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e Why Primordial Black Holes
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e Why Primordial Black Holes

* Why Kination 5

o Primordial Black Hole Formation
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B
e FLRW Metric ds? = a?(n)(—dn? + vi;dzide?), H = Z’gg
e Equation of State D = wp, p X g~ 3(1+w)

e The Standard Cosmological Evolution

Inflation w~ —1, p ~ const
Radiation Epoch w=—1/3, poxa
Matter Epoch w = 0, poxa’

l

Late Time Cosmological Constant w = —1
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B\ AND TECHNOLOGY FLRW Cosmology
B
e FLRW Metric ds? = a?(n)(—dn? + vi;dzide?), H = Z’gg
e Equation of State D = wp, p X g~ 3(1+w)

e The Standard Cosmological Evolution

Inf.ition w~ —1, p ~ const
? >  No Strong Constraints
Radiatioin Epoch w=-1/3, pxa*
Matter Epoch w = 0, poxa’

l

Late Time Cosmological Constant w = —1
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e GR+a minimally coupled Scalar Field

/d4a:\/_g ( "R - —3u¢3“¢ V(¢))
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S8 AND TECHNOLOGY Non Standard Epoch

e GR+a minimally coupled Scalar Field

/d4:c\/_g ( "R - —8N¢(‘9“q§ V(¢))

e Kination
o An epoch where the dynamics are dominated by the kinetic energy of a

o ’2:W+V
PE = 2a2¢,2>>v(¢) w:£: 2a¢ /wml
1 A R L ]

PK > PV = (Vo)

rolling scalar field

2a?
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7, AND TECHNOLOGY Non Standard Epoch

e GR+a minimally coupled Scalar Field

/d4w\/_g ( "R - —3u¢3“¢ V(¢))

e Kination
o An epoch where the dynamics are dominated by the kinetic energy of a
rolling scalar field

1 /2 1 2
Pl M+ v
PI= za2¢’2>>V(¢) w="2 -2 /@7%1
P 1 2 1 2 _
| L ¢+ V) — ¥
PK > pv = (Vo) 2 /@7

2a?

,OOCCL_6
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Bz, |y AND TECHNOLOGY Inflationary Models

(XX

%

V()

inflation

Moduli
(106 GeVv)? domination
and reheating
Y
e
Ap ~ 10M,,
Scaled by

~ 1030

kination

Large Volume Scenario (LVS)

arXiv: 2303.04819
arXiv: 2401.04064
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e |inear Scalar Self-Perturbation in FLRW background

o1, = 1) + 3000 8) = 3(n) + T2, soa) = [ 3 Tdone

e EoM, Mukhanov-Sasaki Equation

iﬂ 27’[@3,:0, V%O X &N]_nfr}
/!

!+ (K C; ) fr =0 fr(n) = Ay/nJo(kn) + By/nYo(kn)
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e Subhorizon Perturbation

e Superhorizon Perturbation

kn > 1

kn < 1
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B\ AND TECHNOLOGY Linear Perturbation Theory

e Subhorizon Perturbation kn>1

ooy~ { 22 ot
fr = Acos(kn) + Bsin(kn), Py 2 | <°
cos(kn) _ IS A S fif .
5¢km . X a 1 <P5K>—<(a—§—%§)¢>+<<2s4—|—% T;_H 23 )>OCG,4

e Superhorizon Perturbation kn < 1
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B\ AND TECHNOLOGY Linear Perturbation Theory

e Subhorizon Perturbation kn>1

AN
fr = Acos(kn) + Bsin(kn), (pv) ~ <a—2""> x a
B == o= (1)) (f o)) o
- Pé¢

e Superhorizon Perturbation kn < 1
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B,y AND TechNOLoGY Linear Perturbation Theory

e Subhorizon Perturbation kn>1

AN
fr = Acos(kn) + Bsin(kn), (pv) ~ <a—2""> x a
B == o= (1)) (f o)) o
- Pé¢

e Superhorizon Perturbation kn < 1

fr = cia+ caalna, (py) ~ <5L§’%> x a2
0¢pr, ~ A+ Blna

)
p5¢o<a_2:>(5:p—_¢oca4

17
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"::{é >
e Subhorizon Perturbation kn>1
Sp? 4
fr = Acos(kn) + Bsin(kn), ) ~ <a—2k> >

cos(kn) 4 b SR\ o << koo Tk
5 ~Y <K>: —3—%—2§b + 4—|—H—2—H
QSk a x4 & <(a a ) > 2a 2a

_ Ps
pis = e+ o) a7t > 5= 22

e Superhorizon Perturbation kn < 1

fr = cia+ caalna, (py) ~ <5L§’%> x a2
0¢pr, ~ A+ Blna

(psxc) oca”™®

Strong gravitational backreaction?
Black hole formation?
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e Numerical Relativity = Turning GR into Initial Value Problems
ds* = —a’dt® + v;;(dz" + B'dt)(dz’ + B dt)

normal line T coordinate line A EI nstein Eq uation

Time | / ____________ o
; _________________________________
< Boundary Condition

mﬁg\/ 4T [ (Gpuw aa%QW)
2 N TR
7\‘ 0 III 1‘ - " Space

Initial Data (¢t = 0)
(g;u/a atg;u/)

™
&
S
\
|
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e CTTK Initial Condition Solver

e CCZ4 Evolution

1
8 (T ) — ng,T) =R, +2V(, 2, — 2610, Z,) + k1(1 + K2)gunaZ®, Z" — 0

e Gauge Conditions
3

8,50( — —Za(K — <K> — 2@) + Biﬁia, 0,562 — ZBZ’ ath — 8tﬁ[~"’ — .BZ

e Matter

)
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e Assume Pure Kination V(¢) =0



’
) Q§

\\“‘.!’.0. .......
XY 22 CENTER
~x: FOR PHYSICAL SCIENCES

B,y AN TECHNOLOGY Simulation Setup

(XX
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e Assume Pure Kination V(¢) =0

e Pseudo-isotropic scalar field setup

— A J 2N 0L
(bo:% | 3¢ Zcos( ;j )

—1
. 3 A P33 27TN-’OCE,,;
bo = ”Emplﬂo | 3¢ Zcos( T - 0)

1=1




’
L) Q§
‘Q 0. \

U
J S o8,

B 47 CENTER
~xx FOR PHYSICAL SCIENCES ° °

B, | AND TECHNOLOGY Simulation Setup
L

e Assume Pure Kination V(¢) =0

e Pseudo-isotropic scalar field setup

T | A¢ J 27TN¢,0$Z'
¢O - % | 3 ;COS( L )
, /| 3 | Ad 3 27TN-7OCE,,; |
o = EmleO -3 ZCOS( 7 - 0)

1=1

e Simulation Domain /

: 3 P
L = (NgoHo) ' = (Npogo) "4/ 7=yl Ly
47 ': o, 1
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(53

e Assume Pure Kination V(¢) =0

e Pseudo-isotropic scalar field setup

3

27N 4 0T;
= % Zcos ¢O )
. 3 27N ; Oibi
bo = \/ mPIH() | Zcos( L7 - 0)

1=1

e Simulation Domain

_ C o\ 3
L = (NyoHo) " = (Ngodo) 1/ 7—mp
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e Superhorizon modes re-enter at Qre—entry ~ \/AOHO
: 1
e Energy Density 5= §<H>2
1 i
PV =57 0;90;¢
_ l 2\ l 2
(psr) = 9 (IT%) 9 (IT)

(Psg) = (pox) + (pv)
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L
e Superhorizon modes re-enter at Qre—entry ~ \/AOHO
e Energy Density 5= %<H>2
pv = %Wijaﬁbaﬂb
(pix) = 5 (%) — 2-(II)?

e What did we learn?
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e Subhorizon Perturbation

— —6

10 p X a

10" —4
< Pép) X a
£510—2

o Subhorizon perturbation takes over and

- become the new radiation background
54 with no strong gravitational backreaction.
= e In order to see gravitaional collapse for
75 [ R I s (Piehcs such mode, we require &y > 1.

—6

0.0 0.2 0.4 0.6 0.8 1.0 1.2
N

Ao =0.01H; ", 8y = (pss0)/Po = 0.1
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e Superhorizon Perturbation

Results

10°

gL — (pv)

-9 <P<5K>
10 — 5
IS%
1073 — (pss)
S

10_4\

10—5 <)

10—8 i
A
80
S —4
P — {(pv) \
= 6l E
0 (psK) \/
o) _
~ =P

— (pse)
—10 | | | | | |
0.00 0.25 0.50 0.75 1.00 1.25 1.75 2.00

log(a)

8o = (psg)/Po =5 x 107"

> Black Hole Formed
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* Superhorizon Perturbation Ao = 20H; ",

0.125

{p)/po

0.100

-
3

10.075

10.050 .[].[]
0.025 o =2
20
= =501 — (p9)
0.000 2 L
S =W
L —H 1 — P
=025 A { P r'ie-:-}

—10.0

0.00 025 050  0.75
=050

https://www.youtube.com/watch?v=0msEzENelt8

1.00

log(a)

1.25
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e Perturbative analysis' estimated the critical density contrast for spherical

collapse based on the Press-Schechter Theory is
0, ~ 31+ w) sin? ( VW ) — 0.375
5+ 3w 14+ 3w
e Recent numerical work® has shown that the critical density contrast is actually

closer to 0.5 < §. < 0.8 for spherical collapse. And spherically symmetric initial

condition favours gravitational collapse’.

e Extrapolate an effective density contrast for simulations with black hole
formation assuming an FLRW kination background up to mode horizon re-entry.

Oceffective = Qre_entry0 = (MoHo)* (psg0)/ o

1.arXiv:1309.4201
2.arXiv:2007.05564
3.arXiv: 2410.03452
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e o Scale Dependent
0.30] — -+ 1]

-®
S ”
0.25 : T
=
—— Simulati 0 8 ./
60.20_ imulation 0 cfective il . /
-==- Theoretical 4, = 0.375 C 102 -
| 1,
0151  No Bl §

0.101

P ¢ Black Hole Mass
1 —~d L Power Law Fit 0.00135 x (\gHp)"®

10! 102 10° ‘\\\\\\\:\\\\‘101 107 10°
Initial Wavelength|\jH] Initial Wavelength|\ H)
3.8 efolds of kination

out of the max allowed ~10

0.09

0.001
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B\ AND TECHNOLOGY Critical Density Contrast

1073

e To form PBHSs, we typically require a
quasi-monochromatic enhancement
In the primordial curvature power i

spectrum i
2 —2 2 —9 :
AR peak ~ 1077 > Ag opp ~ 10 10° ===
e I[f there is a period of prolonged
' : . 1076
kination, we would only require a 20 we 35

moderate enhancement of
AZ O(107° ~ 107%)

peak "
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e Linear perturbations during kination would eventually take over as
radiation background,

e Superhorizon perturbations are easier to trigger collapses to PBHS;
e PBH formation during kination requires a smaller (0(10°~10°))

enhancement in the curvature power spectrum
e Future directions/work in progress: extend the numerical study to

the maximum allowed ~10 efolds (current bound), include potentials
and assume inhomogeneities following a gaussian power spectrum.
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arXiv:2507.19166, C. Cheng, P. Giannadakis, L. Heurtier, E. A. Lim
cheng.cheng@ftmc.lt
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