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Outline

• Introduction


• Gravothermal collapse of self-interacting dark matter 
(SIDM) halos


• Collapsed halos give birth to high-z supermassive black 
holes


• Summary
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Evidence for dark matter

Bullet Cluster Large-Scale Structure Cosmic Microwave 
Background
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The Standard Model of Particle Physics

Ordinary matter
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What is dark matter?

Ordinary matter
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Dark matter candidate
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Ultralight dark matter

(e.g. axion, dark photon)

Weakly interacting  
massive particles (WIMP)

Ultraheavy dark matter

(e.g. black holes)

mass

109 eV — 1013 eV 1050 eV — 1053 eV10-22 eV — 1 eVAs
tro

 b
ou

nd
Astro bound
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Is dark matter alone?
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Ordinary matter

DM
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Ordinary matter Dark sector

DMdark 
Higgs?

sterile 
neutrino?

……

…

dark 
photon?
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Ordinary matter Dark sector

Portal? 

DMdark 
Higgs?

sterile 
neutrino?

……

…

dark 
photon?
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Dark sector searches
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If dark photon

couples to the 

Standard Model

charged particles
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Bremsstrahlung

Decay

Annihilation
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Coupling to the 
Standard Model

charged particles

Dark photon mass


LHCb ‘19

Except ATOMKI’16, JAM ‘23
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<latexit sha1_base64="ZdwnicmUkcCpXHGlJteLr0AGFts=">AAACAnicdVC7SgNBFL0bXzG+opY2i0FItWzE+OgCNpYRzAOSJcxOZpMh81hmZgNhSecv2GpvJ7b+iK1f4mwSRKMeuHA4517O5YQxo9r4/ruTW1ldW9/Ibxa2tnd294r7B00tE4VJA0smVTtEmjAqSMNQw0g7VgTxkJFWOLrO/NaYKE2luDOTmAQcDQSNKEbGSp3uGCkSa8qk6BVLvneVoepWPH+G36QEC9R7xY9uX+KEE2EwQ1p3Kn5sghQpQzEj00I30SRGeIQGpGOpQJzoIJ29PHVPrNJ3I6nsCOPO1O8XKeJaT3hoNzkyQ73sZeKfXsiXkk10GaRUxIkhAs+Do4S5RrpZH26fKoINm1iCsKL2dxcPkULY2NYKtpT/u/gizVOvcu5Vb89KtfKinjwcwTGUoQIXUIMbqEMDMEh4gEd4cu6dZ+fFeZ2v5pzFzSH8gPP2CYDSmFE=</latexit>"
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Ordinary matter Dark sector😱

DMdark 
Higgs?

sterile 
neutrino?

……

…

dark 
photon?
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DMdark 
Higgs?

sterile 
neutrino?

……

…

dark 
photon?

Dark sector

Self-interactions?

DM
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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

(DM mass~ GeV)Cross section strength:
<latexit sha1_base64="BCyvbulGfwggtmVt2u5KIMrIzyw="></latexit>

�T/mDM ⇠ 10�70 cm2/g

Gravity

Cold Collisionless Dark Matter (CDM)
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DM DM

New interaction

<latexit sha1_base64="3Cu2bbqc+xkkyeI1Pn9+Wf/sc8g="></latexit>

�T/mDM ⇠ 1 cm2/g

Self-Interacting Dark Matter (SIDM)

Cross section strength:
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DM DM

New interaction

Spergel & Steinhardt ‘00

<latexit sha1_base64="3Cu2bbqc+xkkyeI1Pn9+Wf/sc8g="></latexit>

�T/mDM ⇠ 1 cm2/g
<latexit sha1_base64="FDTZjzgHKFuSmLxhHE035H1RsEw="></latexit>

trlx =
1

⇢(�/m)v
⇠ 10Gyr

✓
0.4GeV/cm3

⇢

◆✓
1 cm2/g

�/m

◆✓
200 km/s

v

◆
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Where to look at?

19
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Where to look at?

20

~2 million light years

~200,000 light years

Dark matter halos
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Dark matter halos can probe self-interactions

DM

DM

DM

DM

Dark matter self-interactions Dark matter halo properties
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Dark matter halo classes

Dwarf halos Milky Way-sized halos Galaxy cluster halos

108 ~ 1011 M☉ 1011 ~ 1014 M☉ 1014 ~ 1015 M☉
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Constraints on dark matter self-interaction

cr
os

s 
se

ct
io

n 
st

re
ng

th

typical velocity

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

1 cm2/g

⇡ 2 barn/GeV
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Constraints on dark matter self-interaction
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Constraints on dark matter self-interaction

25
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cr
os

s 
se

ct
io

n 
st

re
ng

th

typical velocity

Spherical

Triaxial

26

Constraints on dark matter self-interaction
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cr
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Constraints on dark matter self-interaction
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Solving “small-scale problems” of CDM

cr
os

s 
se

ct
io

n 
st

re
ng

th

⭐
⭐

⭐
⭐

Cusp vs core 
(Wandelt+ ’00)

Too big to fail 
(Zavala+’12 
Elbert+ ’14)

Diversity 
(Kamada+ ’16)

Splashback 
radius deficit 
(More+ ’16)
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Solving small-
scale problems of 

CDM

Probing dark 
sectors



Gravothermal collapse of  
self-interacting dark matter halos
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Effects of self-interaction

Hot (faster) Cold (slower)

Cooler Hotter

Time💥
Equipartition
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I. Halo formation

Cold Collisionless DM
(NFW profile)

101 102
104

105

106

107

108

109

Radius [kpc]

D
en

sit
y
[M

⊙
/k

pc
3 ]

MW halo

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

Density profile 
(density at given radii)

Dense

Sparse

Cuspy
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I. Halo formation
Dense, Cold

Sparse, Hot

Density profile 
(density at given radii) Vel. dispersion profile
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Heat

Huo, Yu & YZ ‘20

Heat

II. Core expansion

Cored
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Heat

Key to solve the small-scale problem

Heat

II. Core expansion

Huo, Yu & YZ ‘20

Cored
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III. Core collapse

Heat

heat 
extraction

shrink 
more

hotter  
core

Spergel & Steinhardt ‘00
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III. Core collapse

Heat

<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>

+

heat 
extraction

shrink 
more

hotter  
core

<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
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<latexit sha1_base64="CSDvFjvrr18tAgr5ipiG5VQPHAc=">AAAB+HicdVDLSgMxFM3UV62vqks3wSK4Gmak9bEruHHZgn1AO5RMeqcNTTJDkhFq6Re41b07cevfuPVLzLRFtOqBC4dz7uVcTphwpo3nvTu5ldW19Y38ZmFre2d3r7h/0NRxqig0aMxj1Q6JBs4kNAwzHNqJAiJCDq1wdJ35rTtQmsXy1owTCAQZSBYxSoyV6qpXLHnuVYYK9l1vht+khBao9Yof3X5MUwHSUE607vheYoIJUYZRDtNCN9WQEDoiA+hYKokAHUxmj07xiVX6OIqVHWnwTP1+MSFC67EI7aYgZqiXvUz80wvFUrKJLoMJk0lqQNJ5cJRybGKctYD7TAE1fGwJoYrZ3zEdEkWosV0VbCn/d/FFmmeuf+5W6uVStbyoJ4+O0DE6RT66QFV0g2qogSgC9IAe0ZNz7zw7L87rfDXnLG4O0Q84b59kUJPM</latexit>r

Dark matter halo
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Gravothermal evolution

39

Evolution stages:


0.  Halo formation


1. Core expansion


2. Quasi-stable


3. Core collapse

Density evolution

Essig, Mcdermott,  
Yu & YZ (2019)

Evolution time is controlled by σ/m
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Gravothermal evolution
Velocity dispersion evolution

Essig, Mcdermott,  
Yu & YZ (2019)

Evolution time is controlled by σ/m

Evolution stages:


0.  Halo formation


1. Core expansion


2. Quasi-stable


3. Core collapse
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Self-interactions increase halo’s **diversity**

41
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Self-interactions enforce halo’s **universality**

42

YZ, Yang & Yu ‘23
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Different halo 
configurations
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Rescaling
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Essig, Mcdermott,  
Yu & YZ (2019)

But it takes too long…

43

Why should we care?

🤔
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If more heat goes out

faster collapse
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How to transfer more heat out?

• Velocity-dependent (vd) self-interaction


• Dissipative self-interaction


• Central baryon component


• Tidal stripping


• ……

45

Essig, Mcdermott, Yu & YZ (2019); Huo, Yu & YZ (2020)

Nishikawa+ (2019)

Yang, Yu & YZ (2023); Yang+ (YZ included, 2023)
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1. Larger self-interaction

v

σ(v)

radius

Small cross section

Heat flux

Faster transportation

temp

temp

radius

Larger cross section
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1. Larger self-interaction

v

σ(v)

Small cross section

Larger cross section

Bullet cluster crossing
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1. Velocity-dependent SIDM

Bullet cluster crossingv

σ(v)

Constant SIDM

Constant SIDM

Constraints from  
Cluster crossings
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1. Velocity-dependent SIDM

v

σ(v)

Constant SIDM

Constant SIDM

Constraints from  
Cluster crossings

DMDM

New light 
mediator

DM DM
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Central baryonic component (CBC)

Objects made of ordinary 
particles 

(gas, stars, disk, bulge…)
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Central baryonic component (CBC)

radius

Potential
Without central baryons

radius

With central baryons

Potential
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Central baryonic component (CBC)

52
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Collapse 

much faster

(Up to a factor of 10–100)



How to probe self-interacting 
dark matter?
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Rotation curves Strong lensing Weak lensing

Essig, Mcdermott, Yu & YZ (2018),  
Yang+ (YZ included, 2023)

Gilman+ (2021),  
Gilman, YZ & Bovy (2022)

Adhikari, Banerjee, Jain, Hyeon-Shin 
& YZ (2024)



Give birth to high-z 
supermassive black holes
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High-z supermassive black holes (SMBHs)
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The high-z supermassive black holes

• > 200 SMBHs with mass ≥ 
106 M☉ at z > 6  
(7% of the age of Universe)


• 11 SMBHs with mass ≥ 108 
M☉  at z > 7  
(5% of the age of Universe)

Based on Inayoshi + ‘19

Trakhtenbrot ’20, ……

How do they form?

1st star 
formation in ΛCDM

Subaru

DES


Pan-STARRS1

SDSS 
JWST

……

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH
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Eddington limit

Eddington limit:  
max accretion rate of BH

<latexit sha1_base64="KZTJw/XKGYOyz8QSRG8/Ohu8cX0="></latexit>

MBH = Mseed exp(�t/⌧)
elapse time

e-folding time
<latexit sha1_base64="eSApmohSLF4YI5yeQGPZpCPuMf0="></latexit>

⌧ = 0.5 Gyr fEdd

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH

1st star 
formation in ΛCDM
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The growth puzzle

• For z > 7 SMBHs, collapsed 
Pop III stars are not heavy 
enough.
e.g. Wang+ ‘21

Wang+ ’21

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH?
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The growth puzzle

• For z > 7 SMBHs, collapsed 
Pop III stars are not heavy 
enough.


• One way to solve the puzzle is 
to form more massive seed 
BHs


• Direct collapse of pristine 
gas …

Omukai ’01, Bromm & Loeb ’03, 
Begelman+ ’06, Hosokawa+, ’13


Regan+ ’17, Ardaneh+ ’18, Wise+ ’19… 

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH
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A worse puzzle

• For z > 7 SMBHs, collapsed 
Pop III stars are not heavy 
enough.


• There is also a population of 
low accretion SMBHs.

Mazzucchelli+ ’17,  Shen+ ’19, Onoue+ ’19 [SHELLQs]…

<latexit sha1_base64="adOjmc2Sj/elyQysMLGQad6Gcew="></latexit>

fEdd ⌧ 1

e.g. Wang+ ‘21

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH

Low-lum. SMBH


??
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Seeding SMBHs 
from collapsed 
DM halos

Collapsed 
DM 

Halos

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH

Low-lum. SMBH

Young SMBH

Feng, Yu & YZ ’21
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Our idea
SMFP LMFP
λ < H λ > H

Singular state Collapsed 
DM 

Halos

z > 7 SMBH

6 < z <7 SMBH

z < 6 SMBH

Low-lum. SMBH

Young SMBH
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Our idea

The singular state:


• Can trigger GR instability 
(Feng, Yu & YZ ’21, ’22)


• Leads to large seed BH mass               
(~  10-3 halo mass)
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Angular momentum 
for the central region 
can be dissipated 
efficiently by self-
interactions.

⟳Collisional viscosity

How to dissipate angular momentum?

Feng, Yu & YZ, ‘21
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• Need to collapse fast ⇒ adding central 
baryonic components. 

SMFP LMFP
λ < H λ > H

Singular state

<latexit sha1_base64="lIARTaiOAnDMZqrtPx2q5Hniq90="></latexit>

M0 = 4⇡⇢sr
3
s

Feng, Yu & YZ, ‘21
<latexit sha1_base64="NUfm39BjABkflG9GFQlkgQFrPXE="></latexit>

rs⇢s�/m = 0.2

Baryons

Galactic-sized  
SIDM halo



Yi-Ming Zhong (CityU HK)

To form low-luminosity high-z SMBHs

• Need galactic-sized DM halos at high redshift (rare in the 
early Universe).


• Need compact central baryons.


• Need cross section strength σ/m~ O(1 cm2/g).

67

solve the small-scale problems of the 
CDM paradigm 
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To form low-luminosity high-z SMBHs

J1205-0000

<latexit sha1_base64="2jRbwWQTPOsmymOvdknHeh6tL3s="></latexit>

dn(M, z)

dM
/ exp


� �2c (z)

2�2(M)

�

Feng, Yu & YZ, ‘21
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Summary

• The nature of dark matter remains unknown. Dark matter 
halos are important way to probe dark matter/dark 
sectors.


• The collapsed SIDM halos could be common. 


• Many interesting observational signatures (rotation curves, 
strong lensing, weak lensing…), including solving the 
puzzle of high-z supermassive black holes.


