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Dark matter or violations of the Einstein equivalence principle influence the motion of atoms, their

internal states as well as electromagnetic fields, thus causing a signature in the signal of atomic detectors.

To model such new physics, we introduce dilaton fields and study the modified propagation of light used to

manipulate atoms in light-pulse atom interferometers. Their interference signal is dominated by the matter’s

coupling to gravity and the dilaton. Even though the electromagnetic field contributes to the phase, no

additional dilaton-dependent effect can be observed. However, the light’s propagation in gravity enters via a

modified momentum transfer and its finite speed. For illustration, we discuss effects from light propagation

and the dilaton on different atom-interferometric setups, including gradiometers, equivalence principle

tests, and dark matter detection.

DOI: 10.1103/PhysRevD.105.084065

I. INTRODUCTION

Violations [1-4] of the Einstein equivalence principle
(EEP) [5-7] and the existence [8,9] of dark matter could be
explained by scalar, light dilaton fields [10-12]. They can
be motivated by string theory [13] and influence the
propagation of light and matter, leading to deviations from
established laws of physics. While effects on matter have
been thoroughly discussed [4,14-24], we focus on the
electromagnetic field interacting with the dilaton and study
the detection of dilaton fields by light-pulse atom interfer-
ometers [25,26].

While more advanced models are possible [3], the
dilaton field already captures EEP violations and dark-
matter effects, i.e., signatures of physics beyond the
Standard Model and general relativity. The dilaton field
can be influenced by the presence of large masses like
Earth, and thus induce violations of the universality of the
gravitational redshift (UGR) and of free fall (UFF), as
detected by EEP tests [27-43]. Additionally, an oscillating
background field of cosmic origin can serve as a simple
model for dark matter and gives rise to oscillating funda-
mental constants [14,15,17], like the fine-structure con-
stant. Since the internal atomic structure depends on the
value of these constants, atomic clocks [44—49] can be used
to search for EPP violations [4,14] and dark matter
[15,50,51]. Similarly, in light-pulse atom interferometers
[25,26,52] matter propagates within dilaton fields and
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consequently such devices are susceptible [53] to both
EPP violations [19-21,23,54] and dark matter [16—18,22].
However, with light pulses being an essential tool to
manipulate the atoms, their modified behavior in gravity
[55—-61] and dilaton fields has to be taken into account for a
consistent description of such experiments.

In this article we show that the propagation of light in
dilaton fields has to lowest order no influence on the signal
of an atom interferometer, while gravity leads to a modified
momentum transfer. Indeed, the dominant dilaton contri-
bution to the interference pattern originates from the
propagation of matter in the dilaton field. To showcase
the combined influence of light propagation and dilaton on
atom interferometers, we study different schemes including
gradiometers, EEP tests, and dark-matter detectors. For the
latter, we consider the spatial dependence of the dilaton
field and discuss its consequences, which was not taken
into account in previous treatments [16—18,22].

II. MODIFIED MAXWELL EQUATIONS

We consider a classical dilaton field coupling linearly to
all particles and forces in the Standard Model [10-13].
The modified Lagrangian density for the electromagnetic
sector is

(_g v
EEM:_T(I_Qde)FﬂyFﬂ s (1)
Ho

which includes a linear coupling between the dilaton
field ¢ and the electromagnetic field strength tensor
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F,=VA -V,A, =0,A,-0,A, with coupling con-
stant d, and vacuum permeability p,. Here, we introduced
the determinant g of the metric tensor, the covariant derivative
V,, the partial derivative J,, as well as the four-vector
potential A,,. The variation of this Lagrangian density with
respect to A, leads to the Euler-Lagrange equation

0Lgm B O0Lgm
oA, v <a<vﬂAy>)’ @)

which gives rise to modified Maxwell equations. Making use
of the identity V,,/=g = 0, we find

vll(l - Qde)Fﬂy =0 (3)

valid in the absence of four-currents, i.e., 0Lgy/0A, =0
[62]. Since the dilaton does not alter the metric tensor to
lowest order (see the Appendix), it can still be used to
transform co- into contravariant quantities and vice versa.
Furthermore, adding a gauge field to the vector potential
leaves the field strength tensor invariant and gauge
freedom allows choosing the modified Lorenz gauge
V,(1 -ed,)A" = 0. Together with the identity V,o =
0,0 and the Ricci tensor R, we find the Maxwell equations
V,VFEAY = RLA° + (0,0)d, VFAY +V (0" 0)d A*, (4)

neglecting orders of 2. In the following, we consider a metric
8, = N +606929z/c* with gravitational acceleration g
pointing in z direction and with Ry = 0. Here, Jj, is the
Kronecker delta and 77,,,, the Minkowski metric. We keep only
terms of order gz/c* as well as d,, omitting higher con-
tributions in the slowly-varying and weak-field limit for the
source mass-energy density. In the Appendix, the metric is
derived together with the solution for the dilaton field under
the assumption of a source mass-energy density homo-
geneously distributed over an infinite plane.
We rely on the geometrical-optics ansatz [63—65]

AV = (a¥ + eb¥)e ¢ + O(e?) (5)

to obtain propagating-beam solutions to the Maxwell
equations. In this approximation we assume that ® is of
order unity so that the factor exp (—i®/e¢) varies fast
compared to the amplitude ¢” and is common for all four
components of the vector potential. By combining the
radiation wavelength A and the typical length scale L of
light propagation, we form a small parameter € = 1/L for
the perturbative solution of the Maxwell equations [66]. For
red laser light around A~ 700 nm and for distances of
L ~ 1 mm, both typical scales for atom interferometry, we
find e = 7 x 107*. In more ambitious atom-interferometric
setups, larger distances or different wavelengths give
rise to an even more suitable regime. After applying the

perturbative expansion the factor ¢ can be absorbed into a
redefinition of the wave vector.

When we define the wave vector K, = 9,® and insert
the ansatz into the Maxwell equations we obtain to leading
order in €7* the condition K,K* =0. This expression
directly implies the eikonal equation

¢"0,20,® = 0. (6)

As a consequence, the phase is independent of the dilaton
field . Since the metric only depends on the z direction, we
make the ansatz ® = ckyt — k,.x — k,y — k(z) to separate
variables with x(0) = 0 and constants ko, k, and k,. In
the following, we define ¢ = (k,.k,)" and r = (x,y)".
Together with the eikonal equation, we find «(z) =
k.[1— gkjz/(2c?k2)]z for real constants k, and kj =
q* + k2. We observe that the phase of the electromagnetic
field in z direction, and thus also the wave vector, are
modified by gravity via the additional term gk3z>/(2¢2k.).
The phase @ is shown in the spacetime diagram of
Fig. 1(a), where we also plot the wave vector K, as a
vector field along a light cone of constant phase. The light
cone is deflected by gravity compared to the flat-spacetime
case, but experiences no effect caused by the dilaton. The
figure also shows the change of the z component of the
wave vector along the light cone.

Conventionally, one separates @* = ae” into real ampli-
tude a=+/a;a” and complex polarization e” with eje” = 1.
To order €' we find from the gauge condition that
K,e" =0, which implies an orthogonality between wave
vector and polarization. With this result, we find from the
Maxwell equations to order ¢! the equations of motion

K*d,a + g [V, — (8,0)d,JK" =0,
K'V e’ =0 (7)

for amplitude a and polarization e, respectively. Therefore,
the dilaton modifies only the scalar amplitude but not the
polarization. To solve these equations, we use the explicit
form of the Christoffel symbols included in the covariant
derivative as well as the specific form of the dilaton field.
For the metric linear in z we find T, = g(656% + 5459)/c?
and I, =636 jégg/ c?. Moreover, the dilaton field
0 = 0o cos (w,t — kyz + ¢,) + Psgz/c* arises for a homo-
geneously distributed mass-energy density, see the Appendix.
Here, f corresponds to the linear expansion coefficient of
the source mass mg of the gravitational field around its
Standard-Model value, while gy is a perturbative amplitude.
The plane-wave part of the dilaton field has a frequency w,, an
initial phase ¢,, and a wave number k. Thus, the dilaton field
is a superposition of a contribution caused by the source mass
and an oscillating background part. As a consequence of these
considerations, the components e* and e” of the polarization
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FIG. 1. Effects of gravity and dilaton on the propagation of the

electromagnetic field: The density plot (a) displays the scaled phase
®/(k.L) in a spacetime diagram, where L is a typical length scale
of the experiment. A light cone defined by a plane of constant phase
(white curve) is deflected by gravity compared to the gravity-free
case (dashed white line). The four-wave vector K, is the gradient of
the phase and therefore orthogonal to the light cone. The two
relevant components (K, K.) are denoted by white arrows. As
expected, the dilaton has no influence on the phase and the wave
vector. A plot of the decreasing z component —K, /k, along the
light cone is shown on the bottom. The amplitude a/a;, — 1 is
displayed by the density plot in panel (b) in a spacetime diagram.
Again, we include the light cone (white curve) and the four-wave
vector K, (white arrows) for reference. Although the phase and
wave vector are not influenced by the dilaton, the underlying
amplitude is modified by gravity and by the dilaton field with its
oscillating background term. To highlight this effect, a cut of the
oscillating amplitude along the light cone is shown on the bottom.
For all plots, we use the exaggerated values gL/(2¢?) = 0.2,
d,fs =03, d,gyp =0.02, k,L =5, w,L/c =40, ¢, =0, and
g = 0 to enhance the visibility of the effect.

in x and y direction are constant and given by their initial
values. In contrast, for the other directions of the polarization
we obtain

where e! denotes the initial value of each component.
Moreover, to lowest order in all perturbative parameters,
neglecting cross terms, the amplitude

2
gz (q - w, k
) =ap |1+ 5 +d, 1-— —
a(z,t)=a [ +2€2 <k§+ ﬂs>+( cka)

k, k,
x d,Qp sin <‘7Z> sin <a)gt - %Z + qb(,)} (9)

with real initial value a;, depends on time and position. Since
the square of the amplitude a(z, ) is proportional to the
energy density, we observe that it also depends on the dilaton
and by that on time. This effect can be directly seen in Eq. (1)
from the modification of the Lagrangian density Lgy; by the
dilaton field. For ky = k, and vanishing dilaton mass m,,,
the time-dependent dilaton modification to the amplitude
ceases to exist. As expected from the z dependence of the
metric, the polarization only changes in vertical direction (and
only via the metric tensor, not influenced by the dilaton). In
Fig. 1(b) we plot the amplitude of the electric field in a
spacetime diagram. The light cone and wave vector K, from
Fig. 1(a) are included for reference. We observe that the field
experiences different amplitudes for different points in
spacetime, depending on gravity and the underlying dilaton
field. Moreover, we illustrate this effect with the cut of the
amplitude along the light cone shown on the bottom.

Since the electric field is obtained by taking the derivative
of the vector potential, its phase corresponds to the same one
as of A¥. This fact implies that the frequency of the electric
field ck, is independent of the position within the chosen
frame of reference, and displays no gravitational modifica-
tion. In particular, this frequency experiences to leading
order no modifications from the dilaton, which are only
included in the amplitude of the electric field. For illus-
tration, we imagine two fixed atomic clocks at different
heights that probe for violations of the gravitational redshift
[27,33,42,43]. The initialization and readout of these clocks
is performed with light pulses. During the interaction, the
phase of the electric field is imprinted onto the atoms. As a
central result we find that this phase is independent of the
dilaton field, and possible violations of the gravitational
redshift measured by these clocks arise due to the coupling
of matter to gravity and the dilaton field, and not from the
modified phase of the electric field itself.

Conventionally, clocks are based on recoilless internal
transitions [43,67] during the initialization and readout
process. However, for general pulses, the momentum of
light carried by the wave vector cannot be neglected, and
experiences a gravitational modification. The absorption
and emission process causes a recoil of the first-quantized
atom with center-of-mass position operator (7,2)T.
It is wusually encoded [52] in the mode function
exp (LilgF + k.2]) that gives rise to the momentum dis-
placement +(hq, 7k.)T. However, this displacement oper-
ator is modified to exp (Fi[gF + k.2 — gk32%/(2¢%k.)]) in
the presence of gravity. Since setups like atom interfer-
ometers are built on this momentum transfer, there is an
effect due to the altered wave vector.

III. ATOM-INTERFEROMETRIC EXPERIMENTS

For the following calculations, we restrict ourselves to
unidimensional interferometer setups in z direction and
thus choose ¢ =0 and ky; = k,. Conventionally, atom
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interferometers are operated via two-photon processes like
Raman [25,68] or Bragg [69,70] diffraction, but recently
single-photon diffraction has also gained some attention
[71,72]. Two-photon transitions usually involve a red-
detuned laser with kR and a counterpropagating blue-
detuned laser with k2. Both wave vectors are defined by
their respective value at the surface of the source mass, i.e.,
z = 0. They give rise to the differential phase of both light
fields @y — @ = Awt — kz[1 — gz/(2¢*)]. Here, Aw =
c(kB — kR) is the frequency difference and is proportional
to the transferred energy during resonant diffraction,
whereas k = kB + kR is the effective wave vector trans-
ferring momentum, which experiences a modification by
the factor 1 — gz/(2¢?). Thus, the gravitationally modified
wave vector for a two-photon process has the same form as
the one from a single-photon process, even though Aw and
k can be tuned independently. Figure 2(a) illustrates the
impact of the modified wave vector on the red and blue
lasers involved in a two-photon process via arrows with
different lengths. We neglect the motion of the atom during
the pulse, which corresponds to a vanishingly small pulse
duration compared to the duration of the interferometer. In
this case, the interferometer can be described by a series of
instantaneous momentum transfers with the effective
potential

N . 9z ~ N
V=-h) kz {1 —202} s(t—1,)=Vo+ V. (10

where the momentum transfer 7k, of the nth light pulse at
time ¢, is modified by gravity. The time evolution with this
potential directly modifies the displacement operator to the
operator introduced in the preceding section. Moreover, the
second term in the brackets, defined as f}, can be interpreted
as a small perturbation to the momentum transfer without
gravity included in V. The dilaton-dependent amplitude of
the vector potential only leads to a modified Rabi frequency
and, therefore, does not contribute to the momentum
transfer to first-order perturbation theory.

However, the dilaton indeed contributes to the phase of
an atom interferometer [16-24] because the complete
Hamiltonian for a particle of mass m and momentum p is

. P o)
H =mc? +2—+m92+V0
m
Vgt mayeos(og—kgt ) (1)

and depends on the dilaton parameters = ffig and ¢, =
S0y Itleads to a particle-dependent gravitational acceleration
g(1 + p) for the center-of-mass motion between the pulses,
introducing EPP violations [4,14,19-21,23,32,37,54].
The Hamiltonian also includes time-dependent modifica-
tions caused by the dilaton field that are independent of
gravity, which can be connected to dark matter [15-18,22].

(a) B R
K -K!

C— e—— e n s

(b) -«
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FIG. 2. Effects of perturbations on atom interferometers: In
(a) we depict diffraction from two counterpropagating light fields
with different colors. We illustrate the opposite contractions of
the blue and red wave vectors KB and KR, originating from the
propagation in different directions. As a consequence, they lead
to a modified effective wave vector k[l — gz/(2¢?)]. A complete
Mach-Zehnder sequence is shown in (b), where an initial z/2
pulse creates a spatial superposition, redirected by a z pulse after
time 7, and brought to interference by a final z/2 pulse after
another time interval 7. Here, we draw the unperturbed atomic
trajectories but highlight the effects due to perturbations. These
perturbations include the modified wave vector of the effective
pulse represented by the curved red light cones due to
k[1 — gz/(2¢?)]. The inset lenses illustrate that the diffracting
wave vectors change for different pulses. Moreover, the finite
speed of light leads to a delay of order §z/c between the
diffraction of the lower and the upper branch for the z pulse.
Finally, we also include the coupling of the atom’s mass m to the
dilaton field by two aspects: the mass-dependent gravitational
acceleration fg and the oscillating background represented by the
shading between white and yellow.

Here, we anticipated that an atom interferometer consists of
at least two branches by introducing the superscript ¢ = u,
[ for the upper and lower branch. They are generated by

branch-dependent momentum kicks hkﬁ,") encoded in V@
as a generalization of Eq. (10). The dilaton parameter
effectively corresponds to the linear expansion coefficient
of the mass m around its Standard-Model value.

Our goal is to identify the leading-order contributions of
the dilaton field and the propagation of light, including its
finite speed, to the signal of atom interferometers. To keep
focus, we neglect other effects in our description, such as
relativistic kinetic corrections, possibly in the same order of
magnitude.
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To compute phases in dilaton gravity, we consider the
Bragg-Mach-Zehnder [69] geometry shown in Fig. 2(b),
where in contrast to Raman-based schemes the pulses induce
no internal transitions. The figure highlights the impact of
the modified potential by curved light cones representing
effective Bragg pulses, and arrows with different lengths at
two interaction points transferring position-dependent
momentum. Moreover, we also indicated the perturbations
from finite speed of light, modified wave vectors, and dilaton
fields described in more detail below. The scheme consists of
an initial z/2 light pulse to create a spatial superposition,
followed by a 7 pulse to redirect the atomic trajectories, and
finally another z/2 pulse to interfere both branches. The
pulses are separated by a time interval 7. For the Bragg-
Mach-Zehnder scheme we calculate the phase via a pertur-
bative formalism [73,74]: We split the Hamiltonian into an

unperturbed part (86), defined by the first line of Eq. (11),

and a perturbation H given by the second line. Moreover,
we consider the classical trajectories generated by a classical

counterpart of ﬁg’>. These unperturbed trajectories are

inserted into the perturbing classical counterpart of H©
and integrated along the upper and the lower branch. For
unperturbed interferometers closed in phase space this
procedure leads to a phase

1
@ = @ —h/dI(H(") —HD) + pgy.- (12)

Here, ¢, = —kgT? arises from the unperturbed Hamiltonian

ﬁ]gf) [52]. Cross terms between perturbations are of higher
order and are, consequently, neglected. Since we are inter-
ested in relativistic effects due to light propagation, we also
include [75-77] the finite-speed-of-light contribution g .
This additional term @pg; = —3kgT >vy/c depends on the
velocity vy = vy — gT + hk/m on the upper branch at the
central pulse, with initial velocity v, at the first pulse.
Although @gg; has been derived before [75-77], we analyze
its effect in different situations.

A. Gravitational effects including the dilaton

In this section we analyze the effect of gravity including
the dilaton field on atom interferometry both via light
propagation and the coupling of the atomic mass to the
dilaton. To highlight the gravitational contributions, we set
00 = 0, i.e., we consider only the influence of the gravi-
tational source mass on the dilaton field and neglect the
background oscillation. To lowest order in all perturbative
parameters we obtain the phase

P Ur  VoUr Gir
———=14+p+3— -
kgT? A c + c? c?
gT nk g’T?
- — —qT 13
c? <U0+2m 9>+4cz (13)

apart from a trivial laser contribution. Here, we introduced
the atom’s initial position z, as well as the atomic position
27 =20+ 09T —gT?/2+ hkT /m on the upper branch during
the central pulse. The first term represents the conventional
gravimeter phase [25,52]. The second term corresponds to
the leading dilaton violation of EEP [32,34,35,37,41]. The
third term stems from finite speed of light [75-77]. All
remaining terms result from the modified wave vector.
They resemble phases caused by gravity gradients [52],
since the perturbative potential in Eq. (10) is quadratic in
the atom’s position. In principle, all additional contribu-
tions in Eq. (13) limit the sensitivity of gravimeters, but are
usually negligibly small compared to other deleterious
effects. However, in the following we discuss their effect
in differential measurements where other noise sources are
suppressed.

1. Atom-interferometric gradiometry

Atom-interferometric gradiometers [78—80] can be built
from two identical interferometers, each with individual (but
possibly phase-locked) lasers, vertically separated by a
length #. We assign an index j = 1, 2 to the upper and
lower interferometer, which allows us to infer the differential
phase 6@ = ¢ — ¢, between both signals. Each phase is
associated with a local linear acceleration g;, with mean
acceleration g = (g, + ¢,)/2 and difference 69 = g, — g,.
They capture the change of the gravitational field due to
higher gravitational multipoles between the atom interfer-
ometers and correspond to two different expansion points of
the metric. However, the treatment neglects local gravity
gradients on the scale of the extension of the individual
interferometer [81-83]. Since effects from the modified
wave vector scale with ¢2, we also neglect its cross terms
with &g. If we prepare equal initial velocities, we find the
differential phase

op
kgT?

5 —gT\ gt
——g<1+ﬁ+3”T g) J
g C

+5 4

between both interferometers. The contribution from the
modified wave vector grows with increasing spatial sepa-
ration and is of order g#/c? = 10~'3 for planned separations
of up to 10* m for Earth-based setups [80]. Even though
such devices are mainly limited by gravity-gradient noise,
this phase contribution has to be taken into account for a
thorough analysis. At the same time, it offers an atom-
interferometric verification of the influence of gravity on
light, so far primarily observed in an astronomical or
cosmological context. Similarly, finite speed of light sets
limits on the accuracy of gradiometers and crucially depends
on the velocity of the atoms at the central pulse.

2. EEP tests with atom interferometry

tests of EEP [19-
involve differential phases

Atom-interferometric
21,23,32,34,35,37,41,43]
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between two species or atomic levels, labeled by the
index j = a, b. For two masses m, and m; we calculate
the differential phase 0=,/ (|k.|gT*) -,/ (|k,|gT?),
where m;=m+1;Am/2 with 4, = 1 and 4, = —1. Here,
m = (m, + my)/2 is the mean mass. Similarly, each
atomic component is addressed by a different laser and
therefore experiences a different momentum transfer
hk; = hk + 2;hAk/2. We also introduce different viola-
tion parameters f3;, as well as different initial values for
position and velocity. For k,, k, > 0 we obtain

’U()AUO

A
0, :Aﬂ+3%—%(Azo+3AvoT)+2

3gT Ak Q

L3 3T ) (AR

c 2¢ c k ¢
v A Ak Q
(1)

4k wc

with the violation parameter A = f3, — f8,, which can be
used to parametrize UFF tests [32,34,35,37,41]. Here, we
introduce the average recoil velocity v, = fk/m and
different initial velocities vy + 1;Avy/2 and positions
20 + A;Azq. The parameter y = [1 — Q?/(2w¢)?]™" quan-
tifies the magnitude of the mass difference, where we
defined Q = Amc?/h and the frequency oy = mc?/h.

Quantum clock interferometry [19-21,23,84-87] is based
on a superposition of two different internal states. Even
though their eigenenergies are associated with different
masses [88-91] through the relativistic mass-energy relation,
the factor Q/we- < 1 acts perturbatively. Such interferom-
eters are often operated with magic Bragg diffraction [45],
which implies Ak = 0. Similarly, the differences Av, and
Az for two internal states are strongly perturbative and can
be neglected when divided by the speed of light. As a
consequence, only the dilaton-dependent term A is relevant
for EEP tests via quantum clock interferometry.

For different atomic species their mass difference is of
the order of the mean mass so that the arguments for
quantum clock interferometry do not apply. However, when
performing conventional UFF tests with distinct atomic
species [32,34,35,41] the momentum Kkick k; is reversed
[79] for both species after each experimental run. This way,
noise and other deleterious effects are removed from the
signal. Hence, we find the two-fold differential phase

C2

(15)

Qk—e_k AUO

s CAB+3 voAvy gAzg , gAvT

—42 3 16
c + c? c? c? (16)

leading to the cancellation of all effects linear in k;. Apart
from the UFF violation parameter, only effects from
different initial positions and velocities survive this
k-reversal technique. These remaining terms are dominated
by the finite-speed-of-light effect 3A v,/ c. The estimate for
already performed UFF tests [34] was Avy/c &2 x 107!,

which is close to the uncertainty of planned experiments
[92]. As such, the effect has to be subtracted for the analysis
of the test. To this end, the error §(Aw,) caused by the
uncertainty of the differential initial velocity remains [93].
Assuming [94] 1 um/s leads to 5(Avg)/c =3 x 10715, As
a consequence, the remaining effect from finite speed of
light in UFF tests with two species can be removed from the
signal up to a precision of 107! due to good control over
the initial velocities. The other terms in Eq. (16) propor-
tional to A are further suppressed by the inverse speed of
light. They can be neglected for state-of-the-art and near-
future schemes. Similarly, the term proportional to Az, is
also of no relevance for UFF tests so far. Finally, we see that
only the atom’s propagation in the dilaton field induces
phases sensitive to UFF violations. This observation can be
tracked back to the fact that the dilaton only modifies the
Rabi frequency of the diffracting pulse but not the
momentum transfer. Consequently, the propagation of light
in dilaton gravity does not contribute to these violations.

B. Effects of oscillating dilaton field

In this section, we consider the coupling of the time-
dependent part of the dilaton field, not caused by the source
mass, to an atom interferometer, as for example used as a
model in the context of dark-matter detection [16]. Similar
to gradiometry, the detection scheme [17,18,22] is based on
differential phases d¢p = @; — ¢, between two identical
atom interferometers operated at different locations. For
example, in proposed space-based gravitational-wave
[95,96] and dark-matter detection schemes [18] two atom
interferometers are placed at distances kilometers apart
from each other. Due to microgravity, we have g = 0. This
choice naturally leads to a cancellation of all finite-speed-
of-light effects that arise within each interferometer, as
wells as all effects from the modified wave vector, since
they are proportional to the gravitational acceleration. We
calculate the phase of one atom interferometer similar to
Eq. (13) but with g = 0, and solely include the plane-wave
part of the dilaton field. However, the interferometers
interact with the light pulses at locations separated by 7,
which implies an offset #/c between the start of the
interferometers. By taking the different initial times into
account and assuming the same initial velocity »,, we find
the differential phase

o k . w,f
(ckT)? = -20, fcos (wQT —k,Zr + 2—Qc + ¢Q>

4 k T k
y sm(& [1 _D(w_ [1 _D
2c w, 2 w,
X sinc <&JT {1 —UT—kQ}) (17)
2 ®,

with average position zy = ¢ + vyT + hkT/(2m) and
velocity vy = vy + hik/m on the upper branch at the central
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pulse of each interferometer. Such schemes measure the
different couplings of the dilaton to the atom’s mass
between the two interferometers. These different couplings
are caused by the oscillations of the background field. Since
the initial phase ¢, of the dilaton field is unknown, we find
the amplitude of the fluctuations induced by the dilaton
field and measured by a continuous operation of the
detector from @gx = (/3" dep,69%/x)'/%. It corresponds
to the standard deviation of the phase signal. The amplitude
takes the form

k T k
X smc< _to Q} ) sinc (a); [1 —ﬂ} > ,
Wy

which shows that the influence of the oscillating back-
ground can indeed be resolved in such differential setups.
We emphasize that for ceasing dilaton mass m,, i.e.,
w, = ck,, the signal amplitude vanishes. Note that the
assumption of the dilaton’s Compton wave length being
much larger than the extension of the experiment (see the
Appendix) is not necessary for such spaceborne schemes,
since the gravitational part of the dilaton field vanishes
here. Similarly, for vanishing dilaton recoil hk(,, the limit
usually discussed in the context of dark-matter detection
with atom interferometers [16—18,22], the signal amplitude
also vanishes. As such, our result differs from these
previous ones, as we perform only first-order perturbation
theory but include also the dilaton mass and the dilaton
recoil in our Hamiltonian from Eq. (11). Although the laser
propagates through the dilaton field, this propagation does
not imprint dilaton-dependent terms on the signal. In
contrast, similar to the Earth-based schemes discussed
before, it is the atom’s mass which probes the oscillating
background imprinting the phase.

(:;SA =200 sm<

IV. DISCUSSION

We derived dilaton-modified Maxwell equations from a
first-principle Lagrangian approach, and solved them with
a geometrical-optics ansatz. The resulting phase of the
electromagnetic field is not influenced by the dilaton to
lowest order, in contrast to the amplitude which experiences
a dilaton-dependent modification. Nevertheless, gravity
alters the wave vector of the electromagnetic field.
Consequently, no dilaton effects are imprinted by the
light’s phase in atom-optical experiments, although the
momentum transfer on the atom is modified by gravity.
However, the dilaton couples to the mass-energy of the
atom and, therefore, affects the time evolution of the atomic
structure and center-of-mass motion.

To illustrate our results, we analyzed two scenarios for a
light-pulse Mach-Zehnder atom interferometer: a dilaton
field solely sourced by Earth’s mass and an oscillating
background field of cosmic origin. In the first case, we
showed that for gradiometers the effects from finite speed
of light and the gravitationally modified wave vector are the
dominant contributions. For EEP tests, however, only the
UFF violation parameter survives for quantum clock
experiments performed with a superposition of internal
states. Differential effects are negligible because the mass-
energy difference of two such states is small and no
colocation issues arise in the state preparation.
Contrarily, for ambitious UFF tests with different species
and a k-reversal technique, additional effects from finite
speed of light can become relevant. We discussed the
detection of dark matter in spaceborne experiments by
probing an oscillating dilaton field at different locations in
spacetime with two atom interferometers. Already a spatial
dependence of the dilaton leads to measurable effects, a fact
not accounted for in most studies of atom-interferometric
dark-matter detectors.

Hence, this article provides a discussion of the leading-
order propagation of all constituents relevant for light-pulse
atom interferometers in gravity and dilaton fields, i. e., the
propagation of light and matter. While the propagation of
matter gives rise to dominant effects, corrections from the
propagation of light in gravity has to be taken into account
for future high-precision experiments. Thus, our results
constitute a framework for the analysis of atomic experi-
ments where the propagation of light plays a crucial role,
such as gravitational wave or dark matter detectors.
Consequently, they can be used to constrain parameters
that describe extensions of the Standard Model or general
relativity, as exemplified by the dilaton field. The potential
of atom interferometry for fundamental physics can be
highlighted by future studies of different geometries
beyond the examples discussed in our article.
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APPENDIX: MODIFIED EINSTEIN EQUATIONS

To include violations of EPP and model possible dark
matter, we consider an extension [10-13] of the Standard
Model on curved spacetime through a linear coupling to a
classical, light dilaton field ¢. As such, the Lagrangian
density

L = Ley+ Lem + Lina (A1)
includes the modified electromagnetic part Lgy from

Eq. (1). It is complemented by the modified Einstein-
Hilbert action

o4

2@2
Lgy = / 916 G R - 29””@4931/9—

%

(A2)

with a kinetic term (Vg)? of the dilaton, the Ricci scalar R,
the (bare) Newtonian gravitational constant G, the deter-
minant g of the metric tensor g,,, and a (small) dilaton mass
m,. Here, 1, = h/(cm,) is the reduced Compton wave-
length of the dilaton. In Eq. (Al), L., denotes the
Lagrangian density of the (dilaton-modified) matter sector,
consisting of (quantum) test bodies as well as (classical)
sources for the gravitational and dilaton fields. From the
Einstein-Hilbert action we find by variation the modified
Einstein equations

0> 871G 1
= 28,,@@0 + g;w /12 + o ( 7 ETgﬂzz> (A3a)

4nG 0

Ve = ——d/made =g ot 5. (A3b)

\/_

with Ricci tensor R,,. Here, the energy-momentum tensor

T, =—(2//=8)0(\/=8 Lna)/5¢" is obtained from a
variation of ¢*¥, and the energy-momentum scalar ¢ =
(1/y/=8)6(\/=8 L1na)/6¢ from a variation of ¢. The
quantity 7 =T} is the Laue scalar. We neglect the
influence of quantized matter-energy on 7, and o, such
as quantized test bodies or the electromagnetic field.

For a mass-energy distribution on an infinite, homo-
geneous plane at z =0, we find the energy-momentum
tensor T, =& ,8)ms(0)5(z)c*/A. Here, A is an area
element, mg(0) is the Standard-Model value of the
source mass, &), is the Kronecker delta, and &(z) is
the delta function. Defining g = 47Gmg(0)/A as the

(4

acceleration orthogonal to the plane, this tensor takes the
form T,, = 696995(z)c?/(4xG). Similarly, we find the
energy—momentum scalar ¢ = —gpsd(z)c?/(4xG), where

ps = [1/ms(0)]0ms/dg|,— corresponds to the linear

expansion coefficient for the source mass mg(¢) around
its Standard-Model value mg(0). Hence, we find from
Eq. (A3b) that V,0%¢ = Bsg5(z)/c* + ¢/A3, which dic-
tates boundary conditions for the dilaton field on the plane.
For regions outside the source mass-energy distribution
z > 0, we obtain modified vacuum equations

R, =20,00,0+ 8,0/, (Ada)

D,/—80%0 = \/=80/23. (Adb)
These equations are dominated by the general-relativistic
equation R,, =0 for a weak perturbing dilaton field.
Thus, we consider the metric tensor g, without any dilaton
contribution. We then solve for the dilaton field ¢, which is
coupled to this metric tensor. For the mass distribution
considered above, the vacuum equation is solved by a
metric of the form g, =, +63602¢gz/c*, with the
gravitational acceleration g aligned in z direction and the

Minkowski metric 77,,. From Eq. (A4b) we find
(O3 -Re=5 0 +0)e+  (A9)

0

to lowest order in gz/c’. Since we are interested in
light propagation and atom interferometers in z direction,
we assume the dilaton field to depend only on ¢ and z.
Furthermore, we split the dilaton field ¢(7,z) = oy (?, 2) +
0,(z) into a homogeneous part ¢, (7, z) and a gravitational
perturbation g,(z) of order gz/c?, which depends solely on
z. For the homogeneous part we obtain the Klein-Gordon
equation

(05— 02)en = en/ 45 (A6)
which is solved by @y, = g cos (w,t —k,z + ¢,). The
dilaton has the (perturbative) amplitude ¢, the wave
number k,, the frequency wj = (ck,)* + (c/4,)? and
the initial phase ¢,. With this solution, we find for the
gravitational perturbation

Nlm

~-920, = (2z82 +0.)o —I— (A7)

/12'

We assume that the derivative of the gravitational
perturbation of the dilaton field is continuous on the plane,
ie., 0g,/07|,_, = Psg/c? for all times ¢, and vanishes at
the origin, i.e., gg(O) =0. Under these boundary
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conditions and to lowest order in g, and gz/c?, without
cross terms, we obtain the gravitational perturbation
0y(2) = Psghosin ([1 —£5]z/2,)/c*. Assuming a light
dilaton 4, > z, implying that its Compton wave length

is much larger than the extension of the experiment, the
field

0(t.2) = @g cos (w,t — k,z + ¢,) + Psgz/c? (A8)

solves the modified Einstein equations for regions outside
the time-independent, homogeneous massive plane at
z=0.
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