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The first stars are expected to form through molecular-hydrogen (H2) cooling, a channel that is
especially sensitive to the thermal and ionization state of gas, and can thus act as a probe of exotic energy
injection from decaying or annihilating dark matter (DM). Here, we use a toy halo model to study the
impact of DM-sourced energy injection on the H2 content of the first galaxies, and thus estimate the
threshold mass required for a halo to form stars at high redshifts. We find that currently allowed DMmodels
can significantly change this threshold, producing both positive and negative feedback. In some scenarios,
the extra heating of the gas raises the halo mass required for collapse, whereas in others, energy injection
lowers the threshold by increasing the free-electron fraction and catalyzing H2 formation. The direction of
the effect can be redshift-dependent. We also bracket the self-shielding uncertainties on the impact of the
Lyman-Werner radiation from DM. Hence, exotic energy injection can both delay and accelerate the onset
of star formation; we show how this can impact the timing of 21-cm signals at cosmic dawn. We encourage
detailed simulation follow-ups in the most promising regions of parameter space identified in this work.
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I. INTRODUCTION

Exotic energy injection by e.g. decaying or annihilating
dark matter (DM) is capable of heating and ionizing the
baryonic gas in our Universe, as well as altering the cosmic
electromagnetic radiation background. Such injection is a
generic expectation of many proposed DM models, includ-
ing weakly interacting massive particles (WIMPs). Since
the effects of such exotic energy injection can accumulate
over cosmological timescales, interactions beyond the
reach of terrestrial experiments can still lead to detectable
changes in the global temperature and ionization level of
the intergalactic medium (IGM), as well as in the cosmic
electromagnetic background, detectable as e.g. distortions
to the blackbody spectrum of the cosmic microwave
background (CMB).
Many searches have been conducted to look for the

effect of exotic energy injection on all three of these
quantities. For example, changes to the global ionization
history can alter the cosmic microwave background
anisotropies; measurements of the CMB power spectrum
thus set strong limits on decaying or annihilating DM in
the sub-GeV mass range [1–9]. Excess heating of the IGM
can be constrained by measurements of the Lyman-α
forest [10–13], which has been used to set limits on DM
velocity-dependent annihilation and decay [14–17], as

well as dark-photon DM [18–20]; heating by dark photons
has also been invoked to reconcile low- and high-redshift
Lyman-α observations of the IGM [21]. In addition, exotic
heating has been shown to modify the 21-cm brightness
temperature, such that future observations could also set
constraints on energy injection by decaying or annihilat-
ing DM, and primordial black holes [22–29]. Lastly, new
contributions to background radiation could be observed
as distortions to the CMB blackbody spectrum [30,31],
which has been used to set limits on a range of DMmodels
before recombination [32–35].
Current constraints still allow exotic energy injection at a

level as large as 1 eVof energy per baryon (corresponding
to a temperature of ∼104 K) to the IGM at 2≲ z≲ 5 [17];
however, such high gas temperatures may also affect gas
collapse and subsequent star formation during the earlier
epoch of cosmic dawn, when the gas temperature is
expected to be much colder [36]. The prospect of new
observational probes of this epoch, e.g. 21-cm telescopes,
motivates understanding how the formation of the first stars
will be impacted by exotic energy injection.
The first luminous objects are expected to have formed in

pristine environments of primordial gas that have not yet
been reprocessed by stars and galaxies. For the small halos
that collapse first, the only available coolants are atomic
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hydrogen, which is only effective at temperatures above
∼104 K, and molecular hydrogen (H2), which is thus
thought to be crucial for early star formation. The formation
of H2 depends on the temperature, ionization, and light
irradiating the host halo; since exotic energy injection can
affect all of these quantities, it may be possible to observe
signatures of decaying or annihilating DM as we sharpen
our understanding of the first stellar formation. However,
while we have made much progress in understanding a
number of effects that are important for early star formation
(such as the various channels by which H2 forms,
its dissociation by Lyman-Werner (LW) radiation, self-
shielding of H2, and baryon streaming velocities) there are
still a number of astrophysical uncertainties regarding this
process [37–42]. Observations at high redshift by the James
Webb Space Telescope (JWST) [43–47], Giant Magellan
Telescope (GMT) [48], or radio interferometers such as the
Hydrogen Epoch of Reionization Array (HERA) [49,50]
and Square Kilometre Array (SKA) [51,52] will improve
our understanding of these effects and thus also help us
constrain the impact of exotic energy injection.
In this work, we seek a qualitative understanding of the

effect of exotic energy injection on the first star-forming
halos using a simple calculation for the molecular hydrogen
formation rate and a toy model for collapsing halos. A
precise study will eventually require hydrodynamic simu-
lations including all of the aforementioned effects (see e.g.
Refs. [53–61]). However, such simulations are prohibi-
tively expensive to run for each DM scenario. Our work
aims to pave the way for simulations by analytically finding
regions of parameter space that will likely have the most
interesting effects. Some steps have already been taken to
understand the effect of energy injection on star formation
for a handful of injection models [62,63]; we will character-
ize the effects across a broad range of masses and
injection rates.
Note that this work is distinct from the study of “dark

stars,” which can form when a protostellar halo accumu-
lates enough dark matter that the heating from annihilation
dominates over any cooling processes [64,65]. Studying
of the formation of these objects requires additional
modeling of the dark matter density profile and its
evolution, especially in the very central regions of the
halo. Moreover, in this work we typically consider
regimes in which halos still experience net cooling and
therefore collapse. Hence, while dark stars are an inter-
esting consideration, we leave an exploration of this topic
to future work.
This paper is structured as follows. In Sec. II, we

discuss the processes by which H2 forms in the early
universe. Section III describes how we track the effects of
exotic energy injection, and Sec. IV outlines our toy halo
model. We then present our main results in Sec. V before
concluding with Sec. VI. In addition, Appendix A esti-
mates the relative contribution of decays and annihilations

from within and beyond the halo, Appendix B examines
our assumptions on energy deposition within the halo,
and Appendix C discusses the effect of self-shielding
from LW radiation for certain energy injection channels.
Throughout this work, we will use natural units and
set ℏ ¼ c ¼ kB ¼ 1.

II. H2 FORMATION

The dominant pathway through which H2 is formed in
the first halos involves the formation of an intermediate
H− ion. All other pathways are responsible for less than
∼2% of the final abundance, and we neglect them in this
analysis [66]. The H− mechanism for forming molecular
hydrogen begins with radiative attachment of an electron
to hydrogen:

Hþ e− → H− þ γ: ð1Þ

H2 is then formed through the detachment reaction

Hþ H− → H2 þ e−: ð2Þ

The intermediate H− ion can be destroyed through mutual
neutralization,

Hþ þ H− → 2H; ð3Þ

or through photodetachment, i.e. the reverse reaction
of Eq. (1).1 H2 can also be destroyed by LW photons,
which have energies between 11.2 and 13.6 eV
[53,54,58,60,68–72].
Using the same notation as in Ref. [66], we denote the

rates for each of these reactions by k1, k2, k3, respectively;
k−1 for photodetachment; and kLW for photodissociation
by LW photons. Then the abundances of H− and H2 are
given by

dxH−

dt
¼ k1xenHI − k−1xH− − k2xH−nHI − k3xH−nHII; ð4Þ

dxH2

dt
¼ k2xH−nHI − kLWxH2

: ð5Þ

xi denotes the abundance of species i, given by its number
density ni relative to the total number density of hydrogen
nuclei (ionized, atomic, and in H2). Note that we track the
free-electron fraction xe and the ionized hydrogen fraction
xHII separately, since xe also receives contributions from
ionized helium. Reference [73] provides fits for the rates k1,
k2, and k3 as a function of the gas temperature, T:

1We can neglect the reverse reaction of Eq. (2) since this is
highly suppressed at temperatures below about 104 K [67].
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k1ðTÞ ¼ 3 × 10−16 cm3 s−1
�

T
300 K

�
0.95

exp

�
−

T
9320 K

�
;

ð6Þ

k2ðTÞ ¼ 1.5 × 10−9 cm3 s−1
�

T
300 K

�
−0.1

; ð7Þ

k3ðTÞ ¼ 4 × 10−8 cm3 s−1
�

T
300 K

�
−0.5

: ð8Þ

The photodetachment rate receives contributions from
CMB photons, including a term from nonthermal radiation,
i.e. radiation that is not part of the CMB blackbody [66,74],

k−1 ¼ 4

�
meTCMB

2π

�
3=2

e−BðH−Þ=TCMBk1ðTCMBÞ

þ
Z

∞

BðH−Þ
dω

dnγ
dω

σ−1ðωÞ: ð9Þ

In the above equations,me is the electron mass, TCMB is the
CMB temperature, BðH−Þ ¼ 0.754 eV is the threshold
energy for photodetachment, dnγ=dω is the number density
of distortion photons per unit energy, and σ−1 is the cross
section for photodetachment, which is well fit by the
expression [69]

σ−1ðωÞ ≈ 3.486 × 10−16 cm2 ×
ðϖ − 1Þ3=2

ϖ3.11 ; ð10Þ

where ϖ ¼ ω=0.74 eV.
The LW photodissociation rate kLW is highly dependent

on self-shielding, i.e. whether or not the outermost shell of
H2 in a halo shields the H2 at the center of the halo from the
LW flux. Given the current uncertainties on this process, we
will bracket this effect by showing results for either
complete self-shielding or no self-shielding. However,
recent hydrodynamical simulations find evidence for strong
self-shielding [57,58,60], so throughout the text we will
focus on that limit by setting kLW ¼ 0. In the opposite limit
of no self-shielding the photodissociation rate can be
approximated by [75,76]

kLW ≈ 1.39 × 10−12 s−1

×

�
JLW

10−21 erg s−1 Hz−1 cm−2 sr−1

�
; ð11Þ

where JLW is the average intensity in the LW band.
Finally, since the H− destruction rate is much faster than

the Hubble rate, we can treat xH− assuming a steady-state
approximation, i.e. dxH−=dt ¼ 0. Setting the right-hand
side of Eq. (4) to zero and substituting the resulting
expression for xH− into Eq. (5) gives [66]

dxH2

dt
¼ k1k2xen2HI

k2nHI þ k−1 þ k3nHII
− kLWxH2

: ð12Þ

From the equations listed above, we see that the formation
rate for H2 depends on the matter temperature T, the
spectrum of nonthermal radiation dnγ=dω, the ionized
hydrogen fraction xHII, and the free-electron fraction xe.
The values for all of these quantities in the homogeneous
IGM can be calculated in the presence of exotic energy
injection using the DarkHistory code [30,31,77], which we
will describe in the next section.
There are a number of additional processes that affect H2

formation [42], such as the other pathways mentioned
above, H2 formation on dust grains [78], and baryon
streaming velocities [56,58,60,61,79–85]. These effects
should be included in careful simulation studies; however,
our focus here is the effect of exotic energy injection.
Moreover, given that the transfer functions used in
DarkHistory rely on approximations that affect the changes
to the temperature and ionization histories from energy
injection at the level of about 10% [77,86], ignoring these
effects is sufficient for an initial study of the effect of exotic
energy injection on early star formation.

III. EXOTIC ENERGY INJECTION IN THE IGM

We now review our treatment of exotic energy injection,
and the impact of these processes on the formation of H2 in
the IGM, which we treat as homogeneous and at mean
cosmological energy density. This will serve as a warmup
to the calculation inside the first galaxies, which will
follow. Exotic energy injection, such as annihilating or
decaying DM, can heat and ionize the universe more than
would be expected in a universe without such injections
[1–9,14–29,86–95], and also modify the background radi-
ation spectrum [18,33,35,96,97]. DarkHistory [30,31,77,98]
calculates the global temperature and ionization, and
evolves background radiation while self-consistently
including the effect of homogeneous energy injection;
hence, we use DarkHistory to evolve the properties of the
IGM and background radiation in which the first halos and
stars will form.

DarkHistory tracks how injected particles cool and deposit
their energy; the rate of energy deposited into a channel c
can be parametrized relative to the rate of energy injected as

�
dE
dVdt

�
dep

c
¼ fcðzÞ

�
dE
dVdt

�
inj
: ð13Þ

These fc’s can then be used in the equations determining
the IGM temperature, ionization, and radiation spectrum
to include the effects from injected particles. Since the
fc’s are calculated at each redshift step after having
evolved the background equations, the fc’s take
backreaction into account; in other words, as exotic
injections change the background ionization, and radiation
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spectrum, these changes modify fc’s at later redshifts and
subsequent energy deposition.
The evolution of the IGM gas temperature, TIGM, is

given by

ṪIGM ¼ Ṫadia
IGM þ Ṫcomp

IGM þ Ṫ inj
IGM; ð14Þ

where the adiabatic cooling term is given by

Ṫadia ¼ 2

3

ṅH
nH

T; ð15Þ

and nH is the hydrogen number density.2 Here, we drop
the subscript on temperature since the expression is general
and also applies for halos. In the IGM, this expression
simplifies to Ṫadia

IGM ¼ −2HTIGM, where H is the Hubble
parameter, since the background density evolves as
nH ∝ ð1þ zÞ3. The Compton scattering term is

Ṫcomp ¼ ΓCðTCMB − TÞ: ð16Þ

In the above equation, ΓC is the Compton scattering rate
(see e.g. Ref. [77] for its definition). Ṫ inj represents sources
of exotic heating, and its homogeneous contribution can be
written in terms of fheat as

Ṫ inj
IGM ¼ 2fheatðzÞ

3n̄Hð1þ xe þ FHeÞ
�

dE
dVdt

�
inj
; ð17Þ

where n̄H is the total number density of hydrogen nuclei
(ionized, neutral, and molecular) in the IGM and FHe ¼
n̄He=n̄H is the relative abundance of helium nuclei by
number.
To obtain the history of the global free-electron fraction

xe and the spectrum of background radiation, we treat
hydrogen as a modified multilevel atom (MLA) [99–102]
and track the energy levels of hydrogen up to the principal
quantum number n ¼ 200. The photon spectrum then takes
into account the absorption and emission of photons from
bound-bound transitions, recombination, photoionization,
and exotic injection. Details of how the MLA is imple-
mented can be found in Ref. [30]. Since we are concerned
with the formation of the very first stars, we neglect
astrophysical sources of radiation when calculating the
spectrum of photons, e.g. for the LW background, we only
consider the contribution from exotic energy injection.
Together, Eq. (14) and the MLA form a closed system of

equations that DarkHistory solves to self-consistently deter-
mine the evolution of these quantities in the presence of
sources of exotic energy injection, in particular decaying or

annihilating DM. The outputs of DarkHistory can then be
used to calculate the abundance of H2 in light of these
effects.
As an initial validation of our molecular hydrogen

treatment, Fig. 1 shows the formation rate and total
abundance of H2 in the IGM in terms of the molecular
hydrogen fraction, xH2

; ultimately, for star formation, we
will replace TIGM, xe, and xH2

with the analogous quantities
in a halo in Sec. IV, but for comparison to other works we
only consider the IGM contribution here. We also set kLW

FIG. 1. H2 formation rate (top) and fraction (bottom) in the
average IGM as a function of redshift. The black dashed curves
show the results assuming standard temperature and ionization
histories, including spectral distortions from standard cosmology
and no exotic energy injection. For comparison, we show the
results of Ref. [66] in the thin gray line. The blue and pink curves
show the results if we include decays by DM to eþe− pairs; both
models have mχ ¼ 185 MeV, but different lifetimes. In both
cases, the dominant effect is to enhance the formation of H2 due
to the higher free-electron fraction caused by exotic ionizations.

2In principle, nH should be replaced with the total number of
particles in the system, but since xe remains small and we assume
that helium evolves the same way as hydrogen, we treat nH as a
proxy for the total particle number evolution.
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to zero here for the purpose of comparison with results
from the literature. The black dashed curved shows our
calculation in the absence of exotic energy injection; i.e.
using the global temperature history, ionization history,
and spectral distortions from standard cosmology. We
compare our results against Ref. [66], finding excellent
agreement.
We also show the results including two fiducial models

of exotic energy injection, whose parameters are listed in
Table I. In both models, DM has a mass mχ ¼ 185 MeV
and decays to eþe− pairs (throughout this text, χ denotes
the hypothetical DM particle). We focus on sub-GeV
decaying DM in this paper, since this mass range is less
constrained by existing probes, and the impact of the halo
on energy deposition within the halo is expected to be
more straightforward. Two different lifetimes are chosen
to reflect two distinct, opposite effects that energy
injection can have on star formation. Further discussion
on our choice of models can be found in Sec. IV D.
Model • assumes a lifetime of log10ðτ=½s�Þ ¼ 25.6, which
is excluded by Voyager constraints [103,104] but uncon-
strained by CMB anisotropies [7]3; Model ⋆ assumes an
even longer lifetime log10ðτ=½s�Þ ¼ 26.4 is beyond current
limits from Voyager and the CMB. For the IGM, in both
models, the H2 abundance and formation rate is larger
than for a standard cosmology; the effect is greater for
model • because the lifetime is shorter. This effect is due
to the enhanced free-electron fraction from exotic ion-
ization; the additional electrons serve to catalyze the
formation of molecular hydrogen through the reaction
in Eq. (1).

IV. HALO EVOLUTION

To study the effect of exotic energy injection on the first
star-forming halos, we modify the simple procedure in
Ref. [69] to evolve the free-electron fraction xe, the H2

fraction xH2
, and the gas temperature Thalo inside a halo in

the presence of energy injection from DM. To summarize
the method, we assume the halo has a mass Mhalo, and can
be approximated as a spherical “top-hat” as it collapses, i.e.
the halo has a uniform density ρ within a spherical volume.
When the halo reaches either the virial density ρvir or virial
temperature Tvir, then the halo is considered virialized; we
label the redshift at which this occurs as zvir. Upon

virialization, we assume the halo becomes an isothermal
sphere; then the virial temperature is approximately related
to the halo mass by [105]

Tvir ≈ 224 K

�
Ωmh2

0.14

�
1=3

�
Mhalo

104M⊙

�
2=3

�
1þ zvir
100

�
: ð18Þ

In the aboveequation,h is definedbyH0¼100hkms−1Mpc−1,
where we use H0¼ 67.36 kms−1Mpc−1 for the Hubble
parameter today, Ωm is the matter density parameter, and
M⊙ is a solar mass. We take ρvir ¼ 18π2ρ0ð1þ zÞ3, where
ρ0 is the mean matter energy density today. After the halo
virializes, we hold its density fixed and continue to evolve
the other quantities. If the temperature of the gas falls
quickly enough, thenwe infer that it is capable of collapsing
to form stars; the precise conditions we employ are
described in Sec. IV D. In the following sections, we
describe the ingredients for this calculation in more detail.
In principle, decays and annihilations from within the

star-forming halos themselves should be considered sep-
arately from the IGM contribution. Moreover, one should
account for the fact that energy deposition can be different
in the overdense halo (even if illuminated with the back-
ground emitted from the average IGM). Exotic energy
injection from halos has been studied using Monte Carlo
methods [106,107], but is beyond the scope of this work.
Instead, we expect the energy deposited per particle inside
halos to be comparable to that in the IGM for DM decay;
we justify this assumption in two ways.
First, in Appendix A, we estimate the geometrical factors

for decay and annihilation from early halos vs from the
IGM and find that the contributions from the IGM
for decays dominate over the halo contribution for free-
streaming decay/annihilation products. Second, in
Appendix B, we also follow simplified particle cascades
to show that for most injected particles, the presence of the
halo has a small impact on energy injection and deposition.
Intuitively, this happens because the path lengths of many
of the particles produced in the cascade from the initial DM
process tend to be much longer than the halo itself, leading
to the intensity being dominated by the IGM contribution.
If these long-path-length particles deposit their energy
through interactions with the target gas particles, equal
intensity of particles received in the halo and in the IGM
translates into equal energy deposited per gas particle in
the halo, which is the relevant parameter for the effect of
exotic energy injection on the free-electron fraction and
temperature. In the opposite limit, where products of decay/
annihilation lose their energy promptly, for decays the
enhanced injection in the halo is canceled by the higher
density of targets, when computing the power deposited per
target. A more in-depth exploration of this question, while
unnecessary for this paper, would be an interesting subject
for future work.

TABLE I. Parameters for two fiducial DM models.

Channel Mass [MeV] log10ðτ=½s�Þ
Model • χ → eþe− 185 25.6
Model ⋆ χ → eþe− 185 26.4

3While model • is nominally ruled out, we include it for
illustrative purposes because we show in Sec. IV that the effect on
star formation is in the opposite direction of model ⋆.
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A. Density

Following Ref. [69], we take a simple approximation for
the temporal evolution of the density of a collapsing
spherical top-hat4:

ρðzÞ≈ρ0ð1þ zÞ3 exp
�

1.9A
1−0.75A2

�
; A¼ 1þ zvir

1þ z
; ð19Þ

At early times, the density of the halo is diluted by the
expansion of the universe and closely follows the evolution
of the IGMmean density; however, as z approaches zvir, the
halo begins to collapse and the density increases. Once the
halo passes the condition for virialization (see Sec. IV D),
the density is held constant at ρðzvirÞ.
The number density of hydrogen within the halo is

similarly assumed to be given by

nHðzÞ ≈ n̄H;0ð1þ zÞ3 exp
�

1.9A
1 − 0.75A2

�
; ð20Þ

where n̄H;0 is the mean number density of all hydrogen
nuclei today.

B. Temperature

The halo temperature is affected by adiabatic cooling/
heating as the volume of the halo changes, as well as
Compton scattering off the CMB, atomic hydrogen line
cooling, molecular hydrogen cooling, and exotic energy
injection. Hence, we can write the temperature evolution of
gas in a halo as

Ṫhalo ¼ Ṫadia
halo þ Ṫcomp

halo þ Ṫ line
halo þ ṪH2

halo þ Ṫ inj
halo; ð21Þ

which has two new terms compared to its IGM counterpart.
The adiabatic and Compton-scattering contributions are
still given by Eqs. (15) and (16), respectively, where the
number density is given in Eq. (20), thus accounting for the
collapse of the halo. All instances of the background
density, temperature, or ionization fraction should be
replaced with the corresponding quantities in the halo.
The terms for atomic-line cooling and molecular cooling
are respectively given by

Ṫ line
halo ¼ −7.5 × 10−19 erg cm3 s−1

×
2nHIne

3nHð1þ xe þ FHeÞ
exp

�
−
118 348 K

Thalo

�
; ð22Þ

where nH denotes the total number density of hydrogen in
the halo in this case, and

ṪH2

halo ¼ −ΛH2
nH2

; ð23Þ

where the cooling rate ΛH2
is given by Eq. (A.5)

of Ref. [67].
The exotic injection term Ṫ inj

halo in Eq. (21) is taken to be
identical to the expression in Eq. (17), with n̄H and
the injection rate taking their homogeneous value, and
fheatðzÞ taken from DarkHistory, using the IGM temperature
and ionization level. We justify this assumption in
Appendix B, where we show that under reasonable sim-
plifying assumptions, the intensity of particles received
from exotic energy injection at the center of halos is
roughly equal to the intensity in the homogeneous IGM
for our fiducial models, and across much of the relevant
parameter space for decaying DM.

C. Ionization fraction

For the ionization fraction inside the halo, we use the
following evolution equation.

ẋe ¼ −C½xeneαB þ 4ð1 − xeÞβBe−E21=TCMB � þ ẋinje ; ð24Þ

In this equation, C is the Peebles-C factor, αB and βB are the
case-B recombination and photoionization coefficients,
which are calculated using Thalo, and E21 ¼ 10.2 eV is
the energy of the Lyman-α transition.5 This is the equation
for a three-level atom (TLA) modified to include exotic
energy injection; it is appropriate to use the TLA here
instead of the MLA since we are not tracking the con-
tribution of the halo to spectral distortions (see the
discussion in Ref. [30]), and the MLA takes much longer
to solve than the TLA.
Under the assumptions of the TLA, the term from exotic

energy injection term, ẋinje , is written as

ẋinje ¼
�
fH ion

RnH
þ ð1 − CÞfexc

E21nH

��
dE
dVdt

�
inj
; ð25Þ

where R ¼ 13.6 eV is the energy required to ionize
hydrogen. The first term represents photoionization and
collisional ionization caused by exotic energy injection.
The second term represents excitations followed by ioniza-
tion; the ð1 − CÞ factor ensures that this term does not
include excitations that are immediately followed by
recombination to the ground state. Once again, we use
the IGM result for fc=n̄H, since the energy deposited per
baryon in the halo is expected to be similar to the same
quantity in the homogeneous IGM for our fiducial models
and for most of the parameter space for DM decay (as
discussed in Appendix B).

4This expression corrects a sign error in Ref. [69], providing a
good fit to the spherical collapse model.

5The case-B coefficients are appropriate to use both in the
homogeneous medium [108,109] and the denser halos [42], since
the gas is optically thick to Lyman limit photons.
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D. Full evolution and collapse

We simultaneously solve Eqs. (12), (21), and (24) to
obtain the H2 abundance, temperature, and ionization
fraction inside the halo, while using Eq. (19) for the halo
density. There are two free parameters that parametrize the
halo properties: (1) the virialization redshift zvir, and (2) the
halo massMhalo, or equivalently the virial temperature Tvir,
which is related to Mhalo via Eq. (18). We also require the
fc’s and spectral distortions output by DarkHistory for a given
DM model, which are calculated using the temperature and
ionization from the homogeneous IGM.
For the initial conditions, we set xH2

¼ 0 and the halo
temperature and ionization fraction to the IGM values at
1þ z ¼ 3000. Prior to 1þ z ¼ 900, the system of differ-
ential equations is very stiff; since the halo density and
temperature are very similar to the mean IGM density and
temperature at these times, we fix xHII and Thalo to the IGM
values for 1þ z > 900, solving only the evolution equation
for xH2

, and use the value of xH2
at 1þ z ¼ 900 as an initial

condition for solving the full set of equations thereafter.
As we evolve the halo forward in time, the halo begins to

collapse and increase in density. Eventually, at some
redshift zvir, the halo is considered to be virialized when
one of the following conditions is met:

(i) the density reaches the value expected of a virialized
halo, ρvir ¼ 18π2ρ0ð1þ zÞ3, or

(ii) Thalo ¼ Tvir, and the halo is prevented from collaps-
ing further by gas pressure [69].

Once one of these two conditions is met, we hold the gas
density fixed to its collapsed value and raise the temper-
ature to Tvir if it is below this value. We continue to evolve
the halo past zvir down to 1þ z ¼ 4 in order to evaluate if it
is cooling sufficiently quickly to collapse; however, we
only use the results for studying halo cooling shortly after
zvir, since our assumption that the halo density remains
constant after virialization breaks down if the halo can cool
and collapse further. During this collapsing phase, we only
want to evaluate the ability of molecular and line cooling to
lead to halo collapse, since these are crucial processes for
star formation; hence, we neglect the Compton cooling
term Ṫcomp

halo after virialization. This also ensures that the
threshold we find is the minimum mass above which we
expect all halos to undergo runaway collapse.
We adopt the criterion in Ref. [69], and consider a halo to

be cooling sufficiently quickly to collapse and form stars if

ThaloðηzvirÞ ≤ ηThaloðzvirÞ; ð26Þ

where we choose η ¼ 0.75. As explained in Ref. [69], this
condition comes from requiring the halo to cool by a
significant amount within a Hubble time; since the scale
factor is proportional to t2=3 during matter domination, this
roughly corresponds to the redshift dropping by
2−2=3 ≈ 0.63. We have checked that this condition is not

particularly sensitive to the choice of η by varying it
between 0.6 to 0.9.

V. RESULTS

With the prescription described in Sec. IV D, given
zvir and an exotic energy-injection model, we can deter-
mine the minimum Mhalo or Tvir above which halos will
collapse. Figure 2 shows a few examples of evolving
halos. In each panel, we show xe, xH2

, Thalo, and nH as a
function of redshift, for both very efficient H2 self-
shielding and no self-shielding. We also show two
horizontal dotted line segments at Tvir and 0.75Tvir.
The lines span the redshift range zvir to 0.75zvir; hence,
models where the temperature history crosses the lower
line segment after virialization succeed in forming stars.
The top panel shows a halo that virializes at zvir ¼ 20 with
a mass of Mhalo ¼ 1.39 × 106M⊙, corresponding to a
virial temperature of Tvir ¼ 1600 K. The bottom two
panels show halos with the same zvir and Tvir, but
including the same energy injection models shown in
Fig. 1; model • is on the left and model ⋆ is shown on
the right.
In the top panel at early times, the halo density decreases

and closely follows the IGM density; at later times, as we
approach zvir, the halo begins to collapse and the density
increases until it reaches ρvir. At this point, the halo has
virialized and the density is held fixed. Similarly, at early
times, the halo temperature follows the standard IGM
temperature evolution, but starts to deviate around
z ∼ 100 as the overdensity begins to collapse. Close to
zvir, the temperature begins to increase and is raised to Tvir
once the halo meets the conditions for virialization. After
this, the temperature decreases due to molecular cooling.
The curve crosses back through the lower line segment;
hence, by the criteria given in Eq. (26), this halo has
succeeded in forming stars.
The bottom panels of Fig. 2 demonstrate that exotic

energy injection has multiple competing effects on halo
collapse. On the one hand, the exotic heating impedes
cooling, preventing halos from collapsing. If self-shielding
of the halos is inefficient, then the effect of LW photons can
further suppress cooling by reducing the H2 abundance. On
the other hand, the increase in ionization levels catalyzes
the formation of H2, enhancing the molecular cooling rate.
The effect of heating dominates for model • in the lower-left
plot, causing the halo temperature to reach Tvir before the
density reaches ρvir; after zvir, the exotic heating rate is also
large enough that the halo cannot cool efficiently. The
effect of ionization dominates for model ⋆, leading to
enhanced cooling relative to the standard cosmological
expectation shown in the top plot. This halo forms stars
successfully by the criterion in Eq. (26). In both cases,
inefficient self-shielding delays the cooling of the halo; the
effect is larger for model •, where DM decays more quickly
and therefore contributes a larger LW background.
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The threshold for halos to collapse is a redshift-depen-
dent condition. For example, Fig. 3 shows the critical virial
temperature as a function of the virialization redshift; Fig. 4
shows the same results, but in terms of the halo mass. We
show the critical values if we do not include exotic
injections, and how the curves change if we include model
• or model ⋆, bracketing the effect of H2 self-shielding. We
also show the resulting curves if in the evolution equations
we only include one of the terms for exotic ionization
[Eq. (25)], exotic heating [Eq. (17)], H− photodetachment
[Eq. (9)], or H2 photodissociation [Eq. (11)] from exotic
injections.

From Figs. 3 and 4, we see that additional heating and
LW photons generally raise the critical value of Tvir or
equivalently Mhalo, making it more difficult for halos to
collapse, whereas ionization caused by exotic energy
injection lowers the critical value due to the enhanced
production of H2, allowing more halos to collapse. Because
of this interplay of effects, it is nontrivial to determine the
direction of the effect on the critical virial temperature/halo
mass for a given redshift and energy injection model. For
model • (left panels), it is easier for halos to collapse prior
to z ∼ 50 and harder after this, whereas for model ⋆ (right),
the overall effect is to lower the critical masses or virial

FIG. 2. Three examples of halo evolution. In the top panel there is no DM decay or annihilation, and the halo virializes at zvir ¼ 20

with a mass of Mhalo ¼ 1.43 × 106M⊙, corresponding to a virial temperature of Tvir ¼ 1600 K. The bottom two panels include the
effects of exotic energy injection, with model • on the left and model ⋆ on the right. In all plots, we show the free-electron fraction
(blue), the molecular hydrogen fraction (purple), the halo temperature (magenta), and the number density of hydrogen nuclei (neutral or
ionized, orange). Dotted lines include photodissociation by LW photons. The red dashed line indicates the average IGM temperature
when we do not include exotic energy injection. The horizontal line segments on each panel indicate Tvir and 0.75Tvir, and span the
redshift range ðzvir; 0.75zvirÞ; if the temperature curve crosses the lower line segment after virialization, the halo passes the criterion for
collapsing and forming stars. In the top panel, the halo succeeds in collapsing. Model ⋆ gives rise to even faster cooling, whereas model
• cools more slowly, failing to meet our criterion for star formation.
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temperatures needed for collapse at all redshifts. This
complicated interplay of heating and ionization on col-
lapsing halos has been noted in previous work studying
energy injection by primordial black holes on the formation
of supermassive black holes [110]; however, to our knowl-
edge, our results are the first to show that the direction of
the effect can change as one increases the energy injec-
tion rate.
We can make a rough comparison to the results of studies

with hydrodynamical simulations. In Ref. [60], for the
case of no LW background and no relative difference
between baryons and DM, they find that the minimum halo
mass of star-forming halos rises slightly from 3 × 105M⊙ at
1þ z ¼ 23 to 5 × 105M⊙ at 1þ z ¼ 15. For comparison,

Ref. [58] finds this threshold to rise from about 105M⊙ at
1þ z ¼ 28 to 3 × 105M⊙ at 1þ z ¼ 16. In both cases, this
threshold is smaller than what we find at comparable
redshifts, and the growth of this threshold as a function
of redshift is much steeper in our study; however, we
emphasize that our simple top-hat halo treatment agrees
with the overall trends in Refs. [58,60].

A. Scanning over DM parameter space

Based on the results in the previous section, it is clear
that different regions of DM parameter space can have
opposite effects on halo collapse and star formation;
moreover, the direction of the effect can also change with

FIG. 3. Critical virial temperature for collapse as a function of redshift, both in a standard cosmology without exotic injections (black)
and including the fiducial DM energy injection models (gold); the contours bracket the effect of H2 self-shielding. The left panel shows
model • and the right shows model ⋆. We also show the results from considering one effect at a time, including exotic ionization (blue
dot dashed), exotic heating (red solid), H− photodetachment (purple dotted), and H2 photodissociation (pink dashed).

FIG. 4. Same as Fig. 3, but showing results for the critical halo mass.
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redshift. We would like to now scan over the parameter
space of various energy injection channels to understand
where we get the strongest and most interesting signals.
In describing our methods up to this point, we have

focused on the example of decaying DM; these largely
apply to annihilations as well. For p-wave annihilation,
since the cross section is velocity dependent, we define the
cross section using

σv ¼ ðσvÞref
�

v
vref

�
2

ð27Þ

and choose a reference velocity of vref ¼ 100 km=s, which
is on the order of the dispersion velocity of DM in a
Milky Way-like halo today. We again assume that the fc’s
parametrizing energy deposition are the same in the halos
as in the IGM. This assumption is less likely to be valid for
annihilations since the annihilation rate depends on density
squared, and in particular may break down for p-wave
annihilations since there is an additional velocity depend-
ence. Since the rate of energy injection from annihilations
depends on density squared, this rate is boosted once
structure formation begins; the average of the density
squared exceeds the square of the average density. We
use the boost factor prescription included in DarkHistory [77]
under the assumption that halos have an NFW profile and
no substructure; see Ref. [16] for more details about how
this is calculated.
For both decays and annihilations, we will study photon

and eþe− final states. In principle, we could study decays or
annihilations into other Standard Model particles; however,
even when we inject other types of particles, the prompt
decays of these particles primarily result in showers of
secondary electrons, positrons, and photons. Hence, one
can usually understand the results for other final states by
taking linear combinations of the results for injections of
photons and eþe− pairs.

B. Comparison to existing constraints

Figure 5 shows the change in the minimum halo mass
necessary for star formation at 1þ z ¼ 20 relative to the
standard cosmology value over the parameter space for the
energy injection channels described in Sec. VA; here we
assume self-shielding is very efficient and hence the effect
of LW photons is suppressed, since this is closer to recent
results from hydrodynamical simulations [57,58,60]. We
overlay existing constraints from CMB anisotropies [7,111]
for decay and s-wave annihilation, as well as constraints
from X=γ-ray telescopes [112–120] and Voyager I
[103,104] for decay, and mark models • and ⋆.
For decays to photons, we show for illustration a

selection of some of the strongest existing limits on photon
lines from indirect detection [112–114]; we observe that
these limits are generally markedly stronger than the CMB
constraints. However, note that these bounds can only be

applied directly to decays to γγ exclusively; the indirect
constraints on photon-rich final states with continuum
spectra are often considerably weaker. In contrast, we
expect our parameter space to be sensitive primarily to
the total injected energy (similar to the CMB limits), rather
than the details of the photon spectrum; thus we expect the
effects on star formation to be similar for the simple decay
to γγ that we show and injection of continuum photons with
similar total energy.
For p-wave annihilation, constraints lie below the

bottom of the plot, and the y-axis on the bottom panels
shows the value of ðσvÞref . This velocity dependence means
that the p-wave results are dominated by late-time structure
formation. Hence, these results should be used cautiously,
since our assumption that the energy deposition fractions
are equal between the IGM and the halo may be less
reliable for annihilation, particularly p-wave annihilation.
Starting with the decay channels (top panels of Fig. 5),

we see that at larger injection rates, the mass threshold for
the halo to collapse is raised. For both photon and eþe−
final states, most of this region is ruled out by current
constraints. For decay to eþe− pairs, there still exist small
regions just above the minimum allowed lifetime where the
criticalMhalo could be slightly raised; one is located around
mχ ¼ 4 MeV and the other just above mχ ¼ 1 GeV. As
one lowers the injection rate, there is much unconstrained
parameter space where the net effect is to lower the
threshold for collapse. That is, DM can produce both
positive and negative feedback in the first star formation,
through its effect on the H2 abundance of early galaxies.
The fiducial models studied earlier in this work were
chosen such that one came from each of these regions.
For s-wave annihilation (middle panels), these models

can only lower the threshold for collapse for the range of
injection parameters shown, and the regions with the largest
effect are ruled out by CMB constraints. Larger injection
rates can raise the collapse mass threshold but are not
shown here. For p-wave annihilation (bottom panels),
changes to the ionization and gas temperature both increase
rapidly with redshift, hence even for models where a phase
of net cooling is possible, this phase is extremely brief and
quickly dominated by exotic heating. Therefore, these
models only raise the threshold for collapse, but the regions
where there is any significant effect are strongly ruled out
by existing limits.
The net effect of a particular energy injection model is

redshift dependent. Figure 6 shows an analogous plot to
Fig. 5, but at a much earlier redshift of 1þ z ¼ 100; within
the standard Λ cold dark matter (ΛCDM) cosmological
model, we do not expect sufficient halos to form at this
redshift, but we show these results for illustrative purposes.
The contours of the relative change to the critical Mhalo
change dramatically at this redshift. For decaying DM, all
regions that raise the critical Mhalo at this redshift are ruled
out by CMB constraints, and the region whereMhalo can be
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FIG. 5. Change to the minimum halo massMhalo necessary for star formation at 1þ z ¼ 20. From top row to bottom, the channels are
decay, s-wave annihilation, and p-wave annihilation. For p-wave annihilation, the cross section is defined using a reference velocity of
100 km=s as in Ref. [16]. In the left panels, the final state particles are photons; in the right, the final state particles are eþe− pairs.
The thick black dashed lines show existing constraints from CMB data [7,111]. We also include constraints from X=γ-ray telescopes
[112–120], where we have assumed v ¼ 220 km s−1 in the Milky Way, and Voyager I [103,104] (green dot-dashed). For p-wave results,
constraints lie below the bottom of the plot.
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lowered moves to smaller lifetimes. Moreover, the shape of
the contours at higher energies better matches the shape of
the CMB constraints compared to the case at 1þ z ¼ 20.
This is because over time, the universe becomes increas-
ingly transparent to photons with energy between 10 keV

and 1 TeV [2,4]. Prior to 1þ z ∼ 100, most photons in this
energy range will scatter and deposit their energy, so energy
deposition results for these redshifts are relatively flat
across the high mass range for decaying DM. At lower
redshifts, much of the particle cascade from high mass DM

FIG. 6. Same as Fig. 5, but showing the results at 1þ z ¼ 100. While the shape of the contours is broadly similar to Fig. 5, the
contours are shifted to lower lifetimes/higher cross-sections, and the depth of the contours is reduced.

QIN, MUÑOZ, LIU, and SLATYER PHYS. REV. D 109, 103026 (2024)

103026-12



ends up in the transparency window and energy deposition
becomes less efficient, hence the strength of the effects on
star formation become weaker with increasing mass.
The panels showing the effect of s-wave annihilation at

this redshift are similar to the case at 1þ z ¼ 20. However,
for p-wave annihilation, there is nearly no effect at all on
the critical value for halo collapse; this is because the
energy injection from p-wave annihilation scales even
more steeply with velocity than for s-wave annihilation,
hence the effects of p-wave annihilation are strongly
suppressed for the redshifts just before structure formation.

C. Bracketing Lyman-Werner effects

In the previous subsection,we assumed that self-shielding
is very efficient, such that LW photons have a negligible
effect on the collapsing halo. We now explore the opposite
limit in order to bracket the effect of self-shielding.

Figure 7 shows the results for decay (top row) and
s-wave annihilation (bottom row) to eþe− pairs; the left
panels show the same types of contours as in Fig. 5 and the
right shows the difference in the collapse threshold when
assuming no/complete self-shielding of the halo. See
Appendix C for discussion of other channels. In both
cases, reducing the efficacy of self-shielding raises the mass
threshold for collapsing halos; the magnitude of the effect
increases for larger energy injections (at even larger
injections, the difference starts to decrease once the energy
injection is large enough that heating matters more than the
LW background). This means that the effect on the mass
threshold is increased for injection models that delay star
formation, such as model •, and slightly decreased for
models which accelerated star formation, such as model ⋆.
The effect of self-shielding is most dramatic in the

s-wave annihilation panel; whereas in the case of efficient
self-shielding, all injection models shown decreased the

FIG. 7. Left: change to minimum halo mass Mhalo necessary for star formation at 1þ z ¼ 20 when self-shielding is inefficient and a
LW flux can have large effects. Right: log10 of the difference between the results for no/total self-shielding, divided by the total self-
shielding results. In other words, the lightest contour shows where the results differ relative to each other by less than a percent. The top
row shows the parameter space for DM decaying to eþe− pairs, and the bottom row is for s-wave annihilation to eþe−.
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threshold for collapse, neglecting self-shielding gives rise
to a region of parameter space where it is now possible to
raise the threshold. This occurs around DM masses of tens
of MeV; at this mass, the injected electrons are at the correct
energy to upscatter CMB photons into the LW band
through inverse Compton scattering (ICS).
Since inefficient self-shielding further slows the collapse

of halos, this leads to the intriguing possibility that exotic
heating and enhanced LW backgrounds may prevent gas
fragmentation and subsequent star formation, but facilitate
the collapse of the gas cloud directly into a black hole [76].
We leave further study of the impact of DM processes on
direct collapse black holes to future work.

D. Signals in 21 cm

One of the most promising ways to determine the timing
of the first stellar formation is through the 21-cm transition
of neutral hydrogen at high redshifts (for a thorough review,
see e.g. Ref. [121]). Here we briefly discuss how the DM
models we have considered would affect an example 21-cm
signal. We will focus on the timing of cosmic dawn through
the enhancement or suppression of H2 from exotic energy
injection. As such, we will not model other sources of
feedback (e.g. stellar LW emission [53], DM-baryon
relative velocities [79], or their combination [58,60], as
well as heating [22,25,122,123]), and will focus on a few
fiducial scenarios as a showcase. Moreover, the effects of
exotic energy injection may be partially degenerate with
varying quantities such as the halo mass function and
astrophysical parameters. Since this is not a forecast for
detectability, we defer a detailed study of the 21-cm signal,
varying astrophysical parameters and including reioniza-
tion bubbles, to future work, as this will require the
establishment of hydrodynamical simulations of H2 for-
mation with DM decay or annihilation.
We use the public 21-cm code Zeus21 [124,125], which

we modify to include stellar formation in molecular-
cooling halos. We take a toy model where we enable star
formation in halos below the atomic-cooling threshold with
some constant star-formation efficiency fmol� , and we keep
the baseline Zeus21 model otherwise. That is, we take the
model for the star-formation efficiency from Ref. [125],

f⋆ ≡ Ṁ⋆

fbṀhalo
; ð28Þ

where Ṁ� is the star-formation rate, Ṁhalo is the mass-
accretion rate, and fb is the baryon fraction, which we
enhance as

Δf⋆ðMhaloÞ ¼ fmol� e−Mmol=Mhaloe−Mhalo=Matom ; ð29Þ

between the atomic- and molecular-cooling thresholds
(Matom and Mmol, respectively). The former is set by a
constant virial temperature of Tatom ¼ 104 K [126], and we

obtain the latter from our results for each DM scenario (as
shown in Fig. 4). Following Refs. [40,127], we set an
amplitude of star-formation efficiency of fmol� ¼ 10−2.5, in
broad agreement with current constraints to reionization. In
this simple model we assume the same stellar properties
(e.g. Lyman-α and X-ray photons emitted per star-forming
baryon) for all galaxies, though a more realistic model
would take low-mass (H2-cooling) galaxies to host older
(PopIII) stars, with different spectra [128].
With these caveats in mind, we can now estimate the

degree to which we expect DM decays to affect the timing
of the first stellar formation. We show the predicted 21-cm
signals from this toy model in Fig. 8; the top panel shows
the global signal, while the bottom panel shows the
amplitude of the power spectrum at k ¼ 0.2 Mpc−1, both
as a function of redshift. Since model • raises the mass

FIG. 8. The 21-cm global signal (top) and power spectrum at
k ¼ 0.2 Mpc−1 (bottom) as a function of redshift, for our
standard cosmological model and two fiducial DM models.
The shaded contours bracket the effect of H2 self-shielding.
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threshold for stars to form, the 21-cm signals are slightly
delayed, shifting to smaller values of z. Conversely, model
⋆ allows smaller mass halos to host stars, so cosmic star
formation begins earlier and the 21-cm signals are accel-
erated. In this latter case, the signal peaks/troughs can be
shifted by as much as Δz ∼ 2.
The degree to which the signals are shifted also depends

on the efficiency of self-shielding; we bracket this effect
using shaded contours in Fig. 8. The possible variation of
the signal due this effect is larger for model •, since this
model injects more energy and can therefore contribute a
larger LW background. At lower redshifts, the astrophysi-
cal contribution to the LW background will also become
important; once stars begin to form, they will emit their
own LW radiation, and we have not modeled this feed-
back here.
While a full detectability study is beyond the scope of

this work, we note in passing that a fiducial signal like our
case without exotic injections in Fig. 8 is expected to be
detectable by the currently operating HERA interferometer
[49], boasting a signal-to-noise ratio of SNR ≈ 100 [40]. As
such, this generation of telescopes may be sensitive to the
delay/acceleration of the first galaxies due to decaying DM.
Note that we have focused on the timing of the 21-cm

signal, and not its depth. In a future analysis, this and other
potential effects of exotic energy injection should be
studied together, which will pave the way to find the full
effects of DM on the cosmic dawn.

VI. CONCLUSION

We have performed an initial study of the effect of
homogeneous energy deposition on early star formation.
We use DarkHistory to calculate how energy is deposited by
decaying or annihilating DM and then track the effect of
this exotic energy injection on the temperature, ionization,
and H2 abundance of a toy halo model. We find that energy
injection from decaying or annihilating DM can both raise
and lower the critical mass/virial temperature threshold for
galaxies to form, and the direction of this effect can depend
on the redshift at which the halos virialize. Hence, exotic
energy injection can both accelerate and delay the onset of
star formation, and this can in turn alter the timing of
signals in 21-cm cosmology.
The most interesting unconstrained parameter space

comes from decaying DM, where the mass threshold for
collapse can be lowered by as much as 60%; while there are
also some decaying DM models consistent with CMB
anisotropy limits that can raise the mass threshold, most of
these are ruled out by other indirect detection constraints.
Regarding annihilations, there is some unconstrained
parameter space where s-wave annihilations can lower
the mass threshold, although only by about 10%; the
regions where p-wave annihilation has any affect are ruled
out by indirect detection limits.

We ignore a number of subdominant effects, including
other H2 formation pathways, the LW background, H2 self-
shielding, and baryon streaming velocities. Moreover,
although we include the boost factors for annihilation from
structure formation, we neglect energy injection from
within the halo itself for all channels; however, energy
deposition by decays or annihilations from within a halo
can also be significant, and even dominate the IGM signal
in the case of annihilations. A complete study of exotic
energy injection on star formation would require modeling
both contributions; this is left for future work.
Our results are obtained with a spherically collapsed

model for the halo, so in order to make more precise
statements, hydrodynamical simulations will be required.
For example, Ref. [53] found that the critical virial temper-
ature for collapse derived from their simulations was higher
than the results of Ref. [69] by a factor of about 1.5. In
addition, mass accretion and mergers, which are not
accounted for in our treatment but have been studied in
simulations, can further delay the onset of star formation
[54]. However, it would be far too computationally expen-
sive to scan over many DM models with such simulations
in order to find those with the most significant effects. In
this work we have performed such a scan with a simpler
semi-analytic model, and found the regions of DM param-
eter space that would be most interesting to simulate,
including decays to photons between lifetimes of
log10ðτ=½s�Þ ¼ 24 to 27, and decays to eþe− pairs between
lifetimes of log10ðτ=½s�Þ ¼ 24 to 28, both for masses less
than about 10 GeV (at larger masses, these lifetimes are
excluded by indirect detection limits [103,104,114–120]).
Within this range we find a very rich phenomenology, with
DM both helping the formation of the first stars (by
catalyzing H2 formation), as well as hampering it (through
heating and photodissociation). We conclude that the
cosmic-dawn era will not only teach us about the astro-
physics of the first galaxies, but will also shed light onto the
nature of DM.
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APPENDIX A: COMPARISON OF IGM AND
HALO CONTRIBUTIONS

In this work, we have assumed that energy deposited per
particle in the halo can be approximated by the energy
deposited per particle from decays and annihilations in the
IGM. A natural question to ask is how the homogeneous
contribution (i.e. from the IGM) compares to the contri-
butions of decays and annihilations within the halo itself.
For example, for Milky Way-like halos, the high density
within the halo means that the annihilations within the halo
typically contribute much more to indirect-detection signals
than the IGM, whereas for decays the contributions are
comparable [115,135]. However, for earlier halos which are
much smaller than the Milky Way halo, it is not as clear
which contribution will dominate.
In the case where particles propagate with long path

lengths, one can estimate the intensity of particles sourced
by exotic energy injections within a system by calculating
the J-factor for annihilations or theD-factor for decays. For
a spherically-symmetric system, these are given by

J ¼
Z

dlρ2ðrðl; θ;ψÞÞ; ðA1Þ

D ¼
Z

dlρðrðl; θ;ψÞÞ; ðA2Þ

where r denotes the distance from the center of the density
profile, l is the line-of-sight distance, and θ and ψ specify
the angle of the source relative to the observer. These
expressions can be derived by calculating the flux from
annihilating or decaying DM and isolating the factors that
depend on astrophysics [136,137].
The effect of annihilations within early halos has been

studied in e.g. Refs. [106,107], hence we will compare to
typical halos used in their work. Consider a halo at redshift
1þ z ∼ 30 with a mass of about 106M⊙. We will assume it
has an Einasto density profile,

ρEin ¼ ρ0 exp

�
−
2

α

��
r
r0

�
α

− 1

��
ðA3Þ

with α ¼ 0.17 and concentration parameter of approxi-
mately c ∼ 7. Given Mhalo, one can infer the virial radius
rvir, which is related to the Einasto scale radius by
rvir ¼ cr0; by calculating the mass within rvir, one can
also determine the correct normalization ρ0 for the density

profile. With these parameters, we find that at the center of
the halo, J ∼ 1030 GeV2 cm−5 and D ∼ 1024 GeVcm−2.
Turning to the IGM contribution, the meaning of the D

and J-factors becomes somewhat ambiguous, since when
integrating out to cosmological distances, the expression
for flux cannot be so easily factored into “particle physics”
and “astrophysics” contributions due to redshifting of the
emitted spectrum. However, for the sake of an estimate, we
can follow the discussion in Section III.3 of Ref. [137] to
effectively factor out the model-dependent terms, modify-
ing this derivation appropriately for decays. Then the
D-factor from a homogeneous universe is

DIGM ¼ ð1þ zobsÞ3
ρDM;0

H0

Z
∞

zobs

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þΩΛ

p dz;

ðA4Þ

where ρDM;0 is the average energy density of DM today and
ΩΛ is the density parameter for dark energy. At 1þ zobs ∼
30, we find D ∼ 1026 GeVcm−2; hence for early halos at
this redshift, the IGM contribution can dominate by a factor
up to a few orders of magnitude.
For annihilations, there is an extra factor of ρ̄ð1þ zÞ3;

however, this integral will not converge if we integrate out
to 1þ z → ∞. One could introduce an effective cutoff that
accounts for the redshifting of the spectrum, as well as the
potential absorption of emitted particles.

JIGM ¼ ð1þ zobsÞ6
ρ2DM;0

H0

Z
zcut

zobs

ð1þ zÞ3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ zÞ3 þΩΛ

p dz:

ðA5Þ

However, this integral is likely an overestimate since the
biggest contributions to JIGM come from high redshifts,
when densities are higher and secondary particles are more
likely to be absorbed, or the emitted photons get redshifted
out of observable wavelengths. Given these uncertainties, it
is less clear for the case of annihilations whether or not the
contributions of the IGM and halo are comparable.

APPENDIX B: IMPACT OF THE HALO ON
DARK MATTER ENERGY DEPOSITION

In reality, not all particles have long path lengths relative
to the halo, and we also need to account for the enhanced
gas density of the halo to understand how particles deposit
their energy within it. Equations (17) and (25) describe the
effect from DM energy deposition on the ionization and
temperature within the halo. In this work, we have made the
simplifying assumption that the per-baryon effect of DM is
identical to that expected assuming homogeneity, allowing
us to make use of results computed using DarkHistory [77]. In
this appendix, we will argue that this assumption can be
justified throughout most of our parameter space of interest,
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including for the two fiducial models examined in detail in
the main body. Even though the enhanced density of the
halo leads to an increase in the rate of dark matter processes
in the halo, and also provides additional targets for
cascading particles to scatter off and cool, in most cases,
we will show that the intensity of energy-depositing
particles seen by targets inside the halo is essentially
identical to the intensity of particles present in the homo-
geneous IGM. This means that the energy deposited per
particle is similar in both the halo and in the homogeneous
IGM, justifying the use of the expressions shown in
Eqs. (17) and (25).
A full and precise treatment of this problem would be

challenging, requiring tracking the 4D evolution of the
secondary particle cascade that leads to energy deposition.
In this appendix, we instead perform a simplified analysis
using the following assumptions:
(1) We model the halo as a simple top hat of massMhalo,

and radius rvir, with a density Δ times larger than the
mean matter energy density.

(2) The intensity of particles seen by targets in the halo
is approximated by the intensity of particles seen at
the center of this halo, which is spherically sym-
metric about this point.

(3) All spectra produced are treated as monochromatic,
with particles entirely scattering into the peak of
their scattered spectra; for example, every electron
with Lorentz factor γ that inverse Compton scatters
against the CMB is assumed to produce photons
with energy given by the mean photon energy
2π4γ2TCMB=½45ζð3Þ� only.

(4) All scattering processes occur only in the forward
direction.

In general, the particle cascade can undergo many steps
before producing particles that are rapidly absorbed as
ionization and heating, or which free-stream (in the case of
sub-13.6 eV photons). Our goal is to determine the intensity
of particles in the last step of the cascade, which either

deposit their energy directly into ionization or heating of
the gas. We will do this by calculating the intensity of
appropriately chosen intermediate steps. Consider a particle
at step n of the particle cascade that we will call the
“primary” particle, cascading into a “secondary” particle at
step nþ 1 and a “tertiary” particle at step nþ 2. Under the
assumptions listed above, we will find it useful to obtain the
steady-state intensity of secondary and tertiary particles
under the following conditions, both illustrated in Fig. 9:
(1) If n ¼ 1, the primary particles are particles emitted

directly by the DM process, and we can compute the
intensity of the n ¼ 2 secondary and n ¼ 3 tertiary
particles.

(2) For any n, if the intensity of the primary particle Ip
is equal to its intensity expected in the homo-
geneous limit Ip;0, we can obtain an expression
for the intensities of nþ 1 secondary particles,
denoted IsðIp ¼ Ip;0Þ, and nþ 2 tertiary par-
ticles ItðIp ¼ Ip;0Þ.

To characterize these intensities, we define the quantity
ηn ≡ In=In;0, i.e. the ratio of the intensity at step n in the
halo to the homogeneous, steady-state intensity that exists
deep in the homogeneous IGM. ηn ¼ 1 means that the
intensity of particles in step nwithin the halo is given by the
homogeneous, steady-state intensity, while ηn ≠ 1 repre-
sents either an enhancement or a suppression inside
the halo.
With a combination of the two scenarios summarized in

Fig. 9, we are able to determine the intensity of particles in
the final step for DM decay into eþe− and photon pairs for
mχ < 10 GeV. For example, starting from particles emitted
directly from the DM, we can first find that η3 ≈ 1, and then
use ηsðIp ¼ Ip;0Þ to calculate η4ðI3 ¼ I3;0Þ, finding that
η4 ≈ 1, allowing us to proceed down the cascade. η3 and
ηtðIp ¼ Ip;0Þ are computed so that we can skip intermediate
steps that have short path length, which may result in η ≠ 1.
This will ultimately enable us to estimate the impact of the

FIG. 9. Cartoon illustrating a particle cascade and the two scenarios that we consider in order to calculate enhancement factors η: (Left)
η1 for particles directly emitted by DM, followed by the secondary η2 and tertiary η3, as well as (right) uniform intensity of primaries at
step n (Ip ¼ Ip;0 and ηp ¼ 1), from which we can calculate the enhancement factor of step nþ 1 secondaries ηsðIp ¼ Ip;0Þ and step
nþ 2 tertiaries ηtðIp ¼ Ip;0Þ.
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halo on energy deposition. In general, cascades will pass
through a series of steps with long path lengths that have
intensities that are close to the homogeneous limit; the
impact of the halo is strong only when the last or last few
steps have short path lengths. These results can easily be
extended to annihilations as well. We leave a more
thorough understanding of how the intensity of particles
from DM processes in a halo differs from the homogeneous
intensity to future work.
In this appendix, we will mainly focus on ionization and

heating, and only note here that LW photons can also be
affected by the presence of the halo. To model the intensity
of LW photons within the halo, we would have to go
significantly beyond the top-hat model discussed here,
since it depends sensitively on the H2 abundance within the
halo. Even within ΛCDM, the amount of self-shielding or
equivalently the path length of LW photons is still some-
what unclear. If self-shielding of LW photons is not
significant, then we expect LW photons to have path
lengths a factor of a few times smaller than the Hubble
radius, since the H2 fraction in the IGM is negligible, and
the path length is by definition much longer than the halo
itself. We would therefore expect the LW intensity to be
similar to the homogeneous, steady-state intensity in the
IGM, loosely justifying our use of the LW intensity in the
IGM in the limit of no self-shielding. For now, we set aside
the question of the effect of the halo on LW photons
originating from DM, leaving it to simulations to address in
detail.

1. Particles directly emitted from the
dark matter process

We first begin by understanding the intensity of n ¼ 1
particles emitted directly from the DM process, and
received at the center of the halo. We start from the
radiative transport equation applied to lines pointing
radially outward from the center of the halo,

dI1
ds

¼ j1ðsÞ − α1ðsÞI1ðsÞ;

which relates the intensity of particles emitted at a distance
s from the halo center to the emission coefficient j and the
extinction coefficient α. We will neglect redshifting
throughout this appendix for simplicity. The emission
coefficient is the energy emitted per volume, time, fre-
quency and solid angle by the medium, which for DM
processes is

j1 ≡ dEω

dVdtdωdΩ
¼ 1

4π

�
dE
dVdt

�
inj dN̄1

dω
;

where dN̄1=dω is the spectrum of particles directly emitted
per DM process. We have also made use of the isotropy of
the DM process in writing down this expression. Outside of

the halo, we denote the energy injection rate to be
ðdE=dVdtÞinj0 , the usual injection rate under the homo-
geneous assumption. Inside the halo, however, we have

j1ðs < rvirÞ ¼
Δβ

4π

�
dE
dVdt

�
inj

0

dN̄1

dω
;

where β ¼ 1 for decay and β ¼ 2 for annihilation. The
extinction coefficient is related to the optical depth of the
directly emitted particle via the usual relation

τ1ðs; s0Þ ¼
Z

s0

s
dxα1ðxÞ;

where τ1ðs; s0Þ is the optical depth between points s and s0,
with s < s0. α−11 ðsÞ is the local mean free path of the
directly emitted particle at s. Under the homogeneous
assumption, the extinction coefficient for the particle takes
on some constant value α1;0; inside the halo, however, the
extinction coefficient is enhanced by a factor Δ1, the
enhancement in density of the targets of the primary in
the halo. In some cases, e.g. ICS of electrons off the CMB,
the density of targets presented to the particle is not
enhanced by the halo. For simplicity, we only consider
the dominant process responsible for scattering of the
directly emitted particle. The optical depth between the
origin and some point s away from the origin can therefore
be written as

τ1ð0; sÞ ¼
�Δ1α1;0s; s < rvir;

Δ1αp;0rvir þ α1ðs − rvirÞ; s ≥ rvir;
ðB1Þ

under our simple top-hat approximation.
The radiative transfer equation can be integrated radially

inward to obtain

I1ðsÞ ¼
Z

∞

s
ds0jpðs0Þe−τpðs;s0Þ: ðB2Þ

Under the homogeneous assumption, the intensity of
directly emitted particles at all points in space is

I1;0 ≡ 1

4πα0

�
dE
dVdt

�
inj

0

dN̄
dω

: ðB3Þ

We now define the quantity η1 ≡ I1ðs ¼ 0Þ=I1;0 as a
measure of the impact of the halo on the intensity of
directly emitted particles received inside the halo. If η1 ∼ 1,
then the intensity of these particles is essentially equal to
the intensity expected under the assumption of homo-
geneity. Otherwise, the halo plays a significant role in
determining the intensity received. Under our top-hat
assumption, we can perform the integral Eq. (B2) to obtain
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η1 ¼
Δβ

Δ1

ð1 − e−Δ1α1;0rvirÞ þ e−Δ1α1;0rvir : ðB4Þ

Let us consider the following limits:
(i) Δ1α1;0rvir ≪ 1: since Δ1α1;0 is the inverse of the

local mean free path of the directly emitted particle
in the halo, this corresponds to the limit where the
local mean free path in the halo is much longer than
the halo itself, i.e. the halo is optically thin. We find
ηðΔ1α1;0rvir ≪ 1Þ ≈ 1þ Δβα1;0rvir ≈ 1 for n ¼ 1.
This demonstrates one of the key takeaways of this
appendix: the center of the halo is illuminated with
the same intensity of particles as in the homo-
geneous IGM, as long as the mean free path of
the particles involved is sufficiently long.

(ii) Δ1α1;0rvir ≫ 1: the halo is optically thick to directly
emitted particles, and we find ηðΔ1α1;0rvir ≫ 1Þ≈
Δβ=Δ1. The intensity is enhanced by the Δβ en-
hancement in the DM process rate within the halo,
but is shielded by the enhanced density of targets
surrounding the center of the halo. In particular, if
primaries sourced by DM decays deposit their
energy promptly into ionization and heating via
any process with a rate that scales as Δ, e.g. atomic
processes, the intensity within the halo remains at
the homogeneous value. An alternative way to see
this result is to consider the total power injected in
the halo, and divide by the number of gas particles in
the halo, under the assumption that all the injected
power is promptly deposited. If the both the injected
power and the gas particle density are enhanced by
the same factor, the effect cancels out in the ratio.

We observe that at least for the case of DM decay, these
nominally opposite limits actually lead to the same behav-
ior; this is a first hint that this behavior (η ≈ 1) will be
common.

2. Secondaries

In most cases, particles from DM processes cool by
scattering into other particles, which can further undergo
subsequent interactions.

We will first consider how to determine the intensity of
secondary particles (at step nþ 1) in the limit where (1) the
primary (at step n ¼ 1) producing this particle is sourced
directly by the DM process, with j1ðs ≤ rvirÞ ¼ Δβj1;0 and
j1ðs > rvirÞ ¼ j1;0, and (2) the primary (at step n for any n)
has constant intensity Ip ¼ Ip;0. These are two limits that we
will frequently encounter in a DM process particle cascade.
Throughout this section, we use subscript p to denote both
n ¼ 1 and more general primaries, and 1 only when
discussing n ¼ 1 directly emitted primaries. Our goal is
to compute the intensity of secondary particles at step nþ 1.
Under the simplifying assumption that all particles

scatter only in the forward direction, the intensity of the
primaries Ip acts as a source of emission for the secon-
daries, i.e. along radial paths pointing out from the center of
the halo,

jsðsÞ ¼
Z

dωpαpðsÞ
IpðsÞ
ωp

· ωs
dN̄s

dωs
ðωpÞ; ðB5Þ

where αp is the extinction coefficient of the primaries, and
dN̄s=dωs is the spectrum of secondaries produced per
primary scattering event. Note that αp, Ip and dN̄s=dωs

depend on ωp, while js depends also on ωs.
6 Integrating the

radiation transfer equation for secondaries gives

IsðsÞ ¼
Z

dωp
ωs

ωp

dN̄s

dωs
ðωpÞ

Z
∞

s
ds0αpðs0ÞIpðs0Þe−τsðs;s0Þ

ðB6Þ

For a homogeneous medium, we have

Is;0 ¼
Z

dωp
ωs

ωp

dN̄s

dωs
ðωpÞIp;0

αp;0
αs;0

;

where Ip;0 is the homogeneous primary intensity.
First, let us consider the case where the primary intensity

is given by its homogeneous value, i.e. Ip ¼ Ip;0. From
Eq. (B6), the intensity of the secondaries is given by

IsðIp ¼ Ip;0Þ ¼
Z

dωp
ωs

ωp

dN̄s

dωs
ðωpÞIp;0

Z
∞

s
ds0αpðs0Þe−τsðs;s0Þ

¼
Z

dωp
ωs

ωp

dN̄s

dωs
ðωpÞIp;0

αp;0
αs;0

�
e−Δsαs;0rvir þ Δp

Δs
ð1 − e−Δsαs;0rvirÞ

�
;

Yet again, under the assumption of a monochromatic
primary spectrum, we obtain

ηsðIp ¼ Ip;0Þ ¼ e−Δsαs;0rvir þ Δp

Δs
ð1 − e−Δsαs;0rvirÞ: ðB7Þ

Note that in general Δp ≠ Δs; for example, primary
electrons that undergo ICS into photoionizing photons

6An additional integral over Ωp would appear without the
assumption of forward scattering.
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haveΔp ¼ 1, since ICS occurs off CMB photons which are
not enhanced within a halo, but Δs ¼ Δ, since photoioni-
zation occurs off neutral atoms which are enhanced in a
halo. The limits of interest are

(i) Δsαs;0rvir ≪ 1: this corresponds to the limit where
the halo is optically thin to secondaries. We find
ηsðIp ¼ Ip;0Þ ≈ 1þ Δpαs;0rvir, i.e. we get a poten-
tial enhancement if the primary path length is
sufficiently short, due to the fact that we become
dominated by primaries scattering inside the halo
(and not in the homogeneous IGM), which comes
with a Δp enhancement; and

(ii) Δsαs;0rvir ≫ 1: the halo is optically thick to secon-
daries, leading to ηsðIp ¼ Ip;0Þ ≈ Δp=Δs. In this
limit, the dominant contribution to the intensity
comes from primaries scattering close to the center
of the halo. The scattering rate is therefore enhanced
byΔp, but suppressed byΔs due to the shielding that
the halo overdensity provides to the secondaries.

Another way to think about the Δp halo enhancement is to
consider primaries with short path length. In this case, the
assumption of a homogeneous intensity for the primaries
implies that the primaries are more efficiently injected in
regions of high Δp (where they are also more efficiently
depleted). Since the primaries convert promptly to secon-
daries, the production of secondaries is similarly enhanced.
Next, we examine the case where the primaries are

sourced by DM processes, i.e. n ¼ 1 and j1ðs ≤ rvirÞ ¼
Δβj1;0, and j1ðs > rvirÞ ¼ j1;0, where j1;0 is some constant
emission coefficient. Substituting Eq. (B2) into Eq. (B6),
we find

I2ðsÞ ¼
Z

dω1

ω2

ω1

dN̄2

dω2

ðω1Þ
Z

∞

s
ds0α1ðs0Þe−τ2ðs;s0Þ

×
Z

∞

s0
ds00j1ðs00Þe−τ1ðs0;s00Þ:

The structure of this result can be understood as follows:
the intensity of secondaries at s is given by the sum
intensity of primaries in shells of width ds0, multiplied by
α1 to obtain the intensity into secondaries, and finally
multiplied by the survival probability of secondaries
traveling from s0 to s. Once again, for a monochromatic
primary spectrum, we can define η2 ≡ I2ðs ¼ 0Þ=I2;0, and
using the fact that I1;0 ¼ j1;0=α1;0, we obtain

η2 ¼ α2;0

�Z
rvir

0

dsα1ðsÞe−τ2ð0;sÞ

×

�
Δβ

Z
rvir

s
ds0e−τ1ðs;s0Þ þ

Z
∞

rvir

ds0e−τ1ðs;s0Þ
�

þ
Z

∞

rvir

dsα1ðsÞe−τ2ð0;sÞ
Z

∞

s
ds0e−τ1ðs;s0Þ

�
: ðB8Þ

This can be evaluated with our top-hat model, giving

η2 ¼ e−Δ2α2;0rvir þ Δβ

Δ2

ð1 − e−α2;0Δ2rvirÞ

− α2;0ðΔβ − Δ1Þ
e−Δ2α2;0rvir − e−Δ1α1;0rvir

Δ1α1;0 − Δ2α2;0
:

Let us consider the following limits:
(i) α2;0 → ∞: this corresponds to a secondary with

extremely short path length. In this limit, the center
of the halo only receives secondaries that are pro-
duced near the center. We find η2 ¼ ðΔ1=Δ2Þη1, i.e.
we get an enhancement from the primary intensity
itself being larger, and the fact that there can be more
targets for primaries to scatter off in the halo; on the
other hand, we receive a suppression due to screening
of the secondaries by the dense halo; and

(ii) α2;0 → 0: in this limit, secondaries have a very long
path length, and the halo is optically thin. One finds
that also assuming α1;0 → 0, i.e. the halo is optically
thin also to primaries, we obtain η2 ¼ 1þ Δ1α2;0rvir,
which is the same result as IsðIp¼Ip;0Þ, since ηp → 1

as αp;0 → 0. On the other hand, for α1;0 → ∞, both
primaries and secondaries have a short path length.
We find η2 ≈ 1þ Δβα2;0rvir, which is similar to the
result for η1—if the directly emitted particles have a
sufficiently short path length, then n ¼ 2 particles can
be treated as the directly emitted particles instead.

3. Tertiaries

Intensities of tertiaries and subsequent particles
can be calculated iteratively, with increasingly more
complicated integrals to perform. For our purposes, as
with secondary particles, we only need to determine
the intensity of tertiaries under the two assumptions
of (1) the primary producing the tertiary is sourced directly
by the DM process, with j1ðs ≤ rvirÞ ¼ Δβj1;0 and
j1ðs > rvirÞ ¼ j1;0, and (2) the primary has constant
steady-state intensity Ip ¼ Ip;0.
Following the same procedure as before, we can recur-

sively obtain the intensity of tertiaries as

ItðsÞ¼
Z

dωs
ωt

ωs

dN̄t

dωt
ðωsÞ

Z
dωp

ωs

ωp

dN̄s

dωs
ðωpÞ

×
Z

∞

s
ds0αsðs0Þe−τtðs;s0Þ

Z
∞

s0
ds00αpðs00Þe−τsðs0;s00ÞIpðs00Þ:

Once again, we evaluate the expected intensity in the
homogeneous limit, which is

It;0 ¼
Z

dωs
ωt

ωs

dN̄t

dωt
ðωsÞ

Z
dωp

ωs

ωp

dN̄s

dωs
ðωpÞ

αp;0
αt;0

Ip;0:

For n¼ 1 and j1ðs ≤ rvirÞ ¼ Δβj1;0 and j1ðs > rvirÞ ¼ j1;0,
assuming all cascades are monochromatic, we can again
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define η3 ¼ I3ðs ¼ 0Þ=I3;0 and perform the integrals over
the various domains. This ultimately gives

η3 ¼ e−Δ3α3;0rvir þ Δβ

Δ3

ð1 − e−Δ3α3;0rvirÞ

−
Δ2ðΔβ − Δ1Þα2;0α3;0
Δ1α1;0 − Δ1α1;0

e−Δ3α3;0rvir − e−Δ1α1;0rvir

Δ3α3;0 − Δ1α1;0

þ Δ2ðΔ1 − Δ2Þα2;0α3;0 − Δ1ðΔβ − Δ2Þα1;0α3;0
Δ1α1;0 − Δ2α2;0

×
e−Δ3α3;0rvir − e−Δ2α2;0rvir

Δ2α2;0 − Δ3α3;0
: ðB9Þ

For any n, in the limit where Ip ¼ Ip;0, we can likewise
define ηtðIp ¼ Ip;0Þ≡ Itðs ¼ 0Þ=It;0, which is given by

ηtðIp ¼ Ip;0Þ ¼ e−Δtαt;0rvir þ αs;0ΔpΔs

Δt

1 − e−Δtαt;0rvir

Δsαs;0 − Δtαt;0

− αt;0Δp
1 − e−Δsαs;0rvir

Δsαs;0 − Δtαt;0

− αt;0Δs
e−Δsαs;0rvir − e−Δtαt;0rvir

Δsαs;0 − Δtαt;0
: ðB10Þ

This result is finite as Δsαs;0 → Δtαt;0. In the limit where
αs;0 → ∞, i.e. the secondaries have an extremely short path
length, we find ηt ≈ e−Δtαt;0rvir þ ðΔp=ΔtÞð1 − e−Δtαt;0rvirÞ.
Comparing this with the result for the intensity of a
daughter particle originating from a mother particle with
homogeneous intensity, this result shows that we can
simply skip the secondaries step in the cascade if the path
length is sufficiently short, which matches our intuitive
expectations.

4. Effect of the halo

We are now ready to examine the effect of the enhanced
density in the halo on energy deposition with in the
halo. We focus only on decaying DM in this section,
since this is the process that has largest impact on star
formation given existing experimental constraints. First, we
note that the energy deposited per volume per time
ðdE=dVdtÞdep ∝

R
dωfαfIf, where f labels the last step

in the cascade in the halo. Therefore, if the halo receives the
same intensity as in the homogeneous limit, the energy
deposited per volume per time increases by a factor of Δf

relative to the homogeneous limit, where Δf is the over-
density of targets for the last step of the cascade, since
αf ¼ Δfαf;0, where αf;0 is the extinction coefficient of the
last step in the cascade in the homogeneous limit.
Equivalently, the energy deposited per baryon per time
is enhanced by Δf=Δ, which is 1 for the final step in all
cascades, since ionization and heating occurs through
scattering with atoms or free electrons. In other words,

receiving a homogeneous intensity at the center of the halo
typically implies the same energy deposited per baryon per
time as in the homogeneous limit.
To determine what effect the halo has on the intensity of

the particles in the final step, we estimate ηf ¼ Ifðs ¼
0Þ=If;0 by obtaining η for some of the intermediate steps,
using either our ability to calculate η2 for secondaries and η3
for tertiaries from particles emitted directly from the DM
process, or by making use of ηn ≈ 1 for some intermediate
step in the cascade, allowing us to calculate ηnþ1 or ηnþ2. We
present results for 1þ z ¼ 20, which is the more exper-
imentally accessible redshift, and for Mhalo ¼ 106M⊙,
which is close to the critical halo mass at that redshift
including DM effects (see Fig. 4). Our results are relatively
insensitive to halo masses within an order of magnitude of
Mhalo ¼ 106M⊙, since the relevant parameter is rvir ∝ M1=3

halo.
The extinction coefficients for the cooling processes

in the cascade of eþe− pairs and photons are given
by the inverse of the energy loss path length, i.e.
α¼ð1=vÞðd logE=dtÞ. The energy loss path lengths α−1

for relevant processes are shown in Fig. 10 for 1þ z ¼ 20
and 1þ z ¼ 100, and are discussed and derived in detail
in Refs. [4,30].
Tables II and III shows the approximate monochromatic

cascade produced by an electron or positron, and a photon
respectively, as a function of initial energy. Each row
corresponds to a range of energies over which the cascade
goes through the same processes and intermediate states,
differing only in energy of the intermediate states. The
dominant process taking particles from step n to step nþ 1

FIG. 10. Path lengths for particles to lose a significant amount
of energy by various processes. For cooling lengths that depend
on the gas density, we show results for the mean density in solid
lines and virialized halo density in dashed lines. The horizontal
dotted line marks 0.1 kpc, which is the approximate size of rvir for
halos of mass 106M⊙ virializing at 1þ z ¼ 20.
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in the cascade are shown under n → nþ 1. The final step
by which energy is deposited directly into ionization,
heating or low-energy photons is shown in bold.
In order to obtain ηf for all relevant final states, we need

the following results, summarized in Fig. 11:
(i) η2 and ηsðIp ¼ Ip;0Þ for secondary photons pro-

duced by primary electrons undergoing ICS, as-
sumed to either be sourced by DM decay for η2, or to
have the homogeneous, steady-state intensity, Ip ¼
Ip;0 for ηsðIp ¼ Ip;0Þ (Fig. 11 top left);

(ii) η3 and ηtðIp ¼ Ip;0Þ for tertiary electrons of primary
electrons undergoing ICS, producing secondary
photons, which subsequently produce tertiary elec-
trons through either photoionization or Compton
scattering (Fig. 11 top right);

(iii) ηsðIp ¼ Ip;0Þ for secondary electrons produced by
primary photons undergoing photoionization
or Compton scattering, and η2 for secondary
electrons produced by Compton scattering or
pair production on neutral hydrogen of primary

FIG. 11. The halo enhancement factor calculated for DM decay, under different assumptions as a function of primary particle energy,
including (top left) η2 for secondaries produced by the ICS of electrons sourced by DM decay (blue), or ηsðIp ¼ Ip;0Þ for secondaries by
primaries with the homogeneous, steady-state intensity (orange); (top right) η3 for tertiaries produced by ICS of electrons sourced by
DM decay followed by photoionization of the secondary photons (blue), or Compton scattering (dashed orange), as well as ηtðIp ¼ Ip;0Þ
for tertiaries produced by ICS of electrons with the homogeneous, steady-state intensity followed by photoionization (green), or
Compton scattering (dashed red); (bottom left) ηsðIp ¼ Ip;0Þ for secondaries produced by photoionization with the homogeneous,
steady-state primaries (blue), η2 for Compton scattering of photons sourced by DM decay (orange, dot-dashed), ηsðIp ¼ Ip;0Þ for
Compton scattering of primary photons with the homogeneous, steady-state intensity (green, dashed), and η2 for pair production of
photons sourced by DM decay (red), and (bottom right) ηtðIp ¼ Ip;0Þ for primary photons with the homogeneous, steady-state intensity
undergoing Compton scattering, producing electrons that undergo ICS (blue), and η3 for photons from DM decays undergoing either
Compton scattering (orange, dashed) or pair production on neutral hydrogen (green), followed by ICS of the secondary electrons.
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photons sourced by DM decay (Fig. 11 bottom
left), and

(iv) ηtðIp ¼ Ip;0Þ for tertiary photons produced by the
ICS of secondary electrons, which is in turn pro-
duced by primary photons undergoing Compton
scattering, as well as η3 for tertiary photons pro-
duced by the ICS of secondary electrons, coming
from primary photons sourced by DM decay under-
going pair production (Fig. 11 bottom right).

With this information, we can explain the estimate for ηf
for each type of cascade as a function of the primary
particle energy.
χ → eþe−:
(i) 1–14MeV: eþe− pairs mainly undergo ICS into sub-

13.6 eV photons with long path lengths,7 giving
ηf ≈ 1 (see Fig. 11 top left).

(ii) 14–60 MeV: The primary particles undergo ICS into
photons just above the ionization threshold of
hydrogen, and have very short path lengths. These
photons then produce low-energy electrons, which
again undergo collisional ionization with short path
lengths. By considering η3 for ICS (Fig. 11 top
right), we find that ηf ≈ 1=Δ.

(iii) 60–350 MeV: This energy range results in the same
cascade as the previous range, but the photoionizing
photons are of sufficiently high energy that their path
lengths are much longer than the virial radius of the
halo. We find η3 ≈ 1 for ICS into photons, which
then photoionize neutral atoms to produce the final,
tertiary final low-energy electrons (Fig. 11 top right).

(iv) 0.35–1.37 GeV: The photons from ICS now cool
mainly by Compton scattering, and not photoioni-
zation, but ηf ≈ 1 remains true in this regime, again
by considering η3 of for primary electrons under-
going ICS, producing photons that Compton cool
(Fig. 11 top right).

(v) 1.37–10 GeV: For this energy range, the cascade
becomes longer, with the secondary photons
Compton scattering into electrons that predomi-
nantly undergo ICS instead of atomic processes.
We use the fact that η2 ≈ 1 for ICS into photons to
show that these secondary photons have the homo-
geneous, steady-state intensity (Fig. 11 top left),
and then use ηtðIp ¼ Ip;0Þ for photons that undergo
Compton cooling to electrons that cool mainly via
ICS to show that ultimately, ηf ≈ 1 (Fig. 11 bot-
tom right).

Note that our benchmark models • and ⋆ directly emit
92 MeVelectrons and positrons, and therefore have ηf ≈ 1.
χ → γγ:
(i) 10–120 keV: The primary photons Compton scatter

to produce low-energy electrons, which also rapidly

lose all their energy through atomic processes. We
find ηf ≈ 1 by calculating η2 of primary photons
which Compton scatter (Fig. 11 bottom left), finding
that the enhancement of Δ due to enhanced pro-
duction of primaries in the halo is exactly canceled
by the shielding of secondaries due to the same
enhancement in density.

(ii) 0.12–14 MeV: Primary photons Compton scatter
once again, but produce electrons that predominantly
cool via ICS into sub- 13.6 eV photons. ηf ≈ 1
by considering ηt for photons that Compton scatter
(Fig. 11 bottom right).

(iii) 14–60 MeV: Once again, we have Compton scat-
tering into electrons (η2 ≈ 1 from Fig. 11 bottom
left, so these electrons have homogeneous inten-
sity) that ICS into photons, that are now just above
the hydrogen ionization threshold; they photo-
ionize hydrogen, producing low-energy electrons
with a short path length. We find ηf ≈ 1=Δ by
looking at ηtðIp ¼ Ip;0Þ for electrons undergoing
ICS and subsequent photoionization (Fig. 11 bot-
tom right).

(iv) 60–120 MeV: Similar to the above, except the first
step is pair production on neutral hydrogen of the
primary photons. ηf ≈ 1=Δ.

(v) 120–700 MeV: Similar to the above, except that the
photoionizing photons in the 3rd step of the cascade
have a long path length. Because of this, ηf ≈ 1. We
can deduce this by starting with η3 for photons to
show that the intensity of tertiary photons is the
homogeneous intensity (Fig. 11 bottom right), and
then looking at ηsðIp ¼ Ip;0Þ for photoionizing
photons (Fig. 11 bottom left).

(vi) 0.7–2.8 GeV: Similar to the above, except that the
tertiary photons cool by Compton scattering, which
also has a long path length, leading to ηf ≈ 1 as
before.

(vii) 2.8–10 GeV: Finally, in this energy range, photons
undergo pair production on neutral hydrogen, and
follows the same cascade as 1.4–5 GeVelectrons do
as described above. We find that ηf ≈ 1 by using
η3 ≈ 1 of Compton scattering photons going into
electrons that ICS, and then applying ηtðIp ¼ Ip;0Þ
on these tertiary photons (which produces electrons
that again ICS into < 13.6 eV photons) (see Fig. 11
bottom right).

In summary, we find that ηf ≈ 1 across most of the
parameter space of interest for DM decays into eþe− and
γγ, except for 28 MeV≲mχ ≲ 120 MeV for χ → eþe−,
and 28 MeV≲mχ ≲ 240 MeV for χ → γγ, where
ηf ≈ 1=Δ. This implies a reduction of 1=Δ with respect
to the homogeneous fcðzÞ calculated in DarkHistory for these
narrow ranges of parameter space. One way to summarize
the physical origin of this reduction is that in all these cases,
near the end of the cascade, homogenized electrons with a

710.2–13.6 eV photons scatter rapidly, but elastically, which
we consider as having a long path length.
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relatively long path length undergo ICS to produce photons
that promptly deposit their energy. The production of these
photons is not enhanced by the presence of the halo, and
their energy must be divided between the larger density of
halo particles, leading to the observed suppression in
deposited power per particle. In all other regimes, we
have argued that ηf ≈ 1 implies fc=nH in both the IGM and
the halo are approximately equal, justifying our approach
in the main body of the paper.
Although the same formalism applies to annihilation, we

do not perform the same in-depth analysis, since the
potential effect of DM annihilation on the formation of
the first stars appears to be strongly constrained by existing
experimental probes such as the CMB power spectrum. We
note briefly that in the case of annihilation, we can get both
enhancement and suppression of the intensity of particles at
the final step, likely violating the assumption that the same
energy is deposited per baryon per time in the halo as in the
homogeneous IGM over a broader swathe of param-
eter space.
Figure 12 shows the difference in the halo evolution

when we assume that the fc’s are the same as in the IGM, or
when we assume the fc’s is suppressed by an additional
factor of the overdensity Δ. For model •, this mild
suppression of energy deposition reduces the effect of
heating, such that the halo is no longer pressure supported
when it virializes and is able to reach the virial density.
After virialization, the reduced heating rate means the halo
cools much faster and is now able to pass the star-forming
condition. For model ⋆, where the cooling rate of the halo
is enhanced compared to the case with no exotic injection,
reducing energy deposition causes the halo to cool more
slowly.

From examining these two models, we can infer the ways
in which Figs. 5 and 6 would change if the fc’s were
suppressed for certain dark matter masses. Overall, the
contours would shift toward smaller lifetimes/larger cross
sections, since in order to have the same effect on a halo,
one would have to dial up the rate of energy injection to
counteract the reduced deposition rate.

APPENDIX C: BRACKETING LYMAN-WERNER
EFFECTS FOR OTHER CHANNELS

In Sec. V C, we showed the changes to the critical mass
threshold in the parameter space for decay and s-wave
annihilation to eþe− pairs, when self-shielding of the halo
is inefficient. Here, we discuss the other channels.
Figure 13 shows the same results as in Fig. 7, but for
decay to photons, s-wave annihilation to photons, and
p-wave annihilation to both eþe− pairs and photons.
For decay to photons, the depth of the blue contours is

slightly reduced relative to the results assuming strong self-
shielding, with the largest differences reaching to about
20%. The s-wave annihilation to photon results are only
marginally impacted by self-shielding assumptions and
differ by less than a percent in most of the parameter
space shown.
For both p-wave annihilation channels, the depth

of the red contours is significantly increased such that
there is much more parameter space where we would
likely see a significant delay to star formation. We see
that p-wave to eþe− results are especially enhanced at
masses of tens of MeV. This is for the same reason
as discussed in Sec. V C for the s-wave results; the
primary electrons are injected at the right energy to

FIG. 12. Halo evolution for model • (left) and model ⋆ (right), with the same halo as in Fig. 2. Solid lines indicate results assuming the
same fc’s as calculated in the IGM; dashed lines show results where the fc’s are suppressed by a factor of the halo number density, i.e.
the worst case scenario for energy deposition. The horizontal line segments on each panel indicate Tvir and 0.75Tvir, and span the
redshift range ðzvir; 0.75zvirÞ; if the temperature curve crosses the lower line segment after virialization, the halo passes the criterion for
collapsing and forming stars.
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upscatter CMB photons through ICS into the LW band.
However, as mentioned in Sec. V, our assumption that
energy deposition is very similar between the IGM and
the halo is most likely to break for p-wave annihilation,

where the energy injection is dominated by the largest
halos with the highest velocity dispersions—we leave a
more accurate calculation of the p-wave results to
future study.
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