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Talk Plan

Part 1: Particle dark matter
- stability & symmetry

Z5 symmetry = Weakly Interacting Massive Particle (WIMP)
- relic abundance < production mechanism

Z> symmetry — pair annihilation

Part 2: - a larger symmetry

- Strongly Interacting Massive Particle (SIMP)
3—2 process
semi-annihilation

Part 3: Impacts of kinetic equilibration on the chemical freeze-out

Part 4: Discussion
- Implications for the structure formation of the Universe

- other prospects




Relic abundance

DM particles should be produced in the early Universe and
be left with the observed relic abundance

new Z, symmetry — pair creation & pair annihilation

DM DM
- number of DM is changed

- energy & momentum of DM are redistributed

decoupling of chemical interaction
o’ N « freeze-out of DM number density

4 5
2’ TP« TP {1 |WIMP pair annihilation:
Garticle in thermal batD npMm + 3HnpyM = —(CannUrel) (n%M — n%ql\ﬁ)

2 2
(A h* = CQpmh
w/ electroweak scale annihilation cross section:
(CannUrel) > 3 X 10726 cmS/s

Weakly Interacting Massive Particle (WIMP)!!




Direct detection
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A larger symmetry for the stability

Strongly Interacting Massive Particles (SIMPs)

- hidden pions in a hidden confinement sector,
which are described by a non-linear sigma model
w/ an unbroken flavor symmetry: G/@

Unbroken flavor symmetry — the stability of pions
Two parameters in pion phenomenology -
my: pion mass & fr: pion decay constant

large self-scattering cross section per mass, QA

Use]f/mDM ~ 0.1—10 Cm2/g :

may solve small-scale crisis: apparent failures
of cold dark matter (WIMPs) in reproducing

observed sub-galactic scale structure of the /
Universe DM




SIMP relic density

Wess-Zumino-Witten term — number-changing interaction:

k
Lwwzw = 52 f3 e"PTr w0, m0, 0, O, T]|

(quarks): k = 2N, in a QCD-like theory

k - reproduce the quantum anomaly of & in the ultraviolet theory

hDM + SHnDM — _<0-3—>2U?el> (n%M — n%Mn%qM) DM

m5

2 . .
(03520501) ~ f—;g . generalized cross section
" w/ mass dimension -5 DM

Qﬂ-hQ = QDMh2 & Jself/mDM ~ 0.1-10 Cm2/g
w/ My ~ [~ 0.1-1GeV




Semi-annihilation to an axion-like particle (ALP)

pion-ALP mixing through the anomalous coupling:
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oy -+ SHNnpy = _§<Usemivrel>(n%1\/[ — NDMNh)

Qﬁh2 — QDM}LQ & Uself/mDM ~ 0.1-10 Cm2/g
W/ fr>my ~0.1-1GeV & f ~ 100-1000 GeV
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improving the perturbativity of the non-linear sigma model:

where A.ut =~ 27 f /+/ N from the naive dimensional analysis




Assumption in Boltzmann equations

\
. L ) eq
npMm + 3HnpM = —(TannUrel) (nDM —(np

WIMP pair annihilation:( pair annihilation ) |

pair creation )
=

~

(non-relativistic)

A
( Hubble expansion rate) ‘\

thermally averaged
annihilation cross section

equilibrium number density
with # of spin d.o.f being g:

- 3/2
npy = 9 (% e~

o J

SIMP 3—2 process:

semi-annihilation: 1

/h/DM + SHTLDM — —<O'3_>2/U§el> (TL%M — n%)
”leM + 3H7ZDM — _5 <Usemivrel>(n%)1\/[ T nD)

WHOSE temperature is 7' ?

HTDM:TOCI/GJ




Kinetic interaction of WIMPs

DM DM
- DM number is conserved

- DM energy & momentum are redistributed

decoupling of kinetic interaction
’¢ ss (—)TDMo(l/a, —>TDM<><1/a2
5
4 D _
»“ SM SM minimum mass of protohalo
0
crossing symmetry 19
kKinetic interaction © 102
< chemical interaction | § Tz
228 10* - M.y = 6.4 x 108 M
exception: 8= |
2 Non-Interacting DM —— '
© 108 -Vector-DM —— m
E o -Scalar-DM
10-10 L , , Ly , /
10 100

Wavenumber k [h/Mpc]



Importance of SIMP kinetic interaction

WHAT guarantees Ipy =1 < 1/a ?

DM DM number-changing
interactions have
nothing to do with

Kinetic equilibration

S

Vo co-evolution of
DM TP s, & oA T

solely w/ 3—2 process < isolated DM fluid

— Tpn o< 1/ Ina (from comoving entropy density conservation)
& npn /s o< 1/ 1na until the decoupling of 3—2 process

* Elastic scattering of SIMPs with the SM particles
— the relic density of dark matter!!

10



Freeze-out driven by the semi-annihilation
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Co-evolution of the temperature and number density

my =1 GeV |
me/Mmy =0

(Csemivrel) = 6 x 10725cm? /s

1072

~30% difference
between the co-
evolution and

T, =T x1/a
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Jeans scale at the matter-radiation

., lequality:
ky = a\/47TG'0m

(%)

A=0cq

early decoupled warm dark matter:

1 (mwDM \ /3
ki — 210 M 1( )
! be 6 keV

10 | 100 o 1000 o

r=m,/T

10
Ly-a constraint: mwpwm > 5.3keV

for me = My,

1/2
ky =2 x 10°Mpc™* ( T )1/2 ( Ito )

1 GeV

50 GeV

self-scattering — sharing the m

deficit w/ others

Mg << My

oY

k1~ 220M _1(
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Summary

Minimal Z; symmetry to stabilize particle DM — WIMPs
Hidden flavor symmetry stabilizes hidden pions (SIMPs)

Sub-GeV pion mass and comparable pion decay constant/
electroweak scale ALP decay constant

— correct relic abundance through the 3—2 process/semi-
annihilation and large cross section to produce sizable halo cores

has nothing to do with number-changing
reactions in SIMPs unlike WIMPs

Semi-annihilating SIMPs
w/0 elastic scatterings with SM particles
— co-evolution of the DM temperature and number density
Tonm o< 1/a after the freeze-out due to the heating
though the semi-annihilation
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Thank you for your attention
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The thermal WIMP mass has been bounded from below:




Collider experiment

CMSSM

tan 3 =6,Ag=-42my, x>0

20
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gaugino mass @ GUT scale

The sparticle masses have been pushed up to ~ 10 TeV
— look for a new paradigm?
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Kinetic interaction of SIMPs

Possible kinetic interactions (portals)

Kinetic mixing portal: gauging abelian part of the unbroken symmetry

Higgs portal: introducing a hidden Higgs, VEV of which provides a
mass to quarks (and pions)

Axion-like particle (ALP) portal: introducing an axion-like particle,
which has anomalous couplings both to a SM gauge field and to the

hidden gauge field




Higgs portal
- N

DM DM Two suppressions:
\ / the mixing angle (6 ~ vhvs/m%)
———and the Yukawa coupling.
Remark that even muons are

Re "N barely available during the pion
/'TP TP~\ ireeze-out y

Off-shell exchange of the hidden Higgs (s) —

not sufficiently rapid to keep the DM pions in kinetic equilibrium with
the SM plasma

The decay and inverse decay of the hidden Higgs keeps it
in thermal equilibrium —

Thermalized hidden Higgses: ms — ms elastic scattering
- of the pions with the SM plasma




Hidden sector in an ALP model

20

Lagrangian density w/ G = SU(Ny)r x SU(Ns)g and H = SU(Ny)y

Lyriqa = Lo+ Lop + Lopv + Lwzw
1

Lo =5 (0um) + 5 (0u0)" — 5mi (x%)" = Sme’
m72r a2 ;2 1 m c_d
ECP—4N]%]E2 ()" @ Gf%Tade(a )((9 7T)7T7T
m; a, _b_c m; a b_c _d
| 6foﬂfdab6ﬂ- T 12f2(3abcd7r ToTeT
ms a\2
Lopy = tan (0m /Ny) _szf¢(7T )
| gfr dgpemdmime 373;3 Tl C abede
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Viable parameter region in a Higgs-portal model

To suppress mm — sS annihilation, we take the hidden Higgs
mass heavier than the pion mass: r = mys/m, 2 1

Above this line,
kinetic equilibration is
sufficient

The quark mass term respects a
vector-like symmetry that is
unbroken even after the chiral
condensation (< subscript of ¢):

Lmass = )\SquZ 4 -

Viable parameter region will be covered by higher-energy beam dump
experiments such as the SHIP experiment and the low-threshold DM
direct detection experiments such as NEWS and SNOLAB




ALP portal

-
The interaction strength is

——— suppressed by the ALP decay

’ ¢ constant (/).
’ S \_

~

J

TP TP S,

22

Off-shell exchange of the ALP (¢):

kinetic equilibrium with the SM plasma

the elastic scattering is not sufficiently rapid to keep the DM pions in

The decay and inverse decay of the ALP keeps it in
thermal equilibrium
Thermalized (on-shell) ALP: m¢ — @ elastic scattering

— Not sufficiently rapid, too
Tm — TQ
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Constraints on semi-annihilation to an ALP

Indirect searches of DM semi-annihilation constrain
its cross section severely

When both the masses are degenerate, m, = my , the semi-
annihilation cross section is proportional to the relative velocity:

<Usemivrel> — <Usemivrel>fo (Urel/vrel, fo) Where
VUrel, fo = 0.5 >~ 2 X 10° km /s

—~ 10%°

2]
™
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—=—UDs Limit P8(5.8 yr stat+syst)
----- Expected Limit
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o
%
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Viable parameter region in an ALP-portal model
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N.=3, Ny=4, 05 =0

M — TQ

100__ Cqb'y'?’ =3

m, |GeV]

107"

ALP anomalous
1072 coupling to photons:
107" 10° PING IO P
& - 1%
g = (mw/fw) £¢’W — CﬁbWWE?FMVFu

100 GeV -
300 GeV

reproduces the
observed DM
abundance

‘\
\
Iy

ToT — T

dominates the
freeze-out

AK, Hyungjin Kim, and Sekiguchi, PRD, 2017

Viable parameter region wil

experiments such as the ShiP experiment

be covered by higher-energy beam dump




Asymptotic temperature

Y00 = Zto/Azg) & relic yield

non-relativistic limit: \. @diabatic cooling )
d 5% 2£ij0 YX

i ()~ 27005 ()

Lx
€T

4

5 mg
Y= (1 - 57%) : Lorentz boost of the DM in the final state

heating through the
semi-annihilatign

~

J

balance between adiabatic
cooling and heating through the
semi-annihilation:

T 2%t
(_X> ~ (’y — ].) o X ln(asemivrel)
asy

T 3
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my =1 GeV
: me/my =0

(Tsemivrel) [cm? /5]

Lol Lol Lol Lol Lol Lol Lo
102 102 10% 10% 10%® 107%



Cold Dark Matter?

(hypothetical) 107
iy
cold dark matter: . £ w0
null thermal velocity |2 &
. . 0O &7
only gravitationally |2 5 g
. . Ot =10
Interacting % 2 =
N
% % = 102} - SDSS DR7 (Reid et al. 2010)
‘ S O O CMD Loning oas el 2011 "

. . 8—  ACT Clusters (Sehgal et al. 2011) \ .
particle physics DM ol ° COCP (Vi ctal 2009 L
candidates: A e \
finite (sizable) thermal 10 102 10 a0
velocity wave numberk [Mpc ']
interacting in many ways

20

Small scale matter density fluctuations, especially their deviations from
the ACDM model, contain imprints of the nature of DM
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Small scale crisis |

When N-body simulations in the ACDM model and observations are
compared, problems appear at (sub-)galactic scales: small scale crisis

| | | | |
ACDM satellites

missing satellite problem

100 = .
\ % Local Group dwarfs
. —

N-body (DM-only) simulations

in the ACDM model —

Milky Way-size halos host
times larger number of

subhalos than that of observed |:

dwarf spheroidal galaxies

)
<
5
i,
o

:

\Jd

cumulative number of subhalos
N(>V
o
/
/
/ |
|
//<
3
>
1
N
o
(@)
N
3
)
|

~ ——

N

1 & | | | \ [ |
| | | N
. . . 10 20 30 40 50 6070
(maximum) circular velocity V. (km/s)
GM(< T) circ . . .
9 _ o maximal circular velocity
Vire(r) = - Vinax = mf“X{VCiTC ()} of subhalo




Small scale crisis Il

cusp vs core problem

28

N-body (DM-only) simulations in the ACDM model —
UNIVERSAL DM profile independent of halo size: NFW profile

L .
iInner profile:

1073 |
Y —
pom (] o 7 ——
> @l@ s i Observations infer CORED
% ﬂle N@m profile in the inner region rather
© R P than CUSPY NFW profile
0N -
S0 Fa=0 (isothermal) E
i | .
§ ................. NFW (< 110 km s~1) NFW prOflle:
% —————— ISO halos [08
c o IC 2574 @ DDO 154 PDM (T) — 5
— o N Y
5 | s r/rs(1+1/7s)
o= E @l normalized radius - _
T BT Ay iIsothermal profile:

|:\D/F\)O.Iﬁ
leld dwarf spheroidal gal
~109 Msun

axies

ppom(T) = p

0
DM

1 (r <o)
(ro/m)% (r > 10)




Small scale crisis Il

too big to fail problem

50

MW-like halos

| 2.19 <10 M | 0.95 x10 M, 4| 1.99 x10" M

40

30F

‘/circ [km/ S]

‘/circ [km/ S]

circular velocity of subhalos

radius

N-body (DM-only) simulations in ACDM model —
~10 subhalos with deepest potential wells in Milky Way-size halos
DO NOT HOST observed counterparts (dwarf spheroidal galaxies)




Possible solution |

Above Discussions are based on
N-body (DM-only) simulations
in the ACDM model

3

Gravitational potentials are shallower
at smaller scales —
BARYONIC HEATING and COOLING

processes may be important

Baryonic processes

cumulative number of subhalos

N (> v.q)

100 1000

10

-—

30

All subhaloes
) 5
e Satellites (L, 2 2.6x10° L)

o Satellites (N, = 10)

star

1 10 100

_ v (km 3_1_)
maximal cwcu’Par velocity of subhalo

- heating from ionizing photons - ionizing photons emitted and spread
around reionization of the Universe heat and evaporate gases

- mass loss by supernova explosions - supernova explosions blow
gases from inner region = DM redistribute along shallower potential
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Possible solution |l

Above Discussions are based on
N-body (DM-only) simulations in the ACDM model

alternative models < nature of DM

- warmness - thermal velocities induce pressure of DM fluid and prevent
gravitational growth (Jeans analysis)

- interactions with relativistic particles - DM fluid couples to relativistic
particles in a direct/indirect manner

- self-interaction - induced heat transfer of DM fluid heats DM particles in
inner region and flatten inner profile




Concentration-mass relation
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Why is a simulated rotation curve (almost) DEFINITE for a given Vmax?
Two parameters for the NFW profile

B 2
pom (1) = r/ry(l+ r/rg)?

halo concentration

109,45 Cp00

C200 —

A relation between two parameters usually given as
the CONCENTRATION-MASS RELATION

:iy1905iojl( _200/1012}[—1A4C0—41101

1.2 | I [ I [ ' | ! |

O
o

\\\ N
0.6 - —e— Planck ~ON -]
--------------- WMAP 1 ™
— — — WMAP5 N
----- WMAP3 s
o4l 1 v 1
10 11 12 13 14 15

l0g,, Myee [h™' Mg] halo mass

small
intrinsic scatter

C200 = T200/7s )
.
_ 3
Moo (< 1200) = ?pMTQOO




Inner mass deficit problem
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but also the

Rephrasing cusp vs core problem to emphasize that not only the slope

should be examined.

| resolution

dro sims: LG-MR + EAGLE-HR,
Viax =77 km s™' £10% [165]

DMO sims: LG-MR + EAGLE-HR,
= W.,=77 kms ! +£10% [165]

©  ON%2011 DG1

A Oh¥2011 DG2

® IC2

I AN

0 2 4 6 \8 10 12 14

10th-90th percentile range
from the state-of-the-art
hydrodynamical simulations
in the ACDM model
(EAGLE, Local GROUPS)
with modeled subgrid
baryonic physics (radiative
cooling, star formation, stellar
and chemical enrichment,
energetic stellar feedback,
black hole accretion and
mergers, and AGN feedback)

Radius |kpc]

The simulated mass is about FOUR times

higher than the observed!




Dark matter self-interaction

Self-Interacting Dark Matter: Q/[ %

10°F 1{ MM

(7p)
-
O
-
(qv]
O
—
=
- ]
) L *
o 104/
= T N DM DM
e ( linear
= 103 -
) — = i
Y N
5 £ | | | ovp/m
= vttt \ . |
- ) —— AyCTCMBLensing(]')asetal.2011) \\\i O' CrOSS SeCtIOn
= 8 ACT Clusters (Sehgal et al. 2011) ' . .
Sl e L] v: relative velocity
Q 1nker et al. . \\ . [ ]
(D | * ACT+W1‘\/IAPspectrum(thlswork)‘ | \ p. dark matter maSS denSIty
— 3 ) 1 0
D 10 10 - 10 10 .
2 k [Mpe~] m: dark matter mass
@)
Q.

wave number

SIDM structure formation starts with
the same linear (initial) matter power spectra as CDM,
but self-interactions become




SIDM halo - velocity dispersion

SIDM-only simulation

S
oo

SIDM halos are
THERMALIZED (isothermal)
INn Inner region r < ry,
where the self-scattering is
efficient ovp(ri)tage/m
tage=5 Gyr(galaxy cluster)

10 Gyr (galaxy)

S
(@)}

S
DO

If r1 > rmax, the gravo-thermo
instability is significant

chirc (Tma,x) — Vmax

Velocity Dispersion [km/s| <> lemperature
=~ 1NN
- I

%)
Q0

Mhato=1010 Msun — o=10cm”g
30 oc=50cm” g ! 7]
i i i | |
100 500 1000 1500 2000 2500 3000

Radius [pc]



SIDM halo - mass density

SIDM-only simulation \
100 _core formation

As o/m increases, -
central density decreases i

Inverted at some point
+ gravo-thermo instability
< core-collapse

I I I LI I I O B I
IO\Ever enclosed mass

L 4 LN
............
.....
.....
.............
....
N

NFW profile
In outer region

Mhalo—1 010 Msun

Elbert et al., MNRAS, 2015

CDM

o0=0.1 cm’ g_l

0=0.5cm? g’
o=1cm’ g_l
o =5 cm? g_l

o =10 cm? g_l

o =50 cm? g_1

10?

o/m=0.5-5 cm2/g may solve
the inner mass deficit problem

10°
Radius |pc]
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Unexpected diversity problem

The inner mass deficit is NOT UNIVERSAL, but should be elaborated
in a GALAXY-BY-GALAXY manner even with V.ax fixed.

100 . . . \I/maxl=80'l100 km/sl

well-reproduced
M UGC5721 Y UGC 11707
DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR,
20 — V,..=89kms ' +£10%[113] | — V,,=101kms ' +10% [73] |
Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,
— V=89 kms' +10% [113] — V=101 kms ' +10% [73]

‘/circ [km S—l]
o

80F

- '

60} -

circular velocity

A LSBF583-1
+++ DMO sims: LG-MR + EAGLE-HR,

)| @ IC 2574
DMO sims: LG-MR + EAGLE-HR,
= V_..=80 km st +10% [149]

Hydro sims: LG-MR + EAGLE-HR,
— V,.,=80kms ' +£10% [149]

= V_..=88 km st +10% [120]

Hydro sims: LG-MR + EAGLE-HR,
— V,.,=88kms ' +£10% [120]
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badly-reproduced ol L S
o 2 4 o6 8 10 12 0 2 4 o6 8 10 12 14
Radius [kpc]




Origin of the diversity

Unexpected diversity problem??

For a given cross section (0/m=3 cm?2/g in the following),
0 SIDM halo profile is still DEFINITE and characterized
by only one parameter Vmax

Scatter in distributions of the baryons
even In similar-size halos!!

EXtended . vo' ':t‘ . . . :
stellar disk R

Compact
stellar disk

38




Influence of the baryons

SIDM static distribution with
a thin exponential disk potential
from the Poisson equation:

No)= AT G PR exp(@aQ)
¢(0) =0

o(Z) — V2 1In(r/rg)

(r = 2| = o0)

VOQO — 207 = 47TG,0%M7“8

SIDM profile CONTRACTS
under the presence of COMPACT
stellar disk

39

100——————— — —
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£ 60
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N g
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€ 80r
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5e study |

In MASSIVE spiral galaxies,
stellar disks can change WHOLE SIDM MASS DISTRIBUTIONS
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Case study |

SIDM halo profile reflects HOW CONTRACTED the hosted stellar disk is
even with similar Vimax AND M.,
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200 -NGC 6503, copp:median, Mogg:2.5x10" Mg UGC 128, co90:median, Mogg:3.8x101 Mg -
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More samples

Massive spiral galaxies, GENERALLY, make SIDM halos
VIOLATE the concentration-mass relation

1000
B Minimal
500 \/ Moderate
O Maximal

100
50

Polc (MG/pCZ)

expectation from the
concentration-mass relation >

20 50 100 200



43

Case StUdy |1 90

80| -
70}
Not only the influence of the baryons, | =60 1
but also the INTRINSIC SCATTER = 501 . -
OF SIDM HALOS is needed to Zaof [ A
reproduce the observed diversity 5301 w — ok oines
0 | T |
+ @ 0Oh+2011 DG1
10 A 0Oh+2011 DG2 :
O | | ® ICIZ 2574 |

0 2 4 6 8 10 12 14
Radius [kpc]

"9 "9 7
Cc 2574’ Maop:9% 10N, ] L IC 2574, Maoo:1.5%10"" My '
80F - 80
_— gl | 5 @) 1
O I - 1 O I
O & eof it O % eof yest
> 2 F ez 2 > 2 |
= [ Ry ok e A
@© > 40r R+ ¢ | @®© > 40f T
> [ o ,/ ‘‘‘‘‘‘‘‘‘‘‘‘ - ) [ . 37 + ol
O - A S0 T ~ O [ % S0 T ~
= I / s A= [ ’ e
O 20, / O 20 .~ Tl ’
o ______._/:. ____________________ [ ,//' R
enl A I
0 ., ..T [ .\‘./.' .................... 0 *.’. T [ .\‘,/. ....................
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Radius (kpc) Radius Radius (kpc) Radius



Highlighted in the New Scientist magazine

THISWEEK 7 December 2016

Dark matter that talks to
itself could explain galaxy

Spinning puzzle
Robert Gendler/Science Photo Library

By Shannon Hall
Not all rotation curves look alike — before they reach that characteristic plateau, some rise

gradually, and others rise rapidly. But WIMP models struggle to explain this. Also, there has
been no direct evidence of WIMPs, despite decades of searching. So Ayuki Kamada at the
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Featured in Physical Review Letters

Self-Interacting Dark Matter Can Explain Diverse Galactic Rotation
Curves

Ayuki Kamada, Manoj Kaplinghat, Andrew B. Pace, and Hai-Bo Yu
Phys. Rev. Lett. 119, 111102 (2017) — Published 13 September 2017

- _—
PhySICS Synopsis: Self-Interacting Dark Matter Scores Again

Dark matter that interacts with itself provides a better description of the speeds of stars in galaxies
than dark matter that doesn’t self-interact.

The rotation curves of spiral galaxies exhibit a diversity that has been difficult to understand in the cold
dark matter (CDM) paradigm. We show that the self-interacting dark matter (SIDM) model provides
excellent fits to the rotation curves of a sample of galaxies with asymptotic velocities in the

25-300 km /s range that exemplify the full range of diversity. We assume only the halo concentration-
mass relation predicted by the CDM model and a fixed value of the self-interaction cross section. In
dark-matter-dominated galaxies, thermalization due to self-interactions creates large cores and
reduces dark matter densities. In contrast, thermalization leads to denser and smaller cores in more
luminous galaxies and naturally explains the flatness of rotation curves of the highly luminous galaxies
at small radii. Our results demonstrate that the impact of the baryons on the SIDM halo profile and the
scatter from the assembly history of halos as encoded in the concentration-mass relation can explain

the diverse rotation curves of spiral galaxies.
o [ i
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Constraints from galaxy clusters

Halo shape - ellipticity

- galaxy cluster MS 2137-23
(e=0.18@r=70 kpc)

(estimate) o/m<0.02 cm2/g

(simulation/l.o.s. effect)
o/m<1 cma2/g

Bullet cluster - transparency
- TE0657-558

(offset) o/m<1.25 cm?2/g
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Particle physics models |

The constraints from galaxy clusters likely imply that dark matter
self-interaction should DIMINISH WITH INCREASING VELOCITY,
even though not necessarily so far

+ interestingly strong lensing of galaxy clusters may support SIDM
with a smaller cross section o/m=0.1 cm?2/g

velocity-DEPENDENT
cross section: ~
WIMP dark matter E
+ light mediator with X
» Mmed~Mpm Vgal/C NE
0~1/Mmed?: const. =
@ (dwarf) galaxies £
(Vmax~1 0-100 km/s) E ;
o~1/v4: suppressed = |Raplinghat et al,, PRL, 2015 |
@ galaxy cluster 10 50 100 500 1000 5000
(Vmax~1000 km/s) (v) (km/s)




Lyman-alpha forest as a probe of matter distribution

absorption intensity/frequency
< HI distribution along the line-of-sight
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Mass fraction of the hot component

Decoupling of self-scattering:

T~ 16V [ LO/8 2/3( My )1/3 T\
el = Uself/mx 1 GeV T

asy

After the Decoupling of elastic scattering,

t
now e 50 MeV
/ dt <Usemivrel>nx ~ 2 X 10_8 ( lf) < - >

teolf 1 eV TfO

of the whole dark matter particles are boosted
though the semi-annihilation = hot component

SM neutrinos:

, S m, constraint
h _0194ev - Zm,,<o.23ev
Light gravitino:

gs3/2 ms/2 9xs3/2 -1 constraint
%o =013 (%) (f50a) (Tag)
3/2 2 ) \100eV 90

- m3/2 < 4.7eV
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