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Dark Matter Halos: Hosting Galaxies

Aquarius Project, Springel+(2008)

Dark matter is essential for seeding the structure formation of the Universe
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Most of the known particles 
have large self-interactions 

mass, charge, spin



Dark Matter Self-Interactions

thermalizationSelf-interactions in the dark sector

PV=nRTTreat dark matter as ideal gas
“takeaway message”



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

• Small scales (field/satellite dwarf galaxies, substructures) 

• Core vs Cusp
• Diversity
• Too Big To Fail
• Dense substructures
• Ultra-diffuse galaxies
• …



CDM: Universal Density Profile

⇢s
r/rs(1 + r/rs)2

Aquarius Project, Springel+ (2008)

the Navarro-Frenk-White (NFW) profile (1996)
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Rotation curves (matter distributions) are diverse in spiral galaxies
Oman+(2015)



Self-Interacting Dark Matter

CDM

SIDM

σ/mX =2 cm2/g

CDM

SIDM

DMHeat

Isothermal distribution

Review:  Tulin, HBY (Physics Reports 2017)ρdm = ρ0 exp [−Φtot /σ2
0]

∇2Φtot = 4πG(ρdm+ρb)
Φtot = Φdm+Φb



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

w/ Ren, Kwa, Kaplinghat (PRX 2018)
w/ Creasey, Sameie, Sales+ (MNRAS 2017)
Zentner+ (JCAP 2022)…

min: 3 cm2/g



Gravothermal Collapse

Yang, Yu (JCAP 2022)

collapse
“catastrophe”

expansion

w/ Essig, McDermott, Zhong (PRL 2019)

heat

heat

Balberg+(ApJ, 2002)…
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Cosmological Zoom-in Simulations

Ethan Nadler 
(UCSD)

Daneng Yang 
(Purple Mountain)

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

Demao Kong 
(UCR)
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6 main halos with masses over LMC, MW, Group, Cluster scales; 14 simulations in total; the data is 
publicly available (~18 TB): Nadler, Kong, Yang, Yu (ApJ 2025); More than 4000 downloads

“SIDM Concerto”

XX

X X

ɸ

V(r) =
αχ

r
e−mϕr



large cross section
velocity dependence

Yukawa, 1935

NN

N N

π

Nuclear Interactions
Tulin, Yu (Review, 2017); data from Obloinsk+(2011)

V(r) = −
αN

r
e−mπr



1012 M⊙1011 M⊙

1013 M⊙ 1014 M⊙



SIDM amplifies diversity encoded in the scatter of halo concentration

Expansion

Collapse
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Any evidence for 
core-collapsed halos?



Substructure by Strong Lensing



(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

denser

Minor+(MNRAS, 2020); Despali+(A&A, 2025)
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Nadler, Yang, Yu (ApJL 2023)



JVAS B1938+666

SPT2147-50

SDP.81

More Strong-Lensing Perturbers 

All consistent with the core-collapse SIDM scenario; Kong, Nadler, Yu (2025); Yu (PRL 2026)

Updated analysis: Tajalli+(2025)

But see Stacey+ (2508.02776)

JVAS B1938+666-V



Figure: Khyati Malhan 

Stellar Streams of the Milky Way



2019

spur

gap gap

The spur- and gap-like features can be produced if the GD-1 stellar steam 
had a recent encounter with a dense object/perturber gravitationally



• The Milky Way satellite galaxies and globular clusters do not match the orbit 
• CDM subhalos are not dense enough (~3σ)

Bonaca+(2019)



Zhang, HBY,  Yang, Nadler (ApJL, 2024)

Xingyu Zhang
(UCR) 

106 − 107 M⊙

Fischer, Yu, Dolag (A&A, 2025)

Moritz Fischer
(DIPC)



Observational hint: there is a dense substructure in 
the Fornax satellite galaxy of the Milky Way 

106 − 107 M⊙

A dense strong-lensing perturber detected with 
radio observations

JVAS B1938+666-V



2510.11006

Strong lensing system
Fornax satellite
GD-1 stellar stream

Different cosmic 
environments and epochs

Yu (PRL 2026)



Yu (PRL 2026)CDM subhalos are not dense enough! 

JVAS B1938+666-V
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Anchor fit

GD-1 stellar stream
Lensing system
Fornax satellite Xingyu Zhang

(UCR) 

Zhang, Yu, Kong, Nadler (in prep)

CDM subhalos are not dense enough! 



Zhang, Yu (2026)

The perturber: an unresolved point-mass within 10 pc+an extended distribution 

Mass within the SMFP region: 3 × 105 M⊙

JVAS B1938+666-V



Zhang, Yu (2026)

The perturber: an unresolved point-mass within 10 pc+an extended distribution 

Challenge: the progenitor loses five orders of magnitude in mass 



Gravothermal Evolution

collapse
“catastrophe”

???





Red: JWST black holes
Black: high luminous AGNs 

Data compiled from the literature 



The JWST Little Red Dots

NASA, ESA, CSA, STScI, Dale Kocevski341 LRD galaxies have been identified



Seeding Supermassive Black Holes

Feng, HBY, Zhong (ApJL 2021, JCAP 2022, 2025)

Wei-Xiang Feng
(Tsinghua) 

Yi-Ming Zhong
(CityU, HK) 

Balberg, Shapiro (PRL 2002)
Pollack, Spergel, Steinhardt (ApJ 2015)



JWST Little Red Dots

Jiang+(2025); Feng, HBY, Zhong (2025); Roberts+(2025); Gu+(2026)

 ~109 M☉ halos on the high-concentration tail at z~10-15

Fangzhou Jiang+(2025)



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 ~106–1015 M☉) 

• Gravothermal collapse: Some halos are denser than expected in CDM
• 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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UGC05764
UGC07603
IC2574
NGC1705

UGC07151
UGC08490
UGC05750
UGC05721



αχ = αEM = 1/137

• Positive cross-section 
measurements on two 
different halo-mass scales

• Determine the dark 
matter particle mass and 
the mediator mass!

Kaplinghat, Tulin, Yu (PRL 2016)

V(r) = ±
αχ

r
e−mϕr

αχ, mχ, mϕ



JWST

Rubin/LSST (2026) VIA (2027)

VIA (2027)

Gaia (DR4 2026-27)
Euclid



THANK YOU!


