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Outline

* Primordial Black holes: (short review)

e Non-Gaussianities:

based on: «Primordial Black Holes from Inflation and non-Gaussianityy

[arXiv:1801.09415] G'F, A. Kehagias, S. Matarrese, A. Riotto
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Primordial Black Holes

* Hawking & Carr, 197}

“Black holes in the early universe”

* Chapline, 1975
“Cosmological effects of primordial black holes”

[Source: www.benty-fields.com/trending]

Relative number of papers for topic vs. time

* Meszaros, 1975
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Primordial Black Holes

In A\

General picture

H—l

Inflation

~ const.

~ 60 e-folds
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Primordial Black Holes

Density contrast = A = ,O;_p After horizon re-entry
0

A > A,

A7 _
[MPBH ~ 'Y_pformeofrrJ

3
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Primordial Black Holes

11 111 1 S 111/ A T T TR
10_1 ? _>
1021 Needed to form [PBH

2 i |
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Primordial Black Holes

* Beta fraction: mass fraction of PBH at formation

PPBH
[ /B )
,Otot

* Press—Schechter formalism for beta:

[ /3:/OOP(A)dA } [P(A)é% exp [_%1 (%)

A

Fraction of DM in
2 —)
H, ag PBH
(Y () e

Hform ao

formation

Density parameter

Probability distribution for the density contrast perturbations
(under the assumption of gaussian probability)

* Beta fraction can be regarded as the probability that the density contrast is
larger than the threshold for the PBH

V2R(Z)

o (Re) = — /Ooodlnq<qRH>4vlv2<qRH>%<q> AF) = 9a24H2

Volume normalized window function: select the modes on scales of horizon re-entry
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Primordial Black holes

[ Impact of Non-Gaussianities }
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Impact of Non-Gaussitanities

With the assumption of gaussian statistics:

[ P(Cry > Ce) = Bprim(M) = / dcﬂe—@zh{/%? }

. V2mo
if we define v(M) = ‘c v>1, Boim (M) =~ L 22
O'(M) prim — 91 1/2

(complementary error fraction)

How can we relax the assumption of gaussian statistic and include
the effects on non-gaussianity in the calculation of beta?

e 0) (cc/o%q)”}

P(Cr > () = \/2;7@(]@{—”2/2"‘ >
n=3

v>1

Increase / decrease the impact of tails of the PDF
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Impact of Non-Gaussitanities

Criterion for the impact of non-gaussianities

n—times
(n) ~ — N
Cumulants: g — $v,15 (0) _ (Cry (%) - - - Cry (7))
" (2) n—1 S2(n=1)
(6%, ) Ra
Define “fine tuning” parameter: A, = dIn flp;ig(M )
Bprlm(M) A
so that —eon
[ 5 (1)
In order not to have a significant impact of NG:
OR 2 7?,'
Al <1 ISl = (%) o5
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Impact of Non-Gaussitanities

Single field models |

CMB anisotropies E

B inflection

No significant effect of the skewness if:
0.1

o2 1.3\° =
Se < 0.06 [ 22 ' O
S = <0.02) (g)

Normalized to the approx. value of the

variance in order to have the right o
abundance of DM ad PBH OO s 1 15 2 25 3 35 4 45 5

$/m,

101 V(¢)/m¢

end of inflation

In USR, using shift symmetry and dilation symmetry fixes the three-pt. function

<C;;;1 C;;’2C;;;3> =3 (277)35(3)(721 + ko + /23) [P (k1) Pe(k2) 4+ two terms]
[Finelli et al arXiv:1711.03737]

1 [ Bk [ By [ dPks N
[SS_UEH/QW)B/(%)?’/(27r>3W(k1’RH)W(k2’RH)W(k3’RH)<CE’1<EzCEB>_9}

Rough estimate of window function effect. With gaussian window function and
spiky PS we checked that the result gets correction of a factor ~ 1
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Impact of Non-Gaussitanities

Multi-field models: axion-curvaton model

Inflaton Clurvaton [Kawasaki et al, arXiv:1207.2550]
1 1
V(o) = §>\H2¢(2) Vi = A*[1 — cos(x/f)] ~ §mf<x2
10* g
k) = o (k L F 4%(k.)=10"%n,=3
Pe(k) = Pent (k) HPecurv (k) 1000 8,/[(3/2-1%) /1]
enhancement at small scales 100 ¢
10 s8/16/2-19)/] 3
NG are induced at second order LE 3
. . 1/3 , o1 ¢ E
@@ =a@+ 1 (5 -) @)y ]
3o F 7
r=—-——"—-":.
4py + 3ps
[Bartolo, Matarrese, Riotto, arXiv:0309033]
2 3 _
o) 1.3 -
S3§0'06(RH) (—) 05 1 15 2 25 3 35 5 5
002 CC . . k‘.RH . 4 4.

(parameter k, = scale at which ¢ reaches the minimum)
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Impact of Non-Gaussitanities

Clustering properties

PBH two point function (bias model) at large separations:

2 — = 2 2 = = o . L.
[ 552@ (%1, %2) = —1 + exp (1/ w(RzI (21, :1:2)) ] w? (3, 7y) = 072 €D (1, 7n)
(2)
H. D. Politzer and M. B. Wise, Astrophys. J. 285, L1 (1984) VWhy (z1,22) < 1

A | ﬁVc

H H | ]
: | n n n | | | The two point function

Col) | | measures the excess

N * probability (over random) of
g | | | | | | | V | U U finding pairs with a separation r
“ A “ “ |
f Al :

— === - oo oo
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Impact of Non-Gaussitanities

NG change clustering properties

For v > 1 the two point function (two point probability of over-density)

oo n—1
V"o, n S o .
5(2)(_’1,_’2 1+exp{zz R ()<5U17 : 1’175527"'75’72>}

n—2 j=1 7 tlmes (n—j)—times

v w%) (x1,22) < 1

If we focus only to the three point function contribution

5522351 (fla _)2) = -1+ exp (V2/O-2RH§§%21)J (5131,372)) exp < 3/0-RH€<3) (—»17 —’273—3’2) + - >

E.g. in the single field model of inflation (USR) we get:

[ 6@ (k) ~ c[ f@)()” G~ O1)
(

in Fourier transform)

[Result: NG must be taken into account!}
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Primordial Black Holes
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Impact of Non-Gaussitanities

A path-integral approach to large-scale matter distribution originated by non-Gaussian fluctuations
S. Matarrese, F. Lucchin and S. A. Bonometto, Astrophys. J. 310, L21 (1986)

 Using threshold statistics, define peak over-density p, r(Z) = O((r(¥) — vor)

—

« The joint probability of over-density in N points (Z1,--- ,Zn)
N N
N — — — — — —
1R 3 = [Tpen@) = [ic@rpec@ e (cat@) - von)
i=1
d
e The Heaviside step function can be written as ©O(& / da / do el P

* Identify the partition function Z[J] = exp|/W|J]] = /[DC(:T;’)]P[((:E)]eifd?’x‘](f)g(f)

which is an expansion in the (smoothed) connected correlation function

= 2
R, /f(N) Yo 2 Yn Hd?’yz (17 -Gl R)  (€2(0) =0%)
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Impact of Non-Gaussitanities

|

A path-integral approach to large-scale matter distribution originated by non-Gaussian fluctuation

S. Matarrese, F. Lucchin and S. A. Bonometto, Astrophys. J. 310, L21 (1986)

ﬂ

Using path-integral techniques... exact formula for the joint probability
N —
I (o 2n)
* We are interested in the single-point probability

P(CR > CC) — <p1/,R(£>>

which determines the mass fraction of formation (i, (M)

P(CR>CC)—16XP{ 2/2+Z

\/271'7 ) (CC/UR) }

Valid under the only assumption that p > 1

May 2018 Gabriele Franciolini - Topics on primordial black holes from inflation
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Impact of Non-Gaussitanities

An estimate of the skewness tmpact

« Using 6N formalism (¢(t,x) = N(t,x) — N(t) =N , with a(t,x) = a(t)es ) )

" \ )
linear curvature perturbation

e Estimating only the connected piece of the form

(&) = NalG(@)" N, = 3" [Sasaki et al, arXiv:1712.00995]

. n/\/n_l dgkl dgkn n—1 |
Sn D Sp = O-2R(§_1) (27T)3 W<k17 RH) o / (27_‘_)3W(kn7 RH)<C1,]€1 T Cl,kn_1<<1)]‘€’n > — n'Nn—l
One is then able to re-sum the series to get
—v?/2 —1.6v2/2
e Ce=1/3 e
Pi(Cr > () = By Prya(Cr > C) = e
2712 212

Not an exact result, enough to signal a potentially large tmpact of NG
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Primordial Black Holes

* Beta fraction: mass fraction of PBH at formation Fraction of DM in
PBH
2 -3
PPBH . HO Aform Q
N P formation - Hf ao CDMfPBH
tot orm \

Density parameter
* Related to today’s abundance of PBH (neglecting accretion, merging, etc.)

Qor (MR ( Bprim (M) 7 v V2 (106.75\/* ( Mg
< 0.12 ) B ( 7-1079 ) (ﬁ) ( ) ( )_ Mass
In I

A In H!

e Mass related to

N =184 m(9) 41 m(M
= ——n n ——n
12 \g) 27 2\

|

Effective number of d.o.f. ’ N
| ~ 60 e-folds I ln;
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Primordial Black Holes

Models

Single _fzeld models: J. Garcia-Bellido, E. Ruiz Morales [arXiv:1702.03901]
K. Kannike, L. Marzola, M. Raidal and H. Veerme [arXiv:1705.06225]
G. Ballesteros and M. Taoso [arXiv:1709.05565]
M. Cicoli, V. A. Diaz and F. G. Pedro [arXiv:1803.02837]

0.0zsoy, S.Parameswaran, G.Tasinato, I.Zavala [arXiv:1803.07626]

Spectator fields: M. Kawasaki, N. Kitajima, T. T. Yanagida [arXiv:1207.2550]
B. Carr, F. Kuhnel and M. Sandstad [arXiv:1607.06077]
J. Garcia-Bellido, M. Peloso and C. Unal [arXiv:1610.03763]

B. Carr, T. Tenkanen and V. Vaskonen [arXiv:1706.03746]
+ [Ando et al, arXiv:1805.07757] (yesterday)

Higgs Instability: J. R. Espinosa, D. Racco and A. Riotto [arXiv:1710.11196]

(if you don’t mind fine-tuning)
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PBH - Constraints

image: courtesy of D. Racco
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PBH - Constraints

~ ray burst Lensed stars C\MB from accretion

[arXiv:1711.06129]

Mpph [Q]
e . - . b015 101 1021 102-1 1027 103() 1033 1033
Femto, Micro, Milli-lensing 10— S e w SRRy @ @
b s ,3 .‘ S v/ i ’ d ‘\".
Hawking radiation ] 10_1:_ & u\“/ HSC | ooy EROSEp ///
L - E | A e 4 ~ 3 - J‘\
e < E ~ | 2 e o X
Dynamical constraints ] S ][ [T | \
~ G 10_2 L L ;‘s HSC (c xH::].v ) \
T E | ¥ ‘
= = | |\
— 10BE | Possible new constraints from
é E | accretion and merging rates
o T |
Aﬂ i ;“! 3
Uncertainties on Hawking radiation 10 S I e el ka4
107" | 102 107* 10 10 107 10" [10°

— Mppy (M)
Gap due to "wave effects”

A ~ rg(lens)

A\ 4

WD = disruption of white dwarfs (pbh passage ignite nuclear reaction) v

UFD = ultra faint dwarfs galaxies
Grav. interaction equalise kinetic energies — stars spread
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Primordial Black Holes

Caveats on formation mass fraction

* Critical spherical collapse: M ~ kMg (A - AL

Non spherical collapse effects?

 Threshold: dependence on the shape of the over-density peaks
[Germani, Musco, arXiv:1805.04087]

”Jeans length” argument for critical density for PBH formation [Yoo et al, arXiv:1805.03946]

Compaction function criterion: mass excess identifying the Horizon formation
fully taking into account peak shape

« Window function  [arXiv:1802.06393] real-space top-hat window function
Gaussian window function

k-space top-hat window function
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Constraints on inflation

e Planck 2015

n.as

Plaacw 2013
\ B Plagek TT | lewP
N Poack TT.TE.EE—lowF
I ratoral inflation
Hilltop guartic madel
e attractors

In(10"°A,) = 3.093 £ 0.034, 3=
ns = 0.9673 + 0.0043,

= Power-law inflacian

—  Low scale SB SUSY

nis

— W% inflation

Tensor-te-scalz - ratie [z
1

as, = —0.0125 4 0.0091, -
r < 0.166 .

[arXiv:1502.02114]

== Primordial black holes

fu— 1078

10-10= -
N S IS N S I S N I ) N NN N N N
10774077407 L 10 4@ 40 10t 10 1% 10T 40P 10 10" 10 107 10" 10** 10%° 10*° 10+ 10%° 10

k (Mpc1) [arXiv:1110.2484]
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Primordial Black Holes

[PBH from single field model of inflation}
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PBH in Swingle Field Inflation

e Inflection point

1/2 H?

o= =
2|l

CMB anisotropies E

k=aH

(computed at Hubble crossing!) <

|

in order to get an enhancement

10% V(g),/m3

0.01 ¢

Slow-roll violation: .
| end of inflation

(n~ow] 3

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0.001

[ |Alne/AN| > 0Q1) | ~ 5oz 2e
In few N-efolds e jumps of many orders of magnitude,

where the Hubble SR parameters are:  _ _ _ H Qb.
H? Ho
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PBH in Single Field Inflation

 Enhancement during the non-attractor phase

ZaT 2 _ z
R,TT+2 - R,T—l_k R—O ”ZT :aH(1+€_n)
z=a¢p/H
101 g\\H\\\H\HH\HH\\H\\HH\HH\\\H\HH\HH\HH\\HLE uk(T) — RZ
10° i i Bunch-Dayvies initial condition
101 E, . T'.I.'.'.';'.::;'.'..'_'.'.'_I.:.'.ll.'_'.:.".'E I; ( ) e_ikn-
g = Im Upl\T) =
10-2 ; ; kn——oo \/ 2k
g 10—3 i Z
Se - ko.1
& 107 2408 1 Super-Hubble before non-attractor phase
1075 o ko1
10~ 6 S Y e Epeak
10-7 _ T;T [Modes on super-Hubble scales grow!]
SEEREEEERI RN NN ERENE AEEEE ERERE RN EE SRR
-4 -3 -2-10 1 2 3 4 5 6 7 8

N
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