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Dark solitons:

Ultra-light dark matter bosons form localized solutions
to S-N equ. under gravity or self-interactions. 

Snowmass 2021, 2203.14915

`Fuzzy DM’, Lam Hui, 1610.08297 

Pic. from 2203.10100

Sub-halo
sizes

Cosmic scale

Lab exp.
colliders

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


Gravitational interests in dark 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 cluster (dwarf galaxy scale)
exclusion limit 𝑚 → 10−20~10−19eV
Bar-Or, Fouvry, and Tremaine, 19’

Marsh and  Niemeye, 19’
Wasserman, 19’ etc.

Sensitivity on bosonic solitons
reaches to higher boson mass
with smaller & smaller objects.

1810.08543

https://arxiv.org/abs/1810.08543


The tidal relaxation mechanism

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.

Binney & Tremaine, 2008



Relaxation constraint from Eridanus II
Marsh and  Niemeye, 19’
See `revised constraints’, Chiang et.al: 2104.13359

The MUSE-Faint survey (2101.00253 )

Quote: “Substantial evidence (Bayes factor 
∼10−0.6 ) for cold dark matter (a cuspy halo) over 
self-interacting dark matter (a cored halo) and 
weak evidence (Bayes factor ∼10−0.4 ) for fuzzy 

dark matter over cold dark matter…. These limits 

are equivalent to a fuzzy-dark-matter particle 
mass ma > 4*10 -20 eVc-2.”

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


Smaller (<< kpc) objects?

Tian, et.al. 19’

Our Galaxy hosts a population of very wide (up to ~ 1pc) binaries/candidates

From GAIA data



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
    



Smaller solitons, more fluctuation at short 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.



Construction of the potential

An randomly distributed ensemble of solitons:

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

normalized so that the density of the scalar field satisfies

We aim at an analytic
& accurate result for 
binary evaporation by
soliton’s potential.



Corr. 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



Averaged density corr. function with soliton profiles

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



Evaporation: increments of relative motion’s energy

For binary evaporation, the two-body system can be reduced
to a 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 prop. to 𝜕 ∧ 𝜕 Φ

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



`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

Vectors to the odd power vanish in binary orbit average 

2nd order derivative:

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



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



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



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. 



2nd term in energy increment:

After some algebra…

Use approx.

Finally, the tidal heating rate:

This term marks the difference btw the 
2-body relative motion and the Brownian 
walk of a single-point particle.

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



Evaporation time scale

The relaxation time:

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



+ some dependence on the orbital plane orientation and soliton profiles.



Estimated for  m1=m2=0.2 mꙨ  binaries that survive  1010  yr under solitons’ tidal perturbation.

Boson’s self-interaction potential:  𝑉 𝑎 ~ −𝑚𝑎
2 𝑓𝑎

2cos(𝑎/𝑓𝑎)

Heavier bosons

Lighter 
bosons



Summary

• We provide a complete and analytic F-P treatment of binary evaporation 
by small-sized solitons. Analytic results can be derived from soliton 
profiles.

• Sensitivity should cut into a (somewhat) heavier boson mass range.

• Picking GAIA’s halo-like candidates… stay tuned.
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