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Cold Dark Matter (CDM)
• Large scales: very well 

• Small scales (dwarf galaxies, sub-halos, galaxy clusters) 

• Core vs Cusp
• Diversity
• Too Big To Fail
• “Cores” in clusters
• Ultra-diffuse galaxies



Ultra-diffuse Galaxies in the Field

Kong, Kaplinghat, HBY, Fraternali, Pina Mancera (ApJ 2022) 

• Red: dark matter halo; Magenta: baryons; Black: total
• These UDGs are extremely gas-rich, and largely baryon-dominated



“Low-Concentration” Halos

• The gas-rich UDGs strongly favor low-concentration halos, “~5σ” lower than the median; 
this result is robust to the choice of halo density profiles

• These “low-concentration” halos can be found in the the IllustrisTNG dark matter-only 
simulations (gray)

• But the inner densities of the simulated halos are too high
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high

Kong, Kaplinghat, HBY, Fraternali, Pina Mancera (ApJ 2022) 



Minor, Kaplinghat, Vegetti (MNRAS, 2020)

(MNRAS 2010)

• The substructure is extremely dense

• CDM subhalos are not dense enough

• Compared to the IllustrisTNG 
simulations, the tension with CDM is 
at the > 99% confidence level

• The substructure does not have a 
distinct stellar light signal; baryons 
cannot help

Conflict:
the UDGs vs the Substructure



Gravothermal Evolution

Balberg+(ApJ 2002)

Yang, HBY (JCAP 2022)

collapse
“catastrophe”

expansion
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w/ Essig, McDermott, Zhong (PRL 2019)

heat

heat



Strong Dark Matter Self-Interactions

Saturate the limit on 
cluster scales 0.1 cm2/g

Kaplinghat, Tulin, HBY (PRL 2016)
Andrade+(MNRAS 2021)

“conservative”

Collapse: 
Small dwarf 
halos

Ethan Nadler 
(USC/Carnegie)

Daneng Yang (UCR)

Yang, Nadler, HBY (2022)
Nadler, Yang, HBY (in prep, 2023)



Group Scales

• High-resolution zoom-in cosmological simulations

• The main halo mass: 1013 M☉, containing a Milky Way-like halo: 9⨉1011 M☉

• The analysis is still going on; Some of the plots were made two weeks ago 

Nadler, Yang, HBY (in prep, 2023)



Isolated Field Halos

Nadler, Yang, HBY (in prep, 2023)

Strong dark matter self-interactions lead to large diversity in the inner halo 
density, due to core expansion and collapse

expansion

collapse



Ultra-Diffuse Galaxies in the Field

Nadler, Yang, HBY (in prep, 2023)

Red datapoints of the UDGs are from Kong+ (ApJ 2022) 

These UDG galaxies are extremely gas-rich, and their halo properties are 
difficult to reproduce in CDM+feedback



Subhalos in the Main Halo

• Only one SIDM halo in the core-expansion phase survives
• More SIDM subhalos survive from tidal disruption than CDM ones
• Collapsed SIDM subhalos are more resilient to tidal disruption

Nadler, Yang, HBY (in prep, 2023)

collapse

expansion



Dense Dark Substructure

Minor+(2020)

Nadler, Yang, HBY (in prep, 2023)

There is a minor offset, as the simulated main halo mass 1.1⨉1013 M☉ is on the 

lower end of the mass range 1013-6⨉1013 M☉ of the observed group halo
Testing SIDM collapse with strong lensing observations:  Yang, HBY (2021); Gilman+(2022)

collapse



w/ Ren, Kwa, Kaplinghat (PRX 2018)We analyzed 135 galaxies (3.6 μm band)! 

Diversity: Spiral Galaxies

SPARC dataset, Lelli, McGaugh,Schombert (2016) w/ Kamada, Kaplinghat, Pace (PRL 2017)
w/ Creasey, Sameie, Sales+(MNRAS 2017)

DM/Baryon 
concentration 



Seeding Supermassive Black Holes

The most challenging 
one, J1205-0000

Mass 2.2⨉109 M☉

z=6.7

fEdd=0.16

Onoue et al. (2019)
 

Feng, HBY, Zhong (APJL, 2021; JCAP 2022)

~800 Myr after 
the Big Bang
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Direct collapse of pristine gas
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• A conservative cross section is enough; the presence of baryons can speed the 
onset of collapse by a factor of 100

• The mechanism favors the existence of massive halos 1011-1012 M☉ at z~8-10



The expected halo mass ~1011-1012 M☉ at z~8

see, e.g., Boylan-Kolchin (2022); Nadler, Benson, Driskell, Du, Gluscevic (2022)

Massive galaxies exist in the early Universe at z~8!



N-P vs. DM-DM Scatterings
large cross sections
velocity dependence

see reviews: Tulin & HBY (2017); Adhikari+(2022)

data from Obloinsk+(2011)

Dark matter self-interactions occur at fundamental scales ~10-12 cm; 
change the dark matter distribution at astro scales ~1022 cm



Conclusion

Mhalo~108 M☉ Mhalo~1015 M☉

Milky Way satellites Galaxy clusters
Ultra-diffuse galaxies 

(dark-matter-deficient) 

Mhalo<~108 M☉

SIDM can explain diverse dark matter distributions over a wide range of 
galactic systems (halo masses ~108-1015 M☉); bonus: seeding SMBHs

Spiral galaxies

Mhalo~109-1013 M☉
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UGC05764
UGC07603
IC2574
NGC1705

UGC07151
UGC08490
UGC05750
UGC05721

We may have detected strong dark matter self-interactions


