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Introduction ICTS, DM School

- Postulated 40 years ago, they can be created by large density contrast in the

' early universe;

Carr&Hawking, MNRAS, vol. 168, pp. 399415, 1974
Carr, ApJ.,vol. 201, pp. 1-19, 1975}

-~ Do not emit light; Non-relativistic; Nearly collisionless; Formed before BBN;
- Solve small scales issues of DM ! S. Clesse, J. Garcia-Bellido, Phys. Rev. D 92, 023524 (2015)
~ Can be the seeds of SMBH at the center of galaxies; Carr&Silk, 1801.00672

<~ They can be probed in many ways, hence subject to many observational
constraints ... Sasaki++, 1801.05235
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Introduction ICTS, DM School

e —_

| ° Briefly: constraints on PBH formation and the primordial
power spectrum

- Constraints on disk accreting PBH (1 < M/Msun < 10xxx)
o A new hope: the 21cm signal

~ Constraints on mixed (PBH+else) DM models

~ Constraints on evaporating PBH (3* 1013 < M/g < 1017)

© B. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, 2002.12778
-~ B. Carr and F. Kuhnel, 2006.02838

| © M. Sasaki, T. Suyama, T. Tanaka, and S. Yokoyama, 1801.05235
© Green and Kavanagh 2007.10722
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Introduction ICTS, DM School

Spectrum of density fluctuations after inflation
BROAD PEAK Credit: Sebastien Clesse
Fluctuation broad range of
litud PBH masses
amplitude Larger fluctuations,
collapse at later times
to form more massive PBHs
< 1\
Higher peak,
7 higher abundance of PBHs
FAERN
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10_5 - ,l \\ Our model
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< Many more models in the lltera,ture e.g.

, Typlcally the field driving inflation needs to slow down to create a
| peak in P(k) « H&?/e. (&€ = slow-roll parameter).

1st and 2nd order phase transitions: lowers the threshold
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- From extended inflation models (Hybrid, curvaton, multi-fields ...):




ICTS, DM School

Green and Kavanagh 2007.10722
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- These constraints can affect specific scenarios of PBH formation
- They can be sensitive to the "statistics’ of the fluctuation
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ICTS, DM School

Chluba++ 1505.01834

~

~ Power at small scales is damped via Compton scattering- the so-called “Silk Damping”: this
“thermalization’ affect the black-body distribution

~ Most important processes to thermalise any energy injection are Bremsstrahlung, Compton
and Double-Compton scattering.

klf those processes go out of equilibrium, SD can occur. J

dz’

Intensity signal for different heating redshifts
5 T T T T T TT | T T T T 1T TT |

Al(v) = Lipue(v) — Ipp (V) AL, ~ /Gth(u, 2" d(@/py) dz’
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0 NG
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Redshift z Chluba++ 1505.01834
Firas: 4 < 9% 107, y < 1.5x 107> Fixsen++ ApJ 1996
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- Spectral Distortions {

d(Qac/IOW’) 2 d k2 dk —2k? /K2
~ —2A°— P /kp
dz dz 2772 R (k)e

5 27 2 todr
rid=s— ) ~
k; . an,or

© Range probe: 30 Mpc—1 <k < 5000 Mpc—1, which corresponds to the PBH mass
range of 109Mo <M < 1010Moe

<~ Caveat: the constraints depend on the statistics. It relaxes largely for non-gaussian
(p # 2) distribution.
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ICTS, DM School

- Poisson-fluctuation in the density field leads to power enhancement

© Ly-a constrains the fraction of PBH to satisfy: fppuMpsu < 60M 4 (20).

Ppgy (k) = <|5PBH(k)|2> -

I

log P(k) (Mpc?® h9)
o

0,=1-0,=0.3
0,=0.75, h=0.72

I

I

Mo, = 10° M,

I

-1 -0.5

0
log k(h Mpc-?)

Ashfordi, McDonald, Spergel, JCAP 2003
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Constraints from Ly-o |
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Green and Kavanagh 2007.10722
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e.m. injection & CMB ICTS, DM School

[ —

How do e.m. energy injection affect the CMB?|

Wavelength [mm]
1

I) Generate spectral distortions = Apy < 10 -8. T et
p}/,cmb g = |
Problem: £,cmb is huge when | '
interactions are switched on (z >1000). = e 1
see e.g. Chluba & Sunyaev, MNRAS 419 (2012) 1294-1314 ) : L " L
. . V [lcm]
SD distortions from the PBH are weak. (COBE/Firas 1990)

Ali-Haimoud & Kamionkowski, PRD95, no. 4, p. 043534, 2017.
IT) Affect baryons, which in turn affects CMB decoupling and CMB anisotropies

Recombination

——
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Main impact of e.m. energy injection: modification of recombination era
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e.m. injection & CMB ICTS, DM School

The recombination era

Is

The « three levels atom »
Zeldovich Kurt Sunyaev 1968
Peebles 1968

e—p recombination term yemsH ionization term The
Te + ng

d I 1

= — |27 T — 1T
7 1+z{ M‘|"7( M CMB)]

B— e — = S

| For cosmology, sub % precision is needed!

'« multilevel atoms in non-equilibrium
| « radiative transfer effects

- H and He feedbacks

Numerical codes used: CosmoRec, HyRec and « fudged » Recfast

— —— e ——
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e.m. injection & CMB ICTS, DM School

|

—— Instantaneous Reionization I—I—i Fen et al. 2006
1 01 | — Exponential Reionization HH  McGreer et al. 2015

—— Power-law Reionization I—I—i Schenker et al. 2014

| — Semi-analytical model
3 100_ Treio = 0.0596 e

[0 ] T p—

; ‘ Ne + ng
o
2 10!
Sa
L
R
=
= 10725 - ot
5 E | | recombination

|~ - atz=1100
/m—/{

relonization __ relic fraction
&tZz??10_4O SRS N T, T T3 — of free e-
10 10 10 10 10
redshift z

| Huge uncertainty in the reionizatoodelling! |
LDoes not matter that much for CMB analysis. 2lcm!! |

———— ——
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e.m. injection & CMB ICTS, DM School

E ehr njectiofy e |

. 1 M
e _ Ro(z) = L(2)~Lx(2)] | T = L [oy 44T~ Tows) 43

1+ 2

dF

IX(Z) and Kh(Z) X m

dep,c

Typical parametrization through the f.(z, x.) functions :

dF dE
| () = fel2, %) == | (2) 1s
dV at dep,c dVdt inj The « three levels atom »
Plasma Properties Particle/Astro-Physics

| fe(z, x.)is the key quantity, it encodes:

-~ What fraction of the injected energy is left to interact with the IGM
-~ How this is energy is distributed among each channel: 'heat’, ‘ionization’, ‘excitation’

Vivian Poulin - LUPM Cosmological signatures of PBH 14/47



e.m. injection & CMB ICTS, DM School

We inject y in a plasma with ny >> ny

|
|

(\ Q : What happens to the photon distribution? )

~ »

m (0 tu/teoor
Slatyer, PRD93 2016, Liu++ PRD 2020
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Accreting PBH ICTS, DM School

This heats the gas and leads to the emission of xX-ray emission
that can affect the CMB.

Accretion

v
A
|
|
|

Black hole

electrons relativistic (D)

electrons
non-relativistic (D)

Collisional ionization (C)

T adiabatic increase (B)

T same as CMB (A)

Sasaki++, 1801.05235

Drag
© A. De Sousa
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Accreting PBH ICTS, DM School

1 See Yacine Ali-Haimoud’s lecture

-~ Problematic of accretion onto a point mass M is old: seminal papers focused on

accretion by star in an infinite gas cloud.
Hovyle & Lyttleton, 1939, 1940; Bondy & Hoyle 1944; Bondi 1952

-~ Famous result by Bondi derived in the context of spherical accretion

(GM )?

eff

Myg = 47r/\poo'ueffrHB AT APoo

- This is a « geometrical » result: Mass passing through a sphere of radius rgs = GM/VerR

-~ what is Vet ? No exact calculation exists... Proxy: vig = €5 o + Vi,

Sound speed in the gas Relative velocity between gas & BH
o A= 1:accretion eigenvalue. Take into account gas pressure, interaction with CMB...
o The accreted matter gets heated Tg = 109-1011K: bremsstrahlung emission.
L =eMpypc? e~ 1077 — 10_5M/Medd L, v "% exp(—v/Ty)  Shapiro 1973, 1974
© This formalism is applied to disk accretion with appropriate values:
A~10"t - 1072 e~ 1071 —1073M /Meaq Review: Narayan& Yuan 2014

Vivian Poulin - LUPM Cosmological signatures of PBH 17/47



Accreting PBH ICTS, DM School

- CMB constraints strongly depend on the geometry of the accretion: spherical or disk?

< This will then set the typical values required for A and €.

- Spherical accretion: Ricotti et al, 2007, Ali-Haimoud & Kamionkowski: M > 100M®
(conservative case). Ricotti et al., ApJ., vol. 680, p. 829, 2008.
Ali-Haimoud & Kamionkowski, PRD95, no. 4, p. 043534, 2017.

Is sphemca,l a,coretlon a good a,ppPOleatlon ‘?‘? ‘

e ———— e ——— e s _ _

< Ifthe accreted gas has a high angular momentum, it cannot fall straight onto the BH.
<~ Energy is dissipated but angular momentum is conserved ==> Accretion disk forms.

< How high should be the angular momentum®?
=> Keplerian angular momentum for a rotation around the BH at a distance rp,

Ip >~ rpUkep(Tn) =~ VGMrp

Shapiro&Lightman 1976; Ipser&Price 1977; Ruffert 1999; Agol&Kamionkowski 2002
Vivian Poulin - LUPM Cosmological signatures of PBH 18/47



Accreting PBH ICTS, DM School

| A cmtemon for dlsk accretlon

e —————— e ——— e ————

< Now the angular momentum is simply

[ =~ (5_p ov ) VefiTHB
P Veft

Density gradients perp. to the BH motion Typical velocity dispersion on small scales

-~ Hypothesis: a disk forms if the radius of the disk rp >> rg=2GM

0p 4 3/2
i > 10~ 1+ 2
0 ov> 1.5 (1000) m/s.

Agol&Kamionkowski 2002, VP++ 1707.04206
o This is easily satisfied because of the enhanced power spectrum on small scales!
At z=1000, kn1, = 103Mpc-1 << kpg= 105Mpc-!

Afshordi et al., ApJ. 594 (2003) L71-L74
Gong&Kitajima, 1704.04132

¢ No exact computation possible because of non-linearity, but this is always true for binary BH.:
5v = wryg = V2GM/a® with a ~ d/2 ~ 3M/(4rppgy)"> = MIMg > (1 + 2)/730)°

© Spherical accretion leads to conservative constraints but in the early universe, it is
possible that a disk forms!

Vivian Poulin - LUPM Cosmological signatures of PBH 19/47



Accreting PBH ICTS, DM School

~ This is also favored by numerical simulations of supersonic moving black holes.
- Accretion transitions from spherical to “bow-shaped”.

© Atz S 1000: vy = Seq /(1 + 2)/1000.

Density (n,, (cm™)) lonization Fraction
[
1.0E+04 4 6E+04 2.2E+05 1.0E+06 S.0E-05 1.4E-03 3.7E-02 1.0E+00

0.05

0.00

y(pc)

-0.05

-0.15 -0.10 -0.05 0.0 -0.15 -0.10 -=0.05 0.0 -0.15 -0.10 -=0.05 0.0

-10™"  -107% = 10° 10®* -10"'" -10? %10 107 -107' -107° x10° 107
x(pc) Park&Ricotti 2012
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Accreting PBH ICTS, DM School

m_

MCz/(lO X LEdd)

Wha,t, dlSk forms‘? { Review: Yuan&Narayan 1401.0586

e —

'~ Optimistic: Cold, Thin Disk, high radiative efficiency ¢ ~ 0.1

{“, constraints.
' More realistic and conservative: Hot, Thick disk with inefficient cooling — ADAF |
~ (Advection Dominated Accretion Flow). Ichimaru 1977, Narayan&Yi 1994 l

\
e Results of numerical simulations confirmed by observations (e.g. SEr A*).
o Relatively low radiative efficiency and accretion rate.

— — ==

Xie&k YuanZO]

10"
| - Spherical accretion
{ ——— AADAF = 1072 (benchmark)

30 Mg { === Spherical accretion
1000 M, 107 ADAF benchmark
| ——— ADAF high luminosity

10*4_' — — ADAF low luminosity e

h—

MPBH =500 M@ A’ADAF = 10_2 T -—

— .
—
—

1073
3
~ 1076
~
I - o
- 1077+ //
10_8_. /////
oy T :
10_6- ' - ' ' I 10—10_- | - Ma}ximum'sensi'tivity |
102 103 102 103
redshift i
¢ redstuft 2 ypy 1 1707.04206
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Accreting PBH ICTS, DM School

Energy deposition function f.(z)

Enorgy deposilion funciion

- Power law shape up to 100 keV energies from synchrotron and bremsstrahlung.

- Depend on PBH mass and accretion rate. Review: Narayand& Yuan 2014
—a
Ly xw “exp(—w/Ts) T,~m, ae[-1.3,-0.7]
______ Heat Spherical accretion [ Spherical accretion, fpgy = 1
Ionization 500 Mg 10! ] —mo-e- ADAF benchmark, fppy =3 x 1073 Mpgy = 500 Mo
1001 ——— Excitation g ] Standard

N 4

2 10%;

q ]

e _

§ 107! 3

Gy ]

i

e '

< 10724

N 5

a

© P

= Tt T T om=s

10—3 L i T
107 1—

1004 T

s 751 Tl
| S T T — \\\\\

VP++ 1707.04206 R e
104 — — — 0.0 . R
10 10 10 102 103
14z redshift z

~ Delayed recombination, higher freeze-out plateau, early reionization
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Accreting PBH

ICTS, DM School

10791

| 0.1+

C,(PBH)
(ACDM)

C

Vivian Poulin - LUPM

0.0+

< —0.1

Standard

Spherical accretion, fpgy = 1
ADAF benchmark, fpgy = 3 X 103

Mpgn = 500 Mg, Aapar = 1072

T m——
te—
L—

1

multipole ¢

10711

10—13 4

10—14_

VP++ 1707.04206

Standard

Spherical accretion, fppy = 1
ADAF benchmark, fpgy =3 x 1073

Mpgn = 500 Mg, Aapar = 1072

multipole ¢

- Recombination delay: shifts of the peak, more diffusion damping.

~ Higher freeze-out plateau: reionization bump higher, higher optical depth.

Cosmological signatures of PBH
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Accreting PBH | | ICTS, DM School

|

Cotfa,is on di-é B

e ——— - — — —  — — —— — —— —

VP++ 1707.04206

10°-
1071+
1072+
10731
=iy
1071
£ 107
10721
10791 : : -
] Accretion constraints Other constraints
| — Spherical accretion —-—  Micro-lensing
10779 e Disk accretion with veg = €500 —— Radio
| Disk accretion with ve = v/Co00(v7)1/? oo Dynamical heating of star cluster
108 : —— : —— : —— : —
101 10° 10! 102 10
Mppu/Ms

e

i, - Disk accretion constraints are two to three orders of magnitude stronger.

<~ Main uncertainty: relative velocities between PBH and baryons.
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2l cm ICTS, DM School

2 a b BH ,’

-~ PBH accretion leads to increase in the ionization fraction and temperature of the IGM
at late times

T T T T TTTT T T T TTTT 103_"'] ' ' LI DL B L L B ! =
10°8 ' ' N\ A “ADAF” disk accreti E
E Mpgy = 100 M@ g 5 ssumes ISK dccretion :
- l\\ — = -
-1 =|
10 E B (10 0 g 10-:_ .
- fepu= 107" > E ” E 5
oy 2 — - 1
10°F E S Mpgs = 100 M, 1
1 g 10'F (10 =
1073 - E } (10 L E
E = L fegu =107 > 1
10_4 el 5 el 100 Lol L L Lo aeal L L
1 2
101 102 10 10
7 Z

Mena++ 1906.07735

© The effect on x, and 7}, is much stronger at late times.

© This is particularly interesting for 21cm experiments!
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21 cm

ICTS, DM School

Spin Temperature

—1
™ _ g,-Ei0/ksTs —1 _ fcMB
ng S | 4= @ 4 B
scattering with CMB collision within the gas

Higher energy

state

Spin
flip

DD

1420 MHz
A=21cm

T}’

A

interaction with UV from stars

- 21cm theoretically “easy” from z~1000 to 30; then huge astrophysical uncertainty.

Cohen++ 1709.02122

1+ 2

First stars Ly-a 0

X-ray
(SN, X-ray binary,
quasars?)

R

o

o
T

35 23

15

min

10

low-z max

\
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21 cm

ICTS, DM School

increase the baryon temperature and thus

reduce the amplitude of the global signal.

0.2

S

Brightness temperature, T,, (K)
S
N eSS

S

Bowman et al, nature25792

Age of the Universe (Myr)

300

o

— H1
— H2
—H3
H4

HS

H6

-- P8

1

150 200

250

Y

26

24

22 20 18
Redshift, z

If true, the EDGES measurement would strongly
constrain PBH in the universe
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2l cm ICTS, DM School

- ||
\
{
H |
1}
Il
— -

B 21 00 &5 & probe of PB

T ] T Ll l Al L] L] L l T Al L] L] l 1 1 L\l Ll

L Mpgy = 100 M,

10” Sray = 1
°$é / Hera 331
N_'_—; 10' fragm 1072
A
E
< 100
10—1 1 1 1 l 1 1 1 1 I 1 1 1 Il
10 15 20 25
Z Z
100 I | IIIIIII 1 LI llll‘\‘ I | IIIIIII\
MACHO/EROS/OGLE '
1071
1072
a )
J§ 1073
104
107°
Mena++ 1906.07735
10—6 Lol Lol Lol LN
1071 10° 10! 10° 10°
Mpguy  [Mg]

- PBH can also suppress the amplitude of fluctuations in the 21cm power spectrum

-~ Huge discovery potential for future experiments (HERA, SKA)!
See also Bernal++ 1712.01311
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Mixed DM constraints ICTS, DM School

e ——

The SMBH

SMBH have masses Mgy > 105M®. They sit at the center of almost every galaxies.

Marloni 1505.04940
Their accretion disk emission is known to saturate the X-ray background.

. 9 >
SMBH with masses My > 107 have been observed at z 2 6. Banados++ 2017

The mass accretion rate is limited to M < M, exp < > with € ~ 0.1 and 7 ~ 400 Myrs

€ (32

Hence there is barely enough time for a stellar BH formed at z ~ 15 with M ~ 100M, to grow to
10°M, by z ~ 6.
Volonteri 1003 .4404

Several possibilities: super-Eddington accretion, mergers, direct collapse for heavy gas cloud... and
SMBH from PBH!

Begelman++ astro-ph/0602363

Even if it seems complicated for PBH to form all of the Dark Matter, f PBH = 10-8with M_PBH = 109
Msun to explain SMBH at the center of galaxies.

Carr & Silk 1801.00672
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Mixed DM constraints

ICTS, DM School

ncreases the accretion rat

——

—

- Extend bound to sub-fraction of the population: if DM is a particle, what about the

DM halo%

-~ The presence of a DM halo can act as to increase the effective mass of the BH and

hence the accretion rate.

Ricotti++ ApJ 2008, Park++ 1512.03434

- First assuming that the DM particles cannot annihilate: what is the r, .

GnN Mppu
92
— &4, (MpBH, TB off, t) = Vsg(t)
T'B,eff
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=
i~
102 -
10! -
10° 4 rry —r—
1075 1074 103 102 1071

rx ()" (kpe/h)
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&
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{ -3
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Bertshinger 1985
10% 5 Serpico++ 2002.10771
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_____________________ mf:_-______-_____ R ——
101 -i -'.-.'.;.._._.:...
| —— Tot —— vg/(GMpen) i
100_' ==== CDM  ---- ¢%/(GMpgn)
] sereees PBH ....... (vi)/(G.n/IpBH)
....... 1/',
10! — N I
10-3 102 10! 10°
r (kpe/h)
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Mixed DM constraints H

\ ICTS, DM School

b)
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-9 . . . . . 1079 :
107" 7q0 1ot T2 103 1ot 10° 10! 10° 107 10°
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&
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Mixed DM constraints ICTS, DM School

‘DM or WIMP: All or nothing |

—

Carr++ 2011.01930

Py max(2) = f ut | g 20 {(ov)n 2
X0 TR X {ov)m r Bro\ M m2 dV py
X
10-12 1 L L 1 1 ] T 1 1 1
T T T y J
T m—— (Galactic
107 F "*.. | m— eXtragalactic
N TTEEEY ALY 3 e m,=1TeV |
10-14F emem i, = 100GeV |
——m, = 10GeV
S e " ]
r'l‘.
S 10716 -
o8 &
< 10717
10—18 i m,(
------ 1 TeV
10-19]  =—— 100GeV X
=== 10GeV \{ 10-12
10-20 | 1 1 1 1 1 1 1 1 | -13 A . 2 R ' 2 2 2
107 10% 10? 101210 10'210'3 10# 105 106 10'7 1018 0 0T 10-1510-2 109 106 105 100 10° 105 10° 1012 10'5
r [cm] M [M]
See also Lacki&Beacom 1003.3466, Adamek++ 1901.08528
o Alternatively, detecting PBH would strongly constrain WIMP Bertone++ 1905.01238
Y. y
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i | | ™ ICT hool
Bvaporating PBH Energy 1nJeet10n by evaporatmg PBH t‘ SRR
© BHs emit SM part1eles with a bla,ek body spectrum at a temperature Hawking, Nat. (1974)

%T 1 |06 1010g TV ﬁ‘ 13.8 1.6 M 3G
! — ~ a T ~ . —_— I'S
PR srGM T ( M ) ° { BH 7o) ) \2x101g ) 7

o Energy 1nJeet10n rate is proportional to the mass- loss rate
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| o ini
J dv dt inj, PBH MPBH dt |, m dt
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Evaporating PBH

ICTS, DM School

Tonization fraction xe(z)

Zreio — 8.24
— No evaporating PBH
1011 feprfest = 1078, Mppy =5 x 1013 ¢
fea = 1077, Mpgy = 10 g
feeu =1, Mppy =5 x 10 g
109F \
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- Effect is quite similar to that of accreting PBH unless mass is < 1015g.
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Evaporating PBH ICTS, DM School
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34
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£ 107k :
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EGB constraints from Carr et al. 2010 [20)
1012 | Planck constraints w/ full treatment § EV‘(lI) oration
7 CoRE-like experiment 10-3 |
e s e 107 10~
mpgH [g] MPBH [M@]
Stocker++ 1801.01871 Green and Kavanagh 2007.10722
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~© CMB largely dominates at low masses and can improve constraints in the future ! |
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ICTS, DM School

- The numerical code is public: ExoCLASS

Exotic energy injection with ExoCLASS:

Application to the Higgs portal model
and evaporating black holes

Patrick Stocker,” Michael Kramer,* Julien Lesgourgues,® Vivian
Poulin®

®Institute for Theoretical Particle Physics and Cosmology (TTK),
RWTH Aachen University, D-52056 Aachen, Germany.

bDepartment of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218,
USA.

E-mail: stoecker@physik.rwth-aachen.de, mkraemer@physik.rwth-aachen.de,
vpoulin@jhu.edu, lesgourg@physik.rwth-aachen.de

Exercices! |

Stocker++ 1801.01871

& lesgourg / class_public ® Watch 31

<> Code 7 Issues 188 il Pull requests 22 ») Actions ("] Projects [ wiki
— N
O
Join GitHub today
GitHub is home to over 50 million developers working together to
E:I host and review code, manage projects, and build software together.

¢ St 105 % Fork 140
Security
Dismiss

#° ExoCLASS ~ Go to file About

This branch is 387 commits ahead, 538 commits behind master. 19 Pull request Compare

- Try to reproduce some of the figures presented previously.

~ You can also study the effect of DM annihilations & decays.
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Public repository of the
Cosmic Linear Anisotropy
Solving System (master or 2.9
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Conclusions T&k@-HOIIQ message ‘; ICTS, DM School

PBH is a great DM candldate that can be probed in many ways:

Cosmological probes are very powerful to look for electromagnetic signatures of PBH

Accretion excludes PBH as 100 % DM for Mppy 2 30 My (spherical) or Mpgy 2 1 M (disk)

Evaporation excludes PBH as 100 % DM for Mppy < 10Yg
Future 21 cm experiments increase tremendously the discovery potential
Discovery of even a fraction of PBH as DM (SMBH<?) could be the ‘silver bullet’ for WIMPs.

There exists also model-dependent constraints depending PBH formation mechanism (e.§.
GW background, spectral distortions...) not treated here.
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