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Intensity frontier
€
Dark photon portal %Y/"”F;w eycosby =¢ Fl,=0,A— A,
- kinetic mixing between the hyper-charge gauge boson and dark photon

- SM particles couple to dark photon ¢ejfA;, (integration by parts)

Beam-dump experiment (visible) e.g., CHARM, E137, SHiP...
target shield detector

Visibly Decaying A'

(g-2), > S0
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Sub-GeV DM search

Dark photon portal to sub-GeV dark matter
- SM and DM particles couple to dark photon (eeji + epjl A,

- small kinetic mixing— correct relic abundance
Beam-dump experiment (invisible) e.g., E137, LSND, SHiP...

target shield detector

SHiP 1000 Event Yield
SHiP 10 Event Yield

10—10 a
1 10 102 103




Sub-GeV DM search

Missing energy-momentum experiment e.g., LDMX ...

Invisible

Invisibly Decaying Dark Photon (Laboratory Bounds Only)

Eg-2),+20 I'I IIII
10—6, £ BaBar /’I — ECAL/HCAL

No need for DM scattering

at a detector

- applicable even if DM is neutral under
U(l)p, e.g., due to compositeness, i.e.,
undetectable in beam-dump

10713+ LDMX .- 1|

-
-

P e s Extended LDMX eXperImentS
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Cosmic frontier

Small-scale issues

- tensions between observations and naive prediction of
collisionless cold dark matter (CDM) on galactic scales

- may be attributed to our incomplete understanding of

astrophysical processes

Self-interacting dark matter (SIDM)- interaction within a dark sector

o/m ~ 1cm?/g

- reduce the central
mass density of a halo
— core-cusp problem

Veir (km/s)

- change its density profile
according to the baryon
distribution — diversity problem
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Sub-GeV SIMP

Strongly-interacting massive particle (SIMP)  6/m ~ 1 cm?/g

- contact interaction + perturbative Unitarity —

- collect relic abundance

~ 1 cm? - strong interaction .
olm cm“/g strong Interactio - hierarchy?

(0..v) ~3x107%°cm3/s - weak interaction

ann

- p-wave < CMB constraints

- 3—2 process of “pions” via the Wess-Zumino-Witten
(WZW) term

- small kinetic mixing

- naturally fit the sub-GeV DM experiments

- “pions” charged under U(1),,



Our model

Integrates SIMPs and dark photon

e e e —— e e e — e P ——— S ——— e —

- dark sector consists of light “electron” and “monopole” part 1

- “monopole” condensation = dark photon mass + confinement and
chiral condensation of “electron” and “positron” — “pions” as SIMP DM

———

e — -

—— — I — ——

- “pions” are neutral under U(1), = detectable only in part 2\
LDMX-type experiments

k - “pions” semi-annihilate into photon via kinetic mixing —

correct relic abundance )




Setup
Postulate light Ny Dirac “electrons” and scalar “monopole”
- known in SUSY gauge theories
- Dirac quantization epgp =277

- conformal field theory at UV

- possibly explain small portal couplings N = 2SUSY

- quantum corrections are untamed without SUSY

- unknown full Lagrangian description
- “electric” A’ cannot couple to “monopole” and vice versa
- 9,F" = 0 (Bianchi identity), but 0,F" =—gpj*,

o
Uuv _ L JUUPC !
Fiv = —et?F,,

- Lagrangian sketches physical processes
- use naive dimensional analysis with ¢'s ¢ € (0.1,1)
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“Monopole” condensation

“Monopole” condensation | P !
- mass of dark photon my; — € — —et—
- confine “electric” field in a local string T l
- (dual) Meissner effect in superconductors l
- 1d “electric” potential V(r) « r e 3 et
- confinement of “electron” and “positron” - local string

- assume chiral condensation (efe)) = A°U; U = exp(2iz'lf,)

- SU(Np) X SU(Ng) - SU(Ng) - unbroken to stabilize “pions”
as SIMP DM

- assume that the “pion” mass comparable with but smaller than
the condensation scale A

m_ = Cy/\

11



Phenomenology

Scattering cross-section

4 2 -3
O, (Am)cim, 5 clclz\ m,.
= ~ 2.7cm*/g
m._ 4\ 1/(4r) 300 MeV

T

- ¢jcxy < 1/(4m) so that Unitarity holds up to v — ¢

Coupling to dark photon - preserving C(x — z') and P(x — — )

- no n'-n’-A’ interaction due to SU(Ny) flavor symmetry

(47)°

- F ’MUTr[ﬂ'aﬂﬂ/ayﬂ’] - 3my < my

A3
- semi-annihilation (below)

- detectable only in LDMX-type experiments
(4r)’

] AS €WUTr[”'aﬂﬂ'ayﬂ'apﬂ'aaﬂ’] - subdominant for m, <A orNp =2

12
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Kinetic mixing
Kinetic mixing
/ € -
- two C and P preserving possibility: %Y””F,fw or ?YY””F,QV

- generically both exists violating P

- consider one by one for simplicity

€y .~
LYWV
9) Y vector pseudo-vector
- usually F; tensor and thus £/ pseudo-tensor ) E I
& the odd intrinsic parity of dark photon > e — —> e —

- the opposite is possible: T
E’ is pseudo-vector and B’ is vector b
Ei=—F% pBi_—_ lgijkp’jk
2
- C(x' - zhand P(x' - —z") l/
o

y —
- €ejiA
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Semi-annihilation

€ ~
Coupling to photon with EYY””F;,,,
2

(4n)°

A3

(4r)
A3

- preserving C(z' — z1)and P(x' —» — z7)

- F ’WTr[Jz’ﬁﬂﬂ’dUﬂ’] — ¢c, B*Tr[x'0,m'0,n']
- semi-annihilation z'z" — 7'A

- if Bianchi identify 9,F** =0 holds, on-shell photon cannot be
emitted through kinetic mixing

- F,,=0,A,-0d,A;, and 0,B* = 0 by integration by part

- Bianchi identify does not hold 9,F* = — ¢} %,

Semi-annihilation cross section

< ) 2 ,An*m T
OgemiV/) = Cc€ I e p-wave due to SU(Ny) flavor symmetry

T
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Co-evolution

Which temperature?

- no #’-n'-A interaction — kinetic equilibrium does not hold

) 47t4m;1/ T
< sem1 > — C € A6 m, T;z’ 75 T

- co-evolution of n, and T, through ='z' —» 7’'A

- efficient self-scattering = f, =

Co-evolution equations

’;lzz’ + 3Hn7z’ = —n < sem1V>T T

. T.\° T,
T +3HT, | — | =—(—
Oor Oor

- adiabatic cooling

Ny BT,

n(T,) € 77  _Higgs portal

- s-wave semi-annihilation

1y = F (T, TIT,)

)

* n{X(T,)

nA(T)

<AE anV>T /,T=T/[n7r’ o n;q (Tﬂ,)%(Tﬂ” T)]

- heating through semi-annihilation
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Self-heating

Co-evolution equations simplified 7T < T;, ~ m_/20

- well non-relativistic and negligible inverse process

d y| n_ m._. m._.
Rl SN Y,=—" Xp=— x=—
dx xz " S T, T
2
X d x][/ ~ xyz'/ + 2 —Y xyz" . xs( seml > I_ . 2_1 ﬁ
dx \ x x 3 "\x 2H 4
- one particle depleted - energy of
- . per semi-annihilation ' s
- initial condition Tw > TA
Yo =X N = Gl ALY =X T T O T PWave
10 < —20
5t .
j Cini = 1 10}
O~ 5,
=k & I
= &7
>~ 0.5 -W/TzTﬂ/ [ = r /
| || #n—> A
- depleted by 10 ,s - Mmassenergy
01 T ~ kineticenergy
50 100 500 1000 50 100 500 1000
x=m,|T x=m,./|T




Parameter plot

p -wave self-heating

- 5 times smaller cross section (o, .v) ~ 6 X 10°°cm?/s

72 1

Tﬂ./ ~ 30_ X —

Th) a2
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AK, Kim, Kim, and Sekiguchi, PRL, 2018
s -wave self-heating

- tiny change in Y,
1
= ]}:==5:X:]10<;;

FBaBar

My = Ay

= /’
-
- -

”’
-

Belle T

. ‘%cmz/g

m,.
€ =2X 10_7c€_1c/§3
100 MeV
- X Cini + full co-evolution equations (future work)
- absorb uncertainties in ¢, ¢y 107° [
—6
ceOLh) o <Uén
~, 107°
10~°
10—10
10—11

”
”
-

102
my [MeV]
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Kinetic mixing
Ey , €y o =~
S = =5
- E'is vector and B’is pseudo-vector as usual

- —eejp A, but no eejA)

m* oy
- No dark photon production, but DM production through virtual photon

(471-) ’ MY / / / (471-)2
e S K J, o] = ec, e

B Tr[z'0,7'0, ']

107
10—6; abar
1077 f22X
~ 1078
10790
10-10 ¢
10~
10—12

- preserving C(z' - z7) and P(x' » — )

- semi-annihilation z'7’ - 7’A

- DM production

102 10°
My [MeV]

- LDMX sensitivity changes slightly ¢ — ¢’ my = A



Kinetic mixing

Sy YHVE 4 Sy YHVE
2 e HY

electron —1 0 0 —€

monopole 0 —1 0 —€

“electron” ( ¢ € ) - dyon
- violating P
“monopole” ( )

- condensation

Dirac quantization for dyons

(0.9, — 0.9,)+ (Q.p0,p — OcpCpp) =1

19



Summary

SIMP DM motivated by small-scale issues (cosmic frontier)

Dark photon portal to light DM under extensive search
(intensity frontier)

20

Integrate SIMP and dark photon in light “electron”“monopole” theory

“electron”-“positron” as SIMP DM only detectable in LDMX-type
experiments (not in beam-dump experiments)

p-wave semi-annihilation into photon — self-heating



Discussion

SIMP DM — velocity-independent cross section

10 ]

5 ¢ )
~ 92 + rescaled , _ -
& _np->np elastic scattering bullet cluster
= 17 < i
2 : dwarf/LSB galaxies v
. 0.5 - ]
N BCG Wobbles |

0.2 - ]

0.1

| galaxy clusters

1 10 100 1000
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Self-heating in a halo — different from SIDM (“duality") 7o S 0.57,
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Cosmic frontier

Time-Domain.Cosmology
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Strongl Gravitational ltensing
ApnlEls-15, 2020 @ Kavli IPMU

Invited Speakers
Liang Dai (IAS

Jose Diego (IFCA

Danny Goldstein (Caltech

Ariel Goobar (Stockholm Unliversity
Ayuki Kamada' (IBS

Anupreeta More (IlUCAA

Veronhjica Motta (Universidad de Valparaiso
Sherry Suyu (MPA/TUM

Ryuichi Takahashi (Hirosaki University
LiliyasWilliams (University of Minnesota

)

)

)

)

)

Patrick Kelly (University of Minnesotal)
)

)

)

)

)

Dandan Xu (Tsinghua University)

Organizing Committee

Kaiki Inoue (Kindal University)

Anupreeta More (IUCAA)

Masamune Qguri (University of Tokye: co-chair)
Edi Rusu (NAOJ)

Nao Suzukil (Kavli IPMU)

Kenneth Wong| (KavlitIPMU; co-chair)




Thank you for your attention
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Co-evolution equations

Efficient self-scattering QA % T,=T,
n X X
)

X — Boltzmann
- f,= exp(—E,/T |
“ (T PR 5 equation for

y K WIMP freeze-out

Co-evolution equations DM DM @ %
—

X X

n, + 3Hn)( = — n;(<gsemiv>TxTZ [nx — 7 (T%, T(/b)n;q(T)()]

2 2
T T,\ n,(T,) DR
; X X d \x X
T)( i 3HT)( < ) o ( ) n 1 <AE6ian> r.T,=T, /" DM Tp‘ss
ﬁ

Of Of Y (T)()
x | n, = nSAT)H(T, T

- adiabatic cooling
relativistic: oz =37, - T,x1/a - heating through semi-annihilation

non-relativistic: o7 =3/2T, - T, «x 1/a”



Co-evolution equations

i, + 3Hn, = = 1 (G 11 [n){ - (T, Tgb)n;q(T%)]

; T)( 2 T)( 2 n;q(T)()
T)( + 3HT)( G—E - — G_E neq(T)() <AEGinVV>TX,T¢=T%

X
x | n, = nSAT)H (T, T))]

. o = 31
62 = ( Ej) _( E))z relativistic: o = 37,

non-relativistic: o2 = 3/2T
n;q(qu) <Uian>T%,T¢ . i

S (L 1) = e T =T,T,)=1
©oe ng (1) (oinV)1,7,=T, S =1y 1y)

nzq(Tqb) < AE Ginvv> T,.T,

H(T,T,) =2
’ ny (1) (AEGw V)1, 1,~T,

AE =E,—(E)

25



number density/entropy density

Freeze-out

107 in equilibrium

1074

(Osemitrel) = 6 X 107%%cm?® /s |

my =1 GeV
Mg /My =0

107° oy

inverse process
1078
10_10 \

\ ® semi-annihilation
10—12 7-;(= T¢O< l/a\\

10’ 102 10°
- time T — mX/T

Proceed as WIMP freeze out

-30 % difference in the relic abundance

comparedto 7, = T,

1/a

20
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Freeze out

mX —1GeV_
me/my =0 |

(Csemivrel) = 6 x 10725cm? /s

= 107
S 1078
10710 \
10_12 \\\
10+ - mass deficit converted
5. into the kinetic energy
2 | — self-heating 7, « 1/a
E; ~ 1
S > 050
© ~
(D)
3
5 0.10
0.05




28

Post-freeze-out evolution

. . . . DM DM
Semi-annihilation x —7N X xz /X

- only a tiny part of DM

Self-scattering y / K
- sharing the mass deficit DM TP . M DM

w/others m>T

T, x1/a Ty x1/a T\ x 1/a’
: S —— : > time
freeze-out & kinetic decoupling of decoupling of self-scattering
(Fsemi — H) (Fself = H)

Decoupling of self-scattering (radiation-dominated)

2/3 1/3
~1/3 1 sz/ & m)( . T7’
TSM, self = leV r)(qb =
Gself/ m)( 1 G@V T¢

self




Suppression of Galactic-scale structure

|| T
= 10° &
58 i
O
52 7
8o A
gz A
T ~
S A
T O
O O
c Q 1
= @ 10

el
-
-
e
-
—
e
-
\V)
p—t
-
W

wavenumber k [k Mpc_l]
Sub-GeV SHDM behaves as warm dark matter (WDM)

3/8
— » ~3/8 m, 3/8 3/4 T,
~ [ — max 1,\/ Aoq! Ao —
5.3keV 2.4 0.1 GeV 1 T,
c

q
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Missing satellite problem w/ WDM

S

Classical + DR5/fpgs °

0 -5 -10 -15

luminosity

WDM reduces a predicted number
of satellite galaxies

Should not go below
the observed number

[Msyn)

MW halo mass
M

cumulative number

of subhalos

Lovell 2013

5 01021 Allowed

Polisensky & Ricotti 2011
12

1.5-10°F

——> Maccio & Fontanot 2010

1.0-10"3} Ruled Out

1 10
WDM mass my [keV]
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Core-cusp problem
Collisionless cold dark matter (CDM)

— cuspy profile

Observed dwarf/law-surface
brightness (LSB) galaxies

— cored profile

10-11
M ~ 1010-11 pp

31

1073 = : B
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® IC2574
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Radius [kpc]

normalized radius

a.k.a. inner mass deficit problem

- overpredict the circular
velocity by a factor of ~ 2
~ 4 in mass)
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Diversity of inner rotation curves

Collisionless dark matter prediction: inner circular velocity is
almost uniquely determined by outer circular velocity

< observations show diversity

V= 80-100km/s unique prediction

100 IS related with the
30l concentration-mass
relation
60}
40 il
> M UGCH5721 Y UGC 11707
- DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR,
QO - 20 — V... =89kms ' +10% [113] | — V... =101kms ' +10% [73]
Q |UJ Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,
[} - V,..=89kms ' +10% [113] — V,..=101kms ' +10% [73]
z i O | | |
o ¢ — 1
> «° 80t
o ~
=
O B ] [ [
60 -joverpredict the circular
40} P S \velocity by a factor of
+ DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR, .
20 ++ — V,..=88kms! +£10% [120] i — V,..=80km s +10% [149] | A~ 2 ( AU 4 |n maSS)
Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,
- V,.=88kms ! +10% [120] - V,..=80kms ! +£10% [149]
0

0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
Radius |kpc]
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Key observation

Iso-thermal — Boltzmann distribution

pom (L) = ppus exp(—o(Z) /o) . .
- Inner profile is exponentially

A¢ = 4rG(ppm +@baryop)  Sensitive to baryon distribution

Baryons form complex objects, which show a large diversity

— SIDM particles, redistributed according to
formed baryonic objects, can show a diversity

* do not rely on unconstrained subgrid astrophysical processes
take into account observed baryon distribution
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Iso-thermal halo

Self-scattering leads to thermalization of DM halos at r < r,
where self-scattering happens at least one time until now

48 ! ! ! ! ! a/mp(rl)v(rl) tage =1
SIDM-only simulation

S
(@)

S
N

S
DO

/ -—  CDM

0=0.1 cm” g_l

40 -
38 -

o =0.5 cm® g_l

oc=1cm’g*

temperature <
Velocity Dispersion [km /s]

o =5 cm? g_l
10 _
Mhalo ~ 10 MG) — o=10cm’ g !

36~ o =50 cm” g

i i i | |
100 500 1000 1500 2000 2500 3000
Radius |pc]



circular velocity (km/s)

N
o)
O

100
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Impacts in observed galaxies

x Hereafter o/m = 3cm?/g

el ®;
a1 O
OO

o)
o

5 10 15 20 25 30
Radius (kpc)

- Observed stellar disk

makes SIDM inner
circular velocity ~ 3
times higher

— reproducing flat

circular velocity at
10-20 kpc
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Diversity in stellar distribution

Similar outer circular velocity and stellar mass,
but different stellar distribution

Vcir (km/s)

- compact — redistribute SIDM significantly

- extended — unchange SIDM distribution

250 .
200 |
150 |
100 |

50

NGC 6503, copo:median, Mogg:2. 5><10”M@

UGC 128, cooo:median, Mog:3.8x10" "My -

M, =0.83 x 10'° M &———— M. = 0.57 X 10'" M,
compact stellar dlsk§

extended stellar dlsk_

Radius (kpc)

Radius (kpc)



Veir (km/s)

circular velocity
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Intrinsic scatter

90____T_ | | I | |

Intrinsic diversity of DM halos
should be taken into account to

(7 4L
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O ] ] I I
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Gravothermal evolution

DM fluid: Lagrangian picture

oM ) . .
— = 4zr<p - equation of continuity
r
o(pr?) GM
<a ) + 2p = 0 - hydrostatic equilibrium
r r

3(61/) 1(6,0) 1|6u "
— = - energy conservation
v\ot ), p\ot), vt
- nature of DM
Initial condition: NFW profile

Ps
PNEW =7 r(1 4+ r/r,)?

w/ concentration-mass relation & p; - 7,
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Self-scattering

Pure SIDM - heat conduction

U S X X
P H = - Jeans (gravitational) length
; 47Gp (0 Jlength & A, M
--------------------------------------------------------------------------------- —_—
ou 1 oL L 0
ot = — = —{n—1v* k7' = Ks_lxldFP + KL_l\l/IFP
ot drrip oOr Arr? or .
- conductivity
75v7  pi? t m 16 . -
K. = self — =4/ -
SMFP 64 amt. Ir = P a - collisional Iimit A < H
3 pH?

KLmrp = 2 C — C =0.75 - free-streaming limit 1 > H
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Iso-thermal halo

Self-scattering leads to thermalization of DM halos at r < r,
where self-scattering happens at least one time until now

48 ! ! ! ! ! a/mp(rl)v(rl) tage =1
SIDM-only simulation

S
(@)

S
N

S
DO

/ -—  CDM

0=0.1 cm” g_l

40 -
38 -

o =0.5 cm® g_l

oc=1cm’g*

temperature <
Velocity Dispersion [km /s]

o =5 cm? g_l
10 _
Mhalo ~ 10 MG) — o=10cm’ g !

36~ o =50 cm” g

i i i | |
100 500 1000 1500 2000 2500 3000
Radius |pc]



Core-collapse of SIDM

Two regimes of pure SIDM

- free-streaming limit A > H

decreasing ¢/m = CDM 10"

- collisional Iimit A < H
increasing o/m — CDM!

— maximal core size 71, S 0.57;

41

10°

I I 1T 1T 1711

TN
..........

&
.."

10
M ~ 10" M,

iIncreasing o/m
core collapse

CDM

c=0.1cm?* g

c=0.5cm’ g’

oc=1cm’g!

oc=5cm* g}

c=10cm’ g *

o=50cm’ g *

S
-
N}

103

Radius [pc]
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Self-heating dark matter

One more important effect: heating

- make a difference from pure SIDM

Semi-annihilation Qﬂ @/ \@ %
X X X X

- only a tiny part of DM

Self—scailttering N N s\ & y K
- sharing the mass deficit DM TP ~. DM DM

w/ others m > T ~ mv?

- velocity dispersion

— DM evaporation from the inner region of a halo



Self-heating: energy deposit

Energy deposit through semi-annihilation

5usemi % <Gsemivrel> E

m
ot m m 4
E=bX % - deposit efficiency w/ a fudge factor b

r=r,

Vs Ps Gself/m
~ (0.0002 b
3.43kpc 0.011 M/pc? 0.1cm?/g

Heating time scale

1 ou

semi 1% <Gsemivrel> EOE _ (UNFW(r s) >2 p 1
vs ot m my* v PNEW(T)

0.68
t 138Gyr [ My, < m 6 X 107 em’/s
heat — b 10°M o 1 MeV <0'semivrel>

0.1 cm?/g

Ogelf /m
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Sample halos

103 El I I I |||||| I I I |||||| |||§
LLLLLLL NFW —_— m=0.9MeV -
10° 5., —-=s m=9MeV -
= —— Msgo = 10° Mg 3 ~
. . 10 - ~~ 0.
101__-....____ ,,,, — M200:10 M@__ N -
= W E V) L
e Mspo = 10" Mg 3 ~ : — m=09MeV
O_ ] . I~ - om o m = e
10 L _ U 04_ 9M V
f +5 - —— Mso0 = 10° Mg
L - | _ 10
10_1 = b:3, Jself/mZO.lch/g = ; 03_ — M200—1014M@
E <Usemivrel>:6>< 10_26Cm3/8 E [T NFW T MQOO:lO M®
10_2|| ! Lol ! Lol |||_ '|T | Lol | Lol | N N
1072 107 10° 10! 1072 107 10° 10!
/7, r/Ts

For given or/m and {GyemiViel)
smaller m has a bigger impact toward smaller-size halos

138 Gyr 0.68< ) 6 x 107*°cm?/s 0.1 cm?/g

theat = =
ot b 109 M, 1 MeV { GyemiVre ) Oger /M
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Comparison w/ observations

m = 0.9MeV -
A N A8 _ 0 cee M =9MeV
; 107 pure SIDM 3
& il O ;
~—
m=09MeV| | 2 IR R AN
m=9MeV |3 3
pure SIDM - = — -\
/ b =3, aself/m:O.lch/g 7 10—1_ _
10~ = (OsemiVrel) = 6 X 1072 cm? /s = -
%Il Crvnnl vl vl v il vl vl ||||||||: ARt BTNt B AR AT B A AR T T BN SR R TiT BN SRR e A
10°  10° 10" 10" 10 10" 10" 10" 10°  10° 10" 10" 10 10" 10" 10"
MQOO [MQ] M200 [M@]

Mimic velocity-dependent pure SIDM preferred by observations
for m ~ 1 MeV

WDM constraints

Tfﬁ Mwpm ’ Ogerf/ M -
m~60MeV| — ( ) ( > >

T, 5.3keV 0.1cm?/g
eq
— require hierarchical temperature T, < 7,/100
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Comparison w/ observations

100

||||||| I |||||||| I ||||||||
m = 0.9 MeV 7
m = 9MeV

pure SIDM  —

B N T aieiaietebteiettebeteisiiebntuit B S
1T~
m = 0.9 MeV o
m=9MeV I 8
2 pure SIDM E =~
i H b =3, aself/m:O.lch/g 7 107" _
E/ I (OsemiVrel) = 6 X 1072 cm? /s 3 - .
108 10° 100 10 102 107 10" 107 108 10° 100 10" 1072 10% 10 10%
Moo [Mg)] Moo [Mg)]
SHDM < velocity-dependent SIDM? No!
- core-collapse 7.y S 0.57;
- monotonically escalating impacts toward smaller-size halos
0.57
pcore(t) = O°2ps ) (theat/t> rcore(t) = 1'4rs ) (t/theat)

— differentiate SHDM and pure SIDM by smaller-size halos

- dwarf galaxies



