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Outline

- Formation and evaporation of spinning primordial black holes (PBHs) in
an early matter dominated era (EMDE)

- Precision calculation of dark radiation (graviton) emitted by spinning
PBHs

- Constraints on PBHs from BBN, CMB, and the projected sensitivity of
CMB Stage 4



PBHs: motivated by many different scenarios
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underdense - BH formation!

density perturbation
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BHs can be fully characterized by their mass, spin, and charge



mass.

4
MZ’ ~ gﬂ'H(tz)_Bp(tz)

mass distribution:

1) monochromatic, e.g., if the PBH production occurs
at a precise time.

2) extended, e.g., if the power spectrum of primordial
inhomogeneities embeds a wide peak around some spatial scale

spin (more involved):

Radiation-dominated: small angular momentum

Matter-dominated: large angular momentum

can also gain spin either through early accretion or hierarchical merger



Hawking evaporation of Schwarzschild BHs:

Ty = image credit: Quantamagazine

d2ui(E7 t) gi E3

Radiation

)1/3 102407 M}
Y T =
9+«(TBH) Mél

Black : _ % ‘
120 ¢(3 i M3 hol
N; = g( ) g B2H7 Ty > m; o '
U 9+«(TBH) Mg, Radiation




Hawking evaporation of Kerr BHs:
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Kerr BHs have enhanced emission of particles with higher spin.

Gravitons: impact the effective number of relativistic degrees of freedom A Nest
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assuming PBHs are abundant enough to initiate an EMDE
and reheat the universe via Hawking evaporation:
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current experimental limits and projected sensitivities of future experiments:
CMB(two are taken from the Planck)

CMB!  (TT+low E, conservative)

CMB? (TT,TE,EE+low E, more stringent)

BBN: AlterBBN
the sensitivity of the future CMB Stage 4 (CMB-S4) experiment



precision calculation:

- extended spin distribution

/ —da =1

: +OO dQNDR SM .
pDR/sM (fRH) =/ da” dt/ /52 (M, a*)
0

- reheating temperature

1) RH time = time at which last PBH (with lowest spin evaporates)

2) RH time = the average PBH lifetime, weighted by the spin distribution

- degrees of freedom

9+(T), gx,s(T) SuperIso Relic



benchmark spin distributions:

1) Early matter domination era (EMDE):

spin source:

the first-order contribution: from deviation of the boundary of the volume from a sphere.

the second-order contribution: density fluctuations in the comoving region.

The first-order effect usually dominates

(when the initial deviation of the boundary of collapsing region from a sphere is large)

EMDE: 1st order
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In both cases, spin distribution is a function
of the mean variance of the density perturbations at horizon entry
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2) distribution from inspirals:

45 | | ] | | | 1
404 2 gen, initial spin a = 0. 99 " ’
2 gen

354 - - 3gen .
30 4 — 4gen -
254 4 .
2.0 4 -
1.5 - .
1.0 4 .
0.5 - .
0.0 T — T T “T T T

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

spin parameter a

45

Fishbach, Holz, Farr 1703.06869

1 | 1 1 | | |

4.0 -
35
3.0

25 -

= 20 -
1.5 -
1.0 -
0.5 -
0.0

- = ¢g=0.7, initiala=0

— g=1, initial a =0
«iw g=1,initial a =0.99
**** q=0.7, initial a = 0,99

0.2

| 1 1

| 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9
spin parameter a




PBH spins compares to the monochromatic approximation
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Early Matter domination:

EMDE:
1st order =
EMDE: :

2nd order-
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near-extremal PBH spins (monochromatic spin distribution):
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Early matter domination era leading to a PBH-dominated era:
a gravitationally coupled modulus field
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Conclusions:

- The first precision study of dark radiation emission by Kerr PBHs

- Precision study includes: extended spin distributions, careful prescription
for reheating time, precise evaluation of degrees of freedom.

- precision results for PBHs formed during an EMDE.
- Provided PBHs dominate the energy density of the Universe before

evaporation, CMB-S4 will be sensitive to nearly all EMDE distributions
and monochromatic spins greater than 0.69.
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