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Plan of my talk

Background of this talk

I present BHs observed by LIGO can be PBHs.

arXiv-1603.08338

I then show the PBH scenario can be tested by
using the merger event distribution in the PBH

mass plane.
arXiv:1709.09007



Discovery of BH binary by LIGO

- Numerical relativity
Reconstructed (wavelet)
Reconstructed (template)




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?

» Jist possible scenarios as many as we can.

* propose many 1deas 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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What are primordial BHs?

PBHs=BHs that formed in the very early Universe

PBHs might comprise all/fraction of dark matter.

Popular formation mechanism sHawking 1971

Direct gravitational collapse of primordial density
perturbation ~1

t
M ~pH 3 ~10M ( )
PBH ~ P © 0.1ms

much before BBN era
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Is 6~1 allowed observationally?

- T ke

PBHs originate from very small-scale perturbations.




Observational limits on fppy = 2ppy/2pu
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Two things need to be explained.

How PBHs formed binaries?

Do their mergers explain the
observed merger rate?



Binary formation in the RD era
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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 ~
. 1ole binaries the coalescence times of which are comparable to the age of the universe, so that the
2 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
Ytion of interferometers in the LIGO/VIRGO/TAMA/GEO network. Therefore, the ¢
Os can be tested within the next 5 yr by gravitational waves.




TWO assu m ptl O nS (Nakamura et al. 1997)

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

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

2. All PBHSs have the same mass



Binary formation in RD era (Nakamura etal. 1997)
(The rest is not assumption but physical conseguence.)

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

When the PBH energy 2 Mgy in the volume ~d3 exceeds p,.,4d>, the
PBHs 1n 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 (nakamura etal. 1997)

The nearest third PBH (but distant) gives angular momentum
to the bound system.

X, y: Initial comoving distance
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a,b: major and minor axis of binaryI

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

1 =z
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b= —a
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Binary formation in RD era (Nakamura etal. 1997)

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

CRN VES
EA
" et

Uniform distribution
0

dP:X—6x2y*2dxdy O<x<y<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

~ GR prediction

Merger time =

3 at

170 (GMpgpy)3

(1 _ 82)7/2

Pdf in (a, e) to the merger probability in (¢, t + dt).
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In the paper by Nakamura et al. 1997, Mgy, =
0.5Mg and Qppy = Qpy Was considered.

In the paper by Sasaki et al. 2016, Mgy = 30Mg

and the formula was extended to the case
Qppy < Qppy.



Merger event rate (sasaki et al. 2016)

4
10 Predicted merger rate

event rate [Gpc™ yr ']

—
<
N

1074 0.001 0.010 0.100 1

Qppu/Lpm
Consistent with LIGO if 30M ;PBHs constitute about
a few x 0.1% of dark matter. 20




Recently, the same formula has been used to

place upper limit on Qpgy from the LIGO
Ob SeI'V&thIl. (Ali-Haimoud, Kovetz, Kamionkowski 2017)

nicro-lensing
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Stellar mass PBHs as the dominant
dark matter is strongly disfavored.



Various effects that are ignored have been evaluated In

other Papers. (loka et al. 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
Spin distribution T.Chiba and S.Yokoyama 2016

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

Event distribution in
BH mass plane B.Kocsis, TS, T.Tanaka, S.Yokoyama 2017
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ABSTRACT

Primordial black holes (PBHs) form binaries in the radiation dominated era. Once formed, some fraction of
them merge within the age of the Universe by gravitational radiation reaction. We investigate the merger rate
of the PBH binaries when the PBHs have a distribution of masses around O(10)Mg,., which is a generalization
of the previous studies where the PBHs are assumed to have the same mass. After deriving a formula for the
merger time probability distribution in the PBH mass plane, we evaluate it under two different approximations.
We 1clem1t) a quantity mnstruuacl from the mass-distribution of the merger rate density per unit time and
volume R(my,my). a=—(my +my)*0* IR /dm;dmy. which universally satisfies 0.97 < o 5 1.05 for all binary
masses independently of the PBH mass function. This result suggests that the measurement of this quantity is
useful for testing the PBH scenario.




How do we test the PBH scenario?

— Main message

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

guestion.

B.Kocsis, TS, T.Tanaka, S.Yokoyama 2017
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Current (2017) Future(20?7?)
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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(mpgp).

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.

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



Merger event rate distribution in (m4,m,) plane

1
R(mi.mo,t) =
T 2'?’1-1:) BH

Observable in the future

Mass function

Rintr(m1,ma.t) f(my)f(ms)

|

Probability that given BH pair (m, m,)
form a binary and merge at time t.

We evaluated R;,,;,- basically following the approach of

Nakamura et al.1997.
— Result

R(my, my, t) = Cf(my) f(mz)(my + my)"”

C, f (im): sensitive to the PBH mass function

097 <a <1.05
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Hidden Universality of R(m, 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 scenario predicts
097 <a < 1.05

for any PBH mass function (as long as it is not broad).

Different formation mechanisms predict different value

o ~ 1 43 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.



