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If multiple thermal weakly interacting massive particle (WIMP) dark matter candidates exist,
then their capture and annihilation dynamics inside a massive stars such as Sun could change from
conventional method of study. With a simple correction to time evolution of dark matter (DM)
number abundance inside the Sun for multiple dark matter candidates, significant changes in DM
annihilation flux depending on annihilation, direct detection cross-section, internal conversion and
their contribution to relic abundance are reported in present work.

I. INTRODUCTION

Various astrophysical observations clearly indicates the
existence of dark matter in the Universe. Experiments
like Planck [1] also claim existence of dark matter that
constitutes about 80% matter content of the Universe
itself. Despite clear astrophysical and gravitational evi-
dences, basic constituent of dark matter still remains a
riddle. Among many of proposed DM candidates, weakly
interacting massive particle (WIMP) remains a promis-
ing candidate for dark matter, discussed in many lit-
eratures. Different experiments are searching for exis-
tence of WIMP like dark matter via direct and indirect
method. Direct search experiments such as XENON1T
[2, 3], XENONnT [4, 5], PandaX-II [6], PICO [7] etc.
search for dark matter scattering off target nucleus inside
detector, and provide limits on DM spin-independent and
spin-dependent scattering cross-sections. On the other
hand galactic centre, dwarf galaxies are naturally dark
matter abundant as they could capture DM particles
gravitationally. These captured DM, can also undergo
annihilation into different Standard Model (SM) parti-
cles and generate gamma-ray, positron etc. are treated
as source of DM indirect detection. Indirect detection
experiments like Fermi-LAT [8], DES [9], MAGIC [10],
H.E.S.S. [11] provides upper limits on dark matter anni-
hilation cross-sections based on the search of gamma-rays
originating from galactic centre and dwarf galaxies. Simi-
larly excess positron or proton from DM annihilation are
probed by AMS-02 [12, 13], H.E.S.S. [14], Fermi-LAT
[15] and DAMPE [16]. Apart from these, dark mat-
ter can also be captured by astrophysical objects like
Sun and then annihilate into neutrinos, thus act as a
source for DM indirect detection. The produced neu-
trinos from DM annihilation, after leaving Sun, reaches
earth based neutrino detectors through various internal
process such as oscillation, absorption etc. If capture
and annihilation of dark matter reaches steady state in-
side Sun, neutrino detectors like IceCube [17], Super-
K [18], ANTARES [19] at earth can provide bounds
on the DM-nucleon scattering cross-section (both spin-
dependent and spin-independent). Different studies have
been performed in this context to develop the theory for
dark matter indirect detection signature from Sun and

explore many interesting aspects such as iso-spin violat-
ing nature of dark matter, self scattering of dark matter,
nature of DM anihilation flux [20–40]. However, if steady
state is not achieved inside Sun, neutrino detectors could
only provide us with information of dark matter anni-
hilation flux (or muon flux) observed by the detector.
This could happen if the DM-nucleon scattering cross-
section is very small. Interestingly, such a situation may
also occur if one consider there exists multiple dark mat-
ter candidates with annihilation into hidden sector which
changes the dynamics of DM capture and annihilation.
The concept of multi-particle dark matter is very in-
triguing with basic assumption of existence of more than
one dark matter candidate. Different phenomenological
models for multicomponent WIMP dark matter have al-
ready been pursued in many literatures [41–57]. How-
ever, very few attempts were made to study multicom-
ponent DM annihilation signatures from Sun but eventu-
ally simplified either into single component DM annihi-
lation with some specific condition or some other studies
involving monochromatic neutrino signal from Sun [58–
61], and thus, features of multi-particle DM has not been
addressed in details. In this work, we investigate how
dark matter indirect detection from massive stars like
Sun could change in presence of multiple WIMPs that
not only annihilate in SM but also undergo annihilation
into themselves. The present works reports how annihila-
tion flux of DM candidates could change significantly due
to multicomponent nature and internal conversion. For
a simple two component scenario, it is shown that flux
of one dark matter candidate could get suppressed due
to annihilation into another candidate while the flux of
other DM candidate gets boosted significantly. It is also
found that the changes in DM annihilation flux also de-
pends on relic abundance of each dark matter candidate,
strength of their DM-nucleon scattering cross-section and
annihilation cross-sections significantly. In the present
work, we explore the consequence of such effects in detail
for a two component WIMP dark matter formalism. The
paper is organised as follows. In Sec. II, after a small note
on the dynamics of single component DM inside Sun with
relevant bounds, the formalism of multicomponent dark
matter evolution inside Sun is developed and the results
obtained depending on various parameters are presented.
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In Sec. III, the results from multicomponent dark matter
study are briefly summarised and some future prospects
are addressed with concluding remarks.

II. MULTICOMPONENT DARK MATTER AT
SUN

The formalism of multi-particle dark matter capture
and annihilation inside massive stars such as Sun is de-
veloped in this section. To begin with, a small summary
of standard conventional DM capture and annihilation
inside the Sun is presented for single component dark
matter and later concept of multi-particle dark matter
scenario is addressed.

Standard Scenario

Dark mater, commonly considered as WIMP particles,
undergoes scattering inside a stellar body like Sun and
gets captured if their velocity falls below the escape ve-
locity of Sun. Captured DM particles can also annihi-
late into Standard Model particles. For a dark matter
candidate χ of mass mχ, with nucleon proton scattering
cross-section σχp and annihilation cross-section 〈σv〉, the
evolution of DM number abundance inside Sun is given
as

dN

dt
= Cc − CaN2. (1)

In the Eq. (1) above, N denotes number of DM in the
Sun, Cc and Ca are the capture rate and annihilation
rate coefficient of dark matter. Dark matter capture
rate when only spin-independent (SI) scattering is given
as [24, 25]

Cc ' 1.24× 1024 s−1

(
ρ0

0.3 GeV/cm
3

)(
270 km/s

v̄

)3

(
GeV

mχ

)2(
2.6σSI

H + 0.175σSI
He

10−6 pb

)
.

(2)

where

σSI
i = A2

(
mA

mp

)2(
mχ +mp

mχ +mA

)2

σSI
χp . (3)

In Eq. (3), only scattering of DM with Hydrogen and
Helium is considered as massive stars like Sun are mostly
comprised of these two light elements. The annihilation
rate coefficient of dark matter inside Sun is parametrised
by Ca [21],

Ca '
〈σv〉V2

V 2
1

, (4)

with

Vj ' 6.5× 1028 cm3

(
10 GeV

jmχ

)3/2

. (5)

Using Eqs. (2)-(5) a straight forward solution to Eq. (1)
can be obtained of the form

N(t) =

√
Cc
Ca

tanh

(
t

τ�

)
, (6)

for initial condition N(t = 0) = 0 where τ−1
� ≡

√
CcCa

is the time scale for equilibrium condition when
dNχ
dt = 0

is reached. The time to reach steady state is determined
by scattering and annihilation cross-section of dark mat-
ter candidate and may be larger than the age of Sun.
However, if τ� is smaller than age of Sun, then DM anni-
hilation inside Sun can be expressed in terms of capture
rate Γann = Cc/2 and number of dark matter at steady

state is NEQ =
√

Cc
Ca

. Similarly if one considers capture

of dark matter is driven by spin-dependent (SD) dark
matter nucleon scattering, the capture rate is then ex-
pressed as [24, 25]

Cc ' 3.35× 1024 s−1

(
ρ0

0.3 GeV/cm
3

)(
270 km/s

v̄

)3

(
GeV

mχ

)2(
σSD

H

10−6 pb

)
.

(7)

with the DM-nucleus scattering cross-section

σSD
i = A2

(
mχ +mp

mχ +mA

)2
4(Ji + 1)

3Ji
|〈Sp,i〉+ 〈Sn,i〉|2 σSD

χp

(8)
where 〈Sp,i〉 (〈Sn,i〉) denotes expectation value of pro-
ton (neutron) averaged over all nucleons of the nucleus.
As mentioned before, if the dark matter capture and an-
nihilation inside Sun does not reach steady state, then
it is convenient to use DM annihilation rate as Γann =
Ca
2 N(tS)2 where tS = 4.6 × 109 year. Therefore, the

quantity Φ, known as dark matter annihilation flux can
be written as

Φ =
Γann

4πD2
, (9)

where D is the distance from the source (Sun) to observer
at earth.

We solve for number of dark matter accumulated
in Sun and then calculate the flux Φ for both spin-
independent and spin-dependent scattering of dark mat-
ter. For this purpose, we use stringent limits on
DM-nucleon SI scattering cross-section obtained from
XENONnT [4], limit on SD scattering cross-section from
PICO [7] and IceCube [17] experiment assuming thermal
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annihilation of WIMP dark matter 〈σv〉 ' 2.2 × 10−26

cm3 s−1 [62] 1. Therefore, one can obtain the DM anni-
hilation flux using Γann = Ca

2 N(tS)2 and Eq. (9). It is
to be noted that WIMP annihilation cross-section 〈σv〉
at present day might be small due to velocity or momen-
tum suppression which depends on the nature of inter-
action. Therefore, only the specific scenarios are con-
sidered where DM annihilation cross-section is not sup-
pressed and comparable to thermal annihilation cross-
section 〈σv〉 ' 2.2× 10−26 cm3 s−1 [62]2.

Before we move on to further studies with multiple
dark matter candidates, let us now try to emphasise
in brief what would happen if we have a dark matter
candidate partially contributing to DM relic abundance
which can undergo spin-independent or spin-dependent
scattering and annihilation into SM sector only. Con-
sider a dark matter candidate that constitutes a fraction
f of total dark matter abundance f =

Ωχh
2

ΩTot
DMh

2 , where

ΩTot
DMh

2 = 0.1199±0.0027 as observed by Planck [1]. This
would modify the number evolution of dark matter inside
Sun as

dN

dt
= fCc −

Ca
f
N2 , (10)

where we f actually scales the scattering cross-section

σ′i = fσi and DM annihilation cross-section 〈σv〉′ = 〈σv〉
f ,

with 〈σv〉 ' 2.2 × 10−26 cm3 s−1, arising due to partial
contribution to total DM abundance as ΩDMh

2 ∝ 1
〈σv〉 .

It is to be noted that observation of gamma-ray flux in
the galactic centre and dwarf galaxies by various indi-
rect search experiment provide limits on the DM anni-
hilation cross-section. In the present work, for a dark
matter candidate with relic abundance 10% of total DM
abundance ΩTot

DMh
2, we restrict ourself to the region of

parameter space 200 GeV < mχ ≤ 1000 GeV, consistent
with limits from combined study by MAGIC and Fermi-
LAT [10] (for DM annihilation into µ+µ− channel) and
H.E.S.S. [11] (for DM annihilation into W+W− channel
using Einasto 2 profile) experiment.

Solution to Eq. (10) is simple and one finds it to be

similar to Eq. (6) with N(t) = f
√

Cc
Ca

tanh
(
t
τ�

)
and

equilibrium abundance NEQ = f
√

Cc
Ca

. It is interesting

to mention that, the time required to reach steady state
remains unaltered even for dark matter with fractional
abundance for τ ′� ≡ 1√

fCc
Ca
f

= τ�. Flux of dark matter

annihilation Φ′ = Ca
2f N

2 = fΦ is also scaled by factor

1We have used the projected sensitivity of DM-nucleon scattering
cross-section [4] instead of the recent upper limit from XENONnT
[5] as bound obtained from Ref. [4] is more stringent.

2For example their are possible pseudo scalar mediated interaction
of dark matter χ̄γ5χφ or axial vector interaction via spin-1 boson
χ̄γµγ5χVµ that allows low velocity 〈σv〉 without suppression.
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Figure 1. Upper panel: Number abundance of dark matter in-
side Sun for SI scattering of dark matter at t = tS (dashed
lines) and at t = τ� > tS (solid lines). Lower panel: Num-
ber abundance (equilibrium) of dark matter inside Sun for SD
scattering of dark matter at t = tS > τ�. Variation of number
abundance is observed for two values of f = 1 and f = 0.2, f
being the fraction of total DM relic abundance.

f for a given dark matter candidate with fractional DM
abundance. In Fig. 1, we plot the dark matter number
abundance for SI and SD DM-nucleon scattering inside
the Sun using bounds on DM-nucleon SI and SD scat-
tering for different dark matter mass with f = 1 and
f = 0.2. For the spin-independent DM-nucleon scatter-
ing with most sensitive limit from XENONnT [4], we ob-
serve dark matter number abundance fails to reach equi-
librium number density as t = tS . Depletion in number
abundance is observed when fractional contribution of
dark matter is considered. However, for spin-dependent
interaction, DM number abundance reaches steady state
due to large scattering cross-section and this holds even
for fractional contribution as illustrated in lower panel
of Fig. 1. Similar to the case of SI DM scattering, here
we also observe depletion in DM number abundance for
partial DM abundance scaled by the factor f . With the
obtained number abundance of dark matter, in Fig. 2
we plot the upper limit on DM annihilation flux Φ in
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Figure 2. Upper panel: Dark matter annihilation flux inside
Sun for SI scattering of dark matter at t = tS (dashed lines)
and at equilibrium t = τ� > tS (solid lines). Lower panel:
Dark matter annihilation flux inside Sun for SD scattering of
dark matter at t = tS > τ� in equilibrium. Both figures are
plotted for f = 1and f = 0.2.

km−2 yr−1 for SI and SD DM-nucleon scattering for dif-
ferent dark matter mass. Due to stringent constraints on
DM spin-independent scattering, DM annihilation flux
is found to be very much suppressed (O ' 106) when
compared with flux achieved from DM spin-dependent
scattering. For partial contribution of dark matter can-
didate, the DM annihilation flux is further reduced by
factor f . Therefore, if dark matter partially contributes
to the total DM relic abundance, we expect reduction in
maximum DM flux produced in general in absence of con-
version between dark sector. Solving Eq. (1) and Eq.(10),
we observe DM annihilation flux has simple correlation
Φ′ = fΦ. It is to be noted that, DM annihilation flux
is of great importance as differential neutrino flux from
Sun at earth (at the detector) is directly related to the
quantity Φ, expressed as [63]

dΦνi
dEνi

= Φ

(
dNνi
dEνi

)
x

, (11)

where
dNνi
dEνi

is the energy spectrum spectrum of νi and

ν̄i (i = e, µ, τ) produced per annihilation taking into ac-
count all possible effects of medium (hadronization, neu-
trino absorption, hadron stopping etc) and neutrino os-
cillation for DM annihilation into specific final state x
(x = quark, lepton or gauge boson). Hence, differential
neutrino flux for fractional DM contribution is given as

dΦ′νi
dEνi

= Φ′
(
dNνi
dEνi

)
x

= f
dΦνi
dEνi

. (12)

Therefore, neutrino flux at the detector is also scaled by
factor f when dark matter candidate shares f fraction of
total DM relic abundance.

The standard mechanism to study the neutrino flux
from dark matter is to perceive up-going muons into the
detector generated by muon neutrinos interacting with
the detector target material to avoid irreducible back-
ground effects from down going muons. The muon flux
originating from annihilation of dark matter with mass
mχ can be expressed as [27, 30, 32, 33]

Φµ =

∫ mχ

Eth
µ

dEµ

∫ mχ

Eµ

dEνµ
dΦνµ
dEνµ

×[
ρ

mp

dσν
dEµ

(Eµ, Eνµ)Rµ(Eµ, E
th
µ )

]
+ (ν → ν̄) ,

(13)

where ρ denotes density of water or rock. The expression
for weak interaction neutrino (anti neutrino) scattering
cross-section is given as [26, 64]

dσ
(p,n)
ν (Eµ, Eνµ)

dEµ
=

2

π
G2
Fmp

(
a(p,n)
ν + b(p,n)

ν

E2
µ

E2
νµ

)
,

(14)

where a
(p,n)
ν = 0.15, 0.25, b

(p,n)
ν = 0.04, 0.06 for neutri-

nos while for antineutrinos a
(p,n)
ν̄ = b

(n,p)
ν , b

(p,n)
ν̄ = a

(n,p)
ν .

The range of length up to which muon travels before
losing their energy below threshold energy Eth

µ of the de-
tector is expressed as

Rµ(Eµ, E
th
µ ) =

1

βρ
log

(
α+ βEµ
α+ βEth

µ

)
, (15)

where α = 2.3 × 10−3 cm2g−1GeV−1 and β = 4.4 ×
10−6 cm2g−1. The muon flux Φµ obtained from muon
neutrinos generates muon events inside the detector de-
pending on the exposure time and effective area (or vol-
ume) of detector, which is treated as signal for DM de-
tection. Null detection of any such excess event provides
upper limit on the flux Φµ.

From Eqs. (11)-(13), we can clearly state that if a dark
matter χ is a component with relic abundance fΩTot

DMh
2,

the muon flux generated at the detector is simply given
as Φ′µ = fΦµ where Φµ given by Eq. (13). However,
for multi-particle dark matter, number evolution of dark
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matter candidates can be coupled via exchange interac-
tion, which is a key signature of multiple dark matter
scenario. Thus, we now move further towards a complete
picture of multi-particle DM annihilation in the next sub-
section.

Multicomponent approach

Let us now derive the evolution equations for
multiple dark matter candidates inside Sun. To
explore with the minimal scenario, a two compo-
nent dark matter evolution inside the Sun is as-
sumed. Let us consider two WIMP dark matter
candidates χ1 and χ2 of mass m1 and m2 which
contribute to total relic abundance of dark matter
ΩDMh

2 = Ω1h
2 + Ω2h

2 = fΩTot
DMh

2 + (1− f)ΩTot
DMh

2. The
fractional contribution of first DM candidate χ1 in DM
abundance is f and that of the second DM candidate
is 1 − f . In this context, we consider two cases to be
studied
I) interaction between χ1 and χ2 is absent or negligible
and
II) χ1 and χ2 has significant interaction that induces
DM conversion χ1χ1 ↔ χ2χ2.

Case I

Without putting much effort, one can easily derive
equations for number evolution of DM candidates with
no mutual interaction, are given as

dN1

dt
= fC1c −

C1a

f
N2

1 ,

dN2

dt
= (1− f)C2c −

C2a

(1− f)
N2

2 , (16)

where N1,2 denotes number of χ1,2 with initial condition
N1,2(t = 0) = 0 for both candidates. Parameters Ckc and
Cka; k = 1, 2 are defined as capture rate and annihilation
rate coefficients of DM candidates similar to Eq. (2)-(5)
with Ckc ∝ σχkp and Cka = 〈σv〉V2a/V

2
1a respectively

where we assume 〈σv〉 ' 2.2×10−26 cm3 s−1. The factor
f or (1−f) thus suppress the DM-nucleon scattering and
enhances the DM annihilation cross-section.

Solutions to number evolution of DM candidates are
similar to Eq. (6), expressed as

N1(t) = f

√
C1c

C1a
tanh

(
t

τ1�

)
,

N2(t) = (1− f)

√
C2c

C2a
tanh

(
t

τ2�

)
, (17)

where τk� = 1√
CkcCka

; k = 1, 2, is independent of f . This

situation, is not very much interesting as it appears to be

same as single dark matter component case. Therefore,
we now focus on to the other proposed scenario where
dark matter candidates interact with each other.

Case II

Let us now discuss the scenario where evolution of dark
matter particles are considered including hidden sector
annihilation. For two dark matter candidates it simply
states that the annihilation between dark sector particles
are significant resulting the conversion χ1χ1 ↔ χ2χ2 to
dominate or contribute in the evolution equations men-
tioned in Eq. (16). Let us now consider the case m1 > m2

resulting hidden sector annihilation of heavier DM candi-
date 〈σv〉11→22. This will modify the evolution equations
which can be written as follows

dN ′1
dt

= fC ′1c − C ′1aN ′21 − C ′12N
′2
1 ,

dN ′2
dt

= (1− f)C ′2c − C ′2aN ′22 + C ′12N
′2
1 , (18)

where coefficients C ′ka, k = 1, 2 and C ′12 are denoted as

C ′ka = 〈σv〉kk
V2k

V 2
1k

, C ′12 = 〈σv〉11→22

[
V2

V 2
1

]
m=m1

.

(19)
Without any loss of generality, one can assume C ′kc = Ckc
for k-th dark matter candidate with fixed mass mk

and scattering cross-section σχkp. The reverse process
χ2χ2 → χ1χ1 is not taken into account as dark matter
is considered non-relativistic inside the Sun. It is to be
noted that since dark matter candidates annihilate into
each other, the simple correlation ΩDMh

2 ∝ 1
〈σv〉 between

dark matter annihilation and its contribution to total
DM relic abundance is lost. Indeed, this also leads to
solution of coupled Boltzmann equations to obtain relic
abundances of DM candidates, which have been stud-
ied in many literatures, discussed briefly in Appendix
A. Therefore, the parameter for fractional contribution
f , will not be able to decide corresponding annihilation
cross-sections to be precise as appeared before where con-
version process between dark sector is absent. As a result
annihilation cross-sections into SM sector 〈σv〉kk and an-
nihilation 〈σv〉11→22 are now treated as free parameters
of equations. The solution to N ′1(t) will be of similar
form as described in Eq. (17) and one obtains

N ′1(t) =

√
fC ′1c

C ′1a + C ′12

tanh

(
t

τ ′1�

)
,

τ ′1� =
1√

fC ′1c(C
′
1a + C ′12) ,

(20)

where C ′1c = C1c for fixed mass m1 and σχ1p. Interest-
ingly, time to reach steady state inside Sun now depends
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on f as observed from Eq. (20) rather than being inde-
pendent of f . However, solution to N ′2(t) will be different
as it is coupled to the solution of N ′1(t) of Eq. (18). Let
us try to look for an approximate solution to N ′2(t), as-
suming that χ1 dark matter has reached its steady sate.
In this situation the term C ′12N

′2
1 is constant and for

C ′12N
′2
1 >> (1− f)C ′2c, one can easily obtain a solution

N ′2(t) '

√
C ′12

C ′2a

√
fC ′1c

C ′1a + C ′12

tanh

(
t

τ ′2�

)
,

τ ′2� '
1√

C ′2aC
′
12

√
C ′1a + C ′12

fC ′1c
. (21)

Eventually it can be observed that N ′2 is much larger
than N2 leading to enhancement in χ2 abundance inside
Sun whereas τ ′2� << τ2�, and thus χ2 reaches equilib-
rium earlier than expected. Interestingly, both N ′2 and
τ ′2� are now dependent on the evolution parameters of
χ1. For better accuracy, one needs to solve for Eq. (18)
numerically to obtain number of dark matter candidates
accumulated inside Sun at t = tS , denoted as N ′1,2(tS).
Both scattering and annihilation of dark matter depends
on the nature of dark matter candidates. As we have
mentioned, if DM annihilates into SM sector only, then
〈σv〉 determines its contribution to total DM relic abun-
dance. Therefore, using 〈σv〉 ' 2.2 × 10−25 cm3 s−1 for
f ≥ 0.1, we consider 200 GeV < m1 ≤ 1000 GeV and
m1 > m2 in present analysis consistent with indirect de-
tection bounds from gamma-ray observations following
Refs. [10, 11] mentioned eralier. With conversion pro-
cess χ1χ1 → χ2χ2 in effect Eq. (18) is solved and com-
pared with the case when hidden sector DM annihilation
is absent (Case I).

The study of single component dark matter re-
veals that DM annihilation flux obtained from spin-
independent dark matter is negligible compared to that
obtained for spin-dependent dark matter as direct de-
tection experiments impose stringent bound on DM-
nucleon spin-independent scattering cross-section com-
pared to spin-dependent dark matter scattering cross-
section. This is due to the fact that spin-independent
DM scattering depends on the mass of scattering nu-
cleus and direct detection experiments with heavy nu-
clei has better sensitivity to SI interactions. On con-
trary, indirect detection by neutrino detector experi-
ments are sensitive to spin-dependent dark matter de-
tection with respect to spin-independent DM and pro-
vides more stringent bound than direct detection experi-
ments for mDM ≥ 100 GeV as observed by IceCube [17].
For DM annihilation inside Sun, with rich abundance
of Hydrogen makes it a very good probe towards SD
dark matter interaction and indirect detection by neu-
trino detectors. It is naturally assumed that dark mat-
ter accumulated inside massive stars like Sun are com-
pletely thermalised which is primary requirement for the

present study. Thus DM thermalise quickly upon capture
or thermalisation time is much smaller compared to the
age of Sun such that most of the DM are thermalised.
Hence, for multicomponent scenario, we consider spin-
dependent dark matter interactions having mass range
200 GeV < m1 ≤ 1000 GeV (indirect detection limits
from gamma-ray flux with f ≥ 0.1) and m1 > m2 with
a large allowed range of DM-nucleon scattering cross-
section region σSD

χkp
= 10−48 − 10−41 cm2 where DM

is thermalised. For simplicity for the rest of the study
we denote spin-dependent DM-nucleon cross-section as
σSD
χkp

= σχkp as the analysis hereafter only considers SD
dark matter scattering.

Let us briefly describe a feasible particle physics sce-
nario where such multicomponent dynamics with two
spin-dependent dark matter candidates can be visu-
alised. Consider two fermionic dark matter candidates
χ1 and χ2 both having axial vector type interactions
χkγµγ5χk; k = 1, 2 that interact with SM sector fermion
bilinear f̄SMγµγ5fSM via some vector boson mediator.
The term χ1γµγ5χ2 is forbidden with simple assumption
that χ1 and χ2 are charged under different Z2 symme-
try. This will allow both dark matter candidates to have
spin-dependent scattering leaving a large range of allowed
DM-nucelon scattering parameter space while interaction
with f̄SMγµfSM bilinear results in spin-independent DM-
nucleon scattering which is velocity suppressed and thus
can be neglected. This type of interaction also provide
DM annihilation into SM sector 〈σv〉kk (specifically with
f̄SMγµγ5fSM bilinear) and dark sector 〈σv〉11→22, that
are not velocity or momentum suppressed at present.
We now begin with the study of dark matter accumu-
lated inside Sun for multiple dark matter scenarios de-
scribed above. For this purpose, we obtain the solutions
of Nk(t) (Eq. (16)) with fixed values of σχkp, mk, f ;
k = 1, 2. Using the same set of parameter, we then solve
for N ′k(t) (Eq. (18)) along with new parameters 〈σv〉kk
and 〈σv〉11→22.

To show the number evolution of multi-particle dark
matter candidates, some demonstrative plots are pre-
sented in Figs. 3-5. Abundances of dark matter can-
didates inside the Sun are obtained by solving Eq. (18)
numerically instead of using analytical expressions. For
the purpose of demonstration, following set of parameters
are chosen, m1 = 400 GeV and m2 = 300 GeV with DM-
nucleon scattering cross-section σχ1p = 10−42 cm2 and
σχ2p = 10−46 cm2. Using the above set of parameters,
dark matter number evolutions are presented in Fig. 3 for
〈σv〉kk = 10−26 cm3 s−1, 〈σv〉11→22 = 5× 10−26 cm3 s−1

using two values of f = 0.1, 0.9. It is to be noted that
although 〈σv〉kk ; k = 1, 2 is free from the scaling by f as
the relation to DM relic abundance is not respected, we
use a conservative value well below the upper limits from
gamma-ray observation experiments. On the other hand,
there is no such bound on 〈σv〉11→22 from indirect detec-
tion experiments. The number evolution of dark matter
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candidates in absence of conversion is also presented for
comparison obtained from solution of Eq. (16). Vertical
lines in plots of Figs. 3-5 denotes the age of Sun and age
of Universe respectively to verify if the dark matter χ1,2

will reach equilibrium at the age of Sun. In Fig. 3, a
large enhancement in the number abundance N ′2 of dark
matter χ2 is observed with respect to N2 while N ′1 also
deviates from N1 for χ1. The variation of number abun-
dances are also observed against the change of f as we
compare upper and lower panel of Fig. 3. Similar plots
are depicted in Fig. 4 with same set of parameters by
changing 〈σv〉11→22 = 5 × 10−25 cm3 s−1 which also re-
ports deviation in number abundance as the conversion
effect is more prominent. With increase in f , the capture
rate of dark matter χ2 reduces resulting smaller number
abundance in absence of production from χ1 (solid black
lines) and enhancement in χ1 abundance (solid red lines).
The enhancement of χ2 abundance is related to the ex-
cess production from χ1 dark matter arising from the
term C ′12N

′2
1 . Increase in f also increases χ2 production

as C ′12N
′2
1 term is increased following Eq. (20), and χ2

starts deviating from its standard evolution (solid black
lines) at some earlier time as seen in Figs. 3-4 and starts
to follow the solution of Eq. (21). Note that due to large
scattering cross-section χ1 reaches steady state for both
solutions of N1 and N ′1. As a result one can obtain equi-
librium number abundance for N1 and N ′1 directly from
Eq. (17) and Eq. (20). Solutions to N2 fails to reach
steady state (solid black lines) at t = tS but in presence
of dark matter conversion χ1χ1 → χ2χ2, N ′2 may reach
equilibrium (solid green lines) for t < tS , depending on
the values of f and 〈σv〉11→22. However, if σχ1p is small,
then time to reach equilibrium abundances for both the
dark matter may exceed the age of Sun. In Fig. 5 we
illustrate such possibilities with σχ1p = 10−44 cm2 keep-
ing other parameters fixed as in Fig. 3. From Fig. 5, we
observe although dark matter candidates cannot reach
steady state, there could be significant enhancement in
the abundance of second dark matter candidate N ′2 due
to large conversion effect.

Observation made in Figs. 3-5 indicate multi-particle
dark matter evolution inside Sun will be significantly dif-
ferent in presence of DM conversion phenomena. This
will also affect DM annihilation flux in the context of
multiple dark matter. Let us denote individual DM anni-
hilation flux in absence of χ1χ1 → χ2χ2 transfer reaction
at t = tS as

Φk =
Γkann

4πD2
, k = 1, 2, (22)

where annihilation rates of dark matter χ1,2 are ex-
pressed as

Γ1
ann =

C1a

2f
N2

1 (tS) , Γ2
ann =

C2a

2(1− f)
N2

2 (tS) , (23)

obtained from Eqs. (16)-(17). Hence one can also obtain

N '1(t) <σv>11=<σv>22=10-26

N1(t) <σv>11→22=5⨯10-26

N '2(t)

N2(t)
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����

����

����

����

����

����

� (�� �)

�

m1=400,m2=300, σχ1 p=10
-42, σχ2 p=10

-46, f=0.1

N '1(t) <σv>11=<σv>22=10-26

N1(t) <σv>11→22=5⨯10-26

N '2(t)

N2(t)

���� ���� ���� ����

����

����

����

����

����

����

� (�� �)

�

m1=400,m2=300, σχ1 p=10
-42, σχ2 p=10

-46, f=0.9

Figure 3. Evolution of χ1 and χ2 number abundance for f =
0.1 (upper panel) and f = 0.9 (lower panel). Dark matter
masses mk are in GeV, σχkp in cm2 and annihilation cross-
sections 〈σv〉kk and 〈σv〉11→22 are in cm3 s−1 unit.

the differential neutrino flux following Eq. (12) expressed
as

dΦkνi
dEνi

= Φk

(
dNk

νi

dEνi

)
x

; k = 1, 2 (24)

where

(
dNkνi
dEνi

)
x

is the spectrum of neutrino and anti-

neutrino produced per annihilation of k-th dark matter
candidate χk of mass mk with DM annihilation into fi-
nal state species x. Therefore, corresponding muon flux
generated from the neutrino flux is

Φkµ =

∫ mk

Eth
µ

dEµ

∫ mk

Eµ

dEνµ
dΦkνµ
dEνµ

(25)

×
[
ρ

mp

dσν
dEµ

(Eµ, Eνµ)Rµ(Eµ, E
th
µ )

]
+ (ν → ν̄) .

Similarly, in presence DM transfer (χ1χ1 → χ2χ2), we
numerically solve for Eq. (18) and DM annihilation fluxes
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N '1(t) <σv>11=<σv>22=10-26

N1(t) <σv>11→22=5⨯10-25

N '2(t)

N2(t)
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Figure 4. Same as Fig. 3 with 〈σv〉11→22 = 5 × 10−25 cm3

s−1.

for both the dark matter candidates are defined as

Φ′k =
Γ′kann

4πD2
; k = 1, 2 (26)

with the modified DM annihilation rates given as

Γ′kann =
C ′ka

2
N ′2k (tS) ; k = 1, 2. (27)

Using the modified DM annihilation flux Φ′k, k = 1, 2,
one can also obtain the muon neutrino flux similar to
Eq. (26) when dark matter exchange is taken into account

Φ′kµ =

∫ mk

Eth
µ

dEµ

∫ mk

Eµ

dEνµ
dΦ′kνµ
dEνµ

(28)

×
[
ρ

mp

dσν
dEµ

(Eµ, Eνµ)Rµ(Eµ, E
th
µ )

]
+ (ν → ν̄) ,

where we use the modified neutrino flux given as
dΦ′kνi
dEνi

=

Φ′k

(
dNkνi
dEνi

)
x

, k = 1, 2. It is to be noted that the spec-

trum

(
dNkνi
dEνi

)
x

of neutrino and anti-neutrino generated

N '1(t) <σv>11=<σv>22=10-26

N1(t) <σv>11→22=5⨯10-26

N '2(t)

N2(t)

���� ���� ���� ����

����

����

����

����

����
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�
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-44, σχ2 p=10
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Figure 5. Same as Fig. 3 with σχ1p = 10−44 cm2.

per dark matter annihilation remains unaltered as it de-
pends on the medium, neutrino oscillation and dark mat-
ter mass which determines the energy of produced par-

ticles. Let us now define a quantity ξk =
Φ′k
Φk

called the
efficiency factor. This simply leads to the correlation

dΦ′kνi
dEνi

= ξk
dΦkνi
dEνi

; k = 1, 2 (29)

Eq. (29) directly implies Φ′kµ = ξkΦkµ for k-th dark
matter candidate as ξk is a simple scaling with no ef-

fect on
dNkνi
dEνi

spectrum and has no energy dependence

i.e; ξk 6= ξk(Eµν , Eµ). It is to be noted that the
efficiency factor ξk is a function of many parameters
f, mk, σχkp, 〈σv〉kk , k = 1, 2 and 〈σv〉11→22. Hence,
a simple correlation between DM annihilation flux and

muon flux obtained, ξk =
Φ′k
Φk

=
Φ′kµ
Φkµ

. The parameter ξk

being a ratio, is also a very intelligent choice to observe
the boost or suppression in muon flux obtained from a
dark matter candidate χ1 or χ2 as it completely avoids
the background effects. Therefore, we use the parameter
ξk as a tool for the study of multi-particle dark matter dy-
namics inside the Sun, when the exchange χ1χ1 → χ2χ2

is taken into account. Since, ξk is completely a new
parameter originating from multi-particle DM and their
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Figure 6. Upper panel: χ1 dark matter annihilation flux vs
f for different values of 〈σv〉11→22 along with 〈σv〉11→22 = 0
for no conversion. Lower panel: Flux ratio ξ1 against f for
chosen set of 〈σv〉11→22 values. Units of various quantities
mk, σχk , 〈σv〉kk, and 〈σv〉11→22 are same as in Fig. 3.

conversion, we find it is interesting to observe the effect of
f and 〈σv〉11→22 on ξk. In Fig. 6 (upper panel), the vari-
ation of dark matter annihilation flux for DM candidate
χ1 is plotted against f for 〈σv〉11→22 = 5×10−26 cm3 s−1

and 〈σv〉11→22 = 5 × 10−25 cm3 s−1 and compared the
results with the case when conversion is absent leading to
the solutions of N1 obtained from Eq. (17) keeping other
parameters fixed as considered in Fig. 3. A significant
reduction in the DM annihilation flux is observed when
the process χ1χ→χ2χ2 is turned on. This finding is very
obvious from the solution of Eq. (20). We find that large
value of σχ1p drives the DM candidate χ1 to the steady

state and thus the corresponding flux ratio
φ′1
φ1

is found to

be ξ1 =
fC′1aC1c

(C′1a+C′12)
1

fC1c
=

C′1a
C′1a+C′12

, is independent of the

factor f using C ′1c = C1c for fixed m1 and σχ1p. In fact,

ξ1 turns out to be
〈σv〉11

〈σv〉11+〈σv〉11→22
, is directly reflected

in the Fig. 6. The efficiency factor ξ1, thus further re-
duces with increased annihilation 〈σv〉11→22 but remains
invariant with variation of f . This result indicates that,
the corresponding efficiency factor must satisfy the con-
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Figure 7. Same as Fig. 6 showing variation of DM annihi-
lation flux with f for different 〈σv〉11→22 (upper panel) and
efficiency factor ξ2 vs f (lower panel) for dark matter candi-
date χ2.

dition ξ1 ≤ 1, as shown in the lower panel of Fig. 6.
However, this may not be the case for the dark matter
candidate χ2, as its number abundance depends on the
production from χ1. In Fig. 7, similar plots are generated
for dark matter χ2 using same set of parameters consid-
ered in Fig. 6. Abundance of χ2 inside Sun is obtained
directly from numerical solution to Eq. (18) instead of
using analytical expression. It is observed in Fig. 7 that
DM annihilation flux gets boosted by an order ξ2 = 104−7

and depends on the value of fractional abundance param-
eter f . Efficiency factor ξ2 is also found to increase with
increment in 〈σv〉11→22 as shown in Fig. 7 as it boosts
the conversion effect. In Fig. 8, we repeat the results for
Fig. 7 only changing σχ2p = 10−45 cm2. Since, the num-
ber evolution of χ1 is decoupled from evolution of χ2, flux
and efficiency factor obtained for χ1 is found to be same
as Fig. 6. On the other hand, due to increased σχ2p, χ2

abundance increases inside the Sun resulting increase in
DM annihilation flux in absence of χ1χ1 → χ2χ2 process.
As 〈σv〉11→22 is turned on, abundance of χ2 increases fur-
ther resulting from transfer mechanism and dominated
mostly by conversion phenomena. This leads to large en-



10

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

Φ
2
 (

k
m

-2
 y

r-1
)

f

m1=400, m2=300, σχ1 p=10
-42

, σχ2 p=10
-45

, <σv>11=<σv>22=10
-26

<σv>11→22=0

<σv>11→22=5×10
-26

<σv>11→22=5×10
-25

10
2

10
3

10
4

10
5

10
6

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

ξ 2

f

m1=400, m2=300, σχ1 p=10
-42

, σχ2 p=10
-45

, <σv>11=<σv>22=10
-26

<σv>11→22=5×10
-26

<σv>11→22=5×10
-25

Figure 8. Same as Fig. 7 with σχ2p = 10−45 cm2.

hancement in annihilation flux of χ2 dark matter similar
to Fig. 7. However, the efficiency factor ξ2 in Fig. 8 gets
reduced by two order due to increase in σχ2p which in-
creases initial χ2 flux in absence of conversion from χ1

for all choices of f . Results obtained in Figs. 7-8, can
be explained with an empirical expression of ξ2, which
can directly be obtained from Eq. (17), Eq. (21) and cor-
responding expressions of flux Φ2, Φ′2 derived earlier, is
given as

ξ2 '
f

1− f
C ′12

C ′1a + C ′12

C1c

C2c

tanh2
(
ts
τ ′2�

)
tanh2

(
ts
τ2�

) ,
=

f

1− f
(1− ξ1)

C1c

C2c

tanh2
(
ts
τ ′2�

)
tanh2

(
ts
τ2�

) , (30)

where it is assumed that dark matter χ1 has reached
equilibrium inside the Sun, C ′1c = C1c and (1−f)C ′2c <<
C ′12N

′2
1 for evolution of χ2 dark matter. It is found that

the expression of ξ2 in Eq. (30) is a very good approx-
imation to work with as it does not deviate too much
from the expected value of ξ2 derived numerically from
solution of Eq. (18). The quantity ξ2 obtained from

Eq. (30) agrees with the plots in Figs. 7-8 when anni-
hilation cross-section 〈σv〉11→22 = 5 × 10−25 cm3 s−1 is
taken into account. Minor deviation from exact solution
to χ2 abundance may occur as the solution of Eq. (21)
results in a slightly larger than expected χ2 number abun-
dance with respect to number abundance obtained from
Eq. (18). Although one finds annihilation flux of χ2 is en-
hanced by significant amount, it still remains within the
upper limit of DM annihilation flux obtained for SD dark
matter in Fig. 1. With better sensitivity to DM-nucleon
spin-dependent scattering cross-section, neutrino detec-
tors will be able to observe such kind of enhancement in
DM annihilation flux (or muon flux) and test the multi-
component dark matter hypothesis in near future.

III. CONCLUSIONS

In this study, we explore a case of multi-particle dark
matter dynamics inside the Sun including new effects
from hidden sector annihilations. With new parameters
in effect, a significant deviation in outcomes (DM annihi-
lation flux or muon flux at detector) from standard single
DM scenario is observed as multi DM formalism is taken
into account. A simple underlying particle physics model
that allows a feasible multi-particle dynamics with hid-
den sector annihilation reveals some interesting aspects
that are reported in the present work. A brief summary
of the finding are mentioned below

• It is found that dark matter annihilation flux from
Sun obtained using XENONnT bound on DM-spin-
independent nucleon scattering is almost a million
order smaller when compared with the DM annihi-
lation flux from spin-dependent DM-nucleon scat-
tering.

• Dark matter with spin-independent interaction will
fail to reach equilibrium DM number abundance
due to very small scattering cross-section which fur-
ther suppress the DM annihilation flux. However,
with present limit on scattering cross-section, spin-
dependent DM reaches equilibrium inside Sun.

• For partial contribution with fractional DM abun-
dance, dark matter annihilation flux will be scaled
by the fraction of total DM relic abundance Φ′ =
fΦ if conversion between two dark matter candi-
date is absent. Corresponding neutrino flux and
muon flux generated at the detector are also found
to be suppressed by factor f . Interestingly, it is
found that the time to reach steady state is inde-
pendent of the value f .

• For multi-particle dark matter inside Sun with suf-
ficient annihilation 〈σv〉11→22 modifies the DM an-
nihilation flux considerably. Large internal conver-
sion can indeed change the equilibration time of
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dark matter candidate. In fact, even a dark mat-
ter with very small DM-nucleon scattering cross-
section could reach equilibrium number abundance
inside the Sun as the time to reach equilibrium gets
smaller than the age of Sun.

• A simple two component DM framework is assumed
where the heavier DM candidate annihilates into
low mass DM. This changes the annihilation flux
of DM candidates significantly and a new param-
eter ξ (efficiency factor) is introduced. The ef-
ficiency factor ξk; k = 1, 2 determines the scale
of enhancement or suppression of DM annihilation
flux. Corresponding muon flux for the dark mat-
ter candidate will also gets boosted or suppressed
by the factor ξk. A suppression in DM annihila-
tion flux would require detectors to reach greater
sensitivity while enhancement of the DM annihila-
tion flux will certainly be interesting to be tested
with neutrino detectors. The parameter ξ1 for the
heavier dark matter χ1 that converts into lighter
DM χ2, is bounded by condition ξ1 ≤ 1, and for χ1

at steady state can directly be expressed as ξ1 =
〈σv〉11

〈σv〉11+〈σv〉11→22
whereas ξ2 ' 104−7 is found to be

very large boosting the DM annihilation flux of χ2.
In case where capture of χ2 (i.e; σχ2p) becomes
subdominant with respect to the production of χ2

from annihilation of χ1 in dark sector, ξ2 is found

to be of the form ξ2 ' f
1−f (1 − ξ1)C1c

C2c

tanh2

(
ts
τ′
2�

)
tanh2

(
ts
τ2�

)
for tS ≥ τ ′1� (χ1 in steady state), is a very good
estimate to work with without solving for χ2 abun-
dance numerically.

• The reported changes in the fluxes of dark matter
candidates depends on the particle physics interac-
tions. In case where DM annihilation cross-section
is velocity or momentum suppressed, DM candi-
date can also fail to reach steady state inside the
Sun and corresponding DM annihilation flux will
be severely reduced to be probed by neutrino de-
tectors.

Their still remains a large prospect in both phenomeno-
logical and experimental foreground to establish an un-
derstanding of multi-particle dark matter dynamics and
their discovery in stellar astrophysics including other as-
trophysical objects like dwarf stars or planets. For ex-
ample, in case planets like earth, although there is large
abundance of heavy nucleus instead of Hydrogen, large
evaporation of dark matter happens due to less gravity.
In Such conditions, the overall dynamics of multi-particle
dark matter will be significantly different from massive
stars and will be interesting to explore in future works.
Dark matter dynamics can also be different for sub-GeV
DM candidates, can be explored in future works. With

better sensitivity we expect forthcoming neutrino detec-
tors could not only detect DM signature but also verify
multi-particle DM hypothesis in near future.

APPENDIX A: Boltzmann equations for
multicomponent dark matter

Since the present model deals with two dark matter
candidates which also interact with themselves, one needs
to solve for the coupled Boltzmann equation. Relic den-
sity for each of the dark matter candidate is obtained by
solving these coupled equations which are written as

dn1

dt
+ 3Hn1 = −〈σv〉11

(
n2

1 − n̄2
1

)
− 〈σv〉11→22

(
n2

2 −
n̄2

2

n̄2
1

n2
1

)
; (31)

dn2

dt
+ 3Hn2 = −〈σv〉22

(
n2

2 − n̄2
2

)
+ 〈σv〉11→22

(
n2

2 −
n̄2

2

n̄2
1

n2
1

)
. (32)

where m1 > m2. Number densities of dark matter par-
ticles χ1 and χ2, are denoted by nk, k = 1, 2 whereas
their equilibrium number densities at temperature T
are given by n̄k. Thermally averaged DM annihila-
tion cross-section into Standard Model sector is given by
〈σv〉kk, k = 1, 2 while the same for annihilation cross-
section into hidden sector (for χ1χ1 → χ2χ2 process) is
expressed as 〈σv〉11→22. Solving for coupled Boltzmann
equations Eqs. (31)-(32), one obtains relic abundance of
DM candidates

Ωkh
2 = 2.755× 108 mk

GeV
Yk(T0) , k = 1, 2 , (33)

where Yk = nk/s, is the comoving number density of χ1

and χ2 at present temperature T = T0 with s being the
entropy density of the Universe.
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