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Dark matter landscape
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How to produce axions?

Preinflationary axions fg 2 Hi Postinflationary axions
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Oscillation stars when 3H ~ my, Collapse of perturbations — axion miniclusters



How to produce dark photons?

> Exponentially suppressed during

Simple misalignmentz px x X; X" xa” : :
inflation even for constant X, !

Saved by adding nonminimal couplings — UV problems
Arias et al. (JCAP, 2012)
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Parametric resonance

https://www. youtube com/ Watch>v—MU]mKl7QfDU



https://www.youtube.com/watch?v=MUJmKl7QfDU

Ways to enhance parametric/tachyonic instabilities
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Generic axions Minimal, works for QCD axions
Large couplin Agrawal et al. (PLB, 2019 Low inflation scale is required
g pung g q
Coetal. (PRD, 2019) a>40 is needed, nontrivial model building

: : Naturally arises in several setups, e.g., supersymmetry
Axion rotation

Large field velocity Co ctal. (JHED, 2021) M'assless axions are assumed . |
Disrupted by self-resonance for massive axions?
T o Explicit PQ breaking, fine tuning for QCD axions
Delayed oscillation 22 IAPPEC- U Nontrivial model building
Kitajima et al. (PRD, 2023) ) _
Disrupted by axion self-resonance?
- i . Works for moderate coupling a~1
Large field amplitude - L AKIOILPOCIIEES Naturally arises in multifield models/string theory

HYZ et al. (2025, this talk : .
( ) Works for QCD axions if fine-tuned




Dark photon dark matter from flattened axion potentials

Oscillon formation

Broad/tachyonic resonance

on axion perturbations §¢
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Broad/tachyonic resonance Dark photon production

on transverse dark photon modes X+



Instabilities of transverse dark photon modes

.. : k2 5 ak -
Xy +HXp + | 5 +mxF—F0¢ ) XL =0
a afe

In flat spacetime: X1 oc ef+*

In an expanding universe:
efficient instabilities occur if Re[us| > H

02 04 06 08
k/mg




Lattice simulations

— 60X ~ 10%¢y
- 0X; ~ 10"y

Initial conditions: ¢g = 5fp,0¢ =0

f

Turn off axion self-resonance

Dark photon

Typically, kpnys ~ 0.2my

Spectrum is flatter if resonance remains efficient
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Relic abundance

Time at onset of oscillations
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For efficient dark photon production, 7x ~ 1
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- Q) : m 8
Condition for X >10% and parametric resonance : “ 2 o0 E
Qx + Qd) M

Works for a vast range of dark photon mass!
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Axion self-interactions — self-resonance & oscillon

2

6+ 3HOEb + [% It 85—5V(q_5)_ 5 =0

Generic: attractor solutions

02 04 06 08 1.0 Nonlinear: field amplitude 2 f,
k/myg Stable: long-lived, small radiation

Localized: decoupled from expansion

Usetul: local sources of dark photons

(Initial) curvature perturbations §¢ ~ 107" ¢,

Vacuum fluctuations of dark photons 6 X4 < d¢
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Dark photon production from oscillons

po/ (P + Px)
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Dark photon production from oscillons
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No initial fluctuation,
no coupling, p a s

Resonance threshold: o 2> 2

Narrow resonance = kpphys 2 0.5my
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Constraining dark photon solitons from radio silence

w

Spiky profile around supermassive black holes Ppm,sp o< 7

Lower velocity + larger number density — more mergers

B.

Before major merger Major merger Parametric resonance Detection

Amaral, Schiappacasse, and HYZ (to be released in O(1) week). 15



Constraining dark photon solitons from radio silence
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Summary

* Dark photon dark matter from flattened axion potentials
* Three key effects:

large amplitudes, delayed oscillations, oscillon formation

* Homogeneous axion mode — dark photons

(broad resonance, only for large couplings)
* Homogeneous axion mode — oscillons — dark photons

* Isocurvature constraints can be naturally evaded

* Constraining dark photon dark matter with soliton mergers

(Stay tuned!)
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Why study ultralight dark matter?
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Simple: one or a few new fields

Bounded: a few leading interactions
Generic: presence in many models
Kaleidoscopic: rich phenomenology
Accessible: relatively low experimental costs
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Dark photon solitons

Linearly polarized

Jain and Amin (PRD, 2022)
HYZ, Jain, and Amin (PRD, 2022)

Circularly polarized

X; o g(r) cos(wt)r

Higher energy states!

Spherically symmetric
(Solutions with a node)
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Isocurvature perturbations and free-streaming lengths

CMB constraint: §i,, = 5& SR e 0.05Mpc~!

Pe
: : : TLHI
Inﬂatlonary 1Isocurvature ﬂuctuatlonsz 5150 G 9 ¢
TPo

for V(o) x @™

Suppressed if n — 0

Zprod
Lyman—a constraint: )¢ = / (2] dz < 0.1Mpc
0 IE{A

Satisfied for mx > 10~ '®eV
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