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MIGA Project
 Gravitational wave physics

« Demonstrator for future sub-Hz ground based GW detectors
» Geoscience
« Gravity sensitivity of 10-10g/Sqrt(Hz) @ 2Hz
« Gradient sensitivity of 10-13 s-2/Sqrt(Hz) @ 2Hz: geology, hydrogeology...

A new large instrument combining matter-
wave and laser interferometry

A Large research infrastructure
hosted in a low noise laboratory

(SBB A~

Laboratowe Souterrain 3 a Bas Bruit

« Two 200 m horizontal optical cavity coupled with 3 Al
« Possible evolutions towards 2D or 3D instrument on
site
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Design of a large-scale instrument
with interdisciplinary applications
based on recent advances in atomic
interferometry: MIGA is the first of a
new generation of detectors both built
underground and using quantum
manipulation of atoms for
geosciences, seismology and
fundamental physics.

Coordination of experts in
fundamental physics, geosciences
and astronomy.

A first generation of research facility
enabling high-precision tests to be
carried out by different communities.

An important step towards a low-
frequency gravitational strain sensor
with an interest in the detection of
gravitational waves and also
geophysics.

Paris :
Methrology
and
atomic

JeIsdeak
Geophysic s
sand,ﬂ;
Bordéresiiximenf i
lasersoperation®;
instrument

development
H.i@‘js e
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First direct observation
14/09/2015 5 LIGO Hanford Data Predicted

Coalescence of a black hole
binary system (36 Mg+29 Mg)

Open the way towards
« gravitational astronomy »

Strain (102")

035 040
Time (sec)

Interferometric detectors




Can we extend the frequency band of state-of-the-art GW detectors?

Hanford, Washington (H1) Livingston, Louisiana (L1)

S
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 z

Time (s) Time (s)

Characteristic strain amplitude
3
=

Ana, arxiv.org/1602.06951

103 1072 107! 10° 10 10% 10°
Frequency (Hz)

State-of-the-art GW detectors sense the ultimate evolution phase of binary systems
« Atransient of a few hundreds of ms which corresponds to system coalescence

With low frequency detectors (f<1Hz)
« Observation of the same sources on quasi continuous timescales T « fngB

A new astronomy is possible with low frequency detectors
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http://arxiv.org/1602.06951

Can we extend the frequency band of state-of-the-art GW detectors?

e New observables
* New sources

: lllllm'l llllll"l llllll"l llllll"l llllll"l llllll'l'l] T
;lace . _

.
S

10°3 1072 10° 10° 10 10° 10°
Frequency (Hz)
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How to extend the frequency band of state-of-the-art GW detectors?

g __TCCC = Seismic noise
=== Gravity Gradients
=== Suspension thermal noise

|
|
|
10 E:E o = = = Coating Thermo-optic noiseIEI:It EE
N -I= FH = = = Substrate Brownian noise |-+ H H
% - Excess Gas S
-, —I— L || == Total noise AUy L. .
c | —r— ] imitations for <10 Hz:
o S O- T IFHEEE - IO IHA T .
- 10 %’.5‘4 3354+ Radiation pressure noise

— - . . .
---=-=+nn e |mperfections of Mirror suspensions
r--r1-m i © « Gravity gradient » noise

|

« Advanced LIGO » Sensmwty mt N3 :'f'f 'ff

S - k= |\|||||m 1 1..5'r-|4.:.. !

10° 10’ 10° 10° 10°
Frequency [Hz]
« Gravity Gradient » noise mass
fluctuation

Fluctuations of the Earth gravity field
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Cold atoms for GW detection ?

Let's use free falling atoms as “test masses” instead of mirrors

PHYSICAL REVIEW D 78, 122002 (2008)
Atomic gravitational wave interferometric sensor
Savas Dimopoulos,"* Peter W. Graham,>" Jason M. Hogan,""* Mark A. Kasevich,"* and Surjeet Rajendran'>!

! Department of Physics, Stanford University, Stanford, California 94305, USA
SLAC, Stanford University, Menlo Park, California 94025, USA

Enable to overcome: (Receved 5 Augu 3008: pabishe 13 December 2008
» Limitations related to suspension systems.

« Radiation pressure noise.

Sensitivity to Gravity Gradient Noise is the same !

Free falling atoms Suspended mirors
mass mass
fluctuation fluctuation

P. BOUYER, Padova, 03/02/2018 8



Networks of Als for Gravity Gradient Noise cancellation

Example of the MIGA Geometry

Effet GW o kh(X, - X))

- :
Aq)at Aq)alj - Gravity gradient o 2kT* [a()(/) B a()(!)]

PHYSICAL REVIEW D 93, 021101(R) (2016)
Low frequency gravitational wave detection with ground-based atom

Discrimination between GW effects and interferometer arrays
gravity gradients using the spatial R G o e L o
resolution of the antenna e e povie 06, 1 v e 1 Obsormosane 25015 Pt Fremer "

3LIQN, Laboratoire Photonique, Numérique et Nanosciences Université Bordeaux-I0GS-CNRS: UMR
5298, rue Mitterrand, F-33400 Talence, France
(Received 23 June 2015; published 15 January 2016)

 Low frequency (10-2-10 Hz) GW detection limited by detection noise
 Measures of the local gravity field = Geoscience

P. BOUYER, Padova, 03/02/2018 9



Networks of Als for Gravity Gradient Noise cancellation

Use of Al offers possibility to spatially resolve gravity

=GW have long wavelength while GG have short characteristic length of variation (1 m
— few km)

=Correlations between distant sensors provide information on the GG noise and
allows to discriminate it from the GW signal

mass
fliuchiation

correlations

GW signal

Inertial signal

P. BOUYER, Padova, 03/02/2018




Networks of Als for Gravity Gradient Noise cancellation

= Strain sensitivity

Sa(w) 4S.(w) = Shot noise
L2 T 16NL2(2nk)? sin*(WT)2)

/ - Seismic noise
1

2N
Sa(w) = 37 > (C(Xi, X, w) + CL(X,, Y, w)
i,j=1

Sh(w) =

-

strain sensitivity (Hz™"?)

<
" Y £
= z
L -
. - > c
' 8 : E
Laser ‘.. I/L/l *..l/‘/l‘
i=1 i=N i=N+1 i=2N
10-25-2 ‘ ‘“”“I-1 I ‘“““IO I ‘II““I1 I 2
10 10 10 10 10
W. Chaibi, et al. Phys. Rev. D 93, 021101(R), 2016 frequency (Fz)
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Next generation Matter-wave antenna can reach sensitivity

Dense arrays of Atom Interferometers could be used as future GW

L
- -
A 4l e L,=32km
Laser *. . e - *. e I « N=80 gradiometers
i= i=N i=R-1 | * baseline L =16 km

=2N
>

tot

« Gravitational Wave signal can be extracted using a spatial averaging method
» N Correlated gradiometers enable to average the GGN over several realizations

Hu (D= S (0

« The geometry of the detector (6,L) is chosen with respect to the spatial correlation
properties of the GGN.
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GGN reduction with an Al network

- - -Seismic GGN for 16 km Al
— Seismic GGN for array of Al gradiometers
—— Atomshot noise limit of Al array

Strain (Hz ")

P. BOUYER, Padova, 03/02/2018

Frequency (Hz)
Gain of about factor 10 in the 100 mHz 1 Hz band

Space for improvement using all spatial information of the network (use
different baseline L in the numerical treatment)

gradiometer




Tools for next generation Matter-wave antenna

Measurement noise 100 times lower than the quantum-

projection limit using entangled atoms
Nature 529, 505-508
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Quantum superposition at the half-metre scale

Nature 528, 530-533
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Stability enhancement by joint phase
measurements in a single cold atomic

fountain Phys. Rev. A 90, 063633
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(i) Preparatnon«l L— (iii) Detection
(i) Shared Pulse

Detection
Beam

MOT Beams
Atom Launching

Control

Phase Locking a Clock Oscillator to a Coherent

Atomic Ensemble
Phys. Rev. X 5, 021011
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Underground site (LSBB) for MIGA




MIGA at the LSBB site

Galerie de
secours

» Adismissed mmtary facmyy
“Former command centrgffor nuclear force

tire-
sol beton Isse sans ferra illage.

Cavités et élary g issements : formes et
tailles a défini ant le design de Entrée du
l'instrument LsSBB

* Infrastructure works will start end 2017
« MIGA installation: mid 2019
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The MIGA Instrument
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Cavité C3
X = 852506.6174
Y = 186589.5004

Cavité C5
X = 852626.1733
Y = 186749.8326

200.00

Cavité C1

X = 852666.9496
Y = 186469.9446
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X = 852640.2327
Y = 186757.3759

Galerie de Jonction

&

Galerie Principale

X =852683.9554
Y = 186457.2638

MIGA
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LSBB, a site of geological interest

: 3D seismic array
o SQUIDZ magnetometer
Hydro acquisition.w_},

A

“mo  [SBBA -

it ~— Laboratoire Souterrain a Bas Bruit
e ise Inter Discipli d d Science & Technok

padar
doph 300 S

|

W wsretansme

mcmﬁf.oz‘n:{%g;wms P~ 1« Within one of the main seismogenic region of France
e ——— [© ammn 2% - * Access to the unsaturated and saturated zone of the
Faullo secondare decametnaue -T2 0 \/ . .
A catchment of Fontaine-de-Vaucluse aquifer

o470/ 5 ¢ EaSy access to a carbonate platform, geological analog
of middle east Urgonian oil fields

— Faille $6CON3ITe Svec 20N broyée
Ge 5410 m Tépaisseur

PM 238 : Point Métrique 238 m

MIGA: Access to gravity gradient & higher orders, long term fluctuations
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L SBB, a low noise site for MIGA

Environmental noise may prevent to reach detection noise LSB\
(quantum nOISG) eaS”y LaboratoweSouterramaBasBrmt
Usual suspects: seismic and magnetic noise

-4

10

RMS noise on Al
measurements induced by
seismic noise;

0,=640 mrad ‘ 0,=60 mrad

Tipical lab conditions (filtered)

Acceleration m.s-2.Hz-1/2

Systemes de Référence Temps-Espace

10 10 10° 10 10 z 1§
Frequency (Hz)

Underground operation enables Al to 1
reach optimal performances

See T. Farah, et al., Gyroscopy Navig. 5, 266 (2014). =~ 5 10-10 g-= 0.5 pGaI N .
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Collaboration with TOTAL to predict escalated site

Core analysis and wall imaging
Geological modeling
Carbonated reservoir prediction
Environment /
hydro-geological analysis around
MIGA

Seismic models

Core area 240 m - C1-C3 MIGA
Tank exploration
Geotechnical anticipation of drilling

P. BOUYER, Padova, 03/02/2018




Projection of GGN for MIGA

Sources Gravity Gradient noise on detector site (10-2-10 Hz)

« Seismic GGN
» Atmospheric GGN
« Other : geophysical properties (hydrology), linked to human activity

Seismic GGN for MIGA at LSBB

e STS-2 sensor

Ratio of maximum probability

v PSD from Seismic local acceleration [(m/s2)/v Hz]

10.11 e alior - S ; L
1072 101 10°
Frequency [Hz]
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Projection for seismic noise

z)

Seismic spectrum (m.s"zj H

P. BOUYER, Padova, 03/02/2018

10

10 10°
Frequency (Hz)

(a) on a "quiet" month (august)

probability ratio

z)

Seismic spectrum (m.s2/vH

10

10! 10° 10?
Frequency (Hz)

(b) on a "noisy" month (February)

25

0.9

probability ratio




Projection for seismic noise

MIGA (current design)

—y

o
L
o

10‘12
=)
o=
Z 1074
=
2
£ 1070 WO PR NaLl
z COOTEEEAAUON MIGA (improved design)
5 s XN\ S/N x 10, LMT 100 hk
3 | i
= 1 RS

1020+

10-22 | . P S S S PR --i\

1072 10" 10° 10"

frequency (Hz)

MIGA strain sensitivity. In blue (resp. red) seismic GGN projection from Lsbb 50th percentile
of a quiet week (resp. 90th percentile of a noisy week), in dashed black from Peterson model data, in
green detection noise for MIGA in its initial configuration (light green) and for an improved version (dark
green).
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Projection for infrasound noise

10!
0.9
10° 0.8
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. Histogram of the outside pressure variations 500 m above the future MIGA gallery with 10th,
50th and 90th percentile in red and Bowman low, mid and high model in dashed black.
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Projection for infrasound noise

MIGA (current design)

-

o
-
o

—

o
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N
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L
>

'MIGA (improved design)
‘SIN x 10, LMT 100 hk

strain sensitivity (1/vHz)
s 3
® >

S
5

1022 I I N N N N O I AN
107" 10° 10"
frequency (Hz)

MIGA strain sensitivity for the infrasound GGN, with data from Bowman model (dashed black)
and from data gathered on site at the Lsbb (50th percentile in blue and 90th percentile in red).
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MIGA status and perspectives




The MIGA antenna
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Test and callibration set-ups

Accelerometer

» One cold atom source

» two parallel 80 cm long cavities

» Study cavity enhanced Bragg pulses

P. BOUYER, Padova, 03/02/2018

Gradiometer

Two cold atoms sources

Two parallel 5.7 m long cavities
Study of differential measurements
(gradiometer)

Testing the equipment

31



Accelerometer set up

Interferometer zone

Cavity
beams

’--------—
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Accelerometer set up

Interferometer zone

* Loading a 3D Magneto-optical trap (MOT)
with a 2D MOT

» Preparation : velocity an magnetic
selection with Raman beams

» Interferometry with intracavity Bragg
pulses

» Detection by fluorescence with sheet of
lights

»
-

£
]
s’ﬂ
51;
0s
a7 10° 10 b i W e %W ”(m, 50 E—r
— m ar after launch (ms;
va Il‘e -~SYRTE Rb
@ 'ﬁ% T~ a4k

Fountain configuration
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Accelerometer set up

o6s )’

1560 nm injection bench 780 nm injection bench

0.60

] L=800 mm
. f=400 mm  f=400 mm

Probabilky transition
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MIGA Status

2012 2014 — First design of the instrgm

2013 Oown St

2015 — Gravimet |

2014

2013 - Project manager (015
hired from VIRGO

2015 - First
suspension and
sensor
prototype

4 VOUARE’ Timmwi\ 3:”‘::,‘ A e
2016 — GW discove
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After MIGA : ELGAR

European Laboratory for Gravitation and
Atom-interferometric Research (ELGAR)

Svync with other GW observation instruments
3D antenna confiquration

Arm Length (1 - 10 km)
Number of Al nodes (10 - 100)

Strain :10-20
Frequency 0.1 - 10 Hz

Aleters

“full band analysis”, gravitational noise analysis
improvement, joint data management and analysis

P. BOUYER, Padova, 03/02/2018 36



Conclusion

MIGA will be a new infrastructure for a large community
Study new measurements methods for geophysics
Opens perspectives for low frequency GW detection, future of GW astronomy

GGN is a strong limit for earth based detectors

Arrays of Als can be configured to reject GGN




