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Motivation of SIDM

Part 4

Introduction

. D. N. Spergel and P. J. Steinhardtd, PRL 84,

3760 (2000); L. Hui, PRL 86, 3467 (2001).
D. N. Spergel and W. H. Press, Ap. J. 294,

663 (1985); A. Gould, Ap. J. 321, 560 (1987).

A. Zentner, PRD 80, 063501 (2009).
K. M. Zurek, Phys. Rept. 537, 91 (2014).

Allowing interactions between DMs can

alleviate core/cusp problemtl"!

Particular focus on 1-10 GeV DM mass:
Evaporation is inevitablel?]

Self-interaction (Sl) enhances the DM
number accumulating in the Sunl]

S| will makes critical mass, myg,, smaller
Low mass also favored by Asymmetric
DMI4]

Assuming neutrinos are produced after
DM annihilation in the Sun



Dark matter interactions

DM-DM self-interaction:

x(P)) x(k)) Elastic-scattering between DM
particles, only kinetic energy
Part 14 x(p2) 1) exchanges.
DM-DM annihilation:
X & Annihilation between two DM
@ particles and Standard Model
X = (SM) particles produced.

DM-nucleon scattering (experimental o,
constraints):

x()) x(ky) Elastic-scattering between DM
particle and atomic nucleon.
N(p,) N(k,) Recoil energy gained by nucleon.

Introduction
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DM particles in the Sun

Capture, C.

Attracted by Sun’s gravity and scattered
with nucleus vial>-9l:

Spin-dependent interaction:

oSD 270 km/s\° [ GeV \~ o oD
Introduction ¢ Uy my /0.3 GeV/cm® 1076 pb

Part 4

Spin-independent interaction:

. (270 km/s)3 (Gev>2 Po 2.603 +0.17505L
€ Dy my ) 0.3 GeV/cm® 10-6 pb

. D. N. Spergel and W. H. Press, Ap. J. 296,
679 (1985); J. Faulkner and R. L. Gilliland,
Ap. J. 299, 994 (1985).

. K. Griest and D. Seckek, Nucl. Phys. B 283,
681 (1987).

. A. Gould, Ap. J. 321, 571 (1987).

. G. Jungman, M. Kamionskowski and K.
Griest, Phys. Rept. 267, 195 (1996).

. G. Bertone, D. Hooper and J. Silk, Phys.
Rept. 405, 279 (2005).



DM particles in the Sun

Self-interaction, C,

Schematic view of SIDM:
DM particle in the Halo near the Sun with v, > v,
Collision happens between the Halo and the

Part 4 captured DMs
_ The Halo one loses kinetic and the captured one
Introduction gain additional velocity

Before After




DM particles in the Sun

After DM-DM scattering:

Both captured

After scattering, both vy < Vesc
Part 1 One captured, the other escapes
After scattering one v, > Uesc

Introduction
the other vy < Vegc

All escape
After scattering, both vy > Vesc

The possibilities for the last two are rarel3l.
The self-interaction rate, C,, is proportional to:

Cs X Ny Oy F'(Uyy Vesc)

3. A. Zentner, PRD 80, 063501 (2009).



DM particles in the Sun

Evaporation, C,, and annihilation, C,

Evaporation:

If DM mass m, is below the critical mass, mgy;,
the evaporation will take over

Part 1 No signals from DM annihilation will be
observed
Introduction The rate of evaporation C 16.10.11:
8 [2m, vgsc mxfugsc
Ce = 73 \/ 1, 73 =P ( 27, Yievap
Annihilation:

High dense DM particles in the Sun’s core will
trigger DM annihilation into SM particles

The rate of annihilationl:
C, ~ (ov) V2

10. A. Gould, Ap. J. 321, 560 (1987). V12
11. G. Busoni, A. D. Simone and W.-C. Huang,
JCAP 1307, 010 (2013).
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Generalized DM evolution equation in

the Sun

The general evolution equation of DM in the
Sun is given by

dN
Part 2 th = (. +@8NX — CGNQ— CaNi
DM Evolution
Equation The coefficients:

C.: for capture

C.: for self-interaction
C,: for evaporation

C : for annihilation



Part 2

DM Evolution
Equation

The DM number inside the Sun is:

B C.tanh(t/74)
B Tgl — (Cs — Ce) tanh(t/74)/2

where 7, is the time-scale reaching
equilibrium

1

B \/CCCG, —|_|(Cs - Cej /4l

If the state achieves equilibrium, tanh(#/z,)~1,
N, number becomes

o -0 [ —c)? c.
Nea = 57—+ \/ oz TG,

TA




Comparisons to recent studies

Absence of self-interaction!®!

2
N () = — C.tanh(t/74) S C, N 062 C.
Part 2 74 + Cetanh(t/74)/2 ’ 20, 4C2  C,
DM Evolution Absence of evaporationl!
Equation
C.tanh(t/74) C, c.,2  C.
Ny(t) = ) N eq — + +
o) 741 — Cstanh(t/74)/2" 20, \/403 C,

Absence of bothl8:°]

C. C.
(1) = \/ c. tanh(\/C.Cyt), Ny eq = oA
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When does self-interaction or

evaporation become crucial?

Parameter R, in the DM number N

N ( {0 C,) ) /fc C,) ) )
x,eq—
part 3 400 L4cc

Effects of SI- Nieq Wio SI & evap. (C,y — c
DM C.C,
For convenience, we have

{Rse > 1, Sl or evap. is important
R, <1, Sl orevap. is not important

RSG

Whether Sl or evaporation becomes
significant depends on the critical mass

Mgy



Crucial region for SIDM in ¢

C,p0,, Para-

meter space

Colors represent log,,R,,

m, = 3 GeV m, = 20 GeV

10723 [ 1073 F

10725 [ | | | ] 10_25 C | L L

1074 107+ 1048 107+ 1041 1074 107# 107+ 107+ 10~
SD
Xp

[cm?] Uig [cm?]

IC-SD constraint: g, <107 cm? @ m, ~ 102 GeV
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Enhancement via self-interaction to

total annihilation rate I',

The total annihilation rate T :

oo (\T

=)

Part
3 C, and C, are present:
Effects of Sli- 5, =104 cm?
DM 10
1023
H: 10%?
A spin-dependent
N 1021 :j
= ;"‘ Tyy = 5x107%4 cm?
1020 C,-’I, T Oy = 10_24 sz
Tyy = 10725 em?
19 J - No self—interactio
10 1.0 1.5 20 3.0 50 7.0 100
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CONSTRAINTS ON SELF-
INTERACTING DARK MATTER
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Testing SIDM by IceCube-PINGU

PINGU module designed to
detect £, as low as a few
GeVI'?]

Large detector volume ~ MTon

Performance:

Angular resolution:
AG~10°forv, E, @ 5 GeV
AG ~ 10° for v, E, @ 5 GeV
v. & NC are similar to v,
Energy resolution:
AE/E~0.25forv,, E, @ 5 GeV
AE/E ~ 0.25 for v, E, @ 5 GeV

60 DOM'’s v. & NC are similar to v,

12. M. G. Aartsen et al. [lceCube-PINGU Colla-
boration], arXiv:1401.2046 (2014).



Neutrino signals from DM annihilation

in the Sun

The differential neutrino flux:
dd,,

. =P,
dE,, i 47TR2 Z (dE,,J ) ;

Part 4
generated by WlmpSlm[13] and where:
Constraints P,._..(E,): neutrino oscillation probability
on SIDM Ro 1 A.U.

[" ,: total annihilation rate
B, branching ratio
dN,,/dE, . neutrino spectrum at production point

Event rate N, Detector eff. area

A
T dd
N, (m —f z E \WE,dS}
( X) B, dEU ( )]d

13. M. Blennow, J. Edsj6 and T. Ohlsson, JCAP
0801, 021 (2008)



Detector effective area, detection

significance and ATM backgrounds

Detector effective area can be estimated:
IC-PINGU eff. vol.

Ve
() o s (10 () + 1 0un(By)
Part 4 . . N .
We consider 20 detection significance in
Constraints 5 years:
on SIDM .
2 = 2.0
\/Ny + Natm

The ATM backgrounds:

> dq)v atm
t Eth@ !

ATM fluxes, Honda et al.

14. M. Honda et al., PRD 75, 043006 (2007).



Sensitivity of 5,

Spin-dependent 6, = 10~*' cm?

Observational constraint(15-17]
1.0<gq,/m, <0.1 cm’/g

r channel IC-SD constraint: v channel
6, <1070 cm?> @ m,~ 102 GeV

Yy-=1T, 0')5(]?] =104 em> XX VY, 0'?3 =107 em?

10722 10-22
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)
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R
o
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15. S.W. Randall et al., Ap. J. 679, 1173 (2008). Too weak to alleviate
16. A. H. G. Peter et al., arXiv:1208.3026 (2012). core/cusp problem!']

17. J. Zavala, M. Vogelsberger and M.G. Walker,
Mon. Not. Roy. Astron. Soc. 431 (2013) L20.



Sensitivity of 5,

Spin-dependent 5, = 10~% cm?

Observational constraint(15-17]
1.0<gq,/m, <0.1 cm’/g

r channel IC-SD constraint: v channel
6, <107 cm’> @ m,~ 102 GeV
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Too weak to alleviate
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Summary

Generalized DM evolution equation with C,
and C, can be exactly solved

S| effect is significant in m, ~ O(1GeV)

Part 3 S| enhances I' , and causes evaporation to
occur at lighter mass

S| accelerates the DM evolution eq. —
reaching equilibrium state more quickly

SIDM can be tested in lceCube-PINGU at
smaller «ov»

In the 0, allowed region, a narrow o, space
can be examined via DM annihilation to r and
v channels

Summary
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[C Re|, [Rse
NX,eq — C_a (:l: 4 + 1)

Part B Assume C>>C,:

Additional P </
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Crucial region for SIDM in ¢

C,p0,, Para-

meter space: Spin-independent

Colors represent log,,R,,
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Sensitivity of 5,

Spin-independent ¢, = 107> cm?

Observational constraintl14-16]
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