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Dark Matter Halos: Hosting Galaxies

full box «

L

Aquarius Project, Springel+(2008)

Dark matter is essential for seeding the structure formation of the Universe




The Milky VWay

luminous component dark matter halo

Total luminous matter: ~7 X 1019 Mg; dark matter halo:~10'2 Mg

Luminous radius: |5 kpc; viral radius of the dark matter halo: 200-300 kpc
Near the solar system:

Density: about one particle per tea cup (if its mass is 100 times mp)
Velocity: ~200 km/s



Searching for DM-SM Interactions

Collider Search (make it)

<

Ordinary
Matter

>

X

Ordinary
, Matter

X

Direct detection (shake it)

Indirect detection (break it)
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“He exhausted all avenues in heaven and the nether world,
...he could not bring her existence to light.”

A Song of Immortal Regret, Bai Juyi (772-846)




A Critical Rethinking

® Dark matter is light or superheavy, hidden from the existing searches

® The nightmare scenario: dark matter does not interact with the standard
model particles, aside from gravity!?

® Can we determine particle properties of dark matter via astrophysical
observations!?
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Most of the known particles

Standard Model of Elementary Particles

three generations of matter
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Cold Dark Matter (CDM)

® |arge scales: very well
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Hierarchical Clustering
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Simulations vs. Observations

0® 9. ; ®® —

Satellite dwarf halos in simulations Satellite dwarf galaxies of the Milky Way

~60 small galaxies are associated the Milky Way
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CDM vs.WDM

Lovell+(2014)

Current limit: the mass of thermal relic WDM must be larger than 6.6 keV
Tan, Dekker, Drlica-Wagner (2025)




Predictions on Galactic Scales
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- .,
’ .. ‘
. I~
) -

irregular

¢,
o

t

lllustris Project,Vogelsberger+ (Nature, 2014)

Produce a variety of galaxy types overall consistent with observations



CDM: Universal Density Profile
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Aquarius Project, Springel+ (2008) Ps
r/rs(1+1/r5)?
the Navarro-Frenk-White (NFW) profile (1996)




log p [Mokpc™]

Kinematics Weak lensing
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| large radii, p~1/r3

10 100
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Stellar kinematics, Multiple images, VWeak lensing



Core vs Cusp Problem

® Dark Matter-dominated systems (dwarfs, LSBs)
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Tulin, HBY (Physics Reports 2017)
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Flores, Primack (1994), Moore (1994)...



NGC 6822
DMO sims: LG-MR + EAGLE-HR, ||
V. =56kms ' +10% [461]
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UGC 5721
DMO sims: LG-MR + EAGLE-HR,
V. =89 kms ' +10% [113]
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Rotation curves (matter distributions) are diverse in spiral galaxies



The Diversity Problem

® Observations
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Rotation curves (matter distributions) are diverse in spiral galaxies

data from Oman+(2015)



Diversity From Dwarf to Cluster Scales

farkemattor deficion
(dark-matter-deficient) Milky Way satellites Spiral galaxies Galaxy clusters
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Mhalo<~108 Mg Mhato~108 Mg Mhalo~10%-103 Mo Mhao~ 101> Mo

® The diversity problem is not limited to spiral galaxies

® Hydro CDM simulations show baryonic feedback could
alleviate some of the tensions, but not all

® |n simulations, the impact of baryonic feedback depends on
the model adopted



Dark Matter Self-Interactions

self-interactions in the dark sector thermalization

Treat dark matter as ideal gas PV=nRT
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Review: Tulin,Yu (Physics Reports 2017)

'~ nov = (p/mx)ov ~ H



o/m (cm?/g)

Nuclear Interactions

Tulin,Yu (2017); data from Obloinsk+(201 I)

100
50 -
20
10

|

large cross section
velocity dependence

np—np elastic scattering

[

100 1000
Vrel (km/ S)

NP |
10*
Feng, Kaplinghat,Yu (PRL, 2010)
Tulin,Yu, Zurek (PRL, PRD, 201 3)



Modelling SIDM Halos

semi-analytical approach
Inner halo 4 PP Outer halo

|deal gas: PV=nRT Ps
r/rs(1+17/r5)?

isothermal distribution
Thermalized

poe—CIDtot/a(Q) The boundary is set by
\Hak)/ . Aov) ~
O, = By + (Eb rate X time ~ Wp(rl) tage ~ 1
Known (Po,00) <> (Ps,7s) < (Vinaxs Tmax)
VZ(I)tot — 477G(ﬂdm T ﬁb) The cosmology is embedded via

the halo concentration-mass relation!

with Kaplinghat, Keeley, Linden (PRL 2014)
with Kaplinghat, Linden (RPL 2015)

with Kaplinghat, Tulin (PRL 2016) \ ) VS
with Kamada, Kaplinghat, Pace (PRL 2017) \«‘




The surprising accuracy of isothermal Jeans modelling of
self-interacting dark matter density profiles

Andrew Robertson*®!, Richard Massey™!, Vincent Eke®™!, Joop Schaye?

and Tom Theuns®?

1 Institute for Computational Cosmology, Durham University, South Road, Durham DH1 SLE, UK
2 Leiden Observatory, Leiden University, PO Box 9518, NL-2300 RA Leiden, the Netherlands

ABSTRACT 1 February 2021

Recent claims of observational evidence for self-interacting dark matter (SIDM)
have relied on a semi-analytic method for predicting the density profiles of galax-
ies and galaxy clusters containing SIDM. We present a thorough description of this
method, known as isothermal Jeans modelling, and then test it with a large ensemble
of haloes taken from cosmological simulations. Our simulations were run with cold
and collisionless dark matter (CDM) as well as two different SIDM models, all with
dark matter only variants as well as versions including baryons and relevant galaxy
formation physics. Using a mix of different box sizes and resolutions, we study haloes
with masses ranging from 3 x 10'° to 3 x 10'® My. Overall, we find that the isother-
mal Jeans model provides as accurate a description of simulated SIDM density profiles
as the Navarro-Frenk-White profile does of CDM halos. We can use the model predic-
tions, compared with the simulated density profiles, to determine the input DM-DM
scattering cross-sections used to run the simulations. This works especially well for
large cross-sections, while with CDM our results tend to favour non-zero (albeit fairly
small) cross-sections, driven by a bias against small cross-sections inherent to our
adopted method of sampling the model parameter space. The model works across the
whole halo mass range we study, although including baryons leads to DM profiles of
intermediate-mass (1012 — 10!3 M) haloes that do not depend strongly on the SIDM

Further improvement: Jiang+(2206.12425), Jia+(2601.17118)




Addressing the Diversity Problem

® DM self-interactions thermalize the inner halo
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Addressing the Diversity Problem

® DM self-interactions tie DM together with baryons

4 Increasing baryon concentration

® Observations 10° ‘
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We analyzed |35 galaxies (3.6 um band) W Ren Kwa, Kaplinghat (PRX 2018)
w/ Creasey, Sameie, Sales+ (MNRAS 2017)
SPARC dataset, Lelli, McGaugh,Schombert (2016)  Zentner+ (JCAP 2022)...



SIDM



Gravothermal Evolution
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Balberg+(Ap), 2002)...
g+(Ap), 2002) wi Essig, McDermott, Zhong (PRL 2019)
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Cosmological Zoom-in Simulations
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MW: box with a Milky Way-like main halo;Yang, Nadler,Yu (Ap) 2022)
Group: box with a group-like main halo; Nadler,Yang,Yu (ApJL 2023)

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
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The cross section per mass should be less than a few times

cm?/g for the relative velocity: 2000-3000 km/s
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Nuclear Interactions

Tulin,Yu (2017); data from Obloinsk+(201 I)
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Table 1. Summary of SIDM Concerto Simulations.

Suite Host Model log(Mhost /M)  Ryir [kpe]l  mpar [Me] € [pc W'l Color and Linestyle
LMC 104 CDM 10.9 117.3 6.3 x 10° 40 = eeeeeeees
LMC 104 GroupSIDM 10.9 115.5 6.3 x 10° 40 —
MW 004 CDM 12.0 263.1 5.0 x 10* 80 e
MW 004 GroupSIDM 12.0 261.6 5.0x 10" 80 S
MW 004 MilkyWaySIDM 12.0 263.0 5.0 x 10" 8 ===
MW 416 CDM 12.2 3072  5.0x10° 80  rereeeens
MW 416 MilkyWaySIDM 12.2 307.2 5.0 x 10* & === --
Group 352 CDM 13.1 609.5 4.0 x 10° 170 eeeeeeees
Group 352 GroupSIDM 13.1 608.3 4.0 x 10° 170 —
Group 352  GroupSIDM-70 13.1 608.7 4.0 x 10° 170 2 =c=e=--
Group 962 CDM 13.5 818.4 4.0 x 10° 170 eeseseee
Group 962  GroupSIDM-70 13.5 815.9 4.0 % 10° 170 2 ==e=e-
L-Cluster 000 CDM 14.2 1379.5 2.7 x 10’ 600 e
L-Cluster 000 GroupSIDM 14.2 1382.1 2.7 x 10’ 600 —

Nadler, Kong, Yang,Yu (Ap) 2025)
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SIDM amplifies diversity encoded in the scatter of halo concentration



A parametric model for self-interacting dark matter halos

Daneng Yang, Ethan O. Nadler, Hai-Bo Yu and Yi-Ming Zhong
Published 21 February 2024 - © 2024 I0P Publishing Ltd and Sissa Medialab

Journal of Cosmology and Astroparticle Physics, Volume 2024, February 2024

109 ¢ ; S —
: Model vs Simulation (Group)

Isolated halos, M, >6 x 10 M
108 | o

107 |

p (Mg /kpc?)

10° |

- dotted black: sim
10°F dashed orange: model

- . . S . LN
10 r / R 10 Yang, Nadler,Yu (2025)
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Substructure by Strong Lensing




Detection of a Dark Substructure through Gravitational Imaging

S. Vegetti'*, L.V.E. Koopmans!, A. Bolton?, T. Treu® & R. Gavazzi*

! Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, 9700 AV Groningen, the Netherlands
2 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822-1897, USA (M N $720] 0)

3Department of Physics, University of California, Santa Barbara, CA 93101, USA
4Institut d "Astrophysique de Paris, CNRS, UMR 7095, Universite Pierre et Marie Curie, 98bis Bd Arago, 75014 Paris, France

SDSSJ0946+1006 (the “Double Einstein Ring”)




—0.50 .' o.ﬁ.o .'. " : '. LI - v .
w®e ... ° o ./'“'. * ° R
:;/':)—(':'/’ o L §ommme
.o.' e ] . T . °
.0 .f. .—‘.— _______ —.;“”. o] I —
& e o & T
_0.75'_’.—."'; ® .. .. ..............................
o 2 __-- °
o ® w7
/é: ¥ ’.—.0.‘0
e
N
— —1.001 t°®
|
lue. E o
= | z=1
Q
& _15( L LT 2=3
W ———— Z:5
tNEFWmult
denser
—1.50+ Spherical average
(b) *  High density LOS
2.0 2.5 3.0 3.5 4.0 4.5 5.0
MQD,DM(]. kpC) ><109
® The substructure is extremely dense Minor+(MNRAS, 2020)

® Compared to the lllustrisTNG simulation, the tension with CDM is at the > 99% CL
® The substructure does not have a detectable luminous component
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More Strong-Lensing Perturbers

Gravitational detection of alow-mass dark satellite

galaxy at cosmological distance
JVAS B1938+666-A

S. Veqettig, D. J. Lagattuta, J. P. McKean, M. W. Auger, C. D. Fassnacht & L. V. E. Koopmans

Nature 481, 341-343 (2012) | Cite this article Updated analysis:TajaIIi+(2025)

A million-solar-mass object detected at a cosmological
distance using gravitational imaging JVAS B1938+666-V

D. M. Powell &, J. P. McKean, S. Vegetti &, C. Spingola, S. D. M. White & C. D. Fassnacht

Nature Astronomy 9, 1714-1722 (2025) | Cite this article

DETECTION OF LENSING SUBSTRUCTURE USING ALMA SDPS8|
OBSERVATIONS OF THE DUSTY GALAXY SDP.81 )

Yashar D. Hezaveh, Neal Dalal, Daniel P. Marrone, Yao-Yuan Mao, Warren Morningstar, Di Wen,
Roger D. Blandford, John E. Carlstrom, Christopher D. Fassnacht, Gilbert P. Holder

« Show full author list

But see Stacey+ (2508.02776)

Published 2016 May 19 « ® 2016. The American Astronomical Society. All rights reserved.
The Astrophysical Journal, Volume 823, Number 1

Galaxy Mass Modelling from Multi-Wavelength JWST Strong Lens
Analysis: Dark Matter Substructure, Angular Mass Complexity, or Both?

Samuel C. Lange1 * Aristeidis Amvrosiadis!, James W. Nightingale3’1’2, Qiuhan He!,
Carlos S. Frenk!, Andrew Robertson*, Shaun Cole!, Richard Massey!-?, Xiaoyue Cao>S, SPT2147-50
Ran Li>%, Kaihao Wang>®

The core-collapse interpretation: Kong, Nadler,Yu (PRD 2025);Yu (PRL 2025)



Stellar Streams of the Milky VWay
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Credit : ESA/Gaia/DPAC

Stellar Streams ¥
Malhanetal. (2018, 2019)

Ibataetal. (2019, 2021)
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https://noirlab.edu/public/videos/noirlab220 | ¢/




The Spur and the Gap in GD-1: 2019
Dynamical evidence for a dark substructure in the Milky Way halo

ANA BonNaca,! Davip W. Hoca,>*%°% ADRIAN M. PRICE-WHELAN,® AND CHARLIE CONROY'

5 I | ]
Observed GD-1 stream
o0 Gaia proper motions S Pu r
O PanSTARRS photometry
S (e o
S gap gap
S | | | | | =
5 I I I I I _|
Model of a perturbed GD-1
o0 t =495 Myr .
Q M =5-10°M e do gt S L
=0 .= 10pc . R L S S 15 L 7 A AR M Wi 5 535 im0 st
Q M b =15 pc T '
< V =250 km s~
S | | | | | -
=70 -60 -50 -40 -30 -20 -10
¢ [deg]

The spur- and gap-like features can be produced if the GD-| stellar steam
had a recent encounter with a dense object/perturber gravitationally
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108 | R S (Bonaca et al. 2019)
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® None of the known satellite galaxies and globular clusters of the Milky
Way can be the perturber
® Overall, CDM subhalos are not dense enough
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Article Open access Published: 09 October 2025
A million-solar-mass object detected at a cosmological

distance using gravitational imaging JVAS B1938+666

D. M. Powell 84, J. P. McKean, S. Vegetti &9, C. Spingola, S. D. M. White & C. D. Fassnacht

10° — 10" M,

~100 “outlier”
Credit: Devon Powell 00 “outlie

The black ring and central dot: an infrared image of a distant galaxy distorted by
gravitational lensing. The orange emission: radio waves from the same system.The inset
highlights a small “pinch” in the image caused by an additional dense object (white blob),
about a million times the mass of the Sun. The object is extremely compact



Capture of field stars by dark substructures

Jorge Pefiarrubia,’>* Raphaél Errani,>* Matthew G. Walker ~,> Mark Gieles = >*°
and Tjarda C. N. Boekholt 7

¢ field (t=0)
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Fornax is a satellite galaxy of the Milky Way and it contain 6 globular star
clusters. Fornax 6 is special, as the properties of its stars are similar to those of
field stars, but drastically different from other star clusters ¢ .

N 1 i.l 1 .'-'F..‘.‘I.'. || L |..| |0

Hint: there is a dense substructure in Fornax



Core-Collapsed SIDM Halos as the Common Origin of
Dense Perturbers in Lenses, Streams, and Satellites

Hai-Bo Yu
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ESTONE

THREKBIRDS WITH ON

® Gravothermal collapse is an inevitable consequence of dark matter
self-interactions

® Observational hints of compact, dense objects, which are outliers in
the standard CDM paradigm, have emerged, with their remarkably
high densities being consistent with predictions from SIDM
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CDM subhalos are not dense enough!




Article Open access

Published: 05 January 2026

JVAS B1938+666-V

A possible challenge for cold and warm dark matter

Simona Vegetti &, Simon D. M. White, John P. McKean, Devon M. Powell, Cristiana Spingola, Davide

Massari, Giulia Despali & Christopher D. Fassnacht
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The perturber: an unresolved point-mass within 10 pct+an extended distribution
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Article Open access Published: 05 January 2026

A possible challenge for cold and warm dark matter

Simona Vegetti &, Simon D. M. White, John P. McKean, Devon M. Powell, Cristiana Spingola, Davide
Massari, Giulia Despali & Christopher D. Fassnacht JVAS B1938+666-V

The perturber: an unresolved point-mass within 10 pct+an extended distribution
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JRLEELE CDM halo - Unresolved B PJ+PM (Vegetti+26)
1073 1072 107! 1073 1072 107!
r [kpc] R [kpc]

Challenge: the progenitor loses five orders of magnitude in mass Zhang, Yu (2026)
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Negative heat capacity!

2K.E.+PE.=0 jo ) = gravothermal collapse
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The JWST Little Red Dots

CEERS 14448
=475

NGDEEP 4321
z=8.92

PRIMER-COS 10539
Z2=1-48

CEERS 20320
Z=0 2

JADES 9186
z=4.99

341 LRD galaxies have been identified

PRIMER-UDS 17818
z=6.40

NASA, ESA, CSA, STScl, Dale Kocevski




Seeding Supermassive Black Holes

Gravothermal collapse

& o~
Collapsed Dark matter

core halo = , |

- )
Wei-Xiang Feng

Total energy criterion (Tsinghua)

Further
contraction Binding energy criterion

Fractional binding
energy criterion

Adiabatic
index criterion

Seed black hole

Yi-Ming Zhong
(CityU, HK)

Balberg, Shapiro (PRL 2002)
Pollack, Spergel, Steinhardt (Ap] 2015) Feng, Yu, Zhong (ApJL 2021, JCAP 2022, 2025)
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Non-Equilibrium Relativistic Core Collapse of Self-Interacting Dark Matter Halos — Limits On

Seed Black Hole Mass
2601.17117

Hua-Peng Gu,"? Fangzhou Jiang,!'>* Xian Chen,’"> " and Ran Li**

I Department of Astronomy, School of Physics, Peking University, Beijing 100871, China
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Argument from energy conservation: Feng,Yu, Zhong (2025)



Dark Bondi Accretion Aided by Baryons

Halo
SMFP

Feng,Yu, Zhong (2025)

® Dark Bondi: dark matter particles behave like liquid in the SMFP region
® Dark Bondi accretion is not Eddington-limited for viable SIDM models
® Baryonic Eddington accretion: baryonic matter can accrete to the seed
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Dark Bondi accretion is not Eddington-limited for viable SIDM models

'O-I‘a’,d/m = 0.4 Cm2/g qub/mx ~ 10—11 Cm2/g



IWST Little Red Dots

00 m = 50 o cm2/g W= 30 o km/s
0o.m = 30.0 cm?/g, w =80.0 km/s
0o, m = 20.0 cm?/g, w =120.0 km/s

—— HMF (theory)

10 % 0 HMF (satGen)
€ LRD Kokorev+24
10—7 5 1 |||1|1||7 ] ||||||||9 1 ||||||||10
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~10% M@ halos on the high-concentration tail at z~10-15
Fangzhou Jiang+(2025); Feng, Yu, Zhong (2025), Gu+(2026)...



Robust Against Baryonic Feedback

1e9

= SIDM-Only
- Strong Feedback
Weak Feedback

1.2 1

v

pc (Mo/kpc3)

0.5 1.0 1.5 2.0 2.5
t (Gyr) Kong,Yu (2026)



Hydro SIDM Simulations Targeted for the early Universe

Led by Demao Kong



Dark Matter “Colliders”

Dwarf galaxies MWV-like galaxies Clusters

Milky Way halo structure .

“B-factory” (v~30 km/s)  “LEP” (v~200 km/s)  “LHC” (v~1000 km/s)

Self-scattering
kinematics ,
, Measure particle
Observations .
physics parameters
on all scales

Ox, Mx, Mg
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1 . — . - N . 1
10 50 100 500 1000 5000
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® Positive cross-section measurements on two different halo-mass scales
® Determine the dark matter particle mass and the mediator mass!

Kaplinghat, Tulin, HBY (PRL, 2015)
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Kaplinghat, Tulin, HBY (PRL, 2015)



Scattering with a Yukawa Potential

& x —MeT
V(r) = +--¢ 7" |Perturbative (Born)

Tulin,Yu, Zurek (201 3)

I"egime Feng, Kaplinghat,Yu (2009)
/ axmx/mg < 1
Classical
DM self- .
scatterin regime
: mxv/me > 1
Nonperturbative
regime
axmx/me 21 \ Resonant
. . regime
Effective cross section /g < 1

Yang,Yu (2022)




Direct Detection
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® Smoking-gun signature
__________ WIMP: mg~1 TeV>>q
SIDM: m¢~10 MeV~q PandaX-Il collaboration+HBY (PRL,
X N 2018; Sci. China, 2021, PRL 2023)

Strong upper limit: the kinetic mixing parameter <[0-!!-]0-10

Detection efficiency



Collider Searches

e Striking collider signals

WIMP SIDM
Visible
P s
e 1.4.*. . Displaced Lepton
P@® or Jets (DLJs)
7 p
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-1
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With Tsai, Xu (JHEP, 2018)



From Dwarf to Cluster Scales

farkemattor deficion
(dark-matter-deficient) Milky Way satellites Spiral galaxies Galaxy clusters

T Leolv

LMC gt

self-interacting ry  collisionless

,,,,,,

£ (Gy
e =

Mhalo<~108 Mg Mhato~108 Mg Mhalo~10%-103 Mo Mhao~ 101> Mo

® SIDM can explain diverse dark matter distributions over a wide range of
galactic systems (halo masses ~106—101> Mg)

Some halos are denser than expected in CDM; Gravothermal collapse
Bonus: seeding SMBHs

Fundamental scales ~10-!2 cm vs galactic scales ~1022 cm

Measuring particle properties of dark matter without detecting it directly
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