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An era of kination occurs when the Universe’s energy density is dominated by a fast-rolling scalar field.
Dark matter that is thermally produced during an era of kination requires larger-than-canonical annihilation
cross sections to generate the observed dark matter relic abundance. Furthermore, dark matter density
perturbations that enter the horizon during an era of kination grow linearly with the scale factor prior to
radiation domination. We show how the resulting enhancement to the small-scale matter power spectrum
increases the microhalo abundance and boosts the dark matter annihilation rate. We then use gamma-ray
observations to constrain thermal dark matter production during kination. The annihilation boost factor
depends on the minimum halo mass, which is determined by the small-scale cutoff in the matter power
spectrum. Therefore, observational limits on the dark matter annihilation rate imply a minimum cutoff scale
for a given dark matter particle mass and kination scenario. For dark matter that was once in thermal
equilibrium with the Standard Model, this constraint establishes a maximum allowed kinetic decoupling
temperature for the dark matter. This bound on the decoupling temperature implies that the growth of
perturbations during kination cannot appreciably boost the dark matter annihilation rate if dark matter was

once in thermal equilibrium with the Standard Model.
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I. INTRODUCTION

The thermal history between the end of inflation and the
beginning of big bang nucleosynthesis (BBN) remains
uncertain [1]. The energy scale of inflation is generally
assumed to be greater than 10'° GeV, but the abundances
of light elements predicted by BBN and the effective
neutrino density implied by the anisotropies in the cosmic
microwave background only require that the Universe be
radiation dominated at temperatures less than 8§ MeV [2-9].
Future detections of gravitational waves [10-15] or a
network of cosmic strings [16] may be used fill in this
gap in the cosmic record, but we currently have no direct
observational probes of this era.

Fortunately, the matter power spectrum provides an
indirect way to probe of the evolution of the Universe
prior to BBN. For example, it has been shown that an early
matter-dominated era (EMDE) enhances the small-scale
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matter power spectrum and leads to an abundance of early-
forming, highly dense dark matter microhalos [17-20].
These microhalos increase the dark matter annihilation
rate to the point of bringing some EMDE scenarios into
tension with Fermi-LAT observations of dwarf spheroidal
galaxies [20,21] and the isotropic gamma-ray background
[22,23]. An early era of cannibal domination, during which
the Universe is dominated by massive particles that are self-
heated by number-changing interactions, generates a sim-
ilar enhancement to the small-scale matter power spec-
trum [24,25].

Another possibility is that between the end of inflation
and the beginning of BBN there was a period of kination,
during which the Universe was dominated by a fast-rolling
scalar field (a kinaton) [26-28]. Kination was initially
proposed as a postinflationary scenario that allows the
Universe to transition to radiation domination even if the
inflaton does not decay into relativistic particles [26].
Postinflationary kination phases naturally arise in string
theory (e.g. [29,30]). While BBN bounds on gravitational
waves generally rule out scenarios that include no cou-
plings between the inflaton and the Standard Model [31], a
period of kination can still serve to dilute the inflaton
energy density after inflation. Kination also facilitates
baryogenesis [27], and the kinaton can transition into dark
energy [28,32-35] or dark matter [36-38].
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An early period of kination alters the evolution of dark
matter density perturbations [39]. When a perturbation
mode enters the horizon during an era of kination, the
gravitational potential drops sharply and then oscillates
with a decaying amplitude while the dark matter density
perturbations grow linearly with the scale factor. This linear
growth leaves an imprint on the matter power spectrum.
Specifically, for modes that enter the horizon during
kination, the matter power spectrum Pgs(k) is proportional
to k™3, where k is the wave number of the perturbation
mode and n; is the scalar spectral index. In comparison,
P o k"~*In?[k/(8keq)] for modes that enter the horizon
during radiation domination, where k., is the wave number
of the perturbation mode that enters the horizon at matter-
radiation equality. Therefore, a period of kination generates
a small-scale enhancement to the matter power spectrum. In
this work, we explore how this enhancement affects the
abundance of dark matter microhalos and the extent to
which it strengthens observational constraints on dark
matter production during kination.

The expansion rate during kination is higher than the
expansion rate in a radiation-dominated universe at the
same temperature. Consequently, a larger dark matter
annihilation cross section is required to generate the
observed dark matter abundance if dark matter is thermally
produced during kination [40-48], even if the dark matter
abundance is diluted by kinaton decays [49]. Therefore, an
era of kination widens the field of dark matter candidates to
include particles that have velocity-averaged annihilation
cross sections that are larger than 3 x 1072¢ cm?®s~!, such
as dominantly wino or Higgsino neutralinos [40]. These
large annihilation cross sections also imply that such
scenarios are already tightly constrained by observational
limits on dark matter annihilation within dwarf spheroidal
galaxies [50] and the Galactic Center [51]. If the dark
matter freezes out from thermal equilibrium during an era
of kination, these limits strongly restrict the dark matter
mass and the temperature at which kinaton-radiation equal-
ity occurs [47].

Given these constraints on dark matter freeze-out during
kination, any boost to the dark matter annihilation rate from
enhanced dark matter structure could easily rule out these

scenarios. This boost, quantified by pZ/p2 where p, is the
dark matter density, depends not only on the kination
scenario but also on dark matter properties. If the dark
matter was once in kinetic equilibrium with Standard
Model particles, then its thermal streaming motion sup-
presses the amplitudes of density variations below a cutoff
scale determined by the temperature at which dark matter
kinetically decoupled. For each of the allowed kination
parameter sets, we calculate the cutoff scale and hence the
kinetic decoupling temperature T4 required to rule out
each scenario based on observations of the isotropic
gamma-ray background, which provide the strongest
bounds on the dark matter annihilation cross section in

scenarios with enhanced small-scale structure [23]. In
particular, we frame our results in terms of the temperature
Tigs at which the dark matter would decouple within a
standard (radiation-dominated) expansion history, since
this parameter is a property of the dark matter particle
alone, has been calculated for many dark matter models,
and can be constrained by laboratory experiments [52,53].

We begin by determining the dark matter power spec-
trum in kination cosmologies in Sec. Il A. In Sec. II B, we
calculate the small-scale cutoff to the matter power spec-
trum if dark matter kinetically decouples during a period of
kination. In Sec. III, we analyze the growth of structure
following a period of kination and find that a period of
kination triggers an earlier start to halo formation and
enhances the abundance of sub-Earth-mass microhalos. In
Sec. IV, we calculate the annihilation boost from these
early-forming microhalos following the procedure estab-
lished in Ref. [23], and we use the isotropic gamma-ray
background to constrain scenarios where dark matter
freezes out during kination. In Sec. V, we summarize
our results and discuss their implications. Natural units
(h =c =k =1) are used throughout this work.

II. THE MATTER POWER SPECTRUM
AFTER KINATION

A period of kination occurs when the pressure P of the
dominant component of the Universe equals its energy
density p. One way to realize this equation of state is with a
scalar field ¢ whose kinetic energy greatly exceeds its
potential energy: (d¢/dt)*/2 > V(¢). The scalar field’s
equation of state is then

L Po_ (dp/d?2-V(g) | 0

py  (dp/dr)*/2+V(p)

This equation of state implies that the energy density of the
kinaton field drops as p, a~°, where a is the scale factor
describing the expansion of the Universe.

In addition to the kinaton, we assume that the postinfla-
tionary Universe contains relativistic Standard Model (SM)
particles. Since the kinaton’s energy density decreases
faster than the density of relativistic particles (p, o a™*),
a period of kination will give way to a period of radiation
domination even if the kinaton does not decay. We
characterize this transition by the radiation temperature
Tkr at kinaton-radiation equality. We also assume that dark
matter is a thermal relic that freezes out from the SM
radiation bath and that the radiation’s entropy is conserved
between dark matter freeze-out and today. This assumption
allows us to use the methods of Ref. [47] to determine the
dark matter annihilation cross section that yields the
observed dark matter abundance as a function of Tkg
and the dark matter mass m,,.
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A. The dark matter transfer function

We first calculate the power spectrum of linear dark
matter density perturbations during the matter epoch. The
transfer function 7'(k,a) parametrizes how dark matter
density perturbations 6, = (p, —p,)/p, vary with wave
number k during matter domination:

k2

2" _
5Q)H2

5, (k,a > ag) (k)T (k, a), (2)

P

where a., is the scale factor at matter-radiation equality,
Q) is the current matter density divided by the current
critical density, Hy is the present-day Hubble rate, and @, is
the gravitational potential at superhorizon scales during
radiation domination. To obtain T(k,a), we use the
evolution of &, during kination and the subsequent
radiation-dominated era presented in Ref. [39] to determine
8,(k, a) during the matter-dominated era.

During kination, subhorizon dark matter density pertur-
bations grow as &, o a, even though the gravitational
potential quickly decays upon horizon entry. This growth
rate arises because dark matter particles converge on
regions that are initially overdense, and the comoving
distance traversed by particles in the absence of peculiar
gravitational forces is proportional to a during kination
[39]. It follows that &, (akgr) o« axr/aner» Where agg is the
scale factor at kinaton-radiation equality and ay,, is
the scale factor when the mode k enters the horizon,
ie., k= ap,H(ay,). Since H « a3 during Kkination,
dpor & k=12, which implies that 5, o k'/? for modes that
enter the horizon during kination.

During the radiation-dominated era that follows a period
of kination, 8, grows logarithmically with the scale factor
while k > aH. For modes that enter the horizon well before
kinaton-radiation equality, Ref. [39] found that

wo-srn(2) ul(i3) 2] o

during radiation domination. In this expression, kg is the
wave number of the mode that enters the horizon at
kinaton-radiation equality, and @, = (9/8)®, is the gravi-
tational potential on superhorizon scales during kination.
Equation (3) matches the numeric solution for the evolution
of 6, very well for modes with k/kgg 2 100. As expected,
0, k'/? for these modes. Reference [39] also provides a
fitting function that describes the evolution of 6, for modes
that enter the horizon during the transition between kination
and radiation domination. For modes with 0.5 < k/kgg,

5, (k. a) = §<1>0A(k) In <B (")“>

Ahor

1.32770.38
A(k) = 2.29 [0.11 x 9.11264 1 2.9 (L) }
kKR

k O\ 3:297-0.15
B(k) = {0.594—6~59+e—6~59 (@) ] (4)

during radiation domination." Modes with k/kgr 0.5
follow the standard evolution of modes that enter the
horizon during radiation domination, with A =9.11 and
B = 0.594 [54].

Given the fitting functions A(k) and B(k) in Eq. (4), we
solve for the evolution of §,(a) during matter domination
for modes that enter the horizon during either an era of
kination or radiation domination. To do so, we use Eq. (4)
as an initial condition for the Meszaros equation, which is
valid when p, 5, > p.6, [55]. Prior to baryon decoupling
and well after matter-radiation equality, the resulting
solution to the Meszaros equation is given by [54]

5,(a) = % £ (g <I>0> In K%)hm %] D(a), (5)

Ahor

where f| and f, are determined by the baryon fraction
Fo=po/(po + 1),

f1=1-=0568f, + 0.0943
fa=1—=1.156f, +0.149f2 — 0.074f3,

and D(a) is the growing solution to the Meszaros equation.
Prior to baryon decoupling, the baryons do not fall into the
potential wells created by the dark matter density pertur-
bations. Accounting for the fact that the baryons do not
participate in gravitational collapse [54],

a \ ¢ 1 1 a,
D(a): <1+a> 2F1 [a,a+2;2a+2;a+z s (6)
€q eq

where ,F[a, b; c;x] is Gauss’s hypergeometric function,
and

a:%[l—\/1+24(1—fb)]. (7)

To evaluate Eq. (5), we first evaluate a.q/ap,, for modes
that enter the horizon during an era of kination:

ﬂ — 21/4 <L> 1/2 kKR <g*eq > 1/2 (g*sKR> 2/3 (8)
Ahor kKR keq J+KR Giseq

"This evolution of S, (k, a) assumes that dark matter freezes in,
but it is still accurate to within ~10% for modes that enter the
horizon after dark matter freezes out [39].
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where k., is the wave number of the mode that enters the
horizon at matter-radiation equality, g,(7') is the effective
number of relativistic degrees of freedom at temperature 7,
and g,,(T) is the effective number of degrees of freedom
that contribute to the entropy density at temperature 7. We
define g,xg = g*(TKR)s Gxeq = g*(Teq)’ JxsKR = g*s(TKR)’
and g,eq = g*S(Teq). In comparison, if modes enter the
horizon during radiation domination, then dcq/ane =

V2k/ keq- The fitting function

. k kwe ) —0997-0.515
ea _ 198~ [1+1.4(%> } 9)

Ahor eq

is valid both for modes that enter the horizon during an era
of kination and for those that enter the horizon during
radiation domination. Utilizing Eq. (9) and the fitting
functions given in Eq. (4), we can evaluate Eq. (5) for
the evolution of 6, during matter domination for modes
that enter the horizon during either an era of kination or
radiation domination.

When we analyze structure formation in Sec. III, we
require a transfer function that is valid at all scales. To
construct this transfer function, we use the matter transfer
functions computed by CAMB Sources [56] and Eisenstein
and Hu (1998) [57], which do not take include deviations
from radiation domination prior to matter-radiation equality.
For modes with k/ keq < 107, we use CAMB Sources [56] to
evaluate the matter transfer function Tcopg (k) at redshift
z = 50. For modes with k/ke, > 107, we use the transfer
function (Tgy) computed by Eisenstein and Hu (1998) [57]
since it provides the same scale dependence as that com-
puted by CAMB. Matching these two transfer functions at
k/keq = 107 allows us to extend the matter transfer function

at z = 50 to large k values by taking

TCAMB(k/keq = 107)
TEH(k/keq = 107)

Tso(k/keq = 107) = Ty (k)

eq = (10)

When evaluating the transfer function we use the Planck
2018 parameters [58].

Even after they decouple from the photons, the baryons
have nonzero pressure and do not participate in gravitational
collapse on scales smaller than the baryon Jeans length [59].
To account for this suppression, we define a scale-dependent
growth function D(k, z) such that T'(k, z) = Tso(k)D(k, z)
and D(k,z =50) mimics the scale dependence of
Teams/Tra- We choose to pin our transfer function at
z = 50 because the first microhalos generally form around
this redshift, as will be shown in Sec. III. For k/ keg < 10%,
Teamp/Ten = 1. For k/keq 2 10°, Teamp/Ten = 0.789 at
z =50 and continues to decrease at later redshifts. The
suppression of Tcamgp/Tey results from small-scale pertur-
bations experiencing slower growth after recombination,

which Tgy does not take into account. To match this
transition at z = 50, we follow Ref. [17] and take

TCAMB _ (DA_DB)
———~D (k)= ( i

AT 4Dy (1
1+(m)‘)} )

TEH

where D, = 1 and Dy = 0.789.

For 3 <z<500, modes with Teamp/Try =~ 1 have
8,(a) x2/3 + a/a,. This growth of §, comes from the
growing mode of the Meszaros equation. For modes with
Teams/Ter = 0.789, baryons are still pressure supported
and §,(a) «x D(a), where D(a) is defined in Eq. (6).
Utilizing these two relations, the scale-dependent growth
function D(k, z) is obtained by reevaluating Eq. (11) with
D, and Dy now taken to be functions of redshift [17]:

2+ 1+2¢q
Dy(z) = 1= (12a)
5"’ 51
D(z)
D 12b

Finally, we account for an era of kination by multiply-
ing the transfer function by the ratio R(k) = 6,(Txr)/
8,(Tkr = o), where &, is evaluated after the era of
kination and T'xg is the temperature at kinaton-radiation
equality. This ratio is evaluated by rescaling the solution to
the Meszaros equation given by Eq. (5) to account for an
era of kination. The result is

B(k)a,,
A(k) In[(%)/1 b]

Ghor

9.1 In [(£)/2/110.594 Y28
eq

(13)

where A(k) and B(k) are given by the fitting functions in
Eq. (4) for k 2 0.5kgg. For modes with k < 0.5k, 9, is not
affected by the period of kination and R(k < 0.5kgg) = 1.

Figure 1 shows matter transfer functions evaluated at
z = 50 that include an era of kination with various values of
Txr as well as the standard matter transfer function without
an era of kination. The arrows represent the values of
kg /keq for the two kination cases, and they thus represent
where the transfer function begins to deviate from the
standard case. Perturbation modes with k/k., < 1 enter the
horizon during matter domination, and T(k) is scale
invariant there. Perturbation modes with k. < k < kgr
enter the horizon during radiation domination, and 7'(k) o
In[k/ (8keq)]/k* in this regime. Finally, modes with k > kg
enter the horizon during an era of kination, and T(k)
k=3/2 here. It follows that the power spectrum of density
perturbations (Ps  k™=T?) is proportional to k™3 for
modes with k > kgg.
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Teg =001 GeV —— 1
100 Tgr =100GeV - - - ]

Transfer Function T(k)
S

FIG. 1. The matter transfer function evaluated at z = 50
including an era of kination with two different values of
Txr: 0.01 GeV and 100 GeV. The black line represents the
standard matter transfer function without a period of kination.
The arrows represent the values of kxg/keq for the two kination
cases, and thus represent where the transfer function begins to
deviate from the standard case.

The transfer function described above is not applicable to
arbitrarily high wave numbers; there is a cutoff imposed
that suppresses power for modes with k > k. To do this,
we introduce a Gaussian exponential cutoff to the transfer
function:

k2

T(k) = exp [— TZJ To(k). (14)

where T (k) is the transfer function not taking into account
a cutoff. The cutoff accounts for the effects of interactions
between dark matter particles and the SM particles and the
free streaming of dark matter particles following their
kinetic decoupling from the SM particles [59-61]. We
discuss these effects next.

B. Kinetic decoupling and free streaming

The kinetic decoupling of dark matter occurs when the
dark matter ceases to efficiently exchange momentum with
relativistic particles. The momentum exchange rate for
nonrelativistic dark matter with mass m,, scattering off of
relativistic particles with temperature 7" and number density

Nyl is

T
Iﬂmt = Oelllel ——» (15)
my,

where o, is the dark matter scattering cross section and the
factor of 7/m, accounts for the fact that it takes m,/T
collisions to significantly change the dark matter particle’s
momentum [62]. The dark matter remains in kinetic equi-
librium while ', > H, where H is the Hubble rate. Once
I« = H, the dark matter kinetically decouples from the

relativistic particles as the average time needed to change the
dark matter particles’ momenta becomes longer than the age
of the Universe. The kinetic decoupling temperature T4 is
defined from the relation ', (7Tq) = H(Tyq).

The time of kinetic decoupling directly influences the
growth of dark matter perturbations. After a mode enters
the horizon during radiation or kinaton domination, density
perturbations in these species oscillate due to their pressure,
but the gravitational potential that they source decays
rapidly due to cosmic expansion. Dark matter particles
are kicked by this transient gravitational potential, and in
the absence of collisions, their resulting motion yields
the k> k., portion of the transfer function discussed in
Sec. I A. However, if the dark matter is still collisionally
coupled to the radiation after horizon entry, it instead
inherits the radiation’s oscillations, with further damping
induced if the coupling is imperfect. Consequently, dark
matter perturbations that enter the horizon prior to
kinetic decoupling are modified and suppressed [59-61].
Additionally, the dark matter temperature is maintained
at the temperature of the radiation up until kinetic decou-
pling, and the associated random motion of dark matter
particles further suppresses perturbations, potentially even
at scales that enter the horizon significantly after kinetic
decoupling.

To calculate Ty, we first evaluate the Hubble rate during
an era of kination under the assumption that the kinaton is
not decaying. At kinaton-radiation equality, H(Tgxgr) =

\/ 2(47° /45m?))g.xr Tir- While the kinaton dominates

the energy density of the Universe,

1) (%) () (G i 09

For many dark matter candidates, o, o (T/m,)?, and

therefore T, o« 7% [63]. Using this relation for Iy, (7T)
and Eq. (16), it follows that the kinetic decoupling temper-
ature during an period of kination is given by

T4 \1/3 T 1/3 1/6
de _ ( de) (g*s< kd)) ( 9+KR ) ’ (17)
Txr G«sKR 9+ (Tias)
where T4 is the temperature at which the dark matter
would kinetically decouple during radiation domination:

8z 2

Fmt(deS> = \/37%9*(7"1«15)7%5‘ (18)
pl

The value of T4 has been calculated for many dark matter
models and only depends on the dark matter microphysics
that determines the elastic scattering rate [52]. The wave
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number of the mode that enters the horizon when 7' = T4
1s kkd:

ki _ aaH(Tya) :L(&>2(g*skd>2/3’ (19)

kKR_aKRH (TKR) \/§ Txr JxsKR

where a4 is the scale factor value at kinetic decoupling,
agr 1s the scale factor value at kinaton-radiation equality,

and Gxskd = g*s(de)'
After kinetic decoupling, the dark matter velocity

decreases as 1/a. The dark matter free-streaming length,
Ags» 18 the comoving distance covered by the dark matter
from the time of kinetic decoupling to the present:

1 T I d
/1fs = / ! Edt ~ ﬂakd/ 37a . (20)
ng @ ny, ay @ H<a)

Since entropy is conserved both during and after kination,
T « g,(T)""3a"", and

1 — 2Tq  aq
" m)( H(TKR)
lda [ (agg\~° (a)g'l (axr\*
<[ e ()
g a a 9%3(‘1) a

+9* (aeq)g*KR < AKR >:| . (21)

4/3 3
95 (ae) \@aeq

Perturbations with k > A;! are suppressed by the free
streaming of dark matter particles out of overdense regions
and into underdense regions.

Figure 2 shows the kinetic decoupling and free streaming
scales (kg =/2/A) as a function of Tyys/Txr for
multiple values of Tgr. The solid lines represent
kiq/kgxr and the dashed lines represent kg/kxr for two
different values of m,/Tg. Figure 2 shows there is little
variation in kg /kgr and kiy/kgr for different values of
Tkgr. Figure 2 also shows that k4 is generally larger than
kg,; the same efficient free streaming that is responsible for
the rapid growth of dark matter perturbations during
kination [39] enhances the dark matter free-streaming
length relative to the horizon size at kinetic decoupling.
Consequently, we expect free streaming to provide the
dominant cutoff to the matter power spectrum when dark
matter decouples during kination.

Reference [60] found that free streaming suppresses J,
by a factor of

[ e[ Q]

It is customary, however, to apply a Gaussian cutoff
in the matter power spectrum, P(k) o exp(—k>/k2,)

6
10 ] — TKRzloMeV
1 — TKR =1GeV
104 1 TKR =100GeV
T My = 100 TKR
& ! m, = 1000 Txg
4
~
4
1072 . .
1071 10° 101 102
Tyas/Tkr

FIG. 2. The kinetic decoupling and free-streaming scales as a
function of Ty4g/Tkgr for multiple values of Txr. The solid lines
represent ky4/kxr and the dashed lines represent kg /kgxg. The
values of k¢ /kxr were calculated taking m, = 100Txg and
m, = 10007 gg. Since our calculation of the free-streaming scale

X
is only valid when T\y <m,, the kg/kgr curves for m, =

Z?
100T kR are restricted to Ty < 25TkR-

(e.g. [59,61]), and we wish to maintain that convention.
For T%(k) > 0.2, exp[—(10/3)k?/k%] matches T% (k) to
within 10%. We therefore set ke = /3/545! when
applying a P(k) o exp|—k?/k2,] cutoff to the matter power
spectrum.

The cutoff in the matter power spectrum sets the
minimum size of dark matter halos: M, = 47p,, okeo,
where p,,, is the present-day matter density. Figure 3

1077 —— RD
— TKR::[OMGV
TKR:];GGV

FIG. 3. The minimum halo mass as a function of T3q—the
temperature at which the dark matter would decouple in a
radiation-dominated universe—for different cosmological histor-
ies. The solid curve shows the minimum halo mass if dark matter
decouples while the universe is radiation dominated, while the
dashed lines correspond to kination scenarios with different
values of Tygr. Dark matter particles decouple earlier during a
period of kination, leading to a reduction in the minimum halo
mass for Tyyg < Tkgr-
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shows that a period of kination reduces M, for a given
value of Ty4g in spite of the fact that free-streaming dark
matter particles traverse more comoving distance during
kination. The reduction in M, arises because a period of
kination effectively cools the dark matter by forcing it to
decouple earlier: Eq. (17) implies that kination increases
Twa by roughly a factor of (Tyas/Tkr)"/?. Since the
temperature of the dark matter particles falls as 1/a” after
decoupling, dark matter particles that decouple earlier are
colder than particles that remain in kinetic equilibrium with
relativistic particles longer. As seen in Fig. 3, the cooling
effect of the earlier decoupling more than compensates for
the larger distance that dark matter particles can travel
during kination, leading to a net reduction in M_,. The
existence of smaller dark matter halos implies that a period
of kination will enhance the dark matter annihilation rate
even if most of the perturbation modes that experience
linear growth during kination are erased by free streaming,
as Fig. 2 shows is the case if m, < 10007 kg.

It is also possible that dark matter particles do not
interact with SM particles and instead exist as part of a
hidden sector that is thermally decoupled from the visible
sector [64-69]. Since the temperature of particles in the
hidden sector can differ from the SM temperature [70], the
dark matter temperature when it decouples from the other
hidden particles may not equal the SM temperature at that
time. If the particles in the hidden sector have a temperature
Tys = €T and the dark matter begins to free stream when
the SM temperature is 7', the free-streaming horizon is /e
times the expression given by Eq. (21). Therefore, k. /kxr
can be much larger than the values shown in Fig. 2 if the
hidden sector is colder than the visible sector.

III. KINATION’S IMPACT ON STRUCTURE

We use Press-Schechter halo mass functions [71] to
determine how the enhancement to 6, during kination
affects dark matter halo formation. We first calculate the
rms density perturbation in a sphere containing mass M on
average:

3
A(M.7) = / (j,f;w(k, DT (KPP () F2(kR).  (23)

where D(k,z) is the scale-dependent growth function
defined in Sec. II A; T'5o(k) is the transfer function defined
inEq. (2) evaluated atz = 50; Pp(k) is the present-day power
spectrum of large-scale (k < k.q) matter density perturba-
tions; and F(kR) is a filter function that suppresses con-
tributions from modes with k=! < R = [3M/(47p,,0)]"/>.
If the matter power spectrum has a small-scale cutoff, using
a sharp-k filter to calculate ¢(M) generates more accurate
Press-Schechter mass functions than a top hat filter [72].
We use

1 kR < 1.85;

FkR) = {0 kR > 1.85; (24)

the transition at kR = 1.85 is chosen such that this sharp-k
filter gives the same value for ¢(M) as a top hat filter in the
absence of a small-scale cutoff in the power spectrum.
Figure 4 shows o(M) evaluated at z = 50 without a period
of kination and for kination scenarios with different values of
Txr- It is evident that the growth of subhorizon density
perturbations during kination enhances (M) for small
masses. In addition, as Txr decreases, o(M) deviates at
larger values of M from that predicted assuming radiation
domination.

There is a characteristic mass scale Mgr defined by the
mass enclosed in R(Mgg) = kik:

, .36\3/2 /0.01 3
Mg = 21.4M G4sKR 3.36 0.01 GeV ’ (25)
3.91 J«KR Txr

where Mg is the Earth mass. In obtaining Eq. (25), we set
Pm.o €qual to the density of dark matter alone (with Q){hz =
0.12 [58]) because only dark matter is expected to accrete
onto such small halos [59]. The mass scale Mgy is the
largest mass for which a period of kination enhances ¢(M).
In Fig. 4, the arrows indicate the values of Mgy for each
value of Txr. For M > Myg, 6(M) is insensitive to Txg
because it only depends on modes with k < kxgr. For
M < Mgy, 6(M) is most sensitive to modes with k > kg,
which enter the horizon during an era of kination. Since
Ps(k) o k"s=3 for these modes, 6(M < Myg) o< M~/
To take into account the effects of free streaming,
we impose a cutoff to the matter power spectrum that
suppresses power for modes with k > k., Figure 5

a0t Ty =0.01 GeV —— 1
Ter=1GeV - - -
Tyr=10GeV -----
ol < Typ=240GeV — - - |
N RD - — -
S °f i
B/ AN

2+ \\
N . N
1-—.N..__‘_:_' .__\\

05F

10 10% 10 107
M/M,

10'% 101 10

FIG. 4. The rms density perturbation ¢ in a sphere of average
mass M evaluated at z = 50 for scenarios with Txr = 0.01 GeV,
1 GeV, 10 GeV, and 240 GeV. Also included is the o(M) value
calculated assuming uninterrupted radiation domination. The
arrows correspond to the values of Mggr/Mg for each value of
Txr- For M < Mgy, o(M) is larger than it would be if there were
no period of kination.

023528-7



DELOS, REDMOND, and ERICKCEK

PHYS. REV. D 108, 023528 (2023)

No Cutoff ——
kcut/kKR =100 - - -
Key/kgg =40 - ----

Koukgr =20 — - - |
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FIG. 5. The rms density perturbation o(M) in a sphere of
average mass M evaluated at z = 50 for scenarios with Txg =
0.01 GeV and cutoffs to the matter power spectrum of
kew/kxr = 100,40,20. The red line corresponds to o(M) with
no cutoff to the matter power spectrum.

demonstrates the implications of imposing a cutoff on
o(M); imposing a cutoff suppresses o(M) for small values
of M. As ke /kgr decreases, o(M) becomes more sup-
pressed at smaller mass scales.

The Press-Schechter formalism predicts that microhalos
are common once o(M) exceeds the critical linear density
contrast §, = 1.686. With no cutoff, 6(M) increases with-
out limit as M decreases, and microhalos form at arbitrarily
high redshifts. Imposing a cutoff limits the amplitude of
(M), and its maximum value is highly sensitive to
kew/kkr. Therefore, the ratio kg, /kgxgr largely determines
when the first microhalos form. The mass of these micro-
halos is determined by k.

After calculating (M), we use the Press-Schechter
formalism to calculate the differential comoving number
density

dn . \/Epm,()
dinM Vz M
of halos with mass M at redshift z. It follows that the
differential fraction of mass contained in halos is

dlno
dinM

5. 52
o(M, z)eXp [_ 2072 (M,z)} .+ (26)

df M dn

= — . 27
dinM  p,odlnM (27)

Figure 6 shows df/dInM as a function of M for various
cutoffs to the matter power spectrum with Txg = 1 GeV;

0.08} z=1001 0.08 2=60 -
0.07 . 0.07} ,
0.06 . 0.06 .
S 0.05 - s 0.05¢ i
£ £
o J L i
2 004 T 004
el e}
0.03 . 0.03} i
0.02 . 0.02f ,
0.01 1 0.01} .
0 ‘ ]
102 10° 10° 1020 10 10710 107 10° 10°
M/NIKR
0.08} z=30 A 0.08} No Cutoff —— z=10 A
k =400 -----
0.07 i 0.07F cut/kKR |
K ui/kgr =200 — - -
0.06- 1 0.06 Keutkig = 50 - — - -
S 005F . S 005} Keulkyr =20 — — 1
= =
3 004} : . D 0.04f .
= A ES
0.03F : / . 0.03} .
0.02F o . 0.02} .
001} I CN 1 001} 1
K / / ———
0 ‘ YR, 0
1020 T 1010 107 10° 10° 1020 10713 10710 107 10° 10°
M/Myp M/Myg

FIG. 6. The evolution of df /dIn M with Txgz = 1 GeV. The different lines represent df/dIn M without a cutoff in the matter power
spectrum and with cutoff values of k., /kxr = 400, 200, 50, and 20 respectively. The solid vertical line marks M = Mg.
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the solid vertical line marks M = M. Figure 6 illustrates
how a cutoff to the matter power spectrum influences the
minimum halo mass. For example, at a redshift of 60 with
no cutoff to the matter power spectrum, halos with
107 "Mygr <M < 1072Myy are prevalent, whereas setting
kew/kxr = 400 eliminates halos with M < 107 3Mgg. As
kew/kkr decreases, the minimum halo mass increases and
microhalo formation is postponed to later times.

Figure 7 shows, as a function of redshift z, the fraction

. Mygr AM df
f<MKR(Z)=A M dinM

(28)

’
Z

of dark matter bound into halos with masses less than Mg
for scenarios with and without cutoffs to the matter power
spectrum. We fix Txr = 0.01 GeV here, but the total bound
fraction is only weakly sensitive to Txg because 6(M) is
nearly flat for M > Mg. Figure 7 confirms that as k., /kxgr
decreases, the formation of halos is delayed and the fraction
of dark matter within the halos is decreased. For example, by
a redshift of 30, at least a third of the dark matter is bound
into halos with masses smaller than Mgy, for k.. / kxr = 200,
yet at the same redshift only 10% of the dark matter is bound
into halos with M < My for kg, /kxr = 50.

The M < Mg bound fraction in Fig. 7 decreases at late
times due to mergers, which produce more halos with larger
masses and decrease the abundance of smaller-mass field
halos. However, many of the smaller-mass halos are likely
to survive as subhalos inside larger hosts; Press-Schechter
calculations do not account for subhalos. Since subhalos
are an important contributor to the dark matter annihilation
rate, this consideration (among others) motivates the use of
a different approach to evaluate the dark matter annihilation
rate in kination scenarios, as we discuss next.

1

No Cutoff —e—
09 _ i
o Keulkgr =400 - o -
<081 Koulkig =200 --o-- ]
Voosl Keulkgr=50 —e- - |
= Kou/kgr =20 - —o— -
g 06 1
Z ost ]
2
S 041 _ - - J
s \
- L S e e \ i
k) 0.3 JPE T
2 02t ’ . 1
: 2 RN
. - - N i
0.1 8~ - — T -e— L N
= —_— .
- . — .-
10° 10" 10

Redshift (z)

FIG. 7. The total bound fraction for M < Mg, evaluated with
and without cutoffs to the matter power spectrum. The total
bound fraction was evaluated with Txgr = 0.01 GeV.

IV. LIMITS ON DARK MATTER ANNIHILATION
IN KINATION SCENARIOS

If dark matter is a thermal relic, the abundance of dark
matter microstructure induced by kination scenarios could
substantially boost the dark matter annihilation rate today.
In this section, we explore this boost and the extent to
which it improves upon the constraints on kination scenar-
ios derived in Ref. [47].

An annihilation signal originating from unresolved
microhalos traces those halos’ spatial distribution,
which follows the (smoothed) dark matter distribution.
Consequently, the signal from this annihilation scenario
closely resembles that of dark matter decay, and we follow
the procedure in Refs. [22,23] to convert published bounds
on the dark matter lifetime into constraints on annihilation
within unresolved microhalos. In particular, we employ the
limits on the dark matter lifetime derived in Ref. [73].
These constraints use the Fermi Collaboration’s measure-
ment of the isotropic gamma-ray background (IGRB) [74].
Reference [23] found that for microhalo-dominated anni-
hilation scenarios, the IGRB yields constraints that are
substantially stronger than those that employ gamma rays
from dwarf spheroidal galaxies.

To convert the dark matter lifetime constraints in
Ref. [73] into limits on the annihilation cross section,
we equate the annihilation rate per mass, '/ M, of particles
with mass m, and cross section (ov), to the decay rate per
mass of particles with mass 2m,, and effective lifetime 7.
That is,

r _<ov>é_ 1

=X = ,
M, 2myp, 2m,t

(29)

where p, and p% are the mean and mean squared dark matter
density, respectively. This equation converts a lower bound
on 7. for particles with masses equal to 2m,, into an upper
bound on (ov) for particles with masses equal to m,. It
connects to the dark matter halo population through the

overall annihilation boost factor p_)z(/ [))(2.

A. Predicting the annihilation boost

To predict the annihilation boost factor p2/p,%, we must
know not only the population of dark matter halos but also
their internal mass distributions, characterized by each
halo’s radial density profile p(r). Moreover, we seek not
only the population of field halos, discussed in Sec. III, but
also that of subhalos that reside inside larger halos. While
Figs. 6 and 7 show that the mass in field halos smaller than
My decreases dramatically by the present day, we expect
many of these microhalos to persist as subhalos.

The common approach to the problem of predicting

p_)%/[)){z, exemplified in Ref. [75], is as follows.
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(1) Use a Press-Schechter-like mass function dn/dIn M
to characterize the field halo population.

(2) Describe the subhalo population using a subhalo
mass function, which is typically modeled as a
power law dN/dM «x M~* with a~2; N and M
here are the subhalo count and mass, respectively.

(3) Use a concentration-mass relation to map each
halo’s mass to the typical density profile of halos
of that mass.

However, the subhalo mass functions and concentration-
mass relations are tuned to the results of cosmological
simulations carried out using a conventional cold dark
matter power spectrum. We cannot expect them to remain
accurate in a kination scenario.

Instead, we utilize the connection developed in
Refs. [76,77] between the properties of local maxima in
the linear density field and the density profiles of the halos
that form when they collapse. This peak-to-halo (P2H)
method associates each peak in the primordial (linear)
density field to a collapsed halo and predicts the halo’s
density profile from the properties of the peak. Importantly,
this mapping was shown to remain accurate for vastly
different power spectra, making it suitable for the study of
kination and other nonstandard cosmologies (e.g.
Refs. [23,78]). Using the prescription in Ref. [76], we
exploit the Gaussian statistics of the linear density field to
sample 10° peaks for each kination power spectrum. We
assume that each peak collapses to form a prompt p =
Ar~3/2 cusp [79,80], and we use the P2H model to predict
the cusp’s coefficient A. Since baryonic matter does not
cluster at mass scales below about 10°M o [59], the growth
rate of dark matter density perturbations below this scale is
suppressed, an effect not accounted for in Ref. [76]. Thus,
we use the modification presented in Ref. [23] that accounts
for this slower growth when computing A?

The P2H method yields the initial population of micro-
halos, which is altered by subsequent hierarchical cluster-
ing processes. We consider two estimates of the impact of
microhalo mergers.

(1) For a conservative estimate, we assume that inter-
actions between microhalos soften the initial p
r=3/2 cusps, transforming them to the p « r~! cusps
associated with Navarro-Frenk-White (NFW) pro-
files [81,82]. This outcome has been suggested by
Refs. [76,83-87].

(2) For an optimistic estimate, we follow Ref. [80] and
assume, based on the most recent simulation re-
sults [77], that all halos retain their initial p  r—3/2
density cusps in their central regions. Since this
prompt cusp dominates the annihilation signal, we
neglect annihilation beyond its extent.

*PYTHON code that implements these calculations is publicly
available at https://github.com/delos/microhalo-models.

As we will see in Sec. IV B, the optimistic assumption so
severely limits possible dark matter parameters that scenar-
ios in which kination affects halo structure are ruled out.
Consequently, for that case, we may use results from
Ref. [80], which found that the annihilation boost obtained
from the P2H method assuming prompt-cusp survival is fit
well by the expression

— X
Py m, Tyg

—= =0.08 |1 —4 36 30
p2 [og <GeV GeV) * } (30)

for standard thermal histories (without Kination).
Appendix B shows that this annihilation boost factor is
about an order of magnitude larger than the results of
standard halo-based computations (e.g. [88]).

For the conservative case, we use the same procedure as
Ref. [23]. We assume that mergers relax the microhalos’
density profiles to the NFW form, [81,82]

o Ps
PO = G+ i ey

and that the scale radius r, and density p, of this profile are
set by p2r? = wA?, where ® is an undetermined propor-
tionality constant. The J-factor for each halo, J = [ p*dV,
is then

J = (4n/3)wA>. (32)

Based on the arguments in Ref. [23], we conservatively
set w = (4/3)%.

The other main impact of mergers is to reduce the
number of halos while increasing the surviving halos’ sizes.
Reference [76] found that the sum > A? over all halos
remains close to its value for the initial peak population
even after mergers have taken place. As Ref. [23] discusses,
the notion that > A? is approximately conserved during
mergers is also consistent with the idealized merger studies
of Ref. [89]. Mergers between identical halos in those
studies generated a halo with nearly the same characteristic
density p, as the progenitor halos. Since ) M is approx-
imately conserved during the merger, the sum over A? «
psM must also be preserved.

Assuming that Y A? remains constant as the halo
population evolves, the cosmologically averaged squared
dark matter density predicted by the P2H model is

—- n
r=n2 0 (33)

where 7 is the number density of peaks [90], and we sum
over the N = 10° sampled peaks, computing J; for each

peak using Eq. (32). The boost factor p2/p,> computed
using this procedure is depicted as the thin solid lines in
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FIG. 8. The annihilation boost under the conservative
assumption that prompt cusps do not survive. We plot the overall
boost factor (relative to a homogeneous universe) for several
kination scenarios (colors) as a function of the cutoff scale k.
In each case, kggr, the wave number entering the horizon at
kinaton-radiation equality, is shown with a dotted line. When
ke 2 10kgg, kination’s impact on small-scale power can boost
the dark matter annihilation rate considerably compared to a
scenario without a kination boost (black). We plot the boost both
without tidal suppression of microhalos (thin curve) and with
such tidal suppression (thick curve). As discussed in Appendix A,
we conservatively scale the boost by the smaller of the factors
corresponding to tidal evolution of extragalactic and Galactic
microhalos.

Fig. 8 for a range of kination scenarios. This figure shows
how kination’s boost to the small-scale power spectrum
results in a boost to the dark matter annihilation rate as long
as kqy 2 10kgrg.

Beyond mergers between microhalos, the microhalo
population is also influenced by accretion onto larger,
later-forming dark matter structures such as galactic halos.
The tidal influence of these larger halos gradually disperses
and strips material from their subhalos. We use the tidal
evolution model developed in Ref. [91] to estimate how this
effect suppresses the annihilation rate within subhalos. In
Appendix A, we detail this calculation and show that tidal
effects suppress the annihilation rate by a factor of about 3
for scenarios without significant kination-boosted structure.
The suppression is weaker when kination’s boost to
structure is significant. Figure 8 shows the tidally sup-
pressed annihilation boost.

The mapping in Eq. (29) from decay to annihilation
bounds requires that the annihilation rate per dark matter
mass, proportional to p)z( /Py~ be time-independent over the
range of redshifts relevant to the IGRB. In Fig. 9, we plot

the time evolution of p_)z(/ [))(2 for one particular k., and no
kination boost. For simplicity, we neglect tidal suppression

here. Evidently, p)% /P, has negligible time dependence for
the redshifts z < 20 relevant to the IGRB.

While conventional halo model methods cannot account
for kination-induced changes to the power spectrum, they
have been applied to scenarios without these effects. It is
reasonable to wonder how the predictions of our P2H
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FIG. 9. Evolution of p} /Py, which is proportional to the
annihilation rate per dark matter mass. We consider a standard
thermal history (no kination), and tidal suppression is neglected.
pf /P, is essentially time independent for z < 20. We assume here
that prompt cusps do not survive, but Ref. [80] presents a similar
conclusion under the assumption that they do persist.

model compare to halo-model predictions in these scenar-
ios. We show in Appendix B that under the conservative
assumption that prompt cusps do not survive, the P2H
calculation of the annihilation boost matches the predic-
tions of a halo-model calculation to within a factor of
about 2. Moreover, for most parameters, the P2H results are
bracketed by the halo-model predictions obtained under
two common assumptions about the subhalo mass function.
Note that in this comparison, the peak-based calculation is
altered to neglect the fact that baryons do not cluster at
small scales, since that matches the assumption made for
the relevant halo models.

B. Observational limits

We are now prepared to develop constraints on kination
scenarios. For each dark matter mass m,, and temperature
Txgr of kinaton-radiation equality, we use the following
procedure:

(1) We numerically integrate the background equations
in Ref. [47] to determine the velocity-averaged
dark matter annihilation cross section (ow) that
generates the observed dark matter abundance (p, =
33Mgkpe™3, corresponding to Q,h* = 0.12 [58])
through thermal freeze out.

(2) We use Eq. (29), with the given m, and established
(ov), to convert the dark matter lifetime limits in
Ref. [73] into a maximal allowed value of p7/p,*.

(3) We use the P2H model, for the given Tgg, to
determine the cutoff scale k., that corresponds to
this value of p2/p,>.

(4) For dark matter that was once in kinetic equilibrium
with the SM, we connect k., to Tyy4 by evaluating
the free-streaming scale, A, = \/3/5kz., as de-
scribed in Sec. II B.
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(5) We evaluate the corresponding value of Tyyg, the
kinetic decoupling temperature for the same dark
matter model in a standard thermal history (no
kination). This quantity is useful because it is a
property of the dark matter particle alone, and viable
values for 745 have been explored (e.g. Ref. [53]).

Figure 10 shows how the value of (o) that generates the
observed dark matter density depends on m, and Tgg. As
discussed in Ref. [47], the required (ov) values exceed
2x 1072 cm’s~! because the Hubble rate at a given
temperature is higher during kination than it is during
radiation domination, which causes dark matter to freeze
out at a higher density. Since H ~T°/(Txgmy;) during
kination, the relic number density of dark matter particles
that freeze out during kination would be independent of
the freeze-out temperature 7'y if annihilation ceased when
H = n,(ov) and T « a™' thereafter. However, annihilation
continues to deplete the dark matter abundance through-
out kination, which reduces the relic abundance by a
factor of log(Tp/Txr) [46.47]. Consequently, p,
m, /[(6v)Txg log(Tr/Txr)| when dark matter freezes out
during kination.

The freeze-out temperature is defined by the relation
H(Tg) = (ov)n, oq(Tg), where n,.(7T) is the number
density of dark matter particles in thermal equilibrium.
Figure 11 shows how Ty depends on m, and Txg when
(ov) is chosen to give the correct freeze-out abundance.
Due to the exponential sensitivity of n,. to m, /T,
m, /Ty =~ 25 for a wide range of m, values. Figure 11 also
demonstrates that m, /Ty depends weakly on m,/Tkg.
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FIG. 10. The annihilation cross section {ov) for dark matter that
freezes out with the observed abundance as a function of dark
matter mass m, and temperature T'xg of kinaton-radiation equal-
ity. The contours match the lines on the color bar and indicate
successive powers of 10, starting at 107> cm?s~!. Below the
gray diagonal, the dark matter freezes out after the kination epoch
ends, so (ov) ~2 x 1072 cm®s~! independently of Txg. The
upper gray line marks the unitarity limit [92], which moves to
smaller masses m,, for dark matter that freezes out during kination
because (ov) is higher.
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FIG. 11. Ratio m,/Tg between the dark matter mass and the

freeze-out temperature for dark matter that has the observed
density after freezing out from the SM radiation bath.

If the number of dark matter particles and the entropy of the
radiation bath is conserved after freeze-out, then

(34)

Py [9:5(Te)T}
nye(Ty) = 22 {M ,

m)( Q*S(TO)T(S)

where T is the present-day temperature and we continue to
use p, to denote the present-day dark matter density. In this
case, it follows that m,/Tg is independent of expansion
history if (o) is chosen to match the relic density to the
observed density. The persistent depletion of the dark
matter during kination modifies Eq. (34): larger m,/Txg
values require smaller m,/Tr values because a higher
density at freeze-out is required to compensate for the loss
of dark matter particles between freeze-out and the end of
kination.

For the example case of dark matter annihilating into bb,
Fig. 12 shows the results of steps (3)—(5): the observational

upper limits on p2/p,?, ke, and Tyy. These are evaluated
under the conservative assumption that the prompt
cusps become NFW cusps. We mark several noteworthy
regimes here.

(1) Below the gray diagonal line, the dark matter freezes
out after kination ends (T < Txgr), so the existence
of a kination epoch does not affect this regime.

(2) Above the gray diagonal line, the dark matter freezes
out during kination. The upper limits on p7/p,* and
key in this regime depend only weakly on m,

because the annihilation cross section required to
achieve the observed dark matter abundance is
proportional to (m,/Txgr)/log(Ts/Tkr) [47]. It
follows from Eq. (29) that the effective dark matter
lifetime is only logarithmically dependent on
Tg ~m,/25. For m, < 10* GeV, the slight variation

of the upper bounds on p—f(/ ﬁlz and k,, for different
m,, results from the m,-dependence of the observa-
tional limits on the dark matter lifetime. The impact
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FIG. 12.  Upper limits on the annihilation boost factor p; / px

(upper panel), cutoff wave number k., (middle panel), and
kinetic decoupling temperature Ty4 (lower panel) for dark
matter that thermally decouples from the SM and annihilates
into bb, as a function of the dark matter mass m,, and the kinaton-
radiation equality temperature Txg. These limits are derived from
Ref. [73]’s limits on the dark matter lifetime, which employ the
Fermi Collaboration’s measurement of the IGRB [74]. Contours

mark successive powers of /10 (upper panel) or 10 (lower
panels). The shaded region exceeds the unitarity limit [92], while
the gray diagonal marks where T = Tgg; to its right, dark matter
freezes out after kinaton-radiation equality, so limits on dark
matter annihilation are no longer sensitive to Txg. In the middle
panel, we indicate where the upper limit on k., is equal to kgg,
the wave number entering the horizon at kinaton-radiation
equality. Below this dotted curve, kination’s boost to the
small-scale power spectrum cannot affect dark matter annihila-
tion because it is erased by free streaming (see Fig. 8). In the
lower panel, we mark where the upper limit on T4 is equal to
Txr; below this dashed curve, kination has no impact on the
minimum halo mass (see Fig. 3) because the dark matter
decouples after the kination epoch. Finally, the upper limit on
T4 exceeds T within the region to the upper right of the thick
solid green curve, so all dark matter particles that kinetically
decouple from the SM after they freeze out are allowed.

of the logarithmic m, -dependence of the effective

dark matter lifetime can be seen for larger masses.
(3) In the shaded region, the dark matter annihilation

coupling strength exceeds the unitarity limit,

(ov) = 4x/m?. (35)

(4) Below the dotted curve in the middle panel, the
cutoff wave number k., is observationally con-
strained to be smaller than the wave number kg
that enters the horizon at kinaton-radiation equality.
This implies that kination’s boost to the small-scale
power spectrum must be fully erased by free
streaming.

(5) Below the dashed curve in the lower panel, the
kinetic decoupling temperature 7'y is constrained to
be smaller than the temperature Ty of kination-
radiation equality. Since the dark matter then de-
couples after kination ends, kination has no impact
on structure (whether through its boost to the power
spectrum or through its reduction of the minimum
halo mass).

(6) Finally, above the thick solid green curve in the
lower panel, the observational upper limit on Ty is
higher than the freeze-out temperature 7z. We do not
expect dark matter to kinetically decouple while it is
still in thermal equilibrium, and current observatio-
nal limits on dark matter annihilation do not further
restrict Ty in this regime.

We now explore the parameter ranges allowed for
thermally produced dark matter in kination scenarios.
Figures 13 and 14 plot again the dark matter mass m,
against the temperature 7T'xg of kinaton-radiation equality.
Different panels represent different annihilation channels.
We mark regions ruled out by several different consider-
ations: the unitarity bound (gray), the Fermi Collaboration’s
search for dark matter annihilation in dwarf spheroidal
galaxies [50] (cyan), and the H.E.S.S. Collaboration’s
search for dark matter annihilation in the Galactic
Center [93] (yellow). The Fermi and H.E.S.S. upper limits
on (ov) do not assume any boost to the annihilation rate due
to subhalos. Nevertheless, they still severely restrict dark
matter production during kination, owing to the large
annihilation cross section (o) required by such scenarios
(see Fig. 10). Below the gray diagonal lines in Figs. 13 and
14, dark matter freezes out after kinaton-radiation equality.
These considerations typically leave a fairly narrow viable
region for dark matter that freezes out during a kination
epoch, as was shown in Ref. [47].

Within the allowed region, Fig. 13 shows the upper limit
on the power spectrum cutoff scale k., that results from
enforcing the IGRB bound on the dark matter effective
decay rate [73], as described in this section. We adopt the
conservative assumption that the prompt cusps are softened
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FIG. 13. Allowed power spectrum cutoff wave number k., for thermally produced dark matter in kination scenarios. We plot the dark
matter mass 1, against the kinaton-radiation equality temperature Tgg for a variety of annihilation channels (different panels). Shaded
regions indicate where the unitarity bound is violated and where the Fermi and H.E.S.S. Collaborations’ limits on dark matter
annihilation in dwarf spheroidal galaxies and in the Galactic Center, respectively, are violated. In the space that remains, we plot in color
the new upper limit on k., based on the Fermi Collaboration’s measurement of the IGRB, which we evaluate under the conservative
assumption that microhalos develop NFW density profiles. The contours mark successive powers of 10 in k., with the thick contour
marking ko, = 10'° Mpc~!. The area above the red dotted curve is where k., is allowed to exceed kg, i.e. kination could boost the

power spectrum of density variations at small scales.

by halo mergers or other interactions. The region above the
red dotted curve is where the upper limit on k., is high
enough that k., > kgxgr is possible, i.e., kination could
boost the matter power spectrum and lead to early micro-
halo formation. Below this curve, the annihilation boost

from standard substructure rules out the possibility of early
microhalo formation due to a period of kination.

Figure 14 shows the upper limit on the dark matter
kinetic coupling parameter T4, as defined by Eq. (18),
that results from these limits on k., if the dark matter
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FIG. 14. Allowed dark matter coupling parameter T 4g for thermal relic dark matter in kination scenarios. As in Fig. 13, we
shade regions ruled out by unitarity and by the Fermi and H.E.S.S. Collaborations’ limits on dark matter annihilation that do not
consider substructure. In the remaining space, we plot in color the upper limit on Ty4g due to the Fermi Collaboration’s
IGRB measurement, again assuming conservatively that microhalos develop NFW density profiles. Since dark matter models are
typically expected to have T'4g higher than around 1 MeV (thick contour) to 100 MeV [53], this new limit slightly improves upon the
other limits. In the green-bounded white area, the upper limit on 7' 4g is high enough that kinetic decoupling would occur before
freeze-out, which does not make physical sense, so this regime is observationally unconstrained. The area below the gray diagonal
line is where Ty < Tkg, i.€., we are effectively no longer studying a kination scenario. The small strip to the right of the red dashed
curve is where T 4g is allowed to exceed Ty, i.e. kination could possibly have an impact on dark matter structure. The even smaller
strip to the right of the red dotted curve is where k. is allowed to exceed kggr, as in Fig. 13. Evidently, the enhanced microhalo
population that could result from a period of kination rarely affects limits on dark matter annihilation if dark matter decouples from
the SM.
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kinetically decoupled from the SM. The absence of dark
matter detections in terrestrial experiments typically
requires T4s to be larger than around 1 MeV (thick
contour in Fig. 14) to 100 MeV [53], although some dark
matter models can evade these limits. If we demand that
Tigs > 1 MeV, our new limits significantly reduce the
viable parameter space for yy — e*e™ and yy — uii.

For all annihilation channels, the upper right corner of
the parameter space in Fig. 14 (white with green border;
high m, and high Txg) remains unconstrained because the
limit that we derive on the kinetic decoupling temperature
T4 1s higher than the freeze-out temperature. Meanwhile,
the region to the right of the red dashed curve is where the
upper limit on Ty 4g is high enough that kinetic decoupling
could occur during the kination epoch. Everywhere else,
kinetic decoupling during the kination epoch is forbidden.
Evidently, there is only a very narrow strip of the parameter
space in which kination’s effect on dark matter substructure
affects our limits on dark matter annihilation. The region to
the right of the red dotted curve is where the upper limit on
key 18 high enough that k., > kgg is possible, i.e., kination
could boost the matter power spectrum and lead to early
microhalo formation. The regime where this outcome could
affect our limits is even narrower. These considerations
imply that our new limits on thermal relic dark matter in
kination scenarios improve on previous limits almost
entirely due to the same boost to dark matter annihilation
as is present in standard (kination-free) thermal histories
(e.g. that considered in Ref. [75]).

Furthermore, Fig. 8 shows that k., > 10kgg is needed
for kination’s boost to small-scale density variations to
significantly increase the annihilation rate. If we set Ty =
Tk so that the dark matter decouples as early as possible,
the resulting maximum cutoff wave number k., (™) only
exceeds 10kgr when Tyxr <20 GeV, as seen in Fig. 15.
Figure 14 shows that gamma-ray observations demand that
Tyq < Tg when Tggr < 20, and in all such scenarios, k. is
restricted to values less than 10kgg. Therefore, all scenarios
in which a period of kination boosts the amplitudes of
small-scale density variations are ruled out if dark matter is
a thermal relic that respects the unitarity bound and
kinetically decouples from the SM after it freezes out.

If dark matter is part of a colder hidden sector, then it is still
possible for kination to enhance the microhalo population
even if the particles that dark matter annihilates into
promptly decay into SM particles. If the hidden-sector
temperature is less than the SM temperature when dark
matter freezes out from the hidden radiation bath, the SM
temperature at freeze-out can exceed m, . Furthermore, the
lower temperature of the dark matter particles increases k.,
for a given value of the SM temperature when DM begins to
free stream, as discussed in Sec. II B. Consequently, k.,./kxr
for dark matter in a hidden sector can greatly exceed the
values shown in Fig. 15 while still requiring that dark matter
kinetically decouples after it thermally decouples.

Y
A3

T T T

101 4y
10—t 100 10! 102 103
TKR (GeV)

T T T T T T T T T ™

FIG. 15. Maximum free-streaming wave number k., obtained
by assuming freeze-out and kinetic decoupling occur simulta-
neously, i.e. Trp = Tyy. We express k., in units of the wave
number kgr at kinaton-radiation equality. As Fig. 8 shows,
kew/kxr > 10 is needed for kination’s boost to the amplitudes
of small-scale density variations to result in a non-negligible
increase in the annihilation rate. We mark k., /kxg = 10 here
with a thick contour.

The constraints on k., shown in Fig. 13 cannot be
precisely applied to hidden-sector dark matter because the
underlying calculation of (ov) assumes that dark matter
decouples from the SM. If dark matter decouples within a
colder hidden sector, a smaller value of (cv) is required to
compensate for the fact that more annihilation occurs after
freeze-out if freeze-out occurs at a higher value of 7/Tkg.
Moreover, the dark matter abundance will be diluted when
the particles within the hidden sector decay into SM
particles. However, p, is only logarithmically dependent
on T/ Tkr, and subdominant hidden sector particles do not
significantly increase the entropy of the visible sector when
they decay. Therefore, Fig. 13 provides an accurate
estimate of the maximum allowed value of k., if dark
matter freezes out within a forever-subdominant hidden
sector whose lightest particles promptly decay into the
relevant SM particles.

The results so far have been derived under the
assumption that prompt p o 7~3/2 cusps are softened during
halo evolution. Constraints on dark matter freeze-out
during kination are stronger if we assume that the prompt
cusps persist, as suggested by recent simulations [77]. The
resulting limits on T4 are shown in Fig. 16. For dark
matter models with T'4g larger than around 1 MeV (thick
contour), most of the parameter space for dark matter
freeze-out during kination is ruled out. Also, the position of
the dashed Ty = Txr curve here implies that there are
essentially no allowed scenarios where kination’s effect on
small-scale structure would impact our limits, which
justifies our use of Eq. (30) to evaluate the annihilation
rate in prompt cusps.

Finally, we remark on the importance of the foreground
models of Ref. [73] to our conclusions. As we noted above,
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FIG. 16. Same as Fig. 14 but assuming that prompt cusps survive. If T4g lies again around 1 MeV (thick contour) or higher (see
Ref. [53]), most of the parameter space for dark matter that freezes out during a kination epoch is ruled out. The region between the red
dashed and green curves again marks where kination’s effect on small-scale structure is relevant. Its negligible size here justifies our use
of Eq. (30) to evaluate the annihilation rate in prompt cusps, as this fitting form was derived for a standard thermal history.

we derive limits on dark matter annihilation from
Ref. [73]’s limits on dark matter decay via Eq. (29).
These decay limits were obtained from the Fermi
Collaboration’s measurement of the IGRB [74] after sub-
traction of a model for unresolved astrophysical fore-
grounds, such as gamma rays from star-forming galaxies
and active galactic nuclei. The model already accounts for
most of the gamma-ray signal, leaving little room for a dark

matter contribution. More conservative modeling choices
can change our results significantly. For example, in
Ref. [75], the Fermi Collaboration published limits on
dark matter annihilation based on their IGRB measurement
but adopted much simpler and more conservative modeling
assumptions. By scaling Ref. [75]’s limit on (cv) by the

ratio between the annihilation boost factors p2/p,>
employed by Ref. [75] and those that we derived above,’
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we computed alternative limits on T4 as in Figs. 14 and
16 (but only for the bb, 777, ™ pu~, and W+ W~ channels
considered by Ref. [75]). Under the conservative
assumption that prompt cusps are softened, all scenarios
with Ty < T that are not ruled out by Fermi observations
of dwarf spheroidals and H.E.S.S. observations of the
Galactic Center remain viable. Even if all prompt cusps
are assumed to survive, only a marginal improvement is
achieved over the H.E.S.S. and Fermi limits that do not
consider halo substructure.

V. CONCLUSION

It is possible that the Universe went through a period of
kination after inflation, during which a fast-rolling scalar
field with p o a™® (the kinaton) dominated the energy
density [26-28]. If dark matter reaches thermal equilibrium
and then freezes out during kination, its relic abundance is
larger than it would be if freeze-out occurred during
radiation domination. Consequently, the dark matter par-
ticle’s velocity-averaged annihilation cross section must
exceed 2 x 10726 cm?s™! to avoid generating too much
dark matter. Such scenarios are tightly constrained by
gamma-ray observations of dwarf spheroidal galaxies
and the Galactic Center [47]. Kination also leaves an
imprint on the small-scale matter power spectrum because
subhorizon dark matter density perturbations grow linearly
with the scale factor during kination [39]. We have
determined how enhanced perturbation growth during
kination affects the microhalo population and the dark
matter annihilation rate.

Although dark matter perturbations grow linearly with
the scale factor during both kination and matter domina-
tion, the resulting rise of the dimensionless matter power
spectrum P (k) due to kination is much shallower: P(k)
k"s for modes that enter the horizon during kination as
opposed to P(k) « k™*3 for modes that enter the horizon
during matter domination. This slower increase in P(k)
implies that kination only significantly increases density
fluctuations on scales that enter the horizon well before the
end of kination: if Mg is the mass within the horizon at the
time of kinaton-radiation equality, kination only increases
the rms density contrast (M) by more than 20% on mass
scales M < 10™*Myg.

If P(k ) o exp|[—k?/ k2] due to dark matter free stream-
ing, kination’s imprint on the matter power spectrum is
completely erased if k., < 10kgg, Where kgg is the horizon
wave number aH evaluated at kinaton-radiation equality. If

3For the boost factor in Ref. [75], pf( / p, has a modest
dependence on redshift, unlike our result in Fig. 9. For simplicity,
we use its value at z = 0. Also, the Galactic contributions in our
calculations and those of Ref. [75] differ by a factor slightly
different from the ratio of the p, / pxz, due to different models of
the Milky Way halo and different treatments of subhalos. We
neglect this discrepancy in our estimate.

dark matter is initially in equilibrium with the SM,
obtaining k., = 10kgr is difficult because the same
increase in comoving drift velocity that is responsible
for the rapid growth of dark matter perturbations during
kination also increases the comoving dark matter free-
streaming horizon for a given temperature at decoupling.
As a result, k., = 10kgg is only possible for dark matter
particles with m, /Txg > 100. Nevertheless, decoupling
during kination decreases k., for a given dark matter
particle because dark matter kinetically decouples earlier
during kination than it does during radiation domination. It
follows that kination’s impact on the microhalo population
is two-fold. First, if dark matter kinetically decouples from
the SM during kination, the minimum halo mass is reduced.
Second, the boost to small-scale power causes halos with
M < 10™*Mg to form earlier and hence be more internally
dense, if the dark matter is cold enough to preserve such
structures. Both effects boost the dark matter annihilation
rate, strengthening the power of gamma-ray observations to
constrain dark matter freeze-out during kination.

If dark matter annihilation within unresolved microhalos
dominates the total annihilation rate, the impact on the
IGRB mimics the signal from decaying dark matter because
the emission in both cases tracks the dark matter density
(averaged over scales larger than the microhalos).
Therefore, microhalo-dominated annihilation can be char-
acterized by an effective dark | matter lifetime that is
inversely proportional to the pj 2/ p2 p, annihilation boost
factor. We use lower limits on the dark matter lifetime [73]
derived from Fermi-LAT observations of the isotropic
gamma-ray background (IGRB) [74] to constrain dark
matter freeze-out during kination. To compute the dark
matter annihilation rate after a period of kination, we use
the P2H method [76,77] to characterize the microhalo
population that is generated from a given matter power
spectrum. If the microhalos’ initial p o r—3/2 density cusps
are subsequently softened to NFW profiles, the P2H
method predicts a boost factor between 10° and 10° for
a standard matter power spectrum with a wide range of k.,
values, which is in agreement with simulation-calibrated
halo-based computations. If k., /kxr = 10, the growth of
density fluctuations during kination enhances the boost
factor, with p,?/p2 2 107 for key/kxr 2 500.

Since the annihilation boost factor increases as kg
increases, we use IGRB observations to establish an upper
bound on k., for a given dark matter particle mass (mm,) and
temperature at kinaton-radiation equality (7Txgr). For
Txr < 10 GeV, the maximum allowed value of k,, is less
than kgg, implying that all perturbation modes that enter
the horizon during kination must be erased by dark matter
free-streaming to avoid exceeding the allowed dark matter
contribution to the IGRB. If dark matter kinetically
decouples from Standard Model particles, then the upper
bound on k., can be translated to an upper bound on the
temperature when dark matter decoupled and began to free
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stream. The temperature at dark matter freeze-out estab-
lishes an additional upper bound on k., because dark
matter does not decouple while it is still in thermal
equilibrium. We find that these two constraints imply that
kination cannot enhance small-scale perturbations if dark
matter is a thermal relic. All scenarios in which dark matter
freezes out early enough to allow k., /kxr = 10 require
Txr <20 GeV, in which case (ov) is large enough that the
IGRB rules out any enhancement to the small-scale power
spectrum. The constraints are even stronger if the initial
p o r~3/2 persists, as is indicated by recent high-resolution
simulations [77]. In that case, nearly all scenarios in which
dark matter kinetically decouples during kination are ruled
out, and the kinetic decoupling temperature must be less
than 1 MeV if Tgxr <40 GeV.

The growth of perturbations during kination can signifi-
cantly enhance the dark matter annihilation rate if dark
matter is part of a subdominant hidden sector that is colder
than the Standard Model. In this case, dark matter freezes
out at a higher SM temperature and has a smaller free-
streaming horizon for a given SM temperature at decou-
pling. Both of these effects increase the maximum possible
value of k., /kgg that is consistent with dark matter freeze-
out preceding dark matter kinetic decoupling. Meanwhile,
the annihilation cross section required to generate the
observed dark matter abundance is nearly the same because
the relic density is only logarithmically dependent on the
SM temperature at freeze-out when dark matter freezes out
during kination. If the dark matter annihilates to hidden-
sector particles that promptly decay to Standard Model
particles, then our upper bounds on k., can be used to
constrain hidden-sector dark matter that freezes out during
kination.

Finally, we note that the constraints presented here only
apply to dark matter that freezes out from thermal equilib-
rium. If dark matter never reaches thermal equilibrium (i.e. it
freezes in [47,94]), or if it is produced gravitationally [95],
then its annihilation cross section can be much smaller
than the values assumed in our analysis, and it can be cold
enough for kg, /kgg to significantly exceed 20. In that case,
the growth of dark matter perturbations during kination
enhances the microhalo abundance for M < 10™*Myg,
which corresponds to M < 1073 Mg for Tggr ~ 10 MeV.
Microhalos this small are difficult to detect gravitationally,
but the microhalos generated from enhanced small-scale
fluctuations form earlier and are therefore denser than
standard microhalos. As a result, there are a few promising
detection prospects. Dense sub-Earth-mass microhalos
leave a potentially detectable imprint on the light curves
of high-redshift stars that are microlensed by intervening
stars while near a galaxy cluster lens caustic [96,97]. Pulsar
timing observations can detect the motion of pulsars due to
passing sub-Earth-mass halos [98—100]: a pulsar timing
array array consisting of 100 pulsars with 10-ns residuals are
capable of detecting dense microhalos with masses as small

as 10‘6Mo after 40 years of observations [78]. If fluctua-
tions are enhanced to a sufficient degree to form microhalos
before the matter epoch (e.g. [22,101-103]), they could even
be compact enough to microlens stars of our local group at
detectable levels [104]. These probes are capable of
detecting the microhalos that form after an early matter-
dominated era [78,97,100], but it remains to be seen if the
shallower rise of P(k) generated by kination can generate
halos that are large and dense enough to be detected
gravitationally.
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APPENDIX A: TIDAL SUPPRESSION
OF THE ANNIHILATION RATE

In this appendix, we estimate how the tidal influence of
larger structures suppresses the annihilation rate within
their subhalos. We employ the fitting function presented by
Ref. [23], which is based on the simulation-tuned tidal
evolution model developed in Ref. [91] and describes the
orbit-averaged scaling factor S(p,/P,,1/GPy,c) for all
subhalos of scale density p, orbiting a host with scale
density P, and concentration ¢ = R,/R.;, for the duration .

Our strategy will be to use a conventional halo model
(applicable to a scenario without kination) to quantify the
population of potential host halos for our kination-boosted
microhalos. Denoting by S(p,, t) the global factor by which
the annihilation rate within microhalos of scale density p; is
scaled due to tidal evolution for the duration ¢, we may
write

_ 1 [ Dy dn
S(pot)=1—— [  am|1=s(2 1\ /GP,c )| M,
(ps ) 'Z))( /Vlmin |: (PS C):| f dM

(A1)

where P, and c are assumed to be functions of M. Note that
dn/dM here includes subhalos as well as host halos, and we
include the factor f, to denote the fraction of material
within a halo of mass M that is not in subhalos. There are
now three components to completing this calculation—the
microhalo scale density p,, the halo mass function dn/dM
(including subhalos), and the concentration-mass relation
c(M) (which also sets P;)—and we describe how we
handle each in turn.

To estimate the scale density p, of microhalos, we use
Ref. [76]’s prescription for quantifying the broader halo
that forms around a density peak. Specifically, we predict
the radius r,, of maximum circular velocity and its
associated enclosed mass M ,,, using the “s = 0 adiabatic
contraction” model in Ref. [76], and we assume an NFW
density profile to then obtain p,. Reference [76] found that
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the accuracy of these predictions is only mildly sensitive to
frequency of halo mergers. We pick the redshift z = 20 at
which to compute p;, guessing at a typical redshift at which
a microhalo might be expected to accrete onto a larger halo,
but we also show the impact on S if we instead pick z = 10
or z =40. The J-weighted average p, for these three
redshift choices is shown in Fig. 17 for an example kination
scenario.

We use the spherical-overdensity mass function of
Ref. [105] to describe the mass function of field (not
sub-) halos, using the matter power spectrum (with no
kination and no cutoff) of Ref. [57]. We normalize this
power spectrum so that the rms fractional variance in the
linear density field, smoothed on the scale 8h~! Mpc
(where h is the Hubble parameter), is og = 0.81 [58].
For the subhalo mass function, we assume dN/dInM =
A(M /M)~ with A = 0.012 and a = 2 as in Ref. [88].
a is typically measured to lie between 1.9 and 2 in
simulations (e.g., Refs. [106,107]); a = 2 produces more
subhalos, so it is the conservative choice in that it yields
more tidal suppression of the smallest halos. The mass
function including both field halos and subhalos is then

dn _i dn
dinM ), < \dlnM);

Min (MQ)

10-7 10-11 10-15 1019
1012:...I...I.....I...I...

(A2)
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FIG. 17. Top: the J-weighted average of microhalos’ scale
density p,, as a function of the cutoff scale k., for a kination
scenario with Txg = 1 GeV. We evaluate p, at three different
redshifts. Kination’s boost to the small-scale power spectrum
significantly raises p, as long as ke, > 10%kgg: kxg is marked by
the vertical line. Bottom: the tidal suppression factor Sy
computed for both Galactic and extragalactic microhalos in the
same scenarios, assuming that their initial density profiles for
tidal evolution are fixed at redshift z.

where (dn/dInM), is the field halo mass function and

dn —/oodlnM’ dn dN
dinM ), Ju dinM'),_,dInM

for i > 0. We evaluate Eq. (A2) up to i = 8, although
convergence at the 1% level is achieved at i = 5. The
fraction f; of halo mass not in subhalos is

(A3)

Most =M

Ay =1 =~ " dimm
=1-— n
s M o

dN
dlin M’

M (A4)
Myo=M

min

for a halo of mass M.

Finally, we use the concentration-mass relation presented
in Ref. [108] to evaluate the concentration ¢ and scale
density P for each halo mass M, again using the matter
power spectrum of Ref. [57]. With all of these ingredients,
we are prepared to evaluate S(p,, ). We conservatively set
I = Iy, the age of the Universe, and we evaluate S using
Eq. (Al) for the scale density p, of each sampled micro-
halo. We set M, = (4/3)npken. The overall tidal
scaling factor for a given kination scenario is then the
J-weighted average of the S for each halo, or

St = {i]j(pm,tage)} / <i]> (AS)

We plot S for an example kination scenario in the lower
panel of Fig. 17 (magenta curves). The general behavior is
that increasing k., raises the scale density of the micro-
halos, making them less susceptible to tidal suppression,
but also boosts the amount of host structure causing this
suppression. If kg, < 10%kgg, the latter effect dominates
and increasing k., causes more suppression of the anni-
hilation rate (S, decreases). If k., = 10%kgg, the p, are
sufficiently sensitive to k., that increasing k., reduces the
level of tidal suppression.

The above procedure accounts for the tidal suppression
of the extragalactic annihilation signal. However, the
majority of dark matter’s contribution to the IGRB comes
from the Galactic halo [73]. To estimate the tidal suppres-
sion factor for this contribution, we apply the tidal
evolution model of Ref. [91] using the Galactic halo as
the host. We assume the Galactic halo has an NFW density
profile with scale radius 20 kpc and scale density set so that
the local dark matter density at radius 8.25 kpc is
0.4 GeV/cm?®. At each radius R, we average the model
prediction J/J;,; over subhalo orbits, assuming the iso-
tropic distribution function of Ref. [109] (see Ref. [23] for
detail). We thereby obtain the tidal scaling factor s(R, p, t)
as a function of Galactocentric radius R, which we in turn
average over the Galactic halo’s density profile along the
line of sight perpendicular to the Galactic plane. By
averaging this factor over the microhalo population as

023528-20



HOW AN ERA OF KINATION IMPACTS SUBSTRUCTURE AND ...

PHYS. REV. D 108, 023528 (2023)

before and setting ¢ = 7,,., we obtain the Galactic tidal
scaling factor, an example of which is shown in the lower
panel of Fig. 17 (cyan curves). In this calculation, k.,’s
only relevant influence is on the scale density p, of the
microhalos, so increasing k., reduces the amount of tidal
suppression.

Galactic and extragalactic dark matter contribute differ-
ent gamma-ray spectra to the IGRB (see Ref. [73]).
Consequently, if we change their relative contributions
by applying different tidal scaling factors, then direct
conversion from decay to annihilation bounds [Eq. (29)]
is no longer possible. To maintain this conversion, we
instead make the conservative choice to apply a universal
tidal scaling factor equal to the smaller of the Galactic and
extragalactic factors. This choice is also motivated by the
likelihood that an unknown fraction of Galactic microhalos
should experience suppression closer to the extragalactic
factor due to the presence of larger Galactic substructure. In
Fig. 8, we plot the global boost factor p7/p,* tidally
suppressed in this way. For scenarios without a significant
kination boost (black curves), tidal effects suppress the
annihilation rate by a factor of about 3.

APPENDIX B: COMPARING PEAK AND HALO
MODEL PREDICTIONS FOR THE
ANNIHILATION BOOST

In this appendix, we compare the results of our peak-based
calculation of the dark matter annihilation boost to that of
halo models. To make this comparison, we again use the
spherical overdensity mass function (at z = 0) of Ref. [105]
and the concentration-mass relation of Ref. [108], both
evaluated using the power spectrum of Ref. [57] normalized
to og = 0.8102. For the subhalo population, we assume
dN/dInM = A(M/Myy)'~* as before but consider
both (A,a) = (0.012,2) and (A,a) = (0.030,1.9) [88].
For a given concentration ¢ and mass M, a halo’s volume-
integrated squared density J = [ p>dV, which is propor-
tional to the annihilation rate, is

C3

lg(e)P?

where g(c) =In(l1+¢)—c/(1+¢), pey is the critical
density, and we take A =200 as the virial overdensity.
Each field halo’s annihilation rate is scaled by the factor
1 4+ B due to the presence of substructure, where

1M dN
BM)=——— [ dinm-—"—
M) =S Almm M dmm

J:

[1= (1 + c)’|Mpei. (B1)

ol >

(14 B(m)lJ (m),

Myoq=M

(B2)

an equation that we evaluate iteratively (beginning with
B =0) up to eight iterations. The mean squared density

(from which p2/p,* follows) is then

— oo dn
= dinM 1+ BM)|J(M
g [ amm gl B ),

(B3)

where dn/dInM is the mass function of field halos.

Figure 18 shows how pZ/p,* depends on M.y, for both
the @ = 2 and a = 1.9 subhalo mass functions.

We first seek to compare the halo model prediction in
Fig. 18 with our conservative peak model predictions as in
Fig. 8. The latter are plotted in Fig. 18 as the faint gray solid
and dotted lines (with and without extragalactic tidal
suppression, respectively). However, there is one further
consideration. As we noted in Sec. IV A, baryonic matter
does not cluster at mass scales below about 10°M, o [99], so
the growth rate of dark matter structures below this scale is
suppressed. Our peak model accounts for this effect, but the
field halo mass function, subhalo mass functions, and
concentration-mass relation that the halo model prediction
employed do not. Consequently, to make a fair comparison,
we repeat our boost computation using the peak model,
but we leave out the baryonic correction and employ the
same power spectrum that we used for the halo model
computations, which also does not account for baryons’
nonclustering at small scales. We scale this power spec-
trum by the exponential cutoff exp[—(k/key)?)] with

Minin (M)
10! 10-3 1077 107! 1071°
L 1 L L L 1 L L L 1 L L 1 L L 1
107 3 3
W 106 - R e 8
~ T =T E
|C\1 o P i
S e e e
105 —— peaks (tidal supp.) F
—--- halo model (¢ =2) [
-== halo model (o =1.9)
= prompt cusps
104 . : .

N 1 1
104 106 108 1010
kcut (Mpcil )

FIG. 18. The global boost factor p)%/pl2 for a conventional
(kination-free) cosmological scenario, as a function of cutoff
scale k., (or equivalently minimum halo mass M ;). Halo model
predictions with the @ = 2 and a = 1.9 subhalo mass functions
(dashed curves) neatly bracket the prediction of our peak model
in the same scenario (solid black curve) for relevant values of k.
The peak model prediction includes the extragalactic tidal scaling
factor; we also show as the black dotted curve the peak model
prediction without this scaling. Peak and halo model predictions
here both neglect small-scale baryonic suppression (see the text).
The faint gray curves show the respective peak model predictions
when baryonic suppression is instead taken into account. Finally,
we also show the boost factor if prompt cusps are assumed to
survive [80] (thick red curve), also with baryonic suppression
accounted for.
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M i = (4/3)7p,, ke, where p,, is the mean matter density.
The boost predicted by the peak model with small-scale
baryonic suppression neglected are shown in Fig. 18 as
black curves. With extragalactic tidal suppression (black
solid curve), the peak model predictions are bracketed by
the halo model predictions with & = 2 and @ = 1.9 for most
relevant values of k., (or M,;,). That is, the peak model
yields predictions comparable to those of the established

halo model. Note that since the halo model predictions
represent the extragalactic case, comparison to the peak
model with extragalactic suppression only is appropriate.

We also show in Fig. 18 the boost factor if prompt
p o r~3/2 cusps are assumed to survive [80] (thick red
curve). Nonclustering of the baryons is accounted for in this
case. This assumption raises the annihilation rate by a
factor of about 10.
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