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Abstract. The early universe may have contained internally thermalized dark sectors that
were decoupled from the Standard Model. In such scenarios, the relic dark thermal bath,
composed of the lightest particle in the dark sector, can give rise to an epoch of early matter
domination prior to Big Bang Nucleosynthesis, which has a potentially observable impact on
the smallest dark matter structures. This lightest dark particle can easily and generically
have number-changing self-interactions that give rise to “cannibal” behavior. We consider
cosmologies where an initially sub-dominant cannibal species comes to temporarily drive the
expansion of the universe, and we provide a simple map between the particle properties of
the cannibal species and the key features of the enhanced dark matter perturbation growth
in such cosmologies. We further demonstrate that cannibal self-interactions can determine
the small-scale cutoff in the matter power spectrum even when the cannibal self-interactions
freeze out prior to cannibal domination.
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1 Introduction

While standard cosmology posits that post-inflationary reheating is followed by uninterrupted
radiation domination prior to matter-radiation equality, a variety of well-motivated particle
physics scenarios predict departures from radiation domination in the poorly constrained
epoch between the end of inflation and Big Bang nucleosynthesis (BBN) [1]. For instance,
supersymmetric theories often predict moduli whose energy density can come to dominate the
universe as they coherently oscillate in a quadratic potential, giving rise to an early matter-
dominated era (EMDE) that ends when the modulus decays [2|. The semi-classical evolution
of light spin-zero fields can also give rise to epochs of kination when the scalar field’s kinetic
energy dominates over its potential energy [3-5].

Early departures from radiation domination are also generic consequences of theories that
contain an internally thermalized hidden sector that is thermally decoupled from the Standard



Model (SM). Such decoupled self-interacting hidden sectors are readily obtained from straight-
forward inflationary scenarios [6-10], and can naturally provide a cosmological origin for the
dark matter (DM) of our universe [6, 11-13], a possibility that becomes ever more compelling
with the continued absence of direct detection signals to date. If the lightest state in the
hidden sector is massive, then it can easily come to dominate the energy density of the universe
after it becomes non-relativistic. If this particle is effectively pressureless when it dominates,
it produces an EMDE [14-18|. However, in many familiar theories, ranging from the simple
and minimal example of a single scalar field to the exceptionally well-motivated scenario of
a confining Yang-Mills sector, the lightest particle in the dark sector has number-changing
“cannibal” self-interactions that remain in equilibrium even after the particle becomes non-
relativistic [19-29]. While this particle dominates the expansion of the universe, these self-
interactions sustain appreciable pressure in the cannibal fluid, giving rise to an early cannibal-
dominated era (ECDE) [30]. In either case, radiation domination is restored when the lightest
hidden sector particle decays into SM particles; this must occur prior to neutrino decoupling
to avoid altering the abundance of light elements [31-34] and the anisotropies in the cosmic
microwave background [35, 36].

Altered expansion histories prior to BBN can leave potentially observable footprints in
dark matter perturbations on scales that experienced altered growth [37—41]. Since subhorizon
dark matter density perturbations grow linearly with the scale factor during matter domina-
tion, an EMDE generates a significantly enhanced population of sub-earth-mass dark matter
halos if the dark matter particles are cold enough to form such structures [37, 40]. The masses
and central densities of the smallest microhalos are determined by the small-scale cutoff in
the matter power spectrum. The rapid growth of perturbations during the EMDE implies
that the observational signatures of these microhalos, such as the dark matter annihilation
rates within their dense cores, are extremely sensitive to the scale of this cutoff [40, 42, 43].
If dark matter does not interact with SM particles, the small-scale cutoff is most often deter-
mined by the microphysics of the species that produces the altered cosmic evolution, making
the microhalo population a probe of the particle physics of the early universe as well as its
expansion history. In the case of ECDEs, the small-scale cutoff in the matter power spectrum
results from the thermal pressure of the cannibal particles. In Ref. [30], we determined how
the cutoff scale is set by the strength of the cannibal self-interactions and the mass of the
cannibal field in scenarios in which the cannibal density exceeds the SM density up until the
decay of the cannibal particles.

Here we extend our study of ECDEs to models with an arbitrary initial temperature
ratio between the relativistic cannibal fluid and the SM plasma, which determines when
the cannibal density exceeds the SM density. We demonstrate that cannibal interactions
continue to control the small-scale cutoff even when they freeze out while the cannibal is still
subdominant to SM radiation. We show that DM perturbations that experience the most
growth are those with wavelengths on the same scale as the cannibal sound horizon, which is
controlled by the strength of the cannibal self-interactions. This enables us to extend the map
between cannibal particle properties and the properties of the resulting microhalo population
to the fully general case and establish its dependence on the initial temperature ratio between
the hidden sector and the SM.

The organization of this paper is as follows. Section 2 discusses the homogeneous evo-
lution of cosmologies with a period of early cannibal domination. In section 3, we study
perturbation growth in these cosmologies and highlight important length scales, showing that
both the magnitude and scale of maximum DM perturbation growth are directly connected



to cannibal particle properties. We discuss possible breakdowns of the perfect-fluid approx-
imation in section 4. Implications of early cannibal-dominated eras for the earliest-forming
microhalos are discussed in section 5, and we conclude in section 6. Several technical results
are given in the appendices: quantitative detail about our homogeneous background model-
ing is given in appendix A, while appendix B contains derivations governing the evolution
of cannibal density perturbations deep inside the cannibal sound horizon. In appendix C we
compute the cannibal 2-to-2 scattering rate. Finally, in appendix D we derive the leading
corrections to the cosmological perturbation equations from cannibal decays.

2 Homogeneous background evolution

We are interested in a universe comprised of three components: the cannibal species, DM,
and the thermal SM radiation bath. For simplicity, we consider the DM relic abundance to
already be in place at the beginning of our analysis. In the natural and minimal scenario
where DM and the cannibal species are part of the same thermal bath in the early universe,
we expect DM to be heavier than the cannibal: to experience cannibalism the cannibal species
cannot be in equilibrium with any relativistic species while it is non-relativistic, and thus is
generically the lightest state in that sector. The cannibal species must be thermally decoupled
from the SM radiation bath, making the initial temperature ratio between the two sectors
a free parameter. Once the cannibal particle becomes non-relativistic, its energy density
dilutes more slowly than that of the SM radiation and will eventually come to dominate the
universe provided the cannibal is sufficiently long-lived. We focus on the parameter space
where the universe undergoes such an early cannibal-dominated era (ECDE) and caution that
the cannibal may or may not be actively undergoing cannibalism during the ECDE. The
cannibal eventually decays into SM particles, which must occur before neutrino decoupling
to avoid spoiling the successful predictions of BBN [31-34| and altering the features of the
CMB |35, 36].

We consider a simple model of a cannibal species given by a scalar field with cubic and
quartic interactions,

Lean = %8%6’#@ - %szOQ - %@3 - 3904- (2.1)

In this model three-to-two scattering processes maintain chemical equilibrium in the cannibal
plasma even after the cannibal particles have become non-relativistic. In the non-relativistic
limit, the s-wave component of the thermally-averaged 3 — 2 cross-section dominates and is
given by !

(o0?) 25v/5(g/m)?[(g/m)* — 3X\]* _ 25V/bm?ad
ov = =
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(2.2)

Here o, parametrizes the combination of cannibal couplings that determines the strength of
3 — 2 reactions,

(4mac)’ = (g/m)*[(g/m)* = 3N]”. (2.3)

In contrast to the expression in Refs. [25, 26], we find a negative sign between the cubic and quartic
couplings in the square brackets. When the cubic interaction arises from spontaneous breaking of the Z3 sym-
metry taking ¢ — —¢, this expression for the three-to-two cross-section vanishes at threshold, in accordance
with the general result [44].




While eq. (2.1) describes a specific cannibal model, it also provides a useful toy model for a
broad class of theories with cannibal interactions. For instance, the lightest glueballs in a pure
SU(N) sector have cannibal interactions that can be described with an effective Lagrangian
of the form in eq. (2.1) |20, 21, 23, 24, 27].

The Boltzmann equations that describe the homogeneous evolution of the cannibal fluid
in the early universe, together with DM and SM radiation, are

d
’:;ta“ + 3H pean(1 + we(a)) = —Tmncan (2.4)
d
CZ " L 4H p, = T'mincan (2.5)
d
pd]zM +3Hppm = 0 (2.6)
drican + 3HNean = (00 cannZen (0 — Nean) — I'n (2.7)
dt can — canllcan \Tlcan,eq can cans .

where the Hubble rate is given by

1
H = —=——/Pean + pr + pDM, 2.8
\/gMPI\/pca pr+ pDM (2.8)

Pry PDM and pean are the energy densities of SM radiation, DM and the cannibals, respec-
tively, w, is the cannibal equation of state, ncan is the cannibal number density and ncan,eq
its equilibrium value, I' is the zero-temperature decay width of the cannibal particle to the
SM, and Mp; = 2.435 x 10'® GeV is the reduced Planck mass. The collision operator de-
scribing cannibal decays that appears on the right-hand side of these equations is derived in
appendix A.3.

Chemical equilibrium in the cannibal fluid is maintained as long as the 3 — 2 scattering
rate is rapid compared to H; the freeze-out of this cannibal interaction is described by eq. (2.7).
We assume that two-to-two cannibal scatterings are fast enough to maintain internal kinetic
equilibrium. Thus all the thermal quantities for the cannibal fluid can be expressed in terms
of its chemical potential, u, and its temperature, T,:

3
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where f(z) = (e — 1)7! is the Bose-Einstein distribution. Consequently the system of
eqs. (2.4)-(2.7) can be solved for the four unknowns p,, ppum, i, and T,.. We are interested
in models that realize an epoch of cannibalization, which requires that the cannibal species
becomes non-relativistic before the cannibal interactions freeze out. Thus in many numer-
ical integrals of interest we can approximate the cannibal phase space distribution with a
Maxwell-Boltzmann distribution. Further details concerning our numerical methods are given
in appendix A.2.
We set our initial conditions at an initial scale factor a;, defined such that

(2.9)

To(a;) = 10m. (2.10)

The cannibal fluid is in chemical equilibrium initially, so that u(a;) = 0. We find the initial
DM density by scaling the observed relic density back in time. Since the cannibal fluid and
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Figure 1: Evolution of the cannibal (red), SM radiation (solid orange) and DM (solid blue)
energy densities as a function of scale factor. The inset figure highlights our definition of a,,
(see eq. (2.20)) as the scale factor when the SM energy density extrapolated adiabatically
back in time (orange dot-dashed) becomes equal to the total energy density required for
the Hubble rate to equal decay rate of the cannibal particles (black dashed). The shaded red
region highlights the period of cannibalism. The yellow shaded region highlights the period of
early matter domination produced by the cannibal particles. This figure takes m = 190 GeV,
T = 10 MeV, a. = 0.06, and &; = 1.

the SM radiation bath are necessarily thermally decoupled, the initial SM temperature 7).(a;)
must be separately specified; we parameterize it with the initial temperature ratio

Tc(ai) o 10m
Tr(ai) - TT(CLZ')‘

& = (2.11)

Figure 1 shows the evolution of energy densities beginning from these initial conditions
until the cannibal particles decay. For & = 1 as shown here, the cannibal is subdominant to
SM radiation at a; but eventually comes to dominate. This fluid system goes through four
important transitions, which we will discuss in turn: 1) the onset of cannibalism within the
hidden sector, 2) the freeze-out of the 3-to-2 cannibal reactions, 3) the transition from SM
radiation domination to cannibal domination, and 4) the decay of the cannibal particles into
the SM.

At temperatures T, > m, the cannibal behaves as radiation. As the cannibal particles
become non-relativistic (T, < m), 2 — 3 scattering processes become Boltzmann-suppressed
while 3 — 2 processes remain active. Thus the comoving number density depletes, which self-
heats the cannibal particles by converting rest mass to kinetic energy. In this “cannibal” phase
of evolution, the cannibal temperature decreases as T, o 1/log(a) [19]. More quantitatively,
using the equilibrium Maxwell-Boltzmann distribution in eq. (2.9) to find the equilibrium
cannibal energy density and equation of state as a function of temperature, then using the



resulting expressions for pean,eq and weeq in eq. (2.4), we find while neglecting cannibal decay

4
c1m

~ 2.12
Peanca ™ (o P n(af(eaa) 212

m
Toeqg # ——. 2.13
17" 31n(a/(czas)) ( )
Here ¢; = 148 and co = 25.6 are numerical factors obtained after numerical integration

in the semi-relativistic regime, 10 < m/T. < 0.1; see appendix A.1. As shown in Fig. 9,
these equations are an accurate description of equilibrium cannibal evolution for T, < m/5.
Consequently, we define the scale factor ac,, that marks the onset of cannibalism through

m
Te(acan) = > (2.14)
which gives
Gcan = 101a;. (2.15)

As long as the cannibal fluid is in chemical equilibrium, the evolution of pean(a) with
a is independent of the Hubble rate. However, the scale at which the cannibal fluid can no
longer maintain chemical equilibrium depends on the Hubble rate and thus on the presence
of other species. We define ay,, the scale factor when the cannibal 3 — 2 reactions freeze out,
through

<0—02>cann(2:an(afz) = H(afz)- (216)

After cannibal freeze-out, the temperature of the cannibal cools as T. o 1/a?, as expected
for massive non-interacting particles. The residual pressure does not affect the evolution
of the homogeneous cannibal density, it does affect the evolution of cannibal perturbations
[30]. Here, in contrast to Ref. [30], we consider scenarios where the SM radiation bath is
important in determining ay., including cases where the cannibal only comes to dominate
after freeze-out (such as the scenario shown in figure 1).

The universe is initially SM radiation-dominated when p,(a;) > pean(a;) or

G+ [Tr(a)| T (as) > (10m)*, (2.17)

where ¢, (7)) is the effective number of degrees of freedom in the SM. For g.[T(a;)] ~ 100,
SM radiation domination at a; then requires

& 3.2, (2.18)

A universe that is SM radiation dominated at a; will transition to cannibal domination at the
scale factor aqom where

Pcan(adom) = pr(adom)a (2'19)

where we have implicitly assumed that the cannibal lifetime is long enough that it will come
to dominate before it decays.

When I' exceeds the Hubble rate, the cannibal particles decay into the SM radiation
bath and the universe then evolves as in the standard ACDM cosmology. We define the
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Figure 2: Evolution of the cannibal sound speed cz and equation of state w from initial
cannibal temperature T,.(a;) = 10m. The red (yellow) dashed line shows the evolution of c2
(w) in thermal equilibrium, the gray (cyan) dot-dashed line when completely decoupled, and
the solid black (blue) line shows the full numerical result. This figure uses the same parameter
values as figure 1.

reheat temperature, Ty, by equating the Hubble rate in a SM radiation-dominated universe
with the cannibal decay rate,

7T29* (Trh) Tr2h
30 V3Mp

We define the scale factor at reheating, a,n, by isentropically extrapolating the temperature
of the SM from T}, to the present-day temperature Tp,

Ges(Tin) (arnTin)? = gus(To) (a0 Tp)*. (2.21)

Here g.s is the effective number of entropic degrees of freedom in the SM and ag is the
present-day scale factor. Note that with the above definition of a,y,, the temperature of the
SM at ayn, Ty (amwm), is not equal to Tyy,. This can be seen in the inset panel of figure 1 where
the SM energy density (solid orange line) at a,y, is smaller than the radiation density when
T = Ty, (horizontal black dashed line). Figure 1 also shows that the SM radiation density
evolves adiabatically until the energy injection rate from the cannibal fluid into the radiation
becomes of order the Hubble rate (pecanl’/pr ~ H). After this time, the radiation density is
proportional to I'mmnc,,/H until the cannibal energy density becomes subdominant.

In solving perturbation equations we need the cannibal equation of state w. and the
cannibal sound speed

=T. (2.20)

2 apcan awé(a)
= =W, — —————,
apcan 3(1 + ’U))
where Pean = WepPcan is the pressure of the cannibal fluid. In figure 2 we plot the evolution

of both w,. and ¢? as a function of scale factor. Both quantities begin to deviate from their
equilibrium values around 2ag¢,. For a > ag, both quantities evolve as

(2.22)

Cs

> _ 2 G a
;= cs’fza—; We = wc’fza—;, (2.23)



where cg ¢, and we g, are constants that give the correct asymptotic evolution (see dot-dashed
line in figure 2). We find that csy,, to a good approximation, is given by cgeq(3ag,) while
We g, 18 given by we eq(2as,), where the subscript eq denotes that the variables are computed
assuming the cannibal fluid to be in thermal equilibrium. Then using the fact that in the

non-relativistic limit ¢2 eq R Weeq = Teeq /m, we obtain
: :

C2 ~ 1 w, ~ 1
> 3n(3ag/(caai)) ™ 3In(2ag,/(c2ai))”

In figure 2, both w, and ¢? increase near a, because the cannibal particles with larger
velocities decay later due to time dilation. Consequently, the temperature of the cannibal fluid
increases as cannibal particles with slower speeds are removed first. However, the heating near
ayn is unimportant for the evolution of dark matter perturbations because we are interested
in scenarios with a,, > ag,. Thus, the cannibal fluid is too cold at a,; for the heating due to
time dilation to have any impact.

(2.24)

2.1 Mapping between cannibal parameters and cosmological scales

Our early cannibal-dominated cosmology is governed by four free parameters: the initial tem-
perature ratio & and the cannibal particle properties m, Ty, and a.. These four parameters
determine the three important scales ag,/a;, agom/ai, and ay,/a; that will ultimately control
the major features of the matter power spectrum. Due to the non-trivial evolution of the
cannibal density, the exact relations between these cosmological scales and the underlying
cannibal parameters are complicated, but useful approximate relations can be obtained by
fixing a/a; = 103 in the logarithm of the expression for pean(a) given in eq. (2.12):

40m*

Pcan ™~ W (225)

This approximation is accurate to O(1) for scale factors between acan and ay,/10 and will
enable us to provide simple expressions for key quantities, albeit at the cost of obscuring
logarithmic dependence on ag,/a;.

We can express a,,/a; in terms of m and Ty, by setting the cannibal density at reheating
equal to the radiation density. Using eq. (2.25) for the cannibal density then gives

ah g g <m>4/3 (%(Tr@)_l/g. (2.26)

a; Trh 10

Similarly, we can find agom in terms of §; using eq. (2.25) for the cannibal density in the
definition of agqom, eq. (2.19). With p.(adom) = pr(ai)(@i/adom)?, We then find

Gdom | 8Og*[Tr(a¢)]€14. (2.27)

i i

To express ag, in terms of cannibal parameters, we start with its definition in eq. (2.16).
We then approximate nean(ag,) & pean(ag,)/m and express pean and (0v?)can using eq. (2.25)
and eq. (2.2) respectively. In the case where the Hubble rate is dominated by the cannibal
density during freeze-out, i.e. agom < af,, we obtain

M 3% 10%2/3

. (G;V)z/g. (2.28)



Similarly, in the case where the Hubble rate is dominated by the SM radiation during freeze-
out, i.e. agom > ag,, we use p,(ag,) = pr(a;)(a;/ag)* to obtain

1/4 ~1/8
M2 3.3 x 104a3/4¢}/? <GW> <9*(10m/§)> . (2.29)
a; v m 100

We see that ag,/a; decreases slowly as m increases because increasing m reduces the 3 — 2
cross-section for fixed a.. When the universe is SM dominated at ag,, ag,/a; decreases as
we decrease §; because decreasing &; increases p,, which in turn increases the Hubble rate,
causing freeze-out to occur earlier.

3 Evolution of perturbations

In this section we describe the evolution of cosmological perturbations during an ECDE with
particular focus on the physics underlying the growth in DM density perturbations. We follow
the conventions used in Ma and Bertschinger [45]. We work in conformal Newtonian gauge
with metric given by

ds® = —(1 + 2¢)dt* + a®(t)(1 — 2¢)da?, (3.1)

where ¢ and 1) are spatial and temporal metric perturbations respectively. We consider all
fluids to be perfect fluids. Thus there is no anisotropic stress, which implies that

b=0. (3.2)

In section 4 we revisit the perfect-fluid assumption for the DM and cannibal fluids.

Perturbations of perfect fluids can be described by two quantities: 6 = [p(¢, z%) — p(t)]/p,
which is the density perturbation over the uniform background density p, and 6 = 8jvj,
which is the comoving divergence of the physical fluid velocity, v/ = adz?/dt. Our cannibal
perturbation equations are similar to those in [27, 29, 46] but we also include leading-order
contributions from cannibal decays into radiation, which are derived in appendix D. Our suite
of perturbation equations is then

0. ,
)+ (kv =300+ 2 (1= 5 ) (@ —wobe= -0 (1-Jw) . 63

, 1 wl, 2 k2 k2 r
c —(1- c)Vc c— c = —17VcCyq, 4
0 (a)+a( 3w)9+1—|-wc l—i-wCaQH(S a2H¢ aHaCS (3-4)
fpm
/ oM / —
6DM(a) + a2H 3¢ 07 (35)
, 1 k?
Opm(a) + EQDM - ﬁqﬁ =0, (3.6)
/ 4 67‘ / ancan 3 2
- —4 - c— Ur S lYc c ) :
5r(a)+3a2H 10) allp, ¢+ 0.—0 +25 (we — ¢3) (3.7)
, _ } k2 B k2 _ I'mncan § _
Hr(a) 4a2H(ST a2H¢ - aHpr <490 67")7 (38)
1 1
k2¢ -+ 3(CLH)2 (aqﬁ' + ¢) = _iazMilgl(pcan(sc + pr0r + pDMdDM)- (39)



Here the subscripts ¢, and DM corresponds to perturbations of the cannibal, SM radiation
and DM fluids respectively, and the prime denotes a derivative with respect to a. We have
taken DM to be kinetically decoupled from both the cannibal and radiation fluids, so that
its only interactions are gravitational; we will discuss the effects of adding kinetic couplings
between cannibal and DM fluids below.

At a;, when we begin our numerical calculations, the cannibal particles are still relativis-
tic since T¢(a;) = 10m. For adiabatic perturbations, the initial conditions for super horizon
modes at a; are:

4 1 k?
O = §5DM =0, = —2¢p 0, =0py =0, = §G7qup, (3.10)
where ¢, is the primordial metric perturbation. Adiabatic initial conditions for all fields are
naturally obtained in the minimal cosmological scenario where the decays of a single inflaton
field populate both the SM and a hidden sector containing the cannibals and DM.?

Our primary interest is the evolution of modes that enter the horizon prior to reheating
and thus experience the epoch of modified cosmic expansion. Before numerically solving the
perturbation equations given in egs. (3.3)-(3.8), we first show how they simplify for modes
deep inside the horizon (k > aH) during the ECDE to gain insight into the essential physics
governing the growth of DM density perturbations. Starting with eq. (3.9) for the metric
perturbation, we neglect the second term on the LHS of eq. (3.9). We can also ignore ppyopm
on the RHS of eq. (3.9) because ppy is at least seven orders of magnitude smaller than pcan
and p, prior to reheating (see figure 1), which must occur before BBN. Consequently, deep

inside the horizon and prior to reheating we have

2
3 <aH> peande + pror (3.11)

¢= _5 k Pcan + Pr

Next we consider the evolution of the cannibal perturbations because they determine
the evolution of DM perturbations. We use eq. (3.4) to eliminate 6. from eq. (3.3). In doing
so, we make three approximations. First, we neglect terms proportional to ¢z — w., w.(a)
and d(c?(a))/da, as w. and c, are slowly varying before ag, and rapidly become negligible
after ag,. Second, we neglect ¢’ in eq. (3.3) because the variation of the metric perturbation is
negligible compared to 6./(aH) deep inside the horizon. Third, we neglect terms proportional
to I'/H: before a,;, we have I'/H < 1, and after a,y,, the cannibal fluid decays and becomes
irrelevant. Around a,y,, when I'/H ~ O(1), the metric perturbation multiplying I in eq. (3.3)
is negligible compared to §. for modes deep within the horizon, and the sound speed term
multiplying I' in eq. (3.4) is much smaller than one by the time of reheating (see figure 2).
Finally we eliminate ¢ using eq. (3.11) to obtain

(a*H)'
a?H

1 / 1 (csk 2 _3 (1 + wc) PrOr + Peandec
+-(1- 3wc)}50 +5 <aH> 5o = . (312)

5// a + [
¢ ( ) 2 a? Pcan T Pr

Naively, eq. (3.12) implies that d, may affect §. during SM radiation domination, when
pPr > pean. However, subhorizon radiation perturbation oscillate, and thus their gravitational

2Strictly speaking, these adiabatic initial conditions are applicable to p, as long as energy injection from
cannibal decays is negligible at a;. When instead T'pcan/pr > H at a;, pr o< a” 2, and the initial conditions
for the radiation perturbations become 0, = ¢, /2 and 6, = 6.

~10 -



influence on . is negligible. Consequently one can set d, = 0 and rewrite eq. (3.12) in the
form

d26c(a) dd.(a) csk 2 3 Pean
iy~ + | (5) 30wl Jen e
The first term in the square brackets arises from thermal pressure in the cannibal fluid and
induces oscillations in the cannibal density perturbation. The second term in the square
brackets is inconsequential during SM radiation domination, but during cannibal domination,
it induces growth in the cannibal perturbation due to the gravitational attraction between
the cannibal particles. When pcan > pr, the terms in the square brackets thus determine a
Jeans wavenumber, kj, for the cannibal fluid,

3 H
k=4[50 +w) “C . (3.14)

The corresponding Jeans length scale k}l determines when gravitational attraction overcomes
the thermal pressure and leads to growth in &..

If the cannibals dominate the universe prior to cannibal freeze-out, then the Jeans length
grows until a ~ 2ag, because cg and w, decay logarithmically with scale factor until 2ay, (see
figure 2) while H a=3/2 up to logarithmic factors. After 2as,, the Jeans length decays
as k' oc 1/y/a because c; now decays as o 1/a, while w, < 1 and can be neglected. In
this case, the cannibal Jeans length k:jl is the relevant length scale separating oscillating
modes from growing modes in the cannibal fluid and thereby determines the growth of DM
modes during the ECDE. Thus when the cannibal species is always dominant over the SM,
the wave number ki for which dpy experiences maximum growth during the ECDE can be
simply related to the maximum value of the Jeans length, k:;kl ~ 1.4k (2ag,) [30]. This peak
wavenumber £y determines the characteristic mass of the earliest-forming DM microhalos,
as we discuss further in section 5.

We now consider scenarios in which the cannibal is initially subdominant to SM radi-
ation. To understand the evolution of DM perturbations in this scenario, we again need to
determine the length scale that separates oscillating and growing cannibal modes. While the
universe is SM dominated, we find that this length scale is determined by the cannibal sound
horizon. After analyzing the evolution of perturbations in the next subsection, we provide a
new analytical estimate of ki for scenarios with aqom > 2ar, in section 3.2.

3.1 Cannibal freeze-out during SM radiation domination

We can understand the essential behavior of the perturbations in cosmologies with an initially-
subdominant cannibal density by separately considering the evolution of perturbation modes
that enter the horizon prior to cannibal freeze-out and modes that enter the horizon between
cannibal freeze-out and cannibal decay.

3.1.1 Modes that enter the horizon prior to cannibal freeze-out

In the top panel of figure 3 we show the comoving horizon, (aH)~! (solid blue), the cannibal
Jeans length (solid orange), and the comoving cannibal sound horizon,

todt e ¢ .
T‘S:/ cs&_/ CNLHdhﬂ(a). (3.15)
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Figure 3: Top: Comoving horizon (solid blue line), cannibal Jeans length (solid yellow
line) and cannibal sound horizon (solid brown line) relative to the horizon size at a;, with
k{olr’i = [a;H(a;)]"!. The dashed yellow (brown) line represents when k' (r;) is plotted in
regimes outside of its validity. The horizontal black dashed line marks the Fourier mode,
k=125 x 10_3k’hor,i, of the perturbations shown in the bottom panel. The shaded yellow
region highlights the region within which J. oscillates. Bottom: Evolution of SM radiation,
cannibal and DM density perturbations relative to the primordial metric perturbation, ¢,.
The vertical dashed red, green, purple, and blue lines marks the scale at acan, g, @dom,
and a,y, respectively. The vertical dot-dashed black line marks the scale ap,- when the mode
enters the horizon. The vertical dashed grey lines mark the scale factors when the mode enters
the sound horizon and exits the Jeans horizon. The figure has been plotted for parameters
& =0.68, m =15 TeV, Ty, = 10 MeV and o, = 1, for which we obtain k1. =2 x 107° pe.

hor,i

These scales will determine the evolution of perturbation modes that enter the horizon prior
to cannibal freeze-out. In the bottom panel of figure 3 we show the evolution of density
perturbations for one such mode, indicated in the top panel as the black-dashed line. These
results are obtained by numerically solving eqs. (3.3)-(3.8) with initial conditions given by
eq. (3.10).

The perturbations shown in the bottom panel start to evolve once the mode enters the
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horizon at ayer, defined through
ahor H (apor) = k. (3.16)

All density perturbations grow by a factor of 10 to 100 shortly after they enter the horizon.
Inside the horizon, thermal pressure causes both the cannibal and SM radiation density
perturbations to oscillate, whereas the DM density perturbation grows logarithmically during
radiation domination and then approaches a constant value while the cannibal perturbation
oscillates during ECDE.

When the wavenumber £ is much larger than aH/cs, the time scale of cannibal oscil-
lations is much smaller than the time scale over which the instantaneous frequency and the
anti-damping terms in eq. (3.13) evolve. Thus, one can use a WKB approximation to obtain

de & 501: exp (— /as’hor 1_23wcdln(d)> sin [krs + Ca) , (3.17)

as detailed in appendix B. Here agpor is the scale factor for which ¢sk/(aH) = 1, and Cy
and Cy are constants determined by 0c(asnor) and d.(asnor). Note that the instantaneous
frequency of 4. oscillations is set by the cannibal sound horizon.

In the bottom panel of figure 3, we see that the amplitude of §. oscillations decreases
slowly for a < 2ag and reaches a constant value for a > 2as,. The slow decay prior to
2ag, results from the logarithmic decay of c¢s partially compensating for the exponential in
eq. (3.17). While a 2 2ag, ¢ and w, decay as cs = ¢4 pa8,/a and w, = wc,fza?z/a2 (see
figure 2). Inserting this evolution in eq. (3.17), one can check that the amplitude of o,
remains constant after 2ag,.

Once cannibal domination begins, the Jeans length is again the scale that controls the
oscillations in é.. For instance, the d. oscillations in the bottom panel of figure 3 end when
the mode exits the Jeans horizon in the top panel. The linear growth of §. after the mode
exits the Jeans horizon can be seen analytically by solving eq. (3.12) while neglecting c;, we,
and p, and using the fact that Hubble rate evolves as H o a=3/2.

The evolution of J, seen in the bottom panel of figure 3, although interesting, has no
significant impact on dpy. Radiation perturbations have an important gravitational impact
on dpp only during SM radiation domination. However, during SM radiation domination 6,
oscillates, and hence its gravitational feedback on both dpyr and . is negligible. The only time
dr has a significant influence on the other perturbations is near horizon entry (a < 10ap;)
before 4, starts oscillating.

In the bottom right panel of figure 3 we see that dpyr (blue line) grows logarithmically
for apor < a < agom- This is the expected evolution for dpy in a radiation-dominated universe
and is given by

Bs
Spa(a) = — Ay (k) In < “) hor < 0 < Qgom, (3.18)

Ghor

where Ag = 9.11 and Bs; = 0.594 are numerical fitting factors [47]. After the universe becomes
cannibal dominated, dpys is constant until d. grows to be of order dpyr, after which dpyr grows
linearly as dpym = 6. ox a. After reheating, dpy again grows logarithmically. Consequently,
the growth experienced by DM perturbations during an ECDE is determined by the growth
of the cannibal perturbation.
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3.1.2 Modes that enter the horizon after cannibal freeze-out

The homogeneous cannibal fluid behaves like pressureless matter after 2a¢, because w, < 1
in this regime. Thus, for modes that enter the horizon after 2ag,, one might expect d. to
simply evolve as expected for pressureless matter, i.e., with §. growing logarithmically between
horizon entry and the end of radiation domination. However, lingering thermal pressure affects
the evolution of the cannibal perturbations that enter the horizon shortly after cannibal freeze-
out. The sound horizon grows logarithmically for ag, < a < adom, as can be seen analytically
by substituting H o 1/a? and cs = Cs 2047/ 0 in eq. (3.15):

Cs fz, a
~ : | 2ag, m- 3.19
T @iy, n (2afz) ag, < a < ago ( )

This logarithmic growth of rs is also evident in figure 3 and in the top right panel of figure 4.
Since the sound horizon continues to grow while the universe is radiation dominated, modes
that enter the horizon after cannibal freeze-out may still oscillate. For example, in the bottom
left panel of figure 4 we can see that d.(k2) undergoes oscillations once kg ! enters the sound
horizon in the top left panel.

To better understand the evolution of §. for modes entering the horizon between 2ag,
and agom, we solve eq. (3.13). For a > ag,, the anti-damping term in eq. (3.13) rapidly decays
while the frequency remains constant. Moreover, since w, is already much less than one by
af;, the anti-damping term never has a significant impact, as we have verified numerically.
Consequently, for a > ag,, eq. (3.13) simplifies to a simple harmonic oscillator equation in
In(a). Using ¢s = csf,a8,/a and H = H(afz)afz/a2 for a > ag,, we can exactly solve this
simple harmonic oscillator equation to obtain

~ . Cs.tK -~ a
5, = Cysin [ —2% (@2 <a< 3.20
c 1811 (afZH(afz) n < 2 Thor )) Qfz, Ghor < A < Gdom) ( )

where C’l and C~'2 are constants.

Eq. (3.20) suggests that the cannibal perturbation evolves logarithmically with a for a
short time after horizon entry. Since ¢, g,k/(aH )g, < 1 for modes entering the horizon after
ag,, eq. (3.20) simplifies to

s Cs ik s a
~ ! 1 21
6(: Cl ((IH)fZ n (CQ ahor) ; (3 )

while a does not greatly exceed ayno,. Hence the naive expectation that . should evolve
logarithmically for modes entering the horizon after cannibal freeze-out does hold for a brief
period after horizon entry. During this period of logarithmic growth, the influence of thermal
pressure is initially negligible. However, the influence of thermal pressure keeps growing
logarithmically until it becomes large enough that the argument of the sine becomes O(1)
and d, begins to oscillate.

We can find C’l and C’Q for modes entering the horizon after 2ag, by using the fact that
the super horizon initial condition is the same for both the cannibal and DM perturbations in
this regime because the cannibal particles are non-relativistic. Consequently, the early-time
solution in eq. (3.21) should match the standard logarithmic growth of DM during radiation
domination in eq. (3.18). By matching eq. (3.21) to eq. (3.18) we find the constants to be

C1 = —Aspp(aH)t,/(cst,k) and Cy = B,. It follows that the cannibal perturbation evolution
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Figure 4: Top left: Comoving horizon (blue solid line), sound horizon (brown solid line)
and Jeans length (yellow solid line) relative to k}:olri = [a;H (a;)]~". Horizontal dashed lines
mark the wavenumbers corresponding to the pertur;bations in the bottom panel. Top right:
Absolute value of the transfer function, eq. (3.26), on the z-axis, for every inverse wavenumber
k~! shown on the y-axis. The horizontal blue (purple) dashed line marks the wavenumber
that enters the horizon at a;;, (@gom). The horizontal black dashed line marks the analytical
estimate of the wavenumber kpi that maximizes dpm/@p, eq. (3.31). The vertical black dot-
dashed line is our analytical estimate of the the transfer function at horizontal black dashed
line, eq. (3.39). Bottom left: Evolution of é. (solid) and dpm (light dot-dashed) for ki and
two other modes k1 = kpk/l() and ko = 4k, Bottom right: Transfer function as in the
top right panel but rotated by ninety degrees. In this figure we take & = 0.1, m = 180 TeV,
Tin = 10 MeV and a, = 1.

within the horizon is given by

(aH)fz . Cs ik a
S.(a) = — A, LA T S o om- 3.22
(a) ¢p Cs,fzk - (a’H)fZ " Ghor fhor < @ < (4 ( )

The fact that the cannibal and DM perturbations follow the same initial evolution after
horizon entry can be seen in the bottom left panel of figure 4.

Note that the argument of the sine in eq. (3.22) is similar to krg. By using the ap-
proximate evolution of rs given by eq. (3.19), we find the difference between krs and the
argument of the sine in eq. (3.22) to be ~ ¢, ,k/(aH )¢, In(anor/2ag,). This difference is much
less than one for apoy > 2ag, because csp, < 1 and k/(aH )g, = ag,/aner < 1, which follows
from the fact that H o a2 between ag, and apo;. Thus J. deviates from the logarithmic
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growth experienced by dpy approximately when the mode enters the sound horizon. This
can also be seen in the left panels of figure 4, where the intersection of k5 Land r, in the top
panel coincides with d.(k2) beginning to deviate from dpyi(k2) in the bottom panel.

The dark matter density perturbation evolves in the same manner as in the previous
subsection: it grows logarithmically between anor and aqom, after which it remains constant
until J. grows to be of order dpyr, and then it grows linearly along with the cannibal per-
turbation, dpp = 0. o< a. Note that this linear growth occurs independently of whether the
mode enters the horizon before or after ag,, as long as the mode is outside the cannibal Jeans
horizon during cannibal domination.

So far we have discussed modes that enter the horizon prior to cannibal domination.
For modes that enter the horizon after aqom, dc evolves as cold matter, since k=1 > r¢(aqom)-
Thus, the evolution of perturbations for modes that enter the horizon after agen, is the same
as those studied in early matter-dominated eras [37-40, 48].

3.1.3 The linear matter power spectrum after an ECDE

We now compare the present-day linear matter power spectrum following an ECDE to the
matter power spectrum in standard cosmology. Here, by “standard cosmology” we mean that
the universe experienced uninterrupted radiation domination between inflationary reheating
and matter-radiation equality, aeq. With dpy s denoting the DM density perturbation in the
standard cosmology, we define the transfer function

T(k) = dpm(k, a)

= oM, a) 3.23
dpms(k,a) (3.23)

which is evaluated after matter-radiation equality.

After a perturbation mode enters the horizon, dpys grows logarithmically with scale
factor while the universe is radiation dominated, as described in eq. (3.18). Since an ECDE
changes the scale factor at a mode’s horizon entry, we must use the appropriate value of ayer
when evaluating eq. (3.18). With Hg denoting the Hubble rate in the standard cosmology,
we define apor s through

ahor,sHs(ahor,s) = k. (324)

The logarithmic evolution of dpy continues until matter-radiation equality, after which dpy
grows linearly with scale factor. This evolution is described by the growing solution of the
Meszaros equation [47, 49] with initial conditions provided by eq. (3.18),

-3
o) = 22 gy (1P

2 Ghor,s

> (14 a/aeq)””’ a > Geq- (3.25)

Here the exponent of 0.9 results from the fact that the scales affected by an ECDE are much
smaller than the baryon Jeans length [50]. Consequently, ~15% of the matter density does
not participate in the gravitational growth, causing the dark matter overdensities to undergo
slower than linear growth. The argument of the logarithmic term in eq. (3.25) also obtains
O(1) baryonic corrections as described in [47]. However, we have ignored these corrections
because they have an insignificant effect on the final transfer function. The value of ¢, in
eq. (3.25) is the same as in eq. (3.10) because the universe is radiation dominated at a;
regardless of whether the cannibal fluid or SM radiation is dominant at a;.
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During the radiation-dominated era that follows an ECDE, dpy also grows logarith-
mically with scale factor for subhorizon modes. Consequently, the post-reheating evolution
of dpy can be described by eq. (3.18), but with Ay and By replaced by k-dependent func-
tions A(k) and B(k), which encode the evolution history of dpy prior to reheating. After
matter-radiation equality, the evolution of dpy can similarly be described using eq. (3.25)
but with As and By again replaced by A(k) and B(k). For k < kyy, we recover A(k) = As
and B(k) = Bs. It follows that

T(k) = dpm(k,a) _A(k) ln[4B(k)e*3aeq/ahor(k)]

p— ~~ .2
dpms(k, a) As In[dBse3aeq/anors(k)]’ (3.26)

where in the latter equality we have neglected baryonic effects in the logarithm.

In the bottom right panel of figure 4 we plot the transfer function for a scenario with
Gdom > af,. To increase computational speed while evaluating the transfer function, we
ignore radiation perturbations deep inside the horizon, as the feedback of §, on dpyr and 9, is
negligible. We also neglect the heating of the cannibal fluid caused by its decay (see figure 2),
which has no noticeable impact on dpy in this regime.

The transfer function is unity for modes that enter the horizon after reheating because
Opm and dpwm,s undergo the same evolution for these modes. As we increase k, the transfer
function increases as approximately k? until k ~ kgom = (aH)gom-. This quadratic increase
results from the linear growth of dpy between aner and ayn. Since the horizon size grows
as (aH)™ ! o« a'/? between agom and ap, anor < k2. Consequently, dpni(ay) scales as
§(am) o amn/aner o k2. In the case of dpM,s, the modes entering the horizon earlier undergo
more logarithmic growth between ayors and aeq but the same linear growth after acq. Since
the horizon size grows as (aH,) ! « a during radiation domination, an increase in k results in
a linear decrease in anerg, which implies that dpas o< In[k/(8keq)] [47], where keq = (aH )eq.
Thus in this regime the transfer function goes as k?/ In[k/(8keq)]-

For k > kqom, modes enter the horizon during SM radiation domination. Modes with
larger k now see dpy undergo a larger logarithmic growth between apor and agom but the same
linear growth between aqom and a;y, (seen, for example, in the differing growth of dpn (k1)
and dpm(kpk) in the bottom left panel of fig. 4). Consequently, an increase in k results in
a ~ In[k/(8kdom)] increase in the growth experienced by dpy. Thus the transfer function
increases as approximately In[k/(8kqom )]/ In[k/(8keq)], and as kgqom > keq, the k-dependence
of the transfer function is primarily driven by the logarithm in the numerator.

As we further increase k& beyond kgom in the top right panel of figure 4, the transfer
function continues to grow until £~! intersects the cannibal sound horizon in the top left panel.
For these modes, the cannibal perturbations undergo oscillations while their wavelength is
contained within the yellow shaded region in the top left panel, which inhibits the growth of
DM perturbations. Modes with larger k spend more time within the Jeans horizon, and thus
have less time to grow prior to reheating. Since the Jeans length decays as a=/2 for a > ag,
the envelope of the transfer function for k > kpy falls as k72 /In[k/(8keq)]. The oscillations
in T'(k) are caused by changes in the phase of the cannibal perturbation between horizon
entry and Jeans horizon exit; the dark matter inherits these oscillations because it falls into
the gravitational wells generated by the cannibal perturbations after they stop oscillating
[30]. When 4. keeps oscillating until a,;,, however, the cannibal mode does not have a net
gravitational impact on dpyp, and thus for & > kj(a.) the oscillations in T'(k) stop.

Large values of the transfer function imply that the DM perturbations after an ECDE
reach the nonlinear regime much earlier than they would in a standard cosmology. Once
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dpm = 1, overdense fluctuations collapse to form halos [51]. In section 5 we discuss how Epx
determines the mass of the earliest-forming microhalos, while T'(kpk) determines the redshift of
their formation. Due to the importance of kpx and T'(kpk) in controlling microhalo formation,
in the following subsection we find analytical estimates for both quantities and highlight their
connection to cannibal parameters.

3.2 Analytical estimate of the peak of the matter power spectrum

If cannibal reactions freeze out while the universe is SM dominated, then the matter power
spectrum peaks near the smallest-scale mode that never enters the cannibal sound horizon,
ie.,

ko % 75 (adom). (3.27)

We can more accurately determine kpx by using the fact that dpwy(arh) = 6c(am) for wavenum-
bers in the vicinity of kpx. For these wavenumbers, 6. and dpym undergo the same amount
of linear growth between agom, and a,y, as illustrated in the bottom left panel of figure 4.
Consequently, we can find kpx by finding the wavenumber that maximizes d.(adom)-

As the top left panel of figure 4 demonstrates, wavenumbers with k ~ r;1(agom) enter
the horizon between ag, and agom. We can estimate 0.(agom) for these modes using the
analytical solution for d. given in eq. (3.22). Strictly speaking, the approximations yielding
eq. (3.22) do not include the gradual transition to cannibal domination around aqem, but
as the impact of this transition is similar for all modes with k between kqom and kg, these
neglected terms will not affect the determination of k.

In eq. (3.22), some of the k-dependence is hidden inside ayo,. This dependence can be
made explicit by using the fact that the modes near kp enter the horizon during radiation
domination, yielding k/(aH)t, = (aH)nor/(aH ), = agy/anoe. Expressing k in terms of ape,
and defining v = apor/ag,, eq. (3.22) becomes

S,1Z BS om
Se(adom) ~ —Agdp—— sin (C; In (a’d>> . (3.28)

Cs,fz Y afz

Apart from the weak k-dependence in ¢, (¢, o< k~%02) [52], the rest of the k dependence is
now encoded inside 7. We maximize d.(adgom) by taking ¢, to be constant and setting the
derivative of d.(agom) With respect to v to zero. Doing so yields

tan [CSfZ In <Bsadomﬂ _ Gofe + Csfo In < Bs ad0m> . (3.29)
Y Y Gfy v v Cs.fz7Y OQfz

This equation has multiple solutions. We want the largest v for which the above equation is
satisfied, because the largest solution corresponds to the value of ayo, for which 6. does not
oscillate. Since oscillations suppress d.(@dom ), this mode is the global maximum of d.(adom)-
For the largest 7 satisfying the above equation, the tangent is well-approximated by a second-
order Taylor expansion. After simplifying the resulting equation we obtain

3cs,fz W3 /2

Bs Gdom > 2/3
— el 9 =5 Zdom : 3.30
Tl 2\/§ <3cs,fz Aafz ( )

where W is the Lambert function. Using v = aper/ag, = (aH )g,/k, we obtain

— Ypk
kol = B 3.31
pk (aH)fZ ( )
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Figure 5: Wavenumber corresponding to the peak of the matter power spectrum, £, as a
function of initial temperature ratio between cannibals and SM radiation, & = T,(a;) /Ty (a;).
The yellow (green) solid line shows the estimate of kpi given in eq. (3.31) (eq. (3.32)); the
dashed yellow and green dashed lines show extrapolations of these analytical estimates outside
their regime of validity. Black dots are the numerically obtained values of kpx. The bars on the
black dots show the range of k around kpy for which dpm(k, aeq) is within 5% of dpm (Kpk, deq)-
The blue dashed line is the inverse of the cannibal sound horizon (see eq. (3.15)) at a,,. The
vertical gray dashed line marks the point at which aqom = 2ag,. In the secondary x-axis on
top, we show the values of agom/(2ag,). For & = 3.2, the SM radiation density is subdominant
to the cannibal density until reheating, and agom, is not defined. In this figure we take m = 300
TeV, a. = 0.2 and Ty, = 8 MeV. We have restricted the plot to & > 0.03 because for smaller
& the cannibal density never exceeds SM density.

In the right panels of figure 4, this estimate of £y is shown with a black dashed line.
Eq. (3.31) holds as long as agem > 2ay,. If instead the universe was cannibal dominated
during the freeze-out of cannibal reactions, then the peak Fourier wavenumber is [30]

ko = 1.4k (2ag,). (3.32)

While Ref. [30] considered scenarios where the cannibal density always dominated over SM
radiation density prior to reheating, the derivation of eq. (3.32) only requires that the universe
be radiation dominated when cannibal freeze-out occurs. Consequently, eq. (3.32) is also valid
for initially subdominant cannibals as long as aqom is smaller than 2ag,. scenarios.

In figure 5, we plot the estimates of kpx given in eqgs. (3.31) and (3.32) as functions of
&. We also show the values of k that maximize dpm(k, aeq)/¢p as black dots. Since ¢p is
only weakly scale-dependent, the peak location in dpwm (K, aeq)/@p is an excellent estimate of
the peak location in the matter power spectrum. The bars around the black dots indicate the
range of k for which dpm(k, aeq)/¢p is within 5% of its maximum value. This range is larger
for agom < 2ag, because the logarithmic evolution of . prior to agom causes the transfer
function to be flatter near the peak (see figure 4). Our analytical estimates are accurate
approximations to the numerical results except in the transition region where aqom ~ 2a¢,.
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In figure 5, we also plot the cannibal sound horizon at reheating, rs(ap). We plot r4(a,) and
not rs(adom) because 75(agom) provides an approximate estimate of kpi only for agom > 2as,,
while 74(a,,) can provide an order-of-magnitude estimate of ki for all values of &;.

To understand how kpx depends on &;, we need to express kpi in terms of cannibal
parameters: m, o, Tyn, and &. We first use ypx ~ ln3/2(adom/afz)/3.5 in eq. (3.31). This
approximation for vpk is an empirical relation that we found to be accurate to within 20%
for 10 < agom/ag, < 10° and 102 < ag,/a; < 10%. Furthermore, we use (aH )g, = Enoriai/as,
because the universe is radiation dominated between a; and ag,. We can get an estimate of
Enor i as a function of our cannibal parameters by splitting a;/ao = a;/amn X arn/ao, estimating
ayn/ap using eq. (2.21) and ayn/a; using eq. (2.26), and using the initial densities of SM
radiation and cannibals in the Hubble rate to obtain

khor,i —1 Trh 13 m \2/3 —4

Finally, expressing ag, and agom, in terms of cannibal parameters using eq. (2.29) and eq. (2.27)
respectively, we obtain for agom > 2ag,

11/12 1/3 AN 5/8

ag GeV 10 MeV 100
_ 1 o m \1/4 [ g.(10m/&;) o/8 _
3/2 [ 1 —3/4,79/2 g 1
x In (4&0 3 (—Ge > <100 pc . (3.34)

The location of the peak in the transfer function thus depends on all four cannibal parameters,
but it is most sensitive to &;. In contrast, kpk can be estimated by [30]

Kpic _1yg (M N\T/9 Tin 1/ -1
ek 0.05 / ( ) b , 3.35
aog X Qe GeV 10 MeV be ( )

for cases when agom < 2ag,, which is independent of the initial temperature ratio, &;.

While our analytic estimates of kpx in the scenarios with agom < 2af, and aqom > 2ag,
are given by different functions, the underlying scale determining ki in both cases is the
cannibal sound horizon, up to an order of magnitude. For agom > 2as, we have already shown
that k;kl ~ Ts(adom). In the case of aqom < 2ag, one can show that rs(2ag,) is within an O(1)

factor of k;l(ZafZ) R kgkl Moreover, after cannibals freeze out and dominate the universe,

rs asymptotes to a constant value (see figure 3 and 4) as seen by inserting H o a3/ and
¢s x 1/a in the definition of 75, eq. (3.15). Consequently, the total comoving distance traveled
by the sound waves in the cannibal fluid, r4(a,y), provides an order-of-magnitude estimate of
kpy for all scenarios. In figure 5, we compare the dependence of Ts_l(arh) on ; to that of kpy.
The value of 7;*(a,y) always falls within a factor of 5 from kpk in our parameter space.
Next we find an analytic estimate of T'(kpy) for scenarios with aqom > 2ag,.3 Since the
value of dpm(Kpk, arn) is equal to that of é.(kpk, amn), we first estimate the value of 6c(am).
Since the mode with wavenumber ki typically remains outside of the cannibal sound horizon,
dc(kpk) evolves similarly to a cold matter perturbation. That is, é. evolves logarithmically

3Due to the presence of dpu,s in the denominator of the transfer function (eq (3.26)), the location of the
peak in the transfer function is slightly different from k,x. However, this difference is negligible, as can be
seen in figure 4.
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from horizon entry at anor = Ypkag, until agom. The linear growth of d.(kpk) after cannibal
domination is well described by the growing solution of the Meszaros equation:

As 4Bge 3 agom
5C(kpk’a)%3 “ ln[ '7€kacfld } .
p VA

(3.36)

Gdom

As opm(Kpk, arh) = dc(kpk, arn), the logarithmic growth of épy after reheating will then be of
the form

3As 4Bs -3 om th 7 7
5DM(kpk7 a) = ¢p In € ad trh bl In 52& . (3.37)
2 YpkQfz Adom Qrh

Here b; and bs parameterize the transition from linear to logarithmic growth through reheat-
ing. Numerically we find b; = 1.29 and by = 1.66.

Comparing eq. (3.37) with the standard logarithmic growth of dpy during radiation
domination, eq. (3.18), we find

3A, 4Bse_3ad0m Qrh 7
In b
2 Yokt

7 Qhor
B(kpi) = by—. (3.38)

1
Gdom Qrh

A(kpk) =

Using the above relations in the definition of the transfer function, eq. (3.26), gives

7 4Bs -3 m T 1 le;il T or,s

T (kpk) ~=
( Pk) 2 ’kaafZ adom 1n(4Bseigaeq/ahOI‘7S)

This estimate is accurate to within 5% as long as agom > 100ag, and a;, > 10agom, and is
shown as a black dot-dashed line in the right panels of figure 4).

We obtain a simple approximation for T'(kyk) by neglecting the logarithmic factors in
the square bracket in eq. (3.39) as they provide only an O(1) correction and using the fact
that vypx is typically of O(1), yielding

Adom Qrh
~ . .4
T(ky) ~ 21n ( : oafz> - (3.40)

In contrast, the peak of the transfer function for agem < 2ag, is approximately [30]

lam

(3.41)

Notice that in both scenarios, the peak of the transfer function is primarily determined by the
duration of cannibal domination after the freeze-out of cannibal reactions. In the scenarios
with 2ag, < agom one also gets an additional logarithmic enhancement due to the logarithmic
growth of é.(kpk) prior to agom-

3.3 The effects of DM-cannibal interactions

Until now we have focused on scenarios where the DM only interacts gravitationally with
the other constituents of the universe. However, if DM and the cannibal particle are part
of the same hidden sector, then it is natural for the two species to have non-gravitational
interactions as well. In this section we show that the presence of non-gravitational DM-
cannibal interactions does not change the key features of the transfer function and does not
change kpi and T'(kp).
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Figure 6: Transfer functions for scenarios with different cannibal-DM interaction cross-
sections. The left panel shows an initially subdominant cannibal scenario with the same
parameters as in figure 4. The right panel shows a scenario with an initially dominant cannibal
density with m = 1.8 TeV, Ty, = 10 MeV, a. = 0.1, and & = 10,. The blue line corresponds to
no kinetic coupling between DM and the cannibals. The orange line corresponds to a scenario
where the DM-cannibal scattering rate falls below the Hubble rate at axq py = arn /100, while
the green line is for a scenario with axqpm = 2a,,. The transfer function is unaffected by
cannibal-DM interaction for modes where T'(k) > 1.

Scattering between the DM and cannibal particles can cause the DM to be kinetically
coupled to the cannibal fluid. The scenario we consider involves an interaction between two
non-relativistic particles with a mass hierarchy (mpy > m) and hence is similar to the baryon-
DM interactions studied in Ref. [53]. Using the results of Ref. [53], the momentum transfer

rate (%i—f) experienced by a DM particle due to its s-wave scattering interactions with the

cannibal bath is given by ncan(m/mpm){(opm,cve), Where (opm,cve) < v/Te/m is the veloc-
ity averaged cross-section for cannibal-DM scattering. When we include these interactions,
eq. (3.6)) for Opp becomes

k2 m  MNcan <UDM,CUC>

6= L (6 — ). (3.42)

Opm(a) + 29DM - -

The momentum transfer rate for a cannibal particle interacting with the DM fluid is
given by npm(opm,cve). Consequently, a term similar to the RHS of eq. (3.42) would also
appear in the 0, equation but with an additional factor of —ppn/pean. AS ppM <K Pean Prior
to reheating, the effect of DM-cannibal scattering on 6. is much smaller than its effect on
Opn. Consequently, the DM perturbations track the cannibal perturbations while providing
negligible feedback on the evolution of the cannibal perturbations. Hence we ignore the impact
of DM interactions on the cannibal fluid.

In figure 6 we compare the transfer functions resulting from scenarios with different
values of (opm,cve). We see that DM-cannibal interactions have no impact on the peak of
the transfer function. In the limit of strong kinetic coupling, i.e. ncan(oDM,cVe) > H, the
DM-cannibal interactions cause dpy to track J.. However, regardless of the strength of the
DM-cannibal kinetic coupling, the metric perturbation will always drive dpy toward d. once
the mode escapes the cannibal Jeans horizon. Consequently, the value of dpy at reheating is
insensitive to DM-cannibal scattering for modes that escape the cannibal Jeans horizon.

DM-cannibal interactions do affect the DM transfer function on very small scales, corre-
sponding to modes that do not escape the cannibal Jeans horizon before reheating. For these
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modes, J. oscillates until reheating and so never generates a coherent gravitational pull on
the DM perturbation. In scenarios with only gravitational interactions, shown by the blue
line in figure 6, dpy; is larger than J. at reheating for these small-scale modes because ¢,
oscillates while dpy grows logarithmically until aqom. However, in the opposite limit where
DM remains kinetically coupled to the cannibals until 2a,,, shown with the green line, dpym
has the same value as . at a,y.

The intermediate case shown by the orange line in figure 6 is more suppressed on very
small scales than the tightly coupled case shown in green, even though the intermediate case
has a smaller value of (opwm,cve). This relative suppression results from diffusion damping
of the dark matter perturbations. Diffusion damping occurs when the cannibal perturba-
tions oscillate faster than the DM-cannibal scattering rate prior to kinetic decoupling, i.e.
csk > Ncan(0DMcVe) > H. During this period, the DM perturbations oscillate with the
same frequency as the oscillations in the cannibal perturbations, but the amplitude of their
oscillation is highly damped. This damping is similar to the Silk damping of baryon den-
sity perturbations [54]. In figure 6, the orange line is more suppressed than the green line
because the diffusion damping scale, k‘Bl ~ Cs/(Ncan(0DM cVc) ), is larger for smaller values
of (opm,cve). Consequently, the modes experience damping at smaller k values when DM
decouples shortly before reheating compared to the tightly coupled case.

4 Beyond the perfect-fluid approximation

So far we have assumed that the cannibals and the DM fluids are perfect fluids. The perfect-
fluid approximation will break down on scales where the random motion of the particles
comprising the fluid cannot be neglected, which can occur in a variety of regimes. Even while
the homogeneous cannibal fluid is in kinetic equilibrium, the cannibals still have a finite dif-
fusion length. For perturbations on scales smaller than the diffusion length, a perfect-fluid
description is not sufficient. Once kinetic equilibrium is lost, the random thermal motion
of particles becomes important on scales quantified by either the free-streaming length or
the collisionless Jeans length, depending on the gravitational forces experienced by the par-
ticles. Again, for perturbations with wavelengths smaller than these scales, the perfect-fluid
description breaks down.

Momentum exchange among cannibal particles is dominated by elastic 2-to-2 scatterings,
with a rate given by ncan(ocve). In appendix C we derive the two-to-two scattering rate for the
¢* theory described by eq. (2.1). We find that the s—wave contribution in the non-relativistic

limit is
1 542\ [T. [T
(oeve) = 6473/2m?2 <)\ a 3m2> Vo 0 (41)

where A and ¢ are the coupling constants of the cubic and quartic interactions in eq. (2.1),
respectively, and in the second equality we pulled out a factor of v. = /7T./m to define
an effective scattering cross-section. Note that the parameter a. that controls the cannibal
number-changing interactions does not uniquely determine o. because a. and o, depend on
different combinations of g and A.

In a Hubble time, a cannibal particle will undergo N = (ncan(ocv.))/H scatterings. The
average distance travelled by a cannibal particle between two collisions is lmgp, ~ 1/(Ncan0eff)-
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Consequently, the comoving diffusion length is given by

1 1 )
Mg = VN X b ==, [ — ¢ 4.2
diff a X Fmip a\ NeanTet H (4.2)

For modes with wavelengths shorter than the comoving diffusion length, the higher moments
of the Boltzmann hierarchy can no longer be neglected, and will suppress d. [55|. The perfect-
fluid approximation also breaks down for modes that oscillate faster than the 2-to-2 scattering
rate, i.e. if csk > ncan(0cve). Since ¢s ~ v, requiring the oscillation frequency to be slower
than the scattering rate is equivalent to requiring k=' > lmip- Since the cannibal diffusion
length is larger than the mean free path prior to kinetic decoupling (as N > 1), modes will
be damped by diffusion before the scattering rate falls below the oscillation frequency.

The diffusion length is relevant as long as the cannibal fluid maintains internal kinetic
equilibrium, i.e. nean(ocve) > H. We define the scale factor, ayxq, at which the cannibal fluid
falls out of its kinetic equilibrium through the relation

Nean (k) (Tcve(axa)) = H(axaq)- (4.3)

After kinetic decoupling, the cannibal fluid is effectively collisionless. Cannibal number-
changing interactions, which involve three particles in the initial state, freeze out substantially
before the cannibal fluid loses internal kinetic equilibrium, so after kinetic decoupling the
cannibal fluid evolves as pressureless matter.

While the universe is radiation dominated, the cannibals experience no coherent gravi-
tational force and have a comoving free-streaming length given by

a ,UC

2
kdaH

Ais(a) = i (axq) +/

da axd < a < Adom- (4.4)

Here we have imposed that the cannibal diffusion length is equal to the free-streaming length
at kinetic decoupling. When the cannibal comes to dominate the universe, metric perturba-
tions can begin to pull particles toward overdense regions. In this regime, departures from
perfect-fluid behavior are governed by the collisionless Jeans length. Analogous to the colli-
sional Jeans length described in the previous section, the collisionless Jeans length determines
the scale above which gravitational attraction is sufficient to overcome the random motion of
particles.

To find the collisionless Jeans length we need to include the anisotropic stress, ocan,
in eq. (3.4), which governs the evolution of 6.. Before kinetic decoupling, elastic cannibal
scattering ensures that oc,y is only relevant for modes within the diffusion length. After kinetic
decoupling, the anisotropic stress is determined by the free-streaming velocity of the cannibals.
Ref. [56] finds the anisotropic stress for a collisionless fluid to be given by o = —% (v%)6, which
follows from the assumption that the phase-space density of the particles remains unchanged
while particles fall into gravitational potential wells. After kinetic decoupling, the sound

“The s-wave component of the two-to-two scattering cross-section vanishes for A = (5/3)g?/m?; for cou-
plings in the neighborhood of such values, the p-wave component will dominate the elastic scattering cross-
section in the non-relativistic regime. As the three-to-two cannibal interactions are phase-space suppressed
as well as higher order in the couplings, they will still generically decouple earlier than the elastic scattering
interactions, but to examine this specific sliver of parameter space in detail requires the retention of p-wave
contributions beyond eq. 4.1, and is beyond the scope of this work.

— 24 —



—— Horizon |
s] — Is / 8 i
10 10°% |
Jeans |
—— diffusion + free-streaming :
106 : 1061 i
kor,i : :
hk i i /
i -1 {
10* l K 10¢] ;
/’T” i -1
102 1024 T
akd'
100 afz akd  i@dom drh 100 arz /h arh
10° 102 104 106 108 1010 10° 102 104 106 108
ala; ala;

Figure 7: Length scales where the perfect-fluid approximation for the cannibals breaks down.
The left panel uses the same parameters as in figure 4 and shows a scenario where both
cannibal freeze-out and kinetic decoupling occur during SM radiation domination. The right
panel takes m = 6.1 TeV, T}, = 10 MeV, a, = 0.42, and &; = 10 and shows a scenario where
cannibal freeze-out occurs during cannibal domination. The green line prior to axq shows
the comoving cannibal diffusion length as given in eq. (4.2), and in the left panel between
axd and aqom, the comoving free-streaming length of the cannibals as given in eq. (4.4). The
orange solid line is the collisional Jeans length, eq. (3.14), for a < axq and the collisionless
Jeans length, eq. (4.6), for @ > axq. The brown line indicates the cannibal sound horizon,
eq. (3.15). The green shaded region marks the regimes where the perfect-fluid approximation
for the cannibals breaks down. Here we show the diffusion length taking A = 0 in eq. (4.1).

speed term in eq. (3.4) is ill-defined and no longer appears in that equation. Consequently,
the 0. equation after cannibal kinetic decoupling is

1 w! k2 k2 5
0./ (a) = —=(1 — 3we)0e — —2c g, 2
(a) a( we) 14+ we +a2H¢+a2H3

(v?)6. (4.5)

We find the collisionless Jeans length from eq. (4.5) by following the same steps as
we performed for calculating the collisional Jeans length: find the simple harmonic oscillator
equation for §. analogous to eq. (3.13) and then find the wavenumber k for which the frequency
becomes imaginary. Doing so, we find the collisionless Jeans length, k;’i, to be the same as

the collisional Jeans length in eq. (3.14), except with ¢2/(1 4 w,) replaced by 5(v?)/3:

9
10(02)

kjc= aH. (4.6)

After cannibal freeze-out and before cannibal kinetic decoupling, the sound speed is given by

2= g% = %@2) and w, < 1. Therefore, the collisionless Jeans length has the same value
as the collisional Jeans length would have had in the absence of kinetic decoupling.

We show the evolution of all three length scales (diffusion, free-streaming, and collisional
Jeans lengths) in fig. 7. In the left panel we show a scenario where kinetic decoupling occurs
before the cannibal density comes to dominate, and in the right panel we show a scenario

where the cannibal density is always dominant. In both panels, the solid green line shows the

C
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growth of the diffusion length up until ayq, which, in the left panel, transitions smoothly into
the free-streaming length given in eq. (4.4) in the region axq < a < agom- In the left panel, the
solid orange line after aqom shows the collisionless Jeans length. In the right panel, the orange
line shows the collisional Jeans length before ayxq and the collisionless Jeans length after aygq.
The green shaded region indicates the scales where the cannibal particles no longer behave as
a perfect fluid. For modes that enter the green shaded region in figure 7, we expect d.(a,p) to
experience a suppression that is not captured in our suite of perturbation equations. The black
dashed line shows the peak of the matter power spectrum in the perfect-fluid approximation,
and thus indicates the location of the cutoff that follows from oscillations in the cannibal
fluid. We see that, in the cases shown, the modes that are affected by the breakdown of the
perfect-fluid approximation are already suppressed by the cannibal oscillations.

Cutoffs arising from imperfect-fluid behavior can be important for the transfer function
when they occur on scales larger than the small-scale cutoff provided by cannibal oscillations.
In scenarios where the cannibals freeze out during cannibal domination, the cutoff provided by
cannibal interactions sets kpi ~ kj(2as,)/1.4, which ensures that any deviations from perfect-
fluid behavior occur at scales substantially below k;kl when ag, < axq. In scenarios where the
cannibals freeze out during radiation domination, however, the situation is a little more subtle.
In this case, the perfect-fluid calculation of the cannibal cutoff gives kpx ~ r5(@dom). As both
the sound horizon and the free-streaming length grow logarithmically during the period of
radiation domination following ayq, the sound horizon will generically stay outside the free-
streaming length, and therefore the cannibal oscillation cutoff kgkl as given by eq. (3.31) will
occur at larger scales than the free-streaming length. However, the derivation of eq. (3.31)
assumes a collisional fluid. Thus while we expect the cannibal oscillation cutoff to be the
relevant small-scale cutoff for ayq > aqom, this conclusion does not necessarily hold if ayxg <
Gdom- The regime with axg < agom can be realized in a small region of parameter space,
as we show in section 5. A full calculation of the small-scale cutoff in this regime would
require incorporating higher moments of the Boltzmann hierarchy and is beyond the scope
of this work; see [57]| for related calculations in a similar model. However in general we
can expect this cutoff to lie somewhere in the vicinity of 7s(axq) and Ag(agom). These two
scales are relatively similar: the sound horizon is governed by the distance traveled by sound
waves in the cannibal fluid, while the free-streaming horizon is governed by the distance
traveled by the non-relativistic cannibal particles in this epoch. Both the sound speed and
the cannibal particle speed are determined by the cannibal temperature, which changes only
logarithmically between aiq and agom-

Finally, we quantify the relationship between ag, and aiq in our cannibal model. Since
the 2 — 2 and 3 — 2 scattering cross-sections depend on different combinations of the quartic
coupling A and cubic coupling g/m, we can obtain a range of possible ayq for a fixed ag,. To
evaluate ayxq/ag, in terms of the Lagrangian couplings, we first divide eq. (4.3) by eq. (2.16):

Nean (k) (OcVe(axd)) _ H(aka)
n%an(afz)<av2>CaH H(afz) .

(4.7)

We then express Nean(axq) and T.(ayq) in terms of their values at ag, by using nean o 1/a and
T, < 1/a? for a > ay,. Next, we approximate mncan(as;) & pean.eq(at:) and Te(ag,) & T eq(ag,)
and use eqs. (2.12)-(2.13) to express peaneq and Teeq in terms of the scale factor. Finally, we
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set ag,/a; = 10% inside the logarithms to obtain

2
Oq Hlaa) oo (%)3%3_102 a,\* 5184 [A—5g2/(3m2)]
>Can

af, Hfas,) a; ) m?{ov? 255w (9/m)?[(g/m)? — 3A]*
(4.8)

a;

In the last equality above we used eq. (4.1) and eq. (2.2) for oeg and (ov?)can respec-
tively. When the universe is cannibal dominated between ag, and ayq, then H(ag,)/H (axq) =

(akd/afz)3/2 and ay, is given by eq. (2.28). Defining ¢ as the ratio of the quartic and the cubic

coupling, ¢ = A\/(g/m)?, and expressing (g/m)? using the definition of a. in eq. (4.8) yields
Td 10502 (4.9)
Qfy m (3(] - 1)2/3

Similarly, if the universe is radiation dominated between ag, and ayxq, H(ag,)/H (axq) =
(axa/ag)? and ay, is given by eq. (2.29). Eq. (4.8) then implies that

GeV\*®| ¢— 5/3
m (3¢ — 1)2/3

In most of the parameter space that realizes an ECDE, varying A while keeping a. fixed
results in a variation in ayxq/ag, of up to an order of magnitude. Figure 7 shows results with
A = g = 0; for the value of o, shown in figure 7 increasing A to non-perturbative values results
in a correction of less than 30% to the values of aiq shown in the figure.

Departures of the DM from perfect-fluid behavior can also be important for determining
the transfer function. Prior to reheating, the DM free-streaming, diffusion, and collisionless
Jeans lengths are always smaller than the perfect-fluid result for kgkl, as the DM speed

vpMm = v/Ibm/mpm is always smaller than the cannibal sound speed, ¢s ~ /T /m, which
controls the scale of ky. However, DM free streaming after reheating can affect the peak
of the DM transfer function in some regions of parameter space. Ref. [30] evaluated the
post-reheating free streaming of DM in the case where DM kinetically decouples from the
cannibal fluid after ag,. In this case we have Tpyi(aw) = Te(a.n), which gives for the DM
free-streaming length

3 /to dt T.(an) 1 /“0 da
DM, fs =~ UDM— = —
- ' a mpm (aH ) J,, @

Bd 9 x 105a5/8¢3/4 ( . (4.10)

Gfy

1/2

6t (1) + e (;)] o

(4.11)

where we defined G(a) = g*(a)gi/g(arh)/gff’(a) and dropped negligible contributions from
dark energy at late times. This result is applicable regardless of whether the universe was
radiation dominated or SM radiation dominated at a;. While the DM free-streaming length in
any given model will depend in detail on the DM coupling to the cannibal species, eq. (4.11)
provides an upper bound on Apys rs: DM that decouples from the cannibals prior to ag, will
have a reduced free-streaming length as the temperature of the DM at reheating will be colder
than the cannibal temperature.

If the DM free-streaming length is larger than the small-scale cutoff coming from cannibal
self-interactions, then the DM transfer function will be maximized on a scale ~ Af)ll\/[’fs, which
depends on DM as well as cannibal microphysics. For mpy 2 10m, we find DM free-streaming
can provide the small-scale cutoff in the transfer function in a small portion of the parameter
space, as we discuss in the following section.
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5 Implications for microhalo formation

In this section, we first discuss how the key features of the linear transfer function, namely
kpk and T'(kpy), relate to the properties of the earliest-forming microhalos. We then express
Ekpi and T'(kpi) as a function of the cannibal parameters m, Tiy,, ac, and &;. Finally, we briefly
discuss the microhalos’ observational signatures and how these observations probe cannibalism
in the early Universe.

After an ECDE, the DM perturbations with wavenumber kpx have experienced the
most growth. Although the stochastic nature of the primordial perturbations prevents us
from knowing exactly which mode has the largest amplitude, the near scale-invariance of
the primordial power spectrum implies that perturbations on scales near kpx are the first
to collapse and form gravitationally bound structures. Since perturbations that enter the
horizon prior to BBN form halos that are too small to capture baryons [58], the characteristic
mass of the earliest-forming halos is given by the amount of DM in a sphere of comoving
radius k:;klz

Mpk = 4{]{:;1(3,0])1\/[’0, (5.1)

where ppm,o is the dark matter density today, which we take to be ppymo = 9.7 x 10748
GeV* [52]. When cannibals freeze out while they dominate the energy density of the universe

(@dom < 2af,), we calculate My from the expression for kpk given in eq. (3.35):

7/3
My ~ 1071 M, (O‘—) <10 MeV) <Tev) . (5.2)

0.1 T m

For aqom > 2ag,, we calculate Mk from the expression for kpk given in eq. (3.34):
13 ac\94 (& \"? [10MeV [ TeV\'/* 100 \'*
s (55) (5) - (5 ) (o)
0.1 0.4 T m g(10m/&;)
L (500 (22 2 (0N m 1/ ga(1om/e)\ 7 5.3
“\e™ (g) (a) (TeV) < 100 ) - (5:3)
We remind the reader that the expression for kyi given in eq. (3.34) is a good approximation
for 10 < agom/as, < 10° and 10 < ag,/a; < 10*. Since the peak halo mass is typically much
smaller than one Earth mass, the earliest-forming halos are microhalos.

In both cases, My increases as either T}y, or m decreases because Mpy is determined by
the sound horizon at reheating, 7s(a,n). Decreasing Tiy, delays reheating and hence increases
rs(an). Decreasing m increases rs(ayy) by delaying the freeze-out of cannibal reactions, which
increases the cannibal temperature. Since increasing . also delays the freeze-out of cannibal
reactions, we see a positive correlation between M and a.. The peak halo mass has a
stronger dependence on «, when the cannibals freeze out while the universe is SM radiation
dominated because the Hubble rate falls faster in a radiation-dominated universe compared
to a cannibal-dominated universe.

An ECDE enhances the amplitude of all perturbations with & < kyx that enter the
horizon during the ECDE. Therefore, the largest halos that are affected by the ECDE have

masses equal to the amount of DM within the horizon at reheating, M., which is given
by eq. (5.1) but with kpx replaced by kw, = amnH(am). We find My, in terms of cannibal

— 98 —



parameters by taking H(a,,) ~ I' and then expressing I' in terms of 7;,.° We then express
ayn/ag in terms of SM temperatures using entropy conservation to obtain

10MeV\® / 10 \'?
My, ~ 1074M, ( ) ( ) . 5.4
h © Trh g*(Trh) ( )

While deriving the above relation we set g.s(Tyn) = g«(Tin). An ECDE increases the abun-
dance of all halos with masses between My and M.y, and these halos form earlier than they
would in a standard cosmology.

Halos form when dpy becomes of order unity. In a standard cosmology, the amplitude
of small-scale perturbations increases only logarithmically with %, so microhalos with masses
within several orders of magnitude of an earth mass form near a redshift of 60 [59, 60]. Since
baryons do not participate in structure formation for modes that enter the horizon during
an ECDE, dpy o< (1 + 2)7%9 for 2 < 2¢q on these scales [47, 50]. Consequently, the collapse
redshift of the microhalos corresponding to overdensities with wavenumber k increases by
a factor of ~ [T'(k)]''!! compared to that in the standard cosmology as long as the collapse
occurs after matter-radiation equality, i.e. for T'(k) < 30. For T'(k) > 30, the formation of the
microhalos occurs prior to matter-radiation equality, and the exact increase in the collapse
redshift depends non-trivially on T'(k) [61].

The central density of a dark matter halo scales with the homogeneous matter den-
sity at the time of its formation [62-64], so the microhalos that form after an ECDE have
central densities that are significantly larger than those in standard cosmology [65]. These
central densities are large enough for the microhalos to survive within galaxies, although they
experience significant mass loss [43, 60, 66—69).

If T'(kpk) is significantly large, then the cannibals and DM particles assemble into micro-
halos before reheating. For modes in the vicinity of the peak in the matter power spectrum,
eq. (3.38) implies that the DM overdensity at reheating is related to the primordial met-
ric fluctuation via dpy(k, ayn) ~ A(k)¢p. For a nearly scale-invariant spectrum, we expect
¢p ~ 1079 [52], and thus density perturbations on all scales remain perturbative until reheat-
ing provided A(kpk) < 105, As T(kpk) =~ A(kpk)/As, where A; = 9.11, microhalos will form
prior to reheating if T'(kpk) exceeds 10*. These microhalos are destroyed once reheating oc-
curs because they are primarily composed of cannibal particles. When the cannibal particles
decay, DM particles free stream out of the microhalos with typical speeds given by the virial
speed within the microhalos, which is of order 1072 [61]. The subsequent free streaming of
DM particles acts to erase the structure within the comoving horizon at the time of reheating,
thus washing out much of the enhanced structure resulting from the ECDE.

The peak amplitude of the transfer function, and thus the formation time of the first
microhalos, can be directly related to the properties of the cannibal field. In the case where
cannibal freeze-out occurs during cannibal domination (aqom < 2ay,), we use the expression for
T'(kpk) given in eq. (3.41) and express ag, and a,, using eq. (2.28) and eq. (2.26) respectively

to obtain
Ty g 108 (O 23 . mo\14/9 (10MeV\ Y 1 10\ /3 .
i) 2 (a) (ev) ( Ta > <g*<Trh>> - 69

5The Hubble rate at a,n, does not equal I" because a,1, is defined as the scale factor when the Hubble rate
equals I in a standard cosmology. However, since pcan ~ pr at arn, H(arn) is some O(1) factor times I'.
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For aqom > 2ag,, we use eq. (3.40) for T'(kyk) and express ag, a;n, and aqom using eq. (2.29),
eq. (2.26), and eq. (2.27) respectively to obtain

T (kpic) ~ 2 x 10° <o§,i4>4 (TZ/)M?) <mT1\ieV>4/3 <g*(179rh)>1/3 <g(110072/§)>
L (05)9/2 ((2)3/4 ()" (g"“fgé/f"))g/j  56)

X —In
6

In both cases, T'(kpk) is approximately proportional to m /Ty, because for a given a. and §&;
this ratio determines the post-freeze-out duration of the ECDE. Since dpm(kpk) grows faster
during this period than at any other time prior to matter-radiation equality, increasing this
duration increases T'(kpk). The amplitude of the transfer function at kpx has a power-law
dependence on «, when the cannibals freeze out in a cannibal-dominated universe, while it
only depends logarithmically on o, when the cannibals freeze out in a SM radiation-dominated
universe. This difference in sensitivity to o, reflects the linear growth of dpm(kpk) between
af, and ayp for agom < 2ag,, as opposed to its logarithmic growth between ag, and agom for
adom > 2ag,. These two growth histories for dpa(kpk) also explain why T'(kpk) is independent
of & when agom < 2ay,, but is strongly dependent on & when agom > 2ag,: since &; determines
adom /@i, 1t sets the transition from logarithmic to linear growth when cannibals freeze out
prior to the start of the ECDE.

In figure 8, white-dashed contours show M as a function of m and T}y, for fixed values
of & and a.. The Mpy contours were calculated from the expression for kpi given in eq. (3.32)
if the cannibals freeze out in a cannibal-dominated universe and eq. (3.31) if the cannibals
freeze out in a SM radiation-dominated universe. The colored contours show T'(kpk), which
is evaluated by numerically solving the cosmological perturbation equations for k,x. The
secondary y-axis on the right shows the values of My, obtained from eq. (5.4). The parameter
space with 5 < T'(kpk) S 10% is the region that generates a significantly enhanced abundance
of microhalos with masses between My and Myy,. As T'(kpk) is roughly proportional to m /T,
there is an enhanced abundance of microhalos for a band of m /Ty, values.

The parameter space shown in figure 8 is bounded on all sides by three conditions.
First, the reheat temperature defined by eq. (2.20) must exceed 8.1 MeV to be compatible
with the constraints from BBN and the CMB |35, 36]. Second, significantly increasing the
microhalo abundance requires a period of cannibal domination following cannibal freeze-out,
i.e. max(ag, aqom) < a;n. Finally, as here we are specifically interested in the impact of
cannibal interactions on perturbation growth, we require an epoch of cannibalism to occur,
1.e., Gcan < Gfy.

A period of cannibalism only occurs if the cannibals remain in chemical equilibrium after
they become non-relativistic. For a fixed value of a., this condition imposes an upper bound
on m because ag,/a; decreases as m increases. Using eq. (2.28) and eq. (2.29) for ag,/a; and
the fact that acan =~ 100a;, the ag, > acan condition can be rewritten as:

o 3
108 (ﬁ) Adom < 20afy,

m
< (5.7)
(GeV) ) 106 & 2 (&)3 100 1/2 ) o
04) \0.1/ \ g.(10m/¢) dom = =G
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Figure 8: Colored contours show the value of the DM transfer function at the scale that
maximizes the matter power spectrum, T'(kpk), as a function of m and T}y, for fixed o, and &;.
In the top left panel, the cannibal density exceeds the SM radiation density up until reheating.
In all other panels, the cannibals freeze out in a SM radiation-dominated universe. The white
dashed contours show the mass scale of the first microhalos, eq. (5.1). The secondary y-axis
shows the microhalo mass scale corresponding to modes entering the horizon at reheating.
In the white space on the top left, reheating either occurs prior to cannibal freeze-out (top
left panel) or the cannibal density does not dominate the universe prior to the decay of the
cannibals (all other panels). In the white space on the right, cannibalism does not occur.
Above the red dashed (dot-dashed) line, thermal freezeout cannot generate the observed DM
abundance for mpy > 10m (mpy > 100m). To the left of the black dashed (dot-dashed)
line, the post-reheating free streaming of DM modifies k) if DM kinetically decouples from
the cannibals after ag, and mpy = 10m (mpy = 100m). In the bottom left panel, the
cannibal fluid becomes collisionless prior to agom to the right of the orange-dashed line, and
consequently cannibal free streaming modifies k.

If m exceeds the bound in eq. (5.7), then the number-changing self-interactions decouple while
the cannibal particles are relativistic, and any subsequent ECDE is simply a matter-dominated
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era. The evolution of perturbations in such scenarios (without cannibal interactions) have
already been studied in the context of decoupled hidden sector theories [14, 61].

To obtain a substantial amount of growth, reheating must occur well after the cannibal
reactions freeze out (ay, > 5Hag,) and in a cannibal-dominated universe (a,; > adom).6 This
requirement imposes a lower bound on m for a given T}y, following from the expressions for
Arh, Of, and agom given in eq. (2.26), eq. (2.28), and eq. (2.27):

(07 3/7 Trh 6/7 G« (Trh) 3/14
10(55)" (ory) m < 20,
0.1 10 MoV 10 Gdom < 0

0 (24 S T g-(10m/E)\** [ gu(Tin) \* e > 9
& 10 MeV 100 10 dom = “Fa-

If a,, < bag,, the modes that enter the horizon during the ECDE do not escape the cannibal
Jeans horizon much prior to reheating. Consequently, there is no significant enhancement of
DM perturbations, and the a,; < 5ag, section of parameter space does not provide interesting
cosmological signatures.

As the initial density of the cannibals decreases relative to the SM radiation density,
the upper and lower bounds on m given by egs. (5.7) and (5.8) become more restrictive, as
seen in figure 8. For smaller ;, larger values of m /Ty, are needed to give sufficient time for
the cannibal density to overcome the SM radiation density prior to reheating. Decreasing &;
also increases the Hubble rate at a given cannibal temperature, so smaller values of m /a3 are
required to keep the cannibals in equilibrium after they become non-relativistic.

Figure 8 also illustrates how decreasing a. shrinks the region of cannibal parameter space
that yields a substantially enhanced microhalo population. If cannibal freeze-out occurs
while the universe is cannibal dominated, then decreasing «,. makes it possible for lighter
cannibals to freeze out before reheating (for fixed Tyy,). However, decreasing «. also reduces
the parameter space where the cannibal particles will freeze out while non-relativistic, so the
net effect of lowering «.. is to reduce the range of m values that can realize acan < ag, < darh.
If cannibal freeze-out occurs during SM radiation domination, the lower bound on m is set
by the requirement that agom < arn, which is independent of a.. Consequently, in the right
panels in figure 8, only the upper bound on m moves as «. is changed.

If either & or a. becomes too small, then it is not possible for particles that undergo
an epoch of cannibalism to significantly affect the growth of structure because they do not
dominate the universe after freezing out. Since decreasing Ty reduces the lower bound on
m given by eq. (5.8), we compare the lower and upper bounds on m at the smallest reheat
temperatures allowed by BBN and the CMB constraints. With 7, = 10 MeV, it is possible
to satisfy both upper and lower bounds on m if

GeV (58)

T\ V12
2% 1074 <g (1 oh)> dom < 20z,
e > (5.9)
e N IOm/f) 5/12 g*(Th) 1/12
10-3 '5/3 g ( i r om 2as,.
077 100 10 (dom > 20

50ur numerical calculations neglect cannibal decays during cannibal freezeout. For the parameter space of
interest for enhanced structure formation, this is an excellent approximation, but for a,n < 5a¢,, the impact
of cannibal decays can be nonnegligible during freezeout. Thus we only show numerical results for a,n > 5ag,.
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Not all regions of cannibal parameter space that realize an ECDE are compatible with
DM production through thermal freeze-out. If we suppose that the DM relic abundance is
fixed by annihilations to hidden sector species (e.g., the cannibal itself), then for a given set
of cannibal parameters, {m, Ty, a., &}, we can solve for the value of the DM annihilation
cross-section, (ov)pm, that generates the observed DM abundance. If the DM annihilation
cross-section takes the form

2
yyes
(ov)pm = mQDM, (5.10)
DM

requiring apy < 1 for perturbativity then implies an upper bound on mpy.
We can estimate this upper bound using a sudden freezeout approximation for the DM
abundance,

H(aspm)

oot " (5.11)

npm(arpm) =

which defines the scale factor at DM freeze-out, a¢ pp. The DM number density today is

3 3
ag,pM H(atpm) (atpm @i G
npm(ao) ~ npm(as,pm) ( o ) - <(§v>DM) ( X a—Zh X aro) : (5.12)
T T

As the cannibals evolve like radiation prior to a;, we have

af,DM _ T.(a;) _ 10m
a; Te(arpm)  mpMm

TDM, (5.13)

where zpm = mpm/Te(as,pm). We use eq. (2.21) and eq. (2.26) to express ayn/ag and apn/a;
in terms of T, and m. Given that

a7 My o
H(CLf,DM) = H(CLZ)% = H(az) (10m)2xDM7 (514)

eq. (5.12) implies that

rehon = M g om ) (20 (Y (LT (TV) )

where we assume ¢.s(Tin) = ¢«(Tin). Keeping apy < 1 then demands that

(xfOM ) (lehg/mf <Q§2§2>-1 <1oj1;r4hev> (T?xz) \/ (14 g.(10m/&)/&}] < 10%. (5.16)

The above bound still depends on zpy. While xpy is typically determined by inserting
the equilibrium number density into Eq. (5.11), this procedure makes zpy logarithmically
dependent on (ov)py. To avoid this dependency, we instead determine zpy; through

3
af DM
nDM,eq(pM) — 5= = npm(ao). (5.17)
0
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Thus, given mpy/m, eq. (5.16) provides an upper bound on m. The red dashed line in figure 8
shows the upper bound on m resulting from the condition apwm < 1 for mpy = 10m.” For
larger values of m, alternative production mechanisms such as freeze-in can still generate the
observed DM density [70].

As discussed in section 4, departures from perfect-fluid behavior for either the cannibals
or DM can be important in some regions of parameter space. The impact of DM free streaming
depends on its kinetic coupling to the cannibal fluid and is model-dependent. In figure 8 the
black dashed lines show where the free-streaming horizon Apy ¢, given in eq. (4.11), equals
kpk for mpy = 10m, in the case where DM kinetically decouples from the cannibal fluid
after cannibal freeze-out. Above and to the left of this line, DM free-streaming, rather than
cannibal interactions, can determine the peak of the transfer function.

To better illustrate when DM free-streaming can be relevant, we simplify eq. (4.11) by
neglecting the temperature dependence of g, and the DM density inside the Hubble rate.
This yields

T.(ay _ m
b (011 o aeafam) ~ ||~ k7 (am) logaca/an). (5.18)
mpM mpwMm

ADM, fs ~

In the last relation we have used the definition of the Jeans length, eq. (3.14), and the fact
that ¢z = 5T,./(3m) and w. = T./m < 1 for a > ag,. For scenarios where cannibals freeze out
in a cannibal-dominated universe, we have k:;l(arh) / k;kl ~ kj(2ag,)/kj(am). Consequently,
DM free streaming becomes relevant when a,y, is close to ag, and the ratio m/mpy; is not
too small. In contrast, when cannibals freeze out in a SM-dominated universe, we have
k‘;l(arh)/k;kl ~ k' (arn)/rs(adom). Here, the logarithmic growth of the sound horizon until

agom 1ncreases the gap between k:jl(arh) and kgkl (as seen in the top left panel of figure 4). In
the bottom left panel of figure 8, this gap is large enough that the DM free-streaming horizon
remains less than k:;kl for mpym > 10m.

In the bottom left panel of figure 8, the cannibal fluid becomes collisionless prior to agom,
i.e. axg < @dom, in the region right of the orange dashed line. In this regions, the peak of the
transfer function is determined by the cannibal free-streaming horizon instead of the cannibal
sound horizon. In computing the ayq = agom boundary shown in figure 8 we set A = 0 when
evaluating (o.v.) through eq. (4.1). To see how the timing of cannibal kinetic decoupling
depends on cannibal parameters more generally, we begin with the inequality axq > a@dom,
write axqg = axq/ag X ag, and subsequently use egs. (4.10), (2.29), and (2.27) for axq/ag,,
af,, and aqom, respectively. The condition axq > aqom then becomes

11/5 ) 42/5
m<6x105(%) / (654)

where ¢ = \/(g/m)?. This restriction on m is only relevant if it is more constraining than
eq. (5.7). Consequently, the restriction on m in eq. (5.19) becomes relevant when

8/5

4=5/3 " Gev, (5.19)

(3q—1)%/%

—1/4

(5.20)

& < 0.68 (O‘C>1/8'( ¢—5/3

0.1 3¢ —1)%/3

"While decreasing mpy relative to m relaxes the upper bound on m, our analysis assumes the DM and
cannibal species to be chemically decoupled by Tc(a;) = 10m, and thus we consider mpwm = 10m.
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For values of &; larger than the RHS of eq. (5.20), ayq is always greater than aqom, and canni-
bal free streaming does not affect k) in the parameter space where the cannibals significantly
enhance microhalo abundance and also undergo cannibalism. Thus, there is no axq = @dom
boundary in the panels with & = 1 or 10 in figure 8. As we decrease &; below the RHS of
eq. (5.20), a larger fraction of the parameter space has axq < agom. However, the parameter
space where the cannibals significantly enhance microhalo abundance also shrinks as we de-
crease &, until there is no allowed parameter space for & < 0.07(c/0.1)~3/> (see eq. (5.9)).
Consequently, cannibal free streaming may affect kpi only in the narrow parameter space
between 0.07(a./0.1)73/% < & < 0.68(a./0.1)/8 )(3(1 5?;’/3
in section 4, we expect only a marginal correction to the perfect-fluid result for kp; in the
parameter space where axq < @qom-

4
. Furthermore, as discussed

The early-forming microhalos generated by an ECDE have large enough central densi-
ties to survive accretion into galaxies [43, 67, 68]. While sub-Earth-mass halos are too diffuse
to be detected by photometric microlensing searches [71] and too small to be detected via
astrometric microlensing |71-73|, they can be detected by pulsar timing arrays [74, 75] and
by their impact on stellar microlensing within galaxy clusters [48, 69, 76]. Furthermore, if
the dark matter is a thermal relic, early-forming halos significantly boost the dark matter
annihilation rate regardless of their masses, and the isotropic gamma-ray background places
powerful constraints on the microhalo population [43, 61]. If dark matter annihilation is
eventually detected in dwarf spheroidal galaxies, the emission profile could distinguish an-
nihilation within microhalos from both decaying dark matter and dark matter annihilation
outside of microhalos [43].

A full analysis of the observational constraints on cannibalism within a hidden sector lies
beyond the scope of this article, but we can use constraints on EMDE cosmologies to forecast
which regions of cannibal parameter space are likely to be probed by current and future
observations. Constraints on EMDE cosmologies are often expressed in terms of a generic
exponential cutoff scale: P(k) oc exp[—k?/k2,]. Ref. [77] showed that weekly observations of
500 pulsars over 20 years with an rms timing residual of 10 ns would detect microhalos arising
from an EMDE with keyt /A > 20 and Ty, < 30 MeV. Increasing the observational period to
40 years extends the reach of pulsar timing arrays to reheat temperatures up to 100 MeV with
200 pulsars; see also Ref. [78]. The EMDE transfer function [37] implies that T'(kpx) ~ 25 for
kcut/kmn = 20, nearly independently of the reheat temperature. If cannibal reactions freeze
out during the ECDE, then the power spectrum on scales k& < kpk is the same in EMDE
and ECDE cosmologies, and ECDE scenarios with 25 < T'(kpx) < 10 would generate pulsar
timing signals that are at least as strong as those produced by an EMDE with kcyt /K >~ 20.
If cannibal reactions freeze out prior to cannibal domination, then the ECDE power spectrum
differs more substantially from the EMDE power spectrum analyzed by Ref. [77] for & 2 kqom,
but we can still predict which ECDE scenarios are likely to be accessible by pulsar timing
arrays. If keyi/km = 20, then the EMDE power spectrum peaks at kpi o~ 27k,,. Therefore,
ECDE scenarios with T'(27kyy,) > 25 and T'(kpx) < 10% will generate a microhalo population
that is at least as detectable as the microhalos that result from an EMDE with key /A = 20.
For a, = 0.1, obtaining T'(27k,y,) 2 25 requires T'(kpk) 2 100 for § = 1 and T'(kpx) 2 500 for
& = 0.4. Estimates of potential sensitivity from observations of cluster caustic microlensing
are at a far more preliminary stage, but suggest broadly similar reach for Ty, and T'(kpk)
individually [69].

The best current constraints on EMDE cosmologies with thermal relic dark matter come
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from the isotropic gamma-rray background [43, 61]. Since the dark matter annihilation rate
within microhalos does not change after the microhalos form and the microhalos track the
dark matter density, dark matter annihilations within early-forming microhalos generate the
same constant emission per dark matter mass as decaying dark matter. It is therefore possible
to define an effective dark matter decay lifetime for these scenarios [61]:

e 10710 GevV—2 ( MDM ) 7 x 1038 seconds (5.21)
T\ (ov)pm 106 GeV By ’ ‘

where By = (p}y;)/Phy is the structure boost factor generated by the microhalos. This
effective lifetime should be compared to bounds on dark matter lifetime for particles with
twice the mass. When accounting for emission from astrophysical sources, Ref. [79]| found
that Fermi-LAT observations of the IGRB [80] demand that 7. > 10?® seconds for mpy
between 10 GeV and 10° GeV and a wide range of annihilation channels.

The microhalo boost factor that arises from an EMDE has been calculated for scenarios
in which all modes with k., < k < keyt enter the horizon during the EMDE [40, 43| and for
scenarios that include a radiation-dominated era prior to the EMDE with kcyt > kgom [61].
The former case generates a sharp peak in the matter power spectrum that is qualitatively
similar to the peak generated when cannibal reactions freeze out during the ECDE, while
the latter generates the same plateau feature as an ECDE that starts after cannibals freeze
out. However, for the limited range of T'(kpx) values that were considered in both analyses,
the two scenarios have values of By that differ by less than a factor of 10, and much of that
variation can be attributed to differing assumptions regarding the microhalo density profiles
[43]. The fact that By is largely insensitive to changes in reheat temperature for fixed T'(kpk)
further supports the conclusion that the shape of the peak in the power spectrum does not
significantly affect the dark matter annihilation rate: it does not matter how the microhalos
are distributed in mass as long as they have the same formation time and contain the same
fraction of the dark matter, both of which are determined by T'(kpk).

The ECDE scenarios shown in Figure 8 generally require (ov)py = 10712 GeV~2 to
generate the observed DM abundance through thermal freeze-out, which implies that mpy <
2 x 10% GeV is required to satisfy the unitarity bound. For these parameters, By < 10'3 is
required to keep Teg > 10%® seconds if the annihilations are predominantly s-wave so that
(ov)pwm is independent of the DM velocity. Refs. [40, 43] did not consider boost factors this
large because they restricted their analyses to microhalos that form after matter-radiation
equality, but Ref. [61] included microhalos that form during radiation domination and found
that By 2 1013 for T'(kpx) > 80. However, if we only consider ECDE scenarios with T'(kpk) <
80, then (ov)py 2 10710 GeV =2 and mpy < 2 x 10° GeV. For these parameters, the IGRB
bound on Teg demands that By < 10'° which corresponds to T'(kpx) < 20. It therefore
seems likely that all of the ECDE parameter space in Figure 8 that contains dark matter
that thermally froze out (via s-wave annihilations) prior to the ECDE is already ruled out by
observations of the IGRB.

6 Summary and conclusions

We have shown that an early cannibal-dominated era (ECDE) leaves a distinctive peak in
the matter power spectrum. Perturbation modes that enter the horizon after the freeze-out
of cannibal reactions but before the end of the ECDE are enhanced. On smaller scales, the
pressure generated by the self-heating of the cannibal particles suppresses the growth of dark
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matter perturbations. Consequently, the properties of the cannibal field generally establish
the minimum halo mass following an ECDE. In Ref. [30], we calculated this minimum halo
mass in scenarios where the cannibals freeze out during the ECDE. In this paper, we show
how the properties of the cannibal field establish the minimum halo mass even if the cannibal
reactions freeze out prior to cannibal domination.

Cannibals are generically predicted in theories with thermally decoupled hidden sectors
that have a mass gap and a number-changing self-interactions. If the lightest particle in such
a hidden sector remains in chemical equilibrium after it becomes non-relativistic, it undergoes
a period of cannibalism. During cannibalism, the cannibal number-changing self-interactions
convert the particles’ rest-mass energy into kinetic energy to maintain chemical equilibrium
while conserving entropy within the cannibal fluid. The period of cannibalism ends when the
rate of number-changing self-interaction falls below the Hubble rate. Such a cannibal fluid
can easily come to dominate the energy density of the universe even if the hidden sector was
initially colder than the SM bath. The ECDE ends when the cannibal particles decay into
relativistic SM particles prior to the onset of BBN.

During the ECDE, we find that sub-horizon cannibal density perturbations grow lin-
early with the scale factor on scales that are larger than the cannibal Jeans length. The
DM perturbations follow the cannibal density perturbations because the DM particles fall
into the gravitational potential wells formed by the cannibals. Consequently, the enhance-
ment of the DM perturbations after an ECDE relative to those in the standard cosmology
reflects the cannibal perturbation spectrum and contains information about the cannibal self-
interactions. This enhancement of the DM perturbations due to an ECDE is unaffected by
possible scattering between the DM and the cannibals.

Enhanced small-scale DM perturbations collapse earlier than they otherwise would and
hence lead to an enhanced population of halos at high redshift. Since an ECDE only affects
perturbations on scales that enter the horizon during the ECDE, perturbations on these scales
form microhalos with masses far less than the mass of the Sun. The characteristic mass of the
earliest-forming microhalos, My, is determined by the scale with the largest enhancement in
DM perturbations (kpk) whereas the formation time of these microhalos is determined by the
amplitude of the enhancement, which is given by T'(kpk).

The location of the peak of the DM power spectrum is determined by the process that
counteracts gravitationally induced growth and prevents structure formation on small scales.
In earlier works that have studied microhalo formation due to an early matter-dominated era
(EMDE), this cutoff in the matter power spectrum was assumed to be generated by DM free
streaming [37-40] or axion DM oscillations [48]. Consequently, the peak scale is determined
by DM microphysics. If the DM belongs to a hidden sector whose lightest particle causes
the EMDE, then the DM particle may be cold enough that the relativistic pressure of the
lightest hidden-sector particle sets the small-scale cutoff [14, 61]. We showed in Ref. [30] that
the cutoff in the matter power spectrum following an ECDE is typically generated by the
thermal pressure in the cannibal fluid and is independent of DM microphysics when there
is no period of SM radiation domination prior to the ECDE. In this work, we extended our
analysis to scenarios in which the cannibals freeze-out while cannibal density is subdominant
to SM density and showed that the cannibal thermal pressure still determines the cutoff. We
find the cutoff scale to be given by the cannibal sound horizon at reheating, up to an order
of magnitude, irrespective of the initial temperature ratio between the cannibal fluid and SM
plasma and the properties of the DM particles. The only exceptions occur in narrow bands of
parameter space where the DM free-streaming horizon overcomes the cannibal sound horizon
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or where the cannibal fluid becomes collisionless prior to cannibal domination.

While the cannibal sound horizon provides a rough estimate of the wavenumber at which
the power spectrum is maximized, kpx, we have also found a more accurate (within ~ 10%)
expression for kpk. In the case where the freeze-out of cannibal reactions occurs during
cannibal domination we find kpk = k,(2ay,)/1.4, where k' is the cannibal Jeans length, and
ag, is the scale factor when cannibal reactions freeze out [30]. If the freeze-out of cannibal
reactions occurs during SM radiation domination, then we find ki to be given by eq. (3.31).
These analytical estimates allow us to provide a map between the key microhalo properties,
My and T'(kpk), and the cannibal particle properties.

The peak amplitude of enhancement in dark matter perturbations due to an ECDE;,
T'(kpk), is determined by how long cannibals dominate the universe after they freeze out,
which depends on the cannibal mass, m, its 3 — 2 reaction coupling, a., its initial temperature
relative to the SM, &;, and the reheat temperature, T;,. A longer period of post-freeze-out
cannibal domination leads to larger values of T'(kpk) and earlier microhalo formation. If
T(kpk) 2 10%, the cannibals and DM particles assemble into halos prior to reheating. After
the cannibals decay, the DM particles are released from these halos with sufficient velocity
that their subsequent motion erases nearly all the perturbations that are within the horizon at
reheating [61]. Consequently, an ECDE will generate a significantly enhanced abundance of
microhalos for 5 < T'(kpk) < 10%. Since T'(kpx) is roughly proportional to the ratio m /T, a
band of m /Ty, values is expected to yield an enhanced microhalo population. The upper and
lower limits of this band are fixed by a. and &. The range of possible values for m, T, a,
and &;, is further constrained by the requirement that cannibals undergo cannibalism and
that reheating occurs early enough to avoid altering the neutrino abundance, which would
spoil the success of BBN [31-34] and alter the anisotropies in the CMB [35, 36]. Thus, we
have identified a bounded region in the cannibal parameter space that produces an enhanced
abundance of microhalos due to an ECDE. Within this parameter space, we provide estimates
for the masses of the earliest-forming halos and their formation times in terms of the properties
of the cannibal field.

Finally, we briefly discussed potential observational sensitivity to this enhanced micro-
halo population. We expect the microhalos generated by ECDEs with reheat temperatures up
to Trn =~ 100 MeV with T'(27k.) 2 25 and T'(kpk) S 10* to be detectable in the future pulsar
timing arrays analyzed in Refs. [77, 78|, while the results of Refs. [43, 61, 79, 80| imply that
the observed IGRB likely excludes s-wave thermal relic DM in almost all ECDE scenarios.
Cluster caustic microlensing is a promising alternative gravitational means of detecting the
ECDE-enhanced population of microhalos in the low-redshift universe, but projections for
such observations are not developed enough to allow for similarly definitive statements.

It is important to remember, however, that all of these observational probes are sensitive
to the internal structure of the microhalos. While it is possible to predict the density profiles
of the first microhalos from the matter power spectrum [65], it is unknown how subsequent
mergers between microhalos and their further evolution within galactic halos affect their inter-
nal structure. Analyses that employ different assumptions regarding the microhalos’ density
profiles, substructure, and survival rate give similar but not identical bounds on EMDE cos-
mologies. There is also a great deal of uncertainty regarding how the gravitational heating
of the dark matter following structure formation during the EMDE or ECDE affects the
subsequent formation of microhalos [61], and it has been suggested that microhalo remnants
could persist through reheating [81]. Therefore, we cannot yet establish robust observational
constraints on cannibalism within a hidden sector. Nevertheless, we have identified which

— 38 —



regions of cannibal parameter space enhance the microhalo abundance, which demonstrates
how observations of small-scale structure provide a window into the evolution and particle
content of the early Universe.
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A Homogeneous cannibal evolution

In this appendix, we determine the cosmological evolution of the cannibal fluid as it becomes
non-relativistic as well as when the cannibal reactions freeze out. We consider the case where
the cannibal particles become non-relativistic before both freeze-out and decay.

A.1 Equilibrium evolution

We are interested in finding the equilibrium cannibal density and temperature as a function
of scale factor. We begin by writing the Boltzmann equation for the cannibal energy density:

dpcan e
a 3 q

da +3(1+ wc,eq(a)),ocan,eq =0. (A1)

While the cannibal fluid is in equilibrium, its energy density and equation of state can be
written in terms of the cannibal temperature, T, using the relations

4 4

m* [ -, jE . m
Pcan,eq :27_‘_2/1 dEE2 E? — 1feq(E$) = Tﬂ_zh('r)a (Az)

[ AB(E? — V2 () g(a)

We,eq = — _ — = , (A.3)
g (R ABEE? — 1 feg(Br) (@)
where £ = E/m, z = m/T,, and feq is the Bose-Einstein distribution at zero chemical

potential. Consequently, eq. (A.1) can be integrated to find x as a function of scale factor
through

N x h/(i’) i N
/o) = | g g = O, (54

where we have used x(a;) = 0.1 and primes denotes derivatives with respect to z. We evaluate
F(x) at several values of x and use the resulting table to define an interpolating function for
as a function of F' = In(a/a;). We find pean,eq(@) by inserting the resulting z(a) into eq. (A.2).
For a < af,/3 in figure 9, the blue and black curves shows the evolution of the equilibrium
cannibal density and temperature obtained using this procedure.
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In the limits 2 > 1 and z < 1, we find simple analytical expressions for F'(z) using the
asymptotic expansions

™1 <1
15 2 v
h(z) ~ (A.5)
1 27 705 _3 T .
7o) <1+87x+7128x2 +O(x ))\/;e r>1
'Tﬁi <1
45 x4 v
g(w) ~ (A.6)
1 /1 15 e [T,

Using the = < 1 limits for g(z) and h(z) in eq. (A.4) gives the expected T' o< 1/a scaling
for relativistic particles. The x > 1 limits give us the evolution of the cannibal fluid during
cannibalism. To connect the non-relativistic evolution of the cannibal fluid to its early rela-
tivistic evolution we need to integrate in the semi-relativistic regime (x ~ 1) where no simple
analytical expressions are available. To handle the integration in the semi-relativistic regime,
we break up the integral in eq. (A.4) into two integrals: one in the region 0.1 < Z < 10, and
one in the region 10 < & < x. Then we use the large-z approximations for h(x) and g(x) in
the second integral to obtain

1

F(10) - g

/1: <1 " % * 83;%52 + O(j_?))) di ~ —In(a/a;). (A7)

Taking F'(10) = —6.5 in eq. (A.7) implies

a/a; 35 _9
=3n|—— —+0 . A8

B n<17.5x1/6>+8x+ (=) (A.8)
To obtain a simpler relation between z and a, we neglect the 1/x term and set = 10 in the
logarithm, which is approximately true during cannibalism, as seen in figure 9. With these
simplifications,

a
~ 31 . A.
z~3n <25.6ai) (A4.9)

In the left panel of figure 9 the red dashed curve shows this result for the temperature
evolution, which accurately describes the evolution of the cannibal fluid once it becomes
non-relativistic.

To determine the evolution of the cannibal density in the non-relativistic regime we
first write its density in the large = limit by using eq. (A.5) in eq. (A.3). Since h(z) has an
exponential dependence on z, we use eq. (A.8) instead of eq. (A.9) in the exponential term.
Expanding the resulting equation to order 1/z? gives

Since the temperature of cannibal particles remains of order 0.1m during cannibalism, as
seen in left panel of figure 9, the next-to-leading order term in 1/z above provides a ~ 10%

— 40 —



10t . 1 10*
dcan
10° Acan
103
E
£ 107 ~
Q
S
—— numerical §=10 102
10-2{ —— numerical §;=0.1
relativistic limit
ffffff equilibrium non-relativistic limit B
1073 L 10!
10° 10! 102 103 104 100 10! 102 103 104
ala; ala;

Figure 9: Temperature (left) and density (right) of the cannibal fluid as a function of scale
factor. Solid blue (black) lines show numerical results for the cannibal when the universe
is cannibal- (SM radiation-) dominated and correspond to m = 35 TeV, a. = 1, Ty, = 10
MeV, and & = 10 (§; = 0.1). The orange and red dashed lines show analytical results for the
equilibrium cannibal fluid applicable in the relativistic and non-relativistic limits, respectively
(egs. (A.9) and (A.11)). The vertical red dot-dashed line marks the onset of cannibalism. The
remaining vertical dot-dashed lines indicate ag, for the parameter point corresponding to the
solid line of the same color.

correction. As the above relation no longer depends exponentially on x, we express z in terms
of a using eq. (A.9) to obtain

~ 148m* 1 1
Peansed = 1 14:Y3 In(a/ [25.6a3)) 31n(a/[25.6a;))

+ (’)(372)]. (A.11)

In the right panel of figure 9 we show the above estimate of pcaneq as the red-dashed line.
We can see that eq. (A.11) accurately matches the blue and black lines for a 2 acan.

A.2 Cannibal freeze-out

As discussed in section 2, we define ag, through

<UU2>cannzan(afz) = H(ag,). (A.12)

To accurately evaluate ag, we need to solve for the evolution of n¢., near freeze-out.

For a < ag,/3, the three-to-two interaction rate is strong enough to maintain chemical
equilibrium and the cannibal density and temperature are accurately described by the equi-
librium evolution discussed in the previous subsection. However, for a > ag,/3, the cannibal
fluid starts to depart from its chemical equilibrium and we need to solve the Boltzmann
equation for its number density:

dn 0'1)2 TL2 0 T
a_d;an + 3Ncan = ( >;;n ca .(ncan,eq(l') — ncan) — Encan- (A13>
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Since the cannibal particles are non-relativistic by the time freeze-out occurs, we use Maxwell-
Boltzmann statistics in eq. (2.9) to obtain

z/m m? KQ(‘T)
Ncan = e“/Tncan,eq =et / ﬁT, (A14)
om MY 72K (1) + 3Ks(x)
Pcan = € Pcan,eq = et / ﬁ( 22 ); (A15)
We = Pean _ Pcan,eq o KQ(x) (A16)

B Pcan Pcan,eq B le (.%') + 3K2($)’

where K;(z) is the modified Bessel function of i*" order.

To find the evolution equation for x we begin by expressing pcan in terms of ncay and x
using egs. (A.14)-(A.16),

1
Pcan = mncanm . (A 17)

Using the above relation to express pean in terms of nean in the energy conservation equation,
eq. (2.4), yields

m <adncan + 3ncan + anwc(x)> - =0. (A.18)

MNecan [ We + zwl(z) dx
TWe da

a
x? w? da
We then simplify the first bracket using eq. (A.13) to obtain the evolution equation for z,

dz Tw? B TWe (ov?)

zwe(zwe — 1) T
a— — =
da we + zwl(x)  we+awl(z) H

we + zwl(z) H

(A.19)

ncan(ncan,eq - ncan)

Eq. (A.13) and eq. (A.19) form coupled differential equations which are evaluated to-
gether to solve for ncan(a) and z(a). In the left panel of figure 9 we plot the temperature
(blue and black lines) for a > ag,/3 by numerically solving eq. (A.13) and eq. (A.19). In
the right panel we plot the cannibal density for a > ag,/3 using the numerically evaluated x
and ncan in eq. (A.17). Notice that the evolution of the cannibal thermodynamic quantities
is very similar in the two cases where the universe is cannibal dominated (blue line) or SM
radiation dominated (black line), with the only difference being the specific value of ag,. Here
ag, is evaluated by finding where equality in eq. (A.12) is satisfied for numerically obtained

TNcan-

A.3 Cannibal decay

The collision term describing the energy transferred from the cannibal bath to SM-radiation
due to a cannibal particle decaying into two SM particles is given by

dpcan
dt

+3(14we)Hpean = Cp = — / dIIdIT, dIy (270)* 6% (p — p1 — p2) SIMr 2 f.(p)E, (A.20)

where f. is the distribution function for the cannibals, dll = d3py/[(27)32E}], [Mr|? is the
matrix element corresponding to cannibal decays into radiation, S is the symmetry factor,
and variables with subscripts 1 and 2 correspond to the daughter particles while those with
no subscripts correspond to the cannibal particle. We have neglected the contribution from
final state effects as well as those from inverse decays. These approximations are valid as we
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consider the cannibal decays to become important (I' ~ H) when the cannibal particles are
non-relativistic.

Next, we perform the phase space integration of the daughter particles in the rest frame
of the cannibal particle by using the definition of the rest frame decay width,

omIl = /dHldHQ (2m)26%(p — p1 — p2) S|IMr |2 (A.21)

Doing so simplifies the collision term to

3
Cgp = —mI‘/ (;iﬂp;?)fc(p) = —MNeanl - (A.22)

The net energy transfer depends on the product mmncan, and not on pean because the longer
cosmic rest-frame lifetime experienced by higher-energy particles exactly compensates for the
increased energy released in their decays.

B WKB approximation for cannibal density perturbations

In this appendix we find an analytical expression for the evolution of cannibal density per-
turbations while the perturbations are rapidly oscillating, i.e. when csk > aH.

In the limit cgk > aH, the sub-horizon evolution of cannibal density perturbations given
in eq. (3.13) simplifies to

a?H) 1 1 [(csk)?

where prime denotes derivative with respect to a. Without any loss of generality, we can
express the solution to the above equations as

5= D(a)eifﬂ(a)/(aQH)da’ (B2)

where D and 2 determine the amplitude and frequency of oscillations, respectively. Substi-
tuting this ansatz into eq. (B.1) gives

2 ! _
[D”+<(a H) +1 3wC)D’+ D (Cng—Qz):|

a’H a (a?H)?
Q Q 1-3w Q
 |2D D <) D =0. B.3
i [ 2 T e T < a > CZZH:| 0 (B:3)

Both the imaginary part and the real part above have to equal zero. Setting the imaginary
part to zero implies

D? Qe 1-3we(@dn(@) _ congpant, (B.4)

where a, is some initial scale factor.

We solve the real part of eq. (B.3) by assuming that the oscillation frequency is much
greater than the rate at which the amplitude is changing: c?k%/(a®?H)?> > D”/D and
D’/(aD). This WKB approximation allows us to neglect the terms containing derivatives
of D when setting the real part of eq. (B.3) to zero, which implies that

Q(a) ~ tcsk. (B.5)
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Calculating the amplitude D by substituting the above relation in eq. (B.4) gives the full
solution as

. L — [ [1-3wc(@)]d1In(a)/2 i [ csk/(G2H)da —i [* cok/(a?H)da
Sa) = e (Ae + Be ) . (B6)

Here A and B are constants determined by the initial conditions at a,. We can equivalently
express the above equation in terms of the sine function:

— [ 1—3w.(a n(a : ¢ Csk =
(@) = Oy L f i@l 2 g (/ zﬁHdHCQ)’ (B.7)

Vesk
where the initial conditions now determine the constants Cy and Cs.

Note that the damping due to the Hubble term present in the coefficient of ¢’ in eq. (B.1)
is exactly compensated by the Hubble term appearing in the frequency. Hence the expansion
of the universe does not lead to damping of perturbations as one might naively think by looking
at eq. (B.1). In fact by rewriting eq. (B.1) in terms of conformal time, dn = da/(a?H), one
can see that the Hubble damping term does not appear.

C Cannibal 2-to-2 scattering rate

The 2-to-2 scattering rate can be computed from the forward piece of the collision term,
Ise = C'/Ncan, where C is given by

N / d*py d*ps d*ps d*py
] 2E1(27)3 2E5(27)3 2E5(27)3 2B, (27)3

(2m)46% (1 + p2 — p3 — pa)SIM |2 f(p1) f (p2).
(C.1)

Here |M|? is the matrix element, S = 1/4 includes the identical particle factors of initial
and final states and f is the phase-space distribution. Since we are primarily concerned with
the scattering rate when the cannibal particles are non-relativistic, we have dropped the final
state phase space distributions.

When the cannibal fluid is in kinetic equilibrium, f is given by the Maxwell-Boltzmann
distribution,

f(p) = =BTz, (C.2)

In equilibrium, the collision term can be written as

¢ —e2n/Te _Te 1/ dsA(s)V's — 4m2K1(\/s/T.) (C.3)

6474

where K7 is the modified Bessel function of the second kind, s is the Mandelstam variable,
and A(s) is the integral of the squared matrix element over final state phase space,

11@/

Al) = 357

(C.4)

We have included factors of 1/2 in both eq. (C.3) and eq. (C.4) to account for identical
particles appearing in both the final and initial states.
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For the cannibal Lagrangian given in eq. (2.1), we find the matrix element describing
scattering is, in the non-relativistic limit,

o _(, 59
IM| _<)\ 53 ) (C.5)

Inserting the above matrix element in eq. (C.3) and expanding the integrand in 7'/m gives
the leading contribution to the collision term in the non-relativistic limit:

_52\?
O moe2(n—m)/Te ml. ’ L. M (C.6)
o m 64mw3/2m?2 '

Expressing the chemical potential in terms of number density and the temperature of
the cannibal fluid using the relation

T\ 3/2
TNcan = eM/Tcncan,eq = e(,u—m)/Tc (T;Lﬂ_> (C?)

yields our desired result

C
s = n :ncan<acvc>y (08)
where
1 52\° [T.

(ocve) = G2 (A - 3m2> P (C9)

D Perturbed collision operators for a decaying semi-relativistic particle

In this section we derive the contribution from cannibal decays to the cosmological perturba-
tion equations. We include the decay terms up to first order in w, and ¢, or equivalently up
to first order in T./m.

We begin by writing the Boltzmann equations for a generic particle in a perturbed FRW
universe, whose metric given by

ds? = —[1 4+ 2¢]dt? + a®(t)[1 — 2¢)(da?® + dy? + d=?). (D.1)
Expressing the particle’s phase space distribution in the form, f(p,#,t) = f(p,t)+6f (7, Z, 1),
where f and 0f are unperturbed homogeneous and perturbed inhomogeneous pieces, respec-

tively, the Fourier transform of the Boltzmann equation is given, to first order in perturbations,
by

df of  k-p d¢] p* 0f kP, Of 149

Here k is the comoving Fourier wavenumber and C' is the collision operator.
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We are interested in the collision operator that describes the cannibal particle decaying
into pairs of relativistic SM particles. The corresponding collision operators for the cannibal
and radiation distributions are then given by

Colfo(p)) = 5 [ dMdIla2n)!5(E ~ Bx ~ B35 5i ~ m)SIMePLp) (D)

Crlf(p)] = / AT (20)*6(E — By — B)6*(7— i — o)l My fu(p). (D.4)

where f. and f, are distribution functions for the cannibals and relativistic SM particles,
respectively, dIly = d3k/[(27)32E}], |Mr|? is the matrix element corresponding to cannibal
decays into radiation, and S is the identical particle factor. The collision term for SM radiation
does not include a factor of 1/2 because two SM particles are produced in the decay. We
have neglected the contribution from final state effects as well as those from inverse decays
because the cannibal decays become important (I' ~ H) when T, < m.

To obtain the evolution equations for density and velocity perturbations we take the
energy-weighted phase space integral ([ %E) and the phase space integral of the first

moment ([ %[lgﬁ]) of eq. (D.2).

D.1 Cannibal Perturbation Equations

First we use the definition of the rest-frame decay width, T', in eq. (A.21) to evaluate eq. (D.3)
for the cannibal collision operator:

Crlf.] = —mTf,, (D.5)

where m is the mass of the cannibal particle. The Boltzmann equation for cannibals (eq. (D.2))
will also include collision operators originating from cannibal self-interactions. However, these
collision operators do not contribute to the perturbation equations for energy density or veloc-
ity as the self-interactions do not affect the energy and momentum of the fluid. Consequently,
only the contribution from the decay collision operator remains after integrating the Boltz-

. . 3
mann equation for cannibals over [ (gTI)’;;E:

H — le(f] (pean + Pean) = —mI'(1 + ¢)ncan. (D.6)

Opean | 1, =
“—“\Mcan can ecan 3
o T a(p + Pean)fcan +

To obtain the above result we used the definitions of energy density (p), number density (n),
and pressure (P) in terms of f. We also used the definition of the divergence of fluid velocity:

i °p -
o ﬁ(1+w)/(g7£3(k-ﬁ)5f. (D7)

Writing p and P in terms of homogeneous and perturbed pieces,
p=p(l1+9) P = wp + c2pd, (D.8)

in eq. (D.6) and using the energy conservation equation of the cannibal fluid (eq. (2.4)) to
evaluate dpcan/dt, we obtain

1 M _can
(1 + we)fe — 36(1 + we) + 3H(c2 — w,), = —1ean [@z) +

a Pcan

5”“(3&1’1

Gt men gl o)
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where dot denotes differentiation with respect to t.
While T, <« m, we can further simplify the RHS by relating ncan to pcan and Pean using

a3 2 3
It follows that
on. 1—2¢2 3
ﬁcan %601 25 x4, [1+2(wc—c§)+(’)(wz)} . (D.11)
can - f Cc

Using the above result to evaluate dncan /Ncan in eq. (D.9), we obtain the perturbation equation
for 6. by expanding the terms proportional to I' to first order in w, and c2,

be + 2(1 + we)be — 3¢(1 + we) + 3 (H — 1;) (¢ — we)de = —T') (1 - 2wc> . (D12

Next we calculate the perturbation equation for the divergence of fluid velocity, 6, by

evaluating the phase-space integration of the first moment ([ % (E . ]5’)) of the Boltzmann

equation for cannibals (eq. (D.2)). Note that all integrals that are odd in p will be proportional
to df, so any products of such integrals with metric perturbations can be neglected. Most of
the remaining integrals can be evaluated using the definitions of p, n, P, and 6. The only
integral not covered by these definitions contains (l% -p)? in the integrand, which is contained
in the definition of anisotropic stress:

JE_p(l—li-w)/(;ijr]))?’]]); [(’%'@2_;] - (D-13)

Finally, we use P = 2 pean and evaluate pean using the energy conservation equation (eq. (2.4))
to obtain

. k.2 k2 CQkQ
H(1—-3c)0, — — L e — — 5,
(9(; + ( 365)66 a '1/1 + 0 O ca; a(l T wc)
Tean(1 + ¢2) i / Ep - 5f]
=ml 0. — k-p)=|. (D.14
" e (U we) ¢ ean(1+ we) (%)3( P) |- (D)

We further simplify the square bracket on the RHS by approximating E ~ m + p?/(2m) and
using eq. (D.10). Simplifying the resulting expression by keeping only leading order terms in
we and ¢2 and then using the definition of #, we obtain

: k2K 2k?
.+ H(1—3c2)0, — —1) + —0can — ——>———
+ H(1—3c) a¢+ —0 o+ w)

B 5 i &Bp p*op o

To simplify the integral on the RHS, we note that the distribution function for a non-
relativistic perfect fluid can be written as

dc

f = BT =BT o F(B) — F(B)(ou + 5 0), (D.16)
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where dp and ¥ encode the density and velocity perturbations in the fluid. Using the above
expression of f in the # definition (eq. (D.7)) we obtain 6 = ik - ¥. Consequently, the integral
on the RHS of eq. (D.15) simplifies to yield

/ (;er];s;on; (k-5)or~ - / (;i}))s;njz (- 5) (B)5+ ) = ~ipeante [ch+0(wg)] .
(D.17)

Therefore, the perturbation equation for 6. is given by

k2 k2 2k?
H(1— - Genn — ——2 5 = T2, D.1
fc + H(1 — 3c2)6. w—i- ca a(l—I—wC)(S cs0 (D.18)

to leading order in w, and c? for terms proportional to I

D.2 Radiation Perturbation Equations

We find the equation for radiation density perturbations by taking the energy-weighted phase
3

space integral ([ (;iTIS’SE) of the Boltzmann equation for radiation (eq. (D.2)). The resulting

integral of the collision term on the RHS is same as that encountered for the cannibal except

with an opposite sign,

3
(+0) [ P SECrlin)] = ~(1+0) [ b PO Ap)] = (1+ Vmnct
(D.19)

where Cr[f.(p)] and Cr[f,(p1)] are given in eq. (D.3) and eq. (D.4). The above equality is
a direct consequence of energy conservation, which sets the energy of the daughter particle
equal to half of the energy of the cannibal particle, £y = E/2. Since the expression on the
LHS now features integration over the phase space of both radiation particles, the symmetry
factor S appears.

Similar to the cannibal case, we simplify the LHS of the energy-weighted phase space
integral of the Boltzmann equation by using the definitions in eq. (D.8) and using the energy
conservation equation for p, (eq. (2.5)) to yield

(-5 n éﬂ B 4¢ _ ancan |:¢ + can _ 5r:| . (D20)

3a Pr Tcan

Above we have made use of the fact that w = ¢2 = 1/3 for radiation. The dnca, in the RHS
can be further simplified using eq. (D.11) to give

. 40, mIMcan 3 2
T pp= A 4+ =0c(we — . D.21
5+3a b= >, [1#—&-(5 5+25(w cs)} ( )

Next, we find the perturbation equations for the divergence of the radiation fluid velocity

by evaluating the phase-space integration of the first moment ( [ (d L [ -p]) of the Boltzmann
equation for radiation (eq. (D.2)). The RHS of the resulting equatlon is of the form

3 sy ~
a+v) | (Qi)fi}&@l HCrlf (o)

=2(1+ ¢)/dﬂdﬂldﬂ2(2ﬂ)4(ﬁl k)S(E — By — E2)8*(F — i — p2)S|IMr 2 fu(p). (D.22)
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In the above integral we replace pi Tk — (P1+p2) -k /2 as the labels 1 and 2 are interchangeable.
Moreover, by momentum conservation we have p; + po = p, which yields

3 oA
(1+0) / (;T)fglEl@ R)Crlfr(p1)]

~+ o) [ an| [ amden)s e - p - psiae?| 5 REG) 02

Bp - 5f o 3

Here in the second line we first expanded the denominator to first order in p?/m? and then
used the definition of 6 (eq. (D.7)) along with the result given in eq. (D.17) to obtain the
final answer.

We simplify the phase space integration of the first moment of the LHS of Boltzmann
equation in the same way as we did for cannibal perturbations. Expressing the cannibal
energy density in terms of the cannibal number density using eq. (D.10) gives

(D.25)

K2k K2 M can [3 ]
Pr '

QT_E(;’I‘_;w—i_ZUT:F ZQC—GT

References

[1] R. Allahverdi, M. A. Amin, A. Berlin, N. Bernal, C. T. Byrnes, M. S. Delos, A. L. Erickeek,
M. Escudero, D. G. Figueroa, K. Freese, and et al., “The first three seconds: a review of
possible expansion histories of the early universe,” The Open Journal of Astrophysics 4 no. 1,
(Jan, 2021) . http://dx.doi.org/10.21105/astro.2006.16182.

[2] G. Kane, K. Sinha, and S. Watson, “Cosmological Moduli and the Post-Inflationary Universe:
A Critical Review,” Int. J. Mod. Phys. D 24 no. 08, (2015) 1530022, arXiv:1502.07746
[hep-th].

[3] B. Spokoiny, “Deflationary universe scenario,” Phys. Lett. B 315 (1993) 40-45,
arXiv:gr-qc/9306008.

[4] M. Joyce, “Electroweak Baryogenesis and the Expansion Rate of the Universe,” Phys. Rev. D
55 (1997) 1875-1878, arXiv:hep-ph/9606223.

[5] P. G. Ferreira and M. Joyce, “Cosmology with a primordial scaling field,” Phys. Rev. D 58
(1998) 023503, arXiv:astro-ph/9711102.

[6] H. M. Hodges, “Mirror baryons as the dark matter,” Phys. Rev. D 47 (1993) 456-459.

[7] Z. G. Berezhiani, A. D. Dolgov, and R. N. Mohapatra, “ Asymmetric inflationary reheating and
the nature of mirror universe,” Phys. Lett. B 375 (1996) 26-36, arXiv:hep-ph/9511221.

[8] P. Adshead, Y. Cui, and J. Shelton, “Chilly Dark Sectors and Asymmetric Reheating,” JHEP
06 (2016) 016, arXiv:1604.02458 [hep-ph].

[9] P. Adshead, P. Ralegankar, and J. Shelton, “Reheating in two-sector cosmology,” JHEP 08
(2019) 151, arXiv:1906.02755 [hep-phl].

[10] J. Halverson, C. Long, B. Nelson, and G. Salinas, “Axion reheating in the string landscape,”
Phys. Rev. D 99 no. 8, (2019) 086014, arXiv:1903.04495 [hep-th].

[11] E. W. Kolb, D. Seckel, and M. S. Turner, “The Shadow World,” Nature 314 (1985) 415-419.

[12] X. Chen and S. H. H. Tye, “Heating in brane inflation and hidden dark matter,” JCAP 06
(2006) 011, arXiv:hep-th/0602136.

— 49 —


http://dx.doi.org/10.21105/astro.2006.16182
http://dx.doi.org/10.21105/astro.2006.16182
http://dx.doi.org/10.21105/astro.2006.16182
http://dx.doi.org/10.1142/S0218271815300220
http://arxiv.org/abs/1502.07746
http://arxiv.org/abs/1502.07746
http://dx.doi.org/10.1016/0370-2693(93)90155-B
http://arxiv.org/abs/gr-qc/9306008
http://dx.doi.org/10.1103/PhysRevD.55.1875
http://dx.doi.org/10.1103/PhysRevD.55.1875
http://arxiv.org/abs/hep-ph/9606223
http://dx.doi.org/10.1103/PhysRevD.58.023503
http://dx.doi.org/10.1103/PhysRevD.58.023503
http://arxiv.org/abs/astro-ph/9711102
http://dx.doi.org/10.1103/PhysRevD.47.456
http://dx.doi.org/10.1016/0370-2693(96)00219-5
http://arxiv.org/abs/hep-ph/9511221
http://dx.doi.org/10.1007/JHEP06(2016)016
http://dx.doi.org/10.1007/JHEP06(2016)016
http://arxiv.org/abs/1604.02458
http://dx.doi.org/10.1007/JHEP08(2019)151
http://dx.doi.org/10.1007/JHEP08(2019)151
http://arxiv.org/abs/1906.02755
http://dx.doi.org/10.1103/PhysRevD.99.086014
http://arxiv.org/abs/1903.04495
http://dx.doi.org/10.1038/314415a0
http://dx.doi.org/10.1088/1475-7516/2006/06/011
http://dx.doi.org/10.1088/1475-7516/2006/06/011
http://arxiv.org/abs/hep-th/0602136

[13] J. L. Feng, H. Tu, and H.-B. Yu, “Thermal Relics in Hidden Sectors,” JCAP 10 (2008) 043,
arXiv:0808.2318 [hep-phl].

[14] Y. Zhang, “Long-lived Light Mediator to Dark Matter and Primordial Small Scale Spectrum,”
JCAP 05 (2015) 008, arXiv:1502.06983 [hep-ph].

[15] A. Berlin, D. Hooper, and G. Krnjaic, “PeV-Scale Dark Matter as a Thermal Relic of a
Decoupled Sector,” Phys. Lett. B760 (2016) 106-111, arXiv:1602.08490 [hep-phl].

[16] A. Berlin, D. Hooper, and G. Krnjaic, “Thermal Dark Matter From A Highly Decoupled
Sector,” Phys. Rev. D94 no. 9, (2016) 095019, arXiv:1609.02555 [hep-ph].

[17] J. A. Dror, E. Kuflik, and W. H. Ng, “Codecaying Dark Matter,” Phys. Rev. Lett. 117 no. 21,
(2016) 211801, arXiv:1607.03110 [hep-phl].

[18] J. A. Dror, E. Kuflik, B. Melcher, and S. Watson, “Concentrated dark matter: Enhanced
small-scale structure from codecaying dark matter,” Phys. Rev. D97 no. 6, (2018) 063524,
arXiv:1711.04773 [hep-phl].

[19] E. D. Carlson, M. E. Machacek, and L. J. Hall, “Self-interacting dark matter,” Astrophys. .J.
398 (1992) 43-52.

[20] K. K. Boddy, J. L. Feng, M. Kaplinghat, and T. M. P. Tait, “Self-Interacting Dark Matter from
a Non-Abelian Hidden Sector,” Phys. Rev. D89 no. 11, (2014) 115017, arXiv:1402.3629
[hep-ph].

[21] K. K. Boddy, J. L. Feng, M. Kaplinghat, Y. Shadmi, and T. M. P. Tait, “Strongly interacting

dark matter: Self-interactions and keV lines,” Phys. Rev. D90 no. 9, (2014) 095016,
arXiv:1408.6532 [hep-ph].

[22] N. Bernal, X. Chu, C. Garcia-Cely, T. Hambye, and B. Zaldivar, “Production Regimes for
Self-Interacting Dark Matter,” JCAP 03 (2016) 018, arXiv:1510.08063 [hep-ph].

[23] A. Soni and Y. Zhang, “Hidden SU(N) Glueball Dark Matter,” Phys. Rev. D93 no. 11, (2016)
115025, arXiv:1602.00714 [hep-ph].

[24] L. Forestell, D. E. Morrissey, and K. Sigurdson, “Non-Abelian Dark Forces and the Relic
Densities of Dark Glueballs,” Phys. Rev. D 95 no. 1, (2017) 015032, arXiv:1605.08048
[hep-ph].

[25] D. Pappadopulo, J. T. Ruderman, and G. Trevisan, “Dark matter freeze-out in a
nonrelativistic sector,” Phys. Rev. D94 no. 3, (2016) 035005, arXiv:1602.04219 [hep-ph].

[26] M. Farina, D. Pappadopulo, J. T. Ruderman, and G. Trevisan, “Phases of Cannibal Dark
Matter,” JHEP 12 (2016) 039, arXiv:1607.03108 [hep-ph].

[27] M. A. Buen-Abad, R. Emami, and M. Schmaltz, “Cannibal Dark Matter and Large Scale
Structure,” Phys. Rev. D98 no. 8, (2018) 083517, arXiv:1803.08062 [hep-ph].

[28] S. Heeba, F. Kahlhoefer, and P. Stocker, “Freeze-in production of decaying dark matter in five
steps,” JCAP 11 (2018) 048, arXiv:1809.04849 [hep-phl].

[29] S. Heimersheim, N. Schoneberg, D. C. Hooper, and J. Lesgourgues, “Cannibalism hinders
growth: Cannibal Dark Matter and the Sg tension,” arXiv:2008.08486 [astro-ph.CO].

[30] A. L. Erickcek, P. Ralegankar, and J. Shelton, “Cannibal domination and the matter power
spectrum,” arXiv:2008.04311 [astro-ph.CO].

[31] M. Kawasaki, K. Kohri, and N. Sugiyama, “Cosmological constraints on late time entropy
production,” Phys. Rev. Lett. 82 (1999) 4168, arXiv:astro-ph/9811437 [astro-ph].

[32] M. Kawasaki, K. Kohri, and N. Sugiyama, “MeV scale reheating temperature and
thermalization of neutrino background,” Phys. Rev. D62 (2000) 023506,
arXiv:astro-ph/0002127 [astro-ph].

— 50 —


http://dx.doi.org/10.1088/1475-7516/2008/10/043
http://arxiv.org/abs/0808.2318
http://dx.doi.org/10.1088/1475-7516/2015/05/008
http://arxiv.org/abs/1502.06983
http://dx.doi.org/10.1016/j.physletb.2016.06.037
http://arxiv.org/abs/1602.08490
http://dx.doi.org/10.1103/PhysRevD.94.095019
http://arxiv.org/abs/1609.02555
http://dx.doi.org/10.1103/PhysRevLett.117.211801
http://dx.doi.org/10.1103/PhysRevLett.117.211801
http://arxiv.org/abs/1607.03110
http://dx.doi.org/10.1103/PhysRevD.97.063524
http://arxiv.org/abs/1711.04773
http://dx.doi.org/10.1086/171833
http://dx.doi.org/10.1086/171833
http://dx.doi.org/10.1103/PhysRevD.89.115017
http://arxiv.org/abs/1402.3629
http://arxiv.org/abs/1402.3629
http://dx.doi.org/10.1103/PhysRevD.90.095016
http://arxiv.org/abs/1408.6532
http://dx.doi.org/10.1088/1475-7516/2016/03/018
http://arxiv.org/abs/1510.08063
http://dx.doi.org/10.1103/PhysRevD.93.115025
http://dx.doi.org/10.1103/PhysRevD.93.115025
http://arxiv.org/abs/1602.00714
http://dx.doi.org/10.1103/PhysRevD.95.015032
http://arxiv.org/abs/1605.08048
http://arxiv.org/abs/1605.08048
http://dx.doi.org/10.1103/PhysRevD.94.035005
http://arxiv.org/abs/1602.04219
http://dx.doi.org/10.1007/JHEP12(2016)039
http://arxiv.org/abs/1607.03108
http://dx.doi.org/10.1103/PhysRevD.98.083517
http://arxiv.org/abs/1803.08062
http://dx.doi.org/10.1088/1475-7516/2018/11/048
http://arxiv.org/abs/1809.04849
http://arxiv.org/abs/2008.08486
http://arxiv.org/abs/2008.04311
http://dx.doi.org/10.1103/PhysRevLett.82.4168
http://arxiv.org/abs/astro-ph/9811437
http://dx.doi.org/10.1103/PhysRevD.62.023506
http://arxiv.org/abs/astro-ph/0002127

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]
[47]
48]
[49]
[50]

[51]

S. Hannestad, “What is the lowest possible reheating temperature?,” Phys. Rev. D70 (2004)
043506, arXiv:astro-ph/0403291 [astro-ph].

K. Ichikawa, M. Kawasaki, and F. Takahashi, “The Oscillation effects on thermalization of the
neutrinos in the Universe with low reheating temperature,” Phys. Rev. D72 (2005) 043522,
arXiv:astro-ph/0505395 [astro-ph].

P. de Salas, M. Lattanzi, G. Mangano, G. Miele, S. Pastor, and O. Pisanti, “Bounds on very
low reheating scenarios after Planck,” Phys. Rev. D 92 no. 12, (2015) 123534,
arXiv:1511.00672 [astro-ph.CO].

T. Hasegawa, N. Hiroshima, K. Kohri, R. S. Hansen, T. Tram, and S. Hannestad, “MeV-scale
reheating temperature and thermalization of oscillating neutrinos by radiative and hadronic
decays of massive particles,” JCAP 12 (2019) 012, arXiv:1908.10189 [hep-ph].

A. L. Erickcek and K. Sigurdson, “Reheating effects in the matter power spectrum and
implications for substructure,” Phys. Rev. D 84 no. 8, (Oct., 2011) 083503, arXiv:1106.0536
[astro-ph.CO].

G. Barenboim and J. Rasero, “Structure formation during an early period of matter
domination,” Journal of High Energy Physics 2014 (Apr, 2014) 138, arXiv:1311.4034
[hep-ph].

J. Fan, O. Ozsoy, and S. Watson, “Nonthermal histories and implications for structure

formation,” Phys. Rev. D 90 no. 4, (Aug., 2014) 043536, arXiv:1405.7373 [hep-ph].

A. L. Erickcek, “The Dark Matter Annihilation Boost from Low-Temperature Reheating,”
Phys. Rev. D92 no. 10, (2015) 103505, arXiv:1504.03335 [astro-ph.CO].

K. Redmond, A. Trezza, and A. L. Erickcek, “Growth of Dark Matter Perturbations during
Kination,” Phys. Rev. D 98 no. 6, (2018) 063504, arXiv:1807.01327 [astro-ph.CO].

A. L. Erickcek, K. Sinha, and S. Watson, “Bringing Isolated Dark Matter Out of Isolation:
Late-time Reheating and Indirect Detection,” Phys. Rev. D 94 no. 6, (2016) 063502,
arXiv:1510.04291 [hep-ph].

M. Sten Delos, T. Linden, and A. L. Erickcek, “Breaking a dark degeneracy: The gamma-ray
signature of early matter domination,” Phys. Rev. D 100 no. 12, (2019) 123546,
arXiv:1910.08553 [astro-ph.CO].

B. H. Smith, “Summing one loop graphs in a theory with broken symmetry,” Phys. Rev. D 47
(1993) 3518-3520, arXiv:hep-ph/9209287.

C.-P. Ma and E. Bertschinger, “Cosmological perturbation theory in the synchronous and
conformal Newtonian gauges,” Astrophys. J. 455 (1995) 7-25, arXiv:astro-ph/9506072
[astro-ph].

A. A. de Laix, R. J. Scherrer, and R. K. Schaefer, “Constraints of selfinteracting dark matter,”
Astrophys. J. 452 (1995) 495, arXiv:astro-ph/9502087 [astro-ph].

W. Hu and N. Sugiyama, “Small scale cosmological perturbations: An Analytic approach,”
Astrophys. J. 471 (1996) 542-570, arXiv:astro-ph/9510117 [astro-ph].

N. Blinov, M. J. Dolan, and P. Draper, “Imprints of the Early Universe on Axion Dark Matter
Substructure,” Phys. Rev. D 101 no. 3, (2020) 035002, arXiv:1911.07853 [astro-ph.C0].

P. Meszaros, “The behaviour of point masses in an expanding cosmological substratum.,”
Astronomy and Astrophysics 37 no. 2, (Dec, 1974) 225-228.

E. Bertschinger, “The Effects of Cold Dark Matter Decoupling and Pair Annihilation on
Cosmological Perturbations,” Phys. Rev. D 74 (2006) 063509, arXiv:astro-ph/0607319.

P. J. E. Peebles, The large-scale structure of the universe. 1980.

~ 51 —


http://dx.doi.org/10.1103/PhysRevD.70.043506
http://dx.doi.org/10.1103/PhysRevD.70.043506
http://arxiv.org/abs/astro-ph/0403291
http://dx.doi.org/10.1103/PhysRevD.72.043522
http://arxiv.org/abs/astro-ph/0505395
http://dx.doi.org/10.1103/PhysRevD.92.123534
http://arxiv.org/abs/1511.00672
http://dx.doi.org/10.1088/1475-7516/2019/12/012
http://arxiv.org/abs/1908.10189
http://dx.doi.org/10.1103/PhysRevD.84.083503
http://arxiv.org/abs/1106.0536
http://arxiv.org/abs/1106.0536
http://dx.doi.org/10.1007/JHEP04(2014)138
http://arxiv.org/abs/1311.4034
http://arxiv.org/abs/1311.4034
http://dx.doi.org/10.1103/PhysRevD.90.043536
http://arxiv.org/abs/1405.7373
http://dx.doi.org/10.1103/PhysRevD.92.103505
http://arxiv.org/abs/1504.03335
http://dx.doi.org/10.1103/PhysRevD.98.063504
http://arxiv.org/abs/1807.01327
http://dx.doi.org/10.1103/PhysRevD.94.063502
http://arxiv.org/abs/1510.04291
http://dx.doi.org/10.1103/PhysRevD.100.123546
http://arxiv.org/abs/1910.08553
http://dx.doi.org/10.1103/PhysRevD.47.3518
http://dx.doi.org/10.1103/PhysRevD.47.3518
http://arxiv.org/abs/hep-ph/9209287
http://dx.doi.org/10.1086/176550
http://arxiv.org/abs/astro-ph/9506072
http://arxiv.org/abs/astro-ph/9506072
http://dx.doi.org/10.1086/176322
http://arxiv.org/abs/astro-ph/9502087
http://dx.doi.org/10.1086/177989
http://arxiv.org/abs/astro-ph/9510117
http://dx.doi.org/10.1103/PhysRevD.101.035002
http://arxiv.org/abs/1911.07853
http://dx.doi.org/10.1103/PhysRevD.74.063509
http://arxiv.org/abs/astro-ph/0607319

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
|68]
[69]

[70]

Planck Collaboration, N. Aghanim et al., “Planck 2018 results. VI. Cosmological parameters,”
arXiv:1807.06209 [astro-ph.CO].

C. Dvorkin, K. Blum, and M. Kamionkowski, “Constraining Dark Matter-Baryon Scattering
with Linear Cosmology,” Phys. Rev. D 89 no. 2, (2014) 023519, arXiv:1311.2937
[astro-ph.CO].

J. Silk, “Cosmic Black-Body Radiation and Galaxy Formation,” Astrophys. J. 151 (Feb., 1968)
459.

W. Hu and M. J. White, “The Damping tail of CMB anisotropies,” Astrophys. J. 479 (1997)
568, arXiv:astro-ph/9609079.

O. F. Piattella, D. C. Rodrigues, J. C. Fabris, and J. A. de Freitas Pacheco, “Evolution of the
phase-space density and the Jeans scale for dark matter derived from the Vlasov-Einstein
equation,” JCAP 11 (2013) 002, arXiv:1306.3578 [astro-ph.CO].

D. Egana-Ugrinovic, R. Essig, D. Gift, and M. LoVerde, “The Cosmological Evolution of
Self-interacting Dark Matter,” JCAP 05 (2021) 013, arXiv:2102.06215 [astro-ph.CO0].

D. Tseliakhovich and C. Hirata, “Relative velocity of dark matter and baryonic fluids and the
formation of the first structures,” Phys. Rev. D 82 (2010) 083520, arXiv:1005.2416
[astro-ph.CO].

J. Diemand, B. Moore, and J. Stadel, “Earth-mass dark-matter haloes as the first structures in
the early Universe,” Nature 433 (2005) 389-391, arXiv:astro-ph/0501589.

T. Ishiyama, J. Makino, and T. Ebisuzaki, “Gamma-ray Signal from Earth-mass Dark Matter
Microhalos,” Astrophys. J. Lett. 723 (2010) L195, arXiv:1006.3392 [astro-ph.CO].

C. Blanco, M. S. Delos, A. L. Erickcek, and D. Hooper, “Annihilation Signatures of Hidden
Sector Dark Matter Within Early-Forming Microhalos,” Phys. Rev. D100 no. 10, (2019)
103010, arXiv:1906.00010 [astro-ph.CO].

J. F. Navarro, C. S. Frenk, and S. D. M. White, “A Universal Density Profile from Hierarchical
Clustering,” Astrophys. J. 490 no. 2, (Dec., 1997) 493-508, arXiv:astro-ph/9611107
[astro-ph].

J. S. Bullock, T. S. Kolatt, Y. Sigad, R. S. Somerville, A. V. Kravtsov, A. A. Klypin, J. R.
Primack, and A. Dekel, “Profiles of dark haloes. Evolution, scatter, and environment,” Mon.
Not. Roy. Astron. Soc. 321 (2001) 559-575, arXiv:astro-ph/9908159.

R. H. Wechsler, J. S. Bullock, J. R. Primack, A. V. Kravtsov, and A. Dekel, “Concentrations of
dark halos from their assembly histories,” Astrophys. J. 568 (2002) 52-70,
arXiv:astro-ph/0108151.

M. S. Delos, M. Bruff, and A. L. Erickcek, “Predicting the density profiles of the first halos,”
Phys. Rev. D 100 no. 2, (2019) 023523, arXiv:1905.05766 [astro-ph.CO].

V. Berezinsky, V. Dokuchaev, Y. Eroshenko, M. Kachelriefs, and M. A. Solberg, “Superdense
cosmological dark matter clumps,” Phys. Rev. D 81 no. 10, (May, 2010) 103529,
arXiv:1002.3444 [astro-ph.CO].

M. S. Delos, “Tidal evolution of dark matter annihilation rates in subhalos,” Phys. Rev. D 100
no. 6, (2019) 063505, arXiv:1906.10690 [astro-ph.C0].

M. S. Delos, “Evolution of dark matter microhalos through stellar encounters,” Phys. Rev. D
100 no. 8, (2019) 083529, arXiv:1907.13133 [astro-ph.CO].

N. Blinov, M. J. Dolan, P. Draper, and J. Shelton, “Dark Matter Microhalos From Simplified
Models,” Phys. Rev. D 103 no. 10, (2021) 103514, arXiv:2102.05070 [astro-ph.CO].

L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West, “Freeze-In Production of FIMP
Dark Matter,” JHEP 03 (2010) 080, arXiv:0911.1120 [hep-ph].

~ 52—


http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.1103/PhysRevD.89.023519
http://arxiv.org/abs/1311.2937
http://arxiv.org/abs/1311.2937
http://dx.doi.org/10.1086/149449
http://dx.doi.org/10.1086/149449
http://dx.doi.org/10.1086/303928
http://dx.doi.org/10.1086/303928
http://arxiv.org/abs/astro-ph/9609079
http://dx.doi.org/10.1088/1475-7516/2013/11/002
http://arxiv.org/abs/1306.3578
http://dx.doi.org/10.1088/1475-7516/2021/05/013
http://arxiv.org/abs/2102.06215
http://dx.doi.org/10.1103/PhysRevD.82.083520
http://arxiv.org/abs/1005.2416
http://arxiv.org/abs/1005.2416
http://dx.doi.org/10.1038/nature03270
http://arxiv.org/abs/astro-ph/0501589
http://dx.doi.org/10.1088/2041-8205/723/2/L195
http://arxiv.org/abs/1006.3392
http://dx.doi.org/10.1103/PhysRevD.100.103010
http://dx.doi.org/10.1103/PhysRevD.100.103010
http://arxiv.org/abs/1906.00010
http://dx.doi.org/10.1086/304888
http://arxiv.org/abs/astro-ph/9611107
http://arxiv.org/abs/astro-ph/9611107
http://dx.doi.org/10.1046/j.1365-8711.2001.04068.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04068.x
http://arxiv.org/abs/astro-ph/9908159
http://dx.doi.org/10.1086/338765
http://arxiv.org/abs/astro-ph/0108151
http://dx.doi.org/10.1103/PhysRevD.100.023523
http://arxiv.org/abs/1905.05766
http://dx.doi.org/10.1103/PhysRevD.81.103529
http://arxiv.org/abs/1002.3444
http://dx.doi.org/10.1103/PhysRevD.100.063505
http://dx.doi.org/10.1103/PhysRevD.100.063505
http://arxiv.org/abs/1906.10690
http://dx.doi.org/10.1103/PhysRevD.100.083529
http://dx.doi.org/10.1103/PhysRevD.100.083529
http://arxiv.org/abs/1907.13133
http://dx.doi.org/10.1103/PhysRevD.103.103514
http://arxiv.org/abs/2102.05070
http://dx.doi.org/10.1007/JHEP03(2010)080
http://arxiv.org/abs/0911.1120

[71] F. Li, A. L. Erickcek, and N. M. Law, “A new probe of the small-scale primordial power
spectrum: astrometric microlensing by ultracompact minihalos,” Phys. Rev. D 86 (2012)
043519, arXiv:1202.1284 [astro-ph.CO].

[72] A. L. Erickcek and N. M. Law, “Astrometric Microlensing by Local Dark Matter Subhalos,”
Astrophys. J. 729 (2011) 49, arXiv:1007.4228 [astro-ph.CO].

[73] K. Van Tilburg, A.-M. Taki, and N. Weiner, “Halometry from Astrometry,” JCAP 07 (2018)
041, arXiv:1804.01991 [astro-ph.CO].

[74] J. A. Dror, H. Ramani, T. Trickle, and K. M. Zurek, “Pulsar timing probes of primordial black
holes and subhalos,” Phys. Rev. D 100 no. 2, (July, 2019) 023003, arXiv:1901.04490
[astro-ph.CO].

[75] H. Ramani, T. Trickle, and K. M. Zurek, “Observability of Dark Matter Substructure with
Pulsar Timing Correlations,” arXiv:2005.03030 [astro-ph.CO].

[76] L. Dai and J. Miralda-Escudé, “Gravitational Lensing Signatures of Axion Dark Matter
Minihalos in Highly Magnified Stars,” Astron. J. 159 no. 2, (2020) 49, arXiv:1908.01773
[astro-ph.CO].

[77] M. S. Delos and T. Linden, “Dark Matter Microhalos in the Solar Neighborhood: Pulsar
Timing Signatures of Early Matter Domination,” arXiv:2109.03240 [astro-ph.CO].

[78] V. S. H. Lee, S. R. Taylor, T. Trickle, and K. M. Zurek, “Bayesian Forecasts for Dark Matter
Substructure Searches with Mock Pulsar Timing Data,” JCAP 08 (2021) 025,
arXiv:2104.05717 [astro-ph.CO].

[79] C. Blanco and D. Hooper, “Constraints on Decaying Dark Matter from the Isotropic
Gamma-Ray Background,” JCAP 03 (2019) 019, arXiv:1811.05988 [astro-ph.HE].

[80] Fermi-LAT Collaboration, M. Ackermann et al., “The spectrum of isotropic diffuse
gamma-ray emission between 100 MeV and 820 GeV,” Astrophys. J. 799 (2015) 86,
arXiv:1410.3696 [astro-ph.HE].

[81] G. Barenboim, N. Blinov, and A. Stebbins, “Smallest Remnants of Early Matter Domination,”
arXiv:2107.10293 [astro-ph.CO].

— 53 —


http://dx.doi.org/10.1103/PhysRevD.86.043519
http://dx.doi.org/10.1103/PhysRevD.86.043519
http://arxiv.org/abs/1202.1284
http://dx.doi.org/10.1088/0004-637X/729/1/49
http://arxiv.org/abs/1007.4228
http://dx.doi.org/10.1088/1475-7516/2018/07/041
http://dx.doi.org/10.1088/1475-7516/2018/07/041
http://arxiv.org/abs/1804.01991
http://dx.doi.org/10.1103/PhysRevD.100.023003
http://arxiv.org/abs/1901.04490
http://arxiv.org/abs/1901.04490
http://arxiv.org/abs/2005.03030
http://dx.doi.org/10.3847/1538-3881/ab5e83
http://arxiv.org/abs/1908.01773
http://arxiv.org/abs/1908.01773
http://arxiv.org/abs/2109.03240
http://dx.doi.org/10.1088/1475-7516/2021/08/025
http://arxiv.org/abs/2104.05717
http://dx.doi.org/10.1088/1475-7516/2019/03/019
http://arxiv.org/abs/1811.05988
http://dx.doi.org/10.1088/0004-637X/799/1/86
http://arxiv.org/abs/1410.3696
http://arxiv.org/abs/2107.10293

	1 Introduction
	2 Homogeneous background evolution
	2.1 Mapping between cannibal parameters and cosmological scales

	3 Evolution of perturbations
	3.1 Cannibal freeze-out during SM radiation domination
	3.1.1 Modes that enter the horizon prior to cannibal freeze-out
	3.1.2 Modes that enter the horizon after cannibal freeze-out
	3.1.3 The linear matter power spectrum after an ECDE

	3.2 Analytical estimate of the peak of the matter power spectrum
	3.3 The effects of DM-cannibal interactions

	4 Beyond the perfect-fluid approximation
	5 Implications for microhalo formation
	6 Summary and conclusions
	A Homogeneous cannibal evolution
	A.1 Equilibrium evolution
	A.2 Cannibal freeze-out
	A.3 Cannibal decay

	B WKB approximation for cannibal density perturbations
	C Cannibal 2-to-2 scattering rate
	D Perturbed collision operators for a decaying semi-relativistic particle 
	D.1 Cannibal Perturbation Equations
	D.2 Radiation Perturbation Equations


