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Future dedicated radio interferometers, including HERA and SKA, are very promising tools that
aim to study the epoch of reionization and beyond via measurements of the 21 cm signal from neutral
hydrogen. Dark matter (DM) annihilations into charged particles change the thermal history of
the Universe and, as a consequence, affect the 21 cm signal. Accurately predicting the effect of
DM strongly relies on the modeling of annihilations inside halos. In this work, we use up-to-date
computations of the energy deposition rates by the products from DM annihilations, a proper
treatment of the contribution from DM annihilations in halos, as well as values of the annihilation
cross section allowed by the most recent cosmological measurements from the Planck satellite.
Given current uncertainties on the description of the astrophysical processes driving the epochs of
reionization, X-ray heating and Lyman-α pumping, we find that disentangling DM signatures from
purely astrophysical effects, related to early-time star formation processes or late-time galaxy X-
ray emissions, will be a challenging task. We conclude that only annihilations of DM particles with
masses of ∼ 100 MeV, could leave an unambiguous imprint on the 21 cm signal and, in particular, on
the 21 cm power spectrum. This is in contrast to previous, more optimistic results in the literature,
which have claimed that strong signatures might also be present even for much higher DM masses.
Additional measurements of the 21 cm signal at different cosmic epochs will be crucial in order to
break the strong parameter degeneracies between DM annihilations and astrophysical effects and
undoubtedly single out a DM imprint for masses different from ∼ 100 MeV.

PACS numbers:

I. INTRODUCTION

The redshifted 21 cm line arising from the transition between the singlet and triplet hyperfine levels of neutral
hydrogen provides a unique probe of the high redshift cosmic window at z & 6, including the dark ages (before
the first stars have formed) and the Epoch of Reionization (EoR). The first measurements of the 21 cm brightness
temperature power spectrum at the EoR could be obtained by the Giant Metrewave Radio Telescope (GMRT) [1, 2],
the Low Frequency Array (LOFAR) [3], the Murchison Widefield Array (MWA) [4] and the Precision Array for
Probing the Epoch of Reionization (PAPER) [5]. Currently, only bounds on this signal at redshifts z ≃ 6 − 12 have
been published (see, e.g., Ref. [6–9]). The next generation of radio interferometers, such as the Hydrogen Epoch of
Reionization Array (HERA) [10] and the Square Kilometer Array (SKA) [11], should have the sensitivity to fully
reconstruct the reionization mechanism and to explore the Universe at even earlier epochs, within the dark ages.
Alternatively, a complementary way to detect the 21 cm signal is to measure the global signal, averaged over all
directions in the sky. The current Experiment to Detect the Reionization Step (EDGES) [12] and the future Large-
Aperture Experiment to Detect the Dark Ages (LEDA) [13] or the Moon orbiting space observatory Dark Ages Radio
Experiment (DARE) [14] aim to detect this global signal. In particular, EDGES has already ruled out extremely
rapid reionization models [12]. A three-dimensional map of the 21 cm signal could also be obtained using the so-called
intensity mapping technique, which measures the collective emission from large regions without resolving individual
galaxies. This technique has been considered to study damped Lyman-alpha systems at lower redshifts, in the post-
reionization era (z . 3) [15], and will be complementary to galaxy redshift surveys [16–18]. The planned experimental
set-ups in this field include the GBT-HIM project with the Green Bank Telescope (GBT) [19], the Canadian Hydrogen
Intensity Mapping Experiment (CHIME) [20], the Tianlai project [21] and the SKA-mid frequency [22] experiments
(see, e.g., Ref. [23] and references therein).

Although the primary task of near future 21 cm experiments is to improve our current knowledge of the Universe’s
reionization history, they also represent an additional tool for fundamental cosmology [24–36]. The global 21 cm signal
and the fluctuations of the 21 cm brightness temperature power spectrum can improve the cosmological constraints
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on neutrino physics [30, 32, 37–42], provide a signal of particle dark matter (DM) [37, 39, 43–47], measure dark energy
properties [16, 17, 48–50], explore signatures of non-gaussianities [37, 50–56] or isocurvature perturbations [57, 58],
primordial black holes [59, 60] and alternatives to general relativity [18, 61, 62].
Annihilations and decays of DM particles are well known to affect the temperature and ionization history of the

early Universe [63–68]. The effects of energy injection from DM annihilations and decays have been thoroughly studied
to put stringent constraints on DM properties using Cosmic Microwave Background (CMB) data [69–91]. Energy
injection from DM annihilations and decays may also affect the 21 cm signal from regions of neutral hydrogen in the
intergalactic medium (IGM), leaving potentially detectable signatures [67, 68, 73, 92–97]. Thus, both the 21 cm and
the CMB power spectra are complementary in the study of the impact of DM annihilations and decays during the
dark ages. At high redshifts (z & 30), the effects of DM annihilations and decays are easy to model, as they occur
in the linear density perturbation regime. Unfortunately, the large galactic synchrotron foreground at the relevant
frequencies represents an enormous experimental challenge [14], which makes the detection of these effects an arduous
task in the near future, beyond the reach of current and planned ground-based radio interferometers. In this work,
we discuss the impact of DM annihilations on the 21 cm signal by focusing on the epoch between reionization and the
formation of the first galaxies (10 . z . 30). This region is expected to be visible by future experimental facilities
such as HERA and SKA. However, in this redshift range, the astrophysical background associated to the formation of
the first luminous sources also affects the 21 cm signal, so the effects from DM annihilations have to be disentangled
from it. We therefore discuss some of the dependences on the astrophysical parameters (including the halo mass
function, the threshold for halos to host star-forming galaxies, the X-ray efficiency and the stellar Lyman-α flux)
before turning to the DM-related parameters (including the DM mass, the annihilation cross section, the minimum
halo mass and the effect of substructure) that are relevant to the evaluation of the impact of DM annihilations on the
21 cm signal.
Finally, we contrast our results with some existing studies in the literature. Recent works [96, 97] have claimed

that DM annihilations at z . 50, which occur mostly in halos, could lead to distinctive features on the 21 cm global
signal and on its power spectrum. However, these studies adopted a simplified parametrization of the efficiency of
energy injection and deposition in halos, which leads to a significant overestimation of the effects for DM masses
higher than ∼ 1 GeV. In our work, we critically examine this issue. We additionally stress that, even when neglecting
DM annihilation effects, the choice of the parametrization for the halo mass function and of some of the relevant
astrophysical parameters yield a prediction for the 21 cm signal that can vary significantly. Combined with a correct
integration over the DM energy deposition efficiency, these uncertainties could lead to a mischaracterization of the
potential imprint of DM annihilations on the 21 cm signal. In most cases, such signatures could be mimicked by a
different set of astrophysical parameters.
The structure of this paper is as follows. In Secs. II and III, we describe the general physics behind the cosmological

21 cm signal (both the global signal and the power spectrum), the impact of different parametrizations of the halo
mass function and the effect of varying some astrophysical parameters. This is followed in Sec. IV by the description of
the impact of DM annihilations on the 21 cm signal, where we show our main results, along with a critical comparison
with previous results. We conclude in Sec. V.

II. THE 21 CM SIGNAL AND ITS POWER SPECTRUM

The 21 cm line is produced by spin-flip transitions in neutral hydrogen between the more energetic triplet state
and the ground singlet state. The intensity of the redshifted line depends on the ratio of the populations of these two
hyperfine levels. This ratio is quantified by the spin temperature, TS , which is determined by three competing effects:
1) absorption and stimulated emission of CMB photons; 2) atomic collisions, which are important at high redshifts,
well before the EoR; and 3) resonant scattering of Lyman-α (Lyα) photons that turn on with the first sources. The
latter process is known as the Wouthuysen-Field effect [98, 99] (see Ref. [100] and references therein).
The redshifted 21 cm signal from the EoR and the dark ages can be measured either in emission or in absorption

against the CMB blackbody spectrum. Therefore, at a given observed frequency ν, the redshifted signal is usually
represented by the contrast between the temperature of the high-redshift hydrogen clouds and that of the CMB, i.e.,
the differential brightness temperature δTb. For these small frequencies (Rayleigh-Jeans limit), from the equation of
radiative transfer along the line of sight, δTb yields

δTb(ν) =
TS − TCMB

1 + z
(1− exp−τν0 ) , (1)

where τν0
is the optical depth of the IGM for the 21 cm frequency ν0 = 1420.4 MHz and all quantities are evaluated

at redshift z = ν0/ν − 1. Expanding Eq. (1) up to first order in perturbation theory, the differential brightness
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temperature can be written as [101–104]

δTb(ν) ≃ 27xHI (1 + δb)

(
1−

TCMB

TS

)(
1

1 +H−1∂vr/∂r

) (
1 + z

10

)1/2 (
0.15

Ωmh2

)1/2 (
Ωbh

2

0.023

)
mK , (2)

where xHI represents the fraction of neutral hydrogen, δb is the baryon overdensity, Ωbh
2 and Ωmh2 refer to the current

baryon and matter contribution to the Universe’s mass-energy content, H(z) is the Hubble parameter and ∂vr/∂r
is the comoving gradient of the peculiar velocity along the line of sight. The above expression is exact if ∂vr/∂r is
constant over the width of the 21 cm line and ∂vr/∂r ≪ H.

After galaxy formation starts, TS is expected to be much smaller than TCMB so that δTb(ν) is negative and the
21 cm signal is in absorption (plus fluctuations due to the pattern of overdensities). This absorption regime continues
until the X-ray emission from galaxies heats the gas so that TS > TCMB and the 21 cm signal is in emission [103].
Note that when the IGM is observed in emission and TS ≫ TCMB, the signal saturates to a level which is independent
of TS , whereas when it is in absorption and TS ≪ TCMB, the absolute value of the differential brightness temperature
is larger by a factor of TCMB/TS . In more detail, the evolution of the IGM temperature follows different stages:

1. At very high redshifts (z & 300), the IGM is very dense, and therefore the spin temperature is coupled via

collisions to the kinetic gas temperature TK , which is in turn coupled to the CMB temperature by Compton
scatterings between CMB photons and residual free electrons. Thus, TS ≃ TK ≃ TCMB and the all-sky averaged
21 cm differential brightness temperature is δTb ≃ 0.

2. After the CMB decoupling redshift (300 & z & 100), TS and TK are still coupled but TS ≃ TK < TCMB,
since the IGM temperature decreases adiabatically (TS ∝ (1 + z)2), i.e., faster than the CMB temperature
(TCMB ∝ (1 + z)). In this period, δTb is negative.

3. As the Universe cools down due to its expansion, the density of the IGM decreases, TS decouples from TK and
starts approaching TCMB again. In the reionization model considered here, δTb ≃ 0 around z ∼ 30.

4. When the first astrophysical sources start to form, TS slowly couples to TK again, via scatterings in the Lyα
resonance (the so-called Wouthuysen-Field process or Lyα pumping), and δTb decreases again. The 21 cm line is
again observable in absorption, with a large dip at z ∼ 20 and reaches δTb ≃ −160 mK for our default simulation
parameters.

5. Heating from X-ray sources at a later time (z . 20) makes TS > TCMB and the 21 cm signal changes from
absorption to emission.

6. Finally at z . 10, the IGM is fully ionized and, consequently, δTb ≃ 0.

So far, we have addressed the global 21 cm signal, i.e., the all-sky averaged differential brightness temperature.
Although this contains information about the mean contribution from all sources, fluctuations are expected to be
significant and of diverse origins (matter distribution, discrete nature of luminous sources, HII regions, galactic halos).
One of the greatest advantages of using an atomic line is that we have access not only to the spatial distribution
of the signal, but also to its time dependence via the redshifting of frequency with Hubble expansion. Noting that
the evolution of the signal is much more pronounced at small scales, its separation from the smooth astrophysical
foregrounds could in principle be madex easier by studying the spatial fluctuations rather than the global signal.
Thus, we turn to the differential brightness temperature power spectrum, defined as

〈δ̃21(k, z)δ̃
∗

21(k
′, z)〉 ≡ (2π)3δD(k− k

′)P21(k, z) , (3)

where δD is the Dirac delta function, the brackets denote an ensemble average, and δ̃21(k, z) refers to the Fourier
transform of δ21(x, z) = δT b(x, z)/δTb(z)−1. The power spectrum P21(k, z) carries information about the correlations
in the spin temperature field and is expected to provide the highest signal-to-noise ratio measurement of the 21 cm
line around the EoR in the near future. In what follows, we work with the dimensionless 21 cm differential brightness
temperature power spectrum, defined as

∆2
21(k, z) =

k3

2π2
P21(k, z) . (4)

In order to compute the time evolution of both the 21 cm global signal and the power spectrum, we make use
of the publicly available package 21cmFAST

1 [111], which generates realizations of the evolved density, ionization,

1 Unless indicated otherwise, we use the default inputs of the code.
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FIG. 1: Global 21 cm signal represented by the all-sky averaged differential brightness temperature δTb as a function of redshift
(insets) and the associated 21 cm power spectrum of fluctuations at a scale k = 0.1Mpc−1 (main panels). In the main panels,
we distinguish when the signal is in absorption (solid lines) or emission (non-solid lines). Top-left panel : three different halo
mass functions (see Sec. III A): Press-Schechter [105, 106] (leftmost red lines); our default, Watson’13 [107] (middle black lines);
and Sheth-Tormen [108, 109] (rightmost blue lines). Top-right panel : variations of the minimum virial temperature, Tvir, with
respect to the default value, Tvir,0 = 104 K (Sec. III B). Bottom-left panel : variations of the number of X-ray photons per solar
mass, ζX, with respect to the default value, ζX,0 = 1056 (Sec. III C). Bottom-right panel : variations of the number of photons
per stellar baryon between Lyα and the Lyman limit, Nα, with respect to the default value obtained by assuming ∼ 4400
ionizing photons per stellar baryon from Pop II stars, as defined in Ref. [110] (Sec. IIID). For the top-right and the bottom
panels, we use the W13 halo mass function.

peculiar velocity and spin temperature fields from semi-analytic calculations. The stages 3-6 associated to the global
signal evolution mentioned above can clearly be seen in the insets of the four panels of Fig. 1, for different halo mass
function models and astrophysical parameters. In the main panels, we show the 21 cm power spectrum associated
to the differential brightness temperature depicted in the insets, for the same redshift range. We show the signal at
a scale k = 0.1Mpc−1, which is expected to be reasonably free from foregrounds [112]. The 21 cm power spectrum
shows three characteristic peaks, associated to the 21 cm absorption/emission stages described above. More precisely,
they correspond (from lower to higher redshifts) to the epochs of reionization, heating from X-ray sources and Lyα
pumping [111, 113, 114].
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III. EVOLUTION EQUATIONS AND FREE PARAMETERS

As discussed in the previous section, the spin temperature TS can couple to the gas temperature TK via collisions
and scattering of Lyα photons. Thus, the 21 cm signal depends on the evolution of TK and the ionized fraction, as
well as on the Lyα background. The equations that track the heating history of the gas are obtained from the coupled
evolution equations for the ionized fraction in the mostly-neutral IGM, xe(x, z), and the gas kinetic temperature,
TK(x, z), which are given by [111]

dxe(x, z)

dz
=

dt

dz

(
Λion − αA C x2

e nb fH
)
, (5)

dTK(x, z)

dz
=

2

3 kB (1 + xe)

dt

dz

∑

β

ǫβ +
2TK

3nb

dnb

dz
−

TK

1 + xe

dxe

dz
, (6)

where nb = n̄b,0(1 + z)3(1 + δ̄b(x, z)) is the total baryon number density, kB is the Boltzmann constant, ǫβ(x, z) is
the heating rate per baryon from different sources including Compton scattering (effective at high redshifts, z & 300)
and X-ray heating (the dominant source of energy injection at the epochs of relevance for our study [113, 115–
117]), Λion is the ionization rate per baryon, αA is the case-A recombination coefficient, C ≡ 〈n2

e〉/〈ne〉
2 is the

clumping factor, with ne the electron number density, and fH = NH/Nb is the hydrogen number fraction. Notice
that we follow Ref. [111], assuming that hydrogen and singly ionized helium are ionized to the same degree, i.e.,
NHII/NHI = NHeII/NHeI = xe(x, z).

The total Lyα background, which determines the strength of the Wouthuysen-Field effect, has two main components,

Jα = Jα,X + Jα,⋆ . (7)

The contribution from X-ray excitation of HI, Jα,X , can be related to the X-ray heating rate by balancing the total
X-ray energy injection rate to that of redshifted Lyα photons produced from the same X-rays [118]. The contribution
from stellar photons between Lyα and the Lyman limit, Jα,⋆, arises from the sum of different Lyman-n levels and
depends on the type of stellar populations.
Although the number of parameters in the problem is large, for the sake of simplicity and of comparison with other

works, we describe the ionization, heating and excitation of the IGM in terms of a reduced number of quantities,
which are allowed to vary (one at a time): the halo mass function, dn/dM ; the minimum virial temperature of galaxy-
hosting halos, Tvir; the number of X-ray photons per solar mass, ζX; and the number of photons per stellar baryon
between Lyα and the Lyman limit, Nα. The first two of them are related to the star formation rate, which is in turn
proportional to the comoving (X-ray and UV) photon emissivities. The latter two are related to the efficiencies of
X-rays and UV photons to heat and excite the IGM. On the other hand, the ionization efficiency of UV photons has
been fixed to the default value of the 21cmFAST code, ζUV = 31.5. The value of ζUV is constrained by the redshift at
which reionization ends, so we leave ζUV unchanged (set so that reionization ends at z ∼ 7). Moreover, our 21cmFAST
runs show that, within its allowed range of variation, ζUV only affects the 21 cm global signal and power spectrum
below z ≃ 10 (see Refs. [119–121] for detailed simulations assuming different values of ζUV), whereas the effects of
DM annihilations show up mainly around the X-ray heating and Lyα pumping epochs, i.e., 10 . z . 30.
The star formation rate is given by

RSFR(z) = nb f⋆
dfcoll(> Mvir)

dt
, (8)

where fcoll(> Mvir) is the fraction of mass collapsed in halos more massive than some minimum mass, Mvir, defined in
terms of Tvir (cf. Eq. (10)), and f⋆ is the fraction of baryons converted into stars, which we set to f⋆,0 = 0.1. One of
the usual underlying assumptions is that the correlation between the star formation rate and the photon luminosities
can be extrapolated to high redshifts. Therefore, ionization, heating and excitation critically depend on the fraction
of mass collapsed in halos, which is defined in terms of the comoving halo mass function, dn/dM , i.e., in terms of the
comoving number density of halos per unit mass as a function of redshift,

fcoll(> Mvir) =

∫

Mvir

M

ρ0

dn(M, z)

dM
dM , (9)

where ρ0 is the matter density today.
Next, we describe the impact of the variation of these parameters on the 21 cm signal.
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FIG. 2: Comoving halo mass function as a function of redshift for different values of the halo mass, ranging from M = 107M⊙

to 1010M⊙ (only shown those redshifts for which M > Mvir(z), with Tvir = 104 K; see text). We show the results for three
parametrizations: Press-Schechter [105, 106] (dotted red lines); our default halo mass function, Watson’13 [107] (solid black
lines); and Sheth-Tormen [108, 109] (dashed blue lines).

A. The halo mass function, dn/dM

Several approaches have been followed in the literature in order to estimate the density of halos per unit mass (the
halo mass function), dn(M, z)/dM , mainly from N-body simulations and analytical models, as using observational
data is very challenging [122–125]. Within the context of the 21 cm signal, some previous studies have followed
the Barkana-Loeb hybrid prescription [126, 127], in which the Press-Schechter (PS) halo mass function [105, 106]
is weighted with the results obtained using the Sheth-Tormen (ST) parametrization [108, 109], to correct for the
underestimation of the halo abundances at high redshifts within the PS formalism. The ST approach matches the
numerical simulations better than the PS formalism (at least at low redshifts), but it is also known that ST slightly
overestimates the halo abundances at high redshifts [107, 128–130]. We therefore use the recent Watson’13 (W13)
parametrization (CPMSO + AHF with redshift dependence) [107] as our default halo mass function2 (as done in
Refs. [85, 87, 132]) rather than 21cmFAST’s default ST parametrization. We illustrate the effects of choosing different
halo mass functions on the 21 cm signal in the top-left panel of Fig. 1.
In Fig. 2, we show the predictions for the halo mass function of these three models PS, ST and W13, as a function

of redshift and for different choices of halo masses M (large enough so that they can host star-forming galaxies, i.e.,
M > Mvir). Notice that, with respect to the other two cases, the PS formalism underpredicts the number of halos at

2 The linear matter power spectrum is needed to obtain these halo mass functions, and we compute it using the code provided with
Ref. [131], available at http://background.uchicago.edu/~whu/transfer/transferpage.html.

http://background.uchicago.edu/~whu/transfer/transferpage.html
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high masses and redshifts. However, it overpredicts the halo number density for relatively low masses at low redshifts.
The ST halo mass function predicts a slightly higher halo abundance than the W13 parametrization for all masses
at all redshifts. Therefore, during the dark ages, the W13 parametrization lies between PS and ST, and is in better
agreement with the results of simulations [107, 128–130]. As can be seen from the figure, the halo mass function is a
decreasing function with the halo mass, so the dominant contribution to fcoll comes from halos with masses just above
Mvir at each redshift, i.e., it comes from halos with masses in the range 107 M⊙ . M . 108 M⊙ (for Tvir = 104 K).

B. Minimum virial temperature of halos hosting galaxies, Tvir

The usual approach is to assume that the threshold for hosting star-forming galaxies (Mvir in Eq. (9)) is determined
by the cooling of gas at a fixed minimum virial temperature (see, e.g., Ref. [133]), which is assumed to be independent
of redshift. This introduces a non-trivial redshift dependence on the minimum virial mass, which is given by [133]

Mvir(z) ≃ 108
(

Tvir

2× 104 K

)3/2 (
1 + z

10

)−3/2

M⊙ . (10)

The default value in the 21cmFAST code is Tvir,0 = 104 K, which has been identified in the literature with the atomic
cooling threshold, as star formation in halos with smaller virial temperatures (and consequently smaller masses) has
been argued to be inefficient [134–138]. This default minimum temperature would thus correspond to a minimum halo
mass of Mvir ≃ 3×107 M⊙ at a redshift z = 10. An upper limit on Tvir of ∼ 2×105 K results from the behavior of the
emissivities inferred from observations of the Lyα forest (see, e.g., Refs. [119, 139] and references therein). Therefore,
in the top-right panel of Fig. 1, we consider minimum virial temperatures within the range [104 − 105] K.

C. Number of X-ray photons per solar mass, ζX

In contrast to the ionization efficiency ζUV, which does not significantly affect the 21 cm signal in the redshift
interval of interest here, the uncertainties on the efficiency for ionization, heating and Lyα production by X-ray
sources do play an important role. These processes depend on the total X-ray emission rate, which is proportional to
the star formation rate and the number of X-ray photons per solar mass in stars, ζX, i.e., the X-ray efficiency is directly
proportional to the product f⋆ζX. Changing either f⋆ or ζX leads to similar signatures on the 21 cm observables3. The
default values assumed for these parameters are f⋆,0 = 0.1 and ζX,0 = 1056 M−1

⊙ , which would imply, approximately,
NX ≃ 0.1 X-ray photons per stellar baryon. In the bottom-left panel of Fig. 1, we consider ζX varying within the
range [1054 − 1058]M−1

⊙ (see also, e.g., Refs. [96, 119, 120, 140] for analyses of wide ranges).

D. Number of photons per stellar baryon between Lyα and the Lyman limit, Nα

Here, as in 21cmFast, we treat the number of photons per stellar baryon between Lyα and the Lyman limit and
the ionization rate (driven by ζUV) as two independent quantities. The default value, Nα,0, is obtained by assuming
Pop II stars as defined in Ref. [110] and normalizing their emissivity to ∼ 4400 ionizing photons per stellar baryon.
These are the default parameters in 21cmFast. In the bottom-right panel of Fig. 1, we show the 21 cm signal for
0.1 ≤ Nα/Nα,0 ≤ 10.
Notice that if the Lyα background flux and the ionization rate are generated by the same stellar population, the

number of ionizing photons and the number of photons between Lyα and the Lyman limit are not independent of each
other. However, different models for the spectral energy distributions, with different metallicities and stellar initial
mass functions, predict different values for the ratio of these two numbers. Whereas in the case of Pop II stars the
number of ionizing photons is smaller, Pop III stars, with a much harder spectra, emit more photons contributing to
the Lyα background (see, e.g., Refs. [121, 141, 142]). Moreover, only a fraction, fesc, of the ionizing photons escape
local absorption and thus, this extra parameter also regulates the relative intensity of the ionization rate and the Lyα
flux. Thus, in principle, we could treat them as independent quantities.

3 Note that ζUV and the Lyα flux are also proportional to f⋆. Whereas this dependence could be important for the Lyα flux, it is less so
for ζUV. As mentioned above, within the range allowed by the measured optical depth at reionization, the precise value of ζUV turns
out not to be so crucial here.
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E. Impact on the 21 cm signal

Here, we first discuss the impact of the choice of the halo mass function, and then we review how different values for
Tvir, ζX and Nα can affect the global 21 cm signal and its power spectrum (see also Refs. [44, 119, 120]). Furthermore,
we discuss the possible degeneracies between these parameters. In the following, the remaining parameters in the
21cmFAST code are set equal to their default values, and we have integrated from z = 34.5 to z = 6. Unless
otherwise noted, for all the cases we obtain values for the reionization optical depth of τ ∼ 0.079. Note that the
Planck result combining TT, TE and EE spectra for ℓ ≥ 30 with the low-ℓ temperature plus polarization spectra is
τPlanck = 0.079± 0.017, whereas after adding Planck lensing data, the result is τPlanck+lensing = 0.063± 0.014 [89].
In the top-left panel of Fig. 1, we depict the 21 cm global signal (inset) and the 21 cm differential brightness

temperature power spectrum (main panel) for the three halo mass functions previously discussed in Sec. IIIA. Notice
that since the PS model (red lines) systematically underpredicts the number of halos at high redshifts and overpredicts
it for low masses at low redshifts [107, 130, 143, 144], the peaks in the power spectrum as well as the global absorption
dip and the emission peak occur at lower redshifts than for the other two halo mass functions. For the ST model (blue
lines), the abundance of halos at high redshifts is larger: the first astrophysical sources switch on at earlier times and
therefore, both X-ray heating and Lyα pumping take place at higher redshifts. The predictions from the more recent
W13 halo mass function (black lines) lie in between the ST and the PS ones. However, let us note that, whereas the
optical depth at reionization for the PS and W13 models is τPS = 0.077 and τW13 = 0.079, respectively, for the ST
case we obtain τST = 0.089. The top-left panel of Fig. 1 clearly illustrates that the uncertainties on the halo mass
function have an important impact on the 21 cm signal. In the rest of the panels of Fig. 1, we show the effects of
changing other astrophysical parameters (one at a time and keeping the rest fixed), while using the W13 halo mass
function.
In the top-right panel of Fig. 1, the minimum virial temperature of both X-ray and UV-sources is increased by a

factor of 4 (red lines) and by a factor of 10 (blue lines) with respect to our default value (black lines). This range is
chosen consistently with the discussion in Sec. III B, although for Tvir = 105 K we obtain a rather small τ = 0.047.
Notice that larger values of the minimum virial temperature induce a shift of the global 21 cm signal to later epochs,
as the larger halo mass (or temperature) threshold implies a delay in the formation of X-ray and UV sources. This
parameter displays an important correlation with the choice of model for the halo mass function. For instance, the
results for the PS halo mass function with Tvir = 104 K are very similar to those obtained assuming the ST halo mass
function with Tvir = 4 × 104 K (not shown in this work). As we further illustrate in the following sections, these
uncertainties limit our ability to discern the effects of DM annihilations from those of astrophysical processes.

In the bottom-left panel of Fig. 1, the efficiency of X-ray sources is varied by a factor of 0.01 (red lines) and by a
factor of 100 (blue lines) with respect to our default value (black lines). These changes are comparable to some of
those explored in the literature (see, e.g., Refs. [96, 119, 120, 140]). The main effect of a higher X-ray efficiency is that
the gas kinetic temperature TK increases at earlier redshifts, shortening the Lyα pumping period and leading to a dip
in the brightness temperature at z ≃ 15− 25, which is less pronounced for larger values of ζX. Moreover, it leads to
an earlier transition from absorption to emission, and consequently shows a higher peak in the differential brightness
temperature at z ≃ 10 − 15. This is also translated into the 21 cm power spectrum by a shift of the X-ray heating
peak (middle peak), which occurs mainly in emission, to earlier epochs. In addition, we observe a larger difference
between the height of the X-ray heating peak and the height of the other two peaks (associated to the epochs of
reionization and Lyα pumping). On the other hand, a much lower value of ζX would delay the heating of the IGM,
shifting the absorption trough to later times. As a result, the X-ray heating peak in the power spectrum would also
shift to lower redshifts and could even merge with the reionization peak, which would occur mainly in absorption.
This also implies a higher intensity for this peak (& 103 mK2) at z ∼ 10, as there is a larger contrast of temperatures
among different regions.
In the bottom-right panel of Fig. 1, the number of photons per stellar baryon between Lyα and the Lyman limit is

varied by a factor of 0.1 (red lines) and by a factor of 10 (blue lines) with respect to our default value (black lines).
The main effect of a higher Nα is to produce a deeper trough in the differential brightness temperature and to shift
the Lyα pumping peak of the power spectrum to earlier times. Conversely, a lower value of Nα produces a shallower
trough in the differential brightness temperature, shifts the Lyα pumping peak of the power spectrum to later times
and can even suppress the intensity of the X-ray heating peak. Note that this parameter is correlated with ζX . In
principle, the deeper trough in δTb for a higher Nα could be compensated by increasing ζX . However, this would shift
even further the Lyα pumping peak to earlier times. Therefore, changes in Nα cannot be completely compensated by
changes in ζX and changes in Tvir are also needed.
In summary, even in the absence of signatures from DM annihilations, the large uncertainties of the astrophysical

parameters add yet more complexity to the canonical scenario, resulting in important correlations affecting the 21 cm
signal. Given these existing degeneracies, extracting information about cosmology or astrophysics from the EoR and
beyond will be a challenging task.
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IV. THE IMPACT OF DM ANNIHILATIONS ON 21 CM OBSERVABLES

The main goal of this paper is to analyze the impact of DM annihilation into Standard Model particles on the 21 cm
signal. These annihilations represent an extra source of ionization, heat and excitation of the IGM, which must be
added to the astrophysical contributions to the ionization rate, the gas kinetic temperature and the Lyα background
flux. In what follows, we discuss the effects of DM annihilations on the 21 cm signal and for the astrophysical
parameters we use our default set of values. Unless otherwise noted, each case we show yields a reionization optical
depth of τ ∼ 0.079.

A. DM energy deposition

The DM energy deposition is defined as the energy that goes into ionization, heating and excitation of the IGM from
the DM annihilation products, whereas the DM energy injection is the total energy liberated by those annihilations.
In the case of the smooth DM distribution, before halos start to form, the energy injection rate per unit volume at
redshift z is given by

(
dE

dV dt

)smooth

injected

= (1 + z)6 ρ2DM,0

〈σv〉

mDM

, (11)

where ρDM,0 is the DM density today, 〈σv〉 is the thermal average of the DM annihilation cross section times the
relative velocity and mDM is the DM particle mass.
The energy injection and deposition rates can be very different. This is due to the creation of invisible products in

DM annihilations and to the free-streaming of electrons and photons, which may travel for a significant time before
depositing their energy into the IGM. In previous works (see, e.g., Refs. [76, 84–87]) the energy deposition rate was
split into three parts: the DM energy injection rate, (dE/dtdV )injected; the total DM energy deposition efficiency into
the IGM, f(z); and the distribution of this energy into different channels, depending on the fraction χc(xe(z)), once
this energy has cascaded below a deposition kinetic energy threshold of 3 keV. The index c = {HI,HeI, heat,Lyα}
corresponds to the hydrogen and helium ionization, heating and excitation (Lyα) channels, respectively. We write
the dependence of the DM energy deposition rate per baryon for each channel c, in terms of the DM energy injection
rate, as

ǫDM
c (x, z) ≡

1

nb

(
dEc(x, z)

dtdV

)smooth

deposited

≡
1

nb
fc(z)

(
dE(x, z)

dtdV

)smooth

injected

, (12)

where fc(z) denotes the DM energy deposition efficiency for a given channel c and f(z) =
∑

c fc(z). In general,
f(z) depends on the DM mass and on the DM annihilation channel, although we omit the explicit referral to these
dependences in what follows.
Thus far, the standard approach has been to use fc(z) = χcf(z) with the simple parametrization of χc(xe) by Shull

and Van Steenberg [145] (implemented by Chen and Kamionkowski [63], hereafter SSCK). However, here we follow
a more up-to-date approach. Recent work by Slatyer [146] in the context of DM annihilations and decays and their
impact on CMB observables [90] updated earlier calculations of the energy injection and deposition efficiencies [76, 84]
by computing channel-dependent transfer functions T c(z, z′, E), which map the injected energy at redshift z′ to the
deposited energy at redshift z. Integrating this function over z′ and over the injected particle spectrum yields the
channel-dependent efficiency fc(z). This is more accurate than the SSCK approach, since it is the result of a full
calculation of the behavior of e+e− pairs and photons throughout the Universe’s history, based on the redshift-
dependent properties of the IGM. Crucially, Ref. [146] showed that a non-negligible fraction of the energy deposited
below 3 keV was in the form of particles that are not energetic enough to ionize, heat or excite the medium, and
which instead freely stream, leading only to distortions of the CMB spectrum. Once this effect has been accounted
for, a proper computation of fc(z) can yield a 10%-50% difference with respect to using the SSCK approach4. For
our computations, in order to evaluate the channel-dependent efficiency fc(z), we use the numerical transfer function
tables T c(z, z′, E) provided as supplementary material5 to Ref. [146].

4 To connect with the notation used here, this would be written as fSSCK
c (z) = χSSCK

c (xe)f(z).
5 http://nebel.rc.fas.harvard.edu/epsilon/

http://nebel.rc.fas.harvard.edu/epsilon/
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The terms to be added to the evolution equations for the ionized fraction and for the kinetic temperature of the
gas (see Eqs. (5) and (6)), in the presence of DM annihilations, take the following form:

Λion|DM = fH
ǫDM
HI

EHI

+ fHe

ǫDM
HeI

EHeI

, (13)

dTK

dz

∣∣∣∣
DM

=
dt

dz

2

3 kB (1 + xe)
ǫDM
heat , (14)

where EHI,HeI are the ionization energies for hydrogen and helium and fHe = NHe/Nb is the helium number fraction.
The Lyα flux resulting from collisional excitations due to energy deposition by DM annihilations in the IGM reads as

Jα,DM =
c nb

4π

ǫDM
Lyα

hνα

1

H(z)να
, (15)

where να is the emission frequency of a Lyα photon.

B. The impact of halo formation

We now turn to the effect of structure formation on the energy deposition into the IGM from DM annihilations.
Once halos start to form, the Universe turns into a clumpy structure and the global DM annihilation rate, which
depends on the square of the local DM density, is greatly enhanced. Thus, the effects of DM annihilations on the
21 cm signal at 10 . z . 30 are expected to be completely dominated by the contribution from halos [93, 94]. The
energy injection rate at redshift z can be written as [78]

(
dE(z)

dtdV

)

injected

=
〈σv〉

mDM

ρ2DM,0 (1 + z)6 [1 + B(z)] . (16)

The function B(z) refers to the boost due to structure formation6 and it depends on the abundance of halos and their
density profiles,

B(z) =
1

ρ2DM,0 (1 + z)3

∫

Mmin

dn(M, z)

dM
dM

∫ Rvir

0

ρ2(r) 4πr2dr , (17)

where dn/dM , as in the previous sections, is the comoving halo mass function, ρ(r) is the DM halo density profile,
which also depends on the halo mass and redshift, and Rvir is the halo virial radius. The value of the minimum
halo mass, Mmin, depends on the DM particle properties and on the cosmological model [147–166] and thus, it can
lie within a wide range. Here we consider three representative values, Mmin = 10−12 M⊙, 10

−6 M⊙ and 10−3 M⊙.
In order to compute B(z) we use our default halo mass function, W13 [107], and we assume DM in halos to be
distributed with a Navarro-Frenk-White (NFW) profile [167, 168] with a concentration-mass relation, dependent on
redshift, given by Ref. [169] (P12).

Nevertheless, Eq. (17) only considers the smooth DM distribution of halos, but it does not include the contribution
from substructure inside those halos. We also add this contribution by making the substitution [170, 171]

∫ Rvir

0

ρ2(r) 4πr2 dr →

∫ Rvir

0

ρ2(r) 4πr2 dr +

∫ M

Mmin

dnsub

dm
dm

∫ rvir

0

ρ2sub(rsub) 4π r2sub drsub , (18)

where dnsub/dm is the comoving subhalo mass function, m is the subhalo mass, ρsub(rsub) is the subhalo density
profile, which depends on the subhalo mass and redshift, and rvir is the subhalo virial radius. For the subhalo mass
function in a host halo of mass M , we use dnsub/dm = A/M (m/M)

−α
, where values of α in the range [1.9, 2] are

found in simulations [172–174]. We have chosen α = 2, which gives rise to the largest effect due to substructure, and
we set A = 0.012 [175]. On the other hand, following previous works [170, 175–177], we consider the concentration
parameter to be equal to that of halos. We also include the effect of substructure, but unlike these previous studies,
only up to the first level, which turns out to be closer to the results obtained once tidal forces inside halos and subhalos

6 The function B(z) corresponds to the function G(z) in our previous work [85].
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FIG. 3: Total efficiencies,
∑

c
[fc(z) + gc(z)], corresponding to different benchmark DM models. We depict the efficiencies

associated to mDM = 10 GeV (blue lines) and mDM = 130 MeV (red lines) for annihilations into e+e−, following the approach
described in the text, i.e., f(z)+g(z) (solid lines) and factoring [1+BW13(z)] out of the integral over the transfer functions, i.e.,
f(z)[1+BW13(z)] (dashed lines). In all these cases we use the P12 concentration-mass relation and the W13 halo mass function
with Mmin = 10−12 M⊙ and adding one level of substructure, i.e., our default DM settings. We also show (green dotted lines)
the result for mDM = 10 GeV, but factoring [1 +BPS(z)] out of the integral over the transfer functions and using the PS boost
factor with Mmin = 10−9 M⊙, as defined in Ref. [97]. For the latter case, the

∑
c
fc is assumed to be constant and equal to

0.22 (see Sec. IVD), corresponding to annihilations into µ+µ−.

are taken into account [178]. However, let us note that subhalos are found to be, on average, more concentrated than
host halos of the same mass (see, e.g., Refs. [179–184]) and larger concentrations in subhalos can lead to a factor
of two increase in the annihilation rate [178]. Given all the uncertainties, we do not expect this effect to have an
important impact on our results and we do not take it into account.
In order to relate the deposited and injected energies when including halo formation, some previous works [83, 93,

94, 96, 97] have used the parametrization given by Eq. (12), replacing Eq. (11) by Eq. (16), and factoring out the halo
enhancement B(z) and the energy deposition efficiency f(z). However, to self-consistently describe the distinction
between energy injection (from DM annihilations) and deposition (ionization, heating and excitation), the boost B(z)
should rather be included inside the integral over the transfer functions [84]:

∫
dz′ T c(z, z′, E) →

∫
dz′ [1 + B(z)]T c(z, z′, E) . (19)

For practicality, we separate this integral into the smooth part, fc(z), and the halo part, gc(z). In this language, the
DM energy deposition rate per baryon can be written as [85, 87]

1

nb

(
dEc(z)

dtdV

)

deposited

= pDM [fc(z) + gc(z)] (1 + z)3 , (20)
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mDM [GeV] 0.001 0.009 0.13 1.1 10

〈σv〉 [cm3/s] 10−30 10−29 10−28 10−27 10−26

TABLE I: Table of the DM masses and the associated values of the thermal average of the annihilation cross section times
the relative velocity considered in this work. These cross sections are chosen after rounding the values of the Planck CMB
limits [89].

where

pDM = 1.5× 10−24

(
100GeV

mDM

) (
〈σv〉

3× 10−26cm3/s

) (
ΩDMh2

0.13

)2

eV/s . (21)

Throughout the rest of the paper, as our default DM settings to compute DM annihilation signals, we use the P12
concentration-mass relation, the W13 halo mass function with Mmin = 10−12 M⊙, add one level of substructure, and
assume DM annihilations with a branching ratio of 100% into e+e−.

In Fig. 3, we show the total DM energy deposition efficiency
∑

c [fc(z) + gc(z)] as a function of redshift for several
DM scenarios. We consider annihilations with our default DM settings for two different DM masses: mDM = 10 GeV
(blue lines) and mDM = 130 MeV (red lines). We illustrate the differences between the results obtained following
the approach described above, i.e., f(z) + g(z) (solid lines) and when [1 + BW13(z)] is factored out of the integral
over the transfer functions (dashed lines), in which g(z) = f(z)BW13(z). The latter gives rise to the overestimation
of the DM energy deposition rate after halos start to form. However, the lower the DM mass, the closer the result
is to the on-the-spot approximation and thus, the less important this overestimation is [84]. In the mass interval
mDM = [10 GeV−1 TeV], the differences increase from one to two orders of magnitude, but for mDM . 100 MeV
the differences are below a factor of two. Moreover, it turns out that the fraction of injected energy proceeding into
ionization, heating and excitation presents a maximum for injection energies of ∼ 100 MeV [84, 146] and therefore,
the maximal total efficiency occurs for mDM ∼ 100 MeV. As can be seen in Fig. 3, this results into an efficiency for
mDM = 130 MeV (red solid line) which is a factor of ∼ 40 higher than that for mDM = 10 GeV (blue solid line) at
z ∼ 10 − 30. On the other hand, if the energy absorption is not correctly accounted for, i.e., if one simply factors
[1 + BW13(z)] out of the integral over the transfer functions, the difference between the efficiencies for these masses
(dashed lines) is reduced to a factor of ∼ 10. Regardless of whether [1+BW13(z)] is factored out or not, the efficiency
for mDM ∼ 100 MeV is about an order of magnitude higher than that for mDM . 10 MeV. At these lower masses, most
of the energy is converted into low-energy continuum photons with energies too low to heat or excite the medium.
These results have implications regarding the range of masses for which the largest signal in the 21 cm observables is
expected, as we discuss in the following sections.

In Fig. 3, we also illustrate the case of annihilations of DM particles with a massmDM = 10 GeV (green dotted lines),
that is meant to reproduce the results presented in Ref. [97]. We have used the PS boost factor with Mmin = 10−9 M⊙,
as defined in Ref. [97]. In order to obtain the DM energy deposition rate corresponding to annihilations into µ+µ−,
we use7 an overall constant total efficiency

∑
c fc = 0.22, which is multiplied by the factor [1+BPS(z)], i.e., factoring

this term outside the integral over the transfer functions. In this case, the total deposition efficiency is two orders of
magnitude higher than the total efficiency obtained following the method described above for mDM = 10 GeV (blue
solid line)8 at z ∼ 10− 30. Notice that, for mDM = 10 GeV, the differences arise from both, the fact of using different
approaches to calculate the energy deposition rate from DM annihilations in halos and the different halo boosts which
have been considered (see further discussion in Sec. IVD).

We end this section on a technical note. The data provided by Ref. [146] do not extend below z = 11, which would
involve complex modeling of heating and UV emission during reionization. To bridge this gap, we interpolate an
effective χc(xe) ≡ fc(z)/

∑
c fc(z) function, which we map to the ionization fraction xe(z) in our reionization model

below z = 24. While a precise determination of fc(z) and gc(z) during reionization would require a very detailed
(and model-dependent) simulation of a complicated IGM, the approach used here is, in principle, more accurate and
appropriate than using the ad-hoc, commonly considered SSCK approximations.

7 Notice that in Ref. [97], the MEDEA2 code [185] is used to evaluate the fractional energy release into each channel by a single DM
annihilation, i.e., the combination χcf(z).

8 Recall that the blue and red lines in Fig. 3 correspond to the most optimistic case of DM annihilations into e+e−.
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FIG. 4: Effect of varying the DM mass. Global 21 cm signal (inset) and the associated power spectrum of fluctuations at a
scale k = 0.1Mpc−1 (main panel), using our default DM settings, for five different values of the DM mass, with annihilation
cross sections saturating the Planck CMB limits [89] (see Tab. I). From bottom (top) to top (bottom) in the main panel (inset):
mDM = 130 MeV (red lines), 1.1 GeV (cyan lines), 9 MeV (magenta lines), 1 MeV (gray lines), 10 GeV (blue lines) and without
DM annihilations (black lines). In the main panel, we distinguish when the signal is in absorption (solid lines) or in emission
(non-solid lines).

C. DM and 21 cm observables

We now address the effects on the 21 cm signal of the injection of electromagnetic energy into the IGM by the
products from DM annihilations. For that purpose, we use Eq. (20) to describe DM energy deposition. In this
work, we consider, as our default case, DM annihilations with a branching ratio of 100% into e+e−; of all channels,
this choice leads to the largest possible effect on the IGM, and thus on the 21 cm signal. We take values of the
annihilation cross section that saturate the limit from the Planck CMB analysis, i.e., pann = feff 〈σv〉 /mDM =
4.1 × 10−28 cm3/s/GeV [89]. In Tab. I, we indicate the pairs of masses and annihilation cross sections we consider.
The values of 〈σv〉 have been chosen by using an efficiency parameter feff (in the notation of Ref. [89]) equal to
our f(z = 600), but have been rounded. In addition, when considering the imprint of DM annihilations on the
21 cm signal, unless mentioned otherwise, we have made use of cosmorec [186] (following the procedure described in
Refs. [85, 87], with the updated fc(z) and gc(z) considered here) to generate new tables to initialize xe and TK in
21cmFAST

9.
The overall effect of DM annihilations on the 21 cm observables consists of an earlier and more uniform heating of

9 For the mDM = 130 MeV case, using our default DM settings, we get a factor of ∼ 2.5 enhancement of TK and a factor of ∼ 6
enhancement of xe at z = 35, compared to the default RECFAST tables [187] available in 21cmFAST.
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FIG. 5: Effect of the addition of substructure. Global 21 cm signal (inset) and the associated power spectrum of fluctuations
at a scale k = 0.1Mpc−1 (main panel) for mDM = 10 GeV, without (cyan lines) and with (blue lines) substructure, and
mDM = 130 MeV, without (magenta lines) and with (red lines) substructure, with annihilation cross sections saturating the
Planck CMB limits [89] (see Tab. I), and using the rest of our default DM settings. The case without DM annihilations is also
depicted (black lines). In the main panel, we distinguish when the signal is in absorption (solid lines) or in emission (non-solid
lines).

the IGM, as has already been stressed [97]. In Fig. 4, we illustrate the impact of DM annihilations on the 21 cm global
signal (inset) and the associated power spectrum at k = 0.1Mpc−1 (main panel), using our default DM settings, for
different DM masses10 (from bottom to top in the main panel): mDM = 130 MeV (red lines), 1.1 GeV (cyan lines),
9 MeV (magenta lines), 1 MeV (gray lines), 10 GeV (blue lines), with annihilation cross sections saturating the
Planck CMB limits [89] (see Tab. I), and without including DM annihilations (black lines). In the main panel, we
distinguish when the signal is in absorption (solid lines) or emission (non-solid lines). We see that the annihilations
of the mDM = 130 MeV DM candidate have the strongest impact. As anticipated above, this is mainly due to
the fact that the deposition efficiency is always much larger for mDM = 130 MeV in the redshift range relevant to
our analysis. On the other hand, the lower the mass, the larger the DM number density, and a priori one would
expect a larger effect for lower masses. However, the existing CMB limits follow the same behavior. As a result,
the strongest effect that remains allowed by CMB data is expected to be obtained for mDM ≃ 130 MeV and the
weakest one for mDM = 10 GeV. In the following, we consider these two illustrative cases (mDM = 130 MeV and
10 GeV) as our benchmarks and we compare them to the case without DM annihilations, with our default values for
the astrophysical parameters. In summary, DM annihilations suppress the absorption trough in the 21 cm differential
brightness temperature before heating from X-ray sources becomes dominant. This effect is seen as a suppression of

10 Although not illustrated here, the effects of higher masses, with smaller energy deposition efficiencies, are even weaker than those for
mDM = 10 GeV.
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FIG. 6: Effect of varying Mmin. Global 21 cm signal (inset) and the associated power spectrum of fluctuations at a scale
k = 0.1Mpc−1 (main panel) for mDM = 130 MeV and 〈σv〉 = 10−28 cm3/s. We show the result for three values of the minimum
halo mass: Mmin = 10−12 M⊙ (red lines), 10−6 M⊙ (blue lines) and 10−3 M⊙ (cyan lines); using the rest of our default DM
settings. The case without DM annihilation is also depicted (black lines). In the bottom panel, we distinguish when the signal
is in absorption (solid lines) or in emission (non-solid lines).

the X-ray heating peak in the 21 cm power spectrum and can even result in the disappearance of the Lyα pumping
peak.
In Fig. 5, we show the effect of adding substructure to the smooth halo contribution, as described in Sec. IVB,

on the global 21 cm differential brightness temperature (inset) and the 21 cm power spectrum at k = 0.1Mpc−1

(main panel). Again, in the main panel, we distinguish when the signal is in absorption (solid lines) or emission
(non-solid lines). The results are shown for mDM = 10 GeV, without (cyan lines) and with (blue lines) substructure,
and for mDM = 130 MeV, without (magenta lines) and with (red lines) substructure, with annihilation cross sections
saturating the Planck CMB limits [89] (see Tab. I), and using the rest of our default DM settings. The case without DM
annihilations is also displayed (black lines). Whereas the addition of the halo contribution is crucial for 10 . z . 30,
the addition of substructure has little impact on our results for mDM = 10 GeV, although it is not completely
negligible. Nevertheless, the effect is more important for mDM = 130 MeV, which is the case with the potentially
strongest impact on the signal. In this case, when the contribution from substructures is included, DM annihilations
heat the IGM so that TS > TCMB (i.e., the signal is in emission) for z . 20, resulting in a dramatic drop in the power
spectrum between the Lyα pumping and the X-ray heating epochs and in the disappearance of the Lyα pumping peak.
When the contribution from substructures is neglected, the suppression of the power spectrum is less pronounced and
the Lyα pumping peak is present. For both DM masses, the X-ray heating peak appears in emission, but the effects
of substructures are not very significant for z . 15.
In Fig. 6, we illustrate the dependence of the global 21 cm differential brightness temperature (inset) and the

21 cm power spectrum at k = 0.1Mpc−1 (main panel) on the minimum halo mass, Mmin. We show the results for
mDM = 130 MeV and 〈σv〉 = 10−28 cm3/s, for three values of Mmin: 10

−12 M⊙ (red lines), 10−6 M⊙ (blue lines) and
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FIG. 7: Energy deposition rate into heat ǫheat (left panel) and Lyα flux (right panel), obtained using different approaches. In all
DM cases, mDM = 10 GeV and 〈σv〉 = 10−26 cm3/s are assumed. We show the results following the approach described in the
text (blue solid lines) and factoring [1 + BW13(z)] out of the integral over the transfer functions (blue dashed lines). In these
cases we use our default DM settings. We also show (green dotted lines) the result of factoring [1 + BPS(z)] out of the integral
over the transfer functions and using the PS boost factor with Mmin = 10−9 M⊙, as defined in Ref. [97], and

∑
c
fc = 0.22,

corresponding to annihilations into µ+µ−. Our default astrophysical contribution (black solid line) and the adiabatic cooling
rate (gray dotted line, only in the left panel) are also shown.

10−3 M⊙ (cyan lines); using the rest of our default DM settings. As usual, in the main panel, we distinguish when
the signal is in absorption (solid lines) or emission (non-solid lines) and show the case in which DM annihilations
are not included in black. As expected, the strongest effect is obtained for the smallest Mmin, i.e., for the extreme
case of Mmin = 10−12 M⊙, although the main differences occur for z & 20. Indeed, in this case the early onset of
DM annihilations overrides the effect of Lyα pumping: the related peak does not develop and the power spectrum
starts to be seen in emission at very early times (z ∼ 20 − 25). Finally, by comparing Figs. 5 and 6, we note that
the uncertainties in the 21 cm signal caused by our ignorance of Mmin are more important than the effects due to the
presence of substructure.

D. Comparison with previous results

Early studies about the effects of DM decays and annihilations on the 21 cm signal only considered the contribution
from the smooth DM distribution and were mostly concerned with the signal at very low frequencies where the astro-
physical background is absent [67, 68, 92] (but where the galactic foreground is huge). Soon after, the importance of
halos was pointed out [93, 94], although using the parametrization in Eq. (12) and factoring out the halo enhancement
and the deposition efficiency, i.e., effectively using g(z) = f(z)B(z), or equivalently substituting Eq. (11) by Eq. (16).
Following Ref. [72], this was corrected using a semi-analytical modeling of photon propagation [73, 95]. These works
also computed the signal for lower redshifts, and the first estimates of the DM signal over the astrophysical one
were presented in Ref. [95]. In Ref. [96], the effects on the global 21 cm signal produced by DM annihilations were
studied and the importance of the gradient dδTb/dν was stressed as a tool to distinguish a potential DM signal from
astrophysical X-ray heating [67, 92]. The latter evolves much faster since the fractional increase of halos which can
host galaxies is much larger than the fractional increase of collapsed halos contributing to DM heating. As a result,
the inclusion of DM annihilations could significantly reduce this gradient.

Recently, the impact of DM annihilations on the 21 cm power spectrum [68, 73] has also been further stressed [97].
It was concluded that, as a result of the early and uniform heating from the DM annihilation products, the power of
the X-ray heating peak (middle peak) gets reduced, and could be lower than the peaks associated to the Lyα pumping
and the reionization processes. Moreover, it was argued that the X-ray heating peak could even occur in emission due
to the earlier DM heating, which would be very challenging to mimic with astrophysics [97]. In light of our results,
presented above, we next examine some of these conclusions.
We first note that the effects of DM annihilations on the 21 cm signal described in those recent studies [96, 97], for

DM masses in the GeV range and above, are much larger than those obtained in our work. This is partly due to the
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different treatment in the calculation of the deposited energy into the IGM by the products from DM annihilations
in halos. Although these previous studies used an updated calculation of the efficiency of energy deposition (in the
smooth background), when treating the energy injection in halos, they adopted the same approximations of some
earlier works [93, 94]. However, a self-consistent treatment needs to properly take into account the fact that the
redshift of injection is different from that of deposition and thus, the function [1 + B(z)] must be included inside the
integral over the transfer functions [84, 85, 87, 188] and cannot be factored out. As a consequence, the effects of DM
annihilations obtained in our work are milder than in Refs. [96, 97] and some of them could, in principle, be mimicked
by a modest change in some uncertain astrophysical parameters.
To illustrate the origin of the differences between those recent results [96, 97] and ours, we plot in Fig. 7 the energy

deposition rate into heat per baryon (left panel) and the Lyα flux (right panel), for several cases. In both panels,
we show the contribution from astrophysical sources using our default values for the relevant parameters (black solid
lines). Moreover, n the left panel we also show the adiabatic cooling rate (gray dotted line). We consider the case of
mDM = 10 GeV and 〈σv〉 = 10−26 cm3/s. We first compare the results obtained in this paper using Eq. (20) (blue
solid lines), using our default DM settings, as described in Sec. IVB, to the ones obtained by factoring [1 + BW13(z)]
outside the integral over the transfer function, i.e., effectively taking gc(z) = fc(z)BW13(z) (blue dashed lines). As
expected from the discussion in Sec. IVB, the energy deposition rate into heat per baryon and the Lyα flux are always
larger when factoring out [1 + BW13(z)], by about an order of magnitude for this DM mass.

We also illustrate (green dotted lines) the case of mDM = 10 GeV, annihilations into µ+µ−,
∑

c fc = 0.22, with
a cross section 〈σv〉 = 10−26 cm3/s, and using the PS boost factor with Mmin = 10−9 M⊙, as defined in Ref. [97].
As done in Ref. [97], we also factor [1 + BPS(z)] outside the integral over the transfer function, i.e., effectively taking
gc(z) = 0.22χSSCK

c (z)BPS(z), with c = {heat,Lyα}. The Lyα fraction is fixed to χLyα = χSSCK
HI + χSSCK

HeI (see, e.g.,
Ref. [86]). The heating rate and the intensity of the Lyα flux obtained with the approach described in this work (blue
solid lines) are two orders of magnitude smaller than in the case of Ref. [97] (green dotted lines) at 10 . z . 30. As
can be seen by comparing the two blue lines and the green dotted line, the differences arise from both, the distinct
approaches followed to calculate the energy deposition from DM annihilations in halos (important for mDM = 10 GeV)
and the different halo boosts which have been considered.
Finally, in Fig. 8, we also compare the results for mDM = 10 GeV and 〈σv〉 = 10−26 cm3/s obtained with each of

the two approaches, i.e., the one followed here with our default approach (blue lines) and that described in Ref. [97]
with Mmin = 10−9 M⊙ (green lines), for the global 21 cm signal (inset) and the power spectrum at k = 0.1Mpc−1

(main panel). We also show our results for mDM = 130 MeV and 〈σv〉 = 10−28 cm3/s (red lines). As above, in
the main panel, we distinguish when the signal is in absorption (solid lines) or in emission (non-solid lines). The
differences between the two approaches are very significant. Indeed, it turns out that the results for mDM = 130 MeV
(red lines) are at a similar level as those obtained following the approach of Ref. [97], but for mDM = 10 GeV (green
lines). As can be inferred from this figure and the previous discussion, the main conclusion is that the parametrization
of the injection of energy from DM annihilations in halos extensively used in the literature [93, 94, 96, 97], largely
overestimates the impact of DM annihilations on the 21 cm signal for mDM = 10 GeV. Therefore, let us restate the
main conclusions of Ref. [97] in view of our results:

1. With DM annihilations the X-ray heating peak in the 21 cm power could be lower than the other two peaks. We
do not reach this conclusion for the case considered in Ref. [97], i.e., mDM = 10 GeV and annihilations into two
leptons11 with a cross-section 〈σv〉 = 10−26 cm3/s. Similarly, we do not reach this conclusion for mDM = 1 MeV,
9 MeV and 1 GeV (see Fig. 4). However, we do observe this effect for mDM = 130 MeV and 〈σv〉 = 10−28 cm3/s,
even for Mmin = 10−3 M⊙ (see Fig. 6).

2. Models in which DM annihilations heat the IGM to temperatures TS > TCMB without astrophysical sources result

in a dramatic drop in large-scale power between the Lyα pumping and X-ray heating epochs. This feature is only
seen for the most extreme case we consider, i.e., mDM = 130 MeV, 〈σv〉 = 10−28 cm3/s and Mmin = 10−12 M⊙.
For all the rest of the cases, including that considered in Ref. [97], DM annihilations alone do not heat the IGM
so that TS > TCMB between those epochs.

3. The X-ray heating peak could occur when the IGM is already in emission against the CMB. Similarly to the
above points, we do not find this result for DM scenarios as the one studied in Ref. [97]. However, we do reach
that conclusion for the most extreme of our cases, mDM = 130 MeV, 〈σv〉 = 10−28 cm3/s and Mmin = 10−12 M⊙,
while for less optimistic minimum halo masses, this feature is only partially observed (see Figs. 4 and 6). For
the rest of the vast range of possible DM masses considered in this work, such an effect is absent.

11 Recall that we consider DM annihilations into e+e−, which give rise to a stronger effect on the 21cm signal than DM annihilations into
µ+µ−, channel considered in Ref. [97].
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FIG. 8: Dependence on the approach followed to compute the energy deposition rate from DM annihilations inside halos.
Global 21 cm signal (inset) and the associated power spectrum at a scale k = 0.1Mpc−1 (main panel), with annihilation cross
sections saturating the Planck CMB limits [89] (see Tab. I). We show the results for mDM = 10 GeV (blue solid lines) and for
mDM = 130 MeV (red lines) following the approach described in the text. In these cases, we use our default DM settings. We
also show (green lines) the result of factoring [1+B(z)] out of the integral over the transfer functions, using the PS boost factor
with Mmin = 10−9 M⊙, as defined in Ref. [97], and

∑
c
fc = 0.22, corresponding to annihilations into µ+µ−. The case without

DM annihilation is also depicted (black lines). In the main panel, we distinguish when the signal is in absorption (solid lines)
or in emission (non-solid lines).

E. Forecast for future experiments

Finally, we conclude the discussion about the effects of DM annihilations on the 21 cm signal by illustrating the
potential of future 21 cm experiments to detect it. In order to do so, we make use of the publicly available code
21cmSense

12 [189, 190] (see also Ref. [191]). In these references, a detailed calculation of the sensitivity to the 21 cm
differential brightness temperature power spectrum is developed and described, resulting in a total noise that reads

∆2
T+S(k) =



∑

i

1
(
∆2

N,i +∆
2

21

)2




−1/2

, (22)

with a thermal noise (N) contribution plus a sample variance error (S), ∆
2

21 ≡ δTb
2
∆2

21. The thermal noise is
computed at each pixel i of a multiple baseline interferometer array and it depends on the solid angle, the integrated

12 https://github.com/jpober/21cmSense

https://github.com/jpober/21cmSense


19

HERA 127
HERA 331

SKA

z
10 15 20 25 30

/
T

2 b
"

2 21
(m

K
)2

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

No DM ann.
mDM = 1 MeV
mDM = 9 MeV
mDM = 130 MeV
mDM = 1:1 GeV
mDM = 10 GeV

FIG. 9: Future observational prospects: the purely astrophysical case. Power spectrum at a scale k = 0.1Mpc−1 for the standard
scenario as well as for five different values of the DM mass with annihilating cross sections saturating the Planck CMB limits [89]
(see Fig. 4). Black, orange and brown error bars refer to the HERA 127, HERA 331 and SKA-low frequency expected errors,
respectively. The shaded green region denotes predictions from all the different astrophysical models shown in the four panels
of Fig. 1.

observation time, and the temperature of the system (which accounts for both the sky and the receiver temperatures).
While an almost complete foreground removal may be challenging, even in the context of futuristic 21 cm ob-

servations, we make this (very optimistic) assumption with the goal of establishing an upper limit to the expected
sensitivity of planned large interferometers. This allows us to illustrate the difficulty of singling out scenarios with a
contribution from DM annihilations from the standard astrophysical signal. We focus here on the future HERA [192]
and SKA-low frequency [11] experiments (see also the recent Ref. [193]). For the HERA experiment, we consider
both the intermediate and final configurations, with 127 and 331 antennas respectively (denoted by HERA 127 and
HERA 331 in what follows), with a diameter of 14 m [10]. For SKA-low frequency, we follow the design presented in
the SKA System Baseline Design Document [11], with 911 antennas with a diameter of 35 m. In all cases, we assume
a total observing time of 1080 hours and a bandwidth of 8 MHz, both being the default parameters in 21cmSense.
In Fig. 9, we assume our default model for the astrophysical reionization, heating and Lyα parameters (ζUV = 31.5,

ζX,0 = 1056, stellar emissivity of Pop II normalized to ∼ 4400 ionizing photons, f⋆,0 = 0.1 and Tvir,0 = 104 K)
and with the W13 halo mass function. We show the expected errors from the future HERA and SKA experiments
for z = 8, 10, 12, 14, 16, 18 and 20 (corresponding to frequencies in the range [68 − 158] MHz). We also show the
expected 21 cm power spectrum in the presence of DM annihilations using our default DM settings, for the same DM
masses shown in Fig. 4. The green shaded region illustrates the impact of varying some of the unknown astrophysical
parameters (halo mass function, minimum virial temperature, number of X-ray photons per solar mass and number of
photons per stellar baryon between Lyα and the Lyman limit) in the ranges shown by all the lines in the four panels
of Fig. 1, in the absence of DM annihilations. Although this uncertainty region is large, the expected errors are quite
promising for z . 16. Bearing in mind that the contribution from DM annihilations always reduces the intensity
of the power spectrum and the astrophysical uncertainties discussed in Sec. III E shift the signal to earlier or later
times13, it might be possible to set constraints on a potential contribution from DM annihilations. However, in some

13 As discussed in Sec. III, they could also produce some variation in the maximum value of the power spectrum. Indeed, decreasing the
Lyα flux does significantly suppress the power spectrum, but for most of the parameters, the change is less pronounced.
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FIG. 10: Future observational prospects: the DM case. Same as Fig. 9 but assuming the signal also include the contribution
from DM annihilations for the case with the strongest effects, i.e., for mDM = 130 MeV, 〈σv〉 = 10−28 cm3/s, with the P12
concentration-mass relation and the W13 halo mass function, with Mmin = 10−12 M⊙ and including substructure.

extreme astrophysical models [96, 97] even setting limits would be rather non trivial. In contrast to the conclusions
of Ref. [97], it is apparent from Fig. 9 that the identification of DM signatures for mDM = 10 GeV would be a very
challenging task.
Finally, in Fig. 10, we also show the errors for the same experimental configurations, but assuming the signal also

includes the contribution from DM annihilations for the case with the strongest effects, i.e., for mDM = 130 MeV,
〈σv〉 = 10−28 cm3/s, and using our default DM settings. Although the differences of the 21 cm differential brightness
temperature power spectrum with respect to the purely astrophysical case are significant (including uncertainties),
the expected errors for the assumed configurations are quite large due to the suppression of the signal. Nevertheless,
such a suppression, along with the fact that the signal is in emission for z . 20, might hint at the presence of DM
annihilations.
As can be seen from the green area and the errors in Figs. 9 and 10, it thus appears that a DM candidate with

mDM ∼ 100 MeV, which annihilates into e+e− with 〈σv〉 = 10−28 cm3/s, represents the only case which could be
unambiguously distinguished from a purely astrophysical signal, even in the presence of uncertainties, as the X-ray
heating peak would be suppressed (even for the less optimistic values of the minimum halo mass, see Fig. 6) and
it would occur fully in emission. One should keep in mind, however, that these uncertainties are always present:
different astrophysical parameters could conspire to reduce the suppression predicted by this scenario. For lower and
higher masses, the detection or setting of constraints will be even more challenging, as the suppression of the second
peak with respect to the other two is much smaller and the transition of this peak from absorption to emission no
longer occurs.

V. CONCLUSIONS

Future 21 cm cosmology, based on the detection of the spin flip line of neutral hydrogen, offers a unique window
to extract information about some fundamental parameters governing the EoR, to explore the formation of the first
stars and to study the dark ages. Different experimental set-ups focus on the detection of the global 21 cm signal (the
differential brightness temperature) or its spatial fluctuations (the 21 cm differential brightness temperature power
spectrum).
We have reviewed the well-known signatures of the 21 cm signal as it evolves through three relevant cosmic epochs
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(Sec. II). First, the so-called Lyα pumping epoch around z ≃ 20, when the first astrophysical sources switch on.
Then, around z ≃ 15, the X-ray heating epoch resulting from galaxy emission, and finally the Universe’s reionization
at z . 10. Moreover, we have also discussed the effects of the uncertainties on some of the relevant astrophysical
parameters (Sec. III), which modify the specific signatures on the 21 cm signal associated to these different epochs and
show large degeneracies among themselves. We have studied the dependence of the 21 cm signal on the abundance of
halos suitable to host galaxies. Ionization, heating and excitation of the IGM critically depend on the parametrization
for the halo mass function (Sec. III A), which dictates the number density of halos per unit mass and therefore, the
star formation rate itself. In this work, we have considered three well-known models: the spherical-collapse model of
Press-Schechter [105, 106], the ellipsoidal-collapse model of Sheth-Tormen [108, 109] and the results from the N-body
simulations by Watson’13 [107]. Some of the previous 21 cm studies rely on a fixed hybrid analytical approach, while
here we have used a more recent appraisal to the halo mass function, exploring the effects of the uncertainties on
its precise shape. Other crucial parameters we have studied are the minimum halo temperature for hosting star-
forming galaxies (Sec. III B), and the efficiency for heating (Sec. III C) and exciting (Sec. IIID) the IGM. Dedicated
simulations varying these astrophysical parameters have been performed (Sec. III E) and we have discussed their
correlations. Overall, these parameters are largely unconstrained and therefore, the precise shape of the signal is quite
uncertain.
Following this, we have described the impact of DM annihilations on the 21 cm signal, which is one of the main goals

of this work. We discussed how the products from DM annihilations could change the thermal history of the IGM
and whether they could lead to distinctive features on the global 21 cm signal and on the 21 cm power spectrum at
redshifts 10 . z . 30 (Sec. IV). Our calculations include up-to-date computations of the energy deposition rates by the
DM annihilation products (Sec. IVA). More importantly, we have followed an approach that treats the contribution
from DM annihilations in halos correctly (Sec. IVB). The proper computation of the energy deposition from DM
annihilations is crucial for mDM & 1 GeV, as approximate parametrizations lead to an overestimation of the DM
effects and to the misunderstanding of the true underlying DM imprint. In order to illustrate some of the possible
signatures from DM annihilations, we have considered different models, by studying in detail the dependence of the
signal on the DM mass, on the presence of substructure and on the minimum halo mass (Sec. IVC). Given these
results, we have also shown that isolating the effects of DM annihilations from the highly uncertain astrophysical
background is a difficult task, due to unknowns in the galaxy formation history (heating of the IGM, star formation
rate, number of halos as a function of the redshift, among others). However, even in the presence of such a highly
complicated scenario, in which plenty of degeneracies between the DM and astrophysical parameters appear, a recent
work [97] pointed out several robust signatures of DM heating on the 21 cm power spectrum. In particular, the
authors of that work concluded that an unambiguous signature of DM annihilations could be the observation of the
X-ray heating peak in the 21 cm power spectrum to occur in emission against the CMB for DM particles with a mass
of mDM = 10 GeV. In this work, we have critically examined these claims (in particular, in Sec. IVD), reaching much
less optimistic conclusions. Finally, we have discussed the prospects of detection of DM annihilation signatures by
future 21 cm observations, the HERA and SKA-low frequency radio interferometers (Sec. IVE). We have shown that
disentangling DM signatures from astrophysical processes would be a challenging task, given the current uncertainties
on describing the astrophysical processes, although a more quantitative analysis is left for future work.

Throughout this paper, the values of the annihilation cross sections have been chosen accordingly to the most recent
limits set by the Planck CMB data [89]. We have analyzed a vast range of DM masses, from mDM = 1 MeV to 10 GeV.
The impact of higher masses, although not illustrated here, has also been explored, resulting in very weak signatures,
even weaker than those for the mDM = 10 GeV case. We find that only DM candidates with mDM ∼ 100 MeV
could give rise to unambiguous features on the 21 cm signal, such that the effects from DM annihilations could be
disentangled from the astrophysical background. For mDM ∼ 100 MeV, the DM heating efficiency and the Lyα flux
turn out to be maximal and the power spectrum is largely suppressed, with the X-ray heating peak occurring fully
in emission. For other DM masses, however, the expectations are less optimistic and the identification of a signal
from energy injection from DM annihilations would be a challenging task for future measurements of the 21 cm power
spectrum at 10 . z . 30. As discussed in detail in this work, this is in contrast to some results found in the recent
literature [97].
On the other hand, DM annihilations could also lead to changes in the thermal and ionization history of the Universe

at higher redshifts (z & 50) [67, 68, 92], which would also lead to modifications of the 21 cm differential brightness
temperature and its power spectrum. While measuring these low frequencies with terrestrial radio interferometers is
very challenging, future space or Moon-based interferometers may provide measurements in this range of redshifts
and could be sensitive to DM annihilations, free from astrophysical uncertainties. A dedicated analysis of this very
interesting option will be carried out elsewhere.
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