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Exotic energy injection in the early Universe. II. CMB spectral distortions
and constraints on light dark matter
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We calculate the post-recombination contribution to the cosmic microwave background (CMB) spectral
distortion due to general exotic energy injections, including dark matter (DM) decaying or annihilating to
Standard Model particles. Upon subtracting the background distortion that would be present even without
such energy injections, we find residual distortions that are still potentially large enough to be detectable by
future experiments such as PIXIE. The distortions also have a high-energy spectral feature that is a unique
signature of the injection of high-energy particles. We present a calculation of the global ionization history
in the presence of decaying dark matter with sub-keV masses, and also show that previous calculations of
the global ionization history in the presence of energy injection are not significantly modified by these
additional spectral distortions. Our improved treatment of low-energy electrons allows us to extend
calculations of the CMB anisotropy constraints for decaying DM down to arbitrarily low masses. We also
recast these bounds as constraints on the coupling of axionlike particles to photons.
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I. INTRODUCTION

Exotic sources of energy injection, such as dark matter
(DM) annihilating or decaying into Standard Model (SM)
particles, can inject a significant amount of energy into the
universe. This additional energy can manifest as modifi-
cations to the global ionization history xyy = nyp/ny.
where nyy and ny are the number densities of ionized
hydrogen and all hydrogen nuclei respectively, and the
intergalactic medium (IGM) temperature history 7,,(z);
thus, observations of these quantities can be used to
constrain the properties of DM [1-24]. Moreover, exotic
energy injection can modify the background of low-energy
photons.

Changes to the background spectrum of photons can
have a number of interesting implications—for example,
exotic energy injection could explain observed excesses,
such as that of the cosmic optical background [25,26]. In
addition, excess Lyman-a radiation [27] can affect the
global and inhomogeneous redshifted 21 cm signal via the
Wouthuysen-Field effect. Star formation is also affected by
the background radiation; for example, the formation of
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molecular hydrogen, which is required to form the first
stars, can be disrupted by photodetachment of intermediate
states [28], or photodissociation by photons in the Lyman-
Werner band [29-31].

The distortion of the cosmic microwave background due
to exotic energy injection is of particular interest. COBE/
FIRAS measured the CMB energy spectrum to be a perfect
blackbody within about one part in 10* over the frequency
range of about 60 to 630 GHz [32,33]. The balloon-borne
ARCADE 2 experiment also measured the CMB spectrum
between 3 to 90 GHz and reported a rise in the blackbody
temperature at this low frequency tail of the spectrum
[34,35]. A proposed next-generation experiment that can
improve upon these measurements is the Primordial
Inflation Explorer (PIXIE) [36]; there are also a number
of other proposed efforts which could improve sensitivity to
the CMB energy spectrum by orders of magnitude [37-40].

Distortions to the blackbody spectrum can arise when
matter and radiation are driven out of thermal equilibrium
after z <2 x 10° i.e. once thermalization is no longer
efficient [41]. Spectral distortions from energy release in
the early universe are often characterized by u and y-type
distortions. u-type distortions arise when Compton scatter-
ing is still fast enough to maintain the photons and electrons
in kinetic equilibrium but photon number-changing proc-
esses are inefficient, causing the blackbody to develop a
chemical potential [42]. y-type distortions form later, once
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Compton scattering is also inefficient and unable to hold
the photon bath in full kinetic equilibrium [43], and have
magnitude controlled by the “y-parameter”, which roughly
describes the energy density exchanged by scattering off of
electrons as a fraction of the total CMB energy density [44].
The y-parameter can be non-zero even at very early
redshifts, when the radiation and matter temperature are
tightly coupled. Even within the standard ACDM cosmo-
logical model, we expect such distortions to the CMB
blackbody spectrum to arise due to reionization and
structure formation; the overall size of the distortion
from reionization could reach a y-parameter of up to
y ~ 1070 [41,45].

In addition to Compton scattering, distortions can be
sourced by atomic transitions; in particular, such distortions
arising from recombination have received much attention.
Earlier studies, such as Ref. [46] calculated these distor-
tions using up to 10 excited states of hydrogen. More recent
studies, such as Refs. [47,48], refined this calculation and
included up to 100 energy levels of hydrogen.

Processes beyond ACDM such as DM annihilation or
decay could lead to the injection of nonthermal, electro-
magnetically interacting particles into the early universe,
potentially producing a large number of secondary pho-
tons as the injected particles cool and lose their energy.
The effects of such energy injections, and DM interactions
with the SM bath more broadly, on spectral distortions
has been examined from a number of perspectives. For
example, limits on CMB distortions have been used to
constrain DM scattering on SM particles [49], energy
injection from dark photons [18], and axions and axion-
like particles (ALPs) [50]. Multiple studies have also used
Green’s functions to more generally study spectral dis-
tortions from heating [51], photon injection [52], and
electron injection [53]. However, the focus of this latter set
of studies has been the epoch prior to recombination,
when the universe can be well-approximated as fully
ionized, and photons scatter rapidly with electrons.

In addition to inducing spectral distortions, exotic energy
injection can also affect CMB anisotropies by modifying
the global ionization history [54-56]. This has been studied
in the context of both decaying [9,10,57-59] and annihilat-
ing DM [1,3,6,60-68]. In many of these studies, the
constraints were either applied only to a set of benchmark
DM models; in studies where the constraints were calcu-
lated more generically, the limits only extended to DM
masses corresponding to particle injection energies above a
few keV. For example, in the work of Ref. [6], the limits
were not extended to sub-keV DM on the basis of
approximations made in the analysis that were likely to
break down for sufficiently low DM masses (approaching
the hydrogen and helium ionization thresholds).

In a companion paper, hereafter referred to as Paper I [69],
we describe recent improvements made to the DarkHistory code
package [70] to better track the behavior of low-energy
electrons and photons, either directly injected or arising as

part of a secondary particle production cascade, in the
universe at z < 3000. We treat the energy deposition as
homogeneous, a common assumption also made in previous
works [22,70]. In this work, we apply the tools that we
developed in Paper I to obtain several immediate and
significant results. In particular, we calculate the CMB
spectral distortions arising from exotic energy injections
during the post-recombination epoch for the first time, and
extend CMB anisotropy constraints based on the ionization
history to lower DM masses. We also demonstrate how
additional low-energy photons produced by exotic energy
injections back-react on the process of recombination itself,
finding a small effect on the global ionization history.

In Sec. II, we show the spectral distortions resulting
from energy injection between 3000 > 1+ z >4 and
compare their amplitude to the sensitivity of future experi-
ments, as well as contributions to the distortion from other
redshift ranges. In Sec. III, we show that although these
spectral distortions could in principle modify the ionization
history, changes to the ionization history compared to the
DarkHistory v1.0 calculation are not significant. In Sec. 1V,
we extend the CMB anisotropy constraints on DM
decaying to photons, and also translate this into a constraint
on the ALP-photon coupling. We conclude in Sec. V.
Throughout this work, we will use natural units, where
c=h=kg=1.

II. CMB DISTORTIONS

Hereafter, we define the CMB spectral distortion as the
difference between the total photon intensity /, and the
intensity of a blackbody at the CMB temperature /,, cyp:

A[m :Im_lm,CMB- (1)

Within ACDM cosmology, spectral distortions can be
sourced by a number of processes [37,45]. Prior to redshifts
of z~few x 10°, any injected energy thermalizes very
quickly and only changes the temperature of the CMB
blackbody, leading to no discernible distortion. Below this
redshift, processes that do not conserve photon number
become inefficient, while photons and electrons remain in
thermal contact; energy injection therefore causes the
photon bath to develop a chemical potential, p. This leads
to a u-type distortion, given by

3 X
pa® e x
Al = 272 (e = 1) [ﬂ_ 1], (2)

where x = w/Tcvp and f~2.1923 [51]. As an example,
dissipation of primordial density perturbations through
Silk damping is expected to contribute a u-type distortion
with parameter u~2 x 107® [45], whereas data from
COBE/FIRAS constrains y to be less than several times
1075 [33,50,71].
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FIG. 1.

Predicted spectral distortions from ACDM, including the average y-distortion expected from Silk damping (yellow), the signal

from recombination (magenta), and the y-distortion expected from reionization and structure formation (dark purple). Dashed lines
indicate where the spectral distortions have negative values. The gray dotted line is the expected sensitivity of PIXIE [36,81]. Shown in
black is the largest spectral distortion from DM energy injection in our study (the ACDM contributions, including contributions from a
model of reionization, have been subtracted out from this line), restricting to scenarios that are not otherwise excluded.

Around z ~ 5 x 10*, Comptonization also becomes inef-
ficient and energy injection typically results in y-type
distortions, which are defined as

3 X
yo@  xe X
Al & =—n—-——— th( = | — 4], 3
@Y 2n% (¥ —1)2 {x €0 (2) } (3)

where the y parameter characterizes the amplitude of the
distortion. For example, heating of the IGM during reio-
nization and structure formation is expected to contribute a
y-type distortion with amplitude of about y~2 x 107°
[45,72-76]. COBE/FIRAS limits such distortions to
y <1073 [33,50].

There can also exist distortions that are neither p-type
nor y-type [51,53,77,78]. For example, during recombina-
tion, as electrons are captured and cascade to the ground
state, they emit out-of-equilibrium radiation that appear
today as broadened and redshifted atomic lines (helium
recombination also contributes a spectral distortion, but this
is expected to be an order of magnitude smaller than the
signal from hydrogen recombination, hence we only con-
sider hydrogen [37,79,80]). Fig. 1 shows these predicted
signals, as well as the expected sensitivity of PIXIE, which
can measure spectral distortions down to u~ 1078 or
y~2x 107 [36,81].

Exotic energy injections can similarly distort the CMB
frequency spectrum. For example, DM can decay or

annihilate to photons, or to SM particles that promptly
decay producing photons; these photons could contribute
directly to the distortion, but they can also produce
secondary electrons and photons through processes such
as pair production, Compton scattering, photoionization, or
photoexcitation, with subsequent de-excitation and recom-
bination. Electrons (either produced directly by the energy
injection mechanism, or as secondaries) can produce more
secondaries through collisional ionization and excitation,
and inverse Compton scattering (ICS) off CMB photons.
Especially for higher-energy photons, the timescale for
cooling processes can be comparable to or longer than a
Hubble time, so it is important to take into account the
expansion of the universe during the development of the
secondary particle cascade. Calculating these rich particle
cascades with the necessary amount of detail to accurately
track the resulting distortion is nontrivial; the numerical
methods we have developed for this purpose are described
in Ref. [70] and Paper 1.

For the rest of this paper, we will focus on DM
annihilation and decay as two main examples of exotic
energy injection; we stress, however, that DarkHistory can
handle general energy injection processes. To include the
effects of energy injection by DM in DarkHistory, one need
only specify if DM decays or annihilates, the spectrum
of decay/annihilation products, the DM mass m,, and the
lifetime 7z or cross section (ov). When calculating the
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evolution of the temperature, ionization level, and spectral
distortions, there are a number of options within DarkHistory
that can be adjusted, depending on which effects one would
like to include. We describe a few of the most relevant
options for this work below; see Ref. [70] and Paper I for
more details.

(1) backreaction: If set to False, then the fraction
of energy deposited into each energy deposition
channel (e.g., heating, hydrogen ionization etc.) is
computed assuming the baseline value of x, = n,/ny,
the number density ratio of free electrons to all
hydrogen nuclei, obtained without exotic energy in-
jection. Otherwise, if True, the effect on how energy is
deposited due to modifications of the temperature and
ionization histories away from the baseline solutions is
taken into account. This is crucial for an accurate
determination of T,,(z) for z <200 [70].

(2) struct boost: When structure formation begins,
annihilation is enhanced due to the fact that the
average of the squared density exceeds the square
of the average density. With this option, the annihi-
lation rate of DM is enhanced by a boost factor due to
structure formation, based on the model first devel-
oped in Ref. [8], and implemented in DarkHistory
in Ref. [70].

(3) reion switch: If True, then a model for reio-
nization is included in the evolution.

(a) reion method: Specifies which reionization
model to use. By default, we use * Puchwein’,
which is the model given in Ref. [82].

(4) distort: If True, then DarkHistory Will track the
background spectrum of photons and its evolution.
To accurately calculate the hydrogen atom transi-
tions that contribute to spectral distortions, we treat
hydrogen as a multilevel atom (MLA).

(a) nmax: Sets the maximum hydrogen principal
quantum number to track in the MLA.

(b) iterations: The MLA recombination and
photoionization rates are the most computation-
ally expensive quantities to compute; hence, we
have developed an iterative method for their
calculation, described in Paper 1. This option sets
the number of iterations over which to improve
the calculation.

(c) reprocess distortion: The atomic tran-
sition rates for the MLA depend on the state of
the background radiation and affect subsequent
emissions and absorptions by hydrogen atoms. If
this option is set to False, then the rates are
calculated assuming the CMB is a perfect black-
body; i.e. spectral distortions are not “reproc-
essed” through the MLA. If True, then we also
account for the effect of spectral distortions on
these rates. See Paper I for more details.

For clarity, we will be explicit about how these flags are set
in the results described below.

A. Results

Fig. 2 shows the spectral distortion calculated by DarkHistory
including the effects of DM energy injection for some sample
DM models; we emphasize that the public code is capable of
repeating these calculations for other final states, and more
general exotic injection scenarios. We choose scenarios with
annihilation or decay purely to photons or e™e™ pairs because
those are the simplest allowed channels for DM masses below
the muon and pion thresholds, which is where these cosmo-
logical constraints are most competitive. Furthermore, even at
higher masses, SM particles heavier than an electron promptly
decay, producing electrons, positrons, and photons (as well as
neutrinos, which are effectively free-streaming, and (anti)
nuclei which typically have a significantly lower branching
ratio) so that the results for a general scenario can be estimated
by taking linear combinations of the results for photons and
e e™. DarkHistory includes a submodule than can calculate the
electron and photon spectra from the injection of any arbitrary
SM particle, based on the PPPC4DMID results [83].

To be very explicit, the options we set for calculating
these distortions are

(i) backreaction = True,

(i) struct boost = None,

(ili) reion switch = True,

(iv) reion method = ‘Puchwein’,

(v) distort = True,

(vi) nmax = 200,

(vil) iterations = 5,
(viii) reprocess distortion = True.
We conservatively choose not to include structure boost
formation in our main results, and discuss the effect of
structure formation later in this section. Regarding nmax
and iterations, we choose these values since the
ionization level and spectral distortions are converged
for nmax = 200 and after only one iteration [69].

For decaying DM, we choose the lifetime at each mass
point to be at the minimum lifetime allowed by the CMB
anisotropy constraints from Ref. [9]; for s-wave annihilation,
the CMB anisotropy constraints on the cross-section are
taken from Ref. [6]. For comparison, we also plot on each
panel a black dotted line, which is the spectral distortion
calculated by DarkHistory in the absence of exotic energy
injection but including the reionization model; the grey
dotted line shows what is left when we also turn off
reionization. The largest distortions come from DM decaying
to et e pairs at the masses that are least constrained, e.g.,
around 1 MeV-10 MeV.

For the annihilation models, exotic energy injection has a
small effect on the CMB blackbody spectrum compared to
the distortion that would be expected even in the absence of
exotic injections; we call this latter component “ACDM
contributions™ since they are the spectral distortions that
would still be present in a ACDM universe. Hence, the
spectral distortions from annihilations are indistinguishable
by eye. This indicates that the CMB anisotropy constraints
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FIG. 2. The distortion to the CMB spectrum including different types of DM energy injection; this distortion is relative to the CMB
blackbody and hence includes components from ACDM processes. For each mass, the lifetime/cross-section is chosen to be at the edge
of the CMB constraints given in Refs. [6,9]. The left panels show the effect of decaying DM, while the right is from s-wave annihilation.
In the top row, the decay/annihilation products are e*e™ pairs, while the bottom row is for photon pairs. Negative values for the
distortion are represented by colored dashed lines. The black dotted line in each panel shows the spectral distortion expected in the
absence of exotic energy injection and including a reionization model; the grey dotted line shows the result when we also turn off

reionization.

are strong enough to ensure that distortions from annihilation
are small relative to the ACDM contribution. Figure 3 shows
the same spectral distortions as in Fig. 2, but with the ACDM
contributions subtracted out. At the lowest frequencies, this
difference is very small and subject to numerical instabilities,
hence we only show the distortion above a few GHz. The
largest of the distortions from Fig. 3 is also plotted on Fig. 1
for comparison.

One can immediately distinguish contributions from
various processes and redshifts to the distortions in
Fig. 2. All of the distortions show a trough-peak feature
that resembles a y-type distortion; this is primarily due to
Compton scattering of photons off of a hot IGM heated by
DM and reionization. There is also a narrow peak around
2000 GHz; this is the high energy end of the signal from
atomic transitions at recombination, e.g. the magenta line in
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Same as Fig. 2, but subtracting the component of the distortion that would be present in the absence of exotic energy injection.

In other words, here we show the spectral distortion relative to the expected ACDM contribution.

Fig. 1. Additionally, between about 3000 and 10° GHz, all
the distortions show a spiky shoulder. This feature contains
a smooth component caused by ICS; the spikes are due to
the enhancement of atomic line emission around reioniza-
tion, as neutral hydrogen atoms are raised to excited and
ionized states which can subsequently decay and emit line
photons. In Fig. 4, we show an example of these different
contributions to the distortion resulting from DM decaying
to ete™ pairs, with a mass of 200 MeV and a lifetime
of 1073 s,

By comparing the black and grey dotted lines in Fig. 2,
we can clearly see that reionization has a large impact on

the spectral distortion. When we set reion = True, we
include additional terms in the ionization and temperature
evolution, which contribute in a number of different ways:
the increase in temperature at late times leads to a large
y-parameter, and the increasing ionization leads to addi-
tional emission of atomic lines. In principle, our MLA
treatment is also affected by the radiation fields that cause
reionization in the first place, which could dominate over
the late-time spectral distortion at certain frequencies. One
could add a model for these extra radiation fields as a new
source of injected photons in DarkHistory; however, for this
work we choose only to include the effect of reionization on
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are dominated by the redshifts around recombination (purple), the
atomic lines from z < 400 which are dominated by the redshifts
around reionization (magenta), the photons resulting from ICS
(salmon), and the y-type distortion resulting from heating of the
IGM (yellow). The total distortion is shown in black.
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the spectral distortions through the terms for the ionization
and temperature equations (see e.g. Eq. (36) in Paper I).
In addition, since the energy injection rate from s-wave
annihilation goes as p? « (1 + z)°, where p, is the energy
density in dark matter, and the same rate for decay goes as
p, x (1+z)%, then decaying DM tends to modify the
distortion more at late times compared to annihilation;
hence, the y-distortion from late time heating is much larger
for decay scenarios. Currently unconstrained decaying DM
models will generally give signals large enough to be
detectable by future experiments such as PIXIE [36,81].
Small scale substructure can amplify spectral distortions
from annihilating dark matter at late times; once dark
matter halos begin to collapse, the annihilation rate can be
significantly enhanced by the factor (p2)/(p,)* Fig. 5
shows the effect of including structure formation; the boost
factor is calculated assuming the halos have an Einasto
profile and substructure, with properties as discussed in
Ref. [8]. The main difference is to enhance the heating y-
type spectral distortion and the ICS contribution from later
redshifts. At frequencies less than a couple thousand GHz,
the contribution of ACDM processes dominates over the
spectral distortion solely from annihilations; hence, the
only visible change to the spectral distortion in the left
panel comes from the ICS component, which raises the
high frequency shoulder around 4000 GHz. For the models
we considered, this effect is at most at the level of a
few times 1072 Js~'m=2Hz !sr~!, which may be just

10723
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The effect of structure formation on the distortion. The left panel includes the ACDM and reionization contribution; the right

panel has this contribution subtracted out. The purple line shows the distortion when we do not include the boost in power due to
structure formation; yellow shows the distortion when we use the default model for structure formation in DarkHistory (see text for
details). At late times, both the y-type distortion from heating and the ICS component of the distortion are enhanced. The difference

between the two curves is shown by the black line.
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detectable by e.g. PIXIE [36,81]. In the right panel, when
we subtract out the ACDM contribution to the distortion,
we can more clearly see the effect on the heating y-type
component.

We reiterate that we only show contributions to the
spectral distortions from between 14 z = 3000 and
1 4+ z = 4. We have estimated the contribution from other
redshifts and find that it is subdominant to the contribu-
tions calculated here for the models we have studied; the
degree to which the contribution from 3000 > 1 4z > 4
dominates depends on the channel for energy injection,
see Appendix A for details. We also examine the rate
of energy deposited into spectral distortions and find that
it is consistent with the energy deposited into the con-
tinuum channel plus y-type distortion contributions,
see Appendix B for details.

III. IONIZATION HISTORIES
FROM LOW MASS DARK MATTER

Given the upgrades to the treatment of low-energy
electrons described in Paper I, we can now accurately
calculate the ionization histories with particles injected
with energy less than a few keV. In this section, we present
these results for the first time. Moreover, since we have now
implemented the capability for DarkHistory to track many
excited states of hydrogen, transitions of these excited
states can in principle modify the evolution of the free
electron fraction, compared to the results derived by the
previous version of DarkHistory. The modified ionization rate
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and spectral distortion can affect each other: atomic
transitions and recombination lead to the absorption or
emission of low-energy photons, while spectral distortions
will affect the various atomic rates through the photon
phase space density. These modifications can in principle
be large; however, given existing constraints on DM
annihilation and decay, we will show that the effects on
these processes are not significant enough to alter present
constraints.

A. Extending to lower energies

A novel application of the method described in Paper I is
the ability to accurately calculate the ionization histories
resulting from dark matter with masses less than a few keV.
At energies lower than this, previous calculations relied on
Monte Carlo results based on Ref. [84], while the appli-
cability of the photoionization cross section used in earlier
works as we approach the ionization potential of hydrogen
and helium was unclear. With our improved low-energy
treatment outlined in Paper I, we can now reliably calculate
xui(z) for arbitrarily low dark matter masses.

Fig. 6 shows the ionization histories from exotic energy
injection. The left panel shows dark matter decaying to
photons, with masses between 19 eV and 10 keV and
lifetime fixed at 7 = 2 x 10% s. At this lifetime, we see that
the presence of exotic energy injection can significantly
impact the ionization history prior to reionization; hence,
these modifications can also be constrained by their impact
on CMB anisotropies (see Sec. IV). As m, drops below 2R,
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Ionization histories for dark matter decaying or annihilating to photons with masses m,, < 10 keV. For decays, the lifetime is

fixed to 7 = 2 x 10? s; for annihilations, we choose the lifetime to be at the Planck 2018 constraint assuming 100% efficiency of energy
deposition, (6v)/m, = 3.2 x 1072 cm®s~! GeV~" [85]. The black dashed line shows the ionization history calculated with Recfast

[86,87] in the absence of exotic energy injection.
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where R =13.6 eV denotes the hydrogen ionization
potential, the resulting photons drop below the hydrogen
ionization threshold; below this mass, exotic energy injec-
tion cannot directly ionize hydrogen and the curve calcu-
lated by DarkHistory almost exactly matches the standard
RECFAST ionization history; the difference arises from
changes to recombination due to the presence of non-
thermal photons below 13.6 eV, which we can calculate
accurately, and will discuss further below.

The right panel of Fig. 6 is for dark matter annihilating to
photons, with cross-section fixed to the Planck 2018
constraint assuming that all injected energy is transferred
to the IGM, (ov)/m, =3.2x 1072 cm? s™! GeV~! [85].
We see that at this cross-section, the effect of exotic energy
injection on ionization is at a level of less than Ax, < 1073,
which is smaller than the effect from decays but still
potentially detectable by future experiments. Again, we see
that as the kinetic energy of the primary photons falls below
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FIG. 7. lonization histories for the same DM models as in Fig. 2. The black dashed line shows the ionization history calculated with

RECFAST [86,87] in the absence of exotic energy injection. While all models with exotic energy injection show an increase in the global
ionization, the change in ionization is largest for the decaying DM models.
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R, the effect on the ionization history is suppressed—
although as we will discuss, it does not vanish entirely.

B. Comparison to previous calculations

Due to the feedback between modifications to the global
ionization history and spectral distortions, one might expect
that accurately tracking the spectrum of background pho-
tons could change our calculation of the free electron
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fraction, x,, relative to DarkHistory v1.0 even from higher DM
masses. Here, we examine the size of this effect.

Fig. 7 shows the ionization histories derived using the
same DM models shown in Fig. 2. Shown in the black
dashed line is the ionization history calculated by RECFAST
in the absence of DM energy injection (including the
hydrogen fudge factor, which we set to 1.125, and the
double Gaussian function correction [86,87]). In all
cases, as expected, including energy injections from DM

3
10% T T T
i + -
—ete
10 -
1 =3
0.1 =
102k ’ﬁ -
-3 . -
1077 my [GeV], (ov) [cm? s71]
g —— 5.2E-04, 6.0E-31 —— 2.2E-01, 1.1E-28 ]
107 —— 5.5E-04, 6.7E-31 —— 1.9E+00, 1.4E-27 73
i —— 8.7E-04, 1.6E-30 L6E+01, 1.0E-26 ]
1079k —— 3.6E-03, 1.9E-30 LAE+02, 1.1E-25
i /— 2.7E-02, 9.5E-30 1.2E403, 9.7E-25
10- 6L bl NN | R NN
10 102 103
Redshift, 1 + z
3
107 — T —
i N ]
10 7
1F _
0.1F -
o \N :
3 _
10 my [GeV], (ov) [em? s71]
i —— 5.0E-06, 2.0B-33 —— 2.2E-01, 1.2E-28 ]
107 —— 4.3E-05, 2.1E-32 —— 1.9E+00, 2.0E-27 =
i —— 3.6E-04, 4.0E-31 1.6E+01, 1.3E-26 ]
105k —— 3.1E-03, 3.2E-30 L4E+02, 1.1E-25
3 /— 2.6E-02, 1.3E-29 1.2E+03, 9.8E-25
106 I WL

10 102 103
Redshift, 1 + z

Difference in the ionization history relative to that calculated using DarkHistory v1.0. In other words, this is the difference in

ionization between the two methods, divided by the history calculated with DarkHistory v1.0. The differences are at the level of less than
10 percent, which shows that tracking more excited states of hydrogen and the feedback between spectral distortions and ionization does

not significantly modify the global ionization history.
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annihilation/decay yields ionization histories that are larger
than the RECFAST history at all redshifts. For DM annihilat-
ing to photons or eTe™ pairs, we see that the spread in
ionization histories is quite small. For decaying DM, the
spread in ionization histories is larger, and the histories can
deviate more significantly from the RECFAST calculation at
late times (consistent with, e.g., Ref. [8]). We also show in
Appendix C the relative difference between the ionization
history calculated with our new method versus that derived
with RECFAST.

The reason for the difference in variation between
annihilation and decay scenarios is due to the redshift
dependence of the energy injection and the fact that we are
using CMB-derived limits. For decay, the constraint is
mainly controlled by energy injection at redshift 1 4+ z ~
300 [9], hence we would expect the ionization and differ-
ence relative to the RECFAST curve at this redshift to be
similar in the left panels of Fig. 7. This can be clearly seen
in the y — yy panels. For annihilation constraints, the
principal component comes from redshift 1 4 z ~ 600 [6],
hence the ionization should be similar at this redshift in
the right panels. Since the power from annihilating DM
decreases with redshift as (1 + z)®, then energy injection
effectively shuts off after 1 4 z ~ 600 and we see very little
spread to the ionization histories, whereas the power from
decaying DM only decreases as (1 + z)? so there is much
greater variation in the ionization histories at late times.

In order to determine how much the new machinery to
track hydrogen levels and spectral distortions affects the
ionization history, in Fig. 8, we show the relative difference
between the ionization histories calculated using the new
and original versions of DarkHistory; in Appendix C, we also
show the relative difference between the new DarkHistory and
RECFAST. Again, we see that the spread in the histories is
somewhat larger for decay scenarios than annihilation. The
largest differences are at less than the 10 percent level;
hence, while feedback from the spectral distortions does
modify the ionization history, this difference is not large for
unconstrained values of z. An important implication of this
is that DM decay and annihilation results that depend on
the ionization histories calculated by previous versions of
this code remain largely unchanged. This includes the
constraints on decaying and annihilating DM derived using
the effect of ionization on the CMB anisotropies [6,9]. We
discuss the CMB anisotropy constraints in greater detail in
the next section.

Finally, although the validity of the approximations
made in DarkHistory v1.0 was not clear for injections at dark
matter masses less than 10 keV, we find that the differences
between the ionization histories calculated with DarkHistory
v1.0 and with the improved treatment are also less than 10%
at all masses and redshifts. The agreement between
DarkHistory v1.0 and the upgraded version shows that these
approximations in fact yield accurate results for sub-keV
dark matter, at least in the context of calculations of the

modified ionization history and constraints that are deter-
mined by this modification.

IV. CMB ANISOTROPY

Energy deposition into ionization from DM annihilation
or decay modifies the process of recombination, which in
turn modifies the CMB anisotropy power spectrum [1,3].
Existing limits based on Planck data set strong limits
on such processes, especially in the sub-GeV DM mass
range [6,9,10]. We can parametrize the power deposited
into ionization relative to the power injected by DM as

dE dE
= fH ion . (4)

Properly computing the limits on DM interactions therefore
relies on an accurate computation of f;o,(z) for annihilation
or decay into ete™ pairs and yy pairs. Previous works on
these limits only presented constraints down to a DM mass
where the kinetic energy of each injected particle in these
channel was 5 keV. As mentioned in Sec. IIT A, at lower
energies, Monte Carlo results based on Ref. [84] provided
SHion(2) for e e™ injection, but required interpolation over a
limited number of injection energies, and the applicability of
cross sections used in DarkHistory v1.0 near the ionization
potential of hydrogen and helium were unclear.

With the method described in Paper I, we can now
confidently extend the CMB power spectrum limits down
to much lower kinetic energies of the injected particles.
This is particularly important for DM particles such as
ALPs decaying into photons, since these constraints are
among the strongest available for 2R < m, < 10 keV,
with CMB spectral distortions providing relevant limits
for m, > 2R [50].

We can obtain a good estimate for the constraint on
DM decay by noting that the limit on the lifetime 7 is
approximately proportional to fi;on(z = 300) [9], since the
impact of energy injection as a function of redshift on the
CMB power spectrum is peaked at that redshift [64]. We
can therefore estimate limits for decay by simply comput-
ing fion(z = 300) as a function of m, for both channels,
and rescaling that shape to match previous constraints on z.
The options we use to calculate fiy;,(z = 300) are

(i) backreaction = False,

(i) struct boost = None,

(ili) reion switch = False,

(iv) distort = True,

(v) nmax = 10,

(vi) iterations =1

(vii) reprocess _distortion = False.
Since we are only seeking an estimate of the CMB
anisotropy constraint, we lower nmax to 10, itera-
tions to 1, and set reprocess distortion =
False to speed up the calculation. This estimate is valid
down to about m, = 2R; for masses lower than this, the
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FIG. 9. Estimated constraints on the lifetime for DM that
decays to a pair of photons, shown as the red contour. These
constraints were derived using the results of Ref. [9] which are
shown as a dashed dark red line. We show the same estimate
using DarkHistory v1.0 in the thin dashed black line. Both of these
results made use of Planck 2015 data. We also plot Ref. [59],
which used Planck 2018 data, as a dotted blue line for
comparison; we choose not to extend these constraints, since
it is unclear if our estimation method applies to this data.

resulting photons are below the hydrogen ionization thresh-
old; therefore, fyjon(z = 300) = 0.

Figure 9 shows our estimated lifetime constraints on DM
decaying into a pair of photons from extending the bounds in
Ref. [9], which used the Planck 2015 dataset and likelihoods
(as discussed in e.g. [88]). For m, > 10 keV, we obtain
excellent agreement between our current result and those
of Ref. [9] as expected, but extend the anisotropy power

spectrum limits down to m, =2R, where we find

72> 10% s. We show the same estimate using DarkHistory
v1.0 in the thin dashed black line. Per the discussion in
Sec. III, we find that the approximations made in DarkHistory

v1.0 are in fact very good for this purpose, such that fyy;,n(z =
300) calculated using DarkHistory v1.0 is remarkably close to
the result using our improved low-energy treatment. Hence,
the constraints between the two versions of DarkHistory are
nearly identical, although we are more confident in our
control over theoretical uncertainties in the upgraded version.
As we will discuss below, we can in principle also obtain
constraints for m, < 2R coming from modifications to
recombination due to the presence nonthermal low-energy
photons, but these constraints appear to be weaker than
existing limits, and not been computed carefully here.

We also show the constraints from Ref. [59], which used
Planck 2018 + BAO data. The shape of these constraints is
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FIG. 10. Constraints on the coupling of ALPs to photons.
Our estimate of the constraint from modifications of CMB
anisotropies is shown in the black contour. For comparison,
we also show constraints from measurements of the ionization
history/optical depth (x,) [91], extragalactic background light
(EBL), heating in LeoT using the more conservative gas temper-
ature of 7552 K [90], CMB spectral distortion and anisotropy
constraints from Ref. [50], and x-rays [91]. The constraints were
plotted using the AxionLimits code [92].

smoother compared to Ref. [9], since they used a different
statistical approach (treating m, as a model parameter in
their MCMC rather than performing a separate MCMC for
each fixed m, value); hence it is not clear if the same
principal component approach can be applied here. As a
result, we choose only to extend the estimated constraints
using the results of Ref. [9] based on Planck 2015 data. The
most robust constraint would come from repeating the
MCMC analysis for the Planck 2018 data using the latest
version of DarkHistory presented here.

The limits on injected photons translate directly to a
constraint on the ALP-photon coupling g,,,, which we
show in Fig. 10. Comparing to the limits derived using
CMB anisotropy data in Ref. [50], our constraints become
stronger above m, ~ 100 eV; this may at least in part be
explained by simplifications in their treatment that are
expected to break down at higher energies [89]. In addition,
while weaker than limits based on heating of dwarf galaxies
like LeoT [90], our constraints have completely comple-
mentary systematics. Note that this result is based on the
full information provided by the Planck CMB power
spectrum—across all available angular scales and using
TT, TE and EE power spectra—instead of simply relying
on the inferred optical depth to the surface of last scattering
from WMAP7 to set a limit, as was done in Ref. [91].
These results therefore supersede the estimate in Ref. [91]
(labeled x, in their Fig. 11).
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FIG. 11. Ionization histories for DM decaying to photons at a
mass of m, = 22 eV, i.e. for injection of photons with energies
less than R. At a DM lifetime of 7 = 4 x 10?2 (red), which is
taken from constraints based on measurements of the EBL [93],
the ionization history is indistinguishable from the ionization
history with no exotic energy injection (dotted black). In order to
have an observable change to the ionization, we must decrease the
lifetime quite a bit, e.g. to 7 = 4 x 10% s (dashed blue).

For DM with m, < 2R decaying to photons, the primary
photons cannot ionize anything, but the ionization history
can still be affected: for example, injected photons can
excite neutral hydrogen, and the resulting excited atoms
have a higher probability of being ionized by a CMB
photon. Hence, although fy;;,, = 0, there will still be some
constraint on energy injection from the overall ionization
history. The current most competitive bound on DM
decaying to photons at m, = 22 eV is given by measure-
ments of the extragalactic background light (EBL) and
corresponds to a lifetime of about 7~ 4 x 10?2 s [93]. At
this lifetime, we find the change to the ionization history is
negligible. In order to get a potentially observable change
to the ionization, we would have to lower the lifetime by at
least an order of magnitude or two, so any CMB anisotropy
constraints for injection of sub-R photons are likely already
ruled out by the EBL. Figure 11 shows the ionization
histories for ACDM and also including dark matter
decaying to photons at m, =22 eV and lifetimes of
74 x10%2 s and 4 x 102 s (to ensure this calculation
isaccurate, we again setnmax = 200 and iterations =5
for this figure). The curve with 7~4 x 10?2 s is nearly
identical to the ACDM curve; hence, it is unlikely that
the resulting CMB anisotropy constraints would be com-
petitive with current bounds in this low mass range.

Finally, Ref. [94] pointed out that for sufficiently large
couplings, a relic density of ALPs may freeze in from the

thermal bath, forming an irreducible contribution to the DM
density. Although these ALPs may only comprise a small
fraction of DM, DM searches can still be used to set very
strong constraints on ALP parameter space using this relic
abundance. Ref. [94] applied this argument to CMB con-
straints, using the anisotropy constraints in Ref. [59] above
masses of 10 keVand the spectral distortion information from
Ref. [50] below 10 keV. In principle, with the upgrades to
DarkHistory presented here, we can now extend the CMB
anisotropy constraints on such a population to arbitrarily low
masses; we leave a detailed analysis to future work.

V. CONCLUSION

In Paper I, we described a major upgrade to the capabil-
ities of the DarkHistory package for modeling the effects of
exotic energy injection in the early universe, including an
improved treatment for energy deposition by low-energy
electrons, tracking the full background spectrum of photons,
and taking into account interactions between the photon bath
and the hydrogen gas with an arbitrary number of excited
states. This treatment assumes that energy is deposited
homogeneously, which may become inaccurate at late times
once structure formation is well underway. In this work, we
describe several applications of this new machinery.

First, we demonstrated that we can now compute the
CMB spectral distortions resulting from general exotic
energy injections in the z < 3000 universe; specifically,
we studied models of decaying and annihilating DM,
with interaction rates at the exclusion limit from CMB
anisotropy constraints, and predicted their signals in CMB
spectral distortion. The largest predicted signals come
from light decaying DM, yielding spectral distortions up
to about one part in 10°, and would be observable by future
experiments such as PIXIE, which could detect spectral
distortions down to about one part in 10% [36,81]. Other
proposed experiments that may be able to detect this signal
include PRISTINE [37], BISOU [39], and FOSSIL [40].
The signal from injection of high-energy particles can also
be distinguished from other expected contributions by the
shape of the high-frequency tail of the distortion, although
we have not yet examined the impact of foregrounds on the
detectability of these distortions.

Secondly, we extended the calculation of the modified
ionization history from decaying DM to arbitrarily low
masses. We also showed that even though spectral dis-
tortions and modifications to the ionization history are
coupled in the evolution equations, including spectral
distortions (in models that are not currently excluded) does
not significantly change the ionization history, with effects
at the few-percent level and consistently below 10%. This
means that any constraints on DM annihilation and decay
that were derived using the ionization history calculated
with DarkHistory v1.0 remain largely unchanged.

With these results in hand, we estimated the resulting
CMB anisotropy constraints on low-mass scenarios. These
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results can also be translated into a limit on the coupling
between ALPs and photons, which is competitive with
other CMB-derived constraints and has complementary
systematics to the leading constraints from e.g. heating of
dwarf galaxies.

There are numerous other possible applications of this
improved technology, including studying the effects of the
photons from exotic energy injection on the 21-cm signal or
the EBL. We leave these directions as topics for future study.
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Note added.—In the late stages of preparing this manu-
script, we became aware of another work near completion
[102], which calculates the CMB anisotropy bounds on
sub-keV dark matter, performing a full MCMC analysis
using Planck 2018 data and DarkHistory v1.0. Our results in
this respect are complementary; that work provides a
complete calculation of the constraints using DarkHistory
v1.0 (which appear broadly consistent with our estimates),
while our results show that using the new version is
unlikely to modify the constraints significantly.

APPENDIX A: SPECTRAL DISTORTIONS
FROM OTHER REDSHIFTS

In Section II A, we showed the spectral distortions resulting
from energy injection between redshifts of 3000 >
1 + z > 4. By default, DarkHistory only treats this redshift
range, since 1 + z = 3000 is the highest redshift for which we
have photon cooling transfer functions, and at lower redshifts
one has to treat helium reionization. However, energy

injection from other redshift ranges can have contributions
to the distortion that are comparable in amplitude.

For redshifts between 2 x 10° > 1 + z > 3000, one can
determine the spectral distortion contribution using the
Green’s functions calculated in Ref. [53]. We find that the
early redshift contribution is subdominant for the masses we
have tested, as shown in Fig. 12; the left panel shows decaying
DM and the right shows annihilating DM. The mass of the
DM particle is chosen such that the injected electrons and
positrons have a kinetic energy of 1 GeV, so that we can use
the Green’s functions presented in Ref. [53]. The red line
shows the early contribution and the purple line shows the
contribution calculated by DarkHistory; black shows the sum of
the two contributions, i.e. the total spectral distortion con-
tributed by energy injection between 2 x 10° > 1 + z > 4.

The relative size of the contributions can be roughly
understood by considering the redshift dependence of the
energy injection rate. For decays, the energy injected per
log redshift interval as a fraction of the CMB energy
density is proportional to p,/H /ucyg(T), where H is the
Hubble parameter and ucyg(7) is the blackbody energy
density with temperature 7. Hence, this quantity depends
on redshift as (14 z)™>° during matter domination and
(1 +z)73 during radiation domination. Then integrating
this over the appropriate log redshift intervals, we estimate
that the contribution from 3000 > 1 4 z > 4 should be
larger than that of 2 x 10° > 1 + z > 3000 by about seven
orders of magnitude, which is roughly consistent with
Fig. 12. Similarly for annihilation, the energy injected per
Hubble time as a fraction of the CMB energy density is
p2/H/ucyp(T), which goes as (14 2)*° during matter
domination and is constant during radiation domination.
Integrating this over the two redshift ranges, we find that
two contributions are nearly equal, with the later contri-
bution being smaller by a factor of only about 2. However,
as we found in Paper I, when the universe is fully ionized,
i.e. prior to z ~ 1100, the conversion of energy injection to
spectral distortions is less efficient; the reason is there are
no photoionizations, and hence no secondary electrons,
which can efficiently contribute to heating. Hence, this
suppresses the distortion from earlier redshifts by a couple
orders of magnitude. Note that these estimates are inde-
pendent of dark matter mass, so we expect it to be generally
true that the contribution from 3000 > 1+ z > 4 domi-
nates over the contribution from higher redshifts.

We can also estimate the contribution to the distortion
during the latest redshifts, 1 + z < 4. At these redshifts,
we can approximate the universe as completely ionized,
hence the only cooling mechanisms available to photons
are Compton scattering, pair production, and redshifting;
the particle cascades resulting from these processes will
eventually contribute to a spectral distortion through
heating or ICS. For photon energies much smaller than
the electron mass m,, the photons lose energy to electrons
at the rate [53,103].
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(A1)

where n, is the number density of electrons and o7 is the
Thomson cross-section. Then, based on the timescales for
electron cooling processes given in Ref. [104], the dom-
inant cooling process for electrons at energies less than a
few MeV is heating, as opposed to ICS. At energies much
larger than this, we can no longer use the previous energy
loss formula and we must also take ICS into account.

m
=
P
& 105
= 10
—
)
]
~ -7
= 10
=
S
= 107Y
s
=
.S
-~
—11
5 10
+
2
=
g 1n-13
= 10 my [GeV], 7 [s]
= —— 1.0E-03, 2.7TE4+24 —— 4.5E-01, 1.2E+25
5 B —— 1.1E-03, 2.7E+4+24 —— 3.8E+00, 3.7E+24
< 1075} —— 1.7E-03, 2.0E+24 3.2E+01, 2.9E+24 -
2 —— 7.2E-03, 5.9E+24 2.8E+02, 1.2E+24
] —— 5.4E-02, 2.6E+25 2.3E+03, 9.4E+23
éi 10717 N | . N | . N |
10 102 103
Redshift, 1+ z
m
= I I I
@)
St -5 = -
= 10 X =77
—
)
]
~ -7
10
z
S
= 1079
o
=
.S
=
—11
5 10
+~
2
=
g 113
. 10 my [GeV], 7 [s]
= —— 10E-05, 7.0E+24 —— 4.5E01, 1.8E+24
g . —— 8.5E-05, 3.6E4+24 —— 3.8E400, 6.8E+23
< 1078 —— T7.2E-04, 2.7TE+24 3.2E+01, 8.3E4+23 =
EB —— 6.2E-03, 1.2E+24 2.8E+02, 9.5E4+23
] —— 5.3E-02, 3.1E+24 2.3E+03, 9.1E+23
= _
&110 17 1 1 |

10 102 103

Redshift, 1+ z

Hence, we can estimate the low-redshift spectral distortion
in this regime using three steps:
(1) We calculate the rate at which electrons are upscat-
tered by Compton scattering.
(2) We assume the electrons gain most of the injected
photon’s energy; this can be seen by averaging the
Compton scattering formula
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FIG. 14. Rate of change in the energy of the spectral distortion relative to ACDM for the same models as in Fig. 2. In other words, this
figure shows how the energy in the spectra shown in Fig. 3 evolves with time.
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over the angle 6, where @’ is the energy of the
photon after scattering. We find that

/
@:%bg (1 +£).
® ® m,

In the limit that w > m,, this asymptotes to zero,
hence the photon loses most of its energy to the
electron upon scattering.

(3) We process the electrons through the electron cool-
ing module of DarkHistory to determine the spectrum
of secondary photons from ICS, as well as how
much energy was deposited into heating.

Fig. 13 compares the spectral distortion calculated by
DarkHistory, shown in purple, and the missing contribution
from late times, shown in blue. We assume DM decays
to photons with a mass of 10 keV or 2.23 GeV and life-
time taken to be at the CMB bounds [9]; these two models
are representative of results for energy deposition by
low and high energy particles. The amplitude of the late-
time distortion is smaller than the contribution from 3000 >
1 + z > 4 by about an order of magnitude in the models we
consider. Again, we can estimate the relative size of these
contributions using the argument that we outlined above for
high redshifts. Using the redshift dependence for energy
injection by decaying dark matter, one might guess that the
late time contributions from 1 + z < 4 should be larger in
amplitude than that of 3000 > 1+ z > 4 by a factor of
about 10. However, since the universe is also fully ionized
at these late times, the amplitude of the resulting spectral
distortion is suppressed and turns out to be smaller than the
distortion from 3000 > 1 + z > 4 by an order of magni-
tude for the two masses that we have tested.

Moreover, if the late time spectral distortion does not
have significant ICS or atomic line contributions, then it is
degenerate with the distortions from reionization and
structure formation, since all of these are y-type distortions
sourced by heating. If ICS is significant, then the distortion
will have a high energy tail that can be distinguished from
other sources of spectral distortions, as shown in the right
panel of Fig. 13.

(A3)

APPENDIX B: ENERGY DENSITY IN SPECTRAL
DISTORTIONS

Here, we validate our results by examining how much
energy is deposited into the spectral distortions as a
function of redshift. Figure 14 shows the rate of change
in the energy of the spectral distortion, not including the
contributions to the distortion from ACDM processes. In
other words, this figure shows how the energy in the spectra
shown in Fig. 3 evolves with time.

For comparison, in Fig. 15, we show two of the models
in Fig. 3, one for decay to e*e™ and one for annihilation to
ete™, and also show an estimate for the rate at which
energy is deposited into the continuum for those same

models, computed as discussed in Paper I. This calculation
largely tracks the f ., calculation in the original version of
DarkHistory, albeit with improvements to the treatment of
low-energy electrons; it was intended as a calorimetric
estimate of the total power into spectral distortions. The full
spectral distortion calculation includes effects that the
continuum calculation does not—in particular, y-type
distortions from heating are not included in the contribu-
tions to the continuum channel—and provides the spectrum
itself rather than simply an integrated quantity. This
comparison can be viewed as a cross-check on our previous
estimate of the integrated energy, and we do find that the
shape and normalization of the curves is generally similar;
however, detailed sensitivity estimates should use the
spectral distortion results.

We see that the general shape of all the curves is
consistent with the scaling for the energy injection rate
discussed in App. A: for decays, this rate scales as
(1 + z)72 during matter domination and (1 + z)~* during
radiation domination and for annihilations, the rate goes as
(1 + z)*3 during matter domination and is constant during
radiation domination. There are obvious exceptions to this
trend. For example, when reionization begins, there is an
increase to the rate of energy deposited in spectral dis-
tortions due to photoheating and emission from excited
hydrogen atoms. There is also a small artifact around
1 4+ z ~ 500 due to a change in the way we calculate the
y parameter after this redshift, see Paper I for details.

In addition, for s-wave annihilation, there is a negative
feature around 1+ z ~ 100. The main contributions to
spectral distortions at this time are atomic line emission
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FIG. 15. Comparison of the rate of change in the energy of
the spectral distortion to the rate of energy deposited in the
continuum channel for two of the models shown in Fig. 14.
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and a negative amplitude y-type distortion. This y-distortion
is present because the matter is always slightly colder than
the CMB; the matter temperature would cool faster than the
CMB if their temperatures were not coupled at early times.
The atomic lines are a positive contribution to the energy
density in spectral distortions, whereas the y-distortion is a
negative contribution. Both contributions are enhanced
in the presence of exotic energy injection due to the
larger residual ionization at these times; hence the

contribution to the energy density caused by exotic energy
injection can be negative when the enhancement of the
y-distortion dominates.

APPENDIX C: COMPARISON TO RECFAST

In Sec. IIIB, we showed that the difference in
the ionization histories calculated using the method
described in Paper I and DarkHistory v1.0 were not significant.
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FIG. 16. Difference in the ionization history relative to that calculated using RECFAST. In other words, this is the difference in
ionization between the two methods, divided by the history calculated with RECFAST. While the differences in ionization between
histories with/without exotic energy injection is O(1) for annihilating DM, the relative change can be as large as a factor of a few

hundred for decaying models.
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Hence, a comparison of the ionization histories calculated
with the new method against RECFAST is not technically
new, but we show the results here for completion.

Figure 16 shows the relative difference in xyy(z)
calculated using the upgrades from Paper I and RECFAST;

in other words, Fig. 16 shows the change in the ionization
when we include the effect of exotic energy injection. The
signal is largest for decaying dark matter models, where the
ionization history can be enhanced by as much as O(100)
around 1 + z ~ 20.
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