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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
• Ultra-diffuse galaxies
• Dense lensing perturber
• “Cores” in clusters



CDM: Universal Density Profile
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Colored bands: hydrodynamical simulations of CDM

Mhalo~109-1012 M☉

Rotation curves (matter distributions) are diverse in spiral galaxies

1504.01437



Self-Interacting Dark Matter
• Self-interactions thermalize the inner halo
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Review:  Tulin, HBY (Physics Reports 2017)



Confirmed in hydro simulations: Robertson+(+HBY, MNRAS 2018), Robertson+(MNRAS 2021) 



We analyzed 135 galaxies (3.6 μm band) 
SPARC dataset, Lelli, McGaugh, Schombert (2016)

w/Ren, Kwa, Kaplinghat (PRX 2018)
w/Kamada, Kaplinghat, Pace (PRL 2017)
w/Creasey, Sameie, Sales+ (MNRAS 2017)
w/Roberts, Kaplinghat, Valli (in prep 2024)

min: 3 cm2/g



Gravothermal Evolution

Yang, HBY (JCAP 2022)
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Zoom-in Cosmological Simulations

Ethan Nadler 
(USC/Carnegie)

Daneng Yang (UCR) MW

Group

“ConcertoSIDM ”

MW:  box with a Milky Way-like main halo; Yang, Nadler, HBY (ApJ 2022)
Group: box with a group-like main halo; Nadler, Yang, HBY (ApJL 2023)



Group Scale

• High-resolution zoom-in cosmological simulations; more than 30 million particles

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



Isolated Halos and Subhalos

Nadler, Yang, HBY (ApJL 2023)

• Strong dark matter self-interactions further amplify the diversity encoded in 
the scatter of the concentration-mass relation

• Collapsed SIDM subhalos are resilient to tidal disruption
• Evidence of collapsed subhalos?

expansion

collapse collapse

expansion
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Minor+(MNRAS, 2020)

(MNRAS 2010)

• The substructure is extremely dense
• Compared to the IllustrisTNG simulation, the tension with CDM is at the > 99% CL
• The substructure does not have a detectable luminous component

Perturber of a strong-lensing system 

JVAS B1938+666 as well



Dense Strong Lensing Perturber

Strong lensing perturber: 
Minor+(2020)

Nadler, Yang, HBY (ApJL 2023)

A slight offset in the subhalo mass: our main halo mass 1013 M☉ is on 
the lower end of the favored range 1013–6⨉1013 M☉ 

Group 



Figure: Khyati Malhan 

Stellar Streams of the Milky Way



2019

A CDM subhalo of the Milky Way is not dense enough to be a candidate 
for the GD-1 perturber



w/Zhang+ (in prep 2024)

GD-1 Stellar Stream Perturber 

• Collapsed SIDM subhalo increases the mass within 10 pc, a factor of ~10 
• The required cross section ~50-100 cm2/g in the subhalos
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Diverse Satellite Galaxies

• Dark matter distributions are also diverse in the satellite galaxies
• Fornax: shallow density core; Draco: dense core/cusp

Observations 

w/ Valli (Nature Astronomy 2018); Read et al. (MNRAS 2018); w/Kaplinghat, Valli (MNRAS, 2019); w/
Sameie+(PRL 2019); Correa (MNRAS 2020); Turner+(MNRAS 2020); Nishikawa+(PRD, 2020); 
Silverman+(MNRAS, 2022)…



Extremely low dark matter density, and surprisingly large size in the stellar 
distribution

~120 kpc from Sun

Crater II satellite galaxy

Challenges in CDM, see e.g., Borukhovetskaya, Navarro, Errani, Fattahi (MNRAS, 2022)



w/Zhang, Yang, An (ApJL, 2024)

Crater II: the Large, Cold Satellite 

• O3 orbit is consistent with Gaia DR3
• The required cross section ~60 cm2/g
• For CDM, it is difficult even if we are free to choose the orbit 



Cra II

Tuc III;  collapsed SIDM subhalo?

Pace, Erkal, Li (ApJ, 2022)

More Fun with the MW Satellites 

Only one?



Gravothermal Collapse

collapse
“catastrophe”

???



Seeding Black Holes

Find GR configurations using the TOV equation; 
Check the GR instability condition 

 Truncated Maxwell-Boltzmann distribution Central 3D velocity dispersion>0.57c

Feng, HBY, Zhong (ApJL 2021, JCAP 2022)

Wei-Xiang Feng 

Yi-Ming Zhong 



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)
 

• The presence of baryons can speed the onset of collapse by a factor of 10–100! 
• The mechanism requires the existence of massive halos at high redshift

~800 Myr after 
the Big Bang
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The expected halo mass ~1011 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!



SIDM From Dwarf to Cluster Scales

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
• Fundamental scales ~10-12 cm vs galactic scales ~1022 cm
• Measuring particle properties of dark matter without detecting it directly 

Spiral galaxies

Mhalo~109-1013 M☉
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Yukawa Potential and SIDM

Application to model dark 
matter self-interactions
w/ Feng, Kaplinghat (PRL 2010)
w/ Ibe (PRB 2010)
w/ Tulin, Zurek (PRL, PRD 2013)
…

NN
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π

XX

X X

ɸ

large cross sections
velocity dependence

Yukawa, 1935



SIDM Direct Detection

PandaX collaboration+HBY (PRL, 
2018; Sci. China, 2021; PRL, 2023)

NX

X N

ɸ WIMP: mɸ~1 TeV>>q
SIDM: mɸ~10 MeV~q

Smoking-gun signature

Strong upper limit: the kinetic mixing parameter <10-11–10-10



•Strong-lensing systems
•Satellite galaxies, and stellar streams of the Milky Way
•Better, dedicated modeling and simulations are required

Looking Forward

See Daniel Gilman’s talk on Monday



TangoSIDM

Camila Correa
(Paris-Saclay)



Giulia Despali
(U of Bologna)

Baryon physics is based on IllustrisTNG
The results will be released soon



Thank You!


