Tidal Aspects of Axionic Dark Matter

on kinetic heating of ULDM
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* Brief remarks
* DM gravity on stars: Kinetic heating
* Binary disruption: form factor for fuzzy objects

e Limits for axion dilute stars & miniclusters.



Wavy Dark Matter form Objects

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

(boson stars, etc.).

The Schrodinger-Poisson (SP) equation

_ Pic. from 2203.10100

: Vg?/} P (x') 1f)(x') 0
=———-G d’a’ v, -
1 = m ¢/ x — x/| 6¢* nr (9,97) Solitons
See Braaten & Zhang, 19’ for a nice review "Fuzzy DM, Lam Hui, 1610.08297
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Axion miniclusters & stars

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

Miniclusters:

Post-inflationary scenario causes inhomogeneities.

A naive estimate on the clump masses:

41t _ 3
M = ? (1 + 6),0H(Tosc)

Or solve the density fluctuation’s equation

2,2
. N _
0+2H0 +|—=——4nGnp, |6 =0
2

Cy = m See: 1404.1938 1810.11468
12073124 a 1911.07853 2006.08637

Or use N-body simulation.
1911.09417 2101.04177
2207.11276 2402.18221

See review:

Braaten & Zhang, 19’

Axion stars:
J. Niemeyer, 19’

Localized (soliton) solutions under
self-interaction / gravity

Oscillons (m, > 0): astro-ph/9311037
Boson star (w gravity) 1406.6586
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https://arxiv.org/abs/2203.10100
https://doi.org/10.3390/sym12010025
https://arxiv.org/pdf/1912.07064

Gravitational interests in dark clumps/solitons

All evidences of DM are gravitational: should gravity tell us more?

>> Preferred as a cored DM halo <<

Galaxy scale dynamics:

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

excludes m < 10722 eV

Granularity above the de Broglie
wavelength ~ 2m/mv  LHui, 16’
exclusion limit m — 107%%eVv

Relaxation of old clusters, exclusion

limit m — 1072°~10" 1%V
Bar-Or, Fouvry, and Tremaine, 19’
Marsh and Niemeye, 19’

Wasserman, 19’ etc.

Eri IT existence
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DSHMP RSSOk Ms7 (K. Schutz, 2001.05503)
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The tidal relaxation DM granules (A~(mv)~?) passing by a star

perturb the star’s velocity, raising the
(average) stellar velocity dispersion:

1. Density granularity (by solitons) above its < U, >4 t
Av?

coherent scale creates a randomized, noise-

3 4
_ e . MppT1/2
like gravitational potential.

Upm

2. Randomized tidal perturbations drive stars
away from their orbits, leading to eventual e e N
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.




1.0

0.8

0.6

00/

04

0.2

0.0

Axion DM granularity contributes to Cluster Relaxation

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

DM kinetic heating
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The MUSE-Faint survey (2101.00253 )

Quote: .... These limits are equivalent to a fuzzy-
dark-matter particle mass m, > 4*10 20 eVc2”
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Dalal & Kravtsoy, 2203.05750, quote: ... derive a lower limit on the dark matter

particle mass of mgp,, >3x101° eV at 99% C.L.[via simulated stellar motion] 7
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Smaller solitons, fluctuation at shorter scales.

Micro-structure domination

of stochastic fluctuations when

the mass function is steep

B (size func. index)
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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.

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?

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
R | iéot;opic ];F ] field stars (with impact parameter
cut-off, exclude violent collisions)
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Construction of the potential

: We aim at an analytic
| & accurate solution for

- S5 o o | binary evaporation b
r,t) = T — 7 —Uit)|]? — y evap y
pLT: 1) Z%: o ) ) : soliton’s potential.

An randomly distributed ensemble of solitons:

— e IR, Gaussian [27];
(27rR2)41
Plr) = (Sf2) 2 sech (%) , Sech [16];
1 i |
X (7?}33 ) 2 (1 + %) e~ %, Exponential linear (EL) [16].

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

11



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)
AFE = pv, - Av, + §M(A’UT)

V @ drives the CM’s random walk (can be small compared to v,,~103¢)
Tidal acceleration should be in proportionalto d A d ®
AT, = AT, — Ay,

A2 1 . ¢ . .
< T ) = — ((A‘U%) + (Avﬁ) — 2(Av; -A'vg))

(A%) | (AB)
T T

AFE U, - (AT, 1
a8 _ 1 <”+—u(

QAT - Alh)

T

() : spectral averaging over the soliton ensemble.
1/T : time averages... should also take account of the binary’s Keplerian motion.
12



‘Fast” orbit: compact binaries

27 Jwp << 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 (0,7,) - T, = 2a|7;1 — 7;2| (0 A O)D(Fons.t)] - T
ry —r2
: 1 S . .
E = at(§ﬁ’f?72) = w(0,7;) - Uy ~ (M —72) [(OA0)P(Zom, )] - Uy
dkdw ~ - - P :
FE = )k - (P — 7)) Dk, w)erTem : 1 =<
0

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

2nd order derivative:
dkdw
(27)4

qu(@-@ﬂﬁ'ﬁ)) —> Msz(k2+wz)

-

] (a® + b*)Cop (k, w)

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

13



Slow orbit: wide binaries

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 Wy average first, and leave the orbital parameters as constants.

Velocity change driven by the potential’s gradient

To include the gravitational potential

kdgkd =
= —1/ dt/ w k ,w)e i(k-F—wt) variations, expand out r(t) that travels
0

\ across the DM background
ot
7(t) = 7o+ vot + | ds(t — s)v(s)

0

—

.t
exp {z(k L — u,t)} = exp [zk : (ﬁ) + Tot + / dr(t — 7)(7o + UoT, 7')) - Z@’t]
0 ,

't

~ eiﬁz.(f"oﬁLﬁot)—'iwt [1 4 ZE dT(t . T)l_?’(fb + ‘ﬁoT, 7_)]

0

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

14



Expand out the equation

. kd kdw ( )d k d(,u o* W ii:‘(‘r_f]—}—'u_ﬁt)—?'wt —i'kj‘('r_f]—f—ﬁ()T)—l—?'w’T
AT z/ dt/ dr(t / o) / 2 O, w)P* (K, e e

And make use of the relation:
<c1>(/2, W) (I, w’)> — (27)2Cp (k)83 (K — K)o (w — o)

We can make it an integral over the correlation function.

3 P
(A /dt/dT/dkdka ‘Pk“‘)oi (Rt —w) (f—7)

The 1t order “diffusion’ coefficient:

(AT 1 [ kd®kdw - . L
D[A#] = <T> :_5/ I k2 Cop (b, w) K (w — k- 0)

wT sin(wT) — 2[1 — cos(wT)]

where K(w) = 3T
W

15



Correlation functions

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

(pF)p(r' 1)) = Cp(F — 17t — 1)

— —

(O(F, )D(r' 1)) = Cop(F— 1"t — 1)
Fourier trans.
AP kdw - T
(7 _ ) W ,’l(k"f’—wt)
C,(7.1) )t C,(k,w)e

By Poisson Eq. V2® = 47Gp
1

C() — 167T2G2k'_4cf) C/)(Ew) .

e

2 —
p” (k) po
p(k) is the FT. msﬁ
of the soliton profile

v2
F(ﬁ) = LBG_QG_Q
(2wo2)2

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

U

Performing an average
over their v-distribution

— / dg/r(lg/r"dgfz,?(ltp(’f")P(ﬁ)F(’U)e—jk'('FJ”TI‘LM@'M

U

27T w?
0_2

€ 2k252
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Density corr. function with soliton profile and Maximillian velocity distribution

- [ 21 w2 2,2
- ) = , — 5.0, kR
C,{),Ga.uss(k; Lu) = MspPo /{’.20'26 2k252 ¢ :

E 9m TkR\1° kR 2w _ _w?
Cp.seeh(k,w) = W [—2 + mk R coth (—)] csch? (T) pPor/ 12,2¢ PIE

2
- 4096m, (28 + k?R?)? O _ 2
Cp,EL(k; Lu‘) = 19 (4 n k’.QRQ)S P0° k_QO"Q e 2k252

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

17



For binary evaporation, we repeat for the relative velocity Av, = Av; — Avy

15t term in energy increment:

v (A _1/ (k - 0. R2dP kdw
T 2 (27)3
__1/(12-@;)/%’%3/{@

2 (2m)3

Co(k,w) (Kr(w—F-5) = Ki(w = k- )

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.

18



2"d term in energy increment: lpﬂ (ATY) N (AT3)  2(AT) - Alh)
2 1 T T
After some algebra... (AT [ RPE ., - -
T —] (27‘_)3 C(p(k’,k? ’U1)
(AT2) _/‘ PRk
T - (271_)3 O(I’(k!k UQ)
(AT - AT) / Rk - ;
- = | @y Co(k, k- vz)coslk - (17 — 75)]

[Use approximation] a

Ve > Uy, U1 R VU2 R Uy

Remember |r;-r,| ~ 2a, soliton

Finally, the tidal heating rate: size becomes relevant.
, ________ _—
(AE) 2 j1poG? / Ak 5 - (Fe)? - !
P 585 1m0
= o s (k)e™ 2 ; COS (71 — 75) J|

This convolution factor takes care of scale dependence and reveals Iﬁ
the difference btw the 2-body relative motion and the Brownian

walk of a single-point particle (COM) under tidal perturbations. 19



Evaporation time scale

Re-define our integrals and
(AE)  S8mupoG?ms Ve - |
__ A (7"1:; Ty Tz, R, ;) make a similar-looking to

T Ve the classical formula

dE
(%)
Solition size
10 ; 10" ;

— — matters!

1004 \ 10°; \
1014

10714

L | Ep : dx
The relaxation time: {3 = ———
070 A (

< <

—2 | 1
10 10724

. —_ a=0

—— (Gaussian a .

10-34 Sech 5] a= 3

155 164 10° 107 101 100 1ot 155 104 10° 107 107 100 1ot
R R

A:\/%%/erd—:pig) /1 dre” e [1—J0( «/?“2%—7“2\/1—332)(208 (kr.x) }
0 P 1
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M a ! v m ! ! R v
ty = 14.3Gyr L 0 i . al o) i
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.

3 |
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GAIA catalog: halo-like wide binaries

. ) . . . El-Badry and H.-W. Rix, Mon.
e Select old binary candidates with large tangential velocity Not. Roy. Astron. Soc. 480,

* Select candidates with a low probability of being aligned by chance 4884 (2018)
* Veto candidates with close companions, many neighbors (N<2)
e Exclude candidates containing white dwarves

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

O 1.0 e 00<a, <0.1pc
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2
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M 2 8 (%) 0.6
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- »
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Select high-prob. candidates with
large separation and relatively
lower mass.

Require their average evaporation
to be longer than 10 Gyr

1
(tq) = N thﬂ; < 10 Gyr,

Source idl Source id2 parallax] |parallax2|g magl|g mag2|R chance align| My | Ma | Mt |ay(pc)
1312689344512158848|1312737894822499968|  3.375 3.310 12.07 | 17.21 0.000996 0.950(0.4831.432| 0.675
6644959785879883776 |6644776515331203840|  2.007 2.354 17.85 | 18.00 0.0462 0.440(0.412]0.851| 0.929
2305945096292235648 | 2305945538674043392|  2.366 2.316 15.74 | 17.30 1.53e-09 0.518(0.373]0.891| 0.508
2127864001174217088|2127863726296352256| 1.370 1.363 13.64 | 15.60 0.0357 0.924(0.741]1.665| 0.737
577970351704355072 | 580975626220823296 | 3.117 3.021 16.35 | 17.47 0.0850 0.484(0.45210.937| 0.557
1401312283813377536 [ 1401310698969746944 |  1.244 1.234 16.97 | 18.92 0.0113 0.631(0.409(1.040| 0.523
1559537092292382720(1559533965556190848 | 1.209 1.224 13.63 | 15.03 0.00142 1.117(0.854]1.971| 0.682
5476416420063651840|5476421406528047104|  1.204 1.214 13.66 | 15.46 0.0834 1.016{0.775]1.791| 0.503
4004141698745047040{4004029857796571136|  5.104 5.100 14.09 | 16.07 0.00492 0.580(0.412(0.992| 0.783
6770722291827283456 |6779724000814201984|  1.575 1.579 17.72 | 18.79 0.00712 0.484(0.378]0.862| 0.641
3594791561220458496 | 3594797539814936832|  1.065 1.069 14.44 | 16.31 0.0763 0.917(0.731]1.649| 0.582
3871814958946253312|3871818601078520192|  1.449 1.499 15.66 | 17.13 0.0188 0.676(0.657(1.333| 0.533
2379971950014879360|2379995177198014976| 1.604 1.588 14.21 | 16.58 0.0270 0.876(0.712]1.588| 0.507
6826022069340212864 |6826040868412655872|  2.379 2.373 11.76 | 14.05 0.0987 1.016{0.738]1.754| 0.572
5798275535462480768 | 5798276325736369024 | 1.247 1.261 13.32 | 13.76 0.000536 1.443(1.176|2.619| 0.575

TABLE I: (Catalog I). High probability halo-like wide binaries with a1 > 0.5 pc and M7 < 3 Mg.

1.0 1

* Catalog |

0.8 -

0.0<a, <0.1pc
0.l<a,; <0.5pc
05<a, <0.7pc
0.7<a, <1.0pc

Binaries shift left-ward over time
under tidal perturbations
A t,=10 Gyr curve and its soliton
configuration (m, R) is disfavored if
lots of candidates reside on its
left/top side
(red line) on the boundary of
populated region corresponds to
ty= 10 Gyr with (m.=9.3m, R=0.03pc)
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Catalog | & Il limits for t,= 10'° yr under solitons’ tidal perturbation.
(Blue bands) solutions for ALPs with potential: V(a)~ —m2 f,2cos(a/f,)

ms (Mo)

JCAP 02 (2025) 001

Heavier bosons
24



Binary disruption bounds for ALP minicluster halos

MCs: with only gravitational interaction

101 4 — PS
{  Axion minicluster halo ST
) —— Auc=0.1
mass functions , .
100 4 —— Simulation 1

Simulation 2

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

104 T T T T T T T T

109 10! 102 103 10*% 105 10% 107
ms
T

3
Mg 2 g*S(Tosc) -2
Mo = 281 M, ( ) 1T
0 ©\10-16ev gos(T0) 7 (Tose)

Denser models of MCH indicate
for more significant disruption effect.

Phys.Rev.D 111 (2025) 4, 043042
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Condensation (soliton size) models,

-2
Pe T 200 c3
p(r) =7 <1 + _> : c

T 3 —_

Diffuse: low concentration, ¢ ~ 10, larger MC size
Dense: high concentration, ¢ ~ 10%, compact MCs
Isolated: MCs do not clump into MCHs
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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) 10717 < m,< 1071° eV.

* Interferrence effects in density profiles?.
* More complicated dynamics beyond kinetic heating: soliton disruption, etc.

Gravity observations offer more insight about DM

26
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