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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 &~~~

Laborsloire Soutenain & Bas But
Low Name sy oo &

« 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 :
Metrology
and
atomic

Farak:
Geophysic i
s and,
Bordérasiximent 8
lasersoperation®g
instrument ;
development

— . “ttiotype
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Can we extend the frequency band of state-of-the-art GW detectors?
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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
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How to extend the frequency band of state-of-the-art GW detectors?
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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

PIIVSICAL BREVITW T 28, 123007 | N0e)

Atomlc gravitational wave nterferometric sensor
Savas Limopouis.' ™ Feier W, Grahuen,” ' Juson M. Bogan,” Mark A. Kusevich.? und Sugjet Kagendrun ™4
ompornsent af Micewe Shacfind Leran, Stavfoal Calfanne G585 18
"SLAC Sumitand Universire Moo Ruk. Cslfomia Y028 054

Enable to overcome: (R 75 At 8, el 19 Tare b GG
» Limitations related to suspension systems.

« Radiation pressure noise.

Sensitivity to Gravity Gradient Noise is the same !

Free falling atoms Suspended mirors .
fluctuation fluctuation

- -
- -
- * -
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Networks of Als for Gravity Gradient Noise cancellation

Example of the MIGA Geometry

Effet GW o« kh( X, — X,)
« Gravity gradient o 2 kT? [a(XI) — a(Xj)]

THYSCAL KENIEW D 92, D21101(K ) (2010,

Laa Treguency graviatianal wave detecthion with graunc-hased alam
Bleferamens arrays

W, Chaib,'” B, Geiger,”' B. Camuel” A, Bertold,’ A Lindragin® and P, Regysr’
"ARTEMIS, Univernté Cawe Fhnw. ONBS and Ohsemaroive de by Cawe S Ane. FLA8 Nive, Frowee
LNE-SYNTY, Otarr s ooioe o Parts, P7L Kewearch Univenty CNEN Sorvonwe Usberaiels
OME" L Parie (6 Al svomvwe do T lhonawes. 7018 Pans. Frowce
LP2V, Labosaanre Frosonigae, Nurwngwe o Nasosciences Lnwra e Boraecs JOG S CVES UNE
SME e Miverrond. F. 2240 Tokwcr, Fromce
Rowe ved 23 Juse 3015, publadeld 15 hana) 2016)

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

correlations

GW signal

Inertial signal
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Networks of Als for Gravity Gradient Noise cancellation

= Strain sensitivity

Spiw) Salw) 1S,(x) = Shot noise
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W. Chaibi, et al. Phys. Rev. D 93, 021101(R), 2016 frequency (Hz)
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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

|
107 .. - - -Seismic GGN for 16 km Al gradiometer 1
TS, —— Seismic GGN for array of Al gradiometers
: — Atomshot naise limit of AI array
QA lo-ls -~
T
Q lo-m - rl lv 4 '|
‘= [
= .
v \
10 2 ’
10 “*L —
10 10

Frcquency (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)
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Tools for next generation Matter-wave antenna

Measurement noise 100 times lower than the quantum-
projection limit using entangled atoms

Nature 529, 505-508

4 'w. "
,.- S "”_'T
”I '/' \
~ (l‘ / v

“‘A 1.@- ow ] Py
W e E :
-t

:n 428

Dt 2w 0 3 SO e O e -
.

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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Underground site (LSBB) for MIGA




MIGA at the LSBB site

« Adismissed mmtary facmyy
« “Former command centrgffor nuclear force

[ T .r um—um v
e s B8 20 | v g s b
e un.c ot v o idare

* Infrastructure works will start end 2017
« MIGA installation: mid 2019

MIGA, GDR Ondes Gravitationnelles, 20/06/2018



The MIGA Instrument
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LSBB, a site of geological interest

(-.“_f'\\
~
' "'T-—,.-_ — ) ﬁ \\‘/
» 2FT. =30 seismic array - 4 e — _%ﬁwuwmwaw
' o ' = 3 sQuip? magnetometer . g o Laborslois Soutemain 5 Ba
* Hydro acquisition_ - :

'--jv_A

Iy
4 v S
nncnnn":':.'r;%g:.msnn \ feri | = Within one of the main seismogenic region of France
[ ——— v * Access to the unsaturated and saturated rone of the
:;:::_? : ;3_ B ,& | f_ . catchment of Fontaine-de-Vaucluse aquifer
T SEmmms DTITELT e g7 K|+ Easy access to a carbonate platform, geological analog
TEIITES e of middle east Urgonian cil fields

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

. . . . & ST
Environmental noise may prevent to reach detection noise LSBB & -~
(quantum noise) easily. B
Usual suspects: seismic and magnetic noise

107,
107 Tipical lab conditions (filtered) RMS noise on Al
= measurements induced by
T seismic noise:
a
& 0,=640 mrad ‘ 0,=60 mrad
£
C
S
©
o
(0]
3
<
10— ‘
102 107 10° 10' 10° 3 |
Frequency (Hz)
Underground operation enables Al to @ 2
reach optimal performances )
% ) _ '
See T. Farah, et al., Gyroscopy Navig. 5, 266 (2014). ~ 5 10-10 g-= 0.5 pGaI T
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Collaboration with TOTAL to predict escalated site

Core analysis and wall imaging

Geological modeling /

Carbonated reservoir prediction/* S

Environment NN

hydro-geological analysis around AN N Core area 240_ m - C1-C3 MIGA
MIGA D Tank exploration

Geotechnical anticipation of drilling
Seismic models
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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

v PSD from Seismic local acceleration l(mls’W H:)

Frequency [Hz)
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Projection for seismic noise
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Projection for seismic noise

MIGA (current design)
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frequency (H7)

MICGA strain sensitivity. In bine (resp. red) seiamic GGN projection from Lsbh 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
groom).
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Projection for infrasound noise

Selfp o (eS0T

e vabalify 1o

101 10%
Irequency (Hx)

Histogram of the outside pressure variations 500 m above the future MICA gallery with 10th,
50th and 90rh percentile in red and Bowman low, mid and high maodel in dashed black.
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Projection for infrasound noise

MIGA (current design)
0 .
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MIGA sirain sensitivity [or the infrasound GGN, with data [rom Buwinan 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 Gradiometer

Twe celd atoms sources

* One cold atom source Two parallel 5.7 m long cavities

Study of differential measurements
(gradiometer)

« two parallel 80 ¢cm long cavities

* Study cavity enhanced Bragg pulses < Testing the equipment
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Accelerometer set up

Interferometer zone e e o e e e e e e e
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Accelerometer set up

Interferometer zone

Cavity

r@“*&“ - SYRTE Rb ~107% mbar

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

Preparation : velocity an magnetic
selection with Raman beams

Interferometry with intracavity Bragg
pulses

Detaction by flucrascence with sheet of
lights
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Accelerometer set up

1961 nm injection hench B0 o inpection bench

L==800 mm

i~
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MIGA Status

201 2 2014 - First design of the inst nt

2016 - Publlcatlon (PRD) of the
dj;Néwfonlan 0| e suppressi

i;; techmque

2013 own Dl

2015 — Gravimet

2014

2013 - Project manager 2015 s s 14
hired from VIRGO - - 2016

suspension and
sensor
prototype

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

i l i - Arm Length (1 - 10 km)

Number of Al nodes (10 - 100)

Strain :10-20
Frequency 0.1 - 10 Hz

Alrlws o

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




