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Primordial BHs

[Zeldovich and Novikov(1967),Hawking(1971)]
©Remnant of primordial non-linear inhomogeneity

©Trace the inhomogeneity in the early universe

©May provide a fraction of dark matter and BH binaries
OSeveral aspects

-Inflationary models which provide a large number of PBHs

=Threshold of PBH formation

bservational constraints on PBH abundanc

-Spin distribution of PBHs
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Estimation of Abundance

O©Simplest conventional estimation(Press-Schecheter)
- Assumption 1:threshold is given by the amplitude of { or ¢
- Assumption 2:Gaussian distribution of { at each peak of ( or §

- Production probability(PBH fraction to the total density) £,

1/2 .o 52 s
Bo = 2(2ma?) f|6th| exp [— ﬁ] dé = erfc (L/%*;’l)

©Questions
- Is Gaussian distribution of 6 valid?

- Is giving the threshold by { appropriate?
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Gaussian §?
OFlat background

[Kopp et. al.(2011)]

©Closed FLRW model as an overdense region

- Metric
2

dr
ds? = —dt? + a?(dy? + sin’ydQ?) = —dt? + a? <1 —

+ 12 dﬂz>

H2=2p =

P~
3 a
- Density perturbation on uniform Hubble slice

2., 1
H"+ 5 1

SUH:£—1= a _ 1 =

p H2 " a?H? >0

- 8UH at horizon entry(H™ ! ~ ar)

1 a’r? y)
~ - r
a?H? a?

ot = =sin’y <1 = § cannot have Gaussian pdf
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Threshold of (?

[Young et. al.(2014),Harada et. al(2015)]
©¢ ~ ¢:Newton potential, 5 ~ p: density

O©Case 1: homogeneous sphere with radius a

’ == = ——
r 3GM
= ¢(0) = 7
_ 3GM GM , 2a
¢(r) = ———+,57 forr<a R

2a3

©Case 2: homogeneous sphere + shell

2GM

bilp ¢(r) =—— for r > 2a ZEM
= ¢0)=——
b = —2M L M2 gory g

2a3

©The potential(¢ ~ () depends on environments
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o, and Statistics of (

©Threshold should be set by 6

OStatistical properties are well known for ¢
©What we have to do
- Statistics of { = probability of 6 = PBH formation prob.

- w/ long-wavelength approx. and w/o linear approx.

ORelation between { and § w/ long-wavelength approx.

41+w) 1
3w+ 5 a?H?

comoving slicing, p = wp

eS/Z{Ae_(/Z
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Expansion around Extremum

OSpatial metric
dli* = a”e” *¥ydx'dx
O©Taylor expansion of ¢
{=3o+ 3 + %(;jxixj + 0(x%)

ODensity perturbation at an extremum({} = 0)

5 2w 1
ext = 3w+5 aZH2

e?0¢; with ¢, = ¢3! + ¢3% +¢3°

©ORenormalized scale factor . = ge %0

2(1+w) 1
Oext = 3w+5 a2H2 ¢2
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Horizon Entry

©Scale of the perturbation:1/k.
ki:=—G2/30
- cf. single Fourier mode {,cos(k.x) = {, (1 — %k%xz + )

- cf. Gaussian (Oexp(—%kfxz) =~y (1 — %kfxz + )

©Horizon entry condition

qk. = aH with q = 0(1): uncertainty of horizon entry

©ODensity perturbation at horizon entry

2(14+w) 1 _2(1+w) p - _
6ext ~ 3w+5 a?H? (2 = Oy = 3w+5 g2 with p:=—Co
©Condition for PBH formation: 5y < 8, = U, = ZPEY-:-V?/) q* 8,
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Gaussian Dist. of (

©Probability distribution of linear combinations of {(x')

[Bardeen et. al(1986)]

PW AW = (27)"2|detM | /2exp [—%V,(]\/[‘l)” V| amv

correlation matrix: 3;; = - 2‘:‘)3 (::)’3 <7 (E) v, (E’) >

v, (E) = fd?’xV,(JTc’)eiﬁ

©Non-zero correlations in pairs of {,, ¢, ¢

dk
a5 = [P (k) =< {080 >
o2 = [SER2P(Kk) = =3 < {od¥ > =3 < {igi >
03 = [T KP(k) =5 < TUgh > =15 < {8g) > =15 < 7J¢) > with i = j

O©Power spectrum P (k) fixes everything
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Variable Transformation

- — 1 ,2 -3 511 722 733 712 23 »31
©AIl 10 variables:V; = ({y,{1,71.01,{2, (5%, 857,83, 05°, {5 )

O34, 055,857, 83%,85°,531) > (A1, 22, 43,04, 05, 053)

eigen values of the matrix {;j withl/ll > A, = A3
Euler angles to take the principal direction
d®g; = (41 — 42)(A; — A3)(4; — A3)d*1sin6,d>6

Integration w.r.t. 6,—~factor 2

©7 variables:({,, ¢ il, A) - (v,m;, &) [Bardeen et. al(1986)]
v=—(og/0p $1= A1+ 42+ 43)/0,
ni ={i/01 $2 =%(/11—/13)/02 fz=%(l1—212 + 43) /0,
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Extremum Number Density

[Bardeen et. al(1986)]
O, 1) — (x, §1) With y =&, /v ~ k?

©7 variables: P(v,y,¢&,,&3,11,12,13)dvdydé,dE;drj

©Number density distribution of extrema in (x,v, )

Next (X, v, x) AXAvAy :=number of extrema in AXAvAy
= Ny XK, v, Y )dXdvdy = X, 6(% — %,,)8(v — v,)8(x — xp)dxdvdy

X,: extremum position v, y,:value at the extremum

OExtremum . =0=>1n; =0
= 6(} - ;C)p) — 0'13 |A11213 |6(7_7>) with 1,4,4; = 2_17((51 + 53)2 - 95%) (§1— 253)0'%
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Peak Number Density(1)

[Bardeen et. al(1986)]

©Number density distribution of extrema in (X, v, )
Next (X, v, ¥ YdXdvdy = ¥, 077 |111,45 60 é(v — vp)é‘()( — )(p)ds_r’dvd)(

©Averaged peak number density n,, (v, ¥) =< 1n,0(43) >
npk(v; x)dvdy =< ney ©(43) > dvdy

= 07> dvdy [ dv,dy,d§,dé;dn’

X[?(Vp;)(p»fz»f?,» )|3~112/13|5(71)5(V v,)8(x — xp)0(23)]

(2?;:)/3/2< ) f)Pi(v, x) dvdy

f(u)——u(uZ—S)[erf<— s )+erf( )] JEMC+ 202 exp (= 20) 4 (-2 2u2) enp (~322)

1
?1(v,x)dvdx=£ —
-y

Y = 0002/0%
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Peak Number Density(2)

©Averaged peak number density n,,(v, y)dvdy

O©Transformation of variables(1)
V.0 = (k) = nyu (v, pdvdy > ny (u k) dpdk,
p=—8o=v0ogy k. = —{2/{0 = 02X/
©Consider each moment o; as a function of k,

Window functions

2

P(k) - P(k)(W(k/k*))z e.g. Wq(k/k.) = exp (-%%)

Moments are k., dependent

e.g. of = [y E(Wk/k)) Pk
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PBH Number Density

O©Transformation of variables(2)
(k) = (M) = ni” (uk.)dpdk, - ni? (n, M)dpdM

— 2
1 a 1 a ak _ M keq 2”

gk. 2 qk. qk2 eq 7z ©

M(k,, 1) = —aH—

where H'/? « k, « 1/a, qak, = e"H a3, and M., = aHgq /2
©PBH number density ngy(M)d InM

nppd InM = ( [ npkdu) Md InM
OPBH fraction

2 dInM

dInM =
ﬁO n pag

31/2, m \1/2 i
Bo=2" (2m)3/2¢3 (Meq) keq

g2eZk k2/o 2 k2—yo- /o 2 2
xfoo 2 ”f(” / 2)exp —”2 ( }’zé 0) exp(——”z)dudlnM
Uth 0'00'1\/ 1- Y 202 1_y 20-0
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P1(v, x) dvdy

- peak theory

- conventional

o=0.4
ko = 10°ke,
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Summary

O©PBH abundance from J,;, and Gaussian prob. dis. of ¢
©Renormalization of zero mode of ¢

O©OPBH number density from the peak theory

©The mass spectrum is shifted to larger mass scales

- - k3
due to the non-linear relation M = M, ﬁ e

©The max value of the spectrum becomes larger
due to the factor f(uk?/o,) which

originates from the relation 6(x —%,) = 67°|1,1,13|86(1})
the measure difference between the param. and real spaces

GC2018@YITP Chulmoon Yoo



GC2018@YITP

Thank you
for your attention!
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