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Outstanding Fundamental Questions in Physics

Matter Asymmetry
InfRation
Neutrino Masses

Accelerated

Cosmic
i\tgg/ns Dark Expansion
070 Energy
Dark 71.4%
Matter
24%

TODAY

ion~?
Hubble Tension’ Also Quantum Gravity
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Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Image: WMAP



Canonical Cosmological Timeline

t! O
ni3ation Exponential expansion driven by scalar beld
Solves Horizon & Flatness problems
V(o)
A 5o
t! sel
t! 10° yr — &

Generates perturbations via quantum [3uctuations, seeds LSS

Not tested yet, but something like this almost certainly took place

t! 137 Gyr



Canonical Cosmological Timeline

t! O
nf3ation 4
!inf | !rad oT
eheating
V(o)
A
t! se
t! 10° yr -
reheating

In3ation* transfers potential energy to SM radiation

Eventual radiation domination required for BBN

t! 137 Gyr



Canonical Cosmological Timeline

t! 0
nf3ation
Reheating
aryogenesis
Inf3ation exponentially dilutes pre-existing densities
Need dynamical mechanism to generate asymmetry
t! sel
t! 10 yr

t! 137 Gyr
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Canonical Cosmological Timeline

C
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Reheating ]
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Baryogenesis
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Measured light element yields agree with observations

Inputs: SM nuclear rates, 3 [3avors of decoupled neutrinos, and

I
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Requires baryon asymmetry and a radiation dominated universe T > few MeV




Canonical Cosmological Timeline

t! C
nf3ation
Reheating
Baryogenesis
N non-linear
O ~
@ N
=
S \
Qf] 102l e Galaxy Clustering (Reid et al. 2010) AN o
* CMB (Hlozek et al. 2011)
e LyA (McDonald et al. 2006)
¢ CMB Lensing (Das et al. 2011) ( lini?&ed)
t ! Se( BBN 10} @ Clusters (Sehgal et al. 2011)
¢ Weak Lensing (Tinker et al. 2011)
: T 1072 10 100
I 105 MR Equality
! yr k [Mpc™]

Matter power spectrum in excellent agreement with data
Density perturbations grow linearly in matter dominated era

t! 137 Gyr

Integrated probe of late universe physics



Canonical Cosmological Timeline

t! C
nf3ation Angular scale
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t! se BBN i
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t | 105 VI MR Equality Multipole moment £
MB Measured CMB power spectra

Excellent agreement with data

t! 137 Gyr

Integrated probe of late universe physics



Canonical Cosmological Timeline

t! O
nf3ation
Reheating Lots of model dependence
Can change order/detalls of events
Baryogenesis EWSB or QCD PT (optional)
t! sel BBN
MR Equalit N
t | ]_()5 yr g Yy Excellent knowledge after ~1 sec
CMB

t1 137 Gyr



What if we add a BH population early on?

t! G

nf3ation

Reheating - f)

Baryogenesis

e.g. from modiPed inf3ationary potentials

! se( BBN

MR E lit
t ! 105 yr gquality Ensure these proceed as usual

CMB

t1 137 Gyr
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i = SM + DM + axion + &¢& Hawking Radiation

Mg

# 1.05% 10" GeV
8! M g 5

Tgn =

Hawking, Commun. Math. Phys. 43, 199 (1975)
B. J. Carr, Astrophys. J. 206, 8 (1976).

MacGibbon, Webber, Phys. Rev. D 41, 3052 (1990).




i = SM + DM + axion + &¢& Hawking Radiation

M2 4 1058 10°Gev 9
8! Mg M BH

Tgn =
i

m; <T : o itati
! BH Equivalence principle: all gravitationally coupled

species are produced in hawking radiation

dMgH Gg w1 (Ten) M5, 4 . d1 9
- 29, £ 76$ 1 u (T
dt 307200 M2, 63 10795 gp (Ten) -

Hawking, Commun. Math. Phys. 43, 199 (1975)
B. J. Carr, Astrophys. J. 206, 8 (1976).

MacGibbon, Webber, Phys. Rev. D 41, 3052 (1990).



i = SM + DM + axion + &¢& Hawking Radiation

Tay = Mg # 1.05% 1013 GeV; Y
i 8! Mg | M BH

Mi < Tar Equivalence principle: all gravitationally coupled

species are produced in hawking radiation
| .
dMgH GO w1 (Ten) M5, 4 . d1 g
= ’ #" 76% 10°°gs Y g 1 (T
dt 307200 M2, $1079s " gn (Ten) -

OGray body factorO ~ 3.8 (transmission coefbcient in curved space)

Hawking, Commun. Math. Phys. 43, 199 (1975)
B. J. Carr, Astrophys. J. 206, 8 (1976).

MacGibbon, Webber, Phys. Rev. D 41, 3052 (1990).



i = SM + DM + axion + &¢& Hawking Radiation

M2 4 1058 10°Gev 9
8! Mg M BH

Tgn =
i
m <T . . L
! BH Equivalence principle: all gravitationally coupled
species are produced in hawking radiation

| )
dM m 4 . 2
BH _ o G0 H(TeH) L g (Ten) g

Pl T 4 '
= #" 76% 10°%gs
dt 7200 M3, ’ MBH

Not the usual relativistic DOF

I
NHJ:O
N

041.82

# 1.0
g H(Ten) & Wi i H ,  OH =

i %0.41

0.05

w O u O
[

Hawking, Commun. Math. Phys. 43, 199 (1975)
Carr, Astrophys. J. 206, 8 (1976).

MacGibbon, Webber, Phys. Rev. D 41, 3052 (1990).



i = SM + DM + axion + &¢& Hawking Radiation

M2 4 1058 108 Gey 9
8! M gH M BH

Tgn =
i

m; <T . T itati
! BH Equivalence principle: all gravitationally coupled

species are produced in hawking radiation

dMgh Gg v (Tenw) M7 A 11 |
=" —n " 76$ 1 u (T
dt 0720 Mz, 163 0?*gs * g n (Tem)

9
M BH

Unlike particle population: same evaporation time for all BH of same mass!
most particles produced near this time

3:

) M, 2 ’
| | " dMgy M | M 108
" 051.3% 10 ©sd @ B8 964.0% 10 *s ——
J o 9 .H(TeH) 189 9 .H(Ten)
Require full* evaporation before BBN at ~ 1 sec NB: mp ! mg
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Subdominant pBH Scenario fgu! 1

Inf3ation (same as usual)

SM Reheating BH population
(same as usual)

leui = feu!lint

13

lami = (1! fBu)! inf

1 4

psm ! a pBa ! a

Assume all BH have the same mass M()



Subdominant pBH Scenario fgu! 1

Inf3ation (same as usual)

SM Reheating BH population
(same as usual)

leui = feu!lint

13

lami = (1! fBu)! inf

| I 4

psm : a ppa ! a

Assume all BH have the same mass M()

BH relative density grows, but never dominates the total energy of the universe

H2: | 1

- d
- ! sm
a

Initial BH yield at reheating

NeH (trRH) _ Cfen! %0 (Tru) TRy 45 _ 3ien Trh
S(trH ) 30Mo 2120 (Tru ) TRy Moy

0 _
YBH_



Is Background Accretion Important?

If BH are subdominant fraction in background radiation bath with TR

dM gy, A'&M2, #
1
G h Turarawz ' OW =
Accretion Pl ( Cs) S
Accretion + Hawking radiation contribution
T 2 | ) #4 ®
dMen _ " Ggi n (TeH)TgH ' g1 (TR) Ry
at 4380 Gor 1 (Ter )(1 + c3)%¥2  Tan

Combination of factors here satisbes

19 (Tr)
@ e~ OW

So accretion only matters if the radiation bath is hotter



Massive Particle Production: Dark Matter
| = DM From mass/temperature relation

dMpy =#dE = #

dN number of total particles emitted per dT loss

an = 95 _ M dTon
; 3Ten 24! T,



Massive Particle Production: Dark Matter
| = DM From mass/temperature relation

dMpy =#dE = #

dN number of total particles emitted per dT loss

an = 95 _ M dTon
; 3Ten 24! T,

Including Obranching fractionO to DM particles

dN! — g AN =$ N! _ / dNI _ Pl / 3BH g
g+ g T 24V Jm, 1gy 9 (TsH ) + g1

0

my soY;

crit

Total DM vyield Y, = N YBOH =l 1, =

See also Baumann, Steinhart, Turok 0703250 _
Lennon, March-Russell, Petrosian-Bryne 1712.07664 Morrison, Profumo 1812.10606



Massive Particle Production: Dark Matter

10t
Radiation
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However BH Generically OCatch UpO

! z 2 ! 11 1
gz, 8 _ 86 "ri CeHi
- a 3 a’ as

Eventual BH Domination for some initial reheat temperature after inf3ation

fil 21 4810 12 mdh H =

) o " alo |
10°°GeV = 10g 8 G"gy

"Rii T; M; 3

T;



However BH Generically OCatch UpO

H2 @ 2: 8'G "Ri . "BHi

a 3 at a3

Eventual BH Domination for some initial reheat temperature after inf3ation Ti

! "l ! _
f "BHA | 4¢ 10 12 10°Gev = 10°g . L. 8G%mm_2
"Rii Ti Mi 3 3t
AM 32 #Zgu
" 2 2\ — Pl _— - T4
BH evaporation restores SM 'en (") ! MpH(") = g2 ~ 30 TRH

' ! ! ! !
10g % g (Ten) Y7 14

Now Insensitive to initial '
Try " 50MeV ——=

fraction or temperature M 108 g (Tru)

ORe-ReheatingO

" 14



However BH Generically OCatch UpO

BH Domination
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Observed DM density on dashed lines
Scenario works mainly with heavy DM

Assuming no additional DM interactions, if BH dominate: Mpyv > 109 GeV
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Black Hole Domination

Inf3ation

Anything

BH population

Hawking
Evaporation

SM + DM + other exotics

DoesnOt matter how we get to BH domination could
even start as small fraction and Ocatch upO



Dark Radiation from pBH Domination
Goal: calculate energy density of light BSM particles @ CMB era

4 'or (TEQ)
l Nga !
lsm(TeqQ)




Dark Radiation from pBH Domination
Goal: calculate energy density of light BSM particles @ CMB era

4 'or (TEQ)
l Nga !
lsm(TeqQ)

System evolves according to

MR Qen _ %3 gy H + ! gy Men 1

/ dt dt M BH

BH population depletion

Depends only on BH mass and assumption of BH domination



Dark Radiation from pBH Domination
Goal: calculate energy density of light BSM particles @ CMB era

4 'or (TEQ)
l Nga !
lsm(TeqQ)

System evolves according to

SM+DR d! o dMgy 1

= @Rl gy H + !
dt BH BHdt Mgy
d! . dMgy | 1

=1 4l gy !

/ dt '+ B dt !SM M gH

SM radiation density sets RH temp
Only produce species with mass less than BH temp

*Integrable*



Dark Radiation from pBH Domination
Goal: calculate energy density of light BSM particles @ CMB era

4 'or (TEQ)
l Nga !
lsm(TeqQ)

System evolves according to

SM+DR d! o dMgy 1

= 03l gy H + !
dt i "M dt Mgy
dsv _ oy g IMen) 1
dt ~ 0 M PR g T Mgy

d! pr dM gy 1

= 1 4 |
/ dt DR BH d \DRMBH

DR density, also integrable




Dark Radiation from pBH Domination
Step 1: Create the full SM radiation bath at the BH evaporation time

Reheating From BH Domination

TRH [GGV]

10° 109 107 108 10?

M; [grams]

RH temperature of the SM bath once BH are gone



Dark Radiation from pBH Domination

Step 2: Determine SM radiation density at matter-radiation equality
Entropy conservation
(@°S)rn = (@°S)eq =& a3y O .s(Tru) Tan = ao 0 .s(Teo) Teo

Entropic DOF (not to be confused with Hawking evaporation DOF)

| ") i
Teo o amn 9s(Tan) 7 Teg =0.75eV

TRrH aEQ g s(Teg)



Dark Radiation from pBH Domination

Step 2: Determine SM radiation density at matter-radiation equality
Entropy conservation
(@°S)rn = (@°S)eq =& a3y O .s(Tru) Tan = ao 0 .s(Teo) Teo

Entropic DOF (not to be confused with Hawking evaporation DOF)

| ") i
Teo o amn 9s(Tan) 7 Teg =0.75eV

TRH aEQ 0 .s(Teg)

SM Temperature ratio and energy density @QEQ

! R . ! ! R !
IR(Teq) _ arv © @ (Teq) @ .s(Trn) Y2 Tapn Y 9 (Te) @ s (Tru)Y?

IR(TRH) @0 g (TrH) 9 .s(Teq) aEQ g s(Teo)¥ 3



Dark Radiation from pBH Domination

Step 3: calculate the ratio of dark/visible radiation

) -
'br(TEQ) . agrH

Ior (TRH) @0

No entropy dumps in DR



Dark Radiation from pBH Domination

Step 3: calculate the ratio of dark/visible radiation

) -
. | T a
No entropy dumps in DR or (TeQ) _ arn
' bR (TrH) agQ
Ratio to SM set by Hawking DOF
| DR (TEQ) — | ObRr H | O s (TEQ)4/3

'R(TeqQ) g H 0 (Teo) 9 s(Tru )3



Dark Radiation from pBH Domination

Step 3: calculate the ratio of dark/visible radiation

) 74
. ! T a
No entropy dumps in DR or (Teq) = =8
'pr(TrH) aAEQ
Ratio to SM set by Hawking DOF
'or(TeQ) _ OorH ¢ s(Teg)* 3
'R(TEQ) O H 0 (Teg) O s(Tru)Y3
Final result milder than naive expectation
TR | ) :
"N = 'or (TeQ) N, 4+ o 1t v, 010' Oorp 106 MO
. ! R (TEQ) 7 4 . 4 O (TRH)

BH is hotter than RH temp N> smaller branching to DS




Aj\/veff

1071

1072L

Neff in BH Domination

TRH [GGV]
102 10* 10V 1071 1072 1073
Current Limit (BBN)
Current Limit (CMB)
Dirac /
- Weyl ___Z
F ﬂassive Vector
:Scalar
© Stage IV CMB (Projection)
- Graviton
10° 109 107 108 10°



I Ne

Comparing to Conventional Thermal Relics

TRH [GGV]
102 10* 10° 1071 1072 1073
B RealScalar Current Limit (BBN)
= \\Neyl Fermion | I Current Limit (CMB)
_1| Dirac
Planck 2 N /
| Ay === lassive Vect
H HE E B B D DD EE N BB EEEEE®N P-le.rlc-k-l- H E B B BB EEEEEm ; ZHQ::) I Scalar | (LbeV() (I(J )()r
1 < © Stage IV CMB (Projection)
10 " 1072
- Graviton
102 T BN B R B T BT B B 10_3' L L L L L
10 3 10 2 10 1 10° 10 102 10 104 10° 10° 107 108 10°
Tr (GeV) M; |grams]

Flaugher et. al. CMBS4 science book

Unlike relics, for BH, all DR is within interesting range for future CMB S4
which will measure this at few % level



Connection to Hubble Tension?

Relieving the tension with Neff

: 0.84
75 - :
Riess et al. (2018) 0.83
T ; - 0.
é 70 T ; o
: ; ' - 0.81 5
é o - 0.80
Io 0.79
60 - : 0.78
Planck Collab. VI 2018 0.77
2.0 2.5 3.0 3.5 4:)‘\\’;53active+1|ight sterile
Nest
r o Csdz
= : # O 7 % 12
3000 Mpc $ % 1
Z) 2 {4 3 ‘, 4 2 3
h2 14+ 178 5(Ng 1+ 2)4+ | nh?(1+ 2)
- / o
dA ! dz

3000MpC ™~ o [I ph2(1+ 2)3+ |, h2]!'?

Bdias e o

Martina Gerbino NeutrinoTelescopes, 21/03/19



Comparing to Conventional Thermal Relics

Thermal Relic juie SOIEH|  owveer  [IRRIENT

| 1ev ! 1MeV | 10° GeV

Usual picture of particles in thermal equilibrium



Comparing to Conventional Thermal Relics

Thermal Relic juie SOIEH|  owveer  [IRRIENT

| 1eV ! 1MeV | 10° GeV
Hawking Radiation |[SStRse SRR |
| 10 MeV I 10° GeV | Mp

From BH domination, note that heavier masses can count as radiation!

b/c typically emitted at higher energies than the SM bath

[Assumes that the dark radiation does not thermalize with the SM]



Concluding Remarks

-We donOt know what happened before BBN
-Early BH population: evaporation can seed initial conditions for BBN

-Can produce super heavy DM and exotic particles (added Neff)

-Interesting Neff range to reduceHubble tension

Other possibllities:

Modibed structure formation (Ericeck 2015)?
Vary distribution of BH masses?

Add BH spins or charges?



