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1 Introduction

Dark matter (DM) is a major component of the Universe, constituting approximately 27%
of its total energy content [1]. Yet, the nature of DM is still unknown, and its properties
are largely unconstrained. Up to now there is only evidence for this component through its
gravitational effects on visible matter. On the other hand, all current efforts for detecting
non-gravitational signals have not yield any evidence, indicating that the DM has very weak
interactions with the Standard Model (SM) particles. However, DM particles could have
sizable interactions with themselves or with other particles in the dark sector, which may
produce observable signatures in collisions of galaxy clusters [2] or on the shape, density
profiles and substructure of DM halos, see e.g. [3–11].

One of the most important open questions in astroparticle physics is whether DM is
symmetric or asymmetric in nature. An interesting possibility is that DM carry a charge
under a global quantum number (akin to the baryon number), and that there is an asymme-
try between DM particles and antiparticles (akin to the asymmetry between baryons and
antibaryons in the visible sector). If DM has also strong self-interactions, part of the DM
population could collapse, leading to formation of stable compact objects [12, 13] (akin to the
formation of stars in the visible sector). These compact dark stars (DSs) may be searched for
in the sky using a variety of techniques, depending on their mass: stellar microlensing [14–16],
supernovae magnification [17], gravitational waves from DS mergers [18–21], dynamical con-
straints from dwarf galaxies [22] or wide binaries [23], or dwarf galaxy heating [24] (see [25]
for a review of constraints). Based on the majority of the aforementioned data, it appears
that a maximum of 1-10% of the galaxy’s DM could be composed of compact DSs, depending
on the mass (and mass spectrum).
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DSs could also have other signatures. DM might emit dark photons, which could convert
via mixing with Standard Model photons that are potentially detectable [26]. Also, the
compact DSs could accrete protons and electrons from the interstellar medium, which would
ultimately settle at the core of the DSs and thermalize with the compact DS. The hot gas of
protons and electrons would then emit radiation, eventually producing very bright outbursts
that can even reach up to 104 solar luminosities [27]. Finally, if the conserved DM quantum
number is slightly broken, the DM particles could efficiently annihilate (or decay) into SM
particles in the dense interior of the DSs, also producing potentially observable signatures
in current gamma-ray or neutrino telescopes, even when the global symmetry is broken at
the Planck scale [27]. This can additionally cause a luminosity modulation if the DSs are
subjected to radial oscillations triggered by the DM annihilation [28].

In this paper we concentrate on this last possibility. DSs could have formed before
ordinary stars, and the annihilation into photons at very early times could potentially
produce a dramatic effect on the reionization of the Universe and the 21-cm spectrum. Hints
for the detection of a cosmological signal were first reported by the EDGES collaboration [29],
although their claim seems to be in tension with the results from SARAS [30] and LEDA+[31].
Future experiments, such as HERA [32] and REACH [33] will have a much larger sensitivity
to a cosmological 21-cm signal, and will provide invaluable information about possible new
effects on the reionization of the Universe, like the one studied in this paper.

This work is organized as follows. In section 2 we revisit the process of formation of DSs
and we argue that under certain conditions these could have formed before the first stars. In
section 3 we estimate the rate of energy injection by DM annihilations in DSs, and in section 4
we discuss the impact of this energy injection on the form of the brightness temperature of
the 21-cm line. Finally, in section 5 we discuss our results and present our conclusions.1

2 Dark star formation

Following [37], we consider a dissipative model that consists of two particles: a dark electron,
with mass meD constituting a fraction feD of the total DM abundance, and a dark photon, with
mass mγD , with coupling strength to the dark electron parametrized by the structure constant
αD. The parameters of our self-interacting DM model are constrained by observations
of halo shapes and the bullet cluster [6, 38]. Concretely, if feD = 1 the self-scattering
cross-section must satisfy

σM

meD

≈ 4πα
2
DmeD

m4
γD

≲ 1 cm2/g. (2.1)

DSs will form by contraction and fragmentation of a primordial overdensity of dark
electrons in the Universe. To trace the formation history of the DS, we consider an overdensity
region of cold DM (CDM) (a proto-halo) that collapses concurrently with the dark electrons
by the effect of gravity. The total mass of the CDM in the proto-halo is Mhalo, while the

1Throughout the paper we will assume a spatially flat universe described by the ΛCDM model with
H0 = 100h km s−1 Mpc−1, h = 0.696, Ωm,0 = 0.286 and ΩΛ,0 = 0.714 [34]. We consider a power spectrum
normalization with σ8 = 0.76 at z = 0, as computed using CAMB [35, 36] with scalar amplitude As = 2.1×10−9.
We will also work in natural units c = ℏ = kB = 1.
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mass and density in the form of dark electrons is MeD = feDMhalo. To determine the
densities in the proto-halo we use the spherical collapse model [39], in which overdensities
decouple from the Hubble flow and ultimately “turn around” at a redshift zta, at which
the density of the proto-halo is:

ρDM(zta) = 9π2

16 ρDM(zta) (2.2)

with ρDM(z) the average DM density in the Universe at that redshift. Accordingly, the
density of the dark-electron component of the proto-halo is ρeD(zta) = feDρDM(zta), and
correspondingly the number density is neD = ρeD/meD . We will assume that at turn around
the dark electron component has a temperature TeD (zta). Furthermore, at some point during
its evolution, the dark electron gas must become self-interacting so that it may collapse
further than the rest of the CDM. This requires two conditions: i) the mean free path of the
dark electrons must be smaller than the size of the collapsing CDM overdensity, and ii) the
mean free path of the dark photons must be larger (i.e. the dark photons remain decoupled
from the collapsing system of dark electrons and CDM). The first condition translates into
an upper limit on the dark photon mass [37]:

mγD ≲ 3.8 × 108 eV
( 1 + z

1 + 3400

) 1
2
(
αD

0.1

) 1
2
(
feD

1

) 1
4
(
meD

1 GeV

) 1
4
(
Mhalo

1014M⊙

) 1
12
. (2.3)

Notice that this condition implies that not all DM can be in the form of dark electrons, since
eq. (2.1) along with eq. (2.3) would require Mhalo ≳ 1017 M⊙ at z ≤ 30, which is at odds
with the fact that the latest, most massive halos at the current cosmic time have masses of
O(1015 M⊙). The second condition translates into a lower limit on the dark electron mass:

meD ≳ 3.7 MeV
( 1 + z

1 + 30

) 2
3
(
αD

0.1

) 2
3
(
feD

1

) 1
3
(
Mhalo

1010M⊙

) 1
9
. (2.4)

This requirement prevents tight coupling between dark electrons and photons. If the dark
electron mass is too small, Compton scattering would render dark photons and electrons a
single fluid, which would prevent energy loss and would halt DS formation.

To model the evolution with time of the dark electron clump we note that the conservation
of energy implies that

dE

dt
= −PeD

dV

dt
− ΛV, (2.5)

where E is thermal energy of the dark electron gas enclosed in the volume V , PeD is the
pressure of the gas of dark electrons with photon-induced self-interactions, which reads
PeD = neDTeD + 2παDn

2
eD
/m2

γD
[12], while Λ is the rate of energy loss per unit volume.

For dark electron bremsstrahlung, the total energy emission rate per unit volume in the
non-relativistic regime is given by [37, 40]

ΛγD =
32α3

Dn
2
eD
TeD√

πm2
eD

√
TeD

meD

e−
mγD
TeD , (2.6)
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where the exponential factor accounts for the suppression due to the nonzero mass of the
dark photon when mγD ≥ TeD . The rate of energy loss per unit mass is

Λ = ΛγD exp [−RσCneD ] , (2.7)

where we have taken into account the fact that a fraction of the emitted dark photons would
scatter with the dark electrons and would not escape the clump. Here, R is the radius of the
clump and σC = 8π

3
α2

D
m2

eD

is the Compton cross-section for dark photons scattering off dark
electrons. Using that the energy of the homogeneous dark electron gas enclosed in volume V
is E = (3/2)neDV TeD and that the volume is related to the dark electron number density
through V = MeD/(neDmeD), eq. (2.5) can be recast as:

d lnTeD

d lnneD

= 2
3

PeD

neDTeD

− 2
[

Λ
3neDTeD

(
d lnneD

dt

)−1]
. (2.8)

The evolution of the dark electron component can be separated into three stages. Since at
the beginning of the evolution, the proto-halo is still very diluted, the interactions among dark
electrons are rare and the energy loss via the bremsstrahlung of dark photons is practically
negligible. Therefore, the collapse can be considered as adiabatic with pressure PeD ≈ neDTeD ,
and the evolution of the temperature of the dark electron gas is simply related to the dark
electron density through:

TeD (z) = TeD(zta)
(
neD (z)
neD (zta)

) 2
3
. (2.9)

This is the first stage of free-fall and this initial adiabatic collapse stops at the temperature
and density (T J

eD
, nJ

eD
), when the mass of the dark electron component in the collapsing halo,

MeD , becomes equal to its Jean mass, given by [37]

mJ = π

6

(
π

G

)3/2 T
3/2
eD

m2
eD
n

1/2
eD

(2.10)

with TeD given in eq. (2.9). After this epoch, the dark electron clump enters the second
stage, where it continues losing energy via the bremsstrahlung of dark photons, re-virializing
and contracting again, so that the total mass of the dark electron gas remains equal to the
Jeans mass (contours of the Jeans mass are shown in the figure as gray lines). We will name
this phase as the “nearly virialized contraction” (nvc) stage. Using eqs. (2.10) and (2.9), the
equality of the mass of the dark electron gas to the Jeans mass implies that the temperature
TeD of the dark electrons at the transition must be related to their density through:

TeD =
( 6
π

) 2
3
(
G

π

)
m

4
3
eDf

2
3

eDM
2
3

haloneD

1
3 . (2.11)

In particular, this relation defines the location of the point (T J
eD
, nJ

eD
). In this phase d ln TeD

d ln neD
=

1
3 , therefore using eq. (2.8) and that the change in the internal energy of the gas is dominated
by the energy loss via bremsstrahlung, one obtains that the dark electron density changes
with the time as

(
d ln neD

dt

)−1
= neD

TeD
2Λ .
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Lastly, as the temperature and the density of the dark electron clump increase, so
does the rate of dark photon bremsstrahlung emission. At large enough densities, the
energy loss timescale becomes comparable to the so-called free-fall timescale, defined as
tff = (16πGρeD )−1/2 [41]. This marks the onset of the final phase named “fragmentation”,
which occurs at the temperature and density (T frag

eD
, nfrag

eD
), determined by

2Λ
3nfrac

eD
T frac

eD

=
(
d lnneD

dt

) ∣∣∣
neD

=nfrac
eD

=
(
16πGmeDn

frac
eD

)1/2
. (2.12)

In this stage, the temperature of the dark electron gas depends on the density as TeD ∝ n
−4/3
eD ,

as follows from eqs. (2.8) and (2.12), and the energy is rapidly evacuated as the clump
continues collapsing, ultimately fragmenting to several self-gravitating chunks of matter with
mass equal to the Jeans mass.

Eventually, the density of dark electrons becomes so large that the mean free path of dark
photons becomes smaller than the size of the collapsing fragment, and the latter becomes
optically thick. This occurs when the exponential term of eq. (2.7) starts to dominate and
dark photons are reabsorbed before they can escape from the clump:

RσcneD > 1. (2.13)

After this moment, the fragmentation stops, and the energy is no longer evacuated from
the bulk of the fragment but rather from the surface. This marks the formation of the
minimal fragments, that is, the DSs.

In figure 1 we sketch the evolution of the dark electron clump number density and
temperature. We consider the specific choice of parameters meD = 10 GeV, mγD = 100 eV,
αD = 0.1 and feD = 10%. We present three different choices of the halo mass: for the solid
black curve we considerMhalo = 109M⊙, while for the dashed cyan line we takeMhalo = 105M⊙
and for the dotted gray line we set Mhalo = 1013M⊙. We fix the initial condition in all
cases with the turnaround temperature and density represented by the black point. For our
analysis we adopt TeD (zta) = 5 × 10−3TCMB(zta) (while TCMB(zta) ≃ 2.73(1 + zta)), although
our conclusions do not depend strongly on the specific value. We focus first on the black
solid curve, which represents a scenario of possible DS formation. Starting from the initial
condition, the clump goes through the adiabatic free-fall stage until the Jeans mass becomes
equal to the total dark electron mass mJ = feDMhalo = 108M⊙. This marks the transition to
the nvc stage and is indicated in the figure as a red dot. We have chosen the turnaround
redshift such that the red point is reached at z = 21 (giving zta ∼ 33). The nvc stage
continues until the transition to the fragmentation phase, which is denoted by the blue point.
Finally, fragmentation stops when the dark electron clump becomes optically thick and is
presented as the purple star-shaped point in the figure.

It is important to note that not all DM halos will lead to the formation of DSs. Namely, if
the halo is very massive, the contraction phase might lead to an extremely compact clump with
a radius smaller than the Schwarzschild radius, thereby becoming a black hole. Concretely,
this occurs when the radius of the clump with Jeans mass given by eq. (2.10) becomes smaller
than its Schwarzschild radius R = 2GmJ . This requirement translates into TeD ≳ T sch

eD
with

T sch
eD

= 6 × 1012 K
(
meD

1 GeV

)
. (2.14)
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Figure 1. Sketch of the relation of the number density with the temperature of a dark electron clump
in a halo with Mhalo = 105M⊙ (dashed cyan line), Mhalo = 109M⊙ (black solid line) and 1013M⊙
(dotted gray line), assuming that 10% of the total mass of the halo is in the form of dark electrons. We
take the parameter values: m = 10 GeV, mγD

= 100 eV and αD = 0.1. Solid gray curves: contours of
constant Jeans mass. Red-shaded region: optical thickness region RσcneD

> 1. Purple-shaded region:
BH formation region. Green-shaded region: region where the redshift of DS formation is less than 20.
Blue-shaded region: region where bremsstrahlung cooling is inefficient and DSs would not be formed
today.

which is indicated in the figure as a purple band. As apparent from the plot, a dark electron
clump will end up as a black hole when T frag

eD
≳ T sch

eD
, where the temperature at which the

fragmentation starts can be calculated from the trajectory of constant Jeans mass, eq. (2.11),
and the transition condition, eq. (2.12):

T frag
eD

≈ 9π2G

64

[
9π3

64

(
π

6

) 2
3
]− 3

4

α
− 3

2
D m

5
2
eDf

1
2

eDMhalo, (2.15)

where we have neglected the exponential factors in Λ. For illustration, we also show in
figure 1, as a dotted gray line, the relation between the density and temperature of a halo
with mass Mhalo = 1013M⊙. Clearly, the contraction of the halo leads to a black hole before
starting the fragmentation phase. Furthermore, for very light halos the contraction and
fragmentation phases might be slow on cosmological timescales and not be completed before
z ≈ 6, when reionization is finished, therefore causing no impact on the 21-cm signal. This
is again illustrated in figure 1, as a dashed cyan line, which considers a halo with mass
Mhalo = 105M⊙. For this mass, the nvc phase is extremely slow, and is not even completed
at redshift 0. This is denoted by the cyan x-shaped point, which lies completely in the
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blue-shaded region that shows the parameter space where the bremsstrahlung cooling is too
inefficient to form DSs, such that the dark electron clump stays in the nvc phase to this day.

From the three different trajectories in phase space shown in figure 1, we understand that
not all halos lead to DS formation. In fact, as we have discussed, if halos are too massive,
the dark electron clump will collapse into a supermassive black hole without going through
fragmentation. This leads to the definition of a maximum halo mass Mmax

halo , above which no
DSs are expected. We can estimate this mass from eq. (2.11) and imposing R = 2GmJ to be

Mmax
halo = 1.1 × 1015M⊙

(
αD

0.1

)3
f−1

eD

(
meD

1 GeV

)−3
. (2.16)

On the other hand, in the opposite case, if the halo is too light, bremsstrahlung cooling is
too inefficient and the clump remains in the nvc phase to this day. This analogously suggests
the definition of a minimum halo mass Mmin

halo, which we estimate from the implicit equation.

(
d lnneD

dt

)−1 ∣∣∣
nvc

=
nJ

eD
(Mmin

halo)T J
eD

(Mmin
halo)

2Λ(Mmin
halo)

= (tU − tnvc(z)). (2.17)

Here tU ∼ 13.8 Gyr is the current age of the Universe and tnvc is defined as the age of the
Universe when the clump reached the nvc phase ate redshift z. Therefore, the quantity
(tU − tnvc(z)) can be understood as the time left between the start of the nvc phase and
today. The central part of eq. (2.17) can be understood as the timescale of formation of
DSs starting from the nvc phase, hence eq. (2.17) imposes that the DSs have enough time
to be formed by the present day.

We show in figure 2 the range of halo masses at a given redshift that lead to the production
of DSs, for meD = 10 GeV (red-colored region), 100 GeV (green-colored region) and 500 GeV
(blue-colored region), keeping the remaining parameters as in figure 1. All halos with masses
in this range will lead to a population of DSs at redshift z. The hashed region corresponds
to the halo masses that lead to baryonic star formation with the respective Mmin

halo found by
solving eq. (A.7) for Tvir = 104 K in appendix A.2.1.

The DS mass density at redshift z (or alternatively the total mass in form of DSs per
comoving volume) can be estimated as:

ρDS(z) = fDSfeD

ΩDM,0
Ωm,0

∫ Mmax
halo (z)

Mmin
halo(z)

M
dn

dM
(M) dM. (2.18)

where dn
dM (M)dM is the comoving number density of haloes with masses between M and

M +dM , ΩDM,0/Ωm,0 ≃ 5 is the ratio of the DM and visible matter density parameters today
(and any cosmic epoch), feD is the fraction of DM in the form of dark electrons, and fDS is the
fraction of dark electrons in the halo that are in the form of DSs (the rest constitutes a diffuse
component). In this paper we will assume f∗,DS = 0.5, in analogy to the measured fraction of
visible matter in the form of stars. We will model the number density of halos following Press
& Schechter [42]. In this case, the total mass density of the collapsed haloes at redshift z is:

∫ Mmax
halo (z)

Mmin
halo(z)

M
dn

dM
dM = ρm(z)

[
erfc

(
δc(z)√

2σ(Mmin
halo(z))

)
− erfc

(
δc(z)√

2σ(Mmax
halo (z))

)]
, (2.19)
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Figure 2. Range of halo masses leading to DS formation at redshift z, for meD
= 10, 100 and

500 GeV. The rest of parameters is as in figure 1. The hashed region corresponds to the halo masses
that lead to baryonic star formation.

where ρm(z) is the total matter density, δc(z) is the linear overdensity at virialization and
σ2(M) is the variance of the density field when smoothed on scale M , and which are given
in [43]. Figure 3 shows the DS mass density as a function of the redshift for the considered
benchmark values, as well as the baryonic case for comparison. A pertinent observation
from figure 3 concerns the DS scenario: the mass density reaches a peak before z = 0,
after which it either remains constant (e.g., for meD = 10 GeV) or declines slightly (e.g., for
meD = 100, 500 GeV). This behavior contrasts with the baryonic case, where the mass density
continues to increase. The difference arises from the presence of the upper mass limit, Mmax

halo ,
in the DS model. At low redshifts, more massive halos, which are more likely to exceed Mmax

halo ,
become increasingly common, thereby suppressing further growth in the DS mass density.

3 Energy injection by dark stars

So far we have assumed the existence of a “dark matter number” (akin to the electric charge
or the baryon number) that prevents the decay or the annihilation of DM particles into
Standard Model particles. If DM is of asymmetric nature, observations indicate that the
rate for DM number violating processes must be tiny, so that large amounts of DM are
still present today in galaxies and in the Universe at large. However, observations do not
require the absolute conservation of the DM number. In particular, DM particles in the
dense medium of a DS could be annihilating into Standard Model particles, thereby providing
a test of the conservation of the DM number.

– 8 –
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Figure 3. Star mass density as a function of redshift. The colored curves correspond to the
benchmarks from figure 2 and the black dotted curve is for baryonic stars.

The annihilation rate into Standard Model particles reads

Γann = 1
2

∫
dV

(
ρ(r)
meD

)2
⟨σv⟩ann, (3.1)

where ⟨σv⟩ann in the annihilation cross-section and ρ(r) is the density distribution inside the
DS. To calculate the density profile inside the DS we use the Tolman-Oppenheimer-Volkoff
(TOV) equation, which describes the pressure distribution P (r)

dP

dr
= −GMρ

r2

(
1 + P

ρ

)(
1 + 4πr3P

M

)(
1 − 2GM

r

)−1
. (3.2a)

Here, M(r) is the mass enclosed in the sphere of radius r, which can be obtained from
the mass equation

dM

dr
= 4πr2ρ, (3.3)

where the density distribution is related to the pressure P (r) through the equation of state.
For a gas of dark electrons interacting via a dark photon, the equation of state is given
in the following parametric form [12]

ρ(x) = m4
eD

ξ(x) + 2αD

9π3

(
meD

mγD

)2

x6

 , (3.4a)

P (x) = m4
eD

ψ(x) + 2αD

9π3

(
meD

mγD

)2

x6

 , (3.4b)
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where the functions ξ and ψ are given by

ξ(x) = 1
8π2

[
x
√

1 + x2(1 + 2x2) − ln
(
x+

√
1 + x2

)]
, (3.5a)

ψ(x) = 1
8π2

[
x
√

1 + x2(2x2/3 − 1) + ln
(
x+

√
1 + x2

)]
. (3.5b)

We solve the TOV and mass equations using the equation of state above with the boundary
conditions M(0) = 0, namely imposing that the mass distribution is not singular at the origin,
and that P (RDS) = 0, namely that the pressure at the boundary of the DS vanishes. The
boundary of the DS is given by its radius, RDS, which is implicitly defined by M(RDS) = MDS,
with MDS the total mass of the DS. Finally, after determining the pressure distribution with
the TOV equation, we determine the density distribution using the equation of state.

In the left panels of figure 4, we show the mass-radius relation of asymmetric DSs for
a dark electron mass equal to 10 GeV (red), 100 GeV (green) and 500 GeV (blue), for the
case where DM does not have self-interactions (upper panel, αD = 0), or the strength of the
self-interaction is non-zero (lower panel, αD = 0.1, mγD = 100 eV). Each of the mass-radius
curves has a maximum value for the asymmetric DS mass, in analogy to the “Chandrasekhar
mass” of white dwarfs, and only the branch of the curve with increasing radius from the
maximum leads to stable configurations. The light-blue colored area denotes the region
where the radius is smaller than the Schwarzschild radius. In the right panels we show the
density distribution inside the DS for the three benchmark points indicated in the left panels.
As apparent from the plots, in the self-interacting case the DS is larger, heavier and less
dense than in the non-self-interacting case. This is because the repulsive interaction we have
assumed provides sufficient pressure to support the star in contrast to the non-interacting
case where pressure is provided by degeneracy (Fermi pressure) which explains the large
central densities required to support the star. Nonetheless, in both cases it is noteworthy the
very large DM densities at the core of the DS, which therefore offer a unique environment to
probe the conservation of the DM number. We point out that for figures 1)–(3 in section 2,
we have assumed that the self-interaction is repulsive throughout all stages in the evolution
of the dark electron density. An attractive interaction is not required for the formation of
dark stars. During the contraction and fragmentation phases, bremsstrahlung cooling is
the dominant effect, while the self-interaction becomes important once the dark stars have
formed. Once we have determined the density inside the DS, one can calculate from eq. (3.1)
the DM annihilation rate. We obtain

Γann = 2π⟨σv⟩annR
3
DS

(
ρc

meD

)2
J⋆

≃
(
2.0 × 1034 s−1

)( ⟨σv⟩ann
10−44 cm3 s−1

)(
RDS

105 km

)3 ( ρc

103 g cm−3

)2

×
(

meD

100 GeV

)−2 ( J⋆

10−2

)
, (3.6)

where we have defined J⋆ ≡
∫ 1

0 dx̂ x̂
2ρ̂2(x̂) as the dimensionless “J-factor”, which encompasses

the difference on the choice of the particular DS solution. Here, we have defined x̂ ≡ r/RDS
and ρ̂ = ρ/ρc with ρc the DS’s central density. For the benchmark points meD = 10 GeV,
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Figure 4. Mass-Radius relation (left panels) and representative density distribution (right panels), for
a DS constituted by dark electrons without self-interactions (upper panels) and with self-interactions
mediated by dark photons with mass mγD

= 100 eV and coupling αD = 0.1 (lower panels). The
density distributions correspond to the benchmark points indicated in the left plots.

100 GeV and 500 GeV we find J∗ ≈ 0.012 for the non-interacting case and J∗ ≈ 0.051 for the
interacting example with mγD = 100 eV and αD = 0.1. Finally, the luminosity in gamma-rays
generated by annihilations in the DS reads

Lann = 2meDf
γ
annΓann

≃ 1.6L⊙f
γ
ann

( ⟨σv⟩ann
10−44 cm3 s−1

)(
RDS

105 km

)3 ( ρc

103 g cm−3

)2

×
(

meD

100 GeV

)−1 ( J⋆

10−2

)
, (3.7)
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where fγ
ann is the fraction of the total energy that goes into photons. Here we have calculated

the rate of energy injected by a single DS into its surroundings. We can now calculate the
total rate of energy emitted by the cosmological DS population per comoving volume, the
so-called luminosity density or in our case, the energy injection term(

dE

dV dt

)
inj

= Lann

(
ρDS(z)
MDS

)
, (3.8)

where we have used the monochromatic approximation, in which we assume all DSs have
the same mass MDS.

4 Signals of annihilations inside dark stars in the intergalactic medium

The DS population will inject energy into the intergalactic medium (IGM) through collisions
with the intergalactic gas, increasing its temperature and enhancing the fraction of ionized
atoms. This transfer of energy will lead to observable effects on the brightness temperature,
which measures the difference between the CMB temperature and the temperature of a
hydrogen patch at a given redshift. This quantity, neglecting spatial inhomogeneities, is
given by [44, 45]

δTb ≈ Ts − TCMB
1 + z

τ, (4.1)

where z is the redshift, Ts is the so-called spin temperature, which characterizes the ratio
between the occupation number of the two hyperfine levels of the neutral hydrogen atom
(separated by an energy of 5.87µeV, requiring a photon with a wavelength of 21 cm for the
excitation), and τ is the optical depth for resonant 21-cm absorption, given by

τ = 32λ2
21 cmA10nH

16TsH(z) . (4.2)

Here, nH is the number density of neutral hydrogen and A10 ≈ 2.9 × 10−15 s−1 is the Einstein
coefficient, that describes the spontaneous emission rate of radiation [46, 47]. Numerically,

δTb ≈ (27 mK) (1 − xe)
(1 + z

10

) 1
2
(
Ts − TCMB

Ts

)
, (4.3)

where xe is the fraction of free electrons. The time evolution of the spin temperature is
mainly determined by three processes: i) the absorption and emission of CMB photons
by cosmic hydrogen; ii) spin-flip transitions due to collisions wtih other particles; and iii)
spin-flip transitions induced by scatterings of Lyα photons from the first stars (i.e. population
III and II stars), known as the Wouthuysen-Field effect [48, 49]. Assuming that the rate
of these processes is fast relative to the line deexcitation time, the spin temperature can
be well approximated by [49]:

T−1
s ≃

T−1
CMB + xαT

−1
α + xcollT

−1
gas

1 + xα + xcoll
, (4.4)
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where xα is the Lyα coupling to the spin temperature, xcoll is the collisional coupling, Tα

is the temperature of the Lyα radiation field at the Lyα frequency, and Tgas is the gas
temperature. More concretely, the Lyα coupling to the spin temperature is given by [50, 51]

xα = 16π2T⋆e
2fα

27A10TCMBme
SαJα, (4.5)

where fα ≃ 0.42 is the oscillator strength of the Lyα transition, T⋆ = 2π/λ21 cm = 0.0681 K
is the 21-cm transition temperature, e is the electron charge, me is the electron mass, Jα is
the total Lyα background flux and Sα is a correction factor. The expressions for Jα and Sα

are complicated and can be found in appendix A. The temperature Tα is well approximated
by the equation [52]

Tα ≈ Tgas

1 + 0.41
(

1
Ts

− 1
Tgas

) , (4.6)

in terms of the spin temperature and the gas temperature. The collisional coupling coefficient
is given by

xcoll = xHH
coll + xeH

coll + xpH
coll

= T⋆

A10TCMB

[
kHH

1−0(Tgas)nH + keH
1−0(Tgas)ne + kpH

1−0(Tgas)np

]
,

(4.7)

where we have included the effects of collisions between two hydrogen atoms, and collisions
between hydrogen and either an electron or a proton [45]. Here, kij

1−0 is the scattering rate
between the species i and j, and ni is the number density of species i (with values that
can be found e.g. in [47] and [53]).

Finally, the gas temperature Tgas is in the simplest scenario determined by the rate of
energy injection by the first massive stars, which also affects the number of ionized hydrogen
in the IGM (parametrized by the electron fraction xe ≡ ne/(ne + nH), with ne and nH being
the electron and neutral hydrogen densities respectively). Their evolution equations as a
function of x ≡ − ln(1 + z), [dTgas/dx]0 and [dxe/dx]0, are included in appendix B. On the
other hand, a population of DSs would also inject energy into the surrounding medium if
annihilations into Standard Model particles occur. These inject energy in the IGM which
will be absorbed mainly through three channels: IGM heating (heat), hydrogen ionization
from the ground state (HIion) and excitation to the n = 2 state (Lyα). Due to these new
effects, the evolution equations of Tgas and xe are modified into [51, 54–57]:

dTgas
dx

=
[
dTgas
dx

]
0

+ 2
3nH(x)(1 + fHe + xe)H(x)

[
dE

dV dt

]
dep,heat

,

dxe
dx

=
[
dxe

dx

]
0

+ 1
nH(x)H(x)Ei

[
dE

dV dt

]
dep,HIion

+ 1 − CP

nH(x)H(x)Eα

[
dE

dV dt

]
dep,Lyα

, (4.8)

where Ei = 13.6 eV is the hydrogen ionization energy, Eα = 3Ei/4 = 10.2 eV is the Lyα
energy, fHe = 0.245 is the number fraction of helium, and CP is the so-called Peeble’s factor,
which has a complicated dependence on the gas temperature and the electron fraction that
can be found in [58–60].
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Finally
[

dE
dV dt

]
dep,c

, c ∈ {HIion, Lyα, heat}, represent the energy deposited into the IGM
per comoving unit and time in the form of ionization (HIion), excitation (Lyα) or heating
(heat). We calculate them in the SSCK approximation [61, 62], which assumes that a fraction
feff of the energy injected at some redshift is immediately transferred to the IGM, and that
it is distributed among ionization, excitation and heating as [61, 62],

fHIion = fLyα = feff
1 − xe

3 , fheat = feff
1 + 2xe

3 , (4.9)

so that [
dE

dV dt

]
dep,c

= fc

(
dE

dV dt

)
inj
. (4.10)

In our scenario, DM annihilations produce Standard Model photons in the MeV-GeV energy
range, as expected for dark electron masses in the GeV range. Such high-energy photons
have a much smaller optical depth at z ∼ 10, and a large fraction will free-stream without
depositing energy into the intergalactic medium. Therefore, the effective energy deposition
fraction feff is significantly below unity. Based on the analysis in ref. [63] (see their figure 1),
we adopt feff = 0.001 for our calculations. This choice accounts for the reduced efficiency
of ionization and heating from high-energy photons.

In figure 5, we show the evolution of the brightness temperature (top panels), and gas
temperature (bottom left panel) with the redshift for our benchmark dark electron masses
(colored curves). The solid black line shows the expectation for these quantities in the
standard fiducial scenario, where only the first stars inject energy. We take annihilation
cross-sections of 10−42, 5×10−45 and 10−46 cm3/s for meD = 10, 100 and 500 GeV respectively.
Furthermore, in the bottom left panel we present, as scatter points, measurements of the
temperature of the universe up to redshifts of z ∼ 4 as performed by ref. [64]. Furthermore,
the black dotted line corresponds to previous constraints obtained by ref. [65].

We also present in the bottom right panel the fractional comparison between the fiducial
and the DS scenarios. In all panels, we adopted the density profiles shown in the lower panel
of figure 4, corresponding to a DM scenario with mγD = 100 eV and αD = 0.1. Concretely,
we have adopted the density profiles shown in the lower-right plot of figure 4, which amount
to a DS luminosity in photons

Lann ≃ (0.00036, 2.864, 1.75 × 103)L⊙ f
γ
ann

( ⟨σv⟩ann
10−46 cm3 s−1

)
, (4.11)

for meD = (10, 100, 500) GeV respectively. Moreover, we have assumed for simplicity that
all the DSs are identical and that they constitute a fraction f = 0.05 of the total DM
of the Universe.

Regarding the bottom left panel with the evolution of the gas temperature, we note
that, given that the main avenue of energy injection goes into heating the IGM, the gas
can reach substantial temperatures at low redshift. Nevertheless, we must make sure that
the matter temperature does not exceed the measurements given by the scattered points.
For our choice of DS benchmarks, we see that we avoid this constraint. However, this has
consequences in the strength of the modification of the differential brightness temperature.
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We observe that the heating of the gas due to the energy injection by DSs increases the
minimum brightness temperature by a few percent and shifts it to higher redshifts, as is
made apparent by the bottom right panel. The effect is more accentuated as the cross-section
increases (for fixed DM mass). We can also note that the maximum of the signal is also
slightly increased and shifted to larger redshift. The most important variation of the signal
occurs at smaller redshift. As the DS scenarios drive reionization faster than the fiducial
case, the brightness temperature disappears earlier than expected, leading to a difference
that can even be double of what is expected in the fiducial case.

At this point, we would like to acknowledge an important caveat. The modification of
the 21-cm signal introduced by dark stars may be degenerate with variations in the uncertain
astrophysical parameters of the standard model. For instance, a stronger X-ray background
from early binaries or a different star formation efficiency could also produce additional
heating. While we have shown that DSs are likely to form before baryonic stars, their imprints
on the signal happen at the redshifts where the first astrophysical sources also become active.
A rigorous statistical analysis will be necessary to break the degeneracies between the signature
of DS annihilation in compact objects and the uncertain standard parameters.

One might wonder how a small fraction of DM, with such a weak annihilation cross-
section can impact the 21-cm signal. To gain some intuition, let us perform a rough estimate
comparing the heating contributions from Population II and III stars and DSs. Baryonic
matter constitutes about 1

5 of the total DM content, and approximately half of that is
expected to form stars. Population III stars are typically supermassive, with masses ranging
from several tens up to ∼ 300M⊙. For simplicity, we consider a representative star of mass
100M⊙. These stars follow a luminosity scaling of L ∼ 104L⊙(M/M⊙), yielding L ∼ 106L⊙
for our chosen mass. In contrast, DSs in our scenario form from a 10% subcomponent of
DM, with about 50% of that forming DSs, mirroring the star formation efficiency assumed
for baryons. The typical mass of a DS is ∼ 10M⊙, implying that DSs are roughly 200 times
more numerous than ordinary stars due to their lower mass. Despite the small annihilation
cross-section, the compactness of DSs leads to extremely high DM densities in their cores.
Combined with the fact that essentially all DM mass is converted into radiation, this results
in DS luminosities around 103L⊙.

Though DSs are less massive, their high number density and significant luminosity mean
that their collective energy output can surpass that of Population II and III stars by roughly a
factor of 20. While this is a ballpark estimate, it highlights how even a small DM component
can have an impact on the 21-cm signal through DS formation.

5 Conclusions

A small but strongly interacting component of asymmetric DM can undergo gravitational
collapse to form compact DSs. The extreme dark matter densities achieved in these objects
can lead to significant annihilation into Standard Model particles, even for annihilation
cross-sections that are highly suppressed and currently undetectable by other means.

In this work, we have demonstrated that under specific conditions, a population of DSs can
form concurrently with or prior to the first baryonic stars. The subsequent annihilations within
these DSs inject energy into the intergalactic medium, predominantly in the form of heating.
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Figure 5. Top panels: brightness temperature as a function of redshift. Bottom left panel: gas
temperature as a function of redshift. Bottom right panel: fractional comparison between the fiducial
and the DS scenarios. In all panels, the black curve corresponds to the standard fiducial scenario,
without inclusion of DSs. In all panels we fix αD = 0.1 and mγD

= 100 eV.

We have shown that this energy injection leaves an imprint on the global 21-cm signal from
the cosmic dawn era, which deviates from the predictions of standard astrophysical models.

Contrary to scenarios that primarily enhance ionization, the dominant effect of DS
annihilations is heating of the IGM. This manifests in the 21-cm signal not as a dramatically
deeper absorption feature, but through other modifications. A slight elevation (by a few
percent) and a shift to higher redshift of the minimum brightness temperature, a corresponding
shift of the emission peak to higher redshift and an earlier end of reionization, resulting in
a more rapid decline of the 21-cm signal at lower redshifts.

Several directions can improve this work. A more realistic DS formation model that
considers baryonic feedback and the nonlinear process of the final stages of the collapse is
needed. For example, studying how the collapse of the strongly interacting DM component
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evolves via numerical simulations will give a more accurate estimate of redshift at which DSs
start affecting the 21-cm spectrum by injecting energy. Another direction will be to study
the effect not for the case where DSs have the same mass, but for a more realistic scenario
with a distribution of masses, as it happens with ordinary stars.

A Calculation of the Lyα coupling to the spin temperature

In this appendix we summarize the computation of the Lyα coupling to the spin temperature
given in eq. (4.5). To this end, it is necessary to calculate the correction term Sα and the
Lyα background intensity Jα, which is detailed in what follows.

A.1 Radiative transfer factor

The term Sα is a correction factor which takes into account complicated radiative transfer
effects in the intensity near the line center and causes suppression of the radiation spectrum.
We adopt the approximation given by [50], which is accurate to a few percent for Tgas ≥ 1 K:

Sα ≈ exp
[
−1.12η′

( 3a
2πγ′

) 1
3
]
. (A.1)

In this expression a = A21
4π∆νD

is the Voigt parameter with A21 = 6.25×108 s−1 the spontaneous

emission coefficient for the Lyα transition. The term ∆νD =
√

2Tgas
mH

να is the Doppler width
with να = 2.47 × 1015 Hz the central frequency of the Lyα transition and mH the hydrogen
mass [50]. Furthermore γ′ = γ

(
1 + 0.4 K

Tgas

)−1
is the correction due to spin exchange to the

Sobolev parameter γ = τ−1
GP, which is written in terms of the inverse of the Gunn-Peterson

optical depth [53]. This optical depth is given by τGP = πe2nH(x)f12
H(x)meνα

where f12 = 0.416 is the

oscillator strength for the Lyα transition [66]. Additionally, η = 2πν2
α

mp∆νD
and

η′ = η

1 + 0.4 K
Ts

1 + 0.4 K
Tgas

− (x+ x0)−1, (A.2)

which for Tgas ≫ 0.4 K can be approximated as η′ ≈ η−(x+x0)−1. Here x0 = να
∆νD

, x = ν−να
∆νD

:
close to the line center |x| ≪ x0, so we finally approximate η′ ≈ η − x−1

0 .

A.2 Lyα background intensity

The average Lyα background Jα consists of two components [67]: the direct emission of
photons between the Lyα energy Eα, and the Lyman limit Ei, which is usually produced
from Population II and III stars (Jα,⋆) and X-ray excitation of HI (Jα,X). The total back-
ground is then

Jα = Jα,⋆ + Jα,X , (A.3)

and in the following subsections we provide details on the calculation of both terms.

– 17 –



J
C
A
P
1
2
(
2
0
2
5
)
0
1
2

n frecycle(n) n frecycle(n) n frecycle(n) n frecycle(n)

2 1 10 0.3476 18 0.3561 26 0.3584
3 0 11 0.3496 19 0.3565 27 0.3586
4 0.2609 12 0.3512 20 0.3569 28 0.3587
5 0.3078 13 0.3524 21 0.3572 29 0.3589
6 0.3259 14 0.3535 22 0.3575 30 0.3590
7 0.3353 15 0.3543 23 0.3578
8 0.3410 16 0.3550 24 0.3580
9 0.3448 17 0.3556 25 0.3582

Table 1. Recycling fractions.

A.2.1 Direct emission

In the case of Jα,⋆, it was pointed out by [68] that not only the contribution to the Lyα
background of photons emitted with an energy Eα was important, but rather photons emitted
in the whole Lyman series played an important role, as they are redshifted into the Lyman
resonance. As such, the background from photons that redshift into the Lyman resonance is
calculated as a sum over the Lyman series (νn = RH

(
1 − 1

n2

)
with RH = 1.0973 × 107 m−1

the Rydberg constant) and is given by

Jα,⋆(z) =
nmax∑
n=2

J (n)
α (z) =

nmax∑
n=2

frecycle(n)
∫ zmax(n)

z
dz′ (1 + z)2

4π
1

H(z′) ϵ̂⋆(ν ′
n, z

′), (A.4)

where ν ′
n = νn

1+z′

1+z is the frequency at redshift z′ that redshifts into the resonance at
redshift z. The largest redshift from which a photon can redshift into the resonance is
1 + zmax(n) = (1 + z)1−(n+1)−2

1−n−2 [69]. The factor frecycle is the probability that a Lyn photon
will generate a Lyα photon and are provided in table 1 with values from [68]. The sum is
truncated at nmax ≈ 23, to exclude levels for which the photons reach the HII region of a
typical (isolated) galaxy, as only neutral hydrogen contributes to 21-cm absorption.
The term

ϵ̂⋆(ν, z) = ϵ̂⋆(ν)f⋆nm,0
dfcoll
dt

, (A.5)

is the comoving emissivity at frequency ν and it models the energy that is deposited by a
given source. Here, nm,0 is the matter number density today that produces the sources that
emit photons (in the case of ordinary stars, it is the baryon number density; for DSs it’s
the DM number density), f⋆ is the star formation efficiency (in the case of DSs it is f⋆,DS)
and ϵ̂⋆(ν) is the spectral energy distribution of the sources, which is the number of photons
per frequency emitted at ν per baryon (DM particle) in stars (DSs).
The term

fcoll = ρm(z)−1
∫ Mmax

Mmin
M

dn

dM
dM = erfc

(
δc(z)√

2σ(Mmin(z))

)
− erfc

(
δc(z)√

2σ(Mmax(z))

)
, (A.6)

is the fraction of matter collapsed into halos with Mmin < M < Mmax [70], where in the last
equality we have particularized to the Press & Schechter model. For ordinary stars, Mmax
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is taken to infinity. Furthermore the minimum halo mass corresponds to a halo with virial
temperature Tvir = 104 K. This is the threshold for atomic cooling which allows the baryonic
gas to fragment and form stars [69, 71]. The virial temperature is [72]

Tvir = 1.98 × 104 K
(1 + z

10

)
h

2
3

(
µ

0.6

)[ Ωm,0
Ωm(z)

∆c(z)
18π2

] 1
3
(
Mhalo

108M⊙

) 2
3
, (A.7)

where µ is the mean atomic weight of the neutral primordial gas in units of the proton mass
(kept fixed here) and ∆c(z) is the virial overdensity [73, 74]

∆c(z) = 18π2 + 82 (Ωm(z) − 1) − 39 (Ωm(z) − 1)2 , (A.8)

where Ωm(z) = Ωm,0(1 + z)3/(H(z)/H0)2. In the case of DSs, fcoll is readily found from
eq. (2.19) with the same considerations from the encompassing section.

For Population III and II stars, there is an empirical function ϵ̂⋆(ν) = ϵ̂⋆,III(ν) +
ϵ̂⋆,II(ν) [44], with

ϵ̂⋆,III(ν) =


(
6.291 × 10−12 photons

baryons×Hz

) (
ν
νi

)0.29
, να < ν < νβ,(

5.859 × 10−12 photons
baryons×Hz

) (
ν
νi

)0.29
, νβ < ν < νi,

(A.9)

and

ϵ̂⋆,II(ν) =


(
1.217 × 10−11 photons

baryons×Hz

) (
ν
νi

)−0.86
, να < ν < νβ,(

8.124 × 10−12 photons
baryons×Hz

) (
ν
νi

)−0.86
, νβ < ν < νi,

(A.10)

corresponding to the spectral distribution functions for Population III and II stars, respectively.
The frequencies are να = 2.47×1015 Hz (equivalent to the Lyα energy Eα), νβ = 2.92×1015 Hz
(equivalent to the Lyβ energy Eβ = 12.08 eV) and νi = 3.29 × 1015 Hz (the Lyman-
limit, equivalent to the ionization energy Ei). The function (A.9) is normalized such that
2, 670 photons

baryon are emitted between Lyα and Lyβ and 4, 800 photons
baryon are emitted between Lyα

and the Lyman-limit, in accordance with [75]. On the other hand, the function (A.10) is
normalized such that 6, 520 photons

baryon are emitted between Lyα and Lyβ and 9, 690 photons
baryon are

emitted between Lyα and the Lyman-limit, in accordance with [76].
In our case of interest i.e., DSs, the spectral distribution function is

ϵ̂⋆(ν) = LannτDS
NDSmeD

δ

(
ν − meD

2π

)
=
(

5.73 × 10−5 photons
DM particles

)
fγ

annλ
−1
(

meD

100 MeV

)3

×
( ⟨σv⟩ann

1.2 × 10−58 cm3 s−1

)(
τDS

10 Gyr

)(
J⋆

10−5

)
δ
(
ν − 2.428 × 1022 Hz

)
, (A.11)

where NDS = MDS
meD

is the number of DM particles in the DS, τDS is the DS’s lifetime and
the δ function imposes that the energy is released monochromatically at the annihilation
energy meD . However, we notice that given the difference over orders of magnitude between
the DM mass and the energy of the Lyman series ϵ̂⋆(νn) = 0 for all n. As such, DSs do not
contribute to the Lyα background according to eq. (A.4).
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A.2.2 X-ray excitation

X-rays deposit energy in the IGM by ionizing hydrogen and helium; the emitted electron then
distributes its energy via i) Coulomb collisions with thermal electrons, ii) collisional ionization,
which produces more secondary electrons and iii) collisional excitation of helium, which
produces a photon capable of ionizing hydrogen. The contribution to the Lyα background
due to these processes can be related to the X-ray heating rate ϵX as [51]

Jα,X = 1
8π2

ϵX,α

να

1
Hνα

, (A.12)

with the conversion rate of X-ray energy into Lyα photons per unit comoving volume given
by ϵX,α = ϵX,tot

fX,exc
fX,heat

pα, where pα ≈ 0.79 is the fraction of excitation energy that goes into
Lyα photons. The fraction of X-ray energy going to heating fX,heat, ionization fX,ion and
excitation fX,exc has been treated by e.g [77], which fitted the results (for primary electron
energy E ≥ 100 eV) as

fX,heat = 0.9971
[
1 − (1 − x0.2663

e )1.3163] ,
fX,ion = 0.3908

(
1 − x0.4092

e
)1.7592

,

fX,exc = 0.4766
(
1 − x0.2735

e
)1.5221

.

(A.13)

The term ϵX,tot = ϵX,std + ϵX,DS is the total heating rate and takes into account both the
standard and the DS contributions. The heating rate in the standard (no DM) model can
be estimated as [69]

ϵX,std =
(3nH(1 + fHe + xe)H(z)

2

)[
103 K fX

(
f⋆

0.1
fX,heat

0.2
dfcoll/dz

0.01
1 + z

10

)]
, (A.14)

where fX is the X-ray luminosity per star formation rate relative to the local value (usually
taken as a free parameter of the order ∼ 0.5), f⋆ is the star formation efficiency and dfcoll/dz

is, as previously mentioned, the evolution of the collapsed fraction.
In the case of DSs, the heating rate can be quickly obtained from eq. (4.10) as

ϵX,DS =
[
dE

dV dt

]
dep,heat

. (A.15)

B Standard evolution equations

As mentioned previously, the bracketed terms in eq. (4.8) with the 0 subscript denote the
standard evolution equations with no DS contribution (see refs. [45, 53, 78] for comprehensive
reviews) and take the form[

dxe

dt

]
0

= CP

[
β(Tgas)(1 − xe) − nHα

(2)(Tgas)x2
e

]
+ ζ

(
dfcoll
dt

)
,[

dTgas
dt

]
0

= −2H(z)Tgas + γc(TCMB − Tgas) +
[
dTgas
dt

]
0.heat

, (B.1)
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where TCMB = 2.7255 K(1 + z) is the CMB temperature, β(T ) = α(2)(T )
(

meT
2π

) 3
2 e− Ei

T and
γc is the coefficient defined as

γc ≡ 8σTarT
4
CMB

3me

(
xe

1 + fHe + xe

)
, (B.2)

with ar = 7.5657 × 10−16 J m−3 K−4, the radiation constant.
The parameter ζ = AHef⋆fescNion is the ionization efficiency parameter [51, 69] with Nion

the number of ionizing photons per baryon produced in stars, fesc the fraction of ionizing
photons that escape their host galaxy and AHe = 4/(4−3fHe) is a correction factor to convert
the number of ionizing photons per baryon in stars to the fraction of ionized hydrogen. Aside
from AHe, the parameters fesc and Nion are highly uncertain. In this case, we follow the
fiducial case of ref. [69] and consider a ionization efficiency of ζ = 73.2 with fesc = 0.02
and Nion = 30, 000. This is the case that assumes Population III stars are the dominant
source of ionizing radiation.

We also recast these equations as in section 4 with the parameter x ≡ − ln(1+z) to obtain[
dxe

dx

]
0

= CP

H(x)
[
β(Tgas)(1 − xe) − nHα

(2)(Tgas)x2
e

]
+ ζ

H(x)

(
dfcoll
dt

)
,[

dTgas
dx

]
0

= −2Tgas + γc

H(x)(TCMB − Tgas) +
[
dTgas
dx

]
0.heat

. (B.3)

The heating term in the gas temperature equation is of the form[
dTgas
dt

]
0.heat

= 2
3
∑

c

ϵc
nH(1 + fHe + xe)H(x) , (B.4)

where the sum is over all possible contributions to the heating; namely X-rays and Lyα
photons. It is important to note that in this expression, the X-ray component is only due to
the standard (no DM) scenario, as all the DS contribution is already taken into account in the
additional term of eq. (4.8). For the X-ray contribution, the heating term can be easily found
from the rate eq. (A.14). For the Lyα photons, the heating term is calculated according to [53]

2
3

ϵα
nH(1 + fHe + xe)H(z) = 16π2

3
ναJα,⋆∆νD

nH(1 + fHe + xe)IC , (B.5)

where

IC =
( 4
π

)− 1
6
π

3
2

(
a

γ′

) 1
3
β
[
Ai2(−β) +Bi2(−β)

]
, (B.6)

with Ai(x) and Bi(x) the Airy functions [50]. The background intensity Jα,⋆ is calculated

according to eqs. (A.4), (A.9), (A.10). Furthermore, we write β = η′
(

4a
πγ′

) 1
3 , where all

quantities involved are as defined in appendix A.
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