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Dark matter

Dark matter

- evident from cosmological observations

- cosmic microwave background (CMB)...

- essential to form galaxies in the Universe

- one of the biggest mysteries ' '.  g . , |

- astronomy, cosmology,
particle physics...

bullet cluster



WIMP dark matter

Attractive features
- thermal freeze-out (annihilation in the early Universe)

3x107%*°cm’/s - weak-scale annihilation

Qh% =0.1 X _
(6,00 V) cross section (GanV) = 1pb X c

- well motivated by hierarchy problem
and TeV-scale new physics —_—

- various search strategies DM DM

- direct detection

- indirect detection

- collider

4

4 g
Let’s be open-minded .’ SM SM o

- N0 convincing signals yet (we should wait, but...)

S

- neither postulated solutions to the hierarchy problem
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We review theories of Asymmetric Dark Matter (ADM), their cosmological impli-
cations and detection. While there are many models of ADM in the literature, our
review of existing models will center on highlighting the few common features and

important mechanisms for generation and transfer of the matter-anti-matter asym-

Abstract

metry between dark and visible sectors. We also survey ADM hidden sectors, the . .
Asymmetric dark matter models are based on the hypothesis that the present-day

calculation of the relic abundance for ADM, and how the DM asymmetry may be abundance of dark matter has the same origin as the abundance of ordinary or “vis-
erased at late times through oscillations. We consider cosmological constraints on ible” matter: an asymmetry in the number densities of particles and antiparticles.
They are largely motivated by the observed similarity in the mass densities of dark
and visible matter, with the former observed to be about five times the latter. This
and white dwarves. Lastly, we review indirect and direct detection methods for review discusses the construction of asymmetric dark matter models, summarizes cos-
mological and astrophysical implications and bounds, and touches on direct detection
prospects and collider signatures.

ADM from the cosmic microwave background, neutron stars, the Sun, and brown

ADM, collider signatures, and constraints.




Coincidence problems

Cosmic energy budget

“Massive”
Neutrinos

- most famous (notorious) coincidence Nprial Matlor ey

dark energy : matter =7 : 3 /\K
Dark Matter I
23%

- matter coincidence

Dark Energy
73 %

[E)I\/I ; baryong: neutrinos
=5:1:0.03-0.5

Content of the Universe
credit: HAP / A. Chantelauze

- focus on@M ; bjaryons]

- this ratio does not change for the age of the Universe

- the other ratios change with time and
they are problems of timing: “why now?”



WIMP DM : baryons

Baryon abundance

- too small via thermal freeze-out like WIMPs

3 5% 10-26 em?/s strong pp — #ar...

Qumvph® = 0.1 X - weak-scale annihilation
(CannV) cross section (GunnV) ~+pbxc
1b
. . . n, —n;i
- determined by the primordial baryon asymmetry 7y =-—2—2=6x10"1°

1,

Qph? o myyy,

Coincidence

G}{}/ZC 1/2h3/2

Qumvph® = 30 Qph?

<6annv>mb’73
- combination of many (seemingly) unrelated quantities

- miraculous to get O(1)



Asymmetric DM

ADM abundance

- determined by the primordial dark asymmetry » -y b - j

Qrh? m,p
- efficient annihilation into light particles
(6amV) > 1pb X c - larger than weak-scale

Coincidence

Qh2=sz h?
~-ph

- combination of the ratio of same-dimension quantities

- problem is not solved but less miraculous

One more step: common origin of asymmetries

- unlikely to have Z—D as a complicated combination of quantities
B



Common origin of asymmetries

Mechanisms
-Eansfgi (sharing)J

- generate baryon asymmetry and/or dark asymmetry somehow
(baryogenesis and/or darkogenesis)

- transfer one asymmetry to another (equilibrated)
through some operator 6,0, Op =udd,LH, ...

- baryon-number charged (or B-L
charged because of weak sphaleron)

@D :)(,)(2,

- often end up with 7Ip ~ 1
= m, ~ 5 GeV

- |co-genesis I

- generate baryon asymmetry and dark asymmetry simultaneously

- dark matter-number charged

D
- transfer is not necessarily = ——is free m, ~ 1 MeV-10TeV

"B
1 MeV - BBN (additional radiation)
10 TeV - Unitarity (6,,,v) > IpbXc
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Mirror matter

Parity violation in weak interaction

BETA RAYS

- established by Wu experiment (1956)

SPINNING

- people could hardly accept that
such a fundamental symmetry is woeter ({
not respected

- P may also involve a change of -
particle species (matter parity) ELecony |

v \ y  MIRRORWQRLD

matter < mirror matter THIS WORLD

[

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

M i rro r b a ryo n aS A D M Question of Parity Conservation in Weak Interactions*

T. D. Leg, Columbia University, New York, New York

- Ideal solution to coincidence problem 1 Yo Bt oL, o
Q B,h2 = Q th mb/ = mb I’]B/ =— ;/]B experimental tests of this asymmetry. These experi-

ments test whether the present elementary particles

- unfortunately, not viable as it is

right and the left. If such asymmetry is indeed found,

2 p) the question could still be raised whether there could

- Q Dh — SQ Bh not exist corresponding elementary particles exhibiting
opposite asymmetry such that in the broader sense

- I there will still be over-all right-left symmetry. If this
no StrUCture fOrmat|On (pressure from is the case, it should be pointed out, there must exist

dark electron and dark photon) i two kinds of_ protons pr and pr, the right-handed one

: g time the protons in the laboratory must be predomi-
= dal’k radlatIOn nantly of one kind in order to produce the supposedly



Mirror-inspired model

Copy of strong dynamics and electrodynamics
- high energy/temperature
- dark quarks u'(2/3) @' (—=2/3) d'(=1/3) d'(1/3) x N,
- dark gluons g’ and dark photon 7’ - generations

- no leptons or weak interaction
- charged Higgs (not present in SM) to break electrodynamics
- Higgsless chiral model u'(1) i'(—a) d'(—=1) d'(a) s'(0) 5(0)

- low energy/temperature
- dark nucleons p’ p’ n’ 7’ and pions z* 7Y

- massive dark photon ¥’ assumed to be the lightest particle

€
- kinetic mixing between photon and dark photon EF”‘”F;W

- charged particles feebly couple to dark photon ¢ejt'A;

- dark charged particles do not couple to photon (if so, photon is massive)

12



Transfer mechanism

Transfer operator

1 _
LHu'd'd’
M3

-B-L & B’

- B-L-B’ conserved

- more dark anti-nucleon than dark nucleon

- Qph* =5Qh* = my =85GeV/N,  Agcp = 10Agcp/N,

Signature
- decaying ADM (discussed next)

Other signatures in the model
- dark radiation
- self-interacting dark matter
- low-threshold direct detection

- long-lived particle search in colliders

13
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Decaying ADM
- multi-messanger (et, Y, V)

- uncertainty in propagation model
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Decaying ADM

Transfer operator

1 o

LHIZ,d/d/ 100_
M? |
- dark anti-neutron decay S
5 g

n—>n'+D Fﬂxmbl :

MS z

. . . 20

- monochromatic anti-neutrino g

=

- smoking-gun signal

- super-(hyper-)Kamiokande
(low threshold)

- cascade decay of 7" — 2y’ — 2e*2e”

- solar modulation and reacceleration are
crucial for sub-GeV electron+positron

- sub-GeV gamma-ray data is also
important (final state radiation and
iInverse compton scattering)

—h
T T T T T T

0.1:

........................................ U
e invisible _ _
ete”
__________ fA—
2ma /my = 0.4 (vector-like)
I2 o I4 o I6 o I8 o
m [GeV]

10

15
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Monochromatic anti-neutrino

Super-(hyper-)Kamiokande
- atmospheric neutrino backgrounds

- details are not available

- conservative approach: detectability
of a line on top of expected
background with 0.15 uncertainty
within 0.25mpy < E < mpy

10%° —

—— FC+PC, SuperK, 24.35 years 1 w/o Gd
w
= 1024 -]
= ]
2 ]
1023 L~ BT
100 10°

mpm [GeV]

101 LI | LR | L LI | LR | L
mpm = 10 GeV Atmospheric
——- Extragalactic — Ve —— Yy
— 1071 | ==- Galactic Ve Uy
|
o
» 1073
|
=
O
3 107°
C
g
Ly 10—7
10—9 . |”m|1||””M N mﬂ1|||”m| TR B ”|m|4
1072 10~ 100 10 102 103 10
E [GeV]
1025 1 1 1 1 1 1 1 i
Hyper-K Og/E, = 0.05
Oe/E, =0.10 1
0g/E, = 0.15 |
o,
< 1024
[a)]
~
(24.35 years)
1023 ] ] ] ] ] ] ] ] ]
J D © Q) Q \ ™ © ® Q
Q‘Q Q‘Q Q'Q Q‘Q Q‘\/ Q‘\/ 0‘\/ Q"\/ Q‘\’ Qr‘l/

Systematic uncertainty



17

Electron/positron

AMS-02
_ —I PD | n Vloyager el’r +e”
- " _1 =-== DC AMS-02 e ™
data points above 0.5 GeV - 10 T e
- Solar modulation below 5 GeV < 10~
3 oy
Voyager £ 10)
. > [
- out of heliosphere 8 104} Solar
_ © - modulation
- no Solar modulation ol __ :
: ; ":%_eacceleratioril
- data points below 0.1 GeV 1076 Lo/ 440, s ‘;
1073 1072 10-1 100 0! 102 103
. 7 Energy [GeV]
Reacceleration D DC DRE DRC
. . . . DO,ma:
- interaction with Galactic plasma (MHD)  [10* em? 51 12707 S:0185 47770 44452
01 0.4047 0.4448 0.4052 0.4163
. . - . 02 0.1928 0.1975 0.2315 0.2404
- Its existence and role Is uncertain oo [GV] 200,67 263,20 308,04 308,04
. . . 0.0004 0.8196 0.3851 0.4373
= bOth W|th and W|thOUt I‘eaCCG|eI’athn, VA [k?n s_l] . 926.727 32.187
one can explain AMS02 and Voyager [kmg_Vl/kd;C_l] 10022 .. 6.3482
data o [MV] 368 375 612 622

- PD: pure diffusion - DC: diffusion with convection
- DRE: diffusion with reacceleration - DRC: diffusion with reacceleration and convection



Electron/positron

Electron positron constraints

- without reacceleration, DM signal falls in the data gap, for mpy < 2GeV

2-body decay, € = 0.4 (chiral model)

2-body decay, e=0.4
1027 T T T T T T 1027 1 T T
g ] g BN e AMS-02 EEE e +e* Voyager- :
L ———, S ; ; BN e~ AMS-02 ;
1026 - no . «, 3 1026 . T e 1 FrllrF—,’_.l—-—\"—-"E% 3
E - constraint 5 : f =]
10%° ¢ E 102° ¢
E u ] Z u
2 2
S S
1024 _ 1024
s PP WO e ~. . 1023 !
1022 1022 |

Mpm [GeV] Mpm [GeV]



Gamma ray

Fermi, EGRET, COMPTEL and SMM

- diffuse background

- DM signal is dominated by
secondary gamma from inverse-
Compton scattering

- energetic gamma ray is more
severely constrained

- yield depends on high-energy
electron/positron and thus if
reacceleration exists

10_2 LRI | LA | L | L | LR | LR | LRI | T
— .= inverse-Compton y ¢ EGRET (2004)
— ==~ Prompt y 4 COMPTEL (2000)
— 107*} 4 Fermi(2015) ¢ SMM (1997)
|
*
IU') 10—6 e® ° o ®
IE 0.....“..
O ) ..”
g S t
O J |
9 ‘ i
w 10710 /7 : &
2-body decay |
2ma/my; = 0.4, mpy = 10 GeV I
10—12 NI B AN BETEETTY TR BRI AT 1T ST SR M
10~ 10~ 1073 102 107! 109 10' 10?2 103
E [GeV]
1026 -
: B 2m,/my = 0.4 (vector-like)
B 2my/my =1.4 (vector-like)
102> A
0
=
o
~
1024 4
| = 2my/my =0.4 (chiral) — PD —:- DRE
2ma/myp = 1.4 (chiral) === DC  =ere- DRC
1023 14— : . . . —
100 101

mpwm [GeV]
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Summary

Asymmetric DM

- interesting alternative to WIMP DM
- motivated by the coincidence of DM : baryons

- simplify the problem by dark asymmetry
- full solution? a clue from mirror matter

- (sub-)GeV-scale mass

- various experimental and cosmological signatures

20

1027 . S
Decaying ADM through transter operator, .| PG —
- monochromatic anti-neutrino Z ol e s
as a smoking-gun signal T -

1024 L v (Super-K) .

- electromagnetic energy injection i —===e
provides more stringent constraints 102 5 - o

mpwm [GeV]



Thank you
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Mirror-inspired model
Why dark strong dynamics?

- dark baryon number D =B’

- accidental conservation like baryon number

- conserved at low energy but violated at high energy
- if not conserved at low energy, baryon decays very quickly

- if not violated at high energy, no generation of baryon asymmetry

- dark mesons
- dark baryons efficiently annihilate into dark mesons p'p' — #'7'...
- fate of pions?
Why dark electrodynamics?

- massive dark photon

- dark mesons annihilate or decay into dark photons 7z~ — ' 0 —
- eventually decay into SM particles y' — eTe™

- massless leads to too much dark radiation
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Generation and transfer of asymmetry
Ul)g_ ;g — (—1)°ELHE)

Right-handed neutrinos N w/ soft breaking mass M,

- thermal leptogenesis = B — L asymmetry T ~ M, > 10°GeV

_ N yi
- see-saw mechanism — active neutrino mass YwLHN — —=LHLH
R
- generation of the portal operator 2~ 10-5( My > < Mg >
N 0.1eV /) \ 10°GeV
Scalar down quark H, w/ mass My,
C '
H'wd  HdN SUQB)p| UD)p :U)p_p4p
H. | Hy. 3 | —-1/3 i =2/3
~ o @ddN  y LHN :
He © UDg_;.ip
YN — 37 37 1! T INT
u'ddLH H-u'd H'dN
— M[%(CMR )( C C

1
- 3 u'ddLH
* decoupling after leptogenesis M, ~ M, M;



Transfer mechanism

24

Signatures T T L et Prommenion B
i AMS02  NFW ]
. . . ] el Thro ¢r = 830 MV _
- dark anti-neutron decay into anti-neutrino o
fl,—?’ 7[/ +D glo?? /\\
- cascade decay of 7° — 2y’ — 2e*2e” S o
- Voyager data is crucial for sub-GeV g
electron+positron (modulation free)
- though re-analysis is needed, conservatively | | ! |
T 2 1025 sec — M>x< > 1088 GeV Dark matter mass m, [GeV]
X1~ x2 e e + FSR
- MeV gamma-ray data is also important 10
(final state radiation) . W\;\U\Qﬂfl{

N

— INTEGRAL |
— COMPTEL |
—EGRET |

\ — FERMI

10 102 103 10*
my [MGV]



Massive dark photon

Ibe, AK, Kobayashi, and Nakano, JHEP, 2018

Cosmological bounds

1072¢

3 C Collider Experiments
1073

- coupling to electron + positron
but not neutrinos

107 -
10
1076 - -

Beam Dump Experiments

- neutrinos decouple from

: 107 -
electron + positron T ~ 2MeV .
- decay after that changes 107
temperature ratios between photon 107
and neutrinos 107"
-,0—12§
- I 10_13: | A I I | I | | I S =
negative AN ¢ 00 by 107 109
m,[MeV

- should decay before neutrino
- 2 sl A/
decoupling Ty _ gy < €7my, eejL A,
- lower bound on ¢

- thermal abundance should be negligible around decoupling

- lower bound on my.



Massive dark photon

Ibe, AK, Kobayashi, and Nakano, JHEP, 2018

Direct detection

-2 RRTE
. :Z_ 3% Collider Experiments i
- dark proton - proton scattering . E
through dark photon - E
2 / . / —6§ , |
0 X €€ oo €e] g A,u 0 % Beam Dump Experiments =
107" ¢
Y -
- already largely explored 10
1079
- dark proton makes up a 10-10-
sizable portion of present DM 10717
1012
- dark neutron is darkly neutral - L
_ 10° 10’ 10? 10°
- dark proton : dark neutron =1 : 1 (fig) m, IMeV
- DM mass is around 10 GeV vl \ N\ JXENONIT collaboration, |
b \PBE, 2019 |
- my, =8.5GeV/N, 6 S 107% EI B o
- N, =1(fig) @ N, =8 5 1073 cm?/g M ol
. S josf (ihis work)
- large enough dark fine structure constant § e esTa,
= a/ = ad (flg) 10_46;— (A): SI DM-nucleus scattering
a > 1074 “— for ntnT —>yYy R
100 MeV v - low recoil ener
',
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Low-mass direct detection

DarkSide
- 10—36 '.
- Liquid Argon: 50 — 20k [kg] & 107E
o‘.;" 10738 ....... :‘ .......... \
- new detector (DarkSide- § IR e
LowMass) is in R&D T RN L T
- ADM is in this very mass
range b
8 b Gndexm .\,
- Japanese dark-matter 3x10 1 2 2 4567890 20
m, [GeV/c7]

community in Warsaw

- Masayuki Wada (AstroCeNT)

- Masato Kimura (AstroCeNT
— J-PARC; Muon g-2/EDM )

Sakural -san

P o A T 2
S
~ ‘
g "_};,
= N
3 i;‘
> & U
R
< p i T
3 w &
» 4

yAoyama-san

KhHE bbb z6< BRwdHE
EZBORTZEULELE” AlIEAR
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Dark hadrons

Self-interacting DM

9) 100: T — T T T TTT] T — T T T 7T
4 o (100MeV \ [ 1GeV ; — oo
~ 03 cm /g - 0=0.1cm* g
m2my, m, my,

olm ~

- dark matter density profile inside
a halo turns from cuspy to cored

- good for some galaxies but not
for others

- upper bound on o/m

1 1 iiiiii: 1 1 1 L1 11
102 10° 10*

— lower bounds on m, and m, 4 Radins [pc]
e b e
- keep in mind that the above wlo -
estimate is conservative E JF |
. . x 107 |- 7
- scattering length ~ effective range =0 . g
: 3 I o 952/ _
~ 1/ pion mass ERRC S - Willman 1 2157
- but scattering length ~ 10 times s S
effective range for nucleons RCA Sege L+
10_1100/ T 162 — 1(1)3 1o

(v) [l /s]



Intensity frontier

Fixed target experiment

- SeaQuest@Fermilab

- proton beam at iron target  seaw

- place ECAL (di-electrons)
in front of absorber wall
(DarkQuest)

- forward direction 6, = 0.05

- proton on target ~ 10%
(phase Il; 2026+) £ ~ 2zb~!

- more dark photons production
by proton bremsstrahlung and
meson decay compared to
electron bremsstrahlung

FMAG & BEAM | |

DUMP

5m 6m 9m

<€

18.5m

/' ABSORBER
‘\WALL

__________

, 104E\

Epeam = 120 GeV, 1.44 x 10'® POT, e= 107°

~
N

103/ —y A

102

EOT = POT

29

- anti-q pdf of nucleus through Drell-Yan production of di-muons
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Lifetime frontier

LHC lifetime frontier

- HL-LHC (2027+) & =3ab™!
- intensity frontier as well as high-energy frontier

P a _ FAsER
-FASER(Z) l====l====l===§=l====l===‘=‘l>
om foom 200m  300m  400m | 500m
- forward direction 6,,=2x107  _ —im |
118 — .i\beamcolllsmaxs
------- 2m
- more boosted and thus shorter P SER
lifetime particles come —
RI18 UJ18
pgeo ~ pT/Hdet T
- typical transverse momentum is determined by
the production process of long-lived particle MATHUSLA _
Surface "4/ #8
- MATHUSLA (CODEX-b) = .~ }
- off-axis 0,=05 7 S
,,,,,,, LLP
- less boosted and thus longer OO e

ATLAS/CMS

lifetime particles come foom 200m g

-
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Production

Virtual dark photon

- produced number of dark hadrons

o 1 mEL  (my, = m¥)
__ N ~ .[(17764? A” A :i4 A Ny )
ANAN . dark hadrons n o My =n:
A" ["'4(A" — hadrons)

- injection of energy into dark QCD sector through dark QED current

- SM analog

- below dynamical scale,

charged pion production is &= oL F = hadrons
dominant, but neutral pion . E
production (our interest) is = - ~
suppressed Ea -

107" E =

- vector meson dominance
1072

'
L ==

- above dynamical scale,
quarks + hadronization

1073



esin®6, < 1.4x 1077 (

LDM-nucleon cross section & [cm?]

Sensitivities

Direct detection of dark baryons

- because of dark QED breaking,
neutron-like state scatters with SM
proton through dark photon exchange

mA/
1 GeV

2 o —1/2 O_bound
1/137 6 X 10~ cm?

- GeV-scale dark matter

172

1072

1073

1074

107!

&
L
L)
4
L]
1
1
& 1
& 1
4 Y
L
0 o
4 1
& 1
L4 l.’
K o f
o * " M
oI " "
.0 b " I
ik NG f
4 :I 1 n
] (1} n
4 :II " n
o "
b AT —
’ \ " h
\ 1
/ / ' :: o) — .
I' AR ==~
J K
-,"/ - 1]
4
/ Ay=01
“sinfy =5x 1072
10°
ma [GeV]

- because of low recoil energy, more dedicated analysis

(e.qg., “S2[ionization]-only“, Migdal effect) is required

:E my, = 8.5 ch
hmy, = 4.3 GeV

i, — 2.1 GV
v mpy, = 1.1 C‘ie\/
Belle-II

T}

I
10~ I. Spin-independent
10—32
10—35

107381 EDELWEISS (MIGD)

] 10—40 _

|

—_
=)
|
5N
=

—_
e}
|
N
[\V]

|
B~
w

1044 —

SI DM-nucleon o [cm?
=

—  CDEX (MIGD) NEWS-G - Dotted: NEST @, A
4| — CcrEssTm —  CDMSlite —  S2-only data (XENONIT) 10-45 [ 2D
107" — vLux MIGD) —  DarkSide — S1-S2data (XENONIT) St Vep
1 1 1 1 i
0.08 0.1 0.2 0.5 1.0 ) 1074 = (A): SI DM-nucleus scattering
L | | | L L L |

m, [GeV/c?]

XENON1T
(this work)

Pe

DarkSide-50 S2-only

andaX-11

3GeV/c? 4 5

7

10 14

20 30
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Decay length

Dark photon portal

- minimal model - inelastic dark matter model
A' Decay Length ct _
) X2_>X1ff7mA’:3m1
_2 10 0.1 1 _2 10_2 1 1 LI I| \ 1 1 LI I| 1 1 1
10 10 \ \ — //0.\
y \ ]
-3 -3
10 10 \1\ tthshoId 10m | :
1074 1074 10_3[ i
3 ‘ N3
107 10 1\ :
€ O\ ]
\ ~—
10705 107° i ™
1074 T~ -
10~7 = Prompt (<10 pm) 10~/ AN
- Displaced (<1 cm) — ]
_g | Displaced (>1 cm) _ ~ _
107 Eppvisible (>100 cm) 10~ L 107 m ~ ™~ S
- Invisible (>100 m) 107 m ~ ~ __
10_9 L o L HHH10_9 105 1 1~ 1 a1l S~ [ N I B 1 L1
1072 0.1 1 1072 107! 1

my (GeV) m1 [GeV]



Massive dark photon

Experimental searches

- prompt decay search

- resonance in invariant mass
(LHCb, Belle-Il...)

y'—>ete utus
- long-lived particle (LLP) search
- displaced vertex (LHCb...)

- decay in a detector located far
from production points

- SeaQuest @ Fermilab

tz 0m 5m6m 9m 12 m 18.5 m
BLEZN n € . | :
FMAG & BEAM : | : i C::&RBER
Lo KMAG ' :
PUMP S STATION 2 STATION3
120 GeV : P
A ‘(;,'
PROTO : ) .
BEAM | W T/ 4 | | S |
AI _______________________
Qe R ) SUER
......................... .

25m

N
A 4

A4l STATION 4
A

A s 7

1072 - T e
1073 e
/I o~ .__‘!’“ o~ §
10~ 3

10 SeaQuest

Phase | (}-6m)

1070~ 2R e
. N ]

7L TrTrmr——m TS .
I o
- Phase Il (5-12m) g ]

10_8E =T %
10—9 Ll L1l L
1072 107! 1
ma [GGV]

- FASER @ LHC
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Dark hadrons

Transition
ansitio )

p'—>n'+ete” | |
P n
}//
- through charge breaking et (#p) , (@p)
—e 171
n o= — n
}//

- direct detection constraints are weakened g
- only dark neutron makes up DM P e -
- not disappear (charge breaking) - FASER
i ’ ) - A
':' /,’ .,: E /',ﬁ: /J my, < ny,
N / l. ’ ./,0' .
LLP search WA R A
i / :' /' f / :» promptgdecay search
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Data points

Overview

- cores In various-size halos

I 1T 11 || I ?l/rblzl |2|0|éev I
- — () (a,a/r.) = (—292 (1|
NN == (%) (a,a/r.) = (=292 )8

N

- MW satellite= 1 - \\ .
(Draco) o N - galaxy cluster
M ~ 10° M 102 - N (Abell 2744)
- Mo~ 10' Mg
10—3 L - TN LN
10’ 10°

- dwarf spiral galaxy
(IC 2574) M ~ 10" M




Data points

Galaxy clusters

- mass distribution in the outer region is
determined by strong/weak gravitational

lensing

- stellar kinematics in the central region
(brightest cluster galaxies) prefer cored

SIDM profile
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Data points

Dwarf spiral galaxies N T
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Diversity in dwarf spiral galaxies

Rotation curves

- simulation: inner circular velocity is almost
uniquely determined by outer circular velocity

Ps
PNEW = r(1 + r/ry)?

- Py and 7y are not
independent
(concentration-mass
relation)

¢

- observation: diverse
inner circular velocity
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Can SIDM explain it?
Naively, no

- SIDM has a universal impact

The unexpected diversity of dwarf galaxy rotation curves 4.5 The challenge to alternative dark matter models

Finally, we note that the diversity of rotation curves illustrated
in Fig. 5 disfavours solutions that rely on modifying the phys-

Kyle A. Oman'*, Julio F. Navarro'?, Azadeh Fattahi', Carlos S. Frenk®, ical nature of the dark matter. Cores can indeed be produced if
Till Sawala®, Simon D. M. White?, Richard Bower?, Robert A. Crain®,

Michelle Furlong?, Matthieu Schaller?, Joop Schaye®, Tom Theuns? expect all galaxies to have cores and, in particular, galaxies of
;?:Z‘;i f@;’zgf;‘: l’giﬁ“ & Astronomy, University of Victoria, Victoria, BC, V8P 5C2, Canada similar mass or velocity to have cores of similar size. This is in
i Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DHI 3LE, United Kingdom disagreement with rotation curve data and suggests that a mech-
5 Ksazfo,ljflgzzcc];Izlt};tsletztrif;ij;xhz;VIZ;pfoazr;ngMco;zrrZa%vemzy IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool, L3 SRE, United Kingdom anism unrelated to the nature of the dark matter must be invoked
6 Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, the Netherlands to explain the rotation curve Shapes.

Really? But galactic disks show diversity
- different disk sizes in different halos

- SIDM profile is exponentially sensitive to baryon distribution

pom(Z) = pba exp(—¢(Z)/o?) - iso-thermal region forms through

self-interaction
A = 47 G(por +harvon)



Vcir (km/s)

SIDM explanation

SIDM reproduces diversity (unlike a naive expectation)

- compact disk— redistribute SIDM significantly

- extended disk— unchange SIDM distribution
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Diversity in MW satellites

MW satellites (classical)

- mass distribution is
determined by line-of-
sight velocity dispersion
(LOSVD) profile

pou [Me kpe™)

pom [Me kpe™)

- shows diversity in inner
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Diversity in MW satellites
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Two possibilities on the table

Resonant SIDM

- explain only cuspy profile by taking
a small cross section at low velocity

o/m < 0.1cm?/g (v) ~30km/s

- leave cored profile for stellar
feedbacks

Strong SIDM

- explain diversity by taking a further
large cross section at low velocity

o/m ~ 40 cm?/g

- gravothermal collapse is sensitive
to initial profiles and orbits in MW
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Strong SIDM

Gravothermal collapse \0\ “E | E 7)) Em%
- SIDM halo evolution: core expansion S ' \\

— —10°: .
core collapse 5 10 \

- core expansion lasts till the temperature 1w \
profile gets flat (thermalization) 0l ]
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Strong SIDM
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Gravothermal collapse A RO S —

- 102? \\‘g&\ == (%) (a,a/re) = (—292fm, —22.5)?

- SIDM halo evolution: core expansion SR \

— core collapse R

- core contraction proceeds by 0. N

depositing heat to the outer region Wl
(Vrer) [km/s]

- heat deposit — lower energy but higher
temperature (negative heat capacity)

t =351 (t =90 Gyr) t =374.56 (t =95.7 Gyr)

10° 1.0 109 1.0
Py = Density Py
o : . : o
~ 3| = 3D Velocity Dispersion . ~ 3 | .
S 10 _ Positive Luminosity —0.8 S 3 10 —0.8 S
= Negative Luminosity — ~
I o Loqp0- >
qu B 06 z)q — 06
> I = 1a-3 I
n —_ w 10 — —_
= 045 S 0.4 1
\|/ g \||/ 1076 1 g
ST — 0.2 Q. — 0.2
10_9 I LI IIIIII I LI IIIIII I LI IIIIII I LI L 10_9 T TTTTT
102 107! 107 10! 107 10?




Strong SIDM

GraVOthermaI COIIapse 1035\\‘ T T L— ;n*:*gowécvw T

L SN ST
- very sensitive to initial profiles 2w \
and orbits in MW £

- tidal stripping: different orbits in MW — 10 N
different “initial” profiles : \

- tidal stripping accelerates gravothermal collapse
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