselves, or whether the movement supplied to each molecule
is transmitted from the electrical particles which they brought with them to other material
particles, for example to the particles of a special medium located in the region of the same
molecule and only after this transfer emerges as heat, where the laws of transfer would then
have to be researched and a closer account given as to why the same vis viva only emerges as
heat when it is linked to the particles of the heat medium instead of to electrical particles.

One can easily see that the assertion of such a transfer of the vis viva brought by electrical
particles to the particles of another medium located in the region of the molecule does not
encounter insignificant difficulties, especially because it would logically require the denial of
any continuation of the motion of electrical particles within the range of such a ponderable
molecule. If the electrical particles that carry the electrical work with them, upon entering
the region of a ponderable molecule, must immediately give up the electrical work they have
brought with them, and not just partially, but entirely, to other material particles (to the
particles of the heat medium), for the same reason, any movement given to the electrical
particles in the region of ponderable molecules, regardless of where it may come from, must
be immediately withdrawn from them again, so that no persistent movement of electrical
particles in the region of ponderable molecules would be possible. This would even make the
possibility of electric current in the ponderable body doubtful; for an electric particle, even
if it were driven by very great electromotive forces, could not get into any major movement
if every movement that was created was immediately transmitted from it to the particles of
the heat medium.

It is clear from this, that the assertion that all electrical work is transferred to the heat
medium of ponderable molecules is, above all, in total contradiction with the assertion of the
existence of persistent electrical molecular currents, as first put forward by Ampere.'* So
whoever denies with Ampere the real existence of two magnetic fluids and is thereby forced
to assert persistent electrical molecular currents, must not admit this transfer, and he needs
to admit it all the less because nothing can be cited that would be gained through such a
transfer. At least according to the mechanical theory of heat, it is clear that in relation to
heat, in principle, nothing else is directly relevant except the vis viva present in the molecules,
for which the nature of their material support is indifferent. Only indirectly, according to
the mechanical theory of heat, could the nature of the material carrier of the vis viva that
forms the essence of heat come into consideration, namely, insofar as the forces of interaction
of the particles of this carrier, partly with one another and partly with other particles, and
consequently the transfer- or propagation laws (the laws of heat radiation, temperature
communication and temperature equalization among different ponderable molecules) would
depend on it.

If also the heat ether in the empty space is at least indirectly defined by the laws of wave
propagation attributed to it, like the light ether, and its existence and distribution, also in
the interior of the ponderable bodies, in the empty spaces between the molecules, cannot be
abstracted without rejecting the whole wave theory of radiant heat, then there is no further

194[Note by AKTA:] See footnote 15 on page 18.
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relationship between the ponderable molecules of the body (with everything that lies in their
region and belongs to it) and that ether than, on the one hand, the wave excitation in the
ether (the heat radiation), on the other hand, the wave attenuation (heat absorption) must
come from the ponderable molecules, for which a special heat medium is no more necessary
in the molecules than air needs to be contained in the metal of the bell, which emits sound
waves through the air medium.

All of these considerations can be briefly summarized as follows. Since, according to
the mechanical theory of heat, an increase in the temperature of the ponderable molecules
requires an increase in the vis viva in the molecules, since this increase in the vis viva is given
by the electric particles which enter with greater velocity into the region of the molecules
and exit with lower velocity, which form the current, since furthermore this increase in wvis
viva remains unweakened according to the theory of persistent electrical molecular currents,
while the particles are in the region of the molecules, then it seems that there can be no
question of a conversion of electrical work into heat, but that electrical work accumulated in
the molecules then seems to itself have to be viewed as the heat contained in the molecules.

It is, of course, obvious that the laws of the relationships summarized under the name
of heat radiation and heat absorption between the electricity in a persistent molecular flow
around the individual molecules and the heat ether in the surrounding space still require
a more detailed justification based on the nature of both media; but those laws would
also require just the same justification if the so-called heat medium were substituted for
electricity. While in the latter case such justification has not even been attempted, as
far as the former case is concerned one can use the astute investigation carried out by C.
Neumann: FExzplicare tentatur quomodo fiat ut lucis planum polarizationis per vires electricas
vel magneticas declinetur, Halis Saxonum, 1858,'% as such a first attempt; for it suggests
that what Neumann says about the relationships between persistent electrical molecular
currents and light ether will also apply in a similar way to the relationships between persistent
electrical molecular currents and heat ether.

According to his premises, Neumann found that there could be no action of electrical
molecular currents on resting ether particles; however, it should be noted that these premises,
in accordance with the purpose of Neumann’s investigation, which was limited to the influ-
ence of the molecular currents on the already existing wave trains propagated through the
ether between the molecules, relate to the actions of the molecular currents in very small
distances, but still allowed the admission of an ideal conception of molecular currents, ac-
cording to which they are viewed as a superposition of oppositely equal currents of positive
and negative electricity, which is apparently not permitted when it comes to the excitation
of new wave trains by the electrical molecular currents, which can only take place in the
ether layer immediately adjacent to the molecular currents. For this ether layer, the positive
and negative electrical particles moving in opposite directions can no longer be considered
as coinciding. If one then imagines, for example, that the negative fluid is firmly connected
to the molecule, and only the positive fluid is conceived as in molecular flow, or vice versa
(a way of thinking that is recommended because it can exist with the persistence of the
molecular flows without electromotive forces), it is clear that the difference in the position
and behavior of the two electrical fluids in the region of the molecule no longer needs to be
taken into account even at very small distances (as Neumann considers them), on which the
admissibility of that ideal conception of molecular currents is based, however, it can be of
importance for the immediately adjacent ether layer, especially if the electrical fluid in the

195[Note by AKTA:] [Neu58], see also [Neu63].
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molecular flow was not continuously and uniformly distributed around the molecule.

But if there really is a disturbance of the equilibrium in the immediately adjacent ether
layer, and consequently an excitation of ether waves, then it is obvious that this will be
repeated with every revolution of the electricity around the molecule, that is, the wave period
with the revolution period of the electric particles in the molecular current must match. In
the case of luminous molecules,'®® however, the duration of the wave trains emitted by them
is known precisely from optical experiments; if the assumed relationship between electrical
molecular currents and the light ether, according to Neumann’s idea, were confirmed, it
would then be possible to obtain more detailed information from optical experiments about
the behavior of the electricity forming the molecular currents. — In any case, Neumann’s
investigation was so successful in its initial development for optics, to explain the rotation of
the plane of polarization through galvanic and magnetic forces, that one can hope that the
further pursuit and development of the theory of persistent electrical molecular currents in
their relationship to the light or heat ether and its wave movement will lead to many other
insights concerning the important and still so little researched connection between electricity,
heat and light.

196[Note by AKTA:] In German: Bei leuchtenden Molekulen.

123



124



Chapter 9

Translator’s Introduction to Weber’s
1874 Paper

Laurence Hecht!'97

This paper by Wilhelm Weber (1804-1891) continues the unique and still largely unrecog-
nized approach to the atomic and sub-atomic realm that Weber and C. F. Gauss (1777-1855)
had pioneered in their collaboration, beginning in 1830.

Here Weber draws on the discovery, first reported in his Sizth Memoir on Electrodynamic
Measurements (1871),1%® that there can exist a stable state of aggregation of two similarly
charged electrical particles, which he refers to here as a particle pair. In that memoir, he is
able to derive a critical length, below which the similarly charged particles no longer repel,
but rather attract each other. Weber’s formula for critical length is expressed such that
it applies to pairs of either negative or positive particles and also takes into account the
possibility of different masses:

2 /
fEYE o (9.1)

r 2 e
where ¢ is the mass of the electrical particle, e is the charge in electrostatic units, and ¢ the
Weber constant.!® (Weber later introduced the Greek letter p, rather than r, for his critical
length.)

If one substitutes the values for electron and proton mass, which were derived many
decades after Weber’s death, into the Weber formula it results in a critical length of 5.6 x
10713 e¢m (or twice the classical electron radius) for an electron pair, and a value 1836 times
smaller for a proton pair. The later expression for the classical electron radius ([e?/(mqc?)]

197Email: larryhecht33@gmail.com.

198[Web71] with English translations in [Web72] and [Web21g].

199The symbol ¢, as used by Weber, came to be known in mid 19th century physics as the Weber constant.
Its value was derived by Weber and Kohlrausch in experiments reported in 1855 to 1857 on electrical discharge
currents, comparing the force produced by a static to a moving charge, [Web55] with English translation
in [Web21i]; [WK56] with Portuguese translation in [WKO08] and English translation in [WK21]; [KW57]
with English translation in [KW21]. As Weber saw it, ¢ was the relative velocity between two like electrical
particles at which the force between them would reduce to zero. It had a value /2 times light velocity.
The modern application of the symbol ¢ for light velocity appears to have originated later with Maxwell,
CWeber = V2 CMazwell = V2 - vr,, where vy, = light velocity in vacuum, see [Ass21h].
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in the CGS system of units),?” formulated well after Weber’s death, is easily derived as a
special case of Weber’s critical length.

Within a sphere of this diameter, the particles of Weber’s pair will approach and recede
from each other at a relative velocity (defined as the derivative with respect to time of the
ever-changing distance between the two moving particles), which shall never exceed the value
then referred to as the Weber constant (c). Interestingly, as Weber first notes in Section 10.3,
this defines a motion, and consequent energy, independent of any fixed frame of reference
and thus expressible without the need for spatial coordinates.

9.1 The Equivalent of Vis Viva

In this paper, Weber draws attention to the fact that his velocity-dependent force law, and
the consequent existence of a boundary defined by the critical length (p), introduces a new
consideration into the laws of motion and energy. The concept of a potential, which arose
in the consideration of the laws of gravitation and electrostatics requires modification.

Potential was defined as the work that would be done to bring two interacting particles
from a given distance apart to an infinite distance, or vice versa. While it had been sufficient
to consider the sum of the potential and the vis viva (similar to the modern kinetic energy)
as a constant, Weber recognizes that something new is required. He thus defines a new
quantity, the work capacity, which measures the work done to bring two interacting particles
from the critical length, p, to an infinite distance of separation. Like the potential, it is
“an equivalent of wvis viva” in that as one increases the other decreases, but it is evaluated
independently of the existing distance r.

As an illustration of such a force, Weber cites the example of the elastic bar, a subject
of careful analysis by early 19th century physicists, including his colleague Franz Neumann
(1798-1895). In the theory of the elastic bar, the bar possesses a “natural length,” indepen-
dent of whatever length is observed at a particular time. The “equivalent of vis viva,” in
this case, is the restoring force which acts to bring the bar back to the natural length when
the tension on it is released.

Analogously, Weber’s critical length, p, is a sort of “natural length” which defines the
behavior of the particle pair. For the case of two particles outside the critical length, at
distances greater than p, a hidden force (the equivalent of wvis viva, or work capacity) is
depleted as the force of repulsion moves them apart. He defines the work capacity as the
integral

U:/ Rdr | (9.2)
D

where R is the repulsive force between the two particles at the moment when their distance
apart is equal to r.

The consequences are far-reaching. As Weber shows in Section 10.8 below, for two
like electric particles, his integral expressing work capacity has the value mc3,,., /4 (=
e /2).201

Mazwell :

In his Sizth Memoir, Weber had shown that for a pair of bound particles inside the critical
length their maximum relative vis viva (when (dr/dt)? = ¢*) attains the value mc3, ;.. /4 as

2000r [uoe?/(4mm)] in the International System of Units MKSA.
2910r, more precisely, (1/4)mcly e, [1 — v?/Clyeper ], where v = dr/dt.
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well. Taken together, these two quantities are much like what came to be called the binding
energy. But unlike the binding energy of the later nuclear physics, which was an ad hoc
formulation to fit the experimental evidence, Weber’s derives naturally from the velocity-
dependent electrodynamic law first suggested by Gauss in 1835 and elaborated by Weber in
his First Memoir on Electrodynamic Measurements of 1846.292

Interestingly, as the velocity ¢ of Weber is v/2 times greater than the velocity of light vy,
(the ¢ of Maxwell, Lorentz, and Einstein), or

CWeber = \/5 * CMazwell = \/5 - vr (93)
then

E= mc?\ﬂazwell (94)

becomes

E = mc%/Veber
2 )
retaining consistency between the mass-energy equation in Weber’s formulation and the
ordinary expression for kinetic energy or vis viva, E = (mwv?/2). The two worlds, inner and
outer, although distinct, obey the same natural laws.

The reader is warned that Weber’s electrodynamics is an entirely different world than
the one generally known today, which is based on the formulations of Faraday, Maxwell and
their followers. It is not possible to simply carry over conceptions learned in college and
graduate physics, and expect to grasp the alternative view that Gauss and Weber created.
To have any deep comprehension of even this short paper requires a more thorough study of
the fundamental conceptions presented in the First and Sixth Memoirs on Electrodynamic
Measurements, than we can present here. Few are willing to undertake such a task. Yet we
assure you, the hidden, and still scarcely explored, treasures that lie within are more than
worth the effort.

(9.5)

Laurence Hecht
May 30, 2023

202Gee [Gau67] with English translation in [Gau2la], and [Ass21d]. See also [Web46] with a partial French
translation in [Web87] and complete English translations in [Web07] and [Web21d].
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Chapter 10

[Weber, 1874] On the Equivalent of
Vis Viva

Wilhelm Weber?03,204,205,206

Some of my earlier Treatises on electrodynamic measurements have already appeared in
Volumes 73, 82, and 99 of the Annalen.?"-2%® Here, only the principal subject of the last of
these Treatises will be discussed in more detail, namely the connection of the established
fundamental law of electrical action with the principle of the conservation of energy and with
the equivalent living forces (wvires vivae)?® given by it.

As far as the objections raised against the aforementioned fundamental law of electrical
action are concerned, lack of space compels me to confine myself here to the following general
remarks.

The more recent mathematical investigations into electricity have primarily concerned far-
action effects and have therefore, apart from electrostatics, mostly adhered to the integral
and the elemental laws, in contrast to the point laws, as Neumann calls them.?!? From the

203[Weh74].

204Translated by Laurence Hecht, larryhecht33@gmail.com, and edited by A. K. T. Assis, www.ifi.
unicamp.br/~assis

205The Notes by Heinrich Weber, the editor of Volume 4 of Wilhelm Weber’s Werke, are represented by
[Note by Heinrich Weber:], the Notes by Laurence Hecht are represented by [Note by LH:], while the Notes
by A. K. T. Assis are represented by [Note by AKTA:].

206[Note by Heinrich Weber:] Annalen der Physik und Chemie, Jubilee volume dedicated to the Editor of
the Annalen der Physik und Chemie, J. C. Poggendorff, Leipzig 1874, pp. 199-213.

207Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, pp. 215, 276, 597.

208|Note by AKTA:] [Web48a] with English translations in [Web52c], [Web66c], [Web19] and [Web21p];
[Web51] with English translations in [Web61] and [Web21o]; and [WK56] with Portuguese translation in
[WKO08] and English translations in [WK03] and [WK21].

209[Note by LH and AKTA:] See footnote 173 on page 108.

210]Note by LH and AKTA:] In a paper in 1872, Carl Neumann (1832-1925), professor of mathematical-
physics at Leipzig University, categorized the existing theories of electrodynamics based on far-action or
action at a distance into three types. These were the point laws (Punktgezetze in German) of the type
employed by Coulomb and Weber, based on the assumption of forces between electrical particles or between
mass points; elemental laws (Elementargesetze in German) referring to Ampere’s approach using mathe-
matically described elements of current and the force between them; and integral laws (Integralgesetze in
German) of the type developed by his father, physicist Franz Neumann (1798-1895), related to closed electric
circuits, [Neu72].
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physical point of view, on the other hand, the effects of electricity on the bodies through
which it flows, particularly the thermal and chemical effects, have become so important and
significant that the physicist cannot avoid turning his attention to the point laws, which
alone can provide insight into the inner connection between electricity and heat, as well as
into the inner mechanics of chemical processes.

These thermal and the chemical effects are, above all, what make it necessary to ascribe
a molecular constitution to bodies in general. In its molecular constitution, however, every
molecule, like a celestial body, is a world in motion by itself, whose inner relationships and
motions are not directly observed. But these inner relationships and motions play a great
part in all thermal and chemical processes, so that it has become necessary to assume a
molecular constitution for a body, in both the mechanical theory of heat and the chemical
theory of the atom.

In the case of a molecularly constituted body, however, as is easily seen, one cannot posit
any arbitrary mass distribution; for the atomic masses in the molecules are masses of a
given magnitude, which always remain distinct. They start out at definite distances from
one another and in definite relative motions with respect to each other, and always maintain
such mutual interactions so as to remain distinct and apart from each other. It is thus easy
to understand that for such atoms not every conceivable mass accumulation will occur, and
arbitrary assumptions about such mass accumulations can lead to contradictions. And even
if all the laws of interaction of the atoms were known, these more precise details could not
be determined so long as the three-body problem remains unsolved; because knowledge of
the laws of motion of fwo mutually interacting bodies is not sufficient for this.

The foregoing objections must therefore be left unanswered for the time being, even if
they are otherwise well-founded, because one does not know whether to place the blame
for the contradictions on the contested Fundamental Law, or instead on those arbitrarily
assumed mass accumulations.

10.1 Principle of Conservation of Energy

The law of inertia already prescribes that if there is no external influence on a body, its vis
viva remains unchanged.

The principle of the conservation of wvis viva follows from this: for a system of bodies
without external influence, the sum of its vires vivae remains constant so long as the relative
positions of the bodies are the same.

This principle of the conservation of vis viva was finally extended to the Law of the
Conservation of Energy: for a system of bodies without external influence, if the relative
positions of the bodies vary, it is not the sum of their vires vivae alone, but rather this sum
added to the work that would be done as a result of the interaction of the bodies if they were
displaced to an infinite distance of separation, that remains constant at any given time. That
sum of the vires vivae is called the kinetic energy,?'! and the work that would be done is
called the potential energy of the system of bodies, the sum of which always remains the
same when external influences are excluded.

As can be seen, however, this statement of the law of conservation of energy contains
various interconnected principles which are better separated from one another: firstly prin-

211Note by AKTA:] In German: Bewegungsenergie. This expression can be translated as kinetic energy or
energy of motion.
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ciples which are properties of individual bodies or particles, and secondly principles which
relate to the properties of particle pairs.

10.2 Distinction of the Properties of an Individual Body
or Particle, from Those of a Particle Pair

1. Every body or particle (every physical point or atom), considered by itself alone, possesses
properties which completely determine its behavior in space and time, if the forces acting
on it at any given instant and at all subsequent instants are given. These properties of
the individual particles are inertia and mass, and there is no difference in these properties
possessed by different particles other than the amount of their mass.

2. Fach pair of particles has properties that are quite independent of the properties of
the individual particles. These properties of the pairs are the reason that work is done with
every change in the distance between the two particles. And the reason for a force of mutual
repulsion or attraction lies in the properties of those pairs, which, multiplied by the change
in distance between the two particles, gives the work done by the pair.

3. A system of three or more particles has no properties that are not already contained
in the properties of the individual particles and the particle pairs.

This restriction of the nature of bodies to the properties of the individual particles and
particle pairs leads to the important result that the investigation of the nature of all bodies
can be greatly simplified by reducing them to the study of the individual pairs, which can be
considered independently of one another. It would not be possible to so reduce the examina-
tion of the nature of all bodies, if the totality of all particles possessed unique properties that
were not already contained in the properties of the individual particles or particle pairs. 1t is
very important, in any case, that all the elements essential for the consideration of general
processes of nature are already completely contained in the properties of individual particles
and particle pairs.

10.3 Characteristics of a Fundamental Law of Interac-
tion

Once the properties of individual particles were completely determined by general mechanics,
physics essentially had only to determine the properties of particle pairs. For this determina-
tion nothing more need be considered than the nature and mutual relations of the particles
forming a pair, and the work produced by their interaction at every change in their distance
of separation. The relationships between these two particles are given by their distance of
separation and the wvelocity at which it changes. — The fixed spatial coordinate system,
which is required for a complete determination of the position and motion of particles, is
completely unnecessary for the determination of the distance and relative velocity of the
particles in a pair, and does not come into consideration at all here. It must therefore be
possible to represent the fundamental laws of particle interaction for a particle pair without
the aid of spatial coordinates.?!?

212|Note by LH and AKTA:] The concept of representing relative vis viva in a system free of fixed coordinates
is mentioned by Carl Jacobi (1804-1851) in his Lectures on Dynamics, Fourth Lecture, “The Principle of
Conservation of vis viva,” edited by A. Clebsch in 1866 from notes provided by C. W. Brockardt who attended
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The only variables required to represent the fundamental law of particle interaction are
the relative distance (r) between the two particles, their relative velocity (dr/dt) and functions
of these two magnitudes. Functions of the spatial coordinates are not needed.

None of the propositions listed above under Section 10.1, not even the last one (the propo-
sition advanced under the name of the principle of the conservation of energy), corresponds
to these requirements for a fundamental law of particle interaction. This is because those
propositions are not simply about the properties of a particle pair, but rather more generally
about the properties of a system of bodies (a system of particle pairs), namely a property
which this system does not always have, but only possesses so long as no outside influence
is present. And further because the sum, which according to this theorem [in Section 10.1]
should remain constant, is essentially a function of the space coordinates x, v, z.

10.4 Two Kinds of Equivalents of Vis Viva

A pair of particles, £ and ', moving away from or approaching each other with the velocity
dr/dt, possesses a relative vis viva which is determined by the product of the square dr?/dt?

multiplied by a factor dependent upon the masses € and £’,'* namely

1 ee’ 214
2\e+¢

We need not consider here the mean absolute vis viva of the pair (attributed to their
center of gravity), namely

2

1 [(ea+ea)?
e+¢

+ (e + 5’)72} :
where o and o signify the velocities of the two particles in the direction r, and ~ the velocity
of the center of gravity perpendicular to r.

Nor do we need to consider the vis viva arising from the motion of the particles around
each other, namely?'®

1 ee’ ds?

2 +¢e' dt?’
where [ds/dt] represents the velocity with which the two particles move towards or away
from each other in the direction perpendicular to 7.

Jacobi’s lectures at the University of Konigsberg in the winter semester of 1842-43, [Jac66] and [Jac84] with
English translation in [Jac09]. Jacobi’s idea derives from earlier ideas of Lagrange (1736-1813) and Hamilton
(1805-1865) describing a system by its conservation of vis viva.

213[Note by AKTA:] Weber’s expression dr?/dt?> should be understood as (dr/dt)?. For a detailed de-
duction of the following formulas of this Section see, in particular, Section 4 of Weber’s Sixth Memoir on
Electrodynamic Measurements, [Web71] with English translations in [Web72] and [Web21g].

214[Note by LH:] Weber here employs the concept of reduced mass (mm’/(m+m’)), still used to describe a
two-body system in celestial mechanics. In the case that the electrical particles, e and &', are of equal mass,
the reduced mass is equal to one-half the mass of either particle.

215|Note by AKTA:] The next equation should be understood as

1 e (ds\
2e+¢ \ dt '
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However, the relative vis viva belonging to the system of both particles varies with time,
such that as one part of it is lost, a new part is added. But such a change does not take
place without something else simultaneously being changed, and when that other thing is
restored, the lost part of the wvis viva is also restored. The part of the wvis viva which has
been temporarily lost is said to have been replaced by something else, and this thing that
replaces it is described as the equivalent of the part of the vis viva that was lost.

It has become a major focus of physics to establish laws for this equivalent, according to
which it can be determined from measurable quantities.

Now, this equivalent can either be the motion of a body, or not. In the first case, the
equivalent would also be a wis viva, like that which it replaces, and would differ from it
only in belonging to other particle pairs. But it could also happen that it would become
imperceptible to us as motion, as in the case of heat. In all these cases, where the equivalent
of the lost vis viva is also a wvis viva and, in fact, of the same magnitude, the sum of the
vires vivae remains unchanged and it is merely a question of an altered distribution of it,
the explanation for which is to be sought in the laws of motion.

The other case is completely different from this, where the lost vis viva is not directly
replaced by wvis viva, but by something else different from wvis viva. The investigation of this
later kind of equivalents for the lost parts of the relative vis viva of the particle pair requires
closer examination, both as to their nature and as to the laws of their determination from
other measurable quantities.

10.5 The Second Kind of Equivalent

1. Vis viva is something real and always positive, just like mass. It follows from this that
the potential of certain forces (electrical forces, for example) which can be either positive
or negative, cannot be an equivalent of vis viva in the real sense. Also, the potential is not
something really present, as it is the work which would be done if the two particles were
brought from an infinite distance to their distance of separation, r. Now, if instead of the
work that would be done, one could put into the definition of potential the work that was
done by moving the two particles from an infinite distance to the distance r, then this work
itself would either consist of a change in the relative vis viva of both particles, or in the
cancellation of other work. But cancelled work is also not something that really exists any
more than a cancelled force. And a change in the vis viva is already contained as part of the
existing vis viva, and therefore cannot be counted as being present alongside the existing wvis
VIVa.

2. Still, even such an imaginary form of work*'® as is the potential, which is the work
that would be done if the two particles were brought from a finite to an infinite distance of
separation, or vice versa, might serve as the definition and magnitude of something actually
existing, namely as the definition of an actually existing property which the system of two
particles possesses. Except that in the definition of such a property, the presently existing
distance, r, should not be taken as the finite distance of separation from which the two
particles are to be carried to an infinite distance of separation. Rather, that finite distance
must be determined completely independently of the existing distance, r; for the property
should hold for all values of r, without distinction.

As an illustration of how such imaginary work can serve to define a property that actually

216|Note by AKTA:] In German: gedachte Arbeit.
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exists, the example of elastic rods can be cited, wherein a very specific finite distance between
the two ends of the rod is determined by the so-called natural rod length p, completely
independent of the existing rod length r. For such a rod, a merely imaginary work is used
(namely, that which would be performed by the rod if it were brought from twice its natural
length to its simple natural length, i.e. from 2p to p) as the definition and measure of
something actually existing in the rod, namely its actually existing property of elasticity.

Thus, if the tension corresponding to the rod length r is denoted by R, then the elasticity
of the rod is expressed by fzp Rdr. In the same way, the expression fpoo Rdr can serve as
a definition of the property of the two electric particles given above, it R designates their
repulsive force at the moment when, during the transfer from the finite distance p?!7-28
(determined independently of r) to an infinite distance, their distance has become equal to
r.

— If this property of the two particles is to apply in general, then R must be a function
of time ¢, in order to always correctly represent the repulsive force, which can be different
at different times at the same distance.

— The property of the two electric particles defined by fpoo Rdr shall be called their work

capacity.?'9-220

3. Since the relative vis viva of two particles is something completely independent of their
distance of separation, r, the equivalent of this vis viva must also be independent of r. If,
therefore, the equivalent, like the potential, were represented by the integral of a function of
r, this integral would have to be a definite integral taken between limits which are completely
independent of r, just like the property just defined of two electric particles, which has been
called its work capacity.

4. Finally, it is implicit in the notion of the equivalent of vis viva (because vis viva is
unchangeable so long as no part of it is replaced by an equivalent), that the equivalent,
expressed in proper units, of the lost portion of vis viva added to the existing part of the vis
viva must form a constant. However, because of the finite value of this constant (as the sum
of two positive magnitudes), a limit is given which cannot be exceeded by either of these
two magnitudes, neither by the vis viva, nor by its equivalent. From this it is evident that
wherever the relative vis viva of two particles could grow infinitely, beyond any limit, there
could exist no equivalent of vis viva, and thus also no principle of conservation of energy for
which the existence of an equivalent of wvis viva is a condition.

But a wvis viva constrained by such a limit, or a limited relative velocity of the particles,
might seem to conflict with the principles of general mechanics, where all forces are taken
as given without asking their origin, just as the initial distribution of the masses and their
velocities are taken as given without asking how they came about. In fact, if in general me-

217Note by LH:] Weber’s use of the symbol p in this development of the illustration of an elastic rod draws
on a conception developed a few years earlier in his Sizth Memoir. In his derivation there of the critical
length for an electrical particle pair, p, Weber recognized that the force between two similarly charged electric
particles would reverse at this length. In the case cited here ( f:o Rdr), Weber is discussing the repulsive
force at distances greater than the critical length. However, within a sphere of diameter p, the particle pair
would be in a bound state oscillating back and forth from a distance of separation r = 0 to r = p. (Compare
Weber’s Sizth major Memoir on Electrodynamic Measurements, Sections 2, 8, 10, and 11).

218|Note by AKTA:] See footnote 198.

219[Note by LH:] In German: Arbeitsfihigkeit. The more literal translation “ability to do work” is often
used in science instruction as a first definition of energy. We take the term work capacity, from the first
English translation of Weber’s Sixth Memoir.

220[Note by AKTA:] [Web71, p. 267 of Weber’s Werke], with English translations in [Web72, p. 19] and
[Web21g, p. 83].
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chanics by the “given forces” we were to understand any forces, the possibility of producing
any relative velocity between two particles would be self-evident. This possibility is by no
means plausible when one goes back to the origin of the forces, as in physics, and all forces
are derived from the lawful interaction of bodies. Here one sees that, in principle, nothing
stands in the way of such a limit, but the existence or non-existence of such a limit can only
be decided from the laws of interaction of the bodies themselves.

10.6 The Law of Work Capacity under the Assumption
that It Is the Equivalent of Vis Viva

It was explained at the beginning of the previous Section that only an actually existing
and positive magnitude can be the sought for equivalent of wvis wviva. It then turned out
that the potential of two particles f; Rdr, (i.e. the work that would be done if the two
particles were brought from an infinite distance to the existing distance r) would not be such
a magnitude and therefore could not be the sought-after equivalent of vis viva. On the other
hand, fpoo Rdr, i.e. the work that would be done if both particles were brought from a finite
distance p (which can be determined quite independently of the existing distance r) to an
infinite distance, could probably serve as the definition of such a magnitude, namely as the
definition of an actually existing property of the system of both particles in their current
state, which was called the system’s existing work capacity. This work capacity will now be
determined more precisely, on the assumption that it is the sought for equivalent of vis viva.

If we call U the work capacity of two electrical particles (¢ and ¢’) at any given time,
and x the relative vis viva of these particles at this same time, then it follows that the work
capacity U (as the equivalent), added to the vis viva x, is equal to a constant, a:

r+U=a, or Uza(l—z).

a
If now, following Section 10.4, we set the vis viva as:

1 ee’  dr?
€T = — IR
2e+¢ dt?’
and, for the case of a disappearing U (where x = a), we set dr?/dt*> = ¢*,**! it follows that:

1 e 1 dr?
U = — /C 1-— = 70
2e+e¢ c? dt
221|Note by LH:] Hence the relative vis viva, x, for two like electrical particles when dr?/dt> = ¢? is
mc%,veber /4= mc?wwwell /2. Weber here describes the case where the particles are beyond the critical length.

The relative velocity ¢ occurs naturally inside the critical length, where the bound particle pair oscillates
along the line connecting them from zero relative velocity at » = p to a maximum relative velocity ¢ at
the center of the sphere, whence the relative vis viva, becomes also equal to Mmcly pe,. /4 = M0 rweir/2-
When dr?/dt? = 2, the sum of the values for vis viva both within and without the critical length becomes
mc? /2 =mc3

Weber Mazxwell*

Note that Weber’s c¢ is a relative velocity, i.e. the rate of change of the distance between the particles,
not their velocity as seen by a stationary observer in the laboratory frame of reference. For the observer in
laboratory of two like, bound particles approaching each other at relative velocity = cyweper, €ach particle will
have the velocity cweper/2 = (V2¢arazwenr)/2. There is no mass increase in Weber’s formulation. Rather,
the decrease in charge-to-mass ratio of high-velocity charged particles such as in the experiments reported
by Kaufmann in 1901, had already been theoretically described in Weber’s earliest electrodynamic work as
due to a decrease in the force between electrical particles as their relative velocity increased.

2
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In this expression for the work capacity U, however, the masses ¢ and ¢’ are, as is well
known, quantities which cannot be determined by measurement. Therefore, two electric
particles are commonly denoted not by the immeasurable masses, ¢ and &', but rather by
the measurable forces e? and e’?, which each of these two particles exerts individually on the
other equal one when at relative rest, at a distance = 1, or rather by the square roots of
these values e and ¢/, which are proportional to the immeasurable masses.???

In order to now substitute into the expression for work capacity

U:l ec’ 2 1_ld_7ﬂz
2e+¢ c2 dt?

the measurable quantities e and €’ for the immeasurable ¢ and &', we must have reference to
the limiting value of U for vanishing values of the velocity dr/dt, or for vanishing values of
the vis viva (z = [1/2][g€’ /(e + €')][dr?/dt?*]) which may be denoted by Uy, namely:

1 e
= — c

2e+¢

In this case, the electrostatic law applies, according to which the work that would be
done during a virtual change in distance dr is = [e¢//r?|dr. If one understands by Uy that
work which would be performed as a result of this electrostatic interaction, if both particles
were brought from a finite distance p (which can be determined quite independently of the
existing distance ) to an infinite distance, then one obtains

1 &€ > ee! ee
Up=a== A= —dr = — .
2e+¢ P

From this it follows: first, that for every system of two electrical particles there really is a
finite distance p = ee’/a that can be determined quite independently of the existing distance
r; second, that if one substitutes ee’/p in place of a in the equation U = a(1—[1/c?|[dr?/dt?*)),
the sought for work capacity or the sought for equivalent of vis viva becomes:

ee' 1 dr?
10.7 Derivation of the Potential from the Work Capac-
ity

UQZCL

In the previous Section we defined the work capacity, U, as the work that would be done if
both particles were brought from the finite distance of separation, p, which can be determined
quite independently of the existing distance r, to an infinite distance from each other, i.e.

U:/ Rdr .
p

222|Note by AKTA:] While € and &’ are the values of the inertial masses of the two particles, e and e’ are the
values of their electric charges. The electrostatic force R between two point charges e and ¢/ when they are
separated by a distance r is given by R = ee’/r? in Gauss and Weber’s absolute system of units. Therefore,
when r = 1 mm in this absolute system of units, the electrostatic force between the two point charges e and
e’ will be given by R = ee’. When we have two equal charges e and e separated by one unit of distance, this
force will be R = e2. Likewise, for two equal charges ¢’ and e’ separated by one unit of distance, this force
will be R = ¢'2.
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However, we found at the end of the previous Section

el () ety
p ¢ dt?
which can also be written as

> ee 1dr?2  2rd®r
v=[ C (122 2Ty
/p 72 ( c? dt? +c2 dt2) :

It then follows that the repulsive force resulting from the interaction of both particles is
gt (i1
r2 2 dt2 di?
According to the definition of the potential, V', as the work which would be done as a

result of the interaction of both particles when they are brought from an infinite distance
apart to the existing distance, r, we get, finally:

" " ee 1dr?  2rd®r

ee (1 dr?
(2T )
v r <02 dt? )

10.8 General Application

or,

Finally, if we consider the masses m and m’ of any two particles whose relative distance
apart is r, and whose relative vis viva is

1 mm' dr?

2m +m’ dt? ’
and if the interaction occurring between these two particles when at relative rest is such that
the incremental change in distance, dr, corresponds to the work [kmm//r"|dr, then, under
the same assumption about the existence of an equivalent of wvis viva for the previously
considered electrical particles, there results for these particles a work capacity U such that:

1 mm 1 dr?
U=- S
2m+m© ( c2dt2)

Further, if the constant sum of the vis viva and work capacity, i.e.

1 mm'

— c

2m+m/
for these particles is equated with the limiting value of the work capacity for the case of a

vanishing vis viva (where the law of interaction valid for the case of relative rest applies),
that is, if

Y

rn n—1 pr1"

1 mm' / < kmm/ p k- mm/
— T =
2m+m/ P
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it results that

g ko mm 1ldr ’
n—1 pr1 2 dt?
which can also be written:

< mm/ 1 dr? or  d*r
U=k [ AR I M
/p rm ( c? dt? * (n—1)c2 dtz) :

It follows from this that the repulsive force R resulting from the interaction of the particles
(which, for the case of relative rest, is assumed to be = kmm//r™), becomes for the case of
relative motion, that is when the vis viva = [1/2][mm’/(m + m/)][dr? /dt?]:

R=

kmm/ ) 1 dr? N 2r  d?r
c2dt2  (n—1)cdt?
Finally, we get from this the expression for the potential, V:

r " kmm/ 1 dr? 2r  d*r
— — e T S
v / fedr / rm < 2ae T (n—1)c? dt2) ar

(e} (e}

k mm/ 1 dr?
= (2T )
v n—1 rn-l (02 dt? )

Tn

or,
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Chapter 11

[Weber, 1875] On the Motion of
Electricity in Bodies of Molecular
Constitution

Wilhelm Weber?23:224,225,226

In my First Treatise on Electrodynamic Measurements in the year 1846,227:228 T presented
a general law of electric force that encompassed both electrostatics and electrodynamics, and
I later showed how it implied some special consequences, namely: first of all, I published
the general potential law of electric forces in these Annalen, Vol. 73, p. 229 (1848),229:230
secondly, the energy principle and its connection with those general laws of electric force, in
the last Treatise in Electrodynamic Measurements in the year 1871,21:232 and thirdly and
finally, on the capacity for doing work®?3 for two electric particles, as an equivalent of wires
vivae,* in the Jubilee volume of these Annalen in the year 1874, p. 199.235:23% Some further
discussions of those topics shall be appended here that could not find their place in the
latter Treatises. In particular, after some prefatory remarks and addenda to the last two
Treatises that are concerned with the objections that have been raised against the general

223[Web75].

224Translated by D. H. Delphenich, feedback@neo-classical-physics.info and http://www.neo-classical-
physics.info/index.html. Edited by A. K. T. Assis, www.ifi.unicamp.br/~assis

225The Notes by Wilhelm Weber are represented by [Note by WW:]; the Notes by Heinrich Weber, the
editor of Volume 4 of Wilhelm Weber’s Werke, are represented by [Note by Heinrich Weber:]; while the
Notes by A. K. T. Assis are represented by [Note by AKTA:].

226|Note by Heinrich Weber:] Annalen der Physik und Chemie, edited by J. C. Poggendorff, Vol. 156,
Leipzig, p. 1-61.

227|Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. III, p. 25.

228|Note by AKTA:] [Web46] with a partial French translation in [Web87] and a complete English translation
in [Web21d].

229|Note by Heinrich Weber:] Ibidem, Vol. III, p. 245.

230[Note by AKTA:] [Web48a] with English translations in [Web52c], [Web66c], [Web19] and [Web21p].

Z1[Note by Heinrich Weber:] Ibidem, Vol. IV, p. 247.

232|Note by AKTA:] [Web71] with English translations in [Web72] and [Web21g].
233[Note by AKTA:] In German: Arbeitsfihigkeit. See footnote 219 on page 134.
Z34[Note by AKTA:] See footnote 173 on page 108.
235Note by Heinrich Weber:] Ibidem, Vol. IV, p. 300.
236[Note by AKTA:] [Web74].
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law of electric force that was presented in the First Treatise, the motions of electricity in
bodies of molecular constitution shall be treated since the results of so many other researches
lead to their consideration and necessitate that they themselves should be the subject of a
thorough special investigation that can hardly be avoided, despite the narrow limitations
that mathematics seems to presently impose on that investigation.

11.1 Remarks on the Basic Laws of Electricity that
were Exhibited in the Treatise on Electrodynamic
Measurements in the Year 1871, Section 4

In the second and third Section of the cited Treatise in the year 1871,2%7 the law of electric
force, which was presented in the Treatise from the year 1846, was considered, and in the
context of its connection with the much-simpler law of the electric potential in these Annalen,
Vol. 73, p. 229. However, since even the latter law is still lacking in the simplicity that
one would desire in a fundamental law, that potential law was analyzed more precisely in
the fourth Section of that same Treatise, in which an attempt was made to resolve that law
into components that would possess the simplicity of fundamental laws, namely, the law of
the dependency of the potential of two particles upon the distance between them when they
are in the same state of relative motion, and the law of the dependency of the potential on
the relative motion when they are at a certain distance, but in that way, the determination
of that distance would essentially necessitate a third law, namely, the law of electrostatics,
which already possesses the desired simplicity of a fundamental law.

The fundamental laws of electricity, including electrostatics, that are presented in the
fourth Section [of the 1871 Treatise| are the following three:

First law: When two electric mass-particles € and " at a distance of r from each other are
in a state of relative rest, they will exert a force on each other that is directly proportional to
the product of their masses e’ and inversely proportional to the square of that distance r? in
the direction of r, so it is equal to p? - [’ /r?]. — If one sets pue = +e and pe’ = +¢’, where
the upper or lower sign will be valid according to whether the mass-particle carries positive
or negative electricity, respectively, so the expression for the force ee’/r? will be positive or
negative according to whether force is one of repulsion or attraction.?3®

Second law: When two electric particles e and e’ are found in a state of relative rest or
relative motion of equal magnitude (so they will possess equal relative vires vivae) at the
distances " and r” at different points in time, they will do amounts of work V/ and V" by
their reciprocal action when both particles can be brought from the given distances ' and
r” to infinity, that are in inverse proportion to the given distances, i.e.:

V/ . V// — 7ﬂ/

Third law: The work U that would be done under the action of the forces that the
particles e and ¢’ exert upon each other when the particles are at a certain distance apart

237[Note by AKTA:] See footnote 232.

238Note by AKTA:] Weber is considering two particles with masses € and &', while their electric charges
are given by e and €, respectively. The masses € and &’ are always positive. The charges e and ¢’ can be
positive or negative.
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proportional to e€’ i.e., p = e€’/a,?*® in which they possess a certain vis viva x, that will
define a constant sum when combined with U, namely, a, when they are shifted to an infinite
distance, i.e.:

U+z=a.

In regard to those laws, it should be noted that, first of all, the quantity U that was
introduced into the third of them, which defines the constant sum a with the vis viva x,
just like the other two quantities x and a, is always positive, regardless of whether the two
electric particles e and €’ have the same or unequal types.?*°

That positive value results from the equation that is implied by the second law U =

[r/p]V, (in which?*!
v= () -3 [=])

expresses the potential of the two particles e and €/, and p = ee’/a is a distance that can be
determined from the nature of the electricity and the particles e and '), since the quantities
V and p will be either both positive or both negative according to whether e and ¢’ have the
same or different types, respectively, so the quotient V/p will then remain always positive. It
should be pointed out that when one has any concerns about whether the calculation admits
a negative value of p for the distance between two points, as was remarked in the Note on the
third law,?!? instead of p = ee’/a, which is negative when the electric particles have unequal
types, one can set p = pue - pe’/a, which is always positive, but then at the same time, U
must not be set equal to the work done

() (-] =)

which is negative for particles of unequal type, but must be equated to the absolute value of

L6 PED -6 BIE)

Secondly, it should be noted that when the fundamental law of electrostatics is added to
the electrodynamic one, as was done here, one of the electrodynamic laws, namely, the law
of the dependency of the potential of both particles on the distance between them for the

Z39[Note by WW:] In place of ee’, one can set e - ue’ (namely, the absolute value of ee’), and in that way,
one can ensure that r always has a positive value. However, one would then have to take the absolute value
of the work done U in order for the stated law to be valid.

240[Note by AKTA:] The electric particles e and e’ are of the same type when ee’ > 0, that is, when both
are positive, or when both are negative. They are of unequal types when ee’ < 0, that is, when one of them
is positive and the other is negative.

241Note by AKTA:] The next equation should be understood as:

ee’ 11 [ar]?
V=|— 1—|=||— .
() (-
The same thing should be understood in some of the following equations.

242|Note by AKTA:] See footnote 239.
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same relative motion, can be dropped completely since it is, in fact, essentially included in
the other two laws already and can be derived from them.

That is because the first law, namely, the fundamental law of electrostatics, will imply
the potential V for x = 0 as a function of the three variable quantities e, ¢/, r, and indeed
is proportional to three factors E, E’, and R, each of which includes only one of those
quantities, so the value of V at x = 0 will be determined from the following equation:

V=A-FFR.

From the third law, however, it follows that the potential V' for r = p depends on the
variable quantities e, €/, x, and is proportional to three factors F, E’, X, each of which
contains only one of these quantities, according to which V| for r = p, is determined by the
following equation:

V=B -EF'X .

Here E=¢, ' =¢', R=1/r, X = (1 —x/a), and furthermore the value of the constant
A is equal to the value of X when x = 0, and the value of the constant B is equal to the
value of R when r = p.

One can conclude from this that £, E', R, X, ore, ¢/, 1/r, (1—x/a), are always factors of
V', and that gives only the possibility of yet another factor, namely, the factor (1+ f(r, z)),
in which f(r, ) must be a function of r and z that vanishes for r = p, as well as for x = 0.

Thus, V = EE'RX = (e€//r)(1 — x/a) is, in any event, the simplest way of determining
V' that the first and third laws admit and is implied by those two laws independent of the
second law, which can itself be derived from the determination of V' = (e€’/r)(1 — z/a) that
was just achieved. That is because that determination will imply that for two values of V,
namely, V' and V", which are valid for equal values of x, but different values of r, namely,
r" and r”, one has the following proportion:

V’:V”:6—6/<1—§> :6—6/<1—§> =7y
r al 1" a ’
which is entirely identical to the second law.

However, a complication of the law, as would result from the addition of another factor
(14 f(r, x)), is in no way to be considered permissible without proven necessity.

That implies the result that instead of the three fundamental laws that were cited above,
only two of them will already suffice, namely:

1. the fundamental law of electrostatics, and

2. the principle of energy:;

since one easily sees that the fundamental law, which was previously placed last as the third
one, is the principle of energy itself, whose essence consists of the fact that the relative vis
viva x of two particles e and €’ will indeed be bigger or smaller, but that in addition to that
vis viva of the two particles, an equivalent vis viva will also be present that will experience
a reduction with each increase in the vis viva, and conversely, such that the sum of that vis
viva and the simultaneously-present equivalent one will have a constant value that will be
denoted by a. At the same time, one sees that the quantity that was denoted by U in the
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statement of the fundamental law above is the equivalent vis viva that is present in addition
to the vis viva x of the particle-pair.

C. Neumann arrived at a similar result to the one that was found here in his “Principles
of Electrodynamics”, Tiibingen, 1868,2*3 in such a way that quite the same thing that was
achieved here by means of the principle of energy, in conjunction with the fundamental law
of electrostatics, was achieved by the law of propagation of the potential that he posed, in
conjunction with the fundamental law of electrostatics. In so doing, a connection between
that principle of energy and the law of propagation of the potential was derived that would
seem to lead to an explanation for the one in terms of the other. For that law of propagation
of the potential, one can see also the Mathematischen Annalen, Vol. 1, p. 317 and the
Abhandlungen der Konig. Sdachs. Gesellschaft der Wissenschaften, XVIII, p. 103 and the
following pages.?

11.2 Remarks on the Essay in the Jubilee Volume of
These Annalen, page 199

After distinguishing the properties of individual particles from the properties of particle-
pairs, the theorem was expressed in the cited essay?**:246 that a system of three or more
particles would possess no properties that were not included already in the properties of
individual particles and pairs, and it was accordingly proposed that it would be a peculiarity
of a true fundamental law that nothing should come under consideration in it beyond the
nature and mutual relationships of the particles that form a pair, and the work that is done by
their interaction under any change of distance under those relationships. For a fundamental
law that is represented in that way, only the time t, the relative distance r between the two
particles, their relative velocity dr/dt, and functions of those quantities should then come
under consideration as variable quantities.

Having assumed that, one must infer the demand that must be imposed upon the principle
of energy as a fundamental law, that it must be valid for a particle-pair under all relationships
that they might be found in, regardless of whether they alone are present or arbitrarily-many
particles besides them, and that in the latter case, neither the nature nor the relationships
between the other particles can come under consideration in the expression of the principle.

Therefore, the principle of energy, as a fundamental law, can deal with only the particle-
pairs themselves and the energies that are associated with them exclusively. One such energy
is the relative vis viva of the particle-pair which is called its energy of motion.?*” However,
since that energy of motion of a particle-pair changes, the principle of energy will necessarily
assume the existence of another energy for the particle-pair in order for an unvarying total
energy to be possible. That other energy must likewise change, and in such a way that a
reduction in it will always be linked with an increase in the energy of motion, and conversely.
The essence of the second energy therefore consists in the fact that new vis viva is created or
existing vis viva 1s annihilated as a result of every reduction or increase of the second energy.

243|Note by AKTA:] [Neu68a] with English translation in [Neu21b]. See also [Neu68b] and [Neu69] with
English translation in [Neu2la]. See also [Ass21c].

244 [Note by AKTA:] [Neu69] with English translation in [Neu2la], and [Neu74, p. 103 and the following
pages].

245|Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. IV, p. 300.

246[Note by AKTA:] [Web74].

247Note by AKTA:] In German: Bewegungsenergie. See footnote 211 on page 130.
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However, new vis viva will be created or existing vis viva will be annihilated by work, for
example, by the work that is done by the interaction of the two particles themselves under
any change in the distance between them. Nonetheless, the actual existence of such work
assumes the capacity to do work®*® that is based in the interaction of the particles. That
would imply the capacity to create or annihilate vis viva, and that capacity to do work that
is to be measured according to the amount of vis viva that can be created or annihilated is
the second energy of the particle-pair, which will be larger or smaller according to whether
the first energy, namely, the vis viva of the particle-pair, is smaller or larger, respectively,
such that the sum of both energies, namely, the vis viva and the capacity to do work of the
particle-pair will remain unchanged.

We then infer the following detailed conditions for the definition of the capacity to do
work as a form of energy from that: First of all, the capacity to do work of two particles e
and €' is a property that they always possess for a given energy of motion (that is, for a given
relative vis viva of the particles).

Secondly, the magnitude of that property will be determined by the work that would be
done as a consequence of the interaction of both particles under a certain change in distance
between them that must be determined more precisely. However, that change in distance
between them that must be determined more precisely is not one that actually takes place
or even can take place (which would have to start with the existing distance r), but only
a virtual change in distance that begins with a distance p at which the particles must be
thought of being shifted to, and which is determined completely independently of the existing
distance r. That is because the work that would be done by a change in distance that begins
with the existing distance r could not serve to determine the magnitude of the capacity to
do work since it would depend upon r, and therefore would also assume different values
with r for an unchanged relative vis viva of the particles, whereas for a fictitious shift of the
particles to an always-equal distance p that can be determined independently of the existing
distance r, a change in distance can be thought of as taking place between fixed limits p and
P’ at which, as a consequence of the interaction of both particles, an always-equal amount of
work would be done whose absolute value can serve as a measure of a property that belongs
to the particle-pair (since positive or negative means the same thing for the capacity to do
work). It is then self-explanatory that the relative vis viva of the particles must be thought
of as remaining unchanged under that fictitious shift of the particles from the distance r to
the distance p.

If R denotes the force of repulsion that results from the interaction of the two particles e
and €', and p' — p denotes the imagined change in distance between the particles that results
from the fictitious shift, then the capacity to do work U of those particles will be represented
by the formula:

o=p’
U=+ / Rdo ,
o=p

in which the upper or low sign applies according to whether the two particles have the same
or different types, respectively.

In that formula, R is a function of o, but not always the same one, which would be the
case only if do/dt = 0, so from the law of electrostatics R = ee’/o?, it would always be
the same function of 0. When do/dt is non-zero, R will be a function of ¢ and do/dt, and

248Note by AKTA:] In German: Arbeitsvermdgen. This expression can also be translated as ability do to
work, working capacity, work capacity, energy capability or energy capacity.
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do/dt will not always be the same function of o, which is explained by the facts that, first
of all, the initial values of o and do/dt can be given arbitrarily, so very different values of
do/dt can be given for the same value of o; and secondly, for equal changes in distance,
the relative velocity do/dt can experience very different changes according to the variety of
external forces that act upon the particles.

Now, if R is a function of ¢ and do/dt, then the indefinite integral [ Rdo will also be

such a function. However, the definite integral f;:pp, Rdo will depend upon merely the initial
and final values of o, namely, p and p’, and the differential quotients that belong to those
values. ,

Now, should the definite integral f;:pp Rdo express the capacity for two particles to do
work when they possess the relative velocity r', then it was remarked already that the relative
velocity r’ existing at the distance r» must be thought of as remaining unchanged under the
fictitious shift of the particles to the distance p, such that do/dt = 0 is given for o = p,
which will determine the dependency of the capacity to do work U on 7.

However, an equal dependency of the capacity to do work U on the value of do/dt that
belongs to the final value o = p’ would also exist, except for the case in which p’ = oo,
in which case such a dependency would not need to exist. It would follow from this that
one must set p/ = oo since the formula for U, as the definition of the capacity to work by
two particles that possess a relative velocity r', can depend upon no other relative velocity
besides 7/, namely, the one that the particles actually possess at the moment at which their
capacity to do work is considered.

When one sets p/ = oo, the capacity to do work U of the particles e and ¢’ will then be
expressed by the formula:

U:i/_ Rdo .

=p
in which R is a function of ¢ and do/dt, and do/dt is a function of o that possesses the
value ' for o = p, i.e., the relative velocity of the particles whose capacity to do work is to
be determined.

Finally, as far as the quantity p is concerned, it will be determined in such a way that
only a finite distance between two electrical particles can be given that can be determined
by merely the nature of the electricity in general and of the two particles in particular,
but quite independently of the existing distance r, namely, from the unvarying total energy
a that belongs to the particle pair, and from the forces of repulsion p?e? and p2c” that
are exerted by each of the two mass-particles € and &’ on an equal particle at a separation
distance of one unit according to the fundamental law of electrostatics,?* so according to
the formula p = p? - [e€’/a]. If one sets ue = +e and pe’ = +¢’, where the upper or lower
sign is true according to whether the mass-particle belongs to positive or negative electricity,
respectively, then p, which is always positive, can be set equal to +ee’/a, in which the upper
or lower sign will be true according to whether both particles have the same or different
types, respectively.

Remark. Should U itself be expressed in the formula in such a way that R is a function

249Note by AKTA:] See footnote 222 on page 136.
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of o and do/dt, and do/dt is a function of o that possesses the value 7’ for o = p, i.e., the
given relative velocity of the particle whose capacity to do work is to be determined, then,
first of all, R could be set equal to R(o, do/dt), secondly, in order for one to refer to R as a
function of o, do/dt would be set equal to f(o), and thirdly and finally, in order for one to
distinguish the function f(o) that should, in fact, assume the given value v’ for o = p here,
from any other function f(o) that can assume the given value r’ for other values of o, the
value of ¢ for which the function f assumes the given value can be added to the function
symbol f, in particular, so f,(c) will be written in place of f(o) here. One can then express
the capacity to do work as:

U— i/mo Rlo, f,(o))do ,

=p
and the given relative velocity:

= fp(p) .

However, when the two particles are thought of as being shifted to a separation distance
o = p for the purpose of determining their capacity to do work U from that distance o = r
at which they are actually found, while preserving the relative velocity ' that they actually
possess, as a consequence of their interaction, an amount of work would also be done under
the actual shift from the existing distance o = r to 0 = oo, that will be called the potential of
the particles and which one cares to denote by V. With the notation that was given for U,
one will get the expression for that potential:

V= [ R g

and the given relative velocity:

From the given definition of the capacity to do work by two particles e and €', as the
energy of work,?®® which will determine the energies of the two particles e and €’ completely,
in conjunction with the relative vis viva as an energy of motion, and from the principle of
energy that was expressed as the law of the unvarying sum of both energies, one can now
pose the problem:

Determine the force R with which two arbitrarily-moving electric particles e and ¢
act upon each other reciprocally from the principle of energy in conjunction with
the fundamental law of electrostatics.

For since the fundamental law of electrostatics determines the force with which two elec-
trical particles e and €' act on each other when their relative vis viva is zero, and since
the principle of energy further determines what changes in the interaction of two electrical
particles e and €', when their relative kinetic energy is not zero, but = z (namely that the

250[Note by AKTA:] In German: Arbeitsenergie.
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increase in the energy of motion of the two particles by the amount x is connected with a
decrease in the energy of work by the same amount z), it would seem to follow that from
the principle of energy, in connection with the fundamental law of electrostatics, it must be
possible to deduce the general law of the force with which two electric particles e and €’
mutually act upon each other, a law which encompasses electrostatics and electrodynamics
at the same time.

The principle of energy will then give the following formulas, namely, first of all, the
formula for the energy of motion (or relative wis wviva) of two particles that possess the

masses £ and &:2%1

- 1 ee  do?
C 2e+¢e ar?’
from which it will follow that when the relative velocity at the existing separation distance

o = r is denoted by " and the relative vis viva by x, one will have:

1 e,
x:§5+5"r ; (1)

secondly, the formula for the energy of work, namely:

U= i—/azOO Rlo, f,(0)ldo (2)

=p
in which f,(0) = do/dt denotes a function of o that possesses the given value 7’ for o = p,
and thirdly, the law of constant total energy, which is expressed by the following formula:

r+U=a. (3)

One must add a fourth formula to those three formulas that are given by the principle of
energy, namely, the formula for the fundamental law of electrostatics, which is the law for
the force of repulsion R by which two particles e and €’ in a state of relative rest act upon
each other at a separation distance of o:

ee
For ¢ = 0, when one also has z = 0, the expression for the electrodynamic force

Rlo, f,(0)] will go to the expression for the electrostatic force R = ee’/o?, and one will
find from Equation (2) and Equation (3), for x = 0,

/

0=00 /
U::t/ Cdo =+ =a.
o=p a P

Moreover, if one denotes the value of 7’ in Equation (1) for x = a = +ee’/p by ¢, which
will give

:te_elzl 878/ .027
p 2|(e+¢)

251[Note by AKTA:] The following formula should be understood as:
el (do\T
C2e+e \dt)
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and substituting the resulting value of

1 ee” | _ e
2 [(e+¢€) pc?
in Equation (1), then one will find that:

p
If one now substitutes that value of x and the previously-found value of a = £ee’/p into
Equation (3) and appeals to Equation (2), then one will get:

66, 7"/2 o=00
U:j:7 (1—§) :j:/cr:p Rlo, f,(0)]do .
Now, one has identically:
ee’ 1 do? ee 1 do* 20d%
—d-—(l-=—)=—=|1l-=—+—=—|d
o < C2dt2) 02< c2dt2+02dt2) 7

from which the indefinite integral will follow:

ee’ 1 do? ee’ 1 do? 20d%c
R P e ST
o c2 dt? o? 2 dt?  c? dt?
Now, when one substitutes do/dt = f,(0) in that, which denotes a function of o that
possesses the given value ' when o = p, then that will give:

(1= ko) = [ 55 (1= 2ol + D ao,

o2

and if one considers that integral between the limits ¢ = p and ¢ = 0o, one will get:

- amer) = [T (1 2+ 55 g,

P — o2 dt

and as a result, since f,(p) = ', and one has

H (1 - _) -/ OO Rlo, f,(o)]do .

The simplest assumption for satisfying that formula consists of setting:

then

Rlo, f,(0)] = Z_i (1 _ 0_12 (o)) + 20_<27d : gf@) .

In the expression for the capacity to do work U, [the expression] f,(c) was set equal to
do /dt in order to designate a function of o that possessed the given value r’ for o = p.
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Now, in the expression for the potential V', [the expression] f,(¢) would likewise have to
be set equal to do/dt in order to designate a function of o that possessed the given value 7’/
for ¢ = r, one would then get in a similar way:

Rlo. f,(0)] =

o2

(1 S+ 5 LHD)

However, in the latter case, where o = r and do/dt = r' are the separation distance and
velocity that is actually present, one does not care to use the function symbol f,.(o) at all but
leaves do /dt unchanged in the formula. One can also drop the special notation for the force
of repulsion between both particles as a function of ¢ and do/dt that involves adding those
variables under the function symbol R, namely, R(o, do/dt), and merely set it equal to R.
Now, having done that, one can represent the common law for the force R with which two
arbitrarily-moving electric particles e and €’ act upon each other by the following formula:

R ee 1 1 do? N 20 d*c
- g2 c? dt? c? dt?

Finally, the principle of energy that was exhibited here shall be applied to the law that
C. Neumann exhibited in his “Principles of Electrodynamics,” Tiibingen, 1868, p. 37,22 and
in the Berichten der Konigl. Sdchs. Gesellschaften der Wissenschaften, 1871, Section 20, p.
399,253 since proving its agreement with the principle above is not without its own special
interest.

Neumann expressed that law in the latter reference in the form:

If a system of arbitrarily-many particles M + ;. moves under the action of given
external forces, then the following formula will be true for each time element dt:

dT+U+U~-V)=4dS,

i.e., for every time interval, the increase in the energy of the system will be equal in
magnitude to the work that is consumed by the system during that time interval. In
that way, one understands the energy of the system to mean that expression 7'+ U" +
U — V, which depends upon only its instantaneous state (i.e., the coordinates and
velocities), and in which T" denotes the vis viva, U® denotes the ordinary potential of
the system, U denotes the electrostatic potential, and V' denotes the electrodynamic
one.

The capacity to do work, or the energy of work U, of two electric particles e and ¢’ (which
possess any well-defined relative vis viva x at any well-defined distance r from each other)

was found to be:
7= ee 1 s 20d- f,(0)
U:lqzﬁO—EMW”+§—é—'“’

252|Note by AKTA:] See footnote 243.
253|Note by AKTA:] [Neu71, p. 399].
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in which f,(c) = do/dt denotes a function of o whose value for o = p is given by the existing
vis viva x, namely, by the equation:

LS o) =2 or folp) = ey £E2

The value of U above can now be represented as a sum of two terms, namely:

o=Tr / d_
o= [ (1= 2+ B ) ao

—, 0?
7= ee! 1 20d- f,(o
+ /U:T = (1 - [fo(0)]? + g%) do .

Since nothing more is generally determined here about the function f,(o) than merely
its value for 0 = p, which results from the equation [+ee’/pc?][f,(p)]?, namely f,(p) =
c\/ E£pz/ee’, very different functions of o can generally be set for f,(o).

The function f,(o) will actually be defined precisely only when one is dealing with an
actual displacement of the particles e and €’ for which all relationships upon which the func-
tion f,(o) depends are actually given. However, one cannot speak of an actual displacement
of the particles from p to oo when they are not even found at a distance p apart, but at a
distance r. Nonetheless, for the purpose of defining U, it suffices to only imagine displacing
the particles from p to oo, once one has imagined previously displacing them from r to p,
and indeed in such a way that the relative vis viva of the particles at the distance p would
again be the same as it was when the distance was r, namely, @ = [+ee’/pc?][f,(p)]?, and in
that way, the value of the function f,(c) will be determined for o = p.

If one would now like to imagine, moreover, that the further displacement of the particles,
namely, initially from p back to r, takes places only under the reciprocal action of the
particles, but without the action of external forces; then since f,(o) is given for o = p,
namely, f,(p) = c\/Epz/ee’, the value of f,(o) for a value of ¢ that is different from p (e.g.,
for o = r) will be found to be equal to c/+py/ee’, in which y is determined by the following

equation:
[T ed 1 s  20d- f,(0)
y—x—/g ;(1—§[fp(0)]+c—27 do

=p
that is, the change in the relative vis viva during the change in distance from p to r is equal
to the work done by the forces of interaction along the path that was taken.

However, when not only the forces that result from the interaction act upon the particles
during their change in distance, but also other external forces P, and they likewise seek to get
further apart from each other (or closer together), y would be determined by the following

equation:
7T el 1 20d- f,(o
y—x:/ (1—§[fp(0)]2+§w)da+5,

_, o2 dt

when S = f;:pr Pdo denotes the work done by the external forces.
Among all of the conceivable cases in this way, one also finds the case in which one has:

7= ee! 1 20d
/U ee (1—§[fp(0)]2+c—g fp(a))da—l—S:O,

_, o2 dt

150



for the value at ¢ = r, which is equal to the actual distance between the particles that
possess the relative vis viva for which one desires to know U, so one has y = x. That means
that the vis viva of the two particles at the end of the change in distance can be equal to
the one at the beginning only when the work done by the forces of interaction during the
change in distance is canceled by the work done by the external forces.

However, if the relative vis viva of the two particles at the distance o = r, which is
denoted by y, will be the same at the end of the change of distance that is given in the

integral:
el (1 20df(o)

2
oy O

as it was at the beginning (namely, it is equal to x), then that will explain the fact that the
same value of the vis viva x will also be valid for the distance o = r at the beginning of the
further change in distance from r to oo that is given in the integral:

77 ee! 1 o 20df,(0)
| ﬁ(l‘c?[ff)("” e )d"

However, that explains the fact that the difference between the functions f,(c) and f,.(o)

vanishes, and:
7= ee! 1 s 20df,(0)
[ (- a kot + 5957 ) do

2
- O

denotes the same work as:

7= ee! 1 20 df,
[ 5 (gl 500w

3
., O

namely, the work that would be done as a consequence of the interaction of the particles
that possess the given vis viva x under a change in distance from r to co. One will then

have:
7= ee 1 o 20df,(0)
[ (- s ko + 5957 ) do

_, 0?2
B /U:T %(1_§[fr(0)]2+c—gfd(ta))dan.

Thus, one can now set the first part of U, namely:
/U:Te_e’ 1—i[f (a)]2+2—“df”—w) do = —S
o—p O 2 2 dt B ’
and the second part of U, namely:
77 ee! 1 o 20df,(0)
[ (- a5 Yar v

which will give:

U=v-5,



and if one substitutes that value in the equation:

U+zx=a,

then one will get the following equation:

V4+axr—-—S=a.

When those particles are found at a distance of r; and possess the relative vis viva 1,
that will imply the following equation in the same way:

Vit -5S1=a,

from which one will get the following differential equation for small values of r — r; and
T — X1

dV +de —dS =0,

which is the same equation that Neumann exhibited in the place cited, except that Neumann
had denoted the wis viva by T and the potential by U — V, since it is composed of an
electrostatic and an electrodynamic part, and finally, for the case in which the electric
particles are endowed with ponderable masses, he added the potential U° that results from
the interaction of those ponderable masses, so he expressed the same law in the following
equation:

dT+U+U—-V)=dS .

11.3 On the Objections that were Raised Against the
Fundamental Law of Electric Action

When the fundamental law of electric action, which says that the interaction between two
electric particles e and €’ (expressed in electrostatic units) will result in the force of repulsion:

-2 Bl ] Bl )

is considered in regard to its connection with the principle of energy that was developed here,
that will explain the fact that in all applications of that law that should be made in order to
determine the later relationships between the particles from their initial relationships, those
initial relationships cannot be assumed to be completely arbitrary. They cannot be assumed
to be such that they would already contain contradictions to the principle at their basis,
which would be the case, for example, when two electric particles are ascribed an initial
relative vis viva that would already be greater in its own right than the total energy of the
particles according to the principle of the unchanging total energy.

By the assumption of such nitial relationships that contradict the principle that was
posed, one can generally arrive at consequences whose admissibility one can rightfully object
to, and which might seem to contradict the law, but that is not truly the case. One might
return to some of the objections that Helmholtz raised against the law above.?* For example,

254[Note by AKTA:] [Hel73].
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Helmholtz arrived at the consequence of the law above that two particles with a relative
velocity that is initially finite, but greater than ¢ (which would imply that the relative wis
viva of the particles would be greater than the entire sum of energy, which is unchangeable
in principle), would attain an infinite vis viva during a finite change in distance, and would
therefore do an infinitely-large amount of work. One could also infer the possibility of a
perpetuum mobile from that.25

Now, those consequences will generally go away by themselves, when each energy in the
principle that was posed is coupled with an essentially-positive quantity, and when they
are all taken together, they will define a finite and unchanging sum. However, even when
one accepts a value for energy that is negative and increases to infinity, those consequences
would not necessarily lead one to reject the law above, since the basis for declaring those
consequences to be inadmissible would no longer exist, in fact. That would then explain the
fact that when one energy is negative and becomes negatively infinite, another energy must
likewise be present that would be positive and become positively infinite. Now, if that energy
that increases to infinity were the energy of motion, then there would be an inexhaustible
source of vis viva, so one would be able to product all of the effects that Helmholtz declared
to be inadmissible.

The objections against the fundamental law of electric action that were just considered,
which are based upon the fact that the principle of energy that was posed is not recognized
and that the initial relationships between the electric particles that would contradict it must
be assumed, can be combined with yet another objection that is based upon the fact that
Helmholtz believed that he had proved that the distance p that he referred to as critical was
not always a molecular distance. However, he had proved that only by assigning a meaning
to the distance p that was completely different from the one that it was given for the purpose
of defining the energy of work U for two particles e and ¢’. Namely, p = ee’/a depended
upon merely on the nature of electricity and on the two particles e and ¢/, namely, on the
three quantities a, e? and €’?, which denoted the constant total energy of the particle-pair
and the electrostatic forces of repulsion that the two particles will each exert upon a particle
that is equal to it, at a unit distance.?®®

Helmholtz said (in the place cited, p. 43):%7

The value of the distance p is p = 2ee’/c*pu.
Therefore, Helmholtz was setting u equal to 2a/c?. Helmholtz then continued with:

If the electric particle is endowed with only its proper mass, then e/ will have any
well-defined value . If v also included ponderable mass then one will have e/ < S.

That explains why, according to Helmholtz, p is also a quantity that depends upon the
ponderable mass that the electric particle e is endowed with, so it has an entirely different
meaning from the one that it had in the law that I proposed. Helmholtz continued further:

However, when b = 2¢/c?yu is also an exceptionally small quantity, p cannot depend
upon b alone, but one will have p = be, and €’ can still have any arbitrary magnitude,
and as a result, p as well. It should probably be noted in that regard that if we would

255[Note by AKTA:] That is, the possibility of a perpetual motion.
256[Note by AKTA:] See footnote 222 on page 136.
257[Note by AKTA:] [Hel73, p. 43].
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like to envision ¢’ in the form of a spherical mass of a certain density that is an
insulator that is carrying an electric fluid either through it or on it, when ¢’ increases,
the diameter of that ball will increase by either Ve or e according to whether
¢’ is distributed throughout the interior or across the surface, respectively, but p
will increase like ¢ itself, and that by appropriately increasing ¢’ we can give the
magnitude p any finite size and its end point any distance from the surface of the

electrical mass €.

The description given here by Helmholtz of the electric particle ¢’ clearly shows how
different it is, according to Helmholtz’s conception, from every atom that actually exists in
nature, given its size and mass. One easily sees that when one would like to imagine atoms
with planetary masses, instead of the atomic bodies with immeasurably-small masses that
actually exist in nature, as one is free to do, obviously, the molecular and atomic distances
in that imaginary world would not be as immeasurably-small as they are in the real world.
That such giant atoms would be producible in accordance with the fiction of solid compounds
of ponderable atoms among themselves and with electric ones is self-evident. However, that
could probably not be said about the fundamental law of electric action, which has no
connection whatsoever to such fictions.

If the objections that Helmholtz cherished in relation to the possibility of a perpetuum
mobile, as well as in regard to measurable magnitudes for the critical distance p, seem to
originate mainly in differences in his fundamental concepts and pictures, then things will
behave differently when one makes the following objection. One objection that Helmholtz
raised consisted essentially of the fact that, as Helmholtz believed he had proved, it would
follow from the fundamental law that I had proposed that

in certain cases, a force that acts forwards on the (driven) point p will accelerate it
backwards, and conversely.?58

However, the proof rests essentially on the fact that in Borchardt’s Journal, Vol. 75, p.
47,259 as well as in Monatsberichte der Akademie der Wissenschaften zu Berlin, 1872, April
18, p. 253,250 Helmholtz spoke of a vis viva equal to?%!

1 1] [ee 9\ o
2 (“ H H Cosﬁ)q ’

in which ¢ is the velocity with which the mass 4 moves, but the quantity —[1/c?][e€’ /r] cos ¥?
is not at all an actually-existing mass, much less a mass that moves with the velocity ¢. I
have not been able to guess what Mr. Helmholtz has meant by saying of the magnitude

258Note by AKTA:] [Hel73, p. 51].

259Note by AKTA:] [Hel73, p. 47]. The Journal fiir die reine und angewandte Mathematik (Journal for
Pure and Applied Mathematics) was founded by the German mathematician August Leopold Crelle (1780-
1855) in 1826 and edited by him until his death. It was edited by the German mathematician Carl Wilhelm
Borchardt (1817-1880) from 1856 to 1880, during which time it was known as Borchardt’s Journal.

260[Note by AKTA:] [Hel72a, p. 253] with English translation in [Hel72b], see also [Hel82].

261/Note by AKTA:] The next equation should be understood as:

- (8] [ meo)-
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not that it s the mass moving with the velocity ¢, but that it represents the mass (Borchardt’s
Journal, Vol. 75, p. 48), or that it stood in for that mass (Monatsbericht, 1872, April 18,
p. 253), and therefore I do not understand how Helmholtz, with the aid of this comparison,
has managed to find that

a consequence of Weber's law is that in certain cases, a force that points forward will
accelerate the point i backwards, and conversely.

It is just as hard for me to grasp how that quantity, which only replaces or stands in
for a mass, can collide with another mass that actually exists and how its motion after
the collision can be determined from the laws that would be valid if one were dealing with
actually-existing masses that move with velocity q.

In Borchardt’s Journal, as well as in the Monatsberichte der Berliner Akademie, Helmholtz
had referred to the equation for vis viva that he developed from my fundamental law, and
in the case of just one mass-point p with the electric quantum e moving in a space that is
bounded by a spherical surface with radius R that is uniformly endowed with electricity, it
will reduce to the following equation, in which ¢ denotes the quantum of electricity per unit
area of the spherical surface, namely:

1 47 9
V' denotes the potential of the non-electric forces, and dV'/ds denotes the driving force that

Helmholtz referred to. Differentiating that equation will give:

47 dg dV
< —@R€€)QE—E—O,

so when dV/ds is positive, i.e., with Helmholtz’s assumption, with a forward driving force,
and when at the same time (u — [47/¢| - Ree) is negative, ¢ will decrease, that is, p will be
accelerated backwards.

However, in that way, Helmholtz was considering only one part of the driving force,
namely, the one that was implied by the potential of the non-electric forces. Nonetheless,
Helmholtz had not considered the other part of the driving force at all, which is implied
by the electric potential ([47/6¢*|Ree - ¢*) and which Helmholtz combined with the vis viva
% uq?, merely because it had the common factor of ¢2, since he said: “q will decrease under a
forward driving force, or p will be accelerated backwards, when (u— [47/3c?| Ree) is negative.”
That should really read: p will be accelerated backwards by a forward-pointing non-electric
force when (p — [4m/3c?| Ree) is negative. However, if the total driving force is included in
the calculation, instead of merely one part of the driving force, then one will get:

dq 4 dg ~dV'\
L (@REQ'qE+E) =0,
upon differentiating the equation above, in which ([47/3c?| Ree-q[dq/ds]+dV/ds) is the total

driving force, and it will follow from this that:
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ds (4w dq dV

that is, when one recalls that ds/uq is always positive, for a forward-pointing total force
(electric and non-electric combined), p will always accelerate forwards, and conversely, in
which it is totally irrelevant whether (u — [47/3c¢?] Ree) has positive or negative value.

Once one has gotten around the apparent inconsistencies in the consequences of my
fundamental law that Helmholtz inferred in that way, all that still remains will be a surprising
result, namely that according to that law, a non-electric force that retards the motion of a
particle p and can be represented by a negative value of dV/ds, indirectly results in an
electric force equal to [47/3c?|Ree - q[dg/ds], which accelerates the particle p in its motion,
and indeed it will accelerate that particle more than it is retarded by the former force.

However, the immediate basis for that electric force ([47/3c*|Ree - q[dq/ds]) does not lie
in the force dV/ds, but, according to the fundamental law, it will lie in the existing relative
acceleration, which is represented by ¢[dq/ds] here and from which that force will be obtained
in the specified manner by multiplying by [47/3c?|Ree. However, according to the general
laws of motion, that acceleration ¢[dg/ds] will itself result, not from one force, but from
all existing forces, so not merely the non-electric force dV/ds, but also the electric force
([47/3c*| Ree - q[dq/ds]) itself, namely, upon dividing the sum of both forces by p, that will
give:

ds ds
Now, in general, the values of the acceleration qdq/ds] and the electric force ([47/3c?| Ree-

q[dq/ds]) will then be represented as also depending indirectly upon just the given non-
electric force dV/ds, namely:

dq <dV 47TR dq) .
ds

dq 1 ﬂ
Tas - w—ZRee ds’

—2R€ dq 7%4R86 : ﬂ .
3¢ ds — ﬁRee ds

Therefore, when the given value of dV/ds is negative, for a very small negative value of
(n — [47/3c?| Ree), the given backwards-driving, non-electric force that acts upon a mass p
that moves with a velocity of ¢ will imply a much larger forward-driving electric force that
acts upon that same mass.

That explains why the denominator (u — [47/3c¢*]Ree) can be zero or negative for only a
positive value of e, i.e., only when the electricity that the spherical surface is endowed with
has the same type as the electricity that the moving ponderable mass is endowed with. That
will then imply that when p > [47/3c*|Ree, the electric force ([4m/3c? Ree - q[dq/ds]) will
have the same direction as the non-electric force dV/ds, and its magnitude, which is equal to
the other force when [47/3¢*|Ree = S p, will increase with increasing values of [47/3¢?] Ree,
until it becomes infinite when [47/3c?|Ree = p and then changes sign.

Such a jump in the magnitude and direction of the electric force, namely, from +oo to
—00, can be truly undesirable when it actually follows from the law as a loss of continuity.
However, such a jump will not actually occur at all, according to the law, since in fact the
mass 4 with its charge e cannot remain inside of the spherical space for so long as a result of

156



the ever-increasing acceleration given to it until [47/3c*|Ree = p, but before that, it must
be driven up to the spherical surface that is composed of a fized insulator, whose resistance
will once more bring it to rest.

As one sees from this, those consequences include no inconsistencies whatsoever, and can
even prove to be unexpected only under circumstances that are so highly exceptional that one
cannot even think of them presenting themselves in reality. That is because if one imagines
that electric charges that can actually exist in reality might amount to, say, 10 electrostatic
units of charge per milligram of ponderable carrier, so ¢/ = 10, and one further imagines
that the same charge is distributed over each square millimeter of the surface, so ¢ = 10,
then the fact that [47/3c¢*|Ree > p will impose the demand that one must have a spherical
insulator whose radius would be R > 3¢?/400m > 46 - 10! millimeters, i.e., it would have to
be 3 million times greater than the distance from the Earth to the Sun.

Furthermore, other even-more remarkable, but still not inconsistent, consequences of the
fundamental law of electric action were already pointed out in the First Treatise on Electro-
dynamic Measurements in the year 1846,%52:263 in particular, the fact that the interaction of
two bodies will depend indirectly on the presence of a third body, which will result in forces
that Berzelius had referred to by the name of catalytic.?6*

If, however, these deductions find no analogies in the deductions drawn from other laws,
the question may well be raised whether this lack of analogy is a disadvantage or an ad-
vantage, since all deductions from the law of gravitation and from all other laws established
by analogy with it obviously cannot lead to the explanation of many phenomena, especially
those which are more closely related to the molecular constitution of bodies; laws of another
kind therefore seem necessary for this purpose.

11.4 Identity of the Moving Parts that are Contained
in All Bodies, Whose Motion is Heat, Magnetism
or Galvanism

One subdivides all ponderable bodies into solid, liquid, and gaseous ones and distinguishes
between the statics and dynamics of those bodies according to whether one considers them
to be in a state of rest or motion, respectively. However, when one speaks of the rest state
in the statics of a body, one does not at all mean a state of rest for all of the parts that are
enclosed within the boundary of that body, but only the ponderable bodies that are enclosed
within that boundary. Without that restriction, one could never speak of the rest state of
a body since any body will include not only its ponderable parts, but also other parts that
will never be at rest.

That is because, first of all, the more precise study of all electrical phenomena that are
observed in ponderable bodies has led to the fact that moving parts are present in the interior
of all of those bodies (even so-called solid ones and ones that are found to be at rest), namely,
electric ones, and that the motions of these parts in the interior of that body is the basis for
all of the galvanic and electrodynamic phenomena and effects that exist in that body.

262[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. 111, p. 212.

263[Note by AKTA:] [Web46, p. 212 of Weber’s Werke] with a partial French translation in [Web87] and a
complete English translation in [Web21d, Section 5.32, p. 202].

264[Note by AKTA:] Jons Jacob Berzelius (1779-1848). See [Ber36c|, [Ber36a] and [Ber36h.
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Secondly, the closer study of all magnetic phenomena that are observed in ponderable
bodies such as paramagnetism, as well as diamagnetism, likewise led to the fact that moving
parts were present in the interior of all of those bodies that one had sought for a long time to
distinguish from the electric fluids by calling them magnetic fluids. It was asserted that those
magnetic fluids could be distributed in the interiors of those bodies in various ways according
to the variety of the situations, but that they could come to rest and equilibrium under
steady-state conditions. The basis for magnetic phenomena lies in the distribution of that
magnetic fluid without requiring the continuing motion of it. However, further investigation
implied that such magnetic fluids at rest could not be the basis for all magnetic phenom-
ena (e.g., paramagnetism and diamagnetism), no matter how they might be distributed.
Nonetheless, all of those phenomena can be explained by the presence of continuously mov-
ing parts in the interiors of ponderable bodies, and indeed the same parts whose motion were
the basis for all galvanic and electrodynamic phenomena and effects, namely, the electrical
ones.

Thirdly and finally, it must be added that the study of the temperature that is associated
with any ponderable body has also led to the facts that moving parts are present in the
interior of all of those bodies and that the basis for all of the temperature-related phenomena
(i.e., heat) that are observed in those bodies consists of the motion of those parts.

Now, if the moving parts that are included in all ponderable bodies whose motions are
the basis for all galvanic effects include no other parts beyond ones whose motions are the
basis for all magnetic effects (e.g., paramagnetic and diamagnetic), then that would strongly
suggest that the parts that are included in all ponderable bodies whose motion represents
heat would also be identical to the parts that are included in all ponderable bodies whose
motion represents magnetism, and as a result, they are also identical to the parts that are
included in all ponderable bodies whose motion represents galvanism. For even if one must
generally admit the existence of moving parts in the interior of bodies, while the ponderable
parts remain at rest, one will have much more hesitation in assuming the existence of several
kinds of such parts, namely in every smallest part of the body, which would have little
prospect of being separated from each other and each of which would have to be investigated
more closely. — This presumed identity is now confirmed by facts which will be considered
in more detail below.

11.5 Identity of the Vis Viva that is Created in a Cur-
rent by the Electromotive Force and the Heat
that is Created by the Current in a Conductor

The creation of heat by the galvanic current in a current conductor has been the subject
of many investigations that established the law that the mechanical equivalent of the heat
created during the time element dt is equal to the product of dt with the square of the
current intensity ¢ and the resistance w of the conductor through which the current flows,?6
both of which are measured in absolute magnetic units.?2® However, it should be noted

265[Note by AKTA:] Calling dq the amount of heat produced in the time interval dt we then have dq = wi?dt.
This result is due to James Prescott Joule (1818-1889), [Jou41b], and [Joudla] with French translation in
[Joud2]. A detailed analysis of Joule’s paper can be found in [MS20] and [Mar22].

266[Note by AKTA:] The German expression absoluten magnetischen Maassen is being translated here as
absolute magnetic units.
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that most of the measurements that have been performed in that regard were not actually
reduced to absolute units at all and that this reduction, when it was even attempted, still
did not attain the desired precision and certainty, since resistance scales with a precisely-
guaranteed reduction to absolute units have been lacking up to now. That is because the only
scales of resistance that are useful for such purposes up to now are the ones that were first
implemented recently by Siemens,?” and the only precisely-guaranteed reduction of those
scales to absolute resistance units was first given by Kohlrausch (Supplementary Volume VI,
1873, p. 1).%68

According to this, strictly speaking, only the law of proportionality of heat production
with the product i?wdt would have to be regarded as proven, and in order to be able to set
equality for it, even finer absolute measurements would be required than could have been
carried out so far. Meanwhile, we would like to assume that equality for the time being, as
other physicists have done, even though it has still not been proven with sufficient precision,
but only approximately.

However, according to the magnetic units used in the formulation of this law, the resis-
tance of the conductor is now known as w = e/i, where e denotes the electromotive force and
i denotes the intensity of the current produced by this [electromotive] force in the conductor.
The mechanical equivalent of the heat generated by the current in the time element dt can
therefore also be represented by eidt instead of i?wdt.

Furthermore, that implies that according to magnetic units, first of all, the current in-
tensity is i = 2Fu - v/2/¢,29%27 where 2Eu denotes the sum of the product of the positive
electricity +F that is contained in a unit length of the conductor in electrostatic units with
its velocity +u, and the product of the negative electricity —F that is contained in a unit
length of the conductor with its velocity —u.

Secondly, it follows that, according to magnetic units, the electromotive force is e =
[f/E] - [¢/v/2]," in which f denotes one-half the difference between forces (expressed in

267[Note by AKTA:] E. W. v. Siemens (1816-1892), [Sie60] with English translation in [Sie61]. See also
[GT19].

268Note by AKTA:] [Koh73].

269[Note by WW:| See the Fourth Treatise on Electrodynamic Measurements, 1857, p. 264 [Note by Heinrich
Weber: Wilhelm Weber’s Werke, Vol. III, p. 652], in which the ratio of the magnetic unit of the current
intensity to the mechanical one is given as = ¢v/2 : 4. — When only positive electricity is considered, as
is also customary in the determination of the direction of the current, the current intensity in mechanical
units will be expressed by Fu, where E denotes the positive electricity per unit length of the conductor in
electrostatic units, and u denotes the velocity with which it moves. See the First Treatise on Electrodynamic
Measurements, 1846, Section 21, p. 114 and the following [Note by Heinrich Weber: Wilhelm Weber’s Werke,
Vol. III, p. 152]. — That will imply the current intensity in magnetic units as i = Eu - 2v/2/c.

210Note by AKTA:] [KW57, p. 652 of Weber’s Werke] with English translation in [KW21, Section 7.17,
p. 179]. See also [Web46, p. 152 of Weber’s Werke] with a partial French translation in [Web87] and a
complete English translation in [Web21d, Section 5.21, p. 144]. The velocity u should be understood as the
drift velocity of the electrified particle relative to the body of the conductor, that is, relative to the copper
wire.

271 [Note by WW:] One understands the electromotive force that is exerted upon a conductor to mean the
difference between forces that would act upon the positive and negative electricity in the conductor if each
unit length of the conductor contained positive and negative electricity, which are expressed in mechanical
units. Indeed, if each unit length contained the electrostatic unit of positive and negative electricity, the
electromotive force acting upon the conductor would be expressed in mechanical units. By contrast, if it
included a magnetic unit of positive and negative electricity, which would then be ¢/[2v/2] times bigger than
the electrostatic unit, then the electromotive force acting upon the conductor would be expressed in magnetic
units. — Now, if one lets 2f denote the difference between forces that actually act upon the positive and
negative electricity in the conductor, as expressed in mechanical units, and lets F denote the number of
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mechanical units) that act upon the positive and negative electricity in the conductor in the
direction of the conductor, and E denotes the number of electrostatic units of positive or
negative electricity that are contained in the unit length of the conductor.

The mechanical equivalent of the heat created by the current in the conductor will follow
from that:

iPwdt = eidt = 2fudt = (+f) - (+udt) + (= f) - (—udt) ,

which is equal to the sum of the products of the forces that act upon each streaming particle
with the path length from that particle in the direction of the force that acts upon it, i.e., it
is equal to the work done by the current.

Now, if no other force acts upon the electricity that flows in the conductor than the
electromotive force, then that would explain why the wvis viva of the electricity that flows
must increase and why the magnitude of that increase is given by the magnitude of the work
done by the current. That increase in the vis viva of the current that flows will then further
imply an increase in the velocity with which the flowing current moves. If, therefore, the
flowing electricity in the conductor were to undergo no other motion than current motion,
a constant increase in the intensity of the current would result, which would, however,
contradict the constant current assumed here, for the production of which, according to
Ohm’s law, a constant electromotive force is required.?"

All that will then remain in the case that was assumed here is that the electricity in
conductor is not always found in mere current motion, but that this current motion will go
to a different motion in the course of time, and conversely.

Now if this other movement is the movement of electricity around the ponderable mol-
ecules, which is always present in the conductor, and which is the cause of all magnetic
(paramagnetic and diamagnetic) phenomena, and in which such a large quantity of electricity
takes part that the quantity of flowing electricity disappears in comparison; it follows of itself
that the flowing electricity must always have started from the preceding molecular currents at
a lower velocity than it reaches the following molecular currents, as a result of the acceleration
which it has suffered on its way through the electromotive force; but that the increase of vis
viwa thus gained by the flowing electricity is immediately given up again to the molecular
currents at the next station, so that in the case of a persistent current only the molecular
currents increase in vis viva. That increase in vis viva is nothing but the heat that is created
by the current in the conductor, which can be inferred from the fact that it is equal to the
mechanical equivalent of the heat created, which has been proved at least approximately, as
was remarked before. — That confirms the suggestion that was expressed at the conclusion
of the previous Section that the moving parts that are included in all ponderable bodies
whose motion is one of heat, are identical to the parts that are included in all ponderable
bodies whose motion is one of magnetism. There are no other moving parts in the interior of
the body that are independent of the ponderable ones than those, namely, the electric parts.

electrostatic units of positive and negative electricity that are included in each unit length; then that will
imply that the electromotive force that is exerted upon the conductor is equal to 2f/F in mechanical units,
and it will be equal to e = [f/E] - [¢/v/2] in magnetic units.

272[Note by AKTA:] See footnote 121 on page 65.
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11.6 Motion of Electricity in Conductors

If the electricity in all bodies is found to be in continual motion, and especially around the
ponderable molecules, and those motions are the basis for all galvanic, magnetic, and thermal
phenomena, then that will also be true of electricity in conductors, particularly in metallic
conductors, which are distinguished from all other bodies by their galvanic behavior, as well
as in regard to thermal conduction,>™ and finally, some of them like iron and bismuth are
also distinguished by their magnetism or diamagnetism, the basis for which is obviously to
be sought in the special circumstances under which the electricity in those bodies is found.

Electrical current motions take place mainly in metallic conductors, and indeed purely
electric ones (namely, ones for which only the electricity flows without the participation of the
ponderable parts) take place only in metallic conductors. That is because in non-metallic, so-
called moist or decomposable conductors,?™ no current will flow without electrolytic action,
i.e., not without the participation of ponderable parts in the current, and indeed some
ponderable parts will participate in the flow of positive electricity, while other ones will
participate in the flow of the negative electricity.

Now, the steadiness of the electrical currents in metallic conductors requires a more
detailed explanation. Namely, it is known from Ohm’s law that a steady current can exist in
a closed conductor only under the steady and ongoing action of a certain electromotive force,
and from the previous Section, such an electromotive force must accelerate the electricity
that flows in its direction, so the current intensity would also change.

However, if, as was stated in the previous Section, the current in the conductor consists
of nothing but current elements in which the current motion is continuous only from one
conducting molecule to another and when an electric particle arrives at another conduction
molecule by way of that current, it will mix with the electricity that exists there and move
around that molecule, so it goes over from a flowing motion to a rotational motion, while any
other particle of the electricity that is present there will conversely go over from a rotational
motion to a flowing motion, which will define a second current element, etc., then that will
explain why acceleration of the electricity in each current element must indeed occur because
of electromotive force, but that no increase in intensity of the total current needs to occur in
that way when, in fact, the electric particles in all current elements will begin their lowing
motion with a velocity that is always equal, but smaller, and conclude that motion in it with
a velocity that is always equal, but larger.

It emerges from this that in metallic conductors, the transition from rotational motion to
flowing motion and conversely must play a special role for electric particles. That is because
that transition should mediate the conduction of electricity in its own right.

In addition, electrical conduction and thermal conduction are closely related in metallic
conductors, and it is clear that if heat is really identical with the wvis viva of the electricity
constantly moving inside the ponderable bodies, then thermal conduction in metallic con-
ductors, as well as electric conduction, must be mediated by the transition from rotational
movement to current movement, and vice versa.

Now, if the basis for the capability of a metallic conductor to conduct electricity and
heat lies in the fact that the electric parts that are found to be in rotational motion can be
converted into current motion and conversely, then one must ask what that transition depends
upon and why it takes place in conductors, but not in insulators. To that end, we shall go

273|Note by AKTA:] In German: Wirmeleitung.
2™[Note by AKTA:] In German: in nicht metallischen sogenannten feuchten oder zersetzbaren Leitern.
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on to the molecular motions of two electric particles of different types that were considered
in the last Treatise on Electrodynamic Measurements (in Vol. 10 of the Abhandlungen der
Konigl. Sichs. Gesellschaft der Wissenschaften, 1871, Section 16)27:27® and to the variety
of molecular constitutions of bodies that are based upon them.

Namely, if we restrict ourselves to systems that consists of pairs of particles, one of
which —e is negatively electrical and bound to a ponderable mass, while the other one +e¢ is
positively electrical and moving around the former, then such systems can differ from each
other to varying degrees by the following properties:

First property: Every such system will assign a well-defined, and in fact negative, value
to p (namely, when one sets ee’/a = p and makes the signs of e and ¢ depend upon whether
the particles that they denote belong to positive or negative electricity) that can be very
different for different systems. It is then a property of such systems that each of them assigns
a well-defined value to p, or to pc?, by which they can be distinguished from other systems.

Second property: From Section 11, in the place cited, one has that r*a? = rgad (when r
and «q denote the initial values of the distance between the two particles and their relative
velocity in the direction perpendicular to their connecting line, respectively, while r and «
denote the current values) is a constant of the system, at least as long as no other forces act
upon the particles than the ones that result from their interaction. That constant is a second
property that can likewise serve to distinguish between different systems. However, this does
not mean that permanent distinctions are made; instead, transitions from one system to
another can take place as a result of external influences.

Third property: For a steady-state system, the distance between two particles can indeed
vary, but there must be a finite least distance 7o, as well as a greatest one r°, that depends
upon the former. Now, the value of the least distance ry can be different for different systems
and can therefore be considered to be a third property that will serve to distinguish between
different systems but is likewise subject to variation as a consequence of external influences.

If one now denotes by —n the quotient for such a system (in which p = ee’/a has a
negative value, as was remarked before) that is defined from the three constants pc?, r2ad
and ry by dividing the second one by the product of the first and last ones, so one sets:

7’00&8

pc?
then according to Section 16, in the place cited, that will give the following equation of
motion, in which u denotes the relative velocity of both particles, namely:

2
P—T.x - (1—1)-<n[@+1] —1) .
p o r
It follows from this that for u = 0, one has either r =1 or r = [n/(1 — n)|ry = r°.
Moreover, that will imply the difference between steady-state and non-steady-state sys-
tems by way of the values of n. Namely, a steady-state system for which rg is the least value
of r and Y is the greatest one will exist for only 1 > n > 1/2, i.e., when the value of n lies

between 1/2 and 1. That is because for n > 1 and n < 0, no value at all will exist for 7,
which is essentially positive, and for 1/2 > n > 0, one will get r = 7% < 1y, i.e., the equation

n =

Y

275[Note by Heinrich Weber:] Wilhelm Weber’s Werke, Vol. IV, p. 279.

276|Note by AKTA:] [WebT71, p. 279 of Weber’s Werke] with English translation in [Web72] and [Web21g,
Section 9.16, p. 94]. By the molecular motions of two electric particles of different types we should understand
the motions of a positive and a negative particle due to their mutual interaction.
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would no longer allow one to find the larger of the two values of r for which u = 0 from the
smaller one but conversely, the smaller from the larger.

All steady-state systems will then split into two classes, namely, the ones for which 1/2 <
n < 1 —¢, which are insulators, and the ones for which 1 —e < n < 1, which are conductors.
The € in that is determined in such a way that when n = 1 — ¢, the larger value of r for
which u = 0, and which was denoted by %, is large enough that the moving particle will
enter into the sphere of action of the neighboring system, and therefore go from one system
to another. If one sets that value of 7° equal to (1 + u)rg and observes that in general, one
will have 7% = [n/(1 — n)]ry, then one will get the equation 1+ pu=n/(1 —n) forn=1—¢,
and as a result ¢ = 1/(2 + ).

For the value n = 1 —¢ at which the transition from an insulator to a conductor will take
place, the conductance?”” will be equal to 0, and it will increase with n when the latter is
greater than 1 — ¢ and increasing.

11.7 Two Types of Heat Transfer in Ponderable Bodies

The considerations of the previous Section were essentially built upon the laws of motion
of two electric particles that are left to only their own interaction. If other particles were
present, then they would be assumed to be far enough away that their influence would
almost vanish in comparison to that of the two particles under consideration. Only in the
case where the two particles of a pair grow ever further apart must there be a limit beyond
which the influence of other particles will become greater than the interaction of the particles
in question. However, the laws of motion that apply to that transition are still not known
completely and have not been developed in general. That is why the only result that was
cited in the foregoing Section was that the two particles that had defined a pair up to a
point in time will separate from each other and combine with other particles into new pairs.

If heat is the vis viva of moving particles inside ponderable bodies, and if these moving
particles are positive electric particles which move around negative electric particles adhering
to ponderable bodies, then that will explain why in metallic conductors (as they were defined
in the previous Section), one will find heat transfer by conduction®™ at the boundary surface
between two conducting elements, and indeed in opposite directions simultaneously, namely,
individual positive electric particles will cross the boundary with the tangential velocity of
their rotational motion about a molecule on one side of it and mix with the rotating electricity
of a molecule on the other side of the boundary surface, and conversely. That propagation
of heat in metallic conductors, which results from the transfer of vis viva through all of its
carrier, is called the propagation of heat by emission,?™ or more briefly, thermal conduction.

However, heat transfer likewise takes place in insulators, i.e., the transfer of vis viva from
a molecule on one side of the boundary surface between two elements of the insulator to a
molecule on the other side, and conversely, but without the electrical particles that are the
carriers of that vis viva crossing that boundary surface in their own right. That second type
of heat transfer, as it is found in insulators, namely, by the transfer of vis viva without the
transfer of its carriers, is called the transfer of heat by radiation, or more briefly, thermal

277[Note by AKTA:] In German: Leitungsvermégen.

218Note by AKTA:] In German: Wirmeverbreitung durch Leitung. This expression can be translated as
heat transfer by conduction or heat propagation by conduction.

2 [Note by AKTA:] In German: Wirmeverbreitung durch Emission. This expression can be translated as
heat transfer by emission or heat transfer by emission.
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radiation.?® Tt takes place from one ponderable body to another through empty space, e.g.,
in outer space.

It is known that the same thing is true for that transfer of heat by radiation in empty
space or in insulators that is true for the radiation of light, namely, that it is mediated by
the propagation of waves, which then assumes the existence of a medium that is capable of
propagating waves. Up to now, one has sought to learn about the nature of that medium
from the laws of wave propagation, as they were found from observations of light phenomena.
However, if that medium consists of electricity, and one possesses more detailed knowledge
about its constitution, then it would be possible to develop the laws of that wave propagation
from the fundamental law of electric action and to explain the light phenomena in terms of
it, which has actually being attempted in various ways, but we will not go further in that
direction here.

11.8 On the Concept of Thermoelectricity Developed
by Kohlrausch

We have distinguished between two types of heat transfer, namely, conduction and radiation,
which coincide with two types of transfer for electrical motion, namely, the transfer of that
motion either with or without its carrier. The former type of transfer takes place in metallic
conductors, in which the electricity can also be set into current motion by electromotive
forces.

The electric movements, however, which take place, even if the particles are not driven
by electromotive forces, but merely by following the laws according to which they move
around each other by virtue of their interaction, whereby they move away from each other
until they exceed the molecular boundaries, differ substantially from the electric currents
produced by electromotive forces in that, in the former, the same amount of electricity
passes forwards through the interface of two identical and equally hot molecules as backwards,
while in the case of currents produced by electromotive forces, a greater amount of electricity
passes through the interface in the direction the force than in the opposite direction. Those
oppositely equal movements cancel each other out [in the former case], so that no current in
the narrower sense remains, because current in the narrower sense only means the difference
between the two opposite movements.

For equal, but unequally-warm molecules in a metallic conductor on which no electro-
motive forces otherwise act and through which a steady-state current in a closed loop is
produced, a larger amount of electricity can indeed go forwards through the boundary sur-
face from the warmer molecule to the colder one during a moment than the amount that goes
through it backwards, but that moment lasts only long enough for the excess of electricity
that arrives at the colder molecules to generate a charge that exerts an electromotive force at
the location of the boundary surface that will drive just as much electricity from the colder
molecule backwards through the boundary surface as would go forwards without it, such
that equality will once more be established in that way.

Once equality has been established, the electric current that goes through the boundary
surface in a moment will vanish. By contrast, the heat current can still persist, namely,
when the particles that come from the warmer molecules move with greater velocity than
the ones that come from the colder molecules. One sees from this that the close connection

280/Note by AKTA:] In German: Wirmestrahlung.
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between heat movement and electric movement, which is based upon the fact that both of
them originate in the electricity that goes through the boundary surface, does not at all
imply that no heat current can exist without electrical current, or conversely.

However, from the concept of thermoelectricity that Kohlrausch developed in the Nach-
richten der Konigl. Gesellschaft der Wissenschaft zu Gottingen, 1874, p. 65,28! such a
connection between heat movements and electrical movements should really exist, in the
same way as would be the case if electricity and heat were two bodies which were connected
to each other by cohesive forces, where then there could very well be talk of a transfer?®? of
heat through electricity, as well as of electricity through heat. However, heat is not a body,
but the vis viva of a body, and as a result, heat current is the transfer of vis viva from one
location to another, either by its carrier, as in metallic conductors, or without a carrier, as in
insulators. Only in the former case, it is obvious, namely in metallic conductors, could the
connection assumed by Kohlrausch possibly take place; in the latter case such a connection
is not possible, because then no electric current exists at all.

In the unit time, an electric mass e (in milligrams) with a velocity of « passes through
an element f of the boundary surface between two metallic conducting elements from the
warmer molecules on one side of it to the colder molecules on the other side. A mass &’ with
velocity o passes backwards through the same element of the boundary surface from the
colder molecules to the warmer ones. In that way, an electric current that goes through f
will be given, and likewise a heat current through f, each of which will have an intensity of
i = (¢—¢’) in mechanical units (with the milligram as the unit of mass) and W = (ea?—¢’a’?)
as its mechanical equivalent.

The following cases are then possible, in general:

(1) e = €/, in which a heat current of intensity (a? —a’?) would exist with no electrical
current;

(2) ea® = €’a’?, in which an electric current of intensity (e —&’) would exist with no heat
current.

(3) When one has neither ¢ = & nor ea? = €/, but a certain relationship exists
between (e — ¢’) and (ea? — €'a’?) that remains constant under changes of temperature in
the conductor, but which will vary with the different types of conductors.

The third case essentially agrees with the theory of thermoelectricity that Kohlrausch
developed.

Namely, Kohlrausch made the assumption that the ratio of the intensities of the elec-
tric and heat currents (e — €’)/(ea? — €’a’?) was constant for each conductor, but depended
upon the nature of the conductor, and he denoted it by «, which made the current intensity
1 = oW, if W denotes the intensity of the heat current. Kohlrausch deduced the law of
thermo-electromotive forces from that assumption, namely, that the thermo-electromotive
forces depend upon only the temperature at the location where contact exists and that they
are proportional to the temperature difference, as well as Peltier’s law of heat production,?$
according to which heat is developed or absorbed at the point of contact between two con-
ductors, depending on whether the current there goes to a conductor with a smaller or larger
thermoelectric constant.

The third case, namely, that a certain relationship exists between (¢ — &) and (ea® —

281Note by AKTA:] [Koh74].

282|Note by AKTA:] In German: Fortfiihrung.

283|Note by AKTA:] In the original text: € = .

284Note by AKTA:] Jean Charles Athanase Peltier (1785-1845). See [Pel34].
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e’a’?), will obviously be satisfied when one sets a? = a’>. However, under that restriction,

the derivation of the law of thermo-electromotive forces that Kohlrausch gave found no
application to thermopiles in which each of the conductors that define a closed loop possess
different temperatures at its two ends since each temperature difference in a (homogeneous)
conductor can have its basis in only the differences between the values of o? and o/?. From
the invariability of (¢ — &) /(ea?® — €’a’?), which results from o? = o'?, the first law, namely,
the law of thermo-electromotive forces, cannot therefore be derived, but the second law,
namely, Peltier’s law of heat production or heat absorption, can.

If you have two different metallic conductors and the quotient (¢ — &')/(ca? — £'a’?),
which is constant for a? = o/?, is designated m for one conductor and n for the other, the
amount of heat that passes through the boundary surface of the last two elements of the first
conductor, = m(e — £’); the amount of heat that passes through the boundary surface of the
first two elements of the second conductor, = n(e —¢’). If a current of magnitude (¢ — &’)
passes through the closed circuit formed by both conductors, then at the point where the
first conductor touches the second, a total heat (m—n)(e —¢’) will be produced. By contrast,
at the other contact location, namely, the one where the second conductor contacts the first
one, the total heat (n —m)(e — &’) will be produced, or what amounts to the same thing,
the total heat (m — n)(e —¢’) will be absorbed there.

However, in addition to the three cases that were cited above, there remains a fourth

case to consider, namely, in addition to the cases in which one has either ¢ = ¢/, ea? = £'a/?,

or o2 = o'? in the quotient, there remains the case:

(4) One again has neither ¢ = &’ nor a? = o/, but there is a dependency of the ratio
a?/a’? on the ratio £/¢’; where, for example, a?/a’? is equal to some power of €/¢’.

Namely, in a metallic conductor, an increase in temperature will imply an increase in heat,
i.e., from our assumption, that would be an increase in the vis viva of the moving electric
parts in the conductor, which would imply an increase in the velocity of those parts, since
their total amount or mass can suffer no change. Now, that increase in the velocity will also
be true for the moment when they cross the boundary between two neighboring molecules
whose velocity will be denoted by a. Therefore, a will increase with the temperature of the
conductor. However, that increase in the velocity of all moving parts that is coupled with
an increase in temperature assumes that the amount or mass of the particles ¢ that pass
through the boundary surface per unit time increases in such a way that a simultaneous
increase in a and ¢ will take place, which was assumed in the fourth case.

The equation:
a? £\
-5

will then give the following equation for the intensity of the heat current:

/ 2 rntl
g« £
ca? —a? =¢ca’ 1-—-— =ea?|1-|= .
£« £

If one divides that intensity of the heat current by the intensity of the electric current
(e —¢') =¢e(1 —¢€'/e), then one will get that the ratio of the two intensities is:

8/ E/n
:a2<1+—+...+l—] ) .
g g
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One sees from this that when n = 0, the fourth case will coincide completely with the third
case that was considered already since the two cases will give:
e—¢ 1
ca? —cla? o2’
The next case to consider is n = 1, for which one will get:
e—¢ 1

ca? — el 2 (1 + %/) '

However, the fact that the differences between two neighboring molecules in a conductor are
always very small will further imply that the value of €’/e is only slightly less than 1, at least
for weak currents in good conductors such that one will get approximately

e—¢ 1

ca? — a2 2a2

in the fourth case that was just considered. The assumption that Kohlrausch made in this
case that the intensity ratio of the electric and heat currents (¢ — ¢’)/(ea?® — €'a’?) was a
constant whose value depends upon only the nature of the conductor is also true in this
case, at least approximately. It will then follow in this fourth case that one can deduce
the same consequences that Kohlrausch had deduced from his assumption approximately,
and in particular, the law of thermo-electromotive forces that those forces depend upon
only the temperature at the location where contact exists, and they are proportional to the
temperature differences at those locations.

If the derivation of the law of thermo-electromotive forces that Kohlrausch gave also
made no appeal to any contact action, then that would explain the fact that such a contact
action is not completely excluded in that way either, but such a thing might possibly be
added.

11.9 Resistance to Conduction and Maximum Current
Intensity

If the electricity in metallic conductors with a molecular constitution are actually to be
in the state of motion that was given in Section 11.6, namely, the positive electric parts
rotate around the negative parts that are endowed with ponderable masses, although they
do not always remain in the same circular orbit in that, but begin from a smallest circular
orbit whose radius increases so they approach another molecule and finally go over to that
molecule, then that will yield a dependency of the current intensity on the electromotive
forces in such conductors that would not agree completely with the one that is given by
Ohm’s law, but deviate from it by the fact that the current intensity does not always increase
uniformly with the electromotive force, but will finally approach a certain limiting value that
it cannot exceed. However, that limiting value will be attained only when the directions of
all of the parts that go over to a current motion, no matter how different they might be
to begin with, are all brought into the direction of the electromotive force in the shortest
time through ever-increasing values of that force. The intensity of the current would not be
able to increase further then, so it would have attained its maximum. Attempts to decide
whether the intensities of the currents that are excited by very large and small electromotive
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forces in the same conductor are always proportional to those electromotive forces would
then be of greatest importance.

In Figure 1, let A be a molecule from which positive electric particles are ejected in all
directions with the same velocity «. Let one such direction be AB, and let £ be the length of
the path that the particle would traverse in a time interval ¢ due to its velocity a. However,
a constant (electromotive) force acts upon that particle in a direction that is parallel to AC
and subtends an angle of ¢ with AB, so the particle would then traverse a path of length n
in the time interval ¢ that increases in proportion to t? or £? by that alone.

V- -

)4

7
B
C
Fig. 1.
One then sets:
n=a&®,
and furthermore:?®
xr=~E&Esiny
a 2
y=_E,cosy +n=xzcoty+ — cxt
sin 12
rP=at+y?,
from which one will get:
2 2 a 2 2
y = coty - \/r? —y*+ =y .

sin 1?2

285Note by AKTA:] The equation for y should be understood as:

a 2

T .
sin? 1)

y=~E&cosy +mn=wxcoty+
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That ballistic motion?®® comes to an end when the distance of the particle from A has
become equal to r, as the particle then reaches the neighboring molecule. That distance r
is independent of the direction of the ballistic motion and can be taken to be equal for all
particles that are thrown from A, so it will be referred to as the mean molecular distance.

First of all, because the greater the electromotive force proportional to a, the more all the
other members of the equation above disappear against the member which has a as a factor,
it follows that for a growing electromotive force, y? approaches a limiting value, namely

y'=r?,
which will be the same for all particles that are ejected from A. It therefore follows that
the distance traveled by all particles in the direction of the force would then be the same,
namely = 7.

If £ denotes the mass of the particles that are emitted from A per unit time, and n denotes
the number of molecules that are contained in an element of the conductor of length r; then ne
will be the mass of positive electricity that would go in the direction of the electromotive force
through the boundary surface between two successive molecular layers per unit time when
the electromotive force is increased to infinity, i.e., the limiting value of the current intensity
in mechanical units when based upon the mechanical unit of mass (namely, the milligram), it
should only be noted that because electricity cannot be determined in such mass units, when
determining intensity according to so-called mechanical units, the quantities of electricity are
not expressed in the mass units of mechanics (i.e., milligrams) but in electrostatic units.

Now, if o denotes the number of electrostatic units that go to the unit mass of mechanics
(milligram), then one will get the limiting value of the current intensity in so-called mechan-
ical units equal to neo, or when one adds the notation for the reduction of the mass unit to
the three basic units of mechanics (namely, mass M, distance R, and time T'), it is:

MR?
T4

In electrostatic units, an amount of electricity will be determined by a force (that this amount
of electricity exerts on an equal amount of electricity) that is equal to f - [MR/T?] and a
distance (at which that force is exerted) equal to r - [R] and is expressed by:

MR?
T2

T

However, the current intensity in mechanical units is the quotient of one such amount of
electricity that goes through the cross-section of the conductor divided by the duration of
that transfer, which equals ¢ - [T'], so that intensity will be equal to

MR3
T4

v

t

In the present case, one has r\/f/t = neo.

286|Note by AKTA:] In German: Wurfbewegung. This expression can be translated as ballistic motion or
throwing motion.
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Moreover, in that determination of the limiting value of the current intensity, it was
assumed that the electromotive force itself had no effect on the number of electric particles
that were emitted from the molecules.

If, on the other hand, the electromotive force or the quantity a proportional to it is very
small, then in the equation found:

a
sin )2
in the last member, which has a as a factor, the approximate value resulting from the
equation for a = 0 can be set for y?, namely, y? = r? cos1)2.2%" One will then get:

y=cot \/r2—y?+ (P =y,

y=cot)- /12—y +ar®,

and that will likewise give approximately:

y = +rcost) + ar’siny? .
That will then give, in the mean, for the two particles that were sent from A in the
directions that were determined by the angles ¢ and m — ¥:
y = ar’siny? .

The mean value over all of the paths that are traversed by the particles that are emitted
from A in the direction of the force will then be:

1 /2 w/2 2
—/ 2my sinwdy = ar2/ sin3dy = Zar? .
27T 0 0 3

If that value were equal to 7, then the current intensity would be the same as the previously-
considered limiting value, namely, = neo - [\/MR3/T*]. Now, the actual current intensity
amounts to only a very small fraction of that, namely, 2ar/3, which will give that current
intensity i° as:

MR3
T4

I = —-ar-neo -
3

Finally, in order to determine the coefficient a, it should be pointed out that when ~
denotes the accelerating force that acts on the particles that are emitted from A, one will
have:

1 1 &
= — t2:— . _ = 2
=37 57" 2 ag”
which will give:
I~
aq=—-+ - —
2 a2’

and as a result:

287[Note by AKTA:] This equation should be understood as y? = r2 cos? 1.
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Upon dividing the current intensity i°, when expressed in mechanical units, by ¢/2v/2,
namely, by the number of electrostatic units that go into a magnetic unit, one will get that
same current intensity ¢, when expressed in magnetic units, namely:

C2V2 ar
1=—— - -Neo -
3c  o?

MR
T2

Now, the electromotive force per unit length of the conductor, in mechanical units, €°, is
the product of the acceleration v with the amount of electricity that flows per unit length
of the conductor, which is equal to ne/r, divided by the number of electrostatic units that
are flowing in the unit length, which is equal to neo/r, so one will have:

J M
RT?

That will then give the electromotive force per unit length of the conductor in magnetic
units, e, by switching the number of electrostatic units neo /r with the number of magnetic
units neo /r - 2v/2/c, which will make:

d=1.

o

MR
T4

e= .
22

If one now substitutes the value of v that this gives in the foregoing equation for determining
1, then one will get:

c 7
o

MR
T2

, 8 er 9
1=—+—-Nec" -
3¢ a?

Now, if [ denotes the length of the closed conductor, then el will be the total electromotive
force that acts upon the closed conductor, and ¢ will be the intensity of the current that it
generates in magnetic units. That will then give the resistance w of the closed conductor:

T

i.e., a definition of resistance that is completely independent of the determination of resis-
tance according to Ohm’s law that involves measuring the electromotive force and current
intensity.

The conductance = 1/w is therefore determined by its causes, which lie in the deflection
of the particles from their trajectories along which they were ejected. Namely, that explains
why the conductance must be proportional to:

1. The mass that is found to be in a ballistic motion in the conducting channel.

2. The rate of deviation that is produced by a certain force along a well-defined path in
that mass.

In the conducting element r that mass is now ne, and the deflection velocity caused by a
certain force on the path r is inversely proportional to the square of the ballistic velocity o?.

w = — .
7 8 nec? r

el_3_02 o {R]
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The conductance 1/w must then be proportional to ne/a?, and as a result, the resistance of
the conductor w must be proportional to a?/ne. Since that is true for the resistance of the
conducting element r, that will imply that the resistance of a conductor of arbitrary length
[ will be proportional to a®/ne - /r, which coincides with the previous formula, according
to which this resistance is equal to the product of this quantity with the constant factor
3c%/802.

That definition of the resistance of a conductor proves to be especially interesting due to
the fact that it would then follow that when the resistance of a conductor w is constant, in
addition to the values of [, n, 7, the ratio of the two variables o and ¢, namely, o/, must
likewise be constant, i.e., when o? and e have changed into o/ and ¢, respectively, so one
would then need to have:

o a? o? €

Nl . or g

Now, it follows from this that when the resistance w of a conductor is constant and
it does not vary with the temperature of the conductor either, the value o?/e for that
conductor will also be constant, so for such a conductor, according to Section 11.8, the view
of thermoelectricity that Kohlrausch presented would be valid. However, since the resistance
of metallic conductors varies more or less with their temperature, that would imply that the
viewpoint that Kohlrausch presented could be true only approximately, and indeed mostly for
metallic conductors whose resistance changes the least with the temperature of the conductor,
and it would seem to follow from this that such a conductor would be most suited to the
representation of thermomagnetic circuits.

11.10 Distribution of Electricity in Conductors

FElectrostatics was founded and developed by Coulomb?® and Poisson,?® before the discovery
of electromagnetism and electrodynamics, and therefore no account could be taken of these
great discoveries by them. Indeed, the law of distribution for the electric fluids that are
found in conductors at rest and in equilibrium that is developed in electrostatics, as well
as the forces that are exerted by that distribution, have all been found to be in agreement
with experiments, to the extent that observation and measurement allows. However, new
discoveries, in particular, electromagnetism and electrodynamics, have shown that such a
state of equilibrium in electric fluids, as Coulomb and Poisson assumed to exist in conductors,
does not actually exist at all, but that all electric fluids in conductors are found to always
be in steady-state motion around ponderable molecules, from which it would follow that,
strictly speaking, the laws of distribution and the laws of action of static electricity that
Poisson developed will find no application to the electricity that is found in conductors.
All of the phenomena that were considered in electrostatics up to now actually belong to
electrodynamics accordingly, and it is in the laws of the latter that one must seek the complete
explanation for the former. It would then seem that electrostatics, which previously defined
the largest and most important part of the study of electricity, would have to experience

288Note by AKTA:] Charles Augustin de Coulomb (1736-1806). Coulomb’s main works on torsion, elec-
tricity and magnetism have now been fully translated and commented in Portuguese and English, [Ass22]
and [AB23]. See also [Pot84], [Gil71b] and [Gil71a].

289Note by AKTA:] Siméon Denis Poisson (1781-1840). See [Poil2a], [Poil2b] with English translation in
[Poil9], [Poil3] and [Poil4].
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a complete remodeling. However, one must make the demand of such a remodeling that it
must be able to explain the entire sphere of phenomena that was explained by electrostatics
up to now just as completely and precisely in terms of electrodynamics, but that has not
happened up to now, nor has any attempt been made to do that yet.

Despite the inclination that one finds on the one hand to abandon the idea of magnetic
fluids on which Coulomb and Poisson based the theory of magnetism, which was developed
at the same time as electrostatics, there seems to be a certain fear of the consequences
connected with this, namely of the then indispensable idea of the existence of persistent
molecular currents in all magnetic and diamagnetic bodies, according to which electricity
never and nowhere comes to rest and equilibrium. That comes down to saying that up to now
any attempt to find an electrodynamic explanation for all previously considered phenomena
of electrostatics has met with great difficulties, namely, due to lack of any assistance on
the part of mathematics, which has proved to be powerless to deal with such complicated
processes for some time now.

However, on the same grounds, just as little of an attempt has been made at the founda-
tions of electrostatics to give a more precise justification for the constitution of the so-called
neutral fluid and the process for separating that fluid in conductors, but one has restricted
oneself to a general assumption about the mutual mobility of the two components of the
neutral fluid, as well as their mixing, and in that way one has sought to make the develop-
ment of the law of distribution of electricity independent of a more detailed knowledge of
the constitution of the neutral fluid that is everywhere distributed inside the conductors.

However, on the basis of the assumption that one makes in electrostatics of the mutual
mobility of the two components of a neutral fluid, nothing at all can be determined and
established regarding the internal constitution of that fluid itself, and especially nothing
regarding whether the two components are at rest and in equilibrium before their separation
or whether they are found to be in motion with respect to each other, e.g., a rotating motion,
such that the picture of steady molecular currents would still not seem to be excluded
completely by the assumption that electrostatics makes of the mutual mobility of the two
components of the neutral fluid, in principle. Rather, the picture of steady molecular currents
could be regarded as an attempt to explain the assumed mutual mobility of both components.
Therefore, electrostatics, as it was developed by Poisson, regardless of the fact that one cares
to define it as the study of the distribution of the electricity in conductors when it is at rest
and in equilibrium, is nonetheless not in direct contradiction with the existence of steady
molecular currents of electricity in the interior of conductors. We have the statics of solid
bodies, hydrostatics, and aerostatics, which also seem to be well-founded, and the same
thing applies to them completely. Even when they are defined to be the study of rest and
equilibrium for those bodies, that will not, however, contradict the fact that the interiors of
those bodies are filled with particles that are not at rest, but are found to be in a state of
constant motion, and indeed, large motions. That is because in just the same way that the
magnetic and diamagnetic phenomena in bodies led to continual internal motions (electric
molecular currents) in them, similarly, the thermal phenomena in those solid, fluid, and
gaseous bodies for which statics, hydrostatics, and aerostatics are valid have led to such
continual internal motions. That is because at each moment, every ponderable body will
possess a temperature that is the effect of the heat that the body contains, and that heat
is nothing but the vis viva that the moving particles in the interior of the body possess.
However, the measurable magnitude of that vis viva (namely, the mechanical equivalent of
heat) has shown that those motions are very large in the interiors of all such bodies.
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If positive electric particles move in the interior of the conductors around the negative
electric particles adhering to ponderable masses, but do not always remain in the same cir-
cular path during this movement, but approach the neighboring molecules with increasing
radius, to which they finally pass over, and if such transitions take place from one molecule
in the interior of the conductor indifferently in all directions to all neighboring conductor
molecules, from which an equal emission of particles takes place simultaneously in all direc-
tions to all neighboring molecules, then, on the other hand, it results for those molecules
of the conductor which lie closest to its surface that they have insulator molecules instead
of conductor molecules as neighbors on their outer side, from which no such emission takes
place, and which also do not receive the particles emitted by other molecules. It follows
from this that if, as the radius of their orbit increases, individual particles have moved so
far away from their center that they would pass over to the neighboring molecule if there
were still other conductor molecules on the side where they are located, this will not hap-
pen if there are no conductor molecules at all on the side where they are located, but only
insulator molecules. Those particles will then continue a little further in their circular orbit
with increasing radius until they reach a side where there are other conductor molecules in
the vicinity. This will be the case if the resultant of all electrical forces at this boundary
between conductor and insulator is zero.

By contrast, when that resultant is non-zero and points outward, it can exert the same
influence as a neighboring conductor molecule, namely, it can act in such a way that particles
that are also on the side of the bounded insulator can leave the path that was previously
followed around the conductor molecule and be fixed at the neighboring insulator particle.
Therefore, such emitted particles of positive electricity can accumulate everywhere on the
boundary surface between the conductor and the insulator according to the magnitude and
direction of the outward-pointing resultant at each location on it.

If the resultant is different from zero and is directed inwards, its effect on the increase
of the particles sent inwards by the nearest conductor molecules can only be compensated
by slightly reducing the number of positively electric particles in these conductor molecules,
while the number of negatively electric particles adhering to the ponderable mass, around
which they rotate, remains unchanged.

Obviously, the distribution law that Poisson developed, which said that the excess of
positive or negative electricity will exist only on the boundary surface between a conductor
and an insulator, in any event, will be valid for the excess of positive electricity at some loca-
tions on the boundary surface between the conductor and the insulator and for the absence
of positive electricity at the other locations that are close to the conductor molecules at the
boundary of the insulator (and that lack of positive electricity is equivalent to an excess of
negative electricity). For these laws of distribution of electricity on the surface make no dif-
ference whether there is a so-called separable, neutral fluid inside the conductor, as Poisson
assumes, or whether there are conductor molecules with electricity moving around them,
between which a continuous exchange of individual particles takes place. Such conductor
molecules shall have just as little influence on the distribution of electricity on the surface as
the neutral fluid that Poisson assumed, and conversely, the electricity that is distributed on
the outer surface according to Poisson’s law will have no effect on the conductor molecules
since, according to Poisson, the distribution of electricity on the outer surface will be deter-
mined by just the fact that the resultant of the force that is exerted by all of the electricity
that is distributed on the outer surface on any point in the interior should be zero, which
is a demand that is entirely independent of whether a neutral fluid is found at the location
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considered in the interior of the conductor or a conductor molecule with electric molecular
currents. — The true constitution of bodies and the true processes that depend upon that,
although they are also very complicated and can be thought of as being represented by sim-
pler processes only in part, will nonetheless remain the focus and ultimate goal of research,
in spite of all obstacles.
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Chapter 12

Editor’s Comments on Riecke’s 1891
Memorial Speech

A. K. T. Assisg?®?

Eduard Riecke (1845-1915) was a German experimental physicist who studied under
Wilhelm Weber at the University of Gottingen, where he received his doctorate in 1871.
In 1881 he succeeded Weber as full professor at Gottingen University, taking over Weber’s
Laboratory and Institute.

Riecke’s memorial speech was given at the public meeting of the Gottingen Royal Society
of Sciences on December 5, 1891, and published in 1892.2%*

I don’t agree with many of Riecke’s points of view relating to action at a distance versus
action mediated by a medium, atomic constitution of matter versus a continuous distribu-
tion of matter, and Weber’s electrodynamics versus Faraday’s and Maxwell’s field theories.
Despite these disagreements, I decided to include this memorial speech in the book. One
reason is that it was one of the first biographical studies on Weber. Another reason is to
show how quickly Weber’s electrodynamics was replaced by the field theories of Faraday and
Maxwell not only in Germany as a whole, but specifically at the University of Gottingen,
where Weber worked for most of his scientific career.

20Homepage: www.ifi.unicamp.br/~assis
291Rie92b).
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Chapter 13

[Riecke, 1891] Memorial Speech

Eduard Riecke??:293,294

Wilhelm Weber (born October 24, 1804, died June 23, 1891).

Speech given at the public meeting of the K. Gesellschaft der Wissenschaften (Royal
Society of Sciences) on December 5, 1891.

When we are gathered today to honor the memory of Wilhelm Weber, who was part of
our Society for six decades, we feel that with him, a time has come that will probably not
appear a second time for our Society and our University. Because of that name Weber, we
think of the man who brought his younger comrade to Gottingen, of Gauss,?® who was a
true king, who cultivated the areas of mathematics, astronomy, and physics in such a way
that even today the Karrners were unable to clean up the stones he had broken. We think of
Wohler,? who first composed an animal substance from inorganic substances and cleared
the way for the development of physiological chemistry. The light emanating from these
names will still remain on our University in the most distant times. They place Gottingen
in the first row of the locations in which the development of natural sciences began in our
century. The privileged position we enjoyed has fallen victim to higher goals; but the thought
of the past will remain alive and the contact with the ground on which we stand will steel us
to the extent of the power given to us to work on the promotion of science. In this sense, I
would like to speak of Wilhelm Weber, a man to whom the entire scientific world commanded
the admiring veneration of everyone who approached him and a deep affection.

Wilhelm Weber was born in Wittenberg on October 24, 1804, the son of the local professor

292[Rie02b].

293 Translated by Mathias Hiifner, Email: mathias.huefner@t-online.de, homepage: http://
mugglebibliothek.de/. Edited by A. K. T. Assis, wuw.ifi.unicamp.br/~assis

294The Notes by Mathias Hiifner are represented by [Note by MH:]; while the Notes by A. K. T. Assis are
represented by [Note by AKTA:].

295Note by AKTA:] Carl Friedrich Gauss (1777-1855).

29%6Note by AKTA:] Friedrich Wohler (1800-1882) was a German chemist. See [WW4lc] with English
translation in [WW21], [WW41la] and [WW41b].
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of theology, Michael Weber.??" He was the fifth of seven growing siblings. His childhood was
a time of deepest humiliation for our fatherland, he saw his hometown in the hands of the
French and experienced its siege by General von Biilow’s Prussian army corps.?”® The bullets
thrown into the city ignited a fire. His father’s house was also robbed. The Weber family
fled to the neighboring town of Schmiedeberg, and there, the thunder of the guns from the
Battle of Leipzig reached the boy’s ears. In 1815, the Wittenberg University was united with
Halle, and the Weber family settled in the latter. Wilhelm Weber attended the orphanage’s
teaching facilities there, and later the University. Nothing is known about the influence of
his teachers on his development. He mentions that only a few lectures were given in Halle,
which would have been important to him. The case that in a theological house, three brothers
devoting themselves to the study of natural sciences was probably a rare occurrence, and
the question is how the scientific inclinations came into the house, in which the father was
essentially devoted to theological and philological interests. First of all, it should be noted
that the Weber family lived in Wittenberg in the house of a friend of theirs, Langguth,?* a
professor of natural science, whose scientific collections had a certain fame at the time. In
addition, Chladni, the discoverer of sound figures,?® the first researcher of meteoric masses
that had fallen to earth, lived in the same house as a childhood friend of the owner of the
house. He belonged to the very active circle in Wittenberg, which his lively and talented
mother in particular knew how to bind to the Weber house. We can probably assume that
Chladni, who was also a welcome guest at the Weber house in Halle, first aroused the desire
for physical experiments in his older brother Ernst Heinrich.?*! However, he recognized early
on the unusual talent of his brother Wilhelm, who was ten years his junior, and, as Weber
himself reported, was until he received his doctorate almost his only teacher in the field of
natural sciences. Therefore, throughout his entire life, Wilhelm Weber felt for him not only
the deep love of his brother, but also a sense of piety that was directed towards the teacher
and the almost fatherly friend. During Wilhelm’s last years of study, the two brothers were
engaged in experimental investigations, the results of which were published in the work “die
Wellenlehre auf Experimente gegriindet” (The Wave Theory Based on Experiments).?"? In
1826, Weber earned his doctorate with a dissertation “Ueber die Wirksamkeit der Zungen
in den Orgelpfeifen” (On the effectiveness of reeds in organ pipes). The following year, he
completed his habilitation in Halle with a paper “Ueber die Gesetze der Schingungen zweier
Korper, welche so mit einander verbunden sind, dass sie nur gleichzeitig und gleichmassig
schwingen kénnen” (On the laws of vibrations of two bodies which are so connected that they
can only vibrate simultaneously and evenly). An extraordinary professorship in Halle was
awarded to him in 1828. In the autumn of that year he set off on foot from Halle to attend
the natural scientists’ meeting in Berlin because the first salary that the young professor had
received was just enough to cover the contribution for the widow’s fund and, in any case,
the Weber family was used to making sacrifices, because their fortune had been lost in the
storms of the war. His stay in Berlin became crucial for Weber because there he attracted
the attention of Gauss with a well-organized and well-delivered lecture on the compensation

297Note by AKTA:] Michael Weber (1754-1833).

29%8Note by AKTA:] Friedrich Wilhelm Freiherr von Biillow (1755-1816) was a Prussian general of the
Napoleonic wars.

299Note by AKTA:] Christian August Langguth (1754-1814) was a German physician and physicist.

300[Note by AKTA:] Ernst Chladni (1756-1827) was a German physicist and musician. He is specially known
for the so-called Chladni figures or Chladni patterns, that is, the modes of vibration on a rigid surface.

301/Note by AKTA:] Ernst Heinrich Weber (1795-1878) was one of the founders of experimental physiology.

302[Note by AKTA:] [WW25].
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of organ pipes. When the full professorship of physics in Gottingen was finished due to the
death of Tobias Mayer in 1830,% Gauss suggested him alongside Bohnenberger and Gerling
to fill the chair,3** emphasizing in particular the greater genius in the work to be expected
for the Royal Society of Sciences as an important factor in Weber’s favor. In 1837, Wilhelm
Weber was removed from office as one of the Géttingen Seven.?"® Gauss and Alexander von
Humboldt3% tried to bring about his rehabilitation in Gottingen. However, the steps taken
with this intention failed because Weber declared that he did not want to separate his fate in
this matter from that of his comrades. But Weber was not exiled, and the salary he received
from the Association founded to support the seven enabled him, who was always satisfied
with little, to initially stay in Gottingen as a private citizen. However, he later refunded the
transferred sums and handed them over to the Saxon Society of Sciences as a foundation for
scientific purposes. What tied him to Gottingen was the desire to stay close to Gauss, and
this led him to reject a professorship offered to him at the Polytechnic School in Dresden in
1841. But the following year, he was appointed to Leipzig in Fechner’s place,**” who had
resigned from the professorship of physics due to severe suffering, and this time, he followed
the call because he no longer wanted to be the only one, who accepted continued payment of
his previous salary from the Leipzig Association. He also found himself in Leipzig reunited
with his brothers Ernst Heinrich and Eduard,**® who were so closely associated with him,
and in living with them, he found a substitute for his dealings with Gauss. But when the
turn of the times brought the callback of the expelled professors to Gottingen, he did not
hesitate to break the bonds that bound him in Leipzig and returned to the old chair.

Let us now try to get an idea of Wilhelm Weber’s scientific achievements. We begin
with the already-mentioned investigation into the wave movement. The reason for this was
a coincidence: one day, one of the two brothers poured mercury to clean it through a paper
funnel from one bottle to the other. He observed on the surface of the mercury in this second
bottle highly regular but intricate figures that were created by the inflow of the mercury,
and he recognized these as an action of the waves regularly crossing each other at the same
places. At the time when the Weber brothers began their investigations, wave theory had
gained outstanding importance through the knowledge that the phenomena of light are based
on wave movements in an elastic material, the ether, which permeates the entire space. A
finely worked out theory of the waves traveling in such a medium had developed, which was
in complete agreement with the phenomena of optics. In contrast to this, little was known
about the waves that we create on the surface of a pond by throwing a stone into it, and
the knowledge of the waves propagating in the air on which the sensations of sound and
tones are based was incomplete in many respects. Filling in these gaps, the aim of the work
undertaken by the Weber brothers was to give experimental research one lead over theory.
The “Wellenlehre auf Experimente gegriindet” (The Wave Theory Based on Experiments)
will always remain one of the fundamental works of physical research, distinguished by a

303[Note by AKTA:] Johann Tobias Mayer (1752-1830) was a German physicist.

304[Note by AKTA:] Johann Gottlieb Friedrich von Bohnenberger (1765-1831) was a German astronomer,
mathematician and physicist. Christian Ludwig Gerling (1788-1864) was a German mathematician who
studied under Gauss.

305[Note by AKTA:] See https://en.wikipedia.org/wiki/G)C3%B6ttingen_Seven.

306[Note by AKTA and MH:] Alexander von Humboldt (1769-1859) was a German natural scientist and
explorer, universal genius and cosmopolitan, scholar and patron.

307Note by AKTA:] Gustav Fechner (1801-1887) was a German physicist, philosopher, and experimental
psychologist. See [Fecd5] with English translation in [Fec21].

308[Note by AKTA:] Eduard Friedrich Weber (1806-1871) was a German anatomist and physiologist.
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wealth of the finest and most peculiar observations from classical science. Simplicity of
the experimental tools, the ingenious and exact methods of measurement, as well as the
attractive presentation through which the reader is drawn into a lively interest in the work
of the two researchers. We see the brothers at their wave trough,? one of them letting the
column of liquid sucked up in a glass tube fall back into the trough and thus creates the
wave, while the other uses the watch to determine the speed of its progress; how they trace
the image of the wave on a slate quickly dipped into the channel and use a microscope to
follow the paths in which the particles suspended in the water move up and down, back and
forth. The authors have also collected with great care the facts which relate to the calming
of the waves by a thin layer of oil spread on the surface of the water and, through their
observations, have amplified them. In the interest of shipping, they call for a repetition of
the experiments on a larger scale that Franklin had unsuccessfully undertaken to moderate
the surf of the sea.®'® They have significantly expanded our knowledge of the propagation
of one liquid on the surface of another.

Through the perceptions made during the elaboration of the Wellenlehre (Wave Theory),
Weber was led to a problem on which he wrote his dissertation, his habilitation thesis and
a number of essays in the Annalen der Physik. The tone produced by a vibrating body,
such as a violin string or an organ pipe, is under certain circumstances an extremely fine
indicator of its physical properties. Strings are detuned by heating or cooling due to changed
moisture conditions, and one can conclude from the changes in the tone the changes that
have occurred in those external conditions. However, as often as you want to use the pitch
in order to draw a conclusion about the nature of a body, you have to be able to compare
the tone it produces with an absolutely unchangeable normal tone. But it is by no means
easy to produce a body whose tone always remains at the same unchanging pitch. On closer
examination, the tone of a tuning fork appears to be slightly lower if the fork is struck
strongly, and slightly higher if it is struck lightly. Conversely, the tone of an organ pipe is
higher if it is struck strongly and deeper if you blow on it weakly. Weber used this peculiar
relationship to construct an instrument that produces the same tone when excited weakly
and strongly. The same consists of the combination of a vibrating metal plate or reed with
an organ pipe; neither the reed nor the organ pipe can do this. To carry out the oscillation
that would be natural for each of them individually, one of the two bodies vibrating with
each other must adapt its oscillations to those of the other, so that both oscillate at the same
time. Weber now sets things up so that the tone of the pipe is increased by the resonating
plate by just as much as, conversely, the tone of the plate is deepened by the resonating
column of air. This relationship remains even if the reed and pipe are set into vibrations of
greater width by blowing more strongly. The sound produced by such a “compensated pipe”
retains its height regardless of the strength of the excitation.

If the Wellenlehre (Wave Theory) forms a monument to the intimate intellectual commu-
nity that Wilhelm Weber shared with the older brother Ernst Heinrich, a similar relationship
with the younger brother Eduard arose from the “Mechanik der menschlichen Gehwerkzeuge”
(Mechanics of the Human Walking Apparatus),! in which the methods of physical research
were applied to a physiological problem in an exemplary manner. The authors describe the
appeal of the joint work in the Preface with the following characteristic words:

309[Note by AKTA:] In German: Wellenrinne. This expression can be translated as wave trough, ripple
tank or wave tank.

310[Note by AKTA:] Benjamin Franklin (1706-1790).

31 Note by AKTA:] [WW36] with English translation in [WW92].
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But even if we are convinced that the choice of our object does not require any
defense, we do not want to hide the true reason that drove us to persistently pursue
this object for a long time with combined forces. It was the joy that we found in
a common activity, in an activity to which each of us brought our strengths and
resources and which the other estimated and valued all the more highly because he
lacked them. Humans are never more capable or more persistent in scientific research
as with such mutual participation and stimulation that does not only take place after
the work has been completed but throughout its entire course.

The Mechanik der Gehwerkzeuge (Mechanics of the Human Walking Apparatus) already
belongs to Weber’s first Gottingen period, but his scientific activity in this period was de-
termined by his close relationships with Gauss. Above all, it was the profit that he expected
from this that made the Gottingen professorship so desirable to him. Gauss had devised a
general theory of earth magnetism,!? through which the secure ground was prepared for all
work aimed at researching this enigmatic force. With Weber, he won a comrade in following
the newly opened track, who knew how to take up the given suggestion and develop it further
in an independent and significant way. Weber played an outstanding part in the establish-
ment of the Magnetic Society, which brought together a large number of observers scattered
over a wide area for joint, systematic work according to a common plan, in the construction
of instruments for measuring magnetic forces, in the development of new methods of obser-
vation, in the editing of the journal published by the Society, and the summarizing of the
results of the Society’s observations.?!® We also owe him an atlas of terrestrial magnetism,
which illustrates the conclusions flowing from Gauss’ general theory by means of a large
number of magnetic maps.3!4

We owe a device to the joint investigations of Gauss and Weber that was destined to
make an epoch in the history of telegraphy. It consisted of a galvanic circuit between the
Astronomical Observatory and the Physical Cabinet with wires in the air over the houses up
to the St. John’s Tower and so pulled down again. The entire wire length was 8000". At both
ends, it was connected to multiplier wires,3!> which were led around one-pound magnetic
rods suspended according to Gauss’ arrangement. This magnificent device, the practical
implementation of which is Weber’s merit, was used for galvanic investigations, but it also
proved very directly the feasibility of an electromagnetic telegraph and in fact provided
convenient telegraphic communication for years, which was of great use for corresponding
measurements at the Astronomical Observatory and the Physical Institute. Thanks to the
device manufactured by Gauss and Weber, the problem of electrical telegraphy was solved
for the first time safely and satisfactorily. The two researchers recognized without doubt that
their invention contained the germ of a development that, as Gauss put it, almost frightened
the imagination. But given the meager endowment of their Institutes, they were content with
it only to satisfy their special purposes. They left the further exploitation of the idea for
world traffic to others, and so it was from Gottingen that Steinheil received the inspiration for
the work through which he so greatly influenced the development of electrical telegraphy.3
Naturally, the popular appreciation and the bright sound that Weber’s name enjoys in wide

312|Note by AKTA:] See footnote 55 on page 34.

313[Note by AKTA:] [GW37], [GW38], [GW39], [GW40b], [GW41] and [GW43].

314Note by AKTA:] [GW40a].

315[Note by AKTA:] See footnote 52 on page 33.

316[Note by AKTA:] Carl August von Steinheil (1801-1870) was a German physicist, inventor, engineer and
astronomer. See [Pri83].
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circles are associated with the invention of the telegraph, as Weber was the only survivor
of that memorable time. As much as we value the merit that lies in the first successful
implementation of an idea that several outstanding physicists had tried in vain to realize,
the invention of the telegraph is not Weber’s most unique work. Rather, the information
received from those times suggests that the original moving ideas are to be found on Gauss’
side, while the credit for the practical implementation goes mainly to Weber.

When setting up the telegraph, Weber and Gauss made an ingenious application of the
laws of magnetic induction which Faraday had recently discovered.?'” Weber’s attention
was thus turned to the discoveries of the great British researcher, and we find evidence of a
sustained preoccupation with the new phenomena in several treatises which he has written
down in the “Resultaten aus den Beobachtungen des magnetischen Vereins” (Results from
the Observations of the Magnetic Association).?!® Among the subjects with which they are
concerned, the use of the currents induced by the earth’s magnetism for measuring inclina-
tion should be emphasized. The earth inductor constructed for this purpose later became
of fundamental importance for absolute resistance measurements. Weber also applied the
principle of determining the elements of the earth’s magnetism through galvanic observations
to the measurement of the horizontal intensity. From the magnetic work, which had formed
the main subject of his activity since his employment in Gottingen, Weber was immediately
led over to the field in which his genius was to develop in the freest and most original way,
electrodynamics.

With his move to Leipzig began the series of treatises on elektrodynamische Maassbestim-
mungen (Electrodynamic Measurements), which are the main work of his life and a classic
monument to him for all time.3!Y Insofar as a theory is developed in these works which covers
the entire area of electrical phenomena known at the time, they represent the completion
of a great scientific development that goes back in its beginnings to Newton.??* If we want
to understand the meaning of Weber’s electrodynamic theory in this context, we must first
remind ourselves of the essential features of the earlier development.

Kepler had already conceived the notion that the planets were kept in their orbit by
some force exerted by the sun.??! He compared it to the attraction of a magnet to iron.
He suspected that it diminished with distance, just like the effects of light. However, there

317[Note by AKTA:] See footnote 43 on page 28.

318Note by AKTA:] See footnote 313.

319]Note by AKTA:] Weber wrote eight major Memoirs between 1846 and 1878 under the general ti-
tle Elektrodynamische Maassbestimmungen (Electrodynamic Measurements), [Web46], [Web52b], [Web52a],
[KW57], [Web64], [Web71], [Web78] and [Web94b]. The eighth Memoir was published only posthumously in
his complete works. These 8 major Memoirs and other of his main works on electrodynamics have now been
fully translated and commented into English in the 4 volumes of the book Wilhelm Weber’s Main Works on
FElectrodynamics Translated into English. Volume 1: Gauss and Weber’s Absolute System of Units, [Ass21j],
Volume 2: Weber’s Fundamental Force and the Unification of the Laws of Coulomb, Ampeére and Faraday,
[Ass21k], Volume 3: Measurement of Weber’s Constant ¢, Diamagnetism, the Telegraph Equation and the
Propagation of Electric Waves at Light Velocity, [Ass21]], and Volume 4: Conservation of Energy, Weber’s
Planetary Model of the Atom and the Unification of Electromagnetism and Gravitation, [Ass21m]. Included
in these four volumes are also English translations of 5 papers by Gauss, translations of part of the cor-
respondence between Gauss and Weber, 1 paper by Weber and Wohler, 2 papers by Weber and Rudolf
Kohlrausch (1809-1858), 1 paper by Fechner, 1 paper by Johann Christian Poggendorff (1796-1877), 1 paper
by Frangois Felix Tisserand (1845-1896), 2 papers by Carl Neumann (1832-1925), and 3 papers by Gustav
Kirchhoff (1824-1887) related to Weber’s electrodynamics.

320[Note by AKTA:] See footnote 11 on page 17.

321/Note by AKTA:] Johannes Kepler (1571-1630) was a German astronomer, mathematician, astrologer
and natural philosopher.
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was still a long way to go from such vague assumptions to Newton’s theory of gravitation.
First, a theory of motion and then a mathematical method had to be created to determine
the resulting motion from the small changes that a given speed undergoes in a large number
of successive time units. The creation of dynamics was the work of Galileo.?”> We owe
the method of fluxions or differential calculus to Newton and Leibniz.??* But then Newton
achieved a big success. In a strict mathematical conclusion, he developed Kepler’s laws from
the assumption that the sun exerts a force on the planets that is inversely proportional to
the square of the distance. He showed that this force is identical to the gravity that causes
a stone to fall on the surface of the Earth. So Newton became the founder of the mechanics
of the sky, which is still used today as the unrivaled model of mathematical physics. The
same does not just reproduce the broad features of the phenomena, it rather follows the
facts down to the finest details and every advance in observation is always just a new test
for the perfection of the theory. The basis of Newton’s theory, however, was formed by
an assumption that was extremely strange to his contemporaries who were caught up in
the Cartesian view,??* which Newton himself seemed to consider to be little more than a
mathematical fiction, but which his students soon turned into an unassailable dogma, the
assumption of an immediate action at a distance between the bodies of the universe, as well
as between the earth and the bodies on it, or finally [between] these latter themselves.3?®
The question of the nature of the actions that we observe in the physical world, whether
direct action at a distance or mediation through pressure and impact, is now closely related
to a conflict of views on the nature of matter, which we trace through the history of physics
back to Democritus and Aristotle.??6 One view assumes that matter constantly fills space,
while the other view is that matter is composed of small particles, molecules and atoms,
and imagine these separated from each other by empty spaces. One can see how much the
idea of an immediate action at a distance had to come to the aid of atomism, and one
will therefore not be surprised if the French physicists, in particular at the end of the last
century and the beginning of this century, combined the atomistic view with the idea of
action at a distance to gain a path into the area of molecular phenomena. Laplace®?” had
already remarked that a ponderable body could be compared with a nebula, which offers
the appearance of a uniformly glowing disk in the night sky. Like a uniformly luminous disk
consisting of an innumerable number of stars, between which wide spaces empty of stars
extend, you can imagine ponderable bodies made up of molecules separated from each other
by gaps, in comparison with which the dimensions of the molecules themselves disappear;
and, just as the stars of a nebula attract each other with Newton’s force, this would also be
the case with the molecules of a body. But such an assumption is not suitable to explain the
phenomena of elasticity or capillarity; rather, in the atoms of a body, Newton’s attraction
must be supplemented by other forces which have the property of only having a noticeable
strength at very small distances, disappearing at larger distances. The introduction of these

322|Note by AKTA:] Galileo Galilei (1564-1642) was an Italian astronomer, physicist and engineer. See
[Gall4] with Portuguese translation in [Gal85].

323|Note by AKTA:] Gottfried Wilhelm Leibniz (1646-1716) was a German mathematician, philosopher,
scientist and diplomat.

324[Note by AKTA:] René Descartes (1596-1650) was a French philosopher, scientist and mathematician.

325[Note by AKTA:] For a discussion of Newton’s points of view as regards action at a distance see, for
instance, [Henl11], [Hen14], [Hen19] and [Hen20].

326[Note by AKTA:] Democritus (around 460-370 BC) was a Greek philosopher. Aristotle (384-322 BCQ)
was a Greek philosopher and polymath.

327[Note by AKTA:] Pierre-Simon Laplace (1749-1827) was a French scientist and polymath.
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so-called molecular forces led to a theory that was in agreement with the phenomena of
elasticity and capillarity, but which celebrated its greatest triumphs in the wave theory of
light. The idea that the aether has the properties of a solid elastic body with respect to the
oscillations of light had already been developed by Fresnel in order to justify the possibility
of transverse oscillations.??® With such successes, the molecular theory had to become even
more dominant in physics because, on the other hand, chemistry had also come to the
assumption that bodies were made up of atoms or atom complexes, the molecules.

However, a question of fundamental importance was left open by the molecular theory
or at least only touched superficially: the question of the stability of the assumed molecular
systems. At the start, we compared such a system to a star cluster. But the fact that the
similarity is not very extensive becomes clear when we look at our planetary system instead
of a star cluster. As a result of the attractions that the planets exert on each other, their
orbits continually deviate from Kepler’s ellipses. However, the conditions of the system are
such that the disruptions never add up to large amounts. The orbits actually traversed by
the planets only carry out small oscillations around an unchanging position. The planetary
system is stable as far as the orbits in which the individual bodies move are concerned.
However, the systems’ configuration is subject to the greatest changes as a result of these
very movements. Similarly, the stability of a star cluster can only be that of movement.
In contrast, molecular theory assumes that the individual molecules of a solid body are in
stable equilibrium at certain points under the influence of mutually exerted forces and that
the configuration of the system is completely determined and unchangeable as long as no
external forces are acting on the body. It was noted that such an assumption only appears
possible if the forces acting between the molecules contain both attractive and repulsive
components. However, a real development of the stability conditions and a more precise
formulation of the force law have not been attempted. For now, this assumption is only
justified by the success with which it was introduced.

We can see how difficult it was for the idea of immediate action at a distance to gain
more general significance despite the great success of Newton’s theory of attraction from the
fact that it was only around the year 1760 that action at a distance forces were introduced
into the theory of frictional electricity and magnetism. But at the same time Euler,?? an
opponent of action at a distance, explained the electrical attractions and repulsions through
changing pressure conditions in the air and developed a theory for the magnetic effects which
is not too far removed from the views later developed by Faraday. Coulomb’s measurements
initially decided the alternative in favor of action at a distance.?3° To explain the electrical
phenomena, he assumed the existence of two fluids corresponding to the electricity of glass
and resin.?3! Particles of the same fluid repel each other. Particles of different fluids attract
each other with a force that, like gravity, is inversely proportional to the square of the
distance. A corresponding assumption was then transferred to the theory of magnetism and
was confirmed here by the measurements of Gauss.

328[Note by AKTA:] Augustin-Jean Fresnel (1788-1827) was a French engineer and physicist. See Section
5.2 (Fresnel’s Contributions) of [AC11] and [AC15].

329]Note by AKTA:] Leonhard Euler (1707-1783) was a Swiss mathematician, astronomer and physicist.

330[Note by AKTA:] See footnote 288 on page 172.

331[Note by AKTA:] Vitreous electricity is nowadays called positive electricity, while resinous electricity
is called negative electricity. See Chapter 5 (Positive and Negative Charges) of [Ass10a] with Portuguese
translation in [Ass10b], Russian translation in [Ass15b] and Italian translation in [Ass17a]. See also Section
4.3 (Differences between Old and Modern Glasses) of [Ass18a] with Portuguese translation in [Ass18b] and
Russian translation in [Ass19b].
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At the beginning of our century, the field of magnetic and electrical phenomena expe-
rienced a tremendous expansion with the discovery of electromagnetism by Oersted,?3? the
interaction of galvanic currents by Ampere,?*3 and induction by Faraday. All of these phe-
nomena are effects of electricity, which is in the state of galvanic current in wires. This means
that the laws that Biot, Savart and Ampere established for the discovered actions have a
substantially different character than the earlier laws of action at a distance.?** In the elec-
tromagnetic interaction, Oersted determined the law of action of a very short straight piece
of wire, which is the carrier of the galvanic current, on a magnetic pole. Ampere’s law deter-
mines the interaction between two such pieces of wire. So, unlike Newton’s or Coulomb’s law,
it is not about the interaction of point masses or centers of force, but about the interactions
between points and line elements, and the interactions of line elements among themselves.33°
We call laws that relate to such effects elementary laws in contrast to Newton’s point law.33¢
However, the fact that an element of a galvanic current cannot exist on its own is particularly
noteworthy; it is only conceivable as part of a larger circle, of the closing arc of a galvanic
voltaic cell®*” or a discharging Leyden jar.?*® This remark leads to the question of whether it
is not possible to reduce these elementary laws to simpler actions. But if one further sees the
basis of the electrical phenomena in the existence of the electrical fluids, then there can be no
doubt that the same particles, which in the state of rest attract or repel each other according
to Coulomb’s law, in the state of a galvanic flow must give rise to the effects discovered by
Ampere. This creates the task that Ampere himself had already set: to investigate how the
electrostatic action at a distance of the particles could be modified through movement in
such a way that Ampere’s law results as a result of the various actions. This task is what
Weber solved in the First Treatise on electrodynamic measurements.?® The fact that his
intention from the outset was not just aimed at theoretical speculations but also directly at
fundamental tasks of measuring physics can be seen from the following words with which
the mathematical part of the investigation is introduced:3*°

Thus, if we take up the connection between the electrostatic and electrodynamic
phenomena, we need not simply be led by its general scientific interest to delve into
the existing relations between the various branches of physics, but over and above
this, we can set ourselves a more closely defined goal, which has to do with the mea-
surement of Volta-induction®*' by means of a more general law of pure electrical

332[Note by AKTA:] Hans Christian Orsted (1777-1851) was a Danish physicist and chemist. See [Oer20b]
with English translations in [Oer20c], [Oer65] and [Drs98]; French translation in [Oer20a]; German translation
in [Oer20d] and Portuguese translation in [rs86]. See also [Fra81], [Mar86] and [Reil3].

333|Note by AKTA:] See footnote 15 on page 18.

334[Note by AKTA:] Jean-Baptiste Biot (1774-1862) and Félix Savart (1791-1841) were French physicists,
astronomers and mathematicians. See [BS20] with English translation in [BS65b] and Portuguese translation
in [ACO06]. See also [BS24] with English translation in [BS65a].

335|Note by AKTA:] The interaction between a point and a line element would represent the interaction
between a magnetic pole and a current element. The interaction between line elements would represent the
interaction between current elements.

336[Note by AKTA:] See footnote 210 on page 129.

337Note by AKTA:] In German: einer galvanischen Sdiule.
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340[Note by AKTA:] [Web46, p. 134 of Weber’s Werke] and [Web21d, p. 130].
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theory. These measurements of Volta-induction then belong to the electrodynamic
measurements which form the main topic of this Treatise, and which, when they are
complete, must also include the phenomena of Volta-induction. It is self-evident,
however, that establishing such measurements is most profoundly connected with
establishing the laws, to which the phenomena in question are subject, so that the
one can not be separated from the other.

But if the general theory of electrical phenomena were to be based on the foundation
of Ampere’s law, it seemed necessary first of all to subject this itself to a new test through
exact measurements. Weber carried out this test with the electrodynamometer he designed,
which has since become an important measuring device in electricity theory. If he stated
that the observations were in perfect agreement with Ampere’s law, if he regarded it as the
precise expression for a very extensive class of facts, he overlooked a circumstance whose
significance was only recognized later. The object of observation is always only the action of
closed circuits. However, how the overall action is distributed among the individual current
elements is, to a certain extent, arbitrary, and this arbitrariness causes Ampere’s law to
appear as a possible, but not the only possible, expression of the electrodynamic interaction.
By accepting the law, Weber introduced a somewhat hypothetical element into his theory.
But he then brilliantly solved the task of uncovering the connection between the electrostatic
and electrodynamic fundamental law through the law named after him, which determines
the force acting between two electrical particles not only from their masses and their distance
but also from their dependence on relative movement. With the establishment of this law,
Weber had reached a point of view from which a uniform representation of electrical phe-
nomena seemed possible. In the entire series of later treatises, he pursued his goal with great
consistency and to an ever-increasing extent. He included the phenomena of magnetism in
the circle of his views, and his last works also tried to connect gravitation and molecular
actions with the law of electrical force. But true to the program set out from the beginning,
his scientific activity was always twofold. Hand in hand with theoretical speculation came
the electrical measurements, which have become of fundamental importance for the practical
and technical side of physics.

First and foremost, Weber’s law had to apply to the phenomena of voltaic induction
discovered by Faraday, [namely,] to the creation of a current in a conductor wire when
approaching an existing [current-carrying| circuit, [and also| the creation of a current when
the current strength in the neighboring circuit changes. In fact, in both cases, forces are
exerted on the neutral electricity resting inside the conductors, which drive the positive
particles in one direction and the negative particles in the opposite direction. These forces
will therefore not attempt to displace the conductors themselves, as is the case with the
action discovered by Ampere. In fact, they only seek to move the electricity contained in
the conductors, and we therefore call them electromotive. The application of Weber’s law
to the cases mentioned leads to elementary laws of voltaic induction, which are confirmed
by observations of closed current and conductor circuits. The extension of the laws found
to the phenomena of magnetic induction is made possible by the remark that the inducing
action of galvanic spirals is subject to the same law as that of a magnetic rod.

While in the First Treatise on Electrodynamic Measurements the interest concentrates
primarily on the development of the general basic law, in the Second Treatise?!? the practical
side of the task comes to the fore and from this point of view, it has just as fundamental

312[Note by AKTA:] [Web52b] with English translation in [Web21e].
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significance, as the First for the development of the theory. Through the double interre-
lationship that exists between electricity and magnetism, through the peculiar distinction
between electrostatic and electrodynamic phenomena, the number of quantities that form
the object of observation and measurement is multiplied. The need therefore, becomes all
the more urgent to have certain definitions for these quantities, a uniform system of units and
convenient and precise methods of measurement. When founding his system of units, Weber
started from an idea of great importance, which was first introduced into science by Gauss in
his Treatise on the absolute measure of the Earth’s magnetic force.>*®> We want to imagine
that an arbitrary agent is distributed in equal quantities between two identical ponderable
bodies and that the result of this is a mechanical interaction, an attraction, repulsion, or
rotation of the two bodies. The strength of the force exerted can be determined according
to the general units of mechanics, for example, by weighing. This can only depend on the
spatial conditions and the number of agents. If the dependence on the lines and angles to be
measured is known, a measure for the quantity of the agent in question results, namely one
that only requires the establishment of the units of measurement for lines,>** time periods,
and masses. In this sense, Gauss taught how to determine in absolute units the amount of
magnetism contained in a steel rod. In the same sense, the amount of electricity imparted
to two charged conductor balls can be calculated in absolute electrostatic units from the
repulsion between them. When the principle is applied to galvanic currents, however, the
peculiar circumstance arises that the strength of a current can be judged just as well by its
action on a magnet as by its action on a second current. There are therefore two different
absolute units for the strength of the galvanic current, and it makes sense to contrast these
two with a third, which is particularly important because it establishes a direct relationship
between the electrodynamic and electrostatic measurements. In accordance with the way
we measure the strength of a flux, the unit of measure is represented by a galvanic current
in which the total amount of electricity flowing through the cross-section of the conduct-
ing wire in one second is equal to the electrostatic unit as determined by the repulsion of
two charged conductors. Accordingly, one can also now set up three different units for the
electromotive forces. One can use the phenomena of magnet or voltaic induction for this
purpose. But one can also be guided by the remark that the electromotive force of induc-
tion does not differ significantly from the forces of electrostatics, which also seek to cause a
separation of the electrical fluids, so that the electromotive force can be expressed just as
well as the electrostatic force in terms of the general units of mechanics. Finally, since the
resistance of a conductor is equal to the ratio of the electromotive force to the strength of the
galvanic current generated, the threefold possibility of determining the units also applies to
this [magnitude, that is, to the resistance|. Of particular interest is the relationship between
the electromagnetic and electrodynamic units on the one hand, and the electrostatic unit on
the other, which is mediated by the so-called constant of Weber’s law. According to this,
the electrostatic repulsion between two similar particles is reduced by their movement and
the constant mentioned indicates the relative speed at which the two particles no longer
have any action on each other. At the same time, however, it also provides the factor by
which one must multiply an electromagnetically measured current intensity to express it in
mechanical units, i.e. in order to obtain the number of electrostatic units which the cur-
rent carries through the cross-section of the conductor in one second. Weber carried out

343[Note by AKTA:] See footnote 55 on page 34.
344[Note by AKTA:] That is, measurement of distances.
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the experimental determination of his constants in collaboration with Robert Kohlrausch.34

The ratio of the electromagnetic unit of current to the electrostatic was 3.111 x 10*° ¢cm per
second, while according to the latest measurements, it is 3.012 x 10'° ¢cm per second. Both
values can be considered equal to the speed of light. With the determination of Weber’s
constant, the electrical system of units has reached its internal conclusion. The reason for
this is that Weber has exerted a decisive influence on science to the greatest extent. In the
present period of development, one will be inclined to look for the basis of his fame primarily
in the works belonging to this subject. This is partly due to the ever-growing importance
of electricity for technology and transport. Accurate measurements were not only a need of
science but also of technology, and Weber had satisfied this need in advance. If the worker
in an electrotechnical factory now operates with his [units of measure| Amperes, Volts, and
Ohms in complete safety, then Weber deserves the first and foremost credit for this, and in
this context, one should not hold back the regret that the Electrotechnical Congress in Paris
suppressed the name Weber from the popular designation of electrical units.346

Let us return back to Weber’s work, which is important for the further development
of his theory. Ampere had already shown that the assumption of special magnetic fluids
is superfluous, that the phenomena of magnetism are completely explained if, under the
assumption of a molecular constitution of iron, one imagines each molecule surrounded by
a ring-shaped galvanic current.®*” In a non-magnetic piece of iron, these so-called Ampere
molecular currents will have all possible orientations. In a magnetic field, they are rotated
consistently by the electromagnetic action and then exert the same external actions which,
according to the earlier view, were explained by the separation of magnetic fluids. Based on
very attractive considerations, Weber also included in this theory the diamagnetic repulsions
discovered by Faraday, which many bodies experience in the vicinity of a magnetic pole.348 If
the molecules of a body are surrounded by paths in which the electrical fluids move without
electromotive force, i.e. without resistance, then induction currents must be able to occur
in these paths. These must persist until they are destroyed by an opposing cause. But the
currents that are induced by approaching a magnetic pole have such a direction that they
produce a repulsion between the pole and the approaching body, which would be the same
repulsion discovered by Faraday. With this theory, Weber believed that he had decided
the alternative between the assumption of separable magnetic fluids and Ampere molecular
currents in favor of the latter. However, all phenomena of diamagnetism can also be explained
by the assumption that the air and the ether filling the so-called empty space are capable

345|Note by AKTA:] Although Riecke wrote “Robert Kohlrausch”, the correct name is Rudolf Kohlrausch
(1809-1858). This constant ¢ would represent the uniform relative velocity at which Weber’s force between
the two particles would fall to zero. Weber’s ¢ (known throughout the 19th century as the Weber constant)
is not the same as the modern light velocity in vacuum vy, = 2.998 x 108 m/s, but V2 times this last value
(or, ¢ = /2 - v, = 4.24 x 108 m/s). The Weber constant, ¢, was first measured by Weber and Kohlrausch in
1854-1856. They obtained ¢ = 4.39 x 108 m/s. See [Web55] with English translation at [Web21i]; [WK56]
with English translations in [WKO03] and [WK21], and Portuguese translation in [WKO08]; and [KW57] with
English translation in [KW21]. See also [Pog57] with English translation in [Pog21], and [Ass21h].

346|Note by AKTA:] The main responsible for suppressing the name Weber in the popular designation
of electrical units of measure in the 1881 Electrotechnical Congress in Paris were two of Weber’s main
opponents, namely, William Thomson (1824-1907), also known as Lord Kelvin, and Hermann von Helmholtz
(1821-1894), as will be shown in Chapter 23. It was their suggestion to replace the term Weber by Ampére
as the unit of electric current.

347 Note by AKTA:] See Chapter 19 (The magnetic poles and dipoles are disposable hypotheses) of [AC11]
and [AC15].

318Note by AKTA:] [Web52a] with English translation in [Web21h].
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of magnetic polarization and to a higher degree than the so-called diamagnetic bodies. The
existence of the Ampere molecular currents cannot therefore be claimed based on Weber’s
investigation. But we must not leave it without remembering that in it, for the first time,
the magnetic excitation of bismuth in the interior of a galvanic spiral, the induction by the
movement of a diamagnet, was not only demonstrated but also precisely measured and the
ratio between the diamagnetic excitability of bismuth and the magnetic excitability of iron
has been determined.

Weber’s investigations, which we have reported above, are essentially related to the action
at a distance of galvanic currents. The theory of the galvanic circuit, which Weber had al-
ready discussed in detail in his Treatise on resistance measurements,*® should be considered
as an area of electrodynamics that, in many respects, allows a deeper insight into the nature
of electrical phenomena. To address this problem, knowledge of the electromotive forces ex-
erted on the fluid contained in a conductor is not sufficient. This also requires knowledge of
the molecular resistances with which the movement of electricity has to contend with inside
the conductor. Finally, the inertial mass of the electricity set in motion must be given, if the
movement is to be calculated according to the usual principles of mechanics. Kirchhoff was
the first to give general equations for the movement of electricity in conductors,*° assuming
the general validity of Ohm’s law.?>! To determine the laws of motion for conducting wires
based on these equations, he introduced the assumption that every piece of such a wire that
could still be considered straight was a million times longer than its thickness. It cannot
be judged from the outset to what extent this requirement can be fulfilled in executable
experiments and to what extent it is compatible with the general validity of Ohm’s law.
Only a little later than Kirchhoff, Weber submitted an investigation into the general laws
of galvanic flow to the editor of the Annalen fir Physik und Chemie. However, he withdrew
it when he learned of the existence of Kirchhoff’s work. Regardless of the general validity
of Ohm’s law, he then developed the equations of motion of electricity anew by starting
from the general approach of mechanics and accordingly assigning to electricity a mass to
be determined according to grams.?>> From the theoretical results of Weber’s work, two
are particularly interesting. He found that wave-like movements of electricity are possible
in a linear conductor, similar to the progression of a wave in a tube filled with air. The
propagation speed of waves could be expressed by the constant of Weber’s law. It turned
out that under certain conditions, the propagation velocity is equal to the speed of light.
Weber was not inclined to attach any physical meaning to this result. Maxwell, however,
based his theory of light on the relationship between Weber’s constant and the speed of
light when he found that the speed of propagation of electrical oscillations in the air corre-
sponds to the speed of light.?® A second comment relates to the inertia of electricity and
the resulting deviations from Ohm’s law. From the theory developed by Weber, it follows
that the amplitude of fast electrical oscillations, which are excited in a closed conductor by
a periodically changing force, depends on the inertial mass of the electricity. The formulas
reveal, at least in principle, the possibility of determining, by measuring the amplitude, the

349[Web52b] with English translation in [Web21e].

350[Note by AKTA:] Gustav Kirchhoff (1824-1887) was a German physicist. See [Kir49] with English
translations in [Kir50] and [Kir21a], and French translation in [Kir54]; [Kir57b] with English translations in
[Kir57a] and [Kir2lc]; and [Kir57c] with English translation in [GA94] and [Kir21b]. See also [Ass21al.

351[Note by AKTA:] See footnote 121 on page 65.

352|Note by AKTA:] [Web64] with English translation in [Web21c]. See also [Pog57] with English translation
in [Pog21], and [Ass21b].

353[Note by AKTA:] James Clerk Maxwell (1831-1879) was a Scottish physicist. See [Max73a] and [Max73b].
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ratio in which the quantity of electricity contained in the unit length of the conductor wire
stands to the square root of its inertial mass, or [the ration in which] the current strength is
to the square root of the kinetic energy of the current. The experimental part of the work, in
which Robert Kohlrausch played a significant part, was interrupted right from the start by
the latter’s illness and death.?%* Hertz3% later found that the kinetic energy of the electricity
in one cubic millimeter of a conductor through which the unity of electromagnetic current
flows, i.e., 3 x 10'% electrostatic units (g.cm.sec.) in one second, must be smaller than the
living force of one five hundredth milligram, which is moved at the speed of 1 millimeter [per
second].?5¢

Weber attempted to develop the theory of galvanic flow even more fully in the treatise
“Uber die Bewegung der Elektricitit in Korpern von molekularer Constitution” (on the mo-
tion of electricity in bodies of molecular constitution), published in the Annalen der Physik
und Chemie.®®” In doing so, he replaced the dualistic idea recorded in his earlier work
with a unitary one, assuming that the negative electrical particles adhere to the ponderable
molecules, that the positive ones are in central motion around the molecules, whereby the
Ampere rings then dissolve into systems of electrical satellites. Weber looks for the difference
between conductors and insulators in the fact that in the former, the orbits of the positive
particles extend into the spheres of attraction of the neighboring molecules, whereby a con-
stant transition from one molecule to the other causes a constant change between central
movement and flowing motion. If there is no external force, all directions in space will be
equally represented in this low movement. However, if an electromotive force acts on the
conductor, the particles are deflected from the initial direction of movement, and the result-
ing joint displacement is the galvanic current. The electromotive force performs work, which
finds its equivalent in the increased living force of positive electricity. Since, on the other
hand, the electrical work is converted into heat according to Joule’s law,*® Weber comes to
the conclusion that the heat energy of a body is nothing other than the kinetic energy of the
positive electricity in central motion.

During the years in which Weber concentrated his efforts on the works on elektrodynamis-
chen Maassbestimmungen — Electrodynamic Measurements, the principle of conservation of
energy founded by R. Mayer, Joule, and Helmholtz had achieved its central position in the
field of exact natural sciences.?” No law could be considered permissible that did not corre-
spond to the requirements of the energy principle. Given the peculiar character of Weber’s
law, it seemed doubtful from the outset whether it fulfilled that condition and whether the
foundation of the entire theory was a legitimate one. Weber showed that the law of con-
servation of force applies to a system of particles that act on each other according to his
law, i.e. that the sum of kinetic and potential energy is constant.?*® The difference from the

354[Note by AKTA:] See footnote 345.

355[Note by MH and AKTA:] Heinrich Rudolf Hertz (1857-1894) was a German physicist. He discovered
electric waves propagating in air, see [Her00].

356[Note by AKTA:] See footnote 173 on page 108.

357[Note by AKTA:] [Web75] with English translation in Chapter 11.

358Note by AKTA:] See footnote 174 on page 109.

359Note by AKTA:] The principle of the conservation of energy by taking into account thermal energy had
been established by Julius Robert von Mayer (1814-1878) in 1842 and by James Prescott Joule (1818-1889)
in 1843, being also discussed by Hermann von Helmholtz (1821-1894), [May42] with English translation in
[May62] and Portuguese translation in [May84]; [Jou43]; and [Hel47] with English translation in [Hel53] and
[Hel66]. See also [Mar84] and [Ass21f].

360[Note by AKTA:] [Web71] with English translations in [Web72] and [Web21g]; and [Web78] with English
translation in [Web21{]. See also [Ass21f].
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usual form in which the potential energy of a mechanical system appears is that in a system
of electrical particles it also depends on the relative velocity. This now imposes a certain
limitation on Weber’s law. It turns out that its application to the movements of electrically
charged bodies leads to worrying consequences if the density of the charge or the size of
the bodies exceeds certain limits. A similar difficulty arises when one uses Weber’s law to
investigate the course of currents that have somehow been excited in a conducting body.
Only for thin wires do the conclusions agree with the observed facts. In the case of bodies
of larger dimensions, however, the equations of motion of electricity have, in addition to the
integrals, which show a faster or slower disappearance of the excited movement, others that
represent movements that increase to infinity. Helmholtz, who made these comments, has
thus shown that Weber’s law leads in certain cases to results that contradict the general
views of mechanics. As long as these contradictions cannot be resolved, the law can only be
attributed to the meaning of an interpolation formula. Within an area delimited by experi-
ence, it leads to correct results. But it cannot be applied beyond the same without coming
into conflict with other facts of experience. Nevertheless, it will make a difference whether
the conditions under which the law leads to contradictions are merely conceivable or whether
they can also be realized experimentally. This point requires further clarification.

No matter how much weight one attaches to the concerns emphasized, Weber’s construc-
tion still encompassed the entire field of observed facts; with its preliminary works it reached
over into the field of molecular phenomena and opened up a view into the distant world
of chemical affinities for its builder. One might therefore have expected that the breaches
made in individual places in the walls would only serve as an incentive for redoubled work,
and efforts would be made diligently to fill the gaps and strengthen the foundations. And if
one was of the opinion that physical laws were ultimately nothing more than interpolation
formulas that correspond to a given circle of facts, then one could expect that a formula that
encompassed such an enormous circle could also be adapted through smaller additions to a
somewhat enlarged circle. If this did not happen, if one left Weber’s theory to erect a new
building on a new foundation, then there are other reasons for this, which are not directed
against individual gaps in the theory, but against the entire foundation of the same. And
these we shall try to describe in the following, as best as time permits.

First, we have to mention a type of prejudice that relies on no less authority than that
of Newton. In fact, Newton described gravitation, which he introduced into science, as
merely a mathematical cause; the idea that one body could act on another through empty
space without any mediation seemed absurd to him. But he left the question of whether the
agent, which acts according to certain laws and creates gravity, is material or spiritual to
his readers. Occasionally, he probably expressed the idea that the different tension of the
aether filling space drives bodies from denser to less dense places and that gravity is based
on this. He probably did not think much of such speculations and was satisfied that gravity
exists and that the bodies of the sky and the sea tides move according to his laws.

Newton’s vague suggestions gained firmer ground through Faraday, who, not accustomed
to the formulaic language of mathematics, was looking for a clear means of being able to
represent and understand the interactions of bodies in the areas of electricity and magnetism.
Such a means presented itself to him in the lines of force, the system that we can so easily
create with a magnet with the help of iron filings. If we look at such a chain connecting
two friendly poles, we see that all its links are small magnets, which the opposite poles turn
towards each other, which therefore attract each other and try to shorten the chain. If we
imagine its ends soldered to the poles to which it connects, it will pull them towards each
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other, and the movement of the poles, which was otherwise seen as a consequence of their
forces acting at a distance, now seems brought about by the tension of the chain. Faraday saw
lines of force radiating out from an electrically charged body into the surrounding insulating
space. Through processes of a hidden nature, a voltage was created along the lines of force,
and this was the cause of the electrical phenomena observed. The wire in which a galvanic
current moves is surrounded by ring lines of magnetic force and in these there is a voltage of
the same kind as in that generated by a pole. The mutual disturbance of the voltages caused
by two currents located next to each other in the same space is the cause of the apparent
electrodynamic action at a distance. Faraday was also able to connect the facts of induction
with the system of his lines of force by showing that an induced current always arises in a
closed circuit when the number of lines of force passing through it changes. However, he
found no clear mechanical picture of the relationship between the induced and the inducing
circles. The theory developed by Faraday turned on its head the widespread and seemingly
self-evident view that the conductors were the actual carriers of electrical forces and that
the space surrounding them only played a passive role as long as it was impenetrable to the
electrical fluids. According to him, the true cause of electrical actions lies in the insulators.
The so-called conductors are incapable of conducting lines of electrical force and are only
subject to the voltages of the insulator surrounding them. But this theory was much more
than a clever game with possibilities and geometric lines because Faraday had shown that the
insulators actually play an essential role in electrical phenomena and that a change in their
electrical state really occurs along the lines of force. He had discovered that all bodies are
capable of magnetic excitation, that there is actually a polarization of the surrounding space
along the magnetic lines of force radiating from a pole. But if the dielectric and diamagnetic
states assumed by Faraday have a real existence, then the attempt to consider them as the
sole causes of the observed effects is also justified.

Mathematical physics, in particular the theory of potential, also led to views that con-
tradicted the assumption of instantaneous action at a distance, but which were in contact
with Faraday’s theory in essential points. The safest and simplest means of representing
the observed facts was increasingly considered not to be forces emanating from bodies, but
rather to differential equations, which were satisfied by the quantities characteristic of the
phenomena. But every differential equation can be understood as an instruction to calcu-
late the state of any spatial element from that of a neighboring one. One can actually see
from this the similarity of the mathematical concept with Faraday’s idea of a dielectric or
diamagnetic tension that progresses from element to element.

In mathematical physics, however, a development took place in another direction, moving
away from the pursuit of atomistic theories and placing a new method of theoretical research
in the foreground. Based on two general theorems of the principles of energy and entropy,
it was possible to devise a theory of heat, which brought a wealth of new and surprising
enlightenment. The peculiar advantage of this theory seemed to be that it was independent
of any particular assumption about the nature of heat and that the change of ideas could not
influence its unchanged and general validity. It made sense to apply the method thus provided
in other areas and to connect the laws of phenomena not through special hypotheses about
the nature of bodies but through those general principles. Thus, the principle of energy in the
field of electricity made it possible to develop the laws of ponderomotive and electromotive
actions of the galvanic current from one another.

Faraday’s ingenious intuition of a physical existence of the lines of force, as fruitful as it
had been for his own discoveries, had to stand back against the theory of action at a distance
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as long as it had not found a mathematical formulation. This was given to it by Maxwell. The
battle of the theories was now fought with equal weapons and it initially became apparent
that their results as a whole agreed to a surprising extent. However, Maxwell soon made
a major and momentous discovery based on his theory by showing that transverse electric
and magnetic waves can propagate in an insulator and that their speed of propagation in air
space is equal to the speed of light. On this, he based his electromagnetic theory of light,
which was confirmed, although not completely, by a series of later observations. Although
Helmholtz succeeded in deriving the formulas of Maxwell’s theory of light from the laws of
electric and magnetic actions at a distance, Maxwell’s developments remained simpler and
more direct. It was also shown here that Faraday’s method is superior to the theory of
actions at a distance, when it comes to describing phenomena using differential equations.
Maxwell’s theory was not only important because it combined the phenomena of light with
those of electricity into a unified whole, it also opened a new path for the study of electricity
itself. Because if light is based on electrical vibrations, then conversely, electrical vibrations
must also have the properties of light. Rays of electrical force must spread through space
according to the same laws as light rays. This realization pointed the way to the decision
between the theory of action at a distance and Faraday’s view. Electrical oscillations occur
when opposing electrical charges on two conductors balance each other out in the spark.
According to the old theory, such a place is the origin of a double force and an immediate
action at a distance, which requires no time to spread and which is to be regarded as the
essential cause of the phenomena. In addition, there is a secondary effect as a result of
the electrical and magnetic polarization of the surrounding air space, and this occurs at the
speed of light from the spark gap. According to Maxwell’s theory, the rays of electrical force
that obey the laws of light are the only thing present. All effects produced by the spark gap
are mediated by waves that travel through space at the speed of light. Now Hertz has shown
through his work, which has developed so brilliantly from inconspicuous and painstaking
beginnings, that from a spark gap effects spread at a finite speed, that their straight path
is reflected and refracted through the intermediate media in the same way as the rays of
light, and that the facts he observed, nowhere make it necessary to assume that, in addition
to the mediated actions, there is also an immediate action at a distance of the spark gap.
In accordance with Newton’s principle, that in order to explain phenomena one should not
allow more causes than are true and are sufficient to explain those phenomena, in the field of
electricity the assumption of instantaneous forces acting at a distance will be dropped and
Maxwell’s theory must be viewed as that which corresponds to the current point of view of
our experience.

What is proven by the development described above against the basic views of Weber’s
electrodynamics, and what is put in its place? Weber’s theory was based on two different
pillars, the assumption of immediate action at a distance and the idea of the atomistic
constitution of matter. Of these, the first pillar has proven to be insufficient and superfluous
compared to the phenomena. But the second pillar is in no way shaken by Maxwell’s theory:;
because the mechanism, on which the propagation of the electrical force is based, makes no
special assumptions. One can just as easily think of waves in a medium that continuously
fills space in terms of tensions and pressures between the neighboring volume elements of
such a medium, [or] as a transfer from particle to particle in an atomistically constituted
medium. In the latter case, the action at a distance is then reintroduced into the theory,
with the change that it is no longer considered to be present for arbitrarily large distances,
but only for molecular distances. But if such an assumption proves to be useful and fruitful

195



for the further progress of science, the prejudice existing against actions at a distance in
general will not prevent it from being pursued. The conviction that actions exist through
pressure and tension may be more immediate. Although their assumption may be closer
to our perception, we know nothing about how they come about, and even with them, the
body ultimately acts where it is not, i.e., in the distance. In this sense, the confirmation of
Maxwell’s theory did not result in a decision being made against the assumption of action
at a distance.

The theory of action at a distance has two centuries behind it. We will not expect that
the new methods that are to take its place will appear to us in an equally sophisticated and
uniform manner. For the time being, the phenomena of gravity are separated from the other
areas of physics by a deep gap, as long as it is not possible to explain Newton’s attraction as an
indirect effect caused by changes in the state of an ether-filling space. The attempts that have
been made in this direction in recent times, from Riemann’s metaphysical hydrodynamics
to Isenkrahe’s kinetic theory, do not have the character of a physical explanation.®! They
are based on a type of transcendental physics in that they attribute properties to the bodies
that generate gravity that no physical body ever possesses. But even apart from this, we do
not have a uniform method. Rather, an undeniable charm of current development lies in the
diversity of perspectives from which attempts are made to bring connection and order into
the realm of phenomena. The guiding ideas are not so separated from each other, that one
excludes the other, but rather they can penetrate and complement each other in many ways,
and we do not want to forget this relationship if in the following we separately highlight
some points that are important in the recent developments of theoretical physics.

The first of these concerns the concept of energy, which has a fundamental meaning
because it is the only thing that all areas of physics have in common. It therefore makes
sense to place energy at the forefront of theory in each individual area and to connect
the various areas with one another through the principle of conservation of energy. But
people have gone even further by trying to view energy as a real substance and matter as
the manifestation of energy. According to the different classes of physical facts, one has
a mechanical, thermal, electromagnetic, and chemical form of energy. If it was previously
considered a goal of science to reduce these different energies to a single form of mechanical
or, more specifically, kinetic, the task of research is, on the other hand, limited to the
investigation of the factors of energy in the individual areas, the paths, along which it moves
and carries out its transformations. The demand made at the beginning to give the concept
of energy a leading role in the development of theories has probably been fulfilled to a
large extent. In its original form, Hamilton’s principle of mechanics contains the difference
between kinetic and potential energy.?®? In its further development, it reveals the possibility
of replacing potential energy with the energy of hidden movements and of explaining action
at a distance through movements in an intermediate medium. The mechanical theory of
heat made the most important contribution to the development of the concept of energy.
The more recent presentations of the theory of electricity also take their starting point from
this. In no area, however, does the principle of conservation of energy provide a sufficient

361/Note by AKTA and MH:] Bernhard Riemann (1826-1866) was a German mathematician and student of
Gauss’ non-Euclidean geometry, from which he developed his function theory of surfaces. He then became
a temporary assistant to Wilhelm Eduard Weber. See [Rie67b] with English translation in [Rie67a] and
[Rie77]. Caspar Isenkrahe (1844-1921) was a German mathematician, physicist and philosopher.

362[Note by AKTA:] William Rowan Hamilton (1805-1865) was an Irish mathematician, astronomer, and
physicist.
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foundation for the development of theory. Rather, other facts completely independent of
the same are added to the observation everywhere. It must also be emphasized that the
practical interest which for us is associated with the establishment of general theories is
rarely satisfied by the mere knowledge of energy and its conversions, so the energy principle
is also inadequate in this direction. The view that energy exists independent of bodies and
that these are only the vessels in which the movements of energy take place is difficult to
implement, especially in mechanics. Finally, science will not be satisfied with the existence
of the different types of energy and the fact of their convertibility; rather, it will always
pursue the question of whether this can not be explained by the internal agreement of the
forms of energy. Similarly, light, heat, electricity, and magnetism were previously explained
by the actions of as many imponderable bodies, whereas at present, we only have to assume
the existence of a single one.

Insofar as energetics goes against the methods of molecular physics, it subordinates itself
to those theories that make use of the idea of a continuous filling of space. Based on the
diverse facts, they assign properties to the volume elements of a body, which can undergo
a constant increase or decrease with the location; they try to find mathematical relation-
ships between the quantities given in this way, which reflect the observed connections. The
equations which are given to us by the theories of the continuum have the great advantage
of being valid, independent of the ideas which we associate with the quantities contained
in them. They provide us with a description of the phenomena that is as complete and as
simple as possible. Now our task is not to describe the phenomena but to explain them, i.e.
to devise moving systems, which are images of the unknown real processes, so that every
relationship that takes place between the bodies has a similar kind in the model, of every
change, that we can do with it, corresponds to a real process in the world of appearances.
This requirement is not satisfied by the mathematical formulas of the continuum theories.
We will continue to search for a clear interpretation of the same in order to provide a guide
for further research. In agreement with this, Maxwell said in his dynamic theory of gases:3¢3
Indeed the properties of a body supposed to be a uniform plenum may be affirmed
dogmatically, but cannot be explained mathematically.

In the introduction to the treatise on Faraday’s lines of force, Maxwell contrasts the
representations of phenomena through mathematical formulas and physical hypotheses in
an eloquent manner.?** He says that in the first case, one loses sight of the phenomena
to be explained and that the pursuit of mathematical consequences does not open up any
new insight into the connection of things. On the other hand, physical hypotheses only
show us the phenomena in a mirror. The successful explanation of a limited circle blinds
us to the facts and leads us to hasty conclusions. Maxwell, therefore, seeks to discover
a method of inquiry that will give the mind at every step the support of a clear physical
view, without luring it away from appearances into the pursuit of analytical subtleties,
and without drawing it in favor of any preconceived opinion beyond the facts respectively.
He satisfies these conditions by the method of mechanical analogies, on which he based
his theory of electrodynamics. The hypothesis on which it is based is that two galvanic
currents have a concatenation of the same kind as the mechanisms that we now call bicyclic
systems.?%> Under this assumption, the typical equations of the latter must also apply to

363[Note by AKTA:] [Max67, p. 49)].
364/Note by AKTA:] [Max58] and [Max65b].
365[Note by AKTA:] In German: bicyklische Systeme.
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two galvanic currents. In this way, Maxwell actually arrives at the laws for the electromotive
and ponderomotive actions of electrodynamics.

The method of mechanical analogies is not opposed to molecular theories like energetics
and continuum theories. The natural connection which we subordinate to the typical form
of a cyclic system, can be caused by an action exerted by molecule on molecule, as by an
agent that continuously fills the space. However, it cannot be assumed that we will soon be
able to dispense with the ideas of molecular theory. Especially in chemistry, the phenomena
of chemical equilibrium accessible to energetics form only a part of the ideas to be explained.
The question of why the chemical elements come together in certain proportions to form solid
bodies of a certain crystalline form, is no more connected to the laws of chemical equilibrium
than the theory of elasticity is to the laws of melting and evaporation. In optics, wherever
the phenomena of light are connected with the chemical constitution of bodies, we are led
to the assumption of the smallest particles, independent of one another, whose nature is
so absolutely unchangeable that they carry out exactly the same oscillations in the most
remote star in the flame of a Bunsen burner.?®® If one wants to accept the kinetic theory
of gases as just a mechanical analogy, it would have made it very likely that there are tiny
particles in a gas that, in a certain sense, move independently of one another. Biology in the
fields of botany and zoology is based entirely on the ideas of molecular theory. The theory
of the continuum itself did not attempt to view molecules and atoms as superfluous in the
phenomena mentioned. It only asserts that the idea of them is not the last to which we can
reach, and in this sense, William Thomson exploited the theory of vortices in a frictionless
fluid.?7 With this turn, continuum theory no longer regards bodies as uniformly filling
space. It only imagines an ideal fluid behind the bodies, on whose forms of movement the
phenomena of the physical world are based.

We had come to the conclusion that the assumption of instantaneous action at a distance,
as made in Weber’s law, was inadequate and superfluous, but that the idea of the molecular
constitution of bodies was not affected by Maxwell’s theory. From the previous comments,
it follows that the further development of science will not change this. What were Weber’s
own views on the questions discussed? He believed that he could maintain the correctness
of his law despite the objections raised. But he was clear from the beginning about the
possibility that this law was not the ultimate cause of electrical phenomena. At the end of
the First Treatise on electrodynamic measurements, he said:3%®

It is, however, possible to conceive that the forces included under the discovered
fundamental law are also the kind of forces which two electrical masses indirectly exert
upon one another, and which hence must depend, first of all upon the transmitting
medium, and further upon all bodies, which act on this medium. [...] Another still
undecided question is, however, whether the knowledge of the transmitting medium,
even if it is not necessary for the determination of forces, would nevertheless be useful.
[...] The idea of the existence of such a transmitting medium is already found in the
1dea of the all-pervasive neutral electrical fluid, and even if this neutral fluid, apart
from conductors, has up to now almost entirely evaded the physicists’ observations,
nevertheless there is now hope that we can succeed in gaining more direct elucidation
of this all-pervasive fluid in several new ways. Perhaps in other bodies, apart from

366[Note by AKTA:] Robert Bunsen (1811-1899) was a German chemist.

367Note by AKTA:] See footnote 160 on page 95.

368Note by AKTA:] See [Web46, pp. 213-214 of Weber’s Werke] with English translation in [Web21d, p.
202).
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conductors, no currents appear, but only wibrations, which will only be able to be
observed more closely in the future. [...] Further, | need only recall Faraday's latest
discovery of the influence of electrical currents on light vibrations,>®® which make
it not improbable, that the all-pervasive neutral electrical medium is itself that all-
pervasive ether, which creates and propagates light vibrations, [...].

Weber was particularly concerned with molecular theoretical investigations in the last
period of his scientific activity, initially attempting to penetrate into the relationships of
molecular movements using his law. He found that two different types of motion are possible
for two similar electric particles.3”® In the one, a mutual reflection of two approaching
particles takes place; in the second, the particles form a persistent system in which their
distance periodically increases from zero to a certain amount and then decreases again to zero.
He connects the first movement with the kinetic theory of gases, the latter with the stability
of chemical compounds. He also continued to pursue Mossotti and Zollner’s assumption
that ponderable molecules should be viewed as compounds of positive and negative electrical
atoms and that gravity could be explained by the predominance of electrical attraction over
repulsions.®!  He dealt with the problem of explaining the phenomena of light through
waves in an electrical ether, assuming that the movements of its atoms correspond to the
assumptions of gas theory. As long as he was allowed to work, he pursued the goal that he
described in 1875 with the words:3"

The true constitution of bodies and the true processes that depend upon that, al-
though they are also very complicated and can be thought of as being represented
by simpler processes only in part, will nonetheless remain the focus and ultimate goal
of research, in spite of all obstacles.

With this outlook, we would like to conclude our consideration of Weber’s scientific work.
But to us, Weber is more than just a famous researcher who gave science new goals and new
directions. Here he was at the peak of his life, here he enjoyed the peace of his old age.
We experienced the friendliness and goodness of his nature and admired the character of
rare greatness and purity in his undemanding appearance. So, as a student and younger
friend of the deceased, I can try to bring the image of his personality back to our memories.
The hours in which I, as an older student, listened to his lecture on experimental physics
will always be among the most beautiful in my memory. Some people may have missed
the smooth flow of speech, and the charm of effective experiments, but how quickly one
forgot the external features that might have been noticeable at the beginning because of
the wonderful art with which he knew how to develop the connection between phenomena
and to expand the knowledge step by step. His lectures had a stimulating effect far beyond
the circle of physicists thanks to the fine and apt remarks with which he illuminated the
spirit and methods of precise research. I was soon fortunate enough to be able to personally
get closer to the man I admired as a teacher. Anyone, who has ever visited Weber, will
be familiar with the narrow room, the simple desk, will see him reading and working, his

369Note by AKTA:] [Fard6a].
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picture framed by the window through which the view fell onto the lawn and the towering
trees of the garden. He will remember, not without emotion, the warm manner in which
Weber greeted the visitor and the warm sympathy, he had for his concerns. It was a surprise
of its own for the stranger when he came through the narrow, angled corridor between the
houses on Jiidenstrasse to Wilhelm Weber’s residence. In the middle of the city, separated
from the noise and hustle and bustle of the day by few walls and yet peaceful and quiet, like
the man who ended his great life in it. How pleased Weber was with the beautiful property,
especially with the large, well-kept garden with its abundance of flowers and fruits and the
secluded places that invited comfortable peace and quiet. How many a beautiful festival was
celebrated there just a short time ago under his eyes, for he, who had retained the heart and
faith of a child throughout his life, was full of joy when the garden echoed with the joy of
a happy youth. When the older brother had retired from teaching, he and his family used
to spend the summer in Gottingen in the Weber house, which had been enlarged for this
purpose. A new life arose around the deceased.>™ Although he [Wilhelm Weber| was not
married, he did not lack an attractive domesticity. When he returned to Gottingen [in 1849,
his niece Sophie Weber accompanied him, and from then on, with a short interruption, she
ran his household and took care of his esteemed uncle. More and more, however, the house
in Gottingen became the center of the family and in this year the children and grandchildren
of his brother Ernst Heinrich gathered around the already suffering man. And just as this
house was a place of quiet work and joyful celebrations, it was also a place to which all those
who had the privilege of frequenting it owed a great deal of inspiration and encouragement.
Because Weber’s interests were not limited to the circle of his science, he was a friend of
philosophical reflection. He had an open sense of the beauty of poetry and knew and loved
our classical music and also the things of this world. He followed the course of political
events with wise judgment and patriotic spirit. When Weber comes before our inner eyes,
we first think of his kindness and gentleness, his modesty in all the honors that fell to him
in abundance without being asked for, and the amiable optimism that he maintained even
when things did not go his way. But his kindness did not become weakness. Where he saw an
injustice, the man, who was otherwise so calm, could flare up violently, whether the matter
was great or small, and one might have smiled at the zeal with which he defended what he
recognized as right, if it had not been for the reverence for the deep feeling for truth and
justice that was expressed in it. He showed how serious he was about this on November 18,
1837, when the new king repealed the basic law of the state and released the civil servants
from the oath they had taken to the constitution. In the idea drawn up by Dahlmann, it
was said:3™

The entire success of our effectiveness does not rest so surely on the scientific value
of our teachings as on our integrity. As soon as we appear before the studying youth
as men who play a careless game with their oaths, just as soon the blessing of our
effectiveness will be gone.

Weber knew what was at stake for him when he signed these words; although he did not
have the care of a family, the dismissal from office was hard enough for him, because through
it, all the conditions of his existence were profoundly shaken. For the natural scientist, more
than for the representatives of the humanities, the possibility of successful work is tied to

373[Note by AKTA:] Weber’s older brother, Ernst Heinrich Weber, retired from the University of Leipzig
in 1871 and died in 1878.
374[Note by AKTA:] Friedrich Christoph Dahlmann (1785-1860) was a German historian and politician.
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the possession of an academic chair, and the call to another university had to put an end
to the intimate contact with Gauss and the joint work of the two researchers. But Weber
clung to Gauss with a strong and deep feeling, which is expressed in the following words of
a letter written after his dismissal:

That | have had and will never have a higher wish in life than to always stay close
to you, and you are certainly convinced that the dangers that now threaten the
fulfillment of my wish are deeply shocking. — If only | am not exiled, | will remain
close to you and will know how to adjust myself without a cabinet.

But it was not only on a big occasion and with a big decision that Weber put his eyes on
his own advantage behind what he considered his duty. He demonstrated the same sense of
duty towards the many small affairs which are connected with the position of professor and
which so often disturb his circles at inopportune hours. Given his entire personality, Weber
was not suitable to represent the University in a prestigious position. He also didn’t like to
show his personality in public. His influence on the affairs of the University and the share
he took in them were therefore significant. He managed the deanship of the Philosophical
Faculty three times; the reports on general affairs of the Faculty or the needs of the Institute
he headed, which we have from his hand, are prepared with the same care as his scientific
treatises and provide a wide range of instruction and inspiration.

Weber was a whole man, and whatever he did, he did it with all his strength and all
his mind. He was pure and true and honest, and just as there was no falsity in himself, so
he could not believe in any falseness in others. So his judgment could well be lacking, but
the reason for the error was the inner goodness of his being. The work of his life, as it is
handed down to posterity in his scientific treatises, unfolded with an admirable consistency
from the beginning, without deviations, without regression, and with inner necessity. With
the highest care in mathematical development, with the most unconditional reliability in the
execution of the experiments, and with the most precise assessment of the secured ground
go hand in hand with the broadest view of what is to be achieved. And he did not deceive
Weber, because in all his work he did not seek his own, but, free from all selfishness and
every touch of vanity, he placed himself in the service of the truth. When he became tired
of working, he handed over one part of his official duties after another to younger hands,
without complaint or bitterness. When the loss of his memory also made scientific work
impossible, he laid down his pen, not without pain, but without the quiet peace of his soul
ever being disturbed.

He had become lonelier over the years. His beloved brother went before him. The circle
of friends, which used to gather every week for mutual instruction and informal exchange of
ideas, had dissolved, and so it was more and more limited to the relationships that connected
it with the nearby members of the family and with a few loyal ones friends from older times.
So his mind gladly and often returned to days long past, and the present world appeared to
him as if through a veil. What he experienced internally in those hours, when he seemed
lost in dreams, is a secret that we remain in awe of. During the Pentecost days of this year,
a change occurred in Weber’s health, who had still retained admirable strength in his old
age. Soon, one could no longer be mistaken that the denouement was coming. When, after
misty days that forbade the enjoyment of the open air, the full sun shone again for the first
time, he allowed himself to be led out into the garden, where he remained the whole day.
After noon, he fell asleep sitting in the armchair. When the sun went down, his eyes opened
clear and bright. He looked out into the distance, his gaze no longer directed at the things
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of this world, but up to a higher order that he had longed for a long time because he had
grown tired of working in this world. Then he slumbered over into that long sleep, from
which there is no awakening here, under the trees that he had once planted and which had
been the witnesses of his blessed work for so long.
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Chapter 14

[Heinrich Weber, 1893] Wilhelm
Weber: A Biographical Sketch

Heinrich Weber375:376,377,378

14.1 Preface

The intention was to publish this biography already earlier, but the inspection of a large
amount of unsorted letters caused some delay. I hope that the friends of Wilhelm Weber
will like this little book. I would like to make here some corrections to the version of the
biography which appeared in the “Deutsche Revue”.?™ In the footnote on page 184 in the
volume from August 1892 it should read: Both professorhips (for anatomy and physiology)
E. H. Weber hold until 1865 (instead of 1870), when Professor Ludwig was appointed for
physiology. He was professor for anatomy for 51 years (instead of 55 years). His younger
brother Eduard was associate professor and prosector for anatomy.

The author.

375[Web93b).

376Translated by U. Frauenfelder, urs.frauenfelder@math.uni-augsburg.de. Edited by A. K. T. Assis, www.
ifi.unicamp.br/~assis.

37"The Notes by Heinrich Weber are represented by [Note by Heinrich Weber:]; the Notes by Carl Friedrich
Gauss are represented by [Note by Gauss:]; while the Notes by A. K. T. Assis are represented by [Note by
AKTA:].

378Note by AKTA:] Heinrich Weber was born on January 1, 1839, in Leipzig and died on May 5, 1928,
in Braunschweig. He was a German physicist and Professor at the Ducal Technical University Carolo-
Wilhelmina in Braunschweig from 1866 until his retirement in 1906. He was appointed Privy Councilor,
was the nephew of Wilhelm Eduard Weber (son of his older brother, the physiologist Ernst Heinrich Weber
(1795-1878)) and was accepted as a full member of the German Academy of Natural Scientists Leopoldina
on January 8, 1901.

319 Note by AKTA:] [Web92a], [Web92b] and [Web92c].
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Witiotr, HNober.

Figure 14.1: This picture comes from a 1884 portrait of Wilhelm Weber taken by the German
photographer Bernhard Petri (1840-1887). It appears, for instance, in [Web92e, frontispiece]
and [Web93b, frontispiece].
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14.2 Wilhelm Weber’s Youth 1804-1825

Weber’s family originally came from Groben a little village in Thuringia close to the market
town Teuchern located in between Weissenfels and Zeitz. There the grandfather of Wilhelm
Weber owned a farm. According to the custom at that time his son Michael, the father of
Wilhelm Weber, should have succeeded as a farmer. However the father of Wilhelm Weber
already as a young man didn’t show much ability and interest for farming. “Michael never
will become a competent farmer, he just can study”, his father said. After some reluctance
he finally agreed that his son studies theology. Therefore in 1784 the just 30 year old Michael
Weber was already professor for theology at the University of Wittenberg. A. M. Meyner in
his History of the Town Wittenberg, Dessau 1854,%%° on page 147 attributes to him a thorough
erudition, a strong sense for justice and good manners. Michael Weber’s®*! religious view
was based on the Revelation and until his death in 1833 he opposed Rationalism, which
became more and more trendy. His serious, strongly religious but as well cheerful nature
deeply influenced his children. Although Wilhelm Weber was undogmatic, he was religious
and against materialism. Michael had a vast knowledge of Latin. Apart from theological
writings, he translated a great number of hymns into Latin. Moreover, he wrote letters
and poems in Latin to his children. His first spouse was Christiane Friederike Wilhelmine,
née Lippold. Christiane is described as a gracious and delicate woman. She gave birth to
twelve children. However, except Wilhelm, only four, three sons and a daughter, reached
adulthood.?®? After she passed away Michael married Eleonore Friederike Henriette Pallas.
Eleonore didn’t give birth to children, but was a great mother for the children Michael had
with his first wife. She took very good care of Michael until he passed away on August
01, 1833. It is said that Michael had a thundering voice which was very suitable for public
speeches. He was president of the University of Wittenberg in 1802 during the celebration
of its 300th anniversary and as well in 1807 at the peace festival on July 02.3%3 After the
merging of the universities of Halle and Wittenberg, Michael Weber moved to Halle and
became a professor for theology. He diligently carried out his duties as a professor until his

380[Note by AKTA:] [Mey54].

381[Note by Heinrich Weber:] C. F. Fritzsche, Narratio de Michaele Webero primo nuper Halensi theologo,
Halis Saxonum 1834.

382[Note by Heinrich Weber:] Gustav Weber was born in Wittenberg in February 07, 1790. He was pastor
in Rackith close to Wittenberg and after retirement he lived in Niemegk close to Bitterfeld. He passed away
in Klein-Wittenberg November 11, 1852.

Ernst Heinrich was born in Wittenberg in June 24, 1795. From 1806 until 1811 he went to school in
Meissen. He studied from 1811 until 1813 in Wittenberg and after that in Leipzig from 1813 until 1815. In
1815 he became a doctor in Schmiedeberg, when the University was relocated to this town after the siege of
Wittenberg. In 1817 after his State doctorate he became a private lecturer in Leipzig. Because of an offer
from the newly founded University in Bonn he became associate professor in Leipzig. When Rosenmiiller
passed away just a year later in 1820 he became full professor of anatomy and after Kithn passed away
he simultaneously became as well professor for physiology. Both professorships he hold until 1865, when
after the appointment of Professor Ludwig for physiology a special professorship combined with an Institute
was founded. The anatomy he later run jointly with his younger brother Eduard, who became an associate
professor. Shortly after Eduard passed away, Ernst Heinrich resigned as well from this professorship, which
he had hold for 51 years. Soon after he became ill and passed away January 26, 1878.

Eduard Friedrich was born in March 10, 1806 in Wittenberg. He went to the school of the Francke
Foundations in Halle, became a doctor in Naumburg and since 1833 he was associate professor for anatomy
in Leipzig. He passed away May 18, 1871.

Lina Weber was born April 06, 1802. She never married and passed away in July 01, 1881 in Halle.

383[Note by Heinrich Weber:] Meyner, Geschichte der Stadt Wittenberg, Dessau 1845, pp 147-148 and C.
F. Fritzsche, narratio etc.
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death.

Wilhelm Eduard Weber was born in October 24, 1804. At this time his parents were
renting an apartment in the “Golden Ball” in SchloBstrafie 5 (now number 15).384:3%5 The
owner of this house was Professor Langguth.?®® He had the same age as Michael. Since
they lived together already more than ten years in this house — because his brother Ernst
Heinrich, ten years older, was also born in the same house — the two families had become
good friends. We do not have much information on the early boyhood of Wilhelm. Probably
he played a lot with his younger brother Eduard under the careful protection by his mother in
a peaceful environment. Without doubt the relations between the families Weber, Langguth
and Chladni®®" had a strong influence not just on the life of Wilhelm, but as well on the life
of his brothers. Chladni had as well an apartment in the house of Langguth from 1801 until
1813. Langguth was from 1782 until 1784 a doctor and an associate professor of medicine.
He then became full professor of natural history until he passed away in February 09, 1814
in Wittenberg. He owned a geological, economical, physical as well as a medical collection.
His collection was renowned for its real gems, its very rare pieces but as well its usefulness
for instruction.®®® Chladni was a doctor of law without tenure. From 1756 until 1827 he
mostly lived in Kemberg close to Wittenberg. Both he and Langguth were sons of professors
in Wittenberg and so they were good friends since their teens.?®:3% In such an environment

384[Note by Heinrich Weber:] According to an announcement of the mayor of Wittenberg Dr. Schild in the
Gottinger Journal, August 13, 1891, No. 8634.

385[Note by AKTA:] In German: goldnen Kugel. It might refer to an old-style shot ball. A mod-
ern picture of this house is shown in Figure (a) of this footnote, https://en.wikipedia.org/wiki/
Wilhelm_Eduard_Weber and https://www.hmdb.org/m.asp?m=69820. In Figure (b) we show the memo-
rial plaques. The upper one reads: Wilhelm Eduard Weber, professor of physics and inventor of electrical
telegraphy, was born in this house on October 24, 1804. The lower one reads: Inventor of the electro-magnetic
telegraph, Birthplace:

Withelm Eduard Weber |
(1804 - 1891)
Erfinder des elektromagnet. Telegraphen, |
Geburtshaus

(b)

386[Note by AKTA:] Christian August Langguth (1754-1814) was a German physician and physicist.
387 Note by AKTA:] See footnote 300 on page 180.

388[Note by Heinrich Weber:] Meyner, p. 43.

389[Note by Heinrich Weber:] Bernhardt, Dr. Ernst Chladni, der Akustiker, Wittenberg 1856, p. 39.
390Note by AKTA:] [Ber56].
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natural science had a lasting impact on the boys. Maybe this was as well influenced by the
fact that the oldest brother Gustav already studied theology in the footsteps of their father
and that another brother Fritz who unfortunately died very early became a soldier. Until
his death Chladni exchanged letters with the Weber brothers. Due to his influence, Eduard
and Wilhelm jointly studied the theory of waves, and acoustics was the field Wilhelm Weber
started his physical career.

The peaceful family life didn’t last too long. Napoleon finished his terrible retreat from
Russia. August 26, 1813 Bliicher won the fight at the Katzbach. On August 23 and Septem-
ber 6 Bernadotte, Biilow and Tauentzien ended up as victors in the battles at Gross-Beeren
and Dennewitz. Everywhere people started ousting the French from their positions they had
occupied. The fortress of Wittenberg as well had a French garrison. In September 1813
Biilow came with his army in order to liberate the city from the French. The French refused
to withdraw and a terrible bombardment was the answer. Bernardt writes about this:3%!
On the evening September 27, 1813, the Prussians under the leadership of Biilow
started the second terrible bombardment on our unfortunate town. Ten Artillery
batteries distributed from the rothen Mark over the Belziger and Bruchstreet until
the river Elbe were shooting with 24 cannons. During this terrible cannonade the
tower of the castle church as well as the rear part oft he castle caught fire. This fire
spread from there to the houses of Dorffel, Meyner and Langguth. Several families
and among them the one of Professor Weber could just save their life.” 392

After this dreadful night, Professor Weber like many other Professors left the fortress on
siege and escaped to Schmiedeberg in the vicinity of Wittenberg, where he stayed until the
end of September 1814. After the merger of the University of Wittenberg and the University
of Halle he moved to Halle.3%

In Halle Wilhelm went to the school of the Francke Foundations and diligently studied old
languages. His interest for the classical writers shows a list of Latin and Greek writers which
he bought from his own pocket money. This was much more then he was obliged to do by the
school. When he still went to school, he was called in by his older brother Ernst Heinrich,
who already was a professor in Leipzig, to carry out experiments on wave motion. The results
of these studies later formed the jointly published Wellenlehre.3**3% In order to carry out
these researches undisturbed, Ernst had arranged for Wilhelm to be completely exempted
from attending school for a longer time. By sharing common interests, the brothers who
already had a strong family relation got so close, that they promised each other to always
hold together firmly “whatever destiny will bring”. Rarely people were commuting on foot
so often from one city to the other on the country road between Leipzig and Halle than
during the time where Wilhelm and Eduard lived in Halle and Ernst in Leipzig. They didn’t
care about the distance of eight hours. At this time, Easter 1821, Wilhelm probably made
his first longer travel together with his brother Ernst to the Bohemian baths about which
he made manifold records.

391Note by Heinrich Weber:] Bernhardt, Wittenberg vor 50 Jahren, Wittenberg 1863, p. 33. — Meyner,
pp- 69 and 70, and mayor Dr. Schild, Goéttinger Zeitung from August 13, 1891.

392[Note by Heinrich Weber:] The house of Langguth, the golden ball, did not completely burn down, but
could be restored after a major repairing. It survived until today and is now endowed with a plaque.

393[Note by Heinrich Weber:] Meyner, p. 68.

394/Note by Heinrich Weber:] Die Wellenlehre auf Experimente gegriindet, Leipzig 1825.

395Note by AKTA:] [WW25]. Original title in German: Die Wellenlehre auf Experimente gegriindet (Wave
Theory Founded on Experiments).
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In Easter 1822 Wilhelm finished school and began studying mathematics in Halle. It is not
possible to trace back which lecturers he liked most. Probably he studied mathematics with
Johann Friedrich Pfaff and physics with Johann Salomo Christoph Schweigger.?®® During
his studies Wilhelm made several times smaller and longer travels on foot. Immediately in
the summer of 1822 he was travelling with his brother Ernst for three months to Switzerland
and Northern Italy. In later terms he actively joined the physical seminar of Schweigger.
Due to his preference for acoustics, he published excerpts of the papers of Savart on sound
and tone in Schweigger’s Journal fiir Chemie und Physik, volume 14, p. 385.3%7 Meanwhile
his joint studies on the propagation of waves came to an end and could be published in
the year 1825 in a treatise entitled “Wellenlehre auf Experimente gegriindet”.3% This work
made him quite famous in the world of science and encouraged him to proceed his career
in experimental research. The two editors dedicated the work to their old friend Chladni.
After having received the paper, Chladni wrote to Wilhelm in August 20, 1825:

Dear friend, thank you very much for the nice dedication of your joint treatise with
your brother in Leipzig on the theory of waves. | am very honoured since it is a really
groundbreaking work in which it is explained much clearer and much more coherent
than before what happens during this kind of movement. Moreover, it contains many
new contributions enhancing our knowledge. What distinguishes your work is that
you describe only the immediate results and observations in the most simple way.
This is much more useful than a philosophical approach which often has not much
in common with actual nature.

Not only scientists were excited, but as well the government. Altenstein which at that
time was minister of education in Prussia wrote in March 14, 1826:

| acknowledge the great merit the rich paper, which you wrote jointly with your
brother, has for the advancement of science. If you need more funding just tell me.

The minister added to this letter a report of an unnamed “outstanding physicist” who
refereed the paper.

The great success of his first paper3?-4%0 had the most advantageous consequences for
Wilhelm Weber. From this time on until he moved to Goéttingen, the Ministry not only
funded very generously the acquisition of devices and instruments Wilhelm Weber needed
for his research, but as well paid him quite well, even before he became a lecturer at the
University. When he later became an associate professor, the Ministry continued its favorable
treatment of Wilhelm Weber and awarded him several wage increases.

3% [Note by AKTA:] Johann Friedrich Pfaff (1765-1825) was a German mathematician. Johann Salomo
Christoph Schweigger (1779-1857) was a German chemist, mathematician and physicist.

397[Note by AKTA:] Felix Savart (1791-1841) was a French physicist and mathematician. See [Web25a]
and [Web25b].

39%8Note by AKTA:] See footnote 395.

399Note by Heinrich Weber:] The Royal Society of Sciences in Géttingen is currently editing the collected
works of Wilhelm Weber in Julius Springer’s publishing company in Berlin. The first and second volume of
six volumes in total will appear this autumn.

400/Note by AKTA:] The six Volumes have already been published: [Web92e], [Web92d], [Web93c],
[Web94g], [WW93] and [WW94]. Most of his papers have already been translated into English in the 4
Volumes of the book Wilhelm Weber’s Main Works on Electrodynamics Translated into English: [Ass21j],
[Ass21k], [Ass21]] and [Ass21m)].
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14.3 Further Years of Study 1824-1831

Wilhelm Weber obtained his PhD in August 26, 1826. Its title was “Theoriam efficaciae
Jaminarum maxime mobilium arcteque tubas aerem sonantem etc. continens”.*’! However,
Wilhelm Weber felt that Halle could not offer him what he desired for his further education.
Therefore he wished to go for one year to Gottingen in order to continue his studies in math-
ematics and exact sciences with the famous mathematician Gauss. After that he planned to
go for one year to Paris where mathematics and physics flourished. In view of the favourable
treatment he received so far from the Ministry of Education, he took courage to ask it for
funding. However, in a letter from April 29, 1826, the Ministry refused any support. The
minister of education wrote:

For several reasons the Ministry thinks it is better for you that you first work for some
time as a private lecturer at your current university and visit Paris later. In order to
obtain advice and support from the Privy Counsellor Gauss for your hydraulic and
related researches, it is not really necessary that you go for one year to Gottingen.
Instead of that you can exchange letters with Gauss and maybe visit him during your
vacation. In this way you can achieve the same result in a cheaper way.

Therefore Wilhelm Weber gave up his travel plans. He continued his researches in acous-
tics and published some small papers in Schweigger’s Journal fir Chemie und Physik. In
1827 he submitted his habilitation thesis “Leges oscilliationis oriundae etc.” (The laws of
vibration generation and so on).1%? Tt is interesting to note that among others Johann To-
bias Mayer congratulated him without knowing that four years later Wilhelm Weber will
become his successor in Gottingen.?% Wilhelm Weber was private lecturer only for a short
time. Already in the autumn of the following year he became associate professor after having
received shortly before his first international honour by becoming a corresponding member
of the Royal Academy of Science of Turin. In September he visited the meeting of natural
scientists in Berlin where he made his first acquaintances with the participating professors
and lecturers. Wilhelm Weber himself gave a lecture on organ pipes published in Poggen-
dorff’s Annalen, volume 14, 1828.4% His lecture impressed Alexander von Humboldt and
Gauss who participated in the meeting.4%®

Wilhelm Weber still wished very much to continue his studies outside of Halle. Imme-
diately after the meeting of natural scientists he visited Berlin for a longer period starting
in October 17, 1828. This visit had a lasting impact on his future career. The personal
intense exchange with colleagues of his age like Dirichlet, Dove, Magnus or Wohler but as
well senior people like Mitscherlich, Heinrich and Gustav Rose, Poggendorff, Enke, Seebeck,

401Note by AKTA:] The theory of the efficiency of the most movable plates and the trumpets closely
containing the sounding air etc.

402|Note by AKTA:] Complete title in Latin: Leges oscillationis oriundae si duo corpora diversa celeritate
oscillantia ita conjungutur ut oscillare non possint nisi simul et synchronice exemplo illustratae tuborum
linguatorum — The laws of oscillation arising if two bodies oscillating at different speeds are joined in such a
way that they can only oscillate simultaneously and synchronously are illustrated by the example of tongued
tubes. See [Web27].

403|Note by AKTA:] Johann Tobias Mayer (1752-1830) was a German physicist.

404[Note by AKTA:] [Web28].

405[Note by AKTA:] Alexander von Humboldt (1769-1859) was a German polymath, geographer, naturalist
and explorer.
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Steiner, Weiss, Ehrenberg, Ermann, Crelle and others had a stimulating effect on him. Espe-
cially valuable for him was that he could visit Alexander and even Wilhelm von Humboldt.%
Alexander von Humboldt had a great interest on the young ambitious researcher. Proof of
this is a note Wilhelm Weber made November 12. He wrote:

Alexander von Humboldt invited me for lunch. He advised me to continue physical
measurements and promised to help me with the acquisition of a balance, a measuring
device and a monochord. For this purpose he sends me to Dr. J. Schulze who is
working for the Ministry of Education. He will talk to him in person and write to
the Ministry in case this is needed. He recommends me to travel to Hamburg to
Schumacher and will write me a letter of recommendation. He further suggests |
should attend Dirichlet's lectures on Fourier’s theory of heat. He further invites me
to visit with him his brother Wilhelm the following day at eight o'clock in the evening.
According to him, | have some chance to get a position in Gottingen if there is some
vacancy there.

Concerning the visit the following day Wilhelm Weber writes:

Around 8 o'clock | went to Humboldt who showed me two new volumes of the
Philosophical Transactions in which Barlow used objectives for binoculars with liquid
in order to study the change of refraction of this liquid. We were riding a carriage
without back seat and picked up an Englishman so that the three of us were squeezed
like herrings on the only seat of the carriage. We were driving to the minister Wilhelm
von Humboldt. He himself was not at home but there we met his wife, his daughter
and two guests. All rooms were decorated with paintings. We drank tea, looked
at some of the paintings and talked a lot in French, since the Englishman didn’t
speak German. After that Wilhelm von Humboldt came. He looks much older than
Alexander and talks more precise and focused but less fluent than his brother. During
the whole evening one held his hat in his hand. The conversation was very free and
easy. Topics were the quarrel if the largest vase in Europe made of granite should be
put inside or outside the museum, how Cotta could be used for the enhancement of
science and so on.*07 At 10 o'clock we went home.

Another time, in December 03, Wilhelm Weber writes:

| had an appointment to meet Wilhelm von Humboldt in the evening together with
Dirichlet. Since it was beginning to thaw, Dirichlet could not come. At Wilhelm von
Humboldt’s house a letter of the crown prince was read and we talked about the
war.4%8 Alexander von Humboldt came together with Ms. von Cotta.

Wilhelm Weber had a lot of interaction with Alexander von Humboldt. Apart from
Dirichlet and Poggendorff he often kept company as well with Mitscherlich.%®® Although

406[Note by AKTA:] Wilhelm von Humboldt (1767-1835) was a German philosopher, linguist and diplomat.

407[Note by AKTA:] Probably they were referring to the German publisher Johann Friedrich von Cotta
(1764-1832) who published several works of Humboldt.

408/Note by Heinrich Weber:] Probably the Greek War of Independence.

409/Note by AKTA:] Peter Gustav Lejeune Dirichlet (1805-1859) was a German mathematician. Johann
Christian Poggendorff (1796-1877) was a German physicist. He edited the Annalen der Physik und Chemie
from 1824 to 1876, where many of Weber’s papers were published. The modern Annalen der Physik is the
successor of this Journal. Eilhard Mitscherlich (1794-1863) was a German chemist.
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Mitscherlich was Professor for Chemistry he was very much interested in physical researches.
In his house he hosted several casual evening parties dedicated to science and people like
Alexander von Humboldt, the two Rose’s, Dove, Karsten, Dirichlet, Wohler, Ehrenberg,
Poggendorff, Magnus and others were participating. At such parties Mitscherlich showed new
instruments, or one repeated and discussed new experiments like the one of Arago concerning
rotational magnetism.*!? Every Tuesday evening Weber was invited to Mitscherlich. Apart
from that, Weber and Mitscherlich made joint experiments in his laboratory on the tones of
the chemical harmonica. For that purpose Weber ordered to send him his monochord from
Halle. Moreover, they studied the speed of propagation of acoustic noise in different gases
and other things. Mitscherlich had a large audience in his lectures which Wilhelm Weber
attended as well. Wilhelm Weber wrote in a note:

Mitscherlich is very much dedicated to his lectures. He discussed the main ingredients
of our nutrients, gum, gluten, albumin and sugar. He speaks fluently but softly. His
experiments are prepared with great care. Mitscherlich has a lot of pleasure on natural
phenomena. He teaches all the little tricks for producing them safely. One can profit
a lot from the arrangement of his instruments.

The advice of Alexander von Humboldt to attend the lectures of Dirichlet was not in vain.
Weber attended Dirichlet’s lectures assiduously and soon became a good friend of him. This
friendship was later 1855 a major reason for Dirichlet’s move from Berlin to Gottingen.*!!
Wilhelm Weber wrote in November 21 about Dirichlet:

He sometimes stumbles in his lectures and is not as well prepared as Scherk. But one
can learn a lot from him since he knows very well how to explain the subtle points of
higher calculus.*!? Steiner and Dr. Scheibler are attending his lectures as well.

The lectures took place thrice a week from noon until 1 pm. The lectures were usually
followed by a walk, which Dirichlet often joined. It became the habit to go in the afternoon
to the coffee party “Dirichlet”.

One of us is inviting the others after the lecture to the coffee shop Dirichlet, where
we enter at 2 pm or 3 pm and stay until around 6 pm in a very enjoyable atmosphere.

Steiner was from 1825 until 1863 teacher of mathematics at the vocational school and
therefore a colleague of Wohler.#? Weber writes:

410/Note by AKTA:] Francois Arago (1786-1853) presented his discovery at the Academy of Sciences of
Paris in the meetings of 22 November 1824, 7 March 1825 and 3 July 1826, [Ara24], [Ara25] and [Ara26].
These papers were also included in his complete works, [Ara54].

411Note by Heinrich Weber:] Gustav Peter Lejeune Dirichlet was born on February 13, 1805, in Diiren
close to Aachen. At this time Diiren was French. He was the son of the commissionaire de poste. After
attending high school in Cologne he went to Paris for his studies. He was a tutor in the house of General Foy
but later moved to Prussia, probably at the instigation of Alexander von Humboldt. In 1827 he obtained his
PhD in Bonn and got a job in Breslau. After he became in 1828 an associate professor, he obtained as well
an offer from the military school in Berlin which he accepted. However, he kept his position in Breslau until
1831, when he became an associate professor at the university in Berlin. In 1839 he became full professor.
In 1855 he moved to Gottingen as the successor of Gauss. He died in Gottingen in 1859.

412|Note by Heinrich Weber:] This remark concerns the first year of Dirichlet’s lectures. Later on his
lectures became the role model for teaching mathematics. The author can confirm this, since he had the
luck to attend some of them.

413[Note by AKTA:] Jakob Steiner (1796-1863) was a Swiss mathematician. Friedrich Wohler (1800-1882)
was a German chemist. See [WW41c] with English translation in [WW21], [WW41a] and [WW41Db].
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Steiner who made excellent geometrical contributions to Crelle’s Journal seems to
be born in Swabia?'* and has a lot of talent for jokes. He made fun a bit of the great
Ohm and told his stories about the oval.#*

The new friends introduced Weber to more specialized communities. Dirichlet invited
him to the Mathematical Society in the English House and Poggendorff to the Humanitarian
Society in which Leopold von Buch gave a lecture. But despite his busy schedule with
younger people, Weber still found time to communicate with older scientific authorities
socially and scientifically, like the mineralogist Weiss, the two Roses, Ehrenberg, Schaffrinsky
or the academician Seebeck.'® Seebeck told him in a conversation about mathematics
an interesting story about Gauss. Gauss once told Pfaff that he had his most brilliant
ideas at times of greatest despair. Weber also took the opportunity to visit the mechanical
workshop of Pistor, where he met Schieck, the Miiller brothers, the watchmaker Tiede and
huge establishments like the iron foundry, the gasworks and so on. Schleiermacher also
wanted to hear Weber preach, but he was prevented from holding the service.

Wilhelm Weber left Berlin in January 22, 1829, at 7 pm having received a lot of experi-
ences and impressions. He was well endowed with letters of recommendation from Alexander
von Humboldt, Enke, Ermann and Poggendortff in order to visit Repsold and Schumacher in
Hamburg and Altona. He himself describes the cold, boring, uncomfortable ride for which
the carriage at this time needed 38 hours. However, the ride got much more pleasant since he
met Rosenberger in Klétze probably by appointment. Rosenberger was professor of mathe-
matics and astronomy in Halle and came via Magdeburg to Klotze in order to travel jointly
with Wilhelm Weber to Hamburg and Altona. Schumacher was very friendly to his two
young colleagues from Halle and showed them in detail his facilities and his instruments.
Moreover, Repsold introduced them to all items and specialities of his famous workshop for
astronomical devices. How long Wilhelm Weber stayed in Hamburg cannot be reconstructed,
probably the two colleagues travelled from there jointly back to Halle.

Weber stayed in Halle until his appointment to Gottingen. It seems that he intended to
spend the summer term of 1829 again in Berlin. He already received the approval from the
Ministry of Education. As far as we can tell, the plan did not materialize since all official
letters to him from Halle as well as from Berlin were sent to his address in Halle. Weber now
dedicates himself especially to his lectures and researches for which the Ministry as already
mentioned before offered gorgeous funding. He stayed in contact with his friends from Berlin,
in particular with Poggendorff. Poggendorft’s letter from January 30 and March 1830 clearly
show, that Weber was not forgotten in Berlin.

Please send in order to advance your cause your latest treatise to Humboldt. Leopold
von Buch is eagerly reading your papers and talked very favourably about you in the
Society.

Humboldt also asked Poggendorff to motivate Weber to write up a summary of his re-
searches in French, which he wanted to send himself to Arago.*'” On the other hand Alexan-

414Note by Heinrich Weber:] In fact Steiner was born in Switzerland.

415[Note by AKTA:] Crelle’s Journal is the common name for a mathematics journal, the Journal fiir die
reine und angewandte Mathematik (Journal for Pure and Applied Mathematics). It was founded by August
Leopold Crelle (1780-1855) in 1826 and edited by him until his death.

416|Note by AKTA:] Thomas Johann Seebeck (1770-1831) was a Baltic German physicist. See [See25] and
[See26] with partial English translation in [See69] and partial Portuguese translation in [FS16].

417[Note by Heinrich Weber:] Humboldt as well wrote directly to Weber. However, probably Weber donated
these letters as autographs.

212



der von Humboldt sent him via Enke a paper by Poisson. Encouraged by such requests,
Weber sent his papers as well to Gauss. Gauss answered in a letter from April 02, 1830,

which is probably the first written exchange between Gauss and Weber, as follows:*®

Dear Professor, | received your kind letter together with your valuable papers on
acoustics in a very busy moment, so that | had to reserve my reading of them until |
found some spare time. Now there are vacations or more correctly for me the time of
vacations. | started reading your papers. | was fascinated by the originality of your
work, but realized that to understand their rich content in depth one has to spend
more time than | have at the moment. Therefore | cannot postpone it for longer to
thank you sincerely for your letter and to express my joy that you dedicate yourself
to this interesting researches with such diligence and success.

| always had the opinion that the acoustics belonged to these parts of mathematical
physics in which still the most splendid progress can be made. Indeed, acoustics is
concerned with relations in time and space and therefore it should be possible to treat
it mathematically. But, alas, how little, how very little we know! The things which at
first sight seem obvious we do not know yet how to attack. Our previous researches
just treat the speed of propagation and the thickness of acoustic waves. The tone
pitch depends on the ratio of these two quantities. But the distinctive specific features
of a sound which is sometimes referred to as tone color and manifests itself in the
most miraculous way in the articulation is until now a completely unknown continent.
It seems that this can only depend on the shape of the waves of sound. What huge
field of study is there to be explored by us. | am convinced that the human mind once
will open this field and bring it to the same clarity which optics enjoys. One should
believe that it is not too hard to bring light into this darkness for somebody who
has enough diligence, mathematical strength, experimental skills and time. One only
needs to understand what are the specific distinctions for different tones, not in the
body which emits the sound and not in the ear, but in the elastic medium in between.
Concerning the body which emits the sound the ingenious work by Kempelen*'? is a
good starting point and it is astonishing that after fourty years there was not much
progress in this matter.

| hope that you are the one which opens up for this problem a new field of research.
With my very best regards,

Gottingen, April 20, 1830.
Sincerely

C. F. Gauss.

In November 30, 1830, Tobias Mayer, full professor for physics at the University of
Gottingen, passed away. Motivated by Alexander von Humboldt’s encouragement, Weber
started to think about moving to Gottingen. He asked Gauss for advice on this matter.
Gauss wrote:

418[Note by AKTA:] See also [Gau d.
419Note by Heinrich Weber:] Wolfgang von Kempelen, Mechanismus der menschlichen Sprache, nebst
Bechreibung einer sprechenden Maschine, Wien, 1791.
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Dear Friend, the reason that | did not answer your friendly letter immediately is not
surprising in view of the events in our town. On top of that my activity was disturbed
by heavy personal distress. However, | cannot wait longer with answering your letter.
| think | showed you several times since | first met you, how much | appreciate your
skills as well as your personality.

Gauss than writes that he would support Weber’s appointment as soon as he has an
opportunity and that he thinks it is a good idea to contact the public authority.

Unfortunately, often one overlooks a modest meritorious person in favor of a writing
maniac. | do not know if this can happen in the current case.

With my most sincere regards,
Gottingen, January 27, 1831,
C. F. Gauss.

Probably later on the government in Hanover asked Gauss for advice concerning the
appointment of the professorship. In any way Weber was appointed full professor at the
University of Gottingen by the secret counsellor Hoppenstedt on April 29, 1831. Weber
accepted the offer in May 14, although his wish to become a member of the Society was not
granted at the moment “since already two mathematicians Thibaut and Gauss are mem-
bers of the Society, but just one philologist and one orientalist.” On July 05, 1831, Gauss
congratulated him on his appointment:

| am very pleased that you accepted the offer. | sincerely wish you all the best, but |
as well wish the best to Gottingen and myself, since | expect that the scientific and
cordial interchange with you will be a major improvement of my life. If | can help
you with something | am happy to do so.

Gauss added, that he is convinced, that Weber will soon become a member of the Society.

As discussed before, Wilhelm Weber had a very close relationship with his brothers
Ernst Heinrich and Eduard. The brothers discussed intensely every personal circumstance
and every scientific examination. Therefore the decision of Wilhelm to move to Gottingen
had a deep significance. Many letters show how much both sides felt the separation. We
only show some excerpts. Shortly after having moved to Gottingen, Wilhelm writes to his
brother Ernst Heinrich:

In view of the current danger,*?® | repeat our promise to always keep the same
interests and consider us as a single family even if we are living now far from each
other. | hope that this brings you some relief. You always kept our promise. Now |
have for the first time the opportunity to follow your example. Since Eduard will soon
face the same situation, | believe that our alliance guarantees us complete safety. |
am prepared, dear Ernst, to do everything | can, even at a great distance, so that we
can stay in touch from now on.

420[Note by Heinrich Weber:] Ernst Heinrich was seriously ill.
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The brothers kept their promise. Instead of the road between Halle and Leipzig, they
faced now the road Leipzig - Halle - Sangershausen - Nordhausen - Heiligenstadt - Gottingen.
Sometimes the brothers met at a place in between which they decided before. Sometimes
they went on foot the whole distance, since there did not exist trains at that time. Of course
as often as before such visits could not take place anymore. In April 1832 Ernst Heinrich
writes to Wilhelm:

| am busy with editing the book by Hildebrandt. There are only three folios left, but
it has to appear before the fair. On top of that there are my obligations as a dean.
Therefore | cannot make it now to Gottingen. Instead of that | intend to come to
Gottingen during my vacation so that we can spend a longer time together. If you
can manage to come from time to time to Leipzig our separation will be less painful.
During the semester let us each work on his own, so that during the semester break
we can exchange our results and plan new researches.

Weber had the obligation to start with his lectures in Gottingen in the winter term of
1831. First he had to officially give back the instruments which he had bought with funds
from the government of Prussia. The accounting of this required a lot of his time. He
first sent his furniture to Gottingen after he had the guarantee from the government in
Hanover that they are exempt from customs duties. Then he went to Gottingen on foot
via Weimar, Erfurt and Miihlhausen. A little adventure he recounted with pleasure. He
just arrived happily in Weimar and decided to go to the theater in the evening. By chance
at this day a larger crowd of students from Jena visited as well the theater. It happened
that an unbiased member of a students’ corps took a seat next to Weber. He thought that
the slim, inconspicuous-looking newly appointed professor in Gottingen was a high school
student from Weimar. Looking down self-confidently on him he meant: “Well, you probably
will soon enter university.” If Weber clarified the matter, we do not know.

One cannot be too much surprised about the remark of the member of the students’ corps.
In fact, as an eyewitness confirmed, Wilhelm Weber in between his two handsome brothers
made the impression of the weakest and most unimpressive one. Nobody was expecting at
that time that Wilhelm would outlive his two brothers and reach quite an old age.

Wilhelm Weber was at an important turning point in his life. A new period of his
scientific exchange and his scientific researches started.

14.4 First Period in Gottingen 1831-1837

The first matter Wilhelm Weber had to deal with after arriving in Gottingen was to furnish
the Physical Cabinet.??! Moreover, he was busy with preparing his lectures in experimen-
tal physics. In connection with them, he intended to re-edit the compendium of physics
by Tobias Mayer, as he was requested from the booksellers. However, this never materi-
alized. Immediately after arriving in Gottingen, Weber started his scientific collaboration
with Gauss. Despite the age difference of 27 years, the two of them started a true friendship.
Some of the handwritten notes of Gauss inviting Weber for lunch are often ending with the
words:

421Note by Heinrich Weber:] The former Physical Cabinet in Gottingen was situated opposite to the
current one. In the same building was the Museum of Natural History. When recently the library got a new
building, the old house was teared down and at its place a wing of the library was constructed. It was only
after the reappointement of Wilhelm Weber 1849 that he moved to the current Physical Cabinet.
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Nobody else is coming,

sincerely
C. F. Gauss.

On the other hand, Gauss as well often visited Weber. His sister, which did his household
during the first years of his stay in Gottingen, complained in a letter to Ernst Heinrich written
in June 02, 1832, about the often unprepared invitations Wilhelm made.

Wilhelm enjoys Gauss every day as long as he wants. Gauss is very lonely and Wilhelm
is welcome at every time. Gauss is such a social, educated person that he never talks
about science in my presence. He discussed with us many topics from noon until 5
pm. Recently the Privy Counsellor Gauss was here for lunch for three days in a row.

In view of the enormous interest Gauss had at that time for magnetic phenomena, espe-
cially terrestrial magnetism, his friend got interested in these phenomena as well. The first
outcome of these magnetic studies is the famous paper: Intensitas vis magneticae ad men-
suram absolutam revocata. Gauss talked about this work on the meeting of the koniglichen
Societit (Royal Society [of Sciences of Gottingen]) December 15, 1832.422:423

Since that time Weber was completely excited about magnetic researches. Partly he
did these researches on his own, partly he did it together with Gauss. To walk from the
Astronomical Observatory to the Physical Cabinet took about 15 minutes. When work-
ing on the same topic this was very annoying, in particular, since some researches on the
change of magnetic declination required simultaneous observations. Therefore many times
comparisons were needed. Short notes of Gauss concerning magnetic observations show that
often messengers were commuting between the two Institutes. In order to improve this un-
pleasant situation, the first telegraph was invented in 1833.4** Galvanic currents were used

422[Note by Heinrich Weber:] Gdttingische gelehrte Anzeigen of the year 1832, Vol. 205, p. 2041 and Vol.
206, p. 2049.

423[Note by AKTA:] See footnote 55 on page 34.

424|Note by AKTA:] Figure (a) of this footnote shows the Astronomical Observatory (Sternwarte)
of Gottingen, where Gauss lived and worked, https://de.wikipedia.org/wiki/Sternwarte_G%C3
%B6ttingen. Figure (b) show the commemorative plaque. It reads: First electric telegraph of Gauss and
Weber, Easter 1833:

(b)
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to transmit messages. Gauss reported in the Gottingischen gelehrten Anzeigen in August 9,
1834, volume 128, page 1265 on the recently newly built Magnetic Observatory in Gottingen,
after giving details about the establishment of the Observatory and the observations made
there:4?

We have to mention a fantastic new device which we owe to Professor Weber. Already
last year he connected the Physical Cabinet with the Astronomical Observatory by
two wires spanned over the roofs of the town. Now this connection gets extended
to the Magnetic Observatory. If one includes the galvanometers at both ends, the
galvanic current is running a distance of almost nine thousand feet. — The certainty
and easiness how one controls by the commutator the direction of the current and
the motion of the needle depending on it led already last years to experiments on
applications of telegraphic signals. Even with whole words or little sentences they
succeeded completely satisfactory. There is no doubt that it would be possible to
build a telegraphic connection between two places several miles apart. Of course here
is not the place to discuss these ideas further.42¢

One cannot say that Gauss and Weber invented the electromagnetic telegraphy. Its base
are the actions of galvanic currents discovered by Orstedt in 1819 and Arago in 1820. The
devices to amplify these actions (Schweigger’s galvanometer 1820) and the methods to make
them visible and subject to precise observations (Poggendorff’s mirror galvanometer 1826)

425[Note by AKTA:] [Gau34a, pp. 524-525 of Gauss’ Werke].

426[Note by AKTA:] Wilhelm Weber and Gauss created in 1833 the world’s first operational electromagnetic
telegraph, [LB67, Section 66: Gauss and Weber’s telegraph, pp. 41-42], [Ano89], [Fey33a], [Fey33b], [Wie60,
Chapter 5, pp. 17-20], [Wie67, pp. 85-90], [Tim05], [Wol05], [MRGL10] and https://www.uni-goettingen.
de/de/historische-sammlung/47114 .html. It was a 3 km long twin lead connecting Gottingen University,
where Weber was Professor of Physics, with the Astronomical Observatory (Sternwarte), directed by Gauss.
This telegraph worked based on Faraday’s law of induction discovered two years earlier, [Far32a] with German
translation in [Far32b] and [Far89], and with Portuguese translation in [Far11]:
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