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* Introduction

* 10-1000 Hz: ground-based laser
interferometers

e LIGO/Virgo 01-03
e Astrophysical implications
* NanoHz: pulsar timing arrays results
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Gravitational waves
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GW energy flux

* Energy density 0 ¢
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GW emission
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Astrophysical sources
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GW produces tidal field
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. Laser
interferometers

LIGO 1990-2017 ~690 MUSD
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Chirp signal from coalescing binary system
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GW from inspiraling binary BH
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Working GW-interferometers
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LIGO
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Credit: LVC collab., Univ. of Tokyo
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GW150914 Prr-1s 06t102 2016

Hanford, Washington (H1) Livingston, Louisiana (L1)

35-350 Hz bandpass
filter applied
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Chirp signal from inspiraling binaries

* Chirp-mass determined inspiraling signal
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Chirp mass determines detection
~ \(5/6)
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Mass-redshift degeneracy
fo=1f/(1+2), dt, =dt(L+2)
df|  df 1
dt| dt (L+2)?

11/3 3/5
MCh‘OZ(SfO (dfo/dt)j M (L4 7) —> M, —inv

9672'8/3

I\/Ich

h, ~ (7 ﬂ\/lch)Z/3

m

d —_ 4(Mch)

0]

& (72' fo (M Ch)0)2/3 = dm (1—|— Z) Luminosity distance

0]




Parameters from GW observations

(mi¥1 + maya) - Ly
Xeft = 7

Effective spin

Event m>/ Mg MMy Yeff M; /Mg as Era/ Mac?) {peak / (eTE s dr. /Mpc Z

GW150914 356745 306730 286716 —0.01702 63.1°33 0697005  31:04 3604 10% 4307130 (.09+003

GWIS1012 23.3+140 (36441 (52420 (04038 357499 (67+013 1503  32+085 (0% [060+38 0.21+0%

GWI51226 13738  77:22 8003 (18020 20 5+64 (74:001 1001 344075 (%6 440+180 () (9004

GW 170104 201449 215421 —0.04°017 491452 0.66*008 2205 33:065 (0%  960+H0  (.1900

GW 170608 76707 7.9%02 003100 17.8%2 0.69%0% 09708 3504x 10 320013 0.07°0%
GW170729 50.6716% 3439, 357793  036°920 8037148 081799 48717 42792 10% 27507130 0.48°0%
GW170809 35273 238737 25.0°%0  007*% 564732 070%%  27%9¢  3.56x10°° 99073 0.20°0%

GW170814 307+%) 25379 242¢14 00733 53433 07290 27504 3794 10% 580739 0.12:3%)

GW170817 146012 1.27:0% 1186790  0.0070% <28 <089 = 0.04 > 0.1 x 10°° 40*19 0.019%
0.10 0.09 0.001 0.01 10 0.00

GWI70818 35573 26873 267773 00098 59845 0.67:0% 2703 34703x10°° 102079 0.20707

GW170823 39.6%100 204763 203+2 008020 65.6:%¢ 071%9% 33902  3.6705x 10% 1850°%9 034013
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Coalescing binaries LIGO/Virgo

Gravitational-Wave Transient Catalog

Detections from 2015-2020 of compact binaries with black holes & neutron stars

Frequency (Hzg)
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Statistical properties: summary

 01+02+03: 91 robust (S/N>8) detections
* |sotropic on the sky (2207.05792)

* Signal properties in agreement with GR up to
a few % accuracy

* 2 NS+NS mergings, EM from GW 170817

4 BH+NS candidates. No electromagnetic
signals.
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Solar Masses
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Simplest scenario:
BH+BH from massive star evolution

Pors (d)
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Marchant et al. (2016)
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Mass loss from massive stars
mass gaps (2.5-5, 60-130 M

B
B
B

18.07.2022

kicks
spins

Astrophysical issues:
BH from stellar collapses, binary BH formation

Dubna-2022

sun)
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Wind mass-loss

Low metallicity is required to have no severe mass loss

150
Mzams(Mg)

Dubna-2022 2206.15392
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Pair-instability SN (PISN) mass gap

* T>7x10%K =» y+y 2e'e
* He cores 34-64 M, —

R ol St ey AT Sz pulsational pair
B2 instability (PPISN) with
Otper s large mass loss, 64-130

M., — stellar explosion

; without remnant;
10 30 50 70 90 11:30 130 }50 170|:!190 210;25’30 250 270 290 310 330 i350 IVIHe>13O Msun _ dlreCt
) collapse to BH
e Pop Il stars = up to 85
SEVN code, Spera, Mapelli 2017 M
sun
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Other scenarios

Dynamical capture in dens stellar clusters (can produce
BH with M>50 and non-parallel BH spins)

* “Exotic” scenarios — primordial BH
(Zeldovich,Novikov 1967...Carr 1975... Dolgov&Silk
1993...)

18.07.2022 Dubna-2022 30



Example: log-normal PBH mass
function GWTC1+GWTC2

F(M) = Aexp[—y In>(M/My)]

y=0.7, M, =19

e ]dM ch

-B
DR(M,,)dM,, ~ Ae |

Dolgov+'19
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Exceptional BHBH mergers

e GW 190814, M,=26, q=0.112, M,=2.6 in lower mass gap? NS?
Strange quark star? Outlier population? Formation from a
triple star? Formation in AGN disk? Primordial BH?

e GW190521 & — 8521\,
large effective spin RE

MALEh upper mass gap (60-120),

(Or even et

Repeated meggers in steIIar cIusters or AGN disks?? Primordial
BH?

e GW190412 ZEakiaiesdvs
=» Hierarchical merger?

high spin

18.07.2022 Dubna-2022 32



NSBH mergers

- GW 200105 1162426 (8.9+1.9)

. GW 299115 042309 (5.4+1.5) [

A\
6) 2

18.07.2022 Dubna-2022
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Predictions from binary star evolution

NS+BH upper limit
610 Gpc3 yrt

1811.12907
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Detection rate BH+BH, BH+NS

e BH + BH
==-=-= BH + BH LIGO det
e BH + NS
==== BH + NS LIGO det

‘Tl—
=
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e
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e
©
Q
—
)
O
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Actual detections

35



EM emission from NS+BH

Class. Quantum Grav. 30 (2013) 123001 Topical Review
Mpinars 5 Msim ,
SR NS
T
/ ‘ > s — stable
e —onger accretion 2 — 4 kHz
inspiral — P a1 7" \3 i
' merger 2 hypermassive NS B -
NS S N B
£ Mysy = M .
= ringdown
13 kHz 2—-4 kHz
< 1kHz 5-6kHz
®
inspiral

lB

EM-favorable
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Mass shedding and tidal disruption

risco/M =3+ Zo /(3= Z1)(3+ Z1 +275)
Zi=1+ (1)
x |(1+ 32 + (1= )]

=== SFHo
m— ENG
= MPAI
m— | 8220
m— M1
MSI1
m— DD2

GW170817! —
|

T Barbieri+ 1908.08822

Dubna-2022

Riia™ Ras(Mppn/Mps) /3

Mass shedding if
Riia>Risco

Depends on NS
compactness C=M_/R_
(EOS)

Tidal parameter
A=2k,/(3C)

Depends on the BH spin

38
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GRB170817A and GW170817

o gkt
N\C‘%l‘ G\\\” -

ot lun,‘_ﬂr ﬁmHMﬁanNm ‘

Event rate (counts/s)

Event rate (counts/s)

Lightcurve from INTEGRAL/SPI-ACS
0000 4 (> 100 keV)

Q
=
@
2
S
=
5
g
€3]

Frequency (Hz)

—d -2 0
Time from merger (s)

GRB association with NS+NS was predicted

Li, = (1.6 & 0.6) x

by Blinnikov et al. 1984 SvAL
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Fundamental inferences

e 1) EM and GW speed: Av/vem ~ VemAl/D

10-s EM delay Instantaneous, D>26 Mpc

e 2) Equivalence principle

L+~ e MW: M=2.5x101M
SUETJICCIEVEN Ofs — — [ U(r(l)dl R<100 kpc .
[ ] ":::

=
W3
C

-

—2.6 x 1077 < Yew — VM < 1.2 X 10-6

Cf. from Cassini mission: 2.1+/-2.3 x 10
AplL, 848, L13, 2017
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* 3) Number of additional dimensions

Hpy prior
km s~* Mp-:_l
=73.24 +1.74 [22]
67.74 + 0.46 [21]

18.07.2022

1.01
0.99

D

+0.04 4 [I-"}—l-':'.l:'? FIG. 1. Posterior probability distribution for the number

0,05 e oy 10 - . . . . TET Tt -
— LU —uh of spacetime dimensions, D, using the GW distance posterior
4+0.0% 3 08 4+0.07 to G\VITDE{}T‘ and the measured Hubble velocity to its host
—0.05 G52 0,09 galaxy, NGC 4993, assuming the Hy measurements from [21]
(blue curve) and [22] (green curve). The dotted lines show

arXiv:1801.08160

Dubna-2022

42



Parameters from GW signal

Low-spin priors (|y| < 0.05)

High-spin priors (|y| < 0.89)

Primary mass m;

Secondary mass ni,

Chirp mass M

Mass ratio m, /m;

Total mass my,

Radiated energy E, 4

Luminosity distance D

Viewing angle ©

Using NGC 4993 location

Combined dimensionless tidal deformability A
Dimensionless tidal deformability A(1.4M )

1.36-1.60 M,
1.17-1.36 M,
0.00¢
1.1 88:ij,f}ffﬁ4M @
0.7-1.0
0.04
2 74—’—_{} 01 M@
> 0.025M ;2
4073, Mpe
< 55°
<28°
< 800
< 800

1.36-2.26 M,
0.86-1.36 M,
0.0C
1.1 884—_(;,0}0}%314 @
0.4-1.0
0.47
2 82+009 M@
> 0.025M ;¢
4078, Mpc
<56°
<28°
< 700
< 1400

B [x:| <005
B (x| <089

16 (my + 12my)miA,

+ (my + 12my)m5A,

Merging rate

Dubna-2022

(my + my)?

‘PRL 119, 162101 (2017)-



Optical and IR observations of
kilonova

NGC 4993
40 Mnk, E/SO

Flux (erg s~ cm” A"y
s

4.9 days post-burst (Aug. 22)

» - .

Brightness

Aug 22, 2017 Aug 26, 2017 Aug 28, 2017

i [l (T s A R L P i [
1100 1200 1300 1400 1500

Rest wavelength (nm)

1710.05850

Dubna-2022



http://arxiv.org/abs/1710.05850

Binary NS as main production channel
for r-elements

H. B Big Dying Exploding Human synthesis H
i. ) Bang 0 low-mass massive . No stable isctopes e

fusion "==Ssiars stars

.Li.Be B .CiuNy O F Ne
it 2

Cosmic Merging Exploding R
ray ne utron white SO ———

Na Mzg fission stars cwarfs f\sl Si ﬁ g
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K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se
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Joint GW+kilonova analysis

Table 1: Key Properties of GW170817

Property Value Reference

Chirp mass, M (rest frame) 118871 h0a Mg 1
First NS mass, M, 1.36 — 1.60M, (90%, low spin prior)
Second NS mass, My 1.17 — 1.36 M, (90%, low spin prior)
Total binary mass, M., = M; + My /5 2.7490% Mg
Observer angle relative to binary axis, f,p. 11 — 33° (68.3%)
Blue KN ejecta (Apyay < 140) ~ 0.01 — 0.02M,
Red KN ejecta (A,., = 140) ~ 0.04M
Light r-process yield (A < 140) ~ 0.05 — 0.06 M,
Heavy r-process vield (A4 = 140) = 0.01 M
Gold yield ~ 100 — 200M 4
Uranium yield ~ 30 — 60M 5
Kinetic energy of ofi-axis GRE jet 10 — 10°" erg e.g., 9 10, 11, 12
ISM density 104 — 102 em—3 e.g., 9,10, 11, 12
(1) LIGO Scientific Collaboration et al. 2017¢; (2) depends on Hubble Constant, LIGO Scientific Collabora-
tion et al. 2017d; (3) Cowperthwaite et al. 2017; (4) Nicholl et al. 2017; (5) Kasen et al. 2017; (6) Chornock
et al. 2017; (8) assuming heavy r-process (A > 140) yields distributed as solar abundances (Arnould et al.,
2007); (9)Margutti et al. 2017; (10) Troja et al. 2017; (11) Fong et al. 2017; (12) Hallinan et al. 2017

18.07.2022 Dubna-2022 B.Metzger 1710.05931




Future prospects (LVK collaboration)

18.07.2022

=m O1 02 mm O3 wm O4 =m O5

80 100 110-130 160-190
Mpc  Mpc Mpc
LIGO 1 B

30
Mpc

Virgo

KAGRA

LIGO-India

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Abbot et al. 2020
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40-km LIGO Cosmic Explorer (2035)

Cosmic Explorer (expected R&D improvements)

— D antum

. Seismic

— Mewionian

 Suspension Thermal

e Coating Brownian
Coating Thermo-oplic
Subsfrate Brownian
Excess Gas

e Total noise

102

Frequency [Hz]

Sensitivity of detectors with different lengths.
Solid curves are for a long detector

LIGO Scientific Collaboration,arXiv:1607.08697 [astro-ph.IM]
18.07.2022 Dubna-2022
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* LIGO, Virgo, and KAGRA are closely coordinating
to start the O4 Observing run together in “March
2023, despite local and global adversities.

* LIGO projects a sensitivity goal of 160-190 Mpc
for binary neutron stars. Virgo projects a target
sensitivity of 80-115 Mpc. KAGRA should be
running with greater than 1 Mpc sensitivity at the
beginning of 04, and will work to improve the
sensitivity toward the end of 04.

18.07.2022 Dubna-2022 49



Pulsar timing arrays

e Pulsar timing (Estabrook & Walquist’75,
Sazhin’78, Detweiler’79)

 Working collaborations
— European PTA (EPTA) [42 msPSR]
— Indian PTA (In PTA)

— North American Nanohertz Observatory for GW
(NANOGrav) [48 msPSR]

— Parkes PTA (PPTA) [~30 msPSR]

— >Join into International PTA (IPTA)
R(ns)~10 (h/106)/ (f/10°8 Hz)

18.07.2022 Dubna-2022 50



NanoHz GW from PTA observations

e Stochastic GW backgrounds: = A(f/Lyr "
— Inspiral binary SMBH (M>107) (e.g. Sesana+'08, a= 2/3)
— Cosmic strings (e.g. Oelmez+'10, a=-7/6)

— Cosmological phase transitions, primordial GW
(Grishchuk’05 a=-2, Lasky+'16 a=-1)

THE ASTROPHYSICAL JOURNAL LETTERS, 911:L34 (10pp), 2021 April 20

= |PTA DR2
== NANOGrav 9-yr

1077 107 1077 Pol+’21
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IPTA DR2 results

e Stochastic common
spectrum process (CP)

|0g 10Acp

‘ Mamnsistent T DRy poACR
with SMBH GWB (a=-2/3)
with space density

Py ~ 107 °Mpe 2

* Cosmic string tension A /// iydedg 2 A Pon
UG~[4-10]x10! '
(Ellis,Lewicki’21)

(14 2)'/3 dMidzdg

Antoniadis+ 2201.03980
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Cosmological inferences if detected
CP signal is GWB

e 2d-order GWs accompanying formation of
PBH from collapse of inflationary scalar
perturbations

PHYSICAL REVIEW LETTERS 126, 041303 (2021)

Mg [M)]
10° 1073 1076 1079 10-12

De Luca, Franciolini, Riotto '21
18.07.2022 Dubna-2022 53



Conclusions

e LVK O1+02+03:~ 100 detections of binary BH and NS
mergings, mostly binary BH, rate ~10-200 Gpc3 yr?

* Astrophysical problems in formation of massive BH
with M~100 M, extreme mass ratio BH+BH inspirals,
BH+NS

e Stochastic nanoHz CP signal is detected by NANOGrav
and IPTA collaborations. If GWB, it may be produced by
SMBH binaries ~10~ Gpc3 or cosmic strings with
tension uG~4x10t

* Pulsar timing as a sensitive probe to new theoretical
models of nanoHz GWBs!
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How to detect GWs?

e Michelson
interferometer = |

||||||||||

ddddddd

* Laser interferometry

* h~AL/L

-

splitter photodetector
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End

mirror

.
-

Photo- End
detector NUITor

ds® = —dt* + [1 + ho(t — 2)|da* + [1 — ho(t — 2)]dy* + d=*
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Phase change in interferometer

ds? = —c2dt? +[L+ h(t)]dx? + [L— h(t)]dy?
ds =0 = c’dt? =[L+ h(t)]dx2 + [L— h(t)]dy?

XYz, =jdt=%j 1+h(t) dx »
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GW interferometer
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How to measure tiny displacements?

po-alt, Bl

A c 2

j:> B.. ~400

fGW

Shotnoise: AD . ~ -

ph
x (# recyclmgs)
haw
@ P =60W, At=10ms
A 0.5u 1

min B / N, " 400 x 4km J2x10%

. Iaser

~ 2x10%

h ~107%1




Hellings-Downes correlation
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