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Abstract
An early matter-dominated era (EMDE) is a brief period between the end of inflation and reheating
where a matter-like energy source dominates the cosmic stage. During the EMDE, sub-horizon
matter density perturbations grow linearly with the scale factor, as compared to logarithmically
during the radiation-dominated (RD) era. Perturbation modes outside the comoving Hubble horizon
at reheating, with R > RH ≡ 1/(aRH HRH ) and thus k < kRH , are unaffected by the EMDE.
Free-streaming of the dark matter particle will eliminate structure formation on scales below the
free-streaming cut-off scale Rcut = 1/kcut . Modes in the wavenumber range kRH < k < kcut will be
enhanced by the EMDE, and thus we are interested in the ratio kcut /kRH as a function of the reheat
temperature TRH , temperature at kinetic decoupling in a RD universe TkdS , and dark matter mass
mχ . A larger ratio corresponds to a larger range of modes enhanced by the EMDE. We find that for
a ratio TkdS /TRH ≈ 6, a ratio kcut /kRH = 20 is attainable. The enhanced matter power spectrum
is used as initial conditions for the GADGET-2 N-body simulation code to study the formation and
survival fraction of dark matter microhalos below the reheat mass. The microhalos that survive
until today are bound into galaxy-mass host halos as substructure. This high-density substructure
causes a boost in the dark matter annihilation rate. Our simulation results demonstrate that slightly
fewer microhalos survive than previously expected, resulting in a somewhat lower annihilation boost
factor than that of analytical predictions.
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INTRODUCTION

The first second of the Universe is the most poorly understood epoch on the cosmological timeline. There is
strong evidence that a rapid accelerating expansion of
space, known as cosmic inflation, lasted from ∼10−36
to ∼10−32 seconds after the Big Bang [1]. The current cosmological model splits the post-inflation history
of the universe into the eras of radiation, matter, and
dark energy domination. The inflationary period rapidly
decreases radiation density and yet the universe must become radiation dominated before the onset of Big Bang
Nucleosynthesis (BBN) around one second after the Big
Bang. The one-second evolution of the Universe between
inflation and BBN consists of a temperature decrease
from ∼1016 GeV to several MeV, and yet science has
uncovered almost nothing concrete about what occurs
during this drastic temperature scale change.
The most basic models of inflation consist of one driving scalar field, the inflaton. Slow-roll inflation ends when
the inflaton reaches the bottom of its potential well and
begins to oscillate, eventually decaying. An oscillating
scalar field at the bottom of a quadratic potential well,
such as in “chaotic” inflation, follows the same dynamics as a pressureless fluid, namely what we call matter
[2]. Therefore, a generic prediction of inflation is a brief
period of domination by a matter-like energy source between the end of inflation and the onset of radiation domination at reheating. Other high-energy theories, such as
string and M-theory, predict that after the inflaton decays, other oscillating scalar fields may briefly dominate
the cosmic energy density in an early matter-dominated
era (EMDE) [3]. In string theory, scalar fields called
stabilized moduli are generic and important ingredients
to realistic models whose energy density could dominate
briefly after inflation [4]. Yet another possibility is that
the inflaton or some other field decays into quasi-stable
massive particles before BBN. The notion of a pre-BBN
EMDE is a fairly general prediction of early universe
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theories. With several potential theories predicting an
EMDE, it is possible that there may be more than one
EMDE before reheating. Of particular interest to the
study of structure formation and evolution is the final
EMDE that leads up to the point of reheating. This
EMDE is particularly important because it generates the
current content of the Universe. Reheating is often assumed to occur at extremely high temperatures (∼1016
GeV), too early in the Universe’s history to have much
impact on observables. However, string theory predicts
that the lightest stabilized moduli should have mass on
order ∼1000 TeV, resulting in a reheat temperature less
than a few hundred GeV [3]. This temperature scale is
fairly general to other EMDEs predicted by string theory.
In an EMDE, the domination of this matter-like energy source, in the form of a scalar field, would enhance
all matter density perturbation modes on scales up to
the comoving Hubble horizon RH ≡ 1/[aH(a)], which
−1
is analagous to all wavenumbers k > kRH = RRH
. Here,
kRH = aRH HRH (aRH ) is the mode that enters the horizon
at reheating [5]. At the end of the EMDE, the scalar field
decays and radiation domination begins at the reheat
temperature TRH , which is currently only constrained by
BBN to be above 3 MeV [6, 7]. For low, GeV-scale reheat temperatures, the enhanced density perturbations
will significantly increase the formation of dark matter microhalo populations at higher formation redshifts
from that of a Universe that transitions directly from reheating to radiation domination. These microhalos predominantly lie within the sub-Earth mass regime, with
higher densities due to earlier formation times compared
to their counterparts that form in a standard radiationdominated universe [8–10]. The increased formation of
higher density substructure boosts the dark matter annihilation rate compared to the evolution without an
EMDE because annihilation scales with the square of the
dark matter density. Analytical calculations of this boost
factor are on the order of ∼ 105 [11]. These calculations
are highly uncertain due to a lack of experimental data on
interactions between microhalos and the effects on microhalo density profiles as a result of these interactions. In
particular, it is unclear what the fate of the earliest forming microhalos will be. Ref. [11] concludes that N-body
simulations of microhalos are necessary to determine if
they can survive their absorption into larger microhalos
that form slightly later. If the majority of the primordial
microhalos do indeed survive, the boost factor will also
be sensitive to how much of their mass is tidally stripped
by their host halo.
In this work, we will attempt to determine this boost
factor using cosmological N-body simulations and compare with prior analytical results. A more accurate boost
factor will be necessary to determine if there is a viable
parameter space of reheat temperatures, kinetic decoupling temperatures, and dark matter masses such that
the EMDE produces results that agree with observations
of the dark matter relic abundance. The dark matter in
the enhanced substructure was created entirely through

FIG. 1. Demonstration of linear enhancement due to an
EMDE for subhorizon modes. Standard logarithmic growth
begins at reheating. Figure from Ref. [11]

pair production, with no non-thermal dark matter generation due to scalar field decay. After dark matter freezes
out, its comoving number density is conserved. However, during the EMDE, the matter-like scalar field acts
as a source to the radiation, and thus additional photons
are created. This causes the dark matter-radiation ratio to decrease. For the dark matter relic abundance to
remain in agreement with current observational bounds
from the Planck mission [12], freeze-out must occur earlier, and thus the annihilation cross section hσvi must
decrease from the standard value of 3 × 10−26 cm3 s−1 .
For observations to constrain an EMDE, the boost factor
must be sufficiently large to compensate for a lower annihilation cross section in order to bring the dark matter
annihilation rate above the current observable threshold.
The effects from an EMDE on the matter power spectrum will primarily depend on TRH and the cut-off scale
kcut due to dark matter free-streaming. Causally connected density perturbation modes grow linearly with the
scale factor during the EMDE. When the universe drops
below the reheat temperature, the EMDE ends and radiation domination begins, and evolution of all subhorizon
perturbation modes becomes logarithmic until matterradiation equality. Scales that are larger than the cosmic
horizon at reheating (k < kRH ) will have experienced
no density perturbation enhancement, only growing logarithmically since horizon entry. Figure 1 demonstrates
this behavior for a mode that enters the horizon during
an EMDE. Lower reheat temperatures result in a longer
EMDE, which allows the density perturbations to grow
larger.
After dark matter kinetically decouples from radiation
at Tkd , the remaining velocities of the dark matter particles create a free-streaming effect that reduces perturbations on scales below the free-streaming distance, which is
the distance a DM particle has traveled since decoupling.
This residual velocity determines the free-streaming cutoff scale, kcut , such that modes with k > kcut are sup-
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pressed due to free-streaming. Ultimately, the modes
within the range kRH < k < kcut will be enhanced by the
EMDE. We first aim to establish the relationship between
kRH and kcut as a function of the dark matter mass and
the temperatures at reheating and kinetic decoupling.
The post-EMDE matter power spectrum can be used
to run cosmological N-body simulations. Given a specific reheat temperature and free-streaming cut-off scale,
a power spectrum can be generated and used as input for
GADGET-2 [13], a robust cosmological N-body simulator
code. This simulates dark matter structure formation on
small scales within a cube with side on the order of tens
of parsecs/h, running through the cosmic dark ages up
until a redshift of zf ∼ 30, allowing us to analyze increased microhalo populations as a result of the EMDE.
Analytical models of an EMDE have shown an increase
in the fraction of dark matter bound in microhalos from
the standard ∼ 10−10 up to 50% for low reheat temperatures. We will use the results of these numerical
simulations to verify theoretical results and analyze the
structure of individual microhalos.
The focus of this thesis is to determine what happens
to these microhalos as the universe evolves. As small
microhalos merge with larger microhalos, they may remain intact as discrete subhalos within the larger host
halo. It is also possible that the substructure is destroyed
due to these mergers. Microhalo substructure drastically
boosts the DM annihilation rate, which is quantified by
the boost factor defined as:
1 + Bs = R

J
ρ2χ 4πr2 dr

(1)

where J is the integral of density squared over the microhalo volume and the denominator is the integral over a
halo with the same mass and virial radius but a smooth
density profile. More substructure will cause J to increase, in turn increasing the boost factor. If enough
substructure has survived in halos, the dark matter annihilation rate could be sufficiently boosted for detection
using gamma ray telescopes. Of particular interest is the
relative boost factor (1 + B)/(1 + Bstd ), where 1 + Bstd
is the standard substructure boost in annihilation due to
subhalos above the reheat scale that form in the absence
of an EMDE. Ref. [11] finds that if 90% of the dark
matter is still contained in microhalos at z = 50, the
relative boost from an EMDE is 100, which is not high
enough to overcome the suppression in the annihilation
cross section. However, if the microhalos form sufficiently
early at z = 400 with 60% of dark matter bound into microhalos at that time, and these microhalos survive to
today as subhalos within a larger host halo, the relative
boost factor could be as large as 30,000. This boost factor would be sufficiently high to increase the dark matter
annihilation rate in dwarf spheroidal galaxies above the
observational limits of the Fermi Gamma-Ray Telescope
[14].
The structure of this document is as follows: In Section II, we use numerical solutions to a system of coupled

ordinary differential equations [15] to study the evolution of the phase space density of dark matter perturbation modes. We will study the perturbation dependence
on TRH , Tkd , and dark matter mass mχ . Our ultimate
goal in this section is to construct and verify an analytical model for the free-streaming cut-off scale as a function of the aforementioned temperatures and dark matter
mass. We will attempt to determine a set of suitable parameters that result in a cut-off scale small enough to
produce sufficient boost in annihilation. Once the relationship kcut /kRH has been determined, we can generate
the matter power spectrum and run cosmological simulations, which will be the focus of Section III. We will
also employ the Rockstar [16] halo cataloging program
to find the phase-space coordinates, masses, and radii of
all well-resolved, gravitationally-bound structures in the
simulation particle data. We will use these halo catalogs
to compare the numerical halo mass functions to the analytical Sheth-Tormen [17] and Press-Schecter [18] mass
functions. For further verification of the simulations, we
will fit generalized Navarro-Frenk-White density profiles
[19] to simulated halos and compare to analytical predictions for microhalos formed at high redshift. We will
also discuss the mass-concentration relationship for microhalos. We will measure the evolution of the bound
matter fraction of entire simulations as well as the substructure mass percentage of individual host halos. In
Section IV, we will calculate the boost factor for microhalos and generate a boost-mass relationship Bs (Mmh ).
This relationship will be integrated over all mass scales
below the reheat mass to determine the total substructure boost for galaxy-mass host halos. These total boosts
will be compared to observational limits for a given dark
matter annihilation cross-section.
Note: Natural units (~ = c = kB = 1) are used
throughout this work.

II.

FREE-STREAMING CUT-OFF SCALE

The linear enhancement from an EMDE is only present
in modes that enter the horizon before reheating (k >
kRH ) and modes that are larger than the free-streaming
cut-off scale (k < kcut ). We seek to understand the dependence of the cut-off scale on the dark matter mass mχ
and the temperatures at reheating (TRH ) and at kinetic
decoupling (Tkd ).
Before kinetic decoupling, the dark matter is coupled
to the lepton-photon plasma. After the Universe drops
below Tkd , the dark matter particles can be modeled as a
collisionless gas. After reducing the Boltzmann equation
for dark matter-lepton interactions to a Fokker-Planck
equation for the evolution of dark matter density perturbations, Ref. [15] derives a system of coupled ordinary
differential equations (Eq. (12)) to describe the evolution
of the phase space density of each perturbation mode k.
We will now build up some of the necessary background
in order to study this set of equations, introducing them
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in Subsec. II C. In particular, we begin by introducing
KDEMDE, the code used to study the evolution of the
dark matter perturbations, in Subsec. II A. Then, we
study the evolution of matter, radiation, and scalar field
densities in Subsec. II B. In Subsec. II D, we will focus
particularly on numerical effects due to the truncation of
an infinite sum that is present due to the boxed terms
in Eq. (12). Once we have generated data for the individual perturbation modes, we will study their relative
magnitudes with the “transfer function” in Subsec. II E.
Lastly, we will construct an analytical model of kcut /kRH
in Subsec. II F.
A.

KDEMDE Introduction and Parameterization

The code to study Eq. (12), KDEMDE, was written
by Cosmin Ilie in 2016. The following introduction to
numerical evolution of perturbation modes is based on a
document written by Cosmin Ilie. The parameters that
describe the system are the reheat temperature TRH , the
kinetic decoupling temperature in a standard radiationdominated (RD)puniverse TkdS , the dark matter particle speed cχ ≡ 2TkdS /mχ , and the mode of interest
relative to the mode that enters at reheating k/kRH .
Note that the dark matter mass is fixed by the particle
speed. The standard kinetic decoupling temperature is
reached when the momentum transfer rate γ falls below
the Hubble rate in a standard, radiation-dominated universe HRD , and is thus defined by HRD (TkdS ) = γ(TkdS ).
Also, by focusing on the ratio k/kRH , we know that if
k/kRH > 1, the mode enters the horizon before reheating, and if k/kRH < 1, the mode enters the horizon after
reheating.
The mode that enters the horizon at a particular time
−1
is k = RH
= aH(a), where RH is the comoving Hubble radius, as mentioned in the introduction. The mode
that enters the horizon at reheating kRH = aRH H(aRH ),
where the Hubble parameter H ∝ a−3/2 during the
EMDE. This is because during the EMDE, the dominant
energy source is a pressureless fluid, namely the scalar
√
field, whose energy density ρφ ∝ a−3 and H ∝ ρφ .
This allows us to set the mode
that enters the horizon at
−3/2
reheating as kRH ≡ H1 aaRH
aRH , with H1 being the
I
Hubble parameter at aI , the scale factor at the beginning
of the code evolution.
As mentioned above, TkdS , the kinetic decoupling temperature in a standard RD background, is defined by:
s
8π 3
4
γ(TkdS ) = HRD (TkdS ) =
g∗ (TkdS )TkdS
(2)
90m2PL
p
with mPL = 1/G the Planck mass and γ being the
elastic scattering momentum transfer rate between leptons and the dark matter. The dark matter remains kinetically coupled to the radiation while γ > H. The momentum transfer rate scales as TL4+n , with TL the lepton
temperature and n = 2 in the case of p-wave scattering.

By choosing TkdS , we can then compute the momentum
transfer rate as a function of temperature:
TL
γ(T ) = γ(TkdS )
TkdS

!6
(3)

When the radiation is at a particular temperature during the EMDE, the additional contribution to the total
energy density from the scalar field increases the expan√
sion rate, since H ∝ ρ. When compared to a radiationdominated Universe at the same temperature, the expansion rate of the Universe in an EMDE is faster, H > HRD .
Therefore, if a standard, radiation-dominated Universe
exhibits dark matter-radiation kinetic decoupling at TkdS
such that HRD (TkdS ) = γ(TkdS ), then for the Universe
in an EMDE, H(TkdS ) > γ(TkdS ). Therefore, the dark
matter must kinetically decouple at a higher temperature in an EMDE compared to the standard, radiationdominated case. Ref. [20] finds that the kinetic decou2
pling temperature in an EMDE is Tkd ≈ TkdS
/TRH for
TkdS > TRH . We are particularly interested in the case
where the dark matter decouples from the plasma during the EMDE such that the two are not coupled at reheating, with TkdS > TRH . The radiation perturbations
exhibit damped oscillations once the Universe becomes
radiation-dominated, and this would also suppress the
dark matter perturbations if the two remained kinetically coupled after reheating. In the case of TkdS > TRH ,
the kinetic decoupling temperature is defined as the solution to γ(Tkd ) = H(Tkd ). In Subsec. II F, we will discuss the implications of an intermediate state between
the totally decoupled and fully coupled state termed
“quasi-decoupling” [21] and its implications for calculating kcut /kRH . The remainder of our parameters are
expressed in terms of k/kRH , TRH and TkdS .
B.

Background Evolution

The KDEMDE code uses a three-fluid model for reheating [5]:
dρφ
+ 3Hρφ = −Γφ ρφ
dt

(4)

dρr
+ 4Hρr = Γφ ρφ
dt

(5)

dρχ
+ 3Hρχ = 0
dt

(6)

Here, φ denotes the scalar field, r denotes radiation,
and χ denotes the dark matter. The rate of radiation
production is governed by Γφ , the rate of energy transfer from the scalar field to radiation. While solving this
three-fluid system in Eqs. (4)-(6), the initial time tI is
chosen so that a(tI ) ≡ aI = 1 and H1 ≡ H(aI ). The
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scale factor a is the integration parameter, and we move
forward with the following dimensionless quantities: ρ̃i =
ρi /ρcrit,1 , for i ∈ {φ, r, χ} and ρcrit,1 ≡ 3m2PL H12 /(8π) is
the critical energy density at aI . In order to reduce numerical instability, the a scaling is absorbed into each
of the energy densities so that the quantities become:
ρ̄φ ≡ ρ̃φ a3 , ρ̄r ≡ ρ̃r a4 , and ρ̄χ ≡ ρ̃χ a3 . We can then
rewrite Eqs. (4)-(6) as:
Γφ
dρ̄φ
+
ρ̄φ = 0
da
H(a)a

(7)

dρ̄r
Γφ
−
ρ̄φ = 0
da
H(a)

(8)

dρ̄χ
=0
da

(9)

dTχ
+ 2Tχ = −2Υ(a)(Tχ − TL )
da

C.

(11)

Perturbation Evolution

With the background ODEs in place, we now introduce
the system of coupled ODEs from Ref. [15] necessary to
study the evolution of the phase space density f of each
perturbation mode k:


dfnl
Υ(a)
R(a)
R(a)
+ (2n + l)
+
fnl − 2n
fn−1,l
da
a
H(a)a2
H(a)a2
r



kcχ
TL
l+1
+
× (n + l + 32 )
2
H(a)a
TkdS
2l + 1


l
× fn,l+1 − nfn−1,l+1 + 2l+1 ( fn+1,l−1 − fn,l−1 )


dΦ
dΦ Υ
δr TL
= δl0 − 3 An − 2(−
+ F∗ (e
ρr )
)Bn
da
da
a
4 Tχ
r
2k
TkdS
H(a)a
+ δl1
(−Φ + Υ
θr )An
2
3H(a)a cχ
TL
k2
(12)
where Φ represents the gravitational potential, θr is the
radiation perturbation velocity, and both δl0 and δl1
are Kronecker delta functions. The radiation and scalar

(13)

We can eliminate τ by rewriting R(a) as:
!#
"
Γφ
1 dTL
ρ̃φ
− 4ρ̃r +
(14)
R(a) = H(a)a 1 +
2TL dρ̃r
H(a)
Lastly, we can use

(10)

with Υ(a) ≡ γ(T (a))/H(a), and γ defined in Eq. (3).
The lepton temperature can be found by solving ρr =
π2
4
30 g∗ (TL )TL . We absorb the scaling for the dark matter
temperature with T̄χ ≡ Tχ a2 . Thus, Eq. (10) becomes:
T̄χ0 = −2aΥ(a)(T̄χ a−2 − TL )

d
1/2
ln(aTL ),
dτ

Tχ n
,
An (a) ≡ 1 −
TL
 T 
Tχ n−1
χ
Bn (a) ≡ n
1−
,
TL
TL

1 d ln g∗ −1
F∗ (ρ̃R ) ≡ 1 +
.
4 d ln TL
R(a) ≡

The dark matter temperature, Tχ , obeys the following
differential equation:

a

field perturbations follow ODEs that are omitted in this
manuscript, but can be found in the appendix of Ref.
[5]. To study the dark matter perturbations, we can
now employ Eq. (12), noting that we have already made
the necessary changes of variables in accordance with our
scaling-absorbed terms. In Eq. (12), we use several additional functions, defined as follows:

dTL
dρ̃r

=

1 TL
4 ρ̃r F∗ (ρ̃r )

to get:

"
!#
R
1
Γφ ρ̃φ
1
=
1 + F∗ (ρ̃r )
−
H(a)a2
a
8H(a) ρ̃r
2

(15)

As previously mentioned, fnl is the dark matter phase
space density, with the density perturbation δχ = f00 .
While we are only interested in δχ = f00 , the evolution
of this density depends on infinite expansions in n and l.
The expansion in n is a result of the decomposition of the
momentum dependence of the dark matter phase space
density into eigenfunctions of the Fokker-Planck operator. These eigenfunctions contain a generalized Laguerre
polynomial with index n. The expansion in l is a result
of a spherical harmonic in the expanded eigenfunctions.
Typically a spherical harmonic includes a second index
m, but due to the rotational symmetry of dark matterlepton scattering, we are only concerned with the m = 0
term in the spherical harmonic expansion.
We now have a full model of dark matter perturbation evolution that we can explore via numerical calculations. In the simulation code, we will primarily operate
under the condition of constant g∗ , which is the parameter of relativistic degrees of freedom that changes with
the plasma temperature.
Two separate versions of KDEMDE are employed in
order to separately address the two cases of k/kRH > 1
and k/kRH < 1. In both versions, the initial scale factor is set to aI = 1. For k/kRH > 1, horizon entry is fixed at aHOR = 100, and reheating occurs at
aRH = aHOR (k/kRH )2 . Since this version handles only
k/kRH > 1, namely the modes that enter the horizon
before reheating, we have guaranteed that aRH > aHOR .
Lastly, we set the final scale factor of evolution af =
nf aRH , with nf varying from 100 to 1000, such that
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FIG. 2. Comparison between two versions of EMDE code for
k/kRH ≈ 1, where both versions should function properly. At
higher cχ , free-streaming suppression becomes noticeable at
late times. The rapid decay is due to radiation coupling, as
this test case is for TRH > TkdS , and δr → 0 at reheating [5].

FIG. 3. For a mode that enters the horizon after the EMDE
has ended with k/kRH ≈ 0.001, the perturbation evolution
from a code that assumes strict radiation-domination agrees
with KDEMDE. Notice the free-streaming suppression at
higher values of cχ .

the mode can evolve sufficiently long for us to observe
free-streaming effects and study the time evolution of the
modes.
In this case of k/kRH < 1, the user selects the aRH
value. The scale factor at horizon entry aHOR can then
be found by solving k = aHOR H(aHOR ). It is important to note that these modes enter the horizon after
reheating, namely aHOR > aRH . This code also evolves
the perturbation until af in = nf aRH . As a consistency
check, we verify that the results of the two versions of the
code agree in the limit of k/kRH ≈ 1. We evolve a mode
out to low af = 100aRH , with the density evolutions seen
in Figure 2.
A third version of the code was written that evolves
perturbation modes in the absence of an EMDE, assuming only radiation domination. We use this version of the
code to verify the functionality of KDEMDE for the case
of a mode with k/kRH < 1. This mode should be unaffected by the EMDE since reheating occurs before this
mode enters the horizon. Figure 3 demonstrates that
KDEMDE does indeed correctly model the evolution of
a perturbation mode in the absence of an EMDE. With
these consistency checks in place, we can begin testing
the evolution limits of KDEMDE.

ber of ODEs, we must choose some Nmax and Lmax above
which we truncate the expansions in n and l. As seen in
the boxed terms in Eq. (12), truncation error will initially be present in the fNmax ,l and fn,Lmax terms for all
n ≤ Nmax and l ≤ Lmax . As the perturbation modes
evolve, this error will make its way down the n, l ladders
until it begins to dominate in the f00 mode. This means
that the truncation error can prohibit accurate perturbation evolution to high af . The first boxed term in Eq.
(12) is proportional to kcχ , so we will not be able to successfully evolve out to as high of an af for larger cχ and
k.
In order to generate a matter power spectrum at zi =
2000 for our EMDE simulations, we will need to know
the ratio kcut /kRH evaluated today. Since GADGET-2 does
not have the capability of simulating the random thermal motions of individual dark matter particles in order to evolve the free-streaming cut-off scale, the input
power spectrum for the simulations must use the value of
kcut /kRH evaluated today, rather than evaluated at the
redshift where the simulation begins.
However, in order to calculate kcut /kRH today, we find
that the evolution from matter-radiation equality to today is trivial. We primarily focus on evaluating kcut /kRH
up to matter-radiation equality, adding in the evolution
up until today at the end. All of our numerical data
from KDEMDE is in the time period between reheating
and matter-radiation equality, so the subsequent model
design and fitting focuses on correctly matching the behavior in that time period. To find the scale factor at
matter-radiation equality aeq as a function of the reheat
temperature, we employ the “conservation of entropy”

D.

Truncation Analysis

The system of ODEs that govern the evolution of the
perturbed dark matter phase-space density is infinite and
thus must be truncated in order to numerically solve for
f00 . Since we cannot numerically evolve an infinite num-
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FIG. 4. Example of truncation error in the perturbation mode
for several values of Nmax . The code begins to break down
at a ≈ 103 aRH in this case, but for high k/kRH the error
dominates much earlier.

FIG. 5. Evolution and breakdown of various values of k/kRH
at high cχ = 0.5. For the modes with k/kRH ≥ 1, the initial increase in δ(t) occurs due to horizon entry. Note the
logarithmic growth after horizon entry as expected.

equation from cosmology:

high particle speed (cχ = 0.5), we see that the truncation
error begins to dominate the f00 term at around 103 aRH ,
which allows the mode to evolve sufficiently long for our
necessary analysis. Unfortunately, for higher k/kRH , it
becomes much more difficult to reach 103 aRH successfully. By increasing Nmax , we are capable of pushing out
to further values of af before the error begins to dominate. Unfortunately, as Nmax is increased, we begin to
see diminishing returns in successful af . The point where
continuing to increase Nmax becomes computationally intractable for analysis of a large parameter space in temperature, cχ , and k/kRH is around Nmax ≈ 2000. We
note that the code requires a much lower value of Lmax ,
on the order of 10. For low values of k/kRH , increasing
Lmax past approximately 15 provides no increase in successful af . This dependence on Nmax and Lmax seems to
reverse at high k/kRH , which will be discussed below.
As mentioned above, the truncation terms in Eq. (12)
are proportional to kcχ . Because of this, we expect that
the truncation error will begin to dominate earlier at
higher k/kRH . To confirm this expectation, we plot the
perturbation evolution for several orders of magnitude of
k/kRH in Figure 5. Since the truncation error should increase with cχ as well, we deliberately use a high cχ = 0.5
so that we study the worst-case scenario, namely the lowest possible af out to which the code can successfully
evolve for a given k/kRH . For k/kRH = 102 , we see that
the truncation error begins to dominate at an unfortunately low af ≈ 10aRH . In order to study kcut /kRH , we
will need the code to successfully evolve out to approximately af = 1000aRH and up to k/kRH ≈ 100. Thankfully, for the majority of the parameter space that we are
interested in, cχ is substantially less than 0.5.
As noted above, the perturbation evolution is signifi-

3
3
g∗,eq a3eq Teq
= g∗,RH a3RH TRH

(16)

In much of our analysis of the perturbation evolutions,
we will focus our interests on TRH = 5 GeV. The temperature at aeq was approximately 0.75 eV. Lastly, the
g∗ factor at aeq is 3.91 and at a reheating temperature of
5 GeV, g∗ = 85.6. Thus we expect that in terms of the
reheat scale factor set by the code,
aeq = 1.9 × 1010 aRH .

(17)

Unfortunately, this is substantially further out than the
code is able to successfully evolve a perturbation mode.
By studying the results of KDEMDE for various configurations of TRH , TkdS , and cχ out to af between 100 and
1000, we will be able to construct an analytical model
of kcut /kRH that agrees with the numerics and predicts
out to a0 . This discussion will be the focus of Subsection
II F.
We are interested in determining the Nmax and Lmax
that is necessary to evolve a mode k/kRH out to a particular af . We expect that these values of Nmax and Lmax
will be sensitive to the particular truncation scheme employed. As a first pass, we define our truncated terms
such that:
1. Set both fn,l+1 = 0 and fn−1,l+1 = 0 when l =
Lmax
2. Set fn+1,l−1 = 0 when n = Nmax
The effects of truncation can be seen quite clearly in
Figure 4. For a perturbation mode that enters only
briefly before reheating (k/kRH = 5) with a moderately
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FIG. 6. At high values of k/kRH , increasing Lmax results
in successful evolution out to higher af . Here, we are using
Nmax = 1500. We test high cχ = 0.5 to probe the upper
extreme of speeds that we will eventually study.

cantly more sensitive to Nmax for low k/kRH , which can
be seen in Figure 4. However, for ln(k/kRH ) ≈ 1 to 2, we
find that increasing Lmax affords an appreciable increase
in successful evolution time for large k/kRH modes. This
can be seen in Figure 6, where going from Lmax = 5 to
Lmax = 30 gains half an order of magnitude of successful
evolution for a k/kRH = 100 mode.
Ultimately, we were unable to find truncation schemes
that allow for successful evolution out to high af for arbitrarily high cχ and k/kRH . However, our truncation
tests were predominantly for the case of cχ = 0.5, and
we will show below that we will generally be interested in
lower values of cχ . In our discussion of transfer functions,
we find that even with the basic truncation schemes employed above, we manage to evolve the necessary modes
out to a range of af between 100 and 1000. For high
values of k/kRH and cχ , we simply increase the values of
Nmax and Lmax until the mode can successfully evolve
out to the af of interest.

E.

Transfer Functions

We now introduce the notion of a transfer function.
Fig. 5 shows the perturbation δχ as a function of scale
factor for multiple k/kRH . Suppose that we choose a
fixed time af and want to know the values of δχ for each
k/kRH . This is the transfer function, defined as
T (k) =

δχ (k)
δ0

,

(18)

af

with δ0 the initial perturbation amplitude at some fixed
ai . KDEMDE defines all initial perturbations to have

FIG. 7. Transfer function at 100aRH for cχ = 0.1, and
TkdS /TRH = 2. The standard transfer function corresponds to
the expected evolution at 100aRH in the absence of an EMDE.
The post-reheating prediction attempts to match the growth
of modes which enter the horizon before the EMDE ends.
The difference between this predicted slope and the one seen
in the transfer function is likely due to plasma interactions
while still coupled at k/kRH > kkd /kRH ≈ 30. The Gaussian
fit is found using Eq. (21).

δ0 = 1. We begin at af = 100aRH and observe the transfer function for several orders of magnitude of k/kRH
in Fig. 7. The transfer function is calculated using
KDEMDE by evolving many modes between 10−3 <
k/kRH < 102 . The transfer function T (k) relates the
matter power spectrum P (k) to the primordial power
spectrum generated during inflation P̃ (k) by
P (k) = T (k)2 P̃ (k)

(19)

Fig. 7 demonstrates a significant boost due to the EMDE
for k > kRH and k < kcut . Here, kcut approximately corresponds to the peak of the transfer function, although we
will define it more rigorously below. Unfortunately, this
power spectrum is only evaluated out to af = 100aRH ,
otherwise the large gap between kcut and kRH for a temperature ratio as low as TkdS /TRH = 2 would be quite
compelling. However, our matter power spectrum is only
concerned with kcut /kRH at a0 . We expect that kcut /kRH
will decrease logarithmically with a, a result that will be
confirmed in Subsec. II F with our analytic model.
The post-reheating amplitudes of modes that enter
during the EMDE with k > kRH are expected to agree
with the following equation from Ref. [11]:
δχ,P R (k > kRH ) =

 a/a i
2  k/kRH 2 h
RH
1 + ln
. (20)
3 0.86
1.29

This is the curve labeled “Post-Reheating Prediction” in
Fig. 7. Interestingly, the slope of the curve in Eq. (20)
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does not quite agree with the results of the numerical simulations, as seen in Fig. 7. The lower slope found in the
numerical computations is due to interactions between
the plasma and the dark matter that are not modeled in
Eq. (20).
We now describe our technique for determining the
kcut value for a given transfer function. In the absence of
free-streaming, the post-reheating transfer function for
modes with k > kRH obeys Eq. (20). However, due to
free-streaming, modes above the free-streaming cut-off
scale are suppressed. We multiply a Gaussian with Eq.
(20) to model the peak of the transfer function, with the
form:
δχ,Gauss (k > kRH ) = δχ,P R (k)e−k

2

2
/(2kcut
)

(21)

A demonstration of this fitting can be seen in Fig. 7. It
is important to note that the value of kcut determined
by the fit is not the peak of the transfer function, but
rather the optimal kcut such that Eq. (21) best fits the
numerical results from KDEMDE. In order to generate
the fit, we use the curve fit routine from the SciPy
package for Python. We only use data for k/kRH ≥ 10
for the fit.
After reheating, the Universe becomes radiationdominated and δχ exhibits logarithmic growth after horizon entry for each mode. Ref. [22] provides an equation that describes the transfer function for a radiationdominated Universe with no free-streaming:
δχ,RD (k) =


10 h
a i
Φ0 A ln B
9
aHOR

(22)

with A = 9.11, B = 0.594 and in KDEMDE, Φ0 = 1.0.
For each mode, the scale factor at horizon entry aHOR
is defined as the solution to k = aHOR H(aHOR ). This is
the curve labeled “Standard Transfer Function” in Fig.
7.
The values of mχ /TRH that provide the best opportunity for a detectable boost in the dark matter annihilation rate are in the range of mχ /TRH ≈ 100 − 200
[11]. We need mχ /TRH > 100 such that the dark matter abundance freezes out during the EMDE, rather than
exponentially declining until some later point during radiation domination. We would like mχ /TRH < 200 such
that the annihilation cross section does not become so
low as to push annihilation signatures well below the detection threshold for the foreseeable future. For a given
TkdS and TRH , we can determine the optimum cχ value
to probe this mχ /TRH range by relating cχ to this ratio
as such:
mχ /TRH =

1 2TkdS
c2χ TRH

(23)

The majority of the work thus far has been done with
the temperatures TkdS = 10 GeV and TRH = 5 GeV, and
thus this optimal range of mχ /TRH ratios corresponds
to c = 0.14 to c = 0.2. For each temperature ratio, we

FIG. 8. Transfer function at cχ = 0.18 for two different sets
of TRH and TkdS , both of which have TkdS /TRH = 3. The
transfer function is agnostic to the actual temperatures, only
caring about the ratio.

will have to modulate the values of cχ to fit the desirable mχ /TRH accordingly. Figure 8 demonstrates that
only the ratio of the temperatures affects the transfer
function, and ultimately kcut /kRH , rather than the individual values of TRH and TkdS . We will use transfer
functions to explore TkdS /TRH ratios between 2 and 6.
Above this, KDEMDE struggles to successfully evolve to
high enough af to generate transfer functions. We will
construct our analytical model of kcut /kRH and nail down
its dependence on TkdS /TRH , cχ , and af in Subsec. II F,
comparing to all transfer function data available.

F.

Analytical Model of Free-Streaming Cut-off

We seek to build an analytical model that can accurately predict kcut /kRH for general cχ and TkdS /TRH .
cut
Here we provide a derivation of a general form for kkRH
.
Afterward, we fit the model against our numerical results
and discover a remarkable simplification. This simplified
model is used to predict the kcut /kRH at a0 . Ultimately,
we will determine the minimum TkdS /TRH that will provide sufficiently high kcut /kRH to generate significant annihilation boosts.
At kinetic decoupling, the dark matter particles begin
to free stream. RThe physical size of the free-streaming
horizon lf s = vχ dt. It is important not to confuse
vχ with cχ . Here, vχ is the true physical dark matter
particle speed. Defined in terms of the comoving distance
λ, we have that lf s = aλ. We define the comoving freestreaming horizon λfs such that:
Z
Z af
Z af
vχ dt
da
λfs ≡ dλ =
=
vχ 2
(24)
a
a
H
akd
akd
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We integrate from decoupling to af , where we choose
af in terms of aRH . We will eventually be interested in
af = a0 , namely the scale factor today. The last step
in the equation above comes from the fact that dt =
da
da
da/dt = Ha . The free-streaming horizon λfs corresponds
to a fourth of the free-streaming cut-off wavelength λcut .
Therefore, the free-streaming cut-off wavenumber can be
defined in terms of the horizon:
kcut =

2π
2π
1
=
≈
λcut
4λfs
λfs

(25)

In our model, we begin by employing a piecewise functional form for H(a) and vχ (a). Using the relationship
that kRH = aRH H(aRH ) = aRH HRH , we have:

 −3/2

bH HRH a
a
H(a) =
 Ht −2

bH HRH a
aHt

a ≤ aHt

(26)

a > aHt

with aHt = 1.0872aRH corresponding to the Hubble transition point and bH = 0.882 being a fit parameter. Here,
H ∝ a−3/2 before the Hubble transition because the Universe is still in a phase of matter domination, whereas
H ∝ a−2 after the transition because the Universe has
transitioned to the radiation dominated era. We define
the dark matter velocity using another piecewise form:
 q  
9/16

bv Tkd akd
a ≤ av
mχ
a
vχ (a) =
q  9/16  

av
bv Tkd akd
a > av .
mχ
av
a

(27)

p
The velocity vχ ∝ Tχ , and Ref. [21] shows that before
the dark matter fully decouples from the radiation, it
is in a quasi-decoupled state where Tχ ∝ a−9/8 . The
dark matter becomes fully decoupled at av , after which
Tχ ∝ a−2 . Here, av and bv are fit parameters yet to be
determined. We initially demand that av > aHt which
yields three separate pieces for our integral of λfs , namely
the cases where a < aHt , aHt < a < av , and a > av .
Recalling that cχ controls our value of mp
χ , we can rewrite
our equations for vχ in terms of cχ = 2TkdS /mχ . We
T2

also need the relationship Tkd = r TkdS
where for constant
RH p
g∗ as in KDEMDE we have that r = 5/2.
We will also need akd , the scale factor at kinetic decoupling during the EMDE. This is found with:
 T 8/3 h 2 g
i−2/3
aRH
kd
∗,RH
=
akd
TRH
5 g∗,kd

(28)

Once again, we employ constant g∗ , and thus g∗,RH =
g∗,kd . We can now express akd , Tkd , and mχ in terms of
our preferred parameters TkdS , TRH , and cχ . The integral
in Eq. (24) is thus split into the three piecewise terms
and evaluated. We multiply a factor of kRH onto both

FIG. 9. Using temperatures TkdS = 10 GeV and TRH = 5 GeV
at af = 100aRH , this figure demonstrates the c−1
χ dependence
of kcut /kRH . The model from Eq. (29) is fit to the data points
from transfer function fits of KDEMDE evolutions. The fit
values were av = 1.57aRH and bv = 0.64.

sides and find:
bv cχ  TRH 5/2  2 3/8  aRH  25
kRH
16
√
= kRH λfs =
kcut
bH 2r TkdS
5
aHt
"
!
!
1
7
 a  16
16  av  16
Ht
× 16
−1 +
−1
akd
7
aHt
#
7
a 
 a  16
f
v
ln
+
aHt
av
(29)
We now have all quantities in Eq. (29) defined except
for av and bv . Note that the quantity that we are interested in kcut /kRH is simply the inverse of Eq. (29). This
equation shows two important parameter dependences
for kcut /kRH . Firstly, kcut /kRH ∝ c−1
χ . As cχ increases,
kcut should become smaller because the dark matter will
be able to travel a greater distance in the age of the Universe. Therefore, larger spatial mode perturbations will
be flattened out. This c−1
χ dependence is confirmed with
numerical transfer functions from KDEMDE. Secondly,
kcut /kRH ∝ (TkdS /TRH )5/2 , so an increase in the temperature ratio will greatly increase kcut /kRH .
As a first-pass test of our model, we treat av and bv
as fit parameters. Holding TkdS /TRH fixed, we plot the
numerically-determined kcut values from the KDEMDE
transfer function fits as a function of cχ in Fig. 9. Using
these data points, we employ a curve-fitting routine to
determine the optimum av and bv that best predicts the
kcut /kRH for all cχ values at a particular temperature ratio. As demonstrated in the figure, this method is fairly
successful at af = 100aRH for this particular temperature ratio TkdS /TRH = 2. However, when the values of
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av and bv from the initial fit are then used to predict the
kcut /kRH for TkdS /TRH = 3 to 5, the model does a poor
job of reproducing the numerical results, being off by as
much as 25% at af = 100aRH . Since we are trying to predict out to substantially further times, it is important to
have fit parameters that provide a model that agrees to
high precision with our numerical results at low af . For
example, av /aRH = 1.573 as fit from the TkdS /TRH = 2
data, but av /aRH = 1.223 as fit from the TkdS /TRH = 3
data, introducing a serious discrepancy when attempting
to predict kcut /kRH for a specific temperature ratio when
using fit parameters found from another temperature ratio’s numerical results. The conclusion is that av and
bv must depend on temperature. Therefore, we seek to
capture this temperature dependence in our model such
that the fit parameter values are consistent across different temperature ratios.
In deriving a model for av and bv , we utilize two key
constraints. Since the temperature of the dark matter
particle is Tχ ∼ vχ2 mχ , we can use constraints on the dark
matter temperature to determine vχ up to a constant,
and then solve for bv . Ref. [23] provides an analytical
model of the dark matter temperature:
TχA (s) = Tγ sλ es Γ(1 − λ, s)

(30)

2 akd αβ
with s = αβ
( a ) , λ = 2−α
αβ , and α = 3/8, β = 4+n−ν.
Here, n = 2 for p-wave scattering and ν = 4 in an EMDE.
Γ(1 − λ, s) is the incomplete Γ-function. The general
form of Eq. (28) allows us to solve for the background
radiation temperature Tγ :

h a  5 2/3 i−3/8
Tγ
=
TRH
aRH 2

(31)

under the use of constant g∗ . Since the dark matter temperature is Tχ ∼ vχ2 mχ , we can write Tχ in terms of vχ
from Eq. (27):

 9/8

b2v Tkd akd
a ≤ av
a
Tχ (a) =
(32)
 9/8  2

av
b2v Tkd akd
a > av
av
a
Numerical comparison between the analytical temperature and the true dark matter temperature show that,
for a  aRH , the analytical model of the dark matter
temperature TχA should relate to the true dark matter
temperature Tχ by:
Tχ (a)(a/aRH )2
≈ 1.37
TχA (aRH )

(33)

At early times, for a < 0.1aRH , the analytical temperature model is effectively exact, and thus we set
Tχ (a) = TχA (a) for a ≤ 0.1aRH . We solve the model
temperature from Eq. (32) at a < av for bv :
s
!9/16
Tχ (a) a
bv =
(34)
Tkd
akd

Note that since Tχ ∝ a−9/8 before reheating, bv as defined this way is in fact a constant. Since bv is indeed a
constant, and Tχ (a) = TχA (a) for a ≤ 0.1aRH , we can substitute Tχ (a) for TχA (a) and evaluate bv at a = 0.1aRH ,
finding that
bv =

TχA (0.1aRH )
Tkd

!1/2

!
0.1aRH
,
akd

(35)

where akd comes from Eq. (28). We introduce a new
prefactor d2v to the definition of Tχ (a) in Eq. (32) to
assuage the ambiguity from Tχ ∼ vχ2 mχ . With the above
form for bv and the addition of the new dv parameter, we
can now solve Tχ at a > av for av , using the constraint
from Eq. (33) to replace Tχ (a) for a  aRH , finding:
"
av =

1.37TχA (aRH )a2RH
9/8

d2v b2v Tkd akd

#8/7
.

(36)

We can now combine all of this for our final model,
which only depends on our temperatures, cχ , and our fit
parameter dv :
"
kcut
bv dv cχ  TRH 5/2  2 3/8  aRH  25
16
√
=
kRH
bH
5
aHt
2r TkdS
(
!
!
1
7
 a  16
16  av  16
Ht
× 16
−1 +
−1
akd
7
aHt
)#−1
7
a 
 a  16
f
v
+
ln
aHt
av
(37)
Using transfer function data for af = 100aRH at fixed
TkdS /TRH , we fit the model to determine dv . At the same
temperature ratio, we then use the completed model
with the dv fit at af = 100aRH to predict kcut /kRH at
af = 200aRH , 500aRH , and 1000aRH compared to those
from KDEMDE. This allows us to draw an interesting
conclusion: using only the dv fit from the KDEMDE data
at af = 100aRH across many values of cχ , we find that as
af increases, the difference between our model and the
numerical KDEMDE value of kcut /kRH decreases. This
is remarkable, as it implies that were we to evolve perturbation modes out to a0 using KDEMDE, the model
would be able to accurately predict the free-streaming
cut-off mode. The late-time constraint on the temperatures from Eq. (33) is accounted for in av and ensures
that we accurately capture the temperature evolution at
late times. This is important because the integral to
calculate λfs is dominated by the contribution from late
times, which is encoded in the boxed, logarithmic term
in Eq. (37).
Unfortunately, the values of dv from fits of the
kcut /kRH vs. cχ relationship do not agree across different temperature ratios. Note that av depends on both
bv and dv . While fitting data from KDEMDE for dv ,
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TABLE I. Comparison between the fit parameter dv for the
two different functional forms of bv . The column labeled
“Early dv ” shows fit values of dv with bv defined in Eq. (35).
The column labeled “Late dv ” shows fit values of dv with
bv as defined in Eq. (39). The fits were made against the
kcut /kRH vs. cχ relationship data from KDEMDE taken at
af = 100aRH . The reduced fluctuation in dv for the late-time
dependent bv of Eq. (39) demonstrates that this form of bv
matches the temperature dependence better.
TkdS /TRH Early dv Late dv
2
1.350
1.024
1.259
1.035
3
4
1.268
1.066

we find that the model fits best for dv values that push
av /aRH to high values upwards of 40. The large av /aRH
ratio indicates that the model is artificially suppressing
the first two additive terms in Eq. (37) in favor of the
third, boxed term of our piecewise integral of λfs . This
suggests that the post-reheating behavior dominates the
calculation of kcut /kRH . This motivates us to make a remarkable simplification to the model. Since the late-time
behavior dominates the calculation of kcut /kRH , the first
two terms in Eq. (37) become negligible compared to
the third term as af increases. Therefore, we choose to
simply drop the first two terms. We set av = aRH and
consider the model:
"
kcut
bv dv cχ  TRH 5/2  2 3/8  aRH  25
16
√
=
×
kRH
bH
5
aHt
2r TkdS
(38)
(
)#
7
 a  16
 a  −1
RH
f
ln
aHt
aRH
where dv now functions as the overall normalization parameter and we express bv in terms of av = aRH by solving Eq. (36) for bv :
s
1.37TχA (aRH )a2RH
(39)
bv =
7/8
9/8
aRH Tkd akd
This formulation of bv incorporates our late-time constraint from Eq. (33). With the simplified model in Eq.
(38), we can go back to fitting data in the kcut /kRH vs. cχ
relationship such as in Fig. 9. With av = aRH and only
one free parameter dv , we can now compare the two different definitions of bv in Eqs. (35) and (39). We fit the
simplified model to the kcut /kRH vs. cχ data for multiple
temperature ratios and display the fitting parameters in
Table I.
Table I shows a strong improvement of the model by
using the one-part integral and bv defined in Eq. (39).
The reduced fluctuation in the near-unity fitting parameter with this definition of bv shows that the functional
form of bv better captures the temperature dependence
at late times than that of Eq. (35). As demonstration of
the predictive power of the model under this new formulation, in Figure 10 we look at the time evolution

FIG. 10. For fixed cχ = 0.1, we use the analytical model
in Eq. (38) with bv as defined in Eq. (39) to predict the
time evolution of kcut /kRH . For several temperature ratios,
we compare this time evolution to that found via KDEMDE
for the corresponding sets of parameters. The ratios are extrapolated out to aeq ∼ 1010 aRH .

of kcut /kRH for several temperature ratios and compare
to the time evolution from KDEMDE. This figure highlights the expected logarithmic decrease of kcut /kRH with
af . When assessing temperature ratios greater than 4,
we have no data from KDEMDE to make a fit for dv .
Fortunately, as demonstrated by the “Late dv ” column
of Table I, the fit parameter is nearly constant across
temperature ratios. For this reason, predictions made
for TkdS /TRH > 4 can be made using the dv fit from
TkdS /TRH = 4 with minimal loss in accuracy due to fluctuations in dv .
Since we have completed our model fitting by considering af  aeq , we can now incorporate the final term in
the model that is evaluated from aeq to a0 . Once matter
domination begins, the Hubble rate becomes:
H(a) = bH

k

RH

aRH

 a

Ht

aeq

2  a 3/2
eq

a

a ≥ aeq . (40)

However, the dark matter velocity remains unchanged
from Eq. (27). We evaluate the integral in Eq. (24)
as previously done out to aeq , with the simplified model
in Eq. (38). However, we now add an additional term
resulting from the evaluation of the integral from aeq to
a0 , such that kcut /kRH evaluated today is:
"
kcut
bv dv cχ  TRH 5/2  2 3/8  aRH  25
16
√
×
=
kRH
bH
T
5
a
2r kdS
Ht
(
)#−1
r
7
 a  16
a 
 a 7/16 
aeq 
RH
eq
RH
ln
+2
1−
.
aHt
aRH
aHt
a0
(41)
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The contribution to this calculation from the period between matter-radiation equality and today is dwarfed by
the contribution between reheating and matter-radiation
equality. Now that we are comfortable with our model,
we can determine the temperature at cχ parameters that
will provide this sufficiently high kcut /kRH at a0 . In order to generate a dark matter annihilation boost sufficient to overcome the reduced annihilation cross section,
we need at least kcut /kRH ≈ 20 [11]. Figure 11 shows
the parameter space of the temperature ratio and cχ
that have kcut /kRH ≥ 20 at a0 . Dark matter particles
with mχ /TRH in the range 100 to 200 are most capable of having their annihilation rate boosted above the
current minimum sensitivity threshold of missions such
as the Fermi Gamma-Ray Telescope. Since dark matter
typically freezes out before it kinetically decouples, we
must also demand that the freeze-out temperature Tf be
greater than Tkd . According to Ref. [11], dark matter
typically freezes out when mχ ∼ 10T . This demands
that Tf /TRH ∼ 0.1mχ /TRH .
Unfortunately, TkdS /TRH = 6 is the lowest temperature ratio that gives kcut /kRH ≈ 20 at a0 for mχ /TRH ≤
200. In this case, Tkd ≈ 9TkdS ≈ 54TRH . For our upper bound mχ /TRH = 200, we have that Tf /TRH ≈ 20.
Clearly, Tkd > Tf , which is not consistent with the standard theories of dark matter formation. The other possible scenario that would provide kcut /kRH ≈ 20 at a0 with
a lower temperature ratio that remains consistent with
standard theories would require that mχ /TRH  200,
resulting in heavy suppression of the annihiliation cross
section that would push dark matter annihiliations below the observable threshold for any mission in the near
future [11]. We are interested in studying the scenario where the EMDE could have potential constraining power on the dark matter particle, and thus we
will choose our parameters to be TkdS /TRH = 6 and
cχ = 0.245. With these parameters, we can generate a
matter power spectra with the necessary kcut /kRH = 20,
to be done in the next section.

III.

COSMOLOGICAL SIMULATIONS

In this section, we study the evolution of a universe
that undergoes an EMDE with kcut /kRH = 20. We start
out by generating the matter power spectrum for this
universe that represents the enhanced perturbations on
modes kRH < k < kcut . This power spectrum will be
transformed into initial condition data for the GADGET-2
cosmological N-body simulator code [13]. We run the
simulation at multiple scales in order to study a larger
range of masses and confirm convergence between the
simulations. The N-body simulator returns only the
phase-space data of all particles in the code. This particle data is piped through the Rockstar [16] halo finder to
determine the location and radius of all gravitationallybound structures in the simulation. We employ the convention that the halo radius is that which makes the av-

FIG. 11. Using the model of kcut /kRH from Eq. (38) and
the converged bv = 1.770 from Eq. (39), we find the maximum value of cχ for each temperature ratio that will provide
a kcut /kRH ≥ 20 at a0 . This is compared to the desired parameter space of 100 ≤ mχ /TRH ≤ 200. Note that for a
given temperature ratio, a lower cχ corresponds to a higher
mχ /TRH .

erage halo density ρhalo = 200ρc , where ρc is the critical
density of the universe.
With these halo catalogs collected, we can determine
some macroscopic statistics about the halo populations
from the simulation. The halo mass function describes
the number density of dark matter halos per mass interval dn/d ln M . We compare these results to the PressSchecter [18] and Sheth-Tormen [17] formalisms.
We then briefly discuss the total bound matter fraction
in the simulation as a function of redshift z. As time
progresses, we expect that the total amount of matter
bound into structure will increase. This can be verified
by generating a halo catalog for each simulation snapshot
and determining the total mass in structure compared to
the total mass simulated in the box. Similarly, we look
at the total fraction of matter bound in substructure per
halo as a function of host halo mass.
We then proceed to study the microscopic properties
of the simulations, namely the individual microhalos.
We employ visualization routines from the MayaVi [24]
Python module to verify the halo center identification
accuracy of the halo catalogs. The Rockstar halo finder
keeps track of the halo structure hierarchy, identifying
subhalos of each host halo. This tree-level hierarchy represents the merger history of the microhalos. With this
hierarchy, we visually study the levels of substructure
present in the largest host halos from the simulations.
Afterward, we shift our focus to the density profile, a
function that describes the density as a function of radius with respect to the halo center. Using the particle
data from a halo, we can calculate the numerical density
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profile and fit it against the generalized Navarro-FrenkWhite (NFW) profile [19]. To calculate the halo boost
factor of each halo as in Eq. (1), we use the NFW profile
for a standard reference halo in a process described in
Subsection III E. We conclude this section with all the
necessary groundwork laid to calculate the boost factor
of every halo in the simulation and continue forward by
analyzing the statistical properties of these boosts.
Many of the aforementioned processes are repeated for
an identical universe that still has a free-streaming cutoff scale but lacks an EMDE. See the “Only FS cut-off”
curve in Fig. 12. These “standard” simulations serve
as a useful control to demonstrate the boost due to the
EMDE in the EMDE simulations.
A.

Power Spectra and Simulation Parameters

With an enhanced region of wavenumber-space now
determined such that kcut /kRH = 20, we create a power
spectrum for a universe that undergoes an EMDE and reheats at TRH = 30 MeV. This power spectrum is related
to the transfer function of each individual mode according to Eq. (19), where the primordial power spectrum
P̃ (k) comes from observations of the cosmic microwave
background. The other component of the power spectrum, the transfer function Tzi (k), is calculated using
the collisionless Boltzmann equation by determining the
density perturbation of each wavenumber at the starting redshift of the simulation, as in Subsec. II E. This
power spectrum is used as the input to the UniGrid
routine, which randomly generates density perturbations
δχ (~x, zi ) that obey the statistical properties demanded by
the power spectrum. Here, the zi simply indicates that
the perturbations are at the initial redshift where the Nbody simulation begins the evolution. This δχ (~x, zi ) data
is then piped through Delta2Particles, which generates
the initial coordinate and momentum data for all the particles in the simulation. The GADGET-2 N-body simulator
takes this initial particle configuration and simulates the
gravitational evolution up until a desired final redshift.
Throughout this work, we use the cosmological parameters h = 0.678, Ωm = 0.309, Ωb = 0.049, and ΩΛ = 0.691
in accordance with the 2015 results from Planck [12].
In order to study the evolution of microhalos with an
N-body simulation, we must be diligent to ensure that
the mass resolution of the simulation is sufficient to resolve the microhalos. The EMDE only alters structure
on mass scales below the reheat mass MRH , which is the
mass enclosed in the Hubble radius at reheating. The
Hubble radius R = 1/(aH), and k ≈ R−1 up to order
unity. Therefore, the mass enclosed in the Hubble radius
at reheating is
MRH =

4
4
−3
3
πρm RRH
= πρm kRH
.
3
3

(42)

Since kRH is a comoving quantity, ρm is simply the matter
density today. A convenient expression for the reheat

FIG. 12. The matter power spectrum at z = 500: the solid
curve extrapolates results from the Planck 2015 mission [12];
the dash-dotted curve uses the same data from Planck but
contains a free-streaming cutoff with kcut /kRH = 20 in a universe with reheating at TRH = 30 MeV; the dotted curve is
the power spectrum of a universe with an EMDE, where the
enhanced region rises above the standard power spectrum for
modes bounded by kRH and kcut .

mass in terms of the reheat temperature is:
 10 MeV 3  g [T ]  10.75 3/2
∗s RH
.
TRH
10.75
g∗ [TRH ]
(43)
The two key simulation parameters that determine the
individual particle mass are the particle count and the
box size. The number of CPU hours required to complete
a simulation roughly scales with the particle count, and
for this reason we choose Npart = 10243 particles such
that each simulation takes on the order of 104 CPU hours.
We select small box sizes of (30 pc/h)3 , (60 pc/h)3 , and
(120 pc/h)3 . These simulation configurations result in
particle masses of 2.16×10−12 M /h, 1.73×10−11 M /h,
and 1.38×10−10 M /h, respectively. The combination of
large particle count and small box size allows us to probe
a rather low mass regime. We briefly note that we also
employ an even smaller 1 (pc/h)3 simulation exclusively
to study high resolution density profiles. See Subsection
III E for our discussion on this topic.
The Rockstar halo finder only catalogs halos above a
certain minimum particle count, which we select to be
100 particles. Therefore, our 30 pc/h simulation has a
minimum halo mass of 2.16 × 10−10 M /h. Referring
back to Eq. (43), we see that for a reheat temperature
of TRH = 30 MeV, the reheat mass is MRH = 3.5 ×
10−6 M , or approximately one Earth-mass. For this
same reheat temperature, the smallest microhalos that
can form will be at the free-streaming cut-off mass limit,
Mcut = 4 × 10−10 M . This is clear from Eq. (42),
MRH = 32.7M⊕
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considering kcut /kRH = 20, the cut-off mass is a factor of
203 smaller than the reheat mass.
This low reheat temperature was chosen so that we
could resolve microhalos in the mass regime Mcut < M <
MRH for our given simulation parameters. A higher reheat temperature will push the microhalo formation to
increasingly small mass regimes that are more inaccessible to an N-body simulator. However, it is important to
recall from Section II that only the ratio TkdS /TRH affects the transfer function and thus the power spectrum.
The primordial microhalos will form at approximately
the same redshift regardless of the reheat temperature,
with formation time only depending on kcut /kRH . For a
fixed ratio of kcut /kRH , the first microhalos to form will
all have approximately the same density, whereas the size
of the microhalo clumps will depend on TRH . Ref. [11]
demonstrates that regardless of reheat temperature, the
differential bound mass fraction df /d ln M remains fixed
relative to the reheat mass. With this fixed relative differential bound mass fraction and the consideration that
all primordial microhalos form at the same density, we
expect the annihilation boost to not be sensitive to TRH .
Therefore, the following results are general to higher reheat temperatures.
In order to capture the formation of low-mass microhalos in the simulation, the EMDE simulations begin
at a zi = 2000. Since this redshift is fairly near the
point of matter-radiation equality, effects due to radiation are still significant. Unfortunately, GADGET-2 does
not presently have radiation physics incorporated, and
thus we are unable to model the effects due to radiation.
To mitigate this, the input power spectra are generated
for z = 500, where radiation effects are negligible, and
integrated back to zi = 2000 assuming only that the Universe is entirely matter-dominated. This way, when the
simulation evolves from a redshift of 2000 to 500, the
power spectrum will be accurate at z = 500, and the remaining evolution of the simulation can continue forward
without the need for radiation physics. The simulations
that evolve without an EMDE but with a free-streaming
cut-off begin at zi = 500. The N-body simulator evolves
the code up to zf = 30 and takes 10 snapshots of the
particle data along the way at equally-spaced intervals in
scale factor. These snapshots will be used to study the
total bound mass fraction in Subsection III C.

B.

Halo Mass Functions

The majority of our subsequent analysis focuses on the
final snapshot data from GADGET-2 at zf = 30. This
particle data is sent through Rockstar to find all halos of particle count greater than 100. We are interested in verifying the microhalo populations of our simulations against established theory. The Press-Schecter
mass function [18] is an analytical formalism that predicts the number density of halos as a function of mass

interval, defined as:
r
i d ln σ
h
ρm δc
δc2
dn
2
=
exp −
d ln M
π M σ(M, zf )
2σ(M, zf ) d ln M
(44)
where δc = 1.686 for z & 2 is the critical linear overdensity, ρm is the matter density of the Universe today,
and σ(M, zf ) is the rms density perturbation in a sphere
that contains a mass M :
Z
d3 k
σ 2 (M, z) =
[D(k, z)T (k)]2 Pp (k)F 2 (kR) (45)
(2π)3
where D(k, z) is the scale-dependent growth function [5],
T (k) is the transfer function, Pp (k) is the power spectrum
of super-horizon density perturbations during radiation
domination, and
h k 2 (αR)2 i 2[sin(kR) − (kR) cos(kR)]
F (kR) = exp −
×
2
(kR)3
(46)
with α = 0.0001 and R = [3M/(4πρm )]1/3 (Refs. [11]
and [5]).
A similar model of the halo mass function was constructed by Sheth & Tormen [17]:
s
dn
ρm d ln σ
2
√
= 0.3222 ×
d ln M
M d ln M
2π
√ 2 i (47)
h
h
 √2σ(M, z ) 0.3 i
δc
2δc
f
exp −
× 1+
2
δc
σ(M, zf )
4σ 2
In order to calculate the mass functions from the numerical data, we extract from the Rockstar halo catalog
an array of the masses of all host halos, namely only
the ones that have no parent halo in the substructure
tree. Then, the halos are binned by mass using an adaptive binning routine so that for a simulation with Nh,tot
hosts, the minimum number of halos in a bin is
Nmin = 10.54 ln(Nh,tot ) − 40.36.

(48)

The bins are automatically widened by small δ ln M in
order to satisfy the requirement. In Figure 13, we plot
the numerical mass functions from all of the 10243 particle simulations and compare them to the Press-Schecter
and Sheth-Tormen mass functions. The benefit to running identical simulations at increasing box sizes becomes clear: the small box simulations probe the smallest
mass regimes whereas the larger box simulations probe
larger mass regimes. The figure demonstrates convergence between the simulations, indicated by the overlap
of the mass functions for the (30 pc/h)3 , (60 pc/h)3 , and
(120 pc/h)3 simulations. We compare the simulations
that evolved with an enhanced power spectrum due to the
EMDE with identical simulations that were not enhanced
by an EMDE. The increased halo number density in the
mass regime M < MRH is quite noticeable for the EMDE
simulations. Above the reheat mass, we see the mass
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FIG. 13. Comparison between mass functions from numerical simulations and the predictions made by the Press-Schecter (Eq.
(44)) and Sheth-Tormen (Eq. (47)) mass functions. The numerical data is taken at zf = 30 for six different 10243 particle
simulations. The three numerical curves that are of larger magnitude in dn/d ln M correspond to the EMDE simulations,
whereas the lower magnitude curves correspond to the standard simulation without an EMDE. The vertical lines correspond
to the minimum halo size of 100 particles for the corresponding simulation. Note that the standard and EMDE mass functions
are nearly converged at the reheat mass MRH = 3.5 × 10−6 M . The enhanced level of structure formation due to the EMDE
is clear from the large difference in dn/d ln M between Mcut < M < MRH .

functions begin to converge such that the EMDE plays no
role in higher mass structure formation, and this is indeed
confirmed by the numerical mass functions. The figure
also demonstrates that the simulation results are reasonable, as the mass functions are in fairly good agreement
with the analytical predictions. We find that the PressSchecter mass function is a better predictor of microhalo
number density in the EMDE simulation, whereas the
Sheth-Tormen mass function is a more accurate model of
the microhalo number density for a universe that evolves
in the absence of an EMDE. The Press-Schecter mass
function considers spherical collapse of dark matter halos whereas the Sheth-Tormen mass function considers
elliptical collapse. The stronger agreement between the
Press-Schecter mass function and the results from the
EMDE simulation suggests that structure collapse could
be more spherical for EMDE-generated microhalos. We
now shift our attention to subhalo mass statistics and
the evolution of the total bound matter fraction with
redshift.

C.

Bound Matter Fraction and Substructure Mass
Fraction

For a given halo, its substructure mass fraction fs is
defined as the total amount of mass bound in subhalos

relative to the total mass in the host halo:
P
Msub,i
fs = i
Mhost

(49)

where i runs over all subhalos, Msub,i is the mass of a
particular subhalo, and Mhost is the total mass of the
host halo. We are interested in the statistical properties
of this quantity as a function of host halo mass.
In Figure 14, we study the substructure mass fraction across several redshifts and compare the result at
zf = 30 between the EMDE simulation and the standard
radiation-dominated simulation. As expected, there are
substantially more total host halos in the EMDE simulation at zf than there are in the standard simulation.
In fact, the difference is about a factor of 42, with approximately 106,000 hosts in the EMDE simulation and
only 2,500 in the standard simulation. This is readily
apparent from the aforementioned halo mass functions.
As the EMDE simulation evolves, we can see that higher
mass host halos begin to contain substructure. At high
redshift, the majority of halos have fs = 0. We also see
that the total number of substructure-less host halos decreases as time increases. In particular, at z = 186, over
96% of halos contain no substructure. By zf = 30, only
85% of halos contain no substructure. This indicates that
as the halos evolve, they begin to merge and form larger,
substructure-rich host halos. Interestingly, the number
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(a) Redshift evolution of the substructure mass fraction for a universe that undergoes an EMDE. At z = 186, over 96% of halos
contain no substructure. By z = 114, only 91% of halos contain no substructure.

(b) On left: continued redshift evolution of EMDE simulation. By z = 30, 85% of halos contain no substructure. On right: When
contrasted against a simulation that undergoes standard radiation domination, only 71% of halos contain no substructure at z = 30.
However, hosts are substantially more abundant in the EMDE simulation by a factor of 42.

FIG. 14. Substructure mass fractions for a 10243 particle, 60 (pc/h)3 box simulation. The first three images depict redshift
evolution and the final image compares the results at zf = 30 between the standard simulation and the EMDE simulation. The
green curve represents the minimum possible fraction that one single 100 particle subhalo can contribute to the total host halo
mass. Fractions greater than 1 are possible due to Rockstar’s subhalo identification technique: only the center of a subhalo
must be within the host halo R200 radius.

of total host halos increases temporarily and then begins
to decrease after the sub-reheat mass halos stop forming and begin to merge. At z = 186, there were 76,000
hosts, which increases up to 140,000 by z = 114. However, these microhalos begin to merge and by zf = 30
there are only 106,000 host halos. We expect that this
trend would continue if lower redshifts were probed. The
general trend from Fig. 14 is that as the more massive
halos begin to form, they do so by merging with smaller
halos. At first glance, the data in Fig. 14 appears quite

dense and could be masking a trend. However, after inspection with a Hess diagram, we report that there is no
trend for fs versus Mhost . Unfortunately, the simulation
resolution limits our ability to fully study this relationship. In order for Rockstar to identify a subhalo within
a host halo, the subhalo itself must contain at least 100
particles. The curves in Fig. 14 track the value of fs for
a given host halo mass that corresponds to the host containing one subhalo with the minimum of 100 particles.
It is quite possible that some of the low-mass halos could
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FIG. 15. The differential bound fraction given by Eq. (50) at zf = 30. On left: df /d ln M from the EMDE simulations.
On right: df /d ln M from the standard simulations. Note the large boost in df /d ln M due to the EMDE as compared to the
standard simulation.

have substructure that is not resolved by the simulation.
If a higher resolution was used, it may be possible to further explore the fs − Mhost relationship in search of a
trend.
We now introduce the differential bound fraction of
dark matter. Recall that the halo mass function is
dn/d ln M and describes the dark matter number density as a function of mass bin. The differential bound
fraction describes the fraction of the total dark matter
that is bound into a particular mass bin. We denote this
quantity df /d ln M and it follows directly from the mass
function:
dn
M
df
=
Vbox
(50)
d ln M
d ln M
Mbox
with Mbox = Nsim Mp . Here, Mp is the mass of a particle
and Nsim = 10243 particles in the simulation. Note that
dN
dn
d ln M Vbox = d ln M , the differential halo count per mass
bin. Clearly, the factor of M/Mbox transforms this quantity into a mass fraction, with M located at the center
of each corresponding mass bin. Since we have already
calculated our mass functions dn/d ln M in Subsec. III B,
it is simple to calculate df /d ln M . In Fig. 15, we plot
the differential bound fraction for both the EMDE and
standard simulations. This result is consistent with predictions from Press-Schecter [18]. The differential bound
fraction of a universe that evolved with an EMDE peaks
at approximately M/MRH ≈ 10−2 at z = 30. We also
see that, as expected, df /d ln M is substantially lower for
the standard simulation. Note that the level of disagreement between the three different box sizes is in fact quite
small and only due to resolution effects. When compared
with the great convergence seen between the various mass
functions of Fig. 13, we point out that the mass functions
were plotted in logarithmic space, whereas df /d ln M is
only in linear space. Therefore, any lack of convergence
due to resolution in the mass functions is obscured where

it is otherwise apparent in df /d ln M . Nonetheless, we are
satisfied with the level of convergence demonstrated.
Of particular interest is the integral of df /d ln M up
to the reheat mass, namely the total bound fraction in
sub-reheat mass halos:
Z ln MRH
df
ftot (zf ) =
d ln M.
(51)
ln Mcut d ln M zf
We are interested in the total bound fraction as a function of redshift. Rather than numerically integrate the
df /d ln M curves from Fig. 15, ftot can be calculated
directly from the Rockstar halo catalogs with:
PM <MRH
Mhost,i
ftot = i
(52)
Mbox
where i runs over all host halos with mass below the reheat mass as identified by Rockstar and Mhost,i is the
mass of each host. Analytical models of an EMDE predict that the fraction of dark matter bound in microhalos
may increase by several orders of magnitude for a reheat
temperature as low as TRH = 30 MeV when compared
to structure formation in the absence of an EMDE [11].
Figure 16 demonstrates the redshift evolution of ftot for
both a universe that experiences an EMDE and a standard universe. As predicted, the fraction of dark matter
that is bound in microhalos is substantially higher due to
an EMDE at nearly 70% at zf = 30. Ideally, we wish to
calculate ftot at lower redshifts. This is unfortunately not
possible since our simulation stops at zf = 30. We expect
to see that as redshift decreases, the total matter fraction
bound into microhalos will decrease as microhalos begin
to merge into larger hosts of mass greater than MRH and
many microhalos are destroyed by tidal stripping. With
these macroscopic properties of our simulations verified,
we continue onwards to study individual microhalos and
their substructure.
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FIG. 16. Comparison between the fraction of matter bound
into microhalos for a standard radiation-dominated universe
and a universe that experiences an EMDE. Simulation parameters: (60 pc/h)3 box, 10243 particles.

D.

Halo Visualization and Substructure Analysis

In this subsection, we use visualization tools from the
MayaVi Python module to visualize the evolution and
structure of individual halos in our simulations. We also
utilize the substructure tree data from the halo catalogs
to identify substructure.
We expect that primordial microhalos will begin forming by a redshift z ≈ 200 as a consequence of an EMDE.
To confirm this, we visualize the evolution of a large host
halo in Figure 17. We begin by selecting the largest host
halo at zf = 30 in the EMDE simulation. We use the
halo center coordinates and radius to collect all particles
from the Rockstar particle data files. These particles are
then binned into a three-dimensional mesh. The particle
counts inside each bin are representative of the density at
that point in the halo. We then sum the bin counts along
one axis to collapse the data into a two-dimensional array.
This array is visualized as a heatmap using MayaVi. Since
we are interested in the halo evolution, we repeat the preceding procedure for each GADGET-2 snapshot, continuing
to use the location and size of the final host halo. The
density of each heatmap is set on the same scale such
that the most dense point of the final host halo from the
EMDE simulation sets the scale maximum. As demonstrated by Figure 17, microhalos are indeed already beginning to form by z = 186.
We are also interested in seeing the difference between
the formation of a host halo in a universe with an EMDE
and a standard radiation-dominated universe. Using the
same location and radius of the host halo from the EMDE
simulation, we collect snapshots of the formation of the
analogous host halo in the standard radiation-dominated

simulation. Figure 17 demonstrates that no substantial
structure formation begins until redshift z ≈ 50 in the
absence of an EMDE.
The Rockstar halo catalog contains host halo information for each halo entry. An example of the tree structure
used to store this information can be seen in Fig. 18. The
data structure used is a one-dimensional array. For each
halo, the number stored in this array corresponds to the
halo ID of the parent. For host halos, a −1 is stored to
indicate that the halo is indeed a host. In order to find
all subhalos of a particular host halo, one must recursively traverse all the way down each branch of the tree.
Namely, one must first find all of the first-level subhalos
of the host. Then, for each subhalo, one finds all subsubhalos. This continues until the bottom of the tree is
reached. It is important to note that we employ a 100
particle minimum for Rockstar to identify structure. In
particular, this rule applies to all levels of structure. The
smallest size a subhalo can be is 100 particles. In Fig. 19,
we use MayaVi to plot the Rockstar-identified locations
of all substructure for a large host halo on top of the
two-dimensional projection of the host halo density. The
host halo is one of the largest from its EMDE simulation
and demonstrates the substructure abundance that will
contribute to the annihilation boost factors. Since the
annihilation rate scales with density squared, the abundance of subhalos will cause a significant boost factor, to
be computed in Section IV.
The Cartesian particle binning technique used in this
subsection will be revisited in Subsection IV B, as it will
also be used for numerical integration of J-factors. In
the next subsection, we will utilize radial binning of particles to calculate density profiles. The density profile
is quite sensitive to proper halo center identification by
Rockstar. We demonstrate in the next subsection that
we occasionally must re-calibrate the halo center to the
most dense region in order to properly calculate density
profiles.
E.

Density Profiles

Another tool that we use to verify that our simulations
agree with established literature is the density profile. In
this subsection, we discuss the technique to numerically
calculate density profiles of microhalos in our simulations.
With this tool in place, we use the numerical density
profile to fit a generalized NFW profile [19] of the form
ρ(r) =

ρs
( Rrs )γ (1 +

r 3−γ
Rs )

(53)

where Rs , ρs and γ are fit parameters. We will constrain
γ to be positive, as a negative γ indicates a density which
increases with radius. In the standard NFW profile, γ is
set to unity. The NFW profile describes a nearly universal functional form for dark matter halo density profiles.
We define the concentration of a halo c = R200 /Rs , where
R200 is the halo radius from Rockstar and Rs is based on
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FIG. 17. A comparison of the evolution of a microhalo in a universe that undergoes an EMDE against the same microhalo in
a standard radiation-dominated universe. In each of the two columns, the standard halo is on the left and the EMDE halo is
on the right. The evolution begins at z = 500 in the top left and ends at z = 30 in the bottom right. Note the abundance of
substructure in the EMDE halo. The same density color scale is maintained throughout all images.
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Host Halo ID 1

Subhalo ID 2

Subhalo ID 5

Subsubhalo ID 3 Subsubhalo ID 4
FIG. 18. Example diagram for substructure tree. In the tree
array, index 1 would contain a −1, indicating that halo 1 is a
host halo. Indices 2 and 5 would both contain a 1, indicating
that halo 1 is the parent halo of halos 2 and 3. Indices 3 and
4 would both contain a 2, indicating that halo 2 is the parent
halo of halos 3 and 4.

FIG. 20. Inaccurate centering of host halo by Rockstar. The
center of the image is the location that Rockstar identified
to be the host halo center whereas by eye the true center
should be a bit below and to the right of the image center.
Simulation specs: 5123 particles, (60 pc/h)3 box, standard
radiation-dominated universe.

FIG. 19. Visual demonstration of substructure levels as identified by Rockstar for a large host halo from a 5123 particle,
(30 pc/h)3 simulation of a universe that undergoes an EMDE.
Levels of substructure closest to the host in the substructure
tree are indicated by dark colors, whereas generations of substructure more distant from the host are indicated by bright
colors.

the NFW profile fit. As a second NFW fit constraint, we
will demand that c ≥ 1, because a scale radius Rs > R200
is unphysical.
The ρs of the NFW profile can be found by defining
the integral of the profile out to R200 to be equal to M200 ,
thus:
Z R200
4 3
ρs
2
M200 = πR200
fχ ρ200 =
r
r 2 4πr dr,
3
(1
+
)
0
Rs
Rs
(54)
where fχ = ρχ /ρm is the dark matter fraction, ρ200 =
200ρc . After computing the integral and replacing radii
in favor of the concentration, we find ρs in terms of the
halo concentration:
3

ρs = fχ

ρ200
c
.
3 ln(1 + c) − c/(1 + c)

(55)

Thus, the NFW profile can be defined in terms of the

halo mass M200 and concentration c or in terms of the
halo scale radius Rs and scale density ρs . We will now
discuss difficulties in determining a mass-concentration
relationship due to the resolution limit of our simulations.
Modern cosmological simulations predict that the density profile of small microhalos just above the cut-off scale
are rather cuspy, dropping off as ρ ∝ r−γ near the halo’s
center, with 1.3 < γ < 1.5 (Refs. [25, 26]). Larger
microhalos often have γ ≈ 1, which corresponds to the
standard NFW profile [25, 26]. To fit an NFW profile, we
must first accurately identify the central density peak of
the halo. This central peak is defined to have r = 0.
Unfortunately, Rockstar occasionally misidentifies the
“center” of the halo, as seen in Figure 20. Our solution
to this improper centering is as follows:
1. Begin by collecting halo particle data about the
center and within the R200 radius as identified by
Rockstar.
2. Bin the halo particles into a coarse-grained mesh.
3. Determine the bin with the largest number of particles.
4. Using the scale factor between the bin size and the
comoving distance, find the location of the center
of this bin with respect to the original halo center.
5. Collect particle data about this new center from
the simulation snapshot.
We employ the method above for manually centering
some halos in our calculation of density profiles. We note
that this step is only necessary for density profile calculations. In our calculation of J-factors in Subsec. IV B,
we will not manually center halos. Since the reference
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FIG. 21. On left: Visualization of high-resolution host halo from (1 pc/h)3 box, 5123 particle simulation. This is the largest
halo in the simulation at z = 100 with Mh = 7.9 × 10−9 M /h. On right: Density profile of the same halo. The numerical
density profile is generated from halo particle data. Note that the Poisson error bars are extremely small due to the use of
a high-resolution simulation. The fit NFW comes from a numerical fit of Eq. (53) using the SciPy curve fit routine. The
reference curve corresponds to an NFW profile with c = 2.0, γ = 1, and ρs according to Eq. (55).

integral, discussed in the next section, comes from a theoretically predicted NFW profile rather than a fit and the
J-factor is just a numerical integral of density squared in
Cartesian space, centering is not necessary for the calculation of boost factors.
In order to verify the halo formation in our simulations,
we turn to the (1 pc/h)3 box simulation. This simulation evolves until zf = 100 and allows us to study the
first generation of microhalos at a high resolution. After
generating a halo catalog, we find the largest host halo in
the simulation in order to calculate a high-resolution density profile and compare its NFW fit to predictions. To
generate our numerical density profile, we take the halo
particle data and translate their coordinates such that
the origin corresponds to the halo center. We then create 100 bins that represent logarithmically-spaced threedimensional annuli. The halo particles are then binned
into these annuli based on their distance from the center.
To calculate the density of each annulus ρ(ri ), we have:
4

3
ρ(ri ) = Np,i Mp / π(ri3 − ri−1
)
(56)
3
where Np,i is the number of particles in a given annulus,
Mp is the mass of a particle, and ri is the radius of a given
annulus. We define the innermost bin to have a radius
corresponding to the softening length of the simulation.
In this case, the softening length is defined as
rsoft =

1 rbox
√
30 3 Nsim

(57)

where rbox is the comoving length of a side of the sim-

ulation box and Nsim is the total number of particles in
the simulation. This corresponds roughly to 1/30 of the
inter-particle spacing. We also demand that there be no
less than 100 particles in the center annulus, and employ
a routine which joins the innermost bins together until
this condition is satisfied. The error on each bin is from
Poisson noise,
√ and thus for a bin with N particles, the
error is σ = N . Since we need substantially more than
100 particles to generate a good density profile, we are
resolution limited to only the larger halos in our simulation for density profile calculations. An initial intention
of this work was to produce a mass-concentration relation for microhalos analogous to the galaxy-mass halo
mass-concentration relation of Ref. [27]. In order to successfully calculate this relationship, one would need considerably higher resolution such that even halos on the
order of Mcut contain multiple thousands of particles.
The largest halo in the (1 pc/h)3 box simulation has a
mass of 7.9 × 10−9 M /h, an order of magnitude above
the cut-off mass. In Figure 21, we compare the numerical density profile of this halo to its NFW fit. Note that
the visualization shows a halo with a smooth, centrallypeaked density. In agreement with Refs. [25] and [26],
we find that the small microhalos just above the cut-off
mass do indeed have quite cuspy density profiles. In the
case of the halo in Fig. 21, we find a γ ≈ 1.3. Refs. [25]
and [26] also demonstrate that microhalos that form in
the absence of an EMDE typically have concentrations
between 2 and 3 at a redshift of z ∼ 30. Refs. [8–10]
find that the concentration of halos scales with formation redshift, c ∝ (1 + zf ), and our preliminary results
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indicate that the microhalos that are EMDE-generated
do indeed have higher concentrations due to earlier formation. Our highest resolution halo has a concentration
of c = 6.4 at z = 100, consistent with these expectations.
In the absence of an EMDE, the earliest microhalos form
no earlier than a redshift of 60, with concentrations between 2 and 3 at z∼30. The concentration of a particular
halo also increases as it evolves. Since Rs is expected to
be roughly constant, and R200 scales as (1 + z)−1 , we
have that c ∝ (1 + z)−1 [8, 9]. This means that we
should expect even higher concentrations at our redshift
of interest, zf = 30.
We conduct the same analysis as above on the other
top ten most massive halos from the (1 pc/h)3 simulation. These halos fall in the mass range of just above
Mcut to approximately 10Mcut . We find that for all of
these halos, 1 < γ < 1.4 and the concentrations fall in
the range 2.5 < c < 12, with the majority of the concentrations being above 4. This indicates that the EMDEgenerated microhalos do indeed form earlier, resulting in
increased halo concentrations at later times when compared to microhalos that form in a standard radiationdominated universe. However, to complete this analysis
we would need a more statistically complete sample of
halos just above the cut-off mass. In order to do this, we
would need to increase both the box size and the particle count. Unfortunately, this pushes outside our current
range of computational resources. For now, we conclude
our study of density profiles, moving on to calculating
microhalo boost factors.
IV.

BOOST FACTORS

In this section, we study the dark matter annihilation
boost that is a result of the additional substructure formation due to an EMDE. In order to calculate the total
boost factor as a function of galaxy host halo mass, we
must first study the relationship between the boost factors of individual microhalos and their masses, denoted
Bs (Mmh ). We denote the total boost 1+B to correspond
to the dark matter annihilation boost in a galaxy-mass
host halo due to its substructure, which includes microhalos, whereas Bs corresponds to the annihilation boost
in individual microhalos due to their substructure. The
microhalos of interest that will be used to numerically
determine Bs (Mmh ) correspond to the host microhalos
identified by Rockstar from our simulations. Recall that
the boost factor for a microhalo is defined as
1 + Bs = R

J
ρ2χ 4πr2 dr

(58)

where J represents the numerical integral of density
squared over a particular microhalo and the denominator
corresponds to a “reference integral” that we will discuss
in Subsec. IV A. In order to calculate Bs (Mmh ), we
must determine the boost factor for every microhalo in
a given simulation. We discuss the resulting function in

Subsec. IV C. Before this is possible, however, we must
first determine the optimum manner to calculate the individual J-factors. We employ a simple three-dimensional
Cartesian binning routine to determine J. Since each
microhalo consists of a different number of particles from
GADGET-2 with a large range of R200 radii, this numerical
integral must use an optimized resolution to accurately
calculate the J-factor. This optimized resolution keeps
contributions to the integral from Poisson noise to a minimum while still resolving individual contributions from
microhalo substructure. In Subsec. IV B, we discuss the
steps taken to determine the appropriate resolution as a
function of microhalo particle count.
With our optimized bin function determined, we move
on to calculating the boost factor of all microhalos in
Subsec. IV C. With these boosts calculated, we employ
the same mass binning technique used for the halo mass
functions in Subsec. III B to bin the calculated boosts as
a function of mass. The boost statistics in each bin are
then used to determine a functional form for Bs (Mmh )
with remarkably small error bars. Kernel density estimation (KDE) is employed to generate a boost distribution
for each mass bin, and samples are drawn from this distribution in an attempt to accurately reflect the number
of microhalos in a given mass regime in a galaxy-mass
host halo. We discuss the computational limits that prohibit drawing an equivalent number of samples to the
dN/d ln M in each mass bin. Fortunately, we verify that
convergence of each bin-averaged boost occurs at significantly lower sample sizes, mitigating the computational
limits. We compare the Bs (Mmh ) calculated from each
simulation box size to verify convergence of simulation
results.
To determine the total boost factor of a galaxy-mass
halo 1 + B, we employ the analytical prediction from
Ref. [11] with one key modification. The total fraction
of dark matter bound into microhalos with M < MRH at
zf is defined by Eq. (51). This factor plays significantly
into the total boost factor prediction of Ref. [11]. Our
technique for determining 1 + B will employ the same
prediction except for the replacement of ftot (zf ) with a
boosted quantity btot (zf ) that functions as a weighted average of the microhalo boost factors with weighting from
the differential bound fraction. This btot (zf ) is defined
as

Z

ln MRH

btot (zf ) =

[1 + Bs (M )]
ln Mcut

df
d ln M

d ln M.

(59)

zf

The calculation of this factor will be discussed in Subsec.
IV D. With btot calculated, we introduce the full form of
1 + B from Ref. [11] and look at the mass dependence
on the total boost. We finish off this section by discussing the observational implications of the calculated
total boost factors.
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FIG. 22. On left: Visualization of substructure-dense host halo from (30 pc/h)3 box, 5123 particle simulation. This halo has
Mh = 1.6 × 10−6 M /h at zf = 30, just below the reheat mass. On right: Density profile of the same halo. The same
procedures are followed as in Fig. 21. Note the substructure bumps in the density profile at larger radii.

A.

Reference Integrals

We now discuss the reference integral. Recall the definition of the boost factor from Eq. (1). The J-factor
corresponds to the integral of the density squared across
the volume of the halo of interest. This density is determined based on the particles from GADGET-2. The
denominator of the boost factor is the reference integral.
This integral is still a volume integral of density squared,
but here the density is determined from a smooth, reference NFW profile. One practice that is often used is to
remove all subhalo particle data from the host halo and
fit an NFW profile to the smooth host halo profile in the
absence of substructure. This smooth NFW is then used
as the reference profile. However, for EMDE-generated
host halos, a large fraction of the particles are bound
into subhalos. By removing the substructure, we are left
with very little to calculate an NFW profile from, and
therefore this is an unreliable method of computing reference integrals. Instead, we will use a functional form
for ρs and fix γ and c. In order to be consistent with
the boost factor calculations of Ref. [11] in our comparisons, we will adopt a standard microhalo concentration
of c = 2 for the reference profiles. This choice is motivated by Refs. [25, 26], which find that in the absence
of an EMDE, simulated microhalos typically have a concentration of approximately 2 at zf = 30.
By using a fixed concentration, the boost factor describes the boost in dark matter annihilation relative to
a standard microhalo that forms in the absence of an
EMDE. The NFW parameter Rs can be found directly
with a fixed c = 2, such that Rs = R200 /c, with R200
from Rockstar. The preliminary analysis that suggests

that an EMDE causes microhalos to form at higher redshifts, thus having higher concentrations at a given later
time compared to a microhalo that forms later in the
absence of an EMDE, also implies that the boost factors should be larger than if the EMDE halos still had
concentrations of 2 to 3 at zf = 30. This is because the
power law transition occurs deeper into the halo for halos
with higher concentrations, thus increasing the difference
between the numerical density profile and the reference
profile. This can be readily seen in Fig. 21, where the
reference curve is substantially lower at most radii than
the numerical density profile. We also set γ = 1 for all
reference NFW profiles. Since many of the microhalos
in the larger box simulations are substantially above the
cut-off mass, γ = 1 is more appropriate than γ > 1.3.
By zf = 30, the larger halos will have undergone multiple mergers, and this is thought to soften out the density
profile in standard scenarios [26]. With fixed c = 2, ρs
can be calculated by Eq. (55). With these parameters
as defined, we can calculate our reference curves. The
reference curve in Fig. 21 demonstrates the corresponding reference NFW profile for our large halo from the
(1 pc/h)3 simulation.
With the reference curve determined, we briefly study
a large, substructure-dense microhalo from a (30 pc/h)3
simulation in Fig. 22. This halo is just below the reheat
mass at M = 1.6×10−6 M /h. Contrary to the expectation that γ ≈ 1 for a large microhalo in the standard case
[26], Fig. 22 suggests that an EMDE may result in microhalos with more cuspy profiles than their counterparts
that form in a standard scenario. Clearly, this halo has
formed by collecting abundant amounts of substructure
throughout its evolution. Note that the numerical den-
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sity profile has several “bumps” in it at larger radii that
correspond to rather large subhalos. These bumps push
the numerical density profile above the smooth fit NFW.
When calculating J-factors, the square of the density is
integrated. Therefore, these bumps in the density profile
will become even more pronounced in the J-factor integration, ultimately leading to higher boost factors. In
the next subsection, we discuss the necessary optimization in resolution such that substructure is resolved in
the J-factor integral without artificially inflating the result due to Poisson noise.

B.

J-Factor Resolution

Recall that the J-factor is the integral of density
squared over the entire volume of a microhalo. Our
method for calculating J is as follows. For each host microhalo identified by Rockstar, we collect the Cartesian
coordinates of all particles within R200 . These particles
are then binned into a three-dimensional mesh with nj
bins per dimension and total volume of (2R200 )3 . We
use the same number of bins in each dimension because
dark matter halos are triaxial but roughly spherical. The
focus of this subsection will be to determine nj (Nhalo ),
with Nhalo being the total number of particles in a host
microhalo and all of its substructure. With these particles binned, we can then simply sum up the contributions
from each individual bin. With Mp the mass of one particle and Vbin = (2R200 )3 /n3j , the density of bin ikl is
ρikl = Np,ikl Mp /Vbin . Therefore, the J-factor is thus:
J=

nj nj nj 
X
X X Np,ikl Mp 2
i=1 k=1 l=1

Vbin

Vbin

(60)

with Vbin the volume element in the sum.
From this form, it is clear that it is imperative that
substructure is adequately resolved in order to calculate
J correctly. Were we to set nj = 1 and just calculate the
integral of the average density squared, none of the highdensity substructure would be resolved to contribute to
J. On the other hand, as nj → ∞, a point will be
reached where every particle is assigned to its own bin
and thus Np,ikl = 1 or 0 and J = Nhalo Mp2 /Vbin . Therefore, we expect that J will increase without bound as
nj increases, because Vbin decreases with increasing nj .
Figure 23 shows the J-factor for a particular halo as a
function of nj . Note that there appears to be an inflection
point after which J begins to increase at an accelerated
rate as Vbin continues to increase. This inflection point
is present across a variety of halos. In fact, we could define our optimized nj such that it is where the inflection
point is located for a cubic fit polynomial to the J − nj
plot. However, as we will show below, it is more reasonable to constrain nj based on arguments related to error
contributions rather than this inflection point.
The monotonic increase of J with increasing nj demonstrates the need to optimize nj based on the number of

FIG. 23. J vs. nj for an approximately 10,000 particle halo
from a (30 pc/h)3 EMDE simulation. Note the inflection
point at nj ≈ 40, whereas Eq. (65) uses an nj = 25. A
fit of the post-inflection point data up to nj = 200 shows that
J ∝ n1.8
j , indicating that the decreasing bin size is not yet the
dominant reason for increasing J. In the case of high nj , we
expect J ∝ n3j .

particles in the halo. We want to determine a resolution that accurately resolves substructure without Poisson noise domination. We test two separate constraints
on nj , both of which are motivated by minimizing the
total contribution to J from Poisson noise. Firstly, we
determine the analytical form of the Poisson noise and
find the value of nj that keeps the error below a certain
fraction of the total J. In the case of our tests, we choose
an upper bound of 10% Poisson error compared to J. We
then employ a second constraint: we find the value of nj
such that greater than 80% of J comes from nonempty
bins with greater than 10 particles. The more strict of
these two constraints sets our upper bound on nj .
The Poisson
error on a bin with N particles inside of it
√
is σ = N . To study how the Poisson error contributes
to the J-factor, we consider the case of a halo with an
average bin occupation of N = Nhalo /n3j . If the halo
had a uniform density in all bins, the J factor would be
J = n3j Mp2 N 2 /Vbin . However, with a standard deviation
from√Poisson noise, we can write the bin occupation as
N ± N . Consider J to be the sum over all of these bins
with random Poisson noise:

J=

nj
X

Vbin Mp2

i,k,l
nj

=

X
i,k,l

Vbin Mp2

N

p,ikl

Vbin
hN2

p,ikl

2
Vbin

p

Np,ikl 2
Vbin
p
2Np,ikl Np,ikl
Np,ikl i
±
+
2
2
Vbin
Vbin
±

(61)
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√

and by averaging across all n3j bins, the ±
term vanishes so that
hJi =

2Np,ikl Np,ikl
2
Vbin

nj 
 M 2 n3 

Mp2 X
p j
2
Np,ikl
+ Np,ikl ≈
N2 + N .
Vbin
Vbin
i,k,l

(62)
This shows that the error in the calculation of the J factor
can be found approximately by calculating the integral
of the density whereas J is the integral of the density
squared. In practice, this means that to determine the
relative error fraction we simply compare the sum across
all bins of the particle counts in each bin to the sum
across all bins of the square of the particle counts in each
bin.
In this calculation, we only
√consider bins with Np,ikl ≥
10, because Poisson error N does not apply well in
the limit of small counts. Therefore, we only compute
the sums of density and density squared across bins with
Np,ikl ≥ 10:
Pnj
i,k,l Np,ikl
fe = Pnj
≤ 0.1 .
(63)
2
i,k,l Np,ikl Np,ikl ≥10
Clearly, fe increases with nj . Our first constraint demands that nj be below the point that makes fe = 0.1.
We now employ a second constraint and then determine which of the two is more conservative. We note
that by choosing the more conservative, lower nj , we can
only under-approximate the J-factor. Because of these
under-approximations, our results for global 1+B in Subsec. IV D can be treated as lower bounds. In our second
constraint, we demand that the total contribution to J
from cells with Np,ikl ≥ 10 make up at least 80% of the
total J. For this, we calculate:
Pnj
2
i,k,l Np,ikl |Np,ikl ≥10
Pnj
fN ≥10 =
≥ 0.8.
(64)
2
i,k,l Np,ikl
Clearly, fN ≥10 will decrease as nj increases.
As a test to determine which constraint we will want
to look at across a broad range of halos, we test several halos from the (30 pc/h)3 EMDE simulation. These
tests are conducted as follows: for each halo, the quantities fN ≥10 and fe are calculated for an array of nj values.
We then find the the highest value of nj such that neither
of the constraints is violated. The second constraint, as
given by Eq. (64), is much more conservative. For example, a 719 particle halo has nj = 23 when fN ≥10 ≈ 0.8.
However, fe ≈ 0.03 at this nj . Similar results are found
for a wide variety of halo masses up to nearly 200,000
particles. In particular, regardless of the nj such that
fN ≥10 ≈ 0.8, it is always the case that fe . 0.05. For
this reason, we choose the more conservative constraint
that fN ≥10 ≥ 0.8. Using this constraint, we calculate
the maximum nj for several thousand halos from the
simulation across a spread of mass regimes. We note
that since a 10243 particle EMDE simulation contains approximately 100,000 host halos, computing the optimum

FIG. 24. Maximum nj that does not violate the constraint
of Eq. (64) for GADGET-2 halos across full range of particle
counts. The cubic fit function is described by Eq. (65).

nj by repeatedly calculating J for different nj would be
computationally intractable to be done across the entire
dataset. In Fig 24, we plot the numerically calculated
maximum nj above the given constraint for these halos.
We then fit a cubic to the data in log-log space to define
a relationship between nj and Nhalo . This relationship
will be employed in the next subsection to calculate the
J factors and ultimately Bs (Mmh ):
log10 (nj ) =0.01836 log10 (Nhalo )3 − 0.298091 log10 (Nhalo )2
+ 1.856971 log10 (Nhalo ) − 1.925952 .
(65)
With our functional form for nj (Nhalo ) determined, we
want to study the effect on J from averaging out the
central density cusp of the halo. Recall the NFW profile
from Eq. (53). As r → 0, δ → ∞. It is likely that
the N-body simulation is not able to fully capture the
maximum density of the cusp at the center. Even if there
were enough particles to capture a good halo cusp, our
numerical integral of J smooths out the central peak of
the density profile. We now calculate the contribution
to J from the central bin, where r = 0 is contained,
assuming two different cases. In the first case, we assume
J can indeed resolve the NFW density ρ exactly. In the
second case, we calculate the contribution to J with the
¯
mean density of the bin ρ̄, calling this value J.
Suppose a bin length Rp . For r  Rs , ρnfw (r) ≈
RR
ρs
−1
. Since J = 0 s 4πr2 ρ2nfw (r)dr, the
r/Rs = ρs Rs /r ∝ r
full J factor contribution from the central bin is
J = 4πρ2s Rs2 Rp .

(66)

In order to calculate the mean density of the central bin,
we need to determine the total mass enclosed within the
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central bin using ρnfw :
Z
Z Rp
ρs Rs
dr = 2πρs Rs Rp2 .
M = ρdV =
4πr2
r
0

(67)

With this, the mean density of the central pixel is ρ̄ =
M/Vp = 32 ρs Rs /Rp . With this mean density, the J factor
contribution from the central bin is
Z Rp
Z Rp
 3ρ R 2
s s
J¯ =
4πr2 ρ̄2 dr =
dr = 3πρ2s Rs2 Rp
4πr2
2R
p
0
0
(68)
Interestingly, the value of Rp drops out and we find that
J/J¯ = 4/3. Therefore, since we calculate the central
bin using ρ̄ in our numerical integral of J, we are at
most missing a factor of 1/3 of the central pixel’s contribution to the total J. Provided that the resolution
is high enough for the central bin to contribute a relatively small amount, such as less than 5% of the total,
the numerical approximation of the central bin will not
make a significant difference on our results. For low nj ,
the central bin contributes a significant portion of the total J-factor. For this reason, we explicitly use only odd
nj so as to not split the central bin into 8 smaller bins,
thus reducing the contribution from the density squared
of the central peak and decreasing the J-factor. When
calculating J-factors, we employ Eq. (65) such that nj is
rounded down to the nearest odd integer. We now have
all the necessary pieces to calculate Bs (Mmh ). Using
reference integrals from Subsec. III E and the J-factor
calculation technique and resolution function from this
subsection, we now proceed to calculate the substructure
boost-mass relationship in the following subsection.
C.

Substructure Boost-Mass Relationship Bs (Mmh )

With all the necessary tools in place, we proceed to calculate the boost factor of every host microhalo identified
in our simulations. The process is fairly simple. For each
host, we numerically calculate J using the procedure in
Subsec. IV B. We then calculate the reference integral
defined in Subsec. III E based on the halo parameters.
Using Eq. (1), we divide J by the reference integral to
get 1 + Bs . This process is iterated over all host halos in
the Rockstar halo catalogs for each of the EMDE and
standard simulations. The information stored is Bs and
Mmh for each microhalo. To begin our analysis, we study
the 30 (pc/h)3 EMDE simulation in Fig. 25. In this figure, there are approximately 100,000 host halos, each of
which have a boost factor Bs calculated. Note that we
are plotting Bs rather than 1 + Bs . Therefore, on the
logarithmic scale, the lower Bs correspond to halos that
are nearly substructure-less whose J agrees very closely
with the reference integral.
In order to calculate statistics on this data and construct a function Bs (Mmh ), we bin the halos according
to the same mass bins that were used for the mass functions from Subsec. III B. Within these mass bins, we

can study the distributions of Bs . We demonstrate these
distributions for several mass bins in Fig. 25. For each
bin, we calculate the median and quartiles. As demonstrated by the median and quartile curves in the figure,
the data is fairly tight with little room between the inner
quartiles.
This Bs (Mmh ) function describes the boost statistics
from the simulation. In these calculations, we are limited to the number of halo samples that are present in
our Rockstar catalogs. To determine the total boost in
a galaxy-mass host halo today, we need to know the total
number of microhalos that have survived in the host halo
as a function of mass. We can then use these microhalo
number statistics alongside our Bs (Mmh ) distributions in
each mass bin to calculate representative means and uncertainties of the microhalo boost in each mass bin. The
number density of microhalos within a halo is determined
by the differential bound fraction at zf from Eq. (50):
dnmh
ρhalo (r) df
= s(r)
d ln Mf
Mf d ln Mf

(69)
z=zf

where Mf is the mass of the microhalo at high redshift, namely zf = 30. Here, ρhalo (r) is the sphericallyaveraged present-day density of the host halo as a function of the distance from the center and s(r) is the “survival fraction” as a function of distance from the center,
namely the fraction of microhalos present at zf that survive to the present day [11]. To transform from microhalo
number density to total microhalo counts per mass bin,
we simply integrate Eq. (69) over the volume of the halo
Vhalo while holding s(r) = 1. Therefore, the total number
of halos in the host halo per mass bin is:
dNmh
Mhalo df
=
d ln Mf
Mf d ln Mf

.

(70)

z=zf

We need to understand the distribution of boost facmh
tors within each mass bin in order to draw ddN
ln Mf samples from this distribution and calculate the statistics
on the boost-mass relationship of all microhalos within
a galaxy-mass host. We would like to fit a distribution
function to the boost distributions within each mass bin.
However, as indicated by Fig. 25, the distribution shape
changes with the mass bin. Rather than fit a Gaussian or
Poisson distribution, we employ a kernel density estimation (KDE) from the scikit-learn module for Python
[28]. This is known as a nonparametric distribution fitting technique. We use a Gaussian kernel and optimize
the bandwidth with 2-fold cross-validation. Ultimately,
the KDE routine creates a distribution for each mass bin
that agrees well with the data, as seen by the KDE curves
in Fig. 25. Assuming that the boost distributions from
our numerical calculations of GADGET-2 halos are representative of true microhalo populations within each mass
bin of interest for a galaxy-mass host halo, we can then
sample from the corresponding KDE distributions a total
mh
of ddN
ln Mf times per bin.
At this point, we run into a computational challenge:
for each of the approximately 30 mass bins, for a 106 M
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FIG. 25. Top: Calculated boost-mass relationship for the microhalos from the (30 pc/h)3 EMDE simulation. The median and
quartile lines illustrate a tight relationship with little scatter. The mean is determined by sampling from the KDE of each mass
bin. Ideally, we would make dN/d ln Mf samples per mass bin, but the number converges much earlier. The error bars on the
mean Bs in each bin across multiple trials are negligible, as explained in the text. Bottom: Each of the three distributions
corresponds to the boosts within a particular mass bin, indicated by the vertical dashed lines in the upper plot, from left to
right. The KDEs were calculated using 2-fold cross validation to determine the optimum bandwidth.

10
mh
dSph galaxy, ddN
to 1012 . We
ln Mf is on the order of 10
need to draw this many samples from the KDE boost
distribution for each bin. This is computationally intractable, but also unnecessary. Since we are only interested in the mean and standard deviation of the boost
in each mass bin from this large number of samples, we
can study the convergence of the mean as a function of
samples from the distribution. In Fig. 26, we look at
the convergence of Bs in a particular mass bin as a function of the number of samples. Clearly, the average value
of Bs has converged to the second decimal place by 106
samples drawn from the KDE distribution. Therefore,
mh
we do not need to sample ddN
ln Mf boosts per bin. We select Nkde = 106 as the number of samples taken from the
KDE.

We now have an average boost for each mass bin using the above procedure. In the next subsection we use
these averages to define our Bs (Mmh ) in the calculation
of btot (zf ). To understand the error on btot (zf ), we need
to calculate it for multiple trials. In particular, one trial
consists of sampling Nkde samples from each mass bin to
calculate an average boost, defining Bs (Mmh ), and then

calculating btot (zf ). As a test, we iterate the first half of
this procedure Ntrials = 104 times to look at the distribution of average boosts for the same mass bin that we
used to test convergence. Fig. 26 demonstrates that for
104 trials, each of which has its own calculated average
boost for the mass bin from 106 KDE samples, the standard deviation of average Bs values is around σ = 0.01
with means ranging from 1 to upwards of 20 depending
on the mass bin. In Fig. 25, we plot the mean Bs in each
mass bin across Ntrials , each of which consist of Nkde samples. The standard deviations of all of the Bs averages
are shown as error bars on the plot that are significantly
smaller than the width of the mean line.
We conclude the error analysis with an important note:
mh
as Nkde increases towards ddN
ln Mf , the average Bs over
Ntrials distinct trials converges. Our conclusion is that
when calculating Bs in a mass bin for a galaxy-mass
host halo, there is no significant scatter in this boost
when compared to other host halos. This is ultimately
because the boost distributions in each bin from the halos in our Rockstar catalog have tight inner quartiles,
mh
and if we were to sample ddN
ln Mf halos from each bin, the
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FIG. 26. On left: Demonstration of convergence of the average Bs in a mass bin centered at log10 (M/M ) = −6.8. By 106
samples from the KDE, the average has converged to the second decimal place. On right: With Nkde = 106 , we calculate the
average Bs in the same mass bin a total of Ntrials = 104 times and look at the distribution of the averages. The error bar
on this distribution is approximately σ = 0.01. These different values of average Bs will be used to calculate btot in the next
subsection.

average for this set of samples is going to consistently
lie almost exactly at the peak of the KDE distribution.
Across multiple trials of calculating the average Bs in a
particular mass bin, we find negligible variance. However,
this does not imply that the calculation of the Bs (Mmh )
relationship and ultimately the total galaxy-mass boost
factor has no uncertainty. Rather, the uncertainty is primarily attributed to our selection of a resolution nj for
the calculation of each J-factor that ultimately made the
mass bin distributions that we are sampling from. This
uncertainty is difficult to quantify, so we continue forward without directly considering the error from Bs in
our later calculations. An analysis of the error due to
J-factor resolutions is left to future work.
Thus far, all of our analysis of Bs has been conducted
only with the (30 pc/h)3 EMDE simulation. We would
like to check for consistency between the various box sizes
and compare the overall Bs (Mmh ) functions between the
EMDE and standard simulations. We conduct all of the
same analysis as described above across all of the simulations and report the results in Fig. 27. The key results are as follows. We find that the average boosts for
all mass bins are larger for smaller simulation box sizes.
This is expected, as the smaller box size simulations have
smaller particle masses. More high-density substructure
can be resolved for any given host microhalo as particle mass decreases, and thus the J-factor will increase
as more substructure is integrated over. Since the minimum halo mass in our (30 pc/h)3 box is below the freestreaming cut-off mass, it is likely that this simulation
has captured nearly all of the substructure boost. However, further convergence testing should be considered,
as a higher resolution simulation with lower particle mass
may uncover additional boost due to larger nj resolving

more substructure. We expect that as the resolution increases, the average Bs (Mmh ) in each mass bin should
converge. Because the (30 pc/h)3 box is the smallest
simulation and has the highest resolution, we will study
the results of only this simulation in the following subsection when calculating the total galaxy-mass boost factor.
Fortunately, the (30 pc/h)3 box has a fairly high resolution while also still allowing for halo formation up to the
reheat mass scale, allowing us to probe the full range of
microhalo boost factors for microhalos between Mcut and
MRH . Since the boosts in each mass bin increase as we
increase our resolution, we expect that all results in the
following subsection correspond to lower bounds.
Fig. 27 also shows boost factors of the microhalos
from the standard simulations. Due to the use of a reference integral based on analytic predictions with a smooth
NFW profile and the fact that there is still some substructure in the absence of an EMDE, we get nonzero
boosts in the standard simulation as well. This shows
that there is still some substructure in larger host halos
even in the absence of an EMDE, with Bs leveling out
at a value around 3 for high mass microhalos. With our
Bs (Mmh ) relationship completed, we move onwards to
the next subsection, where we calculate the galaxy-mass
boost factor 1 + B.

D.

Total Boost 1 + B

Up to this point, all of our boost calculations have
been made for microhalos at a fairly high redshift zf =
30. The cosmological simulations help provide a better
understanding of the fraction of microhalos that survive
from their formation redshift at z ≈ 100−200 up until the
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FIG. 27. On left: Boost-mass relationship for all microhalos from Rockstar catalogs in the 30, 60, and 120 (pc/h)3 box EMDE
simulations. The curves correspond to the means from KDE samples for each respective simulation. The inconsistencies between
the simulation averages is due to additional substructure resolution in smaller box sizes. On right: Boost-mass relationship for
all microhalos in the corresponding standard simulations and their associated averages from KDE samples.

end of our simulation zf . The abundance of primordial
microhalos as substructure in sub-reheat mass hosts at
zf demonstrates a boost Bs on the order of 10 for the
largest of microhalos. We would like to use all of this
information to determine the total boost of a galaxymass host halo today (z = 0). We follow the analytical
prediction made by Ref. [11], which calculates the total
boost factor of a host halo today by splitting the J-factor
into three separate contributions.
The first contribution to the total J-factor is from the
microhalos that have survived up to today. The primary mechanism by which microhalos are destroyed is
tidal stripping. Ref. [29] demonstrates that a subhalo
with an NFW profile scale radius rs is completely destroyed if its tidal radius rt is less than twice its scale
radius. We now adopt the notation that r corresponds
to a microhalo-associated radius while R corresponds to
a host-associated radius. Ref. [11] finds that for all host
halo masses, rt /rs > 2 for all microhalos
at position
p
within the host halo R > Rmin ≡ Rs /(100kpc) kpc,
where Rs is the NFW scale radius of the host.
In the analytic predictions, Ref. [11] calculates the
J-factor of an individual microhalo Jcl by truncating the
density profile at r = rs to account for partial tidal stripping and neglects the negligible reduction due to a constant density core:

where ρc (z) is the critical density at redshift z. Also recall that the concentration c(z, zf ) = r200 /rs , which we
set equal to 2 for all microhalos because Refs. [25, 26]
find that simulated microhalos typically have a concentration of approximately 2 at z = 30 in the absence of an
EMDE. Lastly, we incorporate the [1 + Bs (M )] factor to
account for the substructure boost in individual microhalos found from our simulations. The possible reduction in
ρs due to stripping is neglected because we assume that
the microhalos form with a high enough central density
to remain tightly bound once their outer layers are tidally
stripped, rather than begin to relax to a lower ρs .

The individual microhalo J-factors will be evaluated at
the same redshift as the microhalo mass function. Our
simulations end at zf = 30, and this is the redshift that
the mass function is evaluated. Since the concentration
c ∝ (1+zf ), a halo that forms at a higher redshift should
have a higher concentration, thus increasing Jcl . In Ref.
[11], microhalos are treated as if they formed shortly before the calculation of the bound matter fraction ftot (zf ),
thus providing a lower bound on the boost factor. Since
the bound matter fraction increases monotonically with
time, as shown in Fig. 16, choosing a large value for
zf ignores contributions to the total microhalo J-factor
from later-forming microhalos. However, choosing a low
zf and continuing to use c = 2 for the microhalos ne7 2 3
glects the fact that many of the microhalos formed earlier
Jcl (M, z) = [1 + Bs (M )] πρs rs
and have higher concentrations and increased substruc6
ture, both of which contribute to the J-factor. The nu7[1 + Bs (M )]
2M
3
= fχ ρ200 (z)c(z, zf )
,
3
24[ln(1 + c) − c/(1 + c)]2 merical simulations provide information about the halo
populations at zf = 30, which allows us to incorporate
(71)
the contributions from both later-forming microhalos and
substructure that becomes present in earlier-forming miwhere zf is the formation redshift for a microhalo with
crohalos into the total microhalo J-factor.
mass M ≈ M200 (z). Recall that ρ200 (z) = 200ρc (z),
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The total contribution to the host halo J-factor from
microhalos is the sum over all the individual microhalo
Jcl factors within the host. This is found by integrating
the host halo density with the radius-dependent survival
rate s(r) multiplied by the total fraction bound into microhalos to get the total mass of microhalos in the host.
This puts a lower bound on Jmicro to be:
Jmicro &

(7/72)ρ200 (zf )c3 fχ2
[ln(1 + c) − c/(1 + c)]2
Z ln MRH
×
[1 + Bs (M )]
0

Z

R

s(r0 )ρhalo (r0 )d3 r0

0

df
d ln M

d ln M.
zf

(72)
The reference curves used to calculate Bs (M ) demands
that we take c = 2 for the microhalos at zf . We note
that ρ200 (zf ) ∝ (1 + zf )3 . Thus, in an analytical prediction of the total boost, Jmicro dramatically increases
for earlier nonzero ftot (zf ). In this work, we do not
need to optimize for zf due to uncertainty in halo formation time and microhalo evolution. By incorporating
1 + Bs (Mmh ) into our calculation, we are accounting for
additional substructure formation for host halos below
the reheat mass that will increase the overall subhalo
boosts in the galaxy-mass host halo. Doing this, we now
include a differential bound fraction-averaged boost parameter btot (zf ) as defined in Eq. (59) that is present in
our calculation of Jmicro in Eq. (72). This quantity is
calculated by summing
btot (zf ) =

X
[1 + Bs (Mi )]
i

df
∆(ln Mi )
d ln Mi

(73)

where the sum runs over all mass bins centered at ln Mi
with bin widths ∆(ln Mi ). For the (30 pc/h)3 EMDE
simulation, we find a btot (zf ) = 23.7. We compare this
to the calculation for the (30 pc/h)3 standard simulation
as a control, finding a btot (zf ) = 0.14.
As discussed above, the microhalos outside of Rmin are
expected to survive destruction due to tidal stripping.
Therefore, the microhalo survival rate s(r0 ) is fixed to 0
inside Rmin and 1 outside Rmin . With all this accounted
for, Eq. (72) simplifies to
Jmicro & 4fχ2 ρ200 (zf )btot (zf )Mhalo (r > Rmin ).

(74)

with Mhalo (r > Rmin ) the mass of the host halo contained
outside of Rmin , found by integrating an NFW profile
for the host from Rmin to R200 . For the NFW parameters, ρs is found from Eq. (55) according to the massconcentration relation from Ref. [27] and Rs is found
with Rs = R200 /ch .
The dominant contribution to the total boost factor is
Jmicro . However, we must also consider the contributions
from the host halo and its subhalos with M > MRH .
We introduce fs (r), the fraction of dark matter that is

not contained in microhalos today as a function of radius from the center of the host halo. This is different
from ftot (zf ), which describes the total fraction of dark
matter that is bound into microhalos as a function of redshift. Clearly, we have that fs (r < Rmin ) = 1, since all
microhalos within Rmin are destroyed. Microhalos with
a concentration of 1.5 that are tidally stripped to rs will
retain around 60% of their original mass [11], with the
mass loss increasing with concentration. Thus, we set
fs (r > Rmin ) = 1 − 0.6ftot (zf ) and assume constant fs
for r > Rmin and r < Rmin . We can then write the
total host halo boost factor as a sum of the individual
contributions:
J = Jmicro +Jhalo (r < Rmin )+fs2 [Jhalo −Jhalo (r < Rmin )],
(75)
where the fs2 comes from the fact that J-factors are integrals of density squared. Jhalo is the volume integral of
density squared multipled by a factor of [1 + Bstd (Mh )],
with Bstd (Mh ) the boost-mass relationship for large host
halos that form in the absence of an EMDE from Ref.
[27]:
Z ∞
Jhalo = [1 + Bstd (Mh )]4π
r2 ρ̄2χ (r)dr
0

= [1 + Bstd (Mh )]

fχ2 Mh ρ200 c3h
.
9[ln(1 + ch ) − ch /(1 + ch )]2
(76)

once again with ch from the mass-concentration relation
from Ref. [27], which correctly matches the concentrations of simulated halos in the mass range from 10−5 M
to 1015 M .
Since microhalos are destroyed within r < Rmin and
subhalos with M > MMH are less dense than EMDEgenerated microhalos, we expect them to not survive
within Rmin either. Therefore, the J-factor contribution
from the host halo within Rmin is simply the contribution
from the smooth NFW profile of the host:
Rmin

Z

r2 ρ̄2χ (r)dr

Jhalo (r < Rmin ) = 4π
0

=

R 
fχ2 Mh ρ200 c3h
min
J
3[ln(1 + ch ) − ch /(1 + ch )]2
Rs
(77)

where
J ≡

y 3 + 3y 2 + 3y
.
3(y + 1)3

(78)

Here, the J function comes about from only evaluating
the integral in Eq. (77) out to Rmin rather than to infinity. We now find the total boost factor generated by an
EMDE of a galaxy-mass host halo by substituting all of
the necessary equations
R ∞into Eq. (75) and dividing by the
reference integral 4π 0 r2 ρ̄2χ (r)dr using a smooth NFW
profile for the host halo:
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FIG. 28. The total boost factor and relative boost factor generated by an EMDE with kcut /kRH = 20. On left: the boost factor
as calculated in Eq. (79) with btot (zf = 30) determined from Bs (Mmh ) from the (30 pc/h)3 EMDE simulation. The curve is
compared to an evaluation at zf = 400 with btot = ftot = 0.05 without a Bs (Mmh ) but assuming that halos formed as early as
zf = 400 survive, as done in Ref. [11]. On right: The same boost factors as in the left plot divided by the boost factor from
standard subhalos with masses
above 10−12 M [27]. In these figures, we assume that the EMDE-generated microhalos are
p
destroyed within Rmin = Rs /(100 kpc) kpc.

h ρ (z ) ih M (r > R ) i [ln(1 + c ) − c /(1 + c )]2
R 
h
min
h
h
h
200 f
min
(1 − fs2 )
1 + B & 36btot (zf )
+ [1 + Bstd (Mh )]fs2 + 3J
3
ρ200
Mh
ch
Rs
(79)

Figure 28 demonstrates 1 + B as a function of the host
halo mass Mh compared against the relative boost from
an EMDE defined as (1 + B)/(1 + Bstd ). Here, Bstd from
Ref. [27] was evaluated for the boost factor from subhalos with masses larger than 10−6 M and mass function
dN/dm ∝ m−2 multiplied by a factor of 5/2 to match
their boost factor results down to a minimum subhalo
mass of 10−12 M . We do this so that the standard
boost factors Bstd account for all subhalos down to the
free-streaming cut-off scale in the absence of an EMDE.
We see that the boost factor is significantly dominated
by the first term in Eq. (79), with EMDE-generated
microhalos being the primary contributor to the boost
factor, as expected. Ref. [11] chose an optimistic scenario for kcut /kRH = 20 at zf = 400 with ftot (zf ) = 0.05
as predicted by the Press-Schecter mass function. Here,
the majority of the boost factor is due to the high density that these primordial microhalos form at, but this
configuration does not account for additional formation
of microhalos at later times as well as the potential destruction of a fraction of the primordial microhalo population. Unfortunately, it seems that the more accurate
boost based on our microhalo boost-mass relationship
from the cosmological simulations is around a factor of
5 lower than this optimistic boost prediction. Note also
that although the more massive host halos have significantly higher boost factors, the relative boost from an

EMDE is nearly independent of mass, as shown in the
right panel of Fig. 28.
As a final verification, we calculate the relative boost
with parameters from the 30 (pc/h)3 standard simulation, namely btot (zf ) = 0.11 and ftot (zf ) = 0.025.
We find that the relative boost is nearly constant at
(1 + B)/(1 + Bstd ) = 4.7, demonstrating that the boostmass relationship from Ref. [27] is consistent with
the total boost factor as determined with the standard
Bs (Mmh ) from our simulations encoded into btot (zf ). It
is not surprising that we find (1 + B)/(1 + Bstd ) > 1 for
our standard simulations, as the reference curves used to
calculate btot (zf ) assume a fixed c = 2 for the microhalos,
whereas 1 + Bstd uses a concentration-mass relationship.
Therefore, contributions to the boost in our calculated
1 + B can be attributed to both substructure and microhalos that have concentrations c > 2 with higher smooth
densities than their reference curves, whereas boost in
1 + Bstd only comes from substructure.

V.

SUMMARY AND DISCUSSION

An EMDE is a general prediction of inflation and highenergy theories. The scalar fields or transient particles typically dominate the cosmic energy density until
a rather low reheat temperature on the order of a few
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hundred GeV. The delayed reheating due to an EMDE
significantly modifies the relationship between dark matter particle properties and the observed relic abundance
[30]. The fact that dark matter density perturbations
grow linearly with the scale factor during an EMDE has
been established for both thermal [11] and non-thermal
[5] production mechanisms. Microhalos could potentially
provide a powerful probe of the early Universe because
they form as the result of these enhanced density perturbations that enter the cosmological horizon before reheating.
The enhancement due to the EMDE is dependent on
the ratio between the free-streaming cut-off scale and the
reheating scale kcut /kRH . The EMDE causes the dark
matter annihilation cross-section to decrease, and so we
must consider 100 < mχ /TRH < 200 to avoid a crosssection that is suppressed too heavily for a substructure boost to overcome while also keeping dark matter
freeze-out during the EMDE. Our analytic model constructed based off of the time evolution of Eq. (12)
shows that in order to get kcut /kRH = 20, a ratio potentially high enough to produce observable annihilation
signatures, the ratio between the temperatures at standard kinetic decoupling and reheating TkdS /TRH & 6
in order to remain within 100 < mχ /TRH < 200, as
indicated by Fig. 11. In most models, dark matter freezes out before it kinetically decouples, and with
Tf /TRH ≈ 20 and Tkd /TRH ≈ 54 for our minimum temperature ratio TkdS /TRH & 6, the outlook is certainly less
than optimistic for detection. Lower temperature ratios
that provide kcut /kRH & 20 are possible, but only for
mχ /TRH > 200, as seen in Fig. 11. Unfortunately, these
configurations reduce the annihilation cross section by
more than an annihilation boost due to microhalo substructure could possibly compensate.
Moving forward with a kcut /kRH = 20, we have determined the fate of the earliest forming microhalos via
cosmological simulations. Using GADGET-2 N-body simulations driven by EMDE-enhanced power spectra, we
studied the halo mass functions dn/d ln M , the differential bound-mass fraction df /d ln M , and the total bound
fraction ftot of the simulated dark matter structure. We
simulated the evolution of multiple box sizes for convergence testing and compared the results of each to standard simulations with power spectra generated with a
free-streaming cut-off and the onset of radiation domination immediately after inflation. We studied the numerical density profiles of several microhalos and constructed
a smooth reference integral based off of the NFW profile.
With the simulation particle data and dark matter halo
catalogs generated by Rockstar, we move forward to calculate the dark matter annihilation boost in individual

microhalos from the simulation. This is achieved by numerically integrating the density squared of the microhalo in the J-factor and dividing this quantity by the
reference integral. After optimizing the resolution of the
J-factor integration routine to scale with the number of
particles in a given halo, we calculated the boost factor
for all host microhalos in each of our simulations studied the microhalo boost-mass relationship Bs (Mmh ). The
boosts were partitioned into mass bins and the statistics
of each bin were studied. We found very little variance
in the boosts for each mass bin, concluding that the majority of the uncertainty in our calculations lies in our
J-factor integration resolution. We demonstrate in Fig.
23 that the J-factor grows monotonically with resolution,
and we used a fairly conservative resolution in order to
place a lower-bound on the total boost factor.
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