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((@ .. Gravitational-wave interferometer:
"g° Detection principle

xiiigf_:“ Variation of distance between free-falling masses - mirrors suspended
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Interferometer sensitivity limited by shot noise: U Interference | MWWVWW’WWWW

Recycling cavity to amplify the power (P) fringes
Fabry-Perot cavities to amplify the effective optical length (L) T e o

Control systems to keep cavities at resonance and Michelson at dark fringe
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((@)&Q Ground-based interferometers

L 1st generation interferometric detectors | | Unlikely detection

e |Initial LIGO, Virgo, GEO600 Science data taking

Q Virgo commissioning started in 2003 First rate upper limits

15t science runin 2007  g== _
Set up network observation

* Enhanced LIGO, Virgo+ (2008 - 2011)

N

O 2nd generation detectors
. Advanced LIGO, Advanced Virgo, GEO-HF, KAGRA, LIGO-India

V ( —— PR, 25W. BNS range: 107 Mpc

Lay ground for multi-messenger astronomy

= Validation of technologies for ground-based
interferometers

Advanced Virgo planning:

Construction: 2011-2015
Commissioning of full interferometer starts in 2015

= Dual rec., 125W, tuned SR. Range: 1
{1 =——Dual rec., 125W, detuned SR. Range: 14%
——Virgo+ (Sept 13, 2011):BNS range: 13 Mp

First observation run in 2016 with intermediate config.

2016-2021: commissioning and observations runs
— progressing towards nominal sensitivity

h (1VHz)

) ________ / Likely detection
S . X 10 in sensitivity
BN R
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Beginning of routine observations




((@)}%ﬁ;ﬂ The Advanced Virgo project

5 European countries
* Advanced Virgo: upgrade of the Virgo interferometric detector | 19 labs, ~200 authors

of gravitational waves

APC Paris
Sensitivity improved by a factor 10 ARTEMIS Nice
- volume of observable universe x 1000 EGO Cascina
INFN Firenze-Urbino
* Participated by scientists from Italy and France (former :EEE Eeno;fa
founders of Virgo), The Netherlands, Poland and Hungary INEN P;ﬁj(;;a
INFN Pisa
* Funding approved in Dec 2009 INFN Roma La Sapienza

INFN Roma Tor Vergata
INFN Trento-Padova

e Technical Design Report released in spring 2012 LAL Orsay — ESPCI Paris
LAPP Annecy
 Construction in progress: II:KIVIBAPI?rcI)Sn
0 Started in fall 2011 !

NIKHEF Amsterdam
O End of installation foreseen in fall 2015 POLGRAW(Poland)

RADBOUD Uni. Nijmegen
RMKI Budapest

* Expect to join Advanced LIGO for science data taking in 2016

LlLl:h:
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((@» SenS|t|V|t|es

—PH EEW BNS range 10?

Mpc

AdV main fundamental noises:

——Dualrec., 125W, tuned SR. Range: 126 Mpc | «  Quantum noise:
A:opi—Dual rec., 125W, detuned SR. Range: 142 Mpc |;
""""" —Vlrgm (Sep113 2[111) BNS range 13 Mpc

O Shot noise: f > 300 Hz

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

26/03/2015

Strain [1~VHz]

O Radiation pressure noise:
H f=20-40Hz
.11 e« Thermal noise (mostly mirrors
23 coating): f = 40 - 300 Hz

e Gravity Gradients: f < 20 Hz

m— CJuanium noise
S AR ERRRRREL R EEREREEREE Ll €15 €5 =
'l""'h'""h'hm"“"""'"“'mh'“'mhif—Suspensionthermalnoise
. | m— Coating Brownian noise

- Coafing Thermo—optic noise
Substrate Erownian noise

Seismic noise

107 I = = = Excess Gas
i OMC thermo-refractive
A, Alignment noise
l ; ; e Magnetic noise
\ ifioor-il momom Sym of the plotted noises
b ¥ i’ | e Reference AdV curve
10 7 T i L T iniiiniiiiid
107 B i W Fs s e e e e £
10 10 10° 60‘

Frequency [Hz]



h (1/VHz)

((@)}% Technologies:
”'”Improvmg the low/medium frequency range

—PHI 25W BNS range 107#:*‘|IFIJC —
_ ‘i —Dual rec., 125W, tuned SR. Range: 126 Mpc . . .
107K 2Bt Dual rec.. 125W, detuned SR. Rgnge wovpe | Dominated by thermal noise of mirrors and
::_':_"';gzl —\—Vlrg0+ (Sep113 2011) BNS range 13 Mpc suspensions
a  \SNGEL e A :
4 * Optical configuration: larger beam spot
A il e Test masses suspended by fused silica
10_ Foioiiili . o o
: fibers (low mechanical losses)
24 e Mirror coatings engineered for low losses
10'2:01 2 P ~ Frequency region affected by environmental noise

Frequency (Hz) coupling:

-> Improved with:

* Photodiodes on suspended benches under vacuum

» Baffles to shield mirrors, pipes, vacuum chambers
exposed to scattered light

E waist I[
center

3
Nl b ¥
I A
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((@)}% Technologies:
L Improvmg the high frequency range

--?-i ' —PH 25W BNS range 107 Mpc
=h

——Dual rec., 125W, tuned SR. Range: 126 Mpc || Dominated by laser shot noise

= §i1——Dual rec., 125W, detuned SR. Range: 142,Mpb ;,’

o —Vlrg0+ (Sep1 1.3 2011) BNS range
' il Improved with:
e Higher laser power: 125 W injected}
* Higher finesse of the arm cavities

— 700 kW in the arm cavities

Optical configuration: signal recycling

10 °
e DCdetection
1{}'21-401 P 102 P 103 Lo ;;;;1;04 Larger power requires:
rrequency (Fiz) e New laser amplifiers
; Larger finesse: e Heavy, low absorption optics (substrates,
125w Z/ F =450 coatings)
= e Smart systems to correct for thermal
CLaser | I !W iy aberrations
) : kw
Signal recycling — Arm Effective length = 850 km
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((@)}%;;g Advanced Virgo configuration in 2015

Main goal: join aLIGO for early science
- Advanced Virgo was funded ~2 years after aLIGO

e Startin 2015 with a simplified configuration, similar
to Virgo+: likely to reduce commissioning time
» No signal recycling (reduce locking complexity)

» Use Virgo+ laser (up to 60W)
» Low power (reduce risks with thermal effects and

high power laser)

' {||{——PR. 25W. BNS range: 107 Mpc

= Dual rec., 125W, funed SRH. Hange: 126 MDC
1| — Dual rec., 125W, detuned SR. Range: 142 Mpc |}

j ( ): BNS range: 13 Mpc |1

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

e Target BNS inspiral range: >100 Mpc

e Configuration upgrade schedule to be discussed
with the partners

| Early configuration PR 25W |}

10’ 10° 10° 10
Frequency (Hz)
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((@)%Zﬂ Detector design

e MAIN CHANGES wrt Virgo+

larger beam wode
heavier mirrors (x2): 42 Kg &
higher quality optics
larger finesse (x3): F = 450
Improved thermal control of aberrations vy
photodiodes under vacuum e L
DC detection - new OMC cavity JRDY
Upgraded vacuum in the arms 2x100 W fiber rod amplifier

200W fiber /ase’}installation

YVVVVVYVYVYVYVYVYY

signal recycling | postponed

e Vibration isolation by Virgo super-attenuators
» performance demonstrated
» large experience gained with commissioning at low frequency
» Upgrade needed for heavier payloads / better control of the suspension

 Monolithic suspensions:
» Test masses suspended with fused silica fibers as in Virgo+
» Improvement of silica-steel interface at the upper stage
» New payload design adapted to new mirrors and baffles




Impact of large beams

(@)=

Larger beam:

» required new vacuum links

» re-design of input & ouput benches, telescopes
» large Beam Splitter (55cm)

Recycling cavities: same Virgo design but higher degeneracy
5.1 » sidebands high order modes are nearly resonant

Y » Degeneracy of the sidebands very sensitive to thermal
effects, substrate defects

Design choice constrained by super-attenuas
infrastructure (budget and schedule)
Requires proper management of aberrations
» Optics quality

» Active aberrations control

geometry,

Ed
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((@%‘;ﬁ Aberrations

* Focus on the recycling cavities, where several kinds of aberrations play a role:
» Inhomogeneity of the optics in transmission
» Imperfections of the numerous surfaces
» Thermal lensing in the IM due to absorption of laser power

e CHALLENGE: get an aberrations free interferometer with correction of “cold” and
“hot” defects

cp NI
From

the laser

BS

1<

0.9F

RoC error
Astigmatism
Random map

0.8F

0.7f

PR

0.6f

0.5 L e e e PR

REQUIREMENT: total Optical Path Length
distortions in rec. cavities < 2nm
(constrained by the sidebands recycling gain)

0.4f
0.3f
0.2f
0.1f

Upper Sideband recycling gain (fraction of ideal gain)

0 A A A
4 6 8 10
Recycling cavity RMS optical path length distortions (nm)

0
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((@%ﬁ;‘; Thermal Compensation

e Optical aberrations measured with two complementary sensors : phase cameras and
Hartmann wavefront sensors

e Mirror radius of curvature adjusted with heating ring

e Thermal lensing and other cylindrically symmetric defect compensated with CO2 laser
shined on an auxiliary optics: the compensation plate

* |If needed: a scanning laser at lower power will compensate for defects with arbitrary
geometry (first tested by R Lawrence) - promising results in lab

CO2 laser shined on the mirror: W in
heat deposition where needed —-
to compensate for aberrations

Surate

= EF
CO2 laser beam deformation

e
i

Thermal lenses

Heating rings around
mirrors to tune RoC

(accuracy: -1m over 1500m)
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((@)}gf;ﬂ Mirror production

Polishing completed, coating of large mirrors nearly completed

Test mass prepared
for gluing ears
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(@)

* Mirror figures are better than the specifications

Mirror characterization

— Risk reduction for aberrations & scattered light

Advanced VIRGO
Requiremeants

LMA
Measuremenls

e Using maps into simulations to predict
interferometer behavior and anticipate

Flatness R.M.S.

= 0.5 nm RMS on £2150mm

commissioning issues

Surface 1 (Curvature, Astigmatism D.g;ignm::s
Incidence 0* removed)
Radius of Curvature (m) 1425 +/-10 m 1424.56 m
Surface 1 @ 150 mm 150 mm
Astigmatism amplitude = 5nm 0.52 nm
(Zernike term)” & 150 mm 50 mm
Transmitted wavefront 0.77 nm RMS
Incidence 0° X 150 mm
{before coating) (Curvature removed)
A\rarig_ﬂ Scaltering <10 ppm 3 ppm
(457 incidence) @ 150 mm & 1580 mm
Surface 1
Absorption HR 0.22 +- 0.06 ppm
Surface 1 <0.5 ppm 150 mm
Transmission
at 1064 o 144 01% ST 4 e
1% incidence
" 1.01%
Transmission .
at 532 nm 0.5% < T< 2% it
0° incidence i
measurement)
Reflectivity AR Surface 2
at 1064 nm =100 ppm EB_ +- 8 ppm
9° incidence & 150mm
- £0.1%
Reflectivity AR Surface 2 (witness sample,
at 800 nm <1%
0° incidence spectrophotometric
measurerment)
= #0.2%
HETI““;?%;&R"?:”BEE 2 ol (witness sample,
0" incidmnce - spectrophotometric
measurement)




((@d Payload assembly: beam splitter

-

Large beam splitter integrated in December 2014
New payload concept thoroughly tested
Superattenuator/payload precommissioning completed

Tower in vacuum
26/03/2015 50th Rencontres de Moriond - Gravitation - Status of the Advanced Virgo gravitational wave detector
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((@)&g Payload assembly test mass

* WI payload ready for the integration of test mass
& compensation plate with final suspension
e Silica fibers produced

26/03/2015 50th Rencontres de Moriond - Gravitation - Status of the Advanced Virgo gravitational wave detector 18



((@)%:;g Injection system installation

Upgrades of the input optics: - providing up to 200 W of laser power
- better beam positionning & power stabilization
- telescope suitable for larger beam in recycling cavity

IMC end mifror payload
& e 90% of hardware installed
o e Commissioning on-going

siB2 N
New suspended bench % N ol __ AL
not yet installed T N 2 o 2wl




((@)}%;;g Injection system commissioning

Main goals:

e Control the various degrees of freedom of the injection system :

» Beam pointing control

» Input Mode Cleaner (IMC) cavity angular alighnment and longitudinal controls
» Pre-stabilization of the laser frequency on Reference Cavity length
» Power stabilization in transmission of the IMC cavity

* |dentify noise sources limiting performances of the system = noise hunting

A few results:
First IMC lock achieved in June 2014 !

Noise budget for IMC length noise

—-> Gaining experience and training for
AdV interferometer commissioning

26/03/2015

First lock of the laser frequency on RFC in Mid-November 2014
Power stabilization loop put in operation in February 2015

Hz/sqri[Hz]

gps = 1109640591 (2015-03-06 01:29:35 UTC)

frequency [Hz]

——closed loop RFC error
——vertical angular beam jitter noise
—— SIB1 tx ctrl noise
——5IB1 ty ctrl noise
—— SIB1 tz ctrl noise

dark noise
--------- classical radiation pressure noise

B | — shot noise

— pendulum therm noise
rfc length noise
—total

20




(@)%‘;;Z OMC bench

* New Output Mode Cleaner developed for DC detection
—> must filter out high order modes and « control beams » (modulation side bands)
—> made of two monolithic cavities in series
—> cavity length thermally controlled + PZT
* OMC tested and integrated on its optical bench with output telescope
OMC bench inserted in its tower




((@)%“'New vacuum chambers & suspended benches

rgo
3 vacuum chambers (out of 5) with suspension system installed - will host photodiodes
benches M T F g
* Suspensions being pre-commissioned with dummy mass o y
e Assembly of optical benches started
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((@%j Vacuum Imks in central interferometer

e
e
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Advanced Virgo installation: “recap”’

Tower/
minitower
IB

MC
DET
BS
WI
NI
PR
SR
WE
NE

51B2
SDB2
SPRB
SBWE
SBNE

Suspension
completed

Mirror/bench §i
integrated .

25.000

20.000

10.000

Production nearly completed
Full set of mirrors available
Suspensions:

installation = 50% completed
Payloads:

integration done in 4 towers
1st test mass payload ready for
installation
1st new suspended bench to be
installed in May
78% of total budget cost
committed as of Jan 2015

AdV progress data from planning

Advanced Virgo (excl. contingency)
Ref. planning 1:16/10/12 (p} 2: 21/01/15 (y}

Last planning date 21/01/15 [y)

Total: 116176 dayswork; 19773 k€ cost
Status: 95124 days work; 15440 k€ commirted
Nikhef cost data notincuded

e
’
,’ Jan 2015
Oct 2012 /A

/7
78% of total project cost ," <
committed as of Jan 15

Cost [KE]

4 Commited

wannen AdYBudger

LEELE

M2

EHH}E%H}JH%HJFH%HHF

ﬁk%ﬂ%HHF#%ﬁhH‘aH%ﬁéH‘
24



(@)=

* Main top level milestones:
» Assembly & Installation completed in October 2015
» 1stlock in Jan 2016

e Commissioning:

Advanced Virgo planning

» Already started with injection/laser system
» Commissioning of partial interferometer (power recycling cavity, one arm)

scheduled during the summer

» Anticipate as many tests as possible to save time later

2015

2016

[ 05 | 06 | 07 | 08 | 09 | 10 | 11 | 12

01 [ 02 | 03 | 04 | 05 | 06 | O7 | 08 | 09 | 10 | 11 | 12

01 | 02 | 03 | 04 | 05 |

- AdV: Input mode cleaner ready for comm

izsioning

- AdV: Beam available on detection

4 AdV: Ope arm availa
& AdV: Major hardy
- AdV: Assembly &

F

Beam alignment iptge North arm

n system ! mpdE cleaner commigsi

Commigsioning

Eystem

ple for commis=ioning

yare installed
Integration finished

4 Ad\: First 1 hour lock
F 9

COomM

ning

f partial ITF
Commis=ioning .of full ITF
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((@%g Lessons Iearned from Virgo comm|SS|on|ng

C1 Nov 2003

;years§/§7 orders : Co o s

C3 Apr 2004
C4 Jun 2004

C5 Dec 2004

C& Aug 2005

CT Sep 20056
WSR1 Sep 2008
WSR10 Mar 2007
WSR1 May 2007
WSR2 October 2008
Wirgo+ design

Warnings:
* Reaching designed sensitivity is
a long term effort
* Increasing detector complexity with 5 |
Advanced Virgo ENURLY T L T T

Sensitivity [h Hz]

Positive outcomes: - iiii..| ; ;..;iii
. . 10% 10° 10*
b A |Ot Of eXperlence galnEd | C1 & C2: single arm ; C3 & C4: recombined ; C5 & after: recycled i Frequency [Hz]
e Several instrumental weaknesses identified and fixed
— improved payload design, new thermal compensation system, specifications on
the mirrors
* Actions taken to mitigate environmental noise coupling
— improved seismic isolation, stray light control

e alLlIGO is experiencing a much faster commissioning : 67 Mpc reached in =270 days !

-> Advanced Virgo commissioning will be speeded up by what we have learned
But a few years will be needed to reach AdV nominal sensitivity at full power, full config 26



((@)%;;g Advanced Virgo observing scenario

Projected evolution of targetted sensitivity for Advanced LIGO & Advanced Virgo

Advanced LIGO

Advanced Virgo

—21
-10 ...... en iEarI.y '{20'-1 5,' 4'-0' _' 'B'd Mm}l 1D E L. EHrnnns —Earl.ly {2'(]-1 IE_I.II?-I' '2'(]' ~ 60 'Mp(':} E
_ I Mid (2016-17, 80 — 120 Mpc) _ I Mid (2017-18, 60 — 85 Mpc) |
o I Late (2017-18, 120 — 170 Mpc) o B Late (2018-20, 65 — 115 Mpc)|
I:'E‘ Il Design (2019, 200 Mpc) N[ Il Design (2021, 130 Mpc)
=10 BNS-optimized (215 Mpc) L 102 imi
[14] @ o
Ef ot
2 DN 2
2 [N N =
o LR o ..
O
g 10_23 an T g 'ID_EH..::::::
.
S S IUURRNSOUON UM OO MO0 O O AN boors o S0 I OO SN SO
. . e N e e
10 o o 10 i i
10 10° 10° 10' 10° 10°
frequency (Hz) frequency (Hz)
Estimated | Eqw = 1072Mgc? Number % BNS Localized
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
Epoch Duration LIGO Virgo LIGO Virgo Detections | 5deg? | 20deg?
2015 3 months | 40 — 60 — 40 — 80 — 0.0004 - 3 — —
2016-17 6 months | 60 — 75 20 — 40 80 — 120 20 — 60 | 0.006 — 20 2 512
201718 9 months | 75 —-90 | 40 — 50 120 - 170 | 60 -85 | 0.04 -100 ) 1 -2 10 - 12
2019+ (per year) 105 40 — 80 200 65 - 130§ 0.2 - 200 3-8 8 — 28
2022+ (India) | (per year) 105 80 200 130 0.4 — 400 17 48
o >4 27




(@ Squeezing

 There is room for further detector upgrades with the existing AdV infrastructures
e Example: implementation of a vacuum squeezed light source
— High power risk mitigation
- Sensitivity enhancement at high frequency (shot noise reduction)

e Squeezing working group formed in the collaboration in June 2014:
— writing a technical design for the construction of a frequency independent squeezer
— squeezer prototype being developped

* |Inthe long term: investigations on the possible use of filter cavities for a frequency
dependent squeezing - allow better shot noise reduction without spoiling low freq.

Space foreseen in the AdV detection lab to host a
suspended squeezer bench

Preliminary optical layout of a squeezer bench

In-zir SQZAB In-vacuum SQZFB

Q
(Squeegng Ancillary Bench) T {(Adv Squeezing Bench) o
LY
i} R Tl
- - T N
e [HR —"'—‘* I - : S S
' ) T
- o el Ten oem
= r T
ez
P
- rs

o




((@)%;;‘; Conclusions

Advanced Virgo assembly and installation expected to be completed by
the end of 2015

 Commissioning activity progressively getting momentum
 Expect to join Advanced LIGO second observation run in 2016

* R&D effort for possible further sensitivity upgrades and risk mitigation

High expectations on detector sensitivity in the coming few years

—-> Stay tuned for the first detection !
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((@%ﬁ;‘; Expected sensitivity with squeezing

107

25 W DRM TSR No SQZ

s 25 W DRM TSR SQZ
= 125 W DRM TSR No SQZ (Design) | |

Total non-quantum noise

25 W DRM DSR No SQZ
m— 25 W DRM DSR SQZ

— 25 W DRM DSR No SQZ (Design)
Total non-quantum noise

10

. &
Frequency Frequency
Configuration 2 | BNS | BBH Configuration 3 | BNS | BBH
25 W No SQZ 99 | 1064 25 W No SQZ | 122 | 1303
25 WSQZ79dB | 119 | 1114 25 W 7.9 dB 130 | 1318
125 W No SQZ 134 | 1197 125 W No SQZ | 146 | 1147
31
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Monolithic suspension design
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