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Why very long-baseline vertical atom gradiometers?

Very long-baseline atom gradiometers would be excellent accelerometers,
mid-frequency GW detectors, ULDM sensors and more!
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Why very long-baseline vertical atom gradiometers?

Very long-baseline atom gradiometers would be excellent accelerometers,
mid-frequency GW detectors, ULDM sensors and more!
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ULDM-photon coupling (d,)

Why very long-baseline vertical atom gradiometers?

Very long-baseline atom gradiometers would be excellent accelerometers,
mid-frequency GW detectors, ULDM sensors and more!
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ULDM-photon coupling (d,)

Why very long-baseline vertical atom gradiometers?

Very long-baseline atom gradiometers would be excellent accelerometers,
mid-frequency GW detectors, ULDM sensors and more!
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ULDM-photon coupling (d,)

Aside: theory space for linearly-coupled scalar ULDM

1076

4,2 F, P

104

Mp

Frequency (f,;) [Hz|
10-2 10° 102

104

106

108

103
10!
1071
1073
1075
107
10—
10~

10~ 13

10~ 15 =
1022

10—2()

10718

10-1% 1071 10712
ULDM mass (mg) [eV]

10~ 10

1078

1076

ULDM-electron coupling (d,,, )

1076

d

104

qb _
Me - Me e¥e
Mp; Vet

Frequency (fs) [Hz]
102 100 102

10

108

108

10°
10!
1071
1073
1075
10-7
10~
1ot

10~ 13

107 B Ly
107%

1()—2(]

10-18

0°° 1017 1002
ULDM mass (mg) [eV]

10—1()

1078

1076



ULDM-photon coupling (d,)

Aside: theory space for linearly-coupled scalar ULDM
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ULDM-photon coupling (d,)

Aside: theory space for linearly-coupled scalar ULDM
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ULDM-photon coupling (d,)

Aside: constraints on linearly-coupled scalar ULDM
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ULDM-photon coupling (d,)

Aside: projected constraints
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ULDM-photon coupling (d,)

Aside: projected constraints
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Very long-baseline atom interferometers woyls o gY
ULDM sensors, mid-freque ol ol
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Gravity gradient noise (GGN)

Mass density fluctuations induce time-dependent accelerations on the atoms —
time-dependent phase shift — time-dependent noise
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Gravity gradient noise (GGN)

Mass density fluctuations induce time-dependent accelerations on the atoms —
time-dependent phase shift — time-dependent noise
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Assumptions: Isotropic sourcing around
the shaft, single geological layer (so only
fundamental Rayleigh mode)
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Gravity gradient noise (GGN)

Mass density fluctuations induce time-dependent accelerations on the atoms —
time-dependent phase shift — time-dependent noise
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Gravity gradient noise (GGN)

Mass density fluctuations induce time-dependent accelerations on the atoms —
time-dependent phase shift — time-dependent noise
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GGN-limited projections (100 m baseline)

Mass density fluctuations induce time-dependent accelerations on the atoms —
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GGN-limited projections (100 m baseline)

Mass density fluctuations induce time-dependent accelerations on the atoms —
time-dependent noise
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GGN-limited projections (100 m baseline)
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Solution 1: Choosing quiet sites (100 m baseline)
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Solution 1: Choosing quiet sites (100 m baseline)

Mass [eV]
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Solution 2: Adjusting T and Az (GW)
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Solution 2: Adjusting T and Az (GW)
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Solution 2: Adjusting T and Az (GW)
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Solution 2: Adjusting T and Az (GW)
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o

Solution 2: Adjusting T and Az (GW)
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Solution 2: Adjusting T and Az (ULDM)

ULDM-electron coupling (d,,,)
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Solution 2: Adjusting T and Az (ULDM)

ULDM-electron coupling (d,,,)
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Solution 2: Adjusting T and Az (ULDM)

ULDM-electron coupling (d,,,)
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Solution 2: Adjusting T and Az (ULDM)

ULDM-electron coupling (d,,, )
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Solution 3: selecting sites with high cx

ULDM-electron coupling (d,,,)

ULDM mass (my) [eV]

10_2 10—17 10—1(i 10—15 10—14
L=1km

o5l T=17s,.
% n = 2500,

T, 2\ Ax=970m,
3 5 \ d¢=1e-5 1/vHz

1075 -\ <I;:)///,

1075} T

10—7 L ],\1\""/’

-8 L 1
107 1072 107! 10° 10

Frequency (f,) [Hz]

31



Solution 3: selecting sites with high cx

ULDM-electron coupling (d,,,)
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Solution 3: selecting sites with high cx

ULDM mass (my) [eV]
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Solution 3: selecting sites with high cu
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Solution 3: selecting sites with high cu
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Solution 4: implementing multigradiometer configurations
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Solution 4: implementing multigradiometer configurations
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Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV] Example configurations
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Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV] Example configurations
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Solution 4: implementing multigradiometer configurations

ULDM-electron coupling (d,,,)

ULDM mass (my) [eV]
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107180_3 102 101_1 160 10!

Frequency (f,) [Hz]

250ms 1\ '/25H
AGGN:c—HleOm(i) ( Z)
a CHy w
AceN S Az
wSw/T
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Solution 4: implementing multigradiometer configurations

-1
— CH 250 ms~! 2.5 Hz

1017 1(?}1](?‘\1 HHass (77128)_1[.‘?\/] 1014 )‘GGN = — ~100 m(—

10—2 ; : . 4 ; wa CH W
== Fqual <
103k kil ===+ Unequal (ends) q )‘GGN ~ AZ
L w< /T
194 l
10~
P x Az/w

10-°

' L=1km PaeN x |eXP(_wazi/CH) — eXP(—wazj/CH) |/wczz
T=1.7s,
107"F n = 2500,

o= 1e-5 1/vHz
10-%

= 102 101 100 101
Frequency (fy) [Hz]

ULDM-electron coupling (d,,




Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV]

10_2 10—17 10—1(' 10—15 10—14
: '\ == Fqual
NHNM %\ ‘
_ ===+ Unequal (ends)
1073 \ |

ULDM-electron coupling (d,,,)

T=1.7s,

107"F n = 2500,
o= 1e-5 1/vHz
107180_3 102 1Ol_1 160 10!

Frequency (fy) [Hz]

) (2

)\GGN = — ~100m

a

CH 250 m s~}
CH

Acon S Az
wS7w/T

l

P x Az/w

Paan o |exp(—w,zi/cr) — exp(—w,zj/cq)| /w2

l

dgeSt for z; = L and z; = Az small
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Solution 4: implementing multigradiometer configurations

ULDM-electron coupling (d,,,)

ULDM mass (my) [eV]

10_2 10—17 10—1()' 10—15 10—14
== Fqual
NHNM
10-3k ===+ Unequal (ends) ]

107§
107°F

07°F ) = 1km

[ T=17s,
107" n = 2500,
Jp= le-5

1/vHz

-8
10 10—3

1072

107! 10"
Frequency (f,) [Hz]

10!

2 -1\ '/95H
)\GGN:c—HleOm(—mms ) ( o Z)
a CH w
Agen > Az
w<Lw/T
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Solution 4: implementing multigradiometer configurations

ULDM-electron coupling (d,,,)

ULDM mass (my) [eV]

10_2 10—17 10—1()' 10—15 10—14
== Fqual
NHNM
10-3k ===+ Unequal (ends) ]

107§
107°F

07°F ) = 1km

[ T=17s,
107" n = 2500,
Jp= le-5

1/vHz

-8
10 10—3

1072

107! 10"
Frequency (f,) [Hz]

10!

1N\ 1
)\GGNZC—H:10Om(250mS ) (2.5Hz)
a CHy w
AN > Az
w<Lw/T
P x wAz

baon x wAz
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Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV]

10_2 10—17 10—1(' 10—15 10—14
== Fqual
NHNM ]
_ ===+ Unequal (ends)
1073 |

ULDM-electron coupling (d,,,)

[ T=17s,
107" n = 2500,
Jp= le-5

1/vHz

-8
10 10—3

1072

101 10°
Frequency (fy) [Hz]

10!

250ms 1\ '/ 25H
AGGN:C_HﬂOOm(i) ( )
w CH w

a

AgeN > Az
w<Lw/T

l

P x wAz

baon x wAz

l

ds independent of Az
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Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV ULDM mass (mgy) [eV
- ¢ - (]
10_2 10—17 10—1() 10—15 10—14 10_2 10—17 10—1() 10—15 10—14
NHNM —-— Equal —:— Equal
10-3| ===+ Unequal (ends) | 10-3| — Unequal (centre) |
—-==- Unequal (ends)
—al a4l (@)
10 10 7,/{
5,
W\
_5 _5 © 2,
10 107 2,

ULDM-electron coupling (d,,,)
ULDM-electron coupling (d,,, )

07 | = 1 km o
T=1.7s,
10"} n = 2500, 107
o= le-5 1/vHz
10753 102 101 100 o0 1090 102 10T 100 10!
Frequency (f,) [Hz] Frequency (fs) [Hz]
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Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV] ULDM mass (my) [eV]
10~ 1071 10-° 10~ 10-1 10719 1075 10"
10_2 T T T T 10_2 T T T T
—-— Equal —:— Equal
NHNM T .

10-3 ===+ Unequal (ends) | 10-3| — Unequal (centre) |
3 2 ===+ Unequal (ends)
2 10 2 1071
= e
= =
3 3
=] 10_5 = 10—5
2 S
E g
B —6L o —6L
Z " L=1km =
= T=1.7s, 3

107" n = 2500, 1077

S@= 1e-5 1/VHz
-8 L L L -8 L 1 1
10708 1072 107! 10° ot 0 1072 107! 16° 10"
Frequency (fy) [Hz] Frequency (fs) [Hz]

The gain from adding more than 3 interferometers is less dramatic



Solution 4: implementing multigradiometer configurations

ULDM mass (my) [eV]
10~ 10719 1075 10"

1072

—— cg=205m/s, N =5

10-3k ——=- cyg=3232m/s, N =5 I

1074 L
107°¢

10—6 L

ULDM-electron coupling (d,,, )

T=1.7s,
107"} n=2500, 3
o= 1e-5 1/vHz NHNM
107073 102 101 100 10!

Frequency (fs) [Hz]

A longer decay length renders the multi-gradiometer set-up less useful



Solution 4: implementing multigradiometer configurations

ULDM mass (mg) [eV]
10717 1016 101 10-"

,_.
S
[V

—— cg=205m/s, N =5 ]
---- cg=3282m/s, N =5 |

— — — —
= = = <
o o IS w

ULDM-electron coupling (d,,, )

Fﬂ
S
L

o= 1e-5 1/vHz NHNM
108

107 10~ 101 107 10"
Frequency (fs) [Hz]

A multigradiometer configuration may be useful in strata with low c,




Conclusions

Very long-baseline atom gradiometers will be excellent accelerometers, ULDM sensors,
mid-frequency GW detectors and more!
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GGN.
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Conclusions

Very long-baseline atom gradiometers will be excellent accelerometers, ULDM sensors,
mid-frequency GW detectors and more!

The sensitivity of terrestrial long-baseline experiments at low-frequencies is limited by
GGN.

Can regain sensitivity in the frequency window (0.1-10 Hz) by:

Choosing quiet sites

Selecting optimised sequence parameters

Selecting sites with high Rayleigh wave propagation speeds
Employing a multigradiometer configuration

AWONR
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Conclusions

Very long-baseline atom gradiometers will be excellent accelerometers, ULDM sensors,
mid-frequency GW detectors and more!

The sensitivity of terrestrial long-baseline experiments at low-frequencies is limited by
GGN.

Can regain sensitivity in the frequency window (0.1-10 Hz) by:

1. Choosing quiet sites

2. Selecting optimised sequence parameters

3. Selecting sites with high Rayleigh wave propagation speeds
4. Employing a multigradiometer configuration

Future work: Mitigation of GGN through active noise-filtering techniques (seismometer
array), multi-strata models (Rayleigh overtones).
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