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Outline

◆ 3 Standing Small-Scale Challenges

◆ A 2 component Self-Interacting 
Dark Matter (SIDM) model with 
mass segregation

◆ Explaining observations
✓ Dwarf clustering
✓ Strong lensing perturbers
✓ Excessive Galaxy-Galaxy 

Strong Lensing (GGSL) events

A zoom-in of 20 
Mpc/h in an 
L=400 Mpc/h box

2



Persistent challenges from strong lensing observations 
(1) strong lensing perturbers 

Dark substructures found with
J0946+1006 & 
B1938+666

Simona Vegetti et al. MN 2009
Simona Vegetti et al. Nature 2012
Daniel J. Ballard et al. MN2023
Ethan Nadler et al. ApJL 2023
Giulia Despali et al. 2024
Wolfgang J. R. Enzi et al. 2024
Shubo Li et al. 2025
M. Tajalli et al. 2025
… …
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Persistent challenges from strong lensing observations 
(2) excessive small-scale lenses 
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Observation Simulation
Meneghetti+2009.04471 
(Science)
The efficiency of small 
scale lenses from Galaxy-
Galaxy Strong Lensing 
(GGSL) analysis is one 
order of magnitude 
higher in observation

Ragagnin+22 A&A
Tokayer+24
Angora+23 (A&A)
Meneghetti+22,23 A&A

2023 update, A&A 678, L2 (2023) Letter: A persistent excess of galaxy-galaxy strong lensing observed in galaxy clusters



A new challenge from the 
clustering of dwarf galaxies

◆Decreasing surface density 
◆Hydro baryonic simulation gives 

inverted feature
◆Self-Interacting Dark Matter 

(SIDM), with
𝝈/m=0.3 𝐜𝐦𝟐/𝐠 (SIDM03) 

      can explain the observation
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THEY CAN BE EXPLAINED 
SIMULTANEOUSLY

Self-Interacting Dark Matter with Mass Segregation

arXiv: 2506.14898 

Daneng Yang, Yi-Zhong Fan, Siyuan Hou, and Yue-Lin Sming Tsai
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WHY MASS SEGREGATION?

Massive particles will sink inside, 
elevating central halo mass

Core collapse:         more dense 
Mass segregation:  more dense 
                                  & more massive

Collisions (SIDM) lead to energy equilibration:  

𝒎𝟏𝒗𝟏
𝟐 ~ 𝒎𝟐𝒗𝟐

𝟐 
𝒎𝟏 > 𝒎𝟐 implies 𝒗𝟏< 𝒗𝟐
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Cross-species scatterings (SIDMx) 
makes mass segregation efficient

Mass segregation is effective in star clusters
But inefficient in dark matter halos

SIDM with mass segregation 
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Enhancing inner halo masses: 
mass segregation

Compact halos become more 
compact: boosted evolution

Diffuse halos develop cores: weak 
mass segregation effect

We propose a v-dependent 2-comp model with 
three crucial features

SIDM among the same types: red

SIDM across two components
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Thanks for your attention!

A zoom-in of 20 
Mpc/h in an 
L=400 Mpc/h box

Cosmological simulations

➢ Zoom-in one cluster with substructures

➢ Mh~1e15 Msun/h in a 400 Mpc/h box, 
mpart=1e8 Msun

Controlled simulations

➢ Dwarf scale 

• -1,0,+1 σ M11

• +2.5 σ concentrations M10-M11

➢ Cluster scale: cosmological analog

Cosmological zoom-in & 
controlled simulations
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Dashed lines: 1 component SIDM03

Following Zhang et al. Nature (2025) 

𝝈/m~0.3 𝐜𝐦𝟐/𝐠 

Solid lines: SIDM2c with two component

Produce roughly identical results

Cored dwarf hosts

Flat halos 
evolve similar 
to 1 
component 
SIDM halos

Hint: dense 
halos become 
denser

Test against Massive dwarfs of 
Median,

+1 sigma,
-1 sigma concentration
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We need a time 
dependent 
decreasing surface 
density in dwarfs



Strong lensing perturbers could be core-collapsed SIDM subhalos
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Minor et al. 2011.10627
The dark substructure has 

unexpected high concentration

S. Li & R. Li+2504.11800
Little dark dots

𝝈/m > 138 𝒄𝒎𝟐/𝒈 
Why M11 does not host a 

visible galaxy?

Nadler, Yang, Yu, ApJL 2023
Strong SIDM with

 𝝈/m >100 𝒄𝒎𝟐/𝒈 in group 
substructures



Controlled simulations with +2.5 
sigma concentration: 
M05 (5e10 Msun), M08 (8e10 
Msun), M11 (1e11 Msun)
SIDM strength ≲ 1 𝐜𝐦𝟐/𝐠 

No candidate in CDM

7 candidates in SIDM2v, mass in 
(1-10) x 1e10 Msun

Would be here if consider 
1 component SIDM

SIDM + mass 
segregation 
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Number of small scale lenses, effective radii>0.5’’
           5 (CDM)                              30 (SIDM2v,fiducial)                    37 (SIDMx)

Gravitational lensing by cluster substructures
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GGSL cross section of secondary caustics, excluding the ones that may 
dominate over 90%

0.515 (CDM)                   6.76 (SIDM2v,fiducial)                 12.8 (SIDMx)

13x CDM

Gravitational lensing by cluster substructures
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Natural solutions to the three key observations

GGSL 
excess

✓x10 GGSL cross section

✓x6 number of lenses 

Lensing 

Perturber

✓A small cross section can work

✓Predict more candidates to search

Dwarf 
Clustering

✓Time dependent core formation 
close to SIDM03

Enhancing inner halo masses: 
mass segregation

Compact halos become more 
compact: boosted evolution

Diffuse halos develop cores: 
weak mass segregation effect
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FURTHER EVIDENCE?

Analytic models facilitates obtaining predictions 

Hou, Yang, Li, Li JCAP 08 (2025) 048

➢ A family of central density profiles ranging r0 to r−2.5 with 
analytic lensing predictions

➢ Lensing for complex density fields via superposing models 
(not limited to SIDM)

Low 
mass 

subhalos 
from 

lensing

High 
redshift 
galaxies

Little 
red 
dots

Diverse 
rotation 
curves

Bullet 
cluster 

anomaly
?

Core 
collapse 
seeded 
black 
holes

?

Thanks for your attention!
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Back up



A cluster halo as little stellar mass, 

~ 0.05% halo mass: 

small contraction effect

Zhang et al. Nature (2025) predicts SIDM
𝝈/m~0.3 𝐜𝐦𝟐/𝐠 in dwarf halos
What if it applies to cluster halos? 

SIDM effect, measured in terms 
of the gravothermal phase 

scales as ~ 𝜎/m*𝜌𝑠
3/2𝑟𝑠

More effective in massive halos

SIDM03 cannot be right here!

Cluster profiles



Model the host 
halo using the 
CDM one



Host clusters are safe from the SIDM01 constraint



arXiv:2502.14964 & arXiv:2305.16176

https://github.com/HouSiyuan2001/SIDM_Lensing_Model

Analytic calculation of lensing 
effects for any halos that can 
be fitted by PSIDM, not 
limited to SIDM halos
Superposition possible

𝜌𝑃𝑆𝐼𝐷𝑀(𝑟, 𝝆𝒔,𝟎, 𝒓𝒔,𝟎, 𝞽)



S.Li+2504.11800, core collapsed SIDM halo 
could address the “little dark dot” in 1e11 
Msun halos with 𝝈/m>138 𝐜𝐦𝟐/𝐠

Jiang+2503.23710, core collapsed SIDM in 
1e9 Msun halos can seed “little red dots”, 
with 𝝈/m~𝟏𝟎 𝐜𝐦𝟐/𝐠

A velocity dependent model could help with 
“little red dots” & clusters, but…

• No core collapse in massive dwarfs (M11)

• No core collapse in 1e13 Msun ETGs

A v-dependent SIDM1c 
is insufficient



MASS SEGREGATION IN SIDM

Efficient in SIDM, because

Core collapse:         more dense 
Mass segregation:  more dense 
                                  & more massive

SIDM03 in orange
SIDM2c in red, constant cross sections picked 
s.t. they leads to similar dwarf scale effects



Further GGSL related discussion

Denser halo distribution is favored…

Inner density slope as dense as -2.5 

can marginally match the observation

Dutra et al. 2406.17024

Meneghetti+2009.04471 (Science)

on Galaxy-Galaxy strong lensing (GGSL)

Yang & Yu 21: SIDM core collapse 
boost Radial GGSL, i.e., do not 
significantly affect 4-image events… 

Baryonic solutions?

Y. Bahé, Jan 2021 

& A. Robertson, Jan 2021

Results driven by 1 or 2 

massive substructures

Novel dark matter 

solutions?

• Enhanced structure 

formation? 

• Dissipative SIDM?

• SIDM?  (Yang&Yu 2021)

• SIDM with mass segregation



Our first paper on SIDM with mass 
segregation: 
arXiv:2504.02303 with Yue-Lin Sming Tsai，
Yi-Zhong Fan (PMO)

Strong SIDM with mass segregation 
in a Milky-Way like system

Correa 2020, MNRAS



Mass segregation 
contributes a new d.o.f. in 
reshaping the diversity…

• Stronger segregation -> 
higher inner densities

• SIDM of the inner heavy 
component has 
gravothermal evolution 
(core & cusp)

arXiv:2504.02303 with Yue-Lin Sming Tsai，Yi-Zhong Fan (PMO)
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