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We have long observed the gravitational pull of “DM” exerts on regular 
baryonic matter, no conclusive hint of the particle physics governing DM has 
so far shown up in laboratory exps.



search dark matter particle at our own galaxy

we are here!
arXiv:1110.4431

F. Iocco et al (nature physics2015)



DM is surrounding us of !
ρDM ~ 0.3-0.4 GeV/cm3



remarks:

If DM interacts with nucleons, this can also happen

• The indirect searches of DM in the Sun are tightly linked to direct 
detection searches, which are sensitive to the cross section for DM 
scattering off the nucleons of heavy nuclei. 

The Sun has an escape velocity, from its surface, of about 618 km/s while the mean-
squred velocity of the Galactic DM in the halo is about 270 km/s. Therefore, the 

gravitational effects of the Sun is significant. 



compilation of WIMP-nucleon spin-independent cross section limits

current limits and future expectations



Capture and evaporation : !

!

!

Annihilation :

relevant processes of DM in the Sun

A DM can collide with nuclei and lose energy when it traverse the Sun. If the 
final velocity of the DM after collision is less than the local escape velocity 
ve(r), then it gets gravitationally trapped. However, the captured DM may 
scatter off energetic nuclei and be ejected, whenever the DM velocity after 
collision is larger than the local escape velocity. 

Once DM χ is captured by the Sun, the χ will come to thermal equilibrium 
and sink into the core. With time, the χ concentration will increase until the 
density is high enough for χ χ annihilation to occur. A steady state will be 
achieved if the time to reach equilibrium is short compare to the age of the 
object.



inconsistencies between N-body simulations and observations !

1. Cusp and core problem : !

collisionless cold dark matter ?

R.A. Flores and J.R. Primack, ASJ(1994)

The Astrophysical Journal, 742:20 (19pp), 2011 November 20 Walker & Peñarrubia

Figure 10. Left, center: constraints on half-light radii and masses enclosed therein, for two independent stellar subcomponents in the Fornax and Sculptor dSphs.
Plotted points come directly from our final MCMC chains, and color indicates relative likelihood (normalized by the maximum-likelihood value). Overplotted are
straight lines indicating the central (and therefore maximum) slopes of cored (limr→0 d log M/d log r] = 3) and cusped (limr→0 d log M/d log r] = 2) dark matter
halos. Right: posterior PDFs for the slope Γ obtained for Fornax and Sculptor. The vertical dotted line marks the maximum (i.e., central) value of an NFW profile (i.e.,
cusp with γDM = 1, limr→0[d log M/d log r] = 2). These measurements rule out NFW and/or steeper cusps (γDM ! 1) with significance s " 96% (Fornax) and
s " 99% (Sculptor).
(A color version of this figure is available in the online journal.)

for Sculptor’s inner subcomponent) is several times larger than
the median velocity error in the MMFS data set.

Second, by setting the lower limit of the integra-
tion in Equation (20) at the value of the central slope
limr→0[d log M/d log r] = 2, we extend maximum generos-
ity to models with γDM ! 1, which have instantaneous slopes
d log M/d log r < 2 at all nonzero radii (Section 4.2 and
Figure 4). At the radii ("300 pc) where we evaluate Γ for Fornax
and Sculptor, the highest-resolution Aquarius simulations pre-
dict that dSph-like CDM halos have d log ρ/d log r ∼ 1.3, or
equivalently, d log M/d log r ∼ 1.7 (see Figure 23 of Springel
et al. 2008). Our measurements rule out these slopes with sig-
nificance !99.54% (Fornax) and !99.97% (Sculptor).

Third, we have assumed that the stellar subcomponents con-
tribute negligibly to the gravitational potential. This assumption
generally holds for dSphs, but least so for Fornax, where the dy-
namical mass-to-light ratio is M/LV ∼ 10 in solar units (Mateo
1998). If we attempt to remove the stellar contribution to the en-
closed mass at each radius using the best-fit Plummer profiles to
both stellar subcomponents, we find that for any plausible stellar
mass-to-light ratio 0.5 # M/LV /[M/LV ]⊙ # 5, our estimates
of Γ increase by a few percent (because the stars contribute a
larger fraction of mass to the inner than to the outer point), again
exacerbating the discrepancy with halo models having γDM ! 1.
In summary, all systematic errors that we have identified behave
such that the significance levels we report are conservative.

Finally, we note that for dark matter density profiles of the
form given by Equation (16), values of d log M/d log r > 3
are unphysical, as they imply γDM < 0 (Inequality (19)).
We note that our method does not rule out such unphysical
values, which is unsurprising since we have not imposed any
physicality constraints. However, it is reassuring that the bulk of
our posterior PDFs correspond to physically plausible scenarios
with Γ < 3.

6. DISCUSSION

Let us review the assumptions that enter into our measure-
ment of Γ. In formulating our method we assume that a dSph

consists of either one or two spherically symmetric, equilib-
rium stellar subcomponents that independently trace the same
spherical dark matter potential. In order to quantify probabil-
ity distributions for observed quantities, we further assume that
both stellar subcomponents have Plummer surface brightness
profiles, Gaussian Mg index distributions, and Gaussian line-
of-sight velocity distributions with constant dispersions that re-
ceive negligible contributions from “non-thermal” phenomena
such as rotational support and/or binary-orbital motions. The
tests described in Section 4 indicate that for a range of models
that explicitly violate our assumptions about Plummer surface
brightness and constant velocity dispersion profiles, our method
tends to underestimate Γ, implying that the stated NFW exclu-
sion limits are conservative. Here we discuss the potential for
sensitivity to several assumptions inherent in our method that
are not violated in the tests of Section 4 but might be violated
by real dSphs.

6.1. Spherical Symmetry

Fornax and Sculptor both have projected minor-to-major
axis ratios of ∼0.7 (Irwin & Hatzidimitriou 1995) and are
among the roundest of the Milky Way’s dSph satellites. In
order to investigate the degree to which the observed flattening
of Fornax and Sculptor might affect our measurements of Γ,
we repeated our analysis using elliptical instead of circular
radii, where a star’s “elliptical radius” is the semimajor axis
of the ellipse (with center listed in Table 1, position angle and
ellipticity listed in Table 2 of Irwin & Hatzidimitriou 1995)
that passes through the position of the star. Use of elliptical
instead of circular radii gives constraints of Γ = 2.72+0.50

−0.43 for
Fornax (exclusion significance s(γDM ! 1) ! 96.1%) and Γ =
2.40+0.32

−0.26 for Sculptor (exclusion significance s(γDM ! 1) !
93.9%). Thus the NFW exclusion level for Fornax is relatively
robust while the exclusion level for Sculptor shows mild
sensitivity to whether or not we adjust for Sculptor’s elliptical
morphology.
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Can DM interact with itself ?



2. Missing satellites 

B. Moore, Astro. J. 1999
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Figure 8. Simulations of impulsive blow-out from a V
max

=
35 km s�1 halo. The initial halo profile is plotted as a solid line;
the dashed and dotted curves correspond to the final, relaxed
profile after gas blow-out of 2.2⇥ 107 and 1.1⇥ 108 M�, respec-
tively. Measured values of V

circ

for the bright dSphs are plotted as
squares, sized proportional to log LV , with error bars. We empha-
size that the two data points closest to the halo line post-blowout
are among the least luminous dwarfs we consider (Draco and Ursa
Minor, with LV ' 2� 4⇥ 105). Matching their densities via im-
pulsive feedback would then require ejecting ⇠ 100 times as much
mass as is present in stars today in these systems.

maximal blow-out.) This result is consistent with Navarro
et al. (1996), who used numerical simulations to show that
a supernova-driven outflow following a single episode of star
formation that created ⇠ 108 M� of stars can create a core
in the dark matter halo of a V

circ

⇠ 50 km s�1 dwarf galaxy.
It also agrees with the work of Read & Gilmore (2005),
which found that removing the vast majority of a dwarf
galaxy’s baryons (95-99%) in either one or two impulsive
episodes significantly flattens a dark matter density cusp,
with two blow-outs creating a dark matter core. Gnedin &
Zhao (2002) demonstrated that removal of a gaseous disk
containing nearly all of a dwarf galaxy’s baryons will reduce
the central dark matter density by approximately 50%; our
reduction of ⇠ 25% in V

circ

is in good agreement with this
result.

The final dark matter profile after removing 108 M� of
gas agrees only with Draco among the dSphs (square sym-
bols with error bars). Blowing out 108 M� of gas requires
forming ⌘�1 108 M� of stars, however [see Eqn. (5)]. Since
the bright dSphs have M? ⇡ 5 ⇥ 105 � 5 ⇥ 107 M� and ⌘
should be of order unity (and certainly not in excess of 10),
only the brightest dSph (Fornax) has formed enough stars to
remove the necessary amount of gas. In particular, the nec-
essary amount of star formation exceeds the stellar content
of Draco by a factor of ⇠ 200, and the reduction in density
is not su�cient to match Fornax’s observed V

circ

(the largest
square, with V

circ

⇠ 17 km s�1 at ⇠ 0.9 kpc).
Starting with a much more concentrated baryonic com-

ponent – e.g., with a scale radius of 1-10 pc rather than 100

pc, as assumed in this work – could cause gas blow-out to
have a more deleterious e↵ect on the central region of the
dark matter halo. Collecting 108 M� of gas in such a small
region would likely steepen the initial dark matter profile a
great deal, however. It would also result in star formation
that is very centrally concentrated, in contrast to the typical
half-light radii of the bright dwarfs of 300 . r

1/2 . 1000 pc.
If the stars are indeed formed at very small radii, they would
have to migrate outward in order to match observed sizes
of the dSphs, which would perhaps result in radially biased
velocities in the dwarfs’ central regions. We conclude that
absent outflows that are much larger than expected in usual
models of galaxy formation (i.e., absent mass loading fac-
tors of ⌘ = 10� 100) or an extremely concentrated gaseous
distribution, impulsive gas removal due to supernova feed-
back is likely insu�cient to lower the central densities of
the massive subhalos predicted by ⇤CDM enough to agree
with observations of the bright dSphs. In the future, it may
be possible to more directly constrain the amount of mass
removed from dSphs through detailed analysis of chemical
abundance patterns (Kirby et al. 2011).

Governato et al. (2010) have recently performed a very
high resolution simulation with a star formation density
threshold of 100 cm�3 and found it produces a cored galaxy
with M? = 5 ⇥ 108 M� in a halo of M

vir

= 5.7 ⇥ 1010 M�
(V

circ

⇠ 60 km s�1). Pontzen & Governato (2011) argued
that the e↵ects of repeated cycles of star formation, blow-
out, and re-cooling can explain these results. Unless this
process is somehow much more e�cient than the instan-
taneous blow-out scenario discussed above – i.e., unless it
removes much more gas mass per stellar mass formed than
does a single episode of instantaneous blow-out – it is un-
likely to explain the low densities of the Milky Way dwarf
spheroidals: the Governato et al. galaxy has a stellar mass
that is a factor of 10 larger than any of the MW dSphs (and a
factor of 1000 larger than several of the bright dSphs). High
resolution hydrodynamical simulations of the Milky Way’s
satellites find that the net e↵ect of star formation and feed-
back is either negligible or causes an increase in the dark
matter density (di Cintio et al. 2011; Parry et al. 2012).
Clearly, it will be invaluable to have a larger number of sim-
ulations of possible dSphs over a wider mass range, simu-
lated with di↵erent codes and stellar feedback prescriptions.
It will also be interesting to better constrain the possible
role of black hole feedback, which can power strong outflows
without relying on star formation, in the Milky Way dSphs.
Reines et al. (2011) have recently discovered an AGN in a
dwarf starbursting galaxy with a mass similar to that of the
LMC (i.e., more massive than the MW dSphs); as of yet,
there is no evidence for central black holes in the dSphs,
with Jardel & Gebhardt (2012) finding a 1� upper limit of
3.2 ⇥ 104 M� for the mass of a potential black hole at the
center of Fornax.

5.3 Stochastic galaxy formation?

If baryonic feedback has not strongly modified the struc-
ture of massive MW subhalos, and the abundance of these
objects is commensurate with that found in the Aquar-
ius simulations, then it seems unavoidable that galaxy for-
mation must be highly stochastic in halos of . 50 km s�1

(M
infall

. 1010 M�). By this, we mean that the stellar mass

c� 2012 RAS, MNRAS 000, 1–17
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Figure 9. Inferred M?(V
infall

) relation for bright MW dSphs
(black squares with error bars, based on calculations in Sec. 4.1).
The Magellanic Clouds (right-pointing triangles) are placed on
the plot at their current values of V

flat

, which is a lower limit
to V

infall

. Observations of low-mass field galaxies from THINGS
(tabulated in Oh et al. 2011a) are plotted as open black stars.
These galaxies all lie higher than the z = 0 abundance match-
ing relation (solid curve), as well as its extrapolation to lower
V
infall

(dashed curve), and the deviations are systematically larger
at lower values of V

infall

. The shaded region around the abun-
dance matching relation shows a scatter of 0.2 dex in M? at
fixed V

infall

, which is the upper limit allowed for massive halos
V
infall

& 150 km s�1 (Guo et al. 2010; Behroozi et al. 2010).

dence arguing that isolated halos with V
circ

⇡ 50 km s�1 do
not match ⇤CDM expectations:

• HI observations: The ALFALFA survey has per-
formed a blind 21-cm emission line search over a wide area
to look for neutral hydrogen in galaxies. Papastergis et al.
(2011) have shown that while the velocity width function �w

measured from ALFALFA agrees fairly well with ⇤CDM pre-
dictions for massive galaxies, the observed number counts
fall below those predicted by ⇤CDM for w . 100 km s�1

(corresponding approximately to V
max

. 75 km s�1, assum-
ing an average conversion of w

50

= 0.75V
max

). The discrep-
ancy reaches a factor of ⇠ 8 at w = 50 km s�1 (V

max

⇡
37 km s�1) and becomes even worse at lower w.

• Void galaxies: Tikhonov & Klypin (2009) analyzed
properties of voids in the Local Volume in comparison to
theoretical predictions. They find that the abundance of void
galaxies is over-predicted by a factor of ⇠ 10 in ⇤CDM at
V
circ

⇡ 40 km s�1, and that the void size distribution is only
reproduced if halos of V

circ

. 40 km s�1 do not host void
galaxies (but see Tinker & Conroy 2009).

• Damped Lyman-↵ systems: The gaseous content of
dark matter halos at z ⇠ 3 can be probed by quasar absorp-
tion spectra. Barnes & Haehnelt (2009) have shown that
many of the properties of damped Lyman-↵ systems can be
understood in ⇤CDM-based models. This success comes at
the expense of requiring halos with V

circ

. 50 km s�1 to be

very baryon-poor. As noted in Section 3.3, 50 km s�1 is well
above the photo-suppression scale at this redshift, indicat-
ing that reionization should not have caused such halos to
lose a substantial amount of their baryons.

There are, of course, many potential sources of these dis-
agreements, and the underlying ⇤CDM theory is certainly
not the most likely of of these sources. A better understand-
ing of feedback from star formation and its e↵ects on halos
of V

infall

. 50 km s�1 will be crucial, and may explain all
of these apparent discrepancies, as well as other issues such
as the central densities of low surface brightness galaxies
(though see Kuzio de Naray & Spekkens 2011 for arguments
against baryonic physics explaining the density structure of
these galaxies). It is imperative not to rely on plausibility
arguments for the e↵ects of feedback, but rather to under-
stand whether realistic feedback models can actually pro-
duce dwarf spheroidal galaxies with properties akin to those
seen in the Milky Way (as challenging as this may be!).

6 CONCLUSIONS

In this paper, we have expanded on the arguments of BBK,
where we first showed that the bright satellites of the Milky
Way apparently inhabit dark matter subhalos that are sub-
stantially less dense that the most massive subhalos from
state-of-the-art ⇤CDM simulations. Using subhalo profiles
computed directly from the simulations rather than assum-
ing subhalos are fit by NFW profiles, we have confirmed
our previous result. Furthermore, we have now computed
the most likely V

max

, V
infall

, and M
infall

values of the dwarf
spheroidals using a likelihood analysis of the Aquarius data.
This procedure predicts that all of the Milky Way dwarf
spheroidals reside in halos with V

max

. 25 km s�1, whereas
more than ten subhalos per host halo are expected to have
V
max

> 25 km s�1.
This “massive failure” problem cannot be solved by

placing the bright satellites in the subhalos with the largest
values of V

max

at infall or at the epoch of reionization: as dis-
cussed in Section 3.3 and shown in Figures 4 – 5, the missing
subhalos are among the most massive at all previous epochs
as well. Explaining this lack of galaxies in the expected mas-
sive subhalos is not natural in standard ⇤CDM-based galaxy
formation models: options include (1) a Milky Way halo that
either is significantly deficient in massive subhalos, or is pop-
ulated by subhalos with much lower concentrations than are
typical; (2) stochasticity in galaxy formation at low masses,
such that halo mass and luminosity have essentially no corre-
lation; (3) strong baryonic feedback that reduces the central
density of all massive subhalo by a large amount (& 50%
reduction on scales of ⇠ 0.5 kpc).

We have argued above that these solutions all seem
fairly unlikely as individual causes. It might be possible to
apply them all at once: if the Milky Way halo mass sits at
the low end of current constraints (⇠ 1012 M�), and galaxy
formation produces order unity scatter in M? at fixed halo
mass below ⇠ 50 km s�1, and baryonic feedback is able to
alter the central densities of dark matter halos in a maxi-
mal way, then it may be possible to explain the low den-
sities of the MW dSph galaxies. We find this combination
somewhat implausible, but it is certainly worth exploring.
A detailed comparison of the masses of M31 dSph galaxies

c� 2012 RAS, MNRAS 000, 1–17
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3. Too big to fail 



Remarks : 

However, comparisons to cosmological models tend to be inconclusive for the 
simple reason : while most cosmological N-body simulations consider only 
dark matter particles, one observes only baryons. 

Baryons complicate not only the measurement of a dark matter density profile but 
also its interpretation within the context of the CDM paradigm.

Measurement : the fact that any uncertainty (e.g., stellar mass-to-light ratios) in the 
baryonic mass profile propagates to the inferred dark matter profile, as the latter is 
merely the difference between dynamical and baryonic mass profiles.

Interpretation : the possibility that various poorly understood dynamical processes 
involving baryons might alter the original structure of a dark matter halo.



Dark Matter Self-interaction !

If dark matter interacts with itself, it might solve these small scale problems. !



Constraints from Bullet Cluster matter distribution, halo shape, core 
densities, …….  !

!

!

analysis based on the kinematics of dwarf spheroidals, DMSI only 
alleviate small scale structure when  

0.1 cm2/g < σχχ/mχ < 1.0 cm2/g



The general DM evolution equation in the Sun is given by 

for

in the equilibrium state, 

JCAP10(2014)049

evolution equation in the Sun is given by

dN�

dt
= Cc + (Cs � Ce)N� � (Ca + Cse)N�

2 (2.1)

with N� the DM number in the Sun, Cc the rate at which DM are captured by the Sun, Cs

the rate at which DM are captured due to their scattering with DM that have already been
trapped in the Sun, Ce the the DM evaporation rate due to DM-nuclei interactions, Ca the
DM annihilation rate, and Cse the evaporation rate induced by the interaction between DM
particles in the Sun. The coe�cients Ca,c,e,s,se are taken to be positive and time-independent.

We note that Cc 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]

CSD
c ' 3.35⇥ 1024 s�1

✓
⇢0

0.3 GeV/cm3

◆✓
270 km/s

v̄

◆3✓GeV

m�

◆2✓ �SD
H

10�6 pb

◆
, (2.2)

where ⇢0 is the local DM density, v̄ is the velocity dispersion, �SD
H 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]

CSI
c ' 1.24⇥ 1024 s�1

✓
⇢0

0.3 GeV/cm3

◆✓
270 km/s

v̄

◆3✓GeV

m�

◆2✓2.6�SI
H + 0.175�SI

He

10�6 pb

◆
.

(2.3)
Here �SI

H and �SI
He are SI DM-hydrogen and -helium cross sections respectively. Taking the

approximation mp ⇡ mn, the DM-nucleus cross section �i is related to DM-nucleon cross
section ��p by

�SD
i = A2

✓
m� +mp

m� +mA

◆2 4(Ji + 1)

3Ji
|hSp,ii+ hSp,ii|2 �SD

�p (2.4)

for SD interactions and

�SI
i = A2

✓
mA

mp

◆2✓m� +mp

m� +mA

◆2

�SI
�p (2.5)

for SI interactions, where A is the atomic number, mA the mass of the nucleus, Ji the total
angular momentum of the nucleus and hSp,ii and hSn,ii the spin expectation values of proton
and of neutron averaged over the entire nucleus [32–35].

The DM evaporation rate in the Sun, Ce, 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
m�/mA > 1,

Ce ' 8

⇡3

s
2m�

⇡T�(r̄)

v2esc(0)

r̄3
exp

✓
�m�v2esc(0)

2T�(r̄)

◆
⌃evap, (2.6)

where vesc(0) is the escape velocity from the core of the Sun, T� is the DM temperature in the
Sun, and r̄ is average DM orbit radius which is the mean DM distance from the solar center.
The quantity ⌃evap is the sum of the scattering cross sections of all the nuclei within a radius
r95%, where the solar temperature has dropped to 95% of the DM temperature. Although
the approximate form of Ce can be obtained as the above equation, we shall adopt the exact
form of Ce given in ref. [8] for our subsequent numerical calculations.
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As stated before, Cs is the DM capture rate by scattering o↵ 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
su�ciently large, the e↵ect 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 =

r
3

2
n����vesc(R�)

vesc(R�)

v

D
b��

E erf(⌘)

⌘
, (2.7)

where
D
b��

E
' 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, ��� is the elastic scattering
cross section of DM with themselves, vesc(R�) is the Sun’s escape velocity at the surface, and
⌘2 = 3(v�/v)2/2 is the square of a dimensionless velocity of the Sun through the Galactic
halo with v� = 220 km/s Sun’s velocity and v = 270 km/s the local velocity dispersion of
DM in the halo.

Ca is the annihilation coe�cient given by [5]

Ca ' h�viV2

V 2
1

, (2.8)

where

Vj ' 6.5⇥ 1028 cm3

✓
10 GeV

jm�

◆3/2

(2.9)

is the DM e↵ective volume inside the Sun and h�vi is the relative velocity averaged annihi-
lation cross section.

Cse 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 Cse

does not produce neutrino flux as Ca does. Since the derivation of Cse has not been given in
the previous literature, we present some details of the derivation in appendix A.1

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

N�(t) =
Cc tanh(t/⌧A)

⌧�1
A � (Cs � Ce) tanh(t/⌧A)/2

, (2.10)

with

⌧A =
1p

Cc(Ca + Cse) + (Cs � Ce)2/4
(2.11)

the time-scale for the DM number in the Sun to reach the equilibrium. If the equilibrium
state is achieved, i.e., tanh(t/⌧A) ⇠ 1, one has

N�,eq =
Cs � Ce

2(Ca + Cse)
+

s
(Cs � Ce)2

4(Ca + Cse)2
+

Cc

Ca + Cse
. (2.12)

1
We thank S. Palomares-Ruiz for pointing out to us the importance of Cse.
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2 (2.1)

with N� the DM number in the Sun, Cc the rate at which DM are captured by the Sun, Cs

the rate at which DM are captured due to their scattering with DM that have already been
trapped in the Sun, Ce the the DM evaporation rate due to DM-nuclei interactions, Ca the
DM annihilation rate, and Cse the evaporation rate induced by the interaction between DM
particles in the Sun. The coe�cients Ca,c,e,s,se are taken to be positive and time-independent.

We note that Cc 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]
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where ⇢0 is the local DM density, v̄ is the velocity dispersion, �SD
H 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]
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Here �SI

H and �SI
He are SI DM-hydrogen and -helium cross sections respectively. Taking the

approximation mp ⇡ mn, the DM-nucleus cross section �i is related to DM-nucleon cross
section ��p by
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for SI interactions, where A is the atomic number, mA the mass of the nucleus, Ji the total
angular momentum of the nucleus and hSp,ii and hSn,ii the spin expectation values of proton
and of neutron averaged over the entire nucleus [32–35].

The DM evaporation rate in the Sun, Ce, 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
m�/mA > 1,

Ce ' 8

⇡3

s
2m�

⇡T�(r̄)

v2esc(0)

r̄3
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⌃evap, (2.6)

where vesc(0) is the escape velocity from the core of the Sun, T� is the DM temperature in the
Sun, and r̄ is average DM orbit radius which is the mean DM distance from the solar center.
The quantity ⌃evap is the sum of the scattering cross sections of all the nuclei within a radius
r95%, where the solar temperature has dropped to 95% of the DM temperature. Although
the approximate form of Ce can be obtained as the above equation, we shall adopt the exact
form of Ce given in ref. [8] for our subsequent numerical calculations.
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evaporation effect can be relevant only for low DM mass ~ O(1) GeV.

gravitational potential
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if take the solar core to have a constant density, we have
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local gravitational potential: 

DM number density is determined by solar gravitational potential and scales as

density at the core

The annihilation coefficient Ca is defined as 

similarly the annihilation coefficient can be given by :

the relative velocity average !
annihilation cross section



The DM self-capture rate 

The DM scatters with the DM that have been captured inside the Sun.
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As stated before, Cs is the DM capture rate by scattering o↵ 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
su�ciently large, the e↵ect 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]
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where
D
b��

E
' 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, ��� is the elastic scattering
cross section of DM with themselves, vesc(R�) is the Sun’s escape velocity at the surface, and
⌘2 = 3(v�/v)2/2 is the square of a dimensionless velocity of the Sun through the Galactic
halo with v� = 220 km/s Sun’s velocity and v = 270 km/s the local velocity dispersion of
DM in the halo.

Ca is the annihilation coe�cient given by [5]

Ca ' h�viV2

V 2
1

, (2.8)

where

Vj ' 6.5⇥ 1028 cm3

✓
10 GeV

jm�

◆3/2

(2.9)

is the DM e↵ective volume inside the Sun and h�vi is the relative velocity averaged annihi-
lation cross section.

Cse 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 Cse

does not produce neutrino flux as Ca does. Since the derivation of Cse has not been given in
the previous literature, we present some details of the derivation in appendix A.1

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

N�(t) =
Cc tanh(t/⌧A)

⌧�1
A � (Cs � Ce) tanh(t/⌧A)/2

, (2.10)

with

⌧A =
1p

Cc(Ca + Cse) + (Cs � Ce)2/4
(2.11)

the time-scale for the DM number in the Sun to reach the equilibrium. If the equilibrium
state is achieved, i.e., tanh(t/⌧A) ⇠ 1, one has

N�,eq =
Cs � Ce

2(Ca + Cse)
+

s
(Cs � Ce)2

4(Ca + Cse)2
+

Cc

Ca + Cse
. (2.12)

1
We thank S. Palomares-Ruiz for pointing out to us the importance of Cse.
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becomes better for smaller annihilation cross section h�vi for a fixed ��p, as noted in earlier
works [24, 26] which neglect both Ce and Cse. This is evident from eq. (2.16) since R increases
as Ca decreases. It is instructive to take the limit R � 1 such that �A ! (CcCa)R/2(Ca+Cse)
for Cs > Ce. It is easily seen that �A is inversely proportional to Ca (in the mass range that
Cse is negligible) and is independent of Cc. In other words, only Cs and Ca determine the
annihilation rate (we are in the region that Ce is suppressed as compared to Cs). We also
see that the sensitivity to ��� does become significantly worse as m� ! 4GeV. 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 e↵ects 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

raise the evaporation mass scale. The parameter space on ��� � �SD (SI)
�p 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 < Ce, 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 ��� 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 �� ! ⌫⌫̄ and �� ! ⌧+⌧� inside the
Sun. We found that cascade events always provide better sensitivity to ���. The sensitivity
to ��� is also improved with a smaller DM annihilation cross section h�vi.
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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

mN ! m�, TN ! T�,

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

f�(w) =
4p
⇡

✓
m�

2T�

◆3/2

n�w
2 exp

✓
�m�w2

2T�

◆
,

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
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Take the final state velocity v such that v > w. The DM-DM 
differential scattering rate with the velocity transition w -> v is JCAP10(2014)049

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 (��
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 di↵erential scattering rate
with the velocity transition w ! v can be inferred from DM-nucleus scattering with suitable
parameter replacements, which is given by

R+(w ! v)dv =
2p
⇡
n����

v

w
e�2(v2�w2)�(��,�+)dv, (A.1)

where we have summed up the target DM according to the thermal distribution f� described
above,

�± = ±w with  =
r

m�

2T�
,

and

�(a, b) ⌘
Z b

a
due�u2

=

p
⇡

2
[erf(b)� erf(a)].

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

⌦+
vesc(w) =

Z 1

vesc

R+(w ! v0)dv0. (A.2)

Carrying out the integral yields

⌦+
vesc(w) =

2p
⇡

n����
w

T�

m�
exp


m�(v2esc � w2)

2T�

�
�(��,�+). (A.3)

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

dCse

dV
=

Z vesc

0
f�(w)⌦

+
vesc(w)dw. (A.4)

The DM number density inside the Sun is determined by

n�(r) = n0 exp

✓
�m��(r)

T�

◆
,

where n0 is the density at the solar core, and �(r) is the solar gravitational potential with
respect to the core so that

�(r) =

Z r

0

GM�(r0)

r02
dr0,

with G the Newton gravitational constant, M�(r) = 4⇡
R r
0 r02⇢�(r0)dr0 the solar mass en-

closed within radius r, and ⇢�(r) the solar density. Thus, the integration in eq. (A.4) can be
performed

dCse

dV
=

4p
⇡

r
m�

2T�

n2
0���
m�

exp


�2m��(r)

T�

�
exp


�Eesc(r)

T�

�
K̃(m�) (A.5)
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To calculate the evaporation rate per unit volume at the position ~r, we should sum up all
possible states of the incident DM as follows:

dCse

dV
=

Z vesc

0
f�(w)⌦

+
vesc(w)dw. (A.4)

The DM number density inside the Sun is determined by

n�(r) = n0 exp
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�m��(r)

T�

◆
,

where n0 is the density at the solar core, and �(r) is the solar gravitational potential with
respect to the core so that

�(r) =

Z r

0

GM�(r0)

r02
dr0,

with G the Newton gravitational constant, M�(r) = 4⇡
R r
0 r02⇢�(r0)dr0 the solar mass en-

closed within radius r, and ⇢�(r) the solar density. Thus, the integration in eq. (A.4) can be
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where

K̃(m�) =

r
Eesc(r)T�

⇡
exp


�Eesc(r)

T�

�
+

✓
Eesc(r)� T�

2

◆
erf

 s
Eesc(r)

T�

!
, (A.6)

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

Eesc(r) =
1

2
m�v

2
esc(r). (A.7)

The escape velocity vesc(r) is related to the gravitational potential by vesc(r) ⌘p
2[�(1)� �(r)]. Finally, the self-interaction induced evaporation rate can be evaluated

through the following:

Cse =

R
�

dCse
dV d3r

⇣R
� n�(r)d3r

⌘2 . (A.8)
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for

in the equilibrium state, 
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evolution equation in the Sun is given by

dN�

dt
= Cc + (Cs � Ce)N� � (Ca + Cse)N�

2 (2.1)

with N� the DM number in the Sun, Cc the rate at which DM are captured by the Sun, Cs

the rate at which DM are captured due to their scattering with DM that have already been
trapped in the Sun, Ce the the DM evaporation rate due to DM-nuclei interactions, Ca the
DM annihilation rate, and Cse the evaporation rate induced by the interaction between DM
particles in the Sun. The coe�cients Ca,c,e,s,se are taken to be positive and time-independent.

We note that Cc 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]

CSD
c ' 3.35⇥ 1024 s�1

✓
⇢0

0.3 GeV/cm3

◆✓
270 km/s

v̄

◆3✓GeV

m�

◆2✓ �SD
H

10�6 pb

◆
, (2.2)

where ⇢0 is the local DM density, v̄ is the velocity dispersion, �SD
H 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]

CSI
c ' 1.24⇥ 1024 s�1

✓
⇢0

0.3 GeV/cm3

◆✓
270 km/s

v̄

◆3✓GeV

m�

◆2✓2.6�SI
H + 0.175�SI

He

10�6 pb

◆
.

(2.3)
Here �SI

H and �SI
He are SI DM-hydrogen and -helium cross sections respectively. Taking the

approximation mp ⇡ mn, the DM-nucleus cross section �i is related to DM-nucleon cross
section ��p by

�SD
i = A2

✓
m� +mp

m� +mA

◆2 4(Ji + 1)

3Ji
|hSp,ii+ hSp,ii|2 �SD

�p (2.4)

for SD interactions and

�SI
i = A2

✓
mA

mp

◆2✓m� +mp

m� +mA

◆2

�SI
�p (2.5)

for SI interactions, where A is the atomic number, mA the mass of the nucleus, Ji the total
angular momentum of the nucleus and hSp,ii and hSn,ii the spin expectation values of proton
and of neutron averaged over the entire nucleus [32–35].

The DM evaporation rate in the Sun, Ce, 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
m�/mA > 1,

Ce ' 8

⇡3

s
2m�

⇡T�(r̄)

v2esc(0)

r̄3
exp

✓
�m�v2esc(0)

2T�(r̄)

◆
⌃evap, (2.6)

where vesc(0) is the escape velocity from the core of the Sun, T� is the DM temperature in the
Sun, and r̄ is average DM orbit radius which is the mean DM distance from the solar center.
The quantity ⌃evap is the sum of the scattering cross sections of all the nuclei within a radius
r95%, where the solar temperature has dropped to 95% of the DM temperature. Although
the approximate form of Ce can be obtained as the above equation, we shall adopt the exact
form of Ce given in ref. [8] for our subsequent numerical calculations.
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As stated before, Cs is the DM capture rate by scattering o↵ 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
su�ciently large, the e↵ect 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 =

r
3

2
n����vesc(R�)

vesc(R�)

v

D
b��

E erf(⌘)

⌘
, (2.7)

where
D
b��

E
' 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, ��� is the elastic scattering
cross section of DM with themselves, vesc(R�) is the Sun’s escape velocity at the surface, and
⌘2 = 3(v�/v)2/2 is the square of a dimensionless velocity of the Sun through the Galactic
halo with v� = 220 km/s Sun’s velocity and v = 270 km/s the local velocity dispersion of
DM in the halo.

Ca is the annihilation coe�cient given by [5]

Ca ' h�viV2

V 2
1

, (2.8)

where

Vj ' 6.5⇥ 1028 cm3

✓
10 GeV

jm�

◆3/2

(2.9)

is the DM e↵ective volume inside the Sun and h�vi is the relative velocity averaged annihi-
lation cross section.

Cse 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 Cse

does not produce neutrino flux as Ca does. Since the derivation of Cse has not been given in
the previous literature, we present some details of the derivation in appendix A.1

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

N�(t) =
Cc tanh(t/⌧A)

⌧�1
A � (Cs � Ce) tanh(t/⌧A)/2

, (2.10)

with

⌧A =
1p

Cc(Ca + Cse) + (Cs � Ce)2/4
(2.11)

the time-scale for the DM number in the Sun to reach the equilibrium. If the equilibrium
state is achieved, i.e., tanh(t/⌧A) ⇠ 1, one has

N�,eq =
Cs � Ce

2(Ca + Cse)
+

s
(Cs � Ce)2

4(Ca + Cse)2
+

Cc

Ca + Cse
. (2.12)

1
We thank S. Palomares-Ruiz for pointing out to us the importance of Cse.
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numerical results : parameter space
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Figure 1. The values of tanh(t/⌧A) over �SD
�p � ��� plane at the present day, t = t�. The red-circled

area is the non-equilibrium region for N�.

Figure 2. The values of tanh(t/⌧A) over �SI
�p���� plane at the present day, t = t�. The blue-circled

area is the non-equilibrium region for N�. The vertical line at the right panel indicates the LUX
bound, �SI

�p  10�45 cm2, for m� = 20GeV.

The DM annihilation rate in the Sun’s core is given by

�A =
Ca

2
N2

�. (2.13)

By setting Cs = Cse = 0, we can recover the results in refs. [5, 8–11] for the absence of DM
self-interaction. By setting Ce = Cse = 0, we recover the result in ref. [26], which includes
the DM self-interaction while neglects the DM evaporation.

2.2 Numerical results

The coe�cients Cc,e,s have been worked out in refs. [5, 8, 26], which we adopt for our numerical
studies. The numerical result for Cse is based on the analytic expression we have given in
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General speaking, the inclusion of DM self-interaction will 
increase the capture DM number 
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Figure 3. The number of DM particles trapped inside the Sun, N�, as a function of DM massm� with
and without DM self-interaction. Both SI and SD DM-nucleon couplings are considered. Di↵erent
colors represent di↵erent values for ���. 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 ��p-��� plane. The SD and
SI cases are presented in figure 1 and figure 2, respectively with two benchmark DM masses
m� = 5GeV and 20GeV. We have taken 10�45  �SD

�p /cm
2  10�41 and 10�47  �SI

�p/cm
2 

10�43 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 �SI

�p is 10�45 cm2. We have
indicated this bound on the right panel of figure 2. The dark areas represent those regions
with tanh(t/⌧A) . 1 at the present day whereas the light areas are the equilibrium regions.

In figure 3, we show the e↵ect of DM self-interaction on the number of DM particles
trapped inside the Sun. It is seen that N� can be significantly enhanced for su�ciently large
���. 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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we define the dimensionless quantity

JCAP10(2014)049

!ΣΧp
SI ,ΣΧΧ"#!10$43,5%10$24" cm2

!ΣΧp
SI ,ΣΧΧ"#!10$43,10$25" cm2

!ΣΧp
SI ,ΣΧΧ"#!10$45,5%10$24" cm2

!ΣΧp
SI ,ΣΧΧ"#!10$45,10$25" cm2

1.0 10.05.02.0 3.01.5 7.0

10$6

10$5

10$4

10$3

10$2

10$1

100

101

102

103

104

mΧ #GeV$

R

Spin$independent ΣΧp

!ΣΧp
SD,ΣΧΧ"#!10$41,5%10$24" cm2

!ΣΧp
SD,ΣΧΧ"#!10$41,10$25" cm2

!ΣΧp
SD,ΣΧΧ"#!10$43,5%10$24" cm2

!ΣΧp
SD,ΣΧΧ"#!10$43,10$25" cm2

1.0 10.05.02.0 3.01.5 7.0
10$8

10$7

10$6

10$5

10$4

10$3

10$2

10$1

100

101

102

103

mΧ #GeV$

R

Spin$dependent ΣΧp

Figure 4. Ratio R versus DM mass m�. The dip occurs when DM self-interaction and evaporation
e↵ects cancel each other, Ce ⇡ Cs.

DM self-interaction tends to lift the evaporation mass by about 1GeV. This is because the
evaporation due to the captured DM-DM self-interaction comes to operate.

To quantify the e↵ects of DM self-interaction and evaporation (the one by Ce) on N�,
it is useful to define a dimensionless parameter R by

R ⌘ (Cs � Ce)2
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, (2.14)
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4
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, (2.16)

where one takes the positive sign for Cs > Ce and the negative sign for Ce > 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 e↵ects and
found that the transition between two e↵ects 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 ⇡ Ce. On the right side of the dip, Cs dominates over Ce

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 � 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 ��p � ��� plane is shown in
figure 5 for m� = 5 and 20GeV. Since Ce < Cs for the above chosen m�, hence R > 1 is the
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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
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It is seen that R in the evaporation dominant region is growing up in small m� since the

velocity of final state � 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 ��p � ��� plane is shown in
figure 5 for m� = 5 and 20GeV. Since Ce < Cs for the above chosen m�, hence R > 1 is the

– 7 –

JCAP10(2014)049

!ΣΧp
SI ,ΣΧΧ"#!10$43,5%10$24" cm2

!ΣΧp
SI ,ΣΧΧ"#!10$43,10$25" cm2

!ΣΧp
SI ,ΣΧΧ"#!10$45,5%10$24" cm2

!ΣΧp
SI ,ΣΧΧ"#!10$45,10$25" cm2

1.0 10.05.02.0 3.01.5 7.0

10$6

10$5

10$4

10$3

10$2

10$1

100

101

102

103

104

mΧ #GeV$

R

Spin$independent ΣΧp

!ΣΧp
SD,ΣΧΧ"#!10$41,5%10$24" cm2

!ΣΧp
SD,ΣΧΧ"#!10$41,10$25" cm2

!ΣΧp
SD,ΣΧΧ"#!10$43,5%10$24" cm2

!ΣΧp
SD,ΣΧΧ"#!10$43,10$25" cm2

1.0 10.05.02.0 3.01.5 7.0
10$8

10$7

10$6

10$5

10$4

10$3

10$2

10$1

100

101

102

103

mΧ #GeV$

R

Spin$dependent ΣΧp

Figure 4. Ratio R versus DM mass m�. The dip occurs when DM self-interaction and evaporation
e↵ects cancel each other, Ce ⇡ Cs.

DM self-interaction tends to lift the evaporation mass by about 1GeV. This is because the
evaporation due to the captured DM-DM self-interaction comes to operate.

To quantify the e↵ects of DM self-interaction and evaporation (the one by Ce) on N�,
it is useful to define a dimensionless parameter R by

R ⌘ (Cs � Ce)2

Cc(Ca + Cse)
, (2.14)

such that

N�,eq =

r
Cc

Ca + Cse

 
±
r

R

4
+

r
R

4
+ 1

!
, (2.15)

and

�A =
1

2

CcCa

Ca + Cse

 
±
r

R

4
+

r
R

4
+ 1

!2

, (2.16)

where one takes the positive sign for Cs > Ce and the negative sign for Ce > Cs. The expres-
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Figure 1. The values of tanh(t/⌧A) over �SD

�p � ��� plane at the present day, t = t�. The red-circled
area is the non-equilibrium region for N�.

Figure 2. The values of tanh(t/⌧A) over �SI
�p���� plane at the present day, t = t�. The blue-circled

area is the non-equilibrium region for N�. The vertical line at the right panel indicates the LUX
bound, �SI

�p  10�45 cm2, for m� = 20GeV.

The DM annihilation rate in the Sun’s core is given by

�A =
Ca

2
N2

�. (2.13)

By setting Cs = Cse = 0, we can recover the results in refs. [5, 8–11] for the absence of DM
self-interaction. By setting Ce = Cse = 0, we recover the result in ref. [26], which includes
the DM self-interaction while neglects the DM evaporation.

2.2 Numerical results

The coe�cients Cc,e,s have been worked out in refs. [5, 8, 26], which we adopt for our numerical
studies. The numerical result for Cse is based on the analytic expression we have given in
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where one takes the positive sign for Cs > Ce and the negative sign for Ce > 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 e↵ects and
found that the transition between two e↵ects 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 ⇡ Ce. On the right side of the dip, Cs dominates over Ce

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 � 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 ��p � ��� plane is shown in
figure 5 for m� = 5 and 20GeV. Since Ce < Cs for the above chosen m�, hence R > 1 is the
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JCAP10(2014)049Figure 5. Ratio R over the ��p � ��� plane. The upper panel is for SI interaction and the lower
panel is for SD interaction. The red-circled region is for R > 1.

region where DM self-interaction is relevant. It has been seen that DM self-interaction not
only enhances N� significantly for m� < 10GeV but also a↵ects the evaporation mass scale.
Therefore in the next session we shall explore the possibility of probing DM self-interaction
for m� < 10GeV 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 Ce) and self-interaction,
the annihilation rate �A with an equilibrium N� is

�A =
1

2
Ca ⇥ Cc

Ca
=

Cc

2
, (3.1)

which only depends on the capture rate Cc. However, with the presence of either Ce or self-
interaction, �A depends on other coe�cients as well even N� has reached to the equilibrium.
We plot �A as a function of m� with and without self-interaction in figure 6.
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IceCube-PINGU is a proposed low-energy infill extension to the IceCube 
Observatory. PINGU will feature the world’s largest effective volume for 

neutrinos at an energy threshold of a few GeV.

The DM annihilation rate in the Sun’s core is given by 

The primary DM annihilation spectrum is model dependent, 
here we consider χχ to τ+τ- and νν, for neutrino final state 

productions since the low mass region is our interest.



If no DM self-interaction and evaporation, the 
annihilation rate with an equilibrium N𝝌 is 
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, (3.1)

which only depends on the capture rate Cc. However, with the presence of either Ce or self-
interaction, �A depends on other coe�cients as well even N� has reached to the equilibrium.
We plot �A as a function of m� with and without self-interaction in figure 6.
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Figure 6. The annihilation rate �A of the captured DM inside the Sun. The left panel assumes
DM-nuclei scattering is dominated by SI interaction while the right panel assumes such scattering is
dominated by SD interaction.

To probe DM self-interaction for smallm�, we consider DM annihilation channels, �� !
⌧+⌧� and ⌫⌫̄, for producing neutrino final states to be detected by IceCube-PINGU [28]. The
neutrino di↵erential flux of flavor i, �⌫i , from �� ! ff̄ can be expressed as

d�⌫i

dE⌫i
= P⌫j!⌫i(E⌫)

�A

4⇡R2
�

X

f

Bf

✓
dN⌫j

dE⌫j

◆

f

(3.2)

where R� is the distance between the neutrino source and the detector, P⌫j!⌫i(E⌫) is the
neutrino oscillation probability during the propagation, Bf is the branching ratio correspond-
ing to the channel �� ! ff̄ , dN⌫/dE⌫ is the neutrino spectrum at the source, and �A 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

N⌫ =

Z m�

Eth

d�⌫

dE⌫
A⌫(E⌫)dE⌫d⌦ (3.3)

where Eth is the detector threshold energy, d�⌫/dE⌫ is the neutrino flux from DM anni-
hilation, A⌫ is the detector e↵ective area, and ⌦ 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
e↵ective area is expressed as

A⌫
e↵(E⌫) = Ve↵

NA

Mice
(np�⌫p(E⌫) + nn�⌫n(E⌫)), (3.4)

where Ve↵ is the IceCube-PINGU e↵ective volume, NA is the Avogadro constant, Mice is the
mass of ice per mole, np,n is the number of proton/neutron of an ice molecule and �⌫p,n is
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Figure 7. The IceCube-PINGU sensitivities to DM self-interaction cross section ��� as a function
of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.

the neutrino-proton/neutron cross section which can be approximated by [41–44]

�⌫N (E⌫)

E⌫
= 6.66⇥ 10�3 pb ·GeV�1, (3.5a)

�⌫̄N (E⌫)

E⌫̄
= 3.25⇥ 10�3 pb ·GeV�1, (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 e↵ect to the neutrino oscillation has been considered in P⌫j!⌫i 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 =

Z Emax

Eth

d�atm
⌫

dE⌫
A⌫(E⌫)dE⌫d⌦. (3.6)

In our calculation, the atmospheric neutrino flux d�atm
⌫ /dE⌫ is taken from ref. [45, 46]. We

set Emax = m� in order to compare with the DM signal.
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of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.

the neutrino-proton/neutron cross section which can be approximated by [41–44]

�⌫N (E⌫)

E⌫
= 6.66⇥ 10�3 pb ·GeV�1, (3.5a)

�⌫̄N (E⌫)

E⌫̄
= 3.25⇥ 10�3 pb ·GeV�1, (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 e↵ect to the neutrino oscillation has been considered in P⌫j!⌫i 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
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of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.
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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 e↵ect to the neutrino oscillation has been considered in P⌫j!⌫i 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
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of m�. The DM-nucleus interaction inside the Sun is assumed to be dominated by SD interaction.
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Figure 8. The IceCube-PINGU sensitivities to DM self-interaction cross section ��� 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⌫ = 5GeV is roughly 10� [28].
Hence we consider neutrino events arriving from the solid angle range �⌦ = 2⇡(1 � cos )
surrounding the Sun with  = 10�. We present the IceCube-PINGU sensitivity to ��� 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 ��� are taken to be 2� 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, h�vi = 3 ⇥ 10�26 cm3s�1 and h�vi = 3 ⇥ 10�27 cm3s�1

are used for our studies. We note that the latter value for h�vi does not contradict with
the relic density, since DM annihilation inside the Sun occurs much later than the period of
freeze-out.

We take �SD�p = 10�41 cm2 and 10�43 cm2 for SD interaction, and take �SI�p = 10�44 cm2

and 10�45 cm2 for SI interaction. We stress that �SD�p = 10�41 cm2 is below the lowest value of

IceCube bound �SD�p ⇠ 10�40 cm2 at m� ⇠ 300GeV [25]. For SI interaction, �SI�p = 10�44 cm2

is below the LUX bound for m� < 8GeV, while �SI�p = 10�45 cm2 is below the LUX bound
for m� < 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 ���
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Hence we consider neutrino events arriving from the solid angle range �⌦ = 2⇡(1 � cos )
surrounding the Sun with  = 10�. We present the IceCube-PINGU sensitivity to ��� in the
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respectively. The sensitivities to ��� are taken to be 2� 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, h�vi = 3 ⇥ 10�26 cm3s�1 and h�vi = 3 ⇥ 10�27 cm3s�1
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sensitivity to σ𝝌𝝌 becomes better for smaller annihilation cross section <σv>.
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We can show that if DM self-interaction exists, the total captured DM 
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transfer 







complementary test of SIDM model in IceCube-PINGU

BBN constraint

annual signal and background event numbers for reaching 2σ detection significance in 5 years



IceCube-PINGU sensitivities to m𝜙 for different values of 𝜂



If the DM-nuclei cross-section is small enough, the heat 
exchange between DM sphere and the Sun is small. As a result, 
DM can be treated as an adiabatic system (isolated from the 
Sun). !

!

!

!

The correct temperature evolution provides modifications to 
DM signals 

DM temperature in the Sun



DM thermal transport in the Sun 

DM thermal system is governed by 

1. DM number evolution equation

2. the energy transport equation



suppose u is the DM velocity in the halo which is in falling to the 
spherical shall (with radius r) of the Sun

w is the velocity of infall DM at the shell and the local escape speed 
on the shell is vesc(r) 

To be captured, the DM must loses its energy in a fraction in 
between 

m is the target mass , it can be the nucleus mass or the DM mass



Assume the energy distribution after the collision is equipartition, 
the average DM kinetic energy being captured after collision is 

Base on equipartition, the probability that an individual scattering 
leads to capture is 



Therefore, the energy flow per shell volume due to DM-nucleus 
scattering is

The DM velocity distribution in the halo, f(u), is assumed to be 
Maxwell-Boltzmannian  

,
~ 270 kms-1 is the DM dispersion velocity in the halo
= 220 kms-1 is the relative velocity between the Sun and the MW



The leading contribution of the total energy flow due to 
gravitational capture is 

bA is the number fraction of nucleus, <φA2> is the average 
gravitational potential square as a result of nucleus A



Similarly, the energy flow due to self-capture JS can be 
derived by setting mA → mχ  and nA → nχ (nχ is the DM 
number density in the Sun)

Here I use 

and <φχ> = 5.1 is the average gravitational potential of the DM

since DM is concentrated about less than 0.1 solar radius



The energy of captured DM could be dissipated due to 
annihilation. The energy flow due to this process is 

<σv> is the thermal-average DM annihilation cross section.



Lastly, the captured DMs will continuously exchange energy 
with the solar nuclei.

is the core density of the Sun, fA is the mass fraction of nuclei A



Thermal equilibrium conditions 

In order to study the temperature evolution of the trapped DM, 
let’s compare the mean collision time between a pair of trapped 
DMs and that between a trapped DM and nucleus in the Sun.

and

The time scale τχeq for DMs in the Sun to reach thermal 
equilibrium can be estimated by the condition 



Consider at early stage and Nχ(τχeq) is still far from the maximal 
value. In this case, 

DM self-interaction !
dominates regionwe obtain

take mχ = 10 GeV as benchmark point

the average mass density of hydrogen in the Sun is 1 g/cm3   ⇒  NH = 6×1053



we are interested in the region that 

and ≫ 1

(typical values for current constraints)

gives τχeq = 4.5×1013 s  which is much shorter than the age of the Sun 1017 s

we justify the thermal equilibrium state of DM

we are able to write Eχ(t) = s𝓀BTχ(t)/2 !
and put in the equations derived above for t > 1013 s



NΧ AND TΧ EVOLUTIONS
stronger σχp



weaker σχp



\bar{E} is the DM average kinetic energy before the thermalization, 
and it is taken as the initial condition for Eχ(t) at t = 1013 s!

!

When DMs reach to the thermal equilibrium, they are populated 
more closely to the solar core. Hence one expects Eχ(t0) > \bar{E}. !

Ja does not affect the DM temperature. Jc and Cc are constants, as Nχ 

accumulates they become negligible. We have 

some remarks :

This eq. approaches zero when the system is balanced. Hence the final Tχ 

depends on mχ , σχp and σχχ , does not depend on the initial condition 



annihilation rate with temperature correction



CONCLUSION
We solve the general DM evolution equation with Cs and Ce inside the 
Sun. !

DM self-interaction is significant in mχ ~ GeV scales. !

DM self-interaction will enhance the trapped DM number density and 
lower the critical mass. !

DM self-interaction help the reach of equilibrium state quicker. !

DM self-interaction is testable in IceCube-PINGU.!

Complementary (direct and indirect detections) test of SIDM models is 
studied, in particular, for the isospin violation regions and low DM 
mass regions !

Temperature evolution of DM is resolved and it corrected annihilation 
rate is given. The derivations are quit general, one can apply to any 
halo systems and celestial objects if the distributions are known. 



Thank	you	for	your	attention	!



effective volume for both track and cascade signals
arXiv:1401.2046

baseline 40 string configuration
efficiencies for MultiNest reconstruction of neutrinos



we consider 2σ detection significance in 5 years

the atmospheric neutrino backgrounds

ATM fluxes, Honda et al.
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The Sun is roughly 23° above the horizon, cosθz ~0.39 , in Antarctica 
during the daylight, that is why we take the atmospheric neutrino 

flux within 0.3 < cosθz  < 0.4

It is across about 6 ~ 7 degrees which roughly fits the angular 
resolution of IceCube-PINGU in the relevant range

arXiv:1401.2046The IceCube-PINGU detector at Eν 
=5 GeV is roughly 100. We consider 
neutrino events arriving from the 
solid angle range surrounding the 
Sun with 10 degrees.


