(@

Gravitational-wave detection
with
ground-based interferometers

M. Granata
Laboratoire des Matériaux Avancés — CNRS/IN2P3
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ouftline

gravitational waves

ground-based detectors

* history

* interferometers
layout
Mirrors
suspensions
sensifivity

« oObservable sources

1st detection

outlook

W Vs St Journées Scientifiques AS GRAM 2016 - Paris
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1915 — General Relaftivity

local space-time is dynamic
gravity is equivalent to space-time curvature

ds* = g,,dztdz”

1 8t
Ry — §9WR =

space-time geometry  energy/matter

1,
ct TH
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1915 — General Relaftivity

local space-time is dynamic
gravity is equivalent to space-time curvature

nobelprize.glg

T. Pyle/Caltech/MIT/LIGO
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1916 — gravitational waves (GWs)

perturbative approach
— linearized field equations
— wave solution

Juv = Nuv +hpw | <1

1 0% \—
2 _
VvV T hyuy =0

LL;/\\\)_%i“Mf‘QNE Journées Scientifiques AS GRAM 2016 - Paris 5



1916 — gravitational waves (GWs)

perturbative approach
— linearized field equations
— wave solution

nobelprize.gig

ripples in space-time fabric
propagating at light speed
plane and transverse

R. Hurt/Caltech-JPL
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strain waves

relative distance variations l

l 25
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strain waves

relative distance variations l

mass quadrupole

21 .. oy
h="""0

ct r

dimensionless propagation
amplitude distance

emitted by accelerated masses

W\ Vs A Journées Scientifiques AS GRAM 2016 - Paris
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strain waves

relative distance variations X h

quadrupole effect — 2 orthogonal polarizations:

OO0 00

I I I
I I I
t=T/4 t=T/2 t=3T/4

SYSIOINES

scale of effect vastely exaggerated

|| —t—
|| —t—
v

1': 1)
b
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Al



finy strain waves

relative distance variations l

h

2G' 1 ..
= Q

ct r

G/c* ~107% N~!

extremely weak emission efficiency

Wy 'j‘;‘. Rl Journées Scientifiques AS GRAM 2016 - Paris
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finy strain waves

relative distance variations l

2G 1

ct r

h —

astrophysical sources: large, highly accelerated masses

R =200 km

s hooc mR WS, /1 <1072

fo =75 Hz
r =400 Mpc

LM Ny Journées Scientifiques AS GRAM 2016 — Paris
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40 years of skepfticism

debate: a mathematical strangeness?

1957: Chapel Hill conference
GWs are a physical reality

dawn of the detection quest

U4 f;_‘ AL Journées Scientifiques AS GRAM 2016 — Paris
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resonant bars

o '60s-'70s: Tst experiments

Journées Scientifiques AS GRAM 2016 — Paris
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resonant bars

'60s-'70s: 1st experiments

detections claimed
Nno believable evidence

> '70s: Institute for Gravitational Research (IGR),
Max Planck Institute (MPA), Allegro, Niobe
AURIGA, Explorer, Nautilus, [...]

st international network (IGEC)

few detectors still operational

WA Vs SR Journées Scientifiques AS GRAM 2016 - Paris
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Interferometers

opftical transducers
« Michelson configuration — differential output
* suspended mirrors = free-falling test masses
 laser position readout ===

) HCRIZONTAL
] SEISMOMETER
7
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HORI ZONTAL TR
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Interferometers

. ) - "
v L

Signal

Signal

Journées Scientifiques AS GRAM 2016 — Paris
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Interferometers

opftical transducers

« Michelson configuration — differential output
* suspended mirrors = free-falling test masses

* laser position readout

km-scale arms

0L oc hL ~ 10718

- e p—
vy MATERIALIX
.1 avancEs

o ———
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] SEISMOMETER
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history

10-40m

'70s-'80s — 1st prototypes: IGR, MPA, MIT, Caltech

INFN Sez. di DPisa
Dipartimento di Fisica et
dell'Universita di Pisa

THE VIRGO PROJECT

CNRS-Lab. de Gravitation
de Cosmologie Relativiste

Orsay - Paris
C. BRADASCHIA A, BRILLET
R. DEL FABBRO 0. CREGUT
A. DI VIRGILIO P. HELLO
A GIAZOTTO C.N. MAN
1. KAUTZKY P.T. MANI
V. MONTELATICI A, MARRAUD
D. PASSUELLO D. SHOEMAKER
« 1983-84: LIGO | - d 1990
; roposal — approve

INFN Sez. di Napoli
Dipartimento di Scienze Fisiche

CNRS-Université  Puaris 6

dell'Universita  di Napoli

JM. AGUIRREGABIRIA
F. BARONE H. BEL

L. DI FIORE J-P. DURUISSEAL
L MILANG (. LE DENMAT

« 1989: proposals of

GEOéOO - Opproved ] 994 5. SOLIMENO
Vir go — approve d 1992 DiF:a”%:'E :,Ufli\:.;rili::]l“mi“ BT etativiate

Napoli Observatoire de Meudon
M. CAPOZZI T DAMOUR
M. LONGO §. BONAZZOLA
M. LOPS 1A, MARCK
L PINTO ¥. GOURGHOULON
G.ROTOLI
300 m - 4 km University of lllinois
CNR Frascati at Urbana, USA
F. FULIGNI L.E HOLLOWAY
V. IAFOLLA
G.NATALE

Instituto de Fisica - USP, Instituto Astronomice e Geofisico? - USP,
Centro Basileiro de Pesquisas Fisicas3 - CNPQ, Observatorio
Nacional- CNPQ#4, Instituto de Fisica GW- UniCAMP.S

M.S. D. CATTANI!

J. A. F. DE FREITAS PACHECO?
C.0.ESCOBAR!
CA.GALVAOQ?

N.O. SANTOS?
A. TURTELLI JRS
W. VELLOSO2"

* Present address: INFN laboralory, via vecchia livornese 582/a, Pisa, laly

LABORATOIRE
. MATERIALX
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INn the meanwhile

« 1975:PSR 1913+16 discovery
pulsar in a binary system

« orbital decay due to GW emission
 evidence of GW existence

« 1993: Nobel to R. Hulse & J. Taylor

AAAAAAA

I
[ |
(] Ln

I
|_'|
Ln

I
[
Ln

Cumulative period shift (s)
" L
(o] -]

I
L
Ln

J. M. Weisberg & J. H. Taylor, arXiv:astro-ph/0407149

1975 1980 1985 1990 1995 2000 2005
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1990s-2000s — 1st generation

Greenland
Finland
Iceland Swed p |{
Norway
United
Canada Kingdom
¥ S &= Kazaidatan TS | 4 '
. ~ ) Mongolia
' % Spain -~ L o
United State North Turkey ¥ 3 i A Y.
Atlantic B ciraq Afghanistan outh Korea
Ocean 1S A lren Y -
Egypt Pakistan
Saudi Arabia India % L
Mali | Niger Th‘alland.‘
= {, Chad
VenezdRla 2 Nigeria™
Colombia | "\

g -

Indonesia Papua New

Guinea

Brazil

Bolivia

LABORATOIRE
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1st generation legacy

technological achievements
laser
suspensions
MIirrors
vacuum
controls

demonstration of detection principle

observational results: ~102 papers
amplitude/rate upper limits

collaborations with EM telescopes/satellites

infrastructures

LM\ f; AL Journées Scientifiques AS GRAM 2016 — Paris
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today - 2nd generation

Operational
Under Construction

_Caltech/MIT/LIGO

Planned

o

Journées Scientifiques AS GRAM 2016 — Paris 22




optical layout

IMC

]

laser

1064 nm

OMC

IF=
y
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INput optics

IMC
—

RF phase modulation
laser stabilization
frequency
poinfing
intensity
spatial filtering
Farady isolator

Journées Scientifiques AS GRAM 2016 — Paris

mode-matching telescope

24



INput optics

AIR m VACUUM
REFERENCE
BEAM cAvITY
IMC MATCHING POINTING
TELESCOPE CONITROL RFC SENSING ITF MODE MATCHING
B AND TELESCOPE

CONTROL

FARADAY
Bowmor o ., ' 0 et R Y mmaTon 0 mmmm e
EOM-RF leme-e-s e R I 2 e e e et
MODULATION BEAM e
5 frecuencies POINTING

MONHORING
i HIGH POWER
CONTROL MC LOCKING  PSLINTENSITY
BEAM AND ALIGNMENT  sTaglLization TP SENSING BEAM DUMP BEAM DUMP
ANALYSE AND CONTROL

Advanced VIRGO
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INput optics

/
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INput optics

Advanced VIRGO iggui mode-=Cleaner suspended mirror

Journées Scientifiques AS GRAM 2016 — Paris



optical layout

Fabry-Perot arm cavities

- e p—
¥ 9 MATERIAUX
b avancEs
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optical layout

Fabry-Perot arm cavities

LU\

7 p——
‘

-
(- AATERIALX
VY avances

Advanced VIRGO
JF =443
Leg = 846 km

49cm 58cm

ey’

- -

Journées Scientifiques AS GRAM 2016 — Paris
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test masses

ultra-pure fused silica substrates

high-reflection coatings
TIO2Ta205/Si02 Bragg mirrors

Yy / SiO2 thinner layer (cap)

L

I/ Ilj

v - N doublets
(2 TiO2Ta205 layer

v SiO2 layer

TiO2Ta205 thicker layer

SiO2 substrate

U\Eé:%fé‘” Journées Scientifiques AS GRAM 2016 — Paris 30



test masses

ultra-pure fused silica substrates

high-reflection coatings
TIO2Ta205/Si02 Bragg mirrors

f [um]
T

rms @150mm
[nm]

absorption
[PPmM]

scattering [ppm]

IM
2.8

1.4 %

0.3

0.2

EM
5.9

4 ppm

0.5

0.3

° Advanced VIRGO EMO]

Journées Scientifiques AS GRAM 2016 — Paris 3 ]



test masses

ultra-pure fused silica substrates

high-reflection coatings
TIO2Ta205/Si02 Bragg mirrors

aLIGO, AdVIRGO and soon KAGRA
test masses coated @ LMA

‘LABDFIATDIF!E
{ @ a ‘ w‘ MATERIAUX
AVANCES

Advanced VIRGO EMO]

LA i Journées Scientifiques AS GRAM 2016 — Paris
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suUspensions

* passive + active seismic isolation
multiple-stage pendulum + sensing/actuation

control
alighement

STAGE 1 STRUCTURE

Vertical
Isolation:
3 Stages of
Maraging
Steel Blade
Springs

Fused Silica
4 _Penultimate
Mass [40 kg]

Fused Silica
— Input Test
Mass (ITM)

[40 kg]

Electrostatic
Actuator

Advanced LIGO

Lac
SEISMOMETERS
[STAGE 1, X3)

AN

ISI

SEISMOMETER
(STAGE1 '}G:

STAGE 1-2 ACTUATORS
l (%3)

E. \

Mo )

_—~ GS13

SEISMOMETERS

. D
r | |k | : - (STAGE 2, X3)
SPRINGS (X8
J X8}
\
| HEPI
A
GE 1-2 : = *
’ERED SPRING SEISMICALLY ISOLATED T
URE (X3) OPTICS TABLE —
GEOPHONES & INDUCTIVE
SENSORS (X8)
QUIET HYDRAULIC
ACTUATORS (X8}
SUPPORT
REACTION MASS PIER [X4)
TEST MASS
FABRY PEROT______ | _ QUAD
CAVITY AXIS SUSPENSION
GROUND
SEISMOMETER
GROUND

I R —
WY o\ S
\

Suspension

wire

Standard
filters

Filter 7

Advanced VIRGO

& <—Filter 0

A

8m
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suUspensions

Transfer Function

e

10°

\

10
10

Model
Measurement

10%

l
Advanced VIRGO \

153

10-10

10—12

10-14

10-16

10-18

10-20

Accadia et al., Journal of Low krequency, Noise, Vibration and Active Control 30, 2011

10-22

1024
0.01

0.1 1
Frequency (H2)

% \LaBoORATORE
¥ MATERIAUX
JSAvanGES

10

100
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optical layout

power/signal recycling cavities

- e p—
¥ 9 MATERIAUX
b avancEs

Journées Scientifiques AS GRAM 2016 — Paris
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opftical layout

power/signal recycling cavities Advanced VIRGO

IMC

5 kW -

laser \ BS e 650 kW =
N v

200 W / PRM o

125W  SRM
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detection

spatial filtering
GW signal
control signals

mode-matching telescope

Journées Scientifiques AS GRAM 2016 — Paris
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detection

mode-matching telescope

photodiodes / wavefront sensors

H T -
I R / i | I- £ o \
- 5 ©» % e
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2 coupled output mode cleaners
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Journées Scientifiques AS GRAM 2016 — Paris

W
oo



detection

1

Advanced VIRGO suspén ctection bench #1

Journées Scientifiques AS GRAM 2016 — Paris



detection

Advanced VIRGO suspended detection bench #2

Journées Scientifiques AS GRAM 2016 — Paris



vacuum

na——
AdvancedVIRGE

"J"J‘\i|’:f1.ll_(; _—

-

« gas phase noise minimization
totalresidual pressure < 3:-10° mbar

Journées Scientifiques AS GRAM 2016 — Paris



sensitivity

Advonced VlRGO = Quantum noise
L\ NS SRS Gravity Gradients
N\ : : LI — Suspension thermal noise
Coating Brownian noise
Coating Thermo—optic noise
' """"" """ T T ' ; Substrate Brownian noise
SRR Lo Seismic noise
-+ = = = Excess Gas
OMC thermo—refractive
R : TR RETTE Alignment noise
RS SR R Magnetic noise
SRR AR ool ii-d = sum of the plotted noises
SRR ' S = Heference AdV curve

|
]
[}

—_
B s
WS WS WS W WEm WE W WEe WS e W M M e - -
o . P ::'

Strain [1VHZ]

Frequency [HZz]
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sensifivity

10

Strain [1VHZ]

- Aldlvlqnlced VIRGO

| T T T T T T
N e U e -

..........................................................

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

................................................

m— antum noise

| === Gravity Gradients

— Suspension thermal noise
Coating Brownian noise
Coating Thermo—optic noise
Substrate Brownian noise
Seismic noise

-+ = = = Excess Gas

OMC thermo—refractive
Alignment noise
Magnetic noise
= = = Sym of the plotted noises
= Reference AdV curve

....................................

....................................

no detection

1 2

10 10

Frequency [HZz]

3 4

10 10
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sensitivity

Advonced VIRGO

.....................

[

train [1VHz]

raohohon pressure
noise

..........

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

...............................

................................

.........................................

m— antum noise

| === Gravity Gradients

— Suspension thermal noise
Coating Brownian noise
Coating Thermo—optic noise
Substrate Brownian noise
Seismic noise

-+ = = = Excess Gas

OMC thermo—refractive
Alignment noise
Magnetic noise
= = = Sym of the plotted noises
= Reference AdV curve

Frequency [HZz]
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astrophysical sources

coalescing binaries
[neutron stars / black holes]

INVANYVARYN

supernovae

nasa.gov

pulsars

stochastic background

Journées Scientifiques AS GRAM 2016 — Paris
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Sep 14, 2015 09:50:45 UTC

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T T T
1.0
0.5
0.0
-0.5
..T -10 H = |1 observed t —
‘;' H1 observed (shifted, inverted)
o 1 1 1 1
— T T T T
— 1.0
=
T 0.5
&t 0.0
-0.5
=1,0 H — Numerical relativity - H — Numerical relativity —
Reconstructed (wavelet) Reconstructed (wavelet)
[ Reconstructed (template) I | I Reconstructed (template) i I
O05F ; : T T F : ; T =
-0.5 | i I
— Resxdua — Res«dua
512
~N
L 256
9
c 128
[}
o
o 64
=32
0.35 0.4 0.35 0.4
Time (s) Time (s)

o N B~ OO @
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a black-hole binary

H = L1 observed
H1 observed (shifted, inverted)
| | I

T |
Inspiral

fow =35 — 150 Hz over 0.2 s

M: —_— —
(my +my)'> G

(m1m2)3/5 ¢ [5
96

.13/5
—ﬂ_g/?’f_ll/Sf]

Merger Ring-

£ s sce

T — Numerical relativity
I Reconstructed (template)
1 1

down

So06L

9]
2 04F

MZSOMQ ml _|_m2 z7OM® §’0.3_ i

L\

I I T T

-4

P, 0.5 H— Black hole separation 43
g === Black hole relative velocity 42
=41

i | i 0

0.30 0.35 0.40 0.45
Time (s)
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detection case

« 2-detector coincidence
« signal morphology
« detectorsin stable operation

e environment/instrument monitors

~2-10° auxiliary channels
status / loops / seismometers / accelerometers / microphones / magnetometers
radio receivers / weather sensors / ac-power line monitors / cosmic-ray detector

Binary coalescence search

20 30 4-10 >5.1c
. statistical significance R L
false alarm rate 1/203 000 y-! ] 12‘.5 — Racioround sxchuiog Gwisonss|
false alarm probability < 2:107 gl T
% 12_3 11" GW150914i
3 Y
E 1o- Ty
 Eee Ty Ml
matched filtering search o7l R UL UL
IS [ 1 It Y B |
8 10 12 14 16 18 20 22 24

- e p—
vy MATERIALIX
.1 avancEs

Detection statistic j¢
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GW150914: an historical event

the 1st
« direct detection of GWs
« tfest of general relativity in strong-field regime
« direct observation of a black hole
« observation of a black hole binary system

the most luminous event ever detected
+0.5 2 +0.5 56
3.00 Mg 3.6, x 10°° erg/s

the beginning of GW astronomy

Journées Scientifiques AS GRAM 2016 — Paris 49
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outlook
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next steps

10~21

aLIGO - now

N
L 10—22
©
7y
O
Z
E 10-23E
a =
aLIGO - design
aLlGO - upgrade
10_24 . L . M
10 100 1000
Frequency (Hz)

- e p—
vy MATERIALIX
.1 avancEs
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a long way down

C1 Nov 2003

C2 Feb 2004

C3 Apr 2004

C4 Jun 2004

C5 Dec 2004

C6 Aug 2005

C7 Sep 2005
WSR1 Sep 2006
WSRS Feb 2007
WSR10 Mar 2007
WVSR1 May 2007

Hz]

...........................................................................................................

............................................................................................

Sensitivity [h

ﬂn’ﬂh 1"1 'm“m#d

b ! Mwwmn (0
'lm um nm M’L

|I|Il ;n:...,
.I-I

HE‘.

ﬂlf 1L

ait

10
| C1& C2: single arm ; C3 & C4: recombined ; C5 & after: recycled Frequency [Hz]
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observing scenario

10~

Advanced LIGO

..........

2
N

10_237::::::;.j

Strain noise amplitude/Hz /2

:2:{ I Early (2015 16, 40— 80 Mpe)

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

-1 I Design (2019, 200 Mpc)
' - BN S—Opt,lrmzed {Ela "dpe}

Advanced Virgo

B Mid (201617, 80— 120 Mpe) |]
- [ Late (201718, 120170 Mpc) |

227 I Early (2016-17, 20— 60 Mpc)

s [ Late (2018-20, 65— 115 Mpc)
e d [ Design (2021, 130 Mpe)
SR ENS—nptlmle:d {14.} "dpc}

I Mid (2017-18, 6085 Mpc)

i

1024 M . HEEE R . . M . HEE
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observing scenario

LIGO | I

today

\"rirgo | I I
1 ' 1 1 1 1 1 1 1 1
lJan 1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1Jan 1 Jan 1 Jan
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Time
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looking forward

s Auriga
-21[%
10 7
\
L 10} \‘\ \ /
5 | + LCGT
0 ; \
.g 10-23E \\ X
A <
Adv
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10 — s
Einstein GW *, T
Telesgope T O
0Pl v ocswed g owa e oo ocasped sy e
1 10 100 1000 10000

Frequency [HZz]

U\&J““M}é‘fg Journées Scientifiqgues AS GRAM 2016 - Paris



the quest for thelst detection has ended

the observation of the gravitational Universe
has just begun

AAAAAAA
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the GW spectrum

quantum fluctuations in the very early Universe
pinar ‘, . U;'H'—! massive
black holes in
galactic nuclei
- C
tu)
& black holes, compact merging binary
8 stars captured by neutron stars and
A supermassive holes stellar black holes
in galactic nuclei in distant galaxies;
: y fast pulsars
binary stars in with
the galaxy and mountains
beyond
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anfenna pattern

E:
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GW 150914 sky localization
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GW 150914 sky localization
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GW 150914 broad-band follow-up
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