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How light can dark matter be ?
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* for dark matter density dominated by sub-Hubble modes

** by conincidene, the number is same more generally
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Cold & Quiet vs. Warm & Noisy Fields
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eg. axions with PQ before inflation

inflaton just at end of inf.

p(ti,x) % significant zero mode
< (aH)™* > < (aH)™* >
¢(ti,X)  *insignificant zero mode
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*quantitatively, warmth will depend on parameters
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main goal: gravitational clustering ?

Warm and Noisy Field

density perturbations

- suppression
- free-streaming + Jeans
- enhancement

- Poisson-like tfluctuations

scale dependent evolution

- but no zero field mode to perturb

MA, May, Mirbabayi(2025)



Warm & Noisy Wave Dark Matter

Dark matter density dominated by sub-Hubble field modes

Observationally accessible™,

scale-dependent features
in the density power spectru
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density evolution during radiation domination
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Klein Gordon field simulations with Siyang Ling §



density evolution during radiation domination
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density evolution during matter domination
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Schrodinger Poisson simulations with S. May



evolution of the matter power spectrum
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the lower bound on wave DM mass

-— > —>

Dark matter density dominated by|sub-Hubble field modes

Then in density power spectrum:

1. | white-noise excess +—  \
2. free-streaming suppression X

1. and 2. not seen for k£ < k. ps ~ 10 Mpc_1

\4

m > 10717 eV

|5

MA & Mirbabayi (2022/24)

and see Liu et. al (2024), Long & Venegas (2025) 15



comparison with literature

m > 1 x 10721 eV Banik et. al (2019) — Streams

m >3 x 10721 eV Nadler et. al (2021) — MW satellites

m 2 2 X 102V Rogers and Peiris (2021) — Lya

m > 4 x 107t eV Powell et. al (2023) — lensing

m > 3 X 1012V Dalal & Kravtsov (2022) — dynamical heating

+May, Dalal & Kravtsov (2025)

m > 10" eV MA & Mirbabayi (2022/24)

* constraints come from different observations and assumptions, compare with care.

* For thermal production, bound is ~ few keV — why the difference ? — Ask me. 16
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from MW Satellite Populations: Nadler et. al (2026)
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technical details of the calculation

MA, May, Mirbabayi (2025) MA, Delos (2025)




non-relativistic fields in an expanding universe

A
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2-pt density correlation function

A

. Vv 5
10p Y = Y + ma” Py
2m
e _
Vi@ = ——(p—p), p=ml
dn = a *dt

.P
k — 20



2-pt density correlation function = 4 pt field corr. func.

A

10p Y = v+ ma* P
2m
e ~
Vi@ = ——(p—p), p=ml
dn = a *dt
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field eq. to eqns. for distribution (correlation) functions

2 -
10nthq = Qq_wq +ma’ / LpYq—p ’le — S[g
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power spectrum evolution

T
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pure free-streaming  gravitational clustering (with free-streaming)
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key input and output




generality and computational efficiency

- works for fields with arbitrary initial Field

9 spectra

- includes effects of warmth and noisiness

+

B
| ,\IM H{l‘l | \»Jhll "

9 - requires solving Volterra cquations (we

- works for arbitrary # of components

have a fast, efficient code < few sec for PS)
VWAL TN

https: gitHub.com/mustafaamin/warm-and-random



http://gitHub.com/mustafaamin/warm-and-random

evolution of the matter power spectrum
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comparison with simulations

*solid curves are ‘analytic’ results
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early nonlinear structure formation

halos-+solitons at z > 100

100 hf1 kpe



solitons — when do they form, in what fraction ?

MA, May, Mirbabayi (2025) |

r / kpc

* can be order unity fraction of mass in collapsed objects, at least at early times. Also see Gorghetto, Hardy and Villadoro (2024)



generalizations — noise and warmth everywhere

30



quasi-particle picture — noise and warmth




structure formation with finite number density and warmth

radiation domination matter domination
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(a) —free streaming—» (b) —free streaming— (c¢) — grav. clustering = (d)

*dots represent de Broglie interference granules/black holes/ etc. 32



generality of the framework

- works for point particles, solitons and fields
9 with arbitrary initial spectra

- includes effects of oo v ot (not
captured by CLASS, AxiCAMB etc.)

+

® ®
® o0 ‘. ....... ’. o0 ®

- works for arbitrary # of components

o . . . . .
9 - can include non-gravitational interactions™

VW LD TN

already being applied to MWV Satellites populations (Nadler et.al (2026), subdominant ALPs (Gorghetto et. al,2026)



summary

A

- Warmth related suppression features & oisson fluctuations related

enhancements are generic features in many cosmological fields

- Many observational. probes of these features in power spectra and

nonlinear structures (eg. solitons): Lya, high-redshift observables, galaxy
clustering and early universe observables (g-waves?)

- A new fast, theoretical and numerical framework for computation
exists (linear regime). Exciting signatures in the nonlinear regime.
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