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Abstract

The standard deviation of the initial values of the nondimensional Kerr parameter a, of primordial black holes
(PBHs) that formed in the radiation-dominated phase of the universe is estimated to the first order of perturbation
for the narrow power spectrum. Evaluating the angular momentum at turnaround based on linearly extrapolated

transfer functions and peak obtain the ) 4.0 x 1073(M/My)~'/3

expression ./ (a,2
V1 =721 = 0.07210g,,(Bo(My) /(1.3 x 10-5)]!, where My, Bo(My), and ~ are the mass within the
Hubble horizon at the horizon entry of the overdense region, the fraction of the universe which collapsed to PBHs
at the scale of My, and a quantity that characterizes the width of the power spectrum, respectively. This implies that
for M ~ My, the higher the probability of the PBH formation, the larger the standard deviation of the spins, while
PBHs of M <« My that formed through near-critical collapse may have larger spins than those of M ~ My. In
comparison to the previous estimate, the new estimate has an explicit dependence on the ratio M/My and no direct
dependence on the current dark matter density. On the other hand, it suggests that the first-order effect can be

theory, we
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numerically comparable to the second-order one.

Unified Astronomy Thesaurus concepts: Primordial black holes (1292)

1. Introduction

Recently, primordial black holes (PBHs) have been
intensively investigated not only as a realistic candidate for
dark matter (Carr et al. 2010, 2016, 2017, 2020) but also as a
possible origin of black holes of tens of solar masses that are
the source of gravitational waves detected by LIGO and Virgo
(Nakamura et al. 1997; Bird et al. 2016; Sasaki et al. 2016;
Clesse & Garcia-Bellido 2017; Raidal et al. 2017). Various
mechanisms generating PBHs have been proposed. Among
them, we will focus on PBHs formed as a result of the collapse
of the primordial cosmological perturbation. After inflation
generates perturbations at super-horizon scales, the scales
successively enter the Hubble horizon in the radiation-
dominated phase and the perturbations can collapse to form
PBHs if the amplitude of the perturbation exceeds some
threshold value. The threshold values have been studied in
terms of &y, the density perturbation averaged over the
overdense region at horizon entry (Carr 1975; Polnarev &
Musco 2007; Musco et al. 2009; Harada et al. 2013, 2015;
Musco & Miller 2013), although this is currently discussed in a
more sophisticated way based on the compaction function
(Shibata & Sasaki 1999; Germani & Musco 2019; Musco 2019;
Escriva 2020; Escriva et al. 2020) and peak theory (Yoo et al.
2018, 2021). Roughly speaking, the mass of the PBH is given
by the mass My contained within the Hubble horizon at the
time of horizon entry f, where My ~ c3t/ G, although for the
near-critical case by ~ SH,th, the scaling law
M /My o (0 — bp.m)” with 3220.36 implies the formation
of PBHs of M < My (Niemeyer & Jedamzik 1999; Musco
et al. 2009; Musco & Miller 2013).

Thanks to the uniqueness theorem, isolated stationary black
holes in vacuum are perfectly characterized by two parameters,

the mass M and the spin angular momentum S. Alternatively,
we can use the nondimensional spin angular momentum
a,=S8c/ GM?. The statistical distribution of the spins is a key
probe into the origin of black holes. In the gravitational-wave
observation of binary black holes by LIGO and Virgo, the
effective spin parameter Y.g can be measured. Up to now, the
observed data for most binary black holes have been consistent
with x.r=0 (Abbott et al. 2019), although there are some
exceptions (Abbott et al. 2020).

PBHs may have changed their spins from their initial values.
PBHs have evaporated away through Hawking radiation if their
masses are smaller than ~10'> g. The spin of the black hole
enhances the Hawking radiation and deforms its spectrum. A
spinning black hole decreases its nondimensional Kerr
parameter ay := /@y - ayx through the Hawking radiation,
while a black hole much more massive than ~10'7 g does
not significantly change a, through the Hawking radiation
(Page 1976; Arbey et al. 2020; Dasgupta et al. 2020). PBHs
change their spins very little in the radiation-dominated phase
(Chiba & Yokoyama 2017), while it is proposed that mass
accretion could change the spin of black holes in some
cosmological scenarios (e.g., De Luca et al. 2020).

In this paper, we investigate the initial values of the spins of
PBHs. Recently, this issue has been discussed by many authors
from different points of view (Chiba & Yokoyama 2017;
Harada et al. 2017; De Luca et al. 2019; He & Suyama 2019;
Mirbabayi et al. 2020). Among them, De Luca et al. (2019)
apply Heavens & Peacock’s (1988) approach to the first-order

effect of perturbation and give a clear expression,
J(aﬁ) ~ Qumdu/1 — % /7,  where  Qum, 06y, and

v = (k%) / (k%) are the current ratio of the dark matter
component to the critical density, the standard deviation of the


https://orcid.org/0000-0002-9085-9905
https://orcid.org/0000-0002-9085-9905
https://orcid.org/0000-0002-9085-9905
mailto:harada@rikkyo.ac.jp
http://astrothesaurus.org/uat/1292
https://doi.org/10.3847/1538-4357/abd9b9
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/abd9b9&domain=pdf&date_stamp=2021-02-19
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/abd9b9&domain=pdf&date_stamp=2021-02-19

THE ASTROPHYSICAL JOURNAL, 908:140 (9pp), 2021 February 20

density perturbation at horizon entry of the inverse wavenum-
ber, and a quantity that characterizes the width of the power
spectrum, respectively. In this paper, we apply the same
approach to this issue but reach a different result. This paper is
organized as follows. In Section 2, we define the angular
momentum and give its expression to the first order of
perturbation in the region that collapses to a PBH. In Section 3,
we estimate the angular momentum at the turnaround under the
assumption of a narrow spectrum. In Section 4, we estimate the
nondimensional Kerr parameter of the PBH. Section 5 is
devoted to the summary and a discussion, in particular in
comparison to previous works. We use units in which c=1 in
this paper.

2. Angular Momentum
2.1. Definition

We follow De Luca et al. (2019) for the definition of angular
momentum. If the spacetime admits a Killing vector field ¢7,
which is tangent to a spacelike hypersurface and generates a
spatial rotation on it, the angular momentum S;(3) contained in
the region X on the spacelike hypersurface can be defined as a
conserved charge in terms of the integral on the boundary 0%
as (Wald 1984)

1 1
§i(X) = —— abed VE(@; d=—— R a(@)pdX
(X) T6mG o € (&) 5rG s K (&:)n
(1)

where n? is the unit vector normal to Y. Using the Einstein
equation G, = 87nT,;,, Equation (1) transforms to

S = [ Tna(@ds.

Let us use the 341 decomposition of the spacetime
ds? = —a2dn* + a*(t)y;(dx' + Bldn)(dx’ + Bldn).  (2)

We assume that the matter field is given by a single perfect
fluid described by

Tab — puaub + p(gab + uaub)’ 3)

where u“ is the four-velocity of the fluid element and that the
background spacetime is given by a flat Friedmann—Lemaitre—
Robertson—-Walker (FLRW) spacetime, in which the line
element is written in the conformally flat form:

ds? = a*(—dn* + dx* + dy* + dz°).

We can naturally define ¢, the generator of spatial rotation
with respect to the peak of the density perturbation at x =X,
as

. 0\
(@) = €n(x — xpk)jékl(—l) .
Ox
To the first order of perturbation from the flat FLRW
spacetime, we find

SIE) = (1 + watpyep [ &= 5070 = vpotd
by
in the gauge with 3*=0, where v’ = ui/uo, and we have
assumed the equation of state p = wp. The region X should be
taken as the region that will collapse into a black hole.
Although the determination of ¥ is a nontrivial task, following
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Heavens & Peacock (1988) and De Luca et al. (2019), we
assume

Y= {x|6(x) > fou}- )
We truncate the Taylor-series expansion of ¢ around the peak
at the second order as
1 . .
0~ (Spk + EC[J'(X - ka)l(x - ka)J,
where
%6
Ox'Ox/

X =Xpk

G =

This truncation is justified provided that physical quantities do
not change so steeply within . Adjusting the x-, y-, and z-axes
to the principal ones, we obtain

12 .
6~ O — 502 DA = xp0))?, ©)
i=1
where o0; and ); are defined in Appendix A. Equations (4) and
(5) imply that ¥ is given by an ellipsoid with the three axes
given by

at = 2@1 7f1/,

(%) )\,'

where we have defined v:= 8,/ 0.
Taking the truncated Taylor-series expansion of v — v, at
X = Xpk»
P

i i~y j
V= Ve X Vix — Xpr)Ys
we find

S ~1 + w)a4pb6,-jkv,k fz (= xp)(x — xp)dx

= (1 + wya*p, epv/J7, (6)
where
Ovk
Vlk = W
X x:x,,k

le = J; (x — xpk)j(x — xpk)ld3x
= %alazag diag (a, a?, a32).

Here we concentrate on a growing mode of linear scalar
perturbation, which is briefly summarized in Appendix B.
According to peak theory (Bardeen et al. 1986; Heavens &
Peacock 1988), which is briefly introduced in Appendix A, the
distribution of the nondiagonal components of v; is indepen-
dent of that of the trace-free part of J”. Then, we obtain

\/<SlSl> = Sref\/<seisei> ’ (7)

where
Sret(m) = (1 + w)a*p,g (1 — £)3/?R], ®)

5 = 16‘/§W(K)5/2L(—a\7 s —asi),  (9)
e 135\/§ ~ \/K 1V23, 2V13, 3V12)»
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1 1 1 1 1 1
oy = — — —, ay = — — —, a3 = — — —,
)\3 )\2 )\3 /\1 /\2 )‘l
A= /\1)\2)\3,
(10)

and R, and vy are defined in Appendix A. The quantity v must
satisfy 0 << 1, and we can usually assume 0.8 <~y < 1 for
PBH formation (De Luca et al. 2019). The function g(n) is
defined by

(fm)?) = 2 (TH?) (11)

for all (k,[), where \7/‘ is time independent and defined in
Equation (A3).°

2.2. Long-wavelength Solutions and Near-spherical
Approximation

Motivated by inflationary cosmology, we consider cosmo-
logical long-wavelength solutions as initial data at 7 = 9, in
which the density perturbation in the constant mean curvature
(CMO) slicing is written in terms of the curvature perturbation
( in the uniform-density slicing as follows (Harada et al. 2015):

1

na’p,

deme = — e/ 2Ne /2, (12)

where A:=§Y0,0; and ¢ is defined as y;=e >%§; in the
uniform-density slicing. We assume that the density perturba-
tion is appropriately smoothed at scales smaller than the one
under consideration. (See, e.g., Yoo et al. 2018, 2021;
Young 2019; Tokeshi et al. 2020 for the possible dependence
on the choice of window functions.)

To make the situation clear, we will apply peak theory to this
density perturbation field. For v >> 1, peak theory implies that
the density perturbation is nearly spherical near the peak with
Ai=(w/3)(1+¢) (Bardeen et al. 1986; Heavens & Pea-
cock 1988), where ¢, = O(1/(yv)), and hence we obtain

ai~r = J6(1 — ) 2.

(13)
9]

That is, the region X is nearly spherical, and the deviation
appears on the order of 1/v.

In the following, we assume w=1/3 and without loss of
generality take x,; = 0. Linearizing Equation (12), we obtain

2
dcme = @AC- (14)
Therefore, we find
4 dk .
2 4
5 = g hnic kIR K),

where we have assumed that (;(0) obeys a homogeneous
Gaussian distribution with

(GO CpA0) = @Y 8k — k)¢ (0)P

and the power spectrum P k) is
as P.(k) = k2 | (0) P/ 2?).

defined

% In Heavens & Peacock (1988) and De Luca et al. (2019), the condition

vl() = g(n)¥F is assumed.
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As for the velocity gradient field, from Equation (B1), we
have

i

i ._ 3vi o d3k k k] ikx
»%mx)_(aﬂymxw—f(%y et (15)

Therefore, we obtain the following expression for g(),
4 rdk
g =3 [T DR, 16)

where T,(k, 1) is a transfer function fqr vi(n) defined in
Appendix B, and we have used (V;9/) =1 as seen in
Equation (Al).

3. Estimate of the Angular Momentum
3.1. Narrow Power Spectrum

In general, we cannot expect a simple expression for g(1)
because it is obtained by a convolution of different modes with
different time dependences. In Heavens & Peacock (1988), this
is possible because the growth rate function is homogeneous at
subhorizon scales in the Einstein—de Sitter universe. In De
Luca et al. (2019), they implicitly assume that the perturbation
of some single k effectively determines the angular momentum
of the region Y. Here, we assume the same assumption as in De
Luca et al. (2019). This is possible if we assume the power
spectrum has a narrow peak at k = kq so that

P(k) =~ otkob(k — ko).
Then, Equation (14) implies

2 )

o) = E”izmtkoz e, a7
and therefore v~ 1. In this case, from Equation (16), we can
obtain

mngmm&mmm. (18)

In a more general case, k is identified with &, which dominates
the integral on the right-hand side of Equation (16).

According to peak theory, in the case of a narrow power
spectrum, the most probable profile is given by a sinc function
(Bardeen et al. 1986; Yoo et al. 2018), that is,

deme(n, 1) = by (M (r), C(n, r) = (MY (r),
sin(kgr)
Pr) = ———.

kol"

Then, we can replace the harmonic function Y with ¢(r). We
identify 6,(1) with Scmck, () in Equation (B2). From
Equation (14), we obtain

%mwmﬁéﬂ%MW,DZ#?F%@L(m

where x = kgn and D is defined in Appendix B.
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3.2. PBH Formation Threshold

Under the truncated Taylor-series expansion, because the
initial density perturbation profile is given by

1
deMc.ky(Minie> 7) = 5CMc,ko(77mn)[1 - g(kor)z],

the compaction function Ccpc(n, ¥) in the CMC slicing is
given in the long-wavelength limit by

Ceme (Mipis 1) = (%)(ninit’ r)
ar
~ l(/cor)2[1 - i(kor)z]eck o),
3 10 0
where 0M is the mass excess. This is independent of 7;,;. It
takes a maximum value Cp,x at r = r,,, where

Coax = (=G, O, 1w = 5k .

The threshold value of Cy,,«x for the PBH formation is known to
Cmax =~ 0.38-0.42 ~ 2/5 from fully nonlinear numerical
simulations, and this is fairly stable against different profiles
of Gaussian-function or sinc-function shape (Shibata &
Sasaki 1999; Harada et al. 2015; Germani & Musco 2019;
Musco 2019). Using the threshold value Cp,x >~ 2/5, we can
identify the threshold values for other variables as
G (0) >~ —12/25 or D =~ 16+/3 /25. For this value of G, (0),
we can calculate the density perturbation & averaged over the
overdense region with the radius ro = </6k, ! in the long-
wavelength limit at horizon entry 7;,;; = 1y, which we define
(aH)(mg)ro = 1. The result is the following:
- < 2 2 96
by = 6(aHry)* =~ 3 g(koro)z(—CkO(O)) s 5 0.768.

This is fairly consistent with the numerical value ~0.63-0.84
in the CMC slicing, which is obtained by converting the
threshold value ~0.42-0.56 in the comoving slicing obtained
in fully nonlinear numerical simulations for the Gaussian-
function- or sinc-function-shaped profiles (Polnarev &
Musco 2007; Musco & Miller 2013; Harada et al. 2015;
Germani & Musco 2019; Musco 2019). Although the long-
wavelength limit is only approximately valid at 1= ny, it is
useful and conventional to use 6y obtained in the extrapolation
of the long-wavelength limit to 7, =ny to refer to the
amplitude of the density perturbation. Alternatively, one can
use the curvature perturbation Cko (0) for which the threshold
and standard deviation are given by~ —12/25 and o,
respectively. From now on, if we set 7, =7y in
Equation (17), we denote o by oy. Then, we find

oy = 4op.

Using this notation, from Equation (18), we find
1
g(n =~ gm(ko, mlkooy. (20)

We should note that because &, the density perturbation
averaged over the overdense region, is given by 6 ~ (2/ 5) Opks
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we find

6pk 5 5[-1 5 _
V= —x = = —U,
o) 2 OH 2

where we have defined 7 as 7 = 8y /oy

3.3. Decoupling from the Cosmological Expansion

In De Luca et al. (2019), the angular momentum of the
region ¥ at the horizon entry of the inverse wavenumber is
identified with the initial spin angular momentum of the black
hole by arguing that turnaround occurs immediately after the
horizon entry. This might result in misestimating the
nondimensional spin parameter because the angular momentum
increases and the mass decreases in time during the
cosmological expansion. Here, we will estimate the angular
momentum of the black hole by that of the region X at
turnaround, after which the evolution of the region decouples
from the cosmological expansion, and the mass and the angular
momentum of the collapsing region should be approximately
conserved. However, it is not a trivial task to determine this
moment. Strictly speaking, turnaround is beyond the regime of
linear perturbation. However, because it can be regarded as still
being in a quasi-linear regime, we should be able to apply an
extrapolation of linear perturbation theory. We here identify the
condition dcpc~ 1 in the CMC slicing as the decoupling
condition because this implies that the local density perturba-
tion becomes so large that the expansion should be about to
turn around.

To go beyond the turnaround, CMC slicing will not be
appropriate because the maximum expansion means a vanish-
ing mean curvature, while there exists a far region where the
mean curvature is nonvanishing due to Hubble expansion. To
avoid this difficulty, we will shift to the conformal Newtonian
gauge. It is expected that the dynamics should fit a usual
Newtonian picture later. For this reason, we evaluate 7,(1,) in
Equation (16) for vcn, the velocity perturbation in the
conformal Newtonian gauge at the decoupling from the
cosmological expansion.

In Figure 1, we can see that the turnaround occurs at
X=X ~2.14 for D = 164/3 /25. The value of the transfer
function at the turnaround x = x, is calculated to give

ven (Xa)

~ (0.622,
q>ko(0)

7:/cN(kO’ ntd) =

where we have wused ven(xp) =~ —0.199. Thus, from
Equation (20), the value of g-n(7,,) is given by

8cN (nta) ~ 0. 104k0 OH.

Although there is some ambiguity in the choice of the
decoupling condition and the gauge condition, it will not
change the estimate by orders of magnitude as seen from
Figure 1 if we choose x,, between ~1.5 and ~3.

4. Estimate of the Nondimensional Kerr Parameter
4.1. Estimate of A,.f

Let us estimate the reference spin value at turnaround:

4
Sref () _ §[a4pbgCN] () — fP°R]
GMa GMZ

Aret (1)) = , 2D
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Figure 1. The functions veye, dcmc, and R in the CMC slicing and dcn, ven, and @ in the conformal Newtonian gauge are plotted for D = 16\/5 /25 as functions of
x = kn. We can see that dcmc gets larger than unity at x 2~ 2.14, at which ven = —0.199.

where the black hole mass M is identified with the mass within
the region X at turnaround,

4
My = (p,a®)(ny,) - gwr_ﬁ.

This is different from My, which we define to be the mass
within the horizon at the horizon entry of the overdense region.
The condition for the horizon entry H_l(nH):aro implies
Ny =" Or X = J6. Because a(n) < n, we have

A) _ Ma _ Xa
a(ny) o J6
Using p,,a3 xa” !, we find
M, ~ \/6(1 — ) *My.

ta

Using Equation (20) and 2GMy = a(ny)ry, we obtain a simple
expression:

1
——xa(l = )2 T ko, n)lom.  (22)

Ar ( a) =
) S B

4.2. Estimate of a,

As for the distribution of s,, we just quote the result of
Heavens & Peacock (1988) with the correction by De Luca
et al. (2019). For the large v limit, if we define & by

9/2
2274 /—1 — th,

59%

the probability distribution of % is approximately given by

P(h)dh ~ exp[—2.37 — 4.12Inh
— 1.53(In k)% — 0.13(Inh)? ]dh.

JSe S =

Se =

P(h) takes a maximum at &~ 0.178, while \/(h?) ~ 0.419.
Using

P(s.Jv)ds, = P(h) 5—hdse,

Se

we have
ll A2
J{sZ) ~ 5.96%.
’)/ 124

Putting a = A5, = Ch, we have
P,(a)da = P(C~'a)C~\da.

From the above argument and the equation

N <Cl,.%> = Aref (Uta) \/@’

we find the expression for the initial spin of PBHs for v~ 1:

5.96 —
V <Cl>&> = 3 Xé(l _f)_l/z’]:/CN(kO’ nta)UH 1 - 72 vl
™

243
(23)
Putting  x,=2.14, T, (ko, m,) = 0.622, by = Doy,
v=(5/2)p, and &y ~ 0.768, we find
-2
(af) ~3.90 x 10731 — f) /21 — 72(%) (24)
for the PBH mass
M~ 1.14(1 — )32 My. (25)

Eliminating f from Equations (24) and (25), we obtain the
following simple expression:

—1/3 _2
a2y ~ 401 x 103 X 1422
*
My 8

Although f or M is a free parameter in the present scheme,
numerical simulations strongly suggest M ~ M}, except for the
near-critical case in which M < My (Musco & Miller 2013;
Escriva 2020). If we put M =My, v=0.85, and v =38, the

above expression yields +/ (a?) =~ 2.14 x 1073, Therefore, we

(26)

conclude that /(aZ) = O(1073) or even smaller for M ~ M,,.

Let us now discuss small PBHs formed in the near-critical
case. In this case, only a small fraction of PBHs are produced
through critical collapse, while the rest have M ~ My. There-
fore, we should fix v at the scale of My. Using Equation (26),

for example, we find \/(a.2) =~ 2.14 x 10-2 for M = 10">M,,
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Figure 2. The standard deviation of the initial spins of the PBH, +/(a.2), as a

function of the PBH mass M with fixed fpgy, where we have assumed that the
PBH mass is equal to the horizon mass, i.e., M = My and v = 0.85.

~v=0.85, and 7 = 8. It also strongly suggests that the angular
momentum will play an important role and may significantly
suppress the formation of PBHs of M <10 °M,, for

which /(a2) > 1.
4.3. Implications

Because our expression is given in terms of v, the initial spin
directly depends on the fraction Gy(Mpy) of the universe that
collapsed into black holes. If we use the Press—Schechter
approximation as a rough estimate of Go(My) (Carr 1975),

252
T Vih 5 5H th 2) 20y
we find a simple expression

—1/3
(ag) ~4.01 x 103(%) J1 — 42
H

Bo(My) )“
% |1 = 0.07210g, | 22|
[ 0g‘°(1.3 x 10715

where v is identified with vy, and a weak dependence on vy, in
the logarithm is ignored. For simplicity, let us concentrate on
PBHs of M ~Myj. Using the relation between [y(M) and
feeu(M) (Carr et al. 2010),

v Y2
Qam fopg (M) =~ 101850(1"1)( o ] ,

we further obtain
(ag) ~4.01 x 1073
N

1+ 0036[21 - 210g10(ff’;53(7 )) —lo glo( Oﬁ,{g)]
(27)

X

We plot Equation (27) in Figure 2. In this figure, we can see
that the larger fpp(M) and M are, the larger ,/(a2). For
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example, +/ (a.2) of PBHs for M = 50M,, and fpp = 1 is about
3.3 times larger than that for M = 10" g and fppy = 1077,

5. Summary and Discussion

We have applied Heavens & Peacock’s (1988) approach to
the first-order effect on the spins of PBHs. Although we have
presented numerical values with two or three significant digits,
at present we admit that there is large uncertainty in modeling
PBH formation. Nevertheless, we would like to claim that the
standard deviation of the initial spins is given by

J{ad) = 0(1073) or even smaller for M ~ My, based on peak
theory. We have obtained the expression

—-1/3 -2
(a2) ~4.0 x 103(M£) J1 - yz(ﬁ)

I 8

~1/3
~4.0 x 103(%) 1 — 42
H

Bo(My) )]1

| 1= 0.07210g, [ —20Mr)__
[ g1°(1.3 x 1015

The above formula also implies that the higher the PBH
formation probability Gy(My), the larger the standard deviation
of the spins. On the other hand, for PBHs of M < M, in the

near-critical case, we find that \/(a;2) can be much larger than
that for PBHs of M ~ My,

In comparison to the expression in De Luca et al. (2019), the
new estimate has no overall factor {4, takes critical collapse
into consideration, and gives an explicit expression in terms of
Bo(Mp). The proof of the nonexistence of the overall factor Qg
is delegated to Appendix C. From a physical point of view,
dark matter does not play any role in dynamics well into the
radiation-dominated phase. On the other hand, their assumption
that turnaround occurs almost simultaneously with the horizon
entry is supported if we take the horizon entry not of the
inverse wavenumber but of the radius of the overdense region.
As for the gauge choice, we have taken the conformal
Newtonian gauge to evaluate the angular momentum at
turnaround. If we instead continued taking the CMC slicing
as in De Luca et al. (2019), the estimate would be further
reduced by approximately half as seen in Figure 1.

Here, we would like to compare the present result with PBHs
formed in the matter-dominated phase of the universe. As seen
in this paper, in the radiation-dominated phase, because vy, is
large as suggested by the Jeans argument, peak theory implies
that the region X is nearly spherical and the effect of tidal
torque is suppressed. In fact, as we can see in Equatlon ),
only the trace-free part 77! of J/' enters the expression of the
angular  momentum, and we  can see  that
JWT T /GM) = 0@ for large v and also
g(n) ~ kooy. In the matter-dominated phase, because vy, is
vanishingly small in spherical symmetry, the region 3 can be
far from spherical and the tidal torque can give the large
amount of angular momentum on . Therefore, it is predicted
that the angular momentum within the region X is so large that
PBH formation can be strongly suppressed and that the PBHs
formed can have near-extremal spins (Harada et al. 2017). This
suggests that for PBHs that formed in the phase transition at
which the equation of state is softer than the radiation, their
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spins can be larger than those formed in the radiation-
dominated phase.

It would be interesting to remove the assumption of a narrow
power spectrum as the broad mass function of PBHs is
intensively discussed from an observational point of view (Carr
et al. 2016; Carr & Kiihnel 2019), although the deviation of
from unity might not change the result by orders of magnitude.
Note also that although we have investigated the first-order
effect on the angular momentum, the obtained result is
apparently second order in terms of oy as we can see in
Equations (23) and (24), where v~ and 7! are of the order of
oy because the threshold value of the PBH formation for the
perturbation amplitude is of the order of unity. This means that
the first-order effect investigated here might be comparable to
the second-order effect. In fact, in Mirbabayi et al. (2020), the

N (ax)

second-order effect is estimated to be ~ ((?). Finally, it
should be noted that our analysis is based on linear perturbation
theory, which is not completely justified for perturbations that
can generate PBHs. In particular, the behaviors of the solutions
at the final stage of black hole formation are highly nonlinear
and cannot be predicted by linear perturbation theory. Along
this line, the assumption of the conservation of the nondimen-
sional Kerr parameter after the decoupling from the cosmolo-
gical expansion should be confirmed by numerical simulations.
It is clear that further investigations are necessary to answer the
problem of how large PBH spins are.
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Appendix A
Peak Theory

We briefly review peak theory based on Heavens & Peacock
(1988). We treat the following fields as probability variables:

06 9%

i 8\/"
= —, Clj frd N frd
ox' Ox; 0x;

vV, = -,
J 6x./

6, ¢

The correlations of the above variables are given by

2

(8% =08, (8¢) = —{((¢) == —%,
() = ==,
2
< %1> = 3<§11422> = 3< %2> == %,
2
(G711 = 3(¢ V) = 3(pP1) =+ = 50—1,
0o
(72) = 3(F1iim) = 3(73) = - = g (Al)
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and all other correlations vanish, where
k.

o2 = [k,

(2m)

1 dsk kikjé eik~x

op Y (2m)3 2

(A2)

(A3)

~ =

Putting the eigenvalues of —(;/0, as A;, X, and A3
(A1 = X2 > X3), and

1
v==06/os, =N+ X+ N &= 50\1 - A3),

1
&= 5()\1 —2X + A3,

Wiy =3, Wy ="V3, w3= Vi,

the probability distribution of v, A, and w at a peak is given by

Noe (v, X, w)dvd3édw = B exp(— Q4 F (N dvd3Adw,

RS
where
39/254
211/271.9/2(1 _ 72)2 ’
20, =12+ S sy s g sttt
-7 -7

27
F(\) = 7/\1)\2)\3()\2 — )M = )N = ),
Ry 1= ﬁﬂ’

02

v = o1 /(0002),

We can see that the distribution of w is independent from other
variables.

Appendix B
Cosmological Linear Perturbations

Here we briefly review the result of cosmological linear
perturbation theory that is necessary for the present paper. We
basically follow the notation of Kodama & Sasaki (1984). We
would like readers to refer to Kodama & Sasaki (1984) or other
reference for the derivation. The scalar, vector, and tensor

harmonic functions Y, Y;, Y; in flat space for scalar

perturbations are defined as follows:

Y=Cet', Y= -k, Y= k_z(Yw - léff”)
3
kikj 1
(3o

where the roman indices are raised and lowered by ¢ ¥ and 0y,
respectively, and Y satisfies

(A +k»Y=0.

The Fourier decomposition of the perturbations is given by

% | |
s = [ Ssmers, o = [ dxo et

and so on. In what follows in this section, we abbreviate 6x(1)
as ¢ and so on. In Equation (2), we write the scalar perturbation

i
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of the metric tensor as follows:

o = (1(1 + AY), ﬂ,‘ = —aZBZ, Yii = 61] + 2HLY6,:I' + ZHTYU

The trace of the extrinsic curvature of the constant 7
hypersurface is written as

K = Ky(1 + K,Y).

The perturbed quantities of the perfect fluid are written as

. ui .

vi=— = It
u

p=p,(1 +0Y), p=p,+mY),

(BI)

In the adiabatic process with the p = wp equation of state, we
have 7; =46. For the scalar perturbation, the infinitesimal
coordinate transformation is given by

n=n+TmY, & =x/+LnY,

where T and L are arbitrary functions of 7. Under this
coordinate transformation, the metric perturbation quantities
transform as follows:

A=A—-T —HT, B=B+L + kT,
I-_IL:HL—EL—HT, Hr = Hy + kL’
n

where n is the dimension of the space, H := a’/a, and the
prime denotes the derivative with respect to 1. On the other
hand, matter perturbation quantities transform as follows:

v=v+L, §=686+n+ wHT,

62

T, = 7 + 3—Y(] + W)HT,
w
where ¢ = w is the sound speed. From the above, we can
construct gauge-invariant perturbation quantities corresponding
to 6 and V as follows:

A=6+31+wHk'v=-B), V=v —k 'Hy'

From the Einstein equation, we can derive the equations for
the gauge-invariant variables A and V. We present the
solutions for the radiation-dominated phase of the universe
below:

AQx) = Dﬁ(Siﬂ - cosz),
Z

3(2 .
V(x):D[Z(; — l)smz —

where D is an arbitrary constant, z7:=x/ J3, x= kn, and a

decaying mode is omitted.
In the CMC (K, = 0) slicing with B =0, using the above
solutions for A(x) and V(x), we can obtain

icosz
2 7z |

2 .
5= pP3: (2522 - cosz), (B2)
75+ 2 Z
2 o
b — —ED(Z 2)sinz + ZZCOSZ, (B3)
4 242

R = Dﬁ#(zﬁ — cos z), (B4)
2 2242 z
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where R = H + %HT. In this gauge, A and R are completely

fixed, while Hy and H, are fixed only up to a constant.
In the conformal Newtonian gauge, in which Hy =B =0, we
can obtain

2 _ ; _ 2
6:\/§D2(Z 1)sinz 4+ (2 z)zcosz,

> (BS)
— 22 _
by — ED(Z z°)sinz ZZCOSZ’ (B6)
4 72
@ZiﬁDsmz—zcosz’ (B7)
2 z3

where H;, = — ® and A = ®. Thus, all perturbation quantities
are completely fixed in this gauge.

We can define the transfer functions Ty, Tyoye> Loey> and T,
as follows:

deme () = Tseye (b, M P(0), veme () = Tiepek, M) 2(0),
O0en() = Tsey (k, MP(0), ven(n) = Ty (k, 1) P(0),

where we can see ®(0) = —D/(24/3) = —(2/3)R(0) from
Equations (B4) and (B7). We should note that R(0) = —((0),
where ( is the curvature perturbation in the uniform-density
slicing.

Appendix C
Nonexistence of the Overall Factor Qg,,

Here, we show that the overall factor (24, in De Luca et al.’s
(2019) expression should be removed. Although their notation
is slightly different from ours, we consistently continue to use
our notation.

In the following, we follow the process of calculation in De
Luca et al. (2019). They estimate the angular momentum at the
horizon entry of the inverse wavenumber, saying that the
turnaround is just after the horizon entry. Their analysis is
confined to the CMC slicing, where g(7,) = gcmc(fiy) Was
estimated to be

TVCMC (kO’ ﬁH)

~ koo, (C1)
TbCMC (kO’ TIH)

8eme (Ty) ~

where kq is identified with ky in De Luca et al. (2019),
My = ko ! and &y is op atn = 7l without the long-wavelength
limit. Although our calculation does not reproduce their
numerical value |7, (ko, i) /Tsce (Ko, Tig)| ~ 0.5 but gives
a much smaller value ~0.0714 at x = 1, this is not the origin of
the factor Q. Because H o< a~! in the radiation-dominated
era and H oc a~'/? in the matter-dominated era, they probably
inferred that

Ho
(@(1y) fao)’*’

where we have put a(ny) = ap and H(r,) = Ho and 7 is the
present conformal time. This corresponds to Equation (5.4) in
De Luca et al. (2019). Then, using

a%ﬂ:M%TM%j:V%ﬂW(HO)(&)

H () = (€2)

ao ao \ H@y) ao H(y)
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and defining My as the mass within the Hubble horizon at
1 = fjy, we find

. an) )/
Hpy) = L0 (L)) Ho a0y
260y \ a0 ) Hiiy) 2GM
and
am )\

Moreover, using

L4 N4
pmH)("(””)) ~ pramm[“(””))
a a

0 0
a(n.) 3H3Z
~ = Q 4a —O,
Praa(1lo) am ap 877Ga§
_ . 2GM,
ko' =M \iy) = 2
a(fiy)

and identifying the mass of the PBH with My, they reached
their conclusion:

Avet,cmc (i)
4
£a4Q a(ey) 3H3 1 a(7,q) 174 Hoao 5
340 35dm™, e Gag 2|\ 4o 26My H
= )
Q
~ dma (Co)
™

where goye () ~ 0.5kody, Ry~ 3ky!, and 1 —f~1/3
have been used.

In the following, we would like to redo the above estimate
more carefully. Let us keep geyc(7y) as in Equation (C1) and

focus on the factor Qup,. Using My = (47 /3)(p,a®) (i) (kg '),
we can directly get the following simple estimate:

. %[a“l);,gCMc] (GB]I¢! — f)Y/?R}
Arer.ome (Tlg) = s
GM;;
TZSCMC(kO» 7~7H)

; (C7)

3 |

where we have used the Friedmann equation only at the
formation of PBHs well in the radiation-dominated era. We can
see that there is no overall factor Q4.

Although the above derivation is complete, it might be useful
to trace the calculation in De Luca et al. (2019) in the right
way. Assuming that the energy of the universe consists of
radiation, dark matter, and the cosmological constant, the
Friedmann equation implies

2 ao ¢ ao ’
H? = Hy Qrad(—) + Qdm(—) + O | (C8)
a a

Moreover, we assume that Q.9 << Q4m, Qgm==0.3, and
QA ~0.7. Then, we can safely ignore {2, at the matter—
radiation equality 7 = 7.q, when pr,q = pgm. This immediately
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implies
Quaa 4(7eg)

Qdm ao

Therefore, Equation (C8) implies

Ho 2m .

(a(g) /a0)"

This corrects Equation (C2) or Equation (5.4) in De Luca et al.
(2019). This gives a factor /2{2y,, on the rightmost side of
Equations (C3) and (C4) and a factor (2Qg4y)'/* on the
rightmost side of Equation (CS5). Thus, there appears a factor
(2Q4m) ! on the rightmost side of Equation (C6), and this Qg

cancels out the factor Q4,, from p;,. Then, we reach the same
expression as in Equation (C7).

H(ney) =
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