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Dark maftter (DM)
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The energy density of DM is more than
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Primordial Black Holes (PBHs) as DM candidate

collapse to PBH

PBHs were

proposed by

S. Hawking

”DARK”: .no EM PBHs are one of the
radiation, candidates for DM
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Primordial power spectrum on small scales
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Figure from Bringmann, Scott, Akrami, Phys. Rev. D 85, 125027 (2012)




PBHs are important for studying Inflaton
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Figures from Ballesteros, Taoso, Phys. Rev. D 97, 023501 (2018)



PBHs: Formation & Abundance

»  Possibility of PBH production (Press-Schechter formula)

reenter

»  Assume Gaussian PDF:
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Figure from SW, T. Terada, K. Kohri, arXiv:1903.05924
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Direct constraints on PBH abundance
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The direct detection looks for the
effects of PBHs on standard
astrophysical objects.

(analogy with direct detection of

DM particles)



“Indirect” ones: Gravitational Waves (GWs)

This is just an analogy with indirect constraints on DM.
In fact, GWs provide (most2) DIRECT constraints.

' ‘ GWs are ripples in the curvature of

PBH spacetime fabric (Einstein, 1916)
DM SM DM SM

PBH |
DM SM DM sMm |
—

Indirect Nt “indirect”

Figure: GWs are generated by two compact

The “indirect” detection looks for GWs emitted objects orbiting each other

when a PBH binary coalesces to a larger BH.




GW150914: First GWs from BBH merger

2017 NOBEL PRIZE IN FHYSICS
™ !

®» Binary Black Holes (BBHs) indeed exist

® They can merge within the age of the Universe

Rainer Weiss
Barry C. Barish
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS ... Kip 5. Thorne

&S

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P Abbott er af.

(LIGO Scientufic Collabomtion and Virge Collabormition)
(Received 21 January 2006; published 11 February 200160

Oin September 14, 2005 o 09250045 UTC the two detectors of the Laser Interferometer Gravitatioml-Wave
Crbservatory simuliincously observed a tmnsien! gravitilional=-vwinee signal, The signal sweeps upwards in
!'n'u.||:|.-|.~.n|.'.:-.- from 3% to 250 He with o |-|..-_-_-.|; Em'ril!.il:i:rm:l.l-wnw armin of 1.0 = 1= It matches the wavelfoir
predicted by genernl relativity for the inspiral ond merger of o pair of black holes and the ringdown of the
resulling zimgle black hole. The zignal waz obzerved with o matched-filter signal-to-noize ratio of 24 and a
false alarm rale estimudedd (o be bess than 1 event per 208 000 years, eguivalent o a signiflicance greater
than 5. Iev. The source lies of a luminosity distance of 4107 18 Mpe comesponding 10 o redshift £ = WD925H.
Imi the souree framee, the initial blick hole maszes ane '-!-I‘r_":'M_ andl 1"-.‘:_','.-1-!'_ .o and the final black hale mass i
ht ':.H' L with 3.0 I'I':M'_ of radiated in grovitgationsl weves, Al uncertainties deline 205% credible intervals.
These abecrvations demonsnne the existence of hinary stellar-miss black hole systcos. This ik the fie direct
dletection of EI“'..'I[:II.i.-H\:I!IIl winves and the First observabion of o h-i:u:lr:,' Black lesle nGrgeer,




Are PBHs observed by Advanced LIGO (aLIGO) ¢

Event | mi/Mo ms/Ms | M/M. Yer  MMe & Ena/Ma®) leflergs™) duMpc| =z |AQ/deg?
GWI150914 | 356"2% 30630 | 286*1%  —001*012 63.1*3 069%00 34 3600 10% 430419 | 000009 | 180
GWI151012 | 23.3040. 13644 | 15280 0043038 357097 0670 1503 32408107 1060%300 | 02108 | 1555
GWI151226| 13.7:58  7.7+422 | gotd g0 20544 (744007 | M 34407 (56 4404188 | 0004080 | 1033
GW170104 | 31.0°22 201732 | 215821 00420 49171 066700 22003 33106, 90% 960t | 0197297 | 924
GWITO608 | 10933 7.6°03 | 7902 003100 17872 069008 0908  350x10% 320010 | 00700 | 396
GW170720 | 50.61158 343400 | 35743 036021 8031148 081000 48117 42499 10% 27500130 048128 | 1033
GWIT70809 | 35.2:53 238432 | 250021  QO7:018 564%12 070008 27405 35406, 10% 990138 | 0200203 | 340
GWITOBI4 | 30.7:30 25.3%3% | 242t o072 534432 07200 274 a7mMx10%  580H@ 0208 [ g7
GWIT0R1T | L4612 1374009 1] 186+0001 o008 <28 <089 2004 201x10% 40110 (001229 | 16
GWIT0818| 355773 268743 | 2673 0097258 s598+8 Qe7@ 2 7#3 344055 107 1020530 020797 | 39
GWI70823 [ 39.6¢100 294463 | 2g3stl 0820 656%0¢ 07170M 33908 3606, 00% 185030 | 0342013 | 1651

We cannot determine whether they arise from astrophysical process or primordial collapse.
Both are possible. But, at least, PBHs can account for the local merger rate observed.




Outline

» PBHs can account for aLIGO’'s event rate




Formation of PBH binaries ... ..o

<+ The physical mean separation of PBHs at
matter-radiation equality is

B 1 ( Mybn )1;3
Tr —
1 4 2zeq \ Sfobh$2cDMPerit

<+ The pair of PBHs is supposed to decouple
from the expansion of the Universe and forms
a gravitational bound system if the average
energy density of PBHs over the volume is
larger than the background cosmic energy
density.

3
Bt L (<1)

il =1

< They just coalesce to a single black hole on
the free fall time scale if the motion of these
two PBHs is not disturbed.

tf — (Rmm)3f2/((;ﬂfpbh)lf2
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(x is comoving distance at z=z,,)



Formation of PBH binaries

< The tidal force from neighboring black holes
provides enough angular momentum to keep
the black holes from colliding with each other.

<~ The major axis is
a = Ry = /(%)

< The minor axis is
b = (tidal acceleration) x t7

ot z\"
= GMyo T x 6 = (E) "

< The eccentricity of the binary at the formation
time are
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Nakamura, 1997; Sasaki, 2016
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(x, y are comoving distances at z=z_



Formation of PBH binaries

<> The coalescence time for the PBH binary due
to gradually shrink by gravitational radiations
is (Peters and Mathews, 1963; Peters, 1964)

t = Qa*(l — ez)wz

3 —:
Q — ﬁ (Gﬂ'fpbh) 3

O Assuming uniform PDF both for x and y in 3D

space, one can calculate the probability that two
PBHs would coalesce

dP'= %xzyzdxdy

which can be transformed in terms of e and t

Nakamura, 1997; Sasaki, 2016
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Account for aLIGQO’s local event rate

Nakamura, 1997; Sasaki, 2016

» The probability that the coalescence occurs within the time
interval (£, t + dt) is given by

& - ($)F +(4)7] &, for t <,

dP; = E
. %H.]?I[—1+(H “F':‘i];‘;‘. for t > t,

8 ig4 3 SpeEn
where T = mtﬁ'rf:u-.nj]":: and o= m‘ta:"l'l.ll !
« The merger rate of PBH binaries is defined by [Sasaki etal, 2016]

ﬂ oy dPy
8r G Mppy dt

Rppu(z) =

where z is related to cosmic time t =ty - 5 3 l-lfﬁ'ﬁm,
ty is the age of the Universe today, and E(z) = H(z)/H, is
the reduced Hubble parameter

can account for aLIGO's local merger rate.
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O1, O2 constraints on (subsolar-mass) PBH
abundance

®» a[.IGO directly search the sub-solar mass (0.2My~1.0M) ultra-compact binaries in O1, O2
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Figure from LIGO arXiv:1808.04771 Figure from LIGO arXiv:1904.08976




Challenges

. 5/6
GW strain: hoc M, where M, = (mm,)"* (m, +m,)™"
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» New observational window: SGWBs

» Coalescing events
>




Stochastic Gravitational Wave Background
(S G W B ) Conventions from M. Maggiore, Phys.Rept. 331 (2000) 283

where h; is GW=tensor perturbation
= Mefric:  ds?= —dt?+ (&, + 2hy; ) dx'dx/

spatial average of 00-component of energy -

1 momentum tensor over several wavelengths

Z2nG

= Energy density:  pew = (hijh")
where v is GW frequency:;

= Energy density spectrum: Qgp(v) = z‘i%% H, is Hubble constant
! 0]

= Two types of SGWB:
= from coalescing events of PBH binaries

= from curvalure perturbations associated with production of PBHs




SGWB from coalescing events

arXiv:1904.08976 Figure by SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li
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Energy density spectrum of the SGWB from
coalescence events oW .5 W 0. e 165U
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Sensitivity curves as upper bounds

SW, T. Terada, K. Kohri, arXiv:1903.05924
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aLIGO O1 constraint on PBH abundance
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SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li, Phys. Rev. Lett. 120, 191102 (2018)
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aLIGO future constraints on PBH abundance

SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li, Phys. Rev. Lett. 120, 191102 (2018)
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Jrom

For other GW detectors

SW, T. Terada, K. Kohri, arXiv:1903.05924
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SGWB from small-mass BHs: “smoking gun™
of PBHs

SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li, Phys. Rev. Lett. 120, 191102 (2018)
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Outline

» New observational window: SGWBs
>

» Curvature perturbations




SGWB from curvature perturbations

The induced SGWB must exist due to the existence of curvature perturbations.

GW

» Perturbed metric:  ds® = a(n)? [— (1 —2®)dn* + (1 + 29 + ) da:“dmj]

= Equation of motion: |kt (5) + 2Hhi(n) + k*hy(n) =4Sk (1)

. d3l I2 cos 2 r
» rce term: = %' ° sin? i
Source te S(k,n) 36/ (211_)%2\/?5111 9(513:12(,0 0Py

) i 2..?1 (u:ﬂ)jﬂ(ym) nonlinear
UT

X [jn(m)jﬂ(w
_2j0(u$)j1(m:) + 33‘1(%).?'1(1!:1:) _ v = Ik

VT uve?
z = kn/v3

} where u = |k - 1]/k

I:
aln)H(n)

2
» SGWB spectrum:  Qawl(n. k) > %( ) Prin. k)

; 9-1 : .
(RIS () =80 dP(k + ha]'f_;fph (a1, ] overline denotes time average




Energy density spectrum of induced SGWB
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Compare with experimental sensitivities
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Expected constraints on PBH abundance
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Compare two types of SGWB constraints
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Summary

Calculate the SGWB spectra from binary PBH coalescences

Calculate the induced SGWB from enhanced curvature perturbations

Forecast the constraints on PBH abundance from some GW detectors

Both approaches are complementary and useful for testing the PBH
hypothesis
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Thanks very much for your kind attentions!




