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Outline
• Review


• Cold & collisionless dark matter and its challenges


• Self-interacting dark matter 


• The core-collapse of dark matter halo


• Seeding high-z supermassive black holes [with Feng & Yu, 
arXiv: 2506.17641]


• Summary
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The CDM paradigm

3

~2 million light years

~200,000 light years

Dark matter halos

Cold and Collsionless Dark Matter

Cosmic Web
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The Navarro–Frenk–White profile

4

• From CDM simulations, all halos 
obey a universal density profile 
 

 

• Valid for halos with mass 
.

ρ(r) =
ρs

(r/rs)(1 + r/rs)2

10−6 − 1014 M⊙
Wang+ ’19

d log ρ
d log r

= − 3

rs

d log ρ
d log r

= − 1

J. Navarro C. Frenk S. White
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The Navarro–Frenk–White profile
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• The NFW profile is based on 
numerical simulations.


• Is this consistent with observations?


• Core-cusp problem


• Diversity problem

d log ρ
d log r

= − 3

rs

d log ρ
d log r

= − 1

J. Navarro C. Frenk S. White

See Tulin & Yu ‘18

Oh+ ‘15
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The Navarro–Frenk–White profile
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d log ρ
d log r

= − 3

rs

d log ρ
d log r

= − 1

J. Navarro C. Frenk S. White
Baryons

See Tulin & Yu ‘18

Oh+ ‘15

• The NFW profile is based on 
numerical simulations.


• Is this consistent with observations?


• Core-cusp problem


• Diversity problem



Yi-Ming Zhong26 Aug 2025

The Navarro–Frenk–White profile

7

• The NFW profile is based on 
numerical simulations.


• Is this consistent with observations?


• Core-cusp problem


• Diversity problem


• Ultra-dense structure problem

🤔

d log ρ
d log r

= − 3

rs

d log ρ
d log r

= − 1

J. Navarro C. Frenk S. White

See Tulin & Yu ‘18

Oh+ ‘15
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Gravitational lensing
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Credit: NASA 
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Some challenges to CDM (Jackpot)

• SDSS J0946+1006, a.k.a.
“Jackpot”, contains a dim 
substructure.


• It could be a  halo 
with an inner slope of

.

∼ 109 M⊙

γ ≡ d log ρ/d log r ≃ − 2.3

9

Vegetti+ ‘ 10, Minor+ ’21, Nightingale+ ’22, Despali+ ’24, Enzi+ ’25… 
[translated from  by ]γ2D γ = γ2D − 1
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Some challenges to CDM (GGSL)

• Meneghetti+ ’20 studied galaxy-
galaxy strong lensing (GGSL).


• Those  halos 
favor .

1010 − 1012 M⊙
γ ≤ − 2.5

10

Dutra, Natarajan & Gilman ’24, also see Yang’s talk

MACSJ1206 , Meneghetti+ ’20 
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Some challenges to CDM (ACT×DES)

• Adhikari+ ’24 (+YZ) studied 
weak lensing of 908 
ACTxDES lens.


• Those  halos 
(slightly) prefer

.

∼ 1014 M⊙

γ = − 1.5 ∼ − 2

11

Credit: Sachs 

Weak lensing
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High-z supermassive black holes (SMBHs)

• Various telescopes 
found 700+ SMBHs 
within the first billion 
years of the Universe.

12

• High-z SMBH

ATLAS 
CFHQS 
DELS 
DES 
DESI 
FIRST 
HSC 
IMS 
JWST

NDWFS 
PSO 
RD 
SDSS 
UHS 
ULAS 
VHS 
VIK 
……

Complied catalog is available at https://github.com/Kscey/HZBC 
[Kacey Chan + YZ]

https://github.com/Kscey/HZBC
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• Stellar black hole + 
Eddington accretion limit.  
 
 

13

High-z supermassive black holes (SMBHs)

<latexit sha1_base64="Msg0LGwvYf2EshKXDULBa99sER8="></latexit>

fEdd → Lbol/LEdd

<latexit sha1_base64="19TDVH/yz40NAgcb9O3BPzYgF3M="></latexit>

ṀEdd =
MBH

50Myr/fEdd

Complied catalog is available at https://github.com/Kscey/HZBC 
[Kacey Chan + YZ]

https://github.com/Kscey/HZBC
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• Many of them are very dim.  
 
 
Vanilla stellar BH + 
Eddington accretion cannot 
explain their formation.

14

High-z supermassive black holes (SMBHs)

<latexit sha1_base64="Sd17PB7ZChE09fBeGlN7lB8iANo=">AAACAXicdVC7SgNBFJ2NrxhfUUubwSCkWnZFo3YBLSwjmAeaJcxOZpMh81hmZg1hSeUv2GpvJ7Z+ia1f4mwSRKMeuHA4517O5YQxo9p43ruTW1hcWl7JrxbW1jc2t4rbOw0tE4VJHUsmVStEmjAqSN1Qw0grVgTxkJFmODjP/OYdUZpKcW1GMQk46gkaUYyMlW7aF3IokFJy2CmWPPcswzH0XW+C36QEZqh1ih/trsQJJ8JghrS+9b3YBClShmJGxoV2okmM8AD1yK2lAnGig3Ty8RgeWKULI6nsCAMn6veLFHGtRzy0mxyZvp73MvFPL+RzySY6DVIq4sQQgafBUcKgkTCrA3apItiwkSUIK2p/h7iPFMLGllawpfzfxRdpHLp+xa1cHZWq5Vk9ebAH9kEZ+OAEVMElqIE6wECAB/AInpx759l5cV6nqzlndrMLfsB5+wSM0ZfI</latexit>

→

Complied catalog is available at https://github.com/Kscey/HZBC 
[Kacey Chan + YZ]

https://github.com/Kscey/HZBC


Do ultra-dense structures hint 
dark matter beyond CDM?

🤔



Self-interacting dark matter
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Is dark matter alone?

17

Ordinary matter

DM
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Ordinary matter Dark sectors

DMDark 
Higgs

Sterile 
neutrino

……

Dark 
photon Axion

Is dark matter alone?
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Ordinary matter Dark sectors

Portal? 

DMDark 
Higgs

Sterile 
neutrino

……

Dark 
photon Axion

<latexit sha1_base64="NaAiJ7CtVbQ3YDTm7Ufmt0K84bw="></latexit>

ωFµωF
→µω

<latexit sha1_base64="jbn2Iap4IwaPDW97ik8Uxj9sMPA="></latexit>

yNLHN

<latexit sha1_base64="I233BNqUtM/8QRrr5KYlwCoyuXA="></latexit>

ωµa

!
ε̄ϑµϑ5ε

……
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Dark sectors

Self-interactions? DMDark 
Higgs

Sterile 
neutrino

……

Dark 
photon Axion
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N N

Cross section strength:

Pion

Nucleon-nucleon self-interaction

<latexit sha1_base64="dYc+v3BFKPxU+xw4sCFxA5YQfCY="></latexit>

1 cm2/g

⇡ 2 barn/GeV

<latexit sha1_base64="+7pa8azD6LvhzJbedAM6r0vYQ/s="></latexit>

�T/mN ⇠ 10 cm2/g
Nuclear Data Sheets ’11
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DM DM

New interaction

Self-Interacting Dark Matter (SIDM)

Cross section strength:
<latexit sha1_base64="dYc+v3BFKPxU+xw4sCFxA5YQfCY="></latexit>

1 cm2/g

⇡ 2 barn/GeV

<latexit sha1_base64="vk20sBgd579APjcgWZ8QAu8cu3E="></latexit>

ωT/mDM ↭ 1 cm2/g
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DM DM

New interaction

Spergel & Steinhardt ‘00

<latexit sha1_base64="FDTZjzgHKFuSmLxhHE035H1RsEw="></latexit>

trlx =
1

⇢(�/m)v
⇠ 10Gyr

✓
0.4GeV/cm3

⇢

◆✓
1 cm2/g

�/m

◆✓
200 km/s

v

◆

<latexit sha1_base64="vk20sBgd579APjcgWZ8QAu8cu3E="></latexit>

ωT/mDM ↭ 1 cm2/g



The core-collapse of dark matter 
halo
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Effects of self-interaction

Hot (faster) Cold (slower)

Cooler Hotter

Time💥
Equipartition
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Halo formation
Dense, Cold

Sparse, Hot

Density profile 
(density at given radii) Velocity dispersion profile

Cuspy

Navarro-Frenk-White (NFW) profile

<latexit sha1_base64="67on5tVp5z4RmWFCZfFxp7Yakjs=">AAACH3icdVDLSsNAFJ3UV62vqEs3g1WoCCEpWnUhFNy4rGAf0MQwmU7aoZMHMxOhhPyJG3/FjQtFxF3/xklbxPo4MHDOufdy5x4vZlRI0xxrhYXFpeWV4mppbX1jc0vf3mmJKOGYNHHEIt7xkCCMhqQpqWSkE3OCAo+Rtje8yuvte8IFjcJbOYqJE6B+SH2KkVSWq9dsPojgJbR9jnCaC1dk6VTxLOVKVazjOX10V81cvWwaFzlOoWWYE/wmZTBDw9U/7F6Ek4CEEjMkRNcyY+mkiEuKGclKdiJIjPAQ9UlX0RAFRDjp5L4MHiqnB/2IqxdKOHG/T6QoEGIUeKozQHIgftZy869aN5H+uZPSME4kCfF0kZ8wKCOYhwV7lBMs2UgRhDlVf4V4gFQWUkVaUiH8f/sXaVUNq2ZYNyfl+sEsjiLYA/ugAixwBurgGjRAE2DwAJ7AC3jVHrVn7U17n7YWtNnMLpiDNv4Ek9qj3Q==</latexit>

⇢ =
⇢s

r
rs
(1 + r

rs
)2
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Heat

Huo, Yu & YZ ‘20

Heat

Core expansion

Cored
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Core collapse

Heat

Heat 
extraction

Shrinks 
more

Hotter  
core

Spergel & Steinhardt ‘00
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Core collapse

Heat

Heat 
extraction

Shrinks 
more

Hotter  
core

<latexit sha1_base64="TvOixEQcskIqr7v0487BZzGShVM=">AAACGXicdVDLSgMxFM3UV62vqks3wSIIQpmpbdWFUBTBZQX7gLaUTJq2oZnMkNwRy9CtP+EvuNW9O3Hryq1fYqatokUPBM49515u7nEDwTXY9ruVmJtfWFxKLqdWVtfWN9KbW1Xth4qyCvWFr+ou0UxwySrAQbB6oBjxXMFq7uA89ms3TGnuy2sYBqzlkZ7kXU4JGKmdxjl80W4Cu4VowOXo4LsKfBjhU2y30xk7exLjEE9IMSZ23rGdAnay9hgZNEW5nf5odnwaekwCFUTrhmMH0IqIAk4FG6WaoWYBoQPSYw1DJfGYbkXjS0Z4zygd3PWVeRLwWP05ERFP66Hnmk6PQF/PerH4p+d6M5uhe9yKuAxCYJJOFndDgcHHcUy4wxWjIIaGEKq4+TumfaIIBRNmyoTydTn+n1RzWaeYLVzlM6WzaTxJtIN20T5y0BEqoUtURhVE0R16QI/oybq3nq0X63XSmrCmM9voF6y3T5b3oFw=</latexit>

2Ekin + Epot = 0

<latexit sha1_base64="r++s+bV3uLGXC3cZQZ4peN9d/Eo=">AAACGHicdVDLSgNBEJyNrxhfUY8eHAyCF8OuJlEPQlAEjxHMA5IQZieTZMjs7DLTK4YlR3/CX/Cqd2/i1ZtXv8TZPECDFjQUVd10d7mB4Bps+9NKzM0vLC4ll1Mrq2vrG+nNrYr2Q0VZmfrCVzWXaCa4ZGXgIFgtUIx4rmBVt38Z+9U7pjT35S0MAtb0SFfyDqcEjNRK7161GsDuIQIfiBjic3yIp1Kfy2ErnbGzZzGO8ZgUYmLnHNvJYydrj5BBE5Ra6a9G26ehxyRQQbSuO3YAzYgo4FSwYaoRahYQ2iddVjdUEo/pZjR6ZIj3jdLGHV+ZkoBH6s+JiHhaDzzXdHoEenrWi8U/Pdeb2Qyd02bEZRACk3S8uBMKDD6OU8JtrhgFMTCEUMXN7Zj2iCIUTJYpE8r0c/w/qRxlnUI2f5PLFC8m8STRDtpDB8hBJ6iIrlEJlRFFD+gJPaMX69F6td6s93FrwprMbKNfsD6+Ae0goKM=</latexit>

Etotal = �Ekin

<latexit sha1_base64="/W9ZP8ZTYUk1vMbk2BuitKXKq8I=">AAACAXicdVC7SgNBFJ31GeMramkzGASrZVeTqF1QC8sI5oHJEmYns8mQeSwzs4YQUvkLttrbia1fYuuXOJtE0KAHLhzOuZd77wljRrXxvA9nYXFpeWU1s5Zd39jc2s7t7Na0TBQmVSyZVI0QacKoIFVDDSONWBHEQ0bqYf8y9ev3RGkqxa0ZxiTgqCtoRDEyVrprXcmBQErJQTuX99zzFCdwSkop8Qq+5xeh73oT5MEMlXbus9WROOFEGMyQ1k3fi00wQspQzMg420o0iRHuoy5pWioQJzoYTS4ew0OrdGAklS1h4ET9OTFCXOshD20nR6an571U/NML+dxmE50FIyrixBCBp4ujhEEjYRoH7FBFsGFDSxBW1N4OcQ8phI0NLWtD+f4c/k9qx65fcos3hXz5YhZPBuyDA3AEfHAKyuAaVEAVYCDAI3gCz86D8+K8Om/T1gVnNrMHfsF5/wLib5gV</latexit>

+

<latexit sha1_base64="/W9ZP8ZTYUk1vMbk2BuitKXKq8I=">AAACAXicdVC7SgNBFJ31GeMramkzGASrZVeTqF1QC8sI5oHJEmYns8mQeSwzs4YQUvkLttrbia1fYuuXOJtE0KAHLhzOuZd77wljRrXxvA9nYXFpeWU1s5Zd39jc2s7t7Na0TBQmVSyZVI0QacKoIFVDDSONWBHEQ0bqYf8y9ev3RGkqxa0ZxiTgqCtoRDEyVrprXcmBQErJQTuX99zzFCdwSkop8Qq+5xeh73oT5MEMlXbus9WROOFEGMyQ1k3fi00wQspQzMg420o0iRHuoy5pWioQJzoYTS4ew0OrdGAklS1h4ET9OTFCXOshD20nR6an571U/NML+dxmE50FIyrixBCBp4ujhEEjYRoH7FBFsGFDSxBW1N4OcQ8phI0NLWtD+f4c/k9qx65fcos3hXz5YhZPBuyDA3AEfHAKyuAaVEAVYCDAI3gCz86D8+K8Om/T1gVnNrMHfsF5/wLib5gV</latexit>

+
<latexit sha1_base64="4X1fyGfl+zzTGLU9na7nEuBzz1M="></latexit>

C ⌘ Etotal

T
< 0

<latexit sha1_base64="O9SFmZG8tyCIO3OZrk/MgRCSxvw=">AAACD3icdVDLSgNBEJyNrxhfq4IXL4NB8BR2NYl6C4rgMUJekIQwO5kkQ2Znl5leMaz5CH/Bq969iVc/watf4mwSQYMWNBRV3XR3eaHgGhznw0otLC4tr6RXM2vrG5tb9vZOTQeRoqxKAxGohkc0E1yyKnAQrBEqRnxPsLo3vEz8+i1TmgeyAqOQtX3Sl7zHKQEjdey9q04L2B3EQy7HuBWqIIQAVzp21smdJzjBU1JMiJN3HbeA3ZwzQRbNUO7Yn61uQCOfSaCCaN10nRDaMVHAqWDjTCvSLCR0SPqsaagkPtPteHL/GB8apYt7gTIlAU/UnxMx8bUe+Z7p9AkM9LyXiH96nj+3GXpn7ZjLMAIm6XRxLxLYvJyEg7tcMQpiZAihipvbMR0QRSiYCDMmlO/P8f+kdpxzi7nCTT5bupjFk0b76AAdIRedohK6RmVURRTdo0f0hJ6tB+vFerXepq0pazazi37Bev8Ca6GdMg==</latexit>

Ekin / T

Spergel & Steinhardt ‘00
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Overall evolution

30

Evolution stages:


0.  Halo formation


1. Core expansion


2. Quasi-stable


3. Core collapse

Density evolution

Essig+ (+YZ) ‘19

Evolution time is controlled by σ/m
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The core-collapsed profile is ultra-dense

31

Density evolution

Essig+ (+YZ) ‘19

10-2 10-1 100
10-2

10-1

100

101

102

103

104

Core-Collapsed

log-slope steeper than , 
extending to 

−2
r ∼ rs
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Essig+ (+YZ) ‘19

However, the core-collapse time is too long…

32

For  cm2/g,* 
collapse time ~ 100 Gyr

𝒪(1)

🤔* given various constraints on SIDM
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If more heat goes out

faster collapse
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How to transfer more heat out?

34

Changing the interaction. Changing the halo.

• Larger cross section 
~100 cm2/g  
Velocity-dependent 
SIDM


• Dissipative self-
interaction

⇒
• Larger concentration


• Central baryon component


• Tidal stripping


• Mass segregation 

Essig+ (+YZ) ’19, Huo, Yu & YZ ’20…

Nishikawa+ ’19…

Yang, Yu & YZ ’23, Yang+ ’23…

Pollack ’15, Essig+ (+YZ) ’19…

Yang+ ’25, Patil+ ‘25

Rutherford-like, resonant….



Seeding high-z supermassive 
black holes
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Beyond stellar BH + Eddington accretion

• We need either: 


1. Heavier seed black 
holes.


2. Super-Eddington 
accretion.

36

See review by Inayoshi ’19, ‘25
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Heavier seed solution

• Previous works proposed that 
SMBHs are formed from the 
ultra-dense cores of 
collapsed SIDM halos.


• However, there are doubts on 
the fraction .


• More detailed simulations are 
needed.

MBH/Mcore

37

Mcore/Mhalo = 10−3 − 10−2

Pollack, Spergel & Steinhardt ’15, 
Essig+ (+YZ) ’19, Feng, Yu & YZ ’21, 
Zhang+ ’25, Nadler+ ’25, Jiang+ ’25

Balberg & Shapiro ‘00 
Ralegankar+ ’24, 
Gad-Naser+ ‘24
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Super-Eddington accretion solution

• In this work, we focus on solution 2:


• Bondi accretion of SIDM, .


• In contrast, .


• Bondi accretion of SIDM offers a natural 
mechanism for super-Eddington accretion.

·MBon ∝ M2
BH

·MEdd ∝ MBH

38

GR 
Seed

SIDM 

Bondi
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Challenges

• How do we obtain a reservoir of SIDM to fuel the Bondi 
accretion?


• Bondi accretion is slower than Eddington accretion 
when  is small. How do we obtain the initial kick?MBH

39
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Solving Challenge 1

• Seed the BH at collapsed 
SIDM cores.


•  
 
 
The core supplies sufficient 
SIDM for the BH to grow.

Mcore/Mhalo = 10−3 − 10−2

40

GR 
Seed

Ultra-dense core 

Core-collapsed Halo

<latexit sha1_base64="Sd17PB7ZChE09fBeGlN7lB8iANo=">AAACAXicdVC7SgNBFJ2NrxhfUUubwSCkWnZFo3YBLSwjmAeaJcxOZpMh81hmZg1hSeUv2GpvJ7Z+ia1f4mwSRKMeuHA4517O5YQxo9p43ruTW1hcWl7JrxbW1jc2t4rbOw0tE4VJHUsmVStEmjAqSN1Qw0grVgTxkJFmODjP/OYdUZpKcW1GMQk46gkaUYyMlW7aF3IokFJy2CmWPPcswzH0XW+C36QEZqh1ih/trsQJJ8JghrS+9b3YBClShmJGxoV2okmM8AD1yK2lAnGig3Ty8RgeWKULI6nsCAMn6veLFHGtRzy0mxyZvp73MvFPL+RzySY6DVIq4sQQgafBUcKgkTCrA3apItiwkSUIK2p/h7iPFMLGllawpfzfxRdpHLp+xa1cHZWq5Vk9ebAH9kEZ+OAEVMElqIE6wECAB/AInpx759l5cV6nqzlndrMLfsB5+wSM0ZfI</latexit>

→
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Solving Challenge 2

• Eddington-aided growth


• The seed BH experiences both 
Bondi accretion of SIDM + 
Eddington accretion of normal 
matter. 
 
Early growth is Eddington-
driven; later growth is Bondi-
driven.

41

GR 
Seed

Bondi

Eddington

<latexit sha1_base64="Sd17PB7ZChE09fBeGlN7lB8iANo=">AAACAXicdVC7SgNBFJ2NrxhfUUubwSCkWnZFo3YBLSwjmAeaJcxOZpMh81hmZg1hSeUv2GpvJ7Z+ia1f4mwSRKMeuHA4517O5YQxo9p43ruTW1hcWl7JrxbW1jc2t4rbOw0tE4VJHUsmVStEmjAqSN1Qw0grVgTxkJFmODjP/OYdUZpKcW1GMQk46gkaUYyMlW7aF3IokFJy2CmWPPcswzH0XW+C36QEZqh1ih/trsQJJ8JghrS+9b3YBClShmJGxoV2okmM8AD1yK2lAnGig3Ty8RgeWKULI6nsCAMn6veLFHGtRzy0mxyZvp73MvFPL+RzySY6DVIq4sQQgafBUcKgkTCrA3apItiwkSUIK2p/h7iPFMLGllawpfzfxRdpHLp+xa1cHZWq5Vk9ebAH9kEZ+OAEVMElqIE6wECAB/AInpx759l5cV6nqzlndrMLfsB5+wSM0ZfI</latexit>

→
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The new growth curve

42
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Summary

• The ultra-dense structures pose a new challenge to the 
CDM paradigm. 


• SIDM provides a natural explanation to the ultra-dense 
structures through core-collapsed halos.


• SIDM may also explain the high-redshift SMBHs through 
Eddington-aided SIDM Bondi accretion.



Backup
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Constraints on dark matter self-interaction
Dwarf MW-like Cluster

Lensing,

Stellar kinematics,

Halo morphology


……

Credit: Moritz S. Fischer
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Elastic SIDM model

Credit: Moritz S. Fischer

Rutherford-like
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Elastic SIDM model

Credit: Moritz S. Fischer

 Resonant
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Dissipative SIDM

e.g., Atomic Dark Matter

Dark PhotonDark electron
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Elastic SIDMDissipative SIDM

Dark Photon

Atomic dark matter

Accelerated up to ~100-1000

Essig+ (+YZ) ‘19
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Huo, Yu & YZ ’20

χ1

χ2

A′

Inelastic dark matter

Accelerated up to ~100-1000


