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Ultralight Dark Matter

» Landscapes of dark matter candidates:
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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% Mgu:

Mcloud

~10% < a.l. ~ 10" GeV.
Mgu

Local dark matter field:

—12
aéD ~ GeV (%) .

Black holes are natural concentrators for ultralight bosons.



Strong-Field Limit of Ultralight Boson
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Strong-field limit :
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Consequences of ng-Field Ultralight Boson

% Strong-field frontier:
w Parametric particle production: photon [Spieksma et al 23], fermion [YC et al 25].
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weaker
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saturation phase
SR gain =

Log,Mcloud/MBH

Analogous to preheating and strong field QED.

== Phase transition, defect production.



Consequences of Strong-Field Ultralight Boson

* phenomena:
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1w e.g. Axion-induced in black hole image [Chen, Shu, Xue, Yuan,

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



What about - --

Stars? Bosenova
Schwarzschild




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 o > vpu/27.

1 1 w3 M} vBars gravity;
Trel ~ T~ 5 X £ - :
NDMOVDM NDMAjg DM 2" Vb, self-interaction.
» Exponential growth is efficient when Stimulated capture

> High pou; kl 100

e Galactic center.
> Low u;
e Supermassive black holes.
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> Low f,.
a [Budker, Eby, Gorghetto, Jiang, Perez 23]



Relaxation to Gravitational A S

Around stars and Schwarzschild black holes:

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

Spherical ground state with o > vpwm /2.
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S 1 1 LA M1 VD, gravity;
" npmovom nomA3g  poni? £V self-interaction.
% Dominant spherical ground mode:
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Evolution of Accreting Clouds

» 1D numerical simulation:
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Evolution of Accreting Clouds

» 1D numerical simulation:

Da d(\l/lnt + rxolata \/int - _N2f:92 cos <;)

» Semi-analytic evolution of collective coordinates
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Evolution of Accreting Clouds

» 1D numerical simulation:

Oa = d(\l/lnt + rlclata \/int = _:U’2f:32 cos <?)

» Semi-analytic evolution of collective coordinates
a
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Axion Fluxes

“* Signals
ay 0
» Dark matter: w ~ g b 9N
ag N —a. G > Clra
1= Predicted fluxes: w ~ 3u,5u,7u a
ag Cl()

» Relativistic fluxes from SMBH Sgr A™:
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e aF F via SRF cavity [Berlin et al 20];

e 0,217y via spin sensor and storage ring [Budker, Graham et al 13, 20];

Relativistic fluxes — signal enhancement ~ 103.



Axion Fluxes and Axion Potential
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» Probe the full non-perturbative potential.



» Compact objects concentrate ultralight bosons.

» Strong field frontier: up to ~ 10'° GeV/.

agp
40N
Fag A0y

» Accreting axion cloud produces discrete fluxes;

Terrestrial detection can reconstruct axion potentials.
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Bosenova or Saturation?

Consequences of gravitational atom when 2 is close to 7,7

Scalar field amplitude Ty ~ 500M N
r ’
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[Yoshino et al 12] [Baryakhtar et al 20]

» Understanding of superradiance shifts from bosenova to saturation.

» Key differences of relaxation:

. X aop do
e Spherical ground (1,0,0) mode dominates. L a, 1
ay P> Clraa Uy N Clrac
e oo and fo-dependent relaxation rate. ay
do a
0

e Cloud dissipation through 3 —+ 1,5 — 1,.-- emissions.



Condition for Bosenova

Variational ansatz: a = ﬁ (pe™ ™+ h.c.), i =/ Leger/n.

T

» Effective potential:
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Condition for Saturation

> Variational method: ag
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[Ximeng Li, preliminary]

» For sufficiently small Tye1/p, N2 < NE, always saturation.



Condition for Saturation

» 1-dim simulation with initial profile of (1,0,0) gravitational atom:
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[Zhen Zhong, Ximeng Li

preliminary]

> For sufficiently small T /p, N < NE, always saturation.
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