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We have long observed the gravitatil 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.
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search dark matter particle at our own galaxy

F. Tocco et al (nature physics2015)
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DM is surrounding us of
ODM ~ 0.3-0.4 GeV/cm3

WIMP wind ¢
M
240 km/sec €
/ | s June

N

December

Not to Scale S&T: LEAK TISCIONE




Py /\ velocity
\ distribution

v interactions

~
-~

Detector

remarks:

* 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

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

SuperCDMS Soudan COMS-Iite
II COMS-Il Ge Low Threshold (2011) 10_3

10—39

1

1074
J 10-5
1076
11077

1078

[o— f— —_— J—
(w) () O ()
: 5 5 &

1107°
~ {10710

" (Green ovals) Asymmetric DM 10—“
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions

[ (Red circle) SUSY MSSM
A MSSM: Pure Higgsino

- @ MSSM: A funnel
# MSSM: Bino-stop coannihilation
* MSSM: Bino-squark coannihilation

| 10

WIMP-nucleon cross section [pb]

—
ol
=
2,
=
2
—
3}
O
w
w
w
2
3}
=
o
2
)
=
T
oW
=

L
[o— [o—
S <
— —
W o

5 I

b
<
N

WIMP Mass [GeV/c?]




relevant processes of DM in the Sun

Capture and evaporation :

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.

Annihilation :

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




Can DM interact with itself ?

collisionless cold dark matter ?

inconsistencies between N-body simulations and observations

1. Cusp and core problem :
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2. Missing satellites

Virgo cluster data
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3. Too big to fail

M. Boylan-Kolchin et al, 2012

® bright MW dSphs (this work)
» Magellanic Clouds (lower limit)
w THINGS galaxies (Oh et al.)

-~
~
~
-~
~
~
~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
.
-
X i
.
-
.
.
.
.
.
.
.
.

—— Initial dark matter profile
i Mblow out =2.2 X107 M@ 7

Mblow out — 1l X]‘OS M@

’
’
’
’
[ B 1} 1
’
’
: ’

. . RSP ORI O 1
1.0 10 20 30 50 75 100
i [kpC] anall [km S_l]

1




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

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

PHYSICAL REVIEW LETTERS
Observational Evidence for Self-Interacting Cold Dark Matter

David N. Spergel and Paul J. Steinhardt

Princeton University, Princeton, New Jersey 08544
(Received 20 September 1999)

Cosmological models with cold dark matter composed of weakly interacting particles predict overly
dense cores in the centers of galaxies and clusters and an overly large number of halos within the Local
Group compared to actual observations. We propose that the conflict can be resolved if the cold dark
matter particles are self-interacting with a large scattering cross section but negligible annihilation or
dissipation. In this scenario, astronomical observations may enable us to study dark matter properties
that are inaccessible in the laboratory.




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 cm?/g < gyy/my < 1.0 cm?/ g




The general DM evolution equation in the Sun is given by

dN,

dt

C. tanh(t/TA)

C.+ (Cs — Co)Ny — (Cy + Cye) N, 2

Ny (t)
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N, (0) =0

time scale for the DM in the Sun
to reach the equilibrium

in the equilibrium state, tanh(t/74) ~ 1
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The capture rate can be categorized by the spin-dependent

) and spin-independent interactions
1
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The captured DM might collide with the nuclei inside the
Sun and be kicked out from the Sun if the final state
velocity is larger than the escape velocity. —- evaporation
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if take the solar core to have a constant density, we have




similarly the annihilation coefficient can be given by :

local gravitational potential:

P(r) = /Or GNM@(T,)dr’

,,./2

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

i

density at the core

The annihilation coefficient C,is defined as

f® ni(r)dg’r -~ (C]”U) ‘/2
[f@ ny(r)dr]? - ‘/12

Ca = (0v)o

V: ~ 6.5 x 10** cm® (

10 GeV)3/2

JTy

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.

Cy X Ny 03y F'(Vy, Vesc)

3 VUesc
C, = \/;nXUXXUQSC(R@) =

7 = 3(ve/1)*/2 () =51

-

dimensionless average solar potential experienced
by the captured DM within the Sun




DM self-interaction induced evaporation Cs:

DM can interact among themselves, DM trapped in the solar core could scatter
with other trapped DM and results in the evaporation. This process involves
two DM particles just like annihilation. Both processes lead to the DM
dissipation in the Sun. While Cs. does not produce neutrino flux as C, does.

The derivation of this term is similar to the nucleon induced evaporation with
the parameter replacements

MmN — My, 1IN —>TX

DM satisfies the Maxwell-Boltzmann distribution

fo(w) ! ( T )3/2 Ny W2 eXp ( meQ)
© — s
VT \ 2T, X 2T




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

2 (V) —%2 ’1)2—’ll)2
R (w — v)dv = ﬁnxaxxae ( )X(5—75+)dv

mX I8

with A+ =Fkw with k= ar, and — Y X [erf () — erf(a)

we integrate the scattering rate with v greater than the escape velocity

00 28 o m, (V2. — w?)
RT(w —v)dv = e [ oo ((SEey D)
/Uesc Va0 M

the evaporation rate per unit volume at position r, and we sum up all
possible states of the incident DM

dCS@ Vesc
v =, fo(w)Q (w)dw




again DM number density inside the Sun is given by

ny (1) = ng exp <_m><jif<(r))

dCle 2
N B Lo o exp —megb(r) exp | —
v m\ 2T my T,




The general DM evolution equation in the Sun is given by

dN,

dt

C. tanh(t/TA)

C.+ (Cs — Co)Ny — (Cy + Cye) N, 2

Ny (t)

1

7_21 — (Cs — C¢) tanh(t/74)/2 for

AT JCCat Co) + (Co—CL)2/4

N, (0) =0

time scale for the DM in the Sun
to reach the equilibrium

in the equilibrium state, tanh(t/74) ~ 1
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numerical results : parameter space
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m, =20 GeV

tanh(z/74) < 0.95




General speaking, the inclusion of DM self-interaction will
increase the capture DM number CSC et al, JCAP2014
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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
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If no DM self-interaction and evaporation, the

annihilation rate with an equilibrium Ny is

O G

1
Fa=5Cax ) depends only on the capture rate
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The neutrino differential flux is

dd,, dN,, .
Vi _ Py- V4
dE,, z—n 47rR2 Z (dE,,j )f

The neutrino event rate in the detector from the Sun DM is given by

o dd
Nl/ — z Al/ EV dEVdQ
o d0dp, )

the detector effective area

Na
T 1y (B2) + main(E,)

=

mass of ice per mole

(E ) — plce‘/:aff

Ey 5 2
):6.66><10 b Ge
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testability of oy, for spin-dependent , xx to vv
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testability of oy for spin-dependent, xx to tt
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testability of oy, for spin-independent , xx to vv
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testability of oy, for spin-independent, xx to tt
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sensitivity to ozy becomes better for smaller annihilation cross section <ov>.




COMPLEMENTARY OF DIRECTION AND INDIRECT
SEARCHES

The accumulation of DM depends on these three processes

DM self=<interactions DM annihilation Direct detection

We can show that if DM self-interaction exists, the total captured DM
can be less relevant to DM-nuclei cross-section.




Framework of SIDM

) Giey) (G%)
0.01 30 MeV GeV

H.B. Yu (PRL2010)

velocity dependent cross section , dark U(1) force

92
Lmixing/vector — (Gyejgm + EZaJI,\LJC) ¢p

')
Lmixing,U(l) — éy(j);me/ + €Zm2qu#Z"




SIDM cross section

DM-nucleus scattering

x(p) _ x(7)

N(K)

16mary vepm 16mavy, e
Oya R m)é 6,7 4+ en(A = 2)]? ;LXA = m’; 2[Z—I—n A—-2)) leA

fixa = myma/(my + ma)




isospin symmetry does not necessarily satisty & spin-
independent cross section dominated

SI —924 92 92 [ Qx Mg e
~ 1.5 x 10 £ ( ) ( )
“xp 7 CHL Sy 0.01 30 MeV

B Q0 m —4
O’SI ~ H x 10 2501112822( X )( ¢ )

Xn

0.01/ \30 MeV

s¥y) = £, + 0.05e 5




For a light mediator ¢ at MeV range, 0,4 is sensitive to the momentum

transfer
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tanh(1/14) < 0.99
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complementary test of SIDM model in IceCube-PINGU

XX — 00 — 4v

BR(¢ — vi) = 75%, 39%, 48%, and 67% for n = 1,—0.3, —0.5, and —0.7, respectively.

74 S O(1)s  BBN constraint

Track Cascade

Ermax [GeV] Nztm NDM patm DM

D 7146 76 9874 90
10 10280 91 13775 105
50 21680 132 21803 132
70 23584 138 23111 136

100 26610 146 24363 140

annual signal and background event numbers for reaching 20 detection significance in 5 years
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DM temperature in the Sun

[f 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 thermal transport in the Sun

DM thermal system is governed by

1. DM number evolution equation

N,

2
% = Ce+ CsNy — CulNy

2. the energy transport equation

d (N, E\ (1))
dt

— Jo+ (Jy + Js)Ny — JoN?




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(1)

w = \/’U,Q + vgsc(r)

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

uw? AE Admxm
— < —<
w? = E ~ (mx +m)?

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

My (mi +m3) 2
vesc
2 (mx + mA)2

(7)

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

Peap =

v2.(r) [l B u?> (M, — m)2]
’ v2.(r) 4M. m




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

dJ. ( )

dV /n UXAvesc(r)
2

— 2 —_—
x[l—(mx mA) Y | Edu

dmyma - vg(r)

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

—a? sinh(2zn)
T

2 = 3u/o)/2 P = 3o/0)/2

U ~ 270 kms'is the DM dispersion velocity in the halo
veo =220 kmsis the relative velocity between the Sun and the MW




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

o= € b () (63)

A

ba is the number fraction of nucleus, <¢a?> is the average
gravitational potential square as a result of nucleus A

_ /3 Vesc(Ro) 3 erf(n)
€ — \/;NQPO N vesc(RQ) n

~1.2 x 1023 GeVs! ( Po ) (2701?“/5)

v

0.3 GeV/cm3




Similarly, the energy flow due to self-capture Js can be
derived by setting ma — m, and na — ny (ny is the DM

number density in the Sun)

/ 3 erf(n) vese (R
Js ~ EPOUXX Tf ) (— G)USSC(RQ) <¢X>2

v

Here I use (¢2) ~ (¢y)? since DM is concentrated about less than 0.1 solar radius

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




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

_ | 47rr2ni(r)Ex(t)dr ov)
([ 4mrin, (r)dr)?

Ja

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

—1/2
Ja(t)%7.5x10_65GeVs_1( STy )3/2 (Ex(t)) /

10 GeV GeV




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

[2 kp(T, —T,)
J — 8 - Hc X
X 7rp mx (mx +mA)2

maknT. +mokpTe\ /2
XZfA‘fo( ATE X XB@)
A

My A

pe ~ 110 g/cm? 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.

)0y U > NioD, o

TXX (t) = Nx(

The time scale 1,29 for DMs in the Sun to reach thermal
equilibrium can be estimated by the condition

X

rea s (rea)




Consider at early stage and N,(t,¢9) is still far from the maximal
value. In this case,

Ny (789) = Cor9 for C2 > 4C.C,
\

DM self-interaction
dominates region

we obtain

7ol = \/VQ [COy\ V.

take my =10 GeV as benchmark point Y, N;o>, =~ 40Ngyo},
r = 13Y/To = A0Ngoy, 03Ny (139)

the average mass density of hydrogen in the Sunis 1 g/cm3 = Np = 6x10%3

Ce ™~ 5.4 x 1065(0§L/cm2.)-s_11‘ v ~ 900 km/s r oo~ 109\/ oL /Oy




we are interested in the region that

and  C2/4C.C, = 1.9 X 103(0yy/o5y) (0xx/cm?)> 1

(10~**cm?,107%cm?) (typical values for current constraints)

gives 1,4 = 4.5x1013s which is much shorter than the age of the Sun 107 s

we justify the thermal equilibrium state of DM

we are able to write E,(t) = s£pT,(t)/2

and put in the equations derived above for t > 1013s




Nx AND Tx EVOLUTIONS

stronger Oyp

E— my, =10GeV "~ w/o SIDM
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weaker oyp
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some remarks :

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

E= ()

2
My [Ty — A > My (m +m3) 02
4 \\my +map 2 (my +ma)? .

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

Ja does not affect the DM temperature. J. and C. are constants, as Ny
accumulates they become negligible. We have

dE, (t)

22w T+ T = CEy (1)

This eq. approaches zero when the system is balanced. Hence the final Ty
depends on my, oyp and oy, , does not depend on the initial condition




annihilation rate with temperature correction
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CONCLUSION

We solve the general DM evolution equation with Cs and C. inside the
Sl

DM selt-interaction is significant in my ~ 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.




Jhank you for your attention !




effective volume for both track and cascade signals
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(8') Veff(Vp) (b) Veff(Ve)
baseline 40 string configuration

efficiencies for MultiNest reconstruction of neutrinos

Flavor N, reco / N, total

(Interaction)

Ve(CC) 90.1 + 0.5%
V#(CC) 93.1 = 0.6%
v, (CC)  199.0+1.0%
v(NC) | 872+ 1.7%




we consider 20 detection significance in 5 years

Ny

=y
\/Nu 6 Natm

the atmospheric neutrino backgrounds

el Ey)dE, dS)

ATM fluxes, Honda ef al.

0.3 <cosf, <04

YMIAE, [m™* GeV™' 57! sr7!]
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The Sun is roughly 23° above the horizon, cos6, ~0.39 , in Antarctica
during the daylight, that is why we take the atmospheric neutrino
flux within 0.3 < cos0, < 0.4

[t is across about 6 ~ 7 degrees which roughly fits the angular
resolution of IceCube-PINGU in the relevant range
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The IceCube-PINGU detector at E,
=5 GeV is roughly 10°. We consider
neutrino events arriving from the
solid angle range surrounding the
Sun with 10 degrees.
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