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ABSTRACT: Dark matter annihilation has the potential to leave an imprint on the properties
of the first luminous structures at Cosmic Dawn as well as the overall evolution of the
intergalactic medium (IGM). In this work, we employ a semi-analytic method to model dark
matter annihilation during Cosmic Dawn (approximately redshift z = 20 to 40), examining
potential modifications to IGM evolution as well as gas collapse, cooling, and star formation in
mini-halos. Our analysis takes into account the effects of dark matter-baryon velocity offsets,
utilizing the public 21cmvFAST code, and producing predictions for the 21cm global signal.
The results from our simplified model suggest that dark matter annihilation can suppress
the gas fraction in small halos and alter the molecular cooling process, while the impact on
star formation might be positive or negative depending on parameters of the dark matter
model as well as the redshift and assumptions about velocity offsets. This underscores the
need for more comprehensive simulations of the effects of exotic energy injection at Cosmic
Dawn as observational probes are providing us new insights into the process of reionization
and the formation of first stars and galaxies.
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1 Introduction

Cosmic dawn marks the end of the universe’s Dark Ages, following recombination and
preceding the formation of the first galaxies and stars. While it is challenging to directly
observe, this epoch is a promising target for investigations of the impact of Beyond the
Standard Model physics such as dark matter (DM) particle interactions. In particular, dark
matter annihilation, which can inject energy into primordial gas prior to and during the
epoch of the formation of the first stars, has the potential to substantially alter the evolution
of early galaxies and the intergalactic medium (IGM) during Cosmic Dawn.

In the local universe, researchers have investigated various potential signals of dark matter
annihilation, including the excess gamma ray emission from the direction of the Galactic
center [1-3], but uncertainties in astrophysical contributions make the interpretation of these
excesses challenging. The high-redshift universe presents an alternative target, trading the
complexity of disentangling a signal from mature astrophysical sources for new challenges

in observation and interpretation.



Previous studies [4, 5] have found that dark matter annihilation can alter the recombi-
nation history, and imprint an observable signal on the anisotropy of the cosmic microwave
background (CMB). Furthermore, the injection of the energy from dark matter annihilation
into the primordial gas could imprint distinctive features on the cosmological 21cm signal
from neutral hydrogen during cosmic dawn [6-8]. The 21-cm signal corresponds to the
hyperfine transition of neutral hydrogen and arises due to the energy difference between the
spin-up and spin-down states of the hydrogen atom’s electron. As a probe of the high-redshift
universe [9-11], the 21-cm neutral hydrogen line presents a promising avenue for exploring
various aspects of early structure formation, as it is sensitive to the state of the neutral
hydrogen gas from which early stars and galaxies form.

Injected energy from dark matter annihilation can significantly impact baryonic processes
and, consequently, the formation of the first galaxies and stars [12, 13]. Due to the lack of
heavy elements, the collapse of the gas that formed the first stars (known as Population ITI
stars) required molecular hydrogen cooling, which is highly sensitive to gas properties [14—
16]. These stars formed within dark matter minihalos with typical masses in the range of
M ~ 10°-10% M, at redshift z ~ 20-40. The first galaxies and stars subsequently coupled the
spin temperature of the primordial gas to the kinetic temperature through Wouthuysen-Field
coupling, via Lyman-«a photon emission, and caused heating through X-ray emission. Both
of these processes contribute to the strength and timing of 21cm absorption against the
CMB. It is therefore important to determine the interplay between possible exotic energy
injection and the formation of the first stars and galaxies to robustly interpret the 21cm
signal from Cosmic Dawn.

In our analysis, we consider the impact of dark matter annihilation on both the spatially
averaged IGM and on the formation of the first stars in primordial mini-halos. To connect
our studies to future observations, we employ a semi-numerical model to obtain the global
21cm signal. We focus on MeV to GeV dark matter, following [17] (hereafter LH16), where
the distinctive signature is significant. Specifically, in this mass range, DM annihilation
significantly heats and ionizes the IGM. This extra heating alters the timing and depth of
the 21cm absorption trough and modifies the spatial power spectrum, producing a distinctive
signature that can help distinguish DM effects from standard astrophysical processes. We
incorporate recent calculations from [18] on the energy deposition fraction to estimate the
impact on the thermal history. We examine the effect of stellar feedback from DM annihilation
by introducing a Jeans analysis and examining the relevant gas cooling processes.

We also consider the effect of dark matter-baryon velocity offsets, also known as streaming.
This phenomenon originates from the relative velocity between the two components that
results due to the coupling of baryons and radiation prior to the recombination epoch, and
can suppress structure formation, particularly at high redshifts and on small scales [19, 20].
This effect is significant in influencing gas accretion and star formation, which therefore
alters the 21cm signal, as highlighted in recent studies [21, 22]. We include the streaming
effect in our analysis and discuss its role in shaping the 21cm signal in the presence of
dark matter annihilation.

The organization of this paper is as follows: section 2 compares recent works considering
the 21cm signal in the presence of dark matter annihilation. Section 3 describes the methods



used in this work, with a review of the relevant halo mass scales and collapse criteria. Section 4
describes our model, including our approaches to dark matter annihilation and the baryons
physics within dark matter halos. Section 5 details the numerical simulations used to derive
the 21cm signal and presents the results of our analysis. In section 6, we discuss the role of
molecular cooling and streaming velocities in our model. Finally, we conclude the work in
section 8. We also explore the potential contribution of local DM annihilation effects within
dark matter halos, as shown in appendix A. DM heating and ionization could reshape the
galaxies’ formation in small halos, when local halo deposition efficiency is large.

2 Previous studies

The effect of dark matter annihilation on the 21cm signal has been investigated in numerous
studies. Natarajan and Schwarz [23] explored the potential for DM annihilation to influence
the 21cm signal, suggesting that such interactions could produce a distinctive signature
detectable in observations. Evoli et al. [8] focused on the calculation of the 21cm brightness
temperature at cosmic dawn, utilizing the 21cmFAST code to examine the effects of xx —
pup~ annihilation. LH16 constructed a comprehensive brightness temperature history for
XX — eTe” annihilation, highlighting that certain ranges of dark matter masses could leave
significant imprints on the 21lcm signal. Cheung et al. [24] utilized spin temperature data
from the EDGES experiment to constrain various dark matter models. Basu et al. [25]
examined the impact of dark matter annihilation with DM-baryon scattering on the 21cm
signal, uncovering that such interactions could significantly alter the expected signal. Cang
et al. [26] calculated the inhomogeneous effects of DM annihilation, demonstrating that these
effects could enhance the 21cm power spectrum by orders of magnitude, thus providing a
potential method for distinguishing between different DM models. Qin et al. [27] investigated
the impact of DM annihilation on molecular hydrogen (Hsy) formation for star formation,
utilizing the DarkHistory code. This study found that the exotic energy injection from DM
annihilation could either accelerate or delay the formation of the first stars, underscoring
the complex interplay between DM annihilation and star formation.

In LH16, the authors focus on the DM annihilation of particles with masses in the
MeV to GeV range into electron-positron pairs. They employ an energy deposition fraction
calculation from [28] and find enhancements in both temperature and ionization fraction
during the epoch of reionization. The dark matter annihilation contribution to the thermal
history was calculated in the CosmoRec code for the early universe, and 21cmFAST was used
for the period from cosmic dawn to reionization. Several parameters such as the halo mass
function and X-ray efficiency affect the calculated spin temperature, as does the DM particle
mass. In LH16, models with mpy ~ 100 MeV produced the strongest effects.

However, a comprehensive study of the 21cm signal in conjunction with first star formation
requires a more detailed treatment. While some studies include stellar Lyman-Werner (LW)
feedback, the properties of molecular cooling halos can be significant for the formation of
the first stars, and these are not automatically included in studies based on 21cmFAST. This
omission could lead to a delay in the onset of star formation (e.g., [8, 17]). Meanwhile,
DM annihilation may impact the star formation rate in those small halos, thereby altering
early stellar feedback. The energy deposition fraction, which varies with redshift and dark



Reference Channels Deposit Fraction Gas Cooling LW Feedback Upe

Evoli et al. [§] XX — ptp” Analytic Fit Atomic — Nno Vpe
Lopez-Honorez et al. [17]  xx — eTe™  Updated Table Atomic — no Vpe
Cheung et al. [24] xx — ete” SSCK Atomic — no Vpe
Basu et al. [25] XX — ete SSCK Atomic — 10 Vpe
Cang et al. [26] Y — ete” SSCK Atomic — Nno Vpe
Qin et al. [27] XY — ete” DarkHistory Molecular Exotic no Vpe
This paper xx — ete”  Updated Table Molecular Regular 1O Vbe

Vpe included

Table 1. Models of Previous Dark matter Annihilation Studies in 21cm Astronomy. This table only
features key processes in our scope.

matter mass, also requires careful consideration. Previous studies [25, 26] have utilized
energy deposition values derived from numerical results [29, 30](commonly referred to as the
SSCK model). Although the SSCK results have been widely adopted and are supported
by recent calculations, they are based on 3keV electrons, and discrepancies increase as the
electron energy rises. Thus, an improved treatment is crucial for accurately understanding
and constraining the effects of dark matter annihilation [18]. Additionally, the inclusion of
DM-baryon velocity offsets, which cause suppression on small scales and alters the existing
dark matter annihilation power, is important for self-consistency.

Table 1 compares our model with several recent studies on dark matter annihilation in
the context of the 21cm signal. Our work utilizes the same deposit fraction table as LH16 and
includes the effects of molecular cooling and streaming. It is important to note that our model
does not fully integrate all aspects of previous studies. For instance, we did not consider the
DM-baryon elastic scattering discussed in [25]. Like [27], we include molecular cooling to
account the star formation in low-mass halos. For Lyman-Werner (LW) feedback, we assume
that dark matter (DM) annihilation has a negligible impact, and therefore consider only the
regular stellar LW feedback. This is because LW photon deposition data for DM annihilation is
unavailable, and accurately modeling it would require detailed energy deposition simulations,
which we leave for future work.

3 Setup

3.1 Base model (no dark matter annihilation)

To model early cosmic structure formation without dark matter annihilation, we follow a
sequence of key processes that impact the formation of first stars and the evolution of the
IGM (and therefore the 21lcm signal).

1. Gas collapse: in the early universe, dark matter halos act as gravitational wells. Those
halos accumulate gas, where the process depends critically on the halo’s mass. When the
halo’s mass exceeds the Jeans mass, Mj, the gravitational force is strong enough to over-
come the thermal pressure, allowing the gas to collapse. The time-averaged Jeans mass



(known as the filtering mass, Mp) then determines the gas fraction that halos can retain.
Detailed calculations of the Jeans mass and gas fraction are provided in section 3.1.1.

2. Gas cooling: star formation requires that gas within dark matter halos cool efficiently
in order to reach the required density for nuclear ignition. This cooling efficiency is
described by the minimum cooling mass, My, @ threshold that determines whether a
halo can support the cooling rates required for star formation. Halos with masses above
M. o0 have sufficient cooling to lower gas temperature, allowing the gas to collapse
further to form individual stars. This cooling is dependent on the channel (atomic or
molecular hydrogen cooling) and thus also the abundance of molecular hydrogen. A
detailed discussion is provided in section 3.1.2.

3. Star formation: as the gas sufficiently cools within primordial halos, the first stars
begin to form. The radiation emitted by these stars includes both Lyman-a and X-ray
photons, which are particularly important in altering the IGM in a manner relevant
to the 21cm signal. Lyman-« photons couple the gas spin temperature to its kinetic
temperature via the Wouthuysen-Field effect. Meanwhile, X-ray photons heat the gas,
raising its temperature and modifying the 21cm absorption signal against the CMB.
The Pop III star formation rate at a specific redshift is described by the total fraction
of star-forming baryons, f.on, which is introduced in section 3.1.3.

3.1.1 Jeans mass and gas fraction

For a primordial gas cloud associated with a dark matter halo, the thermal pressure of
the gas acts counter to gravitational forces, which can prevent the cloud from collapsing.
The characteristic scale at which a gas cloud can overcome thermal pressure and undergo
gravitational collapse is known as the Jeans scale k;, described as follows

ky = 2 \/inGp, (3.1)

Cs

where a = 1/(1 + z) is the scale factor, G is the gravitational constant, p is the total density,
and cs is the sound speed of the gas.

For the gas in a halo with mass M), at redshift z, we assume that the total density
p = ppM + PB = ppM, as the baryonic density is negligible compared to the dark matter
density in the early Universe. The sound speed ¢4 is given by

5kpT,(z, M)

cs(z, M) = S

(3.2)
where T,(z, M) is the gas temperature within halo mass M at redshift z, p = 1.22 is the
mean molecular weight of the neutral primordial gas, my is the proton mass, and kg is
the Boltzmann constant.

The Jeans mass Mj is defined by the enclosed mass within the Jeans scale,

4 A\ 2
M; = §7T,0 (2> ’ (3.3)

where Ay = 27/kj is the Jeans wavelength.



To estimate the gas fraction within dark matter halos, we must first calculate the
time-averaged Jeans mass [31-33], also known as the filtering mass M,

M) =2 /0 M;"*(a)dd! (1 - “’) : (3.4)

a

where a is the scale factor and Mj is the Jeans mass at a given redshift.
The gas fraction fg,s inside a halo with mass Mj, at redshift z follows the equation

MF)T o , (3.5)

3
fgas(ZaMh) = fb,O [1 + (2a/ — 1) <]Wh
where Mp is the filtering mass at redshift z given by equation (3.4) and where we have taken
a = 0.7 as suggested by [20]. The cosmic baryon fraction fi, o(z) is given by

foo(z) = g;((z)) (1+3.2rLss) (3.6)

where Q4(2) and Q,,(z) are the density parameters for baryons and matter, respectively, at
redshift z, and rpgg is a redshift-dependent function defined in [32].

3.1.2 Minimum cooling mass

The minimum cooling mass M. represents the smallest mass of star-forming halos, below
which the gas is unable to cool efficiently and form stars. The cooling of gas at Cosmic Dawn
occurs primarily via atomic hydrogen cooling and molecular hydrogen cooling.

Atomic cooling is an important process at high temperatures (T4, > 10% K), corresponding
to virial masses My > 10%Ms. At these temperatures, gas is able to cool through the
emission of atomic lines.

Molecular cooling is important at lower temperatures, where gas is able to cool through
the emission of rotational and vibrational lines of molecules. Molecular cooling is expected to
be important for halos with M, < 107M, where atomic cooling is less effective.

For the first stars formed in small halos, gas cooling is dominated by molecular (Hs)
cooling. The cooling rate must be large enough to lower the gas temperature and enable
collapse and star formation. In this case, the factors determining the cooling criterion
include the density of each species involved in Hy production and cooling (hydrogen, helium,
electrons), as well as the gas temperature T,.

We define the minimum cooling mass M. corresponding to the critical virial temperature
Terit where cooling is sufficient. For atomic cooling, it is given by Ty = 10* K. For molecular
cooling, the critical virial temperature is determined by several factors involved in the cooling
process, which will be provided later in section 4.2. The relation between the halo mass

and virial temperature is given by the formula [34],

2 1
Mvir 3 QmO 3 (1+2
Toir = 1. 104 : K, .

98 > 10 (108h1M@> (Qm> < 10 > (3.7)

where €, o is the cosmic matter density today, and €2, is the cosmic matter density at
redshift z.



3.1.3 Star formation rate

For Pop III stars, we relate the star formation rate to the star-forming baryon collapsed
fraction, which is the total fraction of star-forming baryons in the cosmos. This can be
written as

[e.e]
o= [ Mgt (33
where dn/dM is the halo mass function, ps is the comoving density of baryons, fgas is the
gas fraction within halos, My, is the minimum star-forming halo mass, and f, is the star
formation efficiency. Since molecular cooling is essential for Pop III star formation at cosmic
dawn, we enable star formation in halos where molecular cooling occurs and set the minimum
star-forming halo mass at M = Meool- This implies that only halos with a mass greater
than Moo can initiate star formation. Considering both molecular cooling halos and atomic
cooling halos in our calculations significantly accelerates the onset of the 21-cm absorption
signal compared to scenarios where only atomic cooling halos are taken into account.

The star formation efficiency, fy, is taken from [35]. It is assumed to be constant for
halos with masses above the atomic cooling mass, while for halos with masses between the
molecular cooling mass and the atomic cooling mass, it follows an exponentially decaying
function with halo mass. We employ the piecewise function

f* it M > Matom
(M) = { fupuobeeol) i Meoor < M < Matom - (3.9)
0 otherwise

where M,iom is the mass threshold of atomic cooling halos, given by Tivir > 10% K, Mo is
the minimum cooling mass defined in this work, and f, is the star formation efficiency for
atomic cooling halos, which is usually set to f. = 0.1, as adopted in [17, 21].

3.2 Effects of dark matter annihilation

In this section, we describe the effects of dark matter annihilation on early halos and the
21lcm signal.

The thermal history of the intergalactic medium can be altered by the radiation back-
ground from dark matter annihilation, which can increase the IGM temperature, ionization
fraction, and Lyman-« photon background. Since the spin temperature of neutral hydrogen
is coupled to the gas kinetic temperature during this period, an increase in gas temperature
leads to a reduction in the 21cm absorption signal.

The Jeans mass can also be suppressed by dark matter annihilation. As the IGM is
heated by dark matter annihilation, the gas in dark matter halos experiences increased
pressure, which may overcome the gravitational attraction of the halo.

The Jeans mass M then increases, and the gas fraction feas(2, Mj) decreases within
low mass halos with M}y = M ;. Consequently, the formation of Population III stars could
be suppressed due to the lower baryon fraction within small halos, leading to a reduced
radiation background from stars.



The minimum cooling mass can potentially be altered by dark matter annihilation through
several mechanisms. On one hand, the gas fraction altered by dark matter annihilation
affects the gas density within halos, influencing the cooling process. On the other hand,
energy deposition from dark matter annihilation can modify the abundance of molecular
hydrogen by affecting the heating and ionization terms in the Hy production process, and it
may also impact the cooling rate. However, the overall effect of annihilation on the minimum
cooling mass is complex and remains unclear.

In this work, we develop a simple model to analytically estimate the cooling mass for
molecular cooling halos under dark matter annihilation, as described in section 4.2.

4 Models

4.1 Dark matter annihilation

For self-annihilating dark matter (DM), the annihilation power per unit volume is described
by the equation

dE (ov)
AVdt  mpy ! PW

(4.1)

where (ov) represents the thermally averaged annihilation cross-section, ppy is the DM
density, and mpy denotes the mass of the DM particle.

For the case of s-wave dark matter annihilation, the cosmic microwave background
(CMB) spectrum provides an upper limit on the cross-section, as reported by the Planck
collaboration: pann < 4.1 x 10728 cm3 s~ GeV™!, where pann = fesi(ov)/mpm [28, 36]. Here,
feft is a constant proxy for the deposited fraction, which depends on the dark matter particles
and cosmological parameters. Given the value of feg, one can derive constraints on the
dark matter annihilation cross-section. In this study, we employ a constant mass-weighted
cross-section, (ov)/mpy = 10727 cm3 s~} GeV~!. This value is allowed for fog < 0.1 and
serves as a useful benchmark to check against current limits, which is also adopted in LH16.
Additionally, we assume annihilation occurs through the channel yxy — ete™.

Since the annihilation rate depends on the squared density of dark matter, the formation
of collapsed halos results in a boost in the cosmic dark matter annihilation power. We
separate the power of dark matter annihilation into two parts: ‘é—ff = (‘%)Smwth + (%)Struet.
The former comes from the smooth dark matter background, and the latter comes from
collapsed dark matter structures. In terms of the boost factor B(z), accounting for this
structure effect, the annihilation power at redshift z can be written as

dE _ dE dE
dvdt injected B dvdt smooth dvdt struct (42)
{ov)
= pbao(l +2)° (14 B(2)) ,
DM

where ppwm,o indicates the average DM density in the current time. The component of
annihilation power from structure is related to the smooth component by

dE dE
il — B(2)——_
dVdt &) ai

struct

(4.3)

smooth



The boost factor depends on the halo mass function and halo profile, written in [12] as

B(x)= - / AN v / T8 (a2 (4.4)

= mredr, :
Pino(1 4 2)3 Jagin dM o M

dN

where 77 is the comoving halo mass function (HMF), and ppy(r) is the dark matter halo
density profile. The minimum halo mass, M representing the smallest mass of halos,
depends on the model of dark matter particle. As noted in [8, 17, 37], this value affects the
intensity of the structured boost factor of the dark matter annihilation signal, altering the
21cm signal. We use the value Mfl“in = 107?M, in this paper.

For the halo mass function, we use the Sheth-Tormen model with parameters a’ = 0.75
and p’ = 0.3, identified as optimal fits [38]. We also employ the mass-concentration relation
from [39] and use the Navarro-Frenk-White (NFW) profile to characterize dark matter halos,
which provides the total dark matter annihilation for a given halo.

Note that the deposited energy is highly dependent on the chosen cosmological and DM
models. These dependencies include the density profile, mass concentration relation, and
halo mass function, as detailed in [37, 40]. Additionally, our model assumes DM annihilates
entirely into eTe™ pairs and lies in the approximate 10 MeV to GeV mass range.

The DM energy deposition into gas is modelled as follows: the deposited fraction f.(z)
assumes that power deposition is proportional to the injected power at the same redshift,
going into each channel ¢ for heating, HI and Hel ionization, and Ly-a photons. Thus, the
deposited energy in channel ¢ per unit time per baryon is given as

1 dE
DM = =
66 (Z) - anC(Z)dth )

injected

(4.5)

where ng is the mean baryon number density at redshift z.
The deposited energy in equation (4.5) represents the energy deposited into the back-
ground IGM. For gas in overdense regions, such as dark matter halos, the energy deposit

rate is given by the total DM energy from both local DM and the global DM background:

DM _ DM
€ - 6c,local

which could heat and ionize the surrounding gas [41, 42]. However, the local effect depends

+ 62%4(;. The local deposit rate originates from local dark matter annihilation,

heavily on the interaction between annihilation products and baryonic particles in the gas en-
vironment, which remains poorly understood. In this study, we focus on the global DM energy
deposition, leaving the discussion of local effects to the appendix. For the global annihilation

background, we assume the energy deposit rate per baryon in halos is the same as that in

DM
c

the IGM. Therefore, we consistently use ;" (z) from equation (4.5) throughout this work.
We derive the deposition fractions using the transfer functions from [18], which calculate

these fractions for high-energy photons and eTe™ pairs resulting from DM annihilation.

DM

¢, where c represents the

The DM annihilation emission power deposited per baryon is €
deposition channel, as defined above (heating, HI and Hel ionization, and Ly-a photons).
The energy injection of DM annihilation into the IGM can be described by following

terms. For the effect on the gas temperature,
dTx dt 2 DM

dz |pyv  de 3kp (1 + z,) Peat”

where kp is the Boltzmann constant and x. is the electron fraction.

(4.6)



The ionization and Ly-a excitation due to dark matter annihilation are given by

e €Hol
Nionlpy = fu—7— + frte 1 (4.7)
onibM Emyr “Ener |
DM
np 6Lyoz 1

JalpM = (4.8)

A hug H(2)vg |

where Epr and Efyer are the ionization energies for hydrogen and helium, fi; and fie represent
the number fractions of hydrogen and helium, ng is the number density of baryons, h is
the Planck constant, H(z) is the Hubble constant at redshift z, and v, is the emission
frequency of a Ly-a photon.

4.2 Molecular cooling

For the birth of the first stars, the gas within dark matter halos requires cooling for further
collapse, and that cooling is primarily achieved via molecular hydrogen [43-47]. Molecular
cooling occurs only if the halo mass is larger than the minimum cooling mass, My . In
this section, we build an analytical cooling model to calculate the influence of the minimum
cooling mass in the presence of dark matter annihilation.

4.2.1 Gas density

To calculate gas cooling in molecular cooling halos, we must first estimate the gas profile,
which can be approximated by following the distribution of the dark matter (DM) profile. In
this approximation, the gas density in a halo of mass M}, denoted as pgas(Mp, 1), is expressed
as Pgas(Mp, 1) = feas(Mp)ppom(Mp, 1), where foas(My) is the gas fraction.

In accordance with cosmological hydrodynamic simulations and theoretical arguments [48,
49], prior to efficient cooling, the gas in the halo is expected to settle into a cored density
profile. The core is characterized by a nearly constant density within a radius of approximately
Reore &~ 0.1Ryi;r. In this work, we assume efficient gas cooling in the core region, defined as
Reore = 0.1Ry;;. Consequently, the gas density in the core of halo M, is given by

gnscore(Mn) = faas(2, M) posi(M, 0.1 Ryir ) (4.9)

P, gas,core

where the gas fraction fgas(2, M}) is derived from the filtering mass in equation (3.5).
However, this assumption breaks down on small scales, particularly when k 2 k, as the
gas density cannot form a cusp-like central density like the dark matter in a standard NFW
profile, due to thermal pressure. For these minihalos, we apply constraints from adiabatic
compression and use the core density derived from hydrostatic equilibrium, given by [34, 49, 50]

6 Tvir(Mh)

3/2
pégg,Core(Mh) = pPb (1 + SJM) ) (410)

where pp represents the average baryonic density, and Tigy denotes the background IGM

temperature. Thus, the final core gas density of halo mass Mj, is given by the minimum of the

LM

. — i HM
two values: Pgas,core (Mh) - mln{pgas,core? pgas,core

}. In high-mass halos, pgal\bffcore dominates,
while in low-mass halos, péi\g,wre dominates. Importantly, the IGM temperature affects the
gas density in both cases, and as a result, dark matter annihilation also influences gas cooling

by altering the gas density.

,10,



4.2.2 Hs production

Molecular hydrogen production in primordial gas is primarily through the H™ mechanism:

H+e —H +7v (rate k1), (4.11)
H +H—Hy+e (rate ka). (4.12)

We also consider the mutual neutralization and radiative recombination reactions:

H"+H —H+H  (rate ks). (4.13)
Ht+e” — H (rate ky) . (4.14)

The corresponding reaction rates for equations (4.11)—(4.14) are denoted as ki, ko, k3, ka4,
and they are functions of the gas temperature 7. From reference [51], we have ki =
1.83 x 1071870877 ¢;y3 s~1. The reaction rates ko and k3 have relatively weak temperature
dependences, and are calculated in [52, 53]; we set ks /ks ~ 0.03. For the recombination rate
k4, instead of using the coefficient adopted by [50], k4 = 1.88 x 107107064 cyy3 =1 we
follow [54], and use the case-B recombination rate: ky = 2.11 x 107107072 cm3 s~ because
the neutral gas in the minihalo is optically thick to Lyman-continuum photons.

In addition, we assume that H™ reaches its equilibrium abundance, where ny- = kin - /k,
and that the abundance of ionized hydrogen is equal to free electrons, n,- = ny+.

The abundance of electrons is written as

dz,

i —kynpa? . (4.15)

The fraction of molecular hydrogen can be calculated via

da:H2
dt

k —1
= k1z.nH (1 + 3:):6> . (4.16)
)

It is possible to solve the above equations and obtain the abundance of xz. and Hs as a
function of time ¢:

L0

= 4.17

e 1 4 zongkat’ ( )
kl k4on0t )

= —In(l4+ —— 4.18

THy, = THa,0 T Fa n ( + 1+ k3//€2x0 ) ( )

where z¢ and g, are the initial abundances of electrons and Hy. The logarithmic term
implies that the abundance of Hs is growing rapidly at the beginning, and then becomes slow.

Considering the impact of dark matter annihilation ionizing gas during the cooling
process alters equation (4.15):

dz,
dt

= _k4nH$g + Aion|DM s (419)

where Aion\DM is the ionization rate per hydrogen atom due to dark matter annihilation
given by equation (4.7). The first term on the right-hand side of the equation represents
the recombination rate as a function of the electron fraction. When the electron fraction
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Figure 1. Fraction of electron and molecular hydrogen Hy as a function of time during gas cooling.
The halo has a mass 10°M, at redshift z = 40. We present the case without annihilation (black),
as well as cases with dark matter annihilation for different particle masses. Initial electron fractions
are determined by the background thermal evolution, with the effects of corresponding dark matter
annihilation. The free-fall time ¢t and the cooling time criterion ..o = 0.2ty are presented in the
figure. Dashed lines represent scenarios where the same initial condition of gas at ¢t = 0 is assumed,
with DM annihilation ionizing the gas thereafter.

is high, recombination dominates over annihilation-induced ionization, causing the electron
fraction to decrease. In contrast, if Ajon|p)y; exceeds the recombination rate, the electron
fraction will increase over time.

The left panel of figure 1 shows the electron fraction calculated using equation (4.19) in
a 105My halo at redshift 40. For each specific dark matter mass, the initial electron fraction
is provided by the public cosmological recombination code CosmoRec [55]. The black line
represents the scenario without dark matter annihilation. Dashed lines assume the same
initial electron fraction at ¢ = 0 as the case without annihilation. The gas temperature is
fixed at the virial temperature of the halo.

The production of molecular hydrogen is shown in the right panel of figure 1. We set the
initial molecular hydrogen fraction to zp, o = 6 x 1077 [5]. Indirect effects of dark matter
annihilation alter the initial gas number density and associated reaction rates. In small halos,
dark matter annihilation reduces gas density, leading to a suppression of the reaction rates,
as discussed in the context of the gas fraction. However, we found that this effect is minimal;
the production of Hy is still dominated by the electron fraction. We found that the differences
in molecular hydrogen fractions among the cases are primarily due to initial variations in
the electron fraction. The molecular hydrogen fraction xy, ¢ has little impact on the results
as long as it is small. Dashed lines represent scenarios in which the same initial fractions
at t = 0 are assumed, with DM subsequently ionizing the gas.

4.2.3 Cooling criterion

To find the minimum cooling mass inside halos via Hy cooling, we take the criterion that
cooling time must be less than 20% of the Hubble time, t.,o < 0.2tf, as adopted in [48, 50],
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where the cooling time t.,, is given by

1 nkBTVir

) 4.20
Y — 1 AonH2 ( )

ool =
where v = 5/3 for primordial gas, n is the total number density of gas, kp is the Boltzmann
constant, ny, is the number density of Hy, and Ag is the total cooling rate of the gas per
hydrogen molecule.

The total cooling rate per Hs molecule is given by

Ao = Am,png, (4.21)
K

where Ag, . are the collisional excitation coefficients which are a function of temperature for
each k, and ny, is the number density of each species k, (such as H, He, Hy, H', and e").

The collisional excitation coefficients for Hy are reviewed in [46], where the cooling rate
has been calculated in several collisional processes involving H, Hy, He, H" and e . We adopt
the cooling functions as calculated in that work, and maintain all the underlying assumptions
of these functions. This includes adhering to the low-density environment and assuming an
ortho-para ratio of 3:1. These assumptions are valid under the condition that the dark matter
annihilation does not significantly alter the gas environment during the cooling process.

Dark matter annihilation has been implemented into our halo evolution model in the
following two ways:

1. We use the gas number density n and ionization fraction z. from our evolution
results, which account for the effects of dark matter annihilation. The gas density given by
equation (4.10) and (4.9), is modified by dark matter annihilation via filtering mass and IGM
temperature. The initial ionization fraction of the gas, z., is determined using results from
CosmoRec, which also include the impact of dark matter annihilation.

2. We modify the total cooling rate Agng, to ng,Ag — nHeEelft(z) to account for dark
matter annihilation heating during gas cooling. Here, eEel\ft(z) represents the energy deposited
into the heating channel per unit time per baryon, as defined by equation (4.5). We assume
this value is solely a function of redshift.

In figure 2, we plot the fraction of molecular hydrogen, Ho, in a halo in the presence of
a dark matter annihilation background, as a function of virial temperature, Ty;;. The plot
compares the required Hy fraction for cooling ayeq (dashed lines), determined by the criterion
teool < 0.2tg, with the produced Hy fraction xp, (solid lines), given by equation (4.18). In
the top panel, dark matter annihilation increases the produced Hs fraction. Dark matter
annihilation ionizes the IGM in the early universe, thereby providing higher initial ionization
fraction compared to the baseline. This increase varies with the dark matter mass, with 9 MeV
and 130 MeV dark matter producing higher Hs fractions due to a larger energy deposition
fraction in ionization. However, DM heating simultaneously suppresses the cooling rate by
increasing the cooling time, ..o, which raises the required Hy fraction for cooling. The
dashed lines in the plot shift upward in the dark matter annihilation case, reflecting this
increase in the required Hs fraction.

The critical virial temperature, T, is defined as the point where the produced Ho
fraction equals the required fraction for cooling to occur. Since dark matter annihilation can
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alter both xy, and w;eq, the critical virial temperature is expected to change accordingly.
However, in the top panel, both the produced and required Hs fractions increase due to dark
matter annihilation, resulting in only minor changes to the critical virial temperature.

In the bottom panel, we plot the fraction of Hy at redshift z = 20. At this redshift, dark
matter annihilation has different effects on the produced Hs fraction depending on the dark
matter mass. The 9MeV dark matter increases the Hs fraction, while the 130 MeV dark
matter decreases this fraction. The suppression of Hy fraction is primarily driven by the
strong DM heating. The intensity of DM annihilation is stronger at lower redshift because of
a stronger boost from DM structure formation. The resulting heating reduces the gas density
and makes Hy production less efficient. This is also reflected in the dashed lines, where the
required Hs fraction increases more significantly compared to the case at higher redshift. As
a result, the critical virial temperature shifts to higher values, even for 9 MeV dark matter. At
this redshift, dark matter annihilation has a primarily negative effect on molecular cooling.

In figure 3, we predict the minimum cooling mass, M., in the presence of dark matter
annihilation over redshifts ranging from z = 20 to z = 50. The solid black line in the top panel
shows the minimum cooling mass in our baseline model without dark matter annihilation.
We compare our results with those from several previous studies. The results from [54, 56-58]
and [59] are shown as dashed lines. We set the Lyman-Werner (LW) background and streaming
velocity to zero in these models to match our baseline model. Our cooling threshold is close
to that of [56], but our slope is slightly lower.

In [57], the halo mass above which 50% of halos host cool and dense gas is defined as
Myit, while in [58], they define a minimal (M, ) and an average (M,ye) halo mass at collapse.
Our minimum cooling mass is generally greater than the value Mt (2) as reported in [57] but
lower than the redshift-independent value My, (shown in the plot) and Maye (not shown in
the plot) from [58]. The grey dashed line represents the analytic model of [54], which is similar
to our model but uses a stricter cooling criterion, teoo < 6tg, where tg = (37/ 32Gﬁcore)1/ 2 s
the free-fall timescale, and peore is the mean core density of the dark matter halo. This stricter
criterion results in larger minimum cooling mass estimates than in our work, which uses the
criterion teoo1 < 0.2tp. Another key difference is that [54] tailored the virial temperature Tyiy
by multiplying it by a factor of 0.75 relative to the formula given in equation (3.7). This
results in a lower cored density for a halo of same mass, and thereby suppresses the molecular
cooling. These factors may explain why our results are lower.

We acknowledge that a complete calculation would need to be more complex than our
simplified model. For instance, we assumed that the gas density and temperature are fixed
in order to obtain the cooling criterion for a halo. However, in reality, the gas temperature
decreases as cooling proceeds, and the cooling rate, Ag, which depends on temperature, is
not constant during this process. As a result, the calculation may slightly overestimate
the cooling rate. We tested a method to incorporate the temperature evolution into our
model and found that the resulting changes were small for times t < t.,0. Therefore, our
approximation is likely sufficient in most cases.

Given the initial conditions of the gas, we calculate the cooling time-scale, t.oo1. The gas
may undergo free-fall collapse if t.oo] < tg or experience collapse with an extended duration if
teool is between tg and tz7. As shown in the green area of figure 1, the fraction of Hs increases
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Figure 2. The molecular hydrogen fraction as a function of virial temperature at redshift z = 40 and
z = 20. The dashed lines represent the required Hs fraction, determined by the criterion t.o0 < 0.2t g,
while the solid lines correspond to the molecular hydrogen fraction at the same time. Cooling is
not possible in the grey regions, where the produced Hy fraction is lower than the required fraction.

Dark matter annihilation alters both xy, and zeq, as depicted by the different colored lines, each
corresponding to a specific dark matter mass.

3000

,15,



106 ] T T T T T

"o
=
8
by
1 — noanni.
|l —— 9 MeV
] 130 MeV
— 1.1 GeV
2.0 1 1 1 1 1
<
8 1.5
g 1.0 \ no anni.
=
0.5 1 1 1 1 1

20 25 30 35 40 45 50
redshift

Figure 3. The minimum cooling mass, M1, as a function of redshift with dark matter annihilation.
In the top panel, the black line represents our baseline scenario without the effects of dark matter
annihilation. The brown dashed line corresponds to the fit from simulations without a Lyman-Werner
(LW) background and dark matter-baryon streaming, as detailed in [56]. The pink dashed line is
adopted from the fit in [57], and the yellow-green line is from [58]. The grey dashed line shows the
analytic model of [54], which assumes the criterion teoo < 6tg. In the bottom panel, different lines
represent the relative ratio of the minimum cooling mass to the baseline M¢o01,0 With different dark
matter masses. The cyan line shows the analytic model of the minimum halo mass from [59].

with time, while the required fraction decreases over time. This could lead to inaccuracies
in the cooling mass estimation, as suggested by [54].

The bottom panel of figure 1 shows the relative changes of minimum cooling mass with
dark matter annihilation, Mcool/Meool,0, Where Mool is the minimum cooling mass without
dark matter annihilation, corresponding to the black line in the top panel. We found the dark
matter annihilation impact increases with time. Dark matter annihilation slightly decreases
the cooling mass at higher redshifts (z > 40) but increases it at lower redshifts (z < 40). At
redshift z = 20, the DM could increase the minimum cooling mass by factor of 2.

4.2.4 LW background

In the presence of LW radiation, Hy can be photo-dissociated by photons. Although in this
work we have not included the potential LW flux from dark matter annihilation, the LW flux
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from stellar feedback can lead to an increase in the minimum cooling mass [35, 49, 57, 58, 60].
We will consider molecular cooling with dark matter annihilation in presence of a stellar LW
background. Here, the formation of Hy in equation (4.16) becomes

d.%'H2
dt

k —1
= k‘lxenH (1 + ]{3%‘@) — k’LWng s (4.22)
2

where kpw is the photo-dissociation rate of Ho, given by [61],

krw = 1.38 x 1072 f, Jrw (4.23)

1

where Jrw is the Lyman-Werner intensity in units of 102! ergs~!em ™2 Hz 'sr~! and fy, is

the self-shielding parameter taken from [62], as a function of the gas density and temperature.
The provided fitting function is:
0.965 n 0.035
(1 + x/bs)*™ D) (1 +2)05
X exp [—8.5 x 1074(1 + x)o-ﬂ ,

fon (Nu,, T') =

- 4.24
a(n, T) = Ay (T)e O2500os(w/em™) 4 g, (), 424
A1(T) = 0.8711 log(T/K) — 1.928,

Ay(T) = —0.963910g(T/K) + 3.892 ,

where bs = (2kpT/my,)"/?/10° cm?s~! and 2 = Ny, /5 x 10" cm?.

Figure 4 shows the production of the molecular hydrogen in a 10°My dark matter
halo, influenced by both Lyman-Wernerfeedback and DM annihilation. The Hs fraction is
calculated using equation (4.22) for a range of LW intensities: Jiyw = 0, 0.01, 0.1, and 1.0.
The initial fraction is zy, = 6 x 1077 for every case, as before. At each step, we estimate the
Hs column density Ny, = 0.926 fi1,7core Reore according to [54], where Reore = 0.1 Ry and
Neore 18 the core gas density, and we calculate kpw using equation (4.23).

In the top panel, at redshift z = 40, although the Hy fraction has been suppressed by
the LW photons, the effect of DM annihilation only slightly alters the Hyo formation before
the cooling time, t < t.o01. While we have included a full range of LW values, the expected
intensity at z = 40 is very small, Jpw ~ 0.001 [35, 63], so the effect of LW radiation is
likely not significant. In the bottom panel at redshift z = 20, where the LW intensity is
expected to be stronger (Jrpw &~ 1), LW photons should efficiently dissociate Ho molecules.
The Hy fraction decreases from 10~% to 10~7 during the cooling phase, consistent with the
findings of [57]. In the case with dark matter annihilation, the evolution is initially similar,
but diverges from the baseline case after t.,o1, showing a larger Ho fraction compared to
the case with LW radiation alone.

To incorporate the stellar LW background in this study, we adopt the redshift-dependent
LW intensity, Jiw(z), from [63]. This function is fitted for the range 6 < z < 23, and we
extrapolate it to higher redshifts. We acknowledge that the Poplll star formation model used
in that work differs from our model, which may lead to inconsistencies in the LW feedback.
However, it still provides a good approximation for evaluating the effect of DM annihilation
under varying LW radiation intensities.
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Figure 4. Molecular hydrogen fraction in a 10°Mg halo with both DM annihilation and Lyman-
Werner (LW) feedback. The Hj fractions at the redshift z = 40 (top panel) and z = 20 (bottom panel)
are shown for different intensities of LW radiation (colored areas) and DM mass (colored lines). From
top to bottom, the Hy fractions was calculated with LW intensity values Jyw = 0, 0.01, 0.1, and 1.0.
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Figure 5. The minimum cooling mass M. as a function of redshift with both DM annihilation and
LW feedback is included. Our results are compared to previous calculations from redshift z = 20 to
50. All cooling mass thresholds were calculated using the same LW background Jrw(z) as described
in [63]. The bottom panel shows the relative effect of DM annihilation on the minimum cooling mass.
At high redshift, where LW feedback is weak, the effect of DM annihilation is similar to the case
before, but it becomes stronger at lower redshift as LW feedback becomes more significant.

Figure 5 plots the minimum cooling mass with stellar LW feedback and dark matter
annihilation. In the top panel, the solid black line represents the case with LW background
alone. Compared to the case without LW radiation (as shown in figure 3), we find that the LW
background causes minor changes at high redshift, but significantly increases the minimum
cooling mass at lower redshift (z < 30) for cases. We plot the result from previous studies in
dashed lines. In our model, with LW feedback, the slope of M., at lower redshifts closely
aligns with the analytic model of [60]. We applied a self-shielding factor in equation (4.22),
resulting in a flatter slope that more closely matches simulation results at higher redshifts.
The minimum cooling mass is sensitive to the choice of cooling time criterion (see figure 4),
which may explain why our slope is steeper than that of the analytic model with a shorter
time criterion [54] at low redshifts. We also include fitting functions from the simulations
of [48] and [57], as well as the redshift-independent result from [58]. Compared to our analytic
results without DM annihilation (black line), the simulation results, particularly those of [57],
suggest that LW feedback has a less pronounced effect at lower redshifts.
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In the bottom panel, we show how the influence of dark matter annihilation in the
presence of a LW background varies with DM mass. Generally, DM annihilation very slightly
decreases Moo at high redshift, similar to the behavior seen in the case without LW feedback
(as shown in figure 3). However, our result indicates that LW feedback magnifies the DM
annihilation effect in molecular cooling, and the impact of DM annihilation increases over
time, becoming slightly larger than in the case without LW feedback at lower redshifts.

We acknowledge that some radiative backgrounds, such as the cosmic X-ray background,
are not included in this model. The cosmic X-ray background shares similar properties with
DM annihilation, as both contribute to heating and ionizing primordial gas, which can either
increase or decrease cooling. The transition between these two regimes occurs at gas densities
between n = 1 and 100 cm ™3, depending on the strength of the X-ray background [64]. This
effect has been included in recent molecular cooling studies and is expected to be important
at lower redshifts (z < 15) [59].

5 Semi-numerical simulation

We begin by calculating the corresponding energy injection rate from dark matter annihilation
following equation (4.5). This model includes both smooth background annihilation and the
enhanced annihilation resulting from collapsed structures (halos). To determine the thermal
history of the IGM, we model the cosmic average thermal history in the public cosmological
recombination code CosmoRec [55] with energy injected from dark matter annihilation. We
update the energy deposition fraction f.(z) of DM annihilation for different dark matter
models using the pre-calculated table given by [65] and calculate the gas temperature 7,
and ionization fraction x. from redshift z = 2700 to z = 35.

We calculate the star-forming baryon collapsed fraction feo in equation (3.8), as input for
the public 21cmvFAST code to estimate the star formation rate. In order to determine f.oy1, we
calculate the Jeans mass M ; using the IGM temperature given by CosmoRec. By considering
the effects of dark matter annihilation on the thermal history, we can calculate the Jeans mass
with dark matter annihilation. Then, we can obtain the gas fraction given by equation (3.5)
as a function of redshift and halo mass in the presence of dark matter annihilation.

Figure 6 shows the gas fraction as a function of halo mass at redshift z = 20, using
the filtering mass defined in equation (3.5). The gas thermal history is calculated in the
recombination code CosmoRec. We observe a suppression in gas fraction, about 10% to 40%,
at redshift z = 20 for halo mass M} < 10°Mg, which varies with dark matter mass. The
impact of dark matter annihilation on the gas fraction is less significant in halos of higher
mass. For a halo of 10°Mg, the reduction in gas fraction is around 5% ~ 10%. There is no
significant difference for atomic cooling halos (M > 108Mg).

The differential brightness temperature of the high-redshift 21-cm signal is given by

0Ty = Ti+j'y(1 —exp ™), (5.1)
where T, is the CMB temperature, 7, is the optical depth of the IGM for the 21cm signal,
and Ty is the spin temperature, given by

T+ wo Tt + 2Tyt
1+2.+ x4

T3' = : (5.2)
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Figure 6. Gas fraction as a function of halo masses at redshift z = 20, with the impact of dark
matter (DM) annihilation for DM masses of 9MeV, 130 MeV and 1.1 GeV. The baseline (grey line) is
given by equation (3.5) without DM annihilation. Dark matter annihilation leads to suppression in
the gas fraction within low mass halos, but less in massive halos.

where T}, is the kinetic temperature of the gas, T, is the color temperature, which is typically
coupled to kinetic temperature, T, = T}, . is the collisional coupling coefficient, and x,,
is the Wouthuysen-Field coupling coefficient.

We use the public 21cmvFAST semi-numerical code [21] to calculate the spin temperature
and sky-averaged 21lcm brightness temperature. 21cmvFAST modifies the 21cmFAST code [66].
It calculates star formation in molecular cooling halos and accounts for the effect of dark
matter-baryon velocity offsets in the 21lcm signal.

In this study, we modify 21cmvFAST to implement dark matter annihilation at cosmic
dawn. As described in 4, we assume the dark matter particles annihilate 100% into e™e™, and
the energy is deposited into heating, ionization and Lyman-a photons. The thermal evolution
in the simulation is modified as described by equations (4.7) and (4.8). We employ the energy
deposition fractions f.(z) as used in CosmoRec. However, for redshifts z < 25, we rescale

the deposition fraction using f.(z < 25) = J;((ZZI)) fe(2"), where 2’ corresponds to the redshift
where the free electron fraction at x.(z) = z(z"). For star formation, we update the baryon
collapsed fraction from equation (3.8) to account the effect of dark matter annihilation on gas
cooling and star formation. Following [LH16], we set the X-ray efficiency in 21cmvFAST to be
(x = 10°%, corresponding to the number of X-ray photons per solar mass in the simulation.
We keep the default setting as described in [21] for all other options. For a discussion of
the dark matter annihilation impact on the molecular cooling and streaming velocities, see
section 4.2 and 6.1. The initial conditions T,, X, were taken from CosmoRec.

In this paper, all cosmological parameters in the calculation and simulations were adopted
from Planck 2018, with h = 0.6766, €, = 0.3111, and €, = 0.049 [67].
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6 Result

6.1 DM-baryon velocity offsets

Dark matter-baryon velocity offsets play a significant role in early structure formation [19].
Recent studies have explored the impact of streaming velocity on the formation of dark
matter structures, the gas content in small halos, the formation of the first stars, and the
resulting implications for the 21cm signal during Cosmic Dawn [21, 68, 69].

The influence of a nonzero streaming velocity on the 21cm signal, particularly during
the Cosmic Dawn, manifests in three key ways:

1. Suppression of the small-scale power spectrum, reducing the abundance of halos dN/dM
within the density field [19, 20].

2. An increase of the filtering mass My and decrease of the gas fraction fgas within small
halos [56, 68, 70].

3. An increase of the cooling mass Moo, thereby influencing early star formation, eg. [56,
57, 71, 72].

The equation for relative velocities can be written as [19]

k
Upe = %[ab - 90] ) (61)
where k is the unit vector in the direction k, and 6 is the velocity divergence.
The variance of relative speed can be expressed as

i) = [ Paz. ), (62

where A2, (k) is a function of wavenumber k, which drops rapidly at k > 0.5Mpc™! [19]. At
the recombination epoch (zyec = 1020), the relative speed is estimated to be vyms = 30 km/s;
after baryons recombine and are no longer tied to the photons, their sound speed drops
to 6km/s [20].

First, we calculate the dark matter annihilation power considering the impact of streaming.
Equation (4.2) shows that at lower redshifts, the average dark matter annihilation power
is primarily due to contributions from collapsed structures. To account for the impact
of streaming velocity, we use the modified power spectrum from perturbation theory with
streaming included, as described in [19], to calculate the halo mass function dN/dM (M, z, vp.).
Then, we apply the halo mass function in equation (4.4) to estimate the boost factor for
dark matter annihilation. Because the streaming suppresses small-scale structure formation,
this modification results in a reduction in the boost factor, especially at higher redshifts.
Specifically, for halos following the NFW profile with a minimum mass of 107 My, with a
streaming velocity of vp. = vrms(z), where vyps(2) represents the expected root-mean-square
of the streaming velocity at redshift z, the boost factor decreases by approximately 10%
at z = 40 and by 4% at z = 20.

The gas fraction, considering the effect of streaming, can be computed using a Jeans
analysis. The effective sound speed, taking into account the streaming velocity vy, is given by
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Figure 7. Filtering mass as a function of redshift with effects of dark matter (DM) annihilation
and streaming velocity (vp.). The baseline scenario, depicted by a solid grey line, assumes neither
DM annihilation nor streaming velocity. The impact of streaming velocity alone is shown with a
solid red line. The effects of DM annihilation of 130MeV DM particles without streaming velocity
are represented by dashed lines. Dot-dashed lines indicate scenarios combining DM annihilation with
streaming velocity vpe = Uprms.

c ? =c? —H)Ee [56, 68]. This velocity term increases the filtering mass My, thereby suppressing
the gas fraction. In the presence of streaming, equation (3.5) becomes

MF<z,vbc>>T e 63)

fgas(ZaMa ch) = fb,O [1 + (20‘/3 - 1) < My,

where f, o is the cosmic baryon fraction, and Mp(z,vs.) is the filtering mass as a function
of streaming velocity vp. and redshift z.

Figure 7 shows the filtering mass M (z, vp.) with both dark matter annihilation and
streaming. We set the streaming velocity vp. = vrms(2) and use the gas temperature from
CosmoRec with 130 MeV dark matter. The result indicates that streaming velocity could
significantly increase the filtering mass during Cosmic Dawn. We find that the increase
in filtering mass due to gas heating from DM annihilation is overshadowed by the effects
of streaming. The dot-dashed line shows that DM annihilation leads to less than a 10%
increase in the filtering mass at redshift z = 20, compared to the 40% increase observed
in scenarios without streaming.

Streaming can prevent gas accretion into small halos, thereby increasing the cooling
threshold for halo formation. Previous work by [56] showed that gas cooling occurs only in
halos with a circular velocity above Vo in the presence of streaming, which is given by

Veool(2)2 = V2410 + lavee(2))” (6.4)
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Figure 8. Fractions of electrons and molecular hydrogen as a function of time during gas cooling.
The halo has a mass 10° M, at redshift z = 40. This figure accounts for both streaming velocity
and dark matter annihilation, with the streaming velocity v, set to the root-mean-squared value
Urms, which leads to a decrease in gas density. Dashed lines represent scenarios where the same initial
condition of gas at ¢ = 0 is assumed, with DM annihilation ionizing the gas thereafter.

where Vo010 is the baseline cooling velocity when streaming is not considered (vs. = 0), and
« represents the scaling factor for the impact of streaming. According to the simulation
fit, Veoolo = 3.714kms™! and a = 4.015.

The relation between Vi, and minimum cooling mass is given by [34]

‘/COOI(Z) 3 142 —3/2
Meoo1(2) = 7 x 10° <1Okms_1) ( 50 ) Mg . (6.5)

This results in a minimum cooling mass of My, = 6 x 10°M, at redshift z = 20 when
Vpe = Urms compared to M.yo ~ 3.5 X 105M@ when wvp. = 0.

Now, we can incorporate streaming into the molecular cooling model. First, we consider
the effect of streaming on the gas density. Using equation (6.3), we calculate the gas fraction,
faas, with streaming included. We modify the IGM temperature in the presence of streaming,
following the prescription in [69]:

Ticm (vbe) = Tiem (1 + 5M3./9) (6.6)

where My, = vpe/cs16Mm and cg1gu is the sound speed in the IGM. The increase in tempera-
ture results in a suppression of the gas density according to equation (4.10).

Subsequently, we recalculate the electron and molecular hydrogen fractions, and recalcu-
late the cooling time as described in section 4.2. The minimum cooling mass Mgy iS now
expressed as Mcoo1(2, Upe) as a function of streaming velocity vpe.

Figure 8 depicts the fraction of free electrons z. and molecular hydrogen zy, in the
presence of a streaming velocity vp. = vrms. We observe that the electron fraction decreases
more slowly compared to the case with vy, = 0 (figure 1), since the recombination rate is
higher in denser regions. Dark matter (DM) ionization becomes more efficient with streaming,
resulting in the electron fraction being dominated by DM ionization. Consequently, x.
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Figure 9. Minimum cooling mass as a function of redshift, considering the effects of dark matter
annihilation and varying streaming velocities. The black lines (from top to bottom) represent the
minimum cooling mass for streaming velocities of vpe = 2Vrms, Vbe = Urms, and vp. = 0 in our model.
The colored lines indicate the results with dark matter annihilation of mass 9 MeV, 130 MeV and
1.1 GeV incorporated at different streaming velocities.

becomes insensitive to the initial conditions after a sufficiently long time, ¢ > ty. The
molecular hydrogen fraction, zy,, is relatively lower than that in the absence of streaming.
However, we observe that DM annihilation in this scenario accelerates Ho production due
to the increase in the electron fraction.

Figure 9 shows the minimum cooling mass Mcy01(z) in the presence of both streaming
and DM annihilation. The reduction in the gas fraction decreases the efficiency of molecular
hydrogen production, leading to an increase in the minimum cooling mass by a factor of
approximately 2. Dark matter annihilation shows a distinct effect in the case of streaming
velocity. Without streaming, annihilation leads to a decrease in My at high redshift, but
an increase at low redshift. However, we found that annihilation primarily reduces Moo
in most cases when v, = Urms and a reduction across nearly all redshifts at vy = 2Upms.
This is primarily due to streaming suppressing the gas density and molecular cooling, while
the Hy production increases under DM-induced ionization. As a result, the effect of DM
heating is not significant.

Without dark matter annihilation, our result indicates that the minimum cooling mass
is increased by a factor of approximately Mcool(Vrms)/Meool(0) = 2.1 when vy = vpms at
redshift z = 20. This factor is slightly higher than the fitting result of 1.7 given by [56] in
equation (6.5), but lower than the results from more recent simulations. For instance, [57]
reports a factor of Meyit(Vrms)/Merit (0) = 3.5, and [58] finds Min(Vrms)/Mmin(0) =~ 4.1.

Figure 10 illustrates the complete scenario for the minimum cooling mass, including dark
matter annihilation, stellar Lyman-Werner feedback, and streaming. Standard Lyman-Werner

,25,



~—o Schauer et al. (2021)
J N
S T ———— Mmin, Vbe = Vrms

"o
=
8
Ny
] — omev koo TS
130 MeV
1 — 1.1 Gev
2.0 1 1 1 1 1
e
8 1.5
= .
g 10 no annl.
Ny
0.5 1 1 1 1

20 25 30 35 40 45 50
redshift

Figure 10. Minimum cooling mass in full scenario, include dark matter annihilation, Lyman-Werner
feedback, and streaming velocity. The top panel plots M., as a function of redshift. The black
line represents the scenario without dark matter annihilation. Different colors represent dark matter
annihilation for various dark matter masses (9 MeV, 130 MeV, and 1.1 GeV). Two distinct scenarios
are presented in the figure: one with streaming velocity (vpe = vyms) and one without (vp. = 0). These
results are compared with those from previous simulations [57, 58], and [59]. The bottom panel plots
the relative cooling mass compared to the scenario without dark matter annihilation as a function
of redshift. Dark matter annihilation has a relatively greater impact in regions without streaming
velocity than in those with streaming velocity.

feedback, as described by [63], was applied in the calculation. We acknowledge significant
discrepancies exist in the predicted minimum cooling masses across recent studies as shown
in figure 11. For instance, the simulation by [58] reports a significantly larger mass threshold
compared to [57]. The reason for this divergence remains unclear, but may result from
different definitions or differences in the calculation of self-shielding factor, as noted in [59].
We use the recent self-shielding function described by [62], also used in [57, 59], which leads
our masses to a similar slope. We also present the analytic model from [59] in the figure,
which takes a similar approach to that in our model. One key distinction arises in [59],
which imposes the requirement of minimum cooling mass My, > Mg, where Mg is the
filtering mass. Our model relaxes this constraint, by instead linking the filtering mass to the
gas fraction. This leads us to a minimum cooling mass that is significantly smaller at high
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redshifts with streaming, compared to [59]. Other discrepancies could also arise from our
choice of cooling time, the use of a simplified molecular hydrogen chemistry model, or the
incomplete treatment of the gas density profile during cooling in the analytic model. These
limitations highlight the need for future studies with more physically complete models.

Regarding streaming, we point out that our model reveals two distinct impacts of dark
matter annihilation, depending on whether streaming is present or absent. This is because
the effects of dark matter heating and ionization depend on gas density, and the core gas
density is significantly suppressed by streaming velocity. As shown in the bottom panel,
dark matter annihilation suppresses molecular cooling, thereby increase the cooling mass
without streaming at redshift z < 30, but this suppression is reduced with streaming, making
the cooling mass remain lower than the case without annihilation. In our model, streaming
velocity alters gas density by affecting the effective sound speed and filtering mass, which
was also shown in previous analyses such as [70]. However, instead of estimating the impact
of streaming on the minimum cooling mass through the halo of circular velocity V.o of
minimum cooling mass fitted from simulations [56], we directly derive the minimum cooling
mass with streaming in our analytic model by adjusting the gas density. This approach
allows us to account for potential interactions between DM annihilation, LW feedback and
streaming within a consistent framework.

The top panel of figure 11 shows the global 21cm signal as a function of redshift. The
solid lines represent the full result with both dark matter annihilation and streaming velocity
effects. The black line represents the no-annihilation case from our model. Dark matter
annihilation significantly shallow the temperature trough, while streaming causes a slight
redshift offset in the brightness temperature by Az ~ 2 across all annihilation scenarios
due to suppressed star formation.

The bottom panel of figure 11 shows the 21cm power spectrum as a function of redshift
at a scale k = 0.1Mpc~! with the same settings as in the global 21cm signal. We identified
two peaks due to Lyman-a coupling and X-ray heating. As expected, including the streaming
velocity delays the formation of the structure, thereby postponing the onset of both Lyman-«
coupling and X-ray heating. Moreover, the spatial fluctuations induced by the streaming
velocity enhance the overall amplitude of the 21cm signal fluctuations, which is also shown
in previous results [21, 73].

6.2 Comparison to previous works

As discussed in section 2, the primary aim of this work is to estimate the effect of dark
matter annihilation on the 21cm signal, considering realistic expectations for dark matter-
baryon velocity offsets. We study the annihilation xxy — e e* with three DM masses:
9MeV, 130MeV and 1.1 GeV. In our analytic cooling model, we discuss the effect of LW
feedback and streaming.

The study by LH16 investigates the 21cm signal in the context of background dark matter
annihilation using 21cmFAST. Both LH16’s study and ours calculate the thermal history of
the IGM and the effect on 21cm signal in presence of the DM annihilation. However, LH16
does not account for molecular cooling, instead, setting the minimum virial temperature
between 10* and 10° K. The atomic cooling-only model results in a significant delay in early
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Figure 11. The simulated 21cm signal as a function of redshift for the no-annihilation case and
dark matter masses of 9MeV, 130 MeV, and 1.1 GeV. The top panel shows the global 21cm signal.
The bottom panel shows the 21cm power spectrum at a scale of & = 0.1 Mpc~!. Solid lines show
our results with both dark matter annihilation and streaming velocity effects, while dot-dashed lines
represent cases without the streaming velocity effect.
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Figure 12. Comparison of the 21cm brightness temperature between our study and the previous
results from LH16. Long dashed lines plot the previous results without molecular cooling and streaming
velocity. Our results are depicted with solid lines, incorporating the effects of dark matter annihilation
and streaming velocity.

galaxy formation relative to a model with molecular cooling, as evident in the position of
the absorption trough in the 21cm signal.

Figure 12 presents our complete results with streaming velocity (solid lines) compared
to those from LH16 (dashed lines) with same parameter settings. For DM mass 9 MeV,
130 MeV and 1.1 GeV, our works find similar absorption troughs, primarily due to the same
thermal history of IGM. We also study the DM annihilation in molecular cooling halos, and
obtain a mass-dependent cooling mass. The increase of the minimum cooling mass due to
dark matter annihilation results in a delay in star formation and therefore the 21cm signal.
However, the effect is not significant in the global 21cm signal, as it is overshadowed by the
effect in the IGM, which greatly boosts the differential brightness temperature. Additionally,
the effect of streaming results in a slight offset in the brightness temperature as discussed.
When both effects are combined, the redshift shifts by Az =~ 5 for all dark matter masses
compared to the previous results.

The study by [27] examined the formation of the first stars under the influence of exotic
energy injection from dark matter decay or annihilation, using the DarkHistory code [74].
They employed the Zeus21 code [75] with a modified star formation model in molecular
cooling halos to calculate the 21cm signal. A comparison of our results is presented in
figure 13. Our findings indicate that, as in the study by [27], molecular cooling in small halos
shifts the 21cm absorption signal towards higher redshift. The authors of [27] studied two
dark matter models, each characterized by a particle mass of 185 MeV, decaying to ete™
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Figure 13. Comparison of the 21cm brightness temperature between our study and [27]. Solid lines
represent our result with both dark matter annihilation and streaming velocity effects. Dot-dashed
lines from [27] show the baseline case without exotic injections (gray) and illustrate how the exotic
energy accelerate (blue) and delay (red) the star formation under different models.

pairs. The model with lifetime 7 = 25.6 raises the mass threshold and the 21cm signal is
slightly delayed, while the model with lifetime 7 = 26.4 accelerates the 21cm signal. Their
work focused on the timing of Cosmic Dawn through the enhancement or suppression of Ho
from exotic energy injection. As such, they did not model other sources of feedback, e.g.
stellar LW emission, DM-baryon relative velocities, or their combination, or IGM heating.
In contrast, our study includes the effects of IGM heating and ionization, while considering
regular stellar LW feedback (indirectly influenced by dark matter annihilation and streaming).
However, we do not account for direct LW energy deposition from dark matter annihilation.
Another notable difference in our work is the star formation efficiency f, for molecular cooling
halos. While their work adopts the model from [75], which assumes star-formation efficiency
fx = 1072%; our choices follows [LH16], where a high star-formation efficiency f, = 107}
was used. This selection allows for a direct comparison with [LH16] and ensures consistency
within our modeling framework. We acknowledge that this value could lead to a pronounced
earlier onset due to star formation in molecular cooling halos. Therefore, even with LW
feedback and streaming considered, our 21cm signal still appears earlier than in their results.

We note that our predicted 21cm power spectrum appears at earlier redshifts compared
to previous studies (e.g., [LH16]). This earlier onset is consistent with the trend seen in
our global signal analysis. The differences can be primarily attributed to the star formation
in the molecular cooling halos.
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7 Observational prospects

The observation of the global 21cm signal is challenging due to a Galacticforeground thou-
sands of times stronger than the weak cosmological background signal. However, several
observational programs have been developed to detect this signal.

One is the Experiment to Detect the Global EoR Signature(EDGES, [76]), an instru-
ment located in Western Australia. Recently, the project reported an unexpectedly large
absorption trough [77] around 78 MHz, which, if validated, could provide strong constraints
on dark matter annihilation during Cosmic Dawn [78]. However, this signal anomaly is
still under debate and needs confirmation. Other experiments include the Probing Radio
Intensity at high-Z from Marion(PRI#M, [79]), Shaped Antenna measurement of the back-
ground RAdio Spectrum(SARAS, [80]), and Radio Experiment for the Analysis of Cosmic
Hydrogen(REACH, [81]). So far, these projects have not confirmed the EDGES signal.

Probes of high-redshift galaxies such as the Hubble Space Telescope (HST) and James
Webb Space Telescope (JWST) also provide essential information in studying the high redshift
universe near Cosmic Dawn. The detection of the high-z UV radiation background could have
significant implications on the global 21cm signal [82]. Moreover, the molecular hydrogen
Hs lines from the PopllI star formation in primordial gas could potentially be observable
by JWST [83], providing insights into early star formation.

8 Discussion

This study investigates the impact of dark matter (DM) annihilation during the Cosmic
Dawn, focusing on sub-GeV dark matter particles annihilating into eTe™~. Our analysis shows
that energy from DM annihilation impacts heat, ionization, and excitation in the cosmic gas,
leading to an increase in both gas temperature and ionization fraction during this epoch.

We identified a strong dependence of baryon collapse on the thermal history, via the
filtering mass. In mini-halos, where gravitational forces are weaker, heating from DM
annihilation can increases the gas temperature and suppress gas collapse. Though the
filtering mass is less affected due to weak annihilation effects at earlier times, we found a
DM mass-dependent gas fraction of mini-halos at Cosmic Dawn.

We developed an analytic cooling model that incorporates DM annihilation. We calculate
the production and the required fraction of molecular hydrogen for different redshifts and DM
masses, showing both positive and negative impacts on molecular cooling. At high redshift
z > 30, DM ionization increases the electron fraction, slightly lowering the minimum cooling
mass. However, at lower redshifts (z < 30), DM heating dominates, raising the minimum
cooling mass. The impact on the cooling mass with redshift is influenced by the DM mass,
which determines the fraction of energy deposited in each channel.

We also account the influence of photo-dissociation from Lyman-Werner (LW) photons.
In the presence of stellar LW feedback, the molecular hydrogen fraction is significantly reduced,
which increases the minimum cooling mass at lower redshifts across all considered DM masses.

We extend our analysis to account for the effects of dark matter-baryon velocity offsets
(streaming) driven by baryon acoustic oscillations to better understand the 21cm signal and
early star formation during Cosmic Dawn. Streaming suppresses small-scale halo formation,
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reducing the abundance of halos — particularly those near the Jeans scale. This reduction
leads to a slight decrease in the DM annihilation boost factor.

Our study also examined the combined effect of DM annihilation and streaming on
Population III star formation. The streaming significantly reduces the gas content in small
halos, directly inhibiting star formation and altering the environment for molecular cooling.
In our model, the minimum cooling mass increases as a function of the streaming velocity,
and DM annihilation exhibits distinct features for different cases of streaming velocities. It
shows the strongest suppression of molecular cooling in the absence of streaming, but may
lead to an acceleration of cooling in the case of a large streaming velocity at the same redshift.

We calculated the 21cm signal using simulations from the 21cmvFAST code, incorporating
the cooling mass results from our molecular cooling model. The inclusion of star formation in
molecular cooling halos shifts the global 21cm signal to earlier redshifts compared to previous
studies. However, the precise shift in redshift is highly sensitive to the choice of parameters,
such as the cooling criterion in the analytic model and the star formation efficiency of molecular
cooling halos. When we include streaming in our calculations, we observe a slight delay in
the global 21cm signal, due to the suppression of the gas fraction and molecular cooling.

9 Future work

The primary aim of this work is to investigate the interactions between dark matter an-
nihilation, dark matter-baryon velocity offsets, and molecular cooling, and their impact
on early structure formation and the 21cm signal. This work attempts to bridge the gap
between previous studies by incorporating multiple effects, offering a more comprehensive
model of how these factors interplay.

We acknowledge that the modeling presented here is complex; however, it is essential
to consider these interacting processes to achieve a more complete understanding of early
cosmology. Dark matter annihilation can either enhance or suppress molecular cooling,
leading to either an increase or decrease in the formation of the first stars. This effect can be
further amplified by Lyman-Werner (LW) feedback and modified by the intensity of streaming
velocities. Additionally, incorporating molecular cooling into the calculation of the 21cm
signal can significantly shift the signal to earlier redshifts. The interplay among these effects is
non-trivial, and understanding them together is crucial for making more accurate predictions.

One important avenue for future work is improving the estimates for energy deposition
from dark matter annihilation. On small scales, dark matter annihilation within halos can
locally deposit energy into the gas, raising its temperature and increasing the ionization
fraction. In the appendix, we outline initial steps toward estimating these local effects. The
gas temperature and ionization, which are raised by background dark matter annihilation
power, can be further enhanced by local energy deposition within halos. Accurate estimates
of the deposition fraction from specific annihilation products could be obtained through
numerical simulations, which would include a detailed treatment of particle interactions
with the primordial gas in profiled halos. We are currently developing such a program,
which we expect will enable us to draw robust conclusions about the impact of dark matter
annihilation on structure formation.

- 32 —



Looking ahead, a key goal will be to trace the influence of dark matter annihilation and
other small-scale factors through to observable galaxy formation. By doing so, we can apply
redshift- and scale-dependent modifications to models of galaxy formation. Future studies
should focus on connecting the detailed physics of small scales with observable large-scale
phenomena, such as galaxy formation and evolution and the evolution of the IGM, which
can provide testable predictions for current and near-future observations and potentially
constrain the nature of dark matter.
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A Local effect of dark matter annihilation

While we have neglected the effects of dark matter (DM) annihilation local to DM halos in this
work, the local DM has the potential to significantly influence the surrounding gas by deposit-
ing energy into it. This process can play a crucial role in various astrophysical phenomena,
impacting the thermal and ionization states of the circumgalactic medium of early galaxies.
Understanding the local effects of dark matter annihilation is essential for comprehending the
behavior of gas, as well as the first stars and galaxies in the early universe. This section briefly
summarizes the mechanisms through which dark matter annihilation contributes to energy
deposition in the surrounding gas to estimate its importance in the context of gas cooling.

For a small halo, although a dense DM core can inject significant DM annihilation power,
a large fraction, fesc, of dark matter annihilation energy is expected to escape from the local
environment and boost the global DM annihilation background. The total deposited fraction
in surrounding gas is fiocal = 1 — fesc. The energy deposition of dark matter annihilation
products is determined by the interactions between the annihilation products from dark
matter and the baryons or photons in the local environment and the Cosmic Microwave
Background (CMB), via the process such as inverse Compton scattering, photo-ionization,
etc. This has been studied in energy transfer simulations on large scales [8, 40], but only
roughly on mini-halo scales [41]. Therefore, we apply a parameterized semi-analytic model
and provide a rough estimate of the local effects here.

First, we aim to estimate the intensity of local dark matter annihilation egﬁfcal, and
compare it with the global DM annihilation background egkl\)/é. The latter can be calculated
using equation (4.5). The parameter egffcal reflects the energy transfer from the dark matter
annihilation products produced by the local halo to the local baryonic environment. The
calculation depends on the DM annihilation model and the gas profile, and requires detailed
simulations for a fully rigorous treatment.

Recent small-scale energy transfer simulations suggest that an electron with an energy
of 108 eV injected into a 10° M, halo at redshift z = 40 deposits approximately 0.1 eV /pc?
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Figure 14. The local boost factor in dark matter (DM) annihilation around a 10°Mg, dark matter
halo at different redshift. The solid line represents the global boost factor 1 4 B(z), the dot-dashed
line indicates the contribution from the local 105Mg, halo with different local deposit efficiencies, and
the dashed line shows the total boost factor.

in the circumgalactic medium (CGM) [41]. We adopt the CGM gas density profile p ~
20p(r/ Ryir) ™1 [84, 85] and use it to calculate the total energy deposition eQM, where p
is the mean gas density of IGM. This results in log(eP> /E),) ~ —64, where Ej, is the
total dark matter annihilation power of the halo. For simplicity, we parameterize this
dimensionless factor as h = log(elM, /F},), setting a baseline value of h = —65 and assuming

it is independent of both halo mass and redshift. The local energy deposition in channel ¢

DM
c,local

channel c¢. We assign deposition fractions for heating and for the ionization of H and He as

Jneat = [1+2%¢ + fue(1+2Znenn)]/3[1 + fuel, fiong = (1 —2)/3, and fionne = (1 — Znen)/3,
respectively [30, 55|, where Zpyy is the fraction of singly ionized helium atoms relative to

is given by € = fce{glc\gl, where f. represents the fraction of total energy deposited in

the total number of helium nuclei.

To make a comparison between this effect and the DM background, we can write the
local energy deposition in terms of the local boost factor Biocal(z) and the DM annihilation
power of a smooth background,

dE
dvdt ’

smooth

1
6(?ll\c/)lcal = %chlocal('a (Al)

where np is the local gas density, and Bjocal(2) is the local annihilation power as a fraction of
the smooth background DM annihilation power, which is given by equation (4.2).

The local boost factor, Bloeal(2), can be calculated by (A.1) with given value of efficiency
h. Figure 14 illustrates the boost factor of dark matter annihilation near a 10°M, dark matter
halo. The structure boost factor from external annihilation, following equation (4.4), is shown
with a solid line. The boost factor B(z) in the global DM annihilation (as in equation (4.4))
assumes that dark matter annihilation products completely escape from the local environment
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Figure 15. Kinetic temperature and ionization fraction of gas surrounding a 10°M dark matter
halo, calculated using CosmoRec. The halo formation was assumed to occur at redshift zgo, = 40.
The dotted-dashed line indicates the Cosmic Microwave Background (CMB) temperature. The grey
solid line represents the baseline scenario without dark matter annihilation, and the solid black line
represents the scenario with only 130 MeV background annihilation, which is largely overlapped by
the magenta solid line. The dotted and dashed lines corresponding to the gas property with both
130 MeV DM background and local annihilation power with value of 0.1, 1 and 10 times of base value.

and deposit all their energy into the IGM. To account for local energy deposition, the escape
fraction fesc should be considered in equation (4.4). In this work, we set fese = 1. The local
boost factors, calculated at different values of the parameter 0.1, 1 and 10 times of base value
h = —65, are represented by dot-dashed lines in figure 14. The dashed lines indicate the total
boost factor as a function of redshift. The structure boost factor from the background is very
low at high redshifts due to the low abundance of halos. In contrast, the local boost factor
for the halo is dominant at higher redshifts but decreases over time. After redshift z = 40,
the structure boost factor from the background becomes more significant.

For the circumgalactic medium (CGM) gas, the gas temperature is represented by the
IGM temperature, Tigm, and an additional component, AT, from local DM heating. This
heating leads to a scale-dependent collapse mass, because local DM energy deposition is a
function of mass scale M. For massive halos, the DM heating is expected to be stronger,
causing the surrounding gas temperature to increase. Therefore the Jeans mass is a function

of mass scale, Mj(z, My). This can be approximated by following approach. As we fixed the

DM
local

local deposition efficiency, h = log (e, /En), the energy deposition per baryon is proportional
to the total dark matter annihilation energy of the halo, Ej. As a result, the gas temperature
raised by AT « FEj, and the Jeans mass, as a function of gas temperature, follows the
relation My (TIGM + AT)S/2

To calculate the DM heating and ionization in local gas, we apply the local DM an-
nihilation rate egﬁfml into equation (4.6), (4.7) and (4.8) to obtain the thermal evolution
of local gas surrounding the halo.

Figure 15 shows the gas temperature and ionized fraction surrounding a single 10°Mg
dark matter halo. We assume the halo formed at z =~ 40, with mass accretion following

the power law M = My(1 4 z)®e* [86], reaching M = 10% M, at redshift z = 40. Initially,
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the thermal history of the primordial gas is influenced solely by background dark matter
annihilation (denoted by the black solid line). The impact of the local halo begins near the
time of its formation. In the case of a low value of local deposit efficiency h = —66 and —65,
the gas temperature and ionization fraction have almost no detectable change. However,
once the energy deposition becomes significant (h 2 —64), it can substantially increase the
temperature and ionization fraction of the gas.

To summarize, dark matter annihilation from the halo can deposit energy into the
surrounding gas before escaping the local environment. This energy deposition may enhance
the total annihilation effects in small scale, such as increasing the gas temperature and
ionization fraction. The impact of the local effect highly depends on the deposition efficiency.
In our scenario, the local boost most significantly affects higher mass halos. While still
preliminary, our calculation shows the importance of this avenue for probing the characteristics
of dark matter annihilation, particularly in small halos, via its influence on gas and star
formation. Further constraints require a more refined model for deposition efficiencies, for
more robust galaxy formation simulations and comparison with observational data.
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