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.I 1. Motivation
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« DM may couple only through gravity.

« Can gravity alone yield today’s relic
density?

 Answer — Yes, via PBHSs!
« Hawking radiation

« Superradiant instabilities

We consider early-universe PBHSs that
evaporate before BBN: M,,; < 10° g



.|2. DM from PBHs: Hawking radiation & superradiance
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« Hawking radiation

 Efficiently generates all particles with mass < Tgy
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\  Superradiance

« Extraction of mass and angular momentum from Kerr BH

Superradiance * Requires enough BH spin (decay when not enough)

» Population of superradiant particles (with mass u)

 Forms a “superradiant cloud”

« Mass coupling Mu/Mpjanc’ ~ 0(0.1) ,



. I 3. Previous investigation
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« DM enhanced by superradiance
« Hawking radiation alone: Npy ~ 10%1

« Superradiance: Npy ~ 1023

« Settings of Bernal et al.:
« Scalar DM particle
* A single superradiant mode

* No evolution after growth

« This picture is incomplete:
* Missing GW emission

* Missing multi-mode dynamics



Bl | 3.1. The first missing physics: GW emission

DM + DM — Graviton
Decreases the mass of the
superradiant cloud

Detailed discussions:

Guo, Y.-D. et al. (2023)
10.1103/PhysRevD.107.075009
Guo, Y.-D. et al. (2024)
10.1103/PhysRevD.110.083029



Bl | 3.1. The first missing physics: GW emission

I Growth I Saturation Decay
Tinst 7_GV\ 7_G\\
=1 /__\ EA;:E}“' = Joilt)

(M;, Ji) (M, Jy)
wew R 2

~ ~

Superradiance Instability Phase Gravitational Wave Emission Phase

Evolution of superradiance: Growth — Saturation — Decay

Figure from
Siemonsen, N., & East, W. E. (2020) 7
PRD, 101(2), 024019



. I 3.1. The first missing physics: GW emission

Growth I Saturation I Decay
Tinst 7-GV\ TG\\
=1 /__\ EAK:E]“' = Joilt)

(M;, Ji) (My, Jy)
wew R 2

~ ) ~
~ ~

Superradiance Instability Phase Gravitational Wave Emission Phase

Evolution of superradiance: Growth — Saturation — Decay

Figure from
Siemonsen, N., & East, W. E. (2020) 7
PRD, 101(2), 024019



Bl | 3.1. The first missing physics: GW emission

Growth Saturation

Tinst 7_GV\ 7_G\\

=1 /__\ EA;:E}“' = Joilt)

wew R 2

~ ~

(Af,,JZ) (Mfa Jf)

Superradiance Instability Phase Gravitational Wave Emission Phase

Evolution of superradiance: Growth — Saturation — Decay

Figure from
Siemonsen, N., & East, W. E. (2020) 7
PRD, 101(2), 024019



. I 3.2. The second missing physics: Multi-mode dynamics
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. I 3.2. The second missing physics: Multi-mode dynamics

« Example: Scalar superradiance
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DM remains
(2,1,1)
M\ (01 | M 0.1\ 1

=~ 26 ~ 1 10 19
—

M 0.1 \® 1 M 0.1 \* 1

ST —18 GW —10
~ 1. — ~ 1. 1
T3y ~ 1.37 X 10 S(lkg)(M,u) o T399 8 x 10 S(lkg)(Mu) o
—

e ~ 2.3 x 1079 s Mini 3
' 1 kg
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.I Previous dynamics

I's': Superradiance rate
Growth forT > 0
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.I Previous dynamics

I's': Superradiance rate
Growth forT > 0

N®°": Occupation ST
dN L I-\ersr
dt — Decay forI' < 0

number

f: Page factor of mass loss

PBHmass J\Mf f M. a,
= — (M, a.) — uI™ N A superradiant particle takes mass of

dt M?
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.I Previous dynamics

I's': Superradiance rate
Growth forT > 0

N®°": Occupation ST
dN L I-\ersr
dt — Decay forI' < 0

number

f: Page factor of mass loss

PBHmass J\Mf f M. a,
= — (M, a.) — '™ N A superradiant particle takes mass of

dt M?

g: Page factor of angular momentum loss

PBH spin (g, M,a,)—2f(M,a,
a. _ , 9Ma) —2f(Ma)  m oy
dt M3 M?2

20,

M

A superradiant particle takes

/,LP SI'NSI'

angular momentum of m
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. I 4. Revised dynamics
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N;": Occupation - GW
number of mode i sz‘ _ TSNS _ Pz'
2 2
dt K - Our revision:

e Added GW emission

PBH mass djj _ f (]\]\/‘2’20’*) _ Z pLS NS « Added multi-mode dynamics
PBH spin da, o g (M7 a’*) — 2f (M7 a*) m ST N ST 2a, ST NSt
ad " M3 ~ 2 TN | 2T
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. I 4.1. Revised dynamics: Evolution, scalar case
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. I 4.1. Revised dynamics: Evolution, vector case
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. I 4.2. Revised dynamics: Cosmological evolution

« Three components in the early universe: PBHs, SM particles, DM particles

3H?2
ST

PPBH T PSM + PDM =
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« Three components in the early universe: PBHs, SM particles, DM particles

3H?
PPBH T PSM + PDM =
ST
dpng | SH PPBH — pl;\jH d(j\tl PBH evolution under mass loss
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. I 4.2. Revised dynamics: Cosmological evolution

« Three components in the early universe: PBHs, SM particles, DM particles

3H?
PPBH T PSM T PDM = .
dpng | 3H PPBH — pl;\jH d(j\f PBH evolution under mass loss
dpSM | 4HPSM — PPBH dM SM particles from Hawking radiation
dt M dt |gy
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. I 4.2. Revised dynamics: Cosmological evolution

« Three components in the early universe: PBHs, SM particles, DM particles

3H?
PPBH + PSM T PDM =
ST
dppBH ppea dM
| 3H — PBH evolution under mass loss
dt PPBR = 3 " at
dpSM | 4HPSM — PPBH aM SM particles from Hawking radiation
dt M dt |qy
dppm OPPBH AN dN;*
- 3H — |
dt pom = i | g T g

DM particles from Hawking radiation &
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. I 4.2. Revised dynamics: Parameter space
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Solid: Hawking radiation + Superradiance (with GW) + Gravitational UV freeze-in (an independent DM production channel)
Dashed: Hawking radiation +superradiance (without GW)

* Dotted: Hawking radiation alone 16



. I 5. Conclusion

« After adding GW emission and multi-mode dynamics for superradiance:
« Scalar DM
« Contribution from superradiance: Can be moderated
* Vector DM
« Contribution from superradiance: Can be negative!!!

« Parameter space thereby revised

Thank you!
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