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The gravitational wave spectrum
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Compact Binary Coalescence

* Compact binary objects:

» Two neutron stars and/or
black holes.

* Inspiral toward each other.

» Emit gravitational waves as
they inspiral.

* Amplitude and frequency of the

waves increases over time, until .
the merger. Inspiral |

Merger |
* Waveform well understood, |
matched template searches. Ringdown
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e ‘Transient
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Other sources

Stellar core collapse (probe the supernova mechanism)
Pulsar glitches

Magnetars

Cosmic string cusps

e Stochastic background

Melt I Spins
at f oy f
4 I;ff‘
[ r— Spin axis precesses
¢ PeriO diC " with frequency f,

Cosmological (inflation reheating, phase transitions, cosmic strings, ...)

Astrophysical (compact binary coalescence, neutron star instablities, ...)

Rotating neutron star with small mass non uniformity O
|
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e ‘Transient
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Other sources

Stellar core collapse (probe the supernova mechanism)
Pulsar glitches

Magnetars

Cosmic string cusps

e Stochastic background

* Peri

Cosmological (inflation reheating, phase transitions, cosmic strings, ...)
Astrophysical (compact binary coalescence, neutron star instablities, ...)

MNeutroh star spins

NO RESULTS FROM O1 71?21"#2:;‘12’???:5
YET AVAILABLE

- : -—
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Network of ground based advanced detectors

Operational
Commissioning/construction
Planned

Since 2007, LIGO, GEO & Virgo data are
jointly analyzed by the LIGO Scientific
Collaboration and the Virgo Collaboration.
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Vireo GEO
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LIGO-GEO-Virgo joint runs
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GW detection with ground based laser [@JVR@

interferometry detectors

LIGO

Passing GWs modulate the distance between the Test
ass

end test mass and the beam splitter

Test
Mass

Power
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Splitter
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h(t) = F_|_ X h_|_(t) —+ Fx X hx (t) Laser 20w
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Vich_1E384Hz ot SEE234632.128 Signal Mass Mass
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i , "W Photodetector
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Heo O1 data set

e Observation run O1 : September 12, 2015 — January 19, 2016
e Only LIGO Hanford (62%) & LIGO Livingston (55%) online

e ~50 days of coincident data to be analyzed

e Online transient searches & electro-magnetic follow-up program

e Matched filtering CBC searches & un-modelled short transient searches
62 MOUs (radio, optical, IR, X-ray and y-ray).
e 20 groups reacted to the first alert

[nitial GW [nitial Updated GCN Circular Final
Burst Recovery GCN Circular (identified as BBH candidate) sky map
. | B | |

Fermi GBM, LAT, MAXI, Swiff XRT Fermi GBM,
[PN, INTEGRAL (archival) WYL MAXI (ongoing)

SkyMapper, Swifi UVOT, MASTER, TOROS, TAROT, VST, DECam,
iPTF. Keck, Pan-STARRS1, KWEC, QUEST, LT, P200, PESSTO
| | [ | | Ifrr 1mm [ 1]

VISTA
ASKAP ASKAP, VLA, VLA,
MWA LOFAR MWA LOFAR LOFAR V1A
L 1 I | | 1 | 1 | | | | 1 | 1 | | 1 1 1 I
0 | 1 1 1
10 10 10

! — Imerger (days)
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LIGO O1 data quality

e Stable performance of both detectors during O1

e The product of observation volume X time exceeded that of previous runs
after 16 coincident days in O1.

100 Binary neutron star inspiral range
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D0 O1 data quality

* Many glitch sources (RF-modulation electronics fault, « blip » glitches, ...) :
either correlation in auxiliary channels — vetoes

e Spectral lines : wandering, 1Hz combs, breathing effects

Spectrogram: H1:GDS-CALIB_STRAIN
L1:GDS-CALIB_STRAIN at 1124197089.188 with Q of 24.6 2015-11-08 22:14:15.000 - 1131056036 (60s), Fs—(16384.0 Hz), secpfft—1.0 (bw=1.000), overlap=0.90,
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Strain noise, 1/Hz!/?
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Strain noise during O1

Better than ever not yet at sensitivity
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Advanced
| LIGO design

| (— Advanced LIGO, L1 (2015)

—— Advanced LIGO, H1 (2015)

Enhanced LIGO (2010)
- Advanced LIGO design
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O1 displacement noise
10—16
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Low-irequency noise sources

f — Measured noise SRCL control
Quantum noise — Angular controls
17 | — Dark noise Output jitter
10 Ry § — Seismic+Newtonian — —— Suspension damping |
— Thermal noise —— Suspension actuation
< Gas noise — Expected noise
N MICH control
7
~1048
)
=
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=
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210
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Frequency, Hz
(a) LIGO Livingston Observatory
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O1 results

17
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Binary black holes discovery : a summary

September 14,2015  October 12, 2015 December 26, 2015
CONFIRMED CANDIDATE CONFIRMED

D e

LIGO'sfirstobservingrun |
September 12,2015 - January 19,2016

September 2015 October 2015 November 2015 December 2015 January 2016
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O1 BBH: Two Golds and a Silver

Event GW150914 GWI51226 LVTI151012
Signal-to-noise ratio n
23.7 13.0 9.7 .
P [gr-gc:1606.04856]
F“ﬁﬁlﬁf_'{m <60x107 <60x1077 037
p-value 75%x107%  75%x10°% 0.045
Significance =530 >530 1.76
Primary mass +5.2 4 7+83 ~3+18
msi'nurd: iy 36.275% 14.2757 237,
Secondary mass +3.7 173 v
msouree f Mo 29.1754 75753 1375
Chirp mass +1.8 +0.3 +1.4
h ﬁfmﬂfm M 28.1718 8.9703 15.1+14
Total mass +4.1 +5.9 +13
psource 65.373, 21.8775 377,
Effective inspiral spin +0.14 +0.20 +0.3
};E"p P _ﬂ'ﬂﬁ—ﬂ.l-i I::Il'zl—'[]‘.ll[]‘ D'D—{}.E
Final mass +3.7 +6.1 s+14
M2 /M 62.373, 208775 357,
Final spin ay 0.687 (02 0.74 7 pe 0.66"0 0
Radiated energy +0.5 +0.1 +0.3
Eraa/ (Mg L,E% 3.0%02 10255 15704
Peak luminosity 3-'5:32 X 3-3:?:2 X 3-]1-?:2 X
Cpeak / (ergs™1) 106 106 106
Luminosity distance Aan150 A An+180 +500
Dy /Mpc 4207 Igﬂ 4407 14, 100075,

Sky localization

n -
AQ/deg? 230 850 1600
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D0 Black hole population

GW151226f
GW151226b
GW151226a
LVT151012f
Black Holes of Known Mass LVT151012b
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GW150914f
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GROJ1655-40
XTE J1550-564

| XTE J1118+480
GRS1915+ 105
GRS 1009-45
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™ : A0620-00
- ‘) N XTEJ1859+226
b P , LMC X-1
GW150914 C - G 1354 64
) XTEJ1819-254

. | XTEJ1650-50(0)
GX339-4
GW151226 M33 X-7
| GRO J0422+432
GS 2000425
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4U1543-47
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GRS 1716-249
GS2023+338
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X-Ray Studies

LVT151012
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Three BBH GW signals
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FIG. 1. Left: amplitude spectral density of the total strain noise of the H1 and L1 detectorsy«/S(f), in units of strain per v/Hz, and the
recovered signals of GW 150914, GW 151226 and LVT151012 plotted so that the relative amplitudes can be directly related to the SNR of the
signal (as described in the text). Right: the time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All
bands show the 90% credible regions of the LIGO Hanford signal reconstructiens from a coherent Bayesian analysis using a non-precessing

anin wave form maodel T441
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GW151226 — At least one BH had spin

1.00 —  Prior
0.75 - Posterior © 0
0.50 081
.2 0.00 =1
+0.2-
—0.25 o
St 40.0- 18
—0.50 -
—0.75 - ' :
~1.00- ' '
0.00 0.25 0.50 0.75 1.00 ol &c}' -
Xp cS1/(Gm3) 09T 081 cSy/(Gm3)

At least one black hole has spin greater than 0.2. Spins of the primary and
secondary black holes are constrained to be positive.
Mass-weighted combinations of orbit-aligned spins X g and in-plane spins X,

weak constraints onlyv. non-informative).
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Binary Black Hole Merger Rate
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90% allowed range: [9-240] /Gpc3/yr
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Binary black hole merger rate

e Assuming that all binaries are like these 3 events is not realistic.
e Try two alternative models:
Flat distribution in log m1 — log m2

e (ml) « m **with a uniform distribution for the second mass.

Significantly different rate estimates.
Altogether: 9 — 240 Gpc™ yr'.
Lower limit comes from the flat in log mass population and the

upper limit from the power law population distribution.

Rules out <9 Gpc® yr', which were previously allowed.

24
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The birth of GW astronomy

e Testing GR in strong field regime
e Unveiling the black hole merger dynamics and the post-merger phase

e (Checking consistency between waveform predictions
(analytical /numerical)

e Understanding binary black hole formation mechanisms

e More information in this week’s talks :

Monday : Alberto Vecchio

Tuesday : Stas Babak, Ian Hinder, Christopher Berry
Thursday : Selma De Mink, Ilya Mandel

Friday : Samaya Nissanke

25
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inary neutron stars & neutron star-black hole

gr-qc:1607.07456

S0 4 [ === Offline analyses
1| == Online MBTA analysis
1| *'* Early online GSTLAL analysis

- Spins :
| Neutron star : [0 — 0.04]
Black hole : [0 — 1]

Mass 2 [M)]
S

IIIIIIIIIIIIIIIIIIIfIII-

1 - "Hb - "'{OO
Mass 1 [M]
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inary neutron stars & neutron star-black hole

gr-gc:1607.07456

Ry, (Gpe# yr )

1| == Isotropic spin, pycbc [

1| = Aligned spin, pycbe | Ry T
= = |sotropic spin, gstlal

= Aligned spin, gstlal

ot ———————————r———r———r

() ¥ 10 15 20 25 30 30

Black hole mass (M)
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inary neutron stars & neutron star-black hole

. L. gr-gc:1607.07456
NS-BH predictions

03:

Dominik et al. pop syn -
Pop Y 5-1.4 Msun

de Mink & Belczynski pop syn -

Vangioni et al. r-process
Jin et al. kilonova - -
Petrillo et al. GRB -

Coward et al. GRB -

Fong et al. GRB

aLIGO 2010 rate compendium | =

NN

1072 107t 10V 101 102 10° 104

NSBH Rate (Gpc—yr!) 28
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inary neutron stars & neutron star-black hole

. L. gr-gc:1607.07456
BNS predictions

wul L aauul MEEEEETIT L aaunul
////

03 (027 Of
Dominik et al. pop syn - — // -
de Mink & Belczynski pop syn - : / -
Vangioni et al. r-process - — -
Jin et al. kilonova - — . / -
Petrillo et al. GRB - - / _
Coward et al. GRB - / _
Siellez et al. GRB - / _
Fong et al. GRB - — / _
Kim et al. pulsar - — . / _
aLIGO 2010 rate compendium // : -

| LY e """I"/A R | v

— 10" 101 102 103 101

29
BNS Rate (Gpc—>yr—!)
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GIomplications for a stochastic background of GWs

 For every detected binary merger, there are many more that are too
distant and too faint.

 They generate a stochastic background of gravitational waves.

Source Energy

Merger Rate Spectrum
\ dFE / :
“max o . OW 1
Qaw(f:0k) = / f d» B (2, 8;‘,) af. (fss0k)
: PCHD 0 (1+ 3’)E1(Q:\.I_.QJ.\,2)
Cosmology

e Relatively high rate and masses of observed systems prefer a relatively
strong stochastic background.

30
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Fiducial models

_7
10 ¢ T T T — ——T P T . 1 T T : T
: 2 , 01201516 10 S e S
[\ s , == 02:2016-17 50 d
[y . J - - -05:2020-22 :
LY A —Total 3o =
. . P - - - Residual —
I R LS [ Paisson e s
3 n # (

SNR

L total

?—--residual
10 : ; Il:IF’oisson
10’ 10° 40 60 80 100
Frequency (Hz) Observation time (months)
« Many assumptions : PRL 116, 131102 (2016)

e Field binary formation mechanism,

e Assuming only GW150914 parameters.

e Using chirp mass and merger rate distributions.
e Formation-merger time delay distribution.

e Metallicity distribution

32
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Fiducial models (all of O1)

10

e 3 events

e Same mean value
Q (25Hz)~ 107

gw

10

e Less uncertainty

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

Saw

There is a very real probability
that LIGO-Virgo will observe
this BBH produced stochastic
background in the next 3 to

5 years.

=10 : : : T : : :

10

| = Flat, Mean
1[C_]Flat, Poisson
|——Power, Mean | . il .

JPower, Poisson | | ¢ § ¢t
===3-Delta residual|

10' 10° 10

Frequency (Hz)

-11

10
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LIGO .
Alternative models
, Model variations imply
L . relatively small changes in the
T e energy spectrum.
- —&—LongDelay

\ —©—LowMass
-8

107° p=—8-~LowMetallicity

.V —#%—ConstRate

' —%—FlatDelay

Poissgp &%

Frequency (Hz)

Large Poisson statistical
uncertainty.

Dominated by z ~1-2
contributions.

Conservative estimates.

A foreground to cosmological
models of stochastic
background.
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O1 stochastic background search

=T

« Cross-correlating H1 & L1 v [ Can [

dty si(t) selts) Q(ts — 1))

* Preliminary result of the isotropic search : o = L ) )

N PP RS P(S)

* 95 % confidence upper limit :

Q <1.7 x 107 (previous : 5.6 x 10°)

* 95 % of sensitivity in the

20-55 Hz band

20 25 30 35 40 45 50
Frequency (Hz)
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O1 un-modelled transient searches

e Have detected first (online) GW150914 because of the large masses.

e 01 data have been search for any un-modelled events in a large parameter
space :

e Short:1ms—10s x 32 Hz -4 kHz
e Long:10s—500s x 24 Hz-2kHz

» Search sensitivity estimated : ~3 times better than previous run — an order
of magnitude better on the rate of events.

* Papers in preparation

36
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Towards O2

37
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Future observing runs

Living Hev. Relatosty, 19, (2016), 1 LIVING @ REVIEWS
DOI 10,1007 /Irr-2016-1

2INIRGD

Prospects for Observing and Localizing Gravitational-Wave
Transients with Advanced LIGO and Advanced Virgo

Abbott, B. P. et al.
The LICO Scientific Collaboratlon and the Virgo Collaboration
{The full author list and affiliations are given at the end of paper.)
emall: lsc-spokesperson@llgo.orng, virgo-spokespersonQego-gw. it

Advanced LICO Advanced Virgo

Early (W15 - 16, 40 80 Mpe) B
I Mtid (201G 17, 80 19D Mpe) L
Late (317 - 18, 190 - 170 Mype)
I Dsign (2019, 200 Mpe)

BNS-optimized (215 Mpe)

Early (M16-17, 20 G Mpe)
I M (201718, GO - B Mpe)
I L (201520, 65 115 Mpe)
I =iz (021, 130 Mpe)
I BXS-optimined (145 Mpe|

Steain motse ampditede/He

1w w
Frequency He Frogueney /Hz

Figure 1: alICGO (left) and AdV (right) target strain sensitivity s a function of frequency. The binary
neutron-stur (BNS) range, the average distance to which these signals could be detected, is given in
megaparsec, Current notions of the progression of sensitivity are given for early, mid and late commissioning

phases, as well as the final design sensitivity target and the BNS-optimized sensitivity,. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current estimates.

2015-2016 (01) A four-month run (beginning 18 September 2015 and ending 12 January 2016)
with the two-detector H1L1 network at early aLIGO sensitivity (40 80 Mpc BNS range).

2016 —2017 (02) A six-month run with HIL1 at 80 120 Mpc and V1 at 20 60 Mpec.
2017 —-2018 (03) A nine-month run with HILIL at 120 170 Mpc and V1 at 60 - 85 Mpc.

2019+ Three-detector network with HIL1 at full sensitivity of 200 Mpc and V1 at 65 115 Mpe.
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alLIGO : current activities

e Since O1 :

e Noise hunting at low-frequency to reduce « technical » noise
e Increase laser power (35 W @ LL1 — 50 W @ H1)
e Challenges :

e Thermal lens in mirrors require more active thermal compensation

e Mirror alignment control

Mechanical Mode

» Parametric mst?ublhtles . aco.ustlc — Vi,
modes of the mirrors get excited Excmmp—'@—’
and pump light in high order optical '

modes that become resonant in the Resonant -
E 5
ATNS. Scattered - .

Field .

Pressure

Arm Cavity
Field

39
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O2 LIGO strain prediction

Projections for O2 strain noise

PINIRD

| . LB L S T T Y] [ W
——H1 O1: BNS 75 Mpc, BBH (20/20 Msol) 658 Mpc

L1 O1: BNS 69 Mpc, BBH (20/20 Msol) 600 Mpc

—H1 02 projection: BNS 87 Mpc, BBH (20/20 Msol) 765 Mpc
—|_1 O2 projection: BNS 87 Mpc, BBH (20/20 Msol) 770 Mpc

—_
o)
R
[\
I

Strain noise h [1// Hz]

—h
o
{
N
w

\provement

102 10°
Frequency (Hz)
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Advanced Virgo preparation

¢ Accumulated a serie of unexpected problems/accidents

e DBroken suspension blades due to H embrittlement

- 160/260 blades changed
— ~ 4 months of delay

e Monolitic suspensions breaking : anchors culprit

— Suspected cause : adV anchor glass contains OH that are eliminated through
heating generating H, that migrates and creates bubbles during welding

- 3/4 replaced with steel wires

- Several months of delay

e Almost all hardware installed, commissioning has started last spring

e Individual cavities locked : PR-NI, North arm, West arm

e Start locking several coupled cavities together

42
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PINIRD

AdV installatioin in a nutshell

All the main parts
of hardware are

on-site and are
installed

Final NI payload
installation TBD
so0n

Failure of a
MIKHEF blade

solved promptly -

Input
Mode
Cleaner

S-P*FI.B
Fa-an:laﬂ

EIEIl

SWEE

(1 —

WE down
On July 28 ~21:55 UTC
Mirror suspended
with metallic wires

Mirror suspension broken
again
on July 25 at ~ 14 UTC
Mirror suspended
with metallic wires

NE SMNEE

—
Commissioning of jﬁ;.,‘rf
the North arm

done. Arm locked.

Light circulating

also on CITF

West Input down
again: action lan
TBD

I'anlatnr | | ‘| ' Hq'
\ PRM POP
[ 82

slB2 SRM
OMCs
Tl
E il

Mirror suspended
by Si0O, fibers

Mirror suspended
with metallic wires.
Metallic Suspension
not optimized

.ﬂ|
hd SDEL

EL e

 alg
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Which sensitivity for O2 7

o Keep steel wires suspensions

e Join O2b with « relevant » sensitivity

Steel 300
pm

$=10"
AV Molse Curve: P“ =280 W

($=103)

o

[

i

1

: o
2 Chusantum ncise

LY

i

1 Violin 307
| ' [Hz]
| = Gravity Gradents '
107k N ' Coating Brownian nois: | Bouncing 8.3
n‘:u - | == Total Official [Hz]
i . ™ == Total Nolse steel wires 0.3 mm dam, losses 1e-d
My e g

= Tota Noie sts! wres 0.4 mm dem losses 104

BNS 60 (45)

Horizon
[Mpc]
- BBH 313
Horizon (202)
[Mpc]

i -_1::'2.

BT
Fresgusncy [FHZ
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LIG Joint Run Planning Committee = VIRGD
Working schedule for O2

(G1501561- v8)

T T T T T | T T T T I I
| 1 1 | | | | | | | | |
Jul | Aug | Sep |, Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun | Jul

] 1 ] 1 1 1 1 1 1 1 1
I | I | | i Commissioning/Vent ! | | i | |
| | | | | | break | | | | | |
] ) | DeCiSiOﬂ Oint 1 | (duration TBD, see ] ] | | L] |
I Decision point on duratFi)on I ) atigehment o G1501581) ) ER11 I I 0O2B I
| on ER10 start date of the break | | option 1: ~ 1 month | H1+LA +Virgo | | end date |
' ' ! - ! L R ona emonie 1 (2-3 weeks, TBD)! | TBD l
| ' | v | I option 3: months | | | | ] |
H1 Vent/Commissioning ER10 0O2A «— e 0O2B :
: . ! : . o T Tems T —r : |
| | | | I | 1 | 1 | I i I
1 [ | | | | I | | | | I |
| | | | | | | | | | |
B AN A I o
L1 Vent/Commissioning ER10 O2A I: e ——t O2B :
- i ok I B I
: : : H1/1 se$?gggg§2|'ojections | De.ci_sign point : : : : : :
I I I I | | on joining O2B | | Virgo sensitivity TBC I I
N S TN SN SN . N R Tt 1
Virgo Integration/Commissioning 0O2B :
|
| | | i 1 | 1 | 1 i 1 | I
| | | | 1 1 1 | | | | | |
g |
GEO ~75% observing mode |
e |
Detector Operational,CommiSSioning mode Detector not producing data

(small fraction of observing mode time) (Downtime)
— Detector in observing ——
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02 decision points (QJRPC

02 timeline: decision points for LIGO

* Early August: decision on ER10 starting date, based on:

— Progress on L1 relock (L1 hasn’t yet relocked after major vent,
expected to start re-locking full interferometer end of July)

— H1 noise performance at high power (best O1 low frequency
performance not recovered yet below 200 Hz)

* Early October: decision on duration of commissioning/vent
break after O2A, based on:

— L1 and H1 performance during O2A (if exceeding current expectations
and sensitivity is around 100 Mpc, best option is to have only a few

weeks break to allow maintenance and some commissioning
investigations, then keep running)

— Readiness/installation schedule of new components to be installed in

H1/L1 to improve sensitivity/robustness, i.e.: new laser amplifier for
LLO
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Unexpected difficulties in Livingston
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Conclusions

e This has been a terrific year !

e Direct GW discovery
e First observation of massive black holes
» First observation of binary black hole mergers

e Start of :
— Strong field tests of GR

— Constrain binary system formation mechanisms

e More observation runs planned 2016-2020 (+KAGRA online 2018)

« O2 : more BBH events expected and maybe first NSBH event 7

e« New call for partnerships with EM partners
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BBHs expectations in next runs
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FIG. 12. The probability of observing N > 10, N = 35, and N = 70
highly significant events, as a function of surveyed time-volume. The
vertical line and bands show, from left to right, the expected sensitive
time-volume for the second (O2) and third (O3) advanced detector
observing runs.
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