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Plan of this lecture

1- The CMB as a probe of energy injection
in the early Universe

2- Energy-1njection processes due to PBHs,
and resulting CMB constraints

A- Dissipation of small-scale perturbations
B- Hawking radiation

C- Accretion
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Essential spectral distortion physics

e First 2 months (z > 2e6): photons are easily created and
destroyed, and thermalized

—> blackbody spectrum, no matter
what happens 1n first 2 months

Zeldovich & Sunyaev 1969,
Hu & Silk 1993, Chluba & Sunyaev 2012

Intensity 7,

After 2 months: energy injection/extraction

would distort photon spectrum
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=> Constrains the amount of non-standard
energy injection in the early Universe



Fast-forward in time

~ 20,000 years: 1st Helium recombination
He*+ +e-— He++ y

~ 130,000 years: 2nd Helium recombination
He* +e — Hel + y

~ 400,000 years: hydrogen recombination
H+*+e — HY+y
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last scattering epoch

~400,000 yr time

temperature ~3000 K



time

diffuse hot gas first stars proto- modern
galaxies galaxies



~ “surface”
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What are we seeing exactly?
betore last scattering:

provide pressure provide containment
(impede free streaming)

together: 1deal fluid with large pressure



Small 1initial overdensities generate sound waves 1n
photon-baryon fluid, propagating for ~400,000 years




Superposition of many incoherent sound waves,
oscillating for ~400,000 years

0(k,n) ~ &g cos(kcsn)
cs ~ c/V3

Last " snapshot” 1s imprinted on the last scattering surface



CMB Angular power spectrum = variance of

S R

temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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temperature fluctuations as a function of angular scale
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f

variance o

CMB Angular power spectrum =
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of
temperature fluctuations as a function of angular scale
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CMB Angular power spectrum = variance of

S R

temperature fluctuations as a function of angular scale
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CMB anisotropies are very sensitive to recombination

State-of-the-art recombination codes:

HYREC Ali-Haimoud & Hirata 2010, 2011

COSMOREC Chluba & Thomas 2011

compute x.[standard] with accuracy ~tew parts in le4,
in ~1 second / cosmology

HYREC-2 Lee & Ali-Haimoud 2020

accuracy ~few parts in 1e4, in
~1 millisecond / cosmology

Nanoom Lee
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Non-standard recombination from energy injection

dE
dtdV injected

Suppose some process 1njects S
. . Pinj —
energy with volumetric rate

Not all energy is etficiently deposited in the plasma (e.g.
if the process only 1njects neutrinos, no deposition)

 dE
Pdep = 1V | der

= | X Pinj

Deposition efficiency f depends on details of injected
energy (type of particles and spectrum)



Non-standard recombination from energy injection

Extra heating of the gas

Direct extra 1onizations of
Hydrogen (and Helium)

Deposited
energy

Extra excitations of
Hydrogen (and Helium)

net effect: . = T.|standard| + Az,

: pdep
A e ™ 1 — e
te~ (1= ) = T35 ov



Summary of Part-1

* CMB spectral distortions probe heat 2l

(=)
s

injection/extraction into/from photon-

o
o0

baryon plasma at z < 2e¢6

Al Dde
t, P~

S
o

Intensity 7,

o
o

oy .
()
T

* Energy injection also atfects *
Recombination hence CMB

anisotropies

3 pdep
A e Y ]. 2R e
= ( - )nH x 13.6 eV
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and resulting CMB constraints



A-Dissipation of small-scale perturbations

Ideal fluid: infinitely small mean-free path between collisions

Comoving mean-free path between Thomson scattering events:

1 1 13 2
A = Aeom = zSMpc( 0°/2)

NeTT aneoT Te(2)

=>The photon-baryon plasma 1s not quite an ideal fluid.

This induces a viscous force:
dv

Gl ¥ AV came/V3




=> Viscosity force exponentially damps acoustic
oscillations at scales smaller than the Silk damping scale

0(n) ~ do Cos(kcsn)e—kQ/k%(n)

T dn’ _
_9 1] N 3\3/2 1
k(1) ~ / pry kp ~ 0.1(z/10%)"* Mpc

102 10~} 10" 10! 10° 10°

L M\ne™ 1



Energy density in sound waves:

kD
praves ~ pr2(82) = pr? [ Ak AZ(0

=> Energy dissipated
pdiss ) dIn kD )
~ C AZ(k

=> Spectral distortion

&
AL

kD(Z*)
= / dnkp A2(kp) [z, ~ 2 x 10°]

kp(ze) ~ 10* Mpc™*




Upper limits on primordial (adiabatic) perturbations

Chluba, Erickcek & Ben-Dayan 2012

le-3 e

/
/

COBE upper limit from u
le-5 - S T =
- equivalent of PBHs -
- e equivalent of UCMHs -
] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] ]
le-6 1 10 100 1000 10000

k [Mpc-]



Resulting indirect constraints on PBHs

It PBHs result from the collapse of order ~0.1 density perturbations
and 1f primordial perturbations are Gaussian

=> Upper limits of ~le-5 on Apim €ssentially rule out PBHs with
M * 2ed4 My, from making any appreciable fraction of the DM

.‘ ‘ ! '
10 Nakama, Carr & Silk 2018 /7" /p;
FIRAS, fnp=c0 !
1076
f 10—10
107148 *l" . 'HYPERPIXIE/,,—"'
.-~" SINGLE
1018 ‘—J-- ' | | | | |
1000 105 107 109 1011 1013

M/M,



B-Hawking evaporation
dM M3

MmN\

dt tp M?

For M = 1el5 grams, PBHs would have already evaporated
by the present time, thus cannot make more than ~1% of DM

tevap 7 tP(M/MP)B

For more massive PBHs, inject energy in the plasma

Pinj — NPBH

aM

dt

~ Foon 22 (N /M)
tp
PDM

{nPBH — JPBH W}



Resulting ettect on the CMB

pdep
nyg X 13.6 eV

- Effect on recombination: Axe ~ (1 — X e)

pdep 8 3 PDM trec
Aaje ~ trec ~ 10 fde f bh MP M
10_8,0b pJ P ( / ) b tP

~ 10°(faep/0-1) fobn (10™°g/ M)

A very rough estimate of the sensitivity of CMB Ar. < 0.01
anisotropies to recombination perturbations: €~ 7

fopn S 1077 (M/107g)"



The precise limits require a much more detailed treatment of course!

100 g

1071? .........................................
102 4 t.:. :.:.: ,i.t. :.:‘: .j.:. t,:.: .:.j. i.j.‘

1074 IRXOXOOOOONONNNXNY

fPBH

QPBH/QDM

1072 OO X X

10—6_

101 Full treatment Planck constraints 1077_'
| — — — On-the-spot Planck constraints |

1012 ¢ CMB constraints from Carr et al. 2010 - 3 Fixed ACDM  [20 Free ACDM

lel5 1el6 el
MpeH |g

EGB constraints from Carr et al. 2010

lel4d lel5 lel6
Mpgy |g]

Exercise: estimate the amplitude of spectral distortions from PBH
evaporation and show that SDs are much less constraining that
CMB anisotropies. Same for PBH accretion.



C-Accretion

e PBHs accrete gas with accretion rate  /\/[

. . T 2
e Part of the accreted rest-mass 1s re-radiated L = eMc

* Volumetric rate of energy injection:

PDM

pinj = nppul = fpBH W

e Conversion from injection to deposition depends on
type of particles and spectrum.

 Compute effect on recombination, then CMB anisotropies

first studies: Miller 2000 and Ricotti, Ostriker & Mack 2008



Accretion rate M

* Simplest scenario: stationary black hole in a uniform gas with
density gp with sound speed c¢s. Known solution: Bondi-Hoyle

. GM)?2
_GM Mp = 4mppcs R = 47pr( )

3
Cg Cs

Rp

 Complication 1): ¢s = Adiabatic sound speed? Isothermal sound
speed? => heat equation has to be solved selt-consistently,
accounting for Compton heating by CMB photons.

e Complication 2): Bondi-Hoyle solution results from balance
of gravity and pressure forces only. In the early Universe,
baryons feel Compton drag from CMB photons

M =\ MB [iSO]



Accretion rate M

Ali-Haimoud & Kamionkowski 2017 X\,

0.10¢} \
0.05 — *

50 100 500 1000 5000 10°

 Complication 3): PBHs are not stationary: large relative
velocity between DM and baryons (~ Mach 5 around z ~ 1€3).

Ad-hoc solution: c¢g — \/ c2 +v2,  then average L over v



Accretion rate M

M 2

Lxaq

1 Mg

107> =—— — Ali-Haimoud & Kamionkowski 2017
50 100 500 1000 5000 10%
<

e Complication 4): an accretion disk might develop (Poulin et al.
2017). Caveat: does the flow cool fast enough to form a disk?



Radiative etficiency

This 1s a famously difficult problem
=> Let us try to estimate the minimum possible radiative
efficiency, to derive a conservative bound on PBH abundance.

At minima, the infalling gas gets heated and ionized, and emits
free-free radiation. => we need to estimate the density and
temperature profile of the accreting gas

photoionization --------:

collisional 1onization

<
innermost . collisional ! T
. . PoL . . oco — 4 cmb
adiabatic . lonization :
region . region | outeriflow

> T

— 8
T 1+ 7, . _
S ~ ( ) Tion Tion mln[17 Y 2/3]TB



Ts (K)

O

1010

Radiative etficiency

" collisional 1onization

10°

1073 Fowioaion =0,
i \
| \
—4|
LEaq |
]\462 105

- collisional ionization

50 100 500 1000 5000 10



Radiative etficiency

| __=="7>  Ali-Haimoud & Kamionkowski 2017
4| e \
10 "10% M., N
S 10_7 /’\
it _-” \
) 10-10} 10° Mg ,-
V : ) R
10-13p—mmmmm"" - L +
1 Mg photoionization ==------ *
collisional 1onization
1016 R \

100 1000 10? 103

Note: this could be substantially larger for disk-like accretion
(see Poulin et al. 2017)



Efficiency of deposition

At the relevant photon energies (~0.1-10 MeV), main channel to

deposit energy 1s through Compton scattering with free or bound
electrons.

1 \ _
0.50}
p dep
Pinj (.10
0.05 |
: photoionization ======-- f
’ collisional 1onization
001—

50 100 5001000 500010
<



Efftect on free-electron fraction...
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[LLimits from Planck
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Potential reach 1f accretion was disk-like

109 -
0ty
1072
10731
=iy
ol 10_ ] .
"~ Poulin et al 2017
10771
10761 ) . )
] Accretion constraints Other constraints
| —— Spherical accretion —-—  Micro-lensing
10779 pn Disk accretion with veg = ¢4.00 —— TRadio
| momm Disk accretion with veg = \/ Cs.00{V7 )1/ ---- Dynamical heating of star cluster
10-8 - I —— _— —_—
101 10° 10! 102 103
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Summary of lecture 1

CMB spectrum and anisotropies probe energy injection in
the early Universe. Here we have applied this to PBHs,
and considered 3 mechanisms for energy injection:

1.2 1

e Dissipation of small-scale perturbations. Rule out ..
PBHs with M > 2e4 Mg 1t they are formed from =~ =~
the collapse of Gaussian primordial fluctuations

 Hawking evaporation: sets stringent bounds on \ o
PBH masses lelS5g<M< lel7 g

e Accretion: conservatively rules out PBHs
with M > le2 Msu, from being all of the DM

0.1 1 10100 1000 10
Mypn/M



