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GALILEOQO: Galactic Axion Laser Interferometer Leveraging Electro-Optics
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We propose a novel experimental method for probing light dark matter candidates. We show that an
electro-optical material’s refractive index is modified in the presence of a coherently oscillating dark matter
background. A high-precision resonant Michelson interferometer can be used to read out this signal. The
proposed detection scheme allows for the exploration of an uncharted parameter space of dark matter
candidates over a wide range of masses—including masses exceeding a few tens of microelectronvolts,
which is a challenging parameter space for microwave cavity haloscopes.
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The nature of dark matter (DM) in modern physics
remain elusive. A well-motivated class of DM candidates is
light bosonic particles. The QCD axion, for example, is a
viable candidate for DM [I-5] in addition to solving
the Strong CP problem [6-8]. Axionlike pseudoscalar
particles [4,5] (a generalized form of the QCD axion)
and vector particles (e.g., a dark or hidden photon) [9,10]
are similarly well-motivated DM candidates. Such new
particles typically have suppressed interactions with the
standard model, which nevertheless can be used to search
for them in the laboratory [10-15].

Light DM is also referred to as wavelike, in contrast to
heavier particlelike DM candidates. Because of the high
occupancy number of such particles at galactic scales, light
DM behaves as a classical wave. Such a DM background
can be modeled as a classical random field a,cos(wt +
k-x+¢) [16], where ay = \/ppm/mpy is the field
amplitude given by the DM density ppy and mass mpy;
|K| =~ mpyv is the wave number; and ¢ is a random phase.
The characteristic frequency of the random field’s oscil-
lations is given dominantly by the DM mass, with correc-
tions from the kinetic energy, as @ =~ mpy + mpyv>/2,
where v ~ 1073 is the virial velocity in the Milky Way. The
light DM field is therefore coherent over spatial separation
Ao ~ (mpyv)~! and over a timescale 7, ~ (mpyv?)~!,
expressed in natural Planck units [17].

Several experimental programs are underway or pro-
posed to probe the parameter space of light DM, with
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different methods sensitive to specific couplings to
standard model physics and a particular range of DM
masses. Interactions with the standard model gluons and
fermions can be probed via measuring its induced oscil-
latory electric dipole moments (EDMs) [18-20], as well
as secondary effects of an oscillatory EDM in precision
experiments such as storage rings [21-25], nuclear mag-
netic resonance [26,27], molecular and atomic spectros-
copy [28,29], among others [30,31]. Light DM candidates
generically couple to electromagnetism as well, which
can be investigated using high-precision methods inclu-
ding resonant cavity haloscopes [32-41], lumped ele-
ments [42-45], among others [46—48].

Our lack of knowledge about the nature of DM makes it
imperative to probe a wide range of DM parameter space.
In addition, different scenarios of cosmological production
of the observed DM abundance suggest a wide range of
viable masses. For instance, the QCD axion is produced as
the pseudo-Nambu-Goldstone boson of spontaneous break-
ing of the global Peccei-Quinn (PQ) symmetry [4,5].
Importantly, the QCD axion mass that could serve as
DM critically depends on whether the PQ symmetry breaks
during inflation or after. Post-inflationary production of the
axion serving as DM, in principle, predicts a unique mass.
Even so, it is challenging to solve axion cosmology
accurately—topological defects contribute to axion pro-
duction on top of the misalignment production, making the
dynamics highly nonlinear. Analytical calculations and
simulations predict a postinflationary QCD axion mass
that ranges from tens to hundreds of peV [49-55], with
more recent simulations suggesting a narrower range of
approximately 40-180 peV [56]. A QCD axion with even
lower masses are feasible via production pre-inflation and
could also serve as DM.
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FIG. 1. Schematic of the proposed laser interferometer-based
light dark matter (DM) detector, GALILEO. The Fabry-Perot
(FP) cavities are resonant with the light-DM mass L = 2jz/mpy.
The electro-optical (EO) material’s thickness is limited to L <
7/mpy to preserve the oscillatory DM signal while averaging
over laser travel time through the material. Note that the EO
material needs to be exposed to a large, uniform magnetic field
for axion-induced effects. See text for details.

Resonant microwave cavity haloscopes have been the
leading DM detectors for mpy ~ peV, achieving sensitivity
to the QCD axion. However, due to the rapidly diminishing
scanning rate caused by a decreasing signal-to-noise ratio
(SNR) at smaller cavity volumes [13], it is challenging to
probe masses above a few tens of peV with such detectors.
Despite this technical limitation, ongoing efforts are being
made to further optimize microwave cavity haloscopes and
explore this higher-mass DM parameter space [57-59],
mainly motivated by the postinflationary axion production
as discussed above.

In this Letter, we propose a new approach to detect both
axion and dark photon DM over a wide mass range,
approximately from 0.1-103 peV. The basic principle is
as follows. Nonlinear electro-optical materials respond to
the electric field induced by a coherently oscillating light
DM background: the material’s refractive index thereby
acquires oscillatory corrections. We outline a resonant
readout scheme based on laser interferometry to detect
such DM-induced signals (Fig. 1); see also Refs. [60—68]
for other interferometry-based DM detection proposals. A
Michelson interferometer using a nonlinear electro-optical
material in only one arm will exhibit an oscillatory differ-
ential optical phase between its two arms, imprinted in the
measured interferometry fringes. We refer to this exper-
imental approach as GALILEO: Galactic axion laser
interferometer leveraging electro-optics. In the following,
we present projected sensitivities for this measurement
scheme for both the axion and dark photon DM parameter
spaces, and compare to the current state of the art (Fig. 2).
Note that for the light DM mass range considered here, the
induced oscillations in material refractive index and hence
interferometer output signal are in a frequency range

~100 MHz to 1 THz; and the light-DM background field
is coherent over 4. ~ 1 cm to 100 m and 7, ~ 0.1 ps to ms.

Electro-optic effect.—Light-DM-induced electric fields
can be detected via interactions that modulate an electro-
optical (EO) material’s properties. In particular, the presence
of an external electric field results in a change in the
polarization of the material, which then modifies the disper-
sion relation of the electromagnetic wave inside the material.
Therefore, one can detect ambient electric fields, such as that
induced by light DM, by measuring the effect on propaga-
tion of a probe laser through an EO material [71].

This scheme requires a nonlinear response of the material
that couples the probe laser and the light-DM-induced
electric field to be sensed, Epy;. This property can be found
in electro-optical materials, where the polarization is given
by P = egy\VE + ey P E? + O(E®) [72]. Here, ¢, is the
vacuum permittivity and y(") is the nth order electric
susceptibility of the material [73]. We define an effective
electric susceptibility as follows: y.; = ") + 8y, where
8y = y® Epy. Since the effect of DM is expected to be
small, one can treat the additional term &y perturbatively.
The electric susceptibility y.q is used to calculate a medi-
um’s refractive index vian = (1 + y.)'/%. Therefore, in the
presence of nonzero Epy,; we have a correction to the
material’s refractive index proportional to the light-DM-
induced electric field n = 7 4 n, where 2 = (1 + y(1))!/2
and 6n ~ §y/2n. We calculate this DM-induced refractive
index correction for a given set of DM parameters and
material properties.

Electro-optic properties due to y® (i.e., the Pockels
effect) can be observed in crystals lacking inversion
symmetry. These materials are typically used for applica-
tions that employ modulations of the refractive index to
achieve fast optical switching and frequency conversion. A
widely used example of such a crystal is lithium niobate
(LiNbO3) [74,75], while barium titanate (BaTiO3) is an
emerging material with a higher Pockels coefficient [76,77].
We use these two crystals as benchmarks for the light-
DM detector material in our interferometry measurement
scheme. The Pockels coefficient r is defined such that the
modulation in the refractive index due to an applied electric
field is 6n = n’rE/2. Note that r is a tensor quantity,
with its largest component being about 31 pm/V [74]
(923 pm/V [76]) for LINbO; (BaTiOj3). The EO properties
of these material are dominantly determined by their lattice
structure, in particular the lack of inversion symmetry.
Therefore, these values are expected to remain almost the
same at low temperatures [78,79] and/or high magnetic
fields as long as there is no significant change to the
crystalline structure. Therefore, we have

5 { 1.8 x 1071 (m/V) Epy, for LiNbO;
n~
6.4 x 107 (m/V) Epy, for BaTiO;,

where we used 7 = 2.3 for LiNbO; and 7 = 2.4 for BaTiOs.
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FIG. 2. Projected sensitivities of the GALILEO experiment for axion (Left) and dark photon (Right) dark matter searches. The red
shaded area is within the reach of the proposed detector. Orange (red) lines: LiINbO5 (BaTiO;) as target electro-optical material. Dashed
lines: 1 s averaging at each frequency band Af = mpy/(27F). Dash-dotted lines: extended search time of 290 s per bin, equivalent to
scanning a decade in mass for about 3 yr. Solid lines: 290 s averaging time per bin and 10 dB squeezing of light input to the
interferometer. Vertical gray dashed lines indicate the number of EO material pieces N = 1, 3, and 10 needed to achieve maximum
sensitivity at representative DM masses if each EO material has a thickness of Ly = z/mpy. See text for details. Dark (light) gray
shaded areas are excluded by terrestrial experiments (astrophysical observations). Green: QCD axion parameter space. Blue: excluded
by dark photon DM cosmology [69]. Existing limits are adapted from Ref. [70].

Dark matter-induced electric field —We first consider
axion DM coupling to photons:

£ = aF,, P — g,,aE - B, 2)

where a and F are the pseudoscalar axion field and
electromagnetic field strength, respectively. This interac-
tion modifies Maxwell’s equations. In particular, the axion
field generates oscillatory electric and magnetic fields in
the presence of a large bias magnetic field By. When the
Compton wavelength of the axion 27/m, is smaller than
the physical size of the magnet, the axion-induced electric
field is given by E, ~ g,,,aB [80,81]. Therefore, we have

E ~56x10" > Jary Po v
! m \ 10719 GeV~! ) \0.45 GeV/cm?

- <10(,>” ﬁev>_1<1oB T)' (3)

For dark photon DM, we consider the kinetic mixing
Lagrangian term

LD— g F, F™, (4)

where « is the dimensionless mixing parameter and F” is the
dark photon field strength. The light-DM-induced electric
field due to this mixing term is Eg, ~ky\/po/€o.
Therefore, we have

AV K P 1/2
Ey, ~28x 1078 — © . (5
dp. =50 <10—“> (0.45 GeV/cm3> )

Detection scheme.—We propose using an asymmetric
Michelson interferometer, where the sensing volume of the
EO material is placed in one arm but not in the other; see
Fig. 1. Because of the modulated refractive index, the
probe laser will experience a modulated phase velocity
as it propagates through the EO material according to
6v = —on/i>. The differential phase velocity between the
two arms, integrated over the length of the material, leads
to an effective differential arm length 5L = f dtov =
—oénLy/n. Hence, the interferometer output will oscillate
with the light-DM oscillation frequency.

Interferometer arms can be equipped with a Fabry-Perot
(FP) cavity to further increase the sensitivity via increasing
the effective integration length as L. = LoNF, where Ly,
N, and F are the EO material’s thickness, number of EO
material pieces in the cavity, and finesse of the FP cavity. In
order to not average over DM oscillations as the laser beam
travels through an EO material of thickness L, within a FP
cavity of length L, we require that Ly < n/mpy and
L =2jn/mpy, in natural Planck units, where j is an
integer number. During the experiment, a piezo stage will
be used to tune the cavity length, enabling nm-scale spatial
movements. We note that in this case, the FP cavities are in
resonance with the DM mass and the signal enhancement is
due to the laser light traveling repeatedly through the EO
material rather than enhancing the DM-induced electric
field or the laser amplitude.
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Ultra-high-finesse FP cavities with F ~ 1.5 x 10° are
developed for precision experiments [82-84]. Also, FP
cavities can achieve Q factors > 10° via extending the
cavity length, despite a lower finesse [85,86]; assuming
Q ~ 10% and F ~ 103, the cavity length for the parameter
space of interest ranges from ~cm (higher DM masses) to
~m (lower DM masses). Therefore, it is feasible to include
multiple EO materials separated by 2z/mpy in a single
cavity. The effective travel length through the total amount
of EO material is ultimately limited by laser absorption.
The absorption coefficient for pure, high-Q nonlinear
crystals (including LiNbO; [87]) is about 107> cm™,
i.e., O(1) fraction of the laser power gets absorbed after
about 1 km of traversing inside the EO material. Therefore,
we set an upper limit on L.y < 1 km. Reflection from
crystal surfaces is a potential challenge to achieve ultra-
high-finesse cavities [88]. However, in our proposed
scheme the separations between EO materials and cavity
mirrors are set to be multiples of 7z/mpy,, in which case the
reflected and transmitted light have the same phase, and
therefore the effect of reflection on the cavity finesse can be
minimized. Alternatively, high quality antireflection (AR)
coatings can be used to improve the cavity finesse [89]
when there are practical restrictions on the material length
such that Ly # #/mpy. The use of such an AR coating is
especially important in the lower mass regime, where for a
high-finesse cavity to maintain LyF ~ 1 km, the length of
the EO material is limited to the suboptimal case
Lo < m/mpy. However, if a state-of-the-art AR coating
provides lower finesse, then the length of the material can
be chosen to be longer such that LyF still remain large.
Materials of different lengths can also be used to cover a
wider range of parameter space. Optimization of these
experimental parameters has yet to be performed, given
limitations of the present instrumentation; but it is expected
to be straightforward, given the well-established fabrication
techniques for EO materials.

Before moving on to computing signal-to-noise (SNR)
values for this measurement scheme, we provide the
transfer function that relates the light-DM-induced modu-
lation of the refractive index (1) to the interferometer output
signal power:

5Py, Py, OL 2n
Tout Tou T p [LNF, 6
on oL on Jn 70 (6)

where, we used 6P, /SL = (2r/A)P;, NF sin(8zAL /1) in
the second equality [90]. Here, A is the laser wavelength and
AL is a dc offset between the two arm lengths, which we
choose such that 6P, /dL is maximum, thereby giving
optimal sensitivity to a light DM background.
Experimental feasibility and projected sensitivities.—
Quantum noise and thermal noise are the fundamental
sources of noise in the described interferometer measure-
ment scheme. Here, we estimate these two noise sources

and show that the proposed experiment can reach the
quantum noise limit for experimentally feasible parameters.
Technical noise mitigation (such as laser frequency and
phase noise, as well as EO material birefringence [91]) is also
an important aspect of the final detector, which can benefit
from well-established techniques used in state-of-the-art
high-precision laser interferometers like LIGO [92-94].
Note that vibrational noise, a key technical challenge for
gravitational wave interferometers, is not a major concern for
the proposed DM detector. This is because GALILEO is a
high-frequency (2100 MHz) narrow-band detector, whereas
vibrational noise is significant at much lower frequencies. We
leave a detailed description of the detector design for a
follow-up study. We next discuss the sources of quantum and
thermal noise.

Photon counting (shot) noise is the fundamental quan-
tum-mechanical limit of a laser interferometer [95]. The
number of detected photons follows Poissonian counting
statistics, which leads to an output power uncertainty of
OP oy = hwp\/Noy /7, where w; is the carrier photon
frequency and N, is the number of detected photons in
the output port over integration time z. The shot noise
amplitude spectral density (ASD) is 6Py, /\/Af, with Af
being the bandwidth, which can thus be expressed as

ASDy,, = \/ZthPOut = \/thPin- (7)

The second fundamental noise source is thermal noise,
which has been extensively studied in the context of
gravitational wave laser interferometers [96—100]. There
are several mechanisms that contribute to the total thermal
noise. Homogeneous damping within a material, which is
characterized by the imaginary component of Young’s
modulus, induces interferometer phase noise through
elastic deformations of the material. In the presence of
inhomogeneous or space-dependent temperature variations,
heat flow leads to entropy redistribution and therefore
energy dissipation and thermal noise. Such temperature
variations can arise from temporal, stochastic fluctuations
at a finite temperature or from the photo-thermal effect, i.e.,
photon absorption inside the material. These fluctuations
induce interferometer phase noise via the thermoelastic
effect (due to a nonzero thermal expansion coefficient) and
the thermorefractive effect (due to a nonzero refractive
index). In the Supplemental Material [101], each of the
noise sources is estimated using the fluctuation-dissipation
theorem (FDT); we find that photon shot noise dominates
over thermal noise for temperatures around 200 K and
below. This operational temperature can be achieved even
with a few watts of laser absorption (and therefore heat
generation) via active cooling feedback [102]. As shown in
Refs. [78,79], the Pockels coefficient is only slightly lower
at these operational temperatures than their room temper-
ature values.
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In order to project the sensitivity of the GALILEO
experiment in the light-DM parameter space, we calculate
the shot noise-limited and time-averaged SNR. The DM
coherence time 7, plays an important role here. As long as
the integration time ¢ < 7., the total number of interfer-
ometer signal photons scales linearly with 7, the shot noise
scales as /7, and hence the measurement SNR /7. The
SNR degrades for ¢ > 7, as the phase of the light-DM
background field varies during the measurement. However,
the overall measurement sensitivity to the presence of a
nonzero average light-DM background field can still be
improved with repeated independent measurements, each
lasting for time 7., with the resulting SNR scaling as

\/T /7., where T is the total overall time of the repeated
measurements. In this repeated measurement regime, the
effective noise power spectral density scales as (7/z,)~"/2.
The SNR scaling behavior in the two regimes can be
combined as [26]

opP out

SNR =
ASD;

(zT)"/*. (8)

Using Egs. (1), (6), and (7), we thus estimate GALILEO
SNR values for axion and dark photon DM as follows [103]:

LoNF A\-12
SNR ~
(6.7 mm x 1.5 x 105> <1064 nm>
N 172 1/4
X Pln Z /
5SW S
Gary oy \=5/4
20(10—'(? Gev—'> (%) (IOOD:éV>

~1/4 ’
120 (ﬁ) (102;D£4ev)

where we use BaTiO; as the EO material. We set projections
in the axion and dark photon DM parameter space using the
criterion SNR ~ 1, as shown in Fig. 2. The scanning rate will
also be affected by the duty cycle determined by the
experimental details, such as speed of mirror movement
using nanopositioning piezo stages and cavity stabilization.
We leave a detailed examination of experimental parameters
to a future study, presenting the best theoretical projec-
tions here.

To achieve maximum sensitivity in the higher-mass
regime, we propose using multiple EO materials inside a
FP cavity, each separated by 27/mpy. As discussed above,
laser absorption in the EO material limits L. < 1 km. This
means that for F = 1.5 x 10° we have LyN < 6.7 mm.
Therefore, for mpy <90 peV (corresponding to L 2 6.7 mm)
we use a single EO material with a thickness of 6.7 mm;
whereas for mpy 2 90 peV  (corresponding to Ly =
w/mpy < 6.7 mm) we use multiple EO materials.
Vertical gray dashed lines in Fig. 2 indicate the required

©)

number of EO materials for the higher-mass DM parameter
space to achieve maximum sensitivity.

In the proposed detection scheme, the background DM-
induced electric field oscillations manifest as an oscillatory
signal at the interferometer output. It is therefore crucial to
have a high photodetector bandwidth in order to resolve
higher-mass DM-induced oscillations. While commercially
available low-noise photodetectors have a bandwidth of up
to 50 GHz (corresponding to mpy =~ 210 peV), there are
currently demonstrations of detectors with bandwidths up
to 500 GHz [104,105]. The EO material’s response time
will also limit detection of DM masses higher than a few
meV. We thus set a higher mass limit of about 2 meV in
Fig. 2, corresponding to a photodetector bandwidth of
about 500 GHz. In the low-mass axion regime the Fabry-
Perot cavity length becomes a limiting factor, because at
least one arm of the interferometer must be within the
magnet producing the large bias magnetic field necessary
for axion-induced signals. Therefore, we consider only
axion masses greater than 0.4 peV in the sensitivity
estimations. This requirement is more relaxed for dark
photon searches, where no background magnetic field is
needed.

It is possible to reduce the observed noise below the
nominal shot-noise limit through squeezing, where the
electromagnetic vacuum noise in the measurement readout
quadrature is reduced, with a corresponding increase
of the noise in the other quadrature, consistent with the
Heisenberg quantum limit. To date, laser interferometric
gravitational wave detectors have successfully achieved
10 dB vacuum squeezing [ 106—108], which is equivalent to
improved sensitivity by a factor of about 3. As part of our
sensitivity projections in Fig. 2, we also consider squeezing
to further improve the detector reach, assuming similar
performance (including losses) as achieved in interferom-
eter-based gravitational wave detectors.

Summary.—We proposed a new approach to detect axion
and dark photon dark matter (DM) over almost four decades
in mass from about 0.1-10% peV. We dub this experiment
GALILEO, which is based on laser interferometry and uses
electro-optical properties to detect DM-induced electric
fields. The proposed experiment explores parameter spaces
that are challenging to probe with resonant cavity halo-
scopes in the high mass and low mass regimes. In the higher
mass regime of the axion parameter space, our projected
sensitivity is similar to the current limits from resonant
cavity experiments [39] at about 16 GHz with the same
integration time, with promising prospects to explore even
higher-mass candidates. In the lower mass regime of the
axion parameter space, the geometric requirements are
simpler to satisfy for GALILEO, since only one arm of
the interferometer with length o 1/m, needs to be inside a
high field magnet. Future technical improvements, such as
the development of materials with enhanced electro-optical
properties, may extend the reach of this approach to the QCD
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axion dark matter parameter space across a range of several
orders of magnitude for the axion mass. A dark photon DM
search with GALILEO is also promising, since it enables
probing unexplored parts of parameter space with more
relaxed design requirements, e.g., with no need for a high
field magnet or with lower Q-factor FP cavities.
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