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Can first-generation stars tell us anything about dark
matter?

2 Walter Tangarife



The capture of dark matter by stars and other compact obyects

has been extensively studied before.

S[wgfe collistons Press & Spergel (1985)
Gould (1987)

'V\u(flP(Q collistons Bramante et al. (2017);
Dasgupta et al. (2019)
llie et al. (2019), 2x(2020), (2021)
Leane & Smirnov (2023)

DM scatters, loses energy, becomes gravitationally bound to the star

Most works are based on Gould s assumptions (198%)

- DM follows a [(inear path

- Escape velocity 1s coustant, v = v (R:)

- Counstant star density

3 Walter Tangarife



Most works are based on Gould's assumptions (1987)
- DM Follows a ltnear path

- Escape velocity 15 constant, v, = v, (Rx)
- Counstant star deusity

More recently, a multi-scattering formalism was presented n which these

GSSMW\PILIOMS are {l7£IL~Qd Bell, Busoni, Robles et al. (2020, 2024)

- A response function provides the scattering
probability and tncludes the star opacity

- Counsiders angular momentum conservation
and gravitational focusing

- Denstty and escape velocity are functions

the vadial position
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Population-1l1 stars
For a review, see

Formed from metal-free primordial gas (in DM reach Broom et al. (2002),

' Loy Kl & G 1987
environments): These stars must have nitiated the essen & Glover (1987)

creation of all heavier chemical elements
10° M, — 10° M, halos
Formation peaks around z ~ 15 — 20

They continue fo evolve, productng metals tn thetr cores

Pop-Ill stars play a vole tn connecting
metal-free and high-metallicity stars

They may be tnstrumental n probing DM

physics llie et al. (2020), (2021)

Image credit: NSA B
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: Busoni ,Robles, Tangarife (2025)
A Pop-lll star evolution T )
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Multiple scattertng with multiple targets

1031k(A)

10 ZAMS :t = 4.772 x 10° yr
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For each farget element:
~probability to capture one DM particle
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/ m, | 2Ef

Capture rate

~ Flux of DM

J(u)

Arr? v (r)—=
u

€SC

The response function tncorporates the probability of losing
Kinetic energy through multiple collisions

Total capture: C = C, + C]

Bell, Busoni, Robles et al. (2024)
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Multiple scattering with multiple targets

Cumulative probability of DM to (ose energy in the
Presence of fwo fargefs:

SE/E] SE — 2 E) ) ,
Ga,ii(0F) :/0 dz G (Tf(, - O) [—gg(%j@z)]

£y

i
Tx

Q(T;,(Si):/ dr G(1,6;)
0

Capture after scatterings with one or fwo targetfs:

- L
G125 = G(Ty,0i)e”x + Gaj

Then the capture rate where species i dominates:

R, o0 ; iy
c p_X/ dr47r7“20386(7“)/ dquMB(Ux) D ni(r)oi(r) Gz (r, X x)
0 0 !

)
My X 2EO

1

Ciot = C; + C;

Bell, Busoni, Robles et al. (2024)
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The DM velocity distribution

-

"he DM phase-space distribution function has a won-frivial effect on the

fotal capture rate

Most studies assume that the DM speed follows a Maxwel(-Boltzmann
(MB) distribution function

fram(uy) = — % {Exp (—i (1 — v*)2) — Exp (—23—2 (uy + v*)2>]

2
Vd Vs 2v7 vy

good assumption for our solar system!

MB assumes a an 1sothermal sphere: an equilibrium distribution of a
collisionless gas

At short radi, MB [eads to an overestimation of the low-velocity population

Lopes, Lacroix, Lopes (2021)
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The DM velocity distribution
We used the Eddington inversion method

e = o [ () o+ f ]

E=Y(r)— %(ui + v2 + 2u, v, cosb)

[t tncludes how the DM speed distribution
varies with the position n the galaxy

[t tntegrates over all orbit families that are

consistent with the gravitational potential,
without artificially preferring one type

Busoni, Robles, Tangarife (2025) 10

fx*(T, UX)

= 27T’LL2/ df sin 6 F(é)
0

X p(r)

Eddington (1916)

py =~ 5.3GeV/cm?

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
\ T« =O0PC

\ - — Maxwell-Boltzmann
' — Eddington
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Capture by the early star
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Capture by the late star
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only with target i with target i and j

Hong & Vincent (2024) also considered this

core-atmosphere structure in red giants 19

armospnerse

Prob. capture
after tnuteractions —+

with target i and k

Prob. capture

after wnteractions

with target i, then j, k

Busoni, Robles, Tangarife (2025)
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Capture by the late star
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Capture by the late star
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DM thermalization and annihilation

As captured DM particles interact with ordinary matter (v the star, they
thermalize tn the tnermost region of the stellar core

M, =20M
10° — 3

107 Ly =8.05 My ? The thermalized DM occupies a sphere of

radius
ry(t) = \/ 3(t)
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DM thermalization and annihilation

Number of particles in the isothermal sphere

dN,
dt

C(t) _ A(t)N)% A= <?\;‘§(§>§> /d?’rni(r, t)

The annthilation of DM prevents the accumulated DM population
from growing to a potnt that sigmificantly affects the stellar structure

M, =100M, m, =107 GeV
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Busoni, Robles, Tangarife (2025)
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DM self-gravitation and collapse
Nov-annthilating DM;

The DM population becomes self-gravitating when the total mass in a region exceeds

the mass of baryonic matter contatned tn the same region

V2 (0)p(t)

NX(t) - 3\/§m

The 1sothermal sphere may become unstable aganst gravitational collapse when

gravitational energy exceeds kinetic energy

~Chawndrasekhar (imit

So, we can ask: What region of the parameter space would (ead to self-gravitation,
collapse, and subsequent accretion of the star tto the resultant black hole?
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DM self-gravitation and collapse
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Can first-generation stars tell us anything

about dark matter?
Maybe!

DM capture effects in the first stars, and tn general v massive stars, are
highly sensitive to stellar evolution, tnternal composition, and the surrounding
halo euvironment. Accurate modeling of these effects ts essential for deriving
robust constratnts on heavy DM from primordial stellar populations and for
assessing the potential astrophysical tmpact of DM tn the first generation of
stars.
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