
Lyra

THALES A GUTCKE

 IFA  —  UNIVERSITY OF HAWAII

Self-interacting dark matter:

What dwarf galaxies can teach us about our Universe

With Volker Springel, Rüdiger Pakmor, Christoph Pfrommer

Azadeh Fattahi, Shaun Brown, Joaquin Sureda, Finn Giddings



- One of the tightest constraints on dark 
matter models 


- Cusp - core question at the centers of 
dwarf galaxies


- Constrains feedback models


- Smallest dwarfs might provide the 
tightest constraints

RELEVANCE OF DWARF GALAXIES FOR DARK MATTER RESEARCH
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WHICH DWARFS CONSTRAIN DM BEST?

Nadler et al. 2024



EXPLOSION OF DWARF GALAXY RESEARCH BEYOND THE LOCAL GROUP
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Until now:

<100 dwarfs known fainter than MV > -10

Almost all associated with galaxy/cluster


Now:

DESI - detection

DECam - detection

HST/JWST - follow up

EUCLID - detection


Soon:

4MOST - follow up

Vera Rubin Observatory / LSST - detection

Roman telescope


Future:

Wide-field spectroscopic telescope

Arrakhis satellite

Chapter 9: Galaxies

Figure 9.12: LSST surface brightness fluctuations, whereby mottling of the galaxy image due to the finite number
of stars in each pixel is a measure of the distance to the galaxy. The curves moving upwards to the right show
distance modulus vs. absolute magnitude for distance modulus determination to a precision of 0.5 mag for 50, 200,
and 1,000 r-band visits (the latter appropriate to the deep drilling fields). This is derived by scaling from the realistic
image simulations of Mieske et al. (2003), which include the e↵ects of photon statistics, resolution, and image size.
The curves moving upwards to the left show the expected number of galaxies in a 20,000 deg2 survey (solid lines) or
a 10 deg2 deep-drilling field with 1,000 visits (dashed line near the bottom). Numbers are based on the luminosity
function of Croton et al. (2005).

9.6.3 Tidal Tails and Streams

One of the major recent advances in astronomy has been the discovery of ubiquitous tidal streams
of disrupted dwarf galaxies surrounding the Milky Way and other nearby galaxies (§ 7.6). The
existence of such streams fits well into the hierarchical picture of galaxy formation, and has caused
a re-assessment of traditional views about the formation and evolution of the halo, bulge, and disk
of our Galaxy.

The streams can be studied in detail through resolved stars, but only a few galaxies are close enough
to be studied in this way. Studies of more distant galaxies in di↵use light will be important for
understanding the demographics of streams in general. Such studies have a bearing on a variety
of interesting issues. The streams are heated by interaction with dark matter sub-halos within
the larger galaxy halo. Statistical studies of the widths of tidal streams may thus provide some
constraints on the clumpiness of dark matter halos. This is important because ⇤CDM models
predict hundreds of dwarf galaxy mass halos in Milky Way size galaxies, whereas we only know of
a few dozen such galaxies. This could be telling us that the dark matter power spectrum cuts o↵
at dwarf galaxy scales, or it could be signaling that star formation is suppressed in low-mass halos.
The shapes of tidal streams also provide constraints on the shapes of galaxy halos. This can be
studied statistically using large samples of tidal streams revealed by deep images (e.g. Figure 9.13,
Figure 9.14). By the time LSST begins observing, we expect that hundreds of individual galaxies
will have been targeted for deep study with other facilities. LSST, however, will allow us to create
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DWARF GALAXIES WITH RUBIN

LSST Book 2009

103 - 105 faint 
galaxies expected

Thales Gutcke (UHawaii)



DM DENSITY PROFILE AND ROTATION CURVE
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Gutcke+subm.

DM profiles at z=0 Rotation curves



DIVERSITY OF DWARF GALAXIES
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8 K. A. Oman et al.

Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (⇠ 80–100 km s�1) and galaxy mass,
chosen to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to
the median (and 10

th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of
each galaxy. Note that the observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations, from
galaxies like UGC 5721, which are consistent with our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve
compared with simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).

Available simulation data are sparse but suggest that the scatter
in structural properties at fixed halo mass is no larger for alterna-
tive dark matter models than for ⇤CDM (e.g. Rocha et al. 2013;
Lovell et al. 2014, for SIDM and WDM respectively). This is in
disagreement with rotation curve data and suggests that a mech-
anism unrelated to the nature of the dark matter must be invoked
to explain the rotation curve shapes.

4.6 The “inner mass deficit” problem

The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching Vmax. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, Vmax. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
ner mass profile because it is the minimum radius that is well
resolved in all of our simulations for systems in the mass range

of interest here. It is also a radius that is well resolved in all
observed galaxies included in our compilation.

The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict Vmax, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given Vmax, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
the cosmological parameters adopted in our simulations (Lud-
low et al. 2014). Note that the simulated data approach the 1:1
line for Vmax < 30 km/s: this is because those halos are intrinsi-
cally small; the radius where circular velocity profiles peak de-
creases steadily with decreasing circular velocity, from 4.6 kpc
to 1.9 kpc when Vmax decreases from 30 to 15 km/s.

The inclusion of baryons modifies these correlations, as
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Diversity of dwarf galaxy rotation curves 9

Figure 6. Circular velocity at r = 2 kpc vs the maximum circular velocity, Vmax, for observed and simulated galaxies. For observed galaxies we use
the maximum rotation speed as an estimate of Vmax, and the rotation speed measured at 2 kpc for Vcirc(2 kpc). We show only simulated systems for
which the convergence radius is less than 2 kpc, and observed galaxies for which the nominal angular resolution of the data is better than the angle
subtended by 2 kpc at the galaxy’s distance. Top-left: Results for dark matter-only simulations (grey points), together with the correlation expected for
NFW haloes of average concentration (solid black line). The thick gray line traces the mean Vcirc(2 kpc) as a function of Vmax, whereas the shaded
areas show the standard deviation. Top-right: As the top-left panel, but for simulated galaxies in the LOCAL GROUPS and EAGLE cosmological
hydrodynamical simulations (red symbols). See the legend for details about each symbol type. The grey line and grey shaded region repeat the DMO
correlation in the top-left panel, the red line and shaded region are analogous for the hydrodynamical simulations. Bottom-left: Observed galaxies (small
text labels identify individual objects). The different symbols show the different tracers observed (H I, H ↵, other features in the optical) and whether
the observations are in 1 dimension (1D, e.g. long slit spectroscopy) or 2 dimensions (2D, e.g. radio interferometry, integral field spectroscopy). Solid
lines and shaded regions are as in the top right panel. Note the large variation in Vcirc(2 kpc) at fixed Vmax compared with the simulation results.
The dotted, dashed and dot-dashed lines indicate the changes in Vcirc(2 kpc) induced by removing a fixed amount of mass from the inner 2 kpc of
⇤CDM haloes, as labelled. The blue-shaded region highlights systems with an inner 2 kpc mass deficit exceeding 5⇥ 10

8M�. Bottom-right: Results
of recent simulations that report the formation of cores in the dark matter profiles of ⇤CDM haloes. These cores lead to a slight reduction in the value
of Vcirc(2 kpc) relative to those in our simulations, but the changes are insufficient to explain the full range of values spanned by the observational
data. The dotted lines and dashed lines are as in the bottom-left panel, for ease of comparison.

shown by the red symbols in the top-right panel of Fig. 6,
which show results for our hydrodynamical simulations. The
main result of including baryons is to shift the expected cor-
relation toward higher values of Vcirc(2 kpc) for galaxies with
Vmax >⇠ 60 km s�1. This is not surprising: the assembly of the
luminous galaxy adds mass to the central few kiloparsecs and
raises the circular velocity there. A tight relation between Vmax

and Vcirc(2 kpc) remains, however: the scatter increases only
slightly, to at most ⇠ 0.15 dex (standard deviation).

Observed galaxies are shown in the bottom-left panel of
Fig. 6. The diversity of rotation curves alluded to above is
clearly seen here. At Vmax ⇠ 70 km s�1, for example, the
rotation speed at 2 kpc of observed galaxies spans more than

a factor of ⇠ 4, or about a factor of ⇠ 16 in enclosed mass.
Some of those galaxies, like DDO 168 have rotation speeds
at 2 kpc comparable to the maximum (Vmax ⇠ 62 km s�1,
Vcirc(2 kpc) ⇠ 58 km s�1), which indicates an enclosed mass
of ⇠ 2.3 ⇥ 109 M�, or about twice as much as the total bary-
onic mass of the galaxy, according to the baryonic Tully-Fisher
relation; Mbar/M� = 102.3 (Vmax/ km s�1)3.82 (McGaugh
2012). At the other extreme, galaxies like UGC 5750 (Vmax >⇠
73 km s�1) 5 have rotation speeds at 2 kpc of just ⇠ 20 km s�1,

5 A rightward arrow is used in the bottom left panel of Fig. 6 to indi-
cate cases where the rotation curve is still rising at the outermost radius
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All flat

Some 
flat, 

some 
peaked



SELF — INTERACTING DARK MATTER   (SIDM) 
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- Proposed interaction between dark matter particles


- Requires invoking a new gauge boson


- Allows scattering or annihilation of dark matter


- Most common parameter is the scattering cross section


- Now often includes a velocity dependency


- Mostly testing as dark matter-only


- Need to study with baryonic physics!

8 C. A. Correa et al.

Figure 4. Density profile of central (top panels) and satellite (bottom panels) haloes from the CDM (orange lines), SigmaConstant10 (red lines), SigmaVel20
(light blue lines), SigmaVel60 (dark blue lines) and SigmaVel100 (green lines) models. The panels show the density profiles of 109 M� (left-panels), 1010 M�
(middle-panels) and 1011 M� (right-panels) haloes. The solid lines highlight the median values and the shaded regions the 16-84th percentiles. The black
solid line in the top panels corresponds to the NFW profile, the green dashed-dotted lines indicate the convergence radius (see text for definition) and the grey
dashed lines the softening scale. The di�erence in the profiles between same-mass haloes highlights the impact of dark matter particle interactions in the haloes
densities.

The top-right panel of Fig. 4 compares the I = 0 density profile
of 1011 M� haloes from di�erent SIDM models. It can be seen that
the SigmaVel models do not include haloes with central cores as
large as the SigmaConstant10 model. This is because the velocity-
dependent models have lower cross-sections than 10 cm2/g at this
mass scale. Therefore these haloes are still in the process of core
expansion.

The bottom panels of Fig. 4 compare the I = 0 density profile
of satellite haloes. At fixed radius satellite haloes exhibit higher
densities than central haloes of the same mass. Because of this,
satellite haloes are expected to host larger rates of DM particles
interactions. Interesting to note that the bottom panels show a larger
scatter around the median densities profiles of satellites, than in the
same-mass centrals.

3.3 Subhalo rotation curves

Observations of rotation curves of dwarf galaxies reveal significant
diversity in their shapes (Oman et al. 2015). While many dwarf
galaxies’ rotation curves rise slowly toward the galaxies’ outskirts,
indicative of cored DM density profiles, others rise rapidly, indica-

tive of cuspy profiles. This diversity has not only been observed in
dwarf galaxies from the field, but also in the derived DM density
profiles from the local spherical dwarfs, and ultra-faint dwarfs, that
are satellites of the MW (see e.g. Hayashi et al. 2022, 2021).

Dwarf galaxies are dark-matter dominated systems, with a
low contribution of baryons in their total mass. Although it has
been shown that in hydrodynamical simulations DM halos of dwarf
galaxies can be significantly modified by baryonic processes (e.g.,
Governato et al. 2010, 2012; Di Cintio et al. 2014; Tollet et al. 2016;
Read et al. 2016; Santos-Santos et al. 2018), this is very specific
to the subgrid model adopted in the simulation (Benítez-Llambay
et al. 2019; Dutton et al. 2020). Throughout this work we relate
the dwarf galaxies DM density with our results from pure DM-only
simulations, under the assumption that, in the absence of SIDM,
these profiles would be cuspy (as it was found in Bose et al. 2019).
More detailed analysis on the impact of baryons + SIDM will be
addressed in a companion study (Correa et al. in prep.).

In this section we turn our focus to the circular velocity pro-
files of the smallest haloes from our sample. We select 30 random
satellites haloes in the mass range of 109.5�9.6 M� from the CDM
and SIDM simulations, and calculate their spherical circular veloc-
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Cosmological large-scale structure

Realistic merger history

THE         MODEL
Multi-phase ISM

Molecular clouds

Model (Gutcke+2021)

built within AREPO code

Individual stars

follow IMF

Resolved

supernovae

chemical yields

Discrete

C H
He

O

Mg

N

Fe Si

in PopIII halos

Metal seeding
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Clustered SNe

Star clusters

Realistic CGM

SN-driven outflows

Emergent features

LYRA
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DIVERSITY OF ROTATION CURVES WITH SIDM
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Core-collapsing subhalos

All flat

Some 
flat, 

some 
peaked

Gutcke+subm.

LCDM

SIDM



CORE-COLLAPSED SATELLITES
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SIDM LCDM
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CORE SIZES IN SATELLITES
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Power law 
relation between 

core size and 
dynamical mass



LOOKING AT THE CENTRAL 
GALAXY
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STAR FORMATION HISTORY IS DELAYED
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EFFECT OF SIDM 

ON GAS AND STARS
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- Flatter core region 
allows gas to be 
extended


- Star formation occurs in 
various star forming 
regions


- Star clustering likely 
over-estimated to due 
lack of 2-body 
evaporation

Gutcke+subm.



STELLAR SURFACE DENSITY
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Observable 
reduction of 

stellar density 
in central 

region



SUMMARY
LYRA brings together small scale baryonic 
physics and the cosmological context providing a 
novel testing ground for SIDM


- Highly timely in light of dwarf galaxy data explosion
- Provides much needed spatial details to constrain 
DM while including baryonic physics


Model developments are ongoing

Let me know if you would like to collaborate!

Cosmological

 large-scale structure

    Small-scale 

interstellar medium


