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-irst detection of Gravitational Waves

14 September 2015: the beginning of new era for astronom
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Observation of Gravitational Waves from a Binary Black Hole Merger
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
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e Observatory simultancously observed a transient gravitational-wave signal. The signal sweeps upwards in
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GW amplitude and their effect

The amplitude of gravitational waves is proportional to the

i‘ﬂT _ 26 (
kT 2
guadrupole moment of the source masses through the constant : dt t—r/c
G/ctM N1

red

A Only astrophysical sources can produce detectable effects
Binary compact objects (BBH, BNS, BH 3 h

pOl OAOOh AOO
GW effect on two free falling masses separated by L

VT 100 Q)

Typical amplitude: I
0

The distance between twofree-falling masses
separated by ~Km will change by
#d m
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Michelson Interferometry to detect GWs |‘1 LO Q) ‘

Use an interferometer as a transducer: convert displacements into optical signals

5 = GOL
Suspended mirrors to reproduce the free-fall condition
@%
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GWs produce a differential variation of the X /
arm lengths which is revealed at the it
antisymmetric port (ASY) of the -
interferometer
SYM
Interferometer working point: dark fringe
condition (to be more sensitive to power ASY
variation due to a Gravitational Wave)
" -



Michelson Interferometry to detect GWs |‘] D8 QD

Use an interferometer as a transducer: convert displacements into optical signals
5 = GOL
Suspended mirrors to reproduce the free-fall condition
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Enhance the signal

¢ km long arms
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e Recycling mirror to recover the power

N, N,
reflected from the arms (PR) TSR
e Recycling mirror to enhance GW audio ASY
sidebands(SR)
'PD
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Michelson Interferometry to detect GWSs

E===W,
Crucial: high contrast defect
- ,A ';A - E\ X "E\ €
Laser PR 4 B¢ Ea¢
- U BS/ H H where:
SYM N N, A "B ¢ power at Bright Fringe (SYM)
— A "By power at Dark Fringe (ASY)
A

SY
' FD

For agood sensitivity : limit effects preventing the perfect destructive interference
between recombining beams
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15t generation GW detectors




15t generation GW detectors

LIGO, Virgo and GEO600
09 10,11 16 |

**'il*i’HJﬁHIfIHH H HI|II|H|IHH NTTEN O AR . | operated for about 10 years,
11 . - == reaching their design sensitivities
- (e s6 and demonstrating a reliable
jl I co!nlmission!g VSR1 VSR VSR3 !sm technology:
_ i EiR | - duty cycle up to 80%
- good knowledge of limiting
= viovers noise sources

— UGOL1 56

~— UGO M1 S6

== Virgo cesign

—  Virgo+ MS cesign

1 Vi)

No detections but:
lots of science produced

A . clearpath towards 2d
- generation antennas

Strain sensitivity |

-
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2"d generation detectors

10 xsensitivity improvement over 1st generatiordetectors

— Dual rec., 125W, tuned SR. Range: 126 Mpc
N} | ——Dual rec., 125W, detuned SR. Range: 142 Mpc |
' Virgo+ (Sept 13, 2011): BNS range: 13 Mpc

! —— PR, 25W. BNS range: 107 Mpc

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

Frequency (Hz)

100 million light years

1000 xincreaseof observationvolume
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6 European countries

A Upgrade of the Virgo 20 labs, ~250authors
Interferometric detector

APC Paris
ici ianti ARTEMIS Nice
A Participated by scientists from G il
Italy and France (former INFN Firenze-Urbino
: INFN Genova
founders of Virgo), The INEN Napol
Netherlands, Hungary, Poland, INFN Perugia
INFN Pisa

Spain
/. Part of international network
(MoU with LIGO and GEO600)

INFN Roma LaSapienza
INFN Roma TorVergata
INFN Trento-Padova
LAL Orsayz ESPCI Paris

/. First observation run with > tﬁg%{:{i‘gecy
LIGO Aug st - Aug 25" 2017 | LMA Lyon
= NIKHEF Amsterdam
(O2Db) POLGRAW(Poland)

RADBOUD Uni. Nijmegen
RMKI Budapest
Univ. Of Valencia
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Advanced Virgo
optical scheme

Input
Mode
Cleaner

—_—

EM

Strain [1VHZ]

Quantum noise

[o0| — Gravity Gradients

Suspension thermal noise
Coating Brownian noise
Coating Thermo—oplic noise
Substrate Brownian noise
Excess Gas

L —— Total noise

Frequency [Hz]

Nd:YAG
125 W ror
200W laser @
d B '
= h—
PAM

SRM

To be installed at later stage
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AdV design

Limiting noises at different frequency ranges:

< Quantum noise
ALOW-f_req' _ N m— Gravity Gradients
newtonian noise, seismic | gee Suspension thermal noise
noise, residual technical ; Coating Brownian noise i TR
nOiseS Coating Thermo—opiic noise ......... .....
s Substrate Brownian noise : : : ;s
10 ENeR Excess Gas
""" ;| —Total noise
N [ P S T
L AN H
= ;
B 1077 AN it b S
75 S S 1A e
; ; b : H :!: 4 r 1 Angh freq
105 s e di i ] quantum shot-noise
S s A|\/||d freq - -
""""""" thermal noise
10' 107

Frequency [Hz]
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AdV design

Limiting noises at different frequency ranges:

ALow-freq :
newtonian noise, seismic noise,
residual technical noises

e

superattenuators
compatible with AdV
specs

} adapted for new
payload (added mass

e W W S

(M2J))VIRGD

“‘TES T 5

i 4 and complexity)
f : —24
&%@ ' newelectronics 10 ¢

Quantum noise

Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise
> Excess Gas
- | m—Total Noise

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

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

........
--------------------------------
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Reduces mirrors seismic
vibrations by a factor 10*?

Pre-Izolator

=

Standard Filter

10

12

10'[6_

Passive filtering
above 10 Hz

GROUND

Strain spectral amplitude (Hz)

0 E E
Entirely developed ||  \ | [T
and built by Pisa M
| T 1 11l L1
group 0.1 1 10 Frequenza (Ho) 100 1000 10000
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AdV design

Limiting noises at different frequency ranges:

AMid -freq:
thermal noise

008
D04 “":‘ [ A | s
’ . 3 "71‘“
b righ i
0024 " RS SA
- ot )¢ - JL"‘
o ‘ -
) 'l
' 1 RMS<0,5nm
002 e ]
P Y 04 1 n
004t L o 1
AV SR 08
G !
008

-006 -008 D02 0 002 004 006

} Reducing thermal noise: 10°E

} Increased beam size @
input TM (2.5 x larger)

I EL DO OA A | E
planarity (16 x better)
} Improved coatings for

Cuantum noise

(10| e—Gravity Gradients
i -~ -| w— Suspension thermal noise

Coating Brownian noise , boeefond !
Coating Thermo-opfic noise S S -
Substrate Brownian noise : : VR
Excess Gas

\ | == Total noise

lower losses (7 x better) 10

(M2J))VIRGD
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The mirrors

Si02 mirrors350 mmin diameter,200 mmthick, with a residual
roughness< 0,5 x 16 m.

Monolithic suspensionsSiO2 fiberglO0 umin diameter to suspend
mirrors42 kg in weight

AL AN X
-

MIRRORS

Test mass:
35 cm @, 20 cm thick, 42 kg




AdV design

Limiting noises at different frequency ranges: Q= /u + / -

AHigh-freq:
guantum shot -noise

Cuantum noise

110 | — Gravity Gradients _ ;
i - | m— Suspension thermal noise N R Y M S S
| Coating Brownian noise R R N
Coating Thermo-optic noise
Substrate Brownian noise

}  Reducing quantum noise:

} Increased finesse of arm |
cavities (9 x larger tharmo™ N X

: _________ Excess Gas -

IVirgo, 3 x larger than \\ | = Total noise
Virgot) 00 0 L XNW e r G
} High power laser (16 x . : SRR . 0 I
more input power) ¢ EETSRENNG BRmmmmna P s s

}  Heavier test masses (2 X
heavie

Frequency [Hz]
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To further reduce the noise all over the frequency band:

o Improved Thermal Compensation
" System to compensate for cold and hot
defects on thecore optics:

} ring heaters
5 } double axicon CO, actuators

} CO, central heating

}

Diagnostics: Hartmann sensor & phase
cameras

-
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To further reduce the noise all over the frequency band:

Better vacuum system (10° mbar instead of 10/)

with atotal volume of 7000 m?is the biggestultra-high-vacuum
system in Europe e
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To further reduce the noise all over the frequency band:

o Improved Stray Light Control
} Suspended optical benches in vacuum

} New set of baffles and diaphragmdgo
' g1 catch up diffuse light §

ICNFP 2017- A. Allocca



Advanced Virgo

Integration

Commissioning

02 Scientific Run ) i
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Integration ¥,
Started in 2012 and completean Oct 2016 p L&

Many issues slowed down the integration process:

Maraging blades breaking (used for vertical seismic attenuatlon In the
Superattenuator) A after a deep anaIyS|s all the damaged and suspect blades
have beenreplaced L

Monolithic suspension breaking issue due tofast dust particleshitting the fiber
and producing fractures A Temporary solution for O2 scopeback to steel
wires for payloads (choicedriven by scheduleonsiderations)
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AdV observing scenatrio =

Advanced Virgo

10~2! [ y : ; .
Early (2016-17, 20—60 Mpc)
\ ; B Mid (2017-18, 60—85 Mpc) | ]
< \\ | B Late|(2018-20, 65—115 Mpc)
:'E » ‘ B Design (2021, 130 Mpc) }
—— ' \ | I BNStoptimized (145 Mpc)»"
Sensitivity with steel g 1075 N : : R etk
wires still compatible 5\ GRS ( ....... Fi :
with the goal for the early %* N b B e 2 Y /L -
phase < | gt |
2
8 108 |
= .
< —
e ' ks
"""""" Abbott BP et al. (LSC-Virgo), arXiv:1304:0670 |
10_24 2 M i P~ i | 3 2 2 S S e | a
10! 10? 10°

Ear|y SC_\] g range Frequency/Hz
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End Test Mass

dataDispay v10r8 : started by allocea on Aug 25 2017 15:21:10 UTC i AS fast as posslble to JOIn LIGO In 02

¥1:LSC_Bip DG mean_ TIME

iR r’f : : ‘ C Firstlock of one arm in June 2046
J C Whole interferometer available on Oct 2016
e AFirst 1hr lock @ Dark Fringe onMaiiahh 2047 (Project Milestone! )
R AFirst AdV commissioning run (C8) May 5th to 8th
P AER11rinJdunecoincidence with aLIGO:
T AFirst part from 16 to 19: BNS range ~8Mpc, duty cycle ~70%
T ASecond part from 23 to 26: BNS range ~8Mpc, DC ~80%
SN
e s C After ER11:
[ = Alnvestigation on stray light through noise injections
o ST ASwitch-off tests of selected devices
e AData Acquisition pipeline and read-out improvement
e ALock robustness improvement (alignment,...)
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Commissioning: the noise hunting process

The most important activity to identify and mitigate the noise sources
Model of the noise sourcesas phase noise recoupling to the interferometer

Noise injection to measure the transfer function from the possible noise source to the
sensitivity curve

If the projection shows that the noise limits the sensitivity, the noise source has to be
mitigated

An example:

10 GPS quiet time 1184027418, signal length = 600 s

—— Noise Projection using inter

M j«l& l}k .< Critical direct
diffuse light

LSC DARM (au/sqrt(Hz))

couplings 45Hz,
90 Hz bumps

10712 =

1074

| T | | Will be mitigated after
O2 adding more baffles
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