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Intro - dark matter -
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K.G. Begeman, A.H. Broels, R.H. Sanders. 1991. Mon.Not.RAS 249, 523.
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direct detection

Intro - unknown particles as DM -
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Intro - BHs as DM -
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Intro - BHs as DM -

« D (ERE I ?
v ENEEE 7Ty I R—=ILE??

Lo L. .

s \s'}\o & < o
X L8 O X&' o
© \0\\1 x‘\& 9\0&‘(\ s o \;& W ¢ \y&é&
. Y
g \é° o O Q8 M N o ér,

) 8
\4 & @ &
N &b\\b

&

~ & S & 8@

@ @e‘g&\ & ST FE e
N &

N

&

BEOERBEODT 7 v 7 Fk—ILTIE, 9 XTD

EEYEA AT A ElZTER WL

©ESA




Intro - BHs as DM
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Primordial BHs (PBHSs)

Zeldovich and Novikov (1967)
Hawking (1971)
Carr and Hawking (1974), ...

s PHAFHICHERENIZT 7 v 7R —Ib

o« BOHWDIEETFUFH) (domain walls, cosmic string, vacuum bubbles ...)
see, e.g., Garriga, Vilenkin, Zhang; 1512.01819

R ERE I CSRBREMREB,NFHEE, oV Y BESNE S FRE

> BH~N WO TUFUAFIZEH

DIEMEIMNDT Ty I R—IILOEEIL,
FEHREBEOFHEOR A XV NOBEERE

(Jeans scale = c_s /H < Horizon scale ¢/H (~ c t) )

3 1s

0.738( -8\ L\
=~ 0.738( == ,
(10.75) (1 MeV) >

30 My < 70 MeV

4 t
M = yMpy = —7T'ypH_3 ~ 2.03 X lOSy(—)MG.




Abundance of PBHs

s ORRIEER (L ? ED K b WERES NS D ?

BEERENFEY 2RI, VHHZERES EOERIH TRED

19k AR T 257

‘50 P(o) = 1 Emp(—~§i),

B 2mo

—— HDLEIWVMEZBATCEEEREABHIC

TEERESR 1% p
I B N 1 _U%

L EUVME / 2B IE S T OIRE) ICIEHEEIICIKE
L & LB~ 0.5 (CHBHEXT )

ref. Shibata, Sasaki (1999), Musco et al. (2005), Nakama et al. (2014), ...
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PBHSs vs inflation

LD EDEBEHEEIL?
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5] ; Saito, Yokoyama, Nagata; 0804.3470
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PBHs as DM

c BRA B EBEAE > T-BHA TR SN A 0]5E4EH 1)

B2 L\PBH = Hawking radiation(Z & V). FHEFHBEIANIZZEF
D> BEODFEHTDME L THER->TWLW AW

BHOH®; 7 oc M°

M rit ~ 1015 g~ 10_18 M@
AR ~ 10° GeV
> M > 10" g icBB L. Zo@EANHREEEZ S

BROPBHICEH L THERICEVEL-RATFD

P S 7“/\\‘ S ﬁ;’%é})ﬂp\@%ﬁ% see, e.g., Carr et al.; 0912.5297
- FEYAVOETREHOEEESE/NT —XRJ ML~ADFE
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Constraints on PBH-DM s

« EARAMICENHEEIER
EHL > AR

v' microlensing <-> e.g., MACHO project

v’ femtolensing (wave effect; interference of two images) <-> GRB obs.
v millilensing (two images with milliarcsecond sep.) <-> astrometry by, e.g., VLBI ..

[ ]
Lmly

* Disruption of astrophysical objects

, globular clusters, galactic center, ultra-faint dwarf galaxies, ...

* Photons from gas accretion onto PBHs
v' CMB, X-ray, radio observations

see Sasaki, Suyama, Tanaka, SY; 1801.12224 (references therein)



Summary of constraints
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Summary of constraints
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Summary of constraints
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PBHs vs GW experiments

e PBH abundance (2319 5 & RIp9 5] R
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(D mergers of PBH binary
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GRAVITATIONAL WAVES FROM COALESCING BLACK HOLE MACHO BINARIES

TAKASHI NAKAMURA
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606, Japan

Misa0 SASAKI AND TAKAHIRO TANAKA
Department of Earth and Space Science, Osaka University, Toyonaka 560, Japan
AND
Kip S. THORNE

Theoretical Astrophysics, California Institute of Technology, Pasadena, CA 91125
Received 1997 April 11; accepted 1997 July 23; published 1997 September 2

ABSTRACT

If MACHOs are black holes of mass ~0.5 M., they must have been formed in the early universe when the
temperature was ~1 GeV. We estimate that in this case in our Galaxy’s halo out to ~ 50 kpc there exist ~5 X
10® black hole binaries the coalescence times of which are comparable to the age of the universe, so that the
coalescence rate will be ~5 x 107* events yr~' per galaxy. This suggests that we can expect a few events per
year within 15 Mpc. The gravitational waves from such coalescing black hole MACHOs can be detected by the
first generation of interferometers in the LIGO/VIRGO/TAMA/GEO network. Therefore, the existence of black
hole MACHOs can be tested within the next 5 yr by gravitational waves.

Subject headings: black hole physics — dark matter — gravitation — gravitational lensing — Galaxy: halo
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Quantity V 'Iue Upper/Lower error Unit
=, |[estimate
[Primary black hole mass ll36 Y |[+5 -4 M sun |
|Secondary black hole mass 29 |+4 -4 HM sun ]
[Final black hole mass 62 |[+4 -4 M sun |
[Final black hole spin |lo.67 |[+0.05 -0.07 I |
[Luminosity distance 410 |[+160 -180 Mpc |
|Source redshift, z |lo.09 |[+0.03 -0.04 I |
[Energy radiated 3 |+0.5 -0.5 M sun |
Mass distribution R/(Gpc3yr~1)
PyCBC GstLAL Combined
Event based
GW150914 32783 3.6'90 34788
LVT151012 9.21303 9.273L4 ; =3
GW151226 35793 37157 37153
event rate All 537100 567105 5579

Abbott et al. (LIGO Scientific Collab. And Virgo Collab.), PRL 116, 061102(2016)

and arXiv:1606.04856



Brief review of PBH binarv formation

‘@ AR C{) fr‘.‘ g w“v:‘"'
N e gy

° '\,V\' ¢ PY : mﬁﬁmz ° ®
® N ® °
PBH® (comoving) number density % & & (FHE R E )
€ PBHOE = & £ DDM fraction (M, f)ZEE T NILRE S
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> T L 7=BHAIFEHERD 5 Y BE S LT, bound systemZ 2Bk
=> FFH DBHsH o815 717 1T, binary motion|(Z,
> EERHICKYMBEFEZHREO T Nakamura et al. (1997),
BHARIEL: 1= 0a*(1 - e2)72, 0= i(GMBH)_3- loka et al. (1998),
170 Sasaki et al. (2016)

- ",/ D N o T Peters, Mathews (1963)
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PBH binary merger rate
vs PBH fraction

* BH massZ 30 M, (CEE

Sasaki, Suyama, Tanaka, SY; 1603.08338

1000
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result from
LIGO/VIRGO collaboration
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PBH binary merger rate
vs PBH fraction

* Estimated event rate® _EFEH 5

1 i

0.1007

max(fpbh )

0.010}

potential limits

v o v
0.001 from LIGO O1 run v \\ E
1 T 5‘ | “10 T ‘50‘ | ‘1‘00 T 5001000
Mpbh/M@

Ali-Haimoud, Kovetz, Kamionkowski; 1709.06576

M > 10 Mg



PBH binary merger rate
vs PBH fraction

* Estimated event rate® _EFEH 5

M (Mg)

LIGO/VIRGO collaboration; 1808.04771



In future ...

* PBH binary merger (2 L CTIF &R B~ D ERTF

ER X M 7-E 2 BH(0(10 M_sun)) &
PBHZ DD EFIEBHIZ D H 7

> R R

v eventrate DE S - R o« (my +m2)*, 0.97 <a <1.05

Kocsis, Suyama, Tanaka, SY; 1709.09007

v EIEFIDOBHD A B4 - PBHO A 1H1FIFH A

Chiba, SY; 1704.06573

v ESRBIDHEEE VDT -- PBH binary D EE /IR (Z 1125 LY

v merger history -- EFAIAUBIO BRFIRZEFE(2>30)0 5 D
Nakamura et al.; 1607.00897 BH merger ) > DB SR 2 e 2 b NALIZ..
v PBHEESEI L DERE K -

loka et al.;astro-ph/9809395



In future ...

v eventrate B EEI24 = 100 ~ 1000 events T2 T Aa ~ 0(0.1)??
Kocsis, Suyama, Tanaka, SY; 1709.09007
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(2) PBH vs GWB

week endin

PRL 102, 161101 (2009) PHYSICAL REVIEW LETTERS 24 APRIL, 2009

Gravitational-Wave Background as a Probe of the Primordial Black-Hole Abundance

Ryo Saito'* and Jun’ichi Yokoyama®”

lDepartment of Physics, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan
*Research Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan

3Institute for the Physics and Mathematics of the Universe, The University of Tokyo, Chiba 277-8568, Japan
(Received 25 December 2008; published 23 April 2009)

The formation of a significant number of black holes (PBHs) is realized if and only if primordial density
fluctuations have a large amplitude, which means that tensor perturbations generated from these scalar
perturbations as a second-order effect are also large and comparable to the observational data. We show
that pulsar timing data essentially rule out PBHs with 102-10*M,, which were previously considered as a
candidate of intermediate-mass black holes, and that PBHs with a mass range of 10%° to 106 g, which
serves as a candidate of dark matter, may be probed by future space-based laser interferometers and
atomic interferometers.
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GWB from second-order scalar
perturbations

Scalar (€= ZEIE L X)
X N

Perturbed metric; ds? = a(n))[—e*®dn? + e 2Y(8;; + hyj)dx'dx’],

f
tensor (E2 /1K)
BHEORFERE
H=ad"/a=dlna/dn

h;ﬁ + 23‘[h§-/ — azh;’. = 2?5;}5?, conformal Hubble

ST = —2Wg, 0¥ + O"(W + H'W)o (¥ + H ).

3(1 + w)

2HT—1E5 XD TR Msourcel | W =P/p ;equation of state

B ICERGTMEBERTFH T, ERRIN 2 ENROIRFZUIPBHIERFEOFRZ7 14 X R
=L EX . T A X A —JLIZPBH mass & X i,

M -1/2( g, \~-1l/12
=4><10—10H( PBH) ( p) .
Taw “\10%g) \10.75




PBH mass vs frequency of GWs

l0g910(MpgH/19)
35 30 25 20 15
_4 N I I I I initial LIGIO S
advanced LIG__'AO -]

i T

AGIS (ground)

uItimate—DECIGOQ""«»,‘,,%.Q
-16 | 5y

DECIGO/BBO [“*ws”

AGIS (Space) ,‘ "'»,44/» “'»r,.,%“w
-18 } IMBH o
0 8 6 4 -2 °
log1o (f/H2z)

Saito and Yokoyama (2009)

Qcw o« |h]* x o

4

0.100¢

Femtolensing

E
ﬁ l\/IiII|Iensing/
0.001 \' /
DF /
104 % 2
Accretion
(CMB) \/
10—5 1 P L i i 1 i i i § L i i H ; — i L i 1 i i . L 1
10716 10~1 1076 104 10* 10°

Mpgn[M¢] PTA75\ ‘b @%IJ IgE

2 2
.’P X (3-_-(Sc://cy

See, also Inomata et al. ;1611.06130

LIGO event = PBH C&tBR 9 % PR (258 77 73l R



PBH mass vs frequency of GWs
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More ..
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Recently,..

Probing non-Gaussian Stochastic
Gravitational Wave Backgrounds

with LISA

Nicola Bartolo “*¢ , Valerie Domcke ¢ , Daniel G. Figueroa ¢! ,

Juan Garcia-Bellido /9 , Marco Peloso %" , Mauro Pieroni? ,
Angelo Ricciardone’!' , Mairi Sakellariadou’ , Lorenzo Sorbo* ,

Gianmassimo Tasinato’

arX1v:1806.02819v2

+ Bartolo et al.;1810.12218, 1810.12224



Non-Gaussian SGWB

AT ZE D> EXRMBEICHLHOND

<201(f1)202(f2) 203 f3 / (Hdt e 2mi i fits dgk Z €0, ji QJ (E) Caibi; (AZ.

X (B, (t1 = L, k1) hay (b — L, k)b (ts — L, k3)) (4.3)

>
~———
N—

So(f) =30 (f) — o (f) ; signal - noise

512 (f) = /dt 6—27rift S12 (t)
.y / Pre 2 F NG, (/%,512) / dt e~ 27t <t _ L /Z) T (kL, l%-llz) + g (f),
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Bartolo et al.;1806.02189



How about with DECIGQO?

The Primordial Black Hole Dark Matter - LISA Serendipity

N. Bartolo,’»?3 V. De Luca,* G. Franciolini,* M. Peloso,"? and A. Riotto*

! Dipartimento di Fisica e Astronomia “G. Galilei”,
Universita degli Studi di Padova, via Marzolo 8, 1-35131 Padova, Italy
“INFN, Sezione di Padova, via Marzolo 8, 1-35181 Padova, Italy
JINAF - Osservatorio Astronomico di Padova, Vicolo dellOsservatorio 5, 1-35122 Padova, Italy
4 Département de Physique Théorique and Centre for Astroparticle Physics (CAP),
Université de Genéve, 2/ quai E. Ansermet, CH-1211 Geneva, Switzerland
(Dated: Tuesday 30*" October, 2018)

The last few years have witnessed a renewed interest in the possibility that primordial black holes
(PBHs) constitute the dark matter of the universe. Current observational constraints leave only a
few PBH mass ranges for this possibility. One of them is around 10™*2M,. If these PBHs are due to
enhanced scalar perturbations produced during inflation, their formation is inevitably accompanied
by the generation of fully non-Gaussian gravitational waves (GWs) with frequency peaked in the
mHz range, precisely at the maximum sensitivity of the LISA mission. We show that, if these
primordial black holes are the dark matter, LISA will be able to detect not only the GW_power
spectrum, but also the non-Gaussian three-point GW_correlator, thus allowing this scenario to be
thoroughly tested.

1810.12218
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Summary & discussion
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PBHSs vs inflation
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PBHs vs inflation

* Broad spectrum
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