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A major challenge common to all Galilean drop tests of the universality of free fall (UFF) is the required
control over the initial kinematics of the two test masses upon release due to coupling to gravity gradients
and rotations. In this work, we consider a space-borne test of the UFF based on atom interferometry and
show that this detrimental effect can be mitigated at the 10™!3 level given an initial differential position
(velocity) uncertainty in the order of ym (um/s) of the test masses. This corresponds to a relaxation of the
source control by several orders of magnitude with respect to comparable mission scenarios, such as
the STE-QUEST mission proposal reported in [D.N. Aguilera et al., Classical Quantum Gravity 31,
115010 (2014)]. Our twofold mitigation strategy extends a compensation mechanism that is already
established in terrestrial experiments to satellite missions with varying gravity gradients and exploits the
spectral distribution of the systematics. We assess the experimental feasibility and find that the moderate
parameters of the proposed scheme are in line with technological capabilities. The described attenuation of
the gravity-gradient-induced uncertainty removes one major obstacle in quantum tests of the UFF and

allows us to consider mission scenarios with target accuracies beyond the state of the art.

DOI: 10.1103/PhysRevD.102.124043

I. INTRODUCTION

The equivalence principle is a remarkable concept of
physics, as it threads its way through scientific history,
facilitating our understanding of gravity since the times of
Galileo and Newton. Postulating the equivalence of inertial
and gravitational mass implies the same free fall acceleration
of objects of different composition, which has been labeled
as the universality of free fall (UFF). This notion, together
with the principle of relativity, today lays the foundation for
General Relativity, which constitutes the present perception
of the macroscopic world. Even more, in its modern
formulation comprising the UFF, local Lorentz invariance,
and local position invariance, the Einstein equivalence
principle (EEP) consolidates the assumptions required to
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comprehend gravity as a purely geometrical phenomenon
and therefore serves as classification for gravitational
theories [1]. Gravity is, however, the only fundamental
force of nature that could not yet be integrated into the
Standard Model, which explains particle phenomena on the
microscopic scale with outstanding success, ranging from
high-energy physics as observed in particle colliders to the
ultracold realm of atom optics. Moreover, the significance of
dark energy and dark matter for cosmological considerations
supports the effort to unveil a more fundamental, general
theory that yields General Relativity and the Standard Model
as low energy limits. Attempts to find such a theory predict a
violation of the EEP by introducing additional forces or
fields that break the universal coupling of gravity to matter
[2,3]. As aconsequence, despite its elegant simplicity and its
hitherto unchallenged success, the equivalence principle is
subject to a large range of validation tests including, for
example, tests of the gravitational redshift of clocks, or of
local Lorentz invariance. Among those experiments, special
attention is paid to the UFF, as Schiff’s conjecture [4] and
arguments based on energy conservation [5] indicate that
violation of one of the constituents of EEP implies a
violation of the others, and UFF tests are likely to be the
most promising route to detect such a violation [3].

Published by the American Physical Society
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In experiments searching for a UFF violation, the figure
of merit is given by the E6tvos parameter = Aa/ g, which
quantifies the differential acceleration Aa = n - (ay — ag)
of two test masses A and B. The sensitive axis n denotes the
direction along which the local gradient g =n - g of the
gravitational field is measured. To date, all experiments
have confirmed the UFF, corresponding to n = 0, with
ever-increasing accuracies, which lie at 6y ~ 10713-1014
[6-8]. As a rather recent development, inertial-sensitive
matter wave interferometry opened up a new pathway in
testing the UFF by comparing the gravitation-induced
phase shift for two different, freely falling matter waves.
As such, they belong to the class of Galilean drop tests, as
opposed to force balance experiments, and significantly
extend the set of test-mass pairs to a wide range of atomic
species. This is of great importance in constraining various
composition-dependent violation scenarios such as dilaton
models [3] motivated by string theory and parametrized
frameworks such as the Standard Model extension [2,9].
Moreover, the coupling of gravity to matter can be inves-
tigated on a quantum-mechanical level by introducing spin
degrees of freedom [10,11], by superposition of electronic
states [12] and by studying the effect of gravity onto the
internal dynamics [13—15]. So far, the UFF has been tested in
the 1077-107'2 range [11,12,16-21] in different atom
interferometry setups with various isotopes and elements.
Since the sensitivity scales with the free fall time of the
atoms, large atomic fountain experiments and space-borne
missions predict accuracies in the 1013 regime [22-25] and
beyond [26], competing with the best classical tests [6-8].

Itis, however, well known that the accuracy of drop tests is
limited by the preparation of the two sources [27]. Indeed,
any deviation from a uniform gravitational field leads to an
acceleration that depends on the initial coordinates of a test
mass, thatis its initial position r and velocity vy, irrespective
of whether that test mass is macroscopic or a matter wave. In
particular, gravity gradients I, the second-order derivative of
the local gravitational field, give rise to a spurious (time-
dependent) differential acceleration,

Aagg =T'(Ary + Avgi), (1)

which, a priori, cannot be distinguished from the linear
acceleration that is to be measured. Consequently, in an
experiment searching for minuscule violations of the UFF,
the initial colocation of the two test masses in position
Ary =ry 4 —1( 5 and velocity Avy = v, 4 — v 5 has to be
accurately determined, since uncertainties in the initial
kinematics directly translate into a systematic uncertainty
SAagg = I'(6Ary + 5Avyt) in the measurement of the
differential acceleration Aa [28].

In quantum tests of the UFF, the test masses are two
carefully prepared wave packets. In phase space, these
quantum states follow statistical distributions around exper-
imentally realized means. Due to their statistical nature, a

certain number v of realizations is required in order to
determine the mean differential position and velocity
within desired uncertainty 6Ar, and SAv,, given by

SA ro. = Gr.(),i O-U,O,i (2)

\/UN/2 VUN/2

where 0, ; and ¢, ; denote the spatial extent and velocity
width of one atomic ensemble, respectively [29]. N is the
number of atoms in the atomic sample, and i = x, y, z
denotes the spatial coordinate. One realization corresponds
to imaging the atomic cloud in situ or after time of flight to
infer spatial or velocity-related properties, respectively.
Given that the number N of atoms per shot is limited
and that the product of the sizes o¢,o; and o0,; is
fundamentally constrained by Heisenberg’s principle, the
number v of required verification shots can be fairly high
and make up a large part of a measurement campaign. As
an example, the uncertainty in the differential mean
position SAr of the two test masses has to be determined
to the nanometer level to keep the effect of (1) below
on = 1071 in a space-borne UFF test [22]. For an atom
interferometer with typical experimental parameters, this
requires v ~ 10° shots with N = 10° atoms. In view of this
unfavorable scaling, considering even more ambitious
scenarios targeting 5y = 107! is futile, as the displacement
would need to be controlled at the 10 pm (picometer) level.

However, these long integration times can be avoided by
artificially introducing accelerations that compensate the
gravity-gradient-induced acceleration (1) and hence alleviate
the dependency on the initial preparation, as proposed in [30]
and already implemented in ground-based experiments
[21,25,31]. In this work, we generalize this compensation
technique to space-borne missions with time-dependent
gravity gradients and study its feasibility in combination
with signal demodulation, in which one takes advantage of the
spectral separation between the target signal and the gravity-
gradient-induced perturbation [8]. With this twofold strategy,
the determination of the initial position (velocity) to the um
(um/s) level is sufficient, compatible with state-of-the-art
laboratory capabilities, such that only a few verification shots
v are required. Even more, this allows us to integrate gravity-
gradient-induced acceleration uncertainties below the 10~'8
level in atom-interferometric tests of the UFF within favorable
experimental parameter scales.

and O0Avy; =

II. GRAVITY GRADIENT COMPENSATION

A. Model

The Mach-Zehnder configuration [32] is the most
common atom interferometer geometry for inertial applica-
tions. A beam-splitter (7/2) light grating creates a coherent
superposition of momentum states, which propagate freely
for a duration 7 before being redirected by a mirror () pulse
such that after an equal propagation time T a final z/2 beam
splitter recombines the two wave packets. The two output
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Gravity-gradient compensation in a space mission. (a) In the presence of gravity gradients, the straight trajectories (blue,

dashed) of the atoms in a freely falling frame get deformed, leading to an open (red, long dashes) interferometer. It is closed (solid, black)
through (b) application of an appropriate frequency shift [30] at the second pulse. (c) In this work, the gradient compensation technique
is extended to two dimensions by tilting the laser and changing it in frequency at the second as well as at the third light pulses. (d) This is
required to mitigate the varying local values of the gravity-gradient tensor components in the satellite frame in an inertial space mission.
The effective acceleration ar due to gradients and due to linear gravitational acceleration g shall only depict the changes in direction over
an orbit and are not to scale. The sensitive axis and the satellite position on the orbit are labeled by n and y, respectively.

ports of the interferometer differ in momentum, and their
relative population is a function of the accumulated differ-
ential phase ¢ between the two interferometer branches. In
our analysis, we follow a semiclassical description, in which
the phase shift is evaluated by inserting the classical
trajectories into the phase expression [33-35]

r,(T) +1)(T)

¢ =1y ke — 2#' K
r,(2T) +r,(2T
—( ) 3 (27) K (3)

for a Mach-Zehnder configuration. Here, ki) is the wave
vector of the jth light pulse (j = 1, 2, 3), and r,, (;) is the
classical position of the wave packet on the upper (lower)
branch of the interferometer upon interaction with the light
in a coordinate system tied to the satellite frame. Typically,
the three pulses Kei/) = Koy = kogn are identical, where n
indicates the sensitive axis of the interferometer. The
projection of the atoms’ free fall acceleration a on this axis
gives rise to the leading-order phase shift, ¢p, = k.gn - aT2,
which allows us to directly assess the E6tvos parameter# in a
differential measurement. This treatment is exact for
Lagrangians up to quadratic order in position and velocity,
hence serving the purpose to study the effects related to
gravity gradients (see Appendix A for details). The duration
of atom-light interaction 7 is assumed to be small compared
to the pulse separation time 7', which is the case for space-
borne experiments with long drift times on the order of
seconds. However, the treatment can be extended to account
for pulses of finite duration leading to corrections in the
order of z/T [36,37].

The gravity-gradient compensation (GGC) technique
proposed in Ref. [30] exploits that the gravity gradients
introduce phase shifts ¢sc = Kegr - aggT> [see Eq. (1)],
which linearly depend on the initial position and velocity of
an atom and may be compensated by introducing a
controllable shift with similar dependency. Indeed, the
phase expression (3) features a linear dependency on the
atom’s position r, such that an additional shift at the mirror
pulse, Ko?) = kg + Sk gives rise to terms proportional
to 0Kk and the initial coordinates of the atom. In another
picture, this corresponds to closing the interferometer
deformed by gravity gradients as depicted in Fig. 1(a). It
is interesting to note that also higher orders of the
gravitational potential (cubic and higher) can be compen-
sated in a similar fashion, as can be shown in a perturbative
treatment [36,38].

Anticipating the application to satellite missions, in
which the gravity gradients are temporally varying and
couple to rotations of the apparatus, we generalize this idea
to the wave vectors

U
ke{%.x keffo,j

ke = ké{‘t)"yy = 0 (4)
kglz.z ket (1 + A ;)

for each pulse by introducing controllable shifts A, ; and
A, for j=2, 3, with ke) = (0,0, kefr) = kegr. In an
experiment, realizing these wave vectors corresponds to
shifting the laser in frequency and tilting it relative to the
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first pulse, as detailed in Appendix B and illustrated in
Figs. 1(b) and 1(c). For more general applications, one
might introduce additional shifts in the y direction.
However, we will focus on satellites that spin in the orbital
plane, which we set to coincide with the x — z plane.

In the satellite frame, the Lagrangian describing the free
fall of an atom may be written as

. 1
L= Em(r +Q, xr)? + ma(t)r + imrF(t)r, (5)

where Q; accounts for the spinning of the satellite, m is the
atomic mass, and I'(¢) denotes the local gravity-gradient
tensor. Note that under the assumption of the UFF the
Lagrangian is independent of the linear gravitational
acceleration in an inertial reference frame. The acceleration
term a(7) needs, however, to be included in the treatment
since it comprises the sensitivity to a possible UFF
violation ng(t) = a,(t) — ag(¢) in a differential measure-
ment of two species A and B.

The interferometer phase is obtained by solving the
(classical) equations of motion for segmentwise freely
falling atoms, with boundary conditions defined by the
wave vectors (4). The solution is obtained by virtue of a
power-series ansatz [35] for the trajectories. Then, using the
Lagrangian (5), the phase can be written as

3 3
b = Pingep + Z a;ro,i + Zﬂivo,i (6)
i=1 i=1

by collecting the dependencies on the initial position r;
and velocity v ; in the coefficients ; and f3;, respectively,
with i = x, y, z. @ingep comprises all contributions that are
independent of the initial conditions. The coefficients a;
and f; are, among other experimental parameters, functions
of the wave vector shifts A;; introduced in Eq. (4).
Therefore, the unwanted phase dependencies on the initial
kinematics are compensated by requiring a; = f; =0,
which yields explicit expressions for A; ;.

B. Results

In the case of a stationary ground experiment, in which,
to leading order, the gradient tensor is given by I' =
diag(—y/2,—y/2,7) with y =2GMy/R% (with My and
Rp being Earth’s mass and radius, respectively, and G being
the gravitational constant), we indeed recover the result
A., =yT?/2 (the other shifts being zero) of Ref. [30]
when neglecting rotations, €, = 0. Similarly, for ' =0
and Q; = (0,Q,.0), we find A,, = —sin(Q,T), A, =
—1 +cos(Q,T), A, =—sin(2Q,T) and A, =-1+
cos(2Q,T). This corresponds to counterrotating the laser
(mirror) between two pulses by the angle Q,T to com-
pensate for rotations, a well-known result used in ground-
based experiments to account for Coriolis forces introduced
by the rotation of the Earth [39].
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FIG. 2. Parameters for gravity-gradient compensation in an
inertial satellite mission. a) Fractional momentum vector shifts in
x (dotted) and z (dashed) direction. These shifts are realized by
periodically b) shifting the laser in frequency and c) tilting the
setup with respect to the first pulse. In all plots, blue (orange)
corresponds to the value at the second (third) pulse, and y denotes
the orbital position when the first pulse is applied. The assumed
parameters target &7 < 107!7 and are stated in Table I.

In this study, we focus on the case of a satellite in inertial
configuration (i.e., it keeps its orientation with respect to a
celestial reference system, €, = 0) on a circular orbit. The
effect of residual rotations 6Q # 0, however, is taken into
account in the error assessment in Sec. IV. The assumed
spherically symmetric gravitational potential of the Earth
allows for an analytical calculation. The concepts of this
paper, however, can be extended to arbitrary orbits and
more sophisticated gravitational potential models in a
numerical treatment. An important feature in the system
under consideration is the modulation of the gravitational
field components in the local frame of the satellite as
illustrated in Fig. 1(d) and detailed in Appendix A. In
particular, the values of the gravity-gradient tensor are
modulated at twice the orbital frequency, which is Q ., =
V/GM /(R + he)? for a circular orbit at altitude A, As
a consequence, the required compensation shifts A, ; have
to be modulated in a similar fashion, as displayed in Fig. 2.
Their magnitude is mainly determined by the scale factor
kotT? of the interferometer and the value of the local
gravity gradients, and they are given by
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3 . 5
Bz = 21T Sin(2) 4 2 /T Qo c05(22) + -
1 .
A, = g)’Tz(l +3cos(2y) = STQqpi Sin(2y)) + - -

|
Az = EJ/T Qorpit €OS(2y) + -+ -

1 .
Az.3 = _EyT3Qorbit SIH(Z)() + (7)

to first order in y72, where y is the angle characterizing the
orbital position [see Fig. 1(b)].

III1. SIGNAL DEMODULATION

A decisive advantage of space tests of the UFF is the
inherent modulation of the signal. As alluded to in the
previous section, the different components of the gravita-
tional field are modulated at different frequencies. The
measured differential acceleration signal can hence be
decomposed into its frequency components,

Aa=ngycos(Qut) + Mdeong + Y _Adakycos(kQ,t).  (8)
k=1

Here, ng, is the differential acceleration introduced by a
possible violation, modulated at a certain frequency €,,,. This
frequency corresponds to the orbital frequency Qg for
inertial configurations, or to Q,, = Qy,;; + €, for a satellite
spinning in the orbital plane by €,. All nonvarying contri-
butions or very slow drifts (i.e., varying on time scales much
smaller than 277/€Q,,) are contained in Aa,,, for example, a
differential acceleration caused by a constant magnetic field
bias. Finally, we consider systematic contributions Aaéys at
higher harmonics jQ,, of the modulation, with gravity
gradients varying at 2Q,,. As in the previous section, we
suppose a simplified scenario with a circular orbit and a
spherical gravitational potential for clarity. The following
considerations can, however, be extended to continuous
frequency spectra [8].

Demodulation of the differential acceleration signal at
the target frequency €,,, at which the violation is expected,
for a duration 7 is given by

2 [t
—/ Aa cos(Q,,t)dt

7Jo

= (7790 + Aaslys) +

2 +Adl .
{’790 sy sin(2Q,,7)

7Q,, 2

. sin([kQ,, —Q,,|7
+ Adeong SIN(R,,7) + ZZAagys [ ([ J7)
k=2 ka - Qm

sin([kQ,, +Q,,]7)
kQ,, +Q,,

2 (ng 4 k
< (7790 + Aaéys) + ‘L'Qm <70+ |Aaconsl| +§Z|Aa£yz| s

k=2
©)

where Aaiys displays any components of the systematics
(only colocation related effects in the scope of this paper),
which are modulated at the same frequency as a possible
violation signal. In the scenario under consideration, for an
inertial mission on a perfectly circular orbit, this contri-
bution is zero. However, any finite ellipticity introduces
such a frequency component, as is shown in Appendix A.

The final expression shows that the potential violation
signal is demodulated to dc, while the contributions at other
frequencies and constant terms are integrated down. Here,
the modulation frequency €, determines the rate of
integration. With respect to the integration behavior, it
may hence be beneficial to spin the satellite in the orbital
plane, as for example employed in Ref. [8] and along the
lines of Ref. [24]. However, spinning the satellite intro-
duces fictitious forces, which couple to the initial con-
ditions, too. It is possible to compensate them by
counterrotating the mirror [39] by the angle T, between
two subsequent pulses. This rotation is additionally modu-
lated with the periodic tilt determined in the previous
section for gravity-gradient compensation. Note that the
authors of Ref. [40], too, exploit the fact that the gravity
gradients are modulated at a different rate than the
gravitational acceleration by introducing an artificial modu-
lation by rotating the experimental setup on a gimbal
mount. We find, however, that an additional spinning is
not required, even for the ambitious scenario under con-
sideration, as will be demonstrated in the next section.
Finally, the described integration behavior displays the
worst case scenario, as the final expression (9) is obtained
by taking the upper bound of the trigonometric functions in
the intermediate step. In fact, the choice of an adequate
integration time 7 allows to evaluate the signal more
efficiently by matching the minima of the expression
(cf. minima in Fig. 3).

IV. UFF TEST SCENARIO
A. Sensitivity to UFF violations

The concurrent operation of two matter-wave interfer-
ometers employing different atomic species A and B allows
to infer the differential acceleration by simultaneous,
individual phase measurements ¢, = keff,,,aaT?, + Psys.a
with @ = A/B. The single-shot quantum projection noise
(atomic shot noise)

(1 _ 1 )2 ( 1 )2
9 a + 10
. \/(CAkeff.A TiVNy Cpketr sT5\/Np (10)

given by the number N, of atoms contributing to the signal
is the intrinsic differential acceleration uncertainty per
experimental cycle. The contrast C, accounts for the
visibility of the interference fringes. Such a setup is
sensitive to violations of the UFF, with the fundamental
statistical uncertainty of the Eotvos parameter

124043-5
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Integration of systematic uncertainties due to gravity gradients in a UFF test with Rb and K. GGC significantly reduces the

systematic contributions, such that the residual differential acceleration may be attenuated to an unprecedented degree through signal
demodulation (orange curve). This does not only allow for largely reduced requirements on the source preparation for mission proposals
as STE-QUEST [22] but also paves the way for more ambitious mission scenarios [26] targeting 7 < 1077 in shot-noise limited
operation (red curve). In comparison, although the systematics are integrated down thanks to demodulation, the measurement would be

limited by systematics without GGC (blue curve).

_ o2

Oy —m (11)

after n > 1 measurements. As explained in Appendix B,

the factor \/2 accounts for the sinusoidally varying local
value of the gravitational acceleration within a measure-
ment campaign [26,41]. In the following discussion, we
assume the parameters stated in Table I for an exemplary
UFF test scenario as presented in Ref. [26], targeting an
accuracy of &y < 1077 involving isotopes of rubidium
(Rb) and potassium (K). This analysis is not covering all
aspects of a mission proposal but rather demonstrates the
mitigation of colocation-related systematics for scenarios
far beyond the state of the art [8]. Since the free fall time T
in space-borne atom interferometers is not subject to the
same limitations as on ground, it can be assumed to be
much larger than in tabletop experiments or fountains.
Indeed, the coherence and low expansion rate of ultracold
atomic sources allow us to operate on timescales in the
order of several seconds [22,42]. Due to the geometrical
constraints in a satellite mission, the magnitude of momen-
tum transfer k. is, however, limited, and we choose a
second-order double diffraction scheme [43] (k. = 4k
with k; being the laser wave number) in the following, such
that the spatial extent of the interferometer is less than 1 m.
Moreover, we suppose typical atomic numbers and cycle
times for the generation of sufficiently well-engineered
quantum sources of Bose-Einstein condensates [22,44].
Assuming that 10 s are required for the atomic source
preparation followed by 27 =40 s of interferometry, a
cycle time of 10 s can be achieved supposing an interleaved
operation of five concurrent interferometers [45]. Thanks to

the choice of modest momentum transfer and the mitigation
of major sources of contrast loss, such as gravity gradients,
the contrast can be assumed to be near unity. With these
parameters, the shot-noise limited Eotvos parameter is

TABLE I. Assumed parameters for a UFF test mission on an
inertial satellite featuring gravity-gradient cancellation and signal
demodulation. For the assumed orbit, the maximal value of the
gravitational acceleration and gravity-gradient tensor are gy =
7.9 m/s?> and y = —2x107% 572, respectively, and the orbital
frequency is Qi = 0.17x27 mHz. The cycle time T, = 10 s
can be realized by the concurrent operation of five interferom-
eters, assuming 10 s for the preparation of the source. In
combination with signal demodulation, the compensation tech-
nique allows us to reduce the systematic uncertainties linked to
gravity gradients by 5 orders of magnitude for these parameters,
which relaxes the requirements on the initial colocation of the
species by the same amount.

Quantity Value Definition

T 20 s Pulse separation time

ket Rb 87/(780 nm) Effective wave number (Rb)
kefr k 87/(767 nm) Effective wave number (K)
N 100 Number of atoms per shot
T. 10 s Cycle time

orjo 1 pm Differential initial position
ov;g 1 pum/s Differential initial velocity
/- 700 km Orbit height

0Q 0.1 prad/s Residual satellite rotations
Sy 10710 g2 Gravity-gradient uncertainty
e 1073 Orbit ellipticity

o0 1 urad Laser tilt angle uncertainty
of 400 kHz Laser frequency shift uncertainty
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integrated down to 8 x 107'® after one orbit, such that
0, < 107! can be reached within a total of 7 = 15 months
of integration, corresponding to n = 4 x 10° interferomet-
ric measurements.

B. Initial kinematics dependence

As indicated in the Introduction, any spurious differ-
ential acceleration between the two species can, a priori,
not be distinguished from a potential UFF violation signal.
Consequently, all systematic error sources have to be
controlled at a level better than the target inaccuracy of
on = 1077, or be modulated at other frequencies than the
local projection of g. Equation (1) describes how the
acceleration of each species is linked to its initial mean
position and velocity and constrains the interspecies dis-
placement uncertainty to éry ~ 10 pm and 6vy ~ 1 pm/sin
position and velocity, respectively. The number of verifi-
cation measurements v ~ 10® [see Eq. (2)] required ensur-
ing the source preparation at this level would exceed the
number of realizations of the actual interferometric experi-
ment by far. Even the less ambitious goal of 7 = 2 x 10713
as in Ref. [22] would necessitate allocating a significant
part of the mission duration to the analysis of this
systematic effect.

However, by employing the recipe outlined in Sec. I, we
find that for the assumed mission parameters the gravity-
gradient-induced uncertainties can be compensated by
applying the time-dependent momentum vector shifts
(7), which corresponds to periodically tilting the laser up
to 300 urad and shifting it in frequency in the order of
150 GHz as displayed in Fig. 2. Indeed, the dependencies
on the initial kinematics are largely compensated, such that
the major residual contributions to the differential accel-
eration uncertainty stem from:

(i) Imperfections in the experimental realization, mainly
given by the tilt error 50: 605x,/T* and 6050, /T in
the order of 5 x 107'% ms™2,

(i) Residual satellite rotations 6€2: 6Qév, o and 6Qdv,
in the order of 10~13 ms~2.

(iii) Uncertainties in the knowledge of the local gravity
gradient 8y: 8ydzqcos(2y) and Sydv, (T cos(2y) in
the order of 107'® ms—2.

More details are found in Appendix B. These relations
allow for a tradeoff between required control of the
experimental background (6€2, 59, dy) and characterization
of the source preparation (1, 6vy), leading to the numbers
in Table 1. As some of these uncertainties may be
correlated, we have taken the conservative approach of
using a linear (rather than quadratic) sum to obtain the
numbers in Table I (cf. Appendix B 3).

Most importantly, the spectral distribution of these error
contributions can be exploited to discriminate them against
a potential UFF violation signal, which is expected to be at
the orbital frequency Q4 in the given setup. As detailed in

Sec. 111, any nonzero mean that is either constant or varying
at a different frequency than Q4 over the course of the
orbit is suppressed via demodulation. This is of great
significance as illustrated in Fig. 3. GGC allows for a large
reduction of the systematic uncertainties due to the initial
kinematics uncertainties, such that 67 = 10~ may be
readily achieved within hours of measurement. This over-
comes one of the major challenges for missions like
STE-QUEST [22] by relaxing the requirements on the
source preparation by 3 orders of magnitude (ym displace-
ment uncertainty instead of nanometers, similar for velo-
city). Even more, the systematics are integrated below
10~'7 within a week and even reach 10~!8 in a few months.
Ultimately, in order to reach these inaccuracies in the
Eotvos parameter, the combination of GGC and signal
demodulation is indispensable.

C. Colocation feasibility

Atom interferometry for metrological applications has
enjoyed a surge of interest in the last years [46,47]. In
particular, parabolic flights [48,49], drop towers [42,50,51],
sounding rockets [52], and the International Space Station
[53,54] enable research on atom optics in microgravity
including the demonstration of atom interferometry, pro-
duction of Bose-Einstein-condensed sources (BEC), and
BEC interferometry in this environment. In the following,
we provide an assessment of the aspects related to the dual-
source preparation, in particular the colocation in position
and velocity, and evaluate the feasibility of the GGC
scheme. A complete error model and other aspects of a
full space mission are beyond the scope of this paper and
are discussed elsewhere [22,24,26].

1. BEC source

The production of BECs with 10° rubidium atoms in a
few seconds are within the capabilities of current devices
[52,55-57]. Magnetic and optical collimation of the matter
waves to 100 pK and below was demonstrated [42,58,59],
supporting high beam splitting efficiency [58,60] and
extended free evolution times [42,57]. Mixtures of con-
densed rubidium and potassium were generated by exploit-
ing Feshbach resonances [61,62], but reaching sufficient
numbers of atoms and collimation of both overlapped
ensembles requires additional research efforts [63].

2. Atom interferometry

Beam splitters based on double diffraction providing the
required momentum transfer were implemented in inter-
ferometric measurements [43,64,65], and extended free fall
times on the order of seconds were utilized to boost the
sensitivity [57]. Furthermore, the experimental implemen-
tation of the GGC scheme has been shown via adjusting the
effective wave vector of the central beam splitting pulse and
rotation of the mirror [21,25,31]. In trapped ensembles,

124043-7



SINA LORIANI et al.

PHYS. REV. D 102, 124043 (2020)

Bloch oscillations and the signal of an atom interferometer
were observed for total evolution times of up to 20 s, but
with a significantly reduced contrast [66,67]. Although
interleaved operation has previously been demonstrated in
a rotation sensor using a single species [45], the dual-
species, microgravity operation will require adaptations for
the transfer to the interferometer zone [68] and for assuring
the initial overlap.

3. Requirements on beam splitting light
fields imposed by GGC

Current tip-tilt mirror technology to adjust the beam
pointing appears to fulfill the requirement stated in Table I
(see Appendix B for details) since it was utilized to
compensate for Earth’s rotation with a performance of

1 nrad/ VHz [57] and repeatable to 1 urad [39,69]. The
implementation of the GGC scheme will likely require two
lasers per species, where each laser provides two frequen-
cies. Here, one laser drives the initial and final beam
splitter, and the second laser provides the central beam
splitting pulse with a different and variable wave vector. In
order to ensure the necessary phase stability of the lasers
with respect to each other, a reference provided by a
frequency comb or a high-finesse transfer cavity is man-
datory [70]. A setup based on only a single laser per species
might be possible using fiber lasers offering sufficiently
large tuning range. As a fallback option, the requirement on
the tuning range may be relaxed by trading off free fall time
against higher beam splitting order [30].

4. Satellite platform

Due to its similarity in scope and technological
requirements on the satellite platform, the heritage of
MICROSCOPE [8] is essential for the discussion of
potential UFF test scenarios. The orbit assumed in this
paper is motivated by MICROSCOPE’s highly circular
orbit at 700 km resulting from a tradeoff to maximize
the local value of g and to minimize atmospheric drag.
In particular, the mission has demonstrated excellent
attitude and satellite position control [71] far beyond
the parameter assumptions made here in Table 1. Even
better control has been demonstrated in the context
of space-borne gravitational wave detection [72], which
is, however, not required for the scenario under con-
sideration.

V. CONCLUSION

In this paper, we have illustrated the colocation problem
of the two test species in a space-borne quantum test of
the UFF way beyond the state of the art. We particu-
larly presented a dual strategy based on variable wave
vector shifts and demodulation to mitigate systematic
contributions linked to errors in the source preparation.
While an exhaustive discussion of all sources of noise and

systematic effects is beyond the scope of this paper, we
have demonstrated that those related to initial colocation
uncertainties can be reduced to below 6 = 10~ for realistic
experimental scenarios and reasonable mission durations. At
the same time, the requirements on the initial overlap in
position and velocity of the two employed species are reduced
by 5 orders of magnitude. The described methods allow us to
significantly decrease the required mission duration in
proposals like Ref. [22] and pave the way for missions with
unprecedented accuracy beyond state of the art [26].
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APPENDIX A: GRAVITY MODEL

For Lagrangians up to quadratic order in r and F, the
interferometer phases may be inferred by a semiclassical
model, in which the classical trajectories of the atoms are
computed and inserted into the phase expression (3).
Throughout this manuscript, we suppose

. 1
L=—-m(r+Q xr)?+ Emrl"(t)r, (A1)

2
to describe the free motion of the atoms in the satellite
reference frame. The local gravity-gradient tensor I'(r)
depends on the satellite position and attitude and is there-
fore a function of time. € incorporates rotations of the
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satellite, i.e., spinning around its own axis. To this end, we
expand the gravitational potential of the Earth for coor-
dinates r much smaller than the satellite position R,

1
$(R +r1) = H(R) + g p(R)r; + iaRjaR_,qs(R)rirj +e

1
:¢(R)+g-r+§rl“r+~-- (A2)
with
. 0 T,
r,=(o 7, o, (A3)
T 0O T

supposing the orbital motion to be restricted to the x — z
plane. This approximates the potential for the order-
of-magnitude assessment performed in this work. A
concise mission analysis would involve a realistic gravi-
tational model such as that in Ref. [73]. For the Newtonian
gravitational potential, the gradient components are
given by

~ 3Gmyg
7R

Gmg

a o E
J |R|3

R;R 0ij- (A4)

The parameter 0 < y < 2z, which parametrizes the satellite
position on the orbit, is chosen such that the initial position

R(y =0) = (0,0,Rp) (AS)

is aligned with the z axis and the initial gradient tensor
reads

—y/2 0 0
To=| 0 =2 0], (A6)
0 0 y

with y = 2GM/R}. The way the time-dependent tensor
components 7; relate to those of the initial gradient tensor
Iy depends on the shape of the orbit. For a circular orbit
(index c), where the satellite position is given by

Ry siny
Re(y) = o |
Rycosy

(A7)

the explicit relations are

1
TS, = Zy(l —3cos(2y))

1
TS, = Zy(l + 3cos(2y))

3
TS, =~y sin(2y). (A8)

4
It is important to note that the modulation of the compo-
nents is at twice the orbital frequency. In the case of a
circular orbit, we can describe the time evolution of the
gradient tensor during the interferometer sequence by
another rotation, such that it is given by
I'(1) = D(Q,1)T, D" (Q,,1) (A9)
at time ¢ after the measurement has been started at orbital
position y. D(0) is the three-dimensional-rotation matrix by
an angle € around the y axis. For an orbit featuring an
eccentricity e and semimajor axis a, the satellite position is
given by [74]

RyV1 —e?siny
Re(y) = 0

Ry(cosy —e).

(A10)

Note that the initial position coincides with perigee,
Ry =a(l —e), in the coordinate system fixed to center
of the Earth. With the help of (A4), we readily obtain

_ 1 —4e* 4 4ecos(y) + (2¢* = 3) cos(2y)

T = 5 3
4|1 —ecosy|’/|1 — e
Te :_1—3€2+4€COS()()+(€2—3)C052)(
“ 2|1 —ecosy]’/|1 —e]?
Tsz:_3v1—e2(cosg—e)sin)( . (ALD)

2|1 —ecosy]’ /|1 —el?

A series expansion to first order in the ellipticity yields

3
TS, =TS, +<y[-2 + cos(y) + 6cos(2y) — Scos(3y)]e

8
3

TS, =TS + gy[—2 + 3cos(y) —6¢cos(2y) + 5cos(3y)]e
3 . .

TS, =TS, + gy[sm(;() —6sin(2y) + 5cos(3y)le, (Al2)

which shows that the ellipticity introduces an additional
modulation of the gradient components at different
frequencies compared to the circular orbit (AS8). In par-
ticular, it features a component at the orbital frequency,
which leads to a systematic contribution even after
demodulation [AaéyS in Eq. (9)], since is modulated at
the same frequency as a possible UFF violation signal.
However, it is suppressed by e and can be accounted for
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with the compensation technique of Sec. II. Similarly,
higher orders in the expansion of the gravitational potential
(A2) feature frequency components at the orbital frequency.
However, the associated acceleration uncertainties are
suppressed with respect to the gravity-gradient terms
discussed in this paper by a factor of Ar/|R|~ 10712,

APPENDIX B: IMPLEMENTATION AND
FEASIBILITY OF THE COMPENSATION
METHOD

1. Experimental method

The shifts A, ;, A_ ; in the wave vector of the jth pulse,
required to compensate the gravity-gradient-induced accel-
eration uncertainties as outlined in Sec. II in the main text,
are realized by tilting the laser by an angle ¢; and shifting it
in frequency by Af;. We find the relations

Ay
Qj = arctan T Az,j

k
Af; =S X 144/ (AP + (1 + 8,7, (BY)

where the factor 8 accounts for two-photon transitions
employed to realize the beam splitters and the second-order
diffraction process. ¢ is the speed of light, and k. =
|Kege| = 4k, the effective total momentum transferred by
the pulses, with k; being the wave number of the light.

2. Treatment of residual rotations

The employed Lagrangian (5) with €, = 0 describes the
perfectly inertial case, i.e., the constant rotation of the
gravity-gradient tensor by an angle Q.. Residual rota-
tions of the satellite, however, modify the Lagrangian in
two ways. In the following, we assume the same rotation
uncertainty 6€2 for all three directions, which gives rise to

1. 1
Lso = Em(r +(6Q,6Q,6Q) x r)? + imnggf‘xDmr,
(B2)

where D, is the matrix that rotates the gradient tensor under
consideration of the orbital motion and residual rotations.
Under the assumption that §Q¢ < 1 (the case here), for an
arbitrary permutation D, = [Dsq (Dsq yDso  Dg,,, v of
these four rotations (three small residual rotations and
one comparably large orbital rotation), the relative deviation
oftheterm DJT',D,, from D}, T, Dg . issmallerthan 10~

for the parameters of interest. Therefore, neglecting the
residual rotations results in an error of less than 107! s72 in
the value of the gradient tensor components, which is well in
line with the assumptions. As a consequence, the impact of
residual rotations on the modulation of the gradient tensor

can be safely neglected, and the Lagrangian

1. 1
Lsg = Em(r +6Q x 1) + EmrDET!oranIDQ (B3)

‘orbit r

with 6Q = (5, 5Q, 5Q) captures the relevant influence of
residual rotations on the system.

3. Uncertainty assessment

Due to the linear dependence on the initial kinematics,
the differential acceleration between two species A and B,

3
Aa = ay —ap = Adjpgep + Z (airo; + Bivos), (B4)
P

can be directly obtained from the phase expression (6) after
division by the respective scale factor keff,aTg of species a,
ie., @ = aja/kesraTh — @ p/ker, 5T (analogous for f).
The total differential acceleration uncertainty is given by
the absolute sum

3
50a = [58dinaep| + Y (180t Aro; + (o] + |5a]|)6Ar,
i=1
681 Avoi + (167 + [8p7])8Avo.:), (BS)
where 6 indicates the uncertainty of a term. For example,
0Ar; is the uncertainty in the initial displacement Ar ;.
The error in the coefficients «} is computed via

N1 od,
/ 1
oa; = E aQiéQj

Jj=1

, (B6)

with Q; € {y, T, Q. 8. Ay, Az, A} and 6Q; being
the corresponding uncertainty (analogous for f;). Note
that this is a conservative treatment, since most of these
contributions are uncorrelated such that the favorable
quadratic sum would be sufficient. To first order, A, ; ~
0;and A, ; ~ Af;/f such that their uncertainties are given
by 6A,;j~d0; and 6A, ; ~ SAf;/f, respectively.

The differential acceleration uncertainty of a measure-
ment without the compensation technique is obtained from
(BS) with A; ; = A, ; = 0. By construction, application of
the compensation shifts A, ; derived in Sec. IT leads to o =
p: =0 in Eq. (BS), i.e.,

3
8Aagee(t) = [8dingep| + Z(|5(1§|(Aro,i + 8Ary;)
=1

1

+ [66i|(Avg i + 6Awy,)). (B7)

As discussed in Sec. 111, the integrated uncertainty is then
given by
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2 T
balr) = /O §Adgae(r) cos(Quut)dr.  (BS)

4. Demodulation of a discrete sample

In order to account for the finite sampling of the data due
to the experimental cycle time 7', the averaging expression
(B8) needs to be discretized,

2 n
da(n) = 0 Z dAagge(mT.) cos(QopimT ). (B9)
m=1

The total integration time corresponding to n measurements
is consequently given by 7 = nT..

5. Noise

The integration of noise is modified in the presence of a
modulated signal. For an order-of-magnitude assessment,
we refer to a simplified model in which the time signal of a
differential measurement is given by

Aa = ngo cos(Qopmict) + 045 (B10)

with ¢, being the atomic shot noise. The covariance of 5
after n measurements is quantified by

cov(n) = a*(XTX) !, (B11)

where X, = gocos(QqpinT,.) captures the modulated
local value of the gravitational acceleration in the mth
measurement and 7. is the cycle time. Consequently, the
statistical uncertainty due to shot noise in the determination
of n is given by

o-,,(n) = +/cov(n)

c 1 -1
= <Z COSZ(QorbitmTc))
90 \ 7,

o2
_)
gox/ﬁ

in the limit of many measurements, 7 = n7. > T..

(B12)
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