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@ Not many probes on

sub-galactic scales

Structure formation theory
predicts a large amount of small
scale halos

Subhalos’ properties (min.
mass, density profile,
concentration) depend on dark
matter nature and on the
primordial power spectrum.
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Gravitational heating

@ First developed to study the
dynamics of stellar clusters or any
N-body system.

@ Several existing works:

o Dwarf galaxies [Penarrubia+ '25]
o UFD [Graham & Ramani '24]
o Wide binaries [Quinn+ '09]

@ Independent of DM model (since
DM is massive)

e MW disk / exoplanets : different
scales to probe different DM halo
scales
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Velocity kick

@ Velocity kick Av induced by an encounter between a star and a DM

halo M )
(Av)? = <bvreD1M>
@ Impulsive approximation Tepe < P < b < bpax = T’;
@ Star -DM halo not gravitationally bound: b > by, = M

Viel

@ Spatial extension of DM halo — penetrating encounters

(v = (2Mom )’

I(b) =1—0O(ry — b) ,VL;W /er dxp(x)x\/x2 — b2

DM
— More concentrated halos produce more efficient heating
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Heating rate

o Energy injected per unit time

d
H = /dvrel f(vrel)/dMDM i /27rbdb(Av)2

@ For monochromatic mass function with point-like objects

421 G*Mpwmpom
opM

H InA

e Coulomb logarithm A = byax/bmin
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Cosmological mass function

@ Count the number of fluctuations

N 101”
growing larger than dc Mass function Mass index
o Extended Press Schechter formalism T PromSchochler) {7 oM7Y
dn 5 6. |dlS 2\ & wf e
ETVEETY exp| —5¢ 5 — gaussian
AM ~ M2 /ons |dinm| P\ "25 ) = .
3
@ NFW halos with concentration-mass £
relation from [Diemer+ '19] E
@ Semi-analytical approach from
[Hiroshima+ '22] to reproduce merger iy , il
. . 10712 107 107* 10° 104 10% 10'2 1016
tree simulations to compute the M [M]

galactic mass function
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Galactic mass function

o —— Galactic MF
o 1012 4
E 1010 s
: H
10° T 101
—— Median
108 —— Average
mMo)
Mhost | dS S(Mhost) 6C(Z+AZ)
N(m) = £(S(m),5c(z + Az)|S(Mnost), 8(2)) 222 [ <2 | 6
(m) = F(S(m). 5z + A2)IS (M), 6(2) 2 | (W =
Sc(z+Az) 6 Se(z + Az) — 8(2))?
F(S(m), 6e(2+2)[S(Miose), 8(2)) = ——cZFA2) =3c(2) - [_(c(2+ z) c(Z))]
V27 [S(m) — S(Mnost)] 2(S(m) — S(Mhost))
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Tidal effects

o Tidal stripping from the galactic

gravitational field O moe /
— m=10°
1/3 o] 0T
=R 7[77([}) / --- &=1
‘ 3M(R)f(R) Qo
£
e Tidal destruction criterion o T
€= rt/rs ot | Vo
@ Other tidal effects from the disk
and the stars. 1(;" 1(;1 ulﬂ 1:;3 1:;“ 165

RIpc]
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Ultra compact mini-halos

— A.=107 k. =10°
—— A.=107k. =10°

— A.=10"k. =10
— su

o Extra power at a given scale
Pr = Ppr + Acked(k — k)

@ UCMH can make for a
significant fraction of DM

Variance S

@ Very concentrated — very T e
efficient heating

@ Other modifications to the
primordial power spectrum:
PBH halos with Poisson
fluctuations

M2dn/dM{M , Mpc~3]

— A.=10% k. =10

—— A.=107% k. =10°
— A.=10% k. =10
— Acom

105 1072 10! 10 107 10
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MW modeling

e Multiple contribution (DM halo,
disk, bulge ...)
@ Assuming inside-out growth and
uncorrelated vertical and radial
motion of stars

MMo]

1010

@ Hydrostatic equilibrium + 2
Poisson eq.
0*(¢d + Pbg) o /
g =4mGlpa o)
z
_Oé apd _ 8(¢d + ¢bg) . SGD limit 86D limit
pd \ 0z Oz
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Link between H and the velocity dispersion

©1 — dnzae — M

@ Vertical action is an

adiabatic invariant
dJ, _ E”H ‘
dt 47

dinz/dt [Gyr1]

@ Going to velocity dispersion:

d((fg) o 2 2d|n Z ° ? + ‘mms 10 2 1
dt - gaz dt K<H> e
El]

—

@ 0, is sourced by collision

and adiabatic evolution of 2 2o /_,/‘

. L]
the disk wh —— High [a/Fe]
= Low [z/Fe]

@ Thin vs thick disk b 4 & & 10 1z 14
age [Gyr]
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o, evolution from heating

—— Mgy =10°M
H H —— Mgy =10"M,
@ Star age and migration I
—— UCMH 107M,
computed from [Frankel+ ] e
20] P
£
o ACDM halos are destroyed ¥ .
and produce negligible
heating 20
8 9 10 l‘l 12 13
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Preliminary Results

UCMH
PBH

108 107 108 10° 1010 101
MpgH[Mo ]

10! 102 103
k.[Mpc]

Conservatives constraints since we ignore other heating mechanisms
(central bar, gas clouds, spiral arms)
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Radial heating

@ Observations show way larger
migration / radial heating (see
Neige Frankel's talk) than what
can be explained with DM 0]
collisions

@ Need another mechanism to

explain the migration — only a oo
fraction of observed radial bl heaing
. .. _, | — Vertical heating
heating can come from collisions R e e e
. . ) 10% 104 10° 10° 107 108 10° 010 101
(see Chris Hamilton's talk) it
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Exoplanets

@ Same heating mechanism with
Keplerian potential

@ 7000 + planets discovered
today, and more observation
missions planned

Semi-Major Axis (AU)

104 10 o o 10
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Velocity kick

Difference between the velocity kick
on the planet and the one on the star

2 2
(Av)? = (26Mon )" 2Ry
(VARY o) 2Rg + 3b2

— Extra suppression of very distant
encounters

Gets messier when considering halo size:

2GI\/IDM>2 362(Ip, — 1)? + 2R212

<(5V)2> = ( 362 + 2Rg

Vrel b
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Heating rate

@ For point-like objects with monochromatic mass function

_ 2v2G2Mpmpom | 3+ 2(Rp/bmin)?

H
oD " 3 2(Ry/bmax)?
34+2(Rp/bmin )? R .
® buin < R, = In (73”(,?5/%%)2) ~In (bm’;)-

Coulomb logarithm with bpax = R,.

342(Rp/bunin ) R, \2
o byin > R, = In (7312((1?5//%”))2) ~ ( bm’i’n)

Heating suppressed for large masses H I\/I]SI%/[
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Observable

@ Relevant quantity

Bai — HTR =
lE‘ G M* 9 N ftransit
@ Orbital radius can vary from W Radial Velocity
s Other
1073 a.u. to 10% a.u. 150 1

@ vertical heating — orbital
plane inclination shift

100

o radial heating — orbit
eccentricity

o If Einj/|E| > 0 : ejection o

50
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PBH

UCMH

far

100 4
10
A
1072
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Thank you
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Penetrating encounters

@ Two ways to deal with
penetrating encounters

© Only take the mass inside
the impact parameter
m(b) ignoring the effect
of outer shell

@ Fully compute the heating
by integrating the e.o.m. - — full computation
over time e

(B (D)/(AV)3(r)

1072 107! 100 101
bire
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Frame Title

P Zm dz
2 / V2(6(zm) — 9(2))
k=5 feda= o [ dz/20zn) — o)

—Zm
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