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He exhausted all avenues in heaven and the nether world,

... he could not bring her existence to light.
A Song of Immortal Regret, Bai Juyi (772-846)



A Ceritical Rethinking: Cold Dark Matter (CDM)

® Large scales: very well
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The Diversity Problem

M UGC5721
DMO sims: LG-MR + EAGLE-HR,
V,e=89 km s ' +£10% [113]

Hydro sims: LG-MR + EAGLE-HR, |||
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Small core
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¥ UGC 11707
DMO sims: LG-MR + EAGLE-HR,
= V,=101kms ' +10% [73]
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Hydro sims: LG-MR + EAGLE-HR,

Small core

LSB F583-1
DMO sims: LG-MR + EAGLE-HR,
V=88 km s ! +£10% [120]

- V,..=88kms' +£10% [120]

Hydro sims: LG-MR + EAGLE-HR, ||/ /8

® IC2574
DMO sims: LG-MR + EAGLE-HR,

— V,..=80kms ' +10% [149]
Hydro sims: LG-MR + EAGLE-HR,
= V=80 km s +10% [149]
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Colored bands: hydrodynamical simulations of CDM Oman+(2015)
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All galaxies
have the same
observed Ymax!

Dark matter distributions are diverse in spiral galaxies
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A Big Challenge

® Observations
— CDM only
— Hydro sims
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The diversity can be explained if dark
matter has strong self-interactions




Self-Interacting Dark Matter

® Self-interactions thermalize the inner halo
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0/my ~1 cm?/g (nuclear scale) From Ran Huo

[' ~nov = (p/mx)ov ~ Hy Review: w/ Tulin (Physics Reports 2017)



Low Surface Brightness Galaxies

® DM self-interactions thermalize the inner halo
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w/ Kamada, Kaplinghat, Pace (PRL 2017)

DM-dominated galaxies: Lower the central density and the circular velocity

Isothermal — Dot o2 — Py o2
distribution /OX ~ € ° / 0~ / 0



High Surface Brightness Galaxies

° DM seIf—mteractlons tie DM together with baryons

Increasing baryon concentration
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Thermalization leads to higher DM density due to the baryonic influence
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w/ Kaplinghat, Keeley, Linden (PRL 2014)
w/ Kamada, Kaplinghat, Pace (PRL 2017)




100¢

o®
(=)

Vcirc [km/ S]
3

-3
Q

" Veare [kmn/s]
3

£
(=)

20 ' :
"3‘l Vs~ 79-91 km/s |
% 6 8 10 12 14 16

200}

Veire [km/s]

..............

0 5

10 15 20 25 30 35 40 45
Radius [kpc]

We fitted |35 galaxies (3.6 pm band)!
SPARC dataset, Lelli, McGaugh,Schombert (2016)
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w/ Creasey, Sameie, Sales+(MNRAS 2017)



Add one more parameter /m
Explain the diverse rotation curves of spiral galaxies (puzzled us for ~25 years)



Beyond Field Galaxies
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But...

Observations
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® Dark matter distributions are also diverse in satellite galaxies
e Naively, we would get 0/my ~10 cm?/g for Fornax, but a/my ~0.3 cm?/g for Draco

w/ Valli (Nature Astronomy 2018) w/ Kaplinghat,Valli (MNRAS, 2019)
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Reconciling Draco & Fornax in SIDM

1010

10

> / kpc?)

N\
-/

10%

Dark matter density (M,

10°

107

- A/ Draco — like
- MY, 4 x 107 M.

- .IC .
Capp + 28

i Tapo - 90 kpe

L Tper 1 26 kpe

V—V Fornax — like
MK, :1.5x 10" M,
Cyg0 ¢ 12
apo - 150 kpe
I'per : 46 kpe

T T I

o/m=3cm?/g

~
v —
~
. 3
- 3
~ -
IS i
L ]
L —
~
~
° .
“
~
~ 4
u/

DM self-interactions
and tidal interactions
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w/ Sameie, Sales+(PRL 2019)

SIDM can explain diverse DM distributions in both satellite and field galaxies



UItra-Diffuse Galaxies
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MDM/Mstar ~ 30
DF2 and DF4

Mgiar ~ 10° Mg

Expected
MDM/Mstar ~ 200

Observed

Dragonfly team, van Dokkum+ (Nature 20 I 8,AJPL 2019)
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Galaxies with Little Dark Matter
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DF2 and DF4 are most

. likely to be satellite galaxies
= (recently confirmed by
' observations)

“*.| They are much more
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'27.%41 than in CDM through tidal
754 stripping

w/Yang, An (PRL 2020)

Dragonfly team, van Dokkum+ (Nature 2018,AJPL 2019)



Galaxy Clusters
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w/ Kaplinghat, Tulin (PRL 2015)

Shallow inner DM density profiles
Core sizes ~10 kpc and smaller

Six well-relaxed galaxy clusters
data from Newman+(2013)

Clusters: 6/m~0.1 cm?/g



SIDM from Dwarfs to Clusters

Mha|o<~ I 08 Mo Mhalo~ I 08 Mo

SIDM can explain diverse dark matter distributions over a
wide range of galactic systems (halo masses ~10%-10'> M)
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Particle Physics Models
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w/ Kaplinghat, Tulin (PRL 2015)
/137

Predict: mx~15 GeV, mgy ~17 MeV

Fix 0ix=

The nightmare scenario is not hopeless!



N-P vs. DM-DM Scatterings
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Tulin, HBY (2017); data from Obloinsk+(201 1)



Gravothermal Catastrophe
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The first stage: heat comes in, DM goes out, core expansion From Yi-Ming Zhong

The second stage: heat goes out, DM comes in, core collapse

Balberg , Shapiro, Inagaki (AP) 2002), Balberg, Shaprio (PRL 2002), w/ Essig, McDermott, Zhong (PRL 2019)



Seeding Supermassive Black Holes
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The predicted self-scattering cross section is broadly consistent with the
one used to explain diverse dark matter distributions in galaxies



REPORT

An excess of small-scale gravitational lenses observed

1 Science 11 Sep 2020:
IN galaxy clusters Vol. 369, Issue 6509, pp. 1347-1351

DOI: 10.1126/science.aax5164
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We may have already seen “gravothermal collapse” of SIDM halos!



Conclusions & Outlook
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® SIDM predicts rich phenomenology

X X X SM
¢ light dark sectors (MeV-GeV)
resonant regimes
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‘Thank You!
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