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For many dark matter models, the annihilation cross section to two-body final states is difficult to probe

with current experiments because the dominant annihilation channel is velocity or helicity suppressed. The

inclusion of gauge boson radiation for three-body final states can lift the helicity suppression, allowing a

velocity-independent cross section to dominate the annihilation process, and providing an avenue to

constrain these models. Here we examine experimental constraints on dark matter that annihilates to two

leptons plus a bremsstrahlung boson, l̄þ lþ γ=W=Z. We consider experimental constraints on photon

final states from Fermi-LAT using both diffuse photon data and data from dwarf spheroidal galaxies, and

compare to the implied constraints from 21 cm measurements. Diffuse photon line searches are generally

the strongest over the entire mass regime. We in particular highlight the model in which dark matter

annihilates to two neutrinos and a photon, and show that these models are more strongly constrained

through photon measurements than through existing neutrino bounds.

DOI: 10.1103/PhysRevD.99.083003

I. INTRODUCTION

The annihilation cross section, ðσvÞann, is one of the key
quantities that describes the nature of dark matter inter-
actions with the Standard Model. The annihilation cross
section in the early universe sets the relic abundance for
thermally produced dark matter. There are several obser-
vational bounds on the annihilation cross section, for
example from high energy gamma-ray data [1,2], and from
the cosmic microwave background (CMB) [3]. The red-
shifted 21 cm line arising from a spin-flip transition in
neutral hydrogen gas prior to the era of recombination [4]
has recently been recognized as an important probe of dark
matter annihilation and decay. The 21 cm measurements
are sensitive to the annihilation cross section at redshifts
z≲ 15 [5].
The dark matter annihilation cross section can be

expressed as a partial-wave expansion in powers of the
square of the relative velocity between the annihilating
particles [6]. The evolving nature of the dark matter
velocity implies that the leading order annihilation process
may differ over the course of the evolution of the universe
and during cosmological structure formation. For example,

dark matter that is a Majorana fermion can naturally
annihilate dominantly as a p-wave process, ðσvÞann ∝ v2,
during the era of dark matter freeze-out where the relative

velocity squared is v2 ∼ T=mDM ∼ 1=20. There exist
s-wave annihilation channels to two fermion final states,
for example, but these are chirality suppressed by mass

ratio factors of ðmf=mDMÞ2 [7]. This can be contrasted with
dark matter in the Galactic halo, which has a virial velocity

v2 ∼ 10−6, and thereby reduces the observational impor-
tance of the p-wave process. This implies that annihilation
to three-body final states, which proceed via s-wave
annihilation due to the bremsstrahlung of a bosonic state
[8], can provide the leading order annihilation channel.
Typically, three-body annihilation dominates over two-

body annihilation as the mass of the particle mediating the
interaction approaches that of the dark matter [9–15]. This
also provides an alternative means of accessing the param-
eter space in the so-called compressed mass region, where
the masses are nearly degenerate. However, the degeneracy
does not need to be extreme in order to obtain a large
effect from vector bremsstrahlung, which provides a
natural region of parameter space that can be probed by
experiment.
These considerations suggest that, in the case of dark

matter annihilation to fermion pairs, final state radiation
and internal vector bremsstrahlung of photons and the
electroweak W=Z bosons are irreducible processes which
present an interesting target for observational searches.
Photon bremsstrahlung can produce a linelike spectral
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feature [8], and the subsequent decay of the radiatedW and
Z bosons produce additional diffuse photon signals which
provide a complementary avenue of investigation.
In this work we examine constraints on dark matter

annihilating predominantly through s-wave channels in the
present universe as a result of electromagnetic and electro-
weak bremsstrahlung, but whose relic abundance is set in
the early universe by p-wave annihilations. We consider
Fermi-LAT observations of dwarf spheroidals (dSphs) and
diffuse gamma-ray data. We are thus able to simultaneously
probe both of these partial wave components for a single
dark matter model. We demonstrate that current observa-
tions are able to constrain such models, which can be
contrasted with the case of dark matter annihilating only
through p-wave processes which is wholly inaccessible to
observational limits. We discuss the constraints in the
context of both thermal and nonthermal models. Bounds
on the dark matter annihilation cross section from 21 cm
observations are also presented along with a comparison to
the constraints from CMB data.
We highlight in particular the final state consisting of

neutrinos only. This two-body final state is quite difficult to
probe observationally, but the addition of a final state
photon allows for more strict experimental constraints. [16]
A complication arises due to SUð2ÞL invariance, which
makes producing a neutrinos-only final state as the dom-
inant annihilation channel a nontrivial task, as one would
expect the annihilation to also produce charged leptons.
However we introduce a model which produces a neutrino-
only final states without allowing final state charged lepton
production, while respecting gauge invariance.
The remainder of this work is as follows. In Sec. II we

review bremsstrahlung as a mechanism for lifting velocity
suppression, and present annihilation spectra for final states
of interest. In Sec. III we discuss the role that the
measurement of the 21 cm line can play in determining
the strength of dark matter annihilations. Section IV dis-
cusses the signal targets and bounds derived from the Fermi
satellite, along with the results from recent 21 cm obser-
vations of the EDGES collaboration. We conclude with a
summary of these results in Sec. V.

II. LIFTING VELOCITY SUPPRESSION

VIA BREMSSTRAHLUNG

In what follows we will adopt a single-component
SUSY-inspired simplified model of dark matter consisting
of a Majorana dark matter particle, χ, whose fractional
abundance gives the totality of the dark matter (fDM ¼ 1),
and which annihilates to Standard Model particles through
t− and u− channel exchange of a colored scalar.
The annihilation cross section for a pair of nonrelativistic

dark matter particles of total orbital angular momentum L
and relative velocity, v, is expressed as a partial wave

expansion σv ∝ v2L [6]. Using general considerations (see,
e.g., [17,18]), one finds that models with Majorana pair

annihilation may naturally proceed dominantly through a
p-wave process, as it has s-channel annihilations only
through pseudoscalar, scalar, or axial-vector exchange,
with an L ¼ 0, s-wave process arising only in models
with pseudoscalar mediators (though the pseudoscalar
typically couples through a Yukawa-like interaction, intro-
ducing a mass suppression in the same mold as chirality
suppression). As is well known [7], the axial-vector
exchange also contributes an L ¼ 0 partial-wave which
is chirality suppressed for annihilation to light final state

fermions of mass mf by the factor m2

f=m
2
DM. There also

exist t- and u-channel annihilation modes through scalar
exchange [as in supersymmetry (SUSY) and SUSY-
inspired models] that produce chirality suppression, as
can be seen through a Fierz transformation to the s-channel
where the axial-vector contribution is apparent [19].
Chirality suppression for annihilation to a pair of final

state fermions may be evaded by annihilation to a three-
body final state through the bremsstrahlung emission of a
boson. This has been demonstrated in photon, gluon, and
electroweak bremsstrahlung for t- and u-channel annihila-
tion, as well as Higgstrahlung from an s-channel annihi-
lation mode [8–12,20–24]. For Galactic dark matter with

virial velocities of v ∼Oð10−3Þ, there are regions of
parameter space where the three-body final state process
can dominate over the two-body final state. Specifically, the
three-body final state process will increase relative to
the two-body final state as the mediator mass approaches
the dark matter mass. However, as we will demonstrate, the
splitting between the dark matter mass and mediator mass
does not need to be extremely fine tuned in order for a non-
negligible effect to arise. This allows for the intriguing
situation where the relic abundance of Majorana dark matter
can be set byp-wave annihilation while signals at later times
are most strongly constrained by s-wave processes induced
through bremstrahlung. It should be emphasized that bounds
on darkmatter models must necessarily include the effects of
such irreducible brem processes.
Inclusion of the photon brem process induces a spectral

feature that provides a target in line searches for gamma-ray
observatories. This can be seen in the left column of Fig. 1,
which displays the photon spectrum for 100 GeV dark
matter annihilating to charged fermion pairs, eþe−, μþμ−,
and τþτ− for different values of the mediator to dark matter
mass ratio from 1.05 to 1.5. We classify these annihilations
as two to two interactions. We also show the thermally
averaged differential cross section for νν cases in Fig. 2 for
mass ratios 1.05 to 2. We use the Minimal Supersymmetric
Standard Model (MSSM) with a slepton mediator to
calculate the e, μ, τ final states, and introduce a new
model to calculate the ν final states, described in the
following paragraph. However, this analysis can be applied
to any model with the same final states. This spectrum
demonstrates the linelike feature that arises at the kinematic
endpoint of the annihilation process, as well as showing
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that the lower energy spectral feature increases as the
mediator mass approaches the dark matter mass. If the dark
matter mass is large enough to produce on-shell W=Z
bosons, as in the right column of Fig. 1, where the dark
matter mass is 300 GeV, the linelike feature persists, but the
low energy spectrum is enhanced from the W=Z decays.
In addition to searcheswith final state charged leptons, we

also consider neutrino-only final states. Generally speaking,
if a model contains a νν̄ final state from DM annihilation,
indirect detection becomes challenging (though bounds on
the annihilation cross section can be determined [25–28]).
However, the situation is improved if a νν̄γ final state is
available. One can think about a possible model (for other
models that produce a νν̄ final state, see e.g., [28]) for such a
scenario with the following Lagrangian:

FIG. 1. Gamma-ray spectrum from a dark matter annihilation of mDM ¼ 100 GeV (left) and mDM ¼ 300 GeV (right) for various
mediator mass ratios, mmed=mDM. Lepton final states are electron (top), muon (middle), and tau (bottom). Only the two to two and
photon bremsstrahlung are considered for the 100 GeV cases while 300 GeV includes the two to two and photon/W/Z bremsstrahlung.

FIG. 2. Gamma-ray thermally averaged differential cross sec-
tion from a dark matter annihilation of mDM ¼ 100 GeV into
neutrino and gamma-ray final states for various mediator mass
ratios, mmed=mDM.

INDIRECT DETECTION OF THE PARTIAL p WAVE … PHYS. REV. D 99, 083003 (2019)

083003-3



L ⊃ λϕϕ�ρρ† þ λ0L̄vρνR ð1Þ

Here ρ ¼ ðρþ
ρ0
Þ is a Z2 scalar doublet, which we assume

does not get a VEV, and ϕ is a scalar singlet which acts as
the DM candidate responsible for 27% of the energy
density of the universe. The relative masses are such that ϕ
is lighter than ρ and L, and ρ can decay to ϕ via a Higgs

coupling term given by ϕ�ρH. L̄v is a vectorlike heavy Z2

odd lepton doublet, and νR is a singlet right handed
neutrino with a mass of mνR

≃ 1 MeV. In such a scenario,

the ϕ annihilates into a pair of νR via a triangle loop

containing L�, ρ∓ or L0
v, ρ

0. A photon can be emitted

from any of the internal charged legs associated with L�
v ,

ρ∓ to make the final state νν̄γ.

III. DARK MATTER AND THE 21 CM LINE

Recently the Experiment to Detect the Global Epoch of
Reionization Signature (EDGES) collaboration reported a
measurement of the absorption of the redshifted 21 cm line
from hydrogen gas at a redshift of z ≈ 15–20 [29]. This
result can be interpreted as demonstrating a stronger
absorption signal than standard astrophysical expectations,
and has sparked a flurry of studies in the dark matter
literature, including implications for dark matter-baryon
couplings [30–37], dark matter annihilation [5,38–40],
decaying dark matter [40–42], primordial black holes
[41,43], fuzzy dark matter [44], dark sectors [45–48],
and noncold dark matter models including warm dark
matter and axions [49–54].
After recombination, neutral hydrogen gas was kept in

thermal equilibrium with the cosmic microwave back-
ground via Compton scattering from free electrons until
a redshift of z ≈ 150, when it thermally decoupled from the
CMB. As a nonrelativistic component, the gas temperature,
TG, will subsequently cool with redshift as (1þ z) relative
to the CMB temperature, TCMB. The fractional amount
of neutral hydrogen, xHI

will be close to unity before

reionization, and will reside predominantly in the 1S ground
state, which has a hyperfine splitting into singlet and triplet
states due to the interaction of the proton and electron
magnetic moments. The energy difference between
these states corresponds to a frequency of 1420.4 MHz or
a wavelength of 21.1 cm, with the relative population of the
triplet state (of number density n1), and singlet state (of
number density n0), characterized by the spin-temperature,

TSðzÞ, through the relation n1=n0 ¼ 3e−0.068K=TS , where
0.068 K is the equivalent temperature of the 21.1 cm wave-
length corresponding to the hyperfine energy splitting

ΔE ¼ 5.9 × 10−6 eV. After decoupling, the expected tem-
perature relation is TG < TS < TCMB, with TS approaching
TCMB as interactions with CMB photons flip the hyperfine
state and draw the spin temperature towards the CMB
temperature. After the onset of star formation, Lyman-α

photons will recouple TS to TG via the Wouthuysen-Field
effect [55–58].
The measurement of the 21 cm line is a target of several

current and future observations, and is projected to provide
a wealth of new cosmological data that will shed light on
the so-called Dark Ages of cosmology prior to star
formation (for reviews see, e.g., [59,60]). The experimental
signature of the 21 cm line is determined by the difference
between the spin temperature and the CMB temperature
through the brightness temperature relation

T21ðzÞ ≈ 0.023 K

�

0.15ð1þ zÞ
10Ωm

�

1=2
�

Ωbh

0.02

�

×

�

1 −
TCMBðzÞ
TSðzÞ

�

xHI
ðzÞ: ð2Þ

For the total matter and baryonic fractions of the critical
energy density of the Universe, we adopt the values Ωm ¼
0.3 and Ωb ¼ 0.04, respectively, and we use h ¼ 0.7 in

units of 100 km · s−1 · Mpc−1 for the Hubble parameter.
The EDGES measured an absorption signature of T21 ¼

−500
þ200

−500
mK (99% C.L.) at a redshift of z ≈ 17.2 with a

central value of 78 MHz. This measurement implies a gas
temperature that is about a factor of two lower than that
expected by conventional astrophysical modeling. A low-
ered gas temperature can be used to constrain interactions
that can lead to a cooling effect, but it can also be used to
constrain any processes that would lead to a heating of the
gas temperature through injection of energy, thereby
reducing any absorption signal.
The evolution of the electron fraction and the hydrogen

gas temperature will be altered in the presence of energy
injection from dark matter annihilation. Annihilations will
increase xe relative to the standard expectations, and these
additional electrons can alter the initial CMB-baryon
decoupling, as well as injecting energy into the hydrogen
gas, with a subsequent rise in TG. The energy injection
depends on the fraction of dark matter that is annihilating,
fDM, the dark matter energy density, ρDM, the annihilation
cross section hσviann, and dark matter mass, mDM, through
the relation

dE

dVdt
¼ ρ2DMf

2

DM

hσviann
mDM

: ð3Þ

Now that we have the dependence on the annihilations
for the relevant observables, we can employ the EDGES
result to constrain the dark matter annihilation models
described above.

IV. RESULTS

In this section we use Fermi-LAT diffuse gamma-ray
data and data from dSphs, as well as the 21 cm observation
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of EDGES, to constrain the primarily two to two p-wave
component DM annihilation models via their s-wave
components arising from radiating a photon or electroweak
gauge boson.

A. Gamma-ray constraints

1. Diffuse gamma-ray data

We begin discussing the constraints from diffuse gamma-
ray data. Our data selection and analysis method generally
follow that of Refs. [61,62]; we will note the particular
aspects in which they differ. We use Fermi Science Tools
version v11r5p3,

1
and select Pass 8 SOURCE-class events

for mission elapsed time 239557417 s to 554861541 s.
We apply the recommended (DATA_QUAL>0)&&(LAT_
CONFIG==1) filter to ensure quality data and a zenith cut
zmax ¼ 100° to filter background gamma-ray contamination
from the Earth’s limb.
For our Region-of-Interest (ROI), we take the R90 region

as defined in Ref. [62], which corresponds to a cut on the
photon direction of 90° from the Galactic center. This
amounts to taking data from half of the sky, with the regions
in the Galactic plane, corresponding to longitudes > 6°
and Galactic latitudes > 5°, masked out. In this region, we
take the dark matter density profile to be isothermal,
ρðrÞ ¼ ρ0=½1þ ðr=rsÞ2�, where rs ¼ 5 kpc, and ρ0 is
normalized so that the dark matter density at the location

of Sun is ρðr⊙ ¼ 8.5 kpcÞ ¼ 0.4 GeVcm−3. This density
profile was chosen because it provides the least stringent
constraints on the models that we consider.We have verified
this by examining the impact of alternative distributions, in
particular NFWc from Ref. [62]. For the NFWc profile
constraints, we use photons within only a 3° angle from
the Galactic center. NFWc is an adiabatically contracted
NFW dark matter profile, ρðrÞ¼ρ0=½ðr=rsÞγð1þr=rsÞ3−γ�,
where rs ¼ 20 kpc and γ ¼ 1.3.
To produce constraints for a given darkmatter mass,mDM,

we consider photons within the energy range 0.4mDM <
Eγ < 2.25mDM. The lower bound is set in order to contain

photons from the peak of the bremsstrahlung emission of the
spectrum. Themaximum energy was chosen so as to include
a large enough sample of background photons, to ensure that
the background is well fit by a power law. We have verified
that for our entire mass range, we are in the regime in which
our uncertainties are dominated by statistics rather than
systematics, so that the power law fit for the background is a
good description of the data. Within this energy range we
perform a binned likelihood analysis, with photons in equal
spaced logarithmic bins, with 50 bins per decade. We
determine the best fit power law index for the background,
and then generate a new set of pseudodata from this fit. We
then fit this pseudodata to a model which is a sum of a
background plus the line from the bremsstrahlung peak.
For a given model, we define the limits as where the TS
statistic for the log-likelihood exceeds TS > 1.355.
The resulting constraints from gamma-ray lines are

shown in Fig. 3 for ff̄ þ ðγ;W; ZÞ final states. We also
show the thermally-averaged cross sections for each of

FIG. 3. Constraints on the annihilation cross section using null detections of gamma-ray lines from Fermi-LAT data (solid lines).
These constraints assume the isothermal profile, as defined in the text. The theoretically calculated cross section for various mediator
mass ratios, mmed=mDM, are shown as dashed lines. Lepton final states are electron (top left), muon (top right), tau (bottom left), and
neutrino (bottom right). The gamma-ray lines constraints using the NFWc dark matter profile are shown as short dashed.

1
https://fermi.gsfc.nasa.gov/ssc/data/

analysis/software/
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these final states for the scenarios where the DM primarily

annihilates into ff̄ (p-wave dominated). Various colored
lines, both for experimental and theory scenarios, are
shown for different mediator to DM mass ratios. The e,
μ, τ final states shown are based on the MSSM model
where the neutralino and slepton mass differences vary
between 5% and 100%. We note that though we use SUSY
for the purposes of an example, this analysis can be applied
to any classes of models including t- and u-channel scalar
mediators with similar mass ratios to that of the DM. LHC
searches for slepton masses leave a large amount of
unconstrained parameter space for the selectron and smuon
for mass differences of ΔMðmẽ;μ̃;χ̃0

1

Þ ≤ 60 GeV with

respect to the neutralino DM particle [63], and stau masses
are constrained to be mτ̃ > 100 GeV from LEP limits [64–
67] (LHC limits on stau masses are approaching a similar
level [68]).
The constraints in Fig. 3 can be used to place constraints

on various dark matter scenarios. We find that the constraint
rules out a DM mass mDM ≲ 30 GeV for a mediator to DM
mass ratio of ≃5% with the NFWc profile while the
constraint becomes 70 GeV for e, μ and τ final states.
We used the MSSM parameter space for the charged lepton
scenarios. For the ννγ final state we use the model
described above with λ ∼ 2 and we assume all the charged
heavy state masses are the same.
In Fig. 4, we show the current s- and p-wave annihilation

rates required to produce the appropriate DM abundance.
Here we have calculated the mediator to DM mass ratios

necessary for obtaining the relic abundance with
micrOMEGAs [69,70]. In comparison with Fig. 3, the

thermal DM line corresponds closely with mmed=mDM ¼
1.05 for DMmasses above 100 GeV. The larger mass ratios

presented in the figure can arise in nonthermal scenarios

described below. We find that the p-wave component today

is small except in the case of lighter DM masses. When the

DM mass becomes small, the mass difference between the

mediator and DM increases. As the mass ratio increases,

the s-wave component is suppressed. We see that the

current reach is nearly an order of magnitude from the

s-wave component for a DM mass around 100 GeV. We do

not show the neutrino final state figure here because the p-

wave component is model dependent, e.g., based on our

Lagrangian we do not have any ν̄ν final states unless we

assume large values of Dirac mass for the neutrinos. In such

a scenario, the ννγ final state would provide the necessary

relic abundance.
The nonthermal scenario can be constrained from Fig. 3.

The nonthermal picture emerges generically in UV theories
like string theory due to the presence of gravitationally
coupled scalars [71–76] which are displaced from their
minimum during inflation which can be of order MP [77].
After the end of inflation, whenH ≤ mmod, the moduli start
dominating the energy density of the universe which gets
reheated when the moduli decay. Since the moduli are
gravitationally coupled, they tend to decay very late with a

reheating temperature Trh ∼
ffiffiffiffiffiffiffiffiffiffi

ΓMP

p
∼mmod

ffiffiffiffiffiffiffiffi

mmod

MP

q

, where Γ

FIG. 4. Upper bound constraints imposed by the Galactic center (long-short dashed) and the theoretical calculated cross section for
various final states which satisfy the thermal dark matter abundance. The dashed lines show the s-wave and the solid lines show the p-
wave component today.
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is the decay width of the modulus and mmod is the mass of
the moduli. Trh needs to be larger than TBBN in order to
maintain the successful Big Bang Nucleosynthesis (BBN)
predictions.
If we use the NFWc profile, we can constrain the reheat

temperature (Trh > 0.5 GeV) for a DM mass ∼100 GeV
(with the freeze-out temperature, Tf ∼ 5 GeV) for charged
lepton final states for MSSM parameter space. The con-
straint on Trh is model dependent since the DM annihilation
calculation not only depends on the mass scales of DM,
mediator, and final states but also on the couplings. In the
case of the MSSM, the coupling is gweak which can be
different for other models leading to larger annihilation
cross sections and a decrease of the lower limit on Trh.
In a nonthermal scenario, the dark matter abundance is

given by the following expression [78,79]

�

nχ

s

�

¼min

��

nχ

s

�

obs hσvith
hσvi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g�ðTfÞ
g�ðTrhÞ

s

Tf

Trh

;YϕBrϕ

�

; ð4Þ

ðnχ
s
Þobs ≃ Ω

obsð ρcrit
m

χsh2
Þ, while Yϕ ≃

3Trh

4mϕ
is the yield of DM

abundance from modulus decay, and Brϕ is the branching

ratio of the modulus decay into R-parity odd particles.
The first term refers to the annihilation scenario, while
the second term refers to the branching scenario. In the
branching scenario, the dark matter is frozen-in and the
value of the cross section is only bounded from above.
In Fig. 3, the annihilation scenarios are constrained.

2. Dwarf spheroidals

We nowmove on to discuss constraints using gamma-ray
data from dSphs. In this case, rather than using the photon
data directly, we use the pre-generated likelihood functions
provided in Ref. [80]. The photon flux observed at Earth is
calculated through the relation

Φ ¼ 1

8π

hσvi
m2

DM

× J; ð5Þ

where J is the J-factor, which incorporates the DM
distribution within the dSph as well as its distance from
the observer. For our analysis we adopt the J-factor values
used in Ref. [1]. A log-likelihood analysis is then
performed on the combined system of all the dSphs to
obtain the null likelihood probability for the flux
amount [1].
In Fig. 5, we compare the dSph and diffuse gamma-ray

constraints for eþe−, μþμ−, τþτ−, and νν final states in
conjunction with a final state photon. Generally across the
entire mass range, we find that the constraints from diffuse
gamma-ray data are more stringent than those from dSphs.
The constraints we find can be compared to those

previous found in Ref. [61], which uses an approach
similar to ours. At mDM ∼ 90 GeV, there is a slope change
that is present in all of our cases. This is a direct result of the
introduction of W=Z boson channels becoming dominant
pathways. The remaining differences between our results

FIG. 5. Upper bound constraints imposed by dSph (solid), the Galactic center (dashed) and the theoretical calculated cross section for
thermal dark matter (long-short dashed) for various mediator mass ratios, mmed=mDM. Lepton final states are electron (top left), muon

(top right), tau (bottom left), and neutrino (bottom right). We also show the Galactic center using a less conservative dark matter profile
(short dashed).
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and Ref. [61] may be attributed to the binning resolution for
the data and the model.

B. Constraints arising from 21 cm signal

Our approach in calculating constraints on the 21 cm
follows the approach used in Ref. [41]. We developed an
effective efficiency map for the specific annihilation spectra
of each model utilizing the electron and photon effective
efficiencies from Ref. [81–83]. These effective efficiencies
capture the particle interaction with the medium and
characterize how much energy is deposited from the
annihilation into causing changes to the hydrogen ioniza-
tion fraction and gas temperature. The effective efficiencies
are then incorporated in calculating the ionization and
temperature history of the Universe during the periods of
recombination up to reionization through our modified
version of Hyrec [84]. From this history, TS in Eq. (2) can
be calculated through [85]

TS ¼ TCMB þ ycTG þ yLyαTLyα

1þ yc þ yLyα
; ð6Þ

yc ¼
C10

A10

T⋆

TG

; ð7Þ

yLyα ¼
P10

A10

T⋆

TLyα

; ð8Þ

where C10 is the collisional deexcitation rate of the

triplet hyperfine level, A10 ¼ 2.85 × 10−15 s−1 is the tran-
sition’s spontaneous emission coefficient, T⋆ ¼ hν0=kB ¼
0.068 K is the temperature of the Lyman-Alpha photon,

and P10 ≈ 1.3 × 10−12SαJ−21s
−1 is the indirect deexcitation

rate due to Lyman-Alpha photon absorption with Sα being a
factor of order unity that incorporates spectral distortions
[57]. J−21 is the Lyman-Alpha background intensity in

units of 10−21 erg cm−21 s−1Hz−1 sr−1 For J−21, we use the
results from Ref. [86] as an example of the strong coupling
limit which produces the weakest constraints. Finally
the annihilation rate is adjusted to defined limits
(i.e., −100 mK) to place conceptual constraints on the
impact of the 21 cm signal.
By requiring the T21 correction relative to its standard

astrophysical value at z ∼ 17 to be less than 100 and
150 mK [namely T21ðz ¼ 17Þ < −100 and −50 mK
respectively], we show the constraints for the p-wave
dominated model in Fig. 6. We also compare the 21 cm

and diffuse constraints for ff̄ þ γ=W=Z and find that the
Galactic center constraint from Fermi is currently much
more constraining than 21 cm observations. In contrast to
the diffuse constraints, the ν̄νγ final state is constrained at

FIG. 6. Upper bound constraints imposed by 21 cm with ΔT ¼ −100 mK (solid), the Galactic center (dashed) and the theoretical
calculated cross section for thermal dark matter (long-short dashed) for various mediator mass ratios,mmed=mDM. Lepton final states are
electron (top left), muon (top right), tau (bottom left), and neutrino (bottom right). We also show the Galactic center using a less
conservative dark matter profile (short dashed).
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about the same level as the other leptonic final states, rather
than providing the most stringent bounds. Although there
are currently a few orders of magnitude separating the
21 cm and diffuse bounds, there are upcoming 21 cm
observations which can increase the competitiveness of this
bound, thus providing a useful tool from a different cosmic
epoch in the investigation of p-wave models. The cosmic
microwave background (CMB) is an additional method to
be considered. Figure 8 compares the 21 cm results to those
of the CMB. The current 21 cm results are comparable to
the CMB with the CMB being slightly stronger. However,
they are both much weaker than both the dSph and diffuse
constraints.

V. SUMMARY

If dark matter self-annihilates to Standard Model final
states, then its annihilation cross section is a fundamental
property which current experiments can explore. The
dominant annihilation channel can vary over the course
of cosmic history due to a velocity dependence that will
dramatically suppress p-wave annihilations relative to
s-wave for nonrelativistic dark matter. If dark matter were
to annihilate dominantly through a p-wave process, then it
will be observationally very challenging to probe such
models with standard indirect detection techniques. In this
work we have investigated well-motivated models which
annihilate dominantly via a p-wave process to two-body
final states in the very early universe, but can have a leading
three body final state annihilation when the dark matter is
nonrelativistic. The cross section is enhanced by the well
known mechanism of internal and final state vector boson

bremsstrahlung of W=Z=γ, leading to ff̄ þW=Z=γ final
states.
The model framework we have adopted is a rather

general, SUSY-inspired model with Majorana dark matter
of mass mDM annihilating via t- and u-channel exchange of
charged mediators of mass mmed. Annihilation to three-
body final states is enhanced as the mediator mass
approaches that of the dark matter, and we have included
the dependence on this ratio in our analysis. We find that
the bounds are fairly insensitive tommed=mDM as it is varied
from 1.05 to 2.0. We have employed complementary
aspects of the different final state bosons in order to
strengthen the bounds on dark matter annihilation.
Specifically, the photon bremsstrahlung can produce line-
like features which can be constrained with data from the
Fermi satellite via well-known line search techniques. As
the dark matter mass is increased, the parameter space to
produce the massive W and Z bosons becomes available,
providing complementary signals to the photon line search
through the addition to the continuum spectrum produced
by the W and Z decays.
Some aspects of this work to highlight are the use of

recent 21 cm observations to constrain annihilations with
vector bremsstrahlung, and the development of constraints

using the ν̄νγ final state. Developing bounds on dark matter
physics from 21 cm observations are quickly becoming a
standard tool in the field, though the limits derived in the
current work are significantly weaker than those from dSph
and diffuse data from the Fermi satellite searches. Final
states consisting of neutrinos accompanied by no other
particles, or dominantly annihilating to neutrinos without
the existence of charged lepton final state channels, lead to
a very difficult search. However, we have demonstrated that
in some dark matter models, ν̄νγ final states can actually
provide leading constraints compared to those from
charged leptons, lþl−γ, from diffuse and dSph searches,
with the 21 cm observations for ν̄νγ final states producing
bounds competitive with those from l

þ
l
−γ.

Although models of dark matter dominantly annihilating
to two-body final states through p-wave processes are quite
challenging to probe observationally, we see that the
situation is not hopeless. We found that some DM masses
are constrained while for nonthermal scenarios the reheat-
ing temperature Trh gets constrained. By investigating
scenarios where three-body final states open s-wave
channels, p-wave models can still provide a fertile ground
for current and future investigations.
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APPENDIX: CMB AND NON-SMOOTHED

GALACTIC CENTER COMPARISONS

In Fig. 7, we demonstrate differences that arise between
our smoothing algorithm and our analysis that calculates
the Galactic center constraints straight from the Fermi data.

FIG. 7. Comparison between the results directly obtained from
the Galactic center data (solid) and our averaging routine
(dashed). The data set used is annihilation to electrons plus a
boson with mediator mass ratio 1.1.
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Our smoothing approach fits the data to a power law and
then performs the least likelihood analysis off the fit. This
approach helps remove statistical fluctuations present in the
data. However, we lose the capacity to identify a positive
source signal. Comparing the two, the smoothed result is
approximately the median result of the baseline result.
The cosmic microwave background (CMB) is another

signal we can use to constrain the model. The approach we
used to calculate the constraints placed by the CMB is
similar to the 21 cm [41,83]. Figure 8 shows the differences
between constraints by the CMB and 21 cm. The CMB is
more constraining for these models by approximately a
factor of 5. However, these bounds are still many orders of
magnitude weaker than those set by the Galactic center
and dSph.
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