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A new revolution in the past four years:
gravitational waves (GW), black holes and neutron stars

time

>
2015-2017:

Ten+
Black Hole-Black Hole
Mergers

[~7.5-50 Mo]

Black Holes (BHs)

2017:
One Neutron Star -

Neutron Star Merger
“GW170817”

[~¥1.1-1.6 Mo]

Neutron Stars (NSs)

[1 solar mass or 1 Mo is ~ 2 x 1030 kg] 1/34

Pirsa: 19090012 Page 4/69



Pirsa: 19090012 Page 5/69




A new revolution in the past four years:
gravitational waves (GW), black holes and neutron stars

g 2015-2017:
Ten +
: Black Hole-Black Hole
Mergers

[LVC arXiv:1811.12907; see also Venumadhayv, Zackay, Dai, ...2019]

201 7
One Neutron Star -
Neutron Star Merger
“GW170817”

Third science run began 1st April 2019: 20 binary black hole and
4 neutron star binary merger candidates

1/34
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Game changer today: we can detect and measure
Gravitational Waves & Electromagnetic (EM) radiation!

Neutron Star (NS)

‘0 2?7
Credil: NASA
NS/Black Holes (BHs)
< |
< i
Electromagnetic counterpart:
Gravitational Waves delayed matter outflows,
~ minute, > 0.025 Mg c2 post-merger EM is seconds- years,

10-6 Mo, (jet)/ ~ 0.05 My, (isotropic)
[1M ois ™2 x 1030 kg] 2/34
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Two complementary probes on extreme-spacetimes:
necessary to constrain fundamental (astro)physics

Extract sources’
dvynamic and fundamental environment and
(masses, spins) parameters energetics

3/34
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Multiple Discoveries
of GW170817

[the gift that

keeps on giving]

Astrophysics

Gravitational Physics

First Binary Neutron Star detected in Gravitational Waves
First Electromagnetic Counterpart of a GW merger in every waveband!
First Gravitational Wave Standard Siren Hubble Constant Constraint
First Short Gamma Ray Burst - Binary Neutron Star Merger Association
First kilonova discovery and astrophysical sites of r-process heavy elements
First tests of the speed of light and gravity with a GW+EM event ...
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Plan of Talk

Part 1: The physics behind GW measurements
i.e. how to infer luminosity distance?

Part 2: EM follow up and counterparts of GW170817
i.e. how to follow-up GW mergers?

Part 3: How to measure HO from GW+EM?
Part 4: Perspectives (my views)

Disclaimer: O (1000) papers — references are bare minimum
See upcoming review article in Living Reviews
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First Measurement of GWs from
a Binary Neutron Star Merger

August 17th 2017 at 12:41:04 UTC (14:41, one hour after lunch!)

[LVC,PRL, 119, 161101 (2017)]

500 6

ra L
Nommalized energy

Frequency (Hz)

A
(=1

Time (seconds)

Loudest (SNR ~ 32.2) and longest (~ 100 s) signal so far:
False alarm rate < 1 in 80 000 years

5/34
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GWs are perturbations in spacetime curvature

measurable by a network of detectors

Measurable GW strain h (t) ~ 1/distance 24 - 2048 Hz
two polarizations h, and hy

6/34
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GWs are perturbations in spacetime curvature

measurable by a network of detectors

Measurable GW strain h (t) ~ 1/distance 24 - 2048 Hz
two polarizations h, and hy

6/34
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Simplest “Newtonian” model explains
frequency chirp

ma
/< o = fmax
T
—&— 7 §. f and df/dt

'dFE dF =1 ! - - -
dt ”“ll dt J oor i Time (seconds)

[LVC, PRL 119, 161101 (2017)]

| 53
= Frequency chirp: df _ 96 (W GM ) f11/3

dt 5 3

(,.’.” | ?.”2):{/5

- (my + mg)l/5

Chirp mass:

7/34
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The GW waveform encodes source parameters

. (o®) (@)

Inspiral Merger Post-merger/ringdown

figure courtesy of Tanja Hinderer 8/34
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The GW waveform encodes source parameters

Inspiral

~103 cycles of the inspiral for few Mg with LIGO/Virgo

8/34
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The GW waveform encodes source parameters

post-Newtonian Inspiral — driven by the chirp mass
7

&S

(n @
. .)

)
v Gm

c? rc?

<< 1

8/34
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The GW waveform encodes source parameters

16-21 T T T T T T 1e-2Il T T
Zoom in

/) '

h.(t)

%

-2 spin modulation

3 L Il L L L L =l L i
1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 4.80 4.85 4.90 4.95 5.00

t(e) time (s)
< P

(I)GW (f) = chirp mass, reduced mass (1PN), spin-orbit (1.5PN), ...
tidal deformability (5PN) 9/34
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Extract source information from GWs

frequency '
+ ]I.‘;lU ! ,
. AlM f(t)], 5 = ,_ z |
ha(t) = w(] + cos? 1) cos ®aw (t) Model h(t)  : “T"'"”""""m”'
4 D ' ' 1) 1.5 1.0 0.5 0.0
distance inclination angle GW Phase time (£)

Detector output  Maigiiiameldsnuimisduny
h(t): 9-16 parameters

-+

Redshifted Masses Explicitly map out:  p(€|s) o p(€)Lioral(s|60)
+ Spins
Likelihood
+ Tidal deformability

+ Geometric properties:
- Inclination angle
- Source Position
- Luminosity distance

 parameter 1

parameter 2

using Bayesian Markov Chain Monte Carlo

[see LVC, arXiv: 1602.03840, PRL 116, 241102, 2016] and Nested Sampling Techniques
[see Nissanke et al. 2010, 11, 13a, 13b] 10/34
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Simplest “Newtonian” model explains
frequency chirp

mi
/’C o - fmax _>
5 ;
—& 7 & f and df/dt i,
m 0

dE dE i I _‘t_\ - =
dt ”“ll dt J oors i Time (seconds)

[LVC, PRL 119, 161101 (2017)]

= Frequency chirp:

df _ 967 (7 GM 5/ /s
dt 5 3 “

(,.’.” I ?.”2)::/5

- (my + mg)1/5

Chirp mass:

7/34
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GW distance and inclination degeneracy
are critical for standard sirens

———————— 04 - e A
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[see Nissanke.. Dalal et al. 2010]

11/34
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Pinpointing GW170817’s location with “GW volumes”
and galaxy catalogs

[LVC, PRL, 119, 161101 (2017),
LIGO, Virgo, EM partners +, ApllLetters 848 L12 (2017)]

30° : —
0°
15h [2h
9h
18h
-30° -30°
T T T T
0 25 50 15
[Nissanke et al. 2011, 13, Kasliwal and Nissanke 2014, Mpc
Gehrels...SN + 2015, Singer....SN + 2016, .
Hotokezaka, Nissanke + 2016, ] [1 Mpc is 1022 m] 12/34
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First optical transient at 11 hours was the
real deal: the NS-NS merger

NGC 4993 Al SSS17a B

N 4 W

April 28, 2017 Hubble Space Telescope August 17, 2017 Swope Telescope

[Coulter et al. 2017, Science]

NGC 4993: 40 Mpc (elliptical galaxy)

Not the case for weaker signal events:
needle in the haystack of other astrophysical transients

13/34
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The first month(s) of multi-messenger
observations of GW170817

adapted from LIGO, Virgo, EM partners + ApJ 848 L12 (2017)

GW

gamma-rays

X-rays 9 days
uv 15 hours ®—*
: 11 hours & o
Optical . ML RILIN IR |
® @
IR i TR RN
G A p—
Radio 1 ] i A0 0080 e s o BN
100y 50 (1] 50 1 ? . . 10" 10!
1 (s) time since merger (days)

Global ground and space-based effort:

70+ teams, 100+ instruments, over 3500 co-authors

14/34
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A Tale of Two Matter Outflows = EM counterparts

[see work by East + 2012, Siegel + 2017 etc]

1. Tidal Tails + Disk Winds = Kilonova: Ultraviolet Optical
+ Core-bounce Heating IR (days-week, more isotropic)

Mej; =0.01-0.05 Mo
E =1050ergs

V& O 1"03(: [Lattimer and Schramm 1974, Li and Paczynski 1998,
Rosswog 1999, Kulkarni 2005, Metzger et al. 2010, ...] [Foucart el el. 2014)

2. Ultra-relativistic Jet = Short Gamma Ray Burst + afterglow
' (seconds - months, collimated)

Mej = 10_6 MO
E = 1049-1050 ergs
v = 0.99c - 0.99995¢ l [Eichler+ 1989, Paczynski 1989,..

Outflows’ kinetic energy is converted into internal energy.
Expands, cools and heated by shocks or radioactivity.

(cf. Supernova: 1051 ergs; Lsun: 4 x 1026 W or 4 x 1033 erg/s) 15/34
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EM: Challenges for EM follow up

1) Source and remnant properties

2) Geometry

3) Timescales: physical processes?
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EM SGRB VLBI = superluminal jet with structure

n=10%-5x10%cm?

E=10%-10"erg

Dec offset (mas)

_[Mooley+, Nature, 2018]
6 4 2 0 -3 -4 N B
R offset (mas)

Proper motion of 2.7 mas, fapp ~4.7 16/34

[see also Lazzati 2017,18, Ghirlanda + 2019, Troja+ 2018]
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New field: break degeneracies to
measure properties of BHs and NSs

+

+

+

5

h(t): 9-16 parameters

Redshifted Masses (several to tens %)

Spins (tens of %)

NS radii (tens of %)

Geometric properties: (tens of %)

- Inclination angle
- Source Position
- Luminosity distance

Fx(t): 5-10 parameters

+ Energetics and beaming

+ R-process nucleosynthesis

+ Mass ejecta and velocity

+ Environment

+ Redshift, Accurate Position (1”)

+ Stellar populations

+ Magnetic field strength

+ Previous binary evolution & mass loss

~

./

Strong signal binary: Characterisation

Population: Demographics, ecology and census

17/34
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GW+EM: Standard siren measurement of
Hubble constant

[Schutz 1986, Dalal + 2006, SN + 2010]

L]
: : = p(Hy | GW170817)
| 1 Planck
- X : SHOES
0.04 ~ 1 1 .
] 1 9
I I - 412 —1 -1
| i Hy=70"¢° kms™" Mpc
] 1 _8
1 1 '
— 1 1 :
a8 0.03 o 1 1
= | 1
n 1 1
; : :
E | 1
= | I
s 0.02 =
T
a 1
I 1
1 1
1 1
I 1
0.01 - 1 1
I 1
I 1
1 1
I 1
1 1
: ! :
0.00 — T — T T T T T
50 60 70 80 a0 100 110 120 130 140

Ho (kms~! Mpc™) [LVC +6 OIR, Nature, 551, 2017] 18

Peculiar velocity error of 150 km/s; Hubble flow velocity of 3017 +/- 166 km s-!
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GW+EM: Standard siren measurement of
Hubble constant

[Schutz 1986, Dalal + 2006, SN + 2010]

L
' ! w— p(Hy | GW170817)
| 1 Planck
: : . SHoOES
0.04 ~ 1 1 .
1 1 9
i 1 _— +12 ~— 1 -1
| i Hy="70"¢" kms™" Mpc
1 1 _8
1 1 H
— 1 1 .
a 0.03 o 1 1
= | 1
n 1 1
P i i
E I 1
= [ 1
S 0.02 =
T
a 1
1 1
1 1
1 1
1 1
0.01 - 1 1
1 1
1 1
1 1
I 1
1 ]
: ! :
0.00 — T — T T T T T
50 60 70 80 0 100 110 120 130 140

Ho (kms~! Mpc™) [LVC +6 OIR, Nature, 551, 2017] 18

Peculiar velocity error of 150 km/s; Hubble flow velocity of 3017 +/- 166 km s-!
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GW+EM challenge: Inclination angle and
distance degeneracy

[LVC +6 OIR, Nature, 551, 2017]

-0.4
| GW170817
Planck!?
SHoES!®
& _ - 120
”a \‘ e
| ‘)
,/
,
-0.6 R4
l,
’ = 130
4
P =)
@ 4 a
-0.7 -
g o 1
o =
L 140
_'O,B —
- 150
-’0,9 -
- 160
- 17
-1.0 , ' ; 188
50 60 70 80 90 100 110 120
Hg (kms=1Mpc~1)
[see Guirdozi + 2017, Finstead + 2018, Mandel 2018] 19/34
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GW+ radio: Hubble measurement improves
by a factor of 2-3

[Hotokezaka, ..SN, + 2019, Nature Astro.]

60
* Hydro Jet
55 = GW
—— \/LBI+LC
< 50 1
a = GW+VLBI+LC
2. 45 -
@
Qo
G 40 -
Rz
() 35 -
30
25 T — T T T T

10 20 30 40 50 60 70
Bobs [degree]

o

20/34
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GW+ radio: Hubble measurement improves
by a factor of 2-3

[Hotokezaka, ..SN, + 2018]

0.10
| ; —— GWVLBI+LC (PLJ)
; GW

, ; Planck
V.03 ; SHoES
0.06 ’ _ +4.7

~ Hy = 68.9";¢ km/s/Mpc
(.04 -
0.02 - |
0.00 = T = T . T T T T
o0 §10] 70 S0 90 100 110 120 21/34

Hy (kms™ Mpe™)
[note new work by Howlett + 2019, Mukherjee + 2019 on improving peculiar velocity measurement]
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Part lllb:
Moving forward with HO
measurements with GW
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1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]

0.12 25

: —
|
- ]
1t : 0.30 ;
' 1 ' 20
] ]
0.25 ]
0.08 ! !
! ~ ' 1%
! = 0.20 : .
S e
% 0.06 ! o= ! &
= - = 0 ' =
= — 0.1 =
g . E 1% : 10
0.04 ] ]
i 0.10 y
]
] I
) I I
0.02 : 0.05 :
! A—
' T e ————
0.00 L ‘ 0.00 L - 0 . " -
50 100 150 200 50 60 70 80 a0 100 10 20 30 40 50 60 70
Hy [km/s/Mpe| Hy [km/s/Mpe| SNR

[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);
high SNR binaries dominate joint PDF; assumes EM

22/34
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1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]

0.12 25
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5 10
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[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);
high SNR binaries dominate joint PDF; assumes EM

22/34
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1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]

0.12 25
I [
i [
] % I
0.10 ' 0.30 )
1 [ 20
[
0.25
0.08
-
; 0.20 .
=4
: 0.06 | ¥
= 0.1 L
10
0.04
0.10
602 0.05 |
0.00 0.00 t ! 0 -
50 60 70 80 a0 100 10 20 30 40 50 60 70
g lemfs/ Mpe| Hy [lem/s/Mpe SNR

[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);

high SNR binaries dominate joint PDF; assumes EM
22/34
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1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]
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[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);

high SNR binaries dominate joint PDF; assumes EM
22/34
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1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]
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[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);
high SNR binaries dominate joint PDF; assumes EM

22/34
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1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]
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[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);
high SNR binaries dominate joint PDF; assumes EM

22/34

Pirsa: 19090012 Page 40/69



1) GW+EM: importance of populations to
potentially resolve “Hubble trouble”

[Feeney, Peiris, Williamson, SN,..+,PRL, 2019; Mortlock, ... SN, 2018]
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[see also Chen+ 2018, ...]

50 binaries (~8 years) to reach a precision of 1.8 % (1/VN);
high SNR binaries dominate joint PDF; assumes EM

22/34
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