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Our ignorance of the period between the end of inflation and the beginning of big bang nucleosynthesis
limits our understanding of the origins and evolution of dark matter. One possibility is that the Universe’s
energy density was dominated by a fast-rolling scalar field while the radiation bath was hot enough to
thermally produce dark matter. We investigate the evolution of the dark matter density and derive analytic
expressions for the dark matter relic abundance generated during such a period of kination. Kination
scenarios in which dark matter does not reach thermal equilibrium require hσvi < 2.7 × 10−38 cm3 s−1 to
generate the observed dark matter density while allowing the Universe to become radiation dominated by a
temperature of 3 MeV. Kination scenarios in which dark matter does reach thermal equilibrium require
hσvi > 3 × 10−26 cm3 s−1 in order to generate the observed dark matter abundance. We use observations of
dwarf spheroidal galaxies by the Fermi Gamma-Ray Telescope and observations of the Galactic Center by
the High Energy Stereoscopic System to constrain these kination scenarios. Combining the unitarity
constraint on hσvi with these observational constraints sets a lower limit on the temperature at which
the Universe can become radiation dominated following a period of kination if hσvi > 3 × 10−31 cm3 s−1.
This lower limit is between 0.05 and 1 GeV, depending on the dark matter annihilation channel.
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I. INTRODUCTION

The expansion history of the Universe before big bang
nucleosynthesis (BBN) is uncertain. The fact that the
primordial curvature perturbation spectrum is almost scale
invariant strongly suggests that shortly after the big bang,
the Universe experienced a period of inflation [1–3]. The
energy scale of inflation is not known, but it is generally
assumed to be greater than 1010 GeV. The successful BBN
prediction of the abundances of light elements only requires
that the Universe be radiation dominated at a temperature
of 3 MeV [4–8]. Thus, there is a gap in the cosmological
record between the theorized energy scale of inflation and
3 MeV.
In the simplest model, inflation is powered by a scalar

field defined as the inflaton, and the Universe becomes
radiation dominated when the inflaton decays into relativ-
istic particles [9–11]. Another possibility is that a different
scalar field dominates the Universe after inflation [12].
If either of these scalar fields oscillates around the mini-
mum of their potential, it behaves like a pressureless fluid
and the Universe would be in an early-matter-dominated
era [12–23]. An alternative scenario is that a fast-rolling
scalar field (a kinaton) dominates the energy density of the
Universe prior to the onset of radiation domination. When
the kinaton’s energy density is dominant, the Universe is
said to be in a period of kination [24–26]. Kination was
initially proposed as an inflationary model that does not

require the complete conversion of the false vacuum energy
into radiation to initiate the onset of radiation domination
[24]. Kination also facilitates baryogenesis; if the electro-
weak phase transition occurs during kination, then baryo-
genesis is possible during a second-order phase transition
[25]. Finally, if the kinaton’s potential energy becomes
dominant at very late times, it can accelerate the expansion
of the Universe and mimic the effects of a cosmological
constant [26–30].
The uncertainties in the thermal history of the Universe

prior to BBN limit our understanding of the origins of
dark matter [12,15,16,20,23,31–34]. We study the effects of
kination on the thermal production of dark matter. We derive
analytic expressions for the dark matter relic abundance
generated during kination and confirm that our analytic
results match the numeric solutions to the Boltzmann
equation. Our relic abundance expressions depend on the
dark matter mass mχ , the velocity-averaged dark matter
annihilation cross section hσvi, and the temperature at
which the Universe becomes radiation dominated, TRH.
Our analytic expressions allow us to solve for the hσvi
values that will generate the observed dark matter abun-
dance. We determine that in order to achieve the observed
dark matter abundance, kination models in which dark
matter reaches thermal equilibrium require hσvi values that
would underproduce dark matter during radiation domina-
tion. In contrast, kination models in which dark matter does
not reach thermal equilibrium require hσvi values that would
overproduce dark matter during radiation domination. Using
the most recent constraints on mχ and hσvi from Fermi-LAT
PASS-8 observations of dwarf spheroidal galaxies [35] and
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High Energy Stereoscopic System (H.E.S.S.) observations of
the Galactic center [36], we constrain TRH for kination
scenarios where dark matter reaches thermal equilibrium.
Prior investigations of dark matter production during

kination have focused on specific kinaton potentials.
References [37–41] investigated how the relic abundance
of dark matter is affected if the kinaton has an exponential
potential, while Refs. [42,43] studied kination models
where the kinaton has an inverse power-law potential.
While these prior works did place constraints on dark
matter parameters, those constraints were dependent on the
specified kinaton potential. Our relic abundance expres-
sions are independent of the kinaton potential, and our
constraints on mχ , TRH, and hσvi are applicable to all
kination scenarios in which dark matter is a thermal relic.
Furthermore, improvements in the observational constraints
on hσvi over the past six years allow us to place tighter
constraints than previous works. We determine that kination
scenarios in which dark matter reaches thermal equilibrium
have a minimum allowed reheat temperature between
0.05 and 1 GeV, depending on the dark matter annihilation
channel.
In Sec. II A, we discuss the evolution equations that

govern the thermal production of dark matter during
kination. In Secs. II B and II C, we present analytic
derivations of the dark matter relic abundance for dark
matter that does and does not reach thermal equilibrium.
In Sec. III, we use observational data from Fermi-LAT
and H.E.S.S. to constrainmχ , TRH, and hσvi. In Sec. IV, we
summarize our results. Natural units ðℏ ¼ c ¼ kB ¼ 1Þ are
used throughout this work.

II. THERMAL DARK MATTER
DURING KINATION

A. Kinaton cosmology

The scenario we consider consists of a fast-rolling scalar
field (the kinaton) that dominates the energy density of
the Universe prior to BBN. The kinaton’s energy density is
dominated by its kinetic energy, meaning that the kinaton’s
energy density equals its pressure and that the equation of
state parameter is w ¼ 1. Therefore, the kinaton’s energy
density scales as a−6, where a is the scale factor, and will
eventually become subdominant to radiation, whose energy
density scales as a−4. Reheating is defined as the point at
which the radiation energy density becomes the dominant
component of the Universe. It is important to note,
however, that during kination, the temperature of the
radiation bath is higher than the temperature at reheating.
Therefore, it is possible to thermally produce dark matter
prior to the onset of radiation domination.
We consider three energy density components during

kination: dark matter, radiation, and the kinaton. The
evolution of these energy densities are governed by three
free parameters: the dark matter mass mχ , the reheat

temperature TRH, and the velocity-averaged dark matter
annihilation cross section hσvi. Throughout this work, we
assume s-wave dark matter annihilation. In kination
scenarios, TRH is the temperature at which the radiation
energy density equals the kinaton energy density. We
assume that the kinaton does not decay nor interact with
dark matter or radiation (see Ref. [39] for an analysis of
decaying kinaton cosmologies). Radiation and dark matter
on the other hand are thermally coupled via pair production
and annihilation. Therefore, the equations for the energy
density of the scalar field ρϕ, the radiation energy density
ρr, and the dark matter number density nχ are

d
dt

ρϕ ¼ −6Hρϕ; ð1aÞ

d
dt

nχ ¼ −3Hnχ − hσviðn2χ − n2χ;eqÞ; ð1bÞ

d
dt

ρr ¼ −4Hρr þ hσviEχðn2χ − n2χ;eqÞ; ð1cÞ

where hEχi ¼ ρχ=nχ is the average energy of a dark matter
particle and nχ;eq is the number density of dark matter
particles in thermal equilibrium.1 For a dark matter particle
with mass mχ and internal degrees of freedom gχ within a
thermal bath of temperature T,

nχ;eq ¼
gχ
2π2

Z
∞

mχ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −m2

χ

q
eE=T þ 1

EdE: ð2Þ

When evaluating the average energy of a darkmatter particle,

wemake the approximation that hEχi≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

χ þ ð3.151TÞ2
q

,

which matches ρχ=nχ to within 10%.
Figure 1 shows the evolution of the kinaton, radiation,

and dark matter densities obtained by numerically solving
Eq. (1). Initially, the kinaton’s energy density is dominant,
but since it scales away more quickly than the radiation
energy density, it eventually becomes subdominant.
Figure 1 shows that the radiation energy density scales
as a−4 and is unaffected by dark matter annihilation or pair
production. Since ρr and ρϕ evolve independently of nχ , we
can solve for their evolution analytically. We then use these
solutions to numerically solve Eq. (1b) and calculate the
dark matter relic abundance.
To accurately describe the evolution of ρr, we need to

take into account the energy injection that occurs when
Standard Model particles become nonrelativistic. When a
particle species becomes nonrelativistic, its entropy is
transferred to the remaining relativistic particles. Entropy
is conserved during kination; therefore, the universal entropy

1Throughout this work, we assume that the dark matter is
composed of Majorana particles, and therefore χ ¼ χ̄.
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sa3 must remain constant, where s is the entropy density:
s≡ ð2π2=45ÞT3g�sðTÞ, and g�sðTÞ is the effective number of
degrees of freedom that contribute to the entropy density.
Due to the conservation of entropy, radiation cools during
kination according to the same proportionality as during
radiation domination: T ∝ g�sðTÞ−1=3a−1.
To evaluate the temperature of the radiation bath, we set

a maximum temperature of TMAX at which ρχ ¼ 0. We set
TMAX ¼ 8mχ to ensure that if the dark matter is capable of
reaching thermal equilibrium, it will have adequate time to
do so. If the dark matter cannot reach thermal equilibrium,
setting TMAX ¼ 8mχ ensures there will be enough time for
maximal pair production. Therefore, the dark matter relic
abundance will not be sensitive to TMAX. Using TMAX, we
construct an expression for the temperature evolution
during kination that accounts for changes in g�sðTÞ:

T ¼ TMAX

�
g�sðTMAXÞ
g�sðTÞ

�
1=3 aI

a
; ð3Þ

where aI is the scale factor value when T ¼ TMAX.
The final step in evaluating ρr is to connect Eq. (3) and

the definition of ρr. The radiation energy density is
ρr ≡ ðπ2=30Þg�ðTÞT4, where g�ðTÞ is the number of
relativistic degrees of freedom at temperature T. Using
this definition of ρr and Eq. (3), we see that the evolution of
ρr during kination is

ρr ¼
π2

30
g�ðTÞT4

MAX

�
g�sðTMAXÞ
g�sðTÞ

�
4=3

�
aI
a

�
4

: ð4Þ

Next, we analytically solve for ρϕ. Solving Eq. (1a)
yields ρϕ ¼ ρϕ;IðaI=aÞ6, where ρϕ;I is ρϕ when a ¼ aI . By
defining aRH as the scale factor value at the onset of
radiation domination we see that ρϕ evaluated at reheating
equals ρϕ;IðaI=aRHÞ6. Using Eq. (4), we can evaluate ρr at
reheating. Considering that at reheating ρϕ ¼ ρr, this
implies that

ρϕ;I ¼
π2

30
g�ðTRHÞT4

MAX

�
g�sðTMAXÞ
g�sðTRHÞ

�
4=3

�
aRH
aI

�
2

: ð5Þ

Using Eq. (3) to relate aRH to TRH, we obtain the evolution
of ρϕ during kination:

ρϕ ¼ π2

30

�
T3
MAX

TRH

�
2
�
g�sðTMAXÞ
g�sðTRHÞ

�
2

g�ðTRHÞ
�
aI
a

�
6

: ð6Þ

Now that we have obtained expressions for TðaÞ, ρrðaÞ
and ρϕðaÞ, we have the necessary components to numeri-
cally solve Eq. (1b) for nχðaÞ, as shown in Fig. 2. Figure 3
shows the dark matter relic abundance as a function of hσvi
for several values of TRH andmχ . For small hσvi values, the
dark matter cannot reach thermal equilibrium, and Fig. 3
shows that as hσvi increases the dark matter relic abun-
dance increases. Once hσvi becomes large enough, pair
production will bring nχ up to its thermal equilibrium value.
If dark matter reaches thermal equilibrium, we see from
Fig. 3 that as hσvi increases, the dark matter relic
abundance decreases. In the following sections, we derive
analytic expressions for the dark matter relic abundance
generated during kination and analyze how the relic
abundance is influenced by TRH.
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FIG. 2. The evolution of the comoving dark matter number
density and equilibrium number density with TRH ¼ 20 GeV,
mχ ¼ 3000 GeV, and hσvi ¼ 10−32 cm3 s−1. The vertical line
represents the point of reheating at aRH=aI ¼ 800. The solid
horizontal line shows the comoving number density at the point
of freeze-out solved from HðTFÞ ¼ hσvinχ;eq. This figure dem-
onstrates that dark matter annihilations after freeze-out signifi-
cantly decrease the dark matter number density.
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FIG. 1. The density evolution of the kinaton, radiation,
and dark matter. In this figure, mχ ¼ 104 GeV, and reheating
occurs when a=aI ¼ 2.7 × 104; the reheat temperature is 2 GeV.
The two solid curves show the evolution of ρχ for the two
values of hσvi that produce the observed dark matter density:
Ωχh2 ¼ 0.12 [44]. The top solid curve corresponds to the freeze-
out scenario with hσvi ¼ 7.5 × 10−25 cm3 s−1, whereas the
bottom solid curve corresponds to the freeze-in scenario with
hσvi ¼ 6.7 × 10−46 cm3 s−1. The dotted line shows the equilib-
rium dark matter density, ρχ;eq ¼ hEχinχ;eq.
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B. Freeze-out

If hσvi is sufficiently large, then pair production brings
dark matter into thermal equilibrium: nχ ¼ nχ;eq, as defined
in Eq. (2). Once H ≃ hσvinχ;eq, the dark matter deviates
from equilibrium and “freezes out.” If dark matter freezes
out during radiation domination, nearly all dark matter
annihilations cease at freeze-out. However, if dark matter
freezes out during kination, we see from Fig. 2 that we need
to take dark matter annihilations between the time of
freeze-out and reheating into account to get an accurate
relic abundance.
To analytically solve for the evolution of the dark

matter number density between freeze-out and reheating,
we define a dimensionless comoving number density
Y ≡ nχða=aIÞ3T−3

RH. Equation (1b) is rewritten as

dY
da

¼ hσviT
3
RHa

3
I

Ha4
ðY2

eq − Y2Þ: ð7Þ

After the dark matter freezes out, Y2 ≫ Y2
eq. Since during

kination H ¼ HðaIÞ½aI=a�3, we simplify Eq. (7) to

dY
da

¼ −λKD
a

Y2; ð8Þ

where λKD ¼ T3
RHhσvi=HðaIÞ. Integrating Eq. (8) from

freeze-out to reheating yields

1

YF
−

1

YRH
¼ −λKD ln

aRH
aF

; ð9Þ

where YF and YRH are the comoving dark matter number
densities at freeze-out and reheating. Therefore, if freeze-out

occurs during kination, the dark matter comoving number
density experiences a logarithmic decrease between freeze-
out and reheating.
To evaluate the current dark matter density we

need to reevaluate Eq. (7) during radiation domination
and solve for Y at some late time. During radiation
domination H ¼ HðaRHÞ½aRH=a�2, and by defining
λRD ¼ ½T3

RHhσvi=HðaRHÞ� × ½a3I =a2RH�, Eq. (7) simplifies to

dY
da

¼ −λRD
a2

Y2: ð10Þ

Solving Eq. (10) from reheating to a very late time yields

1

YRH
−

1

YLT
¼ −λRD

�
1

aRH

�
; ð11Þ

where YLT is the comoving dark matter number density at
some late time ða ¼ aLTÞ. To obtain Eq. (11), we use the fact
that aLT ≫ aRH. Therefore, if dark matter freezes out during
kination, Y experiences a logarithmic decrease between
freeze-out and reheating, afterwhichY approaches a constant
value.
Utilizing YRH from Eq. (9) and rewriting Eq. (11) in

terms of the dark matter number density yields

nχ;LT ¼
�hσvia3LT
HðaIÞa3I

�
ln

�
aRH
aF

�
þ 1

�
þ a3LT
nχ;Fa3F

�−1
: ð12Þ

Wewish to express Eq. (12) in terms of our free parameters
mχ , TRH, and hσvi. We can expressHðaIÞ and aRH in terms
of TRH and TMAX using Eqs. (3) and (5). In addition, since
nχ;F ≃ nχ;eq, nχ;F ≃HðTFÞ=hσvi. If freeze-out occurs
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FIG. 3. The observed dark matter abundance Ωχh2 as a function of the dark matter velocity-averaged annihilation cross section hσvi.
Dark matter freezes in at small hσvi where Ωχh2 ∝ hσvi, whereas dark matter freezes out at large hσviwhere Ωχh2 ∝ hσvi−1. In the left
panel we see that decreasing mχ decreases Ωχh2 for both cases. In the right panel we see that decreasing TRH decreases Ωχh2 for the
freeze-in case but increases Ωχh2 for the freeze-out case. In both panels the solid curves represent the numerical solutions to Eq. (1),
while the symbols represent the analytic approximations represented by Eqs. (16) and (21). The solid black line represents the Planck
measurement for the observed dark matter abundance, Ωχh2 ¼ 0.12 [44].

KAYLA REDMOND and ADRIENNE L. ERICKCEK PHYSICAL REVIEW D 96, 043511 (2017)

043511-4



during kination, H2 ≃ ð8πG=3Þρϕ; combining this with
Eqs. (3) and (6) allows us to solve for HðTFÞ:

HðTFÞ ¼
�
4π3

45

�
1=2

�
T3
F

mplTRH

��
g�sF
g�sRH

�
g1=2�RH; ð13Þ

where g�sRH ¼ g�sðTRHÞ and g�RH ¼ g�ðTRHÞ. These rela-
tions allow us to rewrite Eq. (12) as

nχ;LT ¼
�
4π3

45

�
1=2 T3

LTg�sLTg
1=2
�RH

hσvimplTRHg�sRH

×

�
ln

�
TF

TRH

�
g�sF
g�sRH

�
1=3

�
þ 2

�
−1
; ð14Þ

where TF is obtained by numerically solving HðTFÞ ¼
hσvinχ;eq. For kination scenarios, mχ=TF is roughly
between 20 and 30.
After aLT, nχ ∝ a−3, which allows us to relate the dark

matter density at aLT to today:

ρχ;0 ¼ ρχ;LT

�
aLT
a0

�
3

¼ ρχ;LT

�
T0

TLT

�
3
�
g�s0
g�sLT

�
; ð15Þ

where T0 is the radiation temperature today and g�s0¼3.91.
Bringing all of the previous components together and
scaling our analytic expression by a factor of 1.22, thereby
ensuring that it matches the numeric solution of Eq. (1b)
within 20% for mχ=TRH > 100, we obtain an analytic
expression for the freeze-out dark matter relic abundance:

Ωχh2 ¼ 6.06

�
3 × 10−26 cm3 s−1

hσvi
�

g1=2�RH
g�sRH

�
mχ=TRH

150

�

×

�
ln

�
TF=TRH

10

�
g�sF
g�sRH

�
1=3

�
þ 4.3

�
−1
: ð16Þ

Equation (16) indicates that decreasing TRH increases the
relic abundance. Decreasing TRH requires increasing the
kinaton energy density, which increases the Hubble param-
eter during kination. Since nχ;F ≃HðTFÞ=hσvi, increasing
the Hubble parameter increases the dark matter number
density at freeze-out and thus increases the relic abundance.
Furthermore, in our calculation of YRH we showed that
dark matter annihilations do not cease during kination. As a
result, Eq. (16) includes an inverse logarithmic term that
depends on the ratio TF=TRH.
Figure 3 shows the dark matter relic abundance as a

function of hσvi for several values of TRH and mχ . In Fig. 3
we see that for sufficiently large hσvi the freeze-out dark
matter relic abundances from Eq. (16), represented by the
circular symbols, match the numeric solutions to Eq. (1b),
represented by the curves. We can solve for the minimum
hσvi that will result in the dark matter reaching thermal
equilibrium. If dark matter freezes out, HðTFÞ ¼ hσvinχ;eq,

and we can rewrite this equation in terms of a new
variable x, where x≡mχ=TF. Assuming that dark matter
is nonrelativistic, HðTFÞ ¼ hσvinχ;eq can be rewritten as
x−3=2exg�sðmχ=xÞ ¼ const × hσvi. The left-hand side of this
equation has a minimum value near x ∼ 1.5 which implies
that there is a minimum hσvi for which a solution will exist.
This lower bound on hσvi is

hσvi > 9.37 × 10−33 cm3 s−1
�
2

gχ

�

×

�
3 MeV
TRH

��
g1=2�RH
g�sRH

�
g�sðmχ=1.5Þ: ð17Þ

The horizontal line in Fig. 3 represents the Planck
measurement of the observed dark matter abundance. To
reproduce the observed dark matter abundance, freeze-out
cases during kination require larger hσvi than that required if
freeze-out occurs during radiation domination. This comes
from the fact that at a given temperature theHubble parameter
during kination is always higher than it is during radiation
domination, which causes freeze-out to occur earlier. In order
to compensate for the earlier freeze-out and reproduce the
observed darkmatter abundance, freeze-out scenarios during
kination require hσvi>3×10−26 cm3s−1. Since this lower
bound on hσvi is more stringent than Eq. (17), Eq. (16) is
applicable to all freeze-out scenarios that generate the
observed dark matter abundance.

C. Freeze-in

For cross sections that violate Eq. (17), dark matter pair
production is not sufficient to bring the dark matter into
thermal equilibrium. Once pair production ceases, the dark
matter “freezes in” and the comoving dark matter number
density remains constant. The first step in determining the
freeze-in dark matter relic abundance is to calculate the
comoving dark matter number density when pair production
ceases.
In freeze-in scenarios, the dark matter number density

does not reach thermal equilibrium, so nχ ≪ nχ;eq. The
dimensionless comoving dark matter equilibrium number
density is Yeq ≡ nχ;eqT−3

RHða=aIÞ3, and for freeze-in scenar-
ios Yeq ≫ Y. Therefore, Eq. (7) reduces to

dY
da

¼ hσviT3
RH

HðaIÞa
Y2
eq ð18Þ

for freeze-in scenarios during kination.
Equation (18) implies that dY=da diverges as a → 0 if

hσvi is independent of temperature. The same divergence
occurs if the Universe is radiation dominated during
dark matter production, and it would make the freeze-
in abundance of dark matter dependent on TMAX. Previous
analyses of the freeze-in process avoided this sensitivity to
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high-energy physics by assuming that hσvi ∝ 1=T2 for
relativistic particles [45,46]. We take the same approach
and set hσvi¼ hσvisðmχ=TÞ2 for T >mχ and hσvi ¼ hσvis
for T < mχ, where hσvis is the s-wave dark matter
annihilation cross section for massive particles. With this
scaling, dY=da → 0 as a → 0, and the production of dark
matter is finite during kination even if TMAX → ∞.
Figure 4 shows that dY=da increases until a ¼ a�, which
we define as the scale factor value at which pair produc-
tion peaks. The temperature at which pair production
peaks is T� ¼ mχ . Therefore, dY=da reaches its maximum
when a�=aI ¼ 8½g�sðTMAXÞ=g�sðT�Þ�1=3.
Figure 4 also indicates that the integral of dY=da

converges; Y will approach a constant value as pair
production becomes less and less efficient. However,
Eq. (18) is only valid during kination, so it will only
provide an accurate dark matter density if nearly all the pair
production occurs prior to reheating. Truncating the inte-
gration of dY=da at aPP, where TðaPPÞ ¼ mχ=3.9, reduces
the value of Y by less than 1% compared to integrating
dY=da out to a ¼ ∞. Therefore, pair production has
effectively halted when T < mχ=3.9, and we can use
Eq. (18) to compute the relic abundance of dark matter
provided that TRH < mχ=3.9. Integrating Eq. (18) from 0 to
aPP, while taking into account the fact that hσvi changes
from hσvisðmχ=TÞ2 to hσvis at T ¼ mχ , gives

YPP ¼ 3.1 × 10−4
�
TMAX=TRH

150

�
3
�

TRH

5 GeV

��
gχ
2

�
2

×

� hσvis
10−45 cm3 s−1

��
g�sRH
g1=2�RH

��
g�sMAX

g2�sðmχÞ
�
: ð19Þ

After pair production ends, Y remains nearly constant,
and thus YPP ¼ YRH. Therefore, the dark matter density at
reheating can be written as

ρχ;RH ¼ mχYPPT3
RHðaI=aRHÞ3: ð20Þ

Equation (3) indicates that ðaI=aRHÞ3 ∝ T−3
MAXg

−1
�sMAX. As a

result, inserting Eq. (19) into Eq. (20) seems to indicate that
ρχ;RH is independent of TMAX, but this is not generically
true. When integrating Eq. (18) from a ¼ 0 to aPP to obtain
Eq. (19), we effectively integrated from T ¼ ∞ to
T ¼ mχ=3.9. However, integrating instead from T ¼ 8mχ

to T ¼ mχ=3.9 does not significantly change the result.
Therefore, if TMAX ≥ 8mχ , the freeze-in dark matter
abundance does not depend on TMAX. Conversely, if
TMAX < 8mχ , ρχ;RH will decrease as TMAX decreases
because maximal pair production is not reached.
After reheating, nχ ∝ a−3, and we can use Eq. (15) to

evolve ρχ from reheating to today. Combining the previous
expressions and scaling our analytic expression by a factor
of 0.95 to match the numeric solution of Eq. (1b) provides
an analytic expression for the freeze-in dark matter relic
abundance:

Ωχh2 ¼ 1.08

�
mχ

1 GeV

��
TRH

100 GeV

��
gχ
2

�
2

×

� hσvis
10−45 cm3 s−1

��
g�sRH
g1=2�RH

�
g−2�s ðmχÞ: ð21Þ

Equation (21) indicates that increasing TRH leads to a larger
relic abundance. To understand how the freeze-in dark
matter relic abundance relates to TRH we need to investigate
how nχ relates to the Hubble parameter. The connection
between the Hubble parameter and nχ stems from the
cooling rate dT=dt. During kination T ∝ a−1, and therefore
dT=dt ¼ −HT. Rewriting dn=dt as a function of temper-
ature yields dn=dt ¼ ðdT=dtÞðdn=dTÞ ¼ fðTÞ, where
fðTÞ is the right-hand side of Eq. (1b). This allows us
to express dn=dT as

dn
dT

¼ −fðTÞ
HT

; ð22Þ

which implies that n ∝ 1=H. Since increasing TRH
decreases H during kination, it also decreases the cooling
rate, leaving more time for pair production and thereby
increasing the dark matter number density.
In order to reach the observed dark matter abundance,

scenarios in which dark matter freezes in during kination
require larger hσvis values than if freeze-in occurs
during radiation domination. For example, given a dark
matter mass of 100 GeV, a freeze-in scenario during
radiation domination requires hσvis¼10−47 cm3s−1 in
order for Ωχh2¼0.12 [44,47]. For the same mχ , a
freeze-in scenario during kination with TRH ¼ 0.033GeV
requires hσvis ¼ 10−41 cm3 s−1. Freeze-in scenarios
during kination require larger hσvis values to generate
the observed dark matter abundance because the increased

 0
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FIG. 4. The evolution of dY=da given TRH ¼ 1 GeV,
mχ ¼ 5 × 104 GeV, and hσvis ¼ 10−47 cm3 s−1. The vertical
line represents the scale factor at which pair production peaks,
defined as a�. For kination scenarios where dark matter freezes in
and TMAX ¼ 8mχ , a�=aI ≃ 8.
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cooling rate during kination leaves less time for pair
production.
In Fig. 3, we see that for sufficiently small cross sections

the dark matter relic abundances from Eq. (21), represented
by the star symbols, match the numeric solutions to
Eq. (1b), represented by the curves. We have already
discussed how freeze-in requires the dark matter particles
to never reach thermal equilibrium. For this to hold true, the
dark matter number density at the end of pair production
must be less than the dark matter equilibrium number
density at the peak of pair production: YðTPPÞ < YeqðT�Þ.
To solve for the largest hσvis that will not result in dark
matter reaching thermal equilibrium, we approximate the
equilibrium number density as being nonrelativistic:

YeqðaÞ ¼ gχ

�
a
aI

�
3

T−3
RH

�
mχT

2π

�
3=2

e−mχ=T: ð23Þ

Evaluating Eq. (23) at a� and equating that to Eq. (19) gives
us the cross sections that will result in dark matter freezing
in during kination:

hσvis ≤ 8.5 × 10−34 cm3 s−1
�
g1=2�RH
g�sRH

�

× g�sðmχÞ
�
2

gχ

��
3 MeV
TRH

�
: ð24Þ

Figure 3 demonstrates that there is a range of hσvis
values for each reheat temperature where neither a freeze-
out nor freeze-in scenario will result in the observed dark
matter abundance. The left panel of Fig. 3 shows that, at a
fixed reheat temperature, decreasing mχ increases the
freeze-in cross section and decreases the freeze-out cross
section that generates the observed dark matter abundance.
However, once mχ ≲ 3TRH, dark matter will no longer
freeze in during kination, and as discussed in Sec. II B,
hσvi > 3 × 10−26 cm3 s−1 is required to generate the
observed dark matter abundance if dark matter freezes
out during kination.
The right panel of Fig. 3 shows that decreasing TRH

increases the cross section that generates the observed dark
matter abundance via the freeze-in mechanism. Therefore,
setting TRH ¼ 3 MeV gives an upper bound on the cross
sections that can generate the observed dark matter abun-
dance in freeze-in scenarios:

hσvis < 2.66 × 10−38 cm3 s−1
�
0.175 GeV

mχ

�
: ð25Þ

This maximal cross section is calculated using
g�sðmχÞ ¼ g�sð0.175 GeVÞ. When deriving Eq. (21) we
assumed that g�sðTÞ was approximately constant during
pair production, which implies that Ωχh2 ∝ g−2�s ðmχÞ. If
dark matter freezes in during kination and mχ is less than
0.17 GeV, then the QCD phase transition occurs before the

peak of pair production. At the QCD phase transition
g�sðTÞ sharply decreases, resulting in an increase in the
relic abundance as given by Eq. (21). To compensate for
the increased relic abundance, freeze-in scenarios with
mχ ≤ 0.17 GeV require cross sections smaller than the one
calculated in Eq. (25). Therefore, the largest cross section
that can generate the observed dark matter abundance in
freeze-in scenarios is 2.7 × 10−38 cm3 s−1.
The relic abundances from Eq. (21) are within 20% of

the solutions to Eq. (1b) for mχ > 0.17 GeV and
TRH < mχ=3.9. If mχ ≤ 0.17 GeV, we need to take into
consideration the evolution of g�sðTÞ to accurately calcu-
late the relic abundance. Allowing for the evolution of
g�sðTÞ, YPP is rewritten as

YPP ¼
�
45

4π3

�
1=2 hσvismpl

T2
RHg

1=2
�RH

T3
MAX

m6
χ

g�sMAXg�sRH

×

�Z
1

0

n2χ;eqx7g−2�s ðmχ=xÞdx

þ
Z

xPP

1

n2χ;eqx5g−2�s ðmχ=xÞdx
�
: ð26Þ

Using this expression for YPP and a scaling factor of 0.4, we
construct a modified relic abundance expression that takes
into account the evolution of g�sðTÞ. For freeze-in scenarios
with mχ ≤ 0.17 GeV and TRH < mχ=3.9, this updated
expression for YPP brings the analytic relic abundance
solutions to within 25% of the numeric solution to Eq. (1b).

III. CONSTRAINTS ON KINATION

To constrain kination cosmologies,we first solve Eqs. (16)
and (21) for all combinations of the variables mχ , TRH,
and hσvi that produce the observed darkmatter abundance of
Ωχh2 ¼ 0.12 [44]. We set the minimum allowed reheat
temperature to 3 MeV to ensure that the period of kination
does not alter the cosmic microwave background or the
abundances of light elements [4–8].2 Next, we compare our
allowed parameters to current constraints on mχ and hσvi
from Fermi-LAT and H.E.S.S. Specifically, we use the
Fermi-LAT PASS-8 constraints from observations of dwarf
spheroidals [35] and H.E.S.S. constraints from observations
of the Galactic center [36]. The Fermi-LAT data cover dark
matter masses ranging from 2 GeV ≤ mχ ≤ 104 GeV,while
the H.E.S.S. data cover dark matter masses ranging
from 125 GeV ≤ mχ ≤ 7 × 104 GeV.
Figure 5 shows the allowed parameter space for mχ and

hσvis for scenarios in which dark matter freezes in during
kination. To ensure that freeze-in occurs before the onset

2These constraints on the reheat temperature were derived
assuming that the radiation-dominated era was preceded by an
early-matter-dominated era, but we expect that similar constraints
would apply to kination.
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of radiation domination, we have restricted ourselves to
mχ=3.9 > TRH. This restriction comes from the fact that the
temperature at which pair production effectively ceases is
TPP ¼ mχ=3.9. Since the minimum reheat temperature is
3 MeV, we require that mχ > 0.012 GeV to ensure that
freeze-in occurs before radiation domination. From Eq. (25)
and Fig. 5, we see that scenarios in which darkmatter freezes
in during kination require hσvi < 2.7 × 10−38 cm3 s−1.
Figure 6 shows the allowed parameter space for mχ and

hσvi for scenarios in which dark matter freezes out during
kination. To obtain the observed dark matter abundance,
freeze-out scenarios during kination must have an annihi-
lation cross section greater than 3 × 10−26 cm3 s−1. As
discussed in Sec. II B, freeze-out occurs earlier during
kination than during radiation domination, and to compen-
sate, freeze-out scenarios during kination require larger
annihilation cross sections to generate the same dark matter
density.
In Fig. 6we include the Fermi-LAT [35] andH.E.S.S. [36]

constraints for darkmatter that annihilates via thebb̄ channel.
The Fermi-LAT bounds cover a range of dark matter masses
from the mass of the bottom quark to a mass of 104 GeV.
The H.E.S.S. bounds add additional constraints to dark
matter masses ranging from 200 to 7 × 104 GeV. Dark
matter annihilation cross sections above the observational
bounds are ruledout as these signalswould have alreadybeen
observed. Figure 6 also includes the partial-wave unitarity
bound, which requires hσvi≲ 1=m2

χ [48–50]. We see from
Fig. 6 that the unitarity bound rules out all kination scenarios
with hσvi values larger than 4.5 × 10−23 cm3 s−1. In addi-
tion, if darkmatter annihilates via thebb̄ channel, Fermi-LAT
and H.E.S.S. observations constrain hσvi to be less than
2 × 10−25 cm3 s−1 and TRH to be greater than 1 GeV.

Figure 7 shows the Fermi-LAT, H.E.S.S., and unitarity
constraints on mχ and TRH for scenarios in which dark
matter freezes out during kination for various annihilation
channels. For every value of mχ and TRH we calculate the
hσvi that will produce the observed dark matter abundance
via freeze-out using Eq. (16). If the calculated hσvi is
above the Fermi-LAT or H.E.S.S. constraints, then
that scenario is ruled out. The ruled-out area below
TRH ¼ 3 MeV represents the fact that, in order to produce
the correct abundance of light elements, reheating must
occur before a temperature of ∼3 MeV. The solid black
line represents when mχ ¼ 100TRH. As discussed in
Sec. II B, Eq. (16) is accurate for TRH < mχ=100. As
TRH increases beyond mχ=100, numerical tests with
mχ > 17 GeV indicate that the hσvi value that yields
the observed dark matter abundance rapidly decreases to
3 × 10−26 cm3 s−1 as freeze-out occurs closer to radiation
domination. Therefore, we make the conservative
assumption that hσvi ¼ 3 × 10−26 cm3 s−1 will give the
observed dark matter abundance if mχ > 17 GeV and
TRH > mχ=100.
For mχ < 17 GeV, numerical tests show that Eq. (16)

remains accurate for reheat temperatures slightly higher than
mχ=100 if reheating occurs after the QCD phase transition.
The QCD phase transition causes a sharp decrease in g�
when T¼0.17GeV, and since TRH>3MeV, g�sRH ¼ g�RH
and H ∝ g−1=2�sRH during kination. Consequently, the Hubble
parameter at a given temperature during kination sharply
increases as TRH goes below 0.17 GeV, which causes
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dark matter abundance. These small annihilation cross sections
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freeze-out to occur earlier. Therefore, Eq. (16) is applicable
for scenarios with TRH slightly higher than mχ=100
if mχ < 17 GeV because freeze-out still occurs during
kination. For most annihilation channels, scenarios that
generate the observed relic abundance with mχ < 17 GeV
are ruled out by Fermi-LAT constraints. The exception is
dark matter annihilating via μþμ−. Figure 7 shows that,
for dark matter annihilating via μþμ−, Fermi-LAT con-
straints rule out all scenarios withmχ ≲ 8 GeV. In addition,

if mχ is between 8 and 17 GeV, Fermi-LAT constraints
rule out scenarios with TRH ≲ 0.17 GeV. In these
scenarios, freeze-out occurs during kination even though
TRH may be higher than mχ=100. As TRH increases beyond
0.17 GeV, numerical tests with 8 GeV < mχ < 17 GeV
indicate that the hσvi value required to obtain the
observed dark matter abundance rapidly decreases to
3 × 10−26 cm3 s−1 as freeze-out occurs closer to radiation
domination.
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The resulting constraints on mχ and TRH are contingent
on dark matter reaching thermal equilibrium during
kination. Equation (17) indicates that decreasing TRH
and increasing g�sðmχ=1.5Þ increases the minimum value
of hσvi that results in dark matter reaching thermal
equilibrium. Therefore, solving Eq. (17) with the minimum
reheat temperature of 3MeVand g�sðmχ=1.5Þ ¼ 100 shows
that, if hσvi > 3 × 10−31 cm3 s−1, dark matter will freeze
out during kination regardless of TRH or mχ.
The Fermi-LAT and unitarity constraints establish an

allowed mass range for each annihilation channel. The
unitarity bound on hσvi places an upper bound on the
allowed dark matter mass of 1.9 × 104 GeV for all anni-
hilation channels. The lower bound on the dark matter mass
comes from the Fermi-LAT observations and is between 8
and 160 GeV, depending on the annihilation channel. As
TRH decreases, the range of viable masses decreases. The
addition of the H.E.S.S. constraints restrict dark matter
annihilating via τþτ− to have a mass around either 250 or
9000 GeV. For dark matter masses between 470 and
2500 GeV, the H.E.S.S. observations constrain hσvi to
be less than 3 × 10−26 cm3 s−1 for dark matter annihilating
via τþτ−, thereby ruling out all scenarios where dark matter
freezes out during kination or radiation domination.
Figure 7 also shows that with the Fermi-LAT, H.E.S.S.,

and unitarity constraints we can place lower limits on TRH
if dark matter reaches thermal equilibrium during kination.
For example, we can rule out kination scenarios with reheat
temperatures below 0.05 GeV for dark matter annihilating
via the eþe− or μþμ− annihilation channel. We are also able
to rule out kination scenarios with reheat temperatures
below 0.6 GeV for the τþτ− and uū annihilation channels
as well as reheat temperatures below 1 GeV for the bb̄ and
WþW− annihilation channels. In addition, kination scenar-
ios where dark matter annihilates via the bb̄, τþτ−, or
WþW− annihilation channel require TRH be very close to
TF, which implies that these kination scenarios are on the
verge of being ruled out.
Throughout this work, we assumed that dark matter

consisted of one particle species. If dark matter consists
of multiple particle species, then it is possible that only a
fraction of the dark matter is thermally produced during
kination. To determine what effect this has on the TRH
constraints shown in Fig. 7, we neglect the lnðTF=TRHÞ term
in Eq. (16) and make the rough estimate that for dark matter
freezing out during kination, Ωχh2 ∝ mχ=ðhσviTRHÞ. If
only a fraction of the dark matter consists of a thermal
relic, such that Ωχh2 ¼ fΩdmh2, then to scale the relic
abundance by a factor of f for a fixed dark matter mass
requires scaling the product of hσvi and TRH by a factor of
1=f. In addition, since the Fermi-LAT and H.E.S.S. con-
straints are obtained using the dark matter annihilation rate
Γ ¼ hσviρ2χ=m2

χ , altering ρχ will subsequently reduce the
annihilation rate by a factor of f2 and raise the maximum

allowed annihilation cross section hσvimax by a factor of
1=f2. Therefore, the minimum allowed reheat temperature
TRH;min ∝ hσviTRH=hσvimax ∝ f−1=f−2 ∝ f. For example,
for dark matter annihilating via WþW−, the minimum
allowed reheat temperature is 1 GeV if dark matter consists
of a single particle species. If only a fraction of darkmatter is
thermally produced during kination and Ωχh2 ¼ 0.05, then
f ¼ 0.42 and the newminimum allowed reheat temperature
is roughly 0.34 GeV.

IV. CONCLUSION

Our uncertainty regarding the expansion history of the
Universe between the end of inflation and the beginning of
BBN allows for the possibility that within this period there
was an intermittent era of kination. In this paper we have
investigated the effects that a period of kination has on the
thermal production of dark matter. Previous studies on this
topic have required the use of specific kinaton potentials
[38–40,42,43]. Our analysis is independent of the kinaton
potential, and therefore our constraints on mχ , TRH, and
hσvi are applicable to all kination models assuming that
dark matter consists of one particle species that undergoes
s-wave annihilation. In addition to numerically solving
for the dark matter relic abundance, we have also derived
analytic relic abundance equations for freeze-out and freeze-
in kination scenarios.
Our scenarios are determined by three parameters: the

dark matter mass mχ , the reheat temperature TRH, and the
dark matter annihilation cross section hσvi. In deriving relic
abundance equations for freeze-out [Eq. (16)] and freeze-in
[Eq. (21)] scenarios, we have deduced physical relationships
between our parameters and the dark matter relic abundance.
For example, at a given temperature, the Hubble parameter
during kination is higher than that during radiation domi-
nation. Therefore, freeze-out occurs earlier during kination,
which increases the relic abundance. In order to compensate
for this larger relic abundance, freeze-out scenarios require
larger-than-canonical hσvi values in order to increase the
annihilation rate and subsequently decrease the dark matter
abundance to the observed value. If on the other hand, dark
matter freezes in during kination, an increase in TRH
will increase the relic abundance. Increasing TRH decreases
ρϕ, which decreases the Hubble parameter. Decreasing the
Hubble parameter decreases the cooling rate, leaving more
time for pair production and thereby increasing the relic
abundance. To compensate for the increased cooling rate
and bring the dark matter abundance into agreement with the
observed value, freeze-in scenarios during kination require
larger hσvi values compared to during radiation domination.
Overall, to reach the observed darkmatter abundance, freeze-
out scenarios during kination require hσvi values that would
underproduce dark matter during radiation domination,
whereas freeze-in scenarios require hσvi values that would
overproduce dark matter during radiation domination.
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Therefore, the possibility that dark matter was thermally
produced during kination significantly widens the field of
potential dark matter candidates. In particular, thermally
produced winos and Higgsinos, which generally have
hσvi > 3 × 10−26 cm3 s−1, could constitute all the dark
matter if they freeze out during a period of kination.
Our analytic relic abundance equations allow us to

efficiently determine the dark matter parameter space
that would result in the observed dark matter abundance.
To ensure that freeze-out occurs before reheating and
that reheating occurs at a temperature above 3 MeV,
hσvi values between 2.7 × 10−38 and 3 × 10−26 cm3 s−1

are forbidden for all dark matter masses. Using the PASS 8
Fermi-LAT observations of dwarf spheroidal galaxies,
H.E.S.S. observations of the Galactic center, and the
unitarity bound on hσvi we further constrain kination
models. The observational bounds and subsequent con-
straints only apply to freeze-out scenarios because the
required hσvi values for freeze-in scenarios are below
observational thresholds. From the unitarity constraint,
we were able to rule out all kination scenarios with hσvi
greater than 4.5 × 10−23 cm3 s−1. These constraints also
allowed us to rule out kination scenarios with reheat
temperatures below 0.05 GeV for dark matter annihilating
via the eþe− or μþμ− annihilation channel. Similarly, we
ruled out kination scenarios with reheat temperatures
below 0.6 GeV for the τþτ− and uū annihilation channels
as well as reheat temperatures below 1 GeV for the bb̄ and
WþW− annihilation channels. Since these new bounds on
TRH are below the electroweak phase transition, kination
could facilitate baryogenesis [25]. These bounds on TRH
are contingent on dark matter freezing out during kination.
We have shown that, if hσvi > 3 × 10−31 cm3 s−1, dark
matter will freeze out during kination regardless of TRH or
mχ . We also note that we only consider s-wave dark matter
annihilation. If we consider a p-wave process, the anni-
hilation rate in the Galaxy would be suppressed relative to

the annihilation rate at freeze-out and our bounds would
no longer apply.
We have shown that scenarios in which dark matter is

thermally produced during kination are not ruled out by
current observational limits on the dark matter annihilation
cross section. In these scenarios, hσvi > 3 × 10−26 cm3 s−1

is required to generate the observed dark matter abundance
via a freeze-out process. The observed dark matter
abundance can be generated by a freeze-in process if
hσvi < 2.7 × 10−38 cm3 s−1. Therefore, our uncertainty
regarding the pre-BBN expansion history prevents us from
knowing the dark matter annihilation cross section that
yields the current dark matter abundance; there exists a
degeneracy between the allowed values of hσvi and TRH

that cannot be eliminated by relic abundance calculations
alone. One possible approach to breaking this degeneracy
involves studying the evolution of the dark matter pertur-
bations during kination. The evolution of perturbations
during kination will impact the small-scale matter power
spectrum. Therefore, studying how the small-scale matter
power spectrum and small-scale structure formation are
affected by kination may provide a means to further
constrain kination scenarios and reduce the range of viable
annihilation cross sections.
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Note added.—While we were finishing this paper, Ref. [51]
appeared on the arXiv. This paper also considers dark
matter production during kination, and it similarly identi-
fies the logarithmic decrease of the dark matter number
density between freeze-out and reheating.

[1] A. H. Guth, Phys. Rev. D 23, 347 (1981).
[2] A. D. Linde, Phys. Lett. B 108, 389 (1982).
[3] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220

(1982).
[4] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. Lett.

82, 4168 (1999).
[5] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. D 62,

023506 (2000).
[6] S. Hannestad, Phys. Rev. D 70, 043506 (2004).
[7] K. Ichikawa, M. Kawasaki, and F. Takahashi, Phys. Rev. D

72, 043522 (2005).
[8] K. Ichikawa, M. Kawasaki, and F. Takahashi, J. Cosmol.

Astropart. Phys. 05 (2007) 007.

[9] L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev.
Lett. 73, 3195 (1994).

[10] L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev.
D 56, 3258 (1997).

[11] R. Allahverdi, R. Brandenberger, F.-Y. Cyr-Racine, and A.
Mazumdar, Annu. Rev. Nucl. Part. Sci. 60, 27 (2010).

[12] G. Kane, K. Sinha, and S. Watson, Int. J. Mod. Phys. D 24,
1530022 (2015).

[13] M. S. Turner, Phys. Rev. D 28, 1243 (1983).
[14] D. J. H. Chung, E. W. Kolb, and A. Riotto, Phys. Rev. D 60,

063504 (1999).
[15] M. Kamionkowski and M. S. Turner, Phys. Rev. D 42, 3310

(1990).

NEW CONSTRAINTS ON DARK MATTER PRODUCTION … PHYSICAL REVIEW D 96, 043511 (2017)

043511-11

https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1103/PhysRevLett.48.1220
https://doi.org/10.1103/PhysRevLett.48.1220
https://doi.org/10.1103/PhysRevLett.82.4168
https://doi.org/10.1103/PhysRevLett.82.4168
https://doi.org/10.1103/PhysRevD.62.023506
https://doi.org/10.1103/PhysRevD.62.023506
https://doi.org/10.1103/PhysRevD.70.043506
https://doi.org/10.1103/PhysRevD.72.043522
https://doi.org/10.1103/PhysRevD.72.043522
https://doi.org/10.1088/1475-7516/2007/05/007
https://doi.org/10.1088/1475-7516/2007/05/007
https://doi.org/10.1103/PhysRevLett.73.3195
https://doi.org/10.1103/PhysRevLett.73.3195
https://doi.org/10.1103/PhysRevD.56.3258
https://doi.org/10.1103/PhysRevD.56.3258
https://doi.org/10.1146/annurev.nucl.012809.104511
https://doi.org/10.1142/S0218271815300220
https://doi.org/10.1142/S0218271815300220
https://doi.org/10.1103/PhysRevD.28.1243
https://doi.org/10.1103/PhysRevD.60.063504
https://doi.org/10.1103/PhysRevD.60.063504
https://doi.org/10.1103/PhysRevD.42.3310
https://doi.org/10.1103/PhysRevD.42.3310


[16] G. F. Giudice, E. W. Kolb, and A. Riotto, Phys. Rev. D 64,
023508 (2001).

[17] N. Fornengo, A. Riotto, and S. Scopel, Phys. Rev. D 67,
023514 (2003).

[18] C. Pallis, Astropart. Phys. 21, 689 (2004).
[19] G. Gelmini, P. Gondolo, A. Soldatenko, and C. E. Yaguna,

Phys. Rev. D 74, 083514 (2006).
[20] G. B. Gelmini and P. Gondolo, Phys. Rev. D 74, 023510

(2006).
[21] M. Drewes, J. Cosmol. Astropart. Phys. 11 (2014) 020.
[22] G. L. Kane, P. Kumar, B. D. Nelson, and B. Zheng, Phys.

Rev. D 93, 063527 (2016).
[23] A. L. Erickcek, Phys. Rev. D 92, 103505 (2015).
[24] B. Spokoiny, Phys. Lett. B 315, 40 (1993).
[25] M. Joyce, Phys. Rev. D 55, 1875 (1997).
[26] P. G. Ferreira andM. Joyce, Phys. Rev. D 58, 023503 (1998).
[27] P. J. E. Peebles and A. Vilenkin, Phys. Rev. D 59, 063505

(1999).
[28] K. Dimopoulos and J. W. F. Valle, Astropart. Phys. 18, 287

(2002).
[29] K. Dimopoulos, Phys. Rev. D 68, 123506 (2003).
[30] D. J. H. Chung, L. L. Everett, K. Kong, and K. T. Matchev,

J. High Energy Phys. 10 (2007) 016.
[31] M. Drees, H. Iminniyaz, and M. Kakizaki, Phys. Rev. D 73,

123502 (2006).
[32] D. Grin, T. L. Smith, and M. Kamionkowski, Phys. Rev. D

77, 085020 (2008).
[33] S. Watson, Adv. Ser. Dir. High Energy Phys. 21, 305 (2010).
[34] A. Beniwal, M. Lewicki, J. D. Wells, M. White, and A. G.

Williams, arXiv:1702.06124.

[35] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. Lett. 115, 231301 (2015).

[36] V. Lefranc and E. Moulin (H.E.S.S. Collaboration), Proc.
Sci., ICRC2015 (2016) 1208 [arXiv:1509.04123].

[37] S. Profumo and P. Ullio, J. Cosmol. Astropart. Phys. 11
(2003) 006.

[38] C. Pallis, J. Cosmol. Astropart. Phys. 10 (2005) 015.
[39] C. Pallis, Nucl. Phys. B751, 129 (2006).
[40] C. Pallis, in Proceedings of the 6th International

Workshop on the identification of dark matter (IDM
2006): Rhodes, Greece, 2006 (World scientific, Singapore,
2006), pp. 602–608.

[41] M. E. Gomez, S. Lola, C. Pallis, and J. Rodriguez-Quintero,
J. Cosmol. Astropart. Phys. 01 (2009) 027.

[42] S. Lola, C. Pallis, and E. Tzelati, J. Cosmol. Astropart. Phys.
11 (2009) 017.

[43] C. Pallis, Nucl. Phys. B831, 217 (2010).
[44] P. A. R. Ade et al. (Planck Collaboration), Astron. Astrophys.

594, A13 (2016).
[45] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West,

J. High Energy Phys. 03 (2010) 080.
[46] C. E. Yaguna, J. High Energy Phys. 08 (2011) 060.
[47] P. S. B. Dev, A. Mazumdar, and S. Qutub, Front. Phys. 2, 26

(2014).
[48] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615

(1990).
[49] L. Hui, Phys. Rev. Lett. 86, 3467 (2001).
[50] W.-L. Guo and X. Zhang, Phys. Rev. D 79, 115023

(2009).
[51] F. D’Eramo, N. Fernandez, and S. Profumo, J. Cosmol.

Astropart. Phys. 05 (2017) 012.

KAYLA REDMOND and ADRIENNE L. ERICKCEK PHYSICAL REVIEW D 96, 043511 (2017)

043511-12

https://doi.org/10.1103/PhysRevD.64.023508
https://doi.org/10.1103/PhysRevD.64.023508
https://doi.org/10.1103/PhysRevD.67.023514
https://doi.org/10.1103/PhysRevD.67.023514
https://doi.org/10.1016/j.astropartphys.2004.05.006
https://doi.org/10.1103/PhysRevD.74.083514
https://doi.org/10.1103/PhysRevD.74.023510
https://doi.org/10.1103/PhysRevD.74.023510
https://doi.org/10.1088/1475-7516/2014/11/020
https://doi.org/10.1103/PhysRevD.93.063527
https://doi.org/10.1103/PhysRevD.93.063527
https://doi.org/10.1103/PhysRevD.92.103505
https://doi.org/10.1016/0370-2693(93)90155-B
https://doi.org/10.1103/PhysRevD.55.1875
https://doi.org/10.1103/PhysRevD.58.023503
https://doi.org/10.1103/PhysRevD.59.063505
https://doi.org/10.1103/PhysRevD.59.063505
https://doi.org/10.1016/S0927-6505(02)00115-9
https://doi.org/10.1016/S0927-6505(02)00115-9
https://doi.org/10.1103/PhysRevD.68.123506
https://doi.org/10.1088/1126-6708/2007/10/016
https://doi.org/10.1103/PhysRevD.73.123502
https://doi.org/10.1103/PhysRevD.73.123502
https://doi.org/10.1103/PhysRevD.77.085020
https://doi.org/10.1103/PhysRevD.77.085020
https://doi.org/10.1142/9789814307505_0007
http://arXiv.org/abs/1702.06124
https://doi.org/10.1103/PhysRevLett.115.231301
https://doi.org/10.1103/PhysRevLett.115.231301
http://arXiv.org/abs/1509.04123
https://doi.org/10.1088/1475-7516/2003/11/006
https://doi.org/10.1088/1475-7516/2003/11/006
https://doi.org/10.1088/1475-7516/2005/10/015
https://doi.org/10.1016/j.nuclphysb.2006.06.003
https://doi.org/10.1088/1475-7516/2009/01/027
https://doi.org/10.1088/1475-7516/2009/11/017
https://doi.org/10.1088/1475-7516/2009/11/017
https://doi.org/10.1016/j.nuclphysb.2010.01.015
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1007/JHEP08(2011)060
https://doi.org/10.3389/fphy.2014.00026
https://doi.org/10.3389/fphy.2014.00026
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.86.3467
https://doi.org/10.1103/PhysRevD.79.115023
https://doi.org/10.1103/PhysRevD.79.115023
https://doi.org/10.1088/1475-7516/2017/05/012
https://doi.org/10.1088/1475-7516/2017/05/012

