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Formation of primordial black holes

Large primordial inhomogeneity (e.g. from quantum
fluctuation during inflation) Anisotropies in collapse and

When over-density region > Jeans scale R < H™ 1, further accretion lead to BH

collapse to BH rotation :
The over-density region won’t form separate closed X
universe R = H™1! . \
41T _3’ RN \4‘
Narrow mass spectrum center around - pH ol
1 / . ..
Early matter domination, phase transition, etc. + We will assume uniform initial

|
| . . :
' mass, and various possible |
:_angular momentum :

Example: At Planck time 107435, M~107%g
At Big bang nucleosynthesis 1s,M~105M@
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Black hole evaporation

hc3
87TGMkB

e BH thermal radiation at T = ~10‘7(M£)‘1K (Hawking C
o}

E.g. PBH with M < 109g\
1974) would evaporate by BBN

e All particle species are democratically emitted, scalar, spinor,

vector, tensor fields PBH with M > 10 g

\_ would survive today  /

e Particles need to overcome gravitational barrier to get emitted
(depending on BH spin and particle spin)

For rotating PBH, high-energy high-spin particle emission is
enhanced (particle spin coupled with BH angular momentum) 0.8

xtremely rotating BH

Scalar Spinor  Vector Tensor 0.6 _
0 4.6% 91% 4.2% 0.47% 0.47
0.99999 | 0.13% 0.93% 3.4% 96% 0.2 | haular momentum lost

100 200 300 400

Page, PRD 14(1976)
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PBH mass fraction S

M < 10°g, PBH evaporates before
BBN, no constraints

5 - 107'8
M > 10”g, constraints from BBN, _
CMB and y rays i
10721
15 Q. I
M > 10— g, PBH are dark matter 1 0—24 | D/H
candidates, Qpgy < Qpy ﬁLiﬁLz’
10727}
- galaxy
; 0_30 | ICMB | |
10° 10" 10" 10" 10"
ﬂf-’[i(.q)

Carr, Kohri, Sendouda and Yokoyama, PRD 81(2010)
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Graviton emission spectrum

d*N z Vam(U, Mw)

dtdw e(w—mQ)/Ty _ 1
plm '
d*N
Hawking temperature Ty dtdw w = () 2() 30 40
* X (]max _])1/2 10—3 N 0.99999

e Peaksatw = Q,20Q,30..

Grey-body factor y,, 10_13 !
* Probability to overcome
gravitational potential
« Wave amplification for
] close to J.,qx

1 0_23 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0



TODAY’S GRAVITON
SPECTRUM

We know the initial PBH and mass
fraction, and its instantaneous GW
emission. Then how does spectrum
evolve to present time?

d
Qew (f) = pL Z;W

= L j e dt N5y (t) (dZ—E> ‘ J(t), M(t)
pe o o dtdf, ) |fr = f/a(?t) ’

Cosmic history Emission spectrum BH evolution
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° ° 10—10 .
Cosmic evolution s pi = (10'5GeV)*

Initial high mass fraction g = %pil/z

* Pppu~a >, prap~a
» PBH dominates before evaporation i
* {pPpBH: PrAD, (1)} CO-eVOIVe - RAD 4/
« More cosmic expansion -

P : 105 102 108
* After evaporation, RAD dominates (a) § = 10-2

(1012(;eV)4

2
10710}

» . 1
Initial low mass fraction g < Epil/z

« PBH always subdominant
* Not affecting cosmic history
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Effects of BH rotation

. . 0 h2
Low frequency: marginally magnified GW

10712}
Intermediate frequency: enhanced by

103, wave magnification Exponential

I dip

|

102

High frequency: Low rotating BH lives

longer, less red-shifted 10 -
[ 13
— 7 1w
High end: PBH sheds initial angular B T T T T JI:HE}
g | Initi gu | 106 108 101{] 1012 1014 1015
momentum, evolving as Schwarzschild %
BH ’

k/
Too high frequency for
observation, because PBH is
much hotter than environment
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Effects of PBH mass fraction

Qs NOt proportional to £, cosmic history affected
Effect most significant for low frequencies
Effect vanishes at high frequency, because redshift is determined only by PBH lifetime

Qe h? Qe h?
10_13 ﬁ — 10—2 10_13
10_23 10—23
10~8
10733 10-16 10733
10_43 10—43
10723 10753
TR e — e f(H2
0.1 1000.0 107 10" 10" 0.1 1000.0 107 10" 10 10'® (H2)
p; = (10%°Gel)* p; = (1012GeV)*

10



-(é University at Buffalo The State University of New York

Effects of initial energy scale

More e-folds experienced by PBH for lower p;, so larger-f coverage and higher peak-f

Larger p;, larger PBH fraction during evolution, larger GW signal (more significant for larger )

QG‘Wh2 [ Largest signal of 1(1\75 at 4 x 1014Hz] QGWh2

10181 Pi= (10%5Gey)* —

10—23 g (1012681/)4 10_23 g

10-33 s 10—33 5

10—43 s 10—43 s

10_53 g 10—53 2
P e = ————— f(Hz
0.1 1000.0 10" 10" 10™ 10™ 0.1 1000.0 10 10" 10™ 10™ (H2)

B =107 B =10716
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Constrained PBH Qcw

Take maximum f to get the largest 10724 |
possible GW signal
10—44 b
10641 Peak B values

1 10* 10® 10" 10'® 1020 10*

10718} Qo
10—21 -
| 10—24 E
QQ‘ L
102 p/u 15
—44 M - 10
| SLi)"Li 10 : g
=27 | 17
10 galaxy 9 10754 ¢ 1059
y / 1018g
10730 oMe ' . 10° 108 102 10'6 1020 102 f(Hz)

10° 10" 10 10 107
M;(g)
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Observation of
gravitational waves

Interesting frequency range beyond
aLIGO, LISA, etc.

Log1g he
| e Logyg f(H2)
High-frequency GW detectors cover -5 [ 5 10 15 20
our frequency range, but sensitivity _10F y
_ B v D
20 orders lower than required I N
i aLIGO
LISASGT Lzr
DECIGO
-301 B =0.01
- pi = (10*°GeV)*
. AL Ll s
e S s TSNS (102Ger)*
-50

Kuroda, Ni and Pan, Int.J.Mod.Phys. D24(2015)
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Conclusions

 Largest amplitude Q. =~ 1077 at 4 x 10'4Hz

* Frequency is generally too high for aLIGO etc.,
amplitude too low for today’s high-f detectors

* PBH rotation effects easily seen in intermediate
frequencies

* PBH fraction effects seen at low frequencies
* PBH formed at higher energies gives larger signals

e M; > 10°g PBH is too constrained to give significant
GW signal

14
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Evaporating PBH

Effects of BH rotation easily seen QGW

also at high frequencies

10724 0.99999

10~44

10754

1 10 10° 10" 10" 10%°
Mi:1017g
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Constraints on PBH
mass fraction

4He abundance and D/H ratio for M; = 10 — 1019g:
Some of the quarks and gluons emitted by PBHs frag-
ment into mesons and antinucleons, which have enough
time to get thermalized and then scatter with back-
ground nucleons, causing interconversion between pro-
tons and neutrons. As a result, this can increase the
neutron /proton ratio, and thus change the *He and deu-

terium, I, abundance. The observed *He abundances
and [)/H ratio thus set an upper limit on F(M;).

5Li/THe ratio for M; = 10'° — 10"g: High-energy nu-
cleons, produced during the PBH evaporation and sub-
sequent fragmentation, can scatter off background nuclei
from BBN. Hadrodissociation produces energetic debris
including tritium, 7', and He, which then scatter with
the nueclei background and result in extra production of
SLi. In this way, 8(M;) can be constrained by the well
observed ®Li/7Li ratio.

SHe/D ratio for M; = 1012 — 10"g: At the temper-
ature of PBH evaporation, the produced energetic neu-
trons have time to decay before hadrodissociation, emit-
ting photons with energies comparable to nuelei binding
energy. So the photons can dissociate them and as a

result, overproduce *He or ). The observation of the
3He/D ratio thus constrains G(M;).

Diffuse extragalactic v ray background for M; = 1.8 x
10'* — 10'g: PBHs produce photons, both through di-
rect Haw kmg radiation, and also through secondary pro-
cesses involving the emitted quarks and gluons. The total
v ray spectrum should be within the spectrum of the dif-

fuse extragalactic - ray background observed by HEAO
1, COMPTEL, EGRET and Fermi LAT. This gives un
upper limit on 3(M;).

Galaxy ~ ray background for M; =5 x 10 —10%g: If
there are PBHs residing our galactic halo, an anisotropic
~ ray background will be produced. Requiring this spec-
trum to be consistent with the EGRET observation, we
can get the constraints on S(M;).

Cosmic microwave backeground, CMB, for M; = 2.5 x
1013 — 1.8 x 10Mg: The PBH’s emission of electrons and
positrons after recombination would eause the damping
of small-scale CMB anisotropies, whose measurements
thus constrains 3(M;).

PBH’s relic abundance, Qppg, for M; = l[l”g:
For these nearly non-evaporating PBHs, this constraint
comes from the requirement that today’s PBH mass den-
sity is not larger than that of the cold dark matter.
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