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We explore extensive N-body simulations with two-component cold dark matter candidates. 
We delve into the temperature ev olution, po wer spectrum, density perturbation, and max- 
imum circular velocity functions. We find that the substantial mass difference between the 
two candidates and the annihilation of the heavier components to the lighter ones effec- 
ti v ely endow the latter with warm dark matter-like behavior, taking advantage of all dis- 
tinct fea tures tha t warm dark ma tter candida tes of fer, without observa tional bounds on the 
warm dark matter mass. Moreover, we demonstrate that the two-component dark matter 
model aligns well with observational data, providing valuable insights into where and how 

to search for the elusi v e dar k ma tter candida tes in terrestrial experiments. 
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1 Introduction 

The nature of dark matter (DM) remains mysterious e v en after decades of a multitude of exper-
iments in particle physics and great advances in observational astrophysics and cosmology [ 1 ].
The majority of cosmological simulations focus on a single DM candidate for its simplicity and
approximate consistency with much of the observa tional da ta, while various theoretical mod-
els of dark matter, including multicomponent dark matter [ 2 , 3 ], have been proposed to address
some of the unresolved queries and to better understand the data in current and upcoming
experiments [ 4 ]. Most existing studies on two-component dark matter consider N-body simu-
lation with two noninteracting cold dark matter (CDM) components [ 5 ] or with noninteracting
CDM and warm dark matter (WDM) [ 6–10 ]. A nontrivial connection between two-component
dark matter and its cosmology has been discussed in the literature, but the model r equir es an
extremely degenerate mass spectrum �m/m ∼ 10 

−8 [ 11–14 ]. 
In this paper, we go beyond one single CDM paradigm and perform comprehensi v e cosmo-

lo gical sim ula tions for two-component CDM candida tes with sizable mass splitting and self-
inter action (diagr am II in Fig. 1 ) for the light component. After both components decouple
from the thermal bath, in addition to the heavy CDM, we expect two types of light CDM to
arise: a relic (nonrelativistic) component and boosted DM from the annihilation of the heavy
CDM. The light-boosted components share their energy with the slow-relic component, in-
creasing the temperature via sizable nongravitational self-interaction, and ther efor e making the
light relic behave like WDM, as illustrated in Fig. 1 . Such a scenario naturally connects between
models with two CDM components and models with CDM + WDM. Ther efor e, this model
© The Author(s) 2024. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the 
terms of the Creati v e Commons Attribution License ( https://creati v ecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and 
reproduction in any medium, provided the original work is properly cited. 
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Fig. 1. Brief thermal history of the Uni v erse with two-component CDM. Different stages are defined by 

three important temperatures, T kd , T heat , and T self , which are determined by the balance between the var- 
ious interaction rates and the Hubble parameter H : �el ↔ H , �el ↔ �heat , and �self ↔ H , respecti v ely. 
�heat , �self , and �el are the interaction rates due to heating process (I), self-interaction (II), and elastic 
scattering (III), respecti v ely. 
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innatel y takes ad vantage of all the distinct features that WDM offers, such as power spectrum,
dark matter density profile, small-scale structures, etc. On the other hand, it suffers less from
observational bounds on the WDM mass. For example, the WDM mass bound from Lyman- α
observations [ 15 , 16 ] is significantly weakened or negligible in this model. WDM becomes hot-
ter as it gets lighter. Howe v er, our model controls such behavior with the relic fraction of the
light component to the total DM abundance and mass splitting. 

Many direct detection schemes have been proposed targeting sub-MeV DM [ 17–22 ], while
currently operating experiments are not sensiti v e to the typical WDM mass [ 23 , 24 ]. Howe v er,
the boosted property of the light DM component offers great opportunities in particle physics
experiments [ 25–59 ] and cosmological thermal dynamics [ 60 ]. Howe v er, fe w studies on cosmo-
logical implications of such boosted DM models have been discussed. In this paper, we will
carefully examine the temperature evolution, density perturbation, and N-body simulation of 
the two-component DM model. We deri v e the model parameters that are consistent with the
maximum circular velocity function (MCVF), which can be studied in current and upcoming
particle physics experiments. 

2. Model 
We consider a two-component DM model with a dark sector consisting of two Dirac fermions
χ1 and χ2 with mass hierarchy m 2 > m 1 , whose stability is protected by dark U( 1) ′ ⊗ U( 1) ′′ 

gauge symmetries [ 3 ]. We assume that both χ1 and χ2 are charged under U(1) ′′ , w hile onl y χ1 is
charged under U(1) ′ . The dark sector is allowed to couple to the standard model (SM) sector
only through kinetic mixing between U(1) ′ and U(1) Y 

. The mixing between U(1) ′′ and U(1) Y 

is doubly suppressed due to a loop factor as well as small kinetic mixing between U(1) ′ and
U(1) [ 25 ]. The dark gauge symmetries are assumed to be spontaneously broken, leading to
Y 

2/12 
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the dark gauge boson masses m A 

′ and m A 

′′ , respectively. We are interested in the scenario where
dark gauge bosons are heavier than χ1 and χ2 . In this case, χ2 is disjunct from the SM particles
and annihilates only into χ1 , while χ1 can directly annihilate into the SM particles. 

The heavy species χ2 is kept to thermal equilibrium with the assistance of the light species
χ1 [ 3 ] with a thermally averaged annihilation cross section 〈 σv 〉 22 → 11 , while χ1 pair-annihilates
directly to SM particles with the cross section 〈 σv 〉 11 → X X 

, where X stands for SM particles.
We assume that χ1 couples predominantly to electrons for simplicity. Relic abundances of χ1 

and χ2 are denoted as �1 and �2 , respecti v ely, and the total abundance should agree with the
observed one, �DM 

= �1 + �2 
 0 . 27 . The fraction of χ1 is expressed by r 1 = �1 / �DM 

. The
free parameters of the model are { m 1 , m 2 , m A 

′ , m A 

′′ , g 

′ , g 

′′ , ε} , where g 

′ and g 

′′ denote gauge
couplings for U(1) ′ and U(1) ′′ respecti v ely, and ε is the kinetic mixing parameter between U(1) ′ 

and U(1) Y 

. In this paper, we will mainly focus on cosmological features of the model. Thus,
the parameters can be traded with relevant effective parameters { m 1 , m 2 , �DM 

, r 1 , σself 1 , σself 2 } ,
where �DM 

is fixed at 0.27 to yield the observed value and σself 1 ( σself 2 ) denotes a self-scattering
cross section of χ1 ( χ2 ). We note that σself 1 (diagram II in Fig. 1 ) plays an important role in
sharing the e xcessi v e kinetic energy of boosted χ1 particles with the rest of their species and
hence increasing the overall χ1 temperature T 1 = T χ1 [ 60 ]. In principle, the self-interaction of 
nonrelativistic χ2 particles can also have an influence on perturbation evolution, but to focus
on the main dynamics of χ1 self-heating, we will neglect the contribution of σself 2 . In fact, the
self-interaction of χ2 and diagram I in Fig. 1 are expected to be of similar sizes because both
are mediated by the U(1) ′′ interaction. The self-interaction of χ2 does not have to be strong,
as long as �heat (dia gram I) > �el (dia gram III), in which case such nonstrong self-interaction
of χ2 does not affect the structur e formation. Ther efor e, the parameters determining the most
prominent features in cosmological simulation are { m 1 , m 2 , r 1 , σself 1 } . 

3. Temper atur e evolution 

The cosmological evolution for the number densities of χ1 , χ2 and SM particles X , n 1 , 2 ,X 

is
governed by coupled Boltzmann equations as in Refs. [ 3 , 60 ], and will be discussed in detail in
a companion paper [ 61 ]. Here, we focus on the temperature evolution of the light component
χ1 . 

After the decoupling of DM particles from the SM plasma (with temperature T ), the χ̄2 χ2 →
χ̄1 χ1 annihilation (diagram I in Fig. 1 ) can le v erage the mass gap δm = m 2 − m 1 to produce
energetic χ1 particles. If �self > H , the e xcessi v e kinetic energy ( �heat > �el ) is thermalized to
increase the over all temper ature of χ1 particles (the heating-up period in Fig. 1 ). The evolution
of its temperature T 1 is governed by 

˙ T 1 
 −2 H T 1 + γheat T − 2 γχ1 X 

(T 1 − T ) , (1) 

where the first term on the right-hand side r epr esents the Hubble friction due to the ex-
pansion of the Uni v erse, and the second is responsible for the self-heating with γheat 

2 n 

2 
2 〈 σv 〉 22 → 11 δm / 

(
3 n 1 T ) [ 60 ]. Note that, although the larger mass difference δm leads to a higher

temperature T 1 in general, it is closely associated with the relati v e number densities of χ1 and
χ2 as well. The last term of Eq. ( 1 ) describes the energy exchange between χ1 and the SM
plasma with γχ1 X 


 

(
δE /T 

)
n X 

〈 σv 〉 χ1 X 

, where δE is the change in χ1 kinetic energy per elastic
3/12 
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Fig. 2. Temperature evolution T 1 of dark matter χ1 as a function of x = m 1 /T under various benchmark 

model parameters. 
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scattering and 〈 σv 〉 χ1 X 

is the thermally averaged scattering cross section of χ1 off SM particles
X . 1 

Figure 2 shows the evolution of T 1 /T as a function of x = m 1 /T for a few selections of 
parameter sets by varying one parameter at a time with respect to a benchmark point ( r 1 = 0 . 5 ,
σself 1 /m 1 = 1 cm 

2 / g , m 2 = 30 MeV, m 1 = 5 MeV). The results in Fig. 2 are exactly what was
expected from the illustration in Fig. 1 . Se v eral important comments are in order. First, to boost
the temperature T 1 , a larger χ2 density is favored ( r 1 � 1 ). On the other hand, if the χ2 density
is smaller than χ1 ( r 1 → 1 ), fewer energetic χ1 particles are produced from the χ2 annihilation.
With only a small amount of extra energy available, it is not enough to heat a large portion
of the relic χ1 population, which leads to a lower T 1 temperature. Second, the self-interaction
σself 1 /m 1 determines the duration of the self-heating effect. For example, with an increase in
σself 1 /m 1 from 1 cm 

2 / g (black solid) to 10 cm 

2 / g (gr een dashed), the mor e prolonged time that
T 1 is heated, and hence its temperature starts to fall much later. Finally, the self-heating is more
sensiti v e to the combination of number density n 

2 
2 /n 1 than the mass difference δm . An increase

of m 2 from 30 MeV (black solid) to 100 MeV (orange dashed) leads to a large δm , but the
number density n 2 drops as n 2 
 ρ2 /m 2 for nonrelativistic particles. As a result, the T 1 value for
the m 2 = 100 MeV case is lower than that for the m 2 = 30 MeV case. Similarly, an increase of 
m 1 from 5 MeV (black solid) to 10 MeV (purple dashed) leads to a larger temperature due to
the decreased number density n 1 . 

4. Perturbation evolution 

We are now ready to deri v e the matter perturbation equations. We focus on the perturbations
of χ1 and χ2 fluids; investiga tion of the perturba tions of SM fluids is left for future work. We
introduce the metric fluctuations in the Newtonian gauge as 

ds 2 = −(1 + 2�) dt 2 + (1 − 2
) a (t) 2 δi j d x 

i d x 

j , (2) 
1 Note that the temperature evolution of BDM models with the DM conversion has been studied in 

Ref. [ 60 ]. 
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where a (t) is a cosmological scale factor and � and 
 denote scalar perturba tions. Manipula t-
ing the standard procedure with the metric fluctuations and covariant derivatives of energy–
momentum tensors [ 62 ], we deri v e the following coupled differential equations for the density
perturbation (for the first time): 

dδ2 

dt 
+ 

θ2 

a 

− 3 

d


dt 
= 

〈 σv 〉 22 → 11 

m 2 ρ̄2 

( 

− �( ̄ρ2 
2 −

ρ̄2 
2 , eq 

ρ̄2 
1 , eq 

ρ̄2 
1 ) − ρ̄2 

2 δ2 

+ 

ρ̄2 
2 , eq 

ρ̄2 
1 , eq 

ρ̄2 
1 (2 δ2 , eq − δ2 − 2 δ1 , eq + 2 δ1 ) 

) 

, (3) 

dθ2 

dt 
+ H θ2 + 

∇ 

2 �

a 

= 

〈 σv 〉 22 → 11 

m 2 ρ̄2 

ρ̄2 
2 , eq 

ρ̄2 
1 , eq 

ρ̄2 
1 (θ1 − θ2 ) , (4) 

dδ1 

dt 
+ 

θ1 

a 

− 3 

d


dt 
= −〈 σv 〉 22 → 11 

m 2 ρ̄1 

( 

− �( ̄ρ2 
2 −

ρ̄2 
2 , eq 

ρ̄2 
1 , eq 

ρ̄2 
1 ) − ρ̄2 

2 (2 δ2 − δ1 ) 

+ 

ρ̄2 
2 , eq 

ρ̄2 
1 , eq 

ρ̄2 
1 (2 δ2 , eq + δ1 − 2 δ1 , eq ) 

) 

+ 

〈 σv 〉 11 → X X 

m 1 ρ̄1 

( 

− �( ̄ρ2 
1 − ρ̄2 

1 , eq ) − ρ̄2 
1 δ1 + ρ̄1 , eq (2 δ1 , eq − δ1 ) 

) 

, (5) 

dθ1 

dt 
+ H θ1 + 

∇ 

2 �

a 

+ c 2 s, 1 
∇ 

2 δ1 

a 

= 

〈 σv 〉 22 → 11 

m 2 ρ̄1 
ρ̄2 

2 (θ2 − θ1 ) , (6) 

where ρα, ρ̄α, δα = δρα/ ̄ρα, and θα r epr esent ener gy densities, background ener gy densities, den-
sity contrasts, and velocity divergence fields, respectively. 

Equations ( 3 )–( 6 ) reproduce the perturbed Boltzmann equations for the CDMs in the van-
ishing nongravitational interaction limit. The source terms on the right-hand side of the Euler
equations in Eqs. ( 4 ), ( 6 ) describe the momentum transfers between the χ2 and χ1 particles that
are proportional to the scattering rate, 〈 σv 〉 22 → 11 , and to the difference in χ2 and χ1 velocities,
θ2 − θ1 . As expected, the scattering tries to make the χ1 particles move faster for large 〈 σv 〉 22 → 11 .
The last term on the left-hand side of Eq. ( 6 ) describes the pr essur e of χ1 DM as a consequence
of the temperatur e incr ease from the self-hea ting ef fect. Gi v en the χ1 temperature e volution in
Eq. ( 1 ), the sound speed of the χ1 fluid is computed from [ 63 ] 

c 2 s, 1 = 

T 1 

m 1 

(
1 − 1 

3 

∂ ln T 1 

∂ ln a 

)
, (7) 

which is valid if T 1 is much smaller than its mass m 1 . 
On the other hand, since the χ2 particles behave like pr essur eless CDM, we neglect the pres-

sure term for χ2 in our anal ysis. Finall y, the evolution of gravity perturbations, � and 
, are
governed by the space–time and space–space components of perturbed Einstein equations. In
the presence of the anisotropic tensors due to the contributions from photons and neutrinos,
in general, � 
 = 
, which we consider properly in our study. 

We have implemented the above background and perturbation equations inside the Cosmic
Linear Anisotropy Solving System, CLASS (v3.2) [ 64 ]. This implementation is based on an
effecti v e theory of structure formation [ 65 ] to parameterize various DM models. When mod-
ifying the code, we map χ2 to CDM and χ1 to IDM, where IDM denotes an interacting DM
species, disab ling irrele vant interactions (see Refs. [ 65 , 66 ] for an analogous strategy). We use
5/12 
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Fig. 3. Evolution of dark matter density perturbations under various benchmark model parameters. 
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the following parameters based on Planck 2018 [ 67 ] �CDM parameters, { ��, �m 

, �b , h , σ8 } =
{0.6889, 0.3111, 0.049, 0.6766, 0.8102} for the analysis in the rest of this paper. 

Figure 3 shows the evolution of density contrasts δ1 (dashed) and δ2 (solid) as a function of 
a scale factor a for a fixed mode k = 50 Mpc −1 . The δ2 value goes through a significant change
around the time of ma tter–radia tion equality, a ∼ O(10 

−4 ) . In the single-component DM limit
of r 1 
 0 , the matter energy density is dominated by χ2 , and the evolution of δ2 resembles that
of the single CDM model. This picture starts to deviate as r 1 increases, where the annihilation
cross section 〈 σv 〉 22 → 11 becomes large. It turns out that, in this case, δ2 experiences stronger
friction due to the disappearance of the gravitational potential well from the χ2 annihilation,
and hence its overall growth is suppressed. 

δ1 exhibits oscillatory behavior that hinders the growth of ma tter perturba tions, e v en in the
deep radiation era. As r 1 → 0 , the temperature T 1 increases, enhancing the pressure due to the
self-heating over gravity and causing oscillations similar to SM baryon acoustic oscillations. 
Howe v er, with rising r 1 , T 1 decreases, so that the gravitational force starts to balance out with
the pr essur e, causing δ1 to stop oscillating. 

All the features described above are somewhat less significant for a small- k mode. The evolu-
tion of δ2 is nearly the same as that of CDM and is unaffected by the ratio parameter r 1 . There
is a slight suppression in δ1 in the limit r 1 � 1 , but it does not show oscillatory behavior. 

5. Linear power spectrum 

With the density perturbations δ1 and δ2 obtained above, the linear matter power spectrum can
be readily computed with CLASS [ 64 ], as shown in Fig. 4 . In the WDM scenarios, the particles
are in a rela tivistic sta te during the deep radiation epoch, which causes the density perturba-
tions of the particles to be suppressed at the scale below the fr ee-str eaming length. Analo gousl y,
in the multicomponent model, the power spectrum is suppressed as a result of the self-heating
effect through self-interaction of χ1 . Ther efor e, the CDM candidate χ1 at the MeV mass scale
behaves like WDM (at the keV mass scale) via interactions between dark matter particles. Sim-
ilarly, the oscillatory behavior at k � 100 h/ Mpc (often known as the characteristic of WDM)
is due to the competition between the gravitational potential and the pr essur e of the χ1 fluid. 
6/12 
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Fig. 4. Linear matter power spectrum for various choices of parameters. 
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The suppression scale k depends on r 1 . For k〈 20 h/ Mpc , the suppression becomes maximal
at an intermediate value of r 1 , and then the power spectrum increases toward the �CDM case
as r 1 increases; e.g. r 1 ∼ 0 . 5 leads to the lo west po wer spectrum below k ∼ 20 h/ Mpc for the
r efer ence choice in Fig. 4 . On the other hand, for k〉 100 h/ Mpc , the larger r 1 leads to a lower
power spectrum because there are too many χ1 particles with self-interaction in the large- r 1 
limit. 

Note that the elastic scattering between χ1 and χ2 and between χ1 and photons contributes to
the right-hand sides of Eqs. ( 4 ) and ( 6 ), respecti v ely. The χ1 –photon elastic scattering suppresses
the power spectrum as the χ1 perturbations are suppressed on scales that enter the horizon
before the kinetic decoupling [ 68 , 69 ]. Such effects appear at k � 500 h/ Mpc for a large value
of r 1 in our power spectrum, which we find negligible. 

6. N -body simulation 

The simulation of two-component DM [] is carried out with GADGET-3 [ 70 , 71 ]. To provide
an initial input, we use the Planck 2018 [ 67 ] �CDM parameters. The dimensions of a periodic
comoving box are set at L = 3 h 

−1 Mpc with a total of N tot = 128 

3 DM clumps. The numbers
of χ1 and χ2 clumps are set at N tot r 1 and N tot (1 − r 1 ) , respecti v el y. The sim ulation runs from a
redshift of z = 49 to z = 0 . Using the linear matter power spectrum from CLASS at z = 0 , we
a ppl y a backward method [ 72 ] to derive the spectrum at z = 49 for generating initial density
perturbations via second-order Lagrangian perturbation theory (2LPT) [ 73 ]. 

The light component, χ1 , experiences elastic self-interactions. We model these interactions us-
ing the Monte Carlo (MC) technique, which is a standard method for simulating self-interacting
DM in large-scale N-bod y simula tions [ 74–78 ]. The MC method helps to statistically deter-
mine the likelihood of interactions between χ1 clumps based on various factors like local
density and velocity. The probability of a self-interaction between two clumps is influenced
by the local density of the target clump, the relati v e v elocity between the two clumps, and
the cross section of their interaction. The interaction is kinematically constrained so that
only allowed configurations of outgoing clumps are considered. We assume that the outgoing
7/12 
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Fig. 5. The number of accumulated sub-halos as a function of the maximum circular velocity for various 
parameters in the two-component dark matter model. 
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clumps scatter isotropically; i.e. their distribution is uniform in all directions, and the interac-
tion cross section is assumed to be independent of the scattering angle. The self-interactions of 
the heavy DM component, χ2 , are excluded from the simulation to focus on the dynamics of 
χ1 . Additionall y, the sim ula tion ignores the annihila tion of χ2 into χ1 particles, as this process
has a much lower rate compared to the expansion of the Uni v erse in its late stages. This sim-
plification allows the simulation to concentrate on the more dominant interactions within the
χ1 component for a clearer view of the main behavior of self-interacting DM without intro-
ducing unnecessary complexity from weaker or less relevant processes. See Ref. [ 61 ] for more
details. 

To extract halo properties, we use the friends-of-friends (FOF) method to identify groups of 
DM clumps that surpass the virial ov er density. The linking length of the FOF algorithm is 0.2.
We use 3 . 56 × 10 

7 M � and 2 . 22 × 10 

7 M � for the minimum masses of the halos and sub-halos,
respecti v ely. These values are determined by the size of the periodic comoving box and the
number of DM clumps in our simulation [ 73 ]. 2 

Among many interesting quantities, we focus on the maximum velocity of sub-halos, i.e.
MCVF, which is related to the mass scale of the sub-halos. Figure 5 shows the number of 
accumulated sub-halos ( N(〉 V max ) ) as a function of their maximum velocity ( V max ) for var-
ious selections of parameters with respect to the r efer ence. A larger value of V max implies
heavier sub-halos. Our results show that, in the multicomponent scenario, the number of 
sub-halos is reduced compared to the �CDM simula tion, mitiga ting the so-called missing
satellite problem [ 79 , 80 ]. Baryonic effects are also known to lower the magnitude of MCVF
[ 81 , 82 ]. Howe v er, such effects may not be strong enough for experimental data, which mo-
tivates the inclusion of WDM additionally [ 81 , 82 ]. Our two-component dark matter is sim-
ilar in the sense that the light CDM component plays the role of WDM in the N-body

simulation. 

2 More details on the N-body simulation will be gi v en in Ref. [ 61 ]. 
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7. Conclusion and outlook 

In this paper, we have introduced a model with two-component CDM, where the lighter compo-
nent behaves like WDM. For the first time, we have investigated the temperature evolution, den-
sity perturbation, linear power spectrum, and maximum circular velocity function via N-body
simulation. Such various cosmological implications provide a crucial input to particle physics
e xperiments. For e xample, performing a simple fit to the MCVF in Fig. 5 returns a benchmar k
r efer ence model, with which one can compute the expected event rates (via the elastic scatter-
ing process III in Fig. 1 ) per year at terrestrial experiments such as Super-Kamiokande [ 83 ],
XENONnT [ 84 ], and JUNO [ 85 ]. Further discussion is needed for the full investigation of cos-
mological and phenomenological implications of boosted dark matter, including the nonlinear
power spectrum, halo profile, baryonic effect, and gravitational wave signals; this is beyond the
scope of the current study and will be performed elsewhere. 
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