
Test of constancy of speed of light with rotating cryogenic optical resonators

P. Antonini, M. Okhapkin, E. Göklü,* and S. Schiller
Institut für Experimentalphysik, Heinrich-Heine-Universität Düsseldorf, 40225 Düsseldorf, Germany

sReceived 23 July 2004; revised manuscript received 7 April 2005; published 25 May 2005d

A test of Lorentz invariance for electromagnetic waves was performed by comparing the resonance frequen-
cies of two optical resonators as a function of orientation in space. In terms of the Robertson-Mansouri-Sexl
theory, we obtainb−d−1/2=s+0.5±3±0.7d310−10, a tenfold improvement compared to the previous best
results. We also set a first upper limit for a parameter of the standard model extension test theory,usk̃e−dZZu
,2310−14.
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I. INTRODUCTION

The principle of local Lorentz invariancesLLI d, stating
the independence of physical laws from the state of motion
of inertial laboratories, is one of the most fundamental facts
about our physical world. An early precision measurement,
demonstrating LLI for light propagation, was performed by
Michelson and Morley in 1887 and its result was an essential
experimental foundation for the advent of relativity. LLI is
incorporated as a fundamental symmetry into the accepted
theories of the fundamental forces, general relativityf1g and
the standard model. Numerous experiments have tested LLI
with respect to matter and to the electromagnetic field, and
have upheld its validityf2g. For electromagnetic waves the
isotropy of space has so far been verified at the level of a few
parts in 1015 f3–7g.

New generations of tests of LLI and of other fundamental
symmetriesfweak equivalence principle, local position in-
variance, charge-parity-timesCPTd Symmetryg are seen as
important approaches in the quest for a deeper understanding
of the forces of naturef2g. They might provide useful input
for the development of a theory able to describe gravity at
the quantum level. In these theories, violations of fundamen-
tal symmetries are being considered. Thus, the theoretical
models call for improved experiments to either validate LLI
at much higher precision levels, or to uncover its limits of
validity.

Violations of LLI can be interpreted using so-called test
theories. A kinematic test theory commonly applied is that by
Robertson, Mansouri, and SexlsRMSd f8g. Here, light propa-
gation is described relative to a preferred frames“ether
frame”d S in which there is no preferred direction and thus
the speed of lightc0 is constant. Usually the frame in which
the cosmic microwave background is isotropic is assumed to
be this frame. Lorentz transformations between a laboratory
frameSandS are replaced by general linear transformations
that depend on the velocityvW of the lab frame with respect to
S and on three phenomenological parametersa, b, and d.
These reduce toa=−1

2, b= 1
2, d=0 if LLI is valid. In the

moving frameS, the speed of light can be expressed to low-

est order in uvW u /c0 as csf ,vd /c0=1+sv2/c0
2dfb−a−1+s 1

2
−b+ddsin2 fg, wheref is the angle of the direction of light
propagation relative to the velocityvW of the laboratory. Thus,
violations of the constancy of the speed of light are described
by two nonzero parameter combinations.

Recently, a comprehensive dynamical test theory of LLI
violation has been developed, the standard model extension
sSMEd f9g. It is based on the Lagrangian of the standard
model, extended by terms that violate LLI and CPT. These
terms describe possible violations in the behavior of both
matter and fields, and contain a large number of unknown
parameters, whose values can in principle be determined by
an appropriately large set ofspartially independentd experi-
ments. In particular, the extended Lagrangian of the electro-
magnetic field is given byL=−1

4FmnF
mn− 1

4skFdklmnF
klFmn.

The dimensionless tensorskFdklmn describes violations of
LLI and has 19 independent coefficients. Its values are de-
pendent on the frame of reference; a frame in which the sun
is stationary is chosen for practical reasons. Of these coeffi-
cients, 10 describe polarization-dependent effects. These can
be restricted to the level of 10−32 using astronomical obser-
vations of the polarization of distant light sourcesf10g.

Of the remaining nine coefficients, onesk̃trd describes an
asymmetry of the one-way speed of electromagnetic waves
f11g, while the others describe different aspects of violations
of constancy, i.e., a dependence on propagation direction and
on the speed of the laboratory frame of reference. The cor-
responding eight coefficients can be arranged in two traceless
333 matrices: the antisymmetricsk̃o+di j that describes vio-
lation of boost invariance and therefore enters observable
quantities weighted by the ratiob% .10−4 of Earth’s orbital
velocity and the speed of light, and the symmetricsk̃e−di j

quantifying anisotropy ofc.
These eight coefficients can in principle be determined by

measuring the time dependence of the resonance frequency
of an electromagnetic resonatorsassuming that particles sat-
isfy LLI d. If the electromagnetic resonator is stationary,
seven coefficients can be determined by taking advantage of
the rotation and orbital motion of Earth. Three experiments,
using ultrastable cryogenic resonators for microwaves and
optical waves, have been performed recently along this line.
Lipa et al. f5g took data for,100 days and could constrain
four coefficients ofk̃e− and four linear combinations of three
coefficients ofk̃o+. Müller et al. f6g performed an experiment
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where the measurement duration was extended to a sufficient
duration sover 1 yeard that the measurement of the seven
coefficients was achieved. Wolfet al. f7g extended the mea-
surement time further and improved significantly on the
limits.

The eighth coefficient,sk̃e−dZZ, has so far not been re-
ported.

II. METHOD

The resonator frequency measurement involved in a test
of LLI requires a frequency reference with a frequency in-
stability comparable to the desired measurement accuracy
f4,7g. An alternative approach is the use of two cavities ori-
ented at right anglesf5,6g. One then measures the difference
between the two cavity frequencies,n1std−n2std. For a two-
cavity configuration, the beat frequency modulation can be
expressed as

d„n1std − n2std…
n

= 2Bstdsin 2ustd + 2Cstdcos 2ustd, s1d

where n1<n2<n s2.831014 Hzd is the average frequency
andustd it the angle between one cavity’s axis relative to the
south direction. Each amplitude 2Bstd and 2Cstd is a linear
combination of eight SME coefficients weighted by time-
harmonic factors. The amplitudeBstd contains frequency
components at 0,v%, 2v%, v% ±V%, and 2v% ±V%, while
Cstd contains, in addition, one component at the frequency
V%. Herev% is Earth’s sidereal angular frequency andV% is
Earth’s orbital frequency. The determination of the individual
k̃o+ coefficients requires the ability to resolve the contribu-
tion of Earth’s orbital motion in order to discriminate be-
tween frequency coefficients differing byV%. Thus a mea-
surement extending over of at least 1 year is necessary.

The contribution ofsk̃e−dZZ to the beat frequency signal is

d„n1std − n2std…
n

=
3

4
sk̃e−dZZ sin2 x cos 2ustd + . . . , s2d

wherex is the colatitude of the laboratory.
It is evident from Eq.s2d that sk̃e−dZZ particular Lorentz-

violating coefficient is only measurable by active rotation.
Another advantage is that the apparatus has to be stable only
over individual rotation periods, in contrast to stationary ex-
periments, which must be stable over 12 h. Slowscompared
to the rotation periodd systematic variations of the beat fre-
quency can be eliminated in the data analysis by fitting indi-
vidual rotation periods. Furthermore, in a nonrotating experi-
ment four data values can be obtained from a measurement
lasting 12 h.

In contrast, a rotating experiment offers the possibility to
determine two data pointsBstid and Cstid for every rotation
sti is the midtime of the rotation period, and the period is
chosen much smaller than 12 hd. Thus, a rotating experiment
offers a significant increase in data acquisition rate and thus
a reduction of statistical noise. An overall measurement time
of 1 yr or longer is still necessary for a precise determination
of individual coefficients.

III. EXPERIMENTAL APPARATUS

Crystalline sapphire optical cavities operated at cryogenic
temperature were used. These cavities have previously been
used to test LLI with a nonrotating setupf6g as well as local
position invariancef12g. Figure 1 shows a schematic of the
experiment. A mechanical rotation stage carries the cryostat
scontaining the cavitiesd, an associated optical breadboard
and most componentsslasers, power supplies, servo sys-
temsd. The rotation stage itself rests on an optical table that
was not floated. The cavities were cooled to 3.4 K by means
of a pulse-tube coolersPTCd f13g, in which He gas is peri-
odically compressed and expanded. The use of a mechanical
cooler has the advantage of continuous operation without the
need to periodically refill cryogens. Furthermore, slow me-
chanical deformations occurring in conventional cryostats as
a consequence of change in cryogen levels are avoided.

Inside the cryostat vacuum, the two cavities together with
various optical components and photodiodes were mounted
on a copper base plate that was supported by rods extending
from the top flange of the cryostat. Copper braids provided
thermal contact to the cold head of the cooler and offered
some compensation from the periodic length modulation oc-
curring in the cooler due to pressure oscillation in the tubes
f14g.

The angular range of the stage was limited to about 90°
by the He pressure lines connecting the cooler to the station-
ary compressor, but this was sufficient for the purpose of the
experiment. A rotation period 10 min was chosen for a rota-
tion over f0°, 90°, 0°g. Faster rotation led to disturbances.

The cavities are high-reflection coated for wavelengths
around 1mm. In order to avoid rotation-induced variations

FIG. 1. The experimental setup. Two Nd:YAG lasers are fre-
quency locked to two sapphire optical cavities located in a cryostat.
The beams are fed to the resonators via optical fibers. The cavities’
modes can be observed by means of two charge-coupled device
cameras. Acousto-optic modulatorssAOMd stabilize the power of
the beams fed to the resonators. All components shown are mounted
on a rotating table.

ANTONINI et al. PHYSICAL REVIEW A 71, 050101sRd s2005d

RAPID COMMUNICATIONS

050101-2



in the alignment of the laser beams with respect to the cavi-
ties that would result in lock errors, the laser waves are
brought to the cavities through two optical fibers. Two diode-
pumped monolithic Nd:YAGsyttrium aluminum garnetd la-
sers were locked to the two cavities by means of a Drever-
Hall reflection locking schemef15g. The respective
photodiodes were located in the cryostat, next to the cavities.
The lasers were frequency modulated using the piezo actua-
tors glued to the laser crystals as modulators, adding the
modulation frequencies to the control feedback signalsf16g.
Parts of the laser beams were superimposed on a fast photo-
diode producing a heterodyne signal at the beat frequency
n1−n2 between the two laserssof the order of 700 MHzd.
That was measured with a frequency counter.

The periodic pressure modulationsat 1.1 Hzd led to a re-
sidual modulation of the beat frequency between the two
cavity-locked lasers, which amounted to approximately
200 Hz amplitude. However, this modulation was later re-
moved using Fourier filtering. The typical Allan standard de-
viation of the beat frequencysfor nonrotating resonatorsd was
2.5 Hz for an integration time of 30 s, and 5 Hzs.2
310−14d for an integration time of 300 sshalf of the rotation
periodd.

The dependence of the cavity resonance frequencies on
the beam powers was measured to be,8 Hz permW im-
pinging on the cavities. The laser powers were actively sta-
bilized using acousto-optical modulatorssAOMd, also serv-
ing as optical isolators. At a typical working power of
50–100mW onto the cavities, the influence of residual
power changes was thereby reduced to the level of 0.1 Hz
s0.4310−15d for integration times of hundreds of seconds.

The dependence of the beat frequency on the temperature
of the baseplate supporting the cavities was on the order of
1.5 Hz/mK.

Active stabilization resulted in an instability of 45mK at
300 s integration time, and thus a temperature-induced beat
frequency instability on the order of 0.07 Hzs2310−16d.

The sensitivity of the beat frequency to tilt of the
table supporting the apparatus was 0.06 Hz/mrad s2
310−16/mradd. The tilts along the two horizontal axes were
monitored continuously during the rotations for later decor-
relation. Typical tilt modulation during a rotation was
50 mrad peak to peak, corresponding to a inferred beat
modulation of several hertz. However, for the data analysis
only the beat frequency modulation components at 2u are
relevant; for these the inferred peak-to-peak amplitudes were
typically less than 1 Hz.

IV. RESULTS

The data analyzed in this paper were collected during
very stable operation from 4 February 2005 to 8 February
2005 for 76 h. Frequency sampling was at 1-s intervals. The
measured tilts were time averaged, weighted with the mea-
sured beat frequency sensitivities and subtracted from the
beat data. Then, the beat modulation at 1.1 Hz, caused by the
PTC, was removed. After removal of clearly disturbed rota-
tions, the remaining 432 rotation periodsu=f0° ;90° ;0°g
slabeled byid were each least-squares fitted with functions

ait+2Bstidsin 2ustd+2Cstidcos 2ustd, where the coefficients
ai quantifiy asslowly varyingd linear drift.

The obtained amplitude setsh2Bstidj, h2Cstidj are shown
in Fig. 2. The data were analyzed in the following ways:

sid Within the RMS framework, for two orthogonal cavi-
ties located on Earth and considering the preferred frame
mentioned above, the beat frequency can be written as in Eq.
s1d with

2Cstd = s1/2 −b + ddsv2/c0
2dsg0 + g1 cosv%T%

+ g2 cos 2v%T% + s1 sinv%T% + s2 sin 2v%T%d,

2Bstd = s1/2 −b + ddsv2/c0
2dsg3 cosv%T% + g4 cos 2v%T%

+ s3 sinv%T% + s4 sin 2v%T%d, s3d

where g0=sin2 xs3 cos2 Q−1d /4, g1=s1/2dcosF sin 2
3Q sin 2x, g2=cos 2F cos2 Qscos 2x−3d /4, g3=s3 tanF,
g4=−s4 tan 2F, s1=g1 tanF, s2=g2 tan 2F, s3
=cosF sinx sin 2Q, s4=cos2 Q cosx cos 2F.

T% is the time since the beginning of the data plus an
offset that accounts for a time difference since the coinci-

dence of the lab’sy axis with theŶ axis of the sun-centered
systemf9g. The direction of the sun’s velocityvW relative to
the cosmic microwave background is given by the right as-
censionF=168° and the declinationQ=−6°. In fitting the
above expression to our data, we take into account that the
finite average values of 2B and 2C are likely to be due to a
sconstantd systematic error. We model this by adding a con-
tribution bsystsin 2u+csystcos 2u to Eq.s1d, and fitbsyst, csyst,
b−d− 1

2. Effectively, this means that only the modulation of
theh2B,2Cj amplitudes by Earth’s rotation contributes to the
fit result for b−d− 1

2.

FIG. 2. Measured 2Bn and 2Cn amplitudes of spatial anisotropy
for individual rotations and corresponding histograms. The fit error
for each data point is less than 1 Hz. Full line: the SME model plus
systematic effect. Dashed line: the RMS model plus systematic ef-
fect. Mean values:k2Bl=2.8 Hz,k2Cl=−3.3 Hz.
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The fit yieldsb−d− 1
2 =s+0.5±3d310−10 and is shown in

Fig. 2. Due to the experimental error in the determination of
the tilt sensitivities there is an additionalssystematicd error of
±0.7310−10. Our result is about a factor of 10 lower than
the previous best resultss−1.2±1.9±1.2d310−9 f17g and
s−2.2±1.5d310−9 f6g.

sii d Using all our data we can obtain a fit of the five
Fourier amplitudes of 2Cst*d at the timet* .6 February 2005
ssee Table Id. These amplitudes are linear combinations of
the k̃e− and k̃o+ coefficients, where the weights of the latter
depend on Earth’s orbital phasessee Appendix E off9gd. For
the fit we make use of the approximate relationship between
the functionsBstd andCstd f18g and we include a coefficient
b0 in Bstd in order to describe a systematic effect. Note that
due to the limited extent of the data over time, the frequen-
ciesv% +V% andv% −V% cannot be distinguished and there-
fore it is not possible to extract the individual coefficientsk̃e−

and k̃o+ from theCi coefficients.
siii d The results of the microwave cryogenic experiment

f7g found the elements ofsk̃e−d fexcept forsk̃e−dZZg and the
elements ofb% sk̃o+d to be zero within several parts in 10−15.
If we assume these elements to be zero, we can use only the
C0 coefficient to determinesk̃e−dZZ, i.e., Eq.s2d is truncated
at the first term. The result issk̃e−dZZ=s−2.0±0.2d310−14. As
this nonzero value is likely due to a systematic effect,

we may state that the value ofusk̃e−dZZu is probably less than
2310−14.

We believe the nonzero averages of the 2B and 2C am-
plitudes are due to a systematic effect of thermal origin. A
ssmalld thermal gradient is present in the laboratory, through
which the apparatus rotates. The magnitude of the effect is
consistent with our measured temperature sensitivity and the
temperature modulation amplitude measured at the top of the
apparatus.

Overall, our experiment is limited firstly by the slow
maximum rotation speed allowed by the system. A faster,
variable rotation speed would, in principle, allow a more
detailed study of the systematic effects or a partial suppres-
sion thereof. However, faster rotation could not be used with
our setup. Secondly, the laser frequency lock stability is lim-
ited by the small signal-to-noise ratioslow cavity through-
putd, which limits the ability to more precisely characterize
the systematic effects.

In conclusion, we have described a Michelson-Morley-
type experiment that has led to the first determination of a
limit for sk̃e−dZZ of the standard model extension,uk̃e−

ZZu,2
310−14 An analysis of the data in the RMS framework
yielded an upper limit for a hypothetical direction depen-
dence ofc an order of magnitude lower than the best previ-
ous measurements. We note that the present results were
achieved using a measurement duration 100 times shorter.
The accuracy of the experiment appears to be limited by a
thermal systematic effect. A significant improvement of our
results would require major modifications to the apparatus.
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Reply to “Comment on ‘Test of constancy of speed of light with rotating cryogenic optical
resonators’ ”

P. Antonini,1 M. Okhapkin,1 E. Göklü,2 and S. Schiller1

1Institut für Experimentalphysik, Heinrich-Heine-Universität Düsseldorf, 40225 Düsseldorf, Germany
2ZARM, University of Bremen, 28359 Bremen, Germany

�Received 28 September 2005; published 19 December 2005�

An improved analysis of the Michelson–Morley-type experiment by Antonini et al. �Phys. Rev. A. 71,
050101 �2005�� yields the Robertson–Mansouri–Sexl theory parameter combination �−�−1/2
= �−0.6±2.1±1.2��10−10 and the standard model extension theory parameter ��̃e−�ZZ= �−2.9±2.2��10−14.

DOI: 10.1103/PhysRevA.72.066102 PACS number�s�: 03.30.�p, 12.60.�i, 07.60.�j

As stated in our paper �1� on page 050101-4, the mea-
sured value of ��̃e−�ZZ was consistent with a systematic effect
due to variation of the temperature affecting the experiment
and therefore we gave its value as a probable upper limit �2�.

In order to characterize the systematic effects more pre-
cisely, we have analyzed in detail the correlations between
various monitored parameters and the beat frequency. The
monitored parameters were �apart from the two tilt angles�
two laboratory temperatures measured at the top and bottom
of the cryostat, and five temperatures at different positions
inside the cryostat.

A linear regression analysis showed that there are strong
correlations between these parameters and the beat fre-
quency. The data was therefore decorrelated, whereby time
intervals of 10 000 s were decorrelated individually, in order
to allow for changing environmental conditions. This re-
moved to a large extent variations of the beat frequency with
respect to a nearly constant drift.

The isotropy violation analysis was repeated for the deco-
rrelated data. For the rotations considered in �1� the average
is �2C��=−2.4 Hz with a sample standard deviation of
1.9 Hz, and �2B��=0.8 Hz, with a sample standard deviation
2.6 Hz. A large number of rotations performed under differ-
ent experimental conditions allows us to estimate the uncer-
tainty due to �identifiable� systematic effects at 1.8 Hz. The
result is ��̃e−�ZZ=−2.9�10−14, with an error of ±2.2�10−14,
dominated by the systematic effects �3�.

We now discuss the arguments given in the comment by
Tobar et al. �8�. Giving a final result with an error equal to
the standard deviation of the data, as Tobar et al. have done,
is certainly both a simple and a conservative estimate, but the
issue is whether this estimate is too conservative. If one be-
lieves that the systematics are dominant �as may be safely
assumed for the experiments discussed here� then this state-
ment is simply a statement of the instability of the apparatus.
Even quoting such an error, there is no certainty that the
confidence interval includes the true value, since a partial
cancellation between an unknown constant systematic and
the signal is still possible. An experiment can never disprove
this possibility.

Tobar et al. state that the systematic signal will cancel if

the phase is random. If that is the case, then a correct state-
ment of the standard error is the standard deviation of the
sample mean. We disagree with their statement that it should
be the sample standard deviation. In practice it may be dif-
ficult to assess how well the systematic averages to zero,
because usually it cannot be clearly identified. Moreover, a
very small number n of data points �as in the work by Stan-
wix et al. �4� where n=5� makes the calculated mean �in
other words, a good cancellation of the systematic due to
random phase� even more uncertain, so that quoting the stan-
dard deviation as the final error can be accepted.

We emphasize that bounds provided by a single experi-
ment may still be affected by the presence of a �constant�
systematic effect. However, the results of the three recent
experiments �1,3–5� are consistent with each other. Because
they were performed by independent groups with different
techniques, it is not likely that they all exhibit a strong can-
cellation between the respective systematics and a substantial
nonzero value of ��̃e−�ZZ.

Concerning our statement of the improvement achieved
by our experiment compared to previous ones, Tobar et al.
assume that we quoted the improvement in the uncertainties
of the experiment. However, we did not. In order to quantify
the progress provided by an experiment by a single number
we consider it more useful to quote the improvement in the
stringency of the test of the acutal hypothesis under study,
namely that the speed of light is isotropic. The previous ex-
periments �6,7� were consistent �at the 90% confidence level�
with isotropy at the level of ��−�−1/2��4.1�10−9, and
4.2�10−9, respectively, while our reported result implied a
bound of 5.1�10−10. The latter bound is more stringent by a
factor 8, which replaces our imprecise statement “about a
factor 10” given in the paper.

For better comparison with the work by Stanwix et al. �4�
and Herrmann et al. �5�, we have analyzed in a similar way a
larger number of rotations �940, grouped in several sets� ac-
cording to the Robertson–Mansouri–Sexl �RMS� model. Our
result is �−�−1/2= �−0.6±2.1±1.2��10−10, where the first
uncertainty is statistical and the second is systematic, due to
uncertainties in tilt sensitivities and due to laser power varia-
tions �3�.
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