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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 objects

Press & Spergel (1985)
Gould (1987)

has been extensively studied before. 
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Most works are based on Gould’s assumptions (1987)

Bramante et al. (2017);  
Dasgupta et al. (2019)
Ilie et al. (2019), 2x(2020), (2021)
Leane & Smirnov (2023)
…

Single collisions

Multiple collisions

- DM follows a linear path 
- Escape velocity is constant,  
- Constant star density

vesc = vesc(R*)

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

Walter Tangarife



More recently, a multi-scattering formalism was presented in which these 
assumptions are lifted
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Most works are based on Gould’s assumptions (1987)

- DM follows a linear path 
- Escape velocity is constant,  
- Constant star density

vesc = vesc(R*)

Bell, Busoni, Robles et al. (2020, 2024)

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

- Considers angular momentum conservation 
and gravitational focusing 

- Density and escape velocity are functions 
the radial position

τ−
χ

τ+
χ

Walter Tangarife



Population-III stars
For a review, see
Broom et al. (2002), 
Klessen & Glover  (1987)

Formed from metal-free primordial gas (in DM reach 
environments): These stars must have initiated the 
creation of all heavier chemical elements
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They continue to evolve, producing metals in their cores

 halos105 M⊙ − 106 M⊙

Formation peaks around  z ∼ 15 − 20

Image credit: NASA

Walter Tangarife

Pop-III stars play a role in connecting 
metal-free and high-metallicity stars

They may be instrumental in probing DM 
physics Ilie et al. (2020), (2021)
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Figure 1. Evolution of the matter content of 20M�, 100M� and 1000M� Pop. III stars from the zero
age main sequence (ZAMS) until He depletion from the core, obtained using MESA with parameters
taken from Ref. [30].
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Busoni ,Robles, Tangarife (2025)

Walter Tangarife

A Pop-III star evolution  
from MESA

MESA: Modules for Experiments in 
Stellar Astrophysics  

Paxton et al. (2011)

We simulated non-rotating single 
stars, with masses 20, 100 and 
1000 M⊙, and no metallicity, Z = 0. 

We evolved these stars from 
ZAMS, at redshift z ∼ 10, up to 

the moment when helium is 
depleted from the star’s core
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Multiple scattering with multiple targets 

Bell, Busoni, Robles et al. (2024)

ℒeff ⊃
cS

Λ2
χ̄χN̄N

Walter Tangarife
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~ flux of DM

The response function incorporates the probability of losing 
kinetic energy through multiple collisions

~probability to capture one DM particle

For each target element: 

Ci =
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0
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Capture rate

C = Ci + CjTotal capture:
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Multiple scattering with multiple targets 

Bell, Busoni, Robles et al. (2024)

Walter Tangarife

Capture after scatterings with one or two targets:

Figure 4: Radial profiles of the core composition of a 0.94M→ WD simulated with MESA.

This is the probability for DM to be captured between ω iω and ω iω + dω iω.

We are now ready to obtain the capture rate for scattering with two targets. In the previous

expression, we have considered that the DM energy is reduced below the threshold for capture to

occur after subsequent scatterings with two targets i and j; however, capture can happen after

collisions with only one ionic species. This is accounted for in the following expression

G12,ij = G(ω iω, εi)e
↑ε jω +G2,ij , (3.52)

where the first term represents capture after interactions only with the element i. As in section 3.2,

we average Eq. 3.52 over the 2 possible trajectories ω↑ω and ω+ω and the DM angular momentum

to obtain the multiple target response function G̃12,ij . Thus, the capture rate for the case where

scattering from species i dominates is given by

Ci =
ϑω
mω

∫ Rε

0
dr4ϖr2v2esc(r)

∫ ↓

0
duω

fMB(uω)

uω

∑

i

ni(r)ϱiω(r)G̃12,ij

(
r,
mωu2ω
2Ei

0

)
. (3.53)

The contribution of the second target, Cj , is obtained by interchanging i with j in Eq. 3.53. Adding

the two contributions results in a total capture rate of

Ctot = Ci + Cj . (3.54)

In principle, this procedure can be generalized to any number of targets.

In Fig. 3, we compare our approach with that of ref. [17] which addresses multi-target multiple-

scattering capture in stars, neglecting the stellar structure. We consider a 0.94M→ WD, which is

composed mainly of carbon and oxygen. The radial profiles of the constituent number densities

are shown in Fig. 4. These profiles were obtained by running a simulation of the evolution of a

6M→ main sequence star with solar metallicity, using the public stellar evolution code Modules for

Experiments in Stellar Astrophysics (MESA) [40–44] package, version 21.12.1. Note that small traces

of elements heavier than oxygen, namely neon and magnesium, are also present in the WD core. As

in the previous section, we assume the D1 EFT operator, since ref. [17] only deals with the case of
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Then the capture rate where species i dominates:
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Figure 3: Capture rate in the multiple-scattering regime (magenta) for a 0.94M→ WD made of

carbon and oxygen, for scalar-scalar interactions (D1) and a DM mass of 103GeV (left panel) and

106GeV (right panel). We also show results obtained using the prescription in ref. [17] (light blue).

make the probability to interact and lose an arbitrary amount of energy as close to 1 as desired.

Finally, the third property gives us the probability that DM interacts with the target i; this expression

takes the expected form, given that e↑ω iω is the probability of no interaction with the medium. Note

that G(ω iε, εi), can be rewritten as

G(ω iε, εi) =

∫ ↓

ϑi

dε k(ω iε, ε), (3.48)

where k(ω iε, ε) is a probability density function, obtained by di!erentiating Eq. 3.44

ϑ

ϑεi
G(ω iε, εi) = →k(ω iε, εi). (3.49)

Next, we introduce a second target species. In the presence of these two ionic targets, the

cumulative probability of DM to lose an energy εE after travelling an optical depth ω iε in the target

i and ω jε in the second target j is found to be

G2,ij(εE) =

∫ ϑE/Ej
0

0
dz G

(
ω iε,

εE → zEj
0

Ei
0

)[
→

ϑ

ϑz
G(ω jε, z)

]
. (3.50)

Since the previous expression is a cumulative probability, to calculate the capture rate when the last

scattering is over the target i, we di!erentiate Eq. 3.50 with respect to ω iε to obtain4

G2,ij(εE) =

∫ ϑE/Ej
0

0
dz G

(
ω iε,

εE → zEj
0

Ei
0

)[
→

ϑ

ϑz
G(ω jε, z)

]
. (3.51)

4Note that, technically, we should di!erentiate Eq. 3.50 with respect to ω j
ω. However, once we add G(ω i

ω, εi)e
→εj

ω

(which is already di!erentiated with respect to ω i
ω) to Eq. 3.51 and arrive at Eq. 3.52, we realize that the integral of

the latter is symmetric in the indices i, j. Thus, one can di!erentiate with respect to either ω i
ω or ω j

ω, so we chose the

former for convenience.
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the form factors and recoil energies, rather than averaging them over the NS radius. We find that

F (N,N →)
i,j saturates to → 0.034, for the scalar-scalar operator and recoil energies lower than order MeV.

Note also that the approach of ref. [5] does not reach the geometric limit for large cross sections;

this occurs because they truncate the sum over CN at a certain maximum value of N , Nmax, which

neglects important terms when the cross section is su!ciently large. There is another substantial

di”erence when comparing our results with those calculated using the prescription of ref. [15] (light

blue lines), which neglects the motion of the WD. That approach overestimates both the capture

rate and the threshold cross section at which the capture rate saturates the geometric limit.

Regarding the remaining operators in Table 2, operators D2 and D10 are momentum suppressed

in the non-relativistic limit, meaning that their matrix elements are proportional to the squared

momentum transfer q2tr. Therefore, the approximation in Eq. 3.26 does not hold. Following the

procedure outlined above for non-suppressed interactions, we find that the response function takes

the form of a linear combination of hypergeometric functions. For D6, whose cross section also

depends on the DM velocity, we can still use the response function in Eq. 3.36, but in this case the

value of E0 will depend on uω.

3.3 Multiple scattering with multiple targets

The response function obtained in the previous section is valid for white dwarfs made of a single

ionic species. However, the core of a real WDs is composed mainly of two elements plus small traces

of other elements. In this section, we generalize our previous result to the case of scattering on

two ionic species. Each target i will have a di”erent optical depth, ω iω; the total optical depth ωω is

simply the sum of the contributions from each of the target species.

First, as in the previous section, we consider the probability for DM to interact with a target

i and lose energy of at least εE, while travelling a length dω iω, starting from a layer in the WD with

optical depth ω iω. This is given by the di”erential element G(ω iω, εi)dω
i
ω, where

εi =
εE

Ei
0

, (3.43)

and the energy scale Ei
0 depends on the target i and is calculated using Eq. 3.40. Thus, the

probability to interact and lose the same amount of energy when DM travels a path-length ω iω is

simply the integral of the di”erential element over the trajectory, i.e.

G(ω iω, εi) =

∫ ε iω

0
dω G(ω, εi). (3.44)

Note that this probability satisfies all the expected properties:

lim
ε iω→0

G(ω iω, εi) = 0, (3.45)

lim
ε iω→↑

G(ω iω, εi) = 1, (3.46)

lim
ϑi→0

G(ω iω, εi) = 1↑ e↓ε iω . (3.47)

The first property applies when the DM particle travels through a region that does not contain the

target i. The second limit tells us that by taking a su!ciently large optical depth, it is possible to
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Cumulative probability of DM to lose energy in the 
presence of two targets:
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The DM velocity distribution

Walter Tangarife

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

function,

fMB(uω) =
uω
vd vε

√
3

2ω

[
Exp

(
→ 3

2v2d
(uω → vε)

2
)
→ Exp

(
→ 3

2v2d
(uω + vε)

2
)]

, (3.10)

where vε is the star’s velocity and vd is the velocity dispersion. This is a reasonable assumption
for calculations in the vicinity of the solar system, at approximately 8 kpc from the center of
the Galaxy. However, it has been pointed out that, for much shorter distances, Eq. (3.10) leads
to an overestimation of the low-velocity population [23]. Consequently, we use the Eddington
inversion method [22] (outlined in Appendix C), which makes use of the DM density profile
and total gravitational potential of the halo to obtain a more realistic velocity distribution
function [23]. We model the halo DM density with an NFW profile [37] and use the fit of the
concentration c(z) mass relation from N-body simulations as a function of redshift z, given in
Ref. [38], to obtain the relevant NFW parameters, i.e. scale radius rs and its corresponding
density εs, as follows

a(z) = 0.520 + 0.385 exp (→0.617z1.21), (3.11)
b(z) = →0.101 + 0.026z, (3.12)

log c(z) = a(z) + b(z)

(
Mhalo

1012M→

)
, (3.13)

rs(z) =
Rvir(z)

c(z)
, R3

200 =
3Mhalo

800ωεcrit(z)
, (3.14)

εs(z) =
200

3
εcrit(z)

c3

ln(1 + c)→ c
a+c

, (3.15)

where the virial radius Rvir has been taken to be R200 (the radius for which εω = 200 εcrit).
We have taken Mhalo = 105M→. This fit can be used for radial distances from the center of
the halo in the range ↑ 0.1 pc →Rvir(z).

In Figure 4, we show the resulting distribution function in the reference frame of a
star near the center of a 105M→ halo at z = 10, namely at a distance rε ↑ 5 pc from the
halo’s center. The DM density at this distance is εω ↓ 5.3GeV/cm3. We also include the
velocity distribution obtained using the standard Maxwell-Boltzmann expression (3.10), for
comparison. Our results indicate that, at this distance from the halo’s center, the Maxwell-
Boltzmann approach overestimates the low-velocity tail of the distribution, which is the most
relevant regime for calculating DM capture rates.

3.1.2 Zero age main sequence results

We have computed the total capture rate for the initial stage of the Pop. III star. We have
used the benchmark values vε ↑ vd = 0.3 km/s, which correspond to the circular velocity at
rε = 5pc in the gravitational potential generated by the halo given in Eq. (3.11). Fig. 5 shows
the total capture rate in the ZAMS stage of the 1000M→ Pop. III star, for mω = 109GeV. The
figure shows that, for large values of the DM-proton cross section, the capture rate reaches
a saturation value that corresponds to the so-called geometric capture rate, meaning that all
DM particles entering the star are captured. The geometric capture rate is defined as

Cgeom =
ωR2

ε εω(rε)

mω

∫ vhaloesc (rω)

0
duω

v2esc(Rε) + u2ω
uω

fωε(uω) , (3.16)

– 8 –

The DM phase-space distribution function has a non-trivial effect on the 
total capture rate

good assumption for our solar system!

At short radii, MB leads to an overestimation of the low-velocity population
Lopes, Lacroix, Lopes (2021)

MB assumes a an isothermal sphere: an equilibrium distribution of a 
collisionless gas



10

The DM velocity distribution

Walter Tangarife
Busoni, Robles, Tangarife (2025)

function,

fMB(uω) =
uω
vd vε

√
3

2ω

[
Exp

(
→ 3

2v2d
(uω → vε)

2
)
→ Exp

(
→ 3

2v2d
(uω + vε)

2
)]

, (3.10)
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the Galaxy. However, it has been pointed out that, for much shorter distances, Eq. (3.10) leads
to an overestimation of the low-velocity population [23]. Consequently, we use the Eddington
inversion method [22] (outlined in Appendix C), which makes use of the DM density profile
and total gravitational potential of the halo to obtain a more realistic velocity distribution
function [23]. We model the halo DM density with an NFW profile [37] and use the fit of the
concentration c(z) mass relation from N-body simulations as a function of redshift z, given in
Ref. [38], to obtain the relevant NFW parameters, i.e. scale radius rs and its corresponding
density εs, as follows

a(z) = 0.520 + 0.385 exp (→0.617z1.21), (3.11)
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log c(z) = a(z) + b(z)
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Mhalo
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rs(z) =
Rvir(z)

c(z)
, R3

200 =
3Mhalo
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, (3.14)

εs(z) =
200

3
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c3
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, (3.15)

where the virial radius Rvir has been taken to be R200 (the radius for which εω = 200 εcrit).
We have taken Mhalo = 105M→. This fit can be used for radial distances from the center of
the halo in the range ↑ 0.1 pc →Rvir(z).
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star near the center of a 105M→ halo at z = 10, namely at a distance rε ↑ 5 pc from the
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Boltzmann approach overestimates the low-velocity tail of the distribution, which is the most
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3.1.2 Zero age main sequence results

We have computed the total capture rate for the initial stage of the Pop. III star. We have
used the benchmark values vε ↑ vd = 0.3 km/s, which correspond to the circular velocity at
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ωR2

ε εω(rε)

mω

∫ vhaloesc (rω)

0
duω

v2esc(Rε) + u2ω
uω

fωε(uω) , (3.16)
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Figure 4. Dark matter velocity distribution function in the star’s frame, obtained using the Eddington
inversion method [22] for a 105 M→ halo at redshift z = 10 with a DM density profile in Eq. (3.11)
(solid magenta line), and for a star at a radial distance rω = 5pc from the center of the halo. For
comparison, we also show a Maxwell-Boltzmann velocity distribution using vω = vd = vcirc(rω = 5pc)
(dashed light blue line).

The multi-target multi-scattering capture rate when the DM particle scatters mainly
with the target i is then given by

Ci =
ωω(rε)

mω

∫ Rω

0
dr 4εr2ni(r) v

2
esc(r)

∫ vhaloesc (rω)

0

duω
uω

fωε(uω)ϑiω(r) G̃12,ij(r, ϖi) , (3.8)

where, uω is the DM speed away from the star, vesc(r) is the radially dependent escape velocity
from the star, fωε(uω) is the velocity distribution function in the star’s reference frame, ωω(rε)
is the DM density at a radial distance rε from the halo’s center, vhaloesc (rε) is the halo escape
velocity at the same distance, and ϑω i(r) is the scattering cross section of DM with the target
i, which, for the DM-target interaction we are considering, depends on the radial position in
the star through the nuclear form factor. The di!erential scattering cross section is given in
Appendix B together with the nuclear form factors taken from Ref. [36] that are embedded
in the di!erential cross section.

After calculating the rate in Eq. (3.8) for each of the targets involved, we obtain the
total capture rate by adding the individual contributions,

C = Ci + Cj . (3.9)

Finally, it is worth mentioning that since we are focusing on the capture of DM with
mass above the TeV scale, we have safely neglected the motion of the targets whose thermal
energy is much lower than the DM kinetic energy (see right panel of Fig. 2), i.e., we are
working in the zero temperature approximation.

3.1.1 The dark matter velocity distribution

In the definition of the capture rate, Eq. (3.8), fωε(uω) is the velocity distribution function of
the dark matter particles in the frame of the star. Most of the literature on DM capture in
celestial bodies assumes that the DM velocity follows a Maxwell-Boltzmann (MB) distribution
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function,
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figure shows that, for large values of the DM-proton cross section, the capture rate reaches
a saturation value that corresponds to the so-called geometric capture rate, meaning that all
DM particles entering the star are captured. The geometric capture rate is defined as

Cgeom =
ωR2

ε εω(rε)

mω

∫ vhaloesc (rω)

0
duω

v2esc(Rε) + u2ω
uω

fωε(uω) , (3.16)
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It includes how the DM speed distribution 
varies with the position in the galaxy 
 
It integrates over all orbit families that are 
consistent with the gravitational potential, 
without artificially preferring one type

We used the Eddington inversion method

Element Ei
1(MeV) Form factor Fi(ER)

Helium 4.36 4ω → 0.31831 exp
(
↑ ER

EHe
1

)

Carbon 1.78 4ω → 0.585882 exp
(
↑ER

EC
1

)(
2.25↑ ER

2EC
1

)2

Oxygen 1.10 4ω → 0.000032628 exp
(
↑ER

EO
1

)(
395.084↑ 200.042 ER

2EO
1
+

E2
R

4(EO
1 )2

)2

Neon 0.62 4ω → 0.0431723 exp
(
↑ ER

ENe
1

)(
13.577↑ 9.05108 ER

2ENe
1

+
E2

R

4(ENe
1 )2

)2

Table 1. Nuclear form factors, taken from Ref. [36].

where εcm is the center of mass angle, ER is the recoil energy, N,N → = p, n represent nucleons.
The DM-nucleon scattering cross section ϑωN is defined as

ϑωN =

(
cSN
!2

)2 µ2
ωN

ω
, (B.2)

where µωN is the DM-nucleon reduced mass, cSp = 0.00162622 and cSn = 0.00164864, are the
proton and neutron hadronic matrix elements of the scalar e!ective operator, respectively [34].
The relevant nuclear form factors in Eq. (B.1) reduce to the Fi(ER) values given in Table 1.

C The Eddington inversion method

The Eddington inversion method allows us to obtain the phase space distribution function
(PSDF) for a system in dynamical equilibrium [22, 51]. In a spherically symmetric system, in
the presence of a gravitational potential ”(r) due to a mass density ϖ(r), we can define the
relative potential

#(r) = ”(Rmax)↑ ”(r) =

∫ Rmax

r
dr→

Gm(r→)

r→2
, (C.1)

m(r) = 4ω

∫ r

0
dr→r→2ϖ(r→), (C.2)

where Rmax is the radius of the boundary of the system. The Eddington formula yields the
PSDF

F (E) =
1↓
8ω2

[
1↓
E

(
dϖ

d#

)

!=0

+

∫ E

0

d2ϖ

d#2

d#↓
E ↑#

]
, (C.3)

where E is the relative energy per unit mass, E = #(r)↑ u2/2, with u the velocity modulus.
In the frame of a star with speed vε, the normalized DM velocity distribution function

is given by [23]

fωε(r, uω) = 2ω u2ω

∫ ϑ

0
dε sin ε

F (E)
ϖ(r)

, (C.4)

with E = #(r)↑ 1
2(u

2
ω + v2ε + 2uωvε cos ε), where ε is the angle between ϱuω and ϱvε.

D Capture rate scaling for heavy dark matter

At large DM mass mω ↔ mi, the DM-target di!erential cross section dϖωi

dER
and ς±ω become

independent of mω. Taking the limit mω ↔ mi of the ratio C/Cgeom for heavy DM and
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(
↑ ER

EHe
1

)

Carbon 1.78 4ω → 0.585882 exp
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(
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+
E2
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1 )2

)2

Table 1. Nuclear form factors, taken from Ref. [36].
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where µωN is the DM-nucleon reduced mass, cSp = 0.00162622 and cSn = 0.00164864, are the
proton and neutron hadronic matrix elements of the scalar e!ective operator, respectively [34].
The relevant nuclear form factors in Eq. (B.1) reduce to the Fi(ER) values given in Table 1.
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The Eddington inversion method allows us to obtain the phase space distribution function
(PSDF) for a system in dynamical equilibrium [22, 51]. In a spherically symmetric system, in
the presence of a gravitational potential ”(r) due to a mass density ϖ(r), we can define the
relative potential

#(r) = ”(Rmax)↑ ”(r) =
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, (C.1)

m(r) = 4ω
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where Rmax is the radius of the boundary of the system. The Eddington formula yields the
PSDF

F (E) =
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+
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]
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where E is the relative energy per unit mass, E = #(r)↑ u2/2, with u the velocity modulus.
In the frame of a star with speed vε, the normalized DM velocity distribution function

is given by [23]

fωε(r, uω) = 2ω u2ω

∫ ϑ

0
dε sin ε

F (E)
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, (C.4)

with E = #(r)↑ 1
2(u

2
ω + v2ε + 2uωvε cos ε), where ε is the angle between ϱuω and ϱvε.

D Capture rate scaling for heavy dark matter

At large DM mass mω ↔ mi, the DM-target di!erential cross section dϖωi

dER
and ς±ω become

independent of mω. Taking the limit mω ↔ mi of the ratio C/Cgeom for heavy DM and
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Element Ei
1(MeV) Form factor Fi(ER)

Helium 4.36 4ω → 0.31831 exp
(
↑ ER

EHe
1

)

Carbon 1.78 4ω → 0.585882 exp
(
↑ER

EC
1

)(
2.25↑ ER

2EC
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Oxygen 1.10 4ω → 0.000032628 exp
(
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Table 1. Nuclear form factors, taken from Ref. [38].

B Nuclear form factors

The di!erential scattering cross section between the DM particle and a nucleus i for interaction
in Eq. (3.1) is given by

dεiω
dcos ϑcm

=
1

2ω!4

m2
ωm

2
i

(mω +m2
i )m

2
N

∑

N,N →

cSNcSN →F
N,N →

i (ER), (B.1)

where ϑcm is the center of mass angle, ER is the recoil energy, N,N → = p, n represent nucleons.
The DM-nucleon scattering cross section εωN is defined as

εωN =

(
cSN
!2

)2 µ2
ωN

ω
, (B.2)

where µωN is the DM-nucleon reduced mass, cSp = 0.00162622 and cSn = 0.00164864, are the
proton and neutron hadronic matrix elements of the scalar e!ective operator, respectively [36].
The relevant nuclear form factors in Eq. (B.1) reduce to the Fi(ER) values given in Table 1.

C The Eddington inversion method

The Eddington inversion method allows us to obtain the phase space distribution function
(PSDF) for a system in dynamical equilibrium [24, 54]. In a spherically symmetric system, in
the presence of a gravitational potential ”(r) due to a mass density ϖ(r), we can define the
relative potential

#(r) = ”(Rmax)↑ ”(r) =

∫ Rmax

r
dr→

Gm(r→)

r→2
, (C.1)

m(r) = 4ω

∫ r

0
dr→r→2ϖ(r→), (C.2)

where Rmax is the radius of the boundary of the system. The Eddington formula yields the
PSDF

F (E) =
1↓
8ω2

[
1↓
E

(
dϖ

d#

)

!=0

+

∫ E

0

d2ϖ

d#2

d#↓
E ↑#

]
, (C.3)

where E is the relative energy per unit mass, E = #(r)↑ u2/2, with u the velocity modulus.
In the frame of a star with speed vε, the normalized DM velocity distribution function

is given by [25]

fωε(r, uω) = 2ω u2ω

∫ ϑ

0
dϑ sin ϑ

F (E)
ϖ(r)

, (C.4)

with E = #(r)↑ 1
2(u

2
ω + v2ε + 2uωvε cos ϑ), where ϑ is the angle between ϱuω and ϱvε.
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Figure 5. DM capture rate in the zero age main sequence (ZAMS) stage of a Pop. III star with
Mω = 1000M→ at 5 pc from the halo center. The solid magenta line represents the total capture rate
calculated using Eq. (3.9) and the DM velocity distribution obtained using the Eddington inversion
method (see Fig. 4). The dashed light-blue line represents the total capture obtained using the same
procedure but with a Maxwell-Boltzmann velocity distribution, Eq. (3.10). Finally, the dashed orange
line shows the result obtained using the formalism in Ref. [21].

where fωε(uω) is calculated using the Eddington inversion method, as discussed in section
3.1.1.

For comparison, Fig. 5 shows the capture rate calculated using a Maxwell-Boltzmann
velocity distribution (dashed light-blue line), Eq. (3.10). The figure also shows the results
obtained using the formalism presented in Ref. [21] (dashed orange line), which also assumes
an MB speed distribution. While all results exhibit similar behavior, it is noticeable that the
transition from the optically thin regime to the saturation of the geometric limit is less sharp in
our results compared to the method in Ref. [21], and occurs at an order of magnitude larger
DM-proton cross section. As a reminder, we consider the radial dependence of the stellar
composition and the escape velocity, rather than assuming constant values. Assumptions in
previous work lead to an overestimation of the capture rate by approximately one order of
magnitude for scattering cross sections below the saturation limit. Finally, we notice that
there is an additional overestimation from using the Maxwell-Boltzmann velocity distribution
(compare the dashed light blue with the solid magenta line) since the low-velocity tail is more
prominent in that distribution, as seen in Fig. 4.

The contributions of DM scattering with H and He to the total capture rate for the
three Pop. III stars considered here, and DM of mass 109 GeV are shown in the left panels
of Fig. 6. As expected, the capture rate is dominated by the helium contribution despite its
underabundance and a nontrivial form factor that suppresses the corresponding cross section.
This is due to coherent scattering, with the DM-nucleus cross section being enhanced by a
factor → A4, where A is the atomic number. We also note the increase in the capture rate with
the stellar mass from Mε = 20M→ to 1000M→. In the right panels of the figure, we show the
ratio of the total capture rate to the corresponding geometric limit. We notice that the ratio
C/Cgeom is the same for all masses mω ↑ 109GeV. In that regime, single-scattering capture
dominates and the rate scales as C → m↑1

ω . On the other hand, for mω > 109GeV, multi-
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function,

fMB(uω) =
uω
vd vε

√
3

2ω

[
Exp

(
→ 3

2v2d
(uω → vε)

2
)
→ Exp

(
→ 3

2v2d
(uω + vε)

2
)]

, (3.10)

where vε is the star’s velocity and vd is the velocity dispersion. This is a reasonable assumption
for calculations in the vicinity of the solar system, at approximately 8 kpc from the center of
the Galaxy. However, it has been pointed out that, for much shorter distances, Eq. (3.10) leads
to an overestimation of the low-velocity population [23]. Consequently, we use the Eddington
inversion method [22] (outlined in Appendix C), which makes use of the DM density profile
and total gravitational potential of the halo to obtain a more realistic velocity distribution
function [23]. We model the halo DM density with an NFW profile [37] and use the fit of the
concentration c(z) mass relation from N-body simulations as a function of redshift z, given in
Ref. [38], to obtain the relevant NFW parameters, i.e. scale radius rs and its corresponding
density εs, as follows

a(z) = 0.520 + 0.385 exp (→0.617z1.21), (3.11)
b(z) = →0.101 + 0.026z, (3.12)

log c(z) = a(z) + b(z)

(
Mhalo

1012M→

)
, (3.13)

rs(z) =
Rvir(z)

c(z)
, R3

200 =
3Mhalo

800ωεcrit(z)
, (3.14)

εs(z) =
200

3
εcrit(z)

c3

ln(1 + c)→ c
a+c

, (3.15)

where the virial radius Rvir has been taken to be R200 (the radius for which εω = 200 εcrit).
We have taken Mhalo = 105M→. This fit can be used for radial distances from the center of
the halo in the range ↑ 0.1 pc →Rvir(z).

In Figure 4, we show the resulting distribution function in the reference frame of a
star near the center of a 105M→ halo at z = 10, namely at a distance rε ↑ 5 pc from the
halo’s center. The DM density at this distance is εω ↓ 5.3GeV/cm3. We also include the
velocity distribution obtained using the standard Maxwell-Boltzmann expression (3.10), for
comparison. Our results indicate that, at this distance from the halo’s center, the Maxwell-
Boltzmann approach overestimates the low-velocity tail of the distribution, which is the most
relevant regime for calculating DM capture rates.

3.1.2 Zero age main sequence results

We have computed the total capture rate for the initial stage of the Pop. III star. We have
used the benchmark values vε ↑ vd = 0.3 km/s, which correspond to the circular velocity at
rε = 5pc in the gravitational potential generated by the halo given in Eq. (3.11). Fig. 5 shows
the total capture rate in the ZAMS stage of the 1000M→ Pop. III star, for mω = 109GeV. The
figure shows that, for large values of the DM-proton cross section, the capture rate reaches
a saturation value that corresponds to the so-called geometric capture rate, meaning that all
DM particles entering the star are captured. The geometric capture rate is defined as

Cgeom =
ωR2

ε εω(rε)

mω

∫ vhaloesc (rω)

0
duω

v2esc(Rε) + u2ω
uω

fωε(uω) , (3.16)
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Figure 6. Capture rate, as a function of the DM-proton scattering cross section, in the early stage
(ZAMS) of the three stars for various values of mω.

scattering e!ects are necessary and the capture rate scales as C → m→2
ω . In Appendix D, we

expand on the details about this scaling. Finally, it is notable that capture due to collisions
with hydrogen is significantly less dominant than that with helium.

3.2 Capture during the late red giant stage: Scattering with three di!erent

elements

The results from our MESA simulations show that, after a few Myrs., the Pop. III stars have
developed a core with a large abundance of 12O and other metals (see Fig. 1), while keeping
an atmosphere with 4He and 1H, as sketched in the right panel of Fig. 3. The presence of
more than two target species in non-negligible amounts requires us to extend the formulation
of the response function to include the case when the DM particle is captured after collisions
with three di!erent elements, i, j and k. To this end, we follow the same rationale as Ref. [9]
to extend the formalism discussed in Section 3.1 to the case of three distinct target species.
When the DM particle interacts more predominantly with the target i, but also collides with
the targets j and k, the probability for the DM particle to be captured at a depth between
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where vε is the star’s velocity and vd is the velocity dispersion. This is a reasonable assumption
for calculations in the vicinity of the solar system, at approximately 8 kpc from the center of
the Galaxy. However, it has been pointed out that, for much shorter distances, Eq. (3.10) leads
to an overestimation of the low-velocity population [23]. Consequently, we use the Eddington
inversion method [22] (outlined in Appendix C), which makes use of the DM density profile
and total gravitational potential of the halo to obtain a more realistic velocity distribution
function [23]. We model the halo DM density with an NFW profile [37] and use the fit of the
concentration c(z) mass relation from N-body simulations as a function of redshift z, given in
Ref. [38], to obtain the relevant NFW parameters, i.e. scale radius rs and its corresponding
density εs, as follows

a(z) = 0.520 + 0.385 exp (→0.617z1.21), (3.11)
b(z) = →0.101 + 0.026z, (3.12)
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(
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where the virial radius Rvir has been taken to be R200 (the radius for which εω = 200 εcrit).
We have taken Mhalo = 105M→. This fit can be used for radial distances from the center of
the halo in the range ↑ 0.1 pc →Rvir(z).

In Figure 4, we show the resulting distribution function in the reference frame of a
star near the center of a 105M→ halo at z = 10, namely at a distance rε ↑ 5 pc from the
halo’s center. The DM density at this distance is εω ↓ 5.3GeV/cm3. We also include the
velocity distribution obtained using the standard Maxwell-Boltzmann expression (3.10), for
comparison. Our results indicate that, at this distance from the halo’s center, the Maxwell-
Boltzmann approach overestimates the low-velocity tail of the distribution, which is the most
relevant regime for calculating DM capture rates.

3.1.2 Zero age main sequence results

We have computed the total capture rate for the initial stage of the Pop. III star. We have
used the benchmark values vε ↑ vd = 0.3 km/s, which correspond to the circular velocity at
rε = 5pc in the gravitational potential generated by the halo given in Eq. (3.11). Fig. 5 shows
the total capture rate in the ZAMS stage of the 1000M→ Pop. III star, for mω = 109GeV. The
figure shows that, for large values of the DM-proton cross section, the capture rate reaches
a saturation value that corresponds to the so-called geometric capture rate, meaning that all
DM particles entering the star are captured. The geometric capture rate is defined as

Cgeom =
ωR2

ε εω(rε)

mω

∫ vhaloesc (rω)

0
duω

v2esc(Rε) + u2ω
uω

fωε(uω) , (3.16)
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FIG. 1. Evolution of the matter content of a 1000M� Pop-III star. MESA parameters taken from
ref. [17].

Profile R⇤ (R�) 1H 4He 12C 16O 20Ne
(A) 16.7 74.0% 26.0% 0 0 0
(B) 45.1 30.8% 69.2% 0 0 0
(C) 78.4 22.5% 77.5% 0 0 0
(D) 59.1 22.4% 77.4% 0.2% ⇠ 0 ⇠ 0

(E) 377.9 27.6% 36.7% 5.3% 29.6% 0.8%

(F) 336.2 23.9% 30.9% 1.4% 35.9% 7.8%

TABLE I. Caption

B. Response function in collisions with a hydrogen atom

We want to obtain the response function when the target is a hydrogen atom and, there-
fore, has a trivial form factor. Our starting point is the definition of the probability density
function for a DM particle to lose energy ER, as given in Eq. (3.23) of [6],

f(ER) =
1

�p�

d�p�

dER
(ER). (3.1)

Assuming a scalar effective operator between DM and the proton, the squared amplitude is

|M|
2 =

✓
�

⇤2

◆2

c2S(4m�mp)
2. (3.2)

The differential cross-section is then

d�p�

dER
=

✓
�

⇤2

◆2

c2S
mp

2⇡v2
⇥

 
v �

p
2mpER

2µp�

!
, (3.3)

3

+Gi =
Prob. capture 
after interactions  
only with target i

Prob. capture 
after interactions  

with target  and     i j

Prob. capture 
after interactions  

with target , then ,    i j k
++

Prob. capture 
after interactions  

with target  and     i k

Hong & Vincent (2024) also considered this  
core-atmosphere structure in red giants

atmosphere

core

Walter Tangarife
Busoni, Robles, Tangarife (2025)
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We want to obtain the response function when the target is a hydrogen atom and, there-
fore, has a trivial form factor. Our starting point is the definition of the probability density
function for a DM particle to lose energy ER, as given in Eq. (3.23) of [6],

f(ER) =
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Assuming a scalar effective operator between DM and the proton, the squared amplitude is
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2 =
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Figure 7. Comparison between using three and two target elements to calculate the capture rate of
heavy DM during the final stage of the star. The solid line shows the results that include collisions
with three target species. The dashed line corresponds to the capture rate considering only collisions
with two target elements. There is a clear deficit in the latter with respect to the former. This
di!erence is significant for mω ↭ 109 GeV and becomes more pronounced for heavier DM particles.

ω iω and ω iω + dω iω is then given by

G3,ijk(εE) =

∫ εE/Ej
0

0
dz1

∫ ωE→z1E
j
0

Ek
0

0
dz2G1,i

(
ω iω,

εE → z1E
j
0 → z2Ek

0

Ei
0

)

↑
[

ϑ

ϑz1

∫ ϑ jε

0
dωωG1,j(ωω, z1)

][
ϑ

ϑz2

∫ ϑkε

0
dωωG1,k(ωω, z2)

]
, (3.17)

where G1,i(ωω, z) is given in Eq. (3.2), and Ei
0, E

j
0, and Ek

0 are characteristic energies associ-
ated with the targets, defined in Eq. (3.3).

The DM particle may be captured after collisions with only one type of element i, or
two ij, ik, or three ijk. Remembering that the probability that the DM particle does not
interact with target i is given by e→ϑ iε , the total probability for the particle to lose an energy
εE is then given by

Gtot(εi) = G1,i(ω
i
ω, εi)e

→ϑ jε→ϑkε +G2,ij(εE)e→ϑkε +G2,ik(εE)e→ϑ jε +G3,ijk(εE), (3.18)

where the G1,i(ω iω, εi), G2,ij(εE), and G3,ijk(εE) are given in Eqs. (3.2), (3.5), and (3.17),
respectively.

Figure 7 highlights the importance of including scattering with three di!erent target
species in a 1000M↑ Pop. III star (O+Ne+He or O+Ne+H). Several features are worth
noting in the figure. First, the presence of a distinct core can be immediately recognized as
the capture rate approaches a first stage of saturation at ϖωp ↓ 10→37cm2, which is given by the
geometric capture limit due to a sphere of the core’s size. For larger scattering cross sections,
any DM particle going through the core will be captured, and the total capture rate keeps
increasing until reaching the star’s geometric limit. At that point, any DM particle entering
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FIG. 1. Evolution of the matter content of a 1000M� Pop-III star. MESA parameters taken from
ref. [17].

Profile R⇤ (R�) 1H 4He 12C 16O 20Ne
(A) 16.7 74.0% 26.0% 0 0 0
(B) 45.1 30.8% 69.2% 0 0 0
(C) 78.4 22.5% 77.5% 0 0 0
(D) 59.1 22.4% 77.4% 0.2% ⇠ 0 ⇠ 0

(E) 377.9 27.6% 36.7% 5.3% 29.6% 0.8%

(F) 336.2 23.9% 30.9% 1.4% 35.9% 7.8%

TABLE I. Caption

B. Response function in collisions with a hydrogen atom

We want to obtain the response function when the target is a hydrogen atom and, there-
fore, has a trivial form factor. Our starting point is the definition of the probability density
function for a DM particle to lose energy ER, as given in Eq. (3.23) of [6],

f(ER) =
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dER
(ER). (3.1)

Assuming a scalar effective operator between DM and the proton, the squared amplitude is
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Figure 8. Left: Capture rate for mω = 109 GeV in the late stage of the three stars (He depletion
from the core), with Mε = 20, 100, and 1000M→. In all cases, a metallic core is present. As the
DM-proton scattering cross section increases, the capture rate saturates the geometric limit of the
star’s core, then saturates the star’s geometric limit. Right: Capture rate in the late stage of the same
stars.

solving the di!erential equation
dx

dt
= E(x, t), (4.1)

where x is the ratio of the DM kinetic energy to the temperature in the central region of the
star Tc(t), and E(x, t) is the transferred energy as the captured DM interacts with the star’s
constituents. This is given approximately by

E(x, t) →
∑

target i

nc
i (t)ωω i

√
3Tc(t)

mi

√
xmi

mω

(
2xmi

mω
+

!(3/2)↑
ε

)
, (4.2)

where nc
i (t) is the number density of the element i at the center of the star. Notice that, unlike

in previous work, including Ref. [9], this is a time-dependent function because we account for
the star’s evolution.

We can solve Eq. (4.1) numerically, assuming x ↓ 1 as an initial boundary condition,
which yields the results shown in Fig. 9. Note that the previous assumption holds for DM
of mass above the TeV scale. The figure shows the thermalization time as a function of the
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function,

fMB(uω) =
uω
vd vε

√
3

2ω

[
Exp

(
→ 3

2v2d
(uω → vε)

2
)
→ Exp

(
→ 3

2v2d
(uω + vε)

2
)]

, (3.10)

where vε is the star’s velocity and vd is the velocity dispersion. This is a reasonable assumption
for calculations in the vicinity of the solar system, at approximately 8 kpc from the center of
the Galaxy. However, it has been pointed out that, for much shorter distances, Eq. (3.10) leads
to an overestimation of the low-velocity population [23]. Consequently, we use the Eddington
inversion method [22] (outlined in Appendix C), which makes use of the DM density profile
and total gravitational potential of the halo to obtain a more realistic velocity distribution
function [23]. We model the halo DM density with an NFW profile [37] and use the fit of the
concentration c(z) mass relation from N-body simulations as a function of redshift z, given in
Ref. [38], to obtain the relevant NFW parameters, i.e. scale radius rs and its corresponding
density εs, as follows

a(z) = 0.520 + 0.385 exp (→0.617z1.21), (3.11)
b(z) = →0.101 + 0.026z, (3.12)

log c(z) = a(z) + b(z)

(
Mhalo

1012M→

)
, (3.13)

rs(z) =
Rvir(z)

c(z)
, R3

200 =
3Mhalo

800ωεcrit(z)
, (3.14)

εs(z) =
200

3
εcrit(z)

c3

ln(1 + c)→ c
a+c

, (3.15)

where the virial radius Rvir has been taken to be R200 (the radius for which εω = 200 εcrit).
We have taken Mhalo = 105M→. This fit can be used for radial distances from the center of
the halo in the range ↑ 0.1 pc →Rvir(z).

In Figure 4, we show the resulting distribution function in the reference frame of a
star near the center of a 105M→ halo at z = 10, namely at a distance rε ↑ 5 pc from the
halo’s center. The DM density at this distance is εω ↓ 5.3GeV/cm3. We also include the
velocity distribution obtained using the standard Maxwell-Boltzmann expression (3.10), for
comparison. Our results indicate that, at this distance from the halo’s center, the Maxwell-
Boltzmann approach overestimates the low-velocity tail of the distribution, which is the most
relevant regime for calculating DM capture rates.

3.1.2 Zero age main sequence results

We have computed the total capture rate for the initial stage of the Pop. III star. We have
used the benchmark values vε ↑ vd = 0.3 km/s, which correspond to the circular velocity at
rε = 5pc in the gravitational potential generated by the halo given in Eq. (3.11). Fig. 5 shows
the total capture rate in the ZAMS stage of the 1000M→ Pop. III star, for mω = 109GeV. The
figure shows that, for large values of the DM-proton cross section, the capture rate reaches
a saturation value that corresponds to the so-called geometric capture rate, meaning that all
DM particles entering the star are captured. The geometric capture rate is defined as

Cgeom =
ωR2

ε εω(rε)

mω

∫ vhaloesc (rω)

0
duω

v2esc(Rε) + u2ω
uω

fωε(uω) , (3.16)
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thermalize in the innermost region of the stellar core
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Figure 9. Thermalization time for di!erent DM masses, increasing by two orders of magnitude from
mω = 103 GeV up to mω = 1015 GeV. The magenta line depicts the age of the star tε when He is
depleted from its core, showing that, for some values of the DM-proton scattering cross section and
the DM mass, the DM particles do not reach thermalization during the star’s lifetime.

DM-proton scattering cross section for di!erent values of mω. In general, DM with mass
above the TeV scale reaches thermalization during the lifetime of the star across a wide range
of cross sections, except for super-heavy DM, mω ↭ 1015 GeV, which would require either a
time longer than the star’s age or huge values of DM-proton scattering cross section for which
the DM-nucleus cross section may not be enhanced by coherent scattering [40].

The thermalized DM occupies a sphere of radius

rω(t) =

√
3Tc(t)

2ωGmωεc(t)
, (4.3)

which is well within the region where Tc(t) does not vary with r. The radius of the isothermal
sphere remains approximately constant as the star evolves, decreasing slightly only in the last
few fractions of Myr of the final stage of the star. The isothermal distribution of the DM in
this sphere is given by the number density

nω(r, t) →
Nω(t)

ω3/2r3ω(t)
exp [↑r2/r2ω(t)] , (4.4)

where Nω(t) is the number of DM particles accumulated at a given time t.
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Number of particles in the isothermal sphere

Figure 10. Number of DM particles in a 100M→ Pop. III star as a function of time for mω =
107 GeV, two di!erent values of the DM-proton scattering cross section, as well as annihilating and
non-annihilating DM.

The thermalized DM can annihilate at a rate

!ann(t) =
1

2
A(t)N2

ω(t), with A → ↑ωωωvω↓
N2

ω(t)

∫
d3r n2

ω(r, t), (4.5)

where ↑ωωωvω↓ is the thermally-averaged DM annihilation cross section. Using the expression
for !ann given in Ref. [41], and ↑ωωωvω↓ = a + bv2ω, a general expression for the annihilation
rate reads [35]

A(t) =
1

(2ε)3/2r3ω(t)

[
a+

2b(3ε ↔ 8)Tc(t)

εmω

]
. (4.6)

Note that the annihilation cross section for the DM-nucleon interaction we are considering is
p-wave suppressed [42].

The number of particles in the isothermal sphere will evolve depending on the capture
and annihilation rates, as prescribed by

dNω

dt
= C(t)↔A(t)N2

ω. (4.7)

Note that we have omitted the evaporation term in Eq. 4.7, this is when captured DM
gains energy in further scatterings and escape the star. This process that also depletes
the number of accumulated DM particles is not relevant for heavy DM. Equation (4.7) is
solved numerically, including the time dependence of the capture rate and A. Examples
of the solutions are depicted in Fig. 10 (orange and green lines). While the capture and
annihilation rates vary with time, as their rate of variation is su!ciently slow, they still
reach an equilibrium, !ann(t) ↗ C(t)/2 quite soon after the ZAMS stage. However, the time
dependence of both processes is reflected in the fact that N(t) does not reach a constant value,
but evolves with the star. The annihilation of DM prevents the accumulated DM population
from growing to a point that significantly a"ects the stellar structure. Furthermore, the
energy transferred from DM capture and annihilation ↘ C(t)mω to a Pop. III star of the
masses considered here at a distance of 5 pc from the halo center is also not enough to alter
the star’s evolution, since it is well below the star’s nuclear luminosity.
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The annihilation of DM prevents the accumulated DM population 
from growing to a point that significantly affects the stellar structure
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Non-annihilating DM:

The DM population becomes self-gravitating when the total mass in a region exceeds 
the mass of baryonic matter contained in the same region

Next, we consider the case of non-annihilating DM, magenta and light blue lines in
Fig. 10. In the absence of annihilation, the number of DM particles accumulated in the center
of the star, obtained by dropping the last term in Eq. (4.7), is several orders of magnitude
larger than in the annihilating DM case. In the next section, we consider the consequences
of this scenario.

5 Dark matter self-gravitation and collapse

As the amount of DM in the star grows, the potential per DM particle, considering both
the star and the DM contributions, and assuming a Maxwell-Boltzmann distribution for the
thermalized DM, is given by [9, 43]

U = →2ωGεc(t)mωr
2
ω(t)→

Gm2
ωNω(t)↑

2ωrω(t)
. (5.1)

The DM population becomes self-gravitating when the total mass in a region of radius rω
exceeds the mass of baryonic matter contained in the same region [44]. This occurs when the
number of DM particles is

Nω(t) ↓
4
↑
2ω3/2r3ω(t)εc(t)

3
↑
3mω

↔ Nself . (5.2)

Despite the large number of accumulated DM particles (see Fig. 10), this condition is achieved
only in the non-annihilating DM case.

Once this condition is reached, DM self-gravity dominates the potential, and as more DM
particles are captured and thermalized, the isothermal sphere may become unstable against
gravitational collapse, which occurs when gravitational energy exceeds kinetic energy. In the
case of fermionic DM, this condition is written in terms of the Fermi energy EF,ω,

Gm2
ωNω(t)↑
2ωrω

> EF,ω, (5.3)

where
EF,ω =

√
m2

ω + p2F,ω →mω, pF,ω = (3ω2nω)
1/3. (5.4)

This condition is similar to the Chandrasekhar limit [45], which in this case leads to

Nω(t) > (2)3/4ω
↑
3

(
MPl

mω

)3

= NCh. (5.5)

After formation, the black hole (BH) at the center of the star begins accreting stellar
matter. Assuming spherical accretion, the rate at which this happens is determined by

dMBH

dt
= 4ωε(r)v(r)r2, (5.6)

v(r)
dv

dr
+

1

ε(r)

dP (r)

dr
+

GMBH

r2
= 0, (5.7)

where the first equation comes from the continuity equation and the second one is the Euler
equation in fluid dynamics. Defining the speed of sound as c2s ↔ dP/ dε, it can be shown
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The isothermal sphere may become unstable against gravitational collapse when 
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So, we can ask: What region of the parameter space would lead to self-gravitation, 
collapse, and subsequent accretion of the star into the resultant black hole?
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Walter TangarifeFigure 11. Regions of the parameter space where DM does not thermalize in the mω → ωωp plane
(shaded light blue area) for DM accumulated in Pop. III stars of masses 20M→ (top left panel),
100M→ (top right panel), and 1000M→ (bottom panel). For the case of non-annihilating DM, we
also show the regions where DM achieves self-gravitation (shaded in magenta) and those where DM
gravitational collapse leads to BH formation and the star’s destruction before the star reaches the
end of the red giant phase. For comparison, we also show the leading bounds from direct detection
experiments on heavy DM [47].

that the unique solution to Eq. (5.6) requires the existence of a “sonic radius”, rs, at which
v(rs) = cs [46]. Evaluating Eq. (5.6) at the sonic point, we obtain

dMBH

dt
= 4εϑ(rs)csr

2
s . (5.8)

In Figure 11, we present our results for the three Pop. III stars considered in this work.
The light-blue shaded area denotes the DM-proton cross sections for which DM does not
thermalize. The regions where DM self-gravitate are shaded in magenta. Since the capture
rate is larger for heavier stars, we observe that the self-gravitation region increases from the
20M→ star to the 1000M→ case. The orange areas depict the regions of the mω → ωωp plane
where gravitational collapse occurs, and the BH formed is able to accrete the entire star
before the expected end of the star’s life. Remarkably, this could occur in regions of the
parameter space that have not been probed yet by direct detection experiments (shaded gray
areas) [47], for the 20M→ and 100M→ stars. To the right of the orange areas, a BH may
form, but accretion occurs at a slower rate such that no significant part of the star has been
consumed before total depletion of helium from its core. For a heavier star, it takes longer for
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Maybe!  

 DM capture effects in the first stars, and in general in massive stars, are 
highly sensitive to stellar evolution, internal composition, and the surrounding 
halo environment. Accurate modeling of these effects is essential for deriving 
robust constraints on heavy DM from primordial stellar populations and for 
assessing the potential astrophysical impact of DM in the first generation of 
stars.
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Can first-generation stars tell us anything 
about dark matter?  
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