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Small-scale structure of dark matter

2

numerical simulations

S. Colombi/CFHT

small-scale dark matter distribution
provides a clue to its nature

12 Mocz et. al.
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Figure 4. Radially averaged (comoving) density profiles for the

dark matter, gas, and stars for 3 haloes in our simulations under

di↵erent cosmologies are shown at z = 6. The thick solid lines are

dark matter density in the baryon full-physics run, and we also

show corresponding thin lines in the dark matter only runs, which

are similar and show that the baryons have not strongly modified

the dark matter potential wells for these low mass haloes in the

early universe. Thick grey lines show where soliton profiles of

various mass/size lie, which are just marginally resolved by our

simulations. The smallest, densest, most massive soliton profile

approximately matches the simulations.
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Figure 5. Anatomy of a cosmic web dark matter filament. Three

upper panels show a density slice through a filament at z = 7.

CDM has subhaloes on all scales. “WDM” shows caustic struc-

tures. And BECDM has large-scale coherent interference patterns

due to converging flow towards the filament, and a coarse-graining

of caustics on the local de Broglie length scale. The forth sub-

panel shows the estimated sizes of BECDM interference patterns

(at z = 7) by taking �dB of the velocity dispersion of “WDM”,

which are in good agreement with the actual BECDM simulation.

Bottom panel shows redshift evolution of the interference pattern

in the BECDM filament (middle snapshot is the same as BECDM

case in panel above, just rotated).
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• core-cusp problem

• strong lensing detections of low-mass objects



Small-scale challenges (?) to cold dark matter

4

• cusp-core problem
     → this talk

• missing satellite problem
    many faint satellite galaxies discovered in 
     SDSS, HSC, etc., now consistent with CDM
     (e.g., Kim+2018; Homma+2024; …)

• too-big-to-fail problem
    naturally resolved by baryon physics
     (e.g., Sawala+2016; Wetzel+2016; …)

• …

M
illennium

 Sim
ulation Project

(CDM)



Core-cusp problem

5

Bullock & Boylan-Kolchin  ARAA 55(2017)343• NFW profile: density profile of 
dark matter halo predicted by 
standard CDM

     

• observations of rotation curves 
of some galaxies indicate cored 
profile

     

ρ(r) =
ρs

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

ρ(r) =
ρs

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



Dark matter or baryon physics?

6

Rocha+ MNRAS 430(2013)81 Benítez-Llambay+ MNRAS 488(2019)2387

Self-interacting DM, Warm DM, Fuzzy DM, … baryon cooling and star formation 



Stellar mass dependence of baryon effect

7

Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015Rvir as a function of M?/Mvir for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/Mvir ⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/Mvir . 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic

28 Bullock • Boylan-Kolchin

sl
op

e 
of

 d
ar

k 
m

at
te

r 
de

ns
ity

 p
ro

fil
e@

0.
01

5R
vi

r

Bullock & Boylan-Kolchin ARAA 55(2017)343

dark matter 
contract due 
to gas cooling

dark matter 
expand due 
to feedback 

to gasbaryon effect 
small due to
low stellar mass

stellar mass / halo mass

prediction of 
hydrodynamical 

simulations

core



Observations of central DM profiles

8

• kinematics (velocity dispersion, rotation curve, …)

• strong gravitational lensing
    

Cappellari+ MNRAS 413(2011)813

Evidence for dark matter contraction and a Salpeter IMF in a massive early-type galaxy 3

Fig. 1.— Gravitational lens system SDSSJ0946+1006 in a com-
bination of F814W, F606W and F336W HST images.

TABLE 1
Summary of the HST observations.

Instrument Filter Exp. time Nexp Date
WFC3 IR F160W 2397 s 4 09/12/2009

ACS F814W 2096 s 4 3/11/2006
WFPC2 F606W 4400 s 4 18/12/2009

WFC3 UVIS F438W 2520 s 4 20/03/2010
WFC3 UVIS F336W 5772 s 4 20/03/2010

derived for the lens galaxy (§ 2.2). For conciseness, we
sometimes refer to the F160W, F814W, F606W, F438W,
F336W bands as H, I, V, B, U respectively. A color com-
posite image of the lens system is shown in Figure 1

2.1. Data reduction

The data are treated with the standard HST reduction
pipeline. For each image, frames are coadded and re-
sampled in a uniform pixel scale using the software mul-
tidrizzle (Fruchter et al. 2009). Pixel sizes are 0.10′′

for the F160W image, 0.050′′ for the F814W and F606W
images, and 0.0396′′ for the F438W and F336W im-
ages. The images are then brought to the same orienta-
tion and 0.050′′ pixel scale by using the software swarp
(Bertin et al. 2002). The PSF of each image is estimated
from stars in the field.

2.2. Lens galaxy properties

The brightness distribution of the main lens galaxy is
first obtained by fitting Sérsic profiles to the data. This
task is achieved with the software spasmoid, developed
by M. W. Auger and described by Bennert et al. (2011).
Spasmoid fits the data in all the bands simultaneously
with a unique model, determining total magnitude and
colors of the galaxy at once. By using a single Sérsic com-
ponent we find a best-fit profile described by a Sérsic
index n = 6.0, axis ratio q = 0.95 and effective radius
reff = 2.93′′. However, the residuals left by this single-

component fit are rather large. Consequently, we add a
second component, allowing for the position angle of the
major axes of the two profiles to be different but impos-
ing a common centroid. In the fitting process, the light
from the rings is masked out manually. This procedure
gives robust estimates of the colors of the lens, rather in-
dependent from the model adopted to describe the data.
Color information will be used in Section 5 to constrain
the stellar population. In Fig. 2 we show the images of
the system in the five bands, before and after subtracting
the main lens. Residuals are on the order of a few percent
in the F814W band image. Table 2 reports the best-fit
structural parameters of the model, while the best-fit col-
ors are given in Table 4. It is worth pointing out that
the major axes of the two components are almost per-
pendicular, and that the mean surface brightness within
the effective radius of component 1 is a factor ∼ 30 larger
than that of component 2. The measured magnitude in
the F814W band is consistent with the value reported by
Gavazzi et al. (2008) for the same object.
In order to both explore model-dependent systematic

errors and obtain a computationally more tractable de-
scription of the light profile for our lensing analysis,
we also model the lens light with the following surface
brightness distribution:

I(x, y) = Icrc

[

1
√

r2c +R2
−

1
√

r2t +R2

]

, (1)

where R2 ≡ x2/q + qy2. This profile corresponds to a
truncated pseudoisothermal elliptical mass distribution
(tPIEMD) in 3d, with rc and rt corresponding to the
core radius and truncation radius respectively. Note that
the number of parameters of the model is the same as
that of a Sérsic profile. Two components are used, as in
the Sérsic case. The best-fit parameters are reported in
Table 3. Both the double-Sérsic and the double-tPIEMD
profiles fit well the photometry of the lens, with residuals
within the outer ring on the order of a few percent in the
F814W band (see Figure 2).
The inferred total magnitude in the two models is dif-

ferent, but this is due to the different behavior at large
radii, where there are no data. In fact, the magnitude
within the inner ring is the same for the two models to
within 0.01 mags and the inferred colors are consistent
within the errors with those reported in Table 4.
The infrared F160W data reveal distorsions in the

shape of the light distribution at large radii (see Figure
3), a possible signature of tidal interactions. As pre-
viously noted by Gavazzi et al. (2008), a galaxy in the
neighborhood of the lens also shows signs of a tidal inter-
action (see Figure 3). It is possible that the two galaxies
are undergoing a merger. This deviation from a regular
light profile is located far from the probed by our lens-
ing and dynamics measurements and is therefore not a
concern for the accuracy of our models. The central part
appears smooth to the few percent level and it is unlikely
that the ongoing interaction would have an effect on its
structure, given its deep potential well. However, as we
will discuss in § 8.2 this feature provides an interesting
clue to the formation mechanism of this galaxy.
Another interesting feature is revealed by the image in

the F336W (U) band, as there seems to be some struc-
ture in the center of the lens (see Figure 2). The fact that

Sonnenfeld+ ApJ 752(2012)163



New approach: weak gravitational lensing

9

• first study of central dark matter and stellar mass distributions 
with stacked weak gravitational lensing

+ +

lens 1 lens 2 lens 3 stacked

+ … =

lens galaxy

source galaxy

lens: Subaru HSC photometric luminous red galaxies  Oguri+ PASJ 78(2026)416

        

source: Subaru HSC three-year shear catalog  Li+ PASJ 74(2022)421 

        

NLRG ≃ 106 (0.4 < z < 0.6)

Nsource ≃ 3.5 × 107

Fujikawa & MO OJAp 9(2026)61580



Central lensing profile
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stellar mass: Hernquist profile

dark matter:  cored power-law

ρ⋆(r) =
M⋆

2π
a
r

1
(r + a)3

ρDM (r) ∝ (r2 + r2
c )γ/2

Fujikawa & MO OJAp 9(2026)61580



Byproduct: stellar-to-halo mass relation
                     (SHMR)

11

both directly 
measured by
weak lensing

more bottom heavy
than Salpeter IMF

for the first time
SHMR is derived
only by lensing!

Fujikawa & MO OJAp 9(2026)61580



Comparison with NFW profile
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f Δ
Σ

=
Δ

Σ(
ob

s)
/Δ

Σ(
N

FW
)

lower stellar mass

higher stellar mass

↑ DM profile shallower
   than NFW

← DM profile 
    consistent w/ NFW

Fujikawa & MO OJAp 9(2026)61580



Dark matter fraction
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predictions of 
hydrodynamical
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from 
lensing

Fujikawa & MO OJAp 9(2026)61580



Lower DM fraction than simulations?
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Li+ MNRAS 529(2024)4633

simulations

observations
observations

simulations
Fujikawa & MO OJAp 9(2026)61580



Stellar mass dependence of baryon effect
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Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015Rvir as a function of M?/Mvir for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/Mvir ⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/Mvir . 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic

28 Bullock • Boylan-Kolchin
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Stellar mass dependence of baryon effect
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Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015Rvir as a function of M?/Mvir for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/Mvir ⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/Mvir . 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic
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dark matter 
contract due 
to gas cooling

dark matter 
expand due 
to feedback 

to gasbaryon effect 
small due to
low stellar mass

stellar mass / halo mass

prediction of 
hydrodynamical 

simulations

core

observation?

SPARC rotation curve analysis 
Hayashi+ PASJ 78(2026)745

observation?



Summary: core-cusp problem
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• stacked weak lensing provides a new promising approach to study 
central density profiles of dark matter and stars

• DM profiles shallower than NFW for galaxies with 

• observed DM fraction lower than hydrodynamical simulations
• less efficient adiabatic contraction, stronger feedback
• or could it be explained by an alternative DM model?

      (e.g., resonant self-interacting dark matter?? Chu+ PRL 122(2019)071103)

M⋆ ∼ 1011M⊙



Low-mass dark matter halos
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Bullock &
 Boylan-K

olchin A
R

A
A

 55
(2017)343

st
el

la
r 

m
as

s
halo mass

≲ 106M⊙

• dark matter halos with 
 contain no starM ≲ 106M⊙

no baryon effect

ideal for testing DM models
holy grail!



Observing low-mass dark matter halos
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• perturbation on Milky Way tidal streams 

• perturbation on strong lens systems

Banik+ MNRAS 502(2021)2364Keeley+ MNRAS 535(2024)1652

abundance consistent w/ 
standard CDM model 
down to ≃ 107−8M⊙



Discovery of  object∼ 106M⊙

20
Powell+ Nat. Ast. 9(2025)1714

• high-res. imaging of 
strong lens system 
B1938+666 with 
global VLBI

• dark  
object detected 
from distortion of 
arc shape (26σ)

• its abundance 
consistent w/ CDM

∼ 106M⊙



Density profile of  object∼ 106M⊙

21
M

2D
(<

R)

(self-interacting dark matter with  ??)σ ∼ 800 cm2g−1

• since it is detected at 26σ, its 
density profile is tightly constrained

• UD (constant density core plus  
truncation) + PM (point mass) 
provide best-fit

• it does not resemble any known 
astronomical object

Vegetti+ Nat. Ast. 10(2026)440



New scenario: FDM soliton core+SMBH

22

MO & Kubo, arXiv:2601.15718

ρ
PM (delta-function)

UD

2Rch

• idea: UD+PM model looks like soliton 
core in fuzzy dark matter (FDM) model 
plus supermassive black hole (SMBH)

• since masses of UD and PM are well 
constrained by observations, we can 
discuss this scenario quantitatively

soliton 
core

Vegetti+ Nat. Ast. 10(2026)440



FDM soliton core
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Schive+ Nat. Phys. 10(2014)496 

(H. Kawai)

iℏ
∂ψ
∂t

= [−
ℏ2

2m
∇2 + mΦ] ψ ∇2Φ = 4πG |ψ |2

ρ(r, t)

ground state solution of
Schödinger-Poisson eq.



Effect of SMBH on soliton core

24

Schive+ Nat. Phys. 10(2014)496 

(H. Kawai)

iℏ
∂ψ
∂t

= [−
ℏ2

2m
∇2 + mΦ] ψ ∇2Φ = 4πG |ψ |2

ρ(r, t)

ground state solution of
Schödinger-Poisson eq.

−m
GMSMBH

r
SMBH with 
mass MSMBH



Effect of SMBH on soliton core
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w/o SMBH

w/ SMBH
( )MSMBH/Msol = 0.24

so
lit

on
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or
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de
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ofi

le
MO & Kubo, arXiv:2601.15718

• SMBH can affect density profile 
of soliton core depending on 

 Davies & Mocz MNRAS 492(2020)5721

• for observed mass ratio, effect of 
SMBH is significant

• enhancing central density roughly 
by an order of magnitude!

MSMBH

stronger perturbation on lensing
less tidal mass loss/disruption



Constraint on parameters

26

• from core mass-halo mass relation 
in simulation (Schive PRL 113(2014)261302) 
parameters are constrained as
mc2 ≃ 3.6 × 10−21eV
Mh ≃ 7.1 × 106M⊙

• will require heavy BH scenario to 
explain high SMBH mass

• challenge: FDM with this mass 
excluded by observations (?)

     e.g., Eberhardt & Ferreira arXiv:2507.00705 

self-interaction? multi-field?

MO & Kubo, arXiv:2601.15718



Too dense low mass perturbers ubiquitous?

27

perturber in strong lens 
SDSSJ0946+1006

 Minor+ MNRAS 507(2021)1662 

perturber in Milky Way 
stellar stream GD-1 
 Nibauer+ arXiv:2510.02247

perturber in 
B1933+666

Vegetti+ Nat. Ast. 10(2026)440

∼ 106M⊙



Summary: new small-scale challenges??

28

• shallow central profile, low DM fraction for  
galaxies that are inconsistent with hydrodynamical simulations

• low-mass ( ) dark objects that are too dense 
compared with CDM prediction

M⋆ ∼ 1011M⊙

∼ 106M⊙


