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Testing Lorentz invariance using an odd-parity asymmetric optical resonator
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We present the first experimental test of Lorentz invariance using the frequency difference between
counter-propagating modes in an asymmetric odd-parity optical resonator. This type of test is ~10* more
sensitive to odd-parity and isotropic (scalar) violations of Lorentz invariance than equivalent conventional
even-parity experiments due to the asymmetry of the optical resonator. The disadvantages of odd-parity
resonators have been negated by the use of counter-propagating modes, delivering a high level of
immunity to environmental fluctuations. With a nonrotating experiment our result limits the isotropic
Lorentz violating parameter &, to 3.4 * 6.2 X 107, the best reported constraint from direct measure-
ments. Using this technique the bounds on odd-parity and scalar violations of Lorentz invariance can be

improved by many orders of magnitude.
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I. INTRODUCTION

The assumption of Lorentz invariance (LI) is a vital
foundational component of modern physics. This funda-
mental symmetry of space-time has been rigorously tested
since it was first postulated over 100 years ago and all such
experiments have so far verified the standard model of
particle physics and general relativity to within their pre-
cision. Nonetheless, the emergence of quantum gravity and
other unified theories [1-4], which hint at possible LI
violations, continue to give new impetus to undertake
ever more precise tests of LI.

In order to compare the quality of various experimental
tests of LI one can make use of the framework of the
minimal Standard Model Extension (SME) by
Kostelecky and coworkers [5], which parameterizes all
possible LI violations by known fields. If an experiment
generates a nonzero parameter in this framework then it
indicates the degree to which LI is violated. Although the
SME is a comprehensive theory with particle, gravity and
photon sectors, the experiment reported here is focused on
the photon sector in which there are 19 independent pa-
rameters of the SME.

In this sector astrophysical observations have deter-
mined that the 10 parameters representing vacuum bire-
fringence, (&% and &) are below ~10732 [6]. The
remaining anisotropic parameters &~ and &, as well
as the isotropic parameter K., have been constrained
through laboratory tests using optical or microwave reso-
nators. The current constraints on the anisotropic even-
parity (#/%) parameters are at the level of 10717 with the
odd-parity coefficients (&) at the level of 1013 [7,8].
The disparity in these constraints arises because the sensi-
tivity is determined by the symmetry of the sensing appa-
ratus: the most sensitive cavity experiments are based on
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Michelson-Morley-style experiments which are sensitive

in leading-order to only the even ol parameters. Hence
these parameters are the best constrained of the laboratory-
measured SME parameters. The sensitivity of even-parity
experiments to odd-parity and isotropic SME coefficients
arises solely because of the motion of the earth v relative
to a sun-centered reference frame. For an even-parity

experiment the sensitivity to the odd coefficients k{)’; is
reduced by the earth’s velocity normalized to the speed of
light: B = "o ~ 10~%) [6]. The sensitivity to the isotropic
parameter &, is reduced further by a factor of 8> ~ 1078
[9]. On the other hand, an odd-parity sensor can be leading-
order sensitive to the odd SME parameters fd;k [10,11],
while only having first-order B suppression of &,—see
Table 1. Hence an asymmetric odd-parity experiment can
measure the odd-parity and isotropic SME parameters with
enhanced sensitivity compared to previous even-parity
Michelson-Morley type experiments. Here we report re-
sults from the first odd-parity optical resonator experiment
and we are thus able to provide a constraint on the isotropic
parameter K, with the highest sensitivity yet reported. We
further believe that this type of experiment has room for
much improvement in the future whereas existing even-
parity experiments are near the limit of development and
are unlikely to improve by 4 orders of magnitude, limiting
the potential for progress in the search for odd-parity and
isotropic violations of Lorentz invariance.

An analysis of an even-parity rotating microwave
resonator experiment designed to test LI [12] has deter-
mined &, as 15 * 7.4 X 1077 [9]. An alternative means
to determine K, was obtained using relativistic ion spec-
troscopy [13] with sensitivity of =8.4 X 1073, An odd-
parity interferometer has been used to determine &, as
—0.03 =3 X 1077, limited by vibrational noise [14]. A
number of other measurements of &, have been performed
based upon astrophysical observations [15], collider phys-
ics [16,17], or measurements of the electron spin [18] but
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TABLE I. Sensitivity to the SME parameters for different
types of resonators (8 = 10™%).

Experiment Parameter Sensitivity
i oIk ~jk -
Even-Parity ~RL ~ BRI ~B2R,
. ~ ik - ik
Odd-Parity ~K ~Biy ~BilE

these are indirect measurements or contain underlying
model assumptions [19].

II. ASYMMETRIC OPTICAL RESONATOR

The observable in a resonator-based test of LI is the
normalized frequency shift §»/v in the resonant frequency
of the cavity. As an example, the best even-parity optical
resonator experiment makes use of a rotating block of Ultra
Low Expansion® glass containing two symmetric orthogo-
nal high finesse Fabry-Perot resonators in a heavily iso-
lated and temperature controlled vacuum environment
[7,8]. Any violation of Lorentz invariance will be mani-
fested as modulations in the frequency difference between
the two cavities, related to the rotation of the apparatus.
Odd-parity experiments need to break the 180° rotational
symmetry of an even-parity experiment. In the case of the
experiment described here this asymmetry is achieved by
placing a dielectric in one arm of a ring resonator, see
Fig. 1. The requirement to include a dielectric element in
the cavity means we cannot simply obtain temperature
insensitivity by constructing the cavity from low thermal
expansion materials such as Ultra Low Expansion® glass.
We overcome this drawback by sensing the frequency
difference between counter-propagating modes, eliminat-
ing many of the causes of drift between the cavities. For
example, most environmentally-driven changes in the op-
tical path length are common to both counter-propagating
modes and thus generate no effect on the frequency differ-
ence between the two modes. This makes the resonator
insensitive to environmentally induced fluctuations, which
is highlighted by the fact that no temperature control or
vibration isolation was required. Using the derivation of
resonator sensitivity to SME parameters outlined in [6],
and those which specifically apply to an odd-parity cavity
in [10,11], the only nonzero term contributing to the ob-
servable 8v/v is

FIG. 1 (color online). Asymmetric ring resonator with UV
fused silica prism at Brewster’s angle 6z, showing counter-
propagating modes.
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where E and B are the components of the propagating
electromagnetic fields and (U) is the total energy in the
mode. We see thus a secondary benefit of the use of
counter-propagating modes; it makes the experiment twice
as sensitive to a nonzero SME parameter when compared
with an experiment which uses the frequency shifts of a
unidirectional beam in an asymmetric cavity.

III. THE EXPERIMENT

The asymmetric ring cavity was machined out of single
aluminum block and is approximately 5 cm X 5 cm, with
one of the mirrors mounted between piezoelectric actuators
for cavity length adjustment. The dielectric element is a
UV fused silica Brewster angle prism (n = 1.44) with a
base of 1.7 cm. We are careful to use a Brewster’s angle
prism to minimize the surface losses together with a low
dissipation dielectric material (UV grade fused silica). The
measured finesse was 860 with contrast of 0.1 and a free
spectral range of 3.85 GHz. Since the resolution of reso-
nator experiments is set by the finesse of the cavity we used
relatively high optical power to overcome the modest
finesse and ensure optimal conditions for locking to the
frequency of the two modes. Fluctuations associated with
the high optical power (such as heating and nonlinear
effects) are once again mitigated by the use of counter-
propagating modes. We note that the low finesse was not a
critical factor in this experiment as the frequency fluctua-
tions in the relevant time domain are dominated by system-
atic fluctuations rather than limitations of the frequency
locking. To monitor changes in the resonant frequency of
the two counter-propagating modes the output of a laser is
split into two paths which are independently frequency
locked to the two fundamental modes counter-propagating
in the optical resonator. The experiment has been designed
to excite the fundamental mode of the optical resonator and
we have experimentally verified that we are locked to the
correct modes. This ensures that there is complete spatial
overlap of the counter-propagating modes and rejection of
optical path-length fluctuations. Higher-order modes are
not frequency-degenerate with the fundamental mode and
will not be excited while the laser is frequency-locked to
the fundamental mode. We use the standard Pound-Drever-
Hall (PDH) [20] technique to create the error signal re-
quired for frequency locking with the required phase
modulation being provided by direct modulation of the
laser crystal [21]. The use of two acousto-optic modulators
(AOMs) allows independent frequency locks to each of the
counter-propagating modes. The frequency is shifted by a
constant 80 MHz (vgy my,) in the first path using an AOM
in the double-pass configuration [22]. This optical path
then passes through a polarization-maintaining optical
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FIG. 2 (color online). The optical setup, showing the use of
two AOMs to eliminate the need for an optical beat note.

fiber, half-wave plate and polarizer to ensure the correct
polarization of light is incident on the cavity. The laser is
locked to this resonance using the piezoelectric transducer
on the laser. In the second path the locked laser light is sent
through a second tunable AOM and this is used to provide
the frequency corrections. The second AOM will thus have
its frequency locked at 80 MHz plus any frequency differ-
ence between the counter-propagating modes (v,,q)—see
Fig. 2. By logging the frequency fluctuations of this second
AOM we can measure the frequency difference between
the two counter-propagating modes. The AOMs are pow-
ered by the amplified output of two signal generators. The
signal generators and counters are all phase-locked to a
common 10 MHz signal from a H-maser. Since any viola-
tions of LI will show only in the difference between the
resonant frequencies of the two counter-propagating
modes it is unnecessary to stabilize the cavity temperature
to ensure a constant resonant frequency. However, in order
to prevent large changes in operating conditions we use
the piezoelectric transducers in the cavity and an addi-
tional slow loop to keep the laser at a relatively constant
frequency.

IV. DATA ANALYSIS

The data was acquired over 45 days from 19/11/2010
with about 35 days of usable data. Since the experiment is
stationary in the laboratory we are searching for frequency
modulations synchronous with earth’s sidereal phase. To
simplify and increase the speed of the analysis process we
average the data into 20-minute blocks. The raw data is
then differentiated with respect to sidereal phase to remove
offsets and drifts [23]. The cavity is oriented in an East-
West direction to maximize the sensitivity to possible
violations of LI and this leads to sensitivity to only the
cos(wgTe = QeT) terms defined in Table I of [10]. As the
data set comprises only a small section of the year we can
apply the short data set approximation [24] which assumes
a constant annual phase over the duration of the experiment

PHYSICAL REVIEW D 84, 081101(R) (2011)

TABLE II. Sensitivity coefficients of & for this experiment
(stationary) using the short data set approximation and differ-
entiated data.

Modulation Coefficient Numerical Value

sin(wgTg)  —2Bcos(n)cos(Qy)X  —2.57 X 1073 cos()y)
[(Mpp)ie — (Mpp)in]

cos(wgTe) 28 sin(Q) X 2.80 X 1073 sin(£2)

[(Mps)is — (Mpp)iy ]

), and decomposes the signal for LI violations into sine
and cosine terms with coefficients given in Table II. The
coordinate system used for analysis in the SME is given in
[6], with Tg the time since the laboratory frame y axis
pointed towards 90° right ascension, 7 the angle between
the celestial orbital plane and the elliptic (n = 23.40°) and
wg 1s the sidereal frequency. In odd-parity experiments
signals for LI violations occur at the rotation frequency (in
the case of stationary experiment this corresponds to the
sidereal frequency). The data set was divided into sections
~2 days long and the amplitudes of the sin(wgTg) and
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FIG. 3 (color online). Difference in resonant frequency of
counter-propagating modes. Processed time series data (top)
and spectral density (bottom). The middle graph are the values
obtained for K, from the data set split up into ~2 day portions.
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cos(wgTg) components are determined using a fitted least
squares regression and from these two amplitudes a deter-
mination of &, and #¥Z is made, and the quoted values
are a weighted mean of all the data sets—see Fig. 3. The
value determined for the odd-parity parameter &X% is
0.7 = 1.4 X 10~ ' which is an order of magnitude above
the current limit. For the scalar parameter &, the result is
3.4+ 6.2 X 107, a new limit on the constraint. The un-
competitive constraint placed on the odd parameter &X%
compared to the scalar parameter &, is because the current
best constraints are derived from experiments with differ-
ent sensitivities ([7,9], respectively) and in this first real-
ization of an asymmetric optical resonator we use a
nonrotating experiment, giving reduced sensitivity to the
odd parameters [10].

V. DISCUSSION OF SYSTEMATICS

Although common mode rejection of most environmen-
tal effects is a consequence of the counter-propagating
mode design, there are nonetheless some systematic effects
that afflict this experiment. In the PDH locking scheme
unwanted residual amplitude modulation (RAM) copresent
with the intended frequency modulation causes the laser
to lock slightly off the center of resonance [20]. In usual
PDH systems fluctuations in RAM will cause frequency
fluctuations, although in our approach there is a rejection
of this effect if the coupling and finesse of the counter-
propagating modes were to be exactly the same. However,
small alignment and mode-matching differences on the
two modes leads to a small residual sensitivity to the level
of RAM. The measured level of alignment fluctuations are
consistent with the measured level of frequency fluctua-
tions in this experiment when allowing for the mismatch of
contrast on the two modes. Such systematic effects are the
major source of instability in the experiment and are a
limiting factor in the current constraint on . There are
nonreciprocal effects associated with the Faraday effect
and stress birefringence in the fused silica that will cause a
frequency difference between the two counter-propagating
modes, related to the presence of magnetic fields in the
laboratory [25]. Based on measurements of the magnetic
field strength and variation near the optical resonator the
calculated effect is 2 orders of magnitude below the un-
certainty in &,.. The use of counter-propagating modes in a
ring resonator means that the device will exhibit a sensi-
tivity to rotational velocity in the plane of the device
(Sagnac effect [26,27]). The Sagnac effect would affect
the LI result only if the angular velocity or the dimensions
of the optical resonator were to fluctuate with a sidereal
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FIG. 4 (color online).
experiments.

Comparison of & determined by other

period but the presence of this systematic effect is more
than 4 orders of magnitude below the uncertainty in
K. These systematic effects are technical limits to the
sensitivity of this particular experiment and can be drasti-
cally reduced through alignment and temperature control,
magnetic shielding and a higher finesse or contrast cavity.

VI. CONCLUSION

An odd-parity experiment offers 10* times more sensi-
tivity to the odd-parity Fc{,’i and isotropic K, parameters in
experimental tests of LI. The value for &, determined from
this experiment is &, = 3.4 = 6.2 X 107° (1gerror), the
tightest published constraint on &, to our knowledge. This
constraint is more than a factor of 12 better than previous
test of LI at optical frequencies [13] and moderately better
than the previous best [9] (see Fig. 4). This experiment is
the first odd-parity optical resonator experiment and the
use of counter-propagating modes enables a new constraint
on K using a nonrotating resonator without temperature
control, vibration isolation or vacuum systems. Given the
inherent rejection of environmental fluctuations by the
counter-propagating modes, sufficiently advanced odd-
parity experiments can now approach the sensitivity of
the state-of-the-art Michelson-Morley type even-parity ex-
periments. This would enable bounds on odd-parity F<{,k+
and isotropic K, to increase by up to 4 orders of magnitude,
making odd-parity optical resonators an important experi-
mental tool in the continuing search for violations of
Lorentz invariance.
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