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Introduction

e The detection of Gravitational Waves (GWSs) by the merger of binary black holes by
LIGO/VIRGO has reignited interest in the study of Primordial Black Holes (PBHs). PBHs
can explain a fraction of Dark Matter (DM) in the Universe.

e The generation of PBHs can be explained in the framework of inflation. Specifically, a

substantial amplification in the scalar power spectrum can provide an explanation to
PBHs.

e There are many mechanisms in the framework of inflation which can lead to a significant
enhancement in scalar power spectrum: inflection point, step-like potential, waterfall
trajectory, two-field models etc.

e Mechanisms of a light quantum stochastic spectator scalar field during inflation can
bypass fine-tuning.
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There are several mechanism for producing of PBHs from inflation.
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A drawback of models from inflation is the fine-tuning in order to obtain such amplification in power spectrum:

ApF = Max (

pi: parameters of each model.

Jlog Pr

0 log p;

).
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Spectator field for PBHs

IDEA OF SPECTATOR FIELD:

e A light stochastic spectator scalar field during inflation acquires different mean values in different current
Hubble patches.

e There are huge number of these patches, so these necessarily exist some in which these fluctuations leave
the horizon at values required to form PBHs.

[B. Carr, S. Clesse, J.Garcia-Bellido].

Schematic representation of the spectator field fluctuations:

e Rare fluctuation leading at o+ to exit the horizon.

e Smaller fluctuation at v, becomes super-Hubble at time
Nint.

6¢in E¢in(x7 Ninf) - "bout(x7 Ninf - 1)
6¢out =out (X7 Nips — ]-) - <w>
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» During inflation: The inflaton field drives the inflation & the spectator field remains frozen.

The slow-roll parameters and the amplitude, Ag, in slow-roll approximation is given:

dinH dl H?
€= — . , €= ne & AS:2.1><10*927*2A (1)
dNn dN 8m2e1. M3
The spectral index, ng, and the tensor-to-scalar ratio, r, are given:
ns = 0.9649 £ 0.0042 ~ 1 — 2¢1, — €24, r = 16€1. < 0.07 (2)
|[ Model €1+ €2 [ H.(Mp) [ r H
2 0.00020 0.0351 5.8x10~° 0.00325

e The quantum fluctuations of 1) produced during one e-fold in a Hubble-sized region

H? €1 . o
<§V1211(Nlni)> 272 exp {—27* [e 2 (Ning—Nx) _ 1} } s

47 €24
H? H2(N:¢ — N,
(590t (Mt ) =~ [1 — exp(—2eta(Ning — Ny))] o et = Ne) -
8m%€14 4
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» After inflation: The spectator field starts to dominate the Universe.

The equations of the spectator field ¢ (cosmic time):

b3+ 0, N=H= |
w+3H¢+8w70, N=H= W (3)

e In some regions of the Universe, if the spectator field rests in a particular flat part of its potential, an extra
expansion occurs. This triggers a curvature fluctuation, leading to the formation of PBHs. These are formed
later when these fluctuations re-enter the Hubble radius.

where pP = pm,reinN + V("/})

e We consider the potential:

= (1w -3]) !

S
=z
/
. . 02}
An extra expansion can occur. & An extra expansion can
occur. of —_—
_ 7 i h h h

M(MP)*{ ! 8 X ]'O } 0 5 10 15 20 25 30

Wi/M
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» Probability distribution
e The probability distribution as a function of (:

dv 107 30
P(Cin - Cout) = /dé'@outp(éwin)P(awout) — 10¢
: AN gt 25
10!
where: 102 »
1 —392 (Ning & w0 £
P((S'[/;in) = — exp |:2<6w2m((N'm ))) ) 155
27T<()win(Ninf)> in inf 1 10
1 10-1t
P(éwout) = 1o-14 °
\/27r<6w(2)ut(lvinf - 1)>
10-17
X exp |: _51()§>ut(Ni!lf _71) :| . .
2<6wo|11,(Niﬂf - 1)>

H Inflaton [H«(Mp), 1] l Spectator [M(Mp)] H

|
|| 5.8x10~° 0.00325 8 x 10~/
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» PBH formation
The mass fraction of PBH, 8(Mpgw), is connected to the probability distribution P:

- dp [
/3(MT’BH) = m = ./Cr P(C)d( (4)

The fractional abundance of PBHs, fppu(MpgHu), is given as:

1/2
2.8 x 10" Mg,
fea(Mpeu) = 2.48(MpBH) <7’> .
Mpeu
e Production of PBHs with a peak at range of
[2 — 5]M®.
e Consistency with CMB data: The power

spectrum evaluated from the fluctuation of
spectator field respect the constraints at

CMB scales
2
) < As .
(N)

2
P _ Hi() [ an
P =20 (3
e PBHSs formation without fine-tuning: PBHs
form with a spectator field avoiding the need
of fine-tuning:

fraH

10-5 1 1 1 L
101 100 10 102 103 d log fpaH

Afrer = Max ([ —222 ) ~ 0(1) .

MpgH(Mo) b ( dlog M ) (1)
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Applications

How can this mechanism be applied to models?

X
c
.Q
+
[
=
o
o
()
o
2
)
e
=
o
>
-
w0
=

» Higgs Standard Model

» No-scale SUGRA model
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Applications: Higgs Standard Model

» Higgs Standard Model

4x10°12
. . . L 171.28620 GeV
The effective potential of the SM Higgs is given by .28610 GeV - - - - -
171.28604 GeV

3x10712 H 171.28590 GeV - - - - -

171.28580 GeV_ - - —

2x10712

V(h) (mp?)

1x10712

and the self-coupling A(h) is determined by the 8 func-
tion,

dA o my = 125.7GeV, a, = 0.1184 J
Ba=——- . . ; .
nu 0 0.01 0.02 0.03 0.04 0.05 0.06
h(mp)

e If the BEH field lies exactly at the transition between metastability and stability, the potential exhibits an
inflection point.
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Applications: Higgs Standard Model

171.286036000 GeV —— T . i H 10* 30

171.286036180 GeV/
171.286036190 GeV.

P(Q)

-8 5 6 5 -4 & 2 1017
Log10(|hmax-hicl/Mp)

['] The SM Higgs as spectator field leads to significant PBHs abundances without the need of extra
parameters.

[X] The prediction for the power spectrum at CMB scales, which is evaluated from the mean value of
the spectator field can be preserved?
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Applications: A no-scale SUGRA model

We consider the following Kahler potential and superpotential

K:-sl%p@-@)? (6)

and
2 2
W =M S (1 - ebmf‘”) (3 — ¢%) + Msd (1 - eb55> (3-5?) (7)

where @ is the inflaton field and S is the modulo (spectator field). [ Mins > Ms]
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Applications: A no-scale SUGRA model

e Inflationary direction: S =Im® =0, Red = ¢.

Vi = I\/112 (1 — exp {\/gbinftanh <<,o/\/6>])4 (8)
e Spectator direction: ® =ImS =0, ReS = x.

Vs = M2 (1 —exp [7\/§b5 tanh (X/\/é)])4 (9)

14 e 12 ‘
12 = 0
1.0 08 ‘ A
o o
S o08 S o6 ‘
S 06 K
= > oa |
04 |
_— 0.2f | o 5]
o2 L bng==1 | ‘L/ L bs = —4x10° |
00 00
0 2 4 6 8 10 0 1.x10° 2.x10° 3.x10° 4.x10° 5.x10°°
® X
Direction of inflaton : S=1Im® =0 Direction of spectator : ® =1mS =0
& Red=¢ & ReS=y
H. =5.36 X 107 Mp, ng = 0.9690, r= 0.0027 | | (x) =10"°Mp 14/23
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Applications: A no-scale SUGRA model

[D|% + |5 )

BRANCH | O~ S-S BRANCH Il

Field Transformation
e We respect the symmetry of the coset
SU(2,1)/SU(2) x U(1):
bS5 S
b -, S—-S
e We can avoid the need of the
fine-tuning:
fr
ALE = O(100)

spectator field
with PBHs

DS, Sod
d oSS0

Field Transformation
uopjewJojsuel] p|ai4

BRANCH 11l Field Transformation BRANCH IV

W= Wins + We Do —d, S =

W=VVinf+VVs
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Applications: A no-scale SUGRA model

Results of the probability distribution and the fractional abundances to PBHs.

25
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15
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£ o
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¢ Mpgy(Mo)

The no-scale SUGRA model we propose:

e leads to significant PBHs abundances.
e fulfils both the condition on CMB scales and get PBH formation.
e conserves the fields' transformation law of the coset SU(2,1)/SU(2) x U(1).
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The energy density of PBHs can be connected with the power spectrum:

In

Qow ~ //dkdk’ (/ dtf(k,k’,t)) Pr(K)Pr(K).

,LN+-cut off) for given datasets of GWs. .

e Reconstruct four schemes of power spectra (PL,LN,

— P

— N
LN+osc

— IN+cut-off

SRS

108
f(Hz)

Pr(k)

—n

—
LN+osc
— LN+cut-off }‘

10° 107

108
k(Mpc?)

10° 1010



The abundances of PBHs can be evaluated from the scalar power spectra:

_ -1/
o ) 15210 (57)" (i)™ () ot

PBHs production from given energy densities of GWs :

e Evaluating the fractional abundance of PBHs in order to explain the PTA signal.
e Taking into consideration the evaluation of critical thresholds for each scenario.

— PL 10?
1072{ — W
LN+osc 100
10-5] — Wautoff
102
g
€ 107® T g 104
= S
I @
G 1011 2 10
14 10-8 =L
10 N
10-10 LN+osc
1077 —— LN+cut-off
1012
108 1075 10
fiHz)
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Conclusions

» In this presentation:
e We provide a novel mechanism of PBHs formation with the following advantages:
1) avoiding the need of fine-tuning,
2) consistency with constraints of CMB and explain the PBHs,
3) applicable to other models.

e We present two applications of this mechanism in Higgs Standard Model and in model based on no-scale
theory. We show that this mechanism can explain the production of PBHs.

» Perspectives:

e Solving the full Fokker—Planck equation and re-examine the Higgs as a spectator field for the production
of PBHs
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Thank you!
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Definitions:

1. Characteristics wave-numbers:

e the scale of the observable Universe 2.3 x 10~4Mpc—1!
e the CMB pivot scale 0.05Mpc—?!
e the PBH/QCD scale 105Mpc—!

2. The SN formalism relates the curvature perturbation, {, to the perturbation in the number of e-folds, N, by
expressing ¢ at any point in space as the fluctuation in the number of e-folds from an initial flat hypersurface to
a final uniform-density hypersurface:

¢ =6N.
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Energy density of GWs

The energy density of the GWs in terms of scalar power spectrum is given: [Espinosa, Racco, Riotto (2019)]

e, % o o B_ 2
Qaw(k) = E20 [ ag [ as [T s piroq a2 + 1) (11)

V3

where the radiation density Q, ~ 5.4 x 105,

The variables x and y are:

3 3
x:£(5+d), y:i(s—d).
2 2
Finally, the functions /- and /s are given:
B (s? + d? — 2)?
k= —36WWG(S —-1)
2 2 _ 2 2 2 2 _ 2 2 _ 1
15:—36(5 +d )2 [(s*+d )Iog d ‘+2}
(s2 — d?)2 (s2 — d?) 2 _1
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Evaluating the production of PBHs

The present abundance of PBH is given by the integral:

Q
prH:‘]ﬁdlnMﬁ

QpsH _ B(Mpar(k)) (1)3/2( g )*1/4 Mpsp(k) \ (12)
Qpm 8 x 10-16 \0.2 106.75 10— 18gram ’
The mass is given as a function of kK mode:
~1/6 k =4
meen(0) =10° () (16E25) " (5 igmmme ) &om
per (k) 0.2/ \106.75 7x 108Mpc—1) &
The mass fraction (3 is given by:
_52 r(l‘éic)
_ 1 ro0 202 (Mpgp (k) — _\2 202
B(Mpsr) T v E—TEY Js. doe PBH ——L
The variance of curvature perturbation, o, is related to the power spectrum:
’ 7\ 4 - ’
(1+
o?(Mpsu(K)) = 400 [ 96! (6)" pr(k/) 2 (&)
where w is the barotropic index (in radiation dominated epoch is w = 1/3). W is the Gaussian distribution. 23/23
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Press-Schecter approach

In PS approach the mass fraction Bps is given by the probability that the overdensity § is above a certain
threshold of collapse, denoted as dc:

1 o2
- 52 r (27 202 )
ds e?* M) = > 2 (13)
\/27r02(l\/l /SC 2y
where the variance of curvature perturbation o is related to the power spectrum:

M) = S [ () e (X)) (14)

Bps(Mppr) =

where w is the parameter of the equation of state (in radiation dominated epoch is w = 1/3) and W is a
window function. We will use the Gaussian distribution for this function:

W(x) = /2,
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Peak theory

The number density of peaks above a threshold given:
3/2 -
1 (K 5 \? 5
Npeaks = (27‘()2 (3 <;> —1|exp (7 202) (15)

Ky=1 /O'DC dk—k/,k’2v~|/ (’%)2 Pa(K) (16)

o2

where <k2> reads:

where o is the variance of curvature perturbation and W is a window function, as before. The density power
spectrum is defined as:

4(1 + w)? <k/>4 ,
Prn=——=1|—) Pr(k). 17
A7 5+3w)2 \k r(K) (17)
The mass fraction Sp7 is given by:
BpT = npeaks(27r)3/2(1/k)3' (18)
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Stability- Metastability

eRegions of absolute stability, meta-stability and instability of the SM vacuum in the ms—my, plane:

180 i 1
o Instability . = Meta=stability
: .
8 175 -
'u;.' F
. L 1,230
i b
& 170t
*
& ) Stability
léiL - - " - i - “ i " i - " - " i . " - "
115 120 125 130 135

Higgs mass Ay in GeV

23/23



Additional slides
000000000 e

The threshold for PBHs during the QCD transition.

e. The threshold dc during the QCD transition for different values of the shape parameter:

b BLELL SR RLLL Rl SR SRR SRS L Ll

0.85 -

09 -

sl vl vvvd vl v 3id vl vd 1 L
10-410-310-2 0.1 1 10' 10 10° 10
M/ Mg

[Musco, Jedamzik, Young (2023)]
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