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Outline

• Beyond cold dark matter: feedback OR non-standard DM? 

• Accurate inference of dark matter distribution in nearby 
galaxies via advanced dynamical modeling  

• The local dark matter density in the Solar Neighborhood 

• Shape of dark matter halo from dynamical modeling of 
stars+gas in isolated local dwarf galaxy WLM  

• Astrophysical constraints on dark matter particle properties 
from local dwarf galaxies
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Beyond cold dark matter
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Cold dark matter

• ΛCDM has been successful at describing how large scale 
structures in the universe arise 

• notable problems have been identified at galactic scales
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‘Missing Satellite’ problem

• ΛCDM predicted orders of magnitude more low-mass 
subhalos than the observed number of luminous satellite 
galaxies around the Milky Way and Andromeda

Moore et al. (1999)
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‘Core-Cusp’ problem

• The density profile of CDM halos is self-similar with a steep 
inner cusp, but (low-mass) galaxies show indications of 
shallower density profiles with an innner core

Credit: Sean Tulin
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Cold dark matter with feedback?

• Baryonic feedback processes: supernovae, stellar radiation, 
reionization, ram pressure stripping, etc.  

• Can halt and even prevent star formation: dark satellites 

• Can cause non-adiabatic expansion: density cusps to cores

Pontzen & Governato (2012)
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OR non-standard dark matter?

• E.g., self-interacting (SIDM) or ultra-light axion DM (BECDM) 

• Structure formation at small scales is suppressed 

• Particle self-interactions can create central density cores

10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for

MNRAS 000, 1–18 (2015)

Vogelsberger et al. (2015)

Elbert et al. (2015)
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Feedback or non-standard DM?

Buckley & Peter 2018
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Feedback or non-standard DM?
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Feedback or non-standard DM?

Buckley & Peter 2018

W
D

M

CDM

SIDM
SIDM = self-interacting DM

*SFDM*

SFDM = scalar field DM 
e.g.,  ULA (ultra-light axion),  
BECDM (Bose-Einstein-condensate DM), 
“Fuzzy” DM, “Wave” DM

λ ∼
h

mψv
∼ [kpc]mψ ∼ 𝒪(10−22eV)
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Nature of DM: theory & experiments

• Large investments from Particle Physics… and Astrophysics?
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Dark matter in nearby galaxies
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Dark Matter in Galaxies

HI cold gas

stellar light

van Albada et al. (1985)

• To disentangle luminous and dark mass requires stellar 
mass-to-light ratio …
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Disk-halo degeneracy

• ... + resolution, correction non-circular motions, deprojection, 
non-spherical halo, and presence of cold gas!

van Albada et al. (1985)
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Mass-anisotropy degeneracy
velocity anisotropy: 
σφ/σR, σz/σR, ...? 

stars

velocity dispersion

tracer density

NGC2974

cold gasmean velocity

stars

stars

Weijmans et al. (2008)

• All galaxies per definition contain stars, but for robust DM 
inference need more advanced data and models
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Mass-anisotropy degeneracy
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Richstone & Tremaine (1984)

• radial variation in observed line-of-sight velocity dispersion 
due to change in mass or in velocity anisotropy  

• to break this mass-anisotropy degeneracy need advanced 
dynamical models with higher-order velocity moments
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Emsellem et al. (2004)

stellar velocity fieldElliptical galaxy NGC4550

vdBosch, vdVen et al. (2008), vdVen, vdBosch et al. (2008)

Schwarzschild orbit-based model
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Schwarzschild orbit-based model
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Assembly and mass recovery

dispersion [km/s]velocity [km/s]
data

model

data

Zhu, vdBosch, vdVen, et al. (2017); Zhu, vdVen, et al. (2018); 
Zhu, vdVen, Leaman et al. (2020); Zhu, vdVen, Leaman et al. (2021)

cold disk

luminous 
mass

dark matter

total mass

• Advanced (population-)orbit models of hundreds nearby galaxies 

• Recovery assembly history and accurate (<10% uncertainty) 
inference of luminous and dark matter distribution

Mstar ~ 1010 Msun 
D ~ 44 Mpc
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Luminous tracers of dark matter

• Cold gas: directly circular velocity, but restricted to disk 
plane, sensitive to perturbations, and needs mass-to-light 
ratio to break disk-halo degeneracy 

• Hot stars: everywhere, but needs advanced data and 
models to break mass-shape-anisotropy degeneracy 

• Local Group: stars are resolved, positions and distances, 
line-of-sight velocities and proper motions, chemical 
properties and even (proxies for) ages ...

stars: σstars: V

cold gasstarscold gas

NGC2974

Weijmans et al. (2008)
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Dark Matter in the Solar Neighborhood
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Vertical Jeans equation

Poisson’s equation
ρtot = ρgas+ρstars+ρDM

metal-poor, α-old

metal-rich, α-young

Zhang, Rix, vdVen, et al. (2013)

9,000 SDSS/SEGUE K-dwarf stars vertical number density vertical velocity dispersion
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Gas, stars and dark matter

gas

+stars

+DM ρgas+ρstars+ρDM

~ρgas

~ρgas+ρstars

Zhang, Rix, vdVen, et al. (2013)
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Local dark matter density

Joint probability: 

 

Standard Halo Model
Garbari et al. (2012) 

~2,000 K-type dwarf stars

Bovy & Tremaine (2012) 
~400 giant stars  

(from Moni Bidin et al. 2012,  
but corrected for d<Vφ>/dR≠0) 

Zhang, Rix, vdVen et al. (2013)   
~9,000 K-type dwarf stars

Catena & Ullio (2010) 

Zhang, Rix, vdVen, et al. (2013)
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Local dark matter density

Still significant 
uncertainty due to 
assumptions on  

• intrinsic density 
of tracers 

• velocity 
anisotropy 

• baryonic 
contributions 

• possible dark 
disks

Read (2014)
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Local dark matter next steps

• High quantity and quality discrete (population-)kinematic 
data from SDSS/APOGEE, Gaia/ESO, … 

• Avoid binning and hard cuts via discrete fitting including 
contaminants in Bayesian framework  
(e.g., Watkins, vdVen, et al. 2013; Zhu, vdVen, et al. 2016) 

• Beyond Jeans equations through orbit- and/or distribution-
function based (population-)dynamical models  
(e.g., Ting, Rix, Bovy & vdVen 2013; Zhu, vdVen, Leaman, et al. 2020) 

• ... improved robust constraints on dark matter amount and 
distribution in the Local Group
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Dark matter in local dwarf galaxy WLM
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Isolated Local Dwarf Galaxy WLM

WLM 
Mstar ~ 107 Msun 
D ~ 1 Mpc• Isolated dwarf galaxies 

may have stellar and 
gas kinematics 
available 

• Wish to combine them 
in a joint dynamical 
model to break mass-
anisotropy-geometry 
degeneracies
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Multi-tracer 
dynamical 

models
• VLT+Keck spectroscopy of 

RGB stars discrete 
velocities 

• For a choice of orbit 
structure and gravitational 
potential, we compute 
likelihood for each 
dynamical model to 
reproduce discrete, on-sky 
line of sight velocities 

Structure and Dynamics of WLM 19

Fig. 5.— WLM spectroscopic sample in tangent plane coordinates on the sky. HI velocity data from Kepley et al. (2007) is shown as
contours, and the stellar velocities of RGB members are colour coded to the same velocity scale. Dashed line shows the photometric minor
axis, and the dotted line the kinematic angle of bisection determined as discussed in text.

Leaman et al. (2013)
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Multi-tracer 
dynamical 

models
•For the first time want to 

combine this model with 
gas kinematics 

• HI gas rotation curve 
independently constrains 
total potential in Jeans 
equations.

4 Leung et al.
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Figure 1. Photometric and kinematic data. (a) and (b): HI sur-

face density and velocity maps (Iorio et al. 2017). (c): Greyscale

and black contours are the smoothed I band image of WLM. The

fitted MGEs are overlaid in red. (d) Discrete velocity measure-

ments.

position metrics. The position and line of sight velocities of
the stellar kinematic members are plotted in Figure 1(e).

3 DISCRETE JEANS MODEL

The Jeans equations (Jeans 1922) specify the projected sec-
ond velocity moment V 2

RMS = V 2
mean + �2 of a kinematic

tracer of known density, provided the total gravitational
potential �, velocity anisotropy and inclination are speci-
fied1. To begin, we assume axisymmetry for WLM and uti-
lize Jeans Axisymmetric Models (JAM, Cappellari 2008) to

1
Here Vmean and � are the mean velocity and velocity dispersion

of the tracer in a particular direction

Figure 2. Upper: Circular velocities derived by Iorio et al. (2017)

with the velocity map shown in Figure 1(b) in blue, with uncer-

tainties shown by the light blue band. The binned stellar mean

velocity (v�,star) and velocity dispersion (�star) profiles are shown

in dashed and dotted black lines, with uncertainties shown in a

grey band. Lower: The RGB star counts are shown in red cir-

cles, with the open circles indicating points that are excluded

due to crowding and background contamination in the fitting of

exponential profile as adopted in Leaman et al. (2012), the fitted

exponential profile is shown in the black dashed line. The indi-

vidual MGEs fitted to the exponential profile are shown in red

dotted lines and the total MGE is shown in a red solid line.

solve for the predicted velocity moments. The Jeans equa-
tions, under the axisymmetric assumptions, can be written
as:
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where ⌫(R, z) is the surface density of the kinematic tracer
and �(R, z) is the axisymmetric gravitational potential.
Again, (vR, vz, v�) are the velocity components in the three
dimensions of the cylindrical coordinates (R, z,�).

c� 2018 RAS, MNRAS 000, 1–19

LITTLE THINGS in 3D 29

Figure 21. See caption in Appendix B. Notes. C (left-hand panel): Contours at 2n�3T and �3T = 0.58 M�pc�2 (thick contour), stellar map in R band from
Cook et al. (2014); C (right-hand panel): Contours at Vsys ±�V where �V = 20.0 km/s and Vsys = �124.0 km/s (thick contour). D: Contours at (2+ 4n)�ch,
where �ch = 2.00 mJy bm�1, the grey contours are at -2�ch.

MNRAS 000, 1–36 (2016)

Iorio et al. (2017)
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Figure 2. Upper: Circular velocities derived by Iorio et al. (2017)

with the velocity map shown in Figure 1(b) in blue, with uncer-

tainties shown by the light blue band. The binned stellar mean

velocity (v�,star) and velocity dispersion (�star) profiles are shown

in dashed and dotted black lines, with uncertainties shown in a

grey band. Lower: The RGB star counts are shown in red cir-

cles, with the open circles indicating points that are excluded

due to crowding and background contamination in the fitting of

exponential profile as adopted in Leaman et al. (2012), the fitted

exponential profile is shown in the black dashed line. The indi-
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solve for the predicted velocity moments. The Jeans equa-
tions, under the axisymmetric assumptions, can be written
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where ⌫(R, z) is the surface density of the kinematic tracer
and �(R, z) is the axisymmetric gravitational potential.
Again, (vR, vz, v�) are the velocity components in the three
dimensions of the cylindrical coordinates (R, z,�).

c� 2018 RAS, MNRAS 000, 1–19

LITTLE THINGS in 3D 29

Figure 21. See caption in Appendix B. Notes. C (left-hand panel): Contours at 2n�3T and �3T = 0.58 M�pc�2 (thick contour), stellar map in R band from
Cook et al. (2014); C (right-hand panel): Contours at Vsys ±�V where �V = 20.0 km/s and Vsys = �124.0 km/s (thick contour). D: Contours at (2+ 4n)�ch,
where �ch = 2.00 mJy bm�1, the grey contours are at -2�ch.

MNRAS 000, 1–36 (2016)

•For the first time want to 
combine this model with 
gas kinematics 

• HI gas rotation curve 
independently constrains 
total potential in Jeans 
equations.

Iorio et al. (2017)
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Multi-tracer 
dynamical 

models

• DM halo profile 
parameterised by 
axisymmetric generalised 
NFW profile 

• Allows for cored profiles 
expected due to baryonic 
feedback or SIDM

Multi-tracer dynamical models of WLM 5

I0,gas (M� pc
�2

) �gas (
00
) qgas

3.775 40.58 0.28

1.854 91.71 0.30

Table 1. Multi-Gaussian Expansions of the gaseous component

obtained from HI surface brightness.

I0,? (M� pc
�2

) �? (
00
) q?

2.750 14.74 0.50

14.72 130.8 0.41

6.239 199.0 0.42

Table 2. Multi-Gaussian Expansion of the stellar component ob-

tained from I-band photometry, normalised to a total stellar mass

of M? = 1.1⇥ 10
7 M�.

3.1 Constructing the potential

We construct the gravitational potential � with three com-
ponents, namely, the gaseous component (Mgas,tot ⇠ 1.54⇥
108M�), the stellar component (M?,tot ⇠ 1.1 ⇥ 107M�)
and the dark matter component. Each of the components
is parametrized by a set of Multi-Gaussian Expansions
(MGEs) (Emsellem, Monnet & Bacon 1994) as required for
our Jeans model. Below we provide details on the distribu-
tions of the various components.

3.1.1 Gaseous component

We fit MGEs to the HI integrated intensity map using the
python code provided by Cappellari (2008). Figure 1 shows
the best-fitted MGEs in red contours overlaid on the HI
gas density contours. We normalised the MGEs to the total
neutral gas mass of WLM, 1.1⇥108 M�, which is taken from
from the single dish observations of Hunter et al. (2011). We
apply a correction factor of 1.4 to account for the presence of
Helium. The resultant gaseous MGE parameters, the peak
surface density I0,gas, the width �gas and flattening qgas, of
each of the constituent gaussians are presented in Table 1.
The flattening paramete q is given by the ratio between the
short and long axis of each gaussian.

3.1.2 Stellar component

To obtain a smooth stellar distribution, we utilise the I-band
photometry which tracers evolved stars and avoids the irreg-
ular light density profiles of bluer bands. We first smooth the
I-band image with a gaussian of width 500 in order to remove
the stochasticity inherent in the nearby resolved systems,
and then fit MGEs to the smoothed surface brightness. The
MGEs are then normalised to a total stellar mass. The fit-
ted MGEs are overlaid on top of the I band image in Figure
1(c). The resultant stellar MGEs parameters I0,?, �?, and
q?, as normalised to M? = 1.1⇥107M� (Jackson et al. 2007)
are presented in Table 2. Despite the presence of some fore-
ground stars in the image, we find that their presence does
not change the MGE fits.

3.1.3 Dark matter component

To model the dark matter contribution to the potential of
WLM, we utilise a generalised NFW (gNFW; Zhao 1996)

I0,? (M� pc
�2

) �? (
00
) q?

1.601 64.769 0.422

1.882 135.675 0.422

1.259 232.891 0.422

0.430 348.873 0.422

7.029⇥ 10
�2

476.647 0.422

5.344⇥ 10
�3

611.309 0.422

1.893⇥ 10
�4

749.823 0.422

2.986⇥ 10
�6

893.630 0.422

1.233⇥ 10
�8

1057.583 0.422

Table 3.Multi-Gaussian Expansion of the RGB star counts fitted

by an exponential profile to measurements within 279
00
-813

00
to

avoid bias caused by crowding, normalised to a total stellar mass

of M? = 1.1⇥ 10
7 M�.

profiles to describe our dark matter halo. This has a radial
density profile of:

⇢(r) =
⇢s

(r/rs)�(1 + r/rs)3��
, (2)

with ⇢s, rs and � being the scale density, scale radius and
slope of the dark matter profile respectively. To test the in-
fluence and degeneracy of non-spherical mass distributions,
we also allow the dark matter halo to be axisymmetric with
a flattening qDM (with qDM = 1� b/a, where b and a are the
short and long axis of the dark matter halo respectively).
We normalise our DM haloes with the circular velocities at
rs (Vc(rs)) such that dark matter haloes with the same (rs,
�, ⇢s) but di↵erent qDM would have the same Vc(rs). This
normalisation is done so that the parameter qDM is only sen-
sitive to the shape of the dark matter halo but not the overall
enclosed mass. A dark matter halo parametrised by a partic-
ular set of (rs, �, ⇢s and qDM) can then be decomposed into
MGEs - which together with the gaseous and stellar MGEs,
provides a representation of the total gravitational potential
of WLM.

3.2 Surface density of the kinematic tracer

To obtain the density profile of the kinematic tracer ⌫, we
utilise the discrete giant branch star counts from Leaman
et al. (2012). These star counts are constructed from photo-
metric catalogues which have had a comparable colour and
magnitude selection to the spectroscopic sample - thus pro-
viding the most representative density distribution for the
kinematic tracer population. The stellar density profile for
the kinematic tracers is shown in the bottom panel of Fig-
ure 2 in red circles. The inner flattened number count profile
is potentially caused by crowding and we correct for it by
fitting first an exponential profile to the star counts beyond
the crowded region (& 30000), as shown in the black line.
We then fit MGEs to the black dashed line. The resultant
MGE fit is shown by the red solid line and the MGE pa-
rameters are listed in Table 3. These MGEs are adopted as
the surface density of the kinematic tracer in our models
throughout the rest of the paper. Readers interested in how
robust our results are with respect to the choice of di↵erent
profiles can refer to Appendix A, where we show the impact
of this incompleteness correction on our final results.

c� 2018 RAS, MNRAS 000, 1–19

Dwarf Galaxies in CDM, WDM, and SIDM 7

Figure 5. Radial density profiles for the 4 dwarfs in the suite simulated in all five di↵erent types of DM (following the color convention of Fig. 1) with stellar
mass increasing from left to right. The dashed lines represent the DMO version of each simulation while the solid lines represent the hydrodynamical versions.
The grey shaded region shows where numerical relaxation may a↵ect the CDM density profiles according to the Power et al. (2003) criterion. Stellar half-mass
radii for each DM version are shown as vertical dotted lines. Any variation between the density profiles, whether from baryonic feedback or self-interactions,
is bound within r1/2. In Halo m10d we see a clear distinction in the central region between those versions that do and don’t have self-interactions. As we move
to the right, this distinction becomes increasingly muddied as baryonic feedback has a larger impact on the runs without self-interactions.

Figure 6. Rotation curves for the same 4 dwarfs present in Fig. 5. DMO simulations are represented as dashed lines and plotted in the top row while
hydrodynamic simulations are represented as solid lines and plotted in the bottom row. The curve for the CDM DMO run is also included in the bottom row
for reference. The circular velocity at r1/2, V1/2 ⌘ Vcirc(r1/2), for each curve is marked by a point with matching color. In every halo we see that including
self-interactions provide an e↵ective way to lower V1/2; some halos even accomplish this with little change to r1/2.

ingly muddied as baryonic feedback has a larger impact on the runs
without self-interactions.

The e↵ects of galaxy formation do not lead to an equal re-
duction in the inner dark matter density for all of the dark matter
variants considered here. In Fitts et al. (2017), all CDM dwarfs with
M? > 2 ⇥ 106 M� saw significant reduction of the central density
(see their Fig. 7) compared to their DMO counterparts. Bozek et al.
(2018) found that while the WDM simulations with the inclusion
of hydrodynamics generally resulted in additional reduction of the
inner dark matter density, feedback-related density reduction was

no more e↵ective (and often less e↵ective) in WDM than in CDM.
This is in contrast to Robles et al. (2017), who found that SIDM
dwarfs were mostly una↵ected by the addition of hydrodynamics.
We find a similar result to Robles et al.: 6 out of the 8 SIDM dwarfs
do not have further central (inner 500 pc) density depletion with the
addition of hydrodynamics. Two halos however, m10e and m10k,
do have ⇠ 25% lower densities than their DMO counterparts. While
one might be quick to attribute this to increased stellar formation
(as halo m10k does have the highest z = 0 stellar mass of all 8
SIDM halos), there are three SIDM dwarfs with more stellar mass

MNRAS 000, 1–13 (2018)

R  (kpc)

𝛾 = 1; NFW cusp
𝛾 = 0; cored profile

Fitts et al. (2018)
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CHAPTER 3. JOINT STARS AND GAS DYNAMICAL MODELS

Figure 3.3: Marginalised parameters from the discrete Jeans models: stellar dynamical

parameters �z, , and dark matter halo parameters qdm, rs, � and ⇢s. Black contours

show the marginalised parameter values with the models using only stellar kinematics, with

contour levels 1, 1.5 and 2�. Red contours show the models run using stellar kinematics

and Vc derived from HI kinematics as a prior.
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• Lets focus 
on DM halo 
shape (q) 
and 
inner density 
profile slope 
(𝛾)

CHAPTER 3. JOINT STARS AND GAS DYNAMICAL MODELS

Figure 3.3: Marginalised parameters from the discrete Jeans models: stellar dynamical

parameters �z, , and dark matter halo parameters qdm, rs, � and ⇢s. Black contours

show the marginalised parameter values with the models using only stellar kinematics, with

contour levels 1, 1.5 and 2�. Red contours show the models run using stellar kinematics

and Vc derived from HI kinematics as a prior.
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Recovered DM halo parameters

CHAPTER 3. JOINT STARS AND GAS DYNAMICAL MODELS

Figure 3.3: Marginalised parameters from the discrete Jeans models: stellar dynamical

parameters �z, , and dark matter halo parameters qdm, rs, � and ⇢s. Black contours

show the marginalised parameter values with the models using only stellar kinematics, with

contour levels 1, 1.5 and 2�. Red contours show the models run using stellar kinematics

and Vc derived from HI kinematics as a prior.

98

qDM
0 1 2 3 4

γ

0

1.0
Cuspy

Cored

Oblate Prolate

Cored DM halo 

γ = 0.3 ± 0.1

Prolate DM halo 

qDM = 2.1 ± 0.9

Leung, Leaman, et al. (2021)



Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021

Baryonic feedback predictions
CHAPTER 3. JOINT STARS AND GAS DYNAMICAL MODELS

Figure 3.7: Contours showing the constrained values as labeled from models with prior

M? = 1.1⇥ 107M?(±50%) ‘Stars only (black) and ‘Stars+Gas’ (red), and with prior M? =

4.3⇥107M?(±50%) ‘Stars + Gas’ in orange. Overlaid are the M?�M?/Mvtr relation from

Moster et al. (2010) left, the mass-concentration relation from Dutton & Macciò (2014)

middle and the M?/Mvit � � relation from Di Cintio et al. (2014) right are shown as thick

black lines.

(UDGs), which may acquire their extended structure and old stellar populations

partly due to the same feedback processes (Di Cintio et al. 2017), but with more

extreme consequences on the system. Given that some UDGs are estimated to

be comparable virial mass to WLM (Beasley & Trujillo 2016), understanding

what di↵erent conditions during the galaxy’s lifetime (e.g., star formation density,

environment) lead to such disparate final states is an avenue worth further study.

For example, the resultant decrease in central density and gas concentration may be

extremely important for evolutionary changes of dwarf satellites, as demonstrated

by Brooks & Zolotov (2014). Finding present day observational signatures which

can trace the rapidity and strength of the potential fluctuations may provide further

insight into the timescales, and mechanisms with which the DM core is growing, and

can potentially di↵erentiate feedback driven or particle scattering processes (e.g., gas

and stellar spatial distributions; Mondal et al. 2018). This will be discussed in the

subsequent section, however to first order the DM halo density profile we derive is

in excellent agreement with the predictions from simulations which incorporate the

e↵ect of feedback driven halo expansion in a CDM framework.

Dark matter halo flattening

We now turn to the shape (axial ratio) of the dark matter halo inferred from our

dynamical models. Table 3.5 shows that in the ‘Stars + Gas’ model, a prolate dark

matter halo (qDM ⇠ 2) is preferred, with an uncertainty of �qDM ⇠ 1. Pure dark

108

• DM core, mass and geometry in excellent agreement with 
simulations where CDM is modified by stellar feedback

8 Butsky et al.
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Figure 6. Axis ratios (c/a, b/a) and triaxiality parameter (T ) for all the galaxies as a function of their virial (total) mass. The first row shows results at

the virial radius, the middle row results at 0.12 of Rvir and the last row at 5% of Rvir. Red diamonds represent the NIHAO galaxies, while black squares

show the corresponding results for the DM-only runs. The solid lines in the first and second panel show the relation from Macciò et al. (2008). The green

circle in the middle left panel shows the halo shape measurement for the Milky Way from Ibata et al. (2001). The red (black) line shows the median value

for the hydro (DM) results.

halo (5% Rvir), which is the most prone to be affected by
baryonic effects.

Fig. 6 shows the value of the three shape diagnostics
as a function of the total mass of the halo, at our three
reference radii. At the virial radius, at all masses the NIHAO
galaxies and their DM-only counterparts show very similar
values for the axis ratio and Triaxiality, and in agreement
with results obtained from larger samples of simulated dark
matter haloes (Macciò et al. 2008, black solid line in the first
and second panel).

At smaller radii (second and third rows) there is a
steady increase of c/a (and b/a) with Mvir in the NI-
HAO simulations, which brings the simulated values in good
agreement with the MW observations of Ibata et al. (2001,
green circle). The last column in Fig. 6 shows the triaxiality
parameter vs halo mass, confirming that CDM haloes are
typically prolate (black squares). Interestingly, when galaxy
formation is included the full range of halo triaxialities is
possible (red diamonds).

The difference between Hydro and DM-only simulations
can be better appreciated in Fig. 7, where we show the ra-
tio between the halo shapes c/a (left), b/a (center) and T

(right) between collisional and collisionless simulations as a
function of halo mass. The figure shows that there is a con-
sistent shift for the inner halo shape from the DM-only to
the baryon simulation and the trend of halo shapes becomes
more spherical with increasing halo mass is clearly visible.

For the left middle panel (0.12 Rvir, the most accessible
to observations), we decided to fit such a ratio with a simple
S-shape function:

S(M) = s1 +
(s2 − s1)

1 + (M/M0)β
(1)

where M is the virial mass of the halo. We fixed the value
of the s2 parameter to 1.0 and fit for the other ones using
the Levenberg-Marquardt method, results are reported in
Table 2. The final fitting function is shown by the black line
in Fig. 7, while the grey area represents the 1σ = 0.156
scatter around the mean.

The trend of shape change with halo mass can be under-
stood as a consequence of the increased efficiency of star for-
mation of massive haloes (in our sample, e.g. 1012 M! ) with
respect to low mass ones, as implied by abundance matching
(Moster et al. 2010). Fig. 8 shows the different shape mea-

MNRAS 000, 1–19 (2016)

WLM

Leung, Leaman, et al. (2021)

Di Cintio et al. (2013)

Butsky et al. (2016)
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Separating DM models with galaxy 
dynamics
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Constraints on DM particle properties

  

How often do SIDM particles scatter on average?

typically only a few scattering 
events per Hubble time are 
sufficient to create cores

MV, Zavala, Loeb 2012

large cross section

scatterings

smaller cross sections

mean free path

sm
a
ll
e
r 

cr
o
s
s 

se
c
ti
o
n
s

la
rg

e
 c

ro
s
s
 s

e
c
ti
o
n

~100 kpc mean free 
path in inner halo
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BECDM have 
link between 
DM core size 
and viral 
mass -  
for a given 
particle 
cross section

Vogelsberger et al. (2012)
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Constraints on DM particle properties

  

How often do SIDM particles scatter on average?

typically only a few scattering 
events per Hubble time are 
sufficient to create cores
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Radius where you have ~ 1 
scattering event per halo lifetime is 
sensitive to particle cross section

• SIDM and 
BECDM have link 
between DM core 
size and viral 
mass -  
for a given 
particle cross 
section

Vogelsberger et al. (2012)
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Constraints on DM particle properties

•For SIDM the 
particle cross 
section is related to 
the DM core radius

• For ultra-light 
axion / BECDM 

mψ = 1.1 − 1.3 × 10−22 eV/c2
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WLM: Leung, Leaman, et al. (2021)
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Constraints on DM particle properties

• Joint constraints 
for velocity 
independent SIDM:

σ/mX = 0.8 − 3.1 cm2 g−1

• For ultra-light 
axion / BECDM

mψ = 1.1 − 1.3 × 10−22 eV/c2
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WLM: Leung, Leaman, et al. (2021)
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Constraints on DM particle properties

• Joint constraints 
for velocity 
independent SIDM:

σ/mX = 0.8 − 3.1 cm2 g−1

• For ultra-light 
axion / BECDM

mψ = 1.1 − 1.3 × 10−22 eV/c2

Fornax

Pegasus

Fornax: Leung, Leaman, et al. (2019) 
Pegasus: Leaman, et al. (2020) 

WLM: Leung, Leaman, et al. (2021)
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Constraints on DM particle properties

• Joint constraints 
for velocity 
independent SIDM:

σ/mX = 0.8 − 3.1 cm2 g−1

• For ultra-light 
axion / BECDM

mψ = 1.1 − 1.3 × 10−22 eV/c2

SIDM  σ/
m = 1

SIDM  σ/
m = 0.1
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Constraints on DM particle properties

• Joint constraints 
for velocity 
independent SIDM:

σ/mX = 0.8 − 3.1 cm2 g−1

• For ultra-light 
axion / BECDM

mψ = 1.1 − 1.3 × 10−22 eV/c2

Relaxed  
Clusters

SIDM  σ/
m = 1

SIDM  σ/
m = 0.1

Kaplinghat et al.(2016)
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Constraints on DM particle properties

• Joint constraints 
for velocity 
independent SIDM:

σ/mX = 0.8 − 3.1 cm2 g−1

• For ultra-light 
axion / BECDM

mψ = 1.1 − 1.3 × 10−22 eV/c2

Velocity  
dependent  

SIDM
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Are prolate, cored DM halos 
problematic for SIDM?

• Particle 
interactions in 
inner regions 
can easily 
create DM 
cores in SIDM 

• But this tends 
to be an 
isotropic 
process and 
sphericalizes 
the halos

Vogelsberger et al. (2012)
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Are prolate, cored DM halos 
problematic for SIDM?

8 Peter et al.

Table 2: Summary of shape definitions used in observational comparisons

Symbol Defining Equation Description Relevant Figure

e0(R,�) Eq. 5 Deviation from axial symmetry in lensing convergence maps Fig. 7

e Eq. 8 Ellipticity in dPIE surface density fits to lensing signal Fig. 11

✏ Eq. 9 Ellipticity of similar spheroid used in X-ray studies Fig. 8

Figure 6. Median halo shapes as a function of the estimated log slope of
the radial density profile. Lines have the same meaning as in Fig. 3.

density profile may be described in terms of ⇢(a) and ✏ is fixed
throughout the body. The isopotential surfaces of such spheroids
are rounder at large distances if the body is more centrally concen-
trated (see the discussion in Sec. 2.5 of Binney & Tremaine 2008).

As summarized in Table 2, e0 is the surface-density shape def-
inition we use in Sec. 4.2, ✏ is the X-ray motivated shape definition
we use in Sec. 4.3, and e is the lensing-fit shape definition used in
Sec. 4.4.

4.2 Revisiting Miralda-Escudé (2002)

Galaxy clusters are great places to look for the effects of velocity-
independent SIDM because one may typically achieve much higher
values of ⇢(r)vrms(r) for fixed r/rvir. In addition, there are many
different probes of the mass distribution of clusters that span an
enormous dynamic range of radial scale—stellar kinematics and
strong lensing towards the center of the cluster, weak lensing and
X-ray gas distributions throughout the halo volume, and weak +
strong lensing maps of the matter distribution around individual
galaxies in the cluster (Sand et al. 2008; Newman et al. 2009, 2011;
Kneib & Natarajan 2011). It is no surprise the tightest constraints
on velocity-independent SIDM emerged from cluster studies, and
a revisit of the tightest of these constraints is the subject of this
section.

The strongest published constraint on velocity-independent
SIDM, �/m . 0.02 cm2

/g came from Miralda-Escudé (2002)’s
study of the galaxy cluster MS 2137-23. This cluster has an esti-

mated virial mass of ⇠ 8⇥ 1014M� (Gavazzi 2005), and its mass
distribution has also been studied by Fort et al. (1992), Mellier, Fort
& Kneib (1993), Miralda-Escude (1995), Gavazzi et al. (2003), and
Sand et al. (2008). There are two strongly lensed galaxies that pro-
duce a total of five distinct images: one source has a radial image
at ✓ ⇠ 500 from the center of the brightest cluster galaxy and an
arclet at ✓ = 22.500. The other source has a large tangential arc and
two arclets all at about ✓ = 1500 from the brightest cluster galaxy
center, which corresponds to 70 kpc. In order to reproduce both the
relative magnifications and the alignments of the images in the sky,
the surface density must deviate from axial symmetry at 70 kpc.
Quantitatively, it means that the parameter " in Eq. (4), which cor-
responds to the amplitude of e0 given in Eq. (5), must be " ⇡ 0.2
at R = 70 kpc. This figure is largely driven by the tangential arcs
and associated arclets (Miralda-Escude 1995)

Based on the ellipticity at 70 kpc and an argument that the
dark-matter surface density should be approximately axial for a
typical particle collision rate � & H0, Miralda-Escudé (2002) as-
serts that �(70 kpc) . H0. Using the fact that the tangential arc
should lie at approximately where the mean interior convergence
̄ = 1 (or an estimated critical density ⌃cr = 1 g/cm2) and the
rough approximation ⇢(r) ⇠ ⌃(r)/r, Miralda-Escudé estimates
the three-dimensional density ⇢(70 kpc). Using the velocity dis-
persion of the brightest cluster galaxy at the center of the halo as
a proxy for vrms, Miralda-Escudé uses Eq. (1) to determine a limit
on �/m, which is found to be �/m . 0.02 cm2

/g.
We get a sense that this line of reasoning may be flawed when

we examine the surface-density plots of one of our most massive
halos in Figs. 1 and 2 and our findings of Sec. 3. First, recall that
our results show (cf., Fig. 5) that the inner halo shape retains some
triaxiality even when � & H0. Second, the surface density includes
all matter along the line of sight, not just the material within r < R.
Thus, the surface density at small R/rvir includes a lot of material
with large r, far out in the halo where SIDM scatters are unimpor-
tant. This material is still quite triaxial. Moreover, SIDM also cre-
ates cores, which means that the outskirts of the halo have an even
greater weight in the total surface density than if the halo were still
cuspy at the center. Empirically, we see that the simulated surface
densities in Figs. 1 and 2 are quite elliptical. This point becomes
more and more important as the size of the core becomes smaller.
All of these things suggest that the constraint reported in Miralda-
Escudé (2002) is far too high.

When attempting to quantify the constraints on SIDM from
MS 2137-23 using our simulations, we run into the following
problem: the largest halo in our simulations has a virial mass
Mvir = 2.2 ⇥ 1014M�, a factor of approximately four smaller
than the estimated virial mass of MS 2137-23. Moreover, we do
not know the orientation of the principal axes of the cluster with
respect to the line of sight. In order to make the comparison, we
do two things. First, we can use virial scaling relations to estimate
the radius at which ⇢(r)vrms(r), a proxy for the scattering rate (see
Fig. 5), has the same value as it would for a radius of 70 kpc in
MS 2137-23, in other words, we look for the radius at which the

c� 0000 RAS, MNRAS 000, 000–000
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Future targets with MUSE + HST

•MUSE lets us 
efficiently measure 
the stellar 
kinematics in 
nearby dwarfs. 

•~15 identified with 
existing HI gas 
kinematics to form 
a large program.
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Conclusions

• New methods are needed to differentiate CDM+feedback 
from alternative dark matter theories 

• Advanced dynamical models are providing more robust 
inferences of local and extragalactic DM distributions 

• Combining gas, stellar and globular cluster orbits let us 
recover DM density profile and flattening 

• DM particle cross sections inferred from studies of nearby 
dwarf galaxies together with aspherical DM halos may be 
problematic for interacting DM models - but naturally 
arise in CDM+feedback simulations
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Thanks for your interest! 
Questions?
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