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Gravitational waves ¢

— What are GW ?

v The GW are elastic deformations of the space-time metric (GR prediction)
v Transverse, quadrupole waves
v Observational effect : Variation of the light-distance between 2 masses initially at rest.

PARIS

—Indirect evidences (up to now ...) :

v Binary pulsars (Hulse & Taylor)
v Imprints of GW in the CMB (BICEP2) ? Probably not (yet) ...

T Amplitude
BicER? | T de |'onde

Déformation

10+1)C %% 2n (uk3

gt
g:\
@

Cumulative shift of periastron time (s)

10°
Multipole
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Low frequency sources of GW

Estimation of GW amplitude for a source of
mass M, compacity «, at a distance r :

GM M 30kal &k
h ~ 2 ~ 10 Mk
3 D s 10/001

rc?

G e S
o) 22 ol el

x M 0,001

v Very massive and compact objects (super-massive BH, —_—
white dwarfs binaries, etc.) can produce significant
signals
Can be detected at very large distance (h scales
as lAaee
But these sources are within the mHz to Hz range
(cannot be observed by earth-based interferometers)...

—iTypical example : SMBH coalescence
v M=10° MSOI/ Z:1/ K:O/S — S (1 nm/Mkm)/
=Meembz

v Liuetal, 2011 : ~3,5 % of AGNs @z=0,1 are
interacting (SDSS survey)

Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei S

v -
Q .
O Compact Binaries in our
S Galaxy & beyond
O < >
58 Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes > &
wave period age of g 3
2 universe years hours sec ms

log(frequency) -16 -14 -12 -10 -8 6 -4 -2 0 42

Detectors

D - - - — > +— —
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers interferometers

polarization




=i e
e

iy Bt iy
B el it HE
e gl

e e SR L p ey e

=
T E
T

gl

Ragiant
T
SRR
e




M |
e |
N |

— Detection principle : it
v 4 inertial masses (2/bras)

v arm length : 1 000 000 km
v ~1W laser emitted by the ‘mother’ towards the
‘daughters’ and sent back after phase locking and

frequency shifting / 60° \

,/

Daughter |

Q S/C

dimanche 8 mars 15

v long distance metrology thanks to heterodyne T milion km o = 1 million km
interferometry (carrier frequency ~5-15 MHz) \ |
v detection bandpass : 0.1 mHz to 1 Hz
Earth 1 million km D &
Mother S/C
iv’
60°
/\ /
i
1 AU (150 million km)
@
Sun
\ o
Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015 ° 6
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't distances :

—— Variation of the inter-spacecra

v Doppler effect
v variable pointing angles (breathing)
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v
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N
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Trme Delay Interferometry

5 = :

\ >~ AP
’

-
PARIS
DIDEROT

——{Phase noise propagation in an unequal . % %
arms interferometer 2"

--------------------------------------------------

Laser
source

--------------------------------------------------
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‘: 2L,

S>(t-2L.) oL
2

| 53(‘1 2L,

S3(t-2L )
Dl 2L,

< il

sy(t) + s3(t-2L;) - [ ss(t) + sx(t-2L,) ] =0 ...
= Cancellation of the laser noise ...
Also modifies the detector response to GW

e T A R R R A R R R L

The cancellation is perfect only if the distances L, and L3 are perfectly known
Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015 9
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—— 3 separate measurements (heterodyne interferometry)

d=d1+d12+d2

d12

“Optical Readout" "Science Interferometry” "Optical Readout”
(ORO) (Long Arm Interferometry) (ORO)

PM | OB EADS = - OB | PM

1 Mio. km
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Some more details ...

— Main payload elements
Gravitational Reference System (GRS)

‘DIDEROT

PARIS

v

v Phase & frequency extraction (Phasemeter)
v Telescope

v Laser source

PRN2  carrier/sideband

-~
phase readout -

Clock SIC 2

. o
;ProofMass25
|

L)“Iﬂ“n_

E
E
E
E
o

Laser confrol -

IFO: Interferometer
QPD: Quadrant photodetector ‘.
PRN: Pseudo-random noise [ ~ 106 km

Travel time ~3,3 s !

Esteban et al., «<Experimental demonstration of weak-light laser ranging and data communication for LISA.», Optics Express, 2011, vol. 19 p. 15937

v

Carrier/side band
phase readout

11
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(linear spectral density)

T T T ToTTTTT T T TTTT T ToTTTTT
= Simulated eLISA sensitivity
E 10— 15 _ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,, 3 _
i i Main contributions
: e | acc. noise (1 TM): 3 x 107 m.s~ 2 Hz /2
-45 10 TN """"""""""" interfer. noise 12 x 10712 m.Hz 1/2 B
§ %\ armlength : 109 m (0.15 Hz cut-off)
- ¢,
= 1077 % NN\ TS R iiio, e -
—~ 6& 3
£ K2
21078 b o N e e N
— - | < :
S | :
- | ;
=107 b N N NG A
E -
< I 3 }
sy -20 | T mte,r,ferom,,etry ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
n 10 i | (incl. shot noise) |
107° 10~* 1073 10 2 10—1 10°
Frequency [Hz|
20
C black hole - black hole mergers
18
space based
16 gravitational wave
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log(M/Mo)
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Characteristic strain amplitude

~N
e

.

Limiting noises and performance

Time, sky and polarization averaged eLISA sensitivity
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1month
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10"

sl
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Inspirals Galactic binaries

~== BHbinary e resolved

== EMRI ® verification
1 confusion
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Signal-to-noise ratio (SNR)
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LISA Pathfinder

——The LISA Pathfinder satellite will test key-technologies for eLISA :

v Residual noise in differential acceleration (i.e. drag-free performance) :

1
473
1
2 ()| Tk v/
52 (1) RSOl 1+ <3mHz> ms~ “/vVHz

v Displacement noise :

1 Hz\ *
Zms(£)/= 9.1 x = =ull 1 (3”; Z) m /v Hz

— 4 1 Mkm — 4
L 2 e >
N 7
<) 3
géodésique géodésiqu
>
QB — 30cm. -

géodésique @

& géodésique 14
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Overall layout of the LPF p
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DIDEROT

QO |
Dl
COIE §

PARIS

Vacuum
enclosures

Inertial masses
(Au:Pt)

Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015 16

dimanche 8 mars 15



mEe ]

AT

youd

Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015

dimanche 8 mars 15



Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015

dimanche 8 mars 15



10°

10"

olse

108 °C/JHz

10" 1 =—=ASD(splitiDMU_DAU1_TS13 OB I1m [DeqgC]))

~——ASD(splitiOMU_DAU1_TS15_OB_I2m [DegC]))
~=ASD(splitiDMU_DAU2Z TS14_OB I1p |DegC)))
~—~ASD(splitiDMU_DAU2_TS16_OBI_I2p [DegC]))
OBl Temperature Requirement

10 . - . AAA‘AI

- -3

10 10

Frequency |Hz)

10° 10

e N
- =

10" ¢

D

isplacement noise

OWS ASD o T A 7Y

_Painting noise

nrad/\/Hz

|=——DMU_X1_FILT: TP Run 3

|===DMU X1 _FILT: TPS Run #1

DMU_X1_FILT: OPD kop open, others closed
DMU_X1_FILT: OPD kop closed, others cpen
DMU_X12_FILT: OPD loop open, others closed
DMU_X12_FILT: OPD locp closed, others cpen

——OMU_X12 FILT: TPS Run 13

~——OMU_X12_FILT: TP6 Run #1

mHz %)

10"k

10"
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—— Expected launch in
september 2015 with the VEGA
launcher (from Kourou)

—— Final positioning at the LT
Lagrange point (Sun-Earth
system)

—— Nominal duration for the
science mission of 6 months
(+3 months for cruise and

L PF launch and operations

Separation

Lissajous
around L1

downlink

Apogee raising
maneouvres

commissioning)
T=L+0 L+21d L+41d L+56d L+86d L+266d
LTP Ops DRS Ops Extended
< Mission?
Commiss- I00P
ioning SCIENCE OPERATIONS

Launch

Separation
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BF
LA
Laser freq uency stabilization g
—[Iodlne stabilized lasers sources
v Why ? : the uncertainty on the arm length mismatch (AL) transfers the
frequency noise of the laser source (Vv ) on the phase measurement :

oL = dv/v AL .

v Requirements : 30 to 300 Hz/NHz, between 1 mHz et 10 Hz (2 to 3 orders

of magnitude improvement w.r.t free-running lasers). .

v Goal of the experiment : demonstrating the possibility to use iodine as a
frequency reference (nominal technology for eLISA : Fabry-Perot cavity)

v Experiment at the APC (following preliminary work at ARTEMIS/OCA) : laser
frequency stabilization on iodine (I,)

Feedback Lock in amplifier
electronics 80 kHz PM@80kHz () RF @80/110 MHz
. AOM
Tem Piezo
P ol DM PBS
\ovas =11 $ [PP-MgLNO b K
' 1L=11} 1L \JPume
A4 M2 22
%=1064 nm
P ~ 900 mW Probe | = i
%=1064 nm ——"— =532 nm E
PD 1 BS ~ =
Frequency meter _G X &0 %
~7,5 MHz % 2
. Q& B
\ lodine cell Qé\a it
L=20cm N, =
T~-15°C / PD E=H
P~082P 0\ =
From identical ‘ i
cond system I | — - pett
— i
N~~~ =
=
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i Laser frequency stabilization

—[Achleved performance

v Compatible with LISA requirements (as of 2010) => alternate technology (if needed)
v Also adequate for future space-based missions (DECIGO, lidars, fundamental
physics experiments, etc.)
v On-going project : LASIC (Laser Stabilized on lodine in Cavity), increased
compactness, robustness and low-frequency performance

Performance with ‘standard’ technique LASIC —f ==
ffffffEng[f{ﬁfffffﬁ&géﬁéé;ﬁ;‘ﬁaiﬁéf51”'1f;;'/‘e;zz/g}”/;z;e/
"""" - | | i f'ﬂ‘ozbz/zgczizon at low freq%emze& for z‘/ye LZSA

103_ ...... NG R mz&&zaﬂu.ZOIO .......... _

Linear Spectral Density (Hz/Hz” 2)

0
10 I M | I
107 107° 107° 10” 10°

Frequency (Hz)
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PARIS

—LOT : (e)LISA On Table £

v Goal: generate optical and electronics beat notes, similar to those_recorcgggon
(€)LISA PR

- Demonstration of noise reduction algorithms on realistic ‘hardware’ data
- Tests of electronics prototypes (phasemeter, USO,
photodiodes, etc) or new analysis methods, ...
- Preparation for the AIVT (assembly, integration and validation tests) : what to test and hci_w ¢

—— How to simulate the propagation delay (a few seconds) ?
v Proposed solution : ‘imprint” delayed noises on the arms of an heterodyne
interferometer thanks to acousto-optics modulators
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fistal]
[T
iy
ol
- H
=
38
s
i
=
A
af
Tiis
il
==
i
uf
2.4
—h
I
i
.
18
.-
!
l_.'l
=
X
E=
==b
[
i
B
L -
Eii ]
i
E'
{iid
i
THE
B
541
=

dimanche 8 mars 15



‘f{ i

DIDEROT |

PARIS

RF signals sent
are also electrg
mixed and recg

the phasemeter

Optical layout of one module (representing one satellite)

‘local’ beam

to AOMs
nically

brded by

{«125mm*

L aser sourge

Hubert Halloin -
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‘distant’ S/

Phasemeter

Phasemeter

Phasemeter

Phasemeter

Beam fro

mmaeij
We 2
S T A% - B
g o =E h 4 c ¢ . 4
’BS‘ f=50mm M,

Beam from ‘distant’
S/C 3

Electro-optical demonstrator for time-delay interferometry ¢
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— Results

snhhihEhase

v Validation of the experiment setup
v Validation of TDI methods on simplified configuration (fixed delays)
v Noise reduction factor : 10 (optical) to 10'° (electronics) at 1 mHz.

Equal armlength

108

R T 1 H AR | H R H R
P P eLLISA phasemeter requirement
R eLISA total interferometry requirement ‘
106 . optical input freq noise === |
TS So;1 Edelayed freq. nmse% —_————
:.‘\ i ', se:1 (delayed freq. noise
104 TSRS ‘ v
B ——- 1;::::*::::;:::::‘ ondve

Phase noise [cycle/+/Hz]
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Frequency [Hz|

Phase noise [cycle/+v/Hz]

108

106

104

e e TS

Electro-optical demonstrator for time-delay interferometry
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Low noise- low frequency test facility

— Low noise electronics measurements at low frequencies
v First goal (based on LISA Pathfinder experience) : industrial contractors are sometimes
unable to validate the performance of their realizations with the required stability

aroiund 1T mHz.

ESA suggested to develop a ‘low-noise low-frequency’ test facility at the APC

The facility is now operational with first equipments : Faraday cage, precision
multimeters, temperature stabilized oven and bath.

First measurements : characterization of 8 ‘off-the-shelf’ voltage references and their
compatibility with the eLISA requirements

Will be coupled with an ultra-stable frequency reference (RF and optical) : ~10-">@1s

1000 g

o,

" Budget eLISA —— 7
AD587UQ s ]
ADR445BRZ s ]
ADR435BRZ s =3
MAX6126 ]

LT6655 s

MAX6350

LT1021 s

VRE305AD 1

Bruit thermique (typ.) ]

100 k-

10 -

0.1 k=

Relative perturbations [ppm/sqrt(Hz)]

0.01 kn

0.001 k-

0.0001

1e-05 0.0001 0.001 0.01 0.1 1 10 27

a“Oin, Prat et al, Soumls Frequency [Hz]
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—— In particular : planetary missions (gradiometer, seismometer)
v Similar frequency bandwidth : = 10Hz

v Similar environmental constraints : seismic vibrations, temperature fluctuations,
1/f electronics noises, etc.

v Examples : GRACE Follow-on (gradiometer, 2017), SEIS seismometer onboard
InSight (2016) A T 1

Schiitze et al., LISA-like Laser Ranging for GRACE Follow-on, 2013
Optical Bench

4

S Offset phase-locked = Q. o ‘
-2 ' | 2-axis slave laser : P2 axis '. T

e'\ | steering o P steering ,@

| '\ [mirco K/Ka band ranging i ‘ g
Acceleromieter { / ) irror

0] | Accelerometer
| Stabilised Y
Triple Mirror & i Ll master laser ‘ // Triple Mirror

Assembly v ~ Assembly

i;lll Optical Bench
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—— On-going collaboration
with IPGP

v Present planetary seismometers
use capacitive readout for
measuring the position of the
lever, which limits the
performance at ~100 pm/vVHz.

v The required front-end electronics
induces perturbations and a
complex design

v Goal of the experiment : use of an
optical readout to increase the
performance and reduce the
proximity electronics

Electronique de proximule

Bobine de conlre-réachon
Mécanisme d'équilibrage

Hubert Halloin - E-GRAAL kick-off meeting - March 9th, 2015
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— Proposed design :

v Simultaneous frequency locking on 2 back-to-back Fabry-Perot (small) cavities

v Use of EOMs for side bands frequency locking
v The displacement is deduced from the difference of the resonant frequencies

— Common mode noise rejection

intégrateur passe-bas o

Mesure de déplacement W HT\ ®
PSS PD rapide !
I (200 MHz) !
ADC : splitter 10/90  circulateur :
Correction fine, rapide | ) I
Synthétiseur : r——f———_——-—
. |
Correction grossiére, lente : PDlente | “w.w colimateur
. e aae § (10kHz) | |
|
I o PD lente | : |y |
: laser fibré (10 kHz) : 1| Sg(l)ljtseor | Cavité d
. | | | avite de
| |sotl'ateur ! | | | mesure
I optique . 1! electro-optique ! | : |
splitters 10/90 : | : : : Cavité de
I | | | référence
N, e | T, |
|
VCO Bas bruit | |
’ . i
| PD lente |
I (10 kHz) ! _
| I ° = collimateur
| S
b | L Sesssssss l
| 2 A !
| |
| splitter 10/90 circulateur |
intégrateur passe-bas | PD rapide |
e o e (200 MHz) |
R

mixer
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Optical readout for planetary seismometers
—— Theoretical noise levels

v In-depth study of the thermal noise sources for the cavity

- The dominant noises are from spacer and mirrors (incl. coating) brownian noise.

PARIS

- Thermal noise level is theoretically compatible with 10-> m/NHz at 10 mHz
v Influence of the tilt misalignment (seismometer arm

movement) on the coupling into the fiber

- Simulated ... and found to be negligible ...

v' Vibration insensitive cavity design

v' Cavity manufacturing expected soon ...

Noise contributions

- —  Thermoelastic noise

| Thermoelastee (adhabatic approxmalion)
2cm ULE spacer Erownian noise
C b f . T’ Aoy . "
Sphencal merror and costing BEcownian noise
Plane miror and coatng brownian noise

= Total noise

Spacer Browrsdn noise (worst cass)

'
e
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