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Gravitational wave observations of
compact binary coalescences
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https://www.perimeterinstitute.ca/conference/lights-sounds-action-strong-field-gravity

Masses in the Stellar Graveyard

in Solar Masses
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Definition: Wave-like perturbation of
the gravitational field

P = T

Generation: Accelerating masses
(changing quadrupole and @&
higher multipole moments)§

h 1 d*Qi
YR dt?
Amplitude: Small
G mu?

h o~ ~ 10722
A R

Gravitational waves

Propagation: Light speed, weakly interacting

Spectrum: Kepler 3rd Law: | ~ —— ~ Eraq ~ Yom

T 12 TN
More luminous than the
Eaw ~ 3Mg

Example: for GW150914, entire EM universe



The Gravitational Wave Spectrum

Cosmic Strings

Relic radiation

Extreme ss Ratio
Inspirals
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Supermassive BH Binaries - Binary Mergeré
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hree detectors (for now)

LIGO Hanford
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LIGO Livingston



Observing schedule

smEarly wmMid Late smDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
LIGO & B8 os -
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo oz s
25-40 40-140 140
Mpc Mpc Mpc
1 | | | | 1 1 1
2015 2016 2017 2018 2019 2020 2021 2022 2023

LVC LRR 19 (2016) 1



LIGO Open Science Center

LIGO Is gperated by Califorriz Insurute Of Techmniogy and Massachuserts Insucute of 1ecrndidgy
and supported by the U.S. Natlonal Sdence Fourdation

Getting Stared Data Releases for Observed Transients

Data

Fvants

Bulk Data Data Releases: Compact Object Mergers

Click ‘cons below for datz and documenrtazion:
Tutorials
Software
Detector Stetus - " 2 " T " o« " e
— ® ) ® ) o ) ® ) o ) ) ® )
e _e® (_e® (_e (_e® e _e®

My Scurces ~ _— - " _— ~ _—
GPS « UTC GW150914 LVT151012 GW151226 GW170104 GW170608 GW170814 GW170817
About the detectors
Projects
Acknowledge LOSC

Audio flles
Listen to audio files frcm LIGD deteczions.

Rapid Triggers from LIGO Data

During O1 and 02, information about detectad transients was shared as it became availablz with a sct of interested astronomers as CCN notices. This exchange is archived:

GW.150914
LVT151012
GW151226
GW170104
GW170608
GW170814
GW170817

L L L

https://losc.ligo.org/events/




September 14, 2015

1.0

0.5
0.0

-1.0

1.0
05+
0.0 ==
05+
-1.0

Strain (10741)

0.5
0.0
-0.5

312
256

[
L) NI\
~

Frequency (Hz)

J
N

Hantord, \Washington (H1)

Livingston, Louisiana (L1)

, ;ww‘\w\,,,.)\fn /VVVW

AN, ‘.',\ | \

= |1 0b
= H1 obszrved (shiftad, mverted|

[ — H1 cser d] 1
1 1]
| — Nun W — Numerial relativity -
l\eco td(w./elt Feconstructed iwavelet)
B Reconstructed (templa lc’ B Feconstructed itemplate )

ﬂ\'J\W \\/\'J\WW/ \J‘\ JW’W N'\Mpw

MM\J\MAWMNW

4

0.30 0.35 0.40

fime (s)

LVC PRL 116, 061102 (2016)

0.45

0.30 0.35 0.40

Iime (s)

0.45

First gravitational
wave detection

First black hole
binary detection

Heaviest black hole

o N OB DD
Normalized amplitude



GWi150914

Whitened H1 Strain / 10~
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And before you know it...

secondary mass (M)
[ = N N w w -
Ul o 0 o 0 o 9 o
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GW170814

GW170104

LVT151012
_ \ GW151226
GW170608 . . .
LIGO/Virgo/Patricia Schmidt
10 20 30 40 50 60

primary mass (M)

6 black hole binaries
of varying masses

Credit: ButterlyLove1/Christopher Berry



Spinning black holes

7 . , l
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£ 1 Spin measurements
3 :
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I e : for astrophysical
0 L . formation channels
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LVC PRL 118, 221101 (2017)



August 14, 2017

___Hanford - __Livingston _ — ___Virgo
ln‘
' N :
\M\Mﬁ/\w o A First event seen

GW170104

Whitened Strain [10°27]

LVT151012
LVC PRL 119, 141101 (2017) GW151226
An order of magnitude
improvement in sky localization

116Odeg2 — 6Odeg2 GW170814

Image credit: LIGO/Nirgo/Caltech/MIT/Leo Singer (Mitky Way image: Axel Mellinger)

GW150914



Do the signals agree with General Relativity?

Yes, as far as we can tell

I
Insplral

1.0

0.5 \
~ 0.0 '
© o5l W

-1.0 H

ain (102

St

— Numerical relativity
B Reconstructed (template)
1 |

Merger

\

|

|

Ring-
down

f)f)co

i

LVC PRL 116, 061102 (2016)

SNR~7, no statistically
significant residual power

LVC PRL 116, 221101 (2016)



Parametric deviations
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Final object consistency

Initial masses Final mass
and spins and spin
3
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Propagation effects

Modified dispersion arises when Lorentz invariance is violated
E2 :p262 1 Apacoz

GW period GW wavelength
travel time distance

0V

For 800Mpc and 250Hz, dv, ~ 5 x 10"



Modified dispersion
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Gravitational wave polarization
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Will LRR 17 (2014), 4

[hij]

General Relativity
possesses only two tensor
degrees of freedom

hp + by
hx
hx

hy  hy
hy — hy hy
hy  h



Detector response

Affects the inferred
sky location

(a) Plus (+) (b) Cross (x)

Inconclusive when
(¢) Vector-x (x) ) Vector-y (y) we only have 2 detectors

(e) Scalar (s)

Isi+ PRD 96, 042001 (2017)



Three detectors: GW170814

Tensor modes preferred by more than 1000:1 (scalar) and 200:1 (tensor)

~ Ianford Lavingston . Virgo
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Isi and Weistein (arxiv:1710.03794)


https://arxiv.org/abs/1709.09660
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0] 1 2
time observable (seconds)

LIGO/University of Oregon/Ben Farr
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Credit: LIGO/Virgo/Lovelace, Brown, Macleod, Mclver, Nitz




GWI170817

First detection of a binary neutron star coalescence

v'Gravitational wave
v'Short gamma ray burst

vOptical/UV emission
vX-ray (ongoing)
vRadio (ongoing)

-8,;;.-, -
o

© U Cfedit: LSC/SORSMEEE

* Properties of supranuclear matter
» Astrophysical origin on sGRBs

» Origin of heavy elements

- Measurement of the Hubble constant
- Constraints on the speed of gravity




Binary neutron star

Normalized amplitude
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4
T
B | < 0.05

Bl [ <0389

The chirp mass is

— 1.1
— measured very well
o L0
0.9
| The mass ratio is
0.8 measured less well
0.7
0.6 . .
195 130 175 2.00 295 250 275 The mass ratio is
i (Mg correlated with the spin

LVC PRL 119, 161101 (2017)



Extreme matter

Neutron stars are

- extended bodies

" with structure
Dersity (fm ) Radius (k)

Ozel, Freire (AnnuRev. of Astronomy and Astrophysics 54,401-440)

..-u-—’

N.'

Credit: Aaron Zimmerman



Deformability

2000 -
x| < 0.05
The tidal deformation 2500 ¢
accelerates the inspiral
(additional energy sinks) %" %,
~ \ 4’9, Less Compact
\ More Compact
Radius upper limit
R<14km >0 ;
0 — T T \‘ T T 1
0 200 1000 1500 2000 2500 3000
Ay

LVC PRL 119, 161101 (2017)



Extensive followup
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Short gamma ray burst

/;; 2500 - Lightcurve from Fermi/GBM (10 — 50 keV)
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BNS coalescences are
the progenitors of sGRBs

Bound on the
il N speed of gravity

—-10 -8 —6 —4 -2
Time from merger (s)

LVC & Fermi GBM & INTEGRAL, ApJL 848, 13 (2017)
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Optical emission

kilonova: radioactive
decay of r-process
elements

BNS coalescences

are a heavy-element
production site

LIGO
30°
LIGO/
irgo

IPN Fermi /
INTE

-30°

Swope +10.9 h

-30°

LVC & EM partners, ApJL 848, 12 (2017)



Cosmology

Combining information
from GW and EM

COsSl

s GWA170817
Planck’
SHoES!8

— 120

— 130

— 140

— 150

— 160

— 170

50 60 70 80 90
Ho (kms~tMpc~1)

Consistent with existing

measurements

110 120

180

LVC & EM partners, Nature (2017)
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Looking ahead

Advanced LIGO

]0—21 .
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1073 pee

Strain noise amplitude/Hz™%*

| e Early (2015-16, 40-80 Mpc)

- | [ Late (2017- 18, 120-170 Mpc) |1
| I Design (2019, 200 Mpc)

B Mid (201617, 80 120 Mpc)

At design sensitivity

BNS: 0.4-400/year

NSBH: 0.2-300/year
BBH: 0.4-1000/year

LVC ApJL 832, 2 (2016)
LVC CQG 27, 173001 (2010)

10—24 1 A PR i
104 102 10°
Frequency /Hz
LVC LRR 19 (2016) 1
Epoch 2015-2016 2016-2017 2018-2019 2020+ 2024+
Planned run duration 4 months 9 months 12 months (per year)  (per year)
LIGO 60— 80 60— 100 — — —
Achieved BNS range/Mpc Virgo — 25 -30 S _ _
KAGRA — — — _ _
Estimated BNS detections 0.05-1 0.2-4.5 1 -50 4 —-80 11-180

Actual BNS detections 0 1 - — —




Masses in the Stellar Graveyard

in Solar Masses

80 —-1GQ-Virgo Black Holes
. O O
o 9.0/0
2° Fool0
O
10 oo
P 00 @ EM Black Holes
5 0 ©
5 EM Neutron Stars .. °
. ® e o '. . ® ‘ . . o e o, . [ ] .
L ° .. . .. .... .‘ ™ .. jk. ........‘ ..Q....... S0 -
1 S LIGO-Virgo Neutron Stars - ®

éf% LIGO-Virgo | Frank Elavsky | Northwestern
&



