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Abstract. We study the capture, annihilation and evaporation of dark matter (DM) inside
the Sun. It has been shown that the DM self-interaction can increase the DM number inside
the Sun. We demonstrate that this enhancement becomes more significant in the regime of
small DM mass, given a fixed DM self-interaction cross section. This leads to the enhancement
of neutrino flux from DM annihilation. On the other hand, for DM mass as low as as a few
GeVs, not only the DM-nuclei scatterings can cause the DM evaporation, DM self-interaction
also provides non-negligible contributions to this effect. Consequently, the critical mass
for DM evaporation (typically 3 ~ 4 GeV without the DM self-interaction) can be slightly
increased. We discuss the prospect of detecting DM self-interaction in IceCube-PINGU using
the annihilation channels yx — 7777, vv as examples. The PINGU sensitivities to DM self-
interaction cross section o, are estimated for track and cascade events.

Keywords: dark matter theory, neutrino detectors

ArXiv ePrint: 1408.5471

Article funded by SCOAP3. Content from this work may be used
B under the terms of the Creative Commons Attribution 3.0 License. .. _
Any further distribution of this work must maintain attribution to the author(s) doi:10. 1088/1475 7516/2014/10/049
and the title of the work, journal citation and DOI.


mailto:chianshu@phys.sinica.edu.tw
mailto:fflee@mail.nctu.edu.tw
mailto:glin@cc.nctu.edu.tw
mailto:chris.py99g@g2.nctu.edu.tw
http://arxiv.org/abs/1408.5471
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1088/1475-7516/2014/10/049

Contents

1 Introduction 1
2 DM accumulation in the Sun 2

2.1 DM evolution equation 2

2.2 Numerical results 5
3 Probing DM self-interaction at IceCube-PINGU 8
4 Conclusion 12
A DM self-interaction induced evaporation 12

1 Introduction

Convincing observational evidences indicate that roughly 80% of the matter in our universe
is dark matter (DM). On the other hand, the understanding of the DM nature is still at
the budding stage. If the form of DM is any kind of elementary particle y, theoretical
predictions for its mass lie in a wide range, from sub-eV scale to grand unified scale. Even
though, more and more experimental searches, including direct and indirect detection with
terrestrial or satellite instruments, are looking for the DM signals. The knowledge on DM is
accumulating rapidly. If DM interacts with ordinary matters weakly, it may leave tracks in
the detector and be caught directly. The possibility to see such signals depends on DM mass
and its interaction cross section with the ordinary matter in the detector. The situation is
similar for the indirect searches where one looks for the flux excess in cosmic rays, gamma
rays, and neutrinos. The flux excess for the above particles are due to DM annihilation or
DM decays. Different search strategies would have sensitivities to different parameter ranges
and all together cover quite a broad range for DM mass and DM interaction cross section,
respectively.

In this paper, we study the general framework of DM capture, annihilation and evapo-
ration in the Sun. The capture of galactic DM by the Sun through DM-nuclei collisions was
first proposed and calculated in refs. [1-7]. It was then observed that the assumption of DM
thermal distribution according to the average temperature of the Sun is a good approxima-
tion for capture and annihilation processes, but the correction to the evaporation mass can
reach to 8% in the true distribution calculation [8]. The abundance of DM inside the Sun
hence results from the balancing among DM capture, annihilation and evaporation processes.
Updated calculations on these processes are given in refs. [9-11].

In our study, we particularly note that for both collisionless cold DM and warm DM
there exists a so-called core/cusp problem [12] which addresses the discrepancy between the
computational structure simulation and the actual observation [13-18]. DM self-interaction
has been introduced to resolve this inconsistency [19]. This type of analyses put constraints on
the ratio of DM self-interaction cross section to the DM mass, 0.1 < gy, /m,, < 1.0 (cm?/g),
from observations of various galactic structures [20-23]. It is worth mentioning that the
authors in ref. [24] used the IceCube data [25] to constrain the magnitude of o, for m, in
the range of O(10) GeV to O(1) TeV (also see the study of high energy neutrino flux from



DM annihilation within the Sun with the inclusion of DM self-interaction in ref. [26]). In
their work the evaporation effect can be neglected for the considered DM mass region and the
detectability of oy, by the IceCube through observing the final state neutrino flux produced
by the DM annihilation is analyzed. In this paper we shall concentrate on the low mass region
of O(1) GeV DM mass since such a mass range has not been probed by the IceCube data
mentioned above. Furthermore, this is also the mass range where the indirect search is crucial.
In the case of spin-independent interaction, the sensitivity of DM direct search quickly turns
poor for m, less than 10 GeV [27]. Therefore the IceCube-PINGU [28] detector with a 1 GeV
threshold energy could be more sensitive than some of the direct detection experiments for
my < 10GeV. For spin-dependent interaction, the IceCube-PINGU sensitivity has been
estimated to be much better than constraints set by direct detection experiments [29].

For illustrative purpose, we shall only consider neutrino flux produced by DM annihi-
lating into leptons such as yx — 777~ and yx — v, respectively. The final-state neutrinos
can be detected by terrestrial neutrino telescopes such as IceCube-PINGU [28]. We do not
consider xyx — puTpu~ because muons will suffer severe energy losses in the Sun before they
decay to neutrinos. The soft neutrino spectrum in this case is dominated by the atmospheric
background. One also expects that the neutrino telescopes are less sensitive to heavy quark
channels such as xx — bb than their sensitivities to leptonic channels. This is caused by
the relatively softer neutrino spectrum resulting from the b-hadron decays compared to the
neutrino spectrum from 7 decays [30]. For light quark channels xx — ¢g, the hadronic cas-
cades produce pions or kaons in large multiplicities. These hadrons decay almost at rest and
produce MeV neutrino fluxes, which from the observational point of view could be as promis-
ing as the hard spectrum channels [10, 31]. However we would not discuss these signatures
because the threshold energy of IceCube-PINGU is in the GeV range.

For O(1) GeV DM mass, it is necessary to consider evaporation processes for determining
the DM abundance inside the Sun. We shall demonstrate that DM evaporation can arise
both from DM-nuclei scatterings and DM self-interactions. In fact the inclusion of DM self-
interaction can raise the critical mass such that evaporation can take place for DM lighter
than this mass scale. On the other hand, DM self-interaction also enhances total DM number
trapped inside the Sun for m, greater than the critical mass.

This paper is organized as follows. In section II, we calculate the DM number accumu-
lated inside the Sun via four processes. We then present the parameter space in which the
equilibrium condition holds. In section III, we present the numerical results of our analy-
sis. The sensitivity of IceCube-PINGU to DM self-interaction inside the Sun is presented in
section IV. Finally, we conclude in section V.

2 DM accumulation in the Sun

2.1 DM evolution equation

We assume that both the galactic DM and the nuclei inside the Sun follow the thermal
distributions. If DM interacts with nuclei in the Sun then it can be captured by the Sun
when its final velocity is smaller than the escape velocity from the Sun. Alternatively, DM
trapped inside the Sun will be kicked out if its final velocity after the scattering with the
nuclei is larger than the escape velocity. The inclusion of DM self-interaction will also have
effects on the capture and evaporation of DM inside the Sun. We will come to details of
this in the later discussion. The captured DM could have reached to an equilibrium state
if the equilibrium time scale is less than the age of the Sun (ts =~ 10'7s). The general DM



evolution equation in the Sun is given by

% = G4 (Cy = C)N = (Ca + Co) N2 (2.1)
with N, the DM number in the Sun, C. the rate at which DM are captured by the Sun, Cj
the rate at which DM are captured due to their scattering with DM that have already been
trapped in the Sun, C, the the DM evaporation rate due to DM-nuclei interactions, C, the
DM annihilation rate, and Cs. the evaporation rate induced by the interaction between DM
particles in the Sun. The coefficients Cg ¢ ¢ s, se are taken to be positive and time-independent.

We note that C. can be categorized by the type of interactions between DM particles
and nucleons. For spin-dependent (SD) interactions, the capture rate is given by [6, 7]

3 2 SD
OSP ~ 3.35 x 10% 57 ( il 3> (270 km/s) (Gev> ( i ) . (2.2)
0.3 GeV/cm v My 10-° pb

where pg is the local DM density, v is the velocity dispersion, U%D is the SD DM-hydrogen
scattering cross section and m, is the DM mass. The capture rate from spin-independent
(SI) scattering is given by [6, 7]

3 2
CS' ~ 1.24 x 102 57! < Al ) (270 km/s) <G6V> <2-601Sf + 017501%) .

0.3 GeV/cm?® v My 10-6 pb

(2.3)
Here O'I%I and O'IS{IQ are SI DM-hydrogen and -helium cross sections respectively. Taking the
approximation m, ~ m,, the DM-nucleus cross section o; is related to DM-nucleon cross
section o, by

2
s 42 Myt my T4+ 1) 2 SD
o =t (Tt ) S0 s, 4 (5,070 (2.)
for SD interactions and
S ma 2 my +m 2 S
e N I (25)
my My +MA

for SI interactions, where A is the atomic number, m 4 the mass of the nucleus, J; the total
angular momentum of the nucleus and (S, ;) and (S, ;) the spin expectation values of proton
and of neutron averaged over the entire nucleus [32-35].

The DM evaporation rate in the Sun, C., has been well investigated in refs. [5, 8].
The evaporation rate is usually ignored in the DM evolution equation since it happens for
a very low DM mass, m, < 3 GeV. A updated calculation in ref. [11] has shown that, for
My /ma > 1,

~ 8 2mX UgSC(O) ex (_ mXUQQSC(O)> Z (2 6)
evap» .

T mw\[ () 2T, ()

where veg(0) is the escape velocity from the core of the Sun, T} is the DM temperature in the
Sun, and 7 is average DM orbit radius which is the mean DM distance from the solar center.
The quantity Yevap is the sum of the scattering cross sections of all the nuclei within a radius
r959%, where the solar temperature has dropped to 95% of the DM temperature. Although
the approximate form of C, can be obtained as the above equation, we shall adopt the exact
form of C, given in ref. [8] for our subsequent numerical calculations.



As stated before, Cs is the DM capture rate by scattering off the DM that have been
captured inside the Sun. This kind of scattering may result in the target dark matter particles
being ejected from the Sun upon recoil. However, because the escape speed from the Sun is
sufficiently large, the effect of target DM ejection by recoil is only a small correction to the
simple solar capture estimate. Hence the self-capture rate in the Sun can be approximated

by [26]
Cs = \/gnxaxxveSC(RQ)veSCE}RQ) <<Zx> erfén), (2.7)

where <$x> ~ 5.1 [36] is a dimensionless average solar potential experienced by the captured

DM within the Sun, n, is the local number density of halo DM, o, is the elastic scattering
cross section of DM with themselves, vese(Rg) is the Sun’s escape velocity at the surface, and
n? = 3(ve/0)?/2 is the square of a dimensionless velocity of the Sun through the Galactic
halo with vy = 220 km/s Sun’s velocity and ¥ = 270 km/s the local velocity dispersion of
DM in the halo.

C,, is the annihilation coefficient given by [5]

(ov) V2
Cy ~ , (2.8)
‘/'12
where 3o
10 GeV
Vj ~ 6.5 x 10°® cm® (ﬁ) (2.9)
X

is the DM effective volume inside the Sun and (ov) is the relative velocity averaged annihi-
lation cross section.

Cs. is the self-interaction induced evaporation. Since the DM can interact among them-
selves, DM trapped in the solar core could scatter with other trapped DM and results in the
evaporation. Essentially, one of the DM particles could have velocity greater than the escape
velocity after the scattering. This process involves two DM particles just like annihilation.
We note that both processes lead to the DM dissipation in the Sun. On the other hand Cj,
does not produce neutrino flux as C, does. Since the derivation of Cs. has not been given in
the previous literature, we present some details of the derivation in appendix A.!

With N, (0) = 0 as the initial condition, the general solution to eq. (2.1) is

B C.tanh(t/74)
M) = 6, ¢ tann(t/ma) 2 (2.10)
with
A ! (2.11)

- \/CC(CCL + Cse) + (Cs - 06)2/4

the time-scale for the DM number in the Sun to reach the equilibrium. If the equilibrium
state is achieved, i.e., tanh(¢/74) ~ 1, one has

_ _ 2
Cs — Ce +\/(Cs Ce) Ce (2.12)

N. — .
xed Q(Ca + Cse) 4(Ca + 086)2 Ca + Cse

'We thank S. Palomares-Ruiz for pointing out to us the importance of Cse.
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The DM annihilation rate in the Sun’s core is given by

C
Iy = T‘IN)%. (2.13)
By setting Cs = Cs = 0, we can recover the results in refs. [5, 8-11] for the absence of DM
self-interaction. By setting C. = Cs. = 0, we recover the result in ref. [26], which includes
the DM self-interaction while neglects the DM evaporation.

2.2 Numerical results

The coefficients C . ; have been worked out in refs. [5, 8, 26], which we adopt for our numerical
studies. The numerical result for Cs is based on the analytic expression we have given in
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Figure 3. The number of DM particles trapped inside the Sun, NV, as a function of DM mass m, with
and without DM self-interaction. Both SI and SD DM-nucleon couplings are considered. Different
colors represent different values for oy,. The peak for each parameter set is the maximal DM number
trapped inside the Sun, and the corresponding DM mass can be viewed as the evaporation mass scale
since N,, drops quickly for m, smaller than this mass scale.

the appendix. We first identify the equilibrium region on the o,,-0y, plane. The SD and
SI cases are presented in figure 1 and figure 2, respectively with two benchmark DM masses
m, = 5GeV and 20 GeV. We have taken 107% < O'>S<ZI))/CII12 <107 and 10747 < a%/ch <
10~*3 for our studies. The range of SD cross section is below those bounds set by direct
detection experiments, COUPP [37] and Simple [38], and the indirect search by IceCube [25]
for m, ~ 20 GeV. This range of SI cross section is below the direct detection bound set by
LUX [39] at m, = 5GeV. For m, = 20GeV, the LUX bound on 6%}, is 10~*> cm?. We have
indicated this bound on the right panel of figure 2. The dark areas represent those regions
with tanh(¢/74) < 1 at the present day whereas the light areas are the equilibrium regions.
In figure 3, we show the effect of DM self-interaction on the number of DM particles
trapped inside the Sun. It is seen that NV, can be significantly enhanced for sufficiently large
oxx- The N, peak for each parameter set is the maximal DM number trapped inside the
Sun, and the corresponding DM mass can be viewed as the evaporation mass scale because
N, drops quickly for m, smaller than this mass scale. We observe that the inclusion of
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DM self-interaction tends to lift the evaporation mass by about 1 GeV. This is because the
evaporation due to the captured DM-DM self-interaction comes to operate.

To quantify the effects of DM self-interaction and evaporation (the one by C.) on N,,
it is useful to define a dimensionless parameter R by

SAY
R= Cm, (2.14)
such that
and
2
Iy = ;Cacfgse (i\/f + \/ﬁ) , (2.16)

where one takes the positive sign for Cs > C, and the negative sign for C, > Cs. The expres-
sion for N, in the non-equilibrium case can also be simplified in a similar way. Comparing
Cs with Ce, DM self-interaction dominates in the high mass region whereas the evaporation
process takes over in the low mass region. Here we have taken into account both effects and
found that the transition between two effects occurs at O(1) GeV DM mass. In figure 4, we
show the behavior of R as a function of m,. The dip of R for each parameter set represents
the narrow mass range where Cs =~ C.. On the right side of the dip, Cs dominates over C,
while the reverse is true on the left side of the dip.

It is seen that R in the evaporation dominant region is growing up in small m, since the
velocity of final state y after the collision can easily be larger than the escape velocity from
the Sun in this case. The parameter space for R > 1 over the o,, — 0,, plane is shown in
figure 5 for m, = 5 and 20 GeV. Since C, < Cs for the above chosen m,, hence R > 1 is the



my =5 GeV my =20 GeV

1072373 r i T 107237

& &
E — £ -
5 5 .

g 10724 2% Hig 10724} 0 qu
N % 5 2

[ 72
-4
107» : ‘ ‘ ‘ 107» ‘ : ‘ ‘
107Y 10746 1074 1074 1074 10747 10746 10745 107 10743
U.ilp [sz] a'il,, [cmz]
my =5 GeV my =20 GeV
10-23 g 10723F
I ¢ I
2
- R > 1 L2 &
£ = g -0 g
rha E 2w z
s % S 3,
-0
-2
I h I
-4
107 ‘ : : ‘ 1075, ‘ : : 1
1074 1074 10743 10742 10741 1074 107% 1074 1074 1074
SD 2 SD 2
Typ lem™] oyp lem?]
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region where DM self-interaction is relevant. It has been seen that DM self-interaction not
only enhances N, significantly for m, < 10 GeV but also affects the evaporation mass scale.
Therefore in the next session we shall explore the possibility of probing DM self-interaction
for m, < 10 GeV by IceCube-PINGU detector.

3 Probing DM self-interaction at IceCube-PINGU

The annihilation rate of the captured DM in the Sun is given by eq. (2.13). It is worth
mentioning that in the absence of both evaporation (the one due to C¢) and self-interaction,
the annihilation rate I'4y with an equilibrium N, is
1 Cc. C.
IF'a==-Cy x —=— 3.1

AT, T 2 (3-1)
which only depends on the capture rate C.. However, with the presence of either C, or self-
interaction, I'4 depends on other coefficients as well even N, has reached to the equilibrium.
We plot I'4 as a function of m, with and without self-interaction in figure 6.
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To probe DM self-interaction for small m,, we consider DM annihilation channels, xx —
777~ and v, for producing neutrino final states to be detected by IceCube-PINGU [28]. The
neutrino differential flux of flavor ¢, ®,,, from xx — ff can be expressed as

d(by FA dNy
=P, . (FE,)—— B 7 3.2
T = P B S5, (dEyj)f (32)

where R is the distance between the neutrino source and the detector, P, (E,) is the
neutrino oscillation probability during the propagation, By is the branching ratio correspond-
ing to the channel xx — ff , dN,/dE, is the neutrino spectrum at the source, and I'4 is
the DM annihilation rate in the Sun. To compute dN, /dE,,, we employed WimpSim [40] with
a total of 50,000 Monte-Carlo generated events.

The neutrino event rate in the detector is given by

™ d,

N, = ety
" Jg, dE,

J(E,)dE,d9 (3.3)

where Eyy is the detector threshold energy, d®,/dE, is the neutrino flux from DM anni-
hilation, A, is the detector effective area, and 2 is the solid angle. We study both muon
track events and cascade events induced by neutrinos. The PINGU module will be implanted
inside the IceCube in the near future [28] and can be used to probe neutrino energy down
to O(1) GeVs. We take ice as the detector medium, so that the IceCube-PINGU neutrino
effective area is expressed as

Ny
ZH(EV) = VeffM (nPUVP(EV) + nnUyn(Eu))a (3'4)

ice
where Vg is the IceCube-PINGU effective volume, N4 is the Avogadro constant, Mie is the
mass of ice per mole, ny,, is the number of proton/neutron of an ice molecule and oy, is
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the neutrino-proton/neutron cross section which can be approximated by [41-44]

14 EU — —

JNE() = 6.66 x 1073 pb - GeV 1, (3.5a)
v El/ _ _

‘”g_) —3.25 x 1073 pb - GeV L, (3.5b)

for 1 GeV < E, < 10 GeV. As the neutrinos propagate from the source to the detector, they
encounter high-density medium in the Sun, the vacuum in space, and the Earth medium.
The matter effect to the neutrino oscillation has been considered in P,, ., in eq. (3.2).

The atmospheric background event rate can also be calculated by eq. (3.3) with d®, /dE,
replaced by the atmospheric neutrino flux. Hence

Natm = /EW o (B, d0 (3.6)
atm B, dEV v v v . .

In our calculation, the atmospheric neutrino flux d®2™ /dE, is taken from ref. [45, 46]. We
set Epmax = M, in order to compare with the DM signal.
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Figure 8. The IceCube-PINGU sensitivities to DM self-interaction cross section oy, as a function
of m,. The DM-nucleus interaction inside the Sun is assumed to be dominated by SI interaction.

The angular resolution for IceCube-PINGU detector at E, = 5 GeV is roughly 10° [28].
Hence we consider neutrino events arriving from the solid angle range AQ = 27(1 — cos 1))
surrounding the Sun with ¢» = 10°. We present the IceCube-PINGU sensitivity to oy, in the
DM mass region 3 GeV < m, < 20 GeV for both SD and SI cases in figure 7 and figure 8,
respectively. The sensitivities to o, are taken to be 2o significance for 5 years of data taking.
The shadow areas in the figures represent those parameter spaces disfavored by the Bullet
Cluster and halo shape analyses. Below the black solid line, the DM self-interaction is too
weak to resolve the core/cusp problem of the structure formation. Two benchmark values
of thermal average cross section, (ov) = 3 x 10726 cm3s~! and (ov) = 3 x 10727 cm3s~!
are used for our studies. We note that the latter value for (ocv) does not contradict with
the relic density, since DM annihilation inside the Sun occurs much later than the period of
freeze-out.

We take U>S<1]9) =10"* cm? and 10~*3 ¢m? for SD interaction, and take U% =10"* cm?
and 10™4° cm? for SI interaction. We stress that J)Sal? = 10~*! cm? is below the lowest value of
IceCube bound aipD ~ 10740 cm? at m,, ~ 300 GeV [25]. For SI interaction, J)Sé) = 10~* cm?
is below the LUX bound for m, < 8 GeV, while J)Sé) = 10"* c¢m? is below the LUX bound
for my, < 20GeV [39]. We find that cascade events provide better sensitivities to DM self-
interaction than track events do in all cases. One can also see that the sensitivity to o,
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becomes better for smaller annihilation cross section (ov) for a fixed oy, as noted in earlier
works [24, 26] which neglect both C. and Cjs.. This is evident from eq. (2.16) since R increases
as C, decreases. It is instructive to take the limit R > 1 such that 'y — (C.C,)R/2(Cy+Cls.)
for Cs > C,. It is easily seen that I'4 is inversely proportional to C, (in the mass range that
Cse is negligible) and is independent of C.. In other words, only Cs and C, determine the
annihilation rate (we are in the region that C. is suppressed as compared to Cs). We also
see that the sensitivity to o,, does become significantly worse as m, — 4 GeV. This is the
critical m, below which the DM evaporations from the Sun is important.

4 Conclusion

We have studied the time evolution of DM number trapped inside the Sun with DM self-
interaction considered. We have focused on the low m, range so that our analysis includes
evaporation effects due to both DM-nuclei and DM-DM scatterings. The parameter region
for the trapped DM inside the Sun to reach the equilibrium state is presented. We also
found that the inclusion of DM self-interaction can increase the number of trapped DM and

. . SD (SI) .
raise the evaporation mass scale. The parameter space on o, — oy plane for significant
enhancement on trapped DM number (R > 1) is identified. The parameter space for R > 1
becomes larger for smaller m,,. For Cs < C¢, the condition R > 1 leads to the suppression of
neutrino flux, since the first term on the right hand side of eq. (2.16) is negative. We have
proposed to study oy, with the future IceCube-PINGU detector where the energy threshold
can be lowered down to 1GeV. We considered cascade and track events resulting from
neutrino flux induced by DM annihilation channels xyx — vo and yx — 777 inside the
Sun. We found that cascade events always provide better sensitivity to o,,. The sensitivity
to oy is also improved with a smaller DM annihilation cross section (ov).

Acknowledgments

We thank S. Palomares-Ruiz for a very useful comment. CSC is supported by the National
Center for Theoretical Sciences, Taiwan; FFL, GLL, and YHL are supported by Ministry of
Science and Technology, Taiwan under Grant No. 102-2112-M-009-017.

A DM self-interaction induced evaporation

The derivation of DM self-interaction induced evaporation is similar to the usual nucleon
induced evaporation [8-11]. One simply makes the parameter replacements

my — My, Ty — TX’

where T, is the DM temperature inside the Earth. The DM velocity distribution is approxi-
mated by Maxwell-Boltzmann distribution given by

o= G (3) ot (-55)
olw)=—7—| /= n,w~exp | — ,
v\ 2T, X 27,

where w is the DM velocity. The calculation of DM-DM scattering rate proceeds by choosing
one of the DM as the incident particle and the other DM as one of the targets which satisfy
Maxwell-Boltzmann distribution in their velocities. We then sum over the incident states

- 12 —



with Maxwell-Boltzmann distribution as well. Let the velocity of the incident DM be w and
the velocity of the faster DM in the final state as v, respectively. Since we are considering
the DM evaporation due to their self interactions, we have v > w.

It is essential to take note on the symmetry factor for identical particle scattering (xx
scattering) as compared to the DM-nucleus scattering studied before. We note that the
faster DM with velocity v can be either one of the DM particles in the final state. This
generates an extra factor of 2 relative to DM-nucleus scattering. On the other hand, due to
identical particles in the initial state, a factor 1/2 must be applied as we sum over initial
states according to thermal distributions. Hence the DM-DM differential scattering rate
with the velocity transition w — v can be inferred from DM-nucleus scattering with suitable
parameter replacements, which is given by

2 V20,2 2
ﬁnxaxxae ot w )X(5—7 By)dv, (A1)
where we have summed up the target DM according to the thermal distribution fs described
above,

Rt (w — v)dv =

i m
OB+ = trkw with k= ﬁ,
and
x(a,b) / due™ = 7r[erf(b) —erf(a)].

Therefore the DM-DM scattering rate with v greater than the escape velocity vege is given
by the integral

Qf (w)= / Rt (w —v)dv'. (A.2)
Carrying out the integral yields
2 nyoyy T my (V2. — w?)
OF = = XTXX X _X\"esc " J - . A3
o) = AT | el =5 ) (A3

To calculate the evaporation rate per unit volume at the position 7, we should sum up all
possible states of the incident DM as follows:

dcse Vesc

= | el ) (A.4)

The DM number density inside the Sun is determined by

ny(r) = no exp <_mxz?x(7“)> ’

where ng is the density at the solar core, and ¢(r) is the solar gravitational potential with

respect to the core so that
" GMg(r'
o) = | —2( Dar,

with G the Newton gravitational constant, Mg (r) = 4x f "2 pe (r')dr' the solar mass en-
closed within radius r, and pg () the solar densfny Thus, the 1ntegrat10n in eq. (A.4) can be
performed

dCse 4 [y nfoyy exp {_ 2mx¢(r)] exp [_ Frese(7)

v~ Jr\ 2T, my T, Ty ]f((mx) (A4.5)
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where

K(my) = wexp [— ETX(T)] + (Eesc(r) — 2‘) erf< Eesc(r)) , (A.6)

with Fesc(r) the escape energy at the position r defined by

1
EeSC(T) = §mXUeQSC(7n)' (A7)
The escape velocity wvesc(r) is related to the gravitational potential by vesc(r) =
V/2[p(00) — ¢(r)]. Finally, the self-interaction induced evaporation rate can be evaluated

dCSE 3
d 1

—_ ® dV ) )
Cse (f@ o (r)d?’r) 2 (A.8)
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