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Ultralight Dark Matter

▶ Landscapes of dark matter candidates:

Ultralight DM, 

Axion, Dark Photon…

WIMP, sub-GeV DM

Neutralino, Sterile ν…

Primordial BHs,

Topological Defects

▶ QCD Axion→neutron EDM∼ 0.
µeV → relic abundance.

▶ Extra dimensions→
axion-like particles...

▶ Astro and terrestrial probes.

▶ Classical wave
a ≃ a0 cosµt. [AxionLimits O’Hare]



Dense Gravitational Atoms

▶ Gravitational atoms form around black holes:

▶ Superradiance: exponential growth around Kerr BHs when axion
wavelength ∼ BH horizon [Penrose, Zeldovichi, Starobinsky, Damour et al, Brito et al review].

▶ Up to 10%MBH:

Mcloud

MBH
∼ 10% ⇐⇒ aGA

max ∼ 1016 GeV.

Local dark matter field:

a⊙0 ∼ GeV

(
10−12 eV

µ

)
.

▶ Black holes are natural concentrators for ultralight bosons.



Strong-Field Limit of Ultralight Boson

λEM
e.g., α2FϕμFϕμ

Strong-field limit :
α → αc ≤ 1016GeV

More is
different?



Consequences of Strong-Field Ultralight Boson

✯ Strong-field frontier:

☞ Parametric particle production: photon [Spieksma et al 23], fermion [YC et al 25].
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10 % MBH constant flux emission

SR

growth

saturation phase

SR gain = outflow energy

weaker

interaction

Analogous to preheating and strong field QED.

☞ Phase transition, defect production.



Consequences of Strong-Field Ultralight Boson

✯ a0 ∼ fa phenomena:

☞ e.g. Axion-induced birefringence in black hole image [Chen, Shu, Xue, Yuan,

Zhao et al, PRL 20, Nature. Astron. 22].



What about · · ·

Stars?
Schwarzschild

BHs?

Bosenova
or

Saturation?



Relaxation to Gravitational Atoms

Around stars and Schwarzschild black holes:

▶ Relaxation to gravitational atom from ambient waves:
[Budker, Eby, Gorghetto, Jiang, Perez 23]

Spherical ground state with α > vDM/2π.

τrel ∼
1

nDMσvDM

1

nDMλ3
dB

∼ µ3

ρDM
2
×

{
M4

pl v
6
DM, gravity;

fa
4v 2

DM, self-interaction.

▶ Exponential growth is efficient when

▶ High ρDM;

• Galactic center.

▶ Low µ;

• Supermassive black holes.

▶ Low fa.
[Budker, Eby, Gorghetto, Jiang, Perez 23]



Relaxation to Gravitational Atoms

Around stars and Schwarzschild black holes:
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✯ Dominant spherical ground mode:

→ Cloud dissipation through

3 → 1, 5 → 1, · · · emissions.
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Evolution of Accreting Clouds

▶ 1D numerical simulation:

□a =
dVint

da
+ Γrel∂ta, Vint = −µ2f 2a cos

(
a

fa

)

▶ Semi-analytic evolution of collective coordinates

Ṅa = 2ΓrelNa − 3Γ3→1 + · · · ;
· · ·
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Evolution of Accreting Clouds

▶ 1D numerical simulation:
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Axion Fluxes

✯ Signals

▶ Dark matter: ω ≃ µ

☞ Predicted fluxes: ω ≃ 3µ, 5µ, 7µ, · · ·

▶ Relativistic fluxes from SMBH Sgr A∗:
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−4.0 −3.5 −3.0
log10 [j¹a3!0

rad j=j¹a ¯DMj] (Sgr A ¤ )

• aF F̃ via SRF cavity [Berlin et al 20];

• ∂µa ψ̄γµγ5ψ via spin sensor and storage ring [Budker, Graham et al 13, 20];

Relativistic fluxes → signal enhancement ∼ 103.
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Axion Fluxes and Axion Potential

Vint = −µ2f 2a
∑
n=1

λ2n
(−1)n

(2n)!

(
a

fa

)2n

,

2n 4 6 8 · · ·
λ
(cos)
2n 1 1 1 · · ·
λ
(QCD)
2n 0.34 -0.13 0.88 · · ·

✯ Odd harmonics at ω ≃ 3µ, 5µ, 7µ, · · ·

☞ Axion potential reconstruction:
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▶ Probe the full non-perturbative potential.
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Summary

▶ Compact objects concentrate ultralight bosons.

▶ Strong field frontier: up to ∼ 1016 GeV.
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▶ Accreting axion cloud produces discrete fluxes;

Terrestrial detection can reconstruct axion potentials.



Thank you!



Thank you!



Backup



Bosenova or Saturation?

Consequences of gravitational atom when a0 is close to fa?

▶ Understanding of superradiance shifts from bosenova to saturation.

▶ Key differences of relaxation:

• Spherical ground (1,0,0) mode dominates.

• ρDM and fa-dependent relaxation rate.

• Cloud dissipation through 3 → 1, 5 → 1, · · · emissions.

[Yoshino et al 12] [Baryakhtar et al 20]
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Condition for Bosenova

Variational ansatz: a = 1√
2µ

(
ψe−iµt + h.c.

)
, ψ =

√
Na
πr03

e−r/r0 .

▶ Effective potential:

E(Na, r0) =

∫
d3r

(
1

2µ
|∇ψ|2 − α

r
|ψ|2 + Vint(ψ)

)
=

Na

2µr02
− αNa

r0
− Na

2

128πfa2r03
+ · · · .

▶ Minimizing potential ∂E/∂r0 = 0 gives

rmin
0 = 1

2µα

(
1±

√
1− 3

32π
µ2

fa2
αNa

)
+ · · · .

Initial minimum: rmin
0 ≈ 1/(µα) ≡ rB .

▶ When Na > ÑB
a ∼ 32π

3
fa

2

αµ2 :

Phase transition in effective potential

→ Bosenova.
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Condition for Saturation

▶ Variational method:

Ṅa = 2ΓrelNa − 3Γ3→1 + · · · ;

Na r̈0 −
1

µ

∂E

∂r0
= 0.
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[Ximeng Li, preliminary]

▶ For sufficiently small Γrel/µ, Ñ
S
a ≲ ÑB

a , always saturation.
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Condition for Saturation

▶ 1-dim simulation with initial profile of (1,0,0) gravitational atom:

□a =
dVint

da
+ Γrel∂ta, Vint = −µ2f 2a cos

(
a

fa

)
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[Zhen Zhong, Ximeng Li preliminary]

▶ For sufficiently small Γrel/µ, Ñ
S
a ≲ ÑB

a , always saturation.
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