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dark and tidal

on kinetic heating of ULDM
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• Brief remarks

• DM gravity on stars: kinetic heating

• Binary disruption: form factor for fuzzy objects

• Limits for axion dilute stars & miniclusters.
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Wavy Dark Matter form Objects

Ultra-light dark matter bosons form localized 
structures under gravity or self-interaction

Snowmass 2021, 2203.14915

`Fuzzy DM’, Lam Hui, 1610.08297 

Pic. from 2203.10100

Sub-halo
sizes

Cosmic scale

Lab exp.
colliders

See Braaten & Zhang, 19’ for a nice review
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(boson stars, etc.). 

The Schrodinger-Poisson (SP) equation

https://arxiv.org/abs/2203.14915
https://arxiv.org/abs/1610.08297
https://arxiv.org/abs/2203.10100


Axion miniclusters & stars
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Post-inflationary scenario causes inhomogeneities.
A naïve estimate on the clump masses:

𝑀 ≈
4𝜋

3
(1 + 𝛿) ҧ𝜌𝐻(𝑇𝑜𝑠𝑐)−3

Or solve the density fluctuation’s equation

1207.3124
See: 1404.1938   1810.11468

1911.07853  2006.08637

Or use N-body simulation. 
1911.09417  2101.04177
2207.11276  2402.18221

Miniclusters:

Axion stars:

Localized (soliton) solutions under
self-interaction /  gravity

2203.10100

See review:
Braaten & Zhang, 19’
J. Niemeyer, 19’

Oscillons ( ሶ𝑚𝑎 > 0): astro-ph/9311037

Boson star (w gravity)  1406.6586

Sensitivity on via density/gravity  
structural patterns can shed some 
light on boson DM properties.

https://arxiv.org/abs/2203.10100
https://doi.org/10.3390/sym12010025
https://arxiv.org/pdf/1912.07064


Gravitational interests in dark clumps/solitons

>> Preferred as a cored DM halo <<

Granularity above the de Broglie 
wavelength ~ 2𝜋/𝑚𝑣 L.Hui, 16’

exclusion limit 𝑚 → 10−21eV

Galaxy scale dynamics: 
Disk thickening, stellar streams
Church, J. P. Ostriker, and P. Mocz, 18’
Amorisco and A. Loeb, 18’ 

      excludes 𝑚 < 10−22 eV

Relaxation of old clusters, exclusion 
limit 𝑚 → 10−20~10−19eV
Bar-Or, Fouvry, and Tremaine, 19’

Marsh and  Niemeye, 19’
Wasserman, 19’ etc.
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All evidences of DM are gravitational: should gravity tell us more?

Various ways to probe ULDM
(K. Schutz, 2001.05503)

Proposed for GW detectors
(summary from 2404.04333)

https://arxiv.org/pdf/2001.05503
https://arxiv.org/pdf/2404.04333


The tidal relaxation

1. Density granularity (by solitons) above its 
coherent scale creates a randomized, noise-
like gravitational potential.

2. Randomized tidal perturbations drive stars 
away from their orbits, leading to eventual 
evaporation of the system

3. Most effective on systems 
comparable or larger than 
the granularity size.

4. Unlike WIMPs, solitons have a
macroscopically significant mass
and contribute to relaxation.
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DM granules (𝜆~ 𝑚𝑣 −1) passing by a star 
perturb the star’s velocity, raising the 
(average) stellar velocity dispersion:

∆𝑣⋆
2 ∝

𝑣⋆

𝑣𝐷𝑀

4
𝑡

𝑚𝐷𝑀
3 𝑟1/2
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Axion DM granularity contributes to Cluster Relaxation

Relaxation for Eridanus II, see Marsh and  Niemeyer, 19’
See `revised constraints’, Chiang et.al: 2104.13359

The MUSE-Faint survey (2101.00253 )

Quote: …. These limits are equivalent to a fuzzy-

dark-matter particle mass ma > 4*10 -20 eVc-2.”
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Ultra-faint dwarves (Segue I, II)

Dalal & Kravtsov, 2203.05750, quote: … derive a lower limit on the dark matter 
particle mass of mFDM >3x10-19 eV at 99% C.L.[via simulated stellar motion]

DM kinetic heating

https://inspirehep.net/authors/1861283
https://arxiv.org/abs/2104.13359
https://arxiv.org/abs/2101.00253
https://arxiv.org/pdf/2203.05750


Smaller solitons, fluctuation at shorter scales.

Micro-structure domination
of stochastic fluctuations when
the mass function is steep

Peñarrubia, 17’ Smaller solitons with shorter coherent
scales than the galaxy’s observable subhalos:

* less wavy DM like
* Revealed at the size of wide binaries
* Non-negligible size for binaries (< parsec).
** for binaries, the soliton size matters.
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Boson stars form during gravitational collapse and
grow over time. For recent simulations, see 2011.01333, 
1806.09367, 1407.7762, etc.

https://arxiv.org/pdf/2011.01333
https://arxiv.org/abs/1806.09367
https://arxiv.org/abs/1407.7762


Smaller (<< kpc) objects for small structures?

Tian, et.al. 19’, from GAIA data

Our Galaxy hosts a population of very wide (up to ~ 1pc) binaries/candidates
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Binary survival under a dwarf-galaxy
host halo’s tidal field, Peñarrubia, Ludlow, et.al, 16'

Astrophysical binary system disruptions…

Binary evaporation by encountering 
field stars (with impact parameter 
cut-off, exclude violent collisions)

-> Can select isolated `halo-like’
candidate binaries.

* Newtonian point-point collisions (textbook)
* Analogous to Brownian motion under 
   random noise fluctuations
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Construction of the potential

An randomly distributed ensemble of solitons:

Soliton profiles are typically solved from S-P equation. Sample ansatzes:

normalized so that the density of the scalar field satisfies

We aim at an analytic
& accurate solution for 
binary evaporation by
soliton’s potential.
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Evaporation: increments of relative motion’s energy

For binary evaporation, the two-body system can be reduced
to a well-defined single-body problem (plus some input from its COM motion)

∇ Φ drives the CM’s random walk (can be small compared to 𝑣𝑐𝑚~10−3𝑐) 
Tidal acceleration should be in proportional to 𝜕 ∧ 𝜕 Φ

 : spectral averaging over the soliton ensemble.
1/T :  time averages… should also take account of the binary’s Keplerian motion.
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`Fast’ orbit:  compact binaries

Binary’s orbital period is smaller than that of soliton variations,
Orbital average 1/T before performing ensemble average. 

1st order: zero-result

Closed (unperturbed) Keplerian orbits: 
odd power vanishes in orbital average 

2nd order derivative:

Non-zero after orbital and angular averages:  Contribution at 2nd (& higher) orders
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Slow orbit: wide binaries

For wide binaries, vr / vcm ~ 10-3. For a longer orbit period than the 
time scale of potential variations, one can take the ensemble 
average first, and leave the orbital parameters as constants.

Velocity change driven by the potential’s gradient

To include the gravitational potential 
variations, expand out r(t) that travels 
across the DM background

The first term will vanish after the ensemble average. 
The only contribution comes from the second term
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Expand out the equation 

And make use of the relation:

We can make it an integral over the correlation function.

The 1st order `diffusion’ coefficient:

where
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Correlation functions

Spectra of the two-point correlation functions 
for the density 𝜌 and gravitational potential Φ

By Poisson Eq.

Fourier trans.

Small-sized solitons are 
more likely virialized so we 
assume a Maxwellian 
velocity distribution.

Performing an average 
over their v-distribution 

𝜌(𝑘) is the F.T.
of the soliton profile 16



Density corr. function with soliton profile and Maximillian velocity distribution

Time variance:  relative motion btw (1) binary/solitons, (2) solitons in the bkg

Assuming 𝜔 ≈ 𝑘 ∙ 𝑣, these functions (1) approach to a noise spectrum 
on large scales; (2) suppressed for 𝑘 ∙ 𝑅 ≫ 1
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For binary evaporation, we repeat for the relative velocity

1st term in energy increment:

For 𝑣1 ≈ 𝑣2 ≈ 𝑣𝐶𝑀 and  |𝑣1 − 𝑣2| ≪ 𝑣𝐶𝑀, this contribution is suppressed by 𝑣𝑟/ 𝑣𝐶𝑀

The evaporation will be dominated by the 2nd order (∆𝑣)2 term. 
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2nd term in energy increment:

After some algebra…

[Use approximation]

Finally, the tidal heating rate:

This convolution factor takes care of scale dependence and reveals 
the difference btw the 2-body relative motion and the Brownian 
walk of a single-point particle (COM) under tidal perturbations.

Remember |r1-r2| ~ 2a, soliton
size becomes relevant.
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Evaporation time scale

The relaxation time:

Re-define our integrals and 
make a similar-looking to 
the classical formula

20

Solition size
matters!



+ some dependence on the orbital plane orientation and soliton profiles.
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GAIA catalog: halo-like wide binaries
• Select old binary candidates with large tangential velocity
• Select candidates with a low probability of being aligned by chance
• Veto candidates with close companions, many neighbors (N<2)
• Exclude candidates containing white dwarves

El-Badry and H.-W. Rix, Mon. 
Not. Roy. Astron. Soc. 480, 

4884 (2018)

2000+ candidates pass selection cuts out of 62990 from GAIA data
Gaia Collaboration, Astronomy & Astrophysics 649, A9 (2021), 2012.02036.
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Catalog I

C
at

al
o

g 
II

× “boundary” candidates

Select high-prob. candidates with 
large separation and relatively 
lower mass.

Require their average evaporation 
to be longer than 10 Gyr

• Binaries shift left-ward over time 
under tidal perturbations

• A td=10 Gyr curve and its soliton 
configuration (ms, R) is disfavored if 
lots of candidates reside on its 
left/top side

• (red line) on the boundary of 
populated region corresponds to 
td= 10 Gyr with (ms=9.3mꙨ, R=0.03pc)

JCAP 02 (2025) 001
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Catalog I & II limits for td = 1010  yr under solitons’ tidal perturbation.
(Blue bands) solutions for ALPs with potential:  𝑉 𝑎 ~ −𝑚𝑎

2 𝑓𝑎
2cos(𝑎/𝑓𝑎)

Heavier bosons

Lighter 
bosons

24

JCAP 02 (2025) 001
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Axion minicluster halo 
mass functions

Binary disruption bounds for ALP minicluster halos

Denser models of MCH indicate 
for more significant disruption effect.

Collapse models:
PS: Press-Schechter, 74’
ST: Sheth–Tormen, 99’

MCs: with only gravitational interaction

Condensation (soliton size) models, 

Diffuse: low concentration, c ~ 10, larger MC size
Dense: high concentration, c ~ 104, compact MCs
Isolated: MCs do not clump into MCHs

𝜌 𝑟 =
𝜌𝑐
𝑟
𝑟𝑠

1 +
𝑟

𝑟𝑠

−2

∙
200

3

𝑐3

ln 1 + 𝑐 −
𝑐

1 + 𝑐

Phys.Rev.D 111 (2025) 4, 043042



Take home messages

• Interest in DM’s gravitational imprints is on the rise.

• We provide an analytic treatment of binary evaporation by randomly 
distributed, spatially extended objects. A concise form factor incorporates 
scale dependence from the density profile.

• GAIA data contain some 2000+ high-probability, halo-like, a>0.1 pc 
candidates. Their survival yields observation sensitivity to tidal disruption 
from DM.

• For dilute axion stars, sensitivity extends into heavier ALP mass range 
(relative to other star systems) 10−17 < 𝑚𝑎< 10−15 eV.

• Interferrence effects in density  profiles?.

• More complicated dynamics beyond kinetic heating: soliton disruption, etc.
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Gravity observations offer more insight about DM
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