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If the dark matter is part of a hidden sector with only very feeble couplings to the Standard Model,
the lightest particle in the hidden sector will generically be long lived and could come to dominate
the energy density of the Universe prior to the onset of nucleosynthesis. During this early matter-
dominated era, density perturbations will grow more quickly than otherwise predicted, leading to
a large abundance of sub-Earth-mass dark matter microhalos. Since the dark matter does not
couple directly to the Standard Model, the minimum halo mass is much smaller than expected for
weakly interacting dark matter, and the smallest halos could form during the radiation-dominated
era. In this paper, we calculate the evolution of density perturbations within the context of such
hidden sector models and use a series of N-body simulations to determine the outcome of nonlinear
collapse during radiation domination. The resulting microhalos are extremely dense, which leads to
very high rates of dark matter annihilation and to large indirect detection signals that resemble those
ordinarily predicted for decaying dark matter. We find that the Fermi Collaboration’s measurement
of the high-latitude gamma-ray background rules out a wide range of parameter space within this
class of models. The scenarios that are most difficult to constrain are those that feature a very long
early matter-dominated era; if microhalos form prior to the decay of the unstable hidden sector
matter, the destruction of these microhalos effectively heats the dark matter, suppressing the later

formation of microhalos.

I. INTRODUCTION

The null results of direct detection experiments [1-3],
as well as searches for new physics at the Large Hadron
Collider [4-14], have provided motivation to consider sce-
narios in which the dark matter does not couple directly
to the particle content of the Standard Model (SM). In
particular, it is plausible that the dark matter particles
do not couple to the SM, but instead annihilate into one
or more unstable species that reside within a hidden sec-
tor [15-20]. If these annihilation products are short lived,
the evolution of the early Universe will closely resemble
that found in the standard case of thermal freeze-out. If
they are long lived, however, such hidden sector annihila-
tion products could become nonrelativistic and come to
dominate the energy density of the Universe before they
decay. In such a scenario, the decays of these particles
would reheat the Universe, producing a new bath of SM
radiation and diluting the abundances of all previously
formed relics, including that of the dark matter [21-23]
(see also Refs. [24, 25]).

Long lifetimes are easily realized in hidden sector mod-
els, in particular if the decaying particle is the lightest
hidden sector state. Furthermore, if the coupling between
the hidden sector and the SM is very small, these two sec-
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tors will remain decoupled from one another throughout
thermal history. Such a picture is a relatively generic
feature of models in which the dark matter freezes out
through annihilations within a highly decoupled hidden
sector. While a variety of simple and well-motivated hid-
den sector dark matter scenarios have been proposed, it
has often proven difficult to constrain or otherwise test
these models. In particular, the feeble couplings between
the hidden and SM sectors makes the prospects for dark
matter searches at colliders and direct detection experi-
ments very bleak.

The prospects for indirect detection in hidden sector
dark matter models are less uniformly negative, but they
depend strongly on the thermal history of the hidden
sector. In scenarios in which the unstable hidden sector
particles decay while they are still relativistic, the dark
matter freezes out during radiation domination, requiring
an annihilation cross section near ov ~ 2x 10726 cm? /s in
order to yield the measured dark matter abundance [26].
In this case, measurements by gamma-ray telescopes and
cosmic-ray detectors can constrain a wide range of such
models, for dark matter masses up to ~100 GeV [27-
29]. If the hidden and SM sectors are more weakly cou-
pled, however, the eventual out-of-equilibrium decay of
the hidden sector would dilute the dark matter, requiring
a smaller dark matter annihilation cross section to obtain
the measured abundance and suppressing the predicted
indirect detection signal.

In this article, we study the growth of small-scale struc-
ture in hidden sector dark matter scenarios and dis-
cuss the impact of such structure on the prospects for



indirect detection. During an early matter-dominated
era (EMDE), matter density perturbations grow linearly,
in contrast to the logarithmic growth that occurs dur-
ing standard radiation domination [30-33]. This rapid
growth enhances small-scale inhomogeneity and can trig-
ger the formation of numerous sub-Earth-mass microha-
los long before structure would form in the absence of
an EMDE. The microhalo abundance at early times is
primarily limited by the temperature of the dark matter
particles: the velocity dispersion of dark matter erases
perturbations below the free-streaming scale. For weakly
interacting dark matter, the first microhalos generally
form at redshifts less than 1000 [34], but microhalos can
form much earlier in hidden sector scenarios because the
dark matter particles are not in kinetic equilibrium with
the SM and are therefore colder.

In many scenarios we consider, perturbation growth
during the EMDE leads to structure formation long be-
fore the Universe becomes matter dominated, and we de-
velop a theory of gravitational collapse during radiation
domination to predict the properties of these microha-
los. Although the presence of these microhalos would
not have any discernible impact on the observable struc-
ture of our Universe, the extraordinarily high dark mat-
ter annihilation rates within their dense cores lead to de-
tectable fluxes of gamma rays and cosmic rays. We also
point out that the angular distribution of this gamma-ray
signal is distinct from that predicted from ordinary an-
nihilating dark matter, instead mimicking that normally
associated with decaying dark matter particles. We show
that the annihilation signal can be described by an effec-
tive dark matter lifetime, and we use the Fermi Collab-
oration’s measurement of the high-latitude gamma-ray
background [35] and resulting constraints on dark mat-
ter decay [36] to constrain these scenarios.

The lack of dark matter free streaming also opens up
the possibility that even smaller microhalos could form
during the EMDE if it lasts long enough for perturba-
tions to collapse. We show that these halos would be
destroyed when most of their content decays into rela-
tivistic particles. The freed dark matter particles would
be released with much larger velocities than they had
before their infall into a halo, and their subsequent free
streaming suppresses the formation of microhalos after
the EMDE. This gravitational heating effectively erases
the signatures of the EMDE, making these scenarios dif-
ficult to constrain.

In the following section, we describe the thermal his-
tory of the early Universe within the context of a vec-
tor portal hidden sector model, including the freeze-out
of the dark matter, the subsequent EMDE, and the re-
heating of the SM bath through the decay of the unsta-
ble hidden sector matter. We then discuss in Secs. III
and IV the evolution of density perturbations during
and after the EMDE, leading to the formation of a large
population of sub-Earth-mass microhalos. In Sec. V we
discuss how structure formation during the EMDE sup-
presses microhalo formation after the EMDE. Our main

results are presented in Sec. VI, in which we calculate
the dark matter’s annihilation rate and place constraints
on this class of models from measurements of the high-
latitude gamma-ray background. Finally, we summarize
our results and conclusions in Sec. VII. The gamma-ray
spectrum generated by dark matter annihilations in this
model is presented in Appendix A, and Appendix B pro-
vides additional information about gravitational collapse
during radiation domination.

II. VECTOR PORTAL DARK MATTER

A variety of hidden sector models have been described
in the literature, including those in which the hidden sec-
tor couples to the SM through the renormalizable inter-
actions known as the vector portal (B*") [15, 37], the
Higgs portal (HTH) [15, 38-44], and the lepton portal
(H'L) [15, 45]. For concreteness, we will focus on the vec-
tor portal model considered in Ref. [23], although most of
our results apply to the other scenarios as well. We take
our dark matter candidate to be a stable Dirac fermion,
X, that couples to a massive gauge boson, Z’:

Lo —%BWZLV + gx 2, XA X. (1)

The first term in this expression describes the kinetic
mixing between the Z' and SM Z/photon [46]. Through
this kinetic mixing, the Z’ acquires the following cou-
plings to SM fermions:
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where 6y is the weak mixing angle; mz is the mass of the
SM Z; and gy and g are the U(1)y and SU(2)r gauge
couplings, respectively. As a result of these couplings,
the Z' decays to SM fermions with the following width:
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Dark matter annihilation proceeds through ¢-channel X
exchange in this model to produce a Z’Z’ pair, with a
cross section that is given by
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where v is the relative velocity between the annihilat-
ing particles and ax = g%/4m. Additional informa-
tion about this model can be found in Section VI A of
Ref. [23].



For € 2 3 x 1078 x (T/GeV)'/? (g, /75)'/*, where g, is
the effective number of degrees of freedom at temperature
T, interactions of the Z’ will maintain equilibrium in the
early Universe between the hidden sector and the SM (see
Appendix 7 of Ref. [22]). For smaller values of ¢, however,
the hidden sector will be entirely decoupled from the SM
bath, allowing the two sectors to evolve independently
and maintain their own temperatures. We define ¢ =
Ty/T as the ratio of the temperatures of the hidden and
SM sectors. Following from entropy conservation, the
value of £ evolves as
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where g, and g" are the numbers of effective relativistic
degrees of freedom in the SM and hidden sectors, respec-
tively, and the “inf” subscript denotes the initial value
after inflation.

If the Z' population remains close to its equilibrium
value during dark matter freeze-out (for details, see
Ref. [23]) and decays before becoming nonrelativistic, the
resulting dark matter thermal relic abundance is given by
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where a and b are terms in the expansion of the dark
matter annihilation cross section, ov/2 ~ a+bv?+O(v?),
and ¢ = g, + g ¢* at freeze-out. = ¢ is defined as the
mass of X divided by the SM temperature at freeze-out,
and is found to have a value of ~ 20 x £ over a wide range
of parameters.

The dark matter relic abundance can be very different
from that described in the above expression if the two
sectors are not maintained in equilibrium in the early
Universe. In this case, the energy density of the Z’ pop-

ulation after they have become nonrelativistic and prior
to their decays is given by

Qxh?~85x 107
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where T is the temperature of the SM bath and
Gx,inf = 106. Included in this expression is a factor of
13/6, which is equal to 1 plus the ratio of the internal
degrees of freedom associated with the X and Z’ (for de-
tails, see Ref. [23]). The EMDE begins when this density
exceeds that of the SM radiation bath (pz > psm =
729, T*/30), which occurs at the following temperature:
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The EMDE ends when Z’ particles decay into SM par-
ticles, and this decay rate defines the reheat tempera-
ture:!
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which roughly corresponds to the temperature at the on-
set of radiation domination following the EMDE. Setting
this equal to the decay rate given in Eq. (3), we find that
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The decays of the Z’ population dilute the relic abun-
dance of dark matter by a factor of Tyom /TrH, leading to
the following final dark matter relic abundance [22, 23]:
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where (g,.) denotes the time-averaged value over the pe-
riod of decay [47]. We also note that any baryon asym-
metry created before the EMDE will be reduced by the
same factor of Tgom/Triu, so the target asymmetry for
a baryogenesis must be increased by this factor if it oc-
curs at temperatures above Tyon,. It is also possible for
baryogenesis to occur during the EMDE [48].

III. GROWTH OF PERTURBATIONS DURING
AN EARLY MATTER-DOMINATED ERA

In this section, we study the growth of density pertur-
bations during an era in the early Universe in which the
total energy density is dominated by nonrelativistic hid-
den sector particles. Within this context, we consider a
universe that contains three components: the dark mat-
ter, X, the unstable but relatively long-lived Z’, and the
relativistic SM bath. We assume that the universe was
initially dominated by SM particles and that, during this
epoch, the dark matter thermally decoupled from the
7' population while the Z’ particles were still relativis-
tic. The Z’ population then became nonrelativistic and
came to dominate the universe, leading to an EMDE.
The duration of the EMDE and the subsequent reheat-
ing temperature are determined by the properties of the
Z' particles, as described in the previous section.

1 Note that this definition of TRy is equal to 1.22 x Ty as used in
Ref. [22].



The evolution of density perturbations during an
EMDE has been studied extensively [21, 30-33]. In this
study, we use the suite of linear perturbation equations
in Newtonian gauge derived in Ref. [30] for a pressure-
less scalar field that decays into relativistic particles and
dark matter. In our case, however, the pressureless scalar
field is replaced by the Z’ particles, and these particles
do not decay into dark matter particles. We also start
our perturbation evolution prior to the EMDE, and we
do not assume that all of the radiation present is sourced
by the decay of the Z’ population. Our initial conditions,
therefore, differ from those used in Ref. [30]. In partic-
ular, assuming that the Z’ population is nonrelativistic,
superhorizon adiabatic initial conditions during radiation
domination demand that the fractional density perturba-
tion in the SM particles, 6r = (pr —pr)/Pr, is related to
the curvature perturbation (6g = 2®, where ® is defined
as in Ref. [30]) and to the fractional perturbations in the
densities of X and Z' particles: dx = dz = (3/4)0g.
While the perturbation mode is outside the horizon,
the comoving divergence of each fluid’s physical veloc-
ity, 0 = a 0;(dx"/dt), is equal to —(®/2)k?/(aH)?, where
k is the wave number of the mode and H is the Hubble
parameter.

After the Z’ population has become nonrelativistic and
prior to the EMDE, §x and 6z each grow logarithmically
with the scale factor after the perturbation mode enters
the horizon (when k = aH). This growth is triggered by
the gravitational pull toward overdense regions at horizon
entry, but the decay of subhorizon gravitational poten-
tial perturbations during radiation domination implies
that these forces quickly fade. The subsequent logarith-
mic growth in dx shown in Fig. 1 is a consequence of
the continued drift of the dark matter particles toward
regions that were initially overdense.? When the Z’ pop-
ulation comes to dominate the universe at the start of the
EMDE, the gravitational forces reappear and pull both
the X and Z’ particles toward the regions that have more
Z' particles than average, prompting both dx and dz: to
transition to linear growth. At the end of the EMDE,
pzr =~ 0, and so the perturbations in pzs are no longer
relevant. As shown in Fig. 1, dx transitions to loga-
rithmic growth after the EMDE and continues to grow
logarithmically with the scale factor until it either ap-
proaches unity, which signifies the breakdown of linear
theory, or the universe becomes matter dominated, at
which point §x resumes linear growth. Figure 1 also il-
lustrates that the perturbation mode continues to grow
rapidly for several e-folds of expansion after the EMDE
ends, which implies that even a short EMDE can sig-
nificantly enhance the amplitude of dark matter density

2 In the absence of gravitational forces, comoving velocities decay
as a~2, so the comoving displacement of a particle, 5, is pro-
portional to [a~2dt = [a~2da/(aH) « [ da/a, since H o a™2
during radiation domination. Thus, §x Ina, and since § = —V-§
at linear order, § < Ina.

fluctuations. This post-EMDE growth reflects the fact
that the particles were accelerated toward the overdense
regions during the EMDE, leading to a faster drift toward
those regions after the EMDE ends.

Our suite of perturbation equations does not include
baryons, which means that it does not accurately model
the evolution of dx after the baryons become nonrela-
tivistic. Baryons do not participate in structure growth
on the small scales that enter the horizon prior to re-
heating [e.g. 49], and the growth of dx is suppressed as
a result. To account for this suppression, we solve our
perturbation equations until logarithmic growth is estab-
lished after reheating (a ~ 1000 agy, where ary is the
scale factor at the time of reheating). We then match
this evolution to the solutions to the Meszaros equation
provided in Ref. [50] that apply while the baryons are
coupled to the photons and therefore do not participate
in structure growth. We use these solutions to evolve dx
past a = 1000 ary.

Perturbation modes that enter the horizon while the
7' population is still relativistic are not accurately de-
scribed by our suite of perturbation equations. While
the Z’ particles are relativistic, their pressure will pre-
vent perturbation growth, and §z, will oscillate. Since
the X particles remain kinetically coupled to the Z’ par-
ticles, they will inherit these oscillations, but the oscilla-
tions in dx will be damped [49]. As a result, perturbation
modes that enter the horizon while the Z’ particles are
relativistic will be suppressed compared to larger-scale
modes [21]. We account for this suppression by introduc-
ing an exponential cutoff in the matter power spectrum:
P(k) o exp[—k?/k%,], where kz is the wave number of
the mode that enters the horizon when the temperature
of the hidden sector equals mz.. However, it is possible
that 0z continues to oscillate while T, < mz/, and we
explore how altering this cutoff scale impacts the micro-
halo population and the resulting gamma-ray constraints
in Sec. VL.

IV. STRUCTURE FORMATION FOLLOWING
AN EARLY MATTER-DOMINATED ERA

The perturbation mode whose evolution is shown in
Fig. 1 enters the nonlinear regime while the universe is ra-
diation dominated. To track the evolution of this pertur-
bation, we generalize the spherical collapse model [51, 52]
so that we can apply it to cosmologies that include an
EMDE. The evolution of a spherical shell of matter that
surrounds an overdense region that has an average mat-
ter density that is (1+4) times the background density is
governed by the second Friedmann equation: its physical
radius, R, obeys

1 d*R ArG
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where pp and pg are the energy densities associated with

the cosmological constant and the relativistic SM parti-
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FIG. 1. The evolution of the fractional density perturbations
in dark matter for a mode with k = 1.5 x 107 pc~! that en-
ters the horizon prior to an EMDE with Try = 16 GeV and
Taom = 233 GeV. Upon entering the horizon (k = aH), d0x
grows logarithmically with the scale factor, a. It transitions to
linear growth during the EMDE and then returns to logarith-
mic growth after reheating. This mode goes nonlinear during
the radiation-dominated era, and the top (green) curve shows
its evolution according to spherical collapse theory. The bot-
tom (blue) curve shows the continued linear-theory evolution;
0 resumes linear growth when the universe becomes matter
dominated (MD).

cles respectively.> These densities are unperturbed; we
neglect the perturbations in the relativistic particles be-
cause these perturbations are suppressed after reheating
[30-32]. The average density of X and Z’ particles inside
the shell is given by
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where a subscript ¢ indicates that the quantity is eval-
uated at some initial time, and p refers to the homoge-
neous background density. This equation accounts for
the decay of the Z’ particles by multiplying the mass of
7' particles enclosed within the shell by the change in
their comoving number density. The initial time is cho-
sen to be during the EMDE such that §; < 1 according
to linear theory. With this selection, the Zel’dovich ap-
proximation [53] provides an initial condition for dR/dt:

dR 8
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Since the shells do not cross, any value of R; gives the
same evolution for the density within the shell:

1+ dsc = (1+06;) (;)3 (%)3. (17)

3 For simplicity, we do not include changes to the radiation’s com-
position in our spherical collapse formulation. To account for
such variations, the 2pr term should be replaced with g +3Pg,
where Pp is the radiation pressure.

Figure 1 shows the evolution of dsc that is obtained
by solving Eq. (14) for R(a) with these initial conditions.
When the value of dg¢ is much less than 1, the spher-
ical collapse model matches the linear theory, but dsc
increases faster than the linear solution as § approaches
unity and eventually diverges at a finite time. This di-
vergence indicates that the spherical shell has collapsed
to R = 0, and we denote the value of the scale fac-
tor at this time as a.. We also define 6. = d(a.) as
predicted by linear theory. For the perturbation mode
shown in Fig. 1, §. = 2.8, which is significantly greater
than its value during matter domination (6. = 1.686).
Thus Fig. 1 illustrates that gravitational collapse does
occur while the universe is radiation dominated, but it oc-
curs later than it would in a matter-dominated universe.
By considering different values for §;, corresponding to
different perturbation wave numbers, we can determine
how §. varies with a.: it equals 1.68 during the EMDE
and then increases up to 0. ~ 2.5 before falling back to
~1.68 at a. 2 Geq. While the precise shape of d.(ac)
depends on Try, 0. for a > 1076 is nearly the same for
all Try > 2 MeV. In Appendix B, we plot and provide a
fitting function for o.(a., Tru).

Since dark matter particles do not experience any grav-
itational forces while the universe is radiation dominated,
the collapse of a spherical shell does not necessarily in-
dicate that a dark matter halo has formed; it is possible
that the particles in that shell pass through the origin
and then continue drifting out of the overdense region.
To determine the outcome of gravitational collapse dur-
ing radiation domination, we used the cosmological sim-
ulation code GADGET-2 [54] to simulate the evolution of
overdense regions. We modified the code to include both
radiation [55, 56] and decaying Z’ particles. These com-
ponents are modeled at the homogeneous level by adding
corresponding terms to the Hubble rate appearing in the
time integrals used for particle drifts and gravitational
kicks. The clustering capacity of the Z’ particles is mod-
eled by scaling the mass, m, of each simulation particle

as
= (P, (18)
PX
where my is the particle mass at late times [57-59]. Effec-
tively, each simulation particle represents Z’ and X par-
ticles together.* We verified that this simulation matches
the predictions of linear theory while § < 1.

The volume of our simulation box is (1072~ Mpc)?
and we start the simulation at a = 3 x 10713 in a sce-
nario with Tgy = 22 MeV, which implies that the EMDE
ends and radiation domination begins at a = 107!
(with @ = 1 today). We assume that the dimension-
less power spectrum scales as P(k) o In(k/kg)? with

4 As a technical matter, this modification is also implemented by
modifying a time integral. In particular, the time integrand used
for gravitational kicks is scaled by m/my.
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FIG. 2. The evolution of an overdense region that collapses
during radiation domination. The solid lines show the spher-
ically averaged matter density profile at four different red-
shifts. The minimum radius of the profile at each redshift cor-
responds to a sphere that contains 100 particles. The dotted
lines show the density of the radiation at these same redshifts.
The spherical-collapse model predicts that this overdense re-
gion should collapse at z. = 3.9 x 107, but the matter den-
sity grows slowly until the matter density within the smooth-
ing scale (Ry = 1073h~! kpc) exceeds the radiation density,
which occurs at zre = 4.2 x 10°. At that point, the central
density increases dramatically, forming a bound object with
a central density that exceeds the background matter density
by over four orders of magnitude.

ko ~ 6 x 10h Mpc~! for the relevant perturbation wave
numbers; that is, we consider scales that entered the hori-
zon during a period of radiation domination prior to the
EMDE. We then draw individual protohalo density peaks
from the Gaussian-filtered power spectrum,

Py (k) = P(k) exp(—R}k?), (19)

using the density profiles of Ref. [60] with smoothing scale
Ry = 1078h~1 kpc. To add some realism to this other-
wise smooth density peak, we also superpose small-scale
Gaussian noise drawn from the oppositely filtered power
spectrum.

We simulated the evolution of overdense regions with
several different initial density profiles, three-dimensional
shapes, and collapse redshifts, z., where 1+ 2. = a_ ! as
predicted by the spherical collapse model. For overdense
regions that collapse well after reheating, these simu-
lations revealed a universal evolution that varied very
little between the simulations. First, the density pro-
file of the overdense region develops a shallow cusp with
dlnp/dInr ~ —1 at z ~ z.. The density profile of this

protohalo is well fit by the function
1+ 2. _ Ry
= Al B — 20
ptr) = [am (T22) Bl ow 2, 0

where A ~ 8.4, B ~ 124, and p)s is the cosmologi-
cal background matter density. When the average mat-
ter density within Ry exceeds the homogeneous radiation
density, the protohalo recollapses to form a much denser

halo. This evolution is depicted in Fig. 2. In contrast,
overdense regions that collapse too soon after reheating
do not recollapse to form a halo because the dark matter
particles are moving fast enough to pass through the over-
dense region and escape the gravitational forces induced
by the growing matter density. For Try 2 10 MeV, our
simulations indicate that regions with z. < 108 recol-
lapse.

Since our simulations only include a single overdense
region with vacuum boundary conditions, our simulated
halos do not develop the double power-law density pro-
files seen in cosmological simulations that start from a
Gaussian density field. However, since the recollapse of
the protohalo occurs in a locally matter-dominated envi-
ronment, is seems reasonable to assume that the result-
ing halo should be similar to a halo that forms shortly
after matter-radiation equality. Refs. [55, 56] showed
that halos forming at z ~ 1000 in cosmological simu-
lations with Gaussian initial conditions realized from an
enhanced scale-invariant power spectrum have Navarro-
Frenk-White (NFW) profiles [61]. We assume that the
halos that form during radiation domination also develop
NFW profiles and that the concentration parameter of
the resulting halo is determined by the redshift of recol-
lapse, not z.. We use the density profile given in Eq. (20)
to determine the recollapse redshift, z., from z. (2 is
the redshift at which the average matter density within
Ry exceeds the radiation density, unless that is already
true at z., in which case z,. = z.). To be conservative, we
only consider 2z, < 10°, thereby ensuring that the collaps-
ing region forms a gravitationally bound halo (as demon-
strated in Fig. 2 for z. = 3.9x 107). Restricting ourselves
to halo formation with z. < 10° also gives the halos extra
time to establish NF'W profiles after they recollapse, and
we explore how possible further delays in halo formation
affect our gamma-ray constraints in Sec. VI.

V. STRUCTURE FORMATION DURING THE
EMDE: THE IMPACT OF GRAVITATIONAL
HEATING

If the duration of the EMDE is sufficiently long, then
the density perturbations among the X and Z’ parti-
cles will become large enough to form gravitationally
bound structures prior to reheating. The characteristic
initial density perturbation is § ~ 10~° at horizon en-
try. Both dx and dz grow by roughly a factor of 100
at horizon entry and then grow linearly with the scale
factor during the EMDE (as seen in Fig. 1), so we ex-
pect significant structure formation if arn/ddom 2 103.
Since pz o< a~? during the EMDE and pz:(aGdom) =
psm(a@dom) and pz:(arm) =~ psm(arn), arRH/Adom =
(g*,dom/g*,RH)1/3(Tdom/TRH)4/3- Therefore, we expect
that most of the hidden sector particles will be in halos
at reheating if Tyom = 200 Try.

A more precise determination of the halo abundance
can be obtained from the Press-Schechter formalism [62],



which provides an expression for the fraction of dark mat-
ter that is bound into halos as a function of halo mass:

dlno
dln M

dc Je
exp |~ | »
o(M, z) [ 202(M,z)}
(21)
where 02(M, z) is the variance of dp/p in spheres that
contain mass M in X and SM particles evaluated using
a sharp-k filter at ks = 2.5/[3M/(47p;m.0)]/?, as advo-
cated by Ref. [63]. Since we are interested in structure
formation during a matter-dominated era, J. = 1.686.
We integrate Eq. (21) over all halo masses to obtain the
total fraction of matter contained in halos at reheating.
This computation confirms that halos are common for
Tdaom 2 200Try. For example, if Tyom = 470 GeV and
Tru = 1 GeV, 20% of the matter is bound into halos at
the time of reheating.

The halos present at reheating are predominantly com-
posed of Z' particles; while H > Tz, px/pz =~
Teq/Tru. When the Z’ population decays into relativis-
tic SM particles, their energy will leave the halo. The
remaining X particles will escape the halo if their or-
bits cannot adiabatically adjust to the reduction in the
halo’s mass. The characteristic dynamical time of a halo
is tagn =~ (Gp)~Y/2, while the characteristic mass-loss
timescale is tays = M/M = (px + pz/)/(Cz:pz). For a
halo that forms at a¢, the ratio of these timescales is as
follows:

t VGpz
AM Pz <p)(eF2/At+1> pX + e~ Ty At (22)

tayn L'z Pz Pz
3 |arm i/ Teq oLz At
~y )2 | 2RE 1
8w ayf TRH

X Teq + e—FZ/At
Tru

where At is the time since the halo’s formation. This
ratio falls below unity for all halos with

81 To, \ /3
“f>( q) . (23)

arRH ~ 327 TRH

Therefore, we expect that all halos that form at scale fac-
tors greater than 10~ %ary will be destroyed at reheating
and that the X particles within these halos will be re-
leased to free stream with the velocity they had within
the halo. In this way, the formation of structure during
the EMDE effectively heats the dark matter, imparting
the X particles with much larger velocities than they
otherwise would have had.

The typical particle velocity within a halo is given by
the virial velocity dispersion, o, ~ /GM/R, where R is
the radius within which the average density is 200 times
the background density and M is the mass enclosed in

this radius. From this, it follows that

2/3 A 1/3
Oy X~ G Pz MX |:200px+z/(af)
PX |a; 3
M2/3
o ——, (24)
ay

where M x is the mass in X particles. The formation time
of a halo is determined by the amplitude of density fluc-
tuations with k ~ [3Mx /(47px.0)]~"/3; halos with this
mass will typically form when § ~ ¢, for this wave num-
ber. For modes that enter the horizon during an EMDE,
§x o< k? [30]. Since these modes grow linearly with the

scale factor during the EMDE, af o k2 M)Z(/3 and
0y ~ 2000 km/s, independent of halo mass. The ampli-
tudes of modes that enter the horizon before the EMDE
starts do not increase as rapidly with increasing k because
these modes only grow logarithmically between horizon
entry and the start of the EMDE. As a result, ay does
not decrease as fast with increasing My, and o, increases
as Mx increases. Therefore, the largest halos that form
during the EMDE will always have the largest virial ve-
locities.

After the dark matter particles are released from the
halos that evaporate at reheating, they will free stream in
random directions, thereby suppressing any density per-
turbations with wavelengths less than the free-streaming
horizon, Ag. If all the dark matter particles have the
same velocity dispersion, the matter power spectrum is
suppressed by a factor of exp[—k?AZ] [49, 64, 65], where

to 4 ! da
= —dt = —_ 2
>\fs /t a 0yARH /a G/BH((L) ( 5)

kd RH

To probe how this gravitational heating of dark matter
affects the formation of microhalos after the EMDE, we
make two estimates. For the “optimistic” estimate, we
only consider the coldest 80% of the dark matter. If less
than 20% of the X particles are bound into halos at re-
heating, we impose no free-streaming cutoff on the mat-
ter power spectrum. Otherwise, we find the halo mass,
My, such that 20% of the X particles are bound into
halos with M > My at reheating. At a = 0.8 agy about
10% of the matter is bound into such halos, so we take
this to be the formation time of these halos. We then use
Eq. (24) to determine the virial velocity within a halo
with a mass equal to Mpyy that formed at ay = 0.8 arn
and apply a exp[—k%AZ] cutoff to the matter power spec-
trum with Mg given by Eq. (25). We also assume that
only 80% of the dark matter participates in structure
formation after the EMDE and reduce the growth rate
of perturbations accordingly. For the “pessimistic” esti-
mate, we follow this same procedure for the coldest 90%
of the dark matter. Since My > Mg, this procedure
yields a larger value of o, and suppresses perturbations
on larger scales.



Both of these estimates are conservative in that most
of the dark matter does not free stream to this extent,
but it is also possible that the actual cutoff in the mat-
ter power spectrum differs from Ag. Unfortunately, the
boost factor from microhalos that form after an EMDE
is extremely sensitive to the cutoff scale in the matter
power spectrum; changing this scale by a factor of two
can change the boost factor by more than an order of
magnitude [33]. The contrast between the optimistic and
pessimistic estimates gives some idea of the uncertainty
associated with gravitational heating, but it is certainly
possible that both approaches overestimate how much
gravitational heating suppresses the microhalo popula-
tion. More comprehensive numerical simulations of halo
evolution during and after the EMDE could allow us to
extend our constraints to larger values of Tyom/TRH-

VI. MICROHALO-DOMINATED DARK
MATTER ANNIHILATION

If most of the dark matter is concentrated within a
population of microhalos, then the dark matter annihila-
tion rate in a given volume of space will be given by

= IS [ A @ (26)
X

where the sum is over the microhalos within the volume
and px ;(7) is the density profile of the i¢th microhalo.
If, for illustration, we make the simplifying assumption
that each microhalo is identical, we find that the dark
matter annihilation rate is proportional to the number
of microhalos, N, within that volume:

r'= ; >Nth, (27)

where J, = [ p% ,(7) d°F.

To determine the fraction of dark matter that is bound
into halos as a function of halo mass, we use the Press-
Schechter formalism [62], as described in the previous
section. If the halos present at a redshift z; survive to
the present day, then the annihilation rate in a volume
will be given by

=120 [ [ 500
2m % My dlnM 2
(28)
where p,, is the matter density and Mgy is the mass en-
closed in the cosmological horizon at reheating. We only
consider the microhalos with M < Mgy because these
microhalos form much earlier than larger microhalos and
are therefore more likely to survive accretion into larger
halos [33, 66].
If the microhalos present at redshift zy have NF'W pro-
files with concentration ¢ = rogg/rs, where ragg is the ra-
dius within which the average matter density is 200p,,,

Jn(My),

then

2 M CS CS
LM 50073 (29) [ - ]

n = 3 3(1+c)3

2
In(1 +¢) — 1C+C] : (29)

where fx is the fraction of mass that is dark matter. We
assume that all microhalos have ¢ = 2 at a redshift zy
because this is the lowest concentration seen in microhalo
simulations [67, 68]. We will revisit this assumption when
we discuss uncertainties in our computation of gamma-
ray emission later in this section. We also assume that Jj
does not evolve between zy and today, thereby neglect-
ing the effects of tidal stripping [66] and stellar encoun-
ters [69] on the microhalos that now reside within galac-
tic halos. Since early-forming microhalos are very dense,
they will only be disrupted in the deep central regions of
galaxies, which contain a small fraction of the microhalo
population. Moreover, we show in Appendix A that a sig-
nificant component of the gamma-ray background from
annihilation within microhalos originates from the outer
regions of the Milky Way’s halo, where microhalos would
not be tidally disrupted and would very rarely encounter
stars.
Inserting Eq. (29) into Eq. (28) gives

200 .
Py ([ Feont007) 22 xpueolt + 29

Mgrnu df

13.76
8 /0 din M |,
f

dIn M. (30)

If we define fio; to be the fraction of mass contained in
halos with M < Mgy, the annihilation rate in a volume
divided by the dark matter mass within that volume is

r 1 <av>/m§{> —a7 2
— =2 | =X ) By x (8.098 x 10 Qxh*, (31
My (Gev—4 ox{ S, 31

where By = 13.76 x 200(1 + z7)3 fiot(2)/3 is the boost
due to the microhalos. As in Ref. [33], we choose z¢
such that By is maximized. While this estimate of the
boost factor assumes that all the microhalos present at
a redshift of zy survive until the present day, it also ne-
glects the annihilation boost due to any subhalos present
within these microhalos and any microhalos that form
at z < zy. Since By only depends on the fraction of
dark matter bound into microhalos, and not on the size
of the microhalos, it does not depend strongly on the
reheat temperature, but it is very sensitive to the ratio
kcut/kru, where kcy is the scale that sets the cutoff in
the matter power spectrum, P(k) o exp[—k?/k2,] [33].
In the absence of gravitational heating, k.. is the scale
that enters the horizon when T}, = myz/. Otherwise it is
the free-streaming scale determined by the velocities of
the X particles.

In Fig. 3, we plot the value of the boost factor, By,
as a function of Tgom/Tru, for the case of ax = 0.01
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FIG. 3. The annihilation boost factor, By, as a function of
the ratio of the temperatures at the beginning of the EMDE,

Tdaom, and at the time of reheating, Tru, for ax = 0.01
(dashed) and ax = 0.1 (solid). For each curve, we adopt
&int = 1, mx/mz = 20 and we select € and mx such that

Qxh? ~0.11. The resulting values of € and mx are shown in
Fig. 5. The gray and blue curves represent the results that are
found following our optimistic and conservative procedures,
respectively. In scenarios with a very long EMDE, gravita-
tional heating significantly disrupts the microhalo population,
reducing the boost factors to values near that predicted for a
standard thermal history, Bo ~ 106.

(dashed curves) and ax = 0.1 (solid curves). At each
point, we set &y = 1 and mx/myz = 20, and we use
the Boltzmann equations in Ref. [23] to determine the
values of € and mx that provide the desired dark matter
abundance, Qxh? ~ 0.11. In each case the gray and blue
curves represent the results found following our default
and conservative procedures, respectively (as described
later in this section). Applying our computation of By
to a power spectrum derived assuming no deviations from
radiation domination in the early universe gives By ~ 10°
for a very broad range of minimum halo masses. In sce-
narios with a very long EMDE, gravitational heating sig-
nificantly suppresses the microhalo population, reducing
the boost factors to this value. We also see in Fig. 3 that
very short EMDESs still increase the boost factor: the
presence of the Z’ particles enhances the growth of dark
matter perturbations even if they never fully dominate
the energy content of the universe.

The difference between the solid (ax = 0.01) and
dashed (ax = 0.1) curves in Fig. 3 reflects the fact that
By depends on both Try and Tyom. The enhancement to
small-scale perturbations due to the EMDE only depends
on the ratio kqom/krm, where kqom is the wave number
of the mode that enters the horizon when pz = pr and
kry is the wavenumber of the mode that enters the hori-
zon at reheating, as defined in Ref. [33]. This ratio is

determined by Tyom and Try:

kdom _ \6 |:g*(Tdom):| 1/6 <T‘dom>2/3 (32)
kru 9+(Tru) Tru ’

for Tgom/Tru = 5. For fixed kqom/kru, Bo still has a
weak dependence on Try due to the red tilt of the primor-
dial power spectrum and the duration of the radiation-
dominated era, but this slight variation is less than a
factor of 5 for the range of Try we consider.

Since the microhalos are expected to track the dark
matter density (as opposed to the square of the den-
sity), the emission signatures in these scenarios are more
akin to decaying dark matter than traditional annihilat-
ing dark matter. With this in mind, we will use mea-
surements of the high-latitude gamma-ray background to
constrain these models. The annihilation rate per mass
given by Eq. (31) can be converted to an effective life-
time by considering the rate of jet production in a fixed
volume containing dark matter mass, Mx.? Dark mat-
ter annihilations produce jets of energy myx at a rate of
2(/Mx)Mx. To get the same jets from decaying dark
matter, the particles must have mass 2mx, which implies
that the jet production rate is (2/7)[Mx /(2mx)]. Equat-
ing these rates yields the following effective lifetime:

1

= Zx (/) (33)

Teff

This lifetime should be compared to the lower bound on
the dark matter lifetime for particles with mass 2mx.

In Fig. 4 we plot the effective lifetime of the dark mat-
ter as a function of myx, for the same parameter values
(and the same line types) as adopted in Fig. 3. These
curves do not extend to arbitrarily low myx values be-
cause we only show results for kqom/kru > 1.5, which
corresponds to requiring that the density of Z’ particles
exceeds the density of SM particles at some point prior
to their decay. We limit our analysis to scenarios with
an EMDE because the annihilation rate scales with the
number density of microhalos (and thus with the density
of dark matter) only if the boost factors are very large.
In a scenario without an EMDE, constraints based on
gamma-ray observations of dwarf spheroidal galaxies [27]
should instead be applied to the model.

The uncertainties in our computation of the boost fac-
tor, By, arise from two main sources: the cutoff in the
matter power spectrum (P (k) o< exp[—k2/k2,]) and the
characterization of the halo density profiles. The first
cutoff scale we consider is set by the mass of the Z’ parti-
cle: keys = kz where kz/ is the wave number of the mode
that enters the horizon when the temperature of the hid-
den sector is equal to mz/. This cutoff only approximates

5 We use the phrase “jet production” here to denote the production
of any primary annihilation product, and can include leptons
which do not result in the formation of a QCD jet.
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FIG. 4. The dark matter’s effective lifetime as a function of
mass, for the same parameters as adopted in Fig. 3. Again,
the gray and blue curves represent the results found follow-
ing our optimistic and conservative procedures, respectively,
with ax = 0.01 (dashed) and ax = 0.1 (solid). Results are
shown only for Tyom/Tru = 1.1, and thus these curves do
not extend to arbitrarily low masses. The black curves rep-
resent the lower limits on 7eg in this model, as derived from
Fermi’s measurement of the high-latitude gamma-ray back-
ground [35, 36]. These constraints rule out scenarios with an
EMDE for dark matter masses lighter than mx <6 — 7 TeV
for ax = 0.01 and lighter than ~ 60 — 70 TeV for ax = 0.1.
For higher masses, gravitational heating significantly disrupts
the microhalo population, reducing the boost factors to ac-
ceptable levels.

the suppression of perturbations on scales that enter the
horizon while the Z’ population is relativistic and it is
possible that the actual power spectrum has a slightly
different shape [21]. This change will not affect scenar-
ios with 30 < kqom/kru < 70 because most of the dark
matter is already bound into microhalos at @ = 107% in
these scenarios, so changing the power spectrum has a
minimal effect on the value of By obtained from the halo
population at this time.

If modes that enter the horizon while T}, ~ my/ are
not as damped as this model predicts, By will increase
for kqom/kru < 30 because microhalos will form earlier.
However, more structure will also form prior to reheating,
so gravitational heating will suppress By at smaller values
of kqom/kru. For example, if kcy = 2kz/, gravitational
heating will suppress By for kqom/kru 2 70 instead of
kdom/kru 2 80. Conversely, if ke = kz//2, the impact
of gravitational heating will be pushed to larger values of
kdom/krm, but By will be suppressed by about an order
of magnitude for kqom/kru < 30 due to the later forma-
tion of microhalos. For the conservative By calculation,
we adopt keyt = kz/ /2 for kgom/kru < 30 to account for
this suppression. This choice for k.,+ suppresses pertur-
bation modes that enter the horizon while T}, = myz/ /2,
but it is possible that even larger-scale modes are still
affected by the residual pressure of the Z’ particles. If
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this is the case, then the region of large By values will
shift to higher values of Tqom/Tru than shown in Fig. 3
as microhalo formation is suppressed both after and dur-
ing the EMDE. Increasing Tyom/Tru decreases the an-
nihilation cross section that generates the observed dark
matter abundance, but Fig. 4 indicates that (cv) would
have to decrease by at least two orders of magnitude to
significantly reduce the range of excluded mx values.

The second cutoff scale we consider arises from the sup-
pression of perturbations following gravitational heating.
We computed this suppression based on the evolution of
the coldest 80% and 90% of the dark matter to illustrate
the uncertainty associated with structure formation dur-
ing the EMDE, but it is possible that both of these calcu-
lations overestimate the suppression of perturbations due
to gravitational heating. Simulations of halo evaporation
at reheating could reveal that the free streaming of par-
ticles released from halos does not result in keye = Ay Las
we have assumed. For scenarios with gravitational heat-
ing, kRH)\f_sl ~ 40; changing k., by a factor of two can
change By and 7. by up to two orders of magnitude but
would still not alter our constraints, as seen in Fig. 4.
Determining the onset of gravitational heating is a more
significant source of uncertainty. In our optimistic esti-
mate, gravitational heating dramatically suppresses By
for kgom/kru 2 90 because 20% of the dark matter is
gravitationally heated in these scenarios. It is worth not-
ing, however, that less than half of the dark matter is
gravitational heated for kgom/krm < 130. Therefore, it
is possible that the formation of microhalos in these sce-
narios is not completely suppressed by the free stream-
ing of released dark matter particles. For our default By
computation, we base the free-streaming horizon on the
coldest 80% of the dark matter, while the conservative
computation uses the coldest 90% of the dark matter.
The difference in By between these two approaches is
roughly equivalent to increasing k.u; to 2kz, while bas-
ing the free-streaming horizon on the coldest 80% of the
dark matter.

Turning to the characterization of the halo density
profiles, our procedure for calculating By relies on the
assumption that the boost factor is dominated by halos
present at a certain redshift and that all halos have NFW
profiles with concentration ¢ = 2 at this time. We choose
the redshift that maximizes By by striking the optimal
compromise between increased microhalo abundance and
increased microhalo density. We then assume that these
halos survive to the present day and that any halos that
form subsequently make a minimal contribution to the
boost factor. Remarkably, the boost factor computed by
this simple approach applied to a standard matter power
spectrum (i.e. no deviations from radiation domination
at early times) nearly matches the results of more com-
plicated halo-model approaches that use concentration-
mass relations and (sub)halo mass functions calibrated
using N-body simulations. The {(z) boost factor used in
Ref. [70] is related to By by By = ((z)(1+2)3. For a min-
imum halo mass of 107~ M), ¢(2)(1 + 2)® ~ 4 x 10,



whereas our method applied to a standard power spec-
trum yields By ~ 10%. The discrepancy of a factor of
~ 2 — 3 could easily be attributed to the destruction of
subhalos.

Nevertheless, we should question the density profiles
assumed by our calculation. The adoption of an NFW
profile is probably overly conservative, as numerous sim-
ulations have indicated that the first generation of halos
have steeper inner density profiles [55, 56, 67, 68, 71, 72].
However, simulations also show that it takes consider-
able time after the halo’s formation for the NFW profile
to stabilize: a halo that forms at z = 1000 from initial
conditions drawn from an enhanced plateau in the power
spectrum has an NFW profile with ¢ = 2 at z ~ 400
[565, 56]. The time interval between these two redshifts
corresponds to 10tqyyn, where tgyn = +/372/(16Gpyir)
with pyir = 2009 (2y) is the dynamical time of the halo
at formation. Waiting ten dynamical times after zy to
evaluate the density profile reduces By by a factor of
10 for halos that form during matter domination, which
would apply to kqom/kru < 10. For halos that form dur-
ing radiation domination, the reduction factor depends
on zf = Z, increasing to 100 for a. = 105, However, if
most of the dark matter is bound into halos at a = 107,
as is the case for 30 < kqom/kru < 70, then it is safe
to assume that halos were present at much earlier times
and that our estimate of By based on the halos present
at ay = 107% underestimates the true annihilation rate.
Nevertheless, for our conservative By computation, we
reduce all By values by the reduction factor implied by
delaying the establishment of the NFW profile with ¢ = 2
ten dynamical times after the halos form.

The most stringent and broadly applicable constraints
on this class of models are derived from the measure-
ments of the Fermi Gamma-Ray Space Telescope. To de-
rive these constraints, we follow the procedure described
in Ref. [36], modified as described in Appendix A of
this paper. The black curves shown in Fig. 4 repre-
sent the lower limits on 7. in this model, as derived
from Fermi’s measurement of the high-latitude gamma-
ray background [35]. The dashed (solid) black curves
derive from the default (more conservative) procedure as
described in Ref. [36]. When these constraints are com-
pared to the predicted values of 7., we find that a wide
range of dark matter masses are already ruled out. In
particular, for the case of ax = 0.01 (0.1), this excludes
any scenario with a significant EMDE for masses up to
mx ~ 6 —7 TeV (60-70 TeV). For higher masses, grav-
itational heating suppresses the abundance of microha-
los, reducing the boost factors to a level consistent with
Fermi’s measurements.

In Fig. 5, we plot some of the features of and con-
straints on this model, again for the case of &, = 1
and myx/myz = 20. The dashed curves represent the
regions of this plane that yield a relic abundance equal
to the measured dark matter density, Qxh? ~ 0.11, for
choices of ax = 0.01 or ax = 0.1. In the upper re-
gions of this plane, the hidden sector never dominates
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FIG. 5. Some of the features and constraints found across the
parameter space of the vector portal dark matter model, for
the case of &ns = 1 and mx/myz = 20. The dashed curves
represent the regions of this plane that yield a relic abundance
equal to the measured dark matter density, Qxh? ~ 0.11, for
choices of ax = 0.01 and ax = 0.1. In the blue region,
the hidden sector never dominates the energy density of the
early universe, and the red region is excluded by the mea-
sured light element abundances and other cosmological con-
siderations. Throughout the gray region, the EMDE leads
to the formation and survival of a large population of mi-
crohalos, resulting in large boost factors (following our con-
servative procedure) that are currently ruled out by Fermi’s
measurement of the high-latitude gamma-ray background. In
the lower right portions of this figure, gravitational heating
leads to the suppression of this microhalo population, reduc-
ing the boost factors and resulting in gamma-ray emission at
acceptable levels. Note that in the lowest portions of the re-
gion labeled “No Early Matter-Dominated Era” the energy
density of the Z’ population is still sizable, leading to non-
negligible contributions to the annihilation boost factor.

the energy density of the early universe and there is no
EMDE. For smaller values of ¢, however, the Z’' popula-
tion is sufficiently long lived that it comes to dominate
the energy density and subsequently reheats the SM bath
through its decays. The blue curves represent contours
of constant Tyom/Tru (see Eq. 12), while the red curves
are constant in Try (see Eq. 11). The lower left region of
the plane is ruled out, as we require that the temperature
at the onset of radiation domination exceed 3 MeV in or-
der to generate the neutrinos that are needed to produce
the observed light element abundances [73-76], as well as
the observed anisotropies in the cosmic microwave back-
ground and large-scale density perturbations [77, 78].
The gray region of Fig. 5 is currently ruled out by
Fermi’s measurement of the high-latitude gamma-ray
background, based on our conservative computation of
By. Across this region of parameter space, the EMDE
leads to the formation and survival of a large popula-
tion of microhalos, resulting in large boost factors that
are inconsistent with Fermi’s observations. Using our



conservative By values, short EMDES (Tgom/Tra < 10)
do not sufficiently enhance the dark matter annihilation
rate to contradict Fermi observations for mx 2 500 GeV,
but these scenarios are ruled out if we use our default By
computation, as seen in Fig. 4. In the white region in the
lower right portion of this figure, however, gravitational
heating suppresses the abundance of microhalos, reduc-
ing the boost factors and resulting gamma-ray emission
to acceptable levels for both our conservative and default
computations.

VII. SUMMARY AND CONCLUSIONS

If the dark matter is part of a hidden sector that is only
very feebly coupled to the Standard Model, the light-
est particle within this sector would generically be ex-
pected to be long lived. In such a model, these long-lived
particles could come to dominate the energy density of
the Universe prior to their decays. During such an era
of early matter domination, density perturbations would
grow more quickly than predicted in standard radiation-
dominated cosmology, leading to the formation of a large
population of sub-Earth-mass dark matter microhalos.

In this study, we have calculated the evolution of den-
sity perturbations in a class of hidden sector dark mat-
ter models and estimated how the enhancement of these
perturbations during the EMDE affects the microhalo
abundance. The key difference between this analysis and
earlier considerations of microhalo formation following
an EMDE with weakly interacting dark matter [33, 34]
derives from the fact that the dark matter within our hid-
den sector models does not couple directly to the parti-
cles in the Standard Model and is therefore much colder.
As a result, it is possible to form microhalos while the
Universe is still radiation dominated, and we have em-
ployed both spherical collapse theory and N-body sim-
ulations to determine the formation time and properties
of these microhalos. We have also studied the case in
which the decay of the unstable hidden sector particles
occurs after gravitationally bound structures have begun
to form. The disruption of these halos at reheating effec-
tively heats the dark matter and suppresses subsequent
microhalo formation.

The existence of a large microhalo population can
cause the dark matter to annihilate at a very high rate,
producing detectable fluxes of gamma rays and other
annihilation products. Unlike with typical dark mat-
ter annihilation, the annihilation rate in a microhalo-
dominated scenario scales with the density of dark mat-
ter (as opposed to the square of the density), leading to
indirect detection signals that resemble those ordinarily
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predicted from decaying dark matter. Using Fermi’s mea-
surement of the high-latitude gamma-ray background, we
are able to rule out a wide range of parameter space
within this class of models. In particular, if there were
an early matter-dominated era that persisted for less
than a factor of ~10% in scale factor, we predict that
the dark matter would largely be bound within microha-
los, leading to very large annihilation boost factors. In
contrast, we find that scenarios with even longer early
matter-dominated eras cannot be excluded, as the mi-
crohalo abundance is efficiently suppressed in this case
by the gravitational heating of the dark matter prior to
reheating.

Since the gamma-ray signature of dark matter annihi-
lation within microhalos mimics the morphology of de-
caying dark matter, how could we determine if a fu-
ture detection of decaying dark matter is in fact due to
an EMDE-enhanced microhalo population? There are
two possible ways to distinguish between these scenar-
ios without knowing the mass of the dark matter par-
ticle. First, it may be possible to detect the microha-
los through their gravitational effects. Halos are too
diffuse to generate photometric lensing signatures, and
astrometric lensing searches are only plausible for ha-
los with masses greater than a solar mass [79-81], but
pulsar-timing arrays may be able to detect time delays
due to sub-Earth-mass microhalos if they are sufficiently
dense [82]. It is also possible to detect sub-Earth-mass
microhalos by monitoring the brightness of highly mag-
nified stars [83]. Second, the disruption of microhalos
by tidal stripping [66] and stellar encounters [69] will
suppress their annihilation signatures in the centers of
galaxies, where the emission from decaying dark mat-
ter would be strongest. Further work is required to de-
termine if the microhalos that form after an EMDE are
dense enough to be detectable gravitationally and/or vul-
nerable enough to be detectably absent in the centers of
galaxies, but these two observations have the potential to
provide definitive evidence in support of a hidden sector
and a nonstandard thermal history.
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Appendix A: Gamma-Ray Constraints

The angular distribution of the gamma rays produced
through dark matter annihilating in microhalos is not the
same as in the standard (smoothly distributed) scenario,
but instead mimics the morphology predicted for the case
of decaying dark matter particles. Over the range of dark
matter models considered in this study, the strongest
constraints are those derived from the Fermi Gamma-
Ray Space Telescope’s measurement of the high-latitude
gamma-ray background. In evaluating the constraints on
the dark matter’s effective lifetime, we follow closely the
approach described in Ref. [36], altering only the branch-
ing fractions that are appropriate for the model under
consideration and comparing the effective lifetime to the
lower bound on the dark matter lifetime for particles with
a mass of 2mx.

In Fig. 6, we plot the contribution to the isotropic

14

gamma-ray background from dark matter annihilations
in the hidden sector model under consideration for the
case of myx/myz = 20. In each frame, the overall nor-
malization (and corresponding dark matter annihilation
rate) has been set to the maximum value allowed by the
data (at the 95% confidence level), as evaluated following
Ref. [36].

In Fig. 7, we plot the limits on the effective lifetime
of the dark matter particles in this model (again, for
the case of mx /mz = 20). Following Ref. [36], the solid
curves treat the systematic errors as entirely independent
and uncorrelated. At the other extreme, the dashed curve
has been derived assuming that the systematic errors are
fully correlated, moving upward or downward together in
unison.

Appendix B: Threshold for Collapse During
Radiation Domination

During radiation domination, the linear collapse
threshold is larger than its value during matter domina-
tion, 6. > 0.0 = 1.686 . The behavior of d. is a function
of both the scale factor at collapse as well as the reheat
temperature, as shown in Fig. 8. In this appendix, we
present a useful fitting formula for §..

To begin, we define ary as the scale factor correspond-
ing to temperature Try assuming radiation domination.
This definition implies that

391 \'° 1
arg = , B1
o (9*(TRH)) Tru (B1)

where Ty = 2.3 x 10~% eV is the temperature today. Note
that this differs from other definitions of agry that appear
in the literature, and we only use it as a parameter for our
fitting formula. The following fitting formula for é. is ac-
curate to within 0.004 for 2 MeV < Try < 1 TeV as long
as a. < 0.1 (dark energy is neglected) and a. > Ty/Tiom
(radiation prior to the EMDE is neglected):

bo = oot f( =) g 2o m ) _p(m e ) . (B2)
GRH Aeq Geq Aeq

where aeq = Q:/Qm. The functions f(x), g(z) and h(x)
are defined as follows:

+Bz*+Ca®
f(-T) ]'n(]' + LU) - 1+xDa:+xEx2+sz3

T TGl + ) —22/2+ )
A=0.3549, B=-0.2331, C =0.0533, (B3)
D =0.4935, E = —0.2092,
F =0.09327, G = 0.2683,
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FIG. 6. The contribution to the isotropic gamma-ray background from dark matter annihilations in the hidden sector model
discussed in the text (with mx/mz = 20). In each frame, the contributions from the Galactic halo are shown as dotted
and dotted-dashed lines, representing the emission from direct production and from inverse Compton scattering, respectively.
The dashed lines represent the cosmological contribution, including electromagnetic cascades. The solid lines denote the sum
of these components. In each frame, the normalization (and corresponding dark matter annihilation rate) has been set to
the maximum value allowed by the data (at the 95% confidence level). The gray region shows this maximal dark matter
contribution combined with the astrophysical spectrum predicted by a multi-wavelength analysis; see Ref. [36] for details.
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FIG. 7. Lower limits on the dark matter’s effective lifetime
(95% confidence level) as a function of mass. Here we have
adopted mx /mz = 20. The solid curves treat the system-
atic errors (shown as a blue band around the error bars in
Fig. 6) as entirely independent and uncorrelated. At the other
extreme, the dashed curve has been derived assuming that
the systematic errors are fully correlated, moving upward or
downward together in unison. These curves are the same as
those shown with the same line types in Fig. 4. For details,
see Ref. [36].
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FIG. 8. The threshold for linear collapse, d., as a function of
the collapse scale factor, a., for three values of the reheat tem-
perature, Tru. The light, solid lines represent . computed
using the spherical collapse model as described in Section IV,
while the dark, dotted lines employ the fitting formula pre-
sented in this appendix. The arrows mark the values of arnu
as defined in Eq. (B1).
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in the relativistic content of the Universe, and incorpo-
rating them reduces 0. by of order 1%. The difference
is largest if reheating occurs while all Standard Model
particles are still relativistic (Tryy 2 1 TeV) and collapse
occurs late in radiation domination (a. ~ 107°), in which
case 0. is smaller by about 2%. Reducing d. increases
the microhalo abundance and the resulting annihilation
boost factor, but a 2% reduction in ¢, increases By by
less than 20%.
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