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Dark solitons:

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

2
Z¢ = —M — Gm%b/d:)’:c'w

2m

—

e
[=}
'

p—t
o
L

—t
=
)

(X)) 9

Ve (0, 47)

Cosmic energy density (2
S
|

p—
9
I

kSZ-OV

e

~ Pic. from 2203.10100

|
!

Solitons

"Fuzzy DM’, Lam Hui, 1610.08297

Sub-halo
sizes

—>

==

Lab exp.
colliders

10I—32 10|—30

=

Cosmic scale

UDM mass m, [eV]

10°1%

Snowmass 2021, 2203.14915



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 <<

Galaxy scale dynamics: 10°4
Disk thickening, stellar streams I
Church, J. P. Ostriker, and P. Mocz, 18’ ;: 10 5
Amorisco and A. Loeb, 18’ = 100
excludes m < 10722 eV 5 10
; 1072
é 10*
Granularity above the de Broglie 7 o]
. —— DM
wavelength ~ 2w /mv L.Hui, 16 10751 1810.08543 i
exclusion limit m — 10721ev T S AN
10 10 10
Axion Mass, m, [eV]
Relaxation of old cluster (dwarf galaxy scale)
exclusion limit m — 1072°~10"1%vV Sensitivity on bosonic solitons
Bar-Or, Fouvry, and Tremaine, 19’ reaches to higher boson mass

Marsh and Niemeye, 19’ . .
Wasserman, 19’ etc. with smaller & smaller objects.


https://arxiv.org/abs/1810.08543

The tidal relaxation mechanism

Binney & Tremaine, 2008
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1. Density granularity (by solitons) above its
coherent scale creates a randomized, noise- t
like gravitational potential.

2. Randomized tidal perturbations drive stars PN
away from their orbits, leading to eventual s IS L
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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Relaxation constraint from Eridanus Il
Marsh and Niemeye, 19’
See ‘revised constraints’, Chiang et.al: 2104.13359
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The MUSE-Faint survey (2101.00253)

Quote: “Substantial evidence (Bayes factor
~107%%) for cold dark matter (a cuspy halo) over
self-interacting dark matter (a cored halo) and
weak evidence (Bayes factor ~107%4) for fuzzy

dark matter over cold dark matter.... These limits
are equivalent to a fuzzy-dark-matter particle
mass m, > 4*10-20 eVc2”


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

Smaller (<< kpc) objects?

Our Galaxy hosts a population of very wide (up to ~ 1pc) binaries/candidates
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Astrophysical binary system disruptions...

Binary survival under a dwarf-galaxy
host halo’s tidal fIEId, Pefiarrubia, Ludlow, et.al, 16'

Binary evaporation by encountering
- | ilsotll"op;c ];F ] field stars (with impact parameter
cut-off, exclude violent collisions)
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Smaller solitons, more fluctuation at short scales.

Micro-structure domination

of stochastic fluctuations when

the mass function is steep
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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 ~  --------- |

I We aim at an analytic
I & accurate result for
I binary evaporation by

L . I soliton’s potential
An randomly distributed ensemble of solitons: I pe—— |

p(f, t) — M Z |90(f_ T; — 672t)|2 - <P>

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

4 1 712
MR Gaussian [27];
(ZWRQ)Zl
2(r) =9 (7?.;%3)5 sech (%) : Sech [16];
5 r . . P
X (72}3 ) 2 (1 + %) e~ %, Exponential linear (EL) [16].

normalized so that the density of the scalar field satisfies p(r) x ©(r)?



Corr. functions

Spectra of the two-point correlation functions
for the density p and gravitational potential ®

(p(F.t)p(r’ t)) = Cp(F — 17,
(O(F, )P ) = Cop(F— 1"t — 1)
Fourier trans.

} Bhdew .~
C}O(’f“, t) = ch(ku))e ( t)

!

By Poisson Eq. V2® = 47Gp
1

v2
F(U) = p—03€_20_2
(2mo2)2

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

U

Performing an average
over their v-distribution

_ 1aa227.—4 - ; - . R
Cy = 16m°G=k CP Cp(/i,w) — /d'g/I“d’g’i‘/d'%’l,?(l'fp(F)p(?‘/)F(U)G_”l"'('+' —i—zt)ezwf
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1 —
Cp(kaw) — pQ(k,)pO
p(k) is the FT. mi,
of the soliton profile
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Averaged density corr. function with soliton profiles

= [ 2m w2 252
C/),Ga‘uss(k‘; Lu') = MspPo k’QO'Qe 26252 ¢ KR ,
2
” I (TR .o (TkR | 2w __u2
C) sech (b, w) = 535 [—2 + kR coth (—)] csch (T) 0o kaUQG 2257

2
g 4096m (28 + k?R?)? I _ 2
Corrlk,w) = 49 (41 k2R2) POV 1202 27

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

Assuming w = k - v, these functions (1) approach to a noise spectrum
on large scales; (2) suppressed fork - 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)

1
AE = v, - Av,. + §M(A1)7,1)2

V @ drives the CM’s random walk (can be small compared to v,,,~103¢)
Tidal acceleration should be in prop.tod A9 @

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



‘Fast” orbit: compact binaries

27 Jwy <€ Apm/ve Binary’s orbital period is smaller than that of soliton variations,
Orbital average 1/T before performing ensemble average.

15t order: zero-result (0,5,) - T = Qa‘il — 7;2| (DA D) (T, 1)] - )
r1 —To
1 - S n -
E = 5t(§/“72) = (0 V) - Ty ~ (M —12) [(ONO)P(Zen, t)] - U,
- dkdw - - ~ T 5
b= k-v)k - (7 — )P (k,w)e™Tom : 1 == .
0

Vectors to the odd power vanish in binary orbit average

2nd order derivative:
dkdw
(27)4

-

] (a® + b*)Co (I, w)

Ezu(@-@ﬂ“@) —> M/kz(k2+w2)

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



Slow orbit: wide binaries

5 For wide binaries, v, / v, ~ 103. For a longer orbit period than the
M < T« = time scale of potential variations, one can take the ensemble
v Wh average first, and leave the orbital parameters as constants.

Velocity change driven by the potential’s gradient

w)e?’{l‘”r*wt) variations, expand out r(t) that travels

\ across the DM background
it
7(t) = 7o+ vot + [ ds(t — s)U(s)

0

kqudw . To include the gravitational potential
AU = —2/ dt/ ’

i
exp {z(k P — u,t)} = exp [Zk : (ﬁ) + vot + / dr(t — 7)1 (7o + UoT, T)) — z’wt]
A .
T - . — 't .
~ eizk:-(‘erWLUOt)—’Lwt [1 4 ik - dT(t . T)ﬁ(ﬁ) + 507_7 7_)]
0

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



Expand out the equation

l’ _Z/ dt/ dT /kd k)ciu’ /( (Q)d)kdw (k‘ (,u) *(kf}jwl)eif;:'(‘f‘_f)—f-'t’_ﬁt)—?'wte—inl;"(‘TTE)+'LW)T)+fw’T
0 . .

And make use of the relation:
<¢)(E?w)q>*(/2', w’)> — (27)*Cp (k)83 (K — K)o (w — o)

We can make it an integral over the correlation function.

3 " 7
AT / dt/ dT/d k:dcukg Ca (i ““)di (R —w) (t—7)

The 1t order “diffusion’ coefficient:

DIAT] = <AT17> - —%/ kéf)dwﬁc@(k OV EK(w — k- 135)

W' sin(wT) — 2[1 — cos(wT)]

where K/(w) = 3
W




For binary evaporation, we repeat for the relative velocity  Av, = At} — Aty

15t term in energy increment:

we (AT 1 (ke o)k ’ - ;
U A0 _ /WkU)kdthﬂh@(Kﬂw—hﬁg—KHw—k%@)

T2 (27)
1 [ (k-0)k2dPkdw - , . , B
—5/‘ GrE Gﬂh@(é@—k~m%ﬂﬂw—kvﬂ>

For vy = v, = vy and |v; — v,| K vy, this contribution is suppressed by v,/ vy

The evaporation will be dominated by the 2" order (Av)? term.



2"d term in energy increment:

After some algebra... (AT?) V)
T = /ch(k k"Ul)
(AT3) / Bk ==
T — —(271_)3 C()(k;kf UQ)
AT - AT 23 -
AT - AT) / MR (R - ) cos[k - (71 — )]
Use approx. @ T (2m)3
Ve 2> Uy, U1 RV R Ve
Remember |r;-r,| ~ 2a, soliton
Finally, the tidal heating rate: size becomes relevant.
(AFE) |2 ppoG? [ APk o, - _ (o) -
— =/ — k)e 2*&'2022(1—608{76-77—77})
T T meo J k3 p-(k) (F1 —72)

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



Evaporation time scale

2
M _ S8TppoG ms A (frm,’ry,m, R, &)
Clj (OF% o
L | B
The relaxation time: tg = YZ 1A
(E)o

lol J

100_

1071,
<
10—2,
—— (Gaussian
1031 Sech
— EL
R R R

1 .
A= —7

VT o

/-i-oo dkp
k- m?2

<

101

10714
1072+

10733

/o A(ﬁx &)

dx

ang” ) O

Re-define our integrals and
make a similar-looking to
the classical formula
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M a ! v m -t - R v
ty = 14.3Cyr L 0 i - Po B2t
0.5 Mg / \ 0.1pc 200km/s / \ 30 Mg 0.4 GeV/cm? ap o

+ some dependence on the orbital plane orientation and soliton profiles.
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Estimated for m,=m,=0.2 m binaries that survive 10'° yr under solitons’ tidal perturbation.

Boson’s self-interaction potential: V(a)~ —m?2 f.2cos(a/f,)

< — 1 Lighter

Heavier 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.

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

* Picking GAIA’s halo-like candidates... stay tuned.
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