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“Evolution and assembly of galaxies and 
their environment” 

ΛCDM initial conditions 
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Galaxy stellar mass function 

EAGLE 

Semi-analytic 
models 

Eagle gives a good 
match to observed 

stellar mass fn over 5 
orders of magnitude in 

stellar mass 

Schaye et al ‘15 



Galaxy sizes 

Schaye et al ‘15 

EAGLE gives a good 
match to observed 

sizes over 3 orders of 
magnitude in stellar 

mass 

• Projected	half-mass	radius	

• http://icc.dur.ac.uk/Eagle/database.php 

• EAGLE 

• SDSS • GAMA (blue) 

• GAMA (red) 
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 A Project Of Simulations of The 
Local Environment (APOSTLE) 
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•  Reionization heats gas to ~104K, preventing it 
from cooling and forming stars in small halos 

•    Supernovae feedback expels any residual gas  

Most subhalos never make a galaxy!  

Because: 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman et al ’93, Bullock et al ’00) 



University of Durham 

Institute for Computational Cosmology 

Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~2% of cases) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman etal ’93, Bullock etal ’01) 
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Koposov et al 08 
(SDSS) 
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Far fewer satellite galaxies than CDM halos 

APOSTLE 
EAGLE full 

hydro 
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Local Group 

Stars 
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EAGLE Local Group simulation 

Sawala et al ‘15 

Local Group galaxies Emerge from the Dark 7

Figure 3. Stellar mass functions from 12 Apostle simulations at resolution L2 compared to observations. In the left and centre, shaded

regions show the mass functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local
Group galaxies from each simulation volume, while lines show the observed stellar mass function within 300 kpc of M31 (left) and the

MW (centre). In the right, the shaded region shows all galaxies within 2 Mpc of the Local Group barycentre in the simulations, while
the line is the stellar mass function of all known galaxies within the same region. On each panel, the dark colour-shaded areas bound

the 16th and 84th percentiles; light shaded areas indicate the full range among our twelve Local Group realisations. For comparison,

the grey area on each panel corresponds to the mass function of all dark matter halos. All observational data are taken from the latest
compilation by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 105M�, the count of satellites

of the MW and the total count within 2 Mpc should be considered as lower limits to the true numbers due to the limited sky coverage

of local galaxy surveys and the low surface brightness of dwarf galaxies. See Fig. A1 for numerical convergence.

3.4 The baryon bailout

We next consider the “too-big-to-fail” problem (Boylan-
Kolchin et al. 2011; Parry et al. 2012). As demonstrated
by Strigari et al. (2010) from the Aquarius dark matter
only (DMO) simulations (Springel et al. 2008), a Milky Way
mass halo in ⇤CDM typically contains at least one satellite
substructure that matches the velocity dispersion profiles
measured for each of the five Milky Way dwarf spheroidal
satellites for which high-quality kinematic data are avail-
able. However, that work addressed neither the question of
whether those halos which match the kinematics of a par-
ticular satellite would actually host a comparable galaxy,
nor whether an observed satellite galaxy can be found to
match each of the many predicted satellite halos. Indeed,
the identification in the same simulations, of an excess of
massive substructures with no observable counterparts, and
the implication that the brightest satellites of the Milky Way
appear to shun the most massive CDM substructures, con-
stitutes the “too-big-to-fail” problem (Boylan-Kolchin et al.
2011).

A simple characterization of the problem is given by the
number of satellite halos with maximum circular velocities,

vmax = max
⇣p

GM(< r)/r
⌘
, above ⇠ 30 km/s, where all

satellite halos are expected to be luminous (Okamoto et al.
2008; Sawala et al. 2014). Only three MW satellites are con-
sistent with halos more massive than this limit (the two
Magellanic Clouds and the Sagittarius dwarf), whereas dark
matter only (DMO) ⇤CDM simulations of MW-sized halos
produce two to three times this number. Indeed, as shown in
Fig. 4, when we consider the DMO counterparts of our LG
simulations, the MW and M31 halos each contain an average
of 7�8 satellites with Vmax > 30 km/s inside 300 kpc, more

than twice the observed number of luminous satellites. This
is despite the fact that, in order to match the most recent dy-
namical constraints (Gonzalez et al. 2013; Peñarrubia et al.
2014), the average halo masses of M31 and the MW in our
simulations are lower than those in which the problem was
first identified (Boylan-Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic Local Group simulations: Each main galaxy
in our hydrodynamic simulation has on average only 3 � 4
luminous satellites with vmax > 30 km/s. Furthermore, the
average velocity function of the most massive substructures
across our LG simulations appears to be in excellent agree-
ment with the MW estimates, quoted by Peñarrubia et al.
(2008) and overplotted as red circles in Fig. 4.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simula-
tions compared to DMO simulations, including our own: (i)
a reduction in the mass of each subhalo due to baryonic
e↵ects as discussed below, (ii) the failure of a fraction of
subhalos of vmax < 30 km/s to form any stars, and (iii)
those halos of vmax < 30 km/s that actually contain ob-
servable dwarf galaxies being disproportionately a↵ected by
tidal stripping.

In Fig. 6, we compare the maximum circular velocity
of individual isolated halos matched between our hydro-
dynamic and DMO simulations. In agreement with Sawala
et al. (2013) and Schaller et al. (2015), we find that while the
more massive halos of vmax > 100 km/s that host the MW
and M31 are not significantly a↵ected, the halos of dwarf
galaxies are less massive than their DMO counterparts, with
the loss of baryons due to reionization and supernova feed-
back, and a reduced growth rate leading to a ⇠ 15% re-
duction in vmax. The average reduction in mass is similar

c� 2014 RAS, MNRAS 000, 1–13
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation

4

of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-

4 Specifically, we used rgal/kpc= 1.69 (Vmax/ km s−1)1.01

ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.

c⃝ 2016 RAS, MNRAS 000, 1–12

Fraction of dark subhalos 
Vc =

GM
r

V max = max Vc 

All halos of mass < 109Mo  or Vmax < 7 km/s are dark   
Fattahi et al ‘16 
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 No, when galaxy formation physics are folded in!  

Is there a “missing satellite problem” in 
CDM? 
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The core-cusp problem 

Dark matter halos and subhalos in CDM have 
cuspy NFW profiles 

ρ(r)
ρcrit

=
δc

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

We derive the mass density profiles of dark matter halos that are implied by high spatial resolution
rotation curves of low surface brightness galaxies. We find that at small radii, the mass density distribu-
tion is dominated by a nearly constant density core with a core radius of a few kpc. For ρ(r) ∼ rα, the
distribution of inner slopes α is strongly peaked around α = −0.2. This is significantly shallower than
the cuspy α ≤ −1 halos found in CDM simulations. While the observed distribution of α does have a
tail towards such extreme values, the derived value of α is found to depend on the spatial resolution of
the rotation curves: α ≈ −1 is found only for the least well resolved galaxies. Even for these galaxies,
our data are also consistent with constant density cores (α = 0) of modest (∼ 1 kpc) core radius, which
can give the illusion of steep cusps when insufficiently resolved. Consequently, there is no clear evidence
for a cuspy halo in any of the low surface brightness galaxies observed.

Subject headings: galaxies: kinematics and dynamics — galaxies: fundamental parameters — dark
matter

1. INTRODUCTION

Low Surface Brightness (LSB) galaxies are dark-matter
dominated galaxies where the stellar populations only
make a small contribution to the observed rotation curves.
It is therefore straight-forward to compare the observed
rotation curves of these galaxies with those derived from
numerical cosmological simulations, where the dark mat-
ter is the dominant component.

Early observation of dwarf and LSB galaxies showed
that their rotation curves rose less steeply than predicted
by numerical simulations based on the Cold Dark Matter
(CDM) hypothesis (Moore 1994; Flores & Primack 1994;
de Blok & McGaugh 1997; McGaugh & de Blok 1998). In
the CDM model, halos are characterised by a steep central
cuspy power-law mass density distribution ρ(r) ∼ rα. Ini-
tial simulations indicated that α = −1 (Navarro, Frenk &
White 1996). More recent results indicate a more extreme
value α = −1.5 (e.g. Moore et al. 1998, 1999; Bullock
et al. 1999). Rotation curves of dwarf and LSB galax-
ies, however, show a more solid-body-like rise consistent
with a mass distribution dominated by a central constant-
density core (α ≃ 0), and hence are inconsistent with the
CDM predictions. Similar conclusions have been reached

by Salucci (2001) and Salucci & Borriello (2000) for high
surface brightness disk galaxies.

The conclusions regarding LSB galaxies were based on
Hi observations with limited spatial resolution, and the
data were in part affected by beam smearing. Even though
McGaugh & de Blok (1998) showed that the steep signa-
tures of the rotation curves implied by CDM could not
be hidden by any reasonable amount of beam smearing,
there were later suggestions that the observed data were
consistent with the CDM predictions (van den Bosch et
al. 2000; van den Bosch & Swaters 2000) if proper beam
smearing corrections were applied. Swaters, Madore &
Trewhella (2000) published optical rotation curves of five
LSB galaxies from the de Blok, McGaugh & van der Hulst
(1996) sample and found that in several cases the inner
rotation curve slopes were somewhat steeper than found
from the Hi curves. It is thus conceivable that the data
could be reconciled with CDM models once beam smear-
ing corrections are properly taken into account. This is not
borne out by improved data, as we show in this Letter.

2. THE DATA

McGaugh, Rubin & de Blok (2001) (MRdB), de Blok,
1Bolton Fellow

1

2001 
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The diversity of gal rotation curves 

Four rotation 
curves that 

are well fit by 
ΛCDM 

(from dwarfs 
to ~L*) 

Oman, Navarro, Frenk et al. ‘15 
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The diversity of gal rotation curves 

Four rotation 
curves that 

are NOT well 
fit by ΛCDM 

(from dwarfs 
to ~L*) 

Oman et al. ‘15 

 Eagle LG 
(ΛCDM) 
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The diversity of gal rotation curves 

Oman et al. ‘15 
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The diversity of gal rotation curves 

Dark matter  Hydro 
(EAGLE) 

data  

Hydro 
(various) 

Most galaxies  
are well fit by 

EAGLE; 
others not fit 

by any 
simulation 

Oman et al. ‘15 

DMO 

If mass is 
removed from 

inner 2 kpc 

If 5x108Mo   
removed from 

inner 2 kpc 

DMO 
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Are there baryon effects that could make 
cores but are not present in Eagle? 
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Rapid ejection of gas 
during starburst à a 
core in the halo dark 
matter density profile  

Baryon effects in the MW satellites  

Let gas cool and 
condense to the 
galactic centre   

à gas self-gravitating 
à star formation/burst 

 

Navarro, Eke, Frenk ‘96 

Pontzen & Governato ‘12 
Brooks et al. ‘12 

Governato et al. ‘12 

Navarro, Eke, Frenk ‘96 



University of Durham 

Institute for Computational Cosmology 

Governato et al. ’10 
Pontzen et al. ‘11 

Cores in dwarf galaxy 
simulations   

DM 
simulation 

Gas simulations 

Governato et al. assume 
high density threshold for 

star formation  

 EAGLE does not 

à  High threshold allows 
large gas mass to 

accumulate in centre 

à  Sudden repeated 
removal of gas transfers 

binding energy   
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The diversity of gal rotation curves 
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The diversity of gal rotation curves 
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APOSTLE L1 V1 fof8:0 

Rotation curves of 2 APOSTLE dwarfs 

Oman, Marasco, et al ‘17 

Tilted-ring model corrected for 
asymmetric drift 

Consistent with cusp 

APOSTLE L1 V6 fof12:0 

Consistent with core 

APOSTLE galaxies all have NFW cusps 
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Rotation curves of APOSTLE dwarfs 
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APOSTLE dwarf 

What percentage of star formation is due to stellar feedback? 
What is the effect of porosity (the filling factor of the holes) on star formation? 

DDO 69 IC 1613 

Pohkrel, PhD thesis, in progress 

SagDIG 
DDO 70 

LITTLE THINGS integrated HI maps 

•  LMC supershells: ≥4-11%  (Dawson et al. 2013) 
•  DDO 50 and IC 2574:  “most”” (Stewart et al. 
2000, Stewart & Walter 2000) 

Distance from center of galaxy/disk scale length 

Hole diameter (kpc) 
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IC 1613 Little THINGS  

• Holes in APOSTLE due to supernovae explosions 

Hague et al ‘16 
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Conclusions 

•   EAGLE/APOSTLE produces: 

o  a galaxy population with correct  mass function/size 
distribution 

o  the correct MW and M31 satellite luminosiy functions 

o  no galaxies in halos of M<109Mo 

o  no cores in halos of any galaxies (including dwarfs)  

•  Cores in halos can be produced by non-EAGLE baryon effects 

•  Cores can be incorrectly inferred from 2D gas kinematical data 
because of non-circular motions 


