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Dark Matter
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@ stable
@ neutral
o weakly interacting
@ right relic density

v

@ Axions

@ Sterile neutrinos
o WIMPs

A\
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Properties

@ stable
@ neutral
o weakly interacting

@ right relic density

v

@ Axions

@ Sterile neutrinos
o WIMPs

o ...

Any candidate in Standard Model?

Primordial Black Holes (PBHs)
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Primordial Black Holes

Definition

A PBH is a type of black hole that is not formed by the gravitational
collapse of a star, but by the extreme density of matter present during the
Universe's early expansion.
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Primordial Black Holes

Definition
A PBH is a type of black hole that is not formed by the gravitational

collapse of a star, but by the extreme density of matter present during the
Universe's early expansion.

PBHs properties

t
Mass: My, = 1015 (10_23 s> g

|

My ~2x 1038 g

y
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Primordial Black Holes

Definition
A PBH is a type of black hole that is not formed by the gravitational

collapse of a star, but by the extreme density of matter present during the
Universe's early expansion.

PBHs properties

|
A\

Mass: M, = 10% (10_23 s) g My ~2x 1038 g
Planck scale — 10°g
GUT scale —» 103g
EW scale —» 10%2 g
QCD scale —» 1032 g

y
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Primordial Black Holes

Definition
A PBH is a type of black hole that is not formed by the gravitational

collapse of a star, but by the extreme density of matter present during the
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Hawking radiation

M _1
Temperature: T, ~ 107 (—) K
Me

M > 10" g massless particles

10%°g <M <10tg electrons
101%g < M<10%g muons
M < 10%g hadrons
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Hawking radiation

M 71
Temperature: T, ~ 10~/ () K
Me

M > 10" g massless particles
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10%g < M<10%g muons
M < 10%g hadrons
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Why PBHs are useful?

@ PBHs as a probe of the early Universe (M <10t g)

® PBHs as a probe of gravitational collapse (M > 10'°g) v
DM candidates Q% < Q0 (= 0.23)

PBH Y CDM

o PBHs as a probe of High Energy Physics (M ~ 10'° g)

@ PBHs as a probe of quantum gravity (M ~ 107°g)
(DM candidates)
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Why PBHs are useful?

@ PBHs as a probe of the early Universe (/\/I <10t g)

® PBHs as a probe of gravitational collapse (M > 10'°g) v
DM candidates Q% < Q0 (= 0.23)

PBH Y CDM

o PBHs as a probe of High Energy Physics (M ~ 10'° g)

@ PBHs as a probe of quantum gravity (I\/I ~107° g)
(DM candidates)

v

How PBHs form?

@ Soft equation of state

@ Bubble collisions

@ Collapse of cosmic loops

@ Fluctuations by inflation v

v
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Inflation

Accelerated expansion of the Universe a4 >0 )

Why inflation?

@ Flatness problem

0, -1=( 1) ()

9

@ Horizon problem

= INFLATION.
BIGBANG I
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Inflation

Accelerated expansion of the Universe a4 >0 )

Why inflation?

@ Flatness problem

0, -1=( 1) ()

9

@ Horizon problem

INFLATION

é_ 47 G 3>0 1
S= "3 (p+3p) — w< =
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Scenario

. . 02 .
Equation of motion ¢ + 3Hd + V/(¢) = 0 229, 3114 ~ —v/()
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Scenario

. . 02 .
Equation of motion ¢ + 3Hd + V/(¢) = 0 229, 3114 ~ —v/()

Slow-roll parameters
M'% ( V') 2 V& VAV VAV

™
Il

n EMI%V, 55/\/’;‘57, O'EM?;

2 %4 v -
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Scenario

Equation of motion ¢+ 3H¢ + \//(¢) 0 V(9)>¢? 3H¢

Slow-roll parameters

M2 V& 2 V& VAV VAV
€ = TP (V) 9 n = Ml2p7, f MP V2 ) o= MgT

Power Spectrum

k ns(k)—l
Pr. (k) = Pr.(ko) (k—o)

ne(K) = 1) + 3 stho) n (5 )+ 5 5ctho) 2 () .

dInPr d2n,
< (ko) =
dlnk bl 6 ( 0)

_ dns
0= ikl din k
=

ns(ko) =
ko dink

k=ko
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Inflation parameters

IR VE
Pre = Toemg v
ns = 1—06e+2n
as = —24€% 4 16en — 2¢
Bs = —192€3 4 19262y — 32en? — 24ef + 21 + 20
r ~ 16¢

Be(ki, ko, k3) = fpF(ki, k2, k3)

Observation Planck XX, arXiv: 1502.01592
In(1019P¢ vac.(ko)) = 3.094 £+ 0.034 ko = 0.05 Mpc~!
ns = 0.9645 + 0.0049

as = —0.0065 + 0.0076

Bs = 0.025 + 0.013

roo2 < 0.10  (95% CL)

fiyL, = 22.7+ 255

V.
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

F(> M) =1 [ P(5; M(R))
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

f(>M)=~ f;o P(5; M(R))
th
Oth = 0.4135
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

f(>M)=~ f;o P(5; M(R))
th
Oth = 0.4135

2
Gaussian PDF: Pg(d; R) = 2;(:‘?) exp <_M>
V2mos
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

F(> M) =1 [ P(5; M(R))

Otn, = 0.4135 ,
R S A . ()
Gaussian PDF: Pg(d; R) = \/?Ug(R) 4 p< 20§(R)>
62(k, t) = Ps(k, t) = m <a/;-l> Pr. (k) w=1/3
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

f(>M)=~ féoo P(5; M(R))
th
Oth = 0.4135
1

_ . o *(R)
Gaussian PDF: Pg(d; R) = WGXP <_20§(R)>

w 2 4
52(k, t) = Ps(k, t) = W (;;) Pr. (k) w=1/3

k

Pr.(k) = Pr.(ko) <k0>"(k)‘1
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

F(> M) =1 [ P(5; M(R))

Otn = 0.4135

Gaussian PDF: Pa(5: R) = \/%+5(R) o <—2‘f§(’2)>

Rk £) = Py(k, 1) = M (;)47%(@ w=1/3
Pr=Patie) (£)

o2(R) = [CW? Pg(k)%
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Press-Schechter Formalism

The Press-Schechter formalism is a
model for predicting the number density
of bound objects of a certain mass.

F(> M) =1 [ P(5; M(R))

Otn = 0.4135

Gaussian PDF: Pa(5: R) = \/%+5(R) o <—2‘f§(’2)>

Rk £) = Py(k, 1) = M (;)47%(@ w=1/3
Pr=Patie) (£)

o2(R) = [CW? Pg(k)%
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Gaussian PDF:

gy ! 0*(R)
Pc(d; R) = Voros(R) exp <_20§(R)>

fo = 1 erfc <5th/ 20§(R))

non-Gaussian PDF:

1 (5+02(R))
P, (5, R) = ex __ &\ 7/
et 27 (6 + 02(R)) og(R) p( 20%(R)

fng = erfc (\/51,1] + aé(R)/\/ZIé(R))
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f(> M) diagram for the mass range 10° — 10* g

10-°
- 10-10 L
10—15 L
W= \
10° 105 101 I
M[g]
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f(> M) diagram for the mass range 10° — 10* g

10-°
- 10—10 L
10—15 L
W= \
10° 105 101 I

M[g]

| A\

Result

Ns(kppy) > 1.418 = Pr~2x 1072 for Gaussian PDF
ne(kppy) > 1322 =  Pr~4x10"* for non-Gaussian PDF

PBH
y

E. Erfani (IASBS) DM PBHs and their Formation 10 Aug. 2016 12 / 34



servation Carr et.al, PRD 81 (2010) 104019

T WMAP3

GW
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ns(k) = ns(ko) + %Oés(ko) In (2) + %55(/(0) In2 </:))

Bs(ko)
Bs(kO)

0.0025 ACDM + dns/d In k

<
< 0.0017  ACDM + dng/dIn k + d’ns/d In® k

Non-production of DM PBHs put stronger upper bound on fs.
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Small Field Models | Aol <Mp, r~0

Hilltop/inflection point inflation

o\
V(¢) = Vo [1— () ] =
1
for p > 2
p—12
—1 ~ =<0 e
" p—2N - :
~ _P—12 ’
Qs = b2 N2 <0
~ P12
Ps = p—2N3 <0
This model is not ruled out e 5 R & 5
by Planck.

v
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Inverse power low inflation

A§+4
¢P
p+1 2

V(g) = Vo +

ng—1

p+2 N
N 1-—
tot ( Ntot

_P+2(”s_1)2
p+1 2

b =~ <p+2>2 (ns —1)°

p+1 2

This model is disfavored by
Planck for any p.

)
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Running-mass inflation

The inflation potential is dominated by the soft SUSY breaking mass term
generated by V{ and its radiative corrections

V() = Vo + mE(6)62 + .

2
O B with = —ca i+

RGE =
ding T 1672

Ay |?m?

Over a sufficiently small range of ¢, or small inflaton coupling, we can do

the Taylor expansion:
d?>m?
n ﬂ —1—1 ¢ In? ﬂ
Px 4 d(Ing¢)? & (o8

where ¢, is the local extremum of the potential.

2

1 dmy

2 dl
n¢¢

1
V= Vo+ Smi(¢:)6* +
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Large Field Models | Aol 2 Mp, r#0

Chaotic inflation

#\P Natural inflation
V(g) = A* (—) X
V(¢) = A* |1+ cos ¢ X
a1 - _Apt2) f
® ~ 4N+p )
2 ng — 1 «x —— <0
g = — (ns — ]_)2 N
p+2 )
s —— <0
ﬂ _ 8 (n B 1)3 Qg N2 <
) (p+2)2"" 2
. p Bs —m <0
r = —?(ns = 1)
2 This model agrees with
This model is ruled out with Planck+WP data for f > 5 Mp
Planck data for p = 4. .
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Negative exponential inflation

V(6) = Vo [1—exp<lv7p¢)] ,g>0 ©

ng—1 ~ —2/(N+1)<0
as ~ —2/(N+1)?<0
B ~ —4/(N+1)P3<0

@ Higgs Inflation

This model is ruled out by Planck.

2 2 1%
1= Jateymg [ R DO 2 piye)

U(x) = )‘4"5”2; [1 — exp (— \/%?\(/’P)r where h ~ f exp (\[Mp) X

2 U
ng—1 ~ _8 My <0 2
S = 3 5 h2 w4 S
_ 2 T
as = —(ns—1)7/2<0 s
By = (ns - 1)3/2 <0 //
e // KVIS [T~/ /
This model is fully consistent with Planck =t ° v
constraints. 0 s toome 7

E. Erfani (IASBS) DM PBHs and their Formation 10 Aug. 2016 20 / 34



Modulated Inflation Model

V(#) = Vo(9) + Vinoa(9)
Conditions:
[Vo(9)] > |Vinoa (o)
Hierarchy:
Vmod VI; Vrg Vlgl VIZH
’ Vo <<' v <<' i | <V | < v )
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Inflation parameters

V/ V/ V//
1 —6eg + 2m9 — M3 [6 ol mod]

n ~
° Z Vo
s~ —24e2 4 16€gmo — 263
[V Ve | BV Vi, 2V vg;d]
3 2
L V(;‘ VO VO
Bs =~ —192€% + 192e3ng — 32eong — 24603 + 2m0E2 + 203
. M6 —24 Ve Vr,nod 48 V,3 vrlnod vr/rllod . 16V’ V1;10d Vli’ll?)d
o Ve %
2 2
12VRV Vit 2V Vit Vi | 2V v;;zd}
Ve VG VG
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Modulated Power-law Inflation

V(¢) = A\¢P+A? cos <f + 9>

for Planck+WP+highL data

p
p
p
p

1
2
4

=2/3 on the boundary of the joint 95% CL region

within the 95% CL region in the ng — r plane

outside the joint 95% CL region
outside of the joint 99.7% CL region

0.5
10ag
- . R _ - N
48 ~~5Q [y 54-ee
_____________________ 10 Bs
-0.5
<
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ns — o plane
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Power spectrum

p=1 Pr(K)
1073

2198x 107

10—3 L

2.198x107°

k[Mpc™]

ko 1 100 105 10° 10% 10%
v
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Hilltop /inflection point Inflation

V(p) ~ \* [1 — <z>p] +A*cos (;’f - 9)

for Planck+WP+BAO data

p=2 within the 95% CL region for y > 9Mp
p=3 outside the joint 95% CL region
p=4 within the joint 95% CL region for N > 50

=3

1.0 n 10 v”/’—n’
05 05
S prm——
B S S N
oy 48 BQ. 52 i N oy 48 50 52 5., N
. 1005, 108
_05 100 _os. T T 1005
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Power spectrum

p=3 Pr(K)
10—3,

2.198x107°}

— ; ; ; : — k[Mpc™]
ki, ko 1 100 10° 10° 102 10%
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PBHs formation from Particle Production

direct or gravitational coupling of the inflaton (¢) to another field (x)
1 1
£(9, X) = ~50u90"6 — V(9) = 50ux 0" — U(X) + Lie(6,%)
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PBHs formation from Particle Production

direct or gravitational coupling of the inflaton (¢) to another field (x)
1 1
£(9, X) = ~50u90"6 — V(9) = 50ux 0" — U(X) + Lie(6,%)

The equations of motion for the<nﬂaton field:

2_ - 1'2
= 3M1% 2¢ + V(¢)+Px)

- : ALin
b+3HO+V/(9) = 5~

The inflaton fluctuations satisfy
2

8§+ 3H8H — %&b Y V($) 86 =5 (%)
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PBHs formation from Particle Production

direct or gravitational coupling of the inflaton (¢) to another field (x)
1 1
£(9, X) = ~50u90"6 — V(9) = 50ux 0" — U(X) + Lie(6,%)

The equations of motion for the<nﬂaton field:

2_ - 1'2
= 3M1% 2¢ + V(¢)+Px>

- : ALin
b+3HO+V/(9) = 5~

The inflaton fluctuations satisfy
2

8§+ 3H8H — %&b Y V($) 86 =5 <%§“>

PC(k) = PC, vac.(k) + PC, src.(k)

7Dt(k) — Pt,vac.(k) + Pt,src.(k)
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Gauge Production

1 & 3
ot = —=F F" — — o F, F
Ling 4+ 4f J
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Gauge Production

1 & 3
ot = —=F F" — — o F, F
Lint 4+ 4f

direct coupling
Pr = P vac. (1+7.5 X 107° € Pr, vae X°)

14 2.2 x 107" Py vac, X2

~16
T I 75 X 105 2P, o X2

fl\c}(ﬁug ~ 4.4 x 10103 Pg’, vac. 3¢
where
X

Il
N
1l
©

v
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Result
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Scalar Production

2

Lun(d: %) = =5 (6= 60)° X

(NI
—
=
~—

N

Pe s (k) ~ Ake”

P(k)

Pki)r

P(ko)r

A<4x107

k[Mpc™

v
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Conclusions

The fluctuation which arise at inflation are the most likely source of
PBHs formation.

The spectral index at scale of PBHs formation should be at least
1.418 (1.322) for Gaussian (non-Gaussian) PDF.

Non-production of DM PBHs put stronger upper bound on the value
of the running of the running of the spectral index, fs.

Except running-mass inflation model, most of the single field inflation
models can not accommodate long—lived PBHs formation.

PBHs' formation is possible in the modulated chaotic and hilltop
inflationary models.

The most stringent constraints on the gauge production parameter is
derived from the non-production of DM PBHs at the end of inflation.
In the scenario where the inflaton field coupled to a scalar field, the
model is free of DM PBHs overproduction in the CMB observational
range if the amplitude of the generated bump in the scalar power

spectrum, A is less than 4 x 1074
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