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Aula passada
Hamiltoniano do átomo de hidrogênio analisado no cap. 6:
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Velocidades típicas:
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Correções relativísticas da ordem de a2 H0
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(correção à energia cinética)

(interação spin-órbita)

(interação de contato de Darwin)



Aula passada
Efeitos do spin do próton I:

35

MI = gp
µn

~ I

gp ⇡ 5.585

µn =
q~
2Mp

Mp ⇡ 1800 m

Whf = �
µ0

4⇡

⇢
�

q

mR3
L ·MI +

1

R3
[3 (M · n̂) (MI · n̂)�M ·MI ] +

8⇡

3
M ·MI�

(3)
(R)

�

W
(1)
hf

=
µ0

4⇡

q

mR3
L ·MI

W
(2)
hf

= �
µ0

4⇡

1

R3
[3 (M · n̂) (MI · n̂)�M ·MI ]

W
(3)
hf

= �
2µ0

3
M ·MI�

(3)
(R)

Hamiltoniano hiperfino:
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(campo magnético criado pelo movimento orbital do elétron 
atuando no momento magnético do próton)
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(campo magnético criado pelo dipolo 
magnético do spin do elétron atuando no 
momento magnético do próton)
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campo magnético dentro do próton)
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Estrutura fina do nível n=2
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CHAPTER XII THE FINE AND HYPERFINE STRUCTURE OF THE HYDROGEN ATOM

. does not act on the spin variables of the proton

We see from (B-1) that the fine structure terms do not depend on I. It follows
that the proton spin can be ignored in the study of the fine structure (afterwards, we
multiply by 2 all the degrees of degeneracy obtained). The dimension of the matrix to
be diagonalized therefore falls from 16 to 8.

. does not connect the 2 and 2 subshells

Let us first prove that L2 commutes with . The operator L2 commutes with
the various components of L, with (L2 acts only on the angular variables), with P2 [cf.
formula (A-16) of Chapter VII], and with S (L2 does not act on the spin variables). L2

therefore commutes with (which is proportional to P4), with (which depends
only on , L, S), and with (which depends only on ).

The 2 and 2 states are eigenstates of L2 with di�erent eigenvalues (0 and 2~2).
Therefore, , which commutes with L2, has no matrix elements between a 2 state and
a 2 state. The 8 8 matrix representing inside the = 2 level can be broken down,
consequently, into a 2 2 matrix relative to the 2 state and a 6 6 matrix relative to
the 2 state:

( ) =2 =

2 2

2

2

0

0

Comment:

The preceding property can also be considered to be a consequence of the fact that
is even. Under a reflection, R changes to R ( = R remains unchanged),

P to P, L to L, and S to S. It is then easy to see that remains invariant.
therefore has no matrix elements between the 2 and 2 states, which are of

opposite parity (cf. Complement FII).

C-2-b. Matrix representation of in the 2 subshell

The dimension 2 of the 2 subspace is the result of the two possible values =
1 2 of (since we are ignoring for the moment).

and do not depend on S. The matrices which represent these two oper-
ators in the 2 subspace are therefore multiples of the unit matrix, with proportionality
coe�cients equal, respectively, to the purely orbital matrix elements:

= 2 ; = 0 ; = 0 P4

8 3 2 = 2 ; = 0 ; = 0
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A estrutura fina do nível n=2
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C. THE FINE STRUCTURE OF THE = 2 LEVEL
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128
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2
α

4

n = 2

128

1

Figure 2: Fine structure of the = 2 level of the hydrogen atom. Under the e�ect of
the fine structure Hamiltonian , the = 2 level splits into three fine structure levels,
written 2 1 2, 2 1 2 and 2 3 2. We have indicated the algebraic values of the shifts,
calculated to first order in . The shifts are the same for the 2 1 2 and 2 1 2 levels (a
result which remains valid, moreover, to all orders in ). When we take into account
the quantum mechanical nature of the electromagnetic field, we find that the degeneracy
between the 2 1 2 and 2 1 2 levels is removed (the Lamb shift; see Figure 4).

We see that the energy depends only on and , and not on .
If we make a limited expansion of formula (C-27) in powers of , we obtain:

= 2 1
2

2 2 1
2

2

2 4 + 1 2)
3
4

4 + (C-28)

The first term is the rest-mass-energy of the electron. The second term follows
from the theory of Chapter VII. The third term gives the correction to first order
in calculated in this chapter.
( ) Even in the absence of an external field and incident photons, a fluctuating
electromagnetic field must be considered to exist in space (cf. Complement KV,
§ 3-d- ). This phenomenon is related to the quantum mechanical nature of the
electromagnetic field, which we have not taken into consideration here. The cou-
pling of the atom with these fluctuations of the electromagnetic field removes the
degeneracy between the 2 1 2 and 2 1 2 levels. The 2 1 2 level is raised with re-
spect to the 2 1 2 level by a quantity called the “Lamb shift”, which is of the order
of 1 060 MHz (Fig. 4, page 1250).

The theoretical and experimental study of this phenomenon, which was
discovered in 1949, has been the object of a great deal of research, leading to the
development of modern quantum electrodynamics.
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A solução exata de Dirac
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Expandindo em potências de a2:
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O “Lamb shift”
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