
Constraining Dark Matter Self-
Interactions from Weak Lensing
Yi-Ming Zhong (鍾益鳴)
City University of Hong Kong

Particle Physics Phenomenology Workshop, 24/10/2024

w/ S. Adhikari, A. Banerjee, B. Jain & T.-H. Shin [arXiv: 2401.05788], submitted to ApJ



Yi-Ming Zhong (CityUHK) 2

Outline

• Introduction


• Dark matter self-interactions


• Effects on halos


• Using ACT x DES weak lensing measurement to constrain 
SIDM


• Summary
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What is dark matter?Ordinary matter
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Ordinary matter

DMDark 
Higgs?

Sterile 
neutrino?

……

…

Dark 
photon?

Dark sector

Maybe dark matter is not alone…
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Ordinary matter Dark sector

Portal? 

DMDark 
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Dark sector

Self-interactions? DMDark 
Higgs?

Sterile 
neutrino?

……

…

Dark 
photon?
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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

Self-Interacting Dark Matter (SIDM)

Cross section strength:
<latexit sha1_base64="M+vjfc3445dazqefzzbwaz4ishE="></latexit>

�T/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="M+vjfc3445dazqefzzbwaz4ishE="></latexit>

�T/mDM ⇠ 1 cm2/g
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~2 million light years

~200,000 light years

Dark matter halosWhere to look at?
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Constraints on dark matter self-interaction

cr
os

s 
se

ct
io

n 
st

re
ng

th

typical velocity



Yi-Ming Zhong (CityUHK) 13

cr
os

s 
se

ct
io

n 
st

re
ng

th

al
lo

w
ed

 v
al

ue

Constraints on dark matter self-interaction
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Constraints on dark matter self-interaction
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Triaxial

15

Constraints on dark matter self-interaction
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Constrains & sol to the “small-scale problems”

⭐
⭐

⭐
⭐

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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Effects of self-interaction

Hot (faster) Cold (slower)

Cooler Hotter

Time💥
Equipartition
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0. 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

Dense

Sparse

Cuspy

Density profile 
(density at given radii)
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0. Halo formation
Dense, Cold

Sparse, Hot

Density profile 
(density at given radii) Velocity dispersion profile
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Heat

Huo, Yu & YZ ‘20

Heat

1. Core expansion

Cored
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2. Core collapse

Heat

Heat 
extraction

Shrinking 
core

Hotter  
core
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2. Core collapse

Heat

Heat 
extraction

Shrinking 
core

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>

+
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+
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C ⌘ Etotal

T
< 0
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Ekin / T
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Dissipative SIDM

e.g., Atomic Dark Matter

Dark PhotonDark electron

Essig, Mcdermott,  
Yu & YZ (2019)
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More heat out

faster collapse
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Density profile evolution

26

Evolution stages:


0. Halo formation


1. Core expansion


2. Core collapse

Essig, Mcdermott,  
Yu & YZ (2019)

Elastic SIDMDissipative SIDM
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Velocity dispersion profile evolution

27

Evolution stages:


0. Halo formation


1. Core expansion


2. Core collapse

Essig, Mcdermott,  
Yu & YZ (2019)

Elastic SIDMDissipative SIDM
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Density profile evolution

28

Cut at t = 10 Gyrs:


Elastic SIDM: 


Cored profile


Dissipative SIDM:


Quasi-isothermal profile  
(cuspier than NFW)

Essig, Mcdermott,  
Yu & YZ (2019)

Elastic SIDMDissipative SIDM
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Density profile evolution

29

Evolution time is set by: 
 
Elastic SIDM 


- Cross section strength

Dissipative SIDM


- Cross section strengths 
 
- Energy loss per collision 

Essig, Mcdermott,  
Yu & YZ (2019)

Elastic SIDMDissipative SIDM
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N-body simulation results

• Consider Inelastic dark matter 
with state  and  ( )


• Loss energy for 


• Define 

χ χ′￼ mχ > mχ′￼

χχ → χ′￼χ′￼

vth = c 2(mχ − m′￼χ)/mχ

30

Huo, Yu & YZ (2020)
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Self-interactions increase halo’s **diversity**

31
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Constraining SIDM from ACT x 
DES weak lensing measurement



Yi-Ming Zhong (CityUHK) 33

Weak lensing

Credit: Sachs 

Source  
(galaxies)

Lens 
(cluster)
Image 

(galaxies) Shear
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The tangential shear, , is 
sensitive to the excess of 
the projected lens mass


γt

Tangential Shear & halo’s density

34

Unlensed Lensed

W
ith

 S
ha

pe
 N

oi
se

W
ith

ou
t S

ha
pe

 N
oi

se

R

<latexit sha1_base64="N1vN1JZo3o7S9s9lq9YoAQH7vcU="></latexit>

1

⇡R2

Z

R0<R
d2R0 ⌃(R0)See Dodelson ‘22

<latexit sha1_base64="1d0Zx83uHO27vXcYqQZ5QxmpePQ="></latexit>

�t(R) / �⌃(R)

= h⌃(< R)i � ⌃(R)
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Data

• Used the weak lensing 
measurement from Shin et al. 
(2021).


• Lens: clusters sampled from 
Atacama Cosmology Telescope 
(ACT) DR5.


• Source/Image: galaxies from the 
Dark Energy Survey (DES) Y3 
near the sampled clusters.

35

DES credit: E. Krause

ACT credit: J. Ward
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Selection of the lens

• Stacked ~1000 galaxy clusters


• Redshift: 0.15—0.7


• Mass: ~1014 


• Radius range: 0.2—20 Mpc

M⊙/h
/h

36

R

ρ
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Modeling of the lens

• Modeled the lens for CDM, 
elastic SIDM (eSIDM), and 
dissipative SIDM (dSIDM).


• Simulated 1000+ halos for 
each benchmark.

37
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Stacked 3D density for the benchmarks

38
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Excess of stacked surface density

39
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CDM under predicts  
at small radii.

ΔΣ

CDM
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Excess of stacked surface density
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Allowed parameters of elastic SIDM

41
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Cuspiness

42

Elastic SIDMDissipative SIDM

Log-slope ~ −2.2
Log-slope ~ −1.8

More cuspy
Less cuspy
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Constraining on  for dSIDMvloss

43

νloss ≡ Eloss/m
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Constraining on  for dSIDMvloss

44
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Allowed parameters of dissipative SIDM

45

(95% CL)
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Outlook

• Future surveys, like Rubin 
Observatory, will increase the 
cluster sample size by ~105.


• Can significantly reduce the 
statistical & systematical errors.

46

Rubin Obs.
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Summary

• Halos are interesting probes of dark matter properties.


• Gravothermal evolution increases the diversity of SIDM 
halos.


• Weak lensing measurements from current and future 
galaxy surveys can effectively probe various types of dark 
matter self-interactions.


