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Gravitational waves
Results and future prospects
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Institute for gravitational research, University of Glasgow
on behalf of the LIGO scientific collaboration and Virgo
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The LIGO Scientific collaboration (LSC) is made out of 1000+ scientist of
more than 90 institutions in 16 countries. www.ligo.org

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




University
of Glasgow

(¥ Ve v |

Caltech

ES Andrews @ University W‘iéiilm'ml\' STATE

UNIVERSITY
AMERICAN
RSPy,
UNIVERSITY o e
e = 2% . .
. A indige) T
University 47415‘, ﬁ‘Q TEXAS TECH
Sheffield. : UNIVERSITY.
. . .
Universitat INTERNATIONAL [ ) M
de les Illes Balears PHYSICS BELLEVUE MONTANA
Fodarsi Unteaeohy of Al rande do Nore COLLEGE STATE UNIVERSITY

UNIVERSITYof WISCONSIN

UVWMILWAUKEE
===

TRINITY

UNIVERSITY

BOTHELL .
OLUMBIA UNIVERSITY

IN THE CITY OF NEW YORK

STATE UNIVERSITY

UNIVERSITY OF

WASHINGTON

&,?if AUSTRALIA 1T

E--d THE UNIVERSITY OF ao

B8 B

W CHICAGO

®
O

o aé & R
T Hyderabad

m o | CHENNAI =3 S Universita
c l MATHEMATICAL ,?‘ degli Studi
INSTITUTE T ERNATIONAL (;’ THE UNIVERSITY OF TOKYO Lo .

CENTRE £
THEORETICAL
SCIENCES

TA INSTITUTE OF FUNDAMENTAL RESEARCH

.
Qcrs UNIVERSITYOF
BIRMINGHAM

WHITMAN
COLLEGE

RG

UNIVERSITY AND INSTITUTE
OF ADVANCED RESEARCH
THE

SWINBURNE
UNIVERSITY OF

(C tifr €38

G n Max Planck Institute it

e ﬁ for Gravitational Physics 0 2

o ALBERT EINSTEIN INSTITUTE too: 4
6 00

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)

TECHNOLOGY

Leibniz
Universitat

PR
Hannover Zurich

CALIFORNIA STATE UNIVERSITY

FULLERTON

WEST of SCOTLAND
Australian UWS Urcl}lfferSIty
w=>k National o <+ @[ asgow
Sy University o :\(,,% i

Georgialns e 2R\ Korean
@ﬁTe%hm@]@@y ﬂ‘\

¢ Northwestern UF|FLORIDA

University of oS~

LSC - Institutions

‘o PennState

%HILLSDALE COLLEGE ﬁ‘ MONTCLAIR STATE
&7 UNIVERSITY

Université f”\

de Montréal

UNIVERSITY OF MONASH University

CAMBRIDGE

POLYTECHNIQUE
MONTREAL

THE UNIVERSITY
OF ADELAIDE

AUSTRALIA

UNIVERSITY OF

Southampton =

UNIVERSITY OF THE

LE GENIE
EN PREMIERE CLASSE

INIVERSITY OF X
& TRATHCLYDE LS
R
i 3 %

44 sTATE PR RS \}‘,‘I’\—OZG{r N — CARDIFF
- Y, UNIVERSITY
25 S

&

UNIVERSITY
CARDYD

PAH

UNIVERSITY OF )

LSU Cojprado

LOUISIANA STATE UNIVERSITY

= CHARLES STURT

\&/ T ~N1VERSITY Marshall Space

Flight Center

‘V\ A ‘ 4(
: 'I‘-)z <
y A
L2 Y Universitat Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

University

Dvavitational Wave & wup

O\ on

UNIVERSITY of

mUNIVERSITY

MISSISSIPPI

ING'S
College ®

o

CITA/ICAT

LONDON

@ ismcs FLIGHT CENTER

THIRUVANANTHAPURAM IISER KOLKATA



?822;%%
LR yeir On Feb 2016, LIGO and Virgo
collaborations announced beginning of
new era in astrophysics, based on
GWs (GW150914, first BBH signal).

Overview of results

GW170104

5 BBH mergers observed to date . | LTi51012

GW170608 — \

(latest a triple detection: LHO, LLO, | | wisizs
Virgo) - No EM counterparts & \ st

GW150914

GW17081§\ :
HLV

* On Oct 2017, LIGO + Virgo + 70 EM
observatories announced the most complete
observation of a BNS merger (GW170817,
first BNS signal) = Breakthrough for multi-

T messenger astronomy
B. Sorazu SUSY18(BarceIona 27 July 2018)




gjfcl;lgesfgsé% Other BBH detections

* During O1 (18 Sept 2015 — 12 Jan 2016): 2, GW150914 and
GW151226.

e During O2 (30 Nov 2016 — 25 August 2017): 3 announced,
GW170104, GW170608 and GW170814

« No EM - BHs dimension imply no accretion disc.

Black Holes of Known Mass

n
Q
7
n
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Distance to source
in million light years
LIGO/VIRGO
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UmV@l‘SltY Other BBH detections
& of Glasgow

* During O1 (18 Sept 2015 — 12 Jan 2016): 2, GW150914 and
GW151226.

e During O2 (30 Nov 2016 — 25 August 2017): 3 announced,
GW170104, GW170608 and GW170814

« No EM - BHs dimension imply no accretion disc.

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




University First triple detection GW170814: LIGO+Virgo

of Glasgow

« GW170814 first detection with 3 detectors (LLO, LHO and Virgo
joining O2 on 1 August 2017).

_ Hanford | ~Livingston | ~ Virgo

Frequency [Hz]

Whitened Strain [10'21]

i | 1 1 1 L | | Il Il Il L 1 1 1 | L L L
046 048 050 0.52 054 0.56 046 048 050 0.52 054 0.56 046 048 050 0.52 054 0.56
Time [s] Time [s] Time [s]

« Signal is observed at different times in the 3 detectors due to the

finite propagation speed of GWs - source location.
B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




University First triple detection GW170814: LIGO+Virgo

of Glasgow

» 3 detectors - Great localization improvement:
* 90% credibility region: 1160 degrees? (LIGO),

+ Also improved luminosity distance uncertainty by 50%

T
—Livingston
——Hanford 30°
N —Virgo
I
-21
=Z 10 l
—
]
L 0°
g 10_22 | 8h 6h 4h h
£
E 1 ~ —
)
! " )/ 30°
1023} W : :

(o] 250 500 750

102 103 Mpc
Frequency [Hz]
Sensitivity of the 3 detectors during GW170814 Source location of GW170814 inc. distance

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




Source location

B Universit
of GlasgowY

%
Detectors sensitive to all sky. Highest «-j—” j—” vI—”
sensitivity vertical to detector plane. &L B
Triangulation by difference in arrival w S :\
time to detectors... T AT S g{ = \L,%
... And consistency of signal’s [ ﬁ%f\\“
amplitude and phase (affected by Nl N
calibration uncertainty).
2 detectors; localization in long — GW170104
bands (triangulation circle): e e \ LVT151012
- hundreds degrees? (90% conf.) SAACEEESSSSEENE \
- Volume includes 10° Milky Ways o GW151226
3 detectors; better location : — \ GWQZSW
(intersection of 3 circles): ' |

2 : , =
- tens of degrees _ — . GWi150914

GW1708 1;-\ . = LIGO/Virgo/NASA/Leo Singer
B. Sorazu — SUSY18 (Barcelona, 27 JUIy 201 8) HLV : (Milky Way image: Axel Mellinger)
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ofGlangWY Global network of detectors

A global network of detectors improves:
» Localisation.

« SNR detected signal.

« Certainty of the detection.
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o University Global network of detectors- ‘Localization’
of Glasgow

2016-17
60°

From hundreds to tens of degrees?

A detectors’ sensitivity > W source location error.

« With LIGO-India = great new improvement - few degrees?
B. Sorazu — SUSY18 (Barcelona, 27 July 2018)



UmV@rS“Y Scientific implications of BBH detections
0 of Glasgow

* First direct measurements of BH properties [Raateadubtdi CIa Lo LiL
(mass, spin, distance, inclination)

» First observations of BBH systems (only
possible through GWs) - they exist and
merge (in less than 13G years).

- BBH merge rate (based in observations) ~
10 - 200 events-Gpc3yr-

* First observations of intermediate mass BHs
(25 < BH <10° solar masses)

Frank Elavsky, Northwestern

* Most powerful events ever observed (few solar masses of energy
radiated as GWs in less than 0.1s)

» First tests of GR in dynamic conditions of extreme gravity (so far no
discrepancies observed)

» Test of GW polarizations (how spacetime can be deformed) 2>
Confirming GR prediction (X and +)

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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GW170817
The dawn of multi-

messenger astronomy
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' UmvefSlW GW170817 — first GW signal of a BNS

RIPPLES OF GRAVITY,

FLASHES OF LIGHT:

WORLD'S OBSERVATORIES
WITNESS A COSMIC CATACLYSM

On 17 August 2017, the 2 aLIGO detectors and Virgo observed the
GW signal emitted during 100 sec before the merger of two neutron

stars. This time there was an EM counterpart!!!
Multi-messenger astronomy-> The same event observed with GWs & EMs

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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GW170817 — dawn of multi-messenger astronomy
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« GW detection provided high precision of sky localization and distance of the
source - it allowed exhaustive follow up after the merger, through the whole EM
spectrum - Confirm that kilonova are associated to BNS mergers.

» Closest source of GW detected, only 100 M light years. The highest SNR signal
and of longest time duration.

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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» First evidence that short-GRBs associated .. |

to BNS mergers

Scientific implications of BNS detection

— p(Ho | GW170817)

(km~1sMpc)
o
8

* Kilonova associated to BNS mergers -
source of elements heavier than iron

p(Ho)
o
5

°
S

 ‘Standard sirens’> measure Hubble

constant independent from cosmic L N I
distance ladder: GRB only 1.7s after GW
Hy = 70.07¢% kms—! Mpc ™! s T o

« Limits equation of state of neutron stars -
probe properties of matter extreme conditions . .F

» Constrain difference between speed of gravity = =il lat
and light > between -3 x 107 and +7 x 10716 - [mamees

* Upper limit on mass of graviton m < (few)10-%
eV/c? > ~0

 BNS merge rate ~ 330-4500 events-Gpc3yr'

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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~12 months commissioning

Progress cj’, detectors
towards O3

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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* All test masses
suspended with
fused silica fibers

Will boost the low
frequency sensitivity.

Main Virgo upgrades

— Monolithic - 50W [102/1050 MPc]
— Metallic - 13W [41/455 MPc]
— Metallic - 25W [47/523 MPc]

—— Monolithic - 25W [101/1040 MPc]
" 02 sensitivity (27 MPo)

Sepsitivity [1/vHz]

The AEl sq

d '.““, i ) L i
the DET la ol 10’ 10° 10°
[} 0l Frequency [Hz]

* |Installation of GEO squeezer. On-site
measured squeezing: around 10 dB;
Improves high e
frequency sensitivity. '

Bl =
R ) ' . . The 100\ a_.miglif.i{on they
* New high power laser amplifier: delivers up to 60W  [EEESRSEINESS e

to interferometer.

* New monolithic pre-mode-cleaner, for high power.

from Brian O’Reilly and Alessio Rocchi, G1800395
B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




of Glasgow
ITMX replacement (LHO), point absorber found on HR side
Affected ability of H1 to operate at higher power.

UnilversitY Main aLIGO upgrades

QQQQ
<

Installation of 70W laser
amplifier at both detectors -
delivering 50W to interferm.

. SHHRHRHENNHNE | = SRS . At SR P §e L4

Replace End Reaction Masses by annular version
Hope to reduce residual gas damping noise by 2.5 (issue < 60Hz)

\

)

°°°°°°°° : Installing acoustic mode dampers on test masses

... Mitigate parametric instabilities at high power

Carbon bond Comoving Ranges: NSNS 1.4/1.4 M, andlBI.{BH 30/39 M,

= [ o O R S B 0

e — - -]

argeting 3dB squeezing for O3 (40% shot-noise 5
reduction) = Equivalent to doubling the laser power! |t ..

Lots of new baffles installed to absorb scattered light e et

B. Sorazu — SUSY18 (Barcelona, 27 July 2018) 0% o

Freauencv (Hz)



AT Universit : : L
| OfGlasgov}\lf Possible aLIGO noise projection after upgrades

o
L1 data from end of O2, 27 July - Aug 8 2017
—21 [— | T T | T T —T1 1 | T T 1L T T T 1 || | T 1
10 u — Measured, 25 W, 96 Mpc
. ! —post O2: 50 W+3 dB sqz, new ETMs+SRM, Residual gas noise/2.5, 125 Mpc
B | —post 02: 50 W+3 dB sqz, new ETMs+SRM, RGN /2.5, No ”scatter” noise, 155 Mpc
- / - Thermal+Quantum+Residual gas/2.5, 180 Mpc
B —Scatter
‘ —Sum of:
i — Coating (G1700820)
' — Residual gas/2.5
10722 _\.\ — Other
N : ‘\'\
s i
\ R
=,
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£
< 1072 |
n C
10724 =
E m WIA ) (lh AA
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Frequency (Hz)

B. Sorazu — SUSY 18 (Barcelona, 27 July 2018) from Brian O'Reilly and Alessio Rocchi, G1800395
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Living Rev Relativ (2016) 19: 1

Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA

2

O1 data is public

Early wmMid Late  mmDesign
(]
0-80 60-100 \ 120-1 7# 190
Mpc Mpc Mpc Mpc
LIGO | & [& $ -
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo 0z c - I
25-40 40-140 140
K / Mpc Mpc Mpc
1 1 1 I 1 1 1 1 1
2015 2016 2017 2018 2019 2020 2021 2022 2023
LIGO Virgo KAGRA
BNS BBH BNS BBH BNS BBH
range/Mpc  range/Mpc  range/Mpc range/Mpc range/Mpc range/Mpc
Early 40-80 415-775 20-65 220-615 8-25 80-250
Mid 80-120 775-1110 65-85 615-790 25-40 250-405
Late 120-170  1110-1490 65-115 610-1030 40-140 405-1270
Design 190 1640 125 1130 140 1270

Coalescent rates based on observations:
« BNS: post-GW170817 (O1 as prior): Rgyg=0.3 — 4.5 Mpc>Myr-?
Rggy=0.01-0.2 Mpc-3Myr-

« BBH: post-GW170104:

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)

03: Gw
candidates with
high confidence
public to full
astronomical
community.

Numbers are
BNS range
sensitivity

Sensitivity timeline and coalescent rates

Advanced LIGO

Early (2015~ 16, 4080 Mpc)
| I Mid (201617, 80120 Mpc)

< I Late (201819, 120 170 Mpc)
'N10-2 I Design (2020, 190 Mpc)
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gf&ﬁg&% Sensitivity timeline and coalescent rates

Advanced LIGO

Living Rev Relativ (2016) 19: 1 H T :
s S R B [ Early (201516, 4080 Mpc)
Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA 7 . U | N Mid (201617, 80120 Mpe)
< e I Late (201819, 120~ 170 Mpc)
O1 data is public £ — e
p : : 03: GW ?; [ BNS ‘d(210:\/I )
Early ==Mid Late  mmDesign candidates with %, .
g high confidence
0-80  60-100 120-176€& 190 : =
Mpc Mpc Mpo Mpo public to f_uII So-
LIGO | & [& o [ Cchonc
commiinitv.

During O3 frequent detections:
« BBH - up to a ~few/week, at least ~few/month
« “BNS - 1-10 detections, up to ~1Imonth

2015 2016 2017 2018 2019 2020 2021 2022 2023 %
LIGO Virgo KAGRA R R A S
BNS BBH BNS BBH BNS BBH P 107 10
range/Mpc  range/Mpc  range/Mpc range/Mpc range/Mpc range/Mpc _ KAGRA ,
Early 40-80 415-775 20-65  220-615 8-25 80-250 e 0.8 a5
Mid 80 = 120 775 = 1 l 10 65 - 85 615 —790 25 —40 250 —405 § : 1 I Mid (202021, 2540 Mpc)
Late 120-170  1110-1490  65-115  610-1030  40-140  405-1270 Sto- I Lo (202122 40140 M)
Design 190 1640 125 1130 140 1270 3 I i (0%, 140 o)
;‘_i

=t
1=
|
»

Coalescent rates based on observations:
« BNS: post-GW170817 (O1 as prior): Rgyg=0.3 — 4.5 Mpc>Myr-?
 BBH: post-GW170104.: Rggy=0.01-0.2 Mpc-3Myr-
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Enhanced 2G

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




grélﬁigé% Motivation for upgrades to 2"d gen. detectors

* Increasing sensitivity improves detection SNR, detection rate,
range, localization, and likelihood of witnessing rare sources.

aLIGO desi_gn se_nsitivity

« 2G sensitivity far from e AP
infrastructure limits (residual :EZ&"Sﬁian .
. ) — usp_enS|on _erma
gas + Newtonian noise). 022 = Gaing Frermooptc,
N E Egcgsrsagasrowman ]
. Feasible to increase sensitivity = BRRsEN
by 2 (event rate by factor of 8) 51072 ;
- Minor to medium upgrades ¥ |
within existing infrastructure. N \I\
107 ¢ ~ \. E
» Explore technologies essential for 3G. “‘1'61\' =¥ ';'?6; — *1!3 .

Frequency [HZ]

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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Enhanced 2G sensitivity increase

of Glasgow
 Upgrades mainly target quantum and coating thermal noise.
AdV+ Upgrade in 2 phases: Starts 2020 - A+ project starts mid-2020 - observing 2024
bSeNIng 2024 COSt €0 cepuan ooy 0N VM e e st
e ey [ |
AdV+ phase Il [303 Mpc]|

Strain sensitivity [1/+/Hz]

Strain noise h [1A/ Hz]

iR

... BNS: 325 Mp
BBH: 2563 Mpc

BNS: 175 Mpc
BBH: 1607 Mpc

10-24 " " L n " . . .
10’ 102 10° 10*

Frequency [Hz]
Key upgrades:

10" 102 10°

Frequency (Hz)
detection rate increase by 4 (for BBH) — 7 (for BNS)

P1 Freq. dependent squeezing (8dB, 300m FC): 150 Mpc Frequency-dependent squeezing = | QN
QN Newtonian noise cancellation (seismic sensors 6dB freq-dependent squeezing > 300m filter
network): 160 Mpc

cavity (high finesse) & 20ppm roundtrip loss

Larger mirrors (105 kg): 200-230 Mpc Improved mirror coatings - | coating TN by 2

Improved coatings (| coating TN by 3): 260-300 Mpc
Between 3G and A+ - Voyager:

AdV+ bridges to 3G detectors (new facilities). cryogenic upgrade (same facilities)

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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Science case
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chlasgowy Enhanced 2G — Science case

« A+ will survey 5 times more volume than aLIGO - Deliver in
BNS few years the equivalent of 2 decades of aLIGO Science.
Numerous ‘sGRBs + GWSs’ observations (1 by 6 rate

of coincident observations) - Probe physics of Read, Schmidt, Clark and Lackey, G1700453
sGRB central engine, and opening angle of jets, ... 107 Read et al, Phys. Rev. D 88, 044042 (2013)

Properties of matter at extreme density:

» Deviations from tidal disruption before merger.

~

Offocs
3 tiv,
1072} * poing:

t Partic

* Observe ‘ringing’ of post-merger remnant >
constrain EoS.

Kilonova investigations: LSST (2023) optical/IR
observations of kilonova up to 300Mpc -
T multimessenger observations (improve host identif.

[ ticta
1023 - NS

f)y and 2(f |h{)|)"?

-
[ AdvancedLlGQo\;l-,;S’N:/
10—24 : merger

AFTER

V Sh(

: : . Einstein T e
and redshift) - improve Hubble const. s o elescope | S,
BBH 10 50 100 500 1000 5000
Understand BBH progenitor population and origins: f (Hz)

« A+ allow precision measurements of BH spins
» A+ SNR reduces ‘face-on’ orbits selection bias of aLIGO. ‘Edge-on’ waveforms have less
degeneracy, uniquely encoding component spins and putative “non-GR” anomalies.

Stringent test of GR: enabled by A+ very high SNR BBH signals (GW150914 SNR > 100 in A+) -
Speed & mass of graviton, tensor nature of GW radiation, Lorentz covariance, ...

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




#Ta QOIS | (GO \Voyager — Ultimate sensitivity LIGO sites can deliver
ofGlasgowy Ve i

. . v n T ] ] ] L L L] I 1 1 1 1 N [ | 1 1
« New detector on existing facilities > Pre 3G T S attlo o TP
. 10_22 s Newtonian Gravity: 10)? subtraction - -
« Medium cost upgrade ($50M to $100M), proposal ot Brown 51810, Goms = 005 D
~2025(?) commissioning ~ 2030(?). gii}iil%e;‘f?’;?éﬁf:(%;%“a;‘i{?i’iﬁi‘?:m wl]
It mitigates A+ limiting noise by: - Carie ety 101 |
y o
m — Total
« Cryogenic operation: 123K (radiative, non- Z 103 BNS: 185 Mpc
cc.J.ntact cooling) | § o
 Silicon test masses: 200kg, 45cm dia., mCZ &
process
» Coatings: a-Si/SiO, (a-Si =amorphous Silicon 1024
~lossless)
» Laser wavelength: 2um ettt | L
_ _ _ 10 100 1000
* Newtonian noise reduction factor 10 Frétuency [Hz]
ReqUIred R&D: 2um  PSL operating at 180W

2um squeezing
High power IO components (modulators, isolators) at 2um

]
Bulk absorption measurements in float zone Silicon *
]
e Low noise PD quantum efficiency from 80% to 99% at 2um
]
]
]

Mirror Surface Roughness
Bulk Index/Birefringence Non-uniformity

Procure / develop / qualify large Silicon test masses Black Coatings for Mirror Barrels

Develop crystalline suspension fibres.
Low Phase Noise cryogenic Silicon interferometer prototype

Initial Cooldown of Test Masses
Cryogenic Engineering of Test masses
Characterise themo-mechan. properties of cryo materials
Develop; inertial sensors and passive damping that operates
at cryo temp.

low opt/mech loss coatings at 120 K

Bond loss for Si on Si: ears, ribbons. etc.

B. Sorazu — SUSY18 (Barcelona, 27 July 2018) Instrument Science whitepaper — T1800133
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3G
ET & Cosmic ﬂi'agolbrer
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A University 3G: Where does the community want the field to be in the next
@f Glasgow one to two decades?

« Case for proposing a 3G detector never as good as next few years

 Gravitational Wave International Committee (GWIC) has launched an effort to
develop a science case for 3G

 Has established a dialog with global agencies counterpart — Gravitational
Wave Agencies Correspondents (GWAC)

« Science case is the 1st priority for a 3G detector case ...
What is the compelling science beyond the 2nd generation instruments?
What capabilities are required beyond the 2nd generation instruments?
What will the network of detectors look like?
« Conditioned by the other realities ...
What will the network cost?
How many detectors? Where?
How will the overall construction & operation be organized for success?
* International planning & coordination
In US, NSF indicated that doesn’t want to undertake enterprise independently.
« Support & advocacy from broader scientific community

GW science adds to their science (astronomers, nuclear physicists,...)
B. Sorazu — SUSY18 (Barcelona, 27 July 2018) Excerpted from D. Reitze Amaldi 12 Town Hall meeting




Ef%ﬁ?g%% ET — European 3G detector proposal

 ET conceptual design study May 2008 — 2011 (originally France, Germany, Italy,
Netherlands and UK, later joined Hungary, Poland and Spain)

« ET Collaboration now forming (letter of intent released: http://www.et-gw.eu/index.php/letter-of-intent)

! R B e e B A T i 58 i i "
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« APPEC strongly supports ET.
 ET timeline:

2018: Transform ET community into ET collaboration

2019: Submit ET proposal to ESFRI roadmap (with reduced list of site candidates)
2021-2022: Decision on site location

2025: Beginning of construction work

2029: Operating
B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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10_22 ™ TT
ki N = Quantum
‘\‘\ ‘\ \ == Seismic
W1 \\ — Newtonign |
Target sensitivity: 10 times better than A+. e
. . . 1o . Coating Thermo-optic
The target design is essentially a 40km 102 s D Substrate Brownian |-
1 RN K Ex G
Voyager N e —Total noise.
=
Still R&D needed =
s
« Making the interferometer longer means g 10™
. w
bigger beams (by at least x2)
* more massive mirrors (factor ~10)
- their curvatures are larger (flatter), which ~ °™¢
impacts contrast and alignment.

Cosmic Explorer — US 3G detector proposal

Cosmic Explorer (expected R&D improvements)

102

* Arm tubes expensive - limited diameter >
scattering

 4kHz FSR - frequency servo implications

Frequency [Hz]
Exploring the sensitivity of next generation gravitational wave detectors
(2017) CQG 34, 044001

B. Sorazu — SUSY18 (Barcelona, 27 July 2018) from M. Evans— GWADW 2018
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« 3G Science will transform our understanding of the Universe.
 We will observe BNS and BBH from the entire Universe!

« Measure mergers of BBH from 1st starts (Pop Ill) as a function of redshift.

« CBC mass and spin distribution through cosmic time.

« Map demographics of BH seeds and their growth through the Universe

« Formation and cosmological evolution of BBH and BNS and their population.

1()2:_ 1 IIIIII 1 1 1 IIIIII IHOIriZIO];ll i

- 10% detected]
PB %\ 50% detected]

Redshift

Voyager

TN - I —T

B. Sorazu — SUS) Total source frame mass [Mg]




gfgﬁ%rg%% 3G — Science case

Multi-messenger observations:
« What is the contribution of NS-NS and/or NS-BH mergers to r-process production?

* How does this vary with redshift?
« Where in the galaxies do these mergers occur and what the location tell us?

Neutron stars / Nuclear physics:
« Decipher the equation of state and structure of dense NS cores.

Supernovae:

« Can we distinguish the various phases of supernovae explosion?

« Shed light on the mechanism of gravitational collapse and core bounce.

Extreme Gravity:

* Horizon dynamics during BBH mergers.

« Can we observe multiple ringdown modes? - verify no-hair theorem

« Do exotic compact objects (e.g. boson stars) exist?

« Test alternative theories of gravity (new polarizations, graviton mass, Lorentz violation)

Cosmology:
« Measure Hubble constant and dark energy equation of state with standard sirens.

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




' UnlvefSItY Broadening frequency band — Space - LISA

of Glasgow

3 satellites separated 2.5 Mkm on triangular formation.
Following Earth on its orbit round the Sun.

Laser interferometry to measure their relative distances.
ESA approved mission June 2017->Launch expected 2034.

www.elisascience.org

Mercury

B. Sorazu — SUSY18 (Barcelona, 27 July 2018) From Steve Detweiler
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" Big Bang

». Supermassive Black Hole Binary Merger
— o
-
. Compact Binary Inspiral & Merger
i
.

o Extreme Mass- Pulsars,
i Ratio Inspirals P2xp ¥ Supernovae @
age of the Wave Period

universe hours seconds milliseconds

B B e s i By s

10°" 1072 10°% 10 i 10+ 1 107
Wave Frequency

TS TTm——
Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)



& Universit
of Glasgov%rf

Thank you for your

attention

Questions?

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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Other slides
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gf?}lﬁ@slgsé% Mass gap between known NS and BH

Masses in the Stellar Graveyard

in Solar Masses

Known Neutron Stars

(] L]
® LIGO-Virgo Neutron Stars

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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ofGlasgon Polarization of gravitational waves

« Polarization, fundamental property of space-time - how space-time can
be deformed.

« General metric theories allow six polarizations. General Relativity allows
two (tensor) polarizations.
GR only allows (T) polarizations General Relafivity

(cross and plus) GR in noncompactified 4/6D Minkowski

General metric theories also know Einstein-Ather
vector (V) and scalar (S) polarizations 5D Kaluza-Klein
Yy

Randall-Sundrum braneworld

T
. ﬁ /,/\\\
I /
\ z \ . .

‘ ) : e Dvali-Gabadadze-Porrati braneworld

/| \\
/
\

L <. K/ Brans-Dicke
Yy Yy f(R) gravity

N YN Bimetric theory

VO E \\ Z

\ \ ! .
& ! \\J,’ Four-Vector Gravity

Nishizawa et al., Phys. Rev. D 79, 082002 (2009) [except G4v & Einstein-Zther].
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from Jo van den Brand

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)



GW170817 — Glitch in LLO

M University
'E of Glasgow
Time (seconds)

-10 -8 -6 -4 -2 0
500

Instrumental Glitch, due to
breve (5ms) saturations of DAC
that provides control signal to
the position of the test masses.

Frequency (Hz)

Normalized amplitude
[

Easy to remove after identifying
and characterising type of
glitch:

- Fast analysis, detection: remove the

time interval of the glitch (Tukey
window).

* Full analysis, paramater estimation:
Glitch model and subtraction.

I Strain data
B Glitch model

|
Window amplitude <

-6 ' | ' | ' T T I ]
-1.25 -1 -0.75 -0.5 -0.25 0
Time (seconds)
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LVC , Physical Review Letters 116, 241103 (2016)

GW151226 — Match filtering in action

| |

Hanford Livingston
ri.\ 06 i T T T T T ] i | T T T U T i
o 03} {4 i ; it L .
= 0.0 RS MWMMWWWWNWWWWWIL',;'LH j GWIvI2es:

B0 il ! at 03:38:53 UTC
3 10 AL LR AR 14M, + 8M=21 M
A SNR = 13, > 5 sigmas
g 2 = 2
b 18 E radiated 1M®C
- in 1 second
n 4

’ 440 Mpc, z=0.09
12 16 5 ~1.4 billion light years
L 256 12 &
g’128 %O §
3 64 6 T
v 4 £
w32 2 g

-1.0 -0.8 -06 -04 -0.2 0.0 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 )

Time (s) Time (s)

FIG. 1. GWI151226 observed by the LIGO Hanford (left column) and Livingston (right column) detectors, where times are relative to
December 26, 2015 at 03:38:53.648 UTC. First row: Strain data from the two detectors, where the data are filtered with a 30-600-Hz
bandpass filter to suppress large fluctuations outside this range and band-reject filters to remove strong instrumental spectral lines [46].
Also shown (black) is the best-match template from a nonprecessing spin waveform model reconstructed using a Bayesian analysis [21]
with the same filtering applied. As a result, modulations in the waveform are present due to this conditioning and not due to precession
effects. The thickness of the line indicates the 90% credible region. See Fig. 5 for a reconstruction of the best-match template with no
filtering applied. Second row: The accumulated peak signal-to-noise ratio (SNR,) as a function of time when integrating from the start of
the best-match template, corresponding to a gravitational-wave frequency of 30 Hz, up to its merger time. The total accumulated SNR,,
corresponds to the peak in the next row. Third row: Signal-to-noise ratio (SNR) time series produced by time shifting the best-match
template waveform and computing the integrated SNR at each point in time. The peak of the SNR time series gives the merger time of
the best-match template for which the highest overlap with the data is achieved. The single-detector SNRs in LIGO Hanford and
Livingston are 10.5 and 7.9, respectively, primarily because of the detectors’ differing sensitivities. Fourth row: Time-frequency
representation [47] of the strain data around the time of GW151226. In contrast to GW150914 [4], the signal is not easily visible.
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gfgﬁirg%% ET — European 3G detector proposal

- Start with a single xylophone Einstein Telescope :

Xylophone option (ET-C) "

Number of 'long' suspensions = 21

- (ITM, ETM, SRM, BS, PRM of LF-IFOs)

d eteCtO r_ Each detector (red, green and blue) ””I' Grn-LF of which 12 are cro genic.
consists of two Michelson inter- ”

Number of 'normal' suspensions

” (PRM, BS, BD and FC) = 45 for

linerar filtercavities and 54 for

ferometers. The HF detectors need

* Add second Xylophone detector oS e
to fully resolve polarisation. e el
« Add third Xylophone detector

for redundancy and null-
streams.

*Infrastructure Estimated cost ~1B€ | ...
(for one Xylophone detector). _g ........................ S

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




gfggifgsgtwy ET — Xylophone approach

« Split detector into two interferometers optimised at low & high freq. bands:

Low Frequencies = Low power & cryogenics High Frequencies = High power & room temp.
10K, 18kW, 1550nm 300K, 3MW, 1064nm

ET-CET-D [ ET-C/ET-D )

Low Frequency = High Frequency

~

EMy

IMy
PRM BS
: T T o
[ 5 Laser Laser
102 1550nm  SRM 1064nm  SRM ) i 10%
= X Filter cavity 2 Filter cavity 1_ |=
I A' -- .]ZE ........... E,
tc:' 23 4', 0T JZE ........... % 23
=10 = ! Sausezer PD*’ . Filter cavity 1 = =1
c i c
< (=) [l ........ - - ﬂ .......... ﬂ i[JI Squeezer §
5 1014 *EZ:%QQ‘ \ j \ « 1010
4 Optical element, ] Optical element, e Laser beam 1550nm e 2
07 Fused Silica, Silicon, e |_aser beam 1064nm 10% !
10° 10' 10° 10° 10* \_ room temperature = cyogenic  ceeeeeenea- squeezed light beam 10° 10' 10° 10° 10*
FrequencyHz] @ |\ Frequency [Hz]

== T.D total |
-—-ET-DLF

N
N

-
<

N
W

Strain [1/sqrt(Hz)]
=

[
=

=Y
(=]

i 100 | 10 | 10Z T 1(14
B. Sorazu — SUSY18 (Barcelona, 21 Frequency [Hz]
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University Fundamental noises on GW detectors
of Glasgow :

noise sources From Benno Willke aLIGO design :(S)gizrr}t#cm
‘ sensitivity ——=Newtonian ]
_ y =—=Suspension Thermal ||
thermal Gravity / ——Coating Brownian
: gradient 102 F \¥ Coating Thermo-optic|-
noise = ‘\\ Substrate Brownian |;
N Excess Gas
< ——Total noise j
index of E 7
refraction
fluctuations \ / b .g 10723 P \ i
seismic &
/ - &
Q radiation
« pressure 1024} l E
noise : \ |
power noise : I DR ER e | S
frequency noise Hi\ N E qu I \'H 10° 102 103
Initial LIGO de ectors Advanced LIGO O1 - H1 Frequency [HZ]
=21 _ - . .
L Coating thermal limits

shot noise

between 40 - 200Hz.
Quantum noise limits
at all fregs.

«~ Below ~15Hz limited
* by ‘walls’ made of

25

Hz)

10722 s

“Technical’ noise, _—+
worsen during pre
02 commissioning

Strain Noige (1/
S

at LHO [ -0z Suspension thermal,
ol .. .1 Newtonian and

10 100 . I1I0I00 . . .
B. Sorazu — SUSY18 (Barc Frequency (H2) Seismic noises.
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OfGlangWY What is mirror thermal noise”

* Due to thermal fluctuations, position of the mirror
sensed by the laser beam not good representation
of CM

« Various noise terms involved: Brownian, thermo-
elastic and thermo-refractive noise of substrate
and coating (or coherent combinations of these,
such as thermo-optic noise).

* For nearly all current and future designs coating
Brownian is the dominating noise source:

Temperature
Boltzmann Geometrical Loss angle
constant coating thickness of coating
AN / /
S.(f) = ‘D‘CBT d/(}”¢{Y¢/) Harry et al, CQG
* w2fY r2 \Y I 37PL ) |19, 897-917, 2002
2 ;\ \v
Young’s modulus o Iaserd. YOU”Q’_S modulus
of mirror substrate eam radius of coating

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




Unuversity How to reduce mirror thermal noise?
of Glasgow

“Mproved coating materials (e.g. Waveguide mirrors

crystalline coatings like AlGaAs, GaPAs)  Brueckner et al, Opt. Expr 17, 163, 2009
Cole et al, APL 92, 261108, 2008 PhD thesis of D.Friedrich

- ease note: Technical readiness of the tech- : :
/ igues might vary strongly! Also this plot repre- _/Cryogen IC MiNors
Larger beam al view (not vetted byLSC). _—| (120K)

size (needs\
)

larger mirrors

Harry et al, CQG 19,
897-917, 2002

/ Cryogenic mirrors
(10-20K)

T -
Uchiyama et al, PRL 108,

<
. 141101 (2012)

‘; Khalili cavities

Khalili, PLA 334, 67, 2005
Gurkovsky et al, PLA 375,

Effort

> 4147, 2011

(Cost + Complexity e,
Different beam shape "\ Amorphous Silicon I
Mours et al, CQG, 2006, 23, 5777 coatings el )
Chelkowski et al, PRD, 2009, 79, 122002 Liu et al, PRB 58, 9067, 1998 DT

Thanks to S. Hild

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)



University Passive Seismic noise reduction
of Glasgow

« Test masses suspended on a 4 stage pendulum:
Optics Table Interfacia;w
(1s1) « Reduce 1/ residual motion of ISI.

» First three stages suspended via steel wire
and blade-springs.

* Penultimate mass and test mass, both 40 kg
fused silica, connected by fused silica fibres
—> ultra-high Q (low loss) structure.

Damping Controls

« Each layer of the suspension is matched by

Hierarchical Global = & 18 an adjacent quadruple pendulum from which

Controls
forces will be applied.
| . . .
I | « The first 3stages contain electromagnetic
P coil drivers.
Electrostatic | © \ i « Test mass controlled by electrostatic drive
Actuation - further reduce control-induced noise.

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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Active Seismic noise reduction

« 7 stages seismic isolation of test masses :
« 3 active stages (HEPl y (2)

« 4 passive stages as a pendulum with the
test masses on the bottom stage.

« 3 active stages with 6 degrees of freedom
each:

« Hydraulic external Pre-isolation (HEPI).

Matich

« Active stages isolate the suspension
pendulum through many sensors of
position, acceleration and velocity
on all degrees of freedom.

The top stage of the pendulum is

attached to the bottom plate of the ISl
2nd stage.

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)



B University What is suspension thermal noise?
of Glasgow | , ,,

(¥ Ve v |

» Mirrors are suspended to reduce seismic noise.

* Fluctuation-dissipation theorem: Thermal noise
in metal wires and silica fibres causes
horizontal movement of mirror.

» Relevant loss terms originate from the bulk,
surface and thermo-elastic loss of the fibres +
bond and weld loss.

 Thermal noise in blade springs causes vertical
movement which couples via imperfections of the
suspension into horizontal noise.

B Temperature
oltzmann
constant Loss angle
\
\ 2
PSD of 4kBTUJO qﬁfw)

displacement\'>zlj2 (w) — -

(w3 — w?)? + widE(w)]

Mirror mass

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




Unuversity How to reduce suspension thermal noise?
of Glasgow

- Please note: Technical readiness of the
A'a techniques might vary strongly!
Q)

54
Improve
fibre
geometry/
profile —{1.
Bending points, =i >
energy stored via (Cost + Complexity)
bending and neck
profile can be A\
potenttiall_y fljjrther Increase length of Cooling of the suspension
opHmised. final pendulum stage to cryogenic temperatures.

Usually also requires a change of materials.

and thinner fibres.

Allows the push suspension
thermal noise out detection band.

Thanks to S. Hild
B. Sorazu — SUSY18 (Barcelona, 27 July 2018)




What is Newtonian noise”?

« Seismic causes density changes in the ground
and shaking of the mirror environment (walls,
buildings, vacuum system).

a1 Universit
of Glasgowy

 This causes fluctuations in the local Newtonian =
gravity field acting on the mirror.

« Cannot shield the mirror from gravity.

Coupling constant (depends on type of Gravitational
seismic waves, soil properties, etc) constant Density of
\\ / _— ground El5i
PSD of , 4-82-G?.p2+, o
Strain\’NGG(f) — I2. f4 ' Xseis’
A ~
\ o
frequency PSD of seismic
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gf&iﬁ%g% How to reduce Newtonian noise?

/ ¢ Please note: Technical readiness of the tech-\
@ niques might vary strongly! Also this plot repre-

sents my personal view (not vetted byLSC).

5
'\ Reduce seismic

\ noise at site., i.e.
select a quieter

site, potentially
underground.

Beker et al, Journal of Physics:
Conference Series 363 (2012)
012004

Subtraction of gravity N\ Shaping local

gradient noise using an topography
array of seismometers. » Harms et al, CQG Volume 31,
» Beker et al: General Relativity and Gravitation Number 18, 2014

Volume 43, Number 2 (2011), 623-656
» Driggers et al: arXiv:1207.0275v1 [gr-qc]

Thanks to S. Hild
B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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(ﬂ;lasgo% What is quantum noise"

»  Quantum fluctuations of laser light.

* |t is comprised of: v
*  Photon shot noise, statistical fluctuation in
arrival time of photons at the interf. output fime
(readout or sensing noise). High frequency
noise. - Wwavelength Laser
V'd
hsn(f) — l‘ / heA - optical E
L\ 2m P power Photodiode
Arm length

- Photon radiation pressure noise, fluctuation

) i ) ) X —_—
in number of photons impinging on test-mass
(back-action noise). Low frequency noise. >

, __ optical

o) = 5\ o |7
rp —
Mirror mass —> mf2L 273 e\ Laser Suspended

mirror[
- It is a direct manifestation of the Heisenberg E S N
Uncertainty Principle. x

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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chlasgowy What is quantum noise” — more detalil

» Heisenberg uncertainty - Energy fluctuations of vacuum > A F/ At > g
« Distributed over amplitude and phase quadratures of EM field:

AE = Anhw AnAd — | An =+ N
- n —_— = ‘ L 1
At =3 ? s hoe 80 = 377

* Fluctuations enters interferometer’s dark port, adds to arms’ light and reach
PD combining with GW signal field.

Quantum noise two forms: TN*WM
* shot noise, intensity noise on PD current (photon count _ 1 -~

fluctuations)->limits precision arm displacement>At->Ad P | gase E%

« radiation pressure noise, fluctuations of arms’ light

P
power->fluctuating radiation pressure moves mirrors >  ./p
amplitude fluctuation An coupled to phase quadrature. ~ m

Noise Spectrum (1/rtHz)

Photodiode

X

time

10e-21 | Radiation-pressure

10e-22 N noise Shot noise — Laser

100.23 - __’%h — mirrorH]”W
 Trade-off is called SQL 10024 \ — 4@

B. Sorazu — SUSY18 (Barcelona, 27 July 2018)
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How to reduce quantum noise?

& Universit
of Glasgov%rf

Squeezing with frequency Speedmeter
dependent squeezing angle Measures momentum of test

Kimble et al, PRD 65, 2002 masses and is therefore not

: : susceptible to Heisenberg
Please note: Technical readiness of the Uncertainity Principle.

techniques might vary strongly! Chen, PRD 67, 122004, 2003

Squeezed Light

LIGO Scientific 34
collaboration, Nature ~
Phys. 7 962—-65, 2011

Optical Bar +

Optical Lever
Khalili, PLA 298, 308-14,

2002
Effort >
Increased _— (Cost + Complexity
Laser Power X
Need to deal with Local readout \ Increased Mirror Weight
thermal problems and Rehbein et al, PRD 78, Need to deal with thermal problems

parametric instabilities 062003, 2008 and instabilities
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ofGlasgon Quantum noise reduction — Squeezed light

Replace regular vacuum with squeezed vacuum. L

GW signal shows on Phase quadrature.

HUP - uncertainty area fixed
—>reducing uncertainty in one  LASER (LIELD
quadrature increases the other. !

l_ Phasef

® FOSignd Squeezed

{
Field U IFO Sign%l
e e —>
U I Amplitude T Amplitude

« Done using non-linear crystals [, ____

acting as OPO. 5 (rottoscale) == TunY D 053 -D»An

Ultra-High Vacuum envelope\

R bl
el |
' . 0 DW
Pot = _L==="" " “Jfrequency shifted control bea o\

ol 4
Squeezing
Injection ~—_ —
Path
é J

In-air optical bench
¢ P 140 . i -\ \ AN @ frequency shiﬂeJ %
¢ < 3 ! [ 5 1 | i Nt al
|- P Ul 2 Ty ) | Aol 1
e L A
| 22288 — Bt RIS Interferometer
ST, . MAIN LASER @

diagrams from Lisa Barsotti (G1800598 G1602253 to squeezed vacuum source: ©) SQZANGLE dode:
‘ x;:sgd:;; I'g:gr feed-back to PUMP
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UnivefsitY Enhanced 2G - Freq. dependent squeezing

of Glasgow
—

* Phase squeezed light | shot noise (HF) but N
associated amplitude anti-squeezing 1 radiation Laser
pressure (LF). —g= 77 1

* Freq. dependent squeezing: Low loss, high Squeezer | Fiker cavit
finesse (thousands) detuned filter cavity which E“*"“”:?E"ﬂ"'ﬂ
rotates squeezing angle as function of O Detection
frequency. 107 e T

RADIATION | | —Thermal Noise

...|==Total Noise

PRESSURE
NOISE . .

Challenges: Very sensitive to optical losses,
scattering and mirror motion

 Requires seismic isolation and quiet mirror

23|

_
(=)

Strain Sensitivity [17 Hz]

suspension ~SHOT NOISE
» Requires high-quality mirrors 0 o o
« Requires active mode matching with i "
squeezer - y . s

» Requires length ~ 300 m (expensive civil
and vacuum cost)

squeezing in
phase quadrature

squeezing in
amplitude quad.

squeezing angle (deg)

30" 10' 10°
frequency (Hz)
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