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New constraints on dark matter production during kination
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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 {(cv) < 2.7 x 1073% cm®s™! 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
{ov) > 3 x 1072 cm3 s™! 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 (ov) 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 (cv) > 3 x 10~
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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 10'© 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
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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 m,, the velocity-averaged dark matter
annihilation cross section (ov), and the temperature at
which the Universe becomes radiation dominated, 7gy.
Our analytic expressions allow us to solve for the (ov)
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 (ov) values that
would underproduce dark matter during radiation domina-
tion. In contrast, kination models in which dark matter does
not reach thermal equilibrium require (ov) values that would
overproduce dark matter during radiation domination. Using
the most recent constraints on m, and (ov) 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 Ty 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 m,, Ty, and (ov) are applicable to all
kination scenarios in which dark matter is a thermal relic.
Furthermore, improvements in the observational constraints
on (ov) 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. IT A, we discuss the evolution equations that
govern the thermal production of dark matter during
kination. In Secs. IIB and IIC, 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 constrain m,, Ty, and (o). In Sec. IV, we
summarize our results. Natural units (A = ¢ = kg = 1) 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 = 1. Therefore, the kinaton’s energy
density scales as a~°, where a is the scale factor, and will
eventually become subdominant to radiation, whose energy
density scales as a*. 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 m,, the reheat
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temperature Try, and the velocity-averaged dark matter
annihilation cross section {ov). Throughout this work, we
assume s-wave dark matter annihilation. In kination
scenarios, Try 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 p,, the radiation energy density
pr» and the dark matter number density n, are

d
Ep(/) = —6Hp(/,, (la)
d
Ty = =3Hn, — (ov)(} = .y). (1b)
d
T —4Hp, + (o0)E,(n} — n2 .y). (Ic)

where (E,) = p,/n, is the average energy of a dark matter
particle and n, ., is the number density of dark matter
particles in thermal equilibrium.l For a dark matter particle
with mass m, and internal degrees of freedom g, within a

thermal bath of temperature T,

_ 9 [ X
}’l)(’eq = 277:2/ eE/T I 1 EdE. (2)

m Ly

When evaluating the average energy of a dark matter particle,

we make the approximation that (E,) = \/m2 + (3.151T)?,

which matches p,/n, 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~* and is unaffected by dark matter annihilation or pair
production. Since p, and p,, evolve independently of n,,, 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 p,, 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

lThroughout this work, we assume that the dark matter is
composed of Majorana particles, and therefore y = j.
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FIG. 1. The density evolution of the kinaton, radiation,

and dark matter. In this figure, m, = 10* GeV, and reheating
occurs when a/a; = 2.7 x 10*; the reheat temperature is 2 GeV.
The two solid curves show the evolution of p, for the two
values of (ov) that produce the observed dark matter density:
thz = 0.12 [44]. The top solid curve corresponds to the freeze-
out scenario with (6v) = 7.5 x 1072 cm®s~!, whereas the
bottom solid curve corresponds to the freeze-in scenario with
(ov) = 6.7 x 1076 cm®s~!. The dotted line shows the equilib-
rium dark matter density, p, eq = (E,)7; ¢q-

sa® must remain constant, where s is the entropy density:

s = (22%/45)T3g,,(T), and g, (T) 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,(T)~"/3a"".
To evaluate the temperature of the radiation bath, we set
a maximum temperature of T\zx at which p, = 0. We set
Tyiax = 8my, 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 Tyax = 8m,, ensures there will be enough time for
maximal pair production. Therefore, the dark matter relic
abundance will not be sensitive to Tyax. Using Tyax, We
construct an expression for the temperature evolution
during kination that accounts for changes in g, (T):
Gus(Tmax) |2 a4
S oo BT

where a; is the scale factor value when T = Tyax.

The final step in evaluating p, is to connect Eq. (3) and
the definition of p,. The radiation energy density is
p, = (7%/30)g,(T)T*, where g,(T) is the number of
relativistic degrees of freedom at temperature 7. Using
this definition of p, and Eq. (3), we see that the evolution of

p, during kination is
7 (Tmax) |3 (ar\*

= g (T) T ax |7222 — . 4
pr =Sy s P2 () 0
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FIG. 2. The evolution of the comoving dark matter number
density and equilibrium number density with Try = 20 GeV,
m, = 3000 GeV, and (ov) = 1072 cm®s~!. The vertical line
represents the point of reheating at apy/a; = 800. The solid
horizontal line shows the comoving number density at the point
of freeze-out solved from H(Tg) = (ov)n, o4 This figure dem-
onstrates that dark matter annihilations after freeze-out signifi-
cantly decrease the dark matter number density.

Next, we analytically solve for p,. Solving Eq. (la)
yields p,, = p,(a;/a)®, where py 1 is py when a = a;. By
defining ary as the scale factor value at the onset of
radiation domination we see that p, evaluated at reheating
equals p,/).l(al/aRH)Q Using Eq. (4), we can evaluate p, at
reheating. Considering that at reheating p, = p,, this
implies that

2

7 g*s(TMAX) 4/3 AaRrH 2
=—g,(Try) T —_— — . 5
Pop.1 309 ( RH) MAX|:g*S(TRH):| a ( )

Using Eq. (3) to relate ary to Ty, we obtain the evolution
of p, during kination:

[Tgm} 2 [g*s(TMAX)] ? T (“l) ")

Try Gis(Tru) a

ﬂz
Py :%

Now that we have obtained expressions for T'(a), p,(a)
and p,(a), we have the necessary components to numeri-
cally solve Eq. (1b) for n,(a), as shown in Fig. 2. Figure 3
shows the dark matter relic abundance as a function of (6v)
for several values of Tgyy and m,,. For small (6v) values, the
dark matter cannot reach thermal equilibrium, and Fig. 3
shows that as (ov) increases the dark matter relic abun-
dance increases. Once (ov) becomes large enough, pair
production will bring n, up to its thermal equilibrium value.
If dark matter reaches thermal equilibrium, we see from
Fig. 3 that as (ov) 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 Tgy.
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The observed dark matter abundance Q,h?* as a function of the dark matter velocity-averaged annihilation cross section (o).

Dark matter freezes in at small (ov) where Q, h*  (ov), whereas dark matter freezes out at large (ov) where Q,h?  (ov)~". In the left
panel we see that decreasing m,, decreases Qxhz for both cases. In the right panel we see that decreasing Tgy decreases Qxh2 for the
freeze-in case but increases th2 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, Q)(h2 =0.12 [44].

B. Freeze-out

If (ov) is sufficiently large, then pair production brings
dark matter into thermal equilibrium: n, = My eq»> @S defined
in Eq. (2). Once H = (6v)n, o, 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 = n,(a/a;)*Tgj;. Equation (1b) is rewritten as

dy

D (o) %L (12—, )
After the dark matter freezes out, Y2 > Y3,. Since during

kination H = H(a;)[a;/a)’, we simplify Eq. (7) to
dY —Jxp
—=—"Y?, 8
da a ®)
where Agp = Tiyy{ov)/H(a;). Integrating Eq. (8) from

freeze-out to reheating yields

1 1 Aary
e = IR 9
Ye  Yen KDnaF )

where Yy and Yyy 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 = H(agy)[agry/a)?>, and by defining
Irp = [Thus(00) /Hlagy))| % [a}/a3y). Eq. (7) simplifies to

AY  —igp
— = Y2,
da a?

(10)

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

1 1 < 1 >

v = A&o|— )

Ypu Yir adRrH
where Y7t is the comoving dark matter number density at
some late time (a¢ = ay1). To obtain Eq. (11), we use the fact
that a; t > agy. Therefore, if dark matter freezes out during
kination, Y experiences a logarithmic decrease between
freeze-out and reheating, after which Y approaches a constant
value.

Utilizing Yy from Eq. (9) and rewriting Eq. (11) in

terms of the dark matter number density yields

LT = [% <ln {aﬂ] + 1) +LT3} e

n
H(a;)a; ag n, pag

(11)

We wish to express Eq. (12) in terms of our free parameters
m,,, Try, and (ov). We can express H(a,) and agy in terms
of Tgry and Tyax using Eqgs. (3) and (5). In addition, since
n,F=n,eq N,r=H(Tg)/{ov). If freeze-out occurs
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during kination, H? = (82G/3)p,; combining this with
Egs. (3) and (6) allows us to solve for H(Tg):

(ﬁ)W( T13: ) <9*sF )gl/Z
45 mplTRH JxsRH R

where g.ri = gus(Tru) and g.gu = g.(Tru). These rela-
tions allow us to rewrite Eq. (12) as

H(Tg) = (13)

n,ir= <ﬁ> 12 T%Tg*sLTgi{{ZI{
i 45 <Gv>mplTRHg*sRH
T e\ 13 -1
X (ln {—F (_g SF) } +2> . (14)
Tru \9ssrH
where Tg is obtained by numerically solving H(Tg) =
(ov)n, 4. For kination scenarios, m,/Tg is roughly
between 20 and 30.

After apr, n, o a~3, which allows us to relate the dark
matter density at apt to today:

Py0 =P, LT(M>3::0 LT<E>3(9*SO> (15)
- “ ag O\ Typ Gstr)

where T is the radiation temperature today and g,,, =3.91.
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 m,/Try > 100, we obtain an analytic
expression for the freeze-out dark matter relic abundance:

3x 1072 cm? s_1> gil/{il (mx/TRH>
(ov) 9+sRH 150
 (nfftmn (20 ) 7] 4
10 9«sRH
Equation (16) indicates that decreasing Try increases the
relic abundance. Decreasing Try requires increasing the
kinaton energy density, which increases the Hubble param-
eter during kination. Since n,r = H(T)/(ov), increasing
the Hubble parameter increases the dark matter number
density at freeze-out and thus increases the relic abundance.
Furthermore, in our calculation of Yzy 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 Tg/Tgry.

Figure 3 shows the dark matter relic abundance as a
function of (ov) for several values of Tgy and m,,. In Fig. 3
we see that for sufficiently large (ov) 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

(ov) that will result in the dark matter reaching thermal
equilibrium. If dark matter freezes out, H(Tg) = (60)n, ¢4

Q= 6.06(

(16)
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and we can rewrite this equation in terms of a new
variable x, where x = m,,/Tg. Assuming that dark matter
is nonrelativistic, H(Tr) = (ov)n, ., can be rewritten as
x732e%g, (m,/x) = const x (ov). The left-hand side of this
equation has a minimum value near x ~ 1.5 which implies
that there is a minimum (ov) for which a solution will exist.
This lower bound on (ov) is

2
(ov) > 9.37 x 107 cm?s~! (—)

Iy
3 MeV) [ g1
X(T )( ML) (m,/15). (17)
RH 9«sRH

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 (ov) than that required if
freeze-out occurs during radiation domination. This comes
from the fact that at a given temperature the Hubble 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 dark matter abundance, freeze-out scenarios during
kination require (6v)>3x1072°cm?s~!. Since this lower
bound on (ov) 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 n, < n, . The
dimensionless comoving dark matter equilibrium number
density is Yeq = n, o Triy(a/a;)?, and for freeze-in scenar-
ios Y4 > Y. Therefore, Eq. (7) reduces to

3
ﬂ _ <6v>TRH g (18)
da  H(aj)a
for freeze-in scenarios during kination.

Equation (18) implies that dY/da diverges as a — 0 if
(o) 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 T\;ax. Previous
analyses of the freeze-in process avoided this sensitivity to
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FIG. 4. The evolution of dY/da given Tgy =1 GeV,
m, =5x 10* GeV, and (ov), = 10 cm®s~!. 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 = 8m){, a*/al = Q.

high-energy physics by assuming that (ov) o 1/T? for
relativistic particles [45,46]. We take the same approach
and set (ov) = (ov)(m,,/T)? for T > m,, and (ov) = (ov),
for T <m,, where (ov); 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 Tyjax — 0.
Figure 4 shows that dY/da increases until a = a,, which
we define as the scale factor value at which pair produc-
tion peaks. The temperature at which pair production
peaks is T', = m,,. Therefore, dY /da reaches its maximum
when a*/al = S[Q*S(TMAX)/Q*X(T*)}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 T (app) = m, /3.9, reduces
the value of Y by less than 1% compared to integrating
dY/da out to a = oo. Therefore, pair production has
effectively halted when T <m,/3.9, and we can use
Eq. (18) to compute the relic abundance of dark matter
provided that Try < m,/3.9. Integrating Eq. (18) from 0 to
app, while taking into account the fact that (sv) changes
from (ov),(m,/T)* to (ov), at T = m,, gives

Taax/Tri\* [ T 9,\?
y =131 10_4 MAX RH RH Ix
PP x < 150 5Gev )\ 2

<6U>s ) <g*sRH) (g*sMAX>
X . 19
(10_45 cm?s~! gil/fﬂ g2 (m,,) (19)

After pair production ends, Y remains nearly constant,
and thus Ypp = Yrg. Therefore, the dark matter density at
reheating can be written as

PHYSICAL REVIEW D 96, 043511 (2017)
pyru = M, YppT iy (ar/agny)’. (20)

Equation (3) indicates that (a;/agy)’ o TyihxGrmax- AS @
result, inserting Eq. (19) into Eq. (20) seems to indicate that
P, ru is independent of Tyax, but this is not generically
true. When integrating Eq. (18) from a = 0 to app to obtain
Eq. (19), we effectively integrated from 7 = oo to
T = m,/3.9. However, integrating instead from 7" = 8m,
to T'=m,/3.9 does not significantly change the result.
Therefore, if Tyax > 8m,, the freeze-in dark matter
abundance does not depend on Ty ax. Conversely, if
Tyax < 8my, p,ru Will decrease as Tyax decreases
because maximal pair production is not reached.

After reheating, n, « a™, and we can use Eq. (15) to
evolve p, 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:

m T g,\2
Qh* =1. £ ) (Z
“ 08 (1 GeV) (100 GeV )\ 2

<01}>S 9«sRH _
X (10_45 cm3 S_l gl/2 g*vz(m)() (21)

*RH

Equation (21) indicates that increasing Try leads to a larger
relic abundance. To understand how the freeze-in dark
matter relic abundance relates to Ty we need to investigate
how n, relates to the Hubble parameter. The connection
between the Hubble parameter and n, stems from the
cooling rate dT'/dt. During kination T  a~', and therefore
dT/dt = —HT. Rewriting dn/dt as a function of temper-
ature yields dn/dt = (dT/dt)(dn/dT) = f(T), where
f(T) is the right-hand side of Eq. (1b). This allows us
to express dn/dT as

dT HT

which implies that n o 1/H. Since increasing Tgry
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 (ov), 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 (ov),=10"*cm?s~! in
order for th2:0.12 [44,47]. For the same m,, a
freeze-in scenario during kination with Ty =0.033 GeV
requires  (ov), = 107" cm?s™!.  Freeze-in  scenarios
during kination require larger (ov), values to generate
the observed dark matter abundance because the increased
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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: Y (Tpp) < Yq(T.).
To solve for the largest (ov), that will not result in dark
matter reaching thermal equilibrium, we approximate the
equilibrium number density as being nonrelativistic:

a3 m, T\ 3/2
Yoo(a) =g, (a_> TRy (ﬁ) e /T (23)

1

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:
gl /2
cm?s7! (—*RH )
9xsRH

cain(2)C12)

Figure 3 demonstrates that there is a range of (ov),
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 m, increases the
freeze-in cross section and decreases the freeze-out cross
section that generates the observed dark matter abundance.
However, once m, < 3TRry, dark matter will no longer
freeze in during kination, and as discussed in Sec. II B,
(ov) >3 x 1072 cm®s™! 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 Try
increases the cross section that generates the observed dark
matter abundance via the freeze-in mechanism. Therefore,
setting Try = 3 MeV gives an upper bound on the cross
sections that can generate the observed dark matter abun-
dance in freeze-in scenarios:

(ov), < 8.5 x 1073

(24)

(ov), < 2.66 x 10~ cm? 5! (W) (25)

m,

This maximal cross section is calculated using
Gis(my,) = g,,(0.175 GeV). When deriving Eq. (21) we
assumed that ¢,,(7) was approximately constant during
pair production, which implies that Q, 4* « g;2(m,). If
dark matter freezes in during kination and m,, is less than
0.17 GeV, then the QCD phase transition occurs before the
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peak of pair production. At the QCD phase transition
9.s(T) 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
m,, < 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 x 1073 cm?s~!.

The relic abundances from Eq. (21) are within 20% of
the solutions to Eq. (Ib) for m, > 0.17 GeV and
Try <m,/3.9. If m, <0.17 GeV, we need to take into
consideration the evolution of g,,(T) to accurately calcu-
late the relic abundance. Allowing for the evolution of
9xs(T), Ypp is rewritten as

45\ 12 (ov) m, T3iax
Ypp = 4—; o 12,6 IxsMAXYxsRH
i TRu9ru "

1
X (A 13 eqX Grg (m,,/x)dx

+ /xpp n)%,eqxsg;f(mz/x)dx) (26)
1

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, (7). For freeze-in scenarios
with m, <0.17 GeV and Try < m,/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 Egs. (16)
and (21) for all combinations of the variables m,, Try,
and (o) that produce the observed dark matter abundance of
thz =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].% Next, we compare our
allowed parameters to current constraints on n, and (o)
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 from2 GeV < m, < 10* GeV, while
the H.E.S.S. data cover dark matter masses ranging
from 125 GeV < m, <7 x 10* GeV.

Figure 5 shows the allowed parameter space for m, and
(ov), for scenarios in which dark matter freezes in during
kination. To ensure that freeze-in occurs before the onset

These 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
m, /3.9 > Try. This restriction comes from the fact that the
temperature at which pair production effectively ceases is
Tpp = m,/3.9. Since the minimum reheat temperature is
3 MeV, we require that m, > 0.012 GeV to ensure that
freeze-in occurs before radiation domination. From Eq. (25)
and Fig. 5, we see that scenarios in which dark matter freezes
in during kination require (ov) < 2.7 x 1073 cm®s~!.

Figure 6 shows the allowed parameter space for m, and
(ov) 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 x 1072 cm’s™!. 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. 6 we include the Fermi-LAT [35] and H.E.S.S. [36]
constraints for dark matter that annihilates via the bb channel.
The Fermi-LAT bounds cover a range of dark matter masses
from the mass of the bottom quark to a mass of 10* GeV.
The H.E.S.S. bounds add additional constraints to dark
matter masses ranging from 200 to 7 x 10* GeV. Dark
matter annihilation cross sections above the observational
bounds are ruled out as these signals would have already been
observed. Figure 6 also includes the partial-wave unitarity
bound, which requires (ov) <1/ mf [48-50]. We see from
Fig. 6 that the unitarity bound rules out all kination scenarios
with (ov) values larger than 4.5 x 1072 cm? s~!. In addi-
tion, if dark matter annihilates via the bb channel, Fermi-LAT
and H.E.S.S. observations constrain (cv) to be less than
2 x 1073 cm®s7! and Tgy to be greater than 1 GeV.

3 4
o
g
& 3
>
o
< 2=
= >
S 3
g 12
y 2
g 1= =
B F -
© o S
= 10 461 = 1 &0
S Ll 100 GeV 1 3
=10 mx/3.9 < TRH =
= H 1000 GeV -2
= -50 |
= 10 | | | | | |
< 1 11 1 11 1 11 1 11 1 11 1 11 1 1 _3

10 10" 10 100 100 100 10t 10
m, (GeV)
FIG. 5. Allowed freeze-in parameter space for m, and (ov),.
Equation (21) is not applicable to scenarios with m, /3.9 < Try
because more than 1% of pair production occurs during radiation
domination. Dark matter produced via freeze-in requires very
small annihilation cross sections in order to reach the observed
dark matter abundance. These small annihilation cross sections
are not constrainable with current astrophysical observations.
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Figure 7 shows the Fermi-LAT, H.E.S.S., and unitarity
constraints on m, and TRy for scenarios in which dark
matter freezes out during kination for various annihilation
channels. For every value of m, and Try we calculate the
(ov) that will produce the observed dark matter abundance
via freeze-out using Eq. (16). If the calculated (o) is
above the Fermi-LAT or H.E.S.S. constraints, then
that scenario is ruled out. The ruled-out area below
Try = 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 m, = 100Tgy. As discussed in
Sec. IIB, Eq. (16) is accurate for Tgry < m,/100. As
Try increases beyond m, /100, numerical tests with
m, > 17 GeV indicate that the (ov) value that yields
the observed dark matter abundance rapidly decreases to
3 x 1072 cm? s™! as freeze-out occurs closer to radiation
domination. Therefore, we make the conservative
assumption that (ov) =3 x 1072 cm®s™! will give the
observed dark matter abundance if m, > 17 GeV and
Try > m,/100.

For m, < 17 GeV, numerical tests show that Eq. (16)
remains accurate for reheat temperatures slightly higher than
m,, /100 if reheating occurs after the QCD phase transition.
The QCD phase transition causes a sharp decrease in g,
when 7=0.17GeV, and since Try>3MeV, g..ru = 9+rRH
and H g;;}{ﬁ during kination. Consequently, the Hubble
parameter at a given temperature during kination sharply
increases as Try goes below 0.17 GeV, which causes

[
=1
w

@ 107
\g_/ 1072] 2
= —
6 1072 =
~ ] >
g 107F C
3 i Tgy = 0.003 GeV 0 5
v o4 [l
2 10°F =
e L 1 &
< 10°F 3
=}
2 et 0.01 GeV -
Z 10 01Gey 16V 10GeV 100 G [ 2
=
E= I 1 SN R R B N N B
£ 10 -3
<10 1w 10 10 10t 100 10t 10

m, (GeV)

FIG. 6. Allowed freeze-out parameter space for m, and (ov).

To obtain the observed dark matter abundance, scenarios with
annihilation cross sections smaller than 3 x 1072 cm3s~! re-
quire freeze-out to occur during radiation domination. The short
dashed line represents the H.E.S.S. [36] constraints for annihi-
lation in the bb channel, and the medium dashed line is the Fermi-
LAT [35] constraints, also for the b5 annihilation channel. The
long dashed line is the unitarity bound: (6v) < 1/mZ. All of the
kination scenarios above the Fermi-LAT and H.E.S.S. constraint
lines are ruled out as dark matter annihilations would have
already been detected by the corresponding observations.
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X

abundance if dark matter freezes out during kination. The shaded regions are those that are constrained by Fermi-LAT, H.E.S.S.,

unitarity, and BBN.

freeze-out to occur earlier. Therefore, Eq. (16) is applicable  if m,, is between 8 and 17 GeV, Fermi-LAT constraints
for scenarios with Tgry slightly higher than m,/100  rule out scenarios with Tgy <0.17 GeV. In these
if m, <17 GeV because freeze-out still occurs during  scenarios, freeze-out occurs during kination even though
kination. For most annihilation channels, scenarios that Try may be higher than m, /100. As Ty increases beyond
generate the observed relic abundance with m, < 17 GeV 0.17 GeV, numerical tests with 8 GeV < m, < 17 GeV
are ruled out by Fermi-LAT constraints. The exception is  indicate that the (ov) value required to obtain the
dark matter annihilating via g™ u~. Figure 7 shows that,  observed dark matter abundance rapidly decreases to
for dark matter annihilating via y*pu~, Fermi-LAT con- 3 x 1072 cm?s~! as freeze-out occurs closer to radiation
straints rule out all scenarios with m, < 8 GeV. In addition, domination.
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The resulting constraints on m,, and TRy are contingent
on dark matter reaching thermal equilibrium during
kination. Equation (17) indicates that decreasing Tgry
and increasing g.,(m,/1.5) increases the minimum value
of (ov) that results in dark matter reaching thermal
equilibrium. Therefore, solving Eq. (17) with the minimum
reheat temperature of 3 MeVand g,(m,/1.5) = 100 shows
that, if (ov) > 3 x 107! cm?s~!, dark matter will freeze
out during kination regardless of Try or m,,.

The Fermi-LAT and unitarity constraints establish an
allowed mass range for each annihilation channel. The
unitarity bound on (ov) places an upper bound on the
allowed dark matter mass of 1.9 x 10* 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
Try decreases, the range of viable masses decreases. The
addition of the H.E.S.S. constraints restrict dark matter
annihilating via 7"z~ 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 {(cv) to
be less than 3 x 1072¢ ¢cm? s™! for dark matter annihilating
via 7777, 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 Try
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
viathe e™e™ or y*y~ annihilation channel. We are also able
to rule out kination scenarios with reheat temperatures
below 0.6 GeV for the 7~ and uii annihilation channels
as well as reheat temperatures below 1 GeV for the bb and
W+ W~ annihilation channels. In addition, kination scenar-
1i0s where dark matter annihilates via the bl_a, 777, or
W+ W~ annihilation channel require Try be very close to
Tk, 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 Tyry
constraints shown in Fig. 7, we neglect the In(7g/Try) term
in Eq. (16) and make the rough estimate that for dark matter
freezing out during kination, Q,h* « m,/((cv)Try). If
only a fraction of the dark matter consists of a thermal
relic, such that Q)(hz = fQ,,h*, then to scale the relic
abundance by a factor of f for a fixed dark matter mass
requires scaling the product of (6v) and Try 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
I' = (ov)p;/m3, altering p, will subsequently reduce the

annihilation rate by a factor of f? and raise the maximum
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allowed annihilation cross section (6v),,,, by a factor of
1/f?. Therefore, the minimum allowed reheat temperature
TRHA,min & <6v>TRH/<GU>max & f_l/f_z X f For example,
for dark matter annihilating via WTW~, the minimum
allowed reheat temperature is 1 GeV if dark matter consists
of a single particle species. If only a fraction of dark matter is
thermally produced during kination and thz = 0.05, then
f = 0.42 and the new minimum 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 m,, Tgy, and
(ov) 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 m,, the reheat temperature Ty, and the
dark matter annihilation cross section (ov). 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 (ov) 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 Tgry
will increase the relic abundance. Increasing Tgy; decreases
p4» 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 (ov) values compared to during radiation domination.
Opverall, to reach the observed dark matter abundance, freeze-
out scenarios during kination require (6v) values that would
underproduce dark matter during radiation domination,
whereas freeze-in scenarios require (ov) 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
(ov) > 3 x 1072 cm?s~!, 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,
(ov) values between 2.7 x 1073% and 3 x 10720 cm®s~!
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 (ow) we further constrain kination
models. The observational bounds and subsequent con-
straints only apply to freeze-out scenarios because the
required (ov) values for freeze-in scenarios are below
observational thresholds. From the unitarity constraint,
we were able to rule out all kination scenarios with (ov)
greater than 4.5 x 1072 cm?s™!. These constraints also
allowed us to rule out kination scenarios with reheat
temperatures below 0.05 GeV for dark matter annihilating
via the ete™ or u"u~ annihilation channel. Similarly, we
ruled out kination scenarios with reheat temperatures
below 0.6 GeV for the 777~ and uii annihilation channels
as well as reheat temperatures below 1 GeV for the bb and
W* W~ annihilation channels. Since these new bounds on
Try are below the electroweak phase transition, kination
could facilitate baryogenesis [25]. These bounds on Ty
are contingent on dark matter freezing out during kination.
We have shown that, if {(ov) > 3 x 107! cm? s7!, dark
matter will freeze out during kination regardless of Try or
m,,. 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
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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, {(cv) > 3 x 1072¢ cm?s~!
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
(ov) <2.7x 10738 cm?s™!. 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 (ov) and Tgy
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.
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