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



What is GWs ?

Prediction of general relativity

Propagation of distortion of spacetime

Propagate at ¢, 2 DOFs, transverse

Detected 100 vears after the birth of GR!!



| think over the coming decades we will see enormous
numbers of things. Just as electromagnetic astronomy was
begun in essence, at least modern astronomy, by Galileo
pointing his telescope in the sky and discovering Jupiter's
moons. This is the same thing but for gravitational waves.

—Kip Thorne-
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GWs detected by LIGO

Hanford, Washington (H1) Livingston, Louisiana (L1)
| | | | | | | |
[\
— - — L1 observed -
— H1 observed H1 observed (shifte d rted)
I | |

What emltted GWs’?

Predicted by\,w\/\/\/\f
theory —

L — Numerical relativity
Reconstructed (wavelet)
I Reconstructed (template) 6
1 1




GWs from black hole binary!!

GWs show that BH-BH binaries exit and
they merge in the age of the Universe.

(Until LIGO, we didn’t know if they exist.)



PRL 116, 061102 (2016)
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So-far, b m

equations of general relativity, Albert Einstein predicted

§

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
{Received 21 January 2016; published 11 Febmary 2016)

On September 14, 2005 at (8:50:45 UTC the two detectors of the Laser Intefferometer Grvitational- Wave:
(bservatory simultancously observed a transient grmvitationabwave signal. The signal sweeps upwands in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 107, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the:
resulting single black holke. The signal was observed with a matched-filier signal-to-noise mbo of 24 and a
false alarm mte estmated to be less than 1 event per 203 000 years, equivalent © a significance greater
than 5. 1. The source liss at a luminosity distance of 410115 Mpe comesponding toa redshift 2 = 00905
In the source frame, the initial black hole masses n'e3{:jM\—J and ?J::M\—J. and the fimal black hole mass is
621 3IM 5, with 30755 M 5 radiated in gravitational waves. All uncertaintics define 9% credible intervals.
These obs ervations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of grviational waves and the first observation of a binary black hole meager.

L f

its energy loss by T:

DOL 10.1103/PhysRevLett 116061102

nt

Weisberg [21 ] demonstrated

PRL 116, 241103 (2016)

PHYSICAL REVIEW LETTERS

week ending
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GW151226: Observation of Gravitational Waves from a 22-Solar-Mass Binary

(LIGO Scientific Collaboration and Virgo Collabomtion)

£

Black Hole Coalescence

B.P. Abbott er al.”

{Received 31 May 2016; published 15 June 2016)

W report the observation of a gravitation al-wave signal produced by the coalescence of two stellar-mass
black holes. The signal, GWI151226, was observed by the twin detectors of the Laser Inerferometer
Gmvitaional-Wave Observatory (LIGO) on December 26, 2015 at 03:38:53 UTC. The signal was inttially
identified within 70 s by an online matched-filter search targeting binary coalescences. Subsequent off-line
analyses meovered GW1 51226 with a network signal-to-notse mto of 13 and a significance greater than
5a. The signal persisted in the LIGO frequency band for approximaely 1 s, increasing in frequency and
amplitude over about 55 cycles from 35 to 450 Hz, and reached a peak gravitaional strain of
. The inferred source-frame initial black hole masses am 142°37M and 7.5/75M,
and the final black hole mass is 2087520 .. We find that at least one of the component black holes has spin
greater than (1.2, This source & located at a luminosity distance of 4407 }gg Mpc corresponding toa redshift
. All uncertamties detine a W% credible imterval. This second gravitational-wave ohservation
pm\mts improved constrmints on stellar populations and on deviations from general relativity.

S h“’a%‘”heen detected.
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I INTRODUCTION

28] the effective-one-bod:

. rmml o [0 331 nnd numerical rolatisite 34 :m
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the & i : R . i week endis THE ASTRGRRYSIEAL JOUBNAL LETTERS, $5LL35 (1 ppk 2017 December 20 g o g 10,3647 /2041 6213 x810c
the 1i PRL 118, 221101 {2017} PHYSICAL REVIEW LETTERS 2 JUNE 201 pphysicy PRL 119, 141101 2017) PHYSICAL REVIEW LETTERS 5 OCTORER 017 2 i Asmmomica
! ;
trans jat. direq ¥ [2 ! i . ol
light GW170104: Observation of a 50-Solar-Mass Binary Black Hole Coalescence vitatiol GW170814: A Three-Detector Observation of Gravitational Waves 51 GW170608: Observation of a 19 Solar-mass Binary Black Hole Coalescence
Mo at Redshift 0.2 istic sy from a Binary Black Hole Coalescence 1 LIGO Scienific Collaberation and Virgo Callsboration
avil B.F. Abbott et al” . espe B.P. Abbott ef al.” ha (See the end mutter for the full st of authors.)
B (LIGO Scientific and Virgo C('MWﬂ};an (LIGO Scientific Collaboraiion and Virgo Collabomtion) i Received 2017 Novanber 14; revised 2017 November 30 accepted 2017 December 2: published 2017 December 18
small (Received 9 May 2017; published 1 June 2017) L (Received 23 Scptember 2017; published 6 October 2017) Jes
1957 We describe GWI70104, 2 ignal produced by rene of ravitat On August 14, 2017 at 10:30:43 UTC, the Advanced Virgo detector and the two Advanced LIGO fic Abstract
realit = i e bk e, T igns e mesmuron iy & 2017 4 1011385 UTC by the s detel detctors coberantly observed a transient gravittional-wave signal produced by the cealescence of twa . On 2017 June § at 02:01:1649 UTC. & gravitational-weve (GW) signal from the merger of two stellar-mass black
ity twin advansed detextors ser Interferometer Gravitational-Wave Observatory during their scco |l netul ellar mass black holes, with o false-alam rte of <1 in 27 000 years. The signal was observed with a holes was observed by the two Advanced Luser Interfirometer Gravitational-Wave Observatory detectors with 4
Al l;;b::rv\ng un, witha m::;:z::lmmm m:.luit 'I}ard ":L:jﬂﬁm{hﬁﬁy;‘ﬂ::lm three-detector netwark matched-fier signabo-naise fatio of 18, The in masses of the initial black vy network :-Ilf;ldl Tmﬁ ’7“'“:;{ Eﬂ;‘h;:;;:m is xhiug}_:_th bt&k )mh\.: binary ;oh.r ub]:ﬁk»‘\lml:umwnm
inferred compenent masses are 31.23 Mg and 194153 Mp (at ap0 et 157 i1, N masses of 12°3 M, an 90% @ intervals). These lie in the mnge of measu ol masses in
field The black hole spins are through i inpinl spin pammetr, 3 2:‘;’2;‘;" SsMo ':;5 3-41":2;:‘:°""_’5f]°| ?“ZL‘: L:““'“’i:’“m: "““"‘“‘""ﬁ’““ le| low-mass Xoriy binases, thus allowing us to compure black holes detected through GWs with elestromagnetic
black mass weighted thespin 10 the crbital plane, 7. = —0.12°% Ws [23] -ap Mpe, comespanding toa redshift of 2 = 0.11 255 . A network of thres detectors improves the sky fl observations, The source’s luminosity distance is 340° |5 Mpe, corresponding 1o redshift 0.07' 50, We verify that
s “This st implics the spin configurations: with both component spins positvely aligned with the orbitl bmancd localization of the source, reducing the arca of the 9% credible region from 1160 deg? using only the two the signal waveform is consistent with the predictions of general relutivity.
to ot angular momentum ar: disfivored. The souree luminasity disance is 580 8 Mpe (mmpmdml; toa X LIGO detectors 0 60 deg’ wusing all firee detectars. Far the first tme, we can test the nature of 3 Keywonds: binaries: general — gravitational waves — stars: black holes
K impro gravitational-wave polarizations from the antenna respanse of the LIGO-Virgo network, thus enabling a
WO - - new chiss of pheno:
phenomenalogical tests of gravity.
moded el 2o ol oy ek, Al o e dopod ek  broad th L. Introduction Similay 1o GW1S1226 (Abbott et al. 2016c), this system’s
massive particles, we bound the graviton mass to my £7.7 % 107 eV/c% In all cases, we find that i amifi DOL: 10, 1103/PhysRevLert 119.141101 black hole componeni masses are comparable 10 those of black
N GWIT0104 is consistent with genersl relativity. s1gnilh| Bir|  The first detections of binary black hole mergens were made by I .
ey . e B e e o2 hles found in X-ray binaries (Section 5) and below those seen
: . 2000s. | . o Lser tiora . in other LIGO—Virgo black hole binaries,
studiel DO 10.1103/PhyRevLert 11822101 FAMA L INTRODUCTION waveform obtained from analysis of the LIGO detectors ?H@K%nﬂzgljki:l;?gﬂi:mn:ﬁi;?;iu1$?;3|2? We also test the comsistency of the observed GW signal with
adva The ea of graviwtional-wave (GW) astronomy began m::‘x:’;nr{“fr‘am mﬂ?’?ﬁi‘.ﬁ“ b jm“{ﬁ " | Folowing + commissioning break, LIGO undeook & second thes prieion of gevera ety (GR) we i o deviations
in the 1. INTRODUCTION GW 170104's sousce s aheavy binary black holesystem,  [TTEPCTE  with the detection of binary black hole (BBH) mergers, by noise and s large m‘ e one observed. within a time [1E|  observing nm (02) fom 2016 November 30 to 2017 August 25 rom those predictions
. upsed ; ek the Advanced Luser Interfrometer Gravitational Wave o ; . h with the Advanced Virgo detector (Acemese et al. 2015) joinin
. The firm o f the Adwnced Las with a total mass of ~S0M . suggesting formation in 2 J& Unite] window determined by the maximum possible time of |&(| O P4 ratio
By e oot sionl Wave. Obsersainns (Lia0y  subsolar meiallcity enironment 6], Measurements of the det Obsenatory (LIGO) detectors [1]. during the fist of the o S 6 36 ) A search for Caemodtled GW tansients the runon 2017 August 1. Tw binary black hole mergers (Abbot 2 Detector Operation
their § [1] identified two binary black hale comlescence signals  Dlack hole spins show a preference away from being [ QELSF Advanced Detetor Observation Runs. Three detectons, 200 0 b G e mproves the /2| 42 2017 2017) and e biary neww st meser (Abone The LEGD detitory sesars GW stisin wing dinalisoyeled
; " ors Ty (positively) aligned with the orbital angular momenmm, | 2(J] [ gy GWI50914 [2], GW 151226 (3], and GWIT0104 [4], and a s ® 120 Bproy .|t al 201%) have been reported in O2 dota. Here, we describe  ficheloon interferometers with Fabry-Perot arm cavities (Aas
with high statistical significonce, GW150914 [2] and y 2001, . o false-alamn rote by an order of magoitide over the [i]| GWI70608, u birary back hoke merger with kely the kwest d " " Pax avities
2 ; ’ but do not exchude zero sping Thisis distinct from the case lower significance candidate, LVTIS1012 [5], have been y an . merg Iy etal 2015, Abbot et d. 201 6a). During O2, the horizon distnce
GWIS1226 [3], as well as o less significant candidate ; ; two-detector network. (c) We compare the matched-filtee ats of sny 30 for clussved by 130, .
2 ve soury nced so far. The Advanced Virgo de 6] joined mpa y fior systems with companent musses similar to GW170608—the
LVTIS1012 [4,5] These discoveries ushered in a new era  10F GW151226, which had & suong preference for spins ) announced  far. The Advanced Virgo detector [6] joi marginal likebhood for a model with a coherent BBH | ™|  GWITGIS was fint idenfied i dta fom the LIGO g hich & bior imally ortented with
of observational astronomy. allowing us to investigate the  ith positive projections along the orbilal angular momen- |, ] vy ‘MU*“:M "bi:“fgf; e Aug;s; l!wo” " signal in all three detectors to that for a model assuming Livingsion Observatoy (LLO), which was it vonndl Ob6evitg. o 5 dunctor Lin as :"Wm,:ﬁgumu‘;; o /10 o 8
H o 3]. The inferred raly = ith n st 14, 2017, s from lescence of iwo - . e
astrophysics of binary black holes and test general relativity c:k'"“unm [5|§] T ;"u'ﬁ;ufm‘gm“;:mm“‘;: sensitif pa h:lf:‘nm Torminosity disance of S407L0 Mpc, wity  PUIS Gaussian noise n Virgo and a BBH signal only in the mode. The LIGO Hanford Observatory (LHO) wes operaing  (Allen et al. 2012 Chen et al 201 7)—peaked at ~1 Gpe for LLO
(GR) in ways that were previously inaccessible [6,7]. We £, y s f y distance 2ia Mpe. LIGO detectors: the three detector BBH signal model is stably with a sensitvity typical for O2, but its detn were pol  und st ~750 Mpe for LHO,
bi black holes fi through isolated bi Il +5. 128 g
now know that ther is a population of binary black holes mary les forming through 1so! inary evolu- Winpg [ mases of 30575 3M and 25375 My, wereobservedin all preferred with o Bayes factor of more than 1600, awnalyzed auomatically as the detector was undergoing & rouline AL the time of GWI70608, LLO was observing with o
with component masses 225M,, [5.6]. and that merger rmes 600 0f dynamical inkeractions in dense siellar clusters [6]. | 0 of - thiee detectors. The signal was first observed at the LIGO Until Advanced Virgo became aperational, typical GW angular control procedure (Section 2 and the Appendix) Matched-  sensiivily close 10 its peak. LHO was operuting in a stible
are high enough for us 10 expect more detections [3.5] Gravimdacal-wave cbscrvations of binary black boles Livingston detector at 10:30:43 UTC, and at the LIGD  oirion esimates were highly uncertain compared t0 the il smalysi of 8 sepnent of data oreund s tiw rvealed & configuuation wit a sstivity of ~650 Mpe; a rourine proasdure
X Advanced LIGO's second cbsenving run began on A€ the ideal means to test GR and its aliernatives. They byt thie (| Hanford and Virgo detectors with a delay of ~8 ms 4 hregde of view of mod eleccopes. The haselits formed by [  cmdidite with source parameters consistt between both LIGO 10 minimize ungular noise coupling to the strin was
Publis|  Noverber 30, 2016. On January 4, 2017, 2 grvitational.  Provide insight into regimes of strong-field gravity where ~14 ms, respectively . et LIGO et m‘“e'l:* " ormed by L | detectons; further offine analyses of a longer period of datn  being performed (Kasprzack & Yu 2)16), Although suh times
the Ci|  wave signal was ed with high satistical signifi velocities are relativistic and the spacetime s dynamic. The  p& fifSt The signal-tonoise ratio (SNR) time series, the time- wo ctors allowed us 10 localize most mergers Jy|  confirmed the presence of a gravitational-wave (GW) signal fom  ure in general ot included in searches, it was determined that
) Figure | shows & time-{rquency reresentation of the day 16515 performed with the sources detected in the first oo i o[ o e S e e e 10 roughly annular regions spanning hundreds to ubout &1 e conlescence of a binary black hole system, with high swisicd  LHO strin data were wafictal by the rocedir: o frequences
bution| frean the LIGO Fianfond snd Losingeton e a  oheerving run showed no evidence of departure from B requency repres data, thousand square degrees at the 90% credible level 791 |ma|  significance (Section 3) above 30 He, and may thus be used to identify 2 GW sowce md.
the pu gl GW170104 visble 2 theehs f‘m":h"“p“a‘rmm GR's predictions [5,7]; GWI70104 provides an opportu-  piOwigle | Series data of the the detectors together with the inferred  vigo adds additional independent baselines, which in The source's perameters were estimatad via cherent Bayesian mensiure its properties. More detals on LHO dita are given in the
scence. Detailed analyses «mmnum“mmawwmm nity 10 tightsn thess constraints. In addition 10 repeating GW waveform, are shown in Fig. |. The differnt sensitiv-  caqaq such as GWI70814 can reduce the positional analysis (Veitch et al. 201 5; Abbot el al. 2)16e). A degenemcy  Appendix
arived a Hanford ~3 ms before Livingston. and originaled (51 pesfomed in ihe firs observing run, we alo fest for ities and responses of the thiee detectors result in the GW  ypeermainty by an order of magnimde or more [$] between the component musses m, my prvens preise Similar procedures to those used in verifying previous GW
from the coalescence of (o siell amass black holes at & to the gr spersion relation. producing different values of matched-filler SNR in each Tests of general relativity (GR) in the strong field e gime determination of their individual values, bt e chip mass  detections (Abbottet al. 2017b) were followsd und indicate thit
Imiinosity disance of =3 x 107 Hohtoyeass Combining measurements from GWI70104 with our detector ) bave been performed with the signals from the BBH = (" my + myy ' s wel messwed md is the 10 dsuhance registered by GO insirumental or environ-
4 ey previous results, we obisin new gravitational-wave con- Thiee methods were used 10 assess the impact of he oo fetected by the LIGO interferometers [2-5.10) smallest so far observed for u merging black hole binary sysem,  mental sensors (Effler et al. 2015) was strong enough 1o have
stmints on potential deviations from GR. Virgo instrument on this deiection. (a) Using the best fil [y GR GWs are characterized by two tensor (spin-2) with the total mass M =y + iy dso likely the lowest so far “::Tb.-h G":"Eﬂﬂggﬂi - b ind
' bt gi etter - . erized by o o abserved (Section 4). Individual black bole spi il dibrution tectors is performed by inducing
Full b Rt givea ot the eod of e . . polarizations only, whereas generic metric theories may e o i Cight refaence for 4 smal (eSS moion usig photn pressare fom meduted sy
Published by the American Physical Sociery under the terms of IL DETECTORS AND DATA QUALITY Full authar st given at the end of the Letier allow up to six polarizations [11.12]. As the two LIGO posiive nt corponent of spnn the direction of he bimary rbitd 1856 (Kirkd et al. 2016 Abbou @ al. 017 Cahillne
the Creaiive Commons Aribution 40 Iniemational license. o oo tional. - instruments have similar orientations, litde informaton Lrgulis momerium, etal. 2017). The masximum 1o calibration uncertinties for strin
Further distribution of this work must mainain auribution to Gelecion mesgure geavilationsl-wave. sirsin Published by the American Physical Sociery under the tems of  gpout polarizaiions can be obiained using the LIGO data used in this anaysis are 5% in amplitude and 3 in phse
e ) and h putliched e s joumadciron, iag o duslrsycted Fabry-Ferot Michebon ineer the Creaiive Commms Aiiribuiion. 4.0 International license. ot PUCHSION, B b APRe U B8 LoD oves the frequency mage 201004 Hz
and DOI. ometers at the Hanford and Livingston observatories [1,10] Further distribution of this work must maintain aribution to K - B! Original comtent frorm this werk sy be sed under the e The Advincod Vg detector was. s the fime of the event, in
the author(s) and the published arficle’s ke, joumad citagon W can probe, for the first time, gravitational-wave polar- of he Creative Comoans Alicbution 30 ficence. Any furher 0 s,
and DOI. izations geometsically by projecting the wave’s amplitude it hervafion srod with & horison distnte for gy eonpanbls
- : ¥ oy of the work, joumalcision and DOL 1o GW1 70608 of 60-70 Mpe. However, this was during an carly
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We now know that many BH-BH mergers

the Universe.

are occurring in

When and where did those BHs form and

?

1naries

how did they form b
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Masses in the Stellar Graveyard

LIGO BHs are anomalously heavy?
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BHs have low spin?
BH spins are misalighed? .




What is the origin of LIGO BHs?

» list possible scenarios as many as we can.

* propose many ideas of how to test and
distinguish them observationally.



The seemingly unusual features may suggest that
those BHs are new population.

Maybe, primordial black holes!

Primordial Black Hole Scenario for the Gravitational-Wave
Event GW150914

Misao Sasaki, Teruaki Suyama, Takahiro Tanaka, and Shuichiro Yokoyama
Phys Rev Lett. 117, 061101 (2016) — Published 2 August 2016

e —

A theoretical analysis examines the possibility that the
gravitational wave signal (GW150914) detected by LIGO was
due to the coalescence of primordial black holes created by the

extremely dense matter present in the early Universe.
Show Abstract +
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The seemingly unusual features may suggest that
those BHs are new population.

Maybe, primordial black holes!
=)

Primordial Black Hole Scenario for the Gravitational-Wave
Event GW150914

Misao Sasaki, Teruaki Suyama, Takahiro Tanaka, and Shuichiro Yokoyama

Phys Rev Lett. 117, 061101 (2016) — Published 2 August 2016

A theoretical analysis examines the possibility that the
gravitational wave signal (GW150914) detected by LIGO was
due to the coalescence of primordial black holes created by the

. extremely dense matter present in the early Universe.
show Abstract +
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What are primordial BHs?

PBHs=BHs that formed 1n the very early Universe

S.Hawking 1971

PBHs might comprise all/fraction of dark matter.

Several formation mechanism of PBHs

» Direct gravitational collapse of primordial
density perturbation. (widely investigated)

« (Collapse of cosmic strings

 (Creation of vacuum bubbles

PBHs are fossils of high energy physics such as inflation?®




Formation of PBHSs

Collapse of primordial density perturbation
p(1+9)

N\,

<€ >
H'=a/k

If density contrast is ~1 at the horizon reentry,
the overdense region collapses to BH.

TSCHNGMNG,DH_S"’H_l ~ t

Shortly after the overdensity starts to contract, it falls within its Schwarzschild radius
So the mass is roughly determined by the horizon mass:

1 { kK \°
M ~pH 3 ~—~10M ~10M
PBH ™~ P GH © (0. 1ms> © (lpC_1> 17



Formation of PBH

[t has been confirmed by simulations that BH forms
out of primordial overdense region.

| PR PSR PR RS S
5.
4r\ 06
Q 3t’¢.\ i
) 3
SN
~ -

0 50 100 150 200 250 300 350

R/R (1) T.Nakama et al. 2014

BH forms at around 6 = 0.4~0.5

Consistent with analytic estimation gdlfgafada, C.Yoo, K.Kohri



- T ke

Is 6~1 allowed observationally?

G0 7L

PBHs origihate

-

from very small-scale perturbations.




PBH can constrain primordial perturbation on small
scales.
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Even non-detection of PBH provides useful
information about primordial perturbation.

Bringmann, Scott, Akrami, 2012



An inflation model predicting PBHs

(Kawasaki, Kusenko, Yanagida, 2012)

V=Vg+ W+ ‘E{PJ:

V(0. ¥)

¢t , vt
1 R R — ~
( TS ) ( a +1GJ[2> T

1604

5 CMB scales

Or T T T T T T T
o PBH scale
3’) -65_ i

10%  10° 10?7 107
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10°
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Since its original proposal in 70s, PBH has been studied
both theoretically and observationally.

PBH with any mass can be produced in the early Universe.
Small PBH (s 101° g) evaporates by now by the Hawking radiation.

Large PBH (= 101> g) behaves as (cold) dark matter.

No detection of PBHs and only upper limits on PBH abundance exist.



Observational limits on fppy = Qppy/2py

0.100}
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Coming back to LIGO BHs, two things
need to be explained before including
the PBH as a possible explanation of

LIGO events.

« How PBHs formed binaries?

* Do their mergers explain the
observed merger rate?



Binary formation in the RD era

(candidate of my master thesis)
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ABSTRACT

~ 1Os are black holes of mass|~0.5 M| they must have been formed in the early uni
2 was ~1 GeV. We estimate (ITat i tis case in our Galaxy’s halo out to ~ 50 kpc there exist ~
. 10le binaries the coalescence times of which are comparable to the age of the universe, so that the
> rate will be ~5 x 107* events yr ' per galaxy. This suggests that we can expect
15 Mpec. The gravitational waves from such coalescing black hole MACHOs can 1
tion of interferometers in the LIGO/VIRGO/TAMA/GEO network. Therefore, the «
Os can be tested within the next 5 yr by gravitational waves.




TWO assumptlons (Nakamura et al. 1997)

1. After PBHs are formed (by some mechanism),
they distribute uniformly in space (Poisson).

Initially, PBHSs are on the flow of the cosmic expansion.

2. All PBHSs have the same mass



Binary formation in RD era (akamuraetal. 1997)
(The rest is not assumption but physical consequence.)

As the universe expands, distance between PBHs becomes
smaller than the Hubble horizon.

When the PBH energy 2 Mz, in the volume ~d? exceeds p,..qd?, the
PBHs in pair decouple from cosmic expansion and start to come
closer by the gravitational force. (Ioka et al. 1998, Ali-Haimoud et al. 2017)

0.0: : .'.o.o..o

This can happen only in the RD era. .



Binary formation in RD era (nakamuraetal. 1997)

The surrounding PBHSs (especially the nearest one) exert torque
and the bound system acquires the angular momentum.

(Binary formation!)

X, y: initial comoving distance a,b: major and minor axis of binary

Y ﬂ‘%

) a
@ @
<€ X >

Once x and y are fixed, a and b are determined as

4 3
1 b::C—a

— — 3 28
frBu T3 Y

a



Binary formation in RD era (akamuraetal. 1997)

We can compute probability distribution of (a,e).

"

o

SVVVV

WQJ\“"N.
e o ®

%;e*mm
B

Uniform distribution

9
dP:_—()xzyzdxdy 0<x<y<x
X

Probability in (a,a + da) and (e, e + de)

3 I )
dP = Zj'3/256'3/2a1/2€(1 —e?)3dade
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Life time of the binary

The next thing to do Is to convert the probability in (a, e)
to the merger probability in (¢, t + dt).

Life time of the binary Is a function of major axis a and
eccentricity e.

S 3
t = Qa*(1 —e*)"/?, Q= m(GMBH)—3

30



In the paper by Nakamura et al. 1997, Mgy =
0.5Mg and Qpgy = Qpy was considered.

In the paper by Sasaki et al. 2016, Mgy = 30M
and the formula was extended to the case
Qppy < Qpy.



Merger event rate (sasaki et al. 2016)

104_

Predicted merger rate

100+

—

0.01p

event rate [Gpc™ yr ']

—
<
N

1074 0.001 0.010 0.100 1

Qppn/Npm
Consistent with LIGO if 30M ;PBHs constitute about
0.1% of dark matter. &



Remark

PBH paper S.Bird et al. PRL 116, 201301(2016).
' erent blnary formatior

DM halo in present
niverse

(BN o (1)
3 *\ ¢

= 1.37 x 10"*M3v 500 PC? .



Remark
PBH paper S.Bird et al. PRL 116, 201301(2016).
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Consistent with LIGO if PBH is whole dark matter34



Recently, the same formula has been used to place

upper limit on Qpgy from the LIGO observation.
(Ali-Haimoud, Kovetz, Kamionkowski 2017)

nicro-lensing

0.100F

max(fpbh)

0.010¢}

potential limits H o \vir
0001} from LIGO O1 run H \\
1 5 10 50 100 500 1000
Mo /M

It Is important to keep in mind that monochromatic mass
function is assumed.

Additional consideration is necessary for the extended mass
function. (Carr et al. 2017) 35



PBH hypothesis
LIGO BHs could be primordial BHs.

Primordial Black Hole Scenario for the Gravitational-Wave
Event GW150914

Misao Sasaki, Teruaki Suyama, Takahiro Tanaka, and Shuichiro Yokoyama
Phys. Rev. Lett. 117, 061101 (2016) — Published 2 August 2016

| A theoretical analysis examines the possibility that the
gravitational wave signal (GW150914) detected by LIGO was
due to the coalescence of primordial black holes created by the

extremely dense matter present in the early Universe.
Show Abstract +

By testing this scenario, we get more knowledge about
the condition of the extremely early universe.
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Various effects that are ignored have been evaluated In

other PAPErs. (lokaetal 1998, Hayasaki et al. 2009, Sasaki et al. 2016,
Eroshenko 2016, Ali-Haimoud et al. 2017)

 Tidal force from outer BHs

* Initial peculiar velocity of PBHs

« Three body collisions

« Additional tidal force from dark matter perturbations

« Encounters of other PBHs (later time effect)

 Tidal force from halos (later time effect)

« Dynamical friction from DM and baryon (later time effect)

Simple analytical estimation suggest that those effects do not
lead to the significant change of the result.

We have to keep in mind that these studies adopt the two
assumptions.



How do we test the PBH scenario?

* Cosmic evolution of merger rate  TNakamuraetal. 2016
° Splll dlStI‘lbUtlon T.Chiba and S.Yokoyama 2016

e Stochastic GWs K.Ioka et al 1999, S.Wang et al. 2016, M.Raidal et al. 2017

 Event distribution in

BH mass p]_ane B.Kocsis, T'S, T.Tanaka, S.Yokoyama 2017
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PBH merger rate at high—z

let+06 :

1e+05;;”'.
A . Image of Pre-DECIGO
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redshift zL
T.Nakamura et al. 1607.00897

We can test the PBH scenario by observing the
merger rate at high-z.



Spin distribution
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Spin distribution of PBHs (formed in RD)

2.5¢
2.0f

1.5f

PX]

1.0f

0.5f

0'8._0 0.2 0.4

v\’
dPO(exp[ (

X« /

0.6 0.8 1.0
Chiba, Yokoyama 2017

]d}(, Y« ~ 0.46.

PBHs are expected to

be slowly rotating.

(simply because rotation requires more § to form PBH )

Positive y.rr and negative one are equally likely.



GWs from many PBH binaries (Stochastic GWs)

[.Cholis, 1609.03565

V.Mandie, S.Bird, I.Cholis, 1608.06699
S.Clesse, J.Garcia-Bellido, 1609.03565
S.Wang et al., 1610.08725
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Distinguishing from stellar-origin BHs is crucial.




How do we test the PBH scenario?

-Merger event distribution in mass plane-

— Main message

Merger rate distribution in the PBH mass
plane has hidden universality and Is an
Interesting observable to address this

question.
B.Kocsis, TS, T.Tanaka, S.Yokoyama 2017




Current (2018) Future(20??)
100 100 o
| gy
%' = bo.or
10 10 ° ﬁ‘%‘. ‘.
® o%ae’e S
10 100 mq 10 100 my

In the future, we will have observed many merger
events and will be able to discuss about the
distribution in the PBH mass plane (m{,m,).



In order to investigate what kind of feature appears
In the distribution in the mass plane in the PBH
scenario, we first generalized the formula to the case
of the extended PBH mass function f(mgg).

Assumption

In Kocsis et al.2017, we considered the extended mass function
which is not so broad (< 10) since it is not clear at all if the
same mechanism of the binary formation can still work
dominantly for very broad mass function.

No correlation between different PBH masses.

Apart from this, we do not assume a specific form of f(m).



Merger event rate distribution in (mq,m,) plane

Mass function

1
R(my.mao,t) = - Rintr(m1,ma.t) f(my)f(ms)
T 2 nNpBH x
Observable in the future . _ _
Probability that given BH pair (m{, m,)
form a binary and merge at time t.

Non-trivial task i1s to evaluate R;,,;..
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To derive the merger rate for given (m,,m,), we need to
know the probability distribution of (a, e).

Distribution of (a, e) is determined by statistical
variables: x, y;, M;, e;

1 Q
a=Ax* A = Peim
1+ Zeq m1 + mo-
9 (e. X €)
| — 2= 2¢2, (= E——s1n(26’) z 2 %)
4 = ly nt |eZ X eil
i-th BH
®
We evaluated the merger rate under
. two different approximations.
e %
/  Nearest BH only (N = 1), analytically
'\91' _,
, :

5 —> + Flat mass function (numerically)
BH1 -a BH2 v



Flat mass function
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We found an approximate fitting formula for the

probability distribution of the eccentricity.
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In both cases, we found that the merger rate
distribution i1s given by

R(mq,ma,t) = Cf(my) f(ms)(my +ms)®
C, f (m): sensitive to the PBH mass function

Dependence on the total mass 1s not
sensitive to the mass function!!

097 < a < 1.05

InR = InC + Inf(m,) + Inf (m,) + aln(m, + m,)

L -
mom, - (my +m,)? .




Hidden Universality of R(m4, m,, t)
— Statement

Construct a quantity a out of the distribution R(mq, m,, t) as
82

8m18m2

a(my, mo,t) = —(mq 4+ ms)’ In R(my, mo,t)

Then, the PBH mergers in the present mechanism predict
097 <a < 1.05
for any PBH mass function (as long as it is not broad).

Different formation mechanisms predict different value

o~ 1 4_3 PBH binary formation at low redshift.
] (Bird et al. 2016, Clesse, Garcia-Bellido 2016)

a ~ 4 Dynamical formation scenario (astrophysics BHS)



Summary

GW astronomy has just begun.

LIGO might have detected PBHs for the
first time.

The PBH scenario can be tested in the
future by GW data.



