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Precision Gravimetry

Stanford 10 m Equivalence Principle test

General Relativistic effects in the lab
Velocity dependent forces
Nonlinear gravity

Height

Gravitational wave detection
AGIS: Terrestrial GW detection

AGIS-LEO: Space GW detection
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Cold Atom Inertial Sensors

Cold atom sensors:

e Laser cooling; ~108 atoms, ~10 uK (no cryogenics)
» Atom is freely falling (inertial test mass)
* Lasers measure motion of atom relative to sensor case

Some applications of atom interferometry (Al):
 Accelerometers (precision gravimetry)

» Gyroscopes

» Gradiometers (measure Newton’s G, inertial guidance)

Al gyroscope (1997)
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Light Pulse Atom Interferometry

e Vertical atomic fountain

e Atom is freely falling
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Lasers pulses are atom beamsplitters &
mirrors (Raman or Bragg atom optics)
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Light Pulse Atom Interferometry
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e Stimulated two photon process from far
detuned excited state kl
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e Effective two level system exhibits Rabi

flopping
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e Beamsplitter (n/2) and mirror (x) pulses ko
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Understanding the Inertial Force Sensitivity

Atom-Light interaction:

The local phase of the laser is imprinted on the atom at each interaction point.

; S
Ol = k'Xc(to) —wtlo ol

eLaser phase encodes the atom’s
position as a function of time

Height

eMotion of the atom is measured

w.r.t. a wavelength-scale “Laser-
ruler” (—0.5 micron)
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Example: Free-fall gravitational acceleration, (n/2 — n — n/2) sequence

Ap= (9o — d) — (I — &)
Ap = kesrgT?~gT?/ A
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Accelerometer Sensitivity

59 5¢’ 10 m atom drop tower
9 kefngz
A¢ = k‘eﬁ-gT2 ~ 3x10% rad (T ~1.3s,
keff — Qk)

Shot noise limited detection @ 10’ atoms
per shot:
1 -7
0p ~ —— ~ 3 x 107 " rad (— 1 month)

VN

dg < 107 ¢

Exciting possibility for improvement:
LMT beamsplitters with Ak.g¢ > 100hk [1,2]

[1] H. Mdlller et al., Phys. Rev. Lett. 100, 180405 (2008)
STANFORD UNIVERSITY [2] J. M. McGuirk et al., Phys. Rev. Lett. 85, 4498 - 4501 (2000)




Testing the Equivalence Principle
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Equivalence Principle Test

mrpa = magg

e Bodies fall (locally) at the same rate, independent of composition
e Gravity = Geometry

-1

Why test the EP? -
 Foundation of General Relativity 10 T
107" \\
1077 | B
e Quantum theory of gravity (?) 10" \\\\ \
“Fifth forces” _— \ \
107" " ) \ I. /
10—9 \\\ \\\.,\\ ‘\ II"., /
YN y N L
V r) = __ GM M 1_|_ ae—fr/)\ 1010 \ N A A
( ) r ( ) 107 B—L\\ Dilaton
“Yukawa type” 10-12 _
10—13 \
e EP test are sensitive to “charge” 20 o o o o 1o 1of 107 107 109 1010

differences of new forces A (m)
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Equivalence Principle Test

Use atom interferometric
differential accelerometer to test EP

10 m atom drop tower

Co-falling 8Rb and 8’/Rb ensembles

Evaporatively cool to < 1 uK to
enforce tight control over kinematic
degrees of freedom

Statistical sensitivity

dg ~ 10-15 g with 1 month data
collection

Systematic uncertainty

dg < 1015 g limited by magnetic
field inhomogeneities and gravity
anomalies.

Atomic
source
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Stanford Atom Drop Tower Apparatus

Atom Optics
Laser Setup

fon Pump AO Master Light
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Interferometer
Region
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Atom
Source

2D MOT Light
& X.Y Axis MOT Light

Ion Pump

RCS &
Mirror
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Differential Measurement

e Atom shot noise limit? What about technical noise?
- Seismic vibration
—> Laser phase noise

* Rely on common mode suppression
—> Both isotopes are manipulated with the same laser
—> Final phase shifts are subtracted
—> Suppresses many systematic errors as well
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Semi-classical phase shift analysis

Three contributions: L
e Laser phase at each node
 Propagation phase along each path -

e Separation phase at end of i
Interferometer

5
(=1 - VaVaVAVAV VAN AVAVAVAVAVAVAVAVAVAVAVAVAVAVY
N

Include all relevant forces in the classical Lagrangian:

L = l:-ﬂ{i‘ +Q x (r+ RE))E —mao(r+ R,.) — %ﬂ-B[r)E

. / \

Rotation of Earth Gravity gradients, etc. Magnetic field shifts
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EP Systematic Analysis

Use standard semi-classical
methods to analyze spurious phase
shifts from uncontrolled:

e Earth’s Rotation

e Gravity anomalies/gradients
e Magnetic fields

e Proof-mass overlap

e Misalignments

e Finite pulse effects

Known systematic effects appear
controllable at the 6g < 101> g
level.

e Common mode cancellation
between species is critical
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Phase shift
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General Relativistic Effects
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GR Back of the Envelope

Y0, With this much sensitivity, does relativity
— 1n—15
E ~ 10 start to affect results?

e Gravitational red shift of light:

S, T
oy & 4n—15
— T .~ 1U
cﬂ 1% C
O
Y  Special relativistic corrections:
2
Y 10715
(32
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General Relativity Effects

High precision motivates GR phase shift calculation

Consider Schwarzschild metric in the PPN expansion:

| ds> = (1 +2¢ +2B¢)dt> — (1 —2yd)dr* — r*dQ?

dv = . - e 2
—= "Vl + (B+ )]+ YB3 P2 - 207V + 205 - V)
Newton’s Gravity Kinetic Energy
g Gravity Gravitates Gravitates
v | _ ,.
— = —V¢ —V¢? —?V
dt 1 \
_C :
g ~ 10 Jg 1)29 ~
(can only measure changes on 1

the interferometer’s scale)

10 m 1=
1077 ( )fw1ol}
J REarth J
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GR Phase Shift Calculation

e Geodesics for atoms and photons
e Propagation phase is the proper
time (action) along geodesics

e Non-relativistic atom-light
Interaction in the LLF at each
Intersection point

Projected Experimental Limits:

Tested current Al Al Al Al far

Effect limit  initial upgrade future future

PoE 3x 107" 107" 107 1077 1071
PPN (3, v)[107*-107® 107" 1072 10=* 107°

Improvements:
e Longer drop times
e LMT atom optics
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Height

Lt
0t

Phase shift Size (rad) Interpretation
(1) —kogrgT? 3% 108 aravity
(2) —kegt(0,2)T v, -2 % 10° Ist gradient
(3) —3kepeT?v; 4 x 10" Doppler shift
4) (2 =28 — VkergdT? 2x 107! GR
(5) — %keff(a%g)T‘iUi 8 X 107 2nd gradient
(6) —SkesgT?>v7 3X107° GR
(7) (2 =28 — Vked, (ed)Tv, 2% 107% GR Ist grad
(8) — 12k 18° T3 v, —6x 1077 GR




Measurement Strategies

Can these effects be distinguished from backgrounds?

1. Velocity dependent gravity (Kinetic Energy Gravitates)

> Phase shift 5keggT™v;  has unique scaling with vr, 1’
- Compare simultaneous interferometers with different VL

2. Non-linear gravity (Gravity Gravitates)
B - Gravitational field
13 _ Newtonian energy!
(7 = —V[¢p + (B + y)p?] massldensity l '
4

Voo = V2 - 2(849) V- (dg) ~ —4nGp—2(3 +7)g’

Divergence: i

Can discriminate from

| | dv _ > 1rom
So, in GR in vacuum: \VAE — #+ 0 Newtonian gravity using
v three axis measurement
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Gravitational Wave Detection

STANFORD UNIVERSITY



Some Gravitational Wave Sources

Atom sensor frequency band: 50 mHz — 10 Hz

White dwarf binaries

e Solar mass (< 100 kpc)

e Typically < 1 Hz

e Long lifetime in AGIS-LEO band

Black hole binaries

e Solar mass into intermediate mass (< 1 Mpc)
e Merger rate is uncertain (hard to see)

e Standard siren?

Cosmological

e Reheating

e Phase transition in early universe (e.g., RS1)
e Cosmic string network G ~ 107°
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Gravitational Wave Phase Shift Signal

__.:: "
L{1 + hsin{wt))

G5 = s — (1 wem (™t = 9)))as; — (1 = wem(™( —2)))ad; - as;

Laser ranging an atom (or mirror) that is a distance L away:

Position > o~ L(1+ hsin(wt))

Acceleration > a~ hLw?sin(wt)

Phase Shift: A¢ = kaT? ~ khLw?sin(wt)T?

Relativistic Aot = 2hkeg Sin’ ( sin(wt)

wT) sin(wl)
Calculation:

2

F L]
A
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Vibrations and Seismic Noise

e Atom test mass is inertially
decoupled (freely falling); insensitive
to vibration
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e Atoms analogous to LIGOs mirrors
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1
|
!
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e However, the lasers vibrate

I
I

o
(=0~ A VWA VAV VAW AVAN AV o W
e ~
=
Ll - AVATAVAVA VW FAVAVASY:
(e}
\
/
lw]
AT ATAATANS
P
7/
L

e Laser has phase noise

Time

Laser vibration and intrinsic phase noise are transferred
to the atom’s phase via the light pulses.
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Differential Measurement

K (MO’ MIQ6|A 26b31LIr6q Irowy 1UL6LIELOWIEE6L? M2IUE COMIOU |J2612°

Measure differential

1 b i SR A ohase shift between the
two interferometers.
Gravitational wave
ol signal is retained in the
B

differential phase shift ~
]{eff hL

Laser vibration and phase

| noise cancels (up to finite
0 | . light travel time effects).
Distance
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Differential Measurement

K (MO’ MIQ6|A 26b31LIr6q Irowy 1UL6LIELOWIEE6L? M2IUE COMIOU |J2612°

Light from the second laser
IS not exactly common

Time

—> Light travel time delay is
a source of noise (f >c/L)

Control Laser L Passive Laser

Distance
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Proposed Configuration

e Run two, widely separated interferometers using
common lasers

e Measure the differential phase shift

fry
> AN
=

~10m
Benefits: #
1. Signal scales with length L ~ 1 km ~1km
between interferometers (easily increased)
2. Common-mode rejection of seismic & v
phase noise 1) ~10 m

NN
=

Allows for a free fall time T ~ 1 s.
(Maximally sensitive in the ~1 Hz band)

(Vertical mine shaft)
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Gravity Gradient Noise Limit

Seismic noise induced strain analysis for
LIGO (Thorne and Hughes, PRD 58)

10-#

10-%

=2

10—

| [ IIIII

10-2 | [T T i .
3 4 5 8 7 8 910 20 30
frequency, Hz

Allows for terrestrial gravitational wave

Seismic fluctuations give rise to detection down to

Newtonian gravity gradients — 03 Hz
which can not be shielded. '
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Projected Terrestrial GW Sensitivity (AGIS)

AGIS: Atomic gravitational wave interferometric sensor

107F Re 107* He 1% Hz 107% Hz 107 Hz 1 Hz 10 Hz 10° Hz 10° Hz 10*° Hz
10-1.4 10-.1.-1
107 | 1p7
107 | 1gL®
100 1077
107 | | T
2
Znz
. s L 4 1g-1%
le}'a':‘ i i 1&-2.'3
107 b 4 1%
1075 F { 0%
:]_5}'2'3 o] 1 1 1 1 1 1 1 1 1 1&'23
10°F Bz 197% Ez2 1e°F Hz 1907% Hz 10°' Hz 1l Hz 10 Hz 19% Hz 12% Hez 10 Hz
f
setup | L | Eof | T | Ir | Phase Sensitivity | fa
Terrestrial 1| 1km [1.6 =107 m™t | 14s| 10m 1074 rad 10 Hz
Terrestrial 2| 4 km [1.6 = 10" m~ | 4.5 s | 100 m 107° rad 10 Hz
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Motivation to Operate in Space

» Longer baselines
» No gravity bias (lower frequencies accessible)
» Gravity gradient noise

What constrains the sensitivity in space?

e LMT beamsplitters: v, ~ 1 m/s (200Ak)
e Low frequencies: 7 >1s

e The satellite must be at least v, 1'> 1 m
e Gravity gradient noise from the satellite

Move outside and away from the satellite.

STANFORD UNIVERSITY



AGIS-LEO Satellite Configuration

L~30km

e Two satellites

e Al near each satellite

e Common interferometer laser

e Atoms shuttled into place with optical lattice
e Florescence imaging

e Baseline L ~ 30 km

STANFORD UNIVERSITY



Low Earth Orbit

LEO Incentives:

e Nearby: minimize mission cost
e Operate in Earth’s shadow

e Earth science opportunities (?):
magnetic fields and gravity gradients.

) —
) 40¢ IAGIS—LEO
3 30}
E I
£ 20}
it
=10b |
LEO Challenges: 002000 4000 6000 8000 10000 12000
Altitude [km|
e Vacuum
e Earth magnetic field, gravity gradients
e Large rotation bias; Coriolis deflections 1000 km orbit is favorable
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LEO Rotation Bias

Coriolis deflections can prevent interference: Az ~/i/Ap~ 10 jym /2228 (coherence length)

With AGIS-LEO parameters, the transverse displacement is:

20 x v|T? = Qo (kee/m)T* ~ 2 cm

" 1
,éC—i

Standard three pulse (n/2 — n — ©n/2) sequence does not close.

1. Double diffraction beamsplitters 2. Multiple pulse sequences
O . O . -
I | T
R = il
?‘T4/4$ T,/2 $T4/44
NN /2 T | /2
Il I
N. Malossi et al., Phys. Rev. A 81, 013617 (2010). B. Dubetsky and M. A. Kasevich,

Phys. Rev. A 74, 023615 (2006)
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Al Geometry with Large Rotation Bias

v E E Of ®E Pt T De T 9/4
s} -~ H o
z |em)] ) . ’I,a" 'S //' ]
[ —£r - ' ‘G -
4j / g - \ ’,*—""‘\ : B t\\'\ ’,””. : 3T 5/2
| / i L - . i
2f ."- C - r’r \‘;\E —4r ‘L“"""---r--"'"- 7
A_ | E.:; ‘\\ H 5T 9/4
B R S T T ﬁ*ﬁ? thsl ~6l—— e -
N0 FA / — 5
_2 ‘\\ B ;r"D . -G x [m] 6T 2
\‘ 4"’.w'
—4 L

e Beamsplitter momenta chosen to give symmetry and closure
e Insensitive to acceleration + gravity gradients
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AGIS-LEO Sensitivity

Five pulse sequence; shot noise strain sensitivity | Ferr = 2007k
6¢ = 10~* rad/vHz

, 7T+ 8coswT'\ .
A@G\N = Skeﬂ'hL SIH4 (UJT/Z) ( 5 S111 HGVV T = 4 S
L = 30 km
]_[]_J"1 = T T T T T T T T T T T lI T T T T T =
10715} 10° Mg, 1M BH, 10 kpc
™,
107F ]
™,
\‘\
10-17¢ \, a _ |
\\ .
107 "% F LISA™, ) i
~, = L
! M ikl
= t_: 10-19} b=X A AGIS-LEO
. - ! |I |
IU—ED | d | |III |
021 10° M, 1M BH, 10 Mpc L ]
Y LIGO— |
10_22 B k \\_ f ]
10~ 231 ™, \\;"j'_kd_"-'_l_-]._(:'_o'
107%'k .

10°Hz 10°*Hz 10°Hz 10°Hz 100'Hz 1Hz 10Hz 10°Hz 10°Hz 10'Hz
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Three Satellite Configuration

Observation of stochastic sources require correlation among multiple detectors.

Three satellites with an Al pair between each.
(3 independent detectors)
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AGIS Stochastic Sensitivity

10~*Hz 10~%Hz 10~ 'Hz 1 Hz 10 Hz 102 Hz 10° Hz
1 [ T T T T T T T _1
1072 41072
-4 _ —4
10 ,/BBN +cMp  ——LIGOS4 710
L N 1106
Initial LIGO
i 10—8
Advanced LIGO l10-10
_ 10—12
_________ [ﬁﬁa?ian_"""""""_ID_H
10-16 RSl 110716
10—13 | 7] 10_13
10%Hz 10~%Hz 10~ 'Hz 1 Hz 10 Hz 10% Hz 10° Hz

Frequency
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Boom Configuration

«Single-satellite design using light, self-deploying
booms (> 100 m, commercially available)

Boom can be covered in thin, non-
structural wall to provide protection from
Sun + improved vacuum

eAdvanced atom optics (LMT, etc.) needed to
compensate for shorter baseline

eScientifically interesting sensitivities
possible

10-16/Hz2 — 10-18/Hz2 (10 mHz — 1 Hz)

Image source: ABLE Coilable booms (http://www.aec-able.com/Booms/coilboom.html)
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