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Atomic dark matter is usually considered to be produced asymmetrically in the early Universe. In this
work, we first propose that the symmetric atomic dark matter can be thermally produced through the freeze-
out mechanism. The dominant atom antiatom annihilation channel is the atomic rearrangement. It has a
geometrical cross section much larger than that of elementary fermions. After the atomic formation, this
annihilation process further depletes dark matter particles and finally freezes out. To give the observed dark
matter relic, the dark atoms are naturally ultraheavy, ranging from 106 to 1010 GeV.
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I. INTRODUCTION

More than 80% of the matter in our Universe today is
dark matter (DM) [1]. But the nature of DM is still a
mystery that suggests new physics beyond the Standard
Model (SM) of particle physics [2–4]. Among all DM
candidates, the weakly interacting massive particle (WIMP)
scenario [5–9] is widely recognized. Its production mecha-
nism, the thermal freeze-out [10,11], is quite natural and
attractive. The observed DM density is simply determined
by the fundamental parameters, such as the DM mass and
its coupling to the SM particles.
However, WIMP predictions have several conflicts with

the observations, such as the small scale problems [12,13].
Besides, the DM with a mass of WIMP scale has received
strong constraints from direct detection experiments [14–
18]. Another appealing candidate, atomic dark matter [19–
24], appears as an extension of dark Uð1Þ gauge symmetry.
Since dark atom particles are naturally self-interacting, this
atomic DM scenario can be utilized to solve the small scale
problems [25–31]. In addition, atomic DM also has rich
phenomenology in the direct detection [22] and indirect
detection [32] experiments.
Being an analogy to the atoms in the SM sector, the

atomic DM in the current literature is always designed as

asymmetric. Its production is usually considered as the out-
of-equilibrium decay of right-handed neutrinos in the early
Universe [22,33] as an extension of leptogenesis [34]. The
assumption that the production of dark atoms occurs
through thermal freeze-out is compelling since it reduces
model complexity and provides a rich phenomenology
while leaving other possibilities unexplored.
In this work, we first point out that the DM can be

symmetric atomic states, which are thermally produced
through freeze-out to give the observed relic. The dark
sector contains a heavier fermion χp and its lighter partner
χe with opposite dark Uð1ÞX charges, as well as the same
amount of their antiparticles. When the Universe cools
down, the dark fermions begin to form atomic bound states.
The dark atom mass is dominated by the heavier fermion
χp, while its radius is determined by the lighter one χe [35].
After formation, dark atom and antiatoms annihilate by
experiencing an intermediate state of dark positronium and
protonium. This is the so-called atomic rearrangement. Its
cross section is geometrical and proportional to the atomic
size, which is much larger than that of a single fermion, as
shown in the cartoon in Fig. 1.1 Thus, the DM number
density is further depleted, and the eventual freeze-out is
determined by the atomic rearrangement. As an important
result, the symmetric atomic DM scenario naturally pro-
duces ultraheavy DM beyond the unitarity bound [38–40].2
After introducing such a scenario and its freeze-out

history, we explore the viable parameter space. Finally,
possible signatures and constraints of the symmetric dark
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1The self-destructing DM has a similar nature that it annihi-
lates after rearrangement [36,37].

2Several exquisite mechanisms, such as Refs. [41–45], can also
produce ultraheavy or hyperheavy DM thermally.
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atom scenario are discussed. Throughout the paper, we use
natural units where c ¼ ℏ ¼ kB ¼ 1.

II. SYMMETRIC DARK ATOM SCENARIO

In the dark atom scenario, the dark sector contains a
heavier fermion χp with mass mχp and its lighter partner χe
with mass mχe , as well as their antiparticles χ̄p, χ̄e. χp and
χe interact through a long-range force with opposite
charges, which allows the formation of a bound state.
Throughout this paper, we take the long-established dark
Uð1ÞX as an example for implementation. The bound
atomic state χA ≡ ðχpχeÞ shall form when the temperature
is below their binding energy Eb. The subscripts p and e are
analogies to the proton and electron in the SM. The dark
atom χA and its antiparticle account for the DM today.
Our main body Lagrangian is the same as the usual dark

atom model [21,22]. However, we do not have the addi-
tional assumption of atom-antiatom asymmetry. The
Lagrangian is,

L ⊃
1

4
ϵFμνF0

μν −
1

4
FμνFμν −

1

4
F0μνF0

μν þ
1

2
m2

A0A0μA0
μ

þ χ̄pðiD −mχpÞχp þ χ̄eðiD −mχeÞχe: ð1Þ
Here, A0 and F0 are the dark Uð1ÞX gauge boson and field
strength. As usual, the dark proton χp carries Uð1ÞX charge
þ1 while dark electron χe has charge −1. This dark Uð1ÞX
has a mixing with the SM Uð1Þem by a mixing angle ϵ.
The dark gauge boson has a tiny mass to mediate a long-
range force and exists as dark radiation. With a mixing
satisfying the current limit ϵ≲ 10−12 [46,47], the dark
sector cannot always be in kinetic equilibrium with the SM
sector and will attain its own temperature Tχ . To avoid the
big bang nucleosynthesis (BBN) constraint for A0, we take
Tχ ¼ TSMξ and ξ ¼ 0.2.3 Both the dark proton and dark

electron maintain in chemical equilibrium inside the
dark sector through their annihilation into gauge bosons,
χ̄pðeÞ þ χpðeÞ ↔ 2A0 in the very beginning. The thermal

averaged cross section hσpðeÞann vi ≃ α2D=m
2
χpðeÞ is proportional

to the square of particle wavelength. Since the dark proton
mass is much larger than that of electron and binding
energy, χp will first freeze out through such a channel, and
its yield Yχp ¼ nχp=s stays as a constant for the moment.
As long as the mass of dark Uð1ÞX gauge boson A0 is

much smaller than both fermion masses, we can treat the
interaction between dark fermions as a Coulomb potential
[49], and describe dark atoms by a simple Bohr model with
high accuracy. The binding energy and Bohr radius of the
dark atom are

Eb ¼
1

2
α2Dμ; rb ¼

1

αDμ
; ð2Þ

where dark fine structure constant αD ≡ g2=4π and reduced
mass μ≡ ðmχpmχeÞ=ðmχp þmχeÞ ≃mχe . With αD < 1, the
dark atom size is larger than the Compton wavelength of
both χp and χe.
The dark sector temperature is roughly the kinetic energy

of particles inside it. When the Universe cools down to
Tχ ∼ Eb, the relative kinetic energy between dark protons
and electrons becomes smaller than the atomic binding
energy. After that, both atom and antiatom begin to form.
The atomic formation (AF) cross section is [50],

hσAFvi ¼
16π

3
ffiffiffi
3

p α2D
μ2

�
Eb

Tχ

�
1=2

ln
�
Eb

Tχ

�
: ð3Þ

Symmetry between atom and antiatom indicates that
their annihilation also happens once number density
accumulates. In the nonrelativistic limit, the annihilation
is dominated by the atomic rearrangement (AR) processes
[51,52],

ðχpχeÞ þ ðχ̄pχ̄eÞ → ðχ̄pχpÞ þ χ̄e þ χe; ð4aÞ

ðχpχeÞ þ ðχ̄pχ̄eÞ → ðχ̄pχpÞ þ ðχ̄eχeÞ: ð4bÞ

The bound states ðχ̄pχpÞ and ðχ̄eχeÞ shall decay to dark
photons subsequently once they are formed. Thus, the
atomic annihilation is effectively one directional. In prin-
ciple, χp and χ̄p can directly annihilate in flight without
forming the intermediate ðχ̄pχpÞ, but the cross section is
usually small compared to the rearrangements [52]. The
above processes have a geometrical cross section [51,52],

hσARvi ≃ Cπr2b: ð5Þ

The numerical prefactor C ∼Oð1Þ could be calculated by
investigating the potential between bound states. Generally,

FIG. 1. Illustration of the annihilation cross sections of elemen-
tary dark proton, χp, and atomic bound state, χA (not to scale).
The elementary fermions χp annihilate when their distance is
smaller than ∼αD=mχp , while the dark atoms would rearrange
within a distance ∼1=αDmχe . The latter process is hugely
enhanced for αD < 1 and mχp ≫ mχe .

3Roughly the extra effective relativistic degree of freedom
should be smaller than 0.28 [48] measured from CMB. This
translates to a constraint on the temperature ratio, which is Tχ <
0.5TSM [24].
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this factor depends on the collision energy. However, in
low-energy regions, this dependence is quite weak [52].
So, we treat it as constant and take C ¼ 1 for both
processes.4 The hσARvi is roughly the geometrical size
of the atom. As shown in Fig. 1, before and after the
formation of the bound state, the DM size increases by a
factor of α−4D ðmχp=mχeÞ2, which significantly enhance the
annihilation cross section if mχp ≫ mχe . The DM annihi-
lation could happen again even with an already depleted
density. This further decreases the dark fermion number,
and the freeze-out of symmetric dark atoms is then finally
determined by atomic rearrangement. As we will see later,
the DM mass is ultraheavy, even beyond the unitarity
bound, to give the observed relic.
Apart from the processes in Eq. (4), the reaction

χp þ ðχ̄pχ̄eÞ → ðχ̄pχpÞ þ χ̄e and its conjugate reaction
occur simultaneously. Their cross sections, denoted as
σpĀ, are also geometric in nature, with σpĀv ≃ πr2b. On
the other hand, the rearrangement of χe and the dark atom is
kinetically suppressed at low energy. This is because the
binding energy of ðχeχ̄eÞ is smaller than that of the dark
atom, making the reaction endothermic. As we will discuss
later, while the rearrangement annihilation between dark
protons and dark atoms leads to a rapid depletion of dark
protons once a certain number of dark atoms is produced,
the ultimate freeze-out of the dark atom is still primarily
determined by the processes described in Eq. (4).
However, the minimal thermal symmetric dark atom

model in Eq. (1) has an intrinsic problem. To efficiently
consume the dark proton number and convert them into
atoms, its lighter partner χe should have almost the same
yield at the time Tχ ∼ Eb. The cross section of dark fermion
annihilation into the dark boson is inversely related to its
mass square. It means that χe has a larger annihilation rate
and stays in equilibrium for a longer time. The dark
electron has a smaller yield than that of the dark proton
when it freezes out. As a result, only a small part of the dark
proton can be consumed to form atoms while others are
left as millicharged particles. In such case, the atomic
annihilation effect becomes negligible, and the heavy dark
fermion density shall exceed the total DM density.
Oneway to solve this problem is to use a real scalar particle

ϕ, which can be the real component of dark Higgs from UV
completion of Uð1ÞX, with mass 2me < mϕ < 2mp. It
couples to dark fermions through the Yukawa interaction,5

L ⊃ ypϕχ̄pχp þ yeϕχ̄eχe: ð6Þ

Both Yukawa couplings, yp and ye, are small, so that the
scalar ϕ does not come into either kinetic or chemical
equilibrium with the dark sector. Its merit is to continuously
decay to χe to help the atomic formation process.
With the model and settings, we are ready to discuss the

whole thermal freeze-out history of our symmetric atomic
DM scenario.

III. FREEZE-OUT THROUGH ATOMIC
REARRANGEMENT

This section shows our scenario naturally introduces a
new freeze-out mechanism driven by atomic rearrangement.
In the early Universe, the symmetric dark atom scenario has
three typical energy scales: the dark proton mass mχp , the
dark electronmassmχe , and binding energyEb. The unitarity
limit of cross section requires the dark coupling to be αD ≤
0.5 [39]. In this paper, the dark proton mass is ultraheavy,
and the mass difference between fermions is huge. Thus,
there is a hierarchymχp ≫ mχe ≫ Eb. The whole freeze-out
histories of χp, χe,ϕ, and χA have the following clear phases
as shown in Fig. 2. Here, the temperature parameter is
defined by x≡ Eb=Tχ, and the parameters are taken as
αD ¼ 0.2, mχe ¼ 1 GeV, and Γϕ ¼ 10−24 GeV.

A. χ p Freeze-out (Tχ ≃Oðmχ pÞ)
In this phase, the temperature is so high that all other

species remain relativistic and in equilibrium except χp.
When the dark sector temperature is below mχp, the dark
proton becomes nonrelativistic and begins to freeze out
through the channel χp þ χ̄p ↔ 2A0. For large Uð1ÞX

FIG. 2. The yield evolution of dark proton χp (red), dark
electron χe (green), scalar ϕ (blue), and dark atom χA (yellow).
We take mχe ¼ 1 GeV, αD ¼ 0.2, Γϕ ¼ 10−24 GeV, and
Y0
ϕ ¼ 100Y0

χp . The yield of dark atom initially increases due to
its formation, then decreases as a result of its rearrangement, and
finally freezes out. To achieve the observed relic ΩχAh

2 ¼ 0.12,
the dark proton mass is mχp ¼ 109 GeV. For comparison, the
atom yield solution of the Saha equation is drawn as a gray
dashed line.

4Since cross sections for processes in (4a) and (4b) are both
geometrical, they are naturally of the same order. Here we assume
that C ¼ 1 for simplicity.

5In principle, this scalar can couple to SM Higgs by
λ1ΛϕH†H þ λ2ϕ

2H†H. However, the interaction should be small
to avoid possible constraints from Higgs interaction.
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coupling αD, the Sommerfeld enhancement and the bound-
state formation effects should be included in the annihila-
tion cross section, hσpannvi ¼ ðα2D=m2

χpÞ × S, as an effective
enhancement factor S [39]. The dark proton yield after this
first stage freeze-out Y0

χp can be fixed by its mass, coupling,
and the enhancement factor. Since the χp mass is much
larger than that of χe, this first stage freeze-out temperature
mχp=20 is far above binding energy Eb. Thus, no dark atom
is formed and the yield Y0

χp stays as a constant to give the
initial value of the red curve until Tχ ∼ Eb. Currently, χp
with a mass larger than Oð100Þ TeV is overproduced [38],
and the consumption by atomic rearrangement in later
phases is necessary.
At the same time, the scalar ϕ gradually freezes in

through the channel, χ̄p þ χp → ϕþ A0. Its yield after
freeze-in Y0

ϕ is proportional to the annihilation cross section
of order y2pαD. It also depends on how long it lasts, 1=Tfi,
where the Tfi ∼OðmχpÞ is the endpoint of freeze-in. By
integrating the Boltzmann equation of ϕ, one can get

Y0
ϕ ≃ 4 × 10−7

y2pαDMP

g3=2� Tfi

: ð7Þ

B. Atomic formation (Tχ ≳ Eb=xb ≃ Eb=30)

When the dark sector temperature cools down to
Tχ ∼ Eb, the dark electrons begin to pair with the dark
protons and form atoms. The density evolution of the dark
proton χp, dark electron χe, and atom state χA are described
by the following Boltzmann equations with respect to
time t:

dYχp

dt
¼ −shσAFvi

�
YχpYχe − Yeq

χpY
eq
χe

YχA

Yeq
χA

�

−shσpĀviYχpYχA ; ð8aÞ

dYχe

dt
¼ −shσeannviðY2

χe − ðYeq
χeÞ2Þ

− shσAFvi
�
YχpYχe − Yeq

χpY
eq
χe

YχA

Yeq
χA

�

þ hΓϕiYϕ þ shσARviY2
χA þ shσpĀviYχpYχA ; ð8bÞ

dYχA

dt
¼ shσAFvi

�
YχpYχe − Yeq

χpY
eq
χp

YχA

Yeq
χA

�

− 2shσARviY2
χA−shσpĀviYχpYχA : ð8cÞ

The initial conditionsareYχpðϕÞjTχ¼Eb
¼Y0

χpðϕÞ,Y
0
χA jTχ¼Eb

¼0.

Notice that the inverse process of the atomic rearrangement
is neglected. Here, Yeq

i ¼ neqi =s and neqi is the number
density in equilibrium for the corresponding species. The
factor 2 in the second term on the right of Eq. (8c) comes

from the inclusion of two rearrangement processes
[Eq. (4)]. The evolution of antiparticles is the same.
The dark electron χe is injected into the Universe all

along this phase to pair with dark protons as the green
curve. The yield of χe is determined by the scalar ϕ decay,
ϕ → χ̄e þ χe, and its own annihilation to dark gauge boson
including Sommerfeld and bound state formation enhance-
ments. To make sure the χe number is large enough, the
initial yield of ϕ in Eq. (7) should be larger than the yield
of χp as Y0

ϕ ≥ Y0
χp .

On the other hand, dark atoms are constantly being
formed and dissociated to maintain in equilibrium. Its
evolution can be analytically solved through the Saha
equation [53,54] [Eq. (8c) with only atomic formation
term since YχA is extremely small compared to Yχp in this
stage]. The solution,

nSahaχA ¼ nχpnχe
neqχpn

eq
χe

neqχA ; ð9Þ

shown as the gray dashed line, perfectly fits the yield
evolution of the atom (yellow curve). At this stage, the Yχp

(red curve) remains constant while the number density of
dark atoms increases exponentially, nSahaχA ∝ eEb=T .

C. Atomic rearrangement (Tχ ≳ Eb=xf ≃ Eb=100)

As nχA accumulates, at the temperature Tχ ¼ Tb (with
xb ≡ Eb=Tb), the rearrangement annihilation of dark pro-
ton and dark atoms dominates over the Hubble dilution
of nχp ,

nχAhσpĀvi > H; ð10Þ

where HðTSMÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π3g�=45

p
T2
SM=MP with the Planck

mass MP ≡ 1=
ffiffiffiffiffiffiffi
GN

p
≈ 1.2 × 1019 GeV. Meanwhile, the

atomic formation process is also intense:

nχehσAFvi > H: ð11Þ

Dark protons, together with dark electrons, quickly form
dark atoms and annihilate with antiatoms through atomic
rearrangement. So the yield of χp drops sharply right after
xb as shown in the red curve.
Shown as the yellow curve, the atomic annihilation also

decreases the yield of atom YχA . It becomes more and more
difficult for dark atoms to find each other and rearrange.
Atomic rearrangement freezes out at the temperature
Tχ ¼ Tf (with xf ≡ Eb=Tf) and Hubble dilution takes
over. The eventual freeze-out point is determined by

nχAhσARvi ≃H: ð12Þ

The relic of dark atoms makes up the observed DM today.
The final dark atom yield Yf

χA is predicted as

QIU, SHENG, TAN, and XING PHYS. REV. D 109, 095007 (2024)

095007-4



Yf
χA ≃

3
ffiffiffi
5

p

π3=2
ffiffiffiffiffi
g�

p mχexfξ

MP
: ð13Þ

To fit the observed relic ΩχAh
2 ¼ 2mχAs0Y

f
χAh

2=ρc ¼ 0.12,
where s0ðρcÞ denotes the entropy (critical) density today,
the DM mass should be

mχA ≃ 109 GeV
�
1 GeV
mχe

��
g�
10

�
1=2

�
80

xf

��
0.2
ξ

�
: ð14Þ

The final yield and DM mass depend simply on the
parameter mχe and are not sensitive to initial yields before
atomic formation. Even the dependence on coupling αD is
canceled out. Besides, the final yield of the atom Yf

A
decreases a lot compared with Y0

χp . Thus, the dark proton
mass can be lifted to be ultraheavy as 109 GeV in the case
of Fig. 2.
After all the phases are finished, a large part of ϕ begins

to decay, Γϕ ≃ y2emϕ=4π ≃HðEb=xfξÞ. Without ϕ injec-
tion, the dark electron will finally annihilate and freeze out.
Since the mass difference is huge, mχe ≪ mχp ≈mχA , the
millicharged dark electron only accounts for a tiny portion
of DM.
So far, we have seen the key points of the symmetric dark

atom scenario. Its freeze-out is determined by atomic
rearrangement and can give the observed relic. Since the
geometric cross section of atom annihilation is much
larger than the annihilation cross section of χp itself as a
pointlike particle, the number density of dark sector
particles is greatly suppressed, and its mass is enhanced
to be ultraheavy.

IV. PARAMETER SPACE AND CONSTRAINTS

We first explore the required parameter space of ϕ to
make the symmetric atomic DM scenario work. (i) We
expect the decay of ϕ to happen after the freeze-out of the
dark atom, Γϕ < HðxfÞ. Otherwise, the injection of χe
during atomic formation is not sufficient and χp cannot be
significantly depleted. (ii) Since ϕ is produced by freeze-in
and never enters equilibrium, its yield after freeze-in
should be smaller than its relativistic equilibrium yield,
Y0
ϕ < T3

χ=π2s ≃ 0.0018 g−1� . (iii) The yield of χe before xb
is controlled by two major processes, its self-annihilation
and the decay of ϕ. The depletion of χe due to its self-
annihilation should be compensated for by the production
from the decay of ϕ. Its yield is approximately Yχe ≈ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓϕY0

ϕ=shσeannvi
q

. To meet the criterion of the minimal

number density of χe as Eq. (11), one obtains another
requirement for ϕ, which is ΓϕY0

ϕ > HðxbÞ2hσeannvi=
shσAFvi2. In Fig. 3, we show the allowed parameter space
(blank area) that satisfies these three conditions for ϕ by
taking αD ¼ 0.2 and mχp ¼ 109 GeV.

The parameter space of the symmetric atomic DM to
give the correct DM relic ΩχAh

2 ¼ 0.12 is shown in Fig. 4.
Here, we fix the scalar yield after its freeze-in as
Y0
ϕ ¼ 100 × Y0

χp , and it decays around x ¼ Eb=Tχ ∼ 100

by choosing appropriate yp, ye, and mϕ. Once the above
conditions are met, the impact of different parameter
values of ϕ on the dark atom abundance becomes negli-
gible. The DM relic then depends on three parameters, dark
fermion masses mχp , mχe , and the dark Uð1ÞX coupling αD.
One can see that the DM mass mχA ≈mχp can be in the

range of ð106; 1010Þ GeV by varying α ⊂ ð0.05; 0.5Þ and
mχe ⊂ ð10−1; 103Þ GeV. Exactly as expected in Eq. (14),
the DM mass mχAðmχpÞ is not sensitive to coupling αD but

FIG. 3. The parameter space for ϕ in the ðy2emϕ; ypÞ plane that
successfully initiates the thermal freeze-out of the symmetric dark
atom. Here we take αD ¼ 0.2 and mχp ¼ 109 GeV.

FIG. 4. The parameter space where dark atom is giving the
observed DM relic ΩχAh

2 ¼ 0.12. The horizontal axis is the DM
mass mχA ≈mχp , and the vertical axis is the coupling αD.
Different colors stand for different values of dark electron mass
mχe . The DM mass is not sensitive to the coupling but inversely
proportional to dark electron mass. The gray shaded area is
excluded by the BBN constraint and the overproduction of
χe, Ωχe > 1%ΩχA .
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inversely proportional to the dark electron mass mχe . The
reason is as follows. A lighter dark electron leads to a larger
atomic rearrangement cross section. The dark atom yield
becomes smaller after its freeze-out. As a result, the DM
shall be heavier to give the correct relic.
The parameters in the bottom-left corner of the figure lead

to an overproduction of χe by the criterion Ωχe > 1%ΩχA .
For a larger mχe and a smaller αD, the annihilation cross
section of dark electron is suppressed. Thus, more dark
electrons are left as relic. The regionwhere the dark fermions
have a small mass difference is disfavored. It indicates that
the freeze-out through atomic rearrangement naturally
produces DM heavier than the unitarity bound.
If the binding energy Eb ∝ α2Dme is too small, the atomic

formation and annihilation happen around the BBN epoch.
The number and energy density of χp before consumption
can be large enough to affect BBN. Thus, the bottom-right
corner is excluded as shown by the gray shaded area.

V. CONCLUSION AND DISCUSSION

In this paper, we propose a new scenario in which DM is
composed of both dark atoms and antiatoms symmetrically
and discuss its freeze-out production. In this scenario, a
heavier dark fermion χp pairs with a lighter partner χe to
form an atomic state. Since the cross section of atomic
annihilation through rearrangement is much larger than the
unitarity limit of χp annihilation, the dark sector particles
are further consumed after atomic formation. The dark
atom freeze-out is determined by their rearrangements.

Notably, the mass of DM can avoid the unitarity bound and
be lifted to Oð1010Þ GeV.
About the possible signatures of the symmetric dark

atom scenario, we have the following open discussions.
Compared with the asymmetric dark atom scenario, the
symmetric case has different phenomena for the annihila-
tion between particle and antiparticle appears. This anni-
hilation can be tested through indirect detection and
cosmological observation. Usually, such constraints are
not sensitive to heavy DM because of the small number
density [55,56]. However, the large annihilation cross
section of the symmetric DM is a remedy for this
deficiency. The ultraheavy symmetric atomic DM is self-
interacting with a huge cross section. Thus, its halo density
profile could be different from those of other models. This
difference also imprints in the matter power spectrum at
small scales. Furthermore, the annihilation of atomic DM
shall distort cosmic microwave background (CMB) and
leave indirect detection signals today. These phenomeno-
logical research studies will be explored in future works.
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