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The 21-cm signal provides a novel avenue to measure the thermal state of the universe during
cosmic dawn and reionization (redshifts z 5 30), and thus to probe energy injection from de-
caying or annihilating dark matter (DM). These DM processes are inherently inhomogeneous: both
decay and annihilation are density dependent, and furthermore the fraction of injected energy that
is deposited at each point depends on the gas ionization and density, leading to further anisotropies
in absorption and propagation. In this work, we develop a new framework for modeling the im-
pact of spatially inhomogeneous energy injection and deposition during cosmic dawn, accounting
for ionization and baryon density dependence, as well as the attenuation of propagating photons.
We showcase how this rst complete inhomogeneous treatment a ects the predicted 21-cm power
spectrum in the presence of exotic sources of energy injection, and forecast the constraints that up-
coming HERA measurements of the 21-cm power spectrum will set on DM decays to photons and to
electron/positron pairs. These projected constraints considerably surpass those derived from CMB
and Lyman- measurements, and for decays to electron/positron pairs they exceed all existing con-
straints in the sub-GeV mass range, reaching lifetimes of  10%® s. Our analysis demonstrates the
unprecedented sensitivity of 21-cm cosmology to exotic sources of energy injection during the cosmic
dark ages. Our code, DM21cm, includes all these e ects and is publicly available in an accompanying
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I. INTRODUCTION

The redshifted 21-cm signal produced by the hyper-
ne transition of neutral hydrogen represents the leading
prospect for studying cosmology at intermediate redshifts
between the CMB formation at early times and late-time
large-scale structure surveys. Measurements of the 21-cm
signal are expected to provide a window into the thermal
and ionization history of our universe between the end of
the cosmic dark ages and reionization. Experiments such
as EDGES [1], LEDA [2], PRI*M [3], and SARAS [4] are
already in the process of measuring the global (monopole)
21-cm signal as a function of frequency. Additionally, ra-
dio interferometers like PAPER [5], the MWA [6], LO-
FAR [7], HERA [8], and the upcoming Square Kilometre
Array (SKA) [9], will measure the frequency-dependent
spatial variations of the 21-cm signal. Current power-
spectrum limits are cutting into physically motivated pa-
rameter space [10{13], and upcoming observations are
expected to reach deep enough to detect the reionization
signal.

In  CDM cosmology, reionization is expected to be
driven by the star formation within the rst galaxies.
The rst stars emit ionizing radiation, creating patches
of fully ionized hydrogen which grow to Il the uni-
verse, leading to the present-day fully ionized intergalac-

yitians@mit.edu
Y jwfoster@mit.edu

tic medium (IGM). However, more exotic sources of en-
ergy injection such as the annihilation or decay of massive
dark matter (DM) particles to energetic, electromagnet-
ically interacting particles could play an important and
even detectable role in the process of reionization (in-
cluding changes to the ionization and thermal history
well before the universe fully reionizes). In the DM sce-
nario, the reionization process may depart signi cantly
from the standard astrophysical scenario; the emission
of radiation that ionizes and heats the universe will now
partly track the spatial distribution of DM rather than
the stellar distribution, and will occur on a timescale set
by the DM depletion mechanism rather than the star
formation rate (SFR). The deviations are expected to be
imprinted in the 21-cm signal much as they might be
in the CMB, a scenario which has been well studied in,
e.g., Refs. [14{21]. The CMB and 21-cm signal measure-
ments are expected to be highly complementary, with the
CMB providing good sensitivity to DM energy injection
at early times, such as through s-wave annihilation, while
the 21-cm signal should produce improved constraints on
scenarios where the energy injection is weighted more to-
ward later times, such as through decay or p-wave anni-
hilation.

The most sensitive possible 21-cm probes of annihilat-
ing or decaying DM will make use of both high precision
monopole measurements and measurements of the power
spectrum in joint analyses making use of data collected
across a range of observatories and facilities. While the
e ect of dark matter on the global monopole signal has
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been previously studied in several contexts (see Refs. [22{
27]), the power spectrum measurement is particularly
compelling as the combination of spatial and temporal
information can be utilized to break degeneracies with
uncertainties in the standard astrophysics. However, at
redshifts relevant for the production of measurable 21-cm
radiation, the linear and then nonlinear growth of struc-
ture has produced a universe which is inhomogeneous at
the O(1) level. Understanding the impact of these inho-
mogeneities on both the 21-cm global signal and power
spectrum is critical for making accurate predictions in
the DM paradigm.

A similar challenge exists even in the standard stel-
lar reionization scenario due to the considerable spa-
tial inhomogeneities in the star formation rate density
(SFRD), which has been studied in large-scale radiation-
magnetohydrodynamic simulations, such as [29{31].
However, these simulations are costly and often cannot
resolve the smallest star-forming galaxies along with the
long mean-free paths of X -ray radiation. This limits their
use in analyses that seek to understand the impact of as-
trophysical parameters and modeling on the 21-cm sig-
nal. As such, semi-numerical simulation frameworks such
as 21cmFAST [32] and alternatives [33{36] have become a
standard tool for 21-cm analyses, o ering a more com-
putationally e cient approach. By default, 21cmFAST
does not include the e ects of DM beyond its role in the
growth of structure, though some recent e orts have been
made to include the e ects of dark matter elastic scatter-
ing [37] or the role of exotic energy injections under an
approximation of homogeneous energy deposition [28].

In this work, we develop a new simulation framework,
which we call DM21cm, that joins the simulation proce-
dure implemented in 21cmFAST with the ionization and
thermal history modeling of the public DarkHistory code
package,® in order to perform rst-of-their-kind simula-
tions of ionization and heating in the presence of spa-
tially inhomogeneous exotic energy injection and depo-
sition. Though designed with energy injection due to
DM in mind, DM21cm is a exible tool capable of accom-
modating arbitrary spatial and temporal dependence for
the energy injection process. As an illustrative example
of the power of our simulation framework, in Fig. 1, we
show a predicted change in the 21-cm brightness temper-
ature lightcone including 1 keV DM decaying to photons
with a lifetime of 6 1028 s computed by DM21cm. We also
compare this to the prediction made with the simplify-
ing assumption of homogeneous exotic energy injection
and deposition, such as was made in Ref. [28]. Manifest
di erences between the predicted spatial morphology of
the brightness temperature at redshifts between 10 and

1 Throughout this work we employ version 1.1 of DarkHistory [38,
39]. Recent improvements to the code [40] have been shown
to have only small e ects on the cosmic thermal and ionization
histories [41], although the impact on Lyman- photons may be
more substantial and may merit further study.

0 d [Mpc] 256 0

Baseline

d [Mpc]

256 0 d[Mpc 256

Redshift z

20 1

30

— W
—50 0
TQl [HIK]

0

5 10 15
ATy [mK]

Figure1l. E ects of Inhomogeneous and Homogeneous
DM Energy Injection on 21-cm Brightness Tempera-
ture. The left-most lightcone shows the baseline T»1 in which
reionization is driven by standard astrophysical processes with
no exotic energy injection from DM. The center and the right
lightcones show the change in T»1 from the baseline scenario
in the presence of 1keV mass DM decaying monochromati-
cally to two photons with a lifetime of 10%%® s, which is cur-
rently allowed but we will show can be tested by upcoming
21-cm data. The di erence in the middle lightcone is obtained
by treating the exotic energy injection of DM with our new
spatially inhomogeneous procedure, while the right lightcone
is obtained from a simpler homogenized procedure that has
been considered in previous literature, e.g., Ref. [28]. While
the sensitivity of HERA under the simpli ed homogenized
procedure is ultimately similar to the full calculation, they
produce very distinct shifts from the baseline T,1 evolution.

20, corresponding to radio frequencies probed by existing
and upcoming observatories, make clear the importance
of a modeling procedure that treats inhomogeneities ac-
curately.



This paper is organized as follows. In Sec. 1, we review
the basic aspects of 21-cm cosmology, with a particular
focus on the calculations performed by 21cmFAST that
we will extend. In Sec. Ill, we detail the modeling pre-
scription and implementation of the DM21cm framework
and study monopole and power spectrum signals gener-
ated for extreme but instructive decaying DM scenarios.
In Sec. 1V, we use our DM21cm framework to perform a
Fisher forecast, projecting sensitivities and limits on DM
decay across many decades of DM mass for two bench-
mark scenarios: monochromatic decays to photons and
to electron/positron pairs. These projected constraints
surpass existing ones from the CMB and Ly by sev-
eral orders of magnitude and, when realized, will provide
leading sensitivity to sub-keVV DM decay to photons and
sub-GeV DM decay to electron/positron pairs. Finally,
we o er some concluding remarks in Sec. V, with some
numerical tests and systematic variations presented in
the Appendices.

Il. REVIEW OF 21-CM COSMOLOGY AND
21CMFAST

We begin with a brief review of the most relevant as-
pects of 21-cm cosmology; for a detailed review of this

eld we refer the reader to e.g. Ref. [42]. The funda-
mental observable associated with the 21-cm signal is
the brightness temperature of the redshifted 21-cm line
relative to the CMB blackbody temperature. This is a
frequency-dependent line-of-sight quantity which is given
by
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where is the Eulerian density contrast, H is the Hub-

ble parameter, and dv,=dr is the comoving gradient of
the comoving velocity projected along the line of sight.
T is the CMB temperature, \ and |, the respective
present-day matter and baryon abundances relative to
the critical density, and h the present-day Hubble param-
eter in units of 100 km=s=Mpc [43]. All of these quantities
are independent of any energy injection, which enters the
brightness temperature through its e ects on the neutral
fraction of hydrogen xy; and the gas spin temperature
Ts [44]. These quantities are de ned in further detail
below.

In this section, we review at a general level how these
quantities are calculated in 21cmFAST as well as how
they can be modi ed to account for exotic energy in-
jection, building on the previous treatment described in
e.g. Ref [45].

A. Spin Temperature Evolution

We begin with a review of the evolution of the spin
temperature Ts, which de nes the occupation level of the
triplet excited state with respect to the singlet ground
state in the hyper ne two-level system. Ts is jointly de-
termined by hyper ne transitions due to i) the absorption
and emission of CMB photons, ii) collisions between hy-
drogen atoms and other hydrogen atoms, free electrons,
and free protons, and iii) the absorption and emission of
Lyman- (Ly ) photons, also known as the Wouthuysen-
Field e ect [46, 47]. The spin temperature can be written
as

T 2T P +x T 1
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where Ty is the gas kinetic temperature and T is the
e ective color temperature of the Ly radiation eld; X
and x are coupling coe cients for the collision and Ly
scatterings [44]. To a good approximation, Ty T [47],
though there exist more precise treatments [48], and X,
has been calculated in detail by [49, 50]. It is clear, then,
that the thermal state of the IGM will become imprinted
onto the spin temperature, and DM energy injection will
alter the kinetic temperature Ty and the Wouthuysen-
Field coupling coe cient x . Let us describe how we
compute each of these terms.

1. Kinetic Temperature Evolution

Following the 21cmFAST treatment detailed in Ref. [32],
the dynamics of the spin temperature evolution are gov-
erned by the system (in the absence of any exotic sources
of energy injection)

dxe(z; X dt
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where X, is the local ionized fraction in the \mostly
neutral™ IGM as produced by photoionization by X-
rays, na the local physical nuclear density,> , the heat-
ing/cooling rate per nucleus, o, the ionization rate
per baryon, a the case-A recombination coe cient,
C n2 :hnei2 the free-electron clumping factor, kg
the Boltzmann constant, and fy  np=(ny + nye) the
hydrogen nucleus number fraction. In this work, we also

2 In 21cmFAST, na is referred to as the ‘baryon number density’
when in fact it is the total number density of hydrogen and he-
lium nuclei.



follow 21cmFAST in assuming that the abundance of dou-
bly ionized helium is negligible, and that the singly ion-
ized helium fraction nye;=npe is always equal to the
hydrogen ionized fraction ng=ny. In the mostly neu-
tral IGM, the ionized fraction X, is therefore de ned as
Xe = NHI=NH = NHell=NHe = Ne=Na, Where ng is the
number density of free electrons.®> We additionally com-
ment on the two-phase ionization model in Sec. 11B. In
21cmFAST, all terms na, Tk, Xe, ion and , are treated
as spatially dependent to some limited degree. Though
there are no explicit di usion terms, the ionization and
heating rates jon and  are calculated accounting for
radiation which is emitted at time z° from location X’
and propagates to x by z. We will discuss this procedure
at greater length in Sec. 111 B. Otherwise, the ionization
fraction X and the kinetic temperature Ty evolve inde-
pendently at each X.

In the presence of exotic energy injection such as from
DM, consistent with the modeling of 21cmFAST, we may
add two additional terms to these expressions (marked
in red)

dxe(z;x) _ dxPM Lt
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Like their standard astrophysics analogs in  jon and p,

these new terms dx2M=dz and dT°M=dz, will be calcu-
lated in a manner that accounts for the spatial depen-
dency of emission and absorption.

2. Wouthuysen{Field Coupling

Like the kinetic temperature, the Wouthuysen{Field
coupling x also receives a contribution for any exotic
energy injection involved in the cosmology. Speci cally,
this dimensionless parameter is given by

x =17 10" S
1+2z
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where S is an atomic physics correction factor [48]
calculated in a spatially-dependent way and J is the
Ly background intensity. Maintaining the treatment
of 21cmFAST, the calculation of S and T from atomic
physics modeling needs no modi cation in the presence
of exotic energy injection. Rather, the e ect of exotic

3 Note that this de nition is di erent from the one adopted in
DarkHistory, where Xe is de ned as the ratio of the free electron
number density and the number density of all hydrogen nuclei,
Xe = Ne=Ny. This is also not equal to ne=na, the de nition used
in DM21cm and 21cmFAST.

energy injection is accommodated by the minimal modi-
cation

J v J +JbPM

where JPM s the spatially-dependent Ly intensity in-
duced by the exotic energy injection. S depends on
the present kinetic temperature Ty but is otherwise in-
dependent of the energy injection process. Here we treat
the Ly deposition with the low energy photon module
of version 1.1 of DarkHistory [38, 39]. We note that
DarkHistory has since been updated with a more de-
tailed treatment of low-energy photons and electrons that
predicts the Ly spectrum with signi cantly higher ac-
curacy by tracking atomic hydrogen levels beyond the
ground state [40]. However, due to the signi cantly pro-
longed run time associated with this improvement, we

nd it impractical to include it, leaving a more careful
study to future work.

B. Neutral Hydrogen Evolution

21cmFAST accounts for two e ects which drive ioniza-
tion of the IGM: weakly ionizing X-ray emission and
strongly ionizing UV emission. The e ect of weakly ion-
izing X -ray emission is fully accounted for within the evo-
lution of X, while the role of ionizing UV emission is cal-
culated using an excursion-set approach [51]. Schemati-
cally, the density eld is Itered on di erent radii, and if
the expected ionizing radiation on any radius overcomes
the number of recombinations, the pixel is considered
ionized [52]. In 21cmFAST, this procedure calculates a
neutral hydrogen fraction x,/f¢", which is then combined
with X to obtain the total neutral fraction

XHI = mﬁlX[O;XHIIter Xel: (6)
Note that the total x is not used to update X.. Since we
have fully included the e ects of exotic energy emission
in the evolution of x. speci ed by Eq. (3), we will then
realize a correct evaluation of xy.

C. Summary of 21cmFAST Evaluation

For a full review of 21cmFAST and its calculation of the
21-cm power spectrum, we refer readers to the most re-
cent associated code paper and modeling procedures [52{
55]. Our interest is in how exotic energy injection modi-

es the 21-cm brightness temperature by contributing to
the ionization of the IGM and the spin temperature evo-
lution, which is evaluated using the spin_temperature
routine of 21cmFAST. However, a complete 21cmFAST
evaluation, including the e ects we attempt to model,
requires additional inputs from routines that: i) evolve
the density and velocity elds (perturb_field); ii) com-
pute the neutral hydrogen fraction including the e ects
of UV emission (ionize_box), and iii) calculate the



brightness temperature from the density eld, the ve-
locity eld, the ionization eld, and spin temperature
(brightness_temperature). The work we present here
will only make modi cations and introduce new func-
tionality through spin_temperature, with the remain-
ing routines left unmodi ed. However, we mention them
here for completeness as they generate key inputs for our
modeling procedure.

111. MODELING EXOTIC ENERGY INJECTION
IN THE 21-CM POWER SPECTRUM

Our code DM21cm provides detailed treatment of the
spatially inhomogeneous injection and deposition of ex-
otic energy through DM interactions. In tandem with
standard astrophysical processes, this exotic energy in-
jection and deposition will then determine the spatial
and spectral morphology of the 21-cm emission. While
DM21cm can be used for any source of energy injec-
tion, in this work, we speci cally consider exotic energy
sourced by DM decays. Naturally, the volume and reso-
lution of the simulations we intend to perform consider-
ably guides the construction of our modeling procedure;
all simulations in this work will be performed within a
box of comoving size (256 Mpc)? at a comoving lattice
resolution of 2Mpc. By comparison, we will advance
our simulations in time using a timestep z such that

z=(1 +z) = 0:002, corresponding to a comoving light-
travel distance of approximately 1Mpc at z = 50 and
2:;5Mpc at z = 5. This is substantially ner than the
default 21cmFAST timestep of z=(1+ z) = 0:02.

DM may decay through a variety of channels, but over
the astrophysical timescales relevant for modeling the 21-
cm power spectrum, decay to any Standard Model parti-
cles will promptly generate photons, electrons/positrons,
and neutrinos. We neglect the production of pro-
tons/antiprotons and atomic nuclei/antinuclei, which are
typically subdominant, and we do not model the weak
interactions of neutrinos with the Standard Model and
their in uence on cosmology. As a result, we need only
model the role of photons and electrons/positrons in-
jected by DM decay in determining the 21-cm signal. To
do so, we will make use of 21cmFAST as a foundation while
using DarkHistory to calculate the energy deposition to
each of the channels described in Sec. Il for arbitrary
spectra of injected electrons or photons. Going forward,
we will use \electrons' to also refer to positrons, unless
explicitly stated otherwise.

Before considering the construction of our calculation
with DM21cm in detail, it is useful to examine the gen-
eral characteristics of energy deposition via photons and
electrons. In particular, the highly energy-dependent ef-

ciency of energy deposition by photons and electrons
strongly informs our modeling procedure. In Fig. 2, we
study the e ciency of energy deposition (summed over
all possible deposition channels) into mostly neutral and
mostly ionized gas by examining the kinetic energy loss
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Figure 2. Transparency window of photons and elec-
trons during reionization. The left two panels show that
the universe is transparent to photons above  keV during
reionization, which lose little energy over a time step in our
simulation of z=(1+z) = 0:002. The right two panels show
that for the majority of kinetic energies and redshifts, elec-
trons lose most of their energy within a time step. We track
long-lived photons in our simulation but assume all electrons
deposit their energy within a time step.

timescale jd log E,=dtj * for photons and electrons calcu-
lated in DarkHistory. Then, as a joint function of kinetic
energy and redshift, we examine the ratio of the kinetic
energy loss timescale with the duration of the redshift
timestep z used in our simulations.

In the case of electrons, with the exception of a modest
transparency window at kinetic energies between 10° eV
and 107 eV, electrons deposit the majority of their energy
within a single time step. Even ultrarelativistic electrons
traveling along straight-line paths will deposit the major-
ity of the energy before they travel the length of a lattice
site, making their energy deposition instantaneous and
on-the-spot to very good approximation. Even for elec-
trons that have a cooling time of several time steps, inter-
galactic magnetic elds can potentially con ne electrons
to propagation distance which are much shorter than the
lattice scale of our simulation. A magnetic eld as weak
as 10 290G, for example, can con ne electrons to a proper
propagation length of less than  0:05Mpc, in compar-
ison to our spatial resolution of 2Mpc. By comparison,
lower limits on the intergalactic magnetic eld based on
gamma-ray observations of distant blazars are on the or-
der of B & 10 165G (see e.g. Ref. [56] for a review). As a



Figure 3. A diagrammatic representation of the DM21cm redshift stepping process. A single state of the simulation at
z consists of elds of density contrast , the ionization fraction Xe, and kinetic temperature Ty, the homogeneous, high-energy
photon bath spectrum dNP¥"=dE, and the X-ray emission history x(z°;x;E) cached over all prior states. The spatially
inhomogeneous incident photon ux is determined from the uniform photon bath and the lightcone integral over the X-ray
emission history. Using DarkHistory transfer functions evaluated as a function of the local , xui, and incident photon ux,
the rate of energy deposition into the Ly , ionization, and heating channels is independently calculated for each location in
the simulation volume. The energy deposition elds are then incorporated within a modi ed 21cmFAST step advancing the
simulation state from z; to zj+1. The DarkHistory transfer functions are also used to generate a new uniform high-energy
photon bath and cache a new X -ray relative luminosity eld associated with production over the interval z; to zj+1. In practice,

the energy deposition procedure is subcycled with respect to the 21cmFAST timestep, see Sec. 111 B5 for details.

result, we expect even these electrons to deposit their en-
ergy in a highly on-the-spot manner. Moreover, since the
cooling times for electrons are still short compared to the
cosmological timescales over which we perform our simu-
lation, treating their energy deposition as instantaneous
remains a good approximation.

Photons, however, have a more interesting behavior.
High-energy photons, which we de ne as photons at en-
ergies above 10keV, may travel for thousands or more
timesteps before fully depositing their energy. This corre-
sponds to comoving cooling distances on the scale of Gpc
or greater, considerably larger than our 256 Mpc simula-
tion boxes. As a result, while high-energy photons may
be injected in a spatially inhomogeneous manner, the in-
cident spectrum of high-energy photons at any one point
receives contributions from all emission within the very
large cooling distance that greatly exceeds the size of our
simulations. This e ectively averages out spatial inho-
mogeneities in the emission of high-energy photons, so
we model them as a spatially homogeneous bath (evolv-
ing as photons are sourced by DM processes and scatter
0 the IGM).

On the other hand, at lower energies, the photon cool-
ing distance can become small compared to the size of
our simulation box, so photons maintain their inhomo-
geneities when averaged over a cooling distance. A sim-
ilar challenge is encountered by 21cmFAST in the model-
ing of standard stellar X -ray emission. Along the lines of
21cmFAST, we de ne X-ray photons as those with ener-
gies between 100eV and 10keV. We track the spatial de-
pendence of their injection over the course of the simula-
tion, and the energy-dependent manner in which they de-
posit their energy and attenuate beginning at their time

of emission, in order to accurately model their e ect on
the brightness temperature. Though we implement our
own treatment of photons in this energy range, it will in
many ways parallel and improve upon that of 21cmFAST.
Also like 21cmFAST we average over the line-of-sight angle
for redshift space distortions. The observed modes out-
side the \wedge" are largely line-of-sight [57, 58], though,
and may have slightly higher power [12].

Between 10.2 eV and 100 eV, photons are characterized
by a cooling distance smaller than the lattice resolution of
our simulations and so require only an on-the-spot treat-
ment analogous to electrons. We do not treat photons
below the Ly transition energy of 10.2 eV in this work.

With this multifaceted treatment of electrons and pho-
tons in mind, in Fig. 3, we provide a diagrammatic ex-
planation of the DM21cm calculation which we detail in
this section. The outline of our procedure is as follows:

1. Following the structure of 21cmFAST, we initialize
the overdensity eld , two-phase ionization X, and
X1, Kinetic temperature Ty and spin temperature
Ts at z = 45. For a given DM model, we add
or subtract a spatially homogeneous contribution
from the Ty and X, elds so that their global aver-
ages match the values predicted by DarkHistory.*
We also initialize a homogeneous bath spectrum of

4 For relatively rapid decay scenarios, a modi cation of the cal-
culation of adiabatic index relating Ti to that accounts for
the e ect of DM heating may be necessary [36]. This treatment
would also need to be extended to modify initial conditions for
Xe.



photons dN =dE produced by DM processes which
occur at z > 45 as predicted by DarkHistory.

2. At each time, to evolve X., Tx and Ts a sin-
gle discretized step, in addition to contributions
coming from star formation already included in
21cmFAST, we need the additional DM terms
dTPM=dz, dxPM=dz and JPM, corresponding to en-
ergy deposition into heating, ionization and Ly
photons. There are three main energy deposition
contributions to these terms that we have to treat
separately:

(@) DM processes occurring within each cell,
which deposit their energy promptly and lo-
cally. This includes energy injected in the
form of electrons/positrons and photons with
energy between 10.2 eV and 100eV;

(b) X-ray photons (de ned as photons with ener-
gies between 100eV and 10keV at the time of
emission) that have an energy-loss path length
comparable to the size of the simulation arrive
at each cell from neighboring cells. The spec-
trum incident on each cell is di erent, and has
to be computed by integration along the light-
cone, accounting for redshifting and attenua-
tion; and

(c) High-energy (> 10keV) photons with energy-
loss path lengths much larger than both the
size of the simulation and the Hubble length.
We treat these photons with a single homoge-
neous high-energy photon spectrum.

3. After calculating the energy deposition terms, we
also need to obtain:

(a) The spectrum dNx=dE and spatial distribu-
tion of X-rays emitted during the step. This
information is cached for future use in the
lightcone integration of X -ray photons of sub-
sequent steps.

(b) The change to the homogeneous photon spec-
trum dNPa"=dE due to interactions in all
cells, which is then passed to the next step.

In the following subsections, we will detail the develop-
ment of transfer functions from DarkHistory and their
incorporation within DM21cm that map input photon and
electron spectra into energy deposition channels and sec-
ondary photon production, enabling this modeling pro-
cedure. These transfer functions are made publicly avail-
able for use with DM21cmin [? ]. In Apps. A, B, and C, we
perform extensive convergence tests between our proce-
dure here and both 21cmFAST and DarkHistory, nding
excellent agreement and consistency.

A. Exotic Energy Deposition from Photons and
Electrons

Given any DM energy injection process, we now want
to determine the terms dx?M=dz, dT°M=dz in Eq. (4),
as well as JPM for the determination of x in Eq. (5). As
reviewed in Sec. |1, to model 21-cm cosmology in the pres-
ence of exotic energy injection from DM, we must be able
to calculate how particles generated through DM pro-
cesses across a wide range of energies deposit energy into
heating, ionization, and Ly excitation through scatter-
ingso the IGM and the radiation eld.®> These processes
are intrinsically sensitive to the local state of the IGM,
i.e., the baryon density and ionization fraction. The same
scattering events which deposit energy will also deplete
DM byproducts over time while potentially generating
new secondary photons. It is thus critical that we model
the time-evolving abundance and spectral energy distri-
bution of photons generated by exotic energy injection
processes in order to provide accurate input spectra for
energy deposition calculations at each time in the simu-
lation.

We perform the modeling of energy deposition and
secondary photon produced in scattering events with
DarkHistory, a code designed to describe the cascade
of particle production and energy deposition from ex-
otic processes such as DM decay at times before recom-
bination until the end of reionization. In particular,
DarkHistory evolves the spectrum of photons as well as
the matter temperature and ionization levels of hydrogen
and helium assuming a homogeneous universe at mean
baryonic density. DarkHistory is able to accelerate this
computation by pre-computing the total output (in terms
of deposition and secondaries) of the above processes over
a range of injection energies, ionization fractions of hy-
drogen and helium, and redshifts, compiling the results
into transfer functions, and then interpolating over them
in an actual evolution [38, 39].

We build on this treatment to generate transfer func-
tions that act on input spectra of photons and elec-
trons/positrons, parametrized in terms of the local den-
sity and ionization fraction, to determine how each par-
ticle cools. Speci cally, these transfer functions will act
on an input spectrum dN/"=dE de ned in terms of the
number density spectrum dN;"=dEdV and the average
baryon number n, as

dNiin _ i dNiin .
dE ~ nydEdV’

)

where i = for photons and i = e for electrons/positrons.
These transfer functions will be evaluated as a function of

5 We consider only the contribution of the CMB to the background
radiation eld, though the early starlight background may also
contribute. We leave a more detailed treatment of the stellar
light background to future work.



baryonic overdensity through the local density contrast

and the total local ionization fraction through 1 xy;.
Since our transfer functions depend on the total local
ionization fraction, we must use 1 Xy, rather than Xe,
which accounts only for X-ray ionization.

1. Electron Transfer Functions

We rst consider the construction of the relevant trans-
fer functions for the relatively simpler case of electrons.
As we have argued, electrons deposit their energy in a
manner that is, to good approximation, instantaneous
and on the spot. This enables us to accurately describe
electron processes with just two transfer functions: Dce,
which maps an input spectrum of electrons into the en-
ergy they deposit into heat ( Ty), ionization ( Xx.), and
Ly excitation (J ) occurring over a redshift duration

z, and T ¢, which maps an input spectrum of elec-
trons into an outgoing spectrum of photons for each cell.
Schematically, these transfer functions are applied as

dNout AN
T =T o( (Xu] Z)—=
2 3

dE

Tk i ®
. dN/"
9 Xeg = Dece( ; XHij Z)TEE;
J

where we have made explicit the dependence of these
transfer functions on the baryon density through the den-
sity contrast , the ionization fraction through xy;, and
the duration of interval z. Note that although ex-
otic energy deposition to ionization is assigned to X,
the transfer functions depend on Xy, the neutral frac-
tion accounting for X-rays, UV radiation and DM pro-
cesses. The subscripts , e, and c denote input/output
to photons, electrons, and deposition into channel ¢ (in-
dexing over heat, ionization, and Ly excitation) respec-
tively. The output spectrum is de ned with the same
convention relative to the average baryon number den-
sity. The transfer functions are constructed by apply-
ing the inverse Compton scattering (ICS) and positron
procedures in DarkHistory to cool/annihilate high en-
ergy electrons/positrons. One output of these proce-
dures is a spectrum of low-energy electrons; we fully de-
posit the available energy into secondary photons and
the various deposition channels by interpolating older
results from MEDEA for the behavior of these low-
energy electrons [59? ], following the standard method
in DarkHistory v1.1 [38]. Since there will be no out-
going electron spectrum, we have no need for a transfer
function Tee.

2. Photon Transfer Functions

Just like for electrons, we will generate a transfer
function D, relating an input spectrum of photons per

baryon dN"=dE to energy deposition into the three rel-
evant channels. However, rather than generating a single
transfer function that maps an input spectrum of photons
to an output spectrum of photons, we will consider two
transfer functions: P and T . The transfer function
P is the \propagating photon transfer function", which
maps an input photon spectrum dN"=dE into an out-
put spectrum of propagating photons dN °“tProP: that did
not undergo a scattering during the redshift interval z.
By contrast, T is the \scattered photon transfer func-
tion™ which maps an input photon spectrum dN '"=dE to
the spectrum of outgoing photons from scattering events.
Collectively, we have

dNout dNin
“dE =2P (S;XHIj 2)+T (;Xmj 2) dE
Tk dNin (9)
9 Xeg = D¢ (;Xnij Z)f:

J

The decomposition of the photon-to-photon transfer
function into a propagating and scattered part enables
a more detailed treatment of the direction photons travel
and the locations at which they deposit their energy. In
particular, photons from the propagating transfer func-
tion travel unperturbed along their trajectories, while
we assume the trajectories of scattered photons are
isotropized. We will take advantage of this modeling

exibility in Sec. 111 B to develop a detailed treatment of
X-ray photons that travel moderate lengths before fully
depositing their energy.

3. Numerical Implementation and Interpolation Table
Construction

To build the relevant transfer functions, we modify
DarkHistory and its data les to calculate interaction
rates for photon and electron interactions as a function
of both baryon density and ionization fraction. We dis-
cretize the photon and electron kinetic energy spectra
into 500 log-spaced bins spanning 10 # to 10'? eV, and
choose 10 log-spaced redshifts between z =5 and z = 50.
We also select a timestep size z, which is ducially
taken to satisfy z=(1+z) = 0:002. At each of our 10 red-
shifts, we generate a discretized transfer function matrix
evaluated at baryon overdensity and ionization fraction
Xe by injecting monochromatic photon input spectra and
evaluating the resulting output spectra and energy depo-
sition into each channel over a single timestep of dura-
tion z using DarkHistory. Photon transfer function
matrices are generated for 10 values of neutral fraction
Xu between 10 ® and 1 10 5 and 10 values of the
baryonic overdensity between 10 2 and 10. In total,
this provides a grid of transfer function matrices of size
(10, 10, 10) in (z; ;Xpm)); to evaluate transfer function
matrices at values of (z; ;xn;) between the evaluation



points, we interpolate. We follow a similar procedure, in-
jecting monochromatic electron spectra to develop elec-
tron transfer function matrices, though we evaluate at
30 points in xy; for a better interpolation resolution.
At present, the transfer function table sizes are limited
by the available GPU memory as placing the tables into
GPU is crucial for evaluation speed. This limitation on
the interpolation table resolution leads to a small but -
nite interpolation error which we study in App. C. We
note that the memory footprint of the transfer functions
can be reduced by more than O(100) by replacing them
with dense neural networks, similar to transfer functions
in v1.1 of DarkHistory [39]. This would also enable the
possibility of more detailed modeling requiring additional
parameters, such as an independent singly ionized helium
fraction Xpe;. We leave the implementation to future
work.

We caution prospective users of the DM21lcm code
framework that we have framed this discussion in terms
of an input spectrum of photons/electrons dN -.=dE for
the sake of clarity. Internally, our discretized transfer
function matrices operate on the vector N, with elements
N; de ned as the number density of particles with kinetic
energy between bin edges E; and E;j.; divided by the
global average baryon density, matching the convention
in DarkHistory.

B. Exotic Energy Injection in DM21cm

Equipped with the transfer functions developed in
Sec. 11 A, we are now prepared to develop our full treat-
ment of the energy deposition through prompt processes,
X-rays, and high-energy photons. A full treatment of
all these processes includes the development of a custom
caching and lightcone integration procedure; for compu-
tational e ciency, we also design an e cient subcycling
scheme that decouples the 21cmFAST time steps from the
time steps used for our custom energy injection scheme,
which requires high time resolution, to maintain good
spatial resolution.

1. Prompt Injection

The simplest procedure by which exotic energy injec-
tion is realized in DM21cm is through \on-the-spot™ pro-
cesses, characterized by interactions that cause energetic
particles to deposit their energy before they can propa-
gate on appreciable length scales. We begin at redshift
zj, when we have evaluated the density eld (z;;x) with
21cmFAST. The spatially inhomogeneous rate of DM de-
pletion events, i.e., decays or annihilation, can be eval-
uated in terms of the local density and the dark mat-
ter parameters, such as mass m and its lifetime or
velocity-averaged cross-section h vi. For DM decay, the
rate of injection events per unit volume into decay prod-

ucts is given by

dN
dv dt

where pyv is the mean physical DM density at the time
of injection. For a given decay channel, we can calcu-
late the spectrum of secondary photons and electrons
per injection event using PPPCADMID [60], which we de-
note dN =dEdN™ and dN.=dEdN'™, respectively. In
this work, we consider only monochromatic decays to ei-
ther photons or electrons as illustrative example cases,
though more general spectra are trivially accommodated
in DM21cm. From these quantities, we can calculate a
di erential number spectrum of injected photons or elec-
trons as

(;m)= pm@+ )=( m); (10)

dN°%  t(zi;zied) NI AN o
dE Ny dvdt dEdNin’

(11)

where  t(zj;zj+1) is the time between the start of our
step at z; and the end of our step at zj41. This allows us
to use our DM21cm transfer function to calculate dTy=dz,

dXxe=dz, and J in a step as
2 3
Tk(Z|, X) dNots
xe(Z.,X)g D¢ (Z.,X) (Z.,x E)
NCOR (12)
OtS
+ Dce(Z.,X) (Z.,x E);

where the transfer functions inherit spatial dependence
through their dependence on and Xy, while the in-
jected spectrum normalizations are spatially dependent
only through their dependence on

Similarly, a spatially dependent outgoing photon spec-
trum dN°tOUt=dE js calculated by

d ots;out ots
T(X; E)=T (Zlax) (ZIIX E)

ots (13)
+T e(z.,x) (z,,x E):
These are secondary photons that are produced by the
same scatterings of energetic photons and electrons that
produce heat, ionization, and Ly excitation. Photons
below 10keV will be accounted for within the X-ray
treatment while those above 10 keV will be accounted for
within the high-energy photon treatment. Note that we
assume that energetic electrons promptly deposit their
energy and are converted to photons. We will return to
the fate of the outgoing photon spectrum in Sec. 111 B 4.

2. Homogeneous Bath Injection

High-energy photons (E > 10keV) propagate on cos-
mological scales comparable to the Hubble horizon be-
fore they deposit their energy, meaning that the energetic



photon distribution is well-approximated as spatially ho-
mogeneous. For these photons, we need only track and
evolve a single photon spectrum dNPth=dE over the
course of the simulation. DarkHistory evolves such a
spectrum, which initializes our high-energy homogeneous
photon bath at the beginning of our DM21cm simulations.
After this time, the bath is self-consistently evolved,
which we describe at further length in Sec. I11B4.
By convention, we assume photons with energies above
10keV are well-described as spatially homogeneous and
so live within our bath. This is consistent with 21cmFAST,
which supports an X -ray spectrum going up to 10 keV.

From the bath spectrum dNPat"=dE evaluated at time
zj , we evaluate

2 3
Tk (zi; X) dN bath
%e(zi;X)5=De (zi:X) ———(z:E):  (14)
J (X) bath

Like in the case of on-the-spot injection, we also com-
pute a spatially dependent outgoing secondary photon
spectrum

dN bath;out dN bath
g @xXB)=T @X)—=—

Note that although the incoming bath spectrum is spa-
tially homogeneous, the energy deposition and the out-
going photon spectrum at each cell depend on the local
overdensity and ionization fraction, and is spatially inho-
mogeneous. The dependence of the transfer functions on
X serves as a reminder of this fact.

(zi;E): (19)

3. X-Ray Spectrum Injection

Like in 21cmFAST, the treatment of X-ray photons
(100eV < E < 10keV) is the most challenging and in-
volved part of our energy deposition procedure, as they
propagate on observationally relevant Mpc-scales. Pho-
tons produced with energies below 100 eV have very
short propagation lengths and are already accounted for
in the on-the-spot deposition described in the previous
section. Photons above 10 keV have such long propaga-
tion lengths that they are accurately described by our
homogeneous bath described in Sec. 111 B 2.

To determine the X-ray spectrum incident on a par-
ticular cell, due to the intermediate nature of the path
length, we need to integrate the contribution from all cells
along the lightcone of the cell of interest. To do this in
full, we would need to save the X -ray spectrum of every
cell for all redshifts prior to the current one even un-
der our isotropized X -ray emission assumption, which is
computationally intractable. Instead, we make the sim-
plifying assumption that at the current redshift z;, the
spectrum of photons emitted from x at redshift z, can
be written as

—X(2i;%Ejze)  ——=(2i; Ejze) ~«x(Xjze):  (16)

dN dNx
dEd dEd

10

Here, dNx=d dE(zi; Ejze) is a photon emission spectrum
rate with respect to conformal time which has been con-
sistently attenuated and redshifted from emission at z, to
Zi, and ~x(Xjze) is the spatially inhomogeneous relative
luminosity of X-rays at the redshift of emission z, that
averages to 1. In other words, we assume that the emit-
ted spectrum at every point at z, in the simulation can
be characterized by a universal spectral shape, di ering
point-by-point only by a normalization described by ~x.
Precise details of this attenuation and redshifting will be
provided in Sec. 111 B 4.

Subject to this assumption, the number spectrum of
previously emitted photons at spatial location x at red-
shift zj can be evaluated with the discretized lightcone
integral summing over the x which were evaluated and
cached at previous redshift steps by

lightcone
dNx d — =@ xE)=

E d?n (17)
47")(()( hR(Zjaz )JZJ) (Zla EJZJ)

]
where R(zy;z2) is the comoving distance traversed by a
photon between redshifts z; and z,, dNx=dE (z;; Ejz;) is
the redshifted and attenuated spectrum of total photons
per baryon emitted between z; and z; 1. We approxi-
mate the surface integral in Eq. (17) by a spatial average
so that we obtain

dNIightcone
T(Zi;X; E)=
<
x (Xjzj; R(zi; z); R(zi; zj 1)) (Z.,EJZJ)
i
(18)

where x (Xjzj; R1; R2) is the average value of ~ on the
annulus de ned centered at x de ned by radii R; and
R,.

Like we did in Sec. I111B1, we can use this spectrum
to calculate the energy deposition

2 3
Tk(Z|,X) d lightcone
xe(zi;)6 = De (Z.,X)T(Za;x;E) (19)
J (X) <

and outgoing photon emission spectrum

out lightcone

UNX (7 e B = . o 20
dI)E( @i;xE)=T (zi;X) (zi;x;E) (20)

that is produced over the interval z; to zj41.

4. Caching, Redshifting, and Attenuating

While we have fully described our energy deposition
procedure, we must still describe how the homogeneous



bath spectrum, X -ray emission histories, and evolved X -
ray emission spectra are evaluated. As we have already
described the manner in which outgoing photon spec-
tra are evaluated, the homogeneous bath spectrum and
X-ray emission spectrum can be straightforwardly con-
structed.

In the case of the homogeneous bath spectrum, we
must advance it from z; to zj+; by accounting for the at-
tenuation it undergoes due to scatterings (which are the
same scatterings that cause it to deposit energy), red-
shifting of energies, and new bath-energy photons that
are sourced by DM processes. This update step takes

the form
dN bath Nbath
g @+ BE) =P (@12)—z— (@i E)
dN bath;source (21)
+ T(Zi; E);

where the propagation transfer function P which ad-
vances the spectrum from z; to zj+, is evaluated using
the global average hydrogen ionization fraction 1 Xy
as calculated by 21cmFAST at z; and accounts for atten-
uation and redshifting. The bath source is calculated as

dN bath;source dNotsiout N bath;out

€~ dE T aE (E 10keV);
(22)

where hi indicates a spatial average and we have thresh-
olded above 10 keV, as those photons will contribute to
cached X-ray spectrum and emission box instead. Sim-
ilarly, the outgoing X -ray spectrum does not contribute
here as it does not have support above 10 keV.

Next, now that we have computed the outgoing X-ray
spectrum for each cell, we want to apply our simplifying
assumption to reduce these spectra to a new universal
X-ray spectrum and a spatially inhomogeneous relative
X-ray luminosity box. First, we calculate the spatially
varying total X-ray emission from each location in the
simulation by

dNx dNgHt
dE (Z|+11X EJZ|+1) - dE 4
dN ots;out dN bath;out (23)
+ iE + iE (10 keV E);

which includes the spatially varying outgoing X-rays pro-
duced by incoming X-rays scattering within each cell and
contributions from X-rays coming from both scattering
of prompt X-rays from the DM process, and scattering
of the homogeneous high-energy spectrum. No attenu-
ation through the P transfer function is necessary as
these photons have been produced in scattering events
but have not yet scattered themselves. However, they
must be appropriately redshifted to the end of the step.
We then calculate the universal X-ray spectrum by

dN dNx
dEX = —X(Zir1; % Ejzie1) : (24)

Zi+1,Ejzi+1) = d
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Furthermore, we construct the relative luminosity box by

Rd I (Zir1; X E)
Zi+1;X) = R dE '
"’X( i+1 ) dEd N, (Z|+1,X E)

(25)

where both integrations cover E from 0.1 keV to 10 keV.
Note that this does not preserve the spectrum at each
location in the simulation, but it does preserve the spa-
tial variation in the total energy emitted in X-rays. This
is the best achievable result under the constraint of en-
ergy conservation in combination with our separability
approximation in Eq. (16). We have checked and found
that in regimes where either the DM-sourced prompt in-
jection or the bath photons dominate, the spectral shape
of X -ray photons produced in each simulation cell is in-
deed very similar, with the dN=dE values consistent with
each other at the < 10% level after adjusting for normal-
ization.

In much the same way that we updated the bath spec-
trum, we update the previously evaluated (but not the
presently evaluated) X -ray emission spectrum as

dN
x (Z|+11 Ejzj) =P (Zi+1;Zi )

(2., Ejzj); (26)
where P accounts for propagation, attenuation and red-
shifting of the spectrum. Note that all prior cached X -ray
spectra must be updated in this manner to enable an ac-
curate lightcone calculation. Additionally, to reduce the
number of terms included in the sum in Eq. (18) that will
be performed to advance the state from zj41 to zj+p, We
dump any X-ray spectra associated with emission at z;
into the bath spectrum if R(zi+1;z;) is larger than the
half length of the simulation box. This amounts to treat-
ing emission along the lightcone at comoving distances
greater than the box volume as homogeneous while pre-
serving the total photon energy. This is because smooth-
ing on scales larger than the box radius will, to a good ap-
proximation, return only the average over the box and is
therefore straightforwardly incorporated as a bath contri-
bution. Note that although this procedure homogenizes,
it correctly includes all attenuation e ects through the
consistent evolution of the X-ray spectra up until this
point through P

This concludes the set of steps that must be performed
to keep our cached data used in energy deposition up-to-
date. Iterating through this procedure shown in Fig. 3,
we are then able to include arbitrary exotic energy injec-
tion into the 21cmFAST framework.

5. Lightcone Integration with Subcycling

The construction of Eq. (18) directly relates the spatial
resolution of the lightcone integral to the resolution of
the timestepping performed in advancing z; 1 ¥ z; =
zj 1+ z. Thisdi ers from the default X-ray treatment
of 21cmFAST, but enables a self-consistent and globally
energy conserving treatment of X-ray emission spectra



that experience attenuation via the optical depth and do
not have a spectral morphology at the time of emission
which is constant in z.

On the other hand, this requires a very small timestep

z in order to achieve good spatial resolution. In a stan-
dard 21cmFAST simulation, while the lattice resolutions
is typically roughly 2 Mpc, the comoving distance associ-
ated with a standard redshift step of z=(1 + z) = 0:02
is roughly 25 Mpc at z = 5. Obtaining spatial resolution
down to the lattice scale, which is necessary to accurately
resolve the propagation of low energy X-rays that are
strongly attenuated, we must then use a timestep which
is considerably smaller than 21cmFAST uses by default.

Operating with this extremely small step size would
be computationally costly and require an impractical
amount of disk space due to 21cmFAST’s built-in caching
mechanism. To address this challenge, we subcycle our
energy deposition procedure using ne timesteps 2z e
with a 21cmFAST update performed with the coarse
timestep  Zcoarse. FOr @ subcycling ratio Ngyp, We per-
form Ngyp of our custom energy deposition steps, accu-
mulating the total energy deposition into each channel
(Xe, Tk, and J ) while advancing the bath and X-ray
spectra and caching the relative X-ray brightness on
each ne step. After N ne steps have been performed,
we perform a 21cmFAST step, with

Zcoarse=(1 +2) = 1:002Nsub 1; @7

injecting the total accumulated energy deposition.
All simulations in this work are performed with
Zne=(1 +2z) = 0:002 and Ngyp = 10 so that
Zeoarse=(1 +2)  0:02, reproducing the recommended
21cmFAST timestep. In App. E, we systematically vary
the choice of z ¢, nding convergence to within sub-
percent accuracy for our ducial choice.

C. Comparison with 21cmFAST

In App. G, we perform a cross-check of this frame-
work by reproducing the X-ray treatment of 21cmFAST
with DM21cm. Here, we provide a more general overview,
comparing the di erences between the two codes. How-
ever, we emphasize that in general, the framework of
DM21cm does not replace any functionality or modeling of
21cmFAST and instead allows for a user-de ned injection
of photons or electrons with custom spatial and spec-
tral morphology, making it a highly exible tool for both
studies of DM and beyond.

In the most general sense, our X-ray treatment and
that of 21cmFAST are highly similar, with 21cmFAST per-
forming a lightcone integration analogous to Eq. (17).
However, in 21cmFAST, the surface-averaged emission is
calculated using an extended Press-Schechter treatment
to calculate a halo mass function that is parametrically
related to a SFRD and associated X -ray emission spec-
trum. This extended Press-Schechter calculation is per-
formed by backscaling the present-time density eld and
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Figure 4. Example global brightness temperature T»;
evolution. The red line shows the case of DM decay to pho-
tons with m = 5keV, and the blue line shows the case of
DM decay to electrons with m = 100 MeV. In both scenar-
ios, the DM lifetime is taken to be 10%°s as an illustratively
large decay rate for comparison with the no DM scenario in
black.

is independently evaluated at each redshift step. By con-
trast, we cache our emission histories so that we can track
in detail the time-evolution of the X-ray history beyond
that driven by linear growth.

Moreover, while both codes use the global ioniza-
tion fraction to evolve the attenuation of the emission
spectrum, 21cmFAST’s simpli ed treatment depends on
a top-hat attenuation model in which previously emit-
ted photons are either fully absorbed or unabsorbed.
Our attenuation through our DM21cm transfer functions
makes no such assumptions and can track the full energy-
dependence of the emission spectrum as it experiences at-
tenuation. Additionally, our transfer functions represent
a wholesale improvement upon those used in 21cmFAST
as they account for the gas density dependence in X-ray
absorption.

D. Global and Power Spectrum Signals

With our simulation procedure fully de ned, we pro-
ceed to consider two illustrative examples. We consider
the decay of relatively light DM with m = 5keV to pho-
tons with a lifetime of = 10%°s and heavier DM with
m = 100MeV decaying to electrons with = 10%°s.
These scenarios are marginally compatible with cosmo-
logical constraints from the Ly forest and the CMB
power spectrum.

First, in Fig. 4, we demonstrate the evolution of the
global brightness temperature T,; for the two scenarios,
contrasting these results with T,; due solely to the back-
ground astrophysical processes modeled by 21cmFAST, i.e.
without DM energy injection (see Sec. IV A for more de-
tails). Due to appreciable heating of the baryons via DM



decay, the kinetic temperature lies above the CMB tem-
perature throughout the dark ages for these DM scenar-
ios, leading to a positive brightness temperature for all
times relevant for 21-cm observations (z - 30). Models
which are currently consistent with cosmological observ-
ables can therefore produce drastic changes to the 21-cm
signal, clearly demonstrating the unprecedented sensitiv-
ity of 21-cm cosmology to DM decay. This con rms ear-
lier studies on the sensitivity of the global signal to de-
cays, such as in Refs. [22{27, 61], but with a much more
sophisticated analysis including astrophysical e ects and
inhomogeneous energy injection (both astrophysical and
exotic).

In Fig. 5, we illustrate lightcones of the brightness tem-
perature for the two decay scenarios, to illustrate the dif-
ference in uctuations in T,;. For the purposes of com-
parison with our ducial procedure detailed in Sec. 111 B,
we also compute lightcones using a modi ed version of
our simulation framework in which exotic energy injec-
tion and deposition are assumed to be completely ho-
mogeneous, i.e. taking all injection and deposition rates
calculated with DM21cm to be equal at every point in the
simulation, calculated assuming ¥ 0 and X ¥ hxel.
This simpli ed homogenized procedure approximates the
treatment of Ref. [28]. As expected, we observe larger

uctuations in the brightness temperature on small scales
inour ducial inhomogeneous treatment compared to the
homogenized one. The spatial inhomogeneities are gener-
ally larger in amplitude for the case of decay to electrons,
which is expected due to the short energy-loss path length
for electrons of all energies.

Using these lightcones, we calculate the 21-cm power
spectrum at redshifts between z = 5 and z = 25, de-
picted in Fig. 6 and Fig. 7. These power spectra validate
the observation from Fig. 5 that the inhomogeneities that
arise are generally larger in the decay to electron scenario
relative to homogenized treatment as compared to in the
decay to photons scenario. In App. F, we expand on
these results, providing lightcones calculated in the ab-
sence of background astrophysics, allowing for a clearer
identi cation of the e ects of DM decay. We also inde-
pendently homogenize emission and deposition to reveal
the relative signi cance of each.

E. Computational Footprint

We also comment brie y on the computational per-
formance of DM21cm. DM21cm uses JAX [62], which sup-
ports just-in-time compilation and vectorization of oper-
ations that takes advantage of parallelization on CPUs
and GPUs, which DM21cm has made liberal use of. No-
tably, the computationally expensive operations imple-
mented in DM21cm (Fourier transformation and linear in-
terpolation over large look-up tables) are considerably ac-
celerated when run on GPUs with up to a factor of 100
speedup, which uniquely enable this study. Indeed, all
calculations in this paper were run using single compute
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nodes with 32 CPUs and 1 A100 GPU, with the 21cmFAST
calls taking 10 s per step (over 100 steps), and the re-
mainder of the DM21cm routine taking 1 s per subcycle
step (over 1000 subcycle steps) at our ducial simula-
tion volume and resolution. The e ciency of 21cmFAST
does not appear to scale as expected with increased par-
allelization [53]; we anticipate a JAX-based and GPU-
accelerated implementation could realize signi cant im-
provements in performance that would broadly enable
more detailed modeling and higher resolution analyses
beyond the DM context considered here.

IVV. 21-CM SENSITIVITY TO
MONOCHROMATIC DECAYS

In this section, we perform analyses with mock
datasets and make projections for HERA sensitivities to
two decaying dark matter scenarios: monochromatic de-
cays to photons and monochromatic decays to an e*e
pair. In both channels, we incorporate the full stellar en-
ergy injection model as implemented in 21cmFAST along-
side our treatment of exotic energy injection from DM.
The stellar X-ray and UV radiation, especially occur-
ring at early times (z & 15), represents a confounding
background with its parametrization representing nui-
sance parameters that weaken the expected sensitivity
to, e.g., the DM decay rate. In Sec. IVA, we give a
brief overview of this background model before develop-
ing projected constraints across a range of masses, devel-
oped using our full simulation framework as an input for
the 21cmfish forecasting tool [63], in Sec. IV B.

While we have chosen to consider only monochromatic
decays, alternative scenarios can be straightforwardly in-
corporated via modi cation of the spectrum of injected
photons and electrons. Similarly, annihilation with its
less trivial density dependence may be accommodated by
modifying the dependence of photon and electron emis-
sion on the local density contrast . While annihilation |
both velocity dependent and independent | is also an in-
teresting scenario to study, the energy injection rate and
spectrum may be dominated by annihilation in halos,
and therefore require additional subgrid physics model-
ing. We leave a detailed study of the annihilation signal
to future work.

A. Overview of Background Modeling
Parametrization

We provide a more complete description of the cur-
rent modeling of standard astrophysical processes by
21cmFAST in App. D, while in this section, we summarize
the salient details of the parameterization of Ref. [54] as
it informs our Fisher forecasts. Just as in the DM sce-
nario we have considered thus far, stellar emission of UV
and X -ray photons leads to energy deposition into heat-
ing, ionization, and Ly excitation. These e ects then
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Figure 5. Example T»; lightcones under DM decay. (Top Panels) The lightcones of the brightness temperature T»
calculated using our ducial simulation procedure for DM decaying to photons with m =5 keV and a lifetime of = 10%%s
(left) and for DM decaying to electrons with m = 10 MeV and = 10%®s (right). (Lower Panels) As in the upper panels,
but calculated using the homogenized energy injection and deposition procedure described in Sec. 111 D. Comparing the upper
and lower panels reveals the relative importance of the spatially inhomogeneous energy deposition in capturing the spatial

morphology of the brightness temperature at times z & 15.
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Figure 6. Example T,1 lightcone power spectra under DM decaying to photons.
computed for redshifts between z = 5 and z = 25 for the scenario of DM decay to photons for m

In maroon, we depict the power spectra calculated with our
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The lightcone power spectra
=5keV and = 10%s.
ducial treatment while in dashed black we provide the power

spectra computed with the homogenized treatment; these scenarios correspond to the upper left and lower left panels of Fig. 5,
respectively. In dashed gray, we show the power spectra in the absence of DM decay. As expected, the fully inhomogeneous
treatment of X -ray emission restores some power across all scales relative to the fully homogenized treatment at early times.

The grey band highlights the range of wavenumbers used for our Fisher information treatment in Sec. IV B.

drive the time evolution of the kinetic temperature Ty,
the ionization fraction Xe, and the spin temperature Ts.
21cmFAST models the UV and X -ray emission as propor-
tional to the SFRD, meaning that these e ects become
important when the rst halos that are large enough to
host stars form. Using the built-in parametrization of
21cmFAST, we consider two stellar populations, which we
refer to as population Il and population 111 (Popll and
111, respectively).

We assume that Poplll stars reside within the rst-
forming molecular cooling galaxies (MCGs), while Popll

stars are found within the later-forming atomic cooling
galaxies (ACGs). MCGs and ACGs appear at di erent
times in the cosmological history and vary in terms of
size, virial temperature, and atomic/molecular composi-
tion. As a result, the two stellar populations have dis-
tinct star-formation histories and are expected to di er
in terms of their luminosities relevant to the reionization
process.

Popll and Poplll star-formation e ciencies are
described by the population-speci ¢ parameters
3l b fldcior LXg and Y PRI LR A,
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Figure 7. Example T, lightcone power spectra under DM decaying to electrons. As in Fig. 6, but for DM of mass
m = 10MeV decaying to electrons with a lifetime of = 10%°s as illustrated in top right and bottom right panels of Fig. 5.
The considerably more \on-the-spot" nature of energy deposition via high energy electrons leads to a more drastic di erence
between the ducial and homogenized scenarios as compared to the di erence observed for decay to photons.

respectively, and the shared parameters ft,; esc; EoQ-
The Lyman-Werner feedback on MCGs, a ecting the
Poplll star formation, is additionally described by the
parameter A.w [64]. For a given population, f, and
» determine the stellar mass fraction as a function
of halo mass while t, sets the star formation rate as
a function of the stellar mass and Hubble time. The
parameters fec and s determine the escape fraction
of UV radiation, which sets the e ciency of galaxies in
reionizing hydrogen within their vicinity, while Lx and
Eo set the X-ray luminosity relative to the SFRD and
the minimum energy of propagating X -rays [52, 55].

Popll parameters 31, Iy fadc:10 LY
Fiducial value -1.25 0.5 -1.35 40.5
Popl 1l parameters 3! m flat7 LY
Fiducial value -2.5 0.0 -1.35 40.5
Shared parameters t> esc Eo Alw
Fiducial value 0.5 -0.3 500 2.0

Table I. Summary of nuisance parameters in Fisher
forecast. The nuisance parameters describing the star forma-
tion rate density and associated X -ray luminosity in 21cmFAST
with ducial values adopted from Ref. [55, 63]. In our
Fisher information treatment using 21cmfish, each param-
eter is independently varied. For details, see Sec. IVA and
Refs. [54, 55].

We adopt the ducial parametrization associated with
the \best-guess' scenario for 21-cm power spectrum mod-
eling with 21cmFAST developed in Ref. [55] and studied in
a Fisher forecast using 21cmfish in Ref. [63]. Using the
21cmfish framework, we develop projected sensitivities
for the 21-cm power spectrum at comoving wavenum-
bers between 0:1Mpc * and 1:0Mpc ! as is expected to

be measured by HERA, using 331 antennae for a total
exposure of 1080 hours at 8 MHz radio frequency band-
widths between 50 and 250 MHz. Like in the treatment
of 21cmfish, we make use of the moderate foreground
model developed in 21cmSense and assume a HERA sys-
tem temperature

2:55

= -+ - .
Toys = 100K+ 120K o :

(28)
where is the observation frequency. We also include
Poisson uncertainty and a 20% modeling systematic un-
certainty in our error budget following Ref. [52]. These
choices represent the astrophysics and uncertainty mod-
eling used in the Fisher forecast of Ref. [63] to reproduce
the Bayesian analysis of Ref. [55].

B. Projected Constraints on Dark Matter Decays

To develop projected constraints across a broad range
of masses for the scenarios of DM decays to photons and
to electrons, we generate an ensemble of 21-cm power
spectra calculated with and without exotic energy injec-
tion. For decay to photons, we consider a range of masses
m from 100eV to 1TeV; we consider masses between
10MeV and 1TeV for decay to electrons. Our simu-
lations are performed using a box of comoving volume
(256 Mpc)® resolved by 1282 lattice sites. Treating each
simulated mass independently, we use 21cmfish to deter-
mine the Fisher information for the one signal parameter
(the dark matter decay rate) and the twelve nuisance as-
trophysical background parameters. The Fisher matrix
is calculated by rst performing simulation under a du-
cial parametrization that provides a mock dataset; next,
for each model parameter, two independent simulations
are performed in which the model parameter of interest
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Figure 8. Projected 95™ percentile lower limits on monochromatic decays. (Left) Limits on monochromatic decays to
photons (solid black) with the 1(2) containment intervals of the expected limit indicated by the green (yellow) band. Shaded
grey regions depict existing bounds on DM decay to photons provided from the CMB [21, 65], the Ly forest [65, 66], heating

of gas-rich dwarf galaxies [67], and X-ray and

-ray observations [68{76]. A dotted black line indicates the projected limits

calculated using the homogenized energy emission and deposition treatment. (Right) As in the left panel, but for monochromatic
decays to e"e . An additional source of constraints on this parameter space is provided by Voyager and AMS measurements

of charged cosmic rays [77{79].

is varied about its ducial value. This allows us to com-
pute the derivatives of the likelihood around our ducial
(which is assumed to maximize the likelihood by con-
struction), and thus to compute the Fisher information
matrix. Assuming parameter sensitivity at the Cramer-
Rao bound, we use the Fisher matrix to determine the
projected frequentist 95t percentile upper limits on the
DM decay rate (equivalently, 95t percentile lower limits
on the DM lifetime) [80].

The projected limits on DM decay to photons and elec-
trons are shown in the left and right panels of Fig. 8,
respectively. The projected constraints from the decay
to photons surpass at all masses the Ly and CMB con-
straints and exceed X-ray line constraints at masses be-
low 1 keV. In the case of decay to electrons, the projected
constraints from the 21-cm power spectrum are substan-
tially stronger than those realized by Ly and CMB con-
straints and would represent the strongest constraint on
particles decaying to electrons for masses below 10 GeV.

The simulation procedure we have developed in this
work is fundamentally motivated by the expectation
that the fundamentally inhomogeneous process of DM-
sourced energy injection and deposition would leave a
distinct imprint upon the 21-cm power spectrum, and
we have indeed found this to be true, as shown in Fig. 1
and studied in Sec. 111 D. It is then interesting to exam-
ine how these projected sensitivities di er to those com-
puted without a proper treatment of inhomogeneities in
DM processes, such as performed in Ref. [28]. We note
that our projected limits here cannot be directly com-
pared to those of Ref. [28], which makes use of a di er-
ent astrophysics and noise modeling than developed in
Refs. [65, 63]. To then enable a more direct assessment

of the importance of modeling the inhomogeneities, we
also develop projected limits with the signal calculated
using our simpli ed homogenized treatment described in
Sec. 111 D.

Surprisingly, we nd that the projected sensitivities
calculated with the homogenized treatment are not ap-
preciably di erent and in some cases are stronger at the
0O(10%) level than those calculated with the fully inho-
mogeneous treatment. In fact, this could have been an-
ticipated by observing that both DM and stellar reion-
ization processes track the density contrast eld. As a
result, stronger limits are generated by the homogenized
treatment, which predicts a DM signal with less degener-
acy with the standard astrophysics signal. Given this, it
is encouraging that the limits are only marginally weak-
ened when calculated by a correctly inhomogeneous mod-
eling procedure.

We caution against interpreting similar projected lim-
its as evidence that the inhomogeneities in DM processes
are unimportant. As is immediately clear in Fig. 1, the
two methods of calculation make predictions that for Ty,
that di er appreciably in their small-scale power, mak-
ing the inhomogeneous and homogenized scenarios dis-
tinguishable from one another, if also comparably distin-
guishable from the null hypothesis of no DM decay. If
the 21-cm power spectrum does indeed contain evidence
for exotic energy injection, the more accurate modeling
framework we have developed here will be critical for the
accurate modeling and interpretation of a potential dis-
covery. Moreover, 21cmfish makes considerable simpli -
cations in its noise modeling by treating the measurement
uncertainty at each frequency and in each wavenumber as
uncorrelated. Correlated uncertainties, which are likely



to arise in real datasets, could further complicate the ex-
traction of a DM signal, making the robust and realistic
framework developed here especially important.

C. Triangle Plots

Given the considerable astrophysical uncertainties as-
sociated with modeling the 21-cm power spectrum, it
is informative to inspect the estimated parameter co-
variances obtained through our Fisher information treat-
ment. In general, we nd estimates of the DM lifetime

are mostly correlated with estimates of the star for-
mation parameter t, and the Popll and Poplll lumi-
nosity parameters L and L!{!!. We present the 1 and
2 con dence intervals on the one-dimensional space for
each of these parameters and the two-dimenisonal space
of their pairwise combinations in the triangle plots for
decay to photons in Fig. 9 and decay to electrons in
Fig. 10. These contours are illustrated for the masses
which achieve the strongest constraints for a given de-
cay channel: m = 100eV for decay to photons and
m = 100MeV for decay to electrons. We also com-
pare the con dence intervals obtained under our ducial
inhomogeneous treatment with those obtained with our
homogenized treatment.

In the case of decays to photons shown in Fig. 9, and
decay to electrons in Fig. 10, we nd that the correlation
between the DM decay rate and the star formation rate
parameter t, and Popl I luminosity parameter L!! are not
appreciably di erentin the ducial inhomogeneous calcu-
lation as compared to the simpli ed homogenized calcula-
tion. On the other hand, accounting for inhomogeneities
increases the uncertainty in the Poplll luminosity param-
eter LY. This owes to the inhomogeneous DM processes
being more similar to the X -ray emission from early star
formation, and thus more degenerate. The full triangle
plots for all 13 parameters considered in our analysis sub-
ject to our choice of representative mass are provided in
App. G.

V. CONCLUSION

In this paper, we present DM21cm, a self-consistent com-
putation of the 21-cm signal in the presence of exotic
energy injection, properly accounting for both inhomo-
geneous injection and deposition. Our code is publicly
available, and our calculation framework is compatible
with existing tools for 21-cm power spectrum analyses
and projections, such as 21cmfish and 21CMMC. We have
used this new DM21lcm framework to make robust pre-
dictions for the sensitivity of the 21-cm power spectrum
to decaying DM. We nd strong projected limits, which
both for decay to photons and electron-positron pairs
can outperform current limits in di erent mass ranges.
Importantly, our estimated sensitivities account for the

rst time for the e ect of inhomogeneities in the DM
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processes, which is critical to modeling the 21-cm power
spectrum accurately and obtaining robust limits.

Our results largely validate the use of a homogenizing
approximation in the previous literature [28], where the
energy deposition is calculated using DarkHistory based
on the global average X, and matter density, to estimate
constraints on DM decay. This approximation works rea-
sonably well in the context of both the global signal and
projected constraints from the power spectrum as mea-
sured by HERA. However, we caution that our work re-
veals signi cant di erences in the e ect on the redshift-
dependent power spectrum between the full calculation
and the homogeneous approximation, which may be rel-
evant for experiments with di erent redshift-dependent
sensitivity than we have assumed in forecasting HERA
constraints, or when interpreting any putative signal of
energy injection detected in the power spectrum.

More broadly, this work presents the rst systematic
study and improvement upon the treatment of energy in-
jection originally made in the rst release of 21cmFAST
[32]. Indeed, while the code and associated modeling pro-
cedures have undergone substantial revisions since origi-
nal publication, the energy deposition procedure has re-
mained essentially unmodi ed until now. While we have
used our new implementation only to incorporate the
e ects of energy injection from DM, our framework is
a generally exible and can accommodate a number of
modi ed physics and cosmological scenarios. We antic-
ipate this represents a rst e ort towards a more exi-
ble, powerful, and e cient modeling procedure for 21-cm
cosmology that will inform the current and coming gen-
eration of experiments.

Note Added: Inthe nal stages of preparation of this
manuscript, Ref. [81] appeared, claiming strong limits on
DM decays to electron/positron pairs. While systematics
in the data reduction and modeling of the cosmic ray
propagation have yet to be fully mapped out, those limits
may attain comparable sensitivity to the ones we project
here.
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Appendix A: Adiabatic Evolution without Energy
Injection

DarkHistory underlies DM2lcm’s energy injection
treatment, so our rst demonstration is that the global
evolution of x¢ and Tk is consistent between DarkHistory
and 21cmFAST when both are used to evolve a homo-
geneous universe. In order to realize a homogeneous
universe within 21cmFAST, we set the g parameter to
zero, which has the additional e ect of turning o any
stellar UV or X-ray emission. We expect that in this
scenario, the evolution of global quantities in 21cmFAST
should match that performed by DarkHistory.

Even at this stage, modeling di erences arise. First,
DarkHistory independently evolves the ionization of hy-
drogen and helium, while 21cmFAST takes them to be
locked. For the sake of this test, we then set Yqe = 0 in
order to enforce consistency. Second, DarkHistory and
21cmFAST also implement a slightly di erent Compton
cooling term, which we do not modify in either code. Fi-
nally, we nd that the tting formula used to calculate
dt=dz in 21cmFAST used in the forward integration real-
izes relative error as large as 1%. This sets a rough oor
for the best agreement we can hope to see. The time evo-
lution of these global quantities in this case of enforced
consistency is presented in the left two panels of Fig. 11.
We see excellent agreement, with maximum relative dif-
ferences in the global Tk and X between 21cmFAST and
DarkHistory of 2% and 0.08% in Ty and X, respectively.

Next, we relax the consistency conditions we have en-
forced. We rst restore g in 21cmFAST to its nonzero
best- t value from the Planck 2018 analysis [87] but take
the X -ray luminosity parameter Lx to be zero to prevent
energy injection. We nd that in this case, the maxi-
mum relative di erences between the global average as
evolved by 21cmFAST and the homogeneous universe val-
ues evolved by DarkHistory grow to 5% and 0.05% in Ty
and X, respectively. This di erence can be attributed to
the impact of adiabatic heating and cooling from struc-
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Figure 11. Comparison of 21cmFAST and DarkHistory

global evolution. (Left column) Kinetic temperature Tk
and ionization fraction X. as evolved by DarkHistory and
21cmFAST in the case of a homogeneous universe ( g = 0)
consisting of purely hydrogen (Yne = 0), with no UV or X-
ray energy injection. Excellent agreement is observed between
the two codes, with di erences attributable to nite precision
in numerical integration. (Right column) We now set g >0
in 21cmFAST and Ype = 0 in both 21cmFAST and DarkHistory.
This re ects the two codes in their default con guration up
to the absence of X-ray energy injection in 21cmFAST. Good
agreement between the two codes is observed, with di er-
ences attributable to the e ect of adiabatic heating and cool-
ing due to structure formation modeled in 21cmFAST but not
in DarkHistory. See text for details.

ture formation, which is included in 21cmFAST but cannot
be incorporated in DarkHistory.

We continue by additionally restoring nonzero Yy in
both codes while preserving vanishing Lx. In this com-
parison, in which the two codes are in their default con-

guration and are maximally systematically di erent, the
maximum relative di erence grows marginally to 6% and
0.05% in the global average of Tx and Xe. The results of
this comparison are presented in the right two panels of
Fig. 11.

Appendix B: Tests of Energy Injection from Star
Formation

The most direct validation we can perform to test
DM21cm against DarkHistory and 21cmFAST is to com-
pare how each code handles the e ect of energy injection
through X-ray emission tracing the SFRD. To do so, we
adopt the \mass-dependent ™ treatment of 21cmFAST
with default parameters to predict X -ray emissivities.

A full accounting of the X-ray treatment with mass-
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Figure 12. Comparison of DM21cm and DarkHistory global
evolution under star formation X-ray injection. (Left
column) X -ray injection in a homogeneous universe assuming
unconditional Sheth-Tormen halo mass function, with Yne =
0 to match DM21cm and DarkHistory as closely as possible.
(Right column) X-ray injection in a inhomogeneous universe
assuming a hybrid conditional halo mass function in DM21cm,
compared against homogeneous injection in DarkHistory. We
also restored the correct value of Yne. See text for details.

dependent can be found in [52, 54, 55], which we re-
view here brie y. To calculate the incident X-ray ux,
for each location in the simulation volume, an extended
Press-Schechter scheme is used to evaluate a halo mass
function evaluated on the lightcone. This halo mass func-
tion is then integrated assuming a mass-dependent rela-
tionship for the e ciency of star formation in a halo.
Under a simple parametrization, this enables a calcula-
tion of the SFRD and associated X -ray luminosity along
the lightcone. Though each pixel in the simulation has
an incident ux obtained by independent lightcone in-
tegrals of the luminosity, at xed z on a lightcone, the
average luminosity is normalized to the X -ray luminosity
associated with the Sheth-Tormen prediction for the halo
mass function. The key points are (1) that the total X-
ray emission is xed by construction at each z along the
lightcone to match the Sheth-Tormen prediction, and (2)
that the extended Press-Schechter calculation along the
lightcone is performed by evaluating the density contrast
eld at past redshifts.

1. Tests of Energy Injection against DarkHistory

In Sec. A, we have established that 21cmFAST and
DarkHistory realize nearly identical adiabatic evolution
of the quantities Ty and X absent energy injection. Since
DM21cm inherits its adiabatic evolution from 21cmFAST
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and its energy injection from DarkHistory, a straightfor-
ward consistency test is to compare the treatment of ho-
mogeneously injected X -rays processed through the full
framework of DM21cm with the treatment of injected X-
rays in DarkHistory.

For this test, we rst take Yqe = 0 to make the adi-
abatic evolution as identical as possible. We then step
along in z, injecting X -rays from a spatially homogeneous
emission with total luminosity set by the unconditional
Sheth-Tormen prediction for the globally averaged halo
mass function and associated SFRD. We emphasize that
although the input emission is spatially homogeneous, it
is processed through the full X -ray photon framework of
DM21cm, which is unaware of this underlying homogeneity.
We also perform a pure DarkHistory evaluation using an
identical input X-ray emission.

We then compare the evolution of the globally aver-
aged Tk and X, obtained by DM21cm and DarkHistory
for these two runs. The results are presented in Fig. 12.
We nd a maximum relative di erence of 5% in T, and
7% in X between the two runs. Given that DM21cm and
DarkHistory realize nearly identical adiabatic evolution
in the g; Yne ¥ O limit and DM21cm inherits its energy
deposition treatment from DarkHistory, the size of this
discrepancy may seem somewhat surprising. We have
found that the precision loss in this case is primarily
driven by the nite resolution of the precomputed trans-
fer functions obtained from DarkHistory used in DM21cm.

We further extend this test by restoring g and Y,
in DM21cm though we now disable the X -ray and UV lu-
minosity, which has the e ect of fully eliminating the
ionizing and heating e ects of stellar evolution while al-
lowing for an inhomogeneous universe. As our universe
is inhomogeneous, we now allow for our X-ray emission
to be inhomogeneous by reproducing an identical mass-
dependent  treatment to that built into 21cmFAST in
which the local X-ray ux is calculated from a condi-
tional Press-Schechter halo mass function and globally
normalized to the predictions of the unconditional Sheth-
Tormen halo mass function. However, our treatment dif-
fers in that rather than using a linear growth factor argu-
ment to evaluate overdensity elds at prior z, we use our
caching system to cache and access density elds previ-
ously evaluated during the DM21cm stepping. This most
closely replicates our default X-ray treatment for exotic
energy injection and so is a valuable test. As before,
we compare this to the homogeneous universe evolution
performed in DarkHistory, with results presented in the
right column of Fig. 12.

The maximum relative di erences obtained between an
inhomogeneous universe DM21cm and a homogeneous uni-
verse DarkHistory are 18% in Tx and 8% in X.. While
the change in precision in X, as compared to that eval-
uated for a homogeneous universe in DM21cm is negligi-
ble, the relative di erence in Tx has more than doubled.
While these runs do di er as DM21cm inherits heating and
cooling from structure formation e ects as well as a dif-
ferent treatment of helium as compared to DarkHistory,



we have found that enforcing Y. = 0 and disabling these
heating/cooling e ects reduces this di erence only very
marginally. We then conclude that the primary di erence
is driven by the switch to inhomogeneous X -ray emission
and energy deposition. The di erence is comparable to,
or below, the 20% expected precision of semi-numerical
simulations like 21cmFAST [88].

2. Tests of Energy Injection against 21cmFAST

We now proceed to test our inhomogeneous X-ray
treatment against that of 21cmFAST. First, we rst per-
form runs with DM21cm and 21cmFAST in their default
con guration with the exception that we disable ioniza-
tion from UV emission. Our DM21cm run uses our custom
implementation of the X-rays from the SFRD while the
21cmFAST run is unmodi ed. This is a particularly non-
trivial test as our DM21cm prescription for attenuation
di ers from that of 21cmFAST. The results of this rst
test are shown in the left column of Fig. 13, where we

nd particularly good agreement between the two codes.
The maximum relative discrepancies in the global quan-
tities are 9%, 6%, and 5% in T, Xe, and Ty respectively.
Note that since stellar UV photons have been turned o ,
the evolution of Xy, is identi ed with that of Xe.

We now proceed to restore the UV emission associated
with stars, which drives ionization and magni es the ef-
fect of X -ray attenuation. Results for the evolution of the
global quantities are shown in the right panels of Fig. 13.
Here, the di erences in our attenuation procedure be-
come more readily apparent, with the maximum relative
error in the global Ty, Xe, T2 reaching 20%, 25%, and
15% respectively. We are not surprised by this di erence,
as our total photoionization cross sections and branching
fraction to each deposition channels are calculated us-
ing an improved treatment in DarkHistory, compared
to those from Ref. [89], used in 21cmFAST.

Appendix C: Tests of Energy Injection from Dark
Matter

In addition to cross-checking energy injection from star
formation X-rays, we compare the global evolution of
DM21cm and DarkHistory under DM energy injection as
it will be the type of energy injection handled by DM21cm
in an actual simulation run. We exclude astrophysical
X-ray and UV photons in the evolution to showcase the
e ects of DM injection.

As previously discussed, the evolution of DM21cm and
DarkHistory di ers in terms of their treatment of he-
lium ionization and the DM and baryon inhomogeneities.
The two codes also di er through numerical integration
accuracy (Euler’s method for DM21cm vs. Runge-Kutta
for DarkHistory) and the nite precision of parame-
ters entering the time step t calculation inherited from
21cmFAST. Here, we would like to focus on discrepan-
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Figure 13. Comparison of DM21cm and 21cmFAST global
evolution under star formation X-ray injection. (Left
column) Global evolutions of Tk, Xe, XH1, and T21 compar-
ing X-ray treatments of DM21cm and 21cmFAST, with locally
ionizing UV radiation disabled. (Right column) Global evo-
lutions with ionizing UV radiation enabled. Generally good
agreement is observed. See text for details.

cies due to the slightly di erent interpolation scheme of
secondary particle emission and energy deposition be-
tween DM21cm and DarkHistory. As described in detail
in Sec. Il A, we obtain the secondary photon and de-
position transfer functions for DM21cm by injecting test
photons and electrons on a grid of redshifts, ionization
fraction, baryon density, and injection energy. The out-
puts particle number for each bin, and injected energy
in each channel are tabulated and linearly interpolated
in a DM21cm run. DarkHistory, while relying on interpo-
lating precomputed data tables itself, computes a subset
of transfer functions on-the- y. Speci cally, for photons
the deposition from photoionization, and for electrons
the inverse Compton scattering (ICS) transfer functions
are computed in real time, since these transfer functions



can depend quite sensitively on the present ionization
fractions of hydrogen and helium (see Sec. Il D and
Sec. F of Ref. [38]). In DM21cm, it would not be feasible
to perform such a real-time calculation, since it would
require a di erent set of transfer functions for each cell
with essentially unique combinations of baryon density
and ionization fraction, both of which a ect the total
scattering cross section strongly. We thus choose a inter-
polation grid described in Sec. 111 A and interpolate the
secondary photon numbers and injected energies. The
grid size is constrained by the nite GPU memory, with
the GPU-accelerated treatment of the interpolation ta-
bles representing the limiting factor for the evaluation
speed of DM21cm.

Fig. 14 compares the global evolution of DM21cm and
DarkHistory under DM decaying to photons and elec-
trons, for which the matter temperature Ty and ioniza-
tion fraction X, agrees generally at sub-10% level. The

gure additionally shows f, a dimensionless quantity de-

ned as the energy deposited in a particular channel,
normalized by the energy injected in the time step (same
de nition as in DarkHistory). While the photon depo-
sition f’s are precise at the percent level, the electron
deposition f agrees with DarkHistory’s up to 3% due
to the nite interpolation precision and rapid change of
deposition behavior with the ionization fraction.

Appendix D: Test of Field-level Information in
X-ray Energy Injection

In this section, we examine the compatibility of our X -
ray deposition treatment for DM energy injection with
the X -ray deposition procedure in 21cmFAST. This is im-
portant as 21cmFAST models energy deposition following
the formalism of Ref. [89], while we make use of the more
detailed DarkHistory approach [38]. By showing that
21cmFAST through its implementation of [89] and our en-
ergy deposition reproduce similar spatial morphologies
in the 21-cm signal when modeling the same energy in-
jection, we con rm that our projected limits are robust
with respect to systematic modeling di erences between
the two codes.

We rst expand on Sec. 111 C on the X-ray deposition
treatment of 21cmFAST. As with DM21cm, 21cmFAST as-
sumes X -ray photons are emitted isotropically, and cal-
culates the incident X -ray at any given point at redshift
and location (z; x) by integrating shells at each past red-
shift z° on the past lightcone. Instead of tracking an
emission history, 21cmFAST re-calculates the past X -ray
luminosity at each step of the simulation using a con-
ditional Press-Schechter treatment and emissivity eld
that is normalized an unconditional Sheth-Tormen calcu-
lation to obtain the di erential ux received by the sim-
ulation cell at (z; x) from z°, dFx=dz’(z; 2% x; E). Using
the ux, 21cmFAST integrates the total photoionization
cross section using the global averaged nucleus number
density (for each species being ionized), and then uses
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Figure 14. Comparison of DM21cm and DarkHistory global
evolution under DM energy injection. For DM decay-
ing into photon pairs (left column) and electron-positron pairs
(right column), we compare Tk (top row), Xe (middle row) and
energy deposition fraction (bottom row) calculated by DM21cm
and DarkHistory in their default con guration, with star for-
mation X -ray and UV photons turned o in DM21cm. Notably,
injection and deposition in DM21cm takes into account spatial
inhomogeneity of DM. Di erences in Tk reach 5% and 3.5%;
di erences in xe reach 3% and 6% for photon and electron
injection respectively, consistent with our understanding of
their di erences in helium treatment, numerical approxima-
tions, and spatial inhomogeneity. \We also observe percent
level discrepancy in the electron energy deposition ratio due
to interpolation artifacts in the electron transfer function, a
result of storage and memory constraint. See text for more
details.

the branching fractions from Ref. [89] to calculate the
deposition into each channel in heating, ionization, and
Ly excitation. In doing so, 21cmFAST makes the fol-
lowing assumptions: (1) the X-ray spectrum is charac-
terized by a power law, dNx=dz’(z’; x; E) /Z E 1, which
simpli es the frequency integral and redshifting; (2) the
attenuation due to energy deposition is implemented in
a discrete, on/o manner, i.e., when the optical depth of
a particular mode  from z to z', (z;z%;E) is greater
than 1, the mode is discarded; (3) the scattering rates,
temperature change, and ionization fraction change are
calculated assuming a global averaged nucleus number
density, from cross sections, heating deposition, and ion-



ization deposition respectively. This assumption is accu-
rate only in the optically thin limit. For more details, we
refer the readers to Sec. 3.1.2 of Ref. [32].

To make the comparison to 21cmFAST as close as possi-
ble, we have modi ed DM21cm to (1) inject the same power
law spectrum calculated from the same hybrid Press-
Schechter Sheth-Tormen procedure; (2) track the energy
dependent attenuation factor separately from the spec-
trum associated with each shell, and discard any energy
bins for which the attenuation exceeds a factor of e; (3)
calculate the injection and energy deposition assuming
the local nucleus number density to be the global average.
Additionally, we simplify the conditional Press-Schechter
calculation of the collapsed fraction to feoy Z 1+ Rin
both codes, where R is the averaged density contrast
within a sphere of radius R.

Under these assumptions, we are able to obtain ex-
cellent agreement with 21cmFAST at eld level for the
evolved quantities kinetic temperature Ti and ionization
fraction Xe, as shown in Fig. 15. The power spectrum
computed in these elds also agrees to a high precision,
as shown in Fig. 16. We note that the contribution from
UV photons due to star formation have been turned o
for this comparison, in order to showcase the relatively
weaker ionizing e ects of X-ray photons. As noted ear-
lier, 21cmFAST and DM21cm use slightly di erent photoion-
ization cross sections and branching fractions to each
channel, which is responsible for the overall shift in the
kinetic temperature and its power spectrum.

Appendix E: Spatiotemporal Resolution

In Fig. 17 and Fig. 18, we demonstrate the convergence
of eld level features in the kinetic temperature, ion-
ization fraction, and 21-cm brightness temperature pre-
dicted by DM21cm. To showcase the e ects of dark matter
energy injection as opposed to standard astrophysics, we
have turned o all star formation X -ray and UV contri-
butions. We chose a X-ray injection scenario ofam =
3 keV DM decaying to photons into the xray band with a
large decay rate of 10 2°s 1. The three evolutions shown
are produced with  z=(1+ z) = 0:005; 0:002; 0:001, with
the subcycling factor being 4, 10, and 20 respectively,
such that the 21cmFAST step size stays close to the du-
cial z=(1+z) = 0:02 value. (We have found 21cmFAST
to be converged at the z=(1+ z) = 0:02 level, prior
to DM21cm, due to the di erent X-ray injection and de-
position procedure. In particular, 21cmFAST can evaluate
contributions of very recent past redshifts with large step
sizes, which is important in producing the small scale
features. DM21cm on the other hand relies on small step
size in order to have access to information of the recent
past.) We have found that the brightness temperature
power spectra in all redshifts change by one part in 103
when decreasing the time step from z=(1+z) = 0:002 to
0:001. For fast evaluation, we chose z=(1 + z) = 0:002
as our ducial step size.
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Figure 15. Cross checking DM21cm against 21cmFAST’s

stellar X-ray deposition. The top row shows the z = 5
Tk (left column) and Xe (right column) of the universe at
the end of a DM21cm evolution, modi ed to match 21cmFAST’s
stellar X -ray injection. The bottom row shows the default
21cmFAST result. Modi cations were made to DM21cm to match
21cmFAST’s assumptions for an instructive comparison. While
displaying very similar spatial features, the DM21lcm kinetic
temperature has a slightly higher mean. This is due to a dif-
ference in the overall photoionization cross section and the
fraction of energy deposited to heating, an e ect also shown
in Fig. 16. See text for more details regarding the compari-
son.

Appendix F: Lightcones without Background
Astrophysics

In Fig. 19 and Fig. 20, we provide example lightcones
evaluated between z = 5 and z = 30 of the brightness
temperature like in Fig. 5, but now with all background
astrophysical processes typically modeled with 21cmFAST
disabled. This allows for a cleaner identi cation of the
e ects in inhomogeneity in the photon and electron de-
cay scenarios. We also provide intermediate results in
which one but not both of the emission and injection
processes are homogenized, allowing for inspection of the
relevance of each aspect of inhomogeneity. In the case of
decay to photons, it is the inhomogeneity in the energy
deposition e ciency which primarily drives the lightcone
morphology, while it is the opposite in the case of decay
to electrons, where the inhomogeneity of the emission of
decay products is most important.
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Figure 16. Power spectra comparison between DM21cm
and 21cmFAST’s stellar X-ray deposition. We plot the
power spectra of Tx (left) and Xe (right) for the z = 5 -
nal states shown in Fig. 15. The ionization fraction power
spectrum )Z(e di ers between the two implementation by a
smooth factor of up to 12% for k < 1 Mpc 1, while the ki-
netic temperature power spectrum T, di ers by a smooth
factor of up to 24%. This is consistent with the discrepancy
observed in global signals originating from di erence in scat-
tering cross sections and branching fractions, with photons of
di erent energy a ecting their respective propagation length
scale di erently. See Fig. 15 and text for more details.

Appendix G: Expanded Triangle Plots

In this appendix, we present the full triangle plots
for two representative scenarios of decay to photons for
m = 100eV in Fig. 21 and decay to electrons for
m = 100MeV in Fig. 22. These results expand on those
presented in the main text in Fig. 9 and Fig. 10, respec-
tively. It is worth noting that the degeneracy direction
between the X-ray luminosity Lx and the low-energy
cuto Eg in Fig. 21 switches when correctly modeling
the DM energy deposition. This is to be expected, as a
higher (lower) energy cuto Ep makes astrophysical de-
position more (less) homogeneous.
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Figure 17. Convergence of eld features under DM energy injection. We compare Ty, Xe, and T2 eld features evolved
to z = 5 under a strong DM injection scenario without astrophysical X-ray and UV injections. The three rows are evolved
under di erent DM21cm subcycle time steps z=(1 + z) = 0:001; 0:002; 0:005, with subcycling factors 20, 10, 4 respectively such
that the 21cmFAST time step is z=(1+2z) 0:02. By eye, the elds appear well converged. We quantify the T»; convergence
in Fig. 18.
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Figure 18. Convergence of T»; power spectra under DM energy injection. Under the same setup as in Fig. 17, we show
that the lightcone T»1 power spectrum is well converged as we decrease the DM21cm time step. We veri ed that the change of
power spectrum is at 0.1% level when decreasing the time step from z=(1+z) = 0:002 to 0.001. We choose z=(1+2z) = 0:002
as our ducial time step.
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Figure 19. E ects of homogenized injection/deposition on the T,; lightcone under DM decaying to photons.
The brightness temperature lightcone evaluated using our ducial simulation procedure and three systematic variations for DM
with m = 5keV decaying monochromatically to two photons with a lifetime of = 10%®s, similar to Fig. 5. For illustrative
purposes, the ionizing and heating e ects of star formation have been excluded from this calculation. Comparing the results in
which one or both of the energy emission and deposition are homogenized reveals that for photons, it is spatial inhomogeneity in
the e ciency of energy deposition which most strongly determines the lightcone morphology as opposed to the inhomogeneity
is injection, which is mitigated by the fact that 5 keV photon has a relatively long path length compared to electrons.
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Figure 20. E ects of homogenized injection/deposition on the T2; lightcone under DM decaying to electrons.
As in Fig. 19, but for DM decay to electrons for m = 10MeV and = 10%®s. Unlike in the scenario for decay to photons, we

nd that it is the spatial inhomogeneity in electron emission tracking the DM distribution which most strongly determines the
lightcone morphology.
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Figure 21. Extended covariance between decay rate and astrophysical parametersin X . As in Fig. 9, but now
showing the full triangle plot with all parameter covariances depicted.
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Figure 22. Extended covariance between decay rate and astrophysical parameters in ¥ e*e . As in Fig. 10, but
now showing the full triangle plot with all parameter covariances depicted.
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