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Aula passada

→ mantém a mesma forma

→ não mantém a mesma forma

Transformações de Galileu:



Aula passada
Postulados da relatividade restrita:

1. Todas as leis físicas têm a mesma forma em 
quaisquer referenciais inerciais (incluindo a 
mecânica e o eletromagnetismo) (“princípio de 
relatividade de Galileu”).

2. A velocidade da luz no vácuo é a mesma 
independente do movimento de suas fontes.



De S para S’: 

De S’ para S: 

Do segundo postulado:
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Aula passada

Transformações de Lorentz:



Aula passada
Transformações de Lorentz:

• A equação de onda mantém a mesma forma, assim como todas as equações 
do eletromagnetismo: este não precisa ser modificado.

• Porém, a mecânica newtoniana não mantém a mesma forma: precisa ser 
modificada!
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Em termos das coordenadas do espaço-tempo:



Aula passada

Dois eventos simultâneos em K:
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Em K’ eles não serão necessariamente simultâneos:
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Sua ordem temporal é indefinida (a não ser que Dx=0)!



Contração de Fitzgerald-Lorentz
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Dilatação temporal
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Dilatação temporal
• Consequências importantes:

• Decaimento dos múons gerados por raios cósmicos ou em aceleradores.
• GPS
• Medidas com relógios atômicos.
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and are accounted for routinely in satellite-based
navigation systems (7). The most accurate de-
terminations historically involve velocities near
the speed of light (8) and changes in elevation of
104 to 107 m (3, 4). Previously, small relativistic
shifts (<10−16) could be observed only over short
distances in g-ray Mössbauer spectroscopy (5, 9)
and atom interferometry (6). However, they might
be detected over longer distances by clocks with
sufficiently high sensitivity, such as accurate
atomic clocks operating in the optical regime, or
“optical clocks.” Here we report the detection of
relativistic time dilation due to velocities of sev-
eral meters per second and, separately, due to a
change in height of 0.33 m by comparing two
optical clocks based on 27Al+ ions.

With operating frequencies in the petahertz
(1 PHz = 1015 Hz) range and natural linewidths
at the millihertz level, optical clocks have dem-
onstrated substantial improvements in stability
and accuracy over the current microwave time
and frequency standards (10). We compared two
optical atomic clocks based on individual trapped
Al+ ions, with reported systematic frequency un-
certainties of 8.6 × 10−18 (11) and 2.3 × 10−17

(12). For comparison, the lowest reported fre-
quency uncertainty of Cs fountain clocks is 3.4 ×
10−16 (13). With the accuracy and the associated
sensitivity of these Al+ optical clocks, frequency
variations below 10−16 in the clocks due to
relativistic effects can be observed.

Due to the lack of an accessible optical
transition in 27Al+ for efficient laser cooling and
state detection, precision spectroscopy of these
ions uses techniques developed in quantum in-
formation science. Here, an Al+ ion is sympa-
thetically cooled through its Coulomb interaction
with an auxiliary “logic” ion that is simultaneously
held in the same linear radio-frequency (RF) Paul
trap (14). The logic ion also helps prepare and
detect the internal state of the Al+ ion via quan-
tum logic protocols. In this work, the two Al+

clocks used a beryllium (9Be+) ion (14) and a
magnesium (25Mg+) ion (11), respectively, as the
logic ion. The Al+ 1S0↔

3P0 clock transition with
frequency f0 near 1.121 PHz has a narrow (∆f =
8 mHz) natural linewidth and a corresponding
intrinsic quality (Q) factor of f0/∆f = 1.4 × 1017

that permits high sensitivity for detecting small
frequency-shifting effects. However, the observed
linewidth for the clock transition is limited by the
linewidth of the probe laser. We probed the clock
transition with a subhertz linewidth laser refer-
enced to a high-finesse optical cavity (15). In the
Al-Mg clock, with 300 ms probe duration we ob-
tained a narrow, Fourier transform–limited line-
width, realizing aQ factor of 4.2× 1014with nearly
80% contrast (Fig. 1). This high-Q line provides
the basis for high-stability clock operation and sen-
sitivity to small frequency shifts.

The two Al+ optical clocks were located in
separate laboratories and were compared by trans-
mitting the stable clock signal through a 75-m
length of phase-stabilized optical fiber. To ob-
serve time dilation due to motion, we set the Al+

ion in the Al-Mg clock in motion by applying a
small static electric field that shifts the position of
the ion slightly away from the null of the con-
fining RF field (16). The ion is thereby subject to
an RF electric field at fRF = 59 MHz (Fig. 2) and

undergoes harmonic motion. The ion velocity is
adjusted by varying the applied static electric field.
In the language of the twin paradox, the moving
Al+ ion is the traveling twin, and its harmonic
motion amounts to many round trips. Time dila-

Fig. 1. The 1S0↔3P0 tran-
sition in Al+ observedwith
probe pulses of 300 ms
duration. Each datum (blue
dots) consists of an aver-
age of 9 or 10 individual
probes, and the sequence
of probe frequencies was
randomized to eliminate
skewing effects due to fre-
quency drifts in the probe
laser. A Lorentzian fit to
this data (not shown in
the figure) produces a
linewidth [full width at
halfmaximum (FWHM)] of
2.30T 0.51Hz (uncertain-
ties correspond to 1 SD).
The Lorentzian linewidth is narrower than the Fourier transform–limited spectrum (smooth fitted red
curve) that is the result of the rectangular temporal waveform of the probe pulses. For the probe time used
here, the Fourier limit corresponds to a linewidth (FWHM) of 2.7 Hz and a Q factor of 4.2 × 1014, which we
take as the achieved values. The yellow shaded band indicates the expected scatter of the data due to
quantum projection noise (34).
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Fig. 2. Relativistic time dilation at familiar speeds (10 m/s = 36 km/hour ≈ 22.4 miles/hour). (Lower left
inset) As the Al+ ion in one of the twin clocks is displaced from the null of the confining RF quadrupole
field (white field lines), it undergoes harmonic motion and experiences relativistic time dilation. In the
experiments, the motion is approximately perpendicular to the probe laser beam (indicated by the blue
shading). The Al+ ion clock in motion advances at a rate that is slower than its rate at rest. In the figure,
the fractional frequency difference between the moving clock and the stationary clock is plotted versus the
velocity (vrms =

ffiffiffiffiffiffiffiffi
〈v2〉

p
) (rms, root mean square) of themoving clock. The solid curve represents the theoretical

prediction. (Upper right inset) A close-up of the results for vrms < 10 m/s in the dashed box. The vertical
error bars represent statistical uncertainties, and the horizontal ones cover the spread of measured
velocities at the applied electric fields.
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C. W. Chou et al., 
Science 329, 1630 (2010)

Dilatação temporal devido à relatividade 
especial



Dilatação temporal devido à relatividade geral

C. W. Chou et al., Science 329, 1630 (2010)

altura= 33 cm



Quadri-vetores
QUALOVER CONJUNTO
DE L QUANTIDADES

A A A A QUE

SE TRAN FORMAN SOB

BOOSTS Como XM

É UM 4 VETOR

É
0

x x2 X INVARIANTE DE LORENTZ

A A A A J INVARIANTE DE LOREN



SE A E B SAO 2 4 VETORES

ABO A B A B A'B INVARIANTE

11 DE LORENTZ

A B A B

A ATA
EXEMPLOS DE 4 VETORES

DX

dx



Quadri-vetores
Quadri-vetores:

Exemplo:

Produto escalar de quadri-vetores:
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Intervalo invariante:
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Eventos separados por intervalos tipo espaço não podem ter relação causal entre si!
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Efeito Doppler da luz
A fase da onda conta o número de vales/nós: 
não pode mudar com o referencial.
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Ct kxX kyy Kz INVARIANTE
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Efeito Doppler da luz
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A fase da onda conta o número de vales/nós: 
não pode mudar com o referencial.
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“Red shift”


