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Gravitational-wave astrophysics

Marco Cavaglia, University of Mississippi
for the LIGO Scientific Collaboration and the Virgo C (
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2016: One hundred (one)
years of General Relativity

844 Sitzung der physikalisch-mathematischen Klasse vom 25. November

Die Feldgleichungen der Gravitation.

VYon A. KINSTEIN.

In zwel vor kurzem erschienenen Mitteilungen' habe ich gezeigt, wie
man zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-
lat allgemeiner Relativitiit entsprechen, d. h. die in ihrer allgemeinen
Fassung beliebigen Substitutionen der Raumzeitvariabeln gegeniiber ko-
variant sind.

Der Entwicklungsgang war dabei folgender. Zuniichst fand ich

Gleichungen, welche die Newronscne Theorie als Niherung enthalten
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DiscovERY oF ExpanDINnG LUNIVERSE

Log Velacity
w ™~
o =1

w
=}

& Mt. Wilson

= 100 Inch
Telescope

Plate 1, May 29, 1919, Sir Arthur Stanley Eddington Principe Expedition
Frc
Determination of the Deflection of Light by U Preemif

...testing Einstein’s Universe

Frame-dragging Effect
0.041 arcseconds/year
(0.000011 degrees/year)

One hundred (o

Geodetic Effect

years of succgsSes 000 deeeipe
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l( lll\ \ll ASKEW IN THE HEAVENS
y THE NEW YORK TIMES

LIGHTS ALLL ASKEW,
IN THE HRAVRNS

Men of Science More or Less
Agog Over Results of Eclipse
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the World Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.

New York Times headline of

PERSON:

ALBERT
EINSTEIN
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“Matter tells space time how to curve, and curved

space time tells matter how to move.”
- John Wheeler




Why Humans

The Data-Driven
Live So Long Society

Russian Reactors
for Sale

zung vom 14. Februar 1918, — Mitteilung vom 8

Uber Gravitationswellen.

Von A. ENsTEIN.

am 31, Januar 1918 [s. oben S.

l)n- wichtige Frage, wie die Ausbreitung der Gravitationsfelder
tol ist schon vor anderthalb Jahren in einer demiearbeit von
mir behandelt worden'. Da aber meine damalige Darstellung des Ge
standes nicht ge vl durchsichtis \Berdem durch eine
dauverlichen Rechenfehler verunstaltet ist, muB ich hier nochmals s
die Angelegenheit zuriickkommen.

Wie damals bescliinke ich mich auch hier auf den Fall, dal
das betrachtete zeitrimmliche Kontinuum sieh von einem »galileischer

nur sehr wenig unterscheidet. Um fiir alle Indizes

7 34y (1)

. _ | The search for the

setzen zu konnen, withlen v wie es in der speziellen Relativitiits beginnlng of time

theorie iiblich ist, die t de . rein imagindr, indem wir

=:f}

setzen, wobei ¢ die »Lichtzeit« bedeutet. In (1)ist d,, =1 bzw. ¢,

1dem v oder ist. Die v,, sind gegen 1 kleine G
dic sichung s Kontinuums von Ifreien dar

ilden einen Tensor vom zweiten Range gegeniiber LorexTz-Trans-

LLosung er Niherungsgleichungen des Gravitations-
g g g

\ldes durch retardierte Potentiale.
Wir en aus von den ~ ein beliebiges Koordinatensystem

ghltigen eichungen

L ’+_

Sitzungsber. 1917, S, 142)

labei Absts snonmmen

st by Mo D sin 14 Oidler 2013, Scienti A merican cam 41

eat Prediction...
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1980’s: Indirect
evidence for
gravitational waves

[
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I
(™)
o

General Relativity prediction/

|
M
n

[
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(]

Cumulative shift of periastron time (s)

|
o
on

I
N
(]

The Nobel Prize in Physics 1993 was awarded jointly to 1975 1980 1985 1990 1995 2000 2005
Russell A. Hulse and Joseph H. Taylor Jr. "for the :

discovery of a new type of pulsar, a discovery that has
opened up new possibilities for the study of gravitation"

J.H. Taylor and J. Weisberg, “A New Test of General
Relativity: Gravitational Radiation and the Binary
Pulsar PSR 1913+16,” Astrophys. J. 253, 908 (1982).

ad never been directly detected.
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Gravitational waves In a nutshell

Unavoidable consequence of General Relativity

Classical phenomenon (as far as we know)
Theory and phenomenology well understood

Measured in the weak regime

Information compleme y to light and particles
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A bit of theory

Weak field limit:

Ypv = v + h (L |
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Vacuum solution

Transverse 4o polarizations, speed of light
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What Is the effect of a gravitational
wave?

“+” polarization:
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Gravitational waves are tiny!

For two coalescing compact objects into a black hole:

/;N€1/2£N1()—21( ‘ )1/2 M\ (10 Mpe |
Sl VT A — |

Distance Earth-Sun (1.5 x 104

...Stretches a fraction of an atom!

e detect them?
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Sources we can probe

Compact binary Systems

Isolated compact objects

/ LIGO Document G1600940-v1



The gravitational-wave spectrum

* Big Bang
. Supermassive Black Hole Binary Merger g
\ ’. Compact Binary Inspiral & Merger .\
‘,‘P Extreme Mass- ~ Pulsars,
Ratio Insgirals Supernovae
ége of the Wave Period ‘
universe years hours seconds milliseconds

104 10
Wave Frebuency

= . e
CMB Polarization
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Laser Interferometer
Gravitational-wave Observatory

'South|Dakotal r
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NewiMexicol

< Tennessee.
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Advanced LIGO

Optical Layouwut, L1 or H1

with Seismic Isolation and Suspensions
G1200071-v3

J. Kissel Nov 4 2013

HAM2

Input
e Modle

PP u R}fc; Ceaner

%”ﬁ&mm
&1, [

wod?d ——
] INE % —

-

(VPR p—— |

.M PRM-7T Pover
e Fecycling
Cavity
Cormmon

Arm Length
DBSC IS+ HEPI Readout

‘{h:\HAM IS+ FF L4Cs + HEFRI

" = =] |
' LHAM IS!+ HEPI Recyeing

-

" Cavity
+ | Passive stack + HEPI

Test Mass Quad Sus (QUAD)

Beam Splitter / Fold Mirror Triple Sus (BSFM)

HAM Large Triple Sus (HLT S)

HAM Small Triple Sus (HSTS) Differential
Transmission Menitor & Telescope Double Sus (TMTS) N":”‘”Ba'—g?mgr
Output Mode Cleaner Double Sus (CMCS)

Faraday Single Sus ( OFIS)

HAM Auxiliary Single Sus (HAUX)

HAM Tip-Tilt Single Sus (HTTS)
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Phbto credits: LIGO Laboratory; Kai Staats.
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What it looks like from the inside

Photo credits: Kai Staafs.
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LIGO Scientific Collaboration
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Penn State University

LIGO Laboratory: California Institute of Technology, Massa Setts Institute of Technology, LIGO Hanford Observatory, LIGO Livingston Observatory

Or Interferometric Gravitational Astronomy (ACIGA):
ash University, University of Adelaide, University of Melbourne, University of Western Australia

Australian Consorti
Australian National University, Charles Sturt University,

ollaboration for the Detection of Gravitational Waves (GEO600):
Cardiff University, Leibniz Universitat Hannove pert-Einstein Institut, Hannover, King's College London,University of Birmingham, University of Cambridge,
University of Glasgow, University of Hamou®; University of Sheffield, University of Southampton, University of Strathclyde, University of the West of Scotland
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Intaational network
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Partners

75+ agreements with astronomers
for electromagnetic follow-up

MOUSs with Icecube, Antares for
neutrino follow-up

ube Laboratory

1450 m

\\M.\“m.“l“\l.h

Digital Optical
Module (DOM) 2450 m
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The gravitational strain

Laser light travels on light cones:

—~

ds® = —c*dt® + (8;; + hi;)dvidx;

e

On the x-axis, integrate from x=0 to x=L

“strain”
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Required sensitivity for these
sources

Can we reach this precision? (&

If we look at on/off fringes, wit

Ar ~ XA~ 1 pum

but...
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Required sensitivity for these
sources

Can we reach this precision? (&

If we look at on/off fringes, wit

dild up power in the arms
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Required sensitivity for these
sources

Can we reach this precision? (&

If we look at on/off fringes, wit

Ar~A~1pm —

then...
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Average flux of photons

D

DNS per second,

200 W of laser light carries 10
giving a se /ity of

Ax AN o
0_10 — h~ Laj T ~ 3 X 10_22
eft
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Strain noise (Hz~%?)

=
o
|

]

vy}

- L R | L L Lol
Test 100 1000
Mass

Frequency (Hz)

N
o

Power
Recycling Ly =4 km

Laser 100 kW Circulating Power
Source

Recycling
"W Photodetector

B. P. Abbott et al. (LIGO Scieg

¢ Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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LIGQO’s first detection
GW150914: September 14, 2015, 9:50:45 UTC

e 7 mS de|ay between —~ 10].L1G0 Hanford Data | _predicsed |
arrival times at S os
Livingston and Hanford § o5

A .0

* Filtered to remove low = i i i
frequency fluctuations 3
and single frequency -
MES =

« Hanford’s data inverted 3
to account for =
orientation of detectors §

PR, 146, 061102 (2010 7 [ Lico Livingston Data

| |
0.30 0.35 0.40 0.45
Time (sec)
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Strain (107%%)

Frequency (Hz)

Hanford, Washington (H1)

Livingston, Louisiana (L1)

- H1 observed
1

- |1 observed
H1 observed (shifted, inverted)
| 1

w&v\/\f\/\\/ ’\/." ;I". | J‘ [\/wf

| — Numerical relativity

Reconstructed (wavelet)

Reconstructed (template)
1

— Numerical relativity
Reconstructed (wavelet)
Reconstructed (template)

1

Normalized amplitude

B. P. Abbott et al. (LIGO Scigj

¢ Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Inspiral: low velocity
and weak
gravitational field.
Late inspiral/plunge:
high velocity and
strong gravitational
field.

Merger: nonlinear
and non
perturbative effects.
Ringdown:
excitation of
guasinormal modes

B. P. Abbott et al. (LIGO Sgi

T |

Inspiral Merger Ring-
down

S e¢ see@
|

—— Numerical relativity

Reconstructed (template)
I f |

| | |

| | = Black hole separation
=== Black hole relative velocity

0.30 0.35 0.40
Time (s)

tific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Black hole masses

—  Qverall
— IMRPhenom
— EOBNR
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B. P. Abbott et al. (LIGO Sciggifiic Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Black hole masses

—— precessing EOBNR
—— precessing IMRPhenom

/Mg
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35 40
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B. P. Abbott et al. (LIGQ@S€Cientific Collaboration and Virgo Collaboration) arXiv 1606.01210.
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Distance and final black hole

— Overall —— Overall

— IMRPhenom _ —— IMRPhenom
— EOBNR

| L
60° 90° 120° 150° 180° 60
91 TN A_,j'[;-:mn'c‘{\ /BI 5

¢ Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Distance and final black hole

— Overall —— Overall

— IMRPhenom _ —— IMRPhenom
— EOBNR

| L
60° 90° 120° 150° 180° 60
91 TN A_,j'[;-:mn'c‘{\ /BI 5

¢ Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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—— Prior cS1/(Gm3) ¢S»/(Gm3)
-  |MRPhenom

000 025 050 0.75 1.00
’ 08T o081

T C
(Sl + SQ) . : = mnlaX(Blslj_gBQSzl) > 0

mo

¢ Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102

LIGO Document G1600940-v1




—— precessing EOBNR
— precessing IMRPhenom

cS1/(Gm3) cS2/(Gms3)

]
I | | |
0.00 0.25 0.50 0.75 1.00
(03]

o081 o081

B. P. Abbott et al. (LIGO Scientifigi0ollaboration and Virgo Collaboration) arXiv 1606.01210.
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observed by
source type
date

time

LIGO L1, H1
black hole (BH) binary
14 Sept 2015
09:50:45 UTC

duration from 30 Hz
# cycles from 30 Hz

~ 200 ms
~10

peak GW strain

likely distance

redshift

0.75 to 1.9 Gly
230 to 570 Mpc

0.054 to 0.136

peak displacement of

interferometers arms

frequency/wavelength
at peak GW strain

signal-to-noise ratio
false alarm prob.

false alarm rate

24
< 1 in 5 million

< 1 in 200,000 yr

peak speed of BHs
peak GW luminosity

radiated GW energy

1x 102

%0.002 fm

150 Hz, 2000 km

~06c
3.6 x 10°¢ erg s’
2.5-3.5 Mo

Source Masses

Mo

total mass
primary BH
secondary BH

remnant BH

60 to 70
32 to 41
25 to 33
58 to 67

mass ratio
primary BH spin
secondary BH spin
remnant BH spin

signal arrival time
delay

likely sky position
likely orientation
resolved to

0.6 to 1
< 0.7
=< 0.9

remnant size, area

consistent with
general relativity?

graviton mass bound

remnant ringdown freq.

remnant damping time

~ 250 H=z
~ 4 ms
180 km, 3.5 x 10° km?2

passes all tests
performed

<1.2x1022eV

coalescence rate of
binary black holes

2 to 400 Gpc3 yr!

0.57 t0 0.72

arrived in L1 7 ms
before H1

Southern Hemisphere

face-on/off

online trigger latency

CPU hours consumed

# researchers

~600 sq. deg.

LIGO Document G1600940-v1

papers on Feb 11, 2016

~ 3 min

# offline analysis pipelines 5

~ 50 miillion (=20,000
PCs run for 100 days)
13

~1000, 80 institutions
in 15 countries
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GW150914 statistical significance

Binary coalescence search

20 30 40 b5.10 >5.10
20 30 405.10 > 510

Search Result

— Search Background il e[False alarm
W v

|

—— Background excluding GW150914

GW150914

I
IJL
|

14 20 22 24
Detectlon statlstlc Oc

B. P. Abbott et al. (LIGO Scientific Collg#®®ration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102
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Where did it come from?




Skymap sent for EM follow-up

GwW [
radio
optical/IR
X-ray
~-ray (all-sky)

B. P. Abbott et al. (LIGO Scigg#ic Collaboration and Virgo Collaboration + Astronomers) arXiv:1602.08492
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ol el

— R
R,

— R,

T
10t 10
R (Gpe~3yr—1h)

Figure 4. The posterior density on the rate of
GW150914-like BBH inspirals, R; (green), LVT151012-
like BBH inspirals, Rs (red), and the inferred total rate,
R = Ry + R> (blue). The median and 90% credible lev-
els are given in Table 1. Solid lines give the rate inferred
from the pycbc trigger set, while dashed lines give the
rate inferred from the gstlal trigger set.

Mass Distribution R/ (Gpc ?yr™ 1)
pycbc gstlal Combined

LVT151012 617132 27164 (21165

Both 821477 841,72 831 43"

Astrophysical

Flat 3355 32152 33158
Power Law 102“:%-38 99t$83 100f$81

B. P. Abbott et al. (LIGO Scientific
Collaboration and Virgo
Collaboration)arXiv:1602.0

Astrophysical
iImplications

LI
10!
(VT)'/(VT)o

Weak wind

Strong wind

0.1
7./

B. P. Abbott et al. (LIGO Scientific Collaboration
and Virgo Collaboration) ApJL, 818, L22, 2016
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General Relativity tests

Inspiral, merger and ringdown consistency tests

Tests of QNMs T

/l_s&

Deviations from GR waveforms jc_.‘;‘) :

Graviton Compton length
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IMR consistency tests

—
<
b)

Y = @j\mi,ma, Sy

hgw(t)/1072!

fow(t) (Hz)

-0.15 —0.10 —0.05 0.00
Time (seconds)

O Scientific Collaboration and Virgo Collaboration) arXiv:1602.03841
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IMR consistency tests
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Final mass My (M)

120

1.0

0.0
AM /M,

Top panel: 90% confidence regions on the joint posterior
distributions for the mass M, and dimensionless spin a; of the final
compact object predicted from the inspiral (dark violet, dashed) and
measured from the post-inspiral (violet, dot-dashed), as well as the
result from a full inspiral-merger-ringdown (IMR) analysis (black).
Bottom panel: Posterior distributions for the parameters AM /M,
and Aay/ay that describe the fractional difference in the estimates
of the final mass and spin from inspiral and post-inspiral parts. The
contour shows the 90% confidence region. The plus symbol indicates
the expected value (0. 0) in GR.

O Scientific Collaboration and Virgo Collaboration) arXiv:1602.03841
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QNM tests

Can we probe the event horizon
from the ringdown?
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QNM tests

Can we probe the event horizon
from the ringdown?

o One measured damped
mode

a Quality factor can be
obtained with different mass
and spin, overtones,
harmonics.

a Consistent with GR but
Inconclusive

IMR(I=2,m=2n=0)

—
7
=

e
D]
=

o=

-
-
s
Q

2
[

Z

o

220 240 260 280

QNM frequency (Hz)

FIG. 4. We show the posterior 90% confidence regions from
Bayesian parameter estimation for a damped-sinusoid model, assum-
ing different start-times #y = 5, + 1,3,5,7 ms, labeled by offset from
the merger time #y; of the most-probable waveform from GW150914.
The black solid line shows contours of 90% confidence region for the
frequency fy and decay time T of the £ = 2, m = 2 and n = 0 (1.e.,
the least damped) QNM obtained from the inspiral-merger-ringdown
waveform for the entire detector’s bandwidth.

B. P. Abbott et al. (LIGO Scientific aboration and Virgo Collaboration) Phys.Rev.Lett. 116 (2016) no.22, 221101
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Deviations from GR waveforms

a Allow for fractional changes
with respect to the GR value

a Obtain constraints on
possible deviations from GR
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Deviations from GR waveforms

a Allow for fractional changes
with respect to the GR value

a Obtain constraints on

possible deviations from GR
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PN order

FIG. 6. 90% upper bounds on the fractional variations for the
known PN coefficients compared to their known value in GR.
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B. P. Abbott et al. (LIGO Scientific@®llaboration and Virgo Collaboration) Phys.Rev.Lett. 116 (2016) no.22, 221101
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Graviton Compton length
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Graviton Compton length
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Limit on graviton gaiSs: m, < 1.2 x 107%? eV/c?

B. P. Abbott et al. (LIGO Scientific Collag@fation and Virgo Collaboration) Phys.Rev.Lett. 116 (2016) no.22, 221101
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LIGO has opened a new window on the universe
MBigBang

. Supermassive Black Hole Binary Merger g
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Ratio Insgiral‘s @ Supernovae

age of the Wave Period ‘
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LIGO has opened a new window on the universe

Supermassive Black Hole Binary Merger =
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age of the Wave Period
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Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers

In the next 5 years, it is likely we will
a Hundreds of compact binary co
a SNR ~ 100 (GW150914 is ~
o Observation of fine detailgy®
)

spins, E0S, environmegt.
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LIGO has opened a new window on the universe
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What can we do with this mformatlon’?

Wave Fre§uency

a Hundreds of compact binary co ence and other source detections

a SNR ~ 100 (GW150914 is ~
o Observation of fine detail
spins, E0S, environmept:..)

these systems (number, distances, masses,
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Challenges / food for thought

o What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?
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Challenges / food for thought

o What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

]

Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?
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Challenges / food for thought

o What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

a Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?

o Which alternative models of gravity can we rule out? Can we use:
Lorentz invariance or general covariance?
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Challenges / food for thought

What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?

Which alternative models of gravity can we rule out? Can we use LIC
Lorentz invariance or general covariance?

Do “exotic” compact objects exist?

Can we prove/disprove the presence of a horiZorﬁ‘”
hole mechanics/thermodynamics?

LIGO Document G1600940-v1



Challenges / food for thought

What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?

Which alternative models of gravity can we rule out? Can we use
Lorentz invariance or general covariance?

Do “exotic” compact objects exist?

Can we prove/disprove the presence of a horizon?
hole mechanics/thermodynamics?

Can we use this information to learn about the large s verse. dark
matter, dark energy? | -

LIGO Document G1600940-v1



Challenges / food for thought

What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?

Which alternative models of gravity can we rule out? Can we use
Lorentz invariance or general covariance?

Do “exotic” compact objects exist?

Can we prove/disprove the presence of a horizon? ‘
hole mechanics/thermodynamics?
Can we use this information to learn about the large s erse, dark
matter, dark energy?

Can we probe quantum gravity with compact palescence detections? Can we
observe a new gravitational scale?

LIGO Document G1600940-v1



Challenges / food for thought

What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?

Which alternative models of gravity can we rule out? Can we use
Lorentz invariance or general covariance?

Do “exotic” compact objects exist?

Can we prove/disprove the presence of a horizon?
hole mechanics/thermodynamics?

Can we use this information to learn about the large. s erse, dark
matter, dark energy?

Can we probe quantum gravity with compact - ,wélescence detections? Can we
observe a new gravitational scale?

Are there any other astrophysical/co g"ical objects which can produce detectable GWs?

LIGO Document G1600940-v1



Challenges / food for thought

o What can we learn on the structure, formation, evolution of black holes and neutron stars?
Can we think of new measurable effects?

a Is GR the “correct theory” of gravity in strong regimes? Can we devise further tests of GR
which exploit the information contained in GWs?

o Which alternative models of gravity can we rule out? Can we use LIG
Lorentz invariance or general covariance? '

o Do “exotic” compact objects exist?

o Can we prove/disprove the presence of a horizon?
hole mechanics/thermodynamics?

o Can we use this information to learn about the large. s iverse, dark
matter, dark energy? |

a Can we probe quantum gravity with compact / ‘Qﬂélescence detections? Can we

observe a new gravitational scale?

a Are there any other astrophysical/co g"ical objects which can produce detectable GWs?

We have an open windg#'in front of us, let's look what's beyond it!

LIGO Document G1600940-v1



