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e > Hawking, 1971
Primordial Black Holes e

‘ Can PBHs compose a sizeable fraction of dark matter?

REQUIREMENTS & PROPERTIES:

- Formed during radiation domination.

Mass roughly given by the mass contained in the My ~ Y X p X é - H—B

Hubble horizon Ry ~ H ! at the time of formation:
P energy density; 7Y O details of the collapse.

Planck time

3¢ 2 ¢ tp ~ 10743 sec
pre-BBN

— M~10"°g=M,

— M ~10%g=10° Mg

t ~ 1sec

- (Meta-)Stable: BHs evaporate through Hawking radiation.

G2M?3 M\°
T(M) ~ b ~ 10% (M_@> e M>M 51015g

such PBHs survive till today
and can compose dark matter
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- Completely evaporated.

- Early universe evolution possibly influenced
by their existence, e.g. baryogenesis.

M ~ M,

- Would be evaporating now: contribute
to the galactic gamma-ray background
and to (anti-)positron in the cosmic
rays. They are subject to the most
stringent constraints (EG).
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- They survive today and can contribute to dark matter.

Many constraints apply: two™ windows allow for a sizeable amount of PBH DM
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assumptions about DM in globular clusters.

intermediate mass 10% My < M < 10* Mg

WMAP constraints depend upon uncertain
astrophysical parameters.
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Schwarzschild radius

- Production of PBHs requires high densities. , _ 2GM _ ( M ) K
Early universe is a natural framework. : 07

Mg

HOWEVER...

high densities necessary but not sufficient condition

}

PBH production depend on the development of inhomogeneities

these have to be large, to ensure the collapse to a BH

i) large primordial inhomogeneities (initial
conditions).

ii) softening of the equation of state.

iii) collapse of cosmic strings.

l iv) bubble collisions.

- Many possible production mechanisms.

v) blue spectra of density fluctuations.
vi) etc.

we focus on v):

large inhomogeneities created by some mechanism during inflation




PB H Pro du Ction Garcia-Bellido et al., 1996

Comoving Scales
; A
a PBH is formed when a mode re-enter

the horizon if the related amplitude of
the curvature perturbation is above a
certain threshold

horizon exit horizon re-entry Comoving

AN Vi

Inflation Hot Big Bang

>
Time [log(a)]

density fluctuation



PB H Pro du Ction Garcia-Bellido et al., 1996

Comoving Scales
; A
a PBH is formed when a mode re-enter

the horizon if the related amplitude of
the curvature perturbation is above a
Certain threShOId Inflation Hot Big Bang

l :

1-1 map between N and M Time [log(a)]

€2N N = number of e-foldings

2
M = Ao\ (before the end of inflation)
. inf at which the mode k left the horizon

horizon exit horizon re-entry Comoving

AN Vi

density fluctuation



PB H Pro du Ction Garcia-Bellido et al., 1996

Comoving Scales

A

horizon re-entry

a PBH is formed when a mode re-enter boctson exi
. . . Horizon

the horizon if the relatec.l anTplltude of o \f/ l /
the curvature perturbation is above a |
Certain tthShOld Inflation Hot Big Bang

l :

Comoving

1-1 map between N and M Time llog(a)
9 62N N = number of e-foldings
M = Ao\ (before the end of inflation)
H inf at which the mode k left the horizon

the probability of forming a PBH with mass M is then

B(M) = /C " PG

C

\

threshold for the collapse to occur

P = probability density for

density fluctuation



PB H Pro du Ction Garcia-Bellido et al., 1996

Comoving Scales

A

horizon re-entry

a PBH is formed when a mode re-enter -
the horizon if the related amplitude of - N\ l P
the curvature perturbation is above a |
certain threshold Inflation Hot Big Bang
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1-1 map between N and M Time [log(a)]
9 €2N N = number of e-foldings
M = Ao\ (before the end of inflation)
H inf at which the mode k left the horizon

the probability of forming a PBH with mass M is then

€.g. P = gaussian

B(M) = /C P (Ck ) dCk P/

C

\

threshold for the collapse to occur

P = probability density for 5\

density fluctuation
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o radiation domination T4
PBH density o o

: ! ; nNpBH
adiabatic expansion — const.
Carr et al., 2010, 2017 . S

at the formation eraty: /(M) = © EERUUNDE  MuppHGr | -G PR T
p(iN) p(tn) 3Tn (1)
3/2
= e L L e 0 & npBH(to)
Ao (106.75) (M@ 1Gpo=t

neglecting accretion

the fraction of PBH dark matter today is

Mnpgx(to) 45 (g,.t(tj\,))‘l/‘1 R TEY T 3 i o
M) = ~ 4x108~1/2 e e
L) = et X107\ 106.75 0.68 M, e

in realistic cases the mass distribution
won’t be a delta-function

dM
ftot :/mf(M)

Carretal., 2017
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at the CMB scales ~ 107"

COBE normalisation

Al oms

the spectrum is locally almost flat
NE(EYoc ke = ms e0:06

assume we can extrapolate the spectrum up to very small scales

}

the fraction of PBH dark matter is completely negligible

need a mechanism that rises the power spectrum at scales smaller than CMB

we consider axion inflation...

Interesting for many good reasons:

- large tensor-to-scalar ratio,

- several phenomenological consequences,

- well motivated from the bottom-up perspective (arguably less motivated from the top down).
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Generic lagrangian [ = — %5#(53%5 e i F, F* —V(¢) - % OF,, Fouv

Sorbo et al., 2009
shift-symmetry

E.o.m. b+ 3Ho + ( (E - BJ—’ new friction term
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k :I:Qk A% (1,k) =0
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for modes

k tachyonic instability A% ™21/ 26k/(aH)

1
[(BE)E=S S g S 2

exponential amplification of gauge field
modes towards the end of inflation

gauge fields act as a source for scalar and tensor power spectra‘

generic pheno features of the model

observable chiral GWs at interferometers, non-gaussianities
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Axion inflation non-minimally coupled
to gravity (and coupled to gauge fields)

pgua o etvPo

. ouvioie it =0

5= [atov=g |5 - K@0.00"6 -V - -
!

non-canonical kinetic term

¢Fuqua:|

the scalar power A2(k) = 1 ( B 2 . ( o(E - )2
spectrum takes the form K\ 2n|¢) SAWK H¢

tachyonic instability governed by o= \/%

if K increases faster than € towards the end of inflation
the instability is turned off and the second term in A%(k) vanishes

1+h(¢) +3/28°h3 (@) 1y _ y1__h7

attractors at strong coupling K(¢) =

(1+ ch(6))? (1+ sh(¢))?
Linde et al., 2013
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choosing h=1-— -

¢ S,

the instability is turned off

the power spectrum
102 T features a peak

a/A ~ 60— 70
— ¢=001,N=1
- c=55 N=1
—  ¢=457,N=1

— ¢c=655 N=1

0o 10 20 30 40 50 60
N

i) All curves satisfy COBE normalization
ii) Increasing /A the tachyonic instability starts earlier.
iii)Increasing ¢ the instability is turned off earlier.



Results

N
20 25 30 35 40 45
o \ ---------- a/A ~ 60 — 70 DM abundance
1 — ¢ << 1, N: 1 e
Y RY | <=45.7 _ 98 6%
— 0~01 1 1 R g= 55, N= 1 tOt
5 10-4 §'457 N =1 55
10°¢ ! | fi2% = 39.4%
8 — ¢ =65.5, N =1
108"
10—10' 1 ‘ ff()=tGS.5 ~ 10—4%

10 102" 10% 103  10%
Mgl

i) Increasing /A and ¢ shifts the peak towards larger mass values (modes involved
exit the horizon earlier and re-enter later).

ii) In the pink case we neglected NS capture constraints, since they rely on assumptions
about the amount of DM in globular clusters, that are disputed.

iii)The amplitude of the brown curve is constrained by CMB: cannot be larger than this.

iv)The case with canonical kinetic terms is ruled out by PBH overproduction.
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Possible embedding in string theory?

Two crucial requirements for the embedding of axion inflation:

not a natural situation in
string theory

"

need alignment
mechanism or similar

1. Field excursion is super-Planckian ——

2. Axion inflation has to be the lightest field

: : : if 7 is stabilised
t duli: I85—
S B Z 1o perturbatively, ¢ is flat
perturbative shift-symmetry: ¢ — ¢+ a and can be stabilised at
Kaehler potential: K = K(T +T) subleading order

superpotential is holomorphic: W D e~ 7

3. The Kaehler metric has to depend on the inflaton

typically K doesn’t depend on the axion at leading order due to the
shift-symmetry — need to compute shift-symmetry violating corrections
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Conclusions

Models of axion inflation with coupling to gauge fields are extremely
interesting from a phenomenological point of view

potentially observable chiral GWs, non-gaussianities

A simple extension allows for PBH dark matter

As all effective models of inflation, they are very sensitive to quantum
corrections

|

need an embedding in a UV-complete theory, where in principle we can
explicitly compute all the corrections

string theory contains all the necessary ingredients

not an easy task...



Axions:

+ Axions are light particles that interact with
photons in magnetic fields. They are
ubiquitous in string theory.

+ The larger and stronger the magnetic field
the better the interaction. The best places
in the Universe are galaxy clusters.

+ Existence of axions leads to spectral

modulations, observable with X-ray

satellites (e.g. Chandra, XMM-Newton,

Athena). (arXiv:1605.01043, with: M. Berg)
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Moduli are particles which describe size
and shape of extra spatial dimensions
and don't interact strongly enough with
usual matter. There are 100's of them.
Their presence is important in the Early
Universe and they can produce so-called
phase transitions.

+ Such phase transitions can produce
observable gravity waves (e.g. SKA,

LISA, LIGO). —  String theory:
* Leading candidate for a unified theory of
elementary particles and quantum gravity.
* Physical consistency: 10 dimensions.
= % 105% choices and no generic predictions
for the LHC.

(arXiv:1607.06813, with: L.Garcla Garcla, J. March-Russell)

Dark Radiation accounts for

But how do we test it? hidden relativistic particles in the

Universe.
Hunt for moduli and axions + The presence of Dark Radiation

modifies the expansion of the
Universe.

+ Current measurements (e.g. from
Planck, Hubble Space
telescope) allow for a small
amount of additional dark
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Hope the collaboration between string theory and
cosmology communities will strengthen in the next years!



Thank you!



