
dark matter in baryonic simulationstars

Andrew Wetzel

Reconciling Dwarf Galaxies 
with LCDM Cosmology

Caltech - Carnegie Fellow
with Phil Hopkins, Shea Garrison-Kimmel, Ji-hoon Kim, Dusan Keres,  
Claude-Andre Faucher-Giguere, Eliot Quataert



Andrew Wetzel Caltech - CarnegieAndrew Wetzel Caltech - Carnegie

dwarf galaxies: 
the most significant challenges to  
the Cold Dark Matter (CDM) model



Advances in Astronomy 3

(a) (b)

Figure 2: Comparison of two z = 0 halos of masses 3 × 1014M⊙ and 3 × 1012M⊙ formed in flat ΛCDM cosmology (Ωm = 1 − ΩΛ = 0.3,
h = 0.7, σ8 = 0.9). In each case the mass distribution around the center of the halo is shown to approximately two virial radii from the center
of each halo. Both objects were resolved with similar number of particles and similar spatial resolution relative to the virial radius of the halo
in their respective simulations. I leave it as an exercise to the reader to guess the mass of the halo shown in each panel.

not easy to tell the mass of the halo by simply examining
the overall mass distribution or by counting the number of
subhalos. This is a visual manifestation of approximate (but
not exact, see, e.g., [21, 22]) self-similarity of CDM halos
of different mass. If we would compare similar images of
distribution of luminous matter around galaxies and clusters,
the difference would be striking.

The manifestly different observed satellite populations
around galaxies of different luminosities and expected
approximately self-similar populations of satellite subhalos
around halos of different mass is known as the substructure
problem [8, 23, 24]. In the case of the best studied satellite
systems of the Milky Way and Andromeda galaxies, the
discrepancy between the predicted abundance of small-mass
dark matter clumps and the number of observed luminous
satellites as a function of circular velocity (see Section 2) has
been also referred to as the “missing satellites problem.” (The
name derived from the title “Where are the missing galactic
satellites?” of one of the papers originally pointing out the
discrepancy [24].) The main goal of this paper is to review
theoretical and observational progress in quantifying and
understanding the problem over the last decade.

2. Quantifying the Substructure and
Luminous Satellite Populations

In order to connect theoretical predictions and observations
on a quantitative level, we need descriptive statistics to
characterize population of theoretical dark matter subha-
los and observed luminous satellites. Ideally, one would
like theoretical models to be able to predict properties
of stellar populations hosted by dark matter halos and
subhalos and make comparisons using statistics involving
directly observable quantities, such as galaxy luminosities.
In practice, however, this is difficult as such predictions
require modeling of still rather uncertain processes shaping

properties of galaxies during their formation. In addition,
the simulations can reach the highest resolution in the
regime when complicated and computationally costly galaxy
formation processes are not included and all of the matter
in the universe is modeled as a uniform collisionless and
dissipationless component (i.e., the component that cannot
dissipate the kinetic energy it acquires during gravitational
collapse and accompanying gravitational interaction and
relaxation processes). Such simulations thus give the most
accurate knowledge of the dark matter subhalo populations,
but can only predict dynamical subhalo properties such
as the depth of their potential well or the total mass of
gravitationally bound material. Therefore, in comparisons
between theoretical predictions and observations so far, the
most common strategy was to find a compromise quantity
that can be estimated both in dissipationless simulations and
in observations.

2.1. Quantifying the Subhalo Populations. Starting with the
first studies that made such comparisons using results of
numerical simulations [8, 24] the quantity of choice was the
maximum circular velocity, defined as

Vmax = max
(
Gm(< r)

r

)1/2

, (1)

where m(< r) = 4π
∫
ρ(r)r2dr is the spherically averaged

total mass profile about the center of the object. Vmax is a
measure of the depth of the potential (the potential energy
of a self-gravitating system is W ∝ V 2

max) and can be fairly
easily computed in a cosmological simulation once the center
of a subhalo is determined. (The detailed description of the
procedure of identifying the centers of subhalos is beyond the
scope of this paper, but is nevertheless pertinent. While many
different algorithms are used in the literature [6, 9, 25–29],
all algorithms boil down to the automated search for density
peaks (most often in configuration space, but sometimes
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possible solutions
1. dark matter is not “standard” CDM                     

examples: warm dark matter, self-interacting dark matter 

2. standard CDM + baryonic physics                                                        
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Heating: 

Supernovae: core-collapse (II) & Ia 

Stellar Winds: massive (O) & AGB stars 

Photoionization (HII regions)  

Photoelectric heating

model for stellar feedback

http://www.astrophoto.com/M82.htm
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High resolution to capture dense                                                  
multi-phase inter-stellar medium 

mgas = 7070 Msun 

hgas = 1 pc 
hDM = 20 pc

Explicit Momentum Flux: 

Radiation Pressure 

Supernovae 

Stellar Winds

Ṗrad ⇠ L

c
(1 + �IR)

ṖSNe ⇠ ĖSNe v
�1
ejecta

ṖW ⇠ Ṁ vwind

Galaxy evolution: interplay 
between infall and outflows

-Outflow of material from galaxies regulate their growth. Outflows are easy to 
see observationally (at least at high-z)!

low-z (emission) high-z (absorption)

Steidel+2010
(see also Rubin+’10 ,Weiner+’09)

NASA (HST, Chandra, Spitzer)

Stacked spectrum of LBGs at z~2.5
M82 starburst



cosmological zoom-in simulation 
to achieve high resolution
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dark matter in dark-matter-only simulation
dark matter-only simulation

300 kpc



dark matter in baryonic simulation
dark matter with effects of baryons

300 kpc
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14Mstar = 7x1010 Msun

host galaxy at z = 0
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stellar mass function of satellites
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stellar velocity dispersion function of satellites
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stellar velocity dispersion function of satellites
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velocity dispersion - mass relation

Wetzel et al 2016



Andrew Wetzel Caltech - Carnegie

velocity dispersion - mass relation

Wetzel et al 2016



Andrew Wetzel Caltech - CarnegieAndrew Wetzel Caltech - Carnegie

dwarf galaxies: significant challenges to the 
Cold Dark Matter (CDM) model
“missing satellites” problem
CDM predicts too many dark matter subhalos compared with 
observed satellite galaxies 
—> Can a CDM-based model produce a satellite stellar mass 
function as observed?

“too big to fail” problem
CDM predicts dark-matter subhalos that are too dense 
compared with observed satellite galaxies 
—> Can a CDM-based model produce a satellite dynamical 
mass (velocity dispersion) function as observed?



Andrew Wetzel Caltech - CarnegieAndrew Wetzel Caltech - Carnegie

What causes the lack of (massive) satellite dwarf 
galaxies around the Milky Way-mass host?

1. Stellar feedback drives significant gas 
outflows that dynamically heat dark matter, 
reducing inner density of dark matter (cores) 

2. Stellar disk of the Milky Way-mass host galaxy 
destroys satellites (via tidal shocking, etc)



23

inclusion of baryons (stellar disk) 
destroys dark-matter subhalos

dark matter in dark-matter-only dark matter in baryonic simulation

100 kpc
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dark-matter subhalo mass function
d < 100 kpc

subhalos in  

baryonic
subhalos in  

dark-matter only

Garrison-Kimmel, Wetzel et al in prep
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“LCDM predicts…” 
(dark energy + cold dark matter)

A Modest Proposalx
“LCDMB predicts…” 
(dark energy + cold dark matter + baryons)
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