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Original plan for the talk

Part |

Gravitational signatures

Proposed space-based atom
gradiometer experiments may be
sensitive to DM clumps and small

ULDM overdensities via
gravitational interactions

PRD 25 [LB, Du, Lee, Wang, Zurek]

Partll Part I

Electromagnetic couplings Unified framework

Novel computational
framework for computing
leading order DM signatures in
MWIs around the wave-particle
boundary.

Trapped-ion interferometers
could detect small B-fields
sourced by kinetically-mixed
dark photon and ALP DM.
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Actual plan for the talk

Part |
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Gravitational signatures

Proposed space-based atom
gradiometer experiments may be
sensitive to DM clumps and small

ULDM overdensities via
gravitational interactions

PRD 25 [LB, Du, Lee, Wang, Zurek]




Detecting gravitational signatures of dark matter with atom
gradiometers

Based on PRD 25
[LB, Du, Lee, Wang, Zurek]




Gravitational searches of DM

Idea: DM gravitates and therefore distorts spacetime — observable effects on test masses and
photon propagation.

This is model-independent: no need to assume non-gravitational coupling to SM fields
[equivalently, this is the “worst-case scenario” for DM direct detection]

Ultralight DM Compact DM clumps
Oscillating energy density/pressure Transient fly-by
—s oscillating metric perturbation at frequency 2m  — time-varying acceleration on test masses
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Gravitational searches of DM

Idea: DM gravitates and therefore distorts spacetime — observable effects on test masses and
photon propagation.

This is model-independent: no need to assume non-gravitational coupling to SM fields
[equivalently, this is the “worst-case scenario” for DM direct detection]

Ultralight DM Compact DM clumps
Oscillating energy density/pressure Transient fly-by
—s oscillating metric perturbation at frequency 2m  — time-varying acceleration on test masses
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Atom gradiometers (AG) experiments proposed for mid-frequency (1073 -1 Hz) GW searches

*best probe of DM overdensities



An overview of the (future) experimental landscape

Several experiments have been proposed to search for GW seaches and linearly-coupled ULDM
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HUTCH
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MAGIS-km AION-km ELGAR ZAIGA AEDGE/AEDGE+
[QST 21] [JCAP 20] [CQG ‘19] [1JPD 20] [EPJ Quant 20]
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An overview of the (future) experimental landscape
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Light-pulse atom interferometry: the theoretical minimum

Two-level atomic system:
ground state |g) and excited state |e) ,
with energy splitting w4 .
(e.g. for the clock transition in Sr-87, wa ~ 1€V )

Motional (c.0.m.) and internal dofs coupled via atom-light interactions (Rabi oscillations)

Laser pulses act as
beamsplitters (11/2) and mirrors (m):
— 11/2-pulses create spatial superpositions of atomic wavepackets and impart a relative kick
— gr-pulses redirect spatial superposition of atomic wavepackets and change their internal state

The atomic wavepackets traverse different regions of spacetime, thereby accruing a
non-vanishing relative gravitational phase

A¢p ~ / mdT
C
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A theorist’s sketch: “spacetime” diagrams

to + 2T

to+T

A

T TAL

1/2-m-11/2 sequence (1+1 dimensions):

1. t, beamsplitter (11/2 pulse)— superposition of |g)
and |e), and the excited state recoils with
momentum w,

2. t,+ T:mirror 1m pulse — swaps atomic states,
reverses relative momentum

3. t,+2T:beamsplitter 1/2 pulse — recombines
paths for measurement in the qubit basis.

Interrogation time T sets the sensitivity:
longer T — larger enclosed spacetime area — larger
phase shift from gravity
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A theorist’s sketch: the Mach-Zehnder atom gradiometer

to + 2T

to+T

A

7/

7/

T TAL

Two atom interferometers separated by
baseline L,
driven by common laser pulses

Differential measurement:
A¢grad — A¢1 - A¢2

v Sensitive to differential (tidal) effects
v’ Laser phase noise cancels —
Can operate at the atom shot-noise
limit

Analogous to a single-arm laser
interferometer,
but with the atoms playing the role of
mirrors/beamsplitters
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Large-momentum transfer: boosting sensitivity

to + 2T

to+T

to+ 2L

A

A

to

measurement ot A
¥ /
0"
14
'l
,O
l"
! '
TL, TAL

TAI,

y

»

T1q

1.

2.

3.

Idea: use n photon kicks to increase the spatial
separation between arms
[Graham et al., PRL ‘13]

kesr = nw, : effective momentum transfer

LMT sequence (4n - 1 pulses):

Beamsplitter sequence: 11/2 + (n - 1)
mm-pulses incrementally kick one arm

Mirror sequence: (2n — 1) mm-pulses redirect
the wavepacketsat ~ t + T

Final beamsplitter sequence: recombine the
arms

Phase shift scales as A@graa o kegtT? |
= sensitivity o< n
15



*Dramatically simplifies existing

How does gravity dffect the AG observable™? ek Dimopaisstal o

A small metric perturbation h,, affects the gradiometer phase through three channels:
[LB, Du, Lee, Wang, Zurek, PRD 25]

Doppler phase shift Shapiro phase shift Einstein phase shift

A
A . A

O

> >
— >

Tidal displacement of atoms along Delay in photon arrival time Difference in the gravitational
the baseline between Als in the AG redshift measured by the Als

Adp x Vho A¢s o< hoo + hj Agg < hgo

2
Add = Adp + Ads + Adg + O (h “a )

2
my

Each term is NOT diffeo-invariant, but their sum is, as desired. .



Atom gradiometers vs laser interferometers

Atom gradiometers (AGs) Laser interferometers (LIs)
(tidal c[l)izgrc:gment) \/ \/
(photos: ?ifr,;;odelay) \/ \/
(gravita’iiigifli ,:edshift) \/ ><
[Rakhmanov PRD ‘05]
Adpag DO Adrg [Lee, Zurek, PRD ‘25]

This extra channel will be decisive for ultralight DM searches

17



Dark clumps: the physical picture

A compact DM clump of mass M flies by with
impact parameter b and velocity v

Metric perturbation (Newtonian gauge):
h()() = —2@, hz’j = —Z‘I)(Sij, h()i = —4’UZ'(I),
where ® is the Newtonian potential

Key scales:
Signal duration: ~ b/v
Cutoff frequency: w ~v/b

[NB the detector is a low-pass filter, so frequencies above 1/T are suppressed]
[ Fourier transform of the potential is flat for w < v/b, and exponentially suppressed for w > v/b]

18



Dark clumps: projected sensitivity
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Dark clumps: projected sensitivity

M [Mpg)
1072107 107% 107

1072 10717 1077

o AR T S BRARAL ELRALL O

ML BERALL m L

U ™ T T [ TET T

3 X ° x X3
- - XX
L 5 ° X 1
[Xe QX \O ° x;xx ]
[ o Xe = 8 S o s e
M % - Xe \ [Ld >()<X
10°F *e e 4 xe 5 ... x* xx'i\e -
3 - / o X 4 .'
. xe x;'oc':.0g0°0.ioog0*o..o.': xx XX \O(abe\\ 2
e ">fp< % xxxxxgg: x X x e x XXX XX \6\\\’ o ]
X 4
i Xg : ‘ . 2
L X o o X L.
10% ¢ e - R < ..
- x® % Xe 5 ° e
X (G 2 .
) e 5 o
& g _'{/ x; & e o
S % 939 N [ °
103 3 g ° J’; ] AN e o =
E ’{N' 5 x® ~ "o D °
— S o Pl @ 3
g P S S e S
5 . & x® > W ® ¢, xxX
. X s X ° X
102 E e D, 7. g0® g xxX E
E % 5 bt g 1 ) AN Xx‘ E
% Xe G x E
JO 3 x®00¢ xx* X ®
o Xe xX X *
B /O Xeg - °
2 °
10F "~ R ° 3
] P g@ X
L /’;’X 0. %5
r % x® . 2
i 5 e
_ ° x
= ° ® x
Jom - o
SRR Sy R —— SRR
x® S o® XX
° 9 XXX
b ¢ . ‘.'. XXX
XXQ;-XXXxX

10'10 1612 o™

Sh [Hzgl/z}

10—10

10—12

10714

1071

10—18

10—20

10722

Benchmark
scenario
(dots)
for
space-based
proposals

20



Dark clumps: projected sensitivity
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Dark clumps: projected sensitivity

Full GR calculation
confirms heuristic
estimate

AEDGE+ might be able
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subcomponent via purely
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Ultralight dark matter (ULDM): the gravitational signal

ULDM: oscillating classical field,
¢ = ¢gcos(mt —k-x+0)
with
(¢3) = 2fpmppm/m?
Energy density and pressure contain a piece fluctuating at frequency 2m:
Ty D 0,90,¢ x cos(2mt — 2k - x)
Solve linearized Einstein equations — metric perturbation in Newtonian gauge:
hoo = TG¢g cos(2mt — 2k - x), hij = —wG¢g cos(2mt — 2k - x)J;;

Key observation:

Phase-coherent signal within a coherence length/time “similar” to a transient GW at frequency 2m.

hu = &0 Te ~ 1/mv? X\, ~ 1/mw.
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ULDM: effect on test particles

Gravity couples to test particles via:
huTH = ®n,TH = ®T)

What is the trace of the energy-momentum tensor for test particles in the experiment?

Atoms (massive particles)
Tlf xX m
= Atoms feel the ULDM field through the Einstein and Doppler time delay/phase shift

Photons (massless)
o
Tu =0

(classically)
= Photons are blind to the ULDM field and the Shapiro delay exactly vanishes

Shapiro term is exactly zero for ULDM in Newtonian gauge

24



ULDM: AGs vs Lls

Atom gradiometers Laser interferometers
Einstein: ® ~O(\°) v Einstein: N/A x
Dominant. Mirrors have no clock d.o.f.
Doppler: V® ~O(v) (subdominant) Doppler: V& ~O(v) (dominant)
Shapiro: exactly zero Suppression from tidal displacement L/A < 1

Shapiro: zero (same reason)

= Signal unsuppressed = Signal velocity-suppressed

AGs are parametrically more sensitive to
ULDM than LIs with comparable strain
sensitivity

25



ULDM: projected sensitivity

The most ambitious
space-based experiment
would be the best probe

of DM overdensities in
this mass range
[Planetary ephemerides:
f<10%
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ULDM: projected sensitivity

m/2m [He] AION-km/MAGIS-k
The most ambitious 1o 107t 107 107 107 1 10 = -
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e T=17s
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this mass range
[Planetary ephemerides: 108 AEDGE
f<10%]
_ 7
E 106} L 4.41(%0 m
Do we expect a O(10) Tf 100s
overdensity? 00 s =10*Hz "2
DM . . _ space-based (1'1'181'.(.1.(—;).
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Summary

Dark clumps Ultralight dark matter
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Summary

Dark clumps Ultralight dark matter
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The dark matter landscape

1072eV 10 eV 1 GeV 100 TeV 1077 M, M,
| | | | | |
1 1 I I | —>
< ~80 orders of magnitude! >
DM mass range

Ultralight DM (ULDM) LightDM | WIMPs PBHs/MACHOSs

Many models, many possible couplings to the SM

L

Many different laboratory (and astrophysical) probes are necessary.

Can we leverage quantum sensing techniques to probe unexplored regions of DM model space with
“tabletop” experiments?

Yes, e.g. matter-wave interferometry (MWI)
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Dark clumps: signal

Signal is dominated by the Doppler term (tidal acceleration of atoms)

Contribution Scaling at w ~v/b Suppression
Doppler ~ ketT? - GM /v —
Shapiro ~ kegT? - GMwL /bvT xvL/T
Einstein ~ kegT? - GMuv/b x v

Intuition: in the lab frame, the dominant effect is simply the
Newtonian acceleration GM/b? acting on the atoms.

Einstein and Shapiro phase shifts are relativistic corrections.

GM

2L
2 GM . <L
|Adgrad| ~ ket T o min (1, b)
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Dark clumps: heuristic reach estimate a la Baum et al. PRD 22

(min)

DM

SNR for a shot-noise limited detector:

GM Aw 2L
2 / . Rt
SNR ~ kegT o oS, min (1, A >

Assume a single event in Tint~3 years:

fDM pj]\)}\/l b2Tint'v ~1
>ealing: M Peak sensitivity
(M1 b < oT. L = b~ oM fom VT int (assuming AEDGE+)
~Y v )

M_1/3 'UTSbSL bNL
x ¢ MO L <b<oT M(*)N(’)(l()ﬁkg)

MY b <oT, L "

M' b~ ofw For ~ 0(0-1)
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Dark clumps: why space-based AGs beat LISA + LIGO
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ULDM: signal

Signal amplitude (Einstein-dominated):

\/ <|A¢grad|2> — 4”G“";{: DMPPM. in (mT) sin(mnL) sin(m(T — (n — 1)L))

Scaling of minimum detectable DM fraction:

m? form < 1/T,1/nL
fg;l/}n) x s m?for1/T <m < 1/nL
m?3 form > 1/T,1/nL

Peak sensitivity:
m® <10717eV
fon ~O(10)
for AEDGE+
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GW signal in different frames

Transverse-traceless (TT)

frame
Doppler 0
Shapiro Yes
Einstein 0

Proper detector frame
(PD)

Yes (dominant)

Yes (subdominant)

Yes (subdominant)

Sum of 3 contributions is identical in both frames

+

Results agree with, e.g., PRD ‘08 [Dimopolous et al.]
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Beyond gravity: electromagnetic couplings

Different direction: some ULDM candidates produce oscillating electromagnetic field:s.

Kinetically-mixed dark photon

Lo SR,

— effective oscillating current
— small oscillating B-field at frequency m
Axion-like particles (ALPs)
LD gyyaE-B
— in external B field (e.g. Earth’s field):

Small oscillating B-field at frequency m

Can we detect these with matter-wave interferometry?
Yes, using a trapped-ion interferometer, through sensitivity to oscillating B-fields via the
Aharonov-Bohm effect
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Part Il:

Ultralight dark matter detection with trapped-ion
interferometers

Based on PRD’26,2507.17825
[LB, Diego Blas, John Ellis, Sebastian Ellis]
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Key features of trapped-ion interferometry

Proposal developed by Wes Campbell and Paul Hamilton for rotation sensing [JPB, 2017]

Key features:

Matter-wave interferometry with electrically charged states
Entanglement of spin and motional degrees of freedom
Magnetically-insensitive states -> long coherence times of the excited state
Harmonic and rotationally symmetric potential in 2D

Excellent control over systematics [West, PRA 2019]
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A sketch of trapped-ion interferometry

Step 1:ion is prepared in the spin down state and placed at the centre of the trap

position space

A

y

x-phase space

A x
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A sketch of trapped-ion interferometry

Step 2: apply a beam-splitter pulse

position space y x-phase space

A x

Linear superposition of spin down and spin up
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A sketch of trapped-ion interferometry

Step 3: apply N successive spin-dependent laser kicks (SDKSs) in the x-direction

A, A x

* "X ® e " b,

NAE




A sketch of trapped-ion interferometry

Step 4: non-adiabatic displacement of the trap centre in the y-direction

|

4y

8 Trap centre

*

A x
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A sketch of trapped-ion interferometry

Step 5: free evolution of the ions in the trap

A x

M round trips after a time At

-
/
/
/
[
|
\

1
\
N .,0
~
-_— ] -
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A sketch of trapped-ion interferometry

Step 6: reverse trap displacement non-adiabatically

4y

.

A x
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A sketch of trapped-ion interferometry

Step /: reverse SDKs

A x
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A sketch of trapped-ion interferometry

Step 8: measure the ions in the qubit spin states

4y

.

A x
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Trapped-ion interferometers as B-field sensors

lons evolve in counter-propagating orbital motion

!

Electromagnetic phase shift only depends on the magnetic vector potential

A, A¢:2efA-d1 Ax
At
rap centre dS
f rap cent ~ 26/ B. —dt
Yd [ 0 dt
@ > @ @
| I E—
NAEk
dS NAE
dt Y ™Mion




Trapped-ion interferometers as B-field sensors

lons evolve in counter-propagating orbital motion

!

Electromagnetic phase shift only depends on the magnetic vector potential

Aq§:2efA-dl

At
=2 [ B Zlat S NAk
0

di E ~Yd Mion

Dynamical Zeeman shift with (motional) magnetic moment

me

pm ~ uBNAKYg

on
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Trapped-ion interferometers as B-field sensors

VS8 =5x10""T/VvVHz

_ wAt\ |7t/ 1s 1
sinc — A7 Noms
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Trapped-ion interferometers as B-field sensors

_ wAt\ |7t/ 1s 1
sinc — A7 N

Joum [Hz]
1071 109 10!

VS8 =5x10""T/VvVHz

1072

[Campbell, Hamilton,

JPB2017]
171Yb+
Ak = 47/355 nm
N =100
At=1s
m
tm ~ usINAkyg : yqg = 100 pm
ion . y d0¢ = 1rad/ VHz
“Nentangled = OU ...
10717 10L16 10L15 10L14 10713

mpwm [eV] 51



Models

Kinetically-mixed DPs ALPs
Gayy v
L D em’ Al A" LD —=—aF,F"

\/ 2 \/
AI pDM zmA/t ik-x § :nz a ~ 2pDM eimat—ik-w—i-itp
\/— 3m 4 Mg

Oa

Jeff — Gmi/A, Jeff _— —gavaOE

Y
VxB—&tE:Jeff

ULDM sources e.m. fields with angular frequency m
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Models

Kinetically-mixed DPs ALPs
Gayy v
L D em’ Al A" LD —=—aF,F"

Al ~ \/_\/2 Pom zmA/t kaznz
mAr

Jefr = —GayyBo—=—

ULDM sources e.m. fields with angular frequency m
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Which cavity should we use?

Since At > 1's, a Tl would be most sensitive to signals oscillating with frequencies below 1 Hz.

fom [Hz]
102 10-1 100 10!
1079 3
10—10 _ R
@ f Key point:
> [ Most sensitive to DM
.i 10711 L . h
@ L Nentangiea =1 with mass
f <102V
10712¢
10-13 ...... Nentanglea =50
T T T T N T
mpm [eV]
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Which cavity should we use?

Since At > 1's, a Tl would be most sensitive to signals oscillating with frequencies below 1 Hz.

We expect that shielding in the lab suppresses high-frequency magnetic fields

fon [HZ]
1071 10! 10° 10°
100 T _..._...L..__ T T
R=5m, A =10"%m \\ :
TP T T W o
10_1 o °
B K0 Key point:
= In the lab, limited
ol sensitivity to DM with
mass > 10 13eV
— Stainless steel
— Copper : | L%
101%—17 10I—15 10I—13 10I—1i - 10—9
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Which cavity? The Earth-ionosphere/IPM!

Well below 10 Hz, the Earth’s core and the ionosphere/interplanetary medium act as good
concentric spherical conducting boundaries [Fedderke et al., PRD 2021; Arza et al., PRD 2022]

h ~ O(100km)
Rg ~ 6 x 103 km

Skin depths (frequency-dependent)
Inner boundary

< h for mpy > 10718 eV

J

core

Outer boundary
ionosphere << h fOI' 10_13 eV 5 mDM 5 10_8 eV

8,y < h for10 eV Smpu S107 eV
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Signal in a cavity with concentric spherical boundaries

Boundary conditions
n-B=0 nxE=0

J st

E field is
parametrically
suppressed in the
quasistatic regime

fE.dlzl(vXE).dszfatB-ds — E ~ (mpuR) B
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Signal in a cavity with concentric spherical boundaries

Boundary conditions
n-B=0 nxE=0

Jeft

Valid in the
quasistatic regime

§B-dl= [(VxB)-dS= [Jg-dS = B~ Rl
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Signal in a cavity with concentric spherical boundaries

Boundary conditions

Ai-B=0 axE=0 Jo

Valid in the
quasistatic regime

§B-dl= [(VxB)-dS= [Jg-dS = B~ Rl
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Noise projections

10712}

1072 e =107, gayy = 10710 GeV !

10;17 l

B U R T

mpwm [eV]

[Campbell, Hamilton, JPB

2017]
171y +
Ak = 47/355 nm
N =100
At=1s
yq = 100 pm
6¢ = 1rad/vHz

Dominated by ambient
magnetic noise

Fullerkrug and Fraser-Smith [2011],
Constable and Constable [2023]
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Projected sensitivity: DPs
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Benchmark

| Future
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06 105

Signal is insensitive to latitude
+ longitude + trap orientation
tangent to the Earth’s surface

\/<‘§A:(w) : 2‘2> = emuRg p%M,

[Campbell, Hamilton,
JPB2017]
171Yb+
Ak = 4m/355 nm
N =100
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yq = 100 pm
d¢ = 1rad/vVHz
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Projected sensitivity: ALPs

Signal is sensitive to latitude + longitude + directionality known a priori (set by the Earth’s
magnetic field) [IGRF 2021]
Ba|/(Re [~igarya] malle) [nT]
180° 120°W 60°W 0° 60°E 120°E 180°

2000.00

180° 120°W 60°W 0° 60°E 120°E 180°
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Projected sensitivity: ALPs
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1072 107! 10°
10710 ey —_————r
L CAST
1071 S
= : >/
) /
= 7
9
(=
&
10~12 | 3 years of data-taking <,
- %
i Benchmark | Astrophysics 1/
|| —— Future
""1'0'—16 — "“1‘0"—15 — ""1'0"—14 '

mg [eV]
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Summary

Trapped-ion interferometers are sensitive to small B-fields via the dynamical Zeeman effect.

In light of their promising projected reach, trapped-ion interferometers could probe unexplored
regions of ULDM parameter space!
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