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Dark Matter
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Properties
@ sdtable

neutral
pressureless

weakly interacting

right relic density

v

@ Axions
@ Sterile neutrinos
o WIMPs
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sdtable

@ neutral

@ pressureless

o weakly interacting
o right relic density
Candidates

@ Axions

@ Sterile neutrinos
o WIMPs

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: Mgy = 10%° (10_23 s) g

|

My ~2x1033g

.
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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: Mgy = 1015 (10_23 s) g My ~2x1033g
Planck scale — 10°g
GUT scale —» 103 g
EW scale — 108 ¢
QCD scale —» 103 g

W
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Hawking radiation

M _1
Temperature: Ty ~ 1077 | — K
Me
M > 107 massless particles
10%°g <M <10tg electrons
10%g < M<10%g muons
M < 10%g hadrons
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Hawking radiation

M 71
Temperature: Ty ~ 10~/ () K
Me
M > 107 massless particles
10%°g <M <10tg electrons
10%g < M<10%g muons
M < 10%g hadrons

M 3
Lifetime: 7py ~ 1004 <> y
Mg
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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%5 < Q2 (= 0.23)

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%5 < Q2 (= 0.23)

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

1=y (2)

@ Horizon problem

INFLATION

BIGBANG
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Inflation

Accelerated expansion of the Universe a4 >0 )

Why inflation?

@ Flatness problem

1=y (2)

@ Horizon problem

INFLATION

a 47 G 3>0 1
; —T(p+3p)—>w<—§
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Scenario

. : 2 :
Equation of motion ¢ +3H¢p+ V/(¢) =0 M 3Hop ~ —V'(¢)
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Scenario

.- Vv 12
(#)>¢

Equation of motion ¢+ 3Hp+ V/(¢) =0 3H) ~ —V'(¢)

Slow-roll parameters
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Inflation parameters

ns =1—6e+2n

as = —24¢€% + 16en — 262
r = 16¢
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Scenario

. : 2 :
Equation of motion ¢ +3H¢p+ V/(¢) =0 M 3Hop ~ —V'(¢)

Slow-roll parameters Scale dependent spectral index

_ MT% (%,)2 o ()=l <k£0>n(k)—1

n = M,%VVH (k) = ny(ko) + 57 (ko) I (:()) i
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nflation parameters
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Scenario

. : 2 :
Equation of motion ¢ +3H¢p+ V/(¢) =0 Yoy, 3Ho ~ —V'(9)

Slow-roll parameters Scale dependent spectral index

M2 Vi 2 k n(k)—1
e =2(7) Pr.(K) = Pr.io) ()
v 1 k
n = M3y (k) = ko) + gl (1 ) + .
YAV _ dInPgr, _dng
2 4 pr— pm—
& =Mp— /7 " Tdink |y T dink|,,
o3 = M,6:> vy Planck+WP+highL Planck.XXII,[arXiv: 1303.5082]
= Vi

ns(kpivot) = 0.9570 4 0.0075

Inflation parameters as(kpivot) = —0.022J_r8j8}(1)

ns =1 — 6e+2n In (10"°Pg, (Kpivot)) = 2.198 + 0.056
s = —24¢% + 16en — 252 r.002 < 0.23 (68% CL)
r = 16¢ kpivot = 0.05 Mpc~t
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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)=2- /;O \/%+5(R)exp (-#) ds(M)
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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)=2- /;O \/%+5(R)exp (-#) ds(M)

op=1/3 or 0.7
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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)=2- /;O m - (-%) ds(M)

op=1/3 or 0.7

w 2 4
52(k, t) = Ps(k, t) = m (aﬁ-/) Pr.(k) w=1/3

Encieh Erfani (IPM) DM PBHs 27 Aug. 2013 9 /21



Press-Schechter Formalism

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

=27 OO—]- ex ——(R)
=2 [ e 205<R>>d5(’”)
op=1/3 or 0.7

w 2 4
52(k, t) = Ps(k, t) = m (aﬁ-/) Pr.(k) w=1/3
n(k)—1
Pr.(K) = Pr. (o) ()
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Press-Schechter Formalism
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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)=2- /;O m - (-#) ds(M)

op=1/3 or 0.7

82(k,t) = Py(k, 1) = 2L+ Wy ( K

4

(5 + 3w)? aH> Pre(k) TEHE
n(k)—1

Pr.(K) = Pr. (o) ()

FR) = [ WAKRPs(K)
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f(> M) diagram for the mass range 10° — 10* g
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ns(kppn) > 1.37 for long—lived PBHs
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Solution ?

Running of the running of the spectral index

n(k) = ns(ko) + %as(ko) In (kﬁo)
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Solution ?

Running of the running of the spectral index
1 K\ 1 , [ k
n(k) = ns(k()) + E as(k()) In (k_o) ? /BS(kO) In <k0>

d?n
d(In k)?

Bs =

k=ko
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Solution ?

Running of the running of the spectral index

(k) = ne) + 3 astha)in () 43 etk o (6
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Solution ?

Running of the running of the spectral index

(k) = ne) + 3 astha)in () 43 etk o (6

d?n .
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Solution ?

Running of the running of the spectral index

1 kY 1 k
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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 ~ -2 <0 ——
" p—2N - :
_ p-12 -
Qs = _mm<0
~ P12
Js = p—2N3<0 i
This model is not ruled out s 5 R & 5
by Planck.
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Inverse power low inflation

A§+4
¢P
p+1 2

V(g) = Vo +

ns—1

+2 N
P2 Ny (1

_P+2(”s_1)2
p+1 2

5, = <p+2)2 (ns —1)°

p+1 2

Qs

This model is disfavoured by
Planck for any p.

a Ntot )
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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

N Natural inflation
V(9) = A* () @
V(¢) = A* |1+ cos ¢ X
2(p+2) f
ng—1 = —————=
4N +p 5
-1 x —=
o ) (n e n o N <0
S p _"_ 2 S 2
4 = 8 (o 1)3 Qs O N2 <0
(p+2)2*" )
r = — n 2(nS -1)
& 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 ©

ns—1 ~ —2/(N+1)<0
as ~ —2/(N+1)%><0
Bs ~ —4/(N+1)3<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 UG
ns—1 =~ —§—MP<O 2
s = 3 E h2 w4 S
a, = —(na—1)%/2<0 a
s s /
Bs = (ns—1)%/2<0 /
e // KVIS [T~/ /
This model is fully consistent with Planck =t ° v
constraints. e Koot 1
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Generalized exponential inflation

Arctan inflation
V(¢) — A4e(¢/ﬂ)p X
2
V =W |1+ —arctan ? =
forl<p<?2 = 0
0.0001 - 4
5e-05 n _ 1 : < 0
N ° 3N + 7
as = —>(ns—1)2<0
-0.00015 4
-0.00025 9 3
70‘00030 D(‘]Dl U.&DZ D(;DE D(‘304 0(‘]05 D.&DG 0.007 65 = 7(ns - 1) < O
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Modulated Inflation

V(¢) = V0(¢) + Vmod(¢) where |V0(¢)| > |Vmod(¢)|

V(d)) = Vo(QS) s A cos (% + 9> dns/dInk

e @A

Kobayashi and Takahashi, JCAP 1101 (2011) 026

Ink
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Conclusions

@ The fluctuation which arise at inflation are the most likely source of
PBHSs and for their formation, the fluctuation amplitude should
increase with decreasing scale.

@ The value of spectral index should be larger than 1.37 in the scale
corresponding to PBHs with mass larger than 10*°g.

@ The COBE normalization on Lyman-« range puts an upper bound on
the running of the running spectral index, s < 0.0126 (20).

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

@ If future data confirm with high precision that as < —0.01, all simple
single—field models of inflation would be excluded. v
Similarly, proving conclusively that the second derivative of the
spectral index is positive would exclude all the large—field models we
investigated. 7
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DM PBHs may had masses
similar to that of mount Everest.
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O bse rvation Carr et.al, PRD 81 (2010) 104019
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