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We derive new constraints on models of decaying and annihilating dark matter (DM) by requiring that the
energy injected into the intergalactic medium (IGM) not overheat it at late times, when measurements of the
Lyman-a forest constrain the IGM temperature. We improve upon previous analyses by using the recently
developed DarkHistory code package, which self-consistently takes into account additional photo-
ionization and photoheating processes due to reionization and DM sources. Our constraints are robust to the
uncertainties of reionization and competitive with leading limits on sub-GeV DM that decays preferentially
to electrons [https://github.com/hongwanliu/DarkHistory/tree/T_igm_temperature_constraints].
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I. INTRODUCTION

Dark matter (DM) interactions such as annihilation or
decay can inject a significant amount of energy into the
early Universe, producing observable changes in both its
ionization and temperature histories. Changes in the free
electron fraction, for example, can alter the cosmic
microwave background (CMB) anisotropy power spec-
trum [1-3], allowing constraints on the annihilation
cross section [4-15] and the decay lifetime of DM
[16-19] to be set using Planck data [20]. Constraints
based on modifications to the temperature history focus
on two redshift ranges where measurement data are or
will potentially be available: (i) before hydrogen reio-
nization at z ~ 20, and (ii) during the reionization epoch
at 2<z<6. In the former redshift range, the 21-cm
global signal [18,21-25] and power spectrum [26,27]
have been shown to be powerful probes of DM energy
injection, and have the potential to be the leading
constraint on the decay lifetime of sub-GeV DM [22].
In the latter range, measurements of the intergalactic
medium (IGM) temperature derived from Lyman-a flux
power spectra [28,29] and Lyman-a absorption features
in quasar spectra [30,31] have been used to constrain the
s-wave annihilation cross section [32], the p-wave
annihilation cross section, and the decay lifetime of
DM [18,33,34]. The IGM temperature can also be used
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to set limits on the kinetic mixing parameter for ultra-
light dark photon DM [35-37], the strength of DM-
baryon interactions [38], and the mass of primordial
black hole DM [39].

In this paper, we revisit the constraints on p-wave
annihilating and decaying dark matter from the IGM
temperature measurements during reionization. This work
is timely for two reasons. First and foremost, the develop-
ment of DarkHistory [40] allows us to improve on the
results of Refs. [32-34] considerably. We can now self-
consistently take into account the positive feedback that
increased ionization levels have on the IGM heating
efficiency of DM energy injection processes. This effect
can give rise to large corrections in the predicted IGM
temperature [40] during reionization. Furthermore,
DarkHistory can solve for the temperature evolution
of the IGM in the presence of both astrophysical reioniza-
tion sources and dark matter energy injection; previous
work only set constraints assuming no reionization [32] or a
rudimentary treatment of reionization and the energy
deposition efficiency [33,34]. Second, experimental results
published since Refs. [32-34] have considerably improved
our knowledge of the Universe during and after reioniza-
tion. These include:

(1) Planck constraints on reionization. The low multi-
pole moments of the Planck power spectrum provide
information on the process of reionization [20]. In
particular, Planck provides 68th and 95th percentiles
for the ionization fraction in the range 6 < z < 30
using three different models [41,42], arriving at
qualitatively similar results.
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(2) New determinations of the IGM temperature. By
comparing mock Lyman-a power spectra produced
by a large grid of hydrodynamical simulations to
power spectra calculated [43] based on quasar
spectra measured by BOSS [44], HIRES [45,46],
MIKE [47], and XQ-100 [48], Ref. [49] (hereafter
Walther +) determined the IGM temperature at mean
density in the range 1.8 < z < 5.4, overcoming a
degeneracy between gas density and deduced tem-
perature that hampered previous analyses [29,50].
More recently, Ref. [51] (hereafter Gaikwad +) fit
the observed width distribution of the Lya trans-
mission spikes to simulation results, enabling a
determination of the IGM temperature at mean
density in the 5.4 < z < 5.8 redshift range, again
with only a weak dependence on the temperature-
density relation.

These improvements to both the understanding of energy
deposition and the ionization/temperature histories are
combined in our analysis into robust constraints on DM
p-wave annihilation rates and decay lifetimes. These
constraints are competitive in the light DM mass regime
(<10 GeV) with existing limits on DM decay from the
CMB anisotropy power spectrum [17] and are comple-
mentary to indirect detection limits [52-55], being less
sensitive to systematics associated with the galactic halo
profile and interstellar cosmic ray propagation.

In the rest of this paper, we introduce the IGM ionization
and temperature evolution equations, discuss the data and
statistical tests used, and finally present our new con-
straints. We also include Appendixes that provide addi-
tional details to support our main text. For reproducibility,
we include links to the code used to generate our fig-
ures [56].

I1. IONIZATION AND
TEMPERATURE HISTORIES

In this section, we write down the equations governing
the evolution of the IGM temperature, 7,, and the IGM
hydrogen ionization level, xy = nyp/ny, where ny is the
number density of both neutral and ionized hydrogen. The
ionization evolution equation is

v __ satom - DM Tk
Xgn = Xpm + Xgn + X (1)

Here, x{j5™ corresponds to atomic processes, i.e., recombi-
nation [57-60] and collisional ionization, which depend in
a straightforward way on the ionization and temperature of
the IGM, while xBM is the contribution to ionization from
DM energy injection. These terms are discussed in detail in
Ref. [40] and are given in full in the Appendix, as well as a
completely analogous Hell evolution equation. The
remaining term, Xjy;, corresponds to the contribution to
photoionization from astrophysical sources of reionization.
This term will inevitably source photoheating, which will

be important for the IGM temperature evolution equation
(discussed below). Xf; can in principle be determined
given a model of astrophysical sources of reionization, but
there are large uncertainties associated with these sources.
For example, the fraction of ionizing photons that escape
into the IGM from their galactic sites of production is
highly uncertain, ranging from essentially O to 1 depending
on the model [61].

Instead, we rely on the Planck constraints on the process
of reionization to fix the form of x., allowing us to fix Xx{y;
while remaining agnostic about astrophysical sources of
reionization. Specifically, we begin by choosing a late time
ionization history, xf'(z) for z < 30, within the 95% con-
fidence region determined using either the “Tanh” or
“FlexKnot” model adopted by Planck [20]. We then make
the common assumption that during hydrogen reionization
HI and Hel have identical ionization fractions due to their
similar ionizing potentials, but that helium remains only
singly ionized due to Hell’s deeper ionization potential
[62]. These assumptions allow us to set x; = xE'/(1 + y),
where y = ny./ny is the primordial ratio of helium atoms
to hydrogen atoms. Given a choice of x£'(z) we can then
rearrange Eq. (1) to set

N o )
= (o - e - o -0 @

where 6 is a step function that enforces xj; =0 at
sufficiently early redshifts when astrophysical reionization
sources do not exist yet. To fix z*, notice that at early times
when Xjj; is turned off, ionization due to DM energy
injection produces x.(z) > xF'(z). Since DM cannot
significantly reionize the Universe [34], there will exist a
redshift past which x.(z) < xf'(z) if we do not turn
on Xfy. We define z* to be this crossover redshift
where x.(z*) = xP'(z*).

Thus, for any given DM model and xt' we can
use Eq. (2) to construct ionization histories that self-
consistently include the effects of DM energy injection
and reionization simultaneously. We do not require the
astrophysics that produces Xjj;; to obey any constraint other
than x{y; > 0, which maximizes freedom in the reionization
model and leads to more conservative DM constraints.

The IGM temperature history can similarly be described
by a differential equation,

Tm = 7.wadia + 7.1C + TDM + Tatom + T*’ (3)

where 7', is the adiabatic cooling term, T is the heating/
cooling term from Compton scattering with the CMB, Tom
is the heating contribution from DM energy injection, and
Twom comprises all relevant atomic cooling processes.
These terms are also fully described in Ref. [40] and
included in the Appendix for completeness. We stress that
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TDM is computed, using DarkHistory [40], as a function
of both redshift and ionization fraction x,, self-consistently
taking into account the strong dependence of Tpy ON Xe,
and strengthening the constraints we derive.

The remaining term, T*, accounts for photoheating that
accompanies the process of photoionization, as described in
Eq. (2). We adopt two different prescriptions for treating
the photoheating rate, which we name ‘“conservative” and
“photoheated.” In the “conservative” treatment, we simply

set 7* = 0. This treatment produces highly robust con-
straints on DM energy injection since the uncertainties of
the reionization source modeling do not appear in our
calculation. Any nontrivial model would only serve to
increase the temperature of the IGM, strengthening our
constraints.

In the “photoheated” treatment, we implement a two-
stage reionization model. In the first stage—prior to the
completion of HI/Hel reionization—we follow a simple
parametrization adopted in e.g., Refs. [49,62,63] and take
T* = i}y (1 + x) AT for some constant AT This parameter
is expected to be within the range 2 x 10* K -3 x 10* K
based on analytic arguments [64] and simulations [65,66].
We will either restrict AT > 0 or impose a physical prior of
AT >2 x 10* K in what we call our “photoheated-I" or
“photoheated-1I" constraints, respectively.

In the second stage—after reionization is complete—the
IGM becomes optically thin. In this regime, reionization-
only models find that the IGM is, to a good approximation,
in photoionization equilibrium [67]. The photoheating rate
in this limit is specified completely by the spectral index
oy of the average specific intensity J, [with units
eVs™'Hz 'sr™! cm™] of the ionizing background near
the HI ionization threshold, i.e., J, «x v™® [63,60]. By

considering a range of reionization source models and
using measurements of the column-density distribution of
intergalactic hydrogen absorbers, the authors of Ref. [66]
bracketed the range of ay to be within —0.5 < ay,, < 1.5,
which we will use in our analysis.

In summary, the “photoheated” prescription is

) X (1 + 2)AT,
T = Enx;
o) XA.iTH

e He) 3(yi—1+an)

Xan < 099,
i > 099, (4)

where i runs over H and He (thus x; = 1, ny./ny), and
for species i, E;; is the ionization potential, y; denotes
the power-law index for the photoionization cross section
at threshold, and a,; is the case-A recombination
coefficient [66]. The “photoheated” model is therefore
fully specified by two parameters, AT and oy.
Additionally, once HI/Hel reionization is complete, we
set 1 —x, =4 x 107>, which is approximately its mea-
sured value [68]. This small fraction of neutral HI and
Hel atoms dramatically decreases the photoionization rate
relative to its prereionization value for photons of energy
13.6 eV < E, < 54.4 eV injected by DM. Consequently,
there is a non-negligible unabsorbed fraction of photons
in each time step, exp (= > ;equrper n;oi"(E,)At), where
o"(E,) is the photoionization cross section for species i
at photon energy E,. We modify DarkHistory to
propagate these photons to the next time step.

To demonstrate the effects of DM energy injection and
our reionization modeling, we show in Fig. 1 example
histories obtained by integrating Eqs. (1) and (3) for both
the “conservative” and “photoheated” treatments, with and
without DM decay. The left plot shows how our method can
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The ionization history (left) and IGM temperature history (right) as functions of redshift. The left plot shows the ionization

history in the absence of DM energy injection and reionization sources (solid black), the 95% confidence region for Planck’s FlexKnot
(shaded blue) and Tanh (shaded red) reionization histories, and the ionization history in the presence of both DM energy injection and
reionization sources that produce Planck’s latest (solid purple) and earliest (dashed magenta) FlexKnot histories at late times. The right
plot shows the temperature history assuming (i) DM decay and the “conservative” treatment of T* (blue), (ii) the “photoheated”
treatment and no DM energy injection (red), and (iii) the “photoheated” treatment with DM decay (purple). (i) and (iii) assume a DM
mass of 1 GeV and decay to e e~ pairs with a lifetime of 10> s while (ii) and (iii) assume the latest FlexKnot reionization history and
use parameter values (AT, ap,) = (24665 K,0.57) and (0 K, 1.5), respectively. Also included are the data from Ref. [49] (black
diamonds) and Ref. [51] (blue stars), where the solid data constitute our fiducial dataset [56].

043514-3



LIU, QIN, RIDGWAY, and SLATYER

PHYS. REV. D 104, 043514 (2021)

produce ionization histories that both take into account the
extra ionization caused by DM energy injection and also
vary over Planck’s 95% confidence region for the late-time
ionization levels. In the right panel, we assume the Planck
FlexKnot curve with the latest reionization and show in red
our best fit temperature history assuming no DM energy
injection, with the “photoheated” treatment. This history is
a good fit to the fiducial data, with a total y? of about 5.
Additionally, once DM is added we show a model that is
just consistent with our (95% confidence) “conservative”
constraints but ruled out by the “photoheated” constraints.

III. COMPARISON WITH DATA

We compare our computed temperature histories with
IGM temperature data obtained from Walther+ [49] within
the range 1.8 <z <54 and Gaikwad+ [51] within
5.4 < z < 5.8. To construct our fiducial IGM temperature
dataset, we only consider data points with redshifts z > 3.6
(see Fig. 1, solid data points) since these redshifts are well
separated from the redshift of full Hell reionization [29],
allowing us to safely use the transfer functions that
DarkHistory currently uses, which assume Xy = O.
By neglecting Hell reionization and its significant heating
of the IGM [61] we derive more conservative constraints.
Additionally, the two Walther+ data points above z = 4.6
are in tension with the Gaikwad+ result; we discard them in
favor of the higher T, values reported by Gaikwad +, since
this results in less stringent limits.

To assess the agreement between a computed temper-
ature history and our fiducial temperature dataset using our
“conservative” method, we perform a modified y? test.
Specifically, our test statistic only penalizes DM models
that overheat the IGM relative to the data, which accounts
for the fact that any non-trivial photoheating model would
only result in less agreement with the data, whereas DM
models that underheat the IGM could be brought into
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agreement with the data given a specific photoheating
model. We define the following test statistic for the ith IGM
temperature bin:

0, Ti,pred < Ti,data’

. = 2
TS T T\ 7 o
O data ’ i'pred - i,data’

(5)

where T 4,, is the fiducial IGM temperature measurement,
T; preq 1s the predicted IGM temperature given a DM model
and photoheating prescription, and o¢; 4, is the 1o upper
error bar from the fiducial IGM temperature data. We then
construct a global test statistic for all of the bins, simply
given by TS = >, TS;. Assuming the data points {7; gu }
are each independent, Gaussian random variables with
standard deviation given by o; 4., the probability density
function of TS given some model {7 q} is given by

f(TSl{Ti,prcd}) = %Zﬁflz (TS; n). (6)
n=0""" :

N is the total number of temperature bins and f,>(x; n) is
the y?-distribution with argument x and number of degrees-
of-freedom n, where the n = 0 case is defined to be a Dirac
delta function, f,2(x;0) = (x). The hypothesis that the
data {T; 4, } are consistent with the {7 ,.q} can then be
accepted or rejected at the 95% confidence level based on
Eq. (6). See the Appendix for more details.

For our “photoheated” constraints, we perform a stan-
dard y? goodness-of-fit test. For any given DM model we
marginalize over the photoheating model parameters by
finding the AT and a; values that minimize the total y?
subject to the constraints A7 >0 (“photoheated-I") or
2 x 10* K (“photoheated-1I") and —0.5 < o < 1.5. We
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FIG.2. Constraints for decay (left) or p-wave annihilation (right) to e* e~ pairs with v, = 100 km s~'. We show our constraints using
the “conservative” (blue band), “photoheated-1" (red band), or “photoheated-II"” (orange band) treatment. The darkly shaded bands show
the variation of our constraints as we vary through the 95% confidence regions of Planck’s Tanh and FlexKnot reionization models. We
also include constraints from the CMB [17] (dashed-black), X /y-ray telescopes [52,53,69] (dot-dashed purple), INTEGRAL [70] where
we have assumed (v?) = 220 kms~! in the Milky Way, Voyager I [54,55] (dotted pink), and gamma-ray observations of dwarf galaxies
[71] (dot-dashed red) [56].
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then accept or reject DM models at the 95% confidence
level using a y? test with 6 degrees of freedom (8 data
points—2 model parameters).

Figure 2 shows constraints for two classes of DM
models: DM that decays or p-wave annihilates to ete™.
Our p-wave annihilation cross section is defined by ov =
(60) 0t X (V] Vyer)? With vr = 100 kms~'. We also use the
Navarro-Frenk-White (NFW) boost factor for p-wave
annihilation calculated in Ref. [34]. Although we only
show constraints for e e~ final states, our method applies
to any other final state (see the Appendix). The blue, red,
and orange regions are excluded by our “conservative,”’
“photoheated-1,” and ‘“photoheated-II"’ constraints, respec-
tively. The “photoheated” limits are generally a factor of 2—
8 times stronger than the ‘conservative’ constraints.

The thickness of the darkly shaded bands correspond
to the variation in the constraints when we vary xt' in
Eq. (2) over the 95% confidence region of Planck’s
FlexKnot and Tanh late-time ionization curves. The
“conservative” and ‘“photoheated-I” bands are narrow,
demonstrating that the uncertainty in the late-time ion-
ization curve is not an important uncertainty for these
treatments. However, the ‘“photoheated-II" treatment
shows a larger spread, since the larger values of AT
imposed by the prior significantly increase the rate of
heating at z ~ 6, making the earliest temperature data
points more constraining, and increasing the sensitivity to
the ionization history at z ~ 6. A better understanding of
the process of reionization could therefore enhance our
constraints significantly.

Our “conservative” constraints for decay to e*e™ are
the strongest constraints in the DM mass range
~1 MeV-10 MeV and competitive at around 1 GeV while
our p-wave constraints are competitive in the range
~1 MeV-10 MeV. For higher masses, constraints from
Voyager I observations of interstellar cosmic rays are orders
of magnitude stronger for both p-wave [55] and decay [54].
Constraints from x/y-ray telescopes [52,53,69,71] are
stronger than ours for m, >1 GeV and comparable
form, <1 GeV.

Importantly, all three types of constraints are affected by
different systematics. The telescope constraints are affected
by uncertainties in our galactic halo profile while Voyager’s
are affected by uncertainties in cosmic ray propagation. The
p-wave boost factor is relatively insensitive to many details
of structure formation, since it is dominated by the largest
DM halos, which are well resolved in simulations (see the
Appendix). A more important systematic comes from our
assumption of homogeneity. We assume that energy
injected into the IGM spreads quickly and is deposited
homogeneously, when in reality injected particles may be
unable to efficiently escape their sites of production within
halos [72,73]. We leave a detailed exploration of these
inhomogeneity effects for future work.

IV. CONCLUSION

We have described a method to self-consistently con-
struct ionization and IGM temperature histories in the
presence of reionization sources and DM energy injection
by utilizing Planck’s measurement of the late-time ioniza-
tion level of the IGM. We construct two types of constraints
for models of DM decay and p-wave annihilation. For the
first “conservative” type of constraint, we assume that
reionization sources can ionize the IGM but not heat it,
resulting in constraints that are robust to the uncertainties of
reionization. For the second “photoheated” type of con-
straint, we use a simple but well-motivated photoheating
model that gives stronger limits than the “conservative”
constraints by roughly a factor of 2-8. We expect that as the
uncertainties on the IGM temperature measurements
shrink, and as reionization and photoheating models
become more constrained, these “photoheated” constraints
will strengthen considerably.
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APPENDIX A: TERMS IN THE
EVOLUTION EQUATIONS

In this Appendix we provide explicit expressions for the
terms appearing in Eqs. (1) and (3) and explicitly write
down the helium ionization evolution equations. Starting
with the non-DM temperature sources,
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Tadia = _ZHva

Te = —Tc(Temp = Tw), (A1)

where H is the Hubble parameter, Tcyp is the temperature
of the CMB, and I, is the Compton cooling rate,

 xe 8o7a, Ty
1ty +x.e 3me

re (A2)

Here, o7 is the Thomson cross section, a, is the radiation
constant, and m, is the electron mass. The DM temperature
source is given by

7o 2 healz.X) dE \ini
DM — ,
3(1 4y + xe)ny \dVdr

(A3)

where f}.q:(z,X) is the deposition efficiency fraction into
heating of the IGM as a function of redshift z and a vector,
X, storing the ionization levels of HI and Hell, which is
computed by DarkHistory. (;2£:)™ is the total amount
of energy injected per volume per time through DM decays
or annihilations. Finally, Tatom is given by the sum of the
recombination, collisional ionization, collisional excitation,
and bremsstrahlung cooling rate fitting functions
given in Appendix B4 of Ref. [74]. In Fig. 3, we plot
these rates for a model of DM decaying to photons with a
lifetime of 2 x 10% s and m, = 800 MeV. We set x{' to
Planck’s latest FlexKnot ionization history and use the
“conservative” treatment for the photoheating term.
Figure 3 demonstrates that in a hot and reionized universe,
cooling processes that were once negligible become
important and possibly dominant.

Moving on to the ionization equations, we write down
the helium version of Eq. (1),

Jnen = AHeR + Then + Hrenr-
Xtennr = 0, (A4)
where Xpe = nyenr/ny is the density of singly ionized
helium atoms in the IGM normalized to the density of
hydrogen atoms, and xpeq 1S defined similarly. As
explained above, the second of these two equations reflects
the fact that there are negligibly few fully ionized helium
atoms in the IGM over the redshifts under consideration in
our analysis. Therefore we only need to keep track of the
relative levels of Hel and Hell using the first equation.
Similarly to the xfj; term, we have engineered the astro-
physical reionization source term to turn off for z > z* and
produce a helium ionization curve that is equal to IJKTXX?(Z)

for z < z*. In other words,

7> 7",
- (A5)

XHell = %(xe (Z)’

. __ catom DM
XHell = Xpenm T XHell>
z<z".
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FIG. 3. The absolute value of the atomic cooling rates included
in Tmom, the adiabatic cooling rate, and the DM heating rate. We
assume a model of DM decaying to photons with a lifetime of
2% 10% s and m, = 800 MeV. The blue line corresponds to the
sum of all cooling rates while the red corresponds to the DM
heating rate, the only source of heating in the “conservative”
treatment [56].

Notice that we do not need to know the explicit form of
Xfenp 10 contrast to Xjfy;, which we need to compute to

evaluate 7* in Eq. (4). Due to this simplified treatment,
Xyenr €an be discontinuous at z*; we have tested alternative
prescriptions and found negligible effects on our
constraints.

The atomic sources contain a contribution from photo-
ionization and a contribution from recombination. For
z > z*, we assume a case-B scenario [57,58,75],

i = 4Cy|[(1 - xHH)ﬂﬁe_EH/ Tems — ”erxﬁnaﬁ]

atom B _E T
M = 4 E Chtett.s[9s (f = Xpier) Pl €~ Frins/ Tem
s

(A6)

- "erxﬂeuagd,s]’
where E;, 2, a?, and C; are, respectively, the binding
energy, case-B photoionization coefficient (including the
Gaussian fudge factor used in RECFAST v1.5.2 [57,58]),
case-B recombination coefficient, and Peebles C; factor for
species i € {H; Hel, singlet; Hel, triplet} [76]. Notice, there
is a sum over both spin states of the two electrons in the
excited Hel atom. For the spin singlet, g, =1 and
Eyer1 = 20.616 eV, while for the spin triplet state g; = 3
and EHeI,3 =19.820 eV.

When z < z*, we assume a case-A scenario, which is
applicable during reionization [74],

vatom __

XHn = ”H(l - lel>xeFeHI - "erxﬂuaﬁu- (A7)
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The collisional ionization rate, Iy, and case-A recombi-
nation coefficient, a‘;‘m, can be found in Ref. [74]. Notice
that the case-A photoionization term from CMB photons is
not included because it is exponentially suppressed at these
low redshifts, and that the photoionization term from
astrophysical reionization sources is already accounted
for in Xfj;. Additionally, we do not need the analogous
Hell version of Eq. (A7) since at these redshifts we have
assumed XHell = XXHII-
The DM ionization source terms are given by

(1 _CH>fexc(Z7X):| < dE )inj’

DM __ |: Hion(Z’X)

e Eyny 0.75Eyny dvdt
DM SfHeion(2.X) [ dE \ ™M
ell Eyernye avdt)
Xem = 0, (AS)

where inon(Z’ X)’ fHe ion(z’ X)’ fexc (Z’ X) are the depOSi'
tion efficiency fractions into hydrogen ionization, single
neutral helium ionization, and hydrogen excitation calcu-
lated by DarkHistory.

APPENDIX B: OTHER FINAL STATES

In this Appendix we provide constraints for DM decay
and p-wave annihilation to yy, u"u~, zt 7™, and 7°2°.

1. Photons

Figure 4 shows decay and annihilation constraints for yy
final states using the “conservative” (blue), “photoheated-1"
(red), or “photoheated-II”” treatments (orange). As in the
main text, the p-wave annihilation cross section is defined
by 60 = (60),p X (V/Vgs)? With vp = 100 kms™!, and
we use the NFW boost factor for p-wave annihilation
calculated in Ref. [34], which accounts for enhanced
annihilation due to increased DM density and dispersion
velocity in halos. Just as in the main text, the darkly shaded

Decay Constraint, xy — vy
10% T T T T T T

10% 4

10%
1013

10%

102 ‘conservative’

Minimum Lifetime, 7 [s]

‘photoheated-I"

102 - ‘photoheated-1I’

1015} 1 1 1 1 1 1 1 1
10° 100 107 10° 10° 101 101 1012
Dark Matter Mass, m, [eV]

blue, red, and orange bands show the variation of our
constraints as we vary xt' in Eq. (2) over the 95% con-
fidence region of Planck’s FlexKnot and Tanh late-time
ionization curves. As before, the “conservative” and “pho-
toheated-I” bands are narrow, demonstrating an insensi-
tivity to the precise form of the reionization curve, while the
“photoheated-1I"" curve is broader for the reasons discussed
in the main text.

The photon final state constraints are less competitive
with existing constraints than are the e*e™ constraints. For
example, CMB constraints [17] are stronger for all masses
in the decay channel. Additionally, telescope constraints
(see e.g., Refs. [77-81]) are many orders of magnitude
stronger than ours since telescopes can search directly for
the produced photons, in contrast to our temperature
constraints that indirectly look for the effects that these
photons have on the IGM.

Our yy constraints are weaker than our e™e™ constraints
because the photoionization probability is small (equiva-
lently, the path length is long) for the redshifts and photon
energies of interest. In contrast, electrons can efficiently
heat the gas either through direct Coulomb interactions (for
nonrelativistic and mildly relativistic electrons) or through
inverse Compton scattering that produces efficiently ion-
izing photons (for higher-energy electrons).

2. Muons and pions

While we could also consider any other Standard Model
particle final state, our results from the previous section and
the main text indicate that our constraints are most
competitive at masses below 10 GeV. Therefore, we
consider some of the most important final states that are
available to sub-GeV DM besides those already considered:
muons, charged pions, and neutral pions. To compute the
final spectra of e"e~ and y produced by the decay of pions
or muons, we use the PPPC4DMID for DM masses
above 10 GeV.

p-wave Constraint, yx — 77y

__ |

10—2(» - 1 1 1 1 1 1 1 1
10° 100 107 108 107 101 101 10"

Dark Matter Mass, m, [eV]

B conservative’
| W photoheated-I
‘photoheated-11"

Maximum Cross-Section, (av)e [em®s™!]

FIG. 4. Constraints for decay (left) or p-wave annihilation (right) to yy pairs with v, = 100 kms~'. We show our constraints using
the “conservative” (blue band), “photoheated-I"" (red band), and “photoheated-II" (orange band) treatments. We also include the CMB
constraint for decay [17] (dashed-black). Telescope constraints [77-81] are many orders of magnitude stronger than ours, and are not

shown for clarity [56].
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’ Decay Constraint, ‘conservative’ T* p-wave Constraint, ‘conservative’ T*
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10k /
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FIG. 5. Constraints for decay (left) or p-wave annihilation (right) to u*u~ (yellow), z*z~ (blue), and 7°z° (red) pairs with

Ve = 100 kms™'. We show our constraints only using the “conservative” treatments.

For DM masses below 10 GeV, we follow the method
described in Ref. [70]. We start with the spectrum of
electrons in the muon rest frame, which is given by

dN;el—)eyD B 4\/@

iE 63 -29) + ¢35 - ).

(B1)

{7

between energies of m, < E, < (m% 4+ m2)/(2m,) and is
otherwise zero. In this equation, &=2E,/m, and
¢ = m,/m,. For a particle A with mass m, decaying with
some spectrum dN/dE' in its rest frame, the spectrum
dN/dE in an arbitrary frame where A has energy E4 is
given by

dN 1 Enx dE' dN
- / (B2)

GE "3y )y o dE

where y = E,/m, is the Lorentz factor, f = /1 —y72,
and Ey iy = ¥(E £ Bp). In the case of decay to muons,
we can use this equation to boost from the muon frame to
the dark matter frame, where the muon has energy m, for
annihilations or m, /2 for decays. For decay to pions, we
first boost to the pion rest frame where the muon has energy
(m2 + m2)/(2m,), and then the dark matter frame where
the pion similarly has energy m, for annihilations or m,, /2
for decays.

We plot our constraints in Fig. 5. p*u~ and ztz~
ultimately decay to e e~ and neutrinos, meaning that these
constraints are comparable to the e e~ constraints, though
somewhat weaker because the produced electrons share at
most an O(1) fraction of the total DM injected energy with
the other neutrinos. 7°z° decays almost exclusively to 4y,
so the photons carry half the energy as compared to photons
that result from y — yy decays. Thus, the pion constraints
look exactly like the yy constraints shifted by a factor of 2
to the left.

APPENDIX C: CROSS-CHECKS

Here, we provide cross-checks to validate the assump-
tions we made in our analysis. First, we will validate
maintaining xy.; = 0 after H and Hel reionization despite
DM injecting Hell ionizing photons. Second, we will check
that our p-wave constraints are insensitive to the uncer-
tainty in the halo boost factor coming from the halo profile.
Finally, we will validate our use of ionization histories that
feature significant ionization levels prior to reionization, by
checking that they do not violate constraints on the total
z < 50 optical depth.

1. Treatment of Helll

In calculating the constraints shown in Fig. 2, we assume
that there is no ionization of Hell to Helll—i.e.,
Xpgemm = O—consistent with the assumptions that went into
the making of DarkHistory’s transfer functions. We still
account for energy deposition through ionization of Hell by
allowing photons with energies E, > 544 eV to be
absorbed by Hell atoms, thus producing electrons of energy
E, —54.4 eV that thermalize with the IGM. This is not
entirely self-consistent because these photoionization
events would gradually increase the fraction of Hell atoms
as they convert into Helll atoms. Having fewer Hell atoms
could then affect our constraints by decreasing the heating
deposition fraction, since fewer photoionized electrons
could be produced and thermalize with the IGM.

We test our sensitivity of our constraints to this approxi-
mation by adding a new Xy source term and accounting
for recombination photons once HI/Hel reionization is
complete. We restrict this correction to after HI/Hel
reionization because it is expected to make the biggest
difference in the heating rate then, since Hell atoms are the
only possible source of photoionized electrons at this point,
and because the temperature data we use are primarily in
this redshift range.

To apply our correction, we first modify Eq. (A4) to track
the fully ionized helium fraction,
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Decay Constraint, xy — efe”
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FIG. 6. Comparison of ‘“conservative” constraints for
decay to electrons, including and not including the effects
of Hell ionization after HI/Hel reionization. Both constraints
were generated assuming Planck’s earliest Tanh reionization
history [82].

X — fHe ion(z’ X) dE "\
Hell = 4 Eunge \dVdt

+ ny (¥ = Xpem) e Uetten — MuXeXpem @i (C1)
where the deposition fraction fye ion(z,X) computed by
DarkHistory accounts for the total energy deposited
into Hell ionization and I is the collisional ionization
rate of Hell [74]. We then compute the fraction of Helll
atoms that recombines within a timestep of the code, At,

Helll __ 1 _ ,—a®  Xpemi Al
recomb =1 € THellTHeem,

(€2)

We convert this fraction to the number of 54.4 eV photons
per baryon emitted by Helll atoms in this time step,

Helll __ rHelll
recomb recomaneHI/ ng,

(C3)

then add these photons to DarkHistory’s low energy
photon spectrum within that time step.

Figure 6 shows a comparison of constraints for dark
matter decaying to electrons, where the two curves either
allow for a nonzero Helll fraction (light blue) or do not
(blue). The difference in constraints is always less than 1%
and so is not an important source of error in our analysis.

2. Boost factor for p-wave annihilation

The boost factor due to enhanced density and velocity
dispersion in halos depends on the halo profile chosen.
However, in Ref. [34], the boost factor was found to be
highly robust to this choice, since the main contribution to
the boost factor comes from the largest halos, which are

fully resolved in N-body simulations. We find that the
difference in our constraints made by using the Einasto p-
wave boost factor rather than the NFW p-wave boost factor
from Ref. [34] is negligibly small, resulting in a modifi-
cation of no more than 0.5% to our constraints. Notice that
the two boost factors only vary over the halo mass function
and halo profile, and do not include uncertainties due to
mergers, asphericity, etc.

3. Optical depth

In this Appendix, we discuss the relation between temper-
ature and ionization constraints, focusing in particular on the
complementarity of these constraints. One might worry that
scenarios excluded by excess heating of the IGM are strictly a
subset of those excluded by the ionization history. In some
cases, the DM contribution to the optical depth 7 before
reionization, combined with one of the Planck reionization
models, can exceed the Planck limit on z. DM energy
injection starts to increase the ionization fraction and temper-
ature immediately after recombination, and so our computed
ionization histories will always be in excess of Planck’s
reionization curves at early enough redshifts.

To some extent, these worries have already been addressed
by the fact that the temperature constraints can sometimes be
stronger than the CMB power spectrum constraints for DM
decays as derived in Refs. [17,18], which account for the
effect of excess ionization on the full multipole structure of
the CMB power spectrum. For simplicity, however, we
would like to compare the IGM temperature constraints
derived in the main body with limits on the ionization history
coming simply from the Planck upper limit on .

Given an ionization history x.(z), the optical depth is

(1+42)?

ZE

Zmax
7= "H,OGT/O dzx.(z)

where o7 is the Thomson cross section and z,,,, is set to 50,
as is done in Ref. [20]. The 68% upper bound on the optical
depth from Planck assuming a tanh function reionization
history is 7 = 0.0549 [20]. To derive a constraint, we
compute an ionization history in the presence of DM
energy injection and exclude it if the history’s optical
depth is greater than 0.0549.

Clearly, these optical depth constraints will be highly
sensitive to the reionization curve we choose. For example, if
we were to use the earliest Tanh reionization curve that
already saturates the optical depthbound we would rule outall
DM models since they all increase z. On the other hand, we
saw that our temperature constraints were very weakly
dependent on the choice of reionization curve. For a fair
comparison, we choose a reionization history with the
smallest optical depth. While we could choose the latest
Tanh reionization curve, we instead follow the instantaneous
reionization method described in Ref. [34] so that we can
compareto older optical depth constraints. We will assume an
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FIG. 7. Constraints obtained from the IGM temperature
(red) and optical depth (blue, solid), as well as previous bounds
derived in Ref. [34] from the optical depth (pink, dashed). The
black line shows the constraints derived using a principal
component analysis of CMB data [17,82].

instantaneous HI/Hel reionization at z = 6, then an instanta-
neous Hell reionization at z = 3, but no other sources of
reionization other than DM for z > 6. The optical depth
contributed by the range 0 < z < 6 is 0.384,' meaning that
DM models that contribute more than 6z = 0.0165 to the
optical depth within the range 6 < z < 50 will be ruled out.

Figure 7 shows a comparison of the optical depth
constraint in blue to the IGM temperature constraint in
red for a model of DM decay to e*e™. For reference, we
show the CMB power spectrum constraint in dashed-black
[17], and also show an older optical depth constraint made
with Planck intermediate results [83] in dotted-pink [34].
This latter constraint calculated 7z = 0.058 £0.012 by
following the method in Ref. [32] and integrating over
the excess ionization fraction over the standard three-level
atom result up to recombination. We see that across most of
the mass range, the two methods of constraining dark
matter lifetimes are comparable, but there is a large range of
DM masses over which the temperature constraints do
better than the optical depth limits. Had we considered a
model of p-wave annihilation to e*e™ instead, we would
find that the heating constraints are generically stronger
than those from the optical depth since, as compared to the
decay case, the power from p-wave annihilation is
enhanced at low redshifts where temperature limits are
most sensitive. To summarize, since the IGM temperature

"This is nearly equivalent to using the earliest Tanh reioniza-
tion history, which has an optical depth contribution of 0.383 to
the same redshift range.

constraints are insensitive to the exact ionization history
during reionization, they probe a different aspect of energy
injection from DM that is distinct from ionization-based
constraints like optical depth and the CMB power
spectrum.

APPENDIX D: TEST STATISTICS

In this Appendix, we derive the distribution of the
modified y>-like test statistic (TS) that we use in con-
junction with the “conservative” treatment of the T*
photoheating term (i.e., T* =0). We are working in a
frequentist framework, so we wish to evaluate the proba-
bility distribution for the TS defined in Eq. (5), when
assuming a certain pattern of heating due to DM energy
injection. We can then say that this scenario is excluded if
the TS observed in the real data is sufficiently unlikely. We
make the assumption that the data points in different
redshift bins are independent and Gaussian distributed.

Suppose that there are N redshift bins, and in the ith bin
the temperature value T4, is drawn from a Gaussian
distribution with mean 7'; ;.4 and standard deviation 6; gy,-
There is then a 50% chance that 7' goq > T preq SO the
probability distribution for TS; as defined in Eq. (5) is

1 d(T; gaa)
F(TS{|T; prea) = 55(Tsi) + P(T; gata) d(TSdI;

1 1 ~1/2
= —o(TS;) + —=TS,; '“exp(-TS;/2),
30(TS) + 5 =152 exp(-T5,/2)

(D1)
where § is the Dirac delta function. Let the y? probability

distribution function with j degrees of freedom be denoted
by f,2(TS;j). Then one can rewrite this distribution in

terms of the y? distribution with 1 degree of freedom,

1 1
F(TSi|T; prea) = Eé(Tsi) + Ef;(z (TS;;1).  (D2)

Now we want to know the distribution for the total TS
value from combining the bins (assuming uncorrelated
data), TS = ), TS;. We can write

FTSIT ) = [ﬁ [ S S 7,0
x5<TS— _N Tsj>
- [ﬁ /O°° dTS,[5(TS;) + f,(TSy; 1)}}

1 N
x2N6<TS —ZTSj>.
j=1

(D3)
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Expanding the product inside the integrals gives a sum of
terms, which each consist of a product of delta-functions
and f,» functions. For a term with n delta-functions, the
delta-functions can be used to do n of the integrals,
resulting in a term of the form,

{ n+1/ dTS; f (TS, ;1 )]5(TS— XN: TSik>, (D4)

k=n+1

where n can take on values from O to N, and
lyitsings ..., iy are a collection of indices between 1
and N for this particular term. However, this is exactly
the standard probability distribution function for the sum of
the y? test statistic over N —n bins, so we can write it
as f,2(TS;N —n).

The coefficient of each such term will be the number of
ways of choosing which n indices correspond to 5-function
terms as opposed to the N — n indices labeling f 2 (TS;; 1)
contributions—which is the binomial coefficient (V). Since
™ = (yY,), we can write

N
AT Tigna) = 3 2 (3 )£ (TSim). - (05)
n=0

This completes the proof of Eq. (6).

Note that this expression integrates correctly to 1, as
JdTSf(TS;n) =1 and YN (V) =2N. The largest
binomial coefficients () will occur for n~ N/2, and so
we may approximate the distribution as a y? distribution
with N/2 degrees of freedom. However, for the actual

constraints in the main text we use the full distribution,
rather than this approximation.

We can also understand this distribution by thinking of
TS as the standard y” test statistic, in the presence of a
model for the data where each redshift bin contains an
irreducible (dark matter) contribution plus a non-negative
but otherwise arbitrary increase to the temperature from
photoheating. If we profile over the nuisance parameters
describing the unknown astrophysics, we see that the
minimum > will be attained when

(i) in bins where the irreducible contribution from dark

matter already exceeds the measured temperature,
extra contributions from photoheating are set to
zero; the contribution to the TS is the usual y?
computed using the irreducible model and the data,

(i1) in bins where the irreducible contribution from dark

matter does not exceed the measured temperature,
the additional photoheating contribution is chosen to
precisely match the data, and consequently the
contribution to the TS is zero.

This is exactly the prescription for our modified TS, Eq. (5).

Because this is a standard y? test, just with a flexible
background model, the probability distribution for the TS
should follow that of a y* distribution with N — m degrees
of freedom, where m is the number of floated parameters in
the fit. The number of floated parameters for this signal
model is the number of bins where the data is greater than
the irreducible model, which can vary from O to N; thus the
full probability distribution is obtained as a linear combi-
nation of y? distributions with degrees of freedom varying
from O to N.
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