The Ballet of Binary Black Holes
LIGO 1.3 Billion Years Aqo (Give or Take)

" ‘Black Hole #1 - . ke
36X more massrve thanﬁhﬁsun;
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Numerical relativity (solution to G, = 0) simulation

(SXS Collaboration, http://www.black-holes.org/)
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LIGO _ _
Gravitational waves

Masses that accelerate
(eg, a binary orbit)

create ripples of changing
gravity (curvature)

in space and time.

The “news” of this changing
gravity is carried by
gravitational waves

Predicted by Einstein in 1916
(and discovered 100 years later)

Gravitational waveform
can be computed using
numerical solutions to
Einstein’s field equations
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LIGO

ENERAL RELATIVITY

Strong-field

*Most tests of GR focus on small
deviations from Newtonian dynamics
(post-Newtonian weak-field
approximation)

*Space-time curvature is a tiny effect
everywhere except:

® The universe in the early
moments of the big bang

® Near/in the horizon of black holes

*This is where GR gets non-linear and
interesting!

But we can search for (weak-field)
gravitational waves as a signal of their
presence and dynamics

*We aren’t very close to any black holes
(fortunately!), and can’t see them with
light or other EM radiation...
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Nature of Gravitational Radiation K(QQ»)

General Relativity predicts that rapidly
changing gravitational fields produce
ripples of curvature in fabric of
spacetime

» Stretches and squeezes space between

“test masses” —strain h=A4L /L
» propagating at speed of light
* mass of graviton =0

» space-time distortions are transverse
to direction of propagation

 GW are tensor fields (EM: vector fields)
two polarizations: plus (©) and cross (®)
(EM: two polarizations, x and y )
Spin of graviton = 2

i(wt—kz)
h(t,z) = hy,e" ™

x>

7

=h (t—-z/c)+h (t—2z/c)

+ Polarizaticn

\5’

‘\Y

X Polarization

Contrast with EM dipole
radiation:

() ]




LIGO A NEW WINDOW
ON THE UNIVERSE

The history of Astronomy:

new bands of the EM spectrum
opened — major discoveries!

s Sk e e  G\Vs aren’t just a new band, they’re
i | G a new spectrum, with very different

— and complementary properties to EM

waves.
- Vibrations of space-time, not in space-time
- Emitted by coherent motion of huge masses
moving at near light-speed;
not vibrations of electrons in atoms
- Can’t be absorbed, scattered, or shielded.

GW astronomy is a totally new,
unique window on the universe




LIGO The GW Spectrum

= Cosmic Strings ‘ -4
Relic radiation ok e e ', N

Extremexss Ratio
Inspirals
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LIGO The Laser Interferometer

LSC

Gravitational Wave Observatory

LIGO Laboratory
is operated by
Caltech and MIT,
for the NSF.

~180 staff located at
Caltech, MIT, LHO, LLO

LIGO Scientific
Collaboration:

~ 1000 scientists,
~80 institutions,
15 countries

Vigo Collaboration:
~ 250 scientists, Europe

g

LIGO Hanford Obser

k . LIGO Livingstor*,

; .
vatory (LHO)

Observatory
(LLO)




LSC

LIGO
The Advanced LIGO detectors
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LG OGW sources for ground-based detectors.-

The most energetic processes
In the universe

Coalescing Asymmetric Core
Compact Binary Collapse
Systems: Supernovae

- Neutron Star-NS,
8"/ Black Hole-NS,
@j BH-BH

- Strong emitters,
well-modeled,

- Weak emitters,
not well-modeled
(‘bursts’), transient

. : Ra B - Cosmic strings,
CIOTRL- Rt B  <oft gamma

Credit: AEI, CCT, LSU  IRENEYTIVEN .Credit; Chandra DSS B repeaters, pulsar
transient = glitches also in
‘burst’ class

Cosmic Gravitational-
wave Backqground

Spinning neutron
stars

- Residue of the Big

- (effectively) Bang, long duration

monotonic waveform

. ' . - Long duration,
- Long duration NASA/WM P_Sc1ence Team stochastic background

-

Casey Reed, Penn State

11



LIGOGWs from coalescing compact (@@
binaries (NS/NS, BH/BH, NS/BH)

» Neutron star — neutron star (Centrella et al.)

00 8 § 510

Tidal disruption of neutron star

A unique and powerful laboratory to study
strong-field, highly dynamical gravity

and the structure of nuclear matter

in the most extreme conditions

- inspiral —merger BH-ringdown

0.1

--thN

-nm IhNR
=01

-0.2 | Phenomenologlcal template famlly for black hole coalescence waveforms”.
- Fali® ~

Waveform carries lots of information about binary masses, orbit, merger




https://www.black-holes.org/explore/movies




Zahe GW150914

Phys. Rev. Lett. 116, 061102 — Published 11 February 2016
https://dcc.ligo.org/LIGO-P150914/public/main
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LIGO Founders of the LIGO project -
at Caltech and MIT

2017 NOBEL PRIZE IN PHYSICS

,

* Rainer Weiss
Barry C. Barish
Kip S. Thorne

“for decisive contributions to the LIGO detector and the observation of gravitational waves”

15
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Three BBH events, compared

10-21
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Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”,
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)
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LIGO Three BBH events,
distances

It's hard to measure distances
iIn astronomy!
(few “standard candles”)

4.0 , . . ,
3.5} GW150914 =
3.0 |
2.5 |
2.0}
1.5}
1.0 |
0.5F

GW151226

BBH events are
“standardizable sirens”
(need to know their masses,

orbital orientation, etc). LVT151012

Posterior PDF (10*Mpc~1)

. | | |
Distances measured poorly 0'00 500 1000 1500 2000 2500
with only two detectors. Distance (Mpc)

Our two loud events are far away!
(400 Mpc ~ 1.3 Gly) — merged 1.3 By ago!

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”,
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)

17



LIGO
Radiated energy & luminosity

y GW150914: 1.0 ] l | | | |
Fraq = 3.0105 Mg ? 09l .
lpeak = 3.6705 x 10°%erg/s GW151226

0.8 GW150914
y» GW151226: s 07| i
=02 Mo¢ 0.6 | _
0.5 LVT151012 -
» LVT151012:
0.4 | | | | | |

20 30 40 50 60 70 80
MEoUree (M, )

Erad == 1 (9] 041\[@(

Upeak = 3.1f§)_§ X 105Gel‘g/s

= GW150914: Egyw = 3 M2, or ~4.5% of the total mass-energy of the system.
= Roughly 1080 gravitons.

=  Peak luminosity Lgy~ 3.6 X 10°4 erg/s, briefly outshining the EM energy output of
all the stars in the observable universe (by a factor ~ 50). 18
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LIGO Testing General Relativity
in the strong-field, dynamical regime

H2 Template: E17903020.213

Test post-Newtonian expansion of inspiral phase.

. . 3 A  EOB- |
W(f) =27 fto+Po+ s (1+ X ¥ ). « EOB-NR [
128"" k=2 g i A A uﬂn 'lﬂﬁu I'\ l|| "| " |‘
1 HY'H = . g | Il' ||l \ |ll Ill }’ |' (1 | I A

Test Numerical Relativity waveform prediction RVRAVAVAVAY ‘|]|I l|]|

{

u |

for merger phase. S ‘ |

Test association of inspiral and ringdown phases: = % e ©  *
BH perturbation theory, no-hair theorem.

www.black-holes.org @
gty s Mass Charge Colour Shape - Leptons .
N\ L e e

''''''''

Mass, Electric charge,
Angular momentum

nonlocal.com/hbar/blackholes.html

r\\/\/\v’/\/ ’\\/\ \/’\\/\/\ \/\/A\/\ \/A\\/\ \/ \v/A\,/A\,/\\\/\/ﬁ\r’/’\\,"n\/\v’/\v/w\ﬂtVw‘

19
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Testing beyond-GR

Constrain beyond-GR parameters (Will, 2006) )

Directly measure speed of gravitational waves
constrain (or measure) the mass of the graviton.

Constrain (or measure) longitudinal or other
polarizations.

Constrain (or measure) parity-violating effects in wave
generation/propagation (Yunes et al, 2010).

Constrain “parameterized post-Einsteinian framework”
(Yunes & Pretorius, 2009)

Test specifically for scalar-tensor and other alternative-
gravity theories

20
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Mass of the graviton

A propagating graviton with mass m, TN

2 _ 22 2 4
L= = pict +myc

ana assoclated Lompton wavelength
Ay =h/(myc)

results in frequency-dependent velocity
vé/c2 =c’p*/E? = 1—h2(32/(/l§E2) - o

and dispersion causes distortion of the e e

phase evolution of the waveform Ay > 10%km (90%)

(wrt massless theory) 0 5

Da(f) = DO/ +2)f]  Ma S 12 107V /et (90%)
Agreement of observed waveform with
theory allows us to set the bound:

m, < 1.2 x 107** eV/c* at 90% confidence
Tests of General Relativity with GW150914

Phys. Rev. Lett. 116, 221101 (2016)

probability

21
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Speed of gravitational waves

» GR predicts that GWs propagate at the maximum
speed supportable by space-time (massless graviton)

= Same as the speed of light (massless photon)

= Detecting a signal (eg, from a BNS merger) at nearly
the same time as a flash of light from the merger
(assuming one can unambiguously associate the two,
and estimate the distance to the source) will
constrain the GW speed relative to light speed.

= Qr, it can be constrained using only the GWs from a
continuous source.

22
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LIGO
What if GR black holes ... aren’t?

= Exotic forms of highly-

compressible matter [ T
(gravastars), or »&'@o‘\o Atacn

» Planck-scale departures AT i
from GR (firewalls, | Ry
fuzzballs) near their o i 0
horizons =l NI ZeCa

= can lead to post-merger ' v tmerger
“echoes” of GW ringdowns. - ‘ x

= repeating damped echoes \ / ”_,../@\xe“
with time-delays of 8M logM T

23
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Jeo Echoes from the Abyss:

arXiv:1612.00266v1, Abedi, Dykaar, and Afshordi

le-22

Template with echoes

FIG. 2: LIGO original template for GW150914, along
with our best fit template for the echoes.

“... we find tentative evidence for Planck-scale structure
near black hole horizons at 2.90 significance level” 24



LIGO MORE BBHs, in O2.
Starting to build up a mass distribution

Black Holes of Known Mass

70

60

50

40

30
GW150914

Solar Masses

20

GW170104 GW170814

10 —@-@9-

LVT151012
GW151226

0

X-Ray Studies
LIGO/VIRGO

http://ligo.org/detections/GW170814.php
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http://ligo.org/science/Publication-GW170814/index.php
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LIGO Greatly improved sky localization

(but, these are black holes...)

GW170104

LVT151012

GW151226

¥ GW150914

GW170814

Credit: LIGO/Virgo/NASA/Leo Singer (Milky Way image: Axel Mellinger)

http://ligo.org/detections/GW170814.php

27
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LIGO Multi-messenger Astronomy

with Gravitational Waves

astrophysical fireball

X-rays, y rays

UV,optical,IR

neutrinos

28
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LIGO

Then came something completely different...
130 million years ago, in a galaxy far, far away ...

https://www.youtube.com/watch?v=e7LcmWiclOs
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I"IGOThis Is what | woke up to on August 17, 2017,

just before 6am PT...

SN
Normalized amplitude

o)

-10
Time (seconds)

GW170817

http://ligo.org/detections/GW170817.php
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LIGO To add to the excitement:
a gamma-ray burst (GRB)!

Frequency (Hz)

BNS merger GRB start

-0 : Light curve f‘rom FermilGéM (10-50 ke\A/) { . 1 . 7 seco n d s I ate r,

frel it add ll.WHﬂlJ'WHM hy/ duration <2 seconds
g uogfl 1 TR L WA %W*w T

i | | N It has long been
;' 10001 |J- hl L] {l lH . [H | I‘L}I ,J“ Lt | | 'I' L II lJ L Lﬁ } J”]‘Hl | I
m-+lw L H“ﬂ f%ﬁ #T%WW WA '{W Wit Ty g;l)en(:;l Zf?(;jn:h sl’;:g/ RBs

Light curve from INTEGRAL/SPI-ACS (= 100 keV)

neutron star mergers,
and a ~2 s delay fits
typical models...

Gravitational-wave strain
from Hanford + Livingston

kinda wimpy, though...

B. Abbott et al, LIGO-Virgo,
- - - S-S ? ! ° Astroph.J.Lett. 848, 2, L13 (2017)

10°




Our automated software (“pipeline”)
LIGO matched the GW signal
to a predicted waveform for a binary neutron star merger

GW150914 \/W \ SIMULATING EATREME SPACETIMES
Black holes, neutron stars, and beyond.
LVT151012

GW151226

GW170104

GW170814 ANWMNV\}W

GW170817

1
time observable (seconds)

LIGO/University of Oregon/Ben Farr

The longest (~ 60 s), loudest (SNR ~ 32), closest (40 Mpc) signal LIGOhas ever ob§§rved!

https://www.youtube.com/watch?v=WoDCPTLgxh4
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LIGO We can measure the masses
(in the combination “Chirp mass”) very well:

Masses in the Stellar Graveyard

in Solar Masses

“stellar mass”
black holes

(13 LY
_ mass gap”’?
ind?

Neutron stars
(pulsars)

33

http://ligo.org/detections/GW170817.php
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LIGO As the stars spiral together, they get
torn apart by each other’s gravity:

Tidal distortion — Disruption!

The disruption of the stars
results in a huge outflow of Ry
neutron-rich “dynamical ejecta” NS

S

that powers a GRB
and broad-band afterglow

S NS 49:/§Qhoma State University/A nnet



LIGO BNS mergers,
tidal distortion and disruption

35



= Dead remnants of massive star
core collapse supernovae

= A unique laboratory for
fundamental physics

= All four forces of nature,
Strong, Weak, EM, gravity —
all under the most extreme
beyond-laboratory conditions

= Structure can be revealed
through binary mergers

ey ions, electrons

—-—— electrons, neutrons, nuclei

neutron-proton Fermi liquid
few % electron Fermi gas

quark gluon plasma

LSC

Neutron stars

A NEUTRON STAR: SURFACE and INTERIOR
. ‘Swiss "Spagheti’

CORE:

Homogeneous

ENVELOPE

CRUST
OUTER CORE
INNER CORE

Polar cap

. Cone of open
. magnetic
. field

e lines

v’
S - t
Neutron Superfluid + )L};i/
Neutron Vortex  Proton Superconductor

Neutron Vortex ) /

http://www.astro.umd.edu/~miller/nstar.html 36
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NEOS, NS structure,

LIGO
and NS mass-radius relation

Neutron Star Equation of State
* Simplification: T=0, pure neutron & proton gas. Appropriate (?

for interior of cold neutron stars.

quark-hybrid
star

traditional neutron star

gépreron neutron star with
pion condensate

~| Fe
- 108 gem 3
2SC
E?:.:rquarks) <10 gom ®
~ 1014 glem 3 00 1 1 1 1 1 1 I
7 8 9 10 11 12 13 14
Radius (km)

~_ Hydrogen/He
atmosphere
Neutron Star Strange Quark Star

strange star
nucleon star

-

R~10km

C.D. Ott @ LVC Supernova Call, 2014/08/11

37




LIGO  Tidal disruption of

heutron stars near merger %

Credit: Daniel Price and Stephan

10_21 - I I 1 I 1 UL I 1 T T T T
1 _100s Source Distance: 50 Mpc
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Q‘l‘ < _ 10
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t—1s

—_
3
N
W
|
*
¢
v
o

10724 F Postmerger HMNS

— aKI:A{gCIQ)fD_HP Oscillation Modes
— AdV WB
10725 — ! =
10 100 1000 Read, Shibata, et al
Frequency [Hz]
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LIGO
Constraints on tidal distortion

3000 = Tidal deformability:
2500—\‘\ A Zk o (R)S
36 \M

2000 -

= k,is the 29 Love number

= R and M are the radius
and mass of the star

= L|IGO results for
GW170817 are most
consistent with more
compact stars, R < 14 km

1500 2000 2500 3000
4&1

0 500 1000



LIGO The origin of the
heavy) elements
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LIGO

25m:Lig.;r'\tcurveflrom Fermi/GéM(lO-SOke\‘/) ‘ I 1-7 Seconds Iater,
| duration < 2 seconds

What can we learn

H“%

: ] JH o

g H ﬁ}{ HN Ll fit ﬁ@ﬁ*%iﬁﬂﬁ*“hlr“ﬁ*' using just the GWs
- and the y-rays?

Fundamental
properties of GWSs,
unique new tests of
General Relativity!

8 6 4 - 0 2 a 6 B. Abbott et al, LIGO-Virgo,
Time from BNS merger t5} Astroph.J.Lett. 848, 2, L13 (2017)

Gravitational-wave strain
from Hanford + Livingston




Ligo Forthe
physicists:
Fundamental

properties of
GWs and NSs

= The GW signal is fully consistent with General Relativity, over thousands of cycles.
= GW polarization is consistent with”’tensorial” — (+ and X ), not (pure) vector or scalar.
= Tidal disruption is weak: nuclear EOS is not stiff, NS radius <14 km

= GWs, and y-rays travelled for 130 million years (4 X 10'° s),
arrived within 2 seconds of each other:

= The “speed of gravity”: Vgw = Vjign: to one part in 107!
= No dispersion: mass of the graviton my < (few) x 1023 eV/c2?, consistent with 0.
= Improved Lorentz invariance violation limits; constrained to one part in 1073,

= Both the gravitons and the photons “fell” into the Milky Way Galaxy over the same
time: the Equivalence Principle holds between gravitons and photons .
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LIGO For the astronomers:
within minutes, locate the source on the sky,
tell telescopes where to point.

Source located to 28 sq deg, and ~ 40 Mpc.

Time is of the essence!
(Initial alert sent out 27 minutes after the GWs passed through LIGO)

60° We can locate the source in 3D
— GWs are “standard sirens”

30° |
HL 7
A
4
’
4 ’/
HLV 7 b/
n\\ '
/ \\ 15091 W151
/
PN / GB&
- N g Fermi GBM
localization
16h | 12h 4 1 A
3 N
| § 8
_600 D \\—/)




LIGO Virgo “non-detection”
was very important!

It appears that the signal was in Virgo’s “blind spot”.

Virgo bééjm pattern_

Reduces the localization patch to “only” ~28 deg?
LIGO-Virgo / Greco, Arnaud, Vicere (2017). Background: Fermi/NASA
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I""Ii?here anything to be found in that spot on the sky?

e
R .
G e
&
*%
Global Relay of Ob: ients

of Observatories Watching Transi Happen

Credit: LIGO/Virgo/NASA/Leo Singer (Milky Way image: Axel Mellinger)

Is the the dawn of GW-multi-messenger astronomy?
45



LIGO

The next evening:
they got it!

60°
HI
30° :
HL /7
41 |
— o
v 7
&
HLV )
I\
0° } \
{0
- I/_\ /|
PN/ / FBM
v
-30°
B, , A
~ 1" 8h
S O
B
-60° SN

M. M. Kasliwal et al., Science 10.1126/science.aap9455 (2017).

Right ascension x*
4

Declination

Declination

Gemini+F2 JHK,

Right ascension
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LIGO

Light at Every Wavelength

Host galaxy: NGC 4993; redshift: ~ 0.01

LIGO, Virgo

y-ral

Fermi, INTEGRAL, Astrosal, IPN, InsightHXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

Swit, MAXIGSC, NuSTAR, Chandra, INTEGRAL

——s
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LIGO Measuring the expansion rate of the
universe in an entirely new way!

From the GWs, we can measure the = |
distance to the source fairly accurately =1
40 Mpc or 130 Mly

From the optical afterglow we can
measure the redshift(recessional
velocity) of the source galaxy
NGC4993.

Combining them gives the Hubble
expansion rate Hy.

Not terribly accurate yet, but in good
agreement with measurements made
in entirely different ways (which don’t
agree with each other!)

Rec. velocity (km/s)

Distance (Mpc)

d (Mpc)

: —— p(Ho | GW170817)
anck!”

H, from CMB

p(Hp) (km=1sMpc,

Ho from GW170817

LIGO-Virgo, B.P. Abbott et al. Nature (2017) = © * * .n..2, = = °

“+0
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LIGO Not just a site, but the site
of heavy element production?

Observed Solar Abundance
= Quantity per merger x Rate of Mergers
>~0.05 solar-mass x >~300/Gpc3/yr
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Ejecta mass estimate: ~0.05 solar mass
Merger rate estimate: R = 154073550 Gpc™yr~!
Consistent!
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LSC

LIGO The future
of Gravitational-wave astronomy
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LIGO  Coming years: more, and
more sensitive detectors

;_’w;.»‘,g_\ .
=T ) >~
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;‘LIGO Hanford

Q.LIGO Livingston

Operational Ly

Under Construction {

Planned

http://ligo.org/detections/GW170817.php .
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LIGO  Coming years: more, and
more sensitive detectors

Early ms=Mid Late  mmDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc 7 Mpc
LIGO @& [ G e
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo oz 08 ]
25-40 40-140 140
Mpc Mpc Mpc

KAGRA | -

2015 2016 2017 2018 2019 2020 2021 2022 2023

https://arxiv.org/abs/1304.0670 -
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LIGO Future prospects for terrestrial

gravitational wave astronomy

Cosmic Explorer (expected R&D improvements)
10722 grerrr ———————r7 —— .
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B. P. Abbott et al. CQG 34 (2017)

http://iopscience.iop.org/article/10.1088/1361-6382/aa51f4
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LIGO The future of gravitational wave
astrophysics is ... golden!

THANKS to
Caltech, MIT,
and the NSF!

THANKS to my
LIGO & Virgo
collaborators,

and to the 100’s of
EM astronomers
who found
GRB170817A and
EM170817!

And...
thank you for your
attention!
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