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SUMMARY OF THIS TALK

Cosmological hydrodynamic simulations 
are the most powerful theoretical tools 
to study stellar halos…

…you just have to solve galaxy 
formation first.
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comparison of cosmological hydrodynamic 
simulations with other theoretical tools

• self-consistently include and resolve (as best can) 
additional physics (hydrodynamics, star formation, 
stellar evolution & feedback, black holes) 

• model non-linearities and non-equilibrium processes 
(cosmological and stellar) that simpler models cannot 

• more readily create high-fidelity synthetic 
observations to robustly compare with and test 
against observations

key advantages
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• much more computationally expensive  
• 20-100 x more expensive than gravity-only (same resolution) 
• limited to lower resolution than DM-only / idealized 

• difficult to survey parameter space / uncertainties 
• results may depend on uncertain and/or unresolved 

(astro)physics (star formation, evolution, feedback, etc) 
• results depend on fidelity of entire model space 

• difficult to isolate physical processes for detailed 
understanding

comparison of cosmological hydrodynamic 
simulations with other theoretical tools

key downsides
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self-consistency and inter-dependence of 
physics in cosmological hydrodynamic 
simulations is both a strength and       
(for now) a limitation

comparison of cosmological hydrodynamic 
simulations with other theoretical tools

key idea 
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Zoom-in (~1 Mpc)Big Box (~100 Mpc)

cosmological hydrodynamic simulations 
state of the art (to z = 0)

Illustris, EAGLE, Horizon-AGN, 
Mufasa, BAHAMAS, etc

MW: Eris, FIRE, Auriga, APOSTLE, 
Gasoline, NIHAO, etc 
Clusters: RomulusC, Omega500, etc
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Big Box versus Zoom-in
• model large-scale structure 
• large statistical samples 
• multiple environments at once

• cannot model LSS 
• one—few halos at a time 
• single environment at once         

(but can zoom-in on different ones)

Big Box Zoom-in

• lower resolution 
• particle mass >~ 106 Msun 
• spatial >~ 1 kpc 

• rely on more phenomenological 
‘sub-grid’ models

• higher resolution 
• particle mass >~ 30-10,000 Msun 
• spatial >~1 pc 

• start to resolve ‘sub-grid’ scales: 
GMCs, star clusters, supernovae 
blast waves
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4 M. Tremmel et al.

Table 1. Comparison with other recent cosmological hydrodynamic sim-
ulations that include halos with Mvir > 1014 M� as well as full radiative
hydrodynamics. MDM and Mgas are dark matter and (average) gas particle
masses respectively.

Name Spatial Res.a MDM Mgas
kpc M� M�

RomulusC 0.25 3.4 ⇥ 105 2.1 ⇥ 105

TNG300b 1.5 7.9 ⇥ 107 7.4 ⇥ 106

TNG100b 0.75 5.1 ⇥ 106 9.4 ⇥ 105

TNG50 0.3 4.4 ⇥ 105 8.5 ⇥ 104

(in progressc)

Horizon-AGNd 1 8.0 ⇥ 107 1.0 ⇥ 107

Magneticume 10 1.3 ⇥ 1010 2.9 ⇥ 109

Magneticume 3.75 6.9 ⇥ 108 1.4 ⇥ 108

high res

Magneticume 1.4 3.6 ⇥ 107 7.3 ⇥ 106

ultra high res

C-EAGLE f ,g 0.7 9.6 ⇥ 106 1.8 ⇥ 106

EAGLEg 0.7 9.6 ⇥ 106 1.8 ⇥ 106

(50, 100 Mpc)

Omega500h 5.4 1.6 ⇥ 109 2.7 ⇥ 108

MACSISi 5.9 5.7 ⇥ 109 1.0 ⇥ 109

BAHAMAS j 5.9 5.7 ⇥ 109 1.0 ⇥ 109

Rhapsody-Gk 5.0 1.0 ⇥ 109 1.9 ⇥ 108

a. Plummer equivalent values for gravitational softening presented if
multiple given. If it varies with redshift, lowest values for low-z are

presented. If it varies with particle type, dark matter values are used. When
values are presented relative to h�1, they are converted to kpc using the

value of h corresponding to that simulation’s cosmology.
b. Highest resolution versions are shown. Marinacci et al. (2017) c. As of

the publishing of this paper. d. Dubois et al. (2014) e. Bocquet et al. (2016)
f . Armitage et al. (2018) g. Schaye et al. (2015) h. Shirasaki et al. (2017)

i. Barnes et al. (2017) j. McCarthy et al. (2017) k. Wu et al. (2015)

(Tremmel et al. 2017). The cosmology is ⇤CDM with cosmologi-
cal parameter values following the most recent results from Planck
(⌦0 = 0.3086, ⇤ = 0.6914, h= 0.67, �8 = 0.77; Planck Col-
laboration et al. 2016). The simulation has a Plummer equivalent
force softening, ✏g, of 250 pc (a spline softening of 350 pc is used,
which converges to a Newtonian force at 2✏g). Unlike many sim-
ilar cosmological runs, the dark matter distribution is oversam-
pled, such that we simulate 3.375 times more dark matter parti-
cles than gas particles, resulting in a dark matter particle mass of
3.39 ⇥ 105M� and gas particle mass of 2.12 ⇥ 105M�. This allows
us to decrease numerical noise to more accurately track black hole
dynamics (Tremmel et al. 2015). At this resolution, we confidently
resolve halos as small as ⇠ 3 ⇥ 109 M� with at least 104 particles.

Figure 1 shows the evolution of the stellar and gaseous com-
ponents of the cluster over time. Figure 2 shows the mass evolution

Figure 2. Growth of the RomulusC Cluster. The Growth in halo mass of
RomulusC’s main progenitor over cosmic time. Mergers of total mass ratio
1:10 or higher are shown as vertical dashed lines. The grey band represents
the ongoing merger which stars around z = 0.17, which has a 1:8 total mass
ratio and a 1:2 stellar mass ratio.

of the cluster’s main progenitor halo, which reaches 1013 M� by
z = 2. Figure 2 also shows the times for mergers (vertical dashed
lines) of total mass ratio at least 1:10. The grey region represents
an on-going merger of total mass ratio approximately 1:8 that starts
at z ⇠ 0.2 and continues through z = 0. The galaxy involved in this
merger can clearly be seen in the bottom left panel of Figure 1.
The galaxy has a stellar mass that is about half of that of the cen-
tral brightest cluster galaxy. We note that it may be possible that the
lower mass galaxy could be mistaken as the brightest cluster galaxy,
though for simplicity we only consider the most massive galaxy to
be the BCG in the following analysis. This is also the galaxy lo-
cated at the potential minimum of the main progenitor branch of
the main halo throughout the simulation. We also choose to ignore
much of the evolution during this merger and instead focus on the
cluster and BCG evolution when the cluster environment is com-
paratively relaxed prior to the merger event. As briefly discussed in
§3 and §4.1.2, the cluster would be classified as a cool core cluster
for much of the simulation, with a declining entropy profile down
to ⇠ 0.01R200 and sub-Gyr cooling times in the core, but the merger
destroys this structure, leaving the cluster in a non-cool-core state
from z ⇠ 0.2 � 0. Because the merger is ongoing at z = 0, we can-
not be sure if this is a permanent transformation or a transient state
due to the perturbation away from equilibrium (Poole et al. 2006,
2008). This merger event and the ensuing cool core disruption will
be explored in more detail in future work.

2.1 Star Formation and Feedback

Star formation and associated feedback from supernovae are crucial
processes that require sub-grid models in cosmological simulations
like RomulusC. As in previous work (Stinson et al. 2006) for runs at
this resolution, star formation (SF) is regulated with parameters that
encode star formation e�ciency in dense gas, the coupling of SNe
to the ISM, and the physical conditions required for star formation:

(i) the normalization of the SF e�ciency, c? = 0.15, and forma-
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cluster zoom
big box
big box
big box

big box
big box

big box

cluster zoom

cluster zoom

big box

cluster zoom

state of the art 
Big Box & cluster 
zoom-in to z = 0

• similar resolution for galaxy cluster 
zoom-in and Big Box simulations 

• baryonic mass resolution              
>~ 105-106 Msun 

• spatial resolution >~1 kpc 

• number of galaxy clusters       
10’s - 100’s 

• number of MW-mass systems 
lots!



Andrew Wetzel

1000

Eris

NIHAO

GARROTXAAgertz&Kravtsov

Auriga
100

10

1

0.1

GASOLINE/CHANGA
Mollitor

APOSTLE
CLUES

FIRE

(better —>)

state of the art 
 Milky Way-mass galaxy to z = 0

(b
et

te
r —

>)

GMCs

supernova 
cooling

isolated 
dwarfs



Andrew Wetzel

The baryons in the universe can be modelled as an ideal gas
 

BASIC HYDRODYNAMICAL EQUATIONS

Euler equation:

Continuity equation:

First law of 
thermodynamics:

Equation of state of ideal 
monoatomic gas:

hydrodynamics
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hydrodynamics
• smooth particle hydrodynamics (SPH) 

• Lagrangian, adaptive, conserves (angular) momentum well 
• difficultly in capturing fluid instabilities/mixing/shocks 
• fast! 

• adaptive mesh refinement (AMR) 

• Eulerian, models fluid mixing, shocks, and instabilities well 

• can have difficulty with (angular) momentum conservation, grid 
alignment effects 

• often slower (supersonic fluid advection across cell)



Andrew Wetzel

new hybrid hydrodynamic methods

Lagrangian: moves with flow 
conserves mass, momentum, energy, (angular) momentum 
no imposed geometry 
captures shocks & instabilities 
now with magneto-hydrodynamics!  

but seems not to matter much for galaxy formation

AREPO 
moving mesh  
Springel 2010

Gizmo 
mesh-free 

Hopkins 2015
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importance of hydrodynamics methods
• unimportant for dwarf galaxies 
• important for massive (>~MW mass) halos with hot gas 
• but details of stellar (feedback) physics more important! 

(e.g. Scannapieco et al 2012)
36 Hopkins et al.

Figure 25. Gas morphology around the galaxy in the m12i simulations (with mi,1000 = 56) from Fig. 21, at z = 0.9 in 200 kpc boxes, with different hydrody-
namic methods (as Fig. 21; labeled). Images are logarithmically-weighted surface-density projections, with red/green/magenta showing hot (> 106 K), warm
ionized (⇠ 104 �105 K), and cool neutral (< 8000K) gas. The most dramatic differences appear in the CGM; we choose a time where a merger has triggered
violent outflows of cool gas to maximize these differences. In some less-accurate SPH formulations, such as “D-SPH” here (right; density-SPH with smaller
smoothing kernel), the outflow has broken into the well-known artificial “SPH blobs” that result from errors treating fluid mixing interfaces. In our non-SPH,
finite-volume MFM method (left), these are absent. The FIRE-1 implementation of SPH (“P-SPH” with larger kernel) was specifically formulated to reduce
the fluid-mixing errors in SPH; it dramatically reduces but does not completely eliminate the “blobs” (FIRE-1 SPH+Stronger Mixing closely resembles this,
but with slightly fewer “blobs”). Also, in MFM the hot halo gas is more compact/dense, with a sharper shock front, while in SPH it is lower-density with
an extended boundary, owing to difficulties in shock-capturing and numerical dissipation/mixing. These effects in SPH make it “easier” for cold winds to be
ejected and lower the CGM gas cooling rate, explaining the suppression in SF in Figs. 21-23.

Figure 26. Comparison of hydrodynamic methods (MFM and SPH “flavors” from Fig. 22) in the temperature-density phase diagram (at z = 0) in the MW-mass
(m12i, with mi,1000 = 56) systems in Figs. 21-25. We compare all gas inside the virial radius (top) and gas within the CGM (excluding the galaxy; bottom).
Colors are a mass-weighted heat map with the density of gas mass in the space shown increasing logarithmically from black-blue-green-yellow-red-white.
The “D-SPH” (simpler, less accurate fluid-mixing) flavor produces no hot halo gas with densities n � 10�4 cm�3, owing to a combination of poor shock-
capturing, numerical dissipation, and artificial “ease” with which cold “blobs” in shredded galactic winds escape the halo (instead of shocking); there is also a
substantial population of gas with temperatures T ⇠ 10�1000K and densities n ⇠ 10�2 �103 cm�3 in the CGM, from the same “blobs.” The more accurate
fluid mixing treatment in the FIRE-1 SPH mostly eliminates the cold CGM blobs and restores hot dense gas – but there is still a significant amount of gas at
⇠ 104 K even at very low densities which is likely spurious and dissappears when we add “stronger mixing,” in good agreement with our MFM simulations.

should consult the public version of GIZMO: this is the default SPH
implementation.
• FIRE-1 SPH + Stronger Mixing: A common feature in most

of the SPH flavors above is the use of an “artificial conductivity”
term (as in FIRE-1 SPH) which allows for diffusion of entropy be-
tween particles: without this, entropy becomes “particle-locked”

leading to artificial resolution-scale discontinuities that suppress
fluid mixing instabilities.

With these “artificial diffusion” terms in SPH, there is consider-
able freedom to adjust the form and normalization of the diffusivity.
While the prescriptions are usually tuned to give some desired bal-
ance of accuracy on a mix of different idealized test problems, there

c� 0000 RAS, MNRAS 000, 000–000

MW-mass halo: Hopkins, Wetzel et al 2018 
also Springel, Sijaki, Keres, Vogelsbserger et al papers in 2012
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star formation
• dense gas 

• nSF > 0.1 - 1000 atoms/cm3 

• note: MW ISM nave ~1 atom/cm3 
• molecular gas 
• self-gravitating / jeans unstable

common model requirements

star-formation model can affect 
• smoothness of SFH (burstiness) 
• DM core formation 
• in-situ stellar halo formation
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supernovae 
core-collape (prompt) 

most important (10x as many as type Ia) 
type Ia (delayed) 

stellar radiation 
radiation pressure 
photoionization heating (HII regions) 
photoelectric heating (via dust) 
self-consistent radiation hydrodynamics (development) 

stellar winds 
massive O & B stars (prompt) 
AGB stars (delayed) 

cosmic rays (development) 
supernovae shocks, mergers

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

stellar scale

galaxy scale

stellar feedback (+AGN)
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Figure 5. Convergence of “sub-grid” implementations of SNe feedback (§ 2.3). We explode a single SN (ejecta mass = 10.4M�, kinetic energy = 1051 erg,
yields in Paper I Appendix A) in a box of uniform density and metallicity (n = 1cm�3, Z = Z�), with the same cooling physics as our standard FIRE-2
simulations, using varying gas particle mass resolution, across mi = 0.1� 106 M�, as shown on the x-axis. Once the blastwave is well into the momentum-
conserving stage, we measure the terminal gas momentum pt . We compare: (1) Analytic: the analytic result for pt (Eq. 29). (2) FIRE Sub-Grid: Our default
implementation. This couples SN mass, metals, energy, and momentum, in a manifestly conservative, statistically isotropic manner, with the coupled mo-
mentum following Eq. 32. (3) Thermal (+Ejecta): The coupling algorithm is the same, but the coupled momentum is only the original ejecta momentum (no
PdV work is accounted for) and the energy is always the initial 1051 erg at coupling (no un-resolved radiation assumed). At low resolution this means the
energy coupled is almost entirely thermal. (4) Fully-Kinetic: We couple 100% of the 1051 erg as kinetic energy (all in momentum), regardless of resolution.
(5) Thermal Only: We couple 100% of the 1051 erg as thermal energy (none in momentum). At mi ⌧ 10M�, the ejecta free-expansion phase is resolved and
all methods produce an identical, well-resolved Sedov Taylor phase and terminal momentum in excellent agreement with the analytic value. At mi & 100M�,
the cooling radius becomes un-resolved. At this low resolution, “Thermal (+Ejecta)” (“Fully-Thermal”) under-estimates the terminal momentum by a factor
⇠ 15 (⇠ 60), because the PdV work done in the energy-conserving phase is missed (“Thermal (+Ejecta)” simply returns the original ejecta momentum;
“Fully-Thermal” produces a small residual). At low resolution “Fully-Kinetic” over-estimates the terminal momentum by a factor ⇠ 100(mi/105 M�)1/2,
because it assumes that PdV work continues well after the remnant should cool. Our FIRE sub-grid model, by construction, agrees within ⇠ 10% with the
exact/high-resolution solution, independent of resolution.

in several MW-mass halos studied in Paper I). Note that the for-
mation history and mass profile are not dramatically different in
the two runs, so what has “gone wrong” in the non-conservative
case? The problem is, as noted in § 2.2.4, the momentum conser-
vation error in the non-conservative algorithm is zeroth-order – it
depends only on the spatial distribution of and number of neighbor
gas elements within the kernel, not on the absolute mass/spatial
scale of that kernel. Because we keep the number of neighbors
seen by the SN fixed with changing mass resolution, this means
that the fractional errors (i.e. the net linear momentum error de-
posited per SN) does not converge away. Meanwhile, the individ-
ual gas element masses get smaller at high resolution – so the
net linear velocity “kick” becomes larger. The “worst-case” er-
ror for a single SN would be an order-unity fractional violation
of momentum conservation, implying a kick |�verr| ⇠ pt/ma ⇠
100kms�1 (7000/mi,1000); at low and intermediate resolution even
this worst-case gives |�verr| . 10kms�1 (comparable to the thin-
disk velocity dispersion) so this is not a serious issue. But at our
highest resolution, the non-conservative “worst case scenario” oc-
curs where in some star-forming regions, net momentum is co-
herently deposited all in one direction owing to a pathological lo-
cal particle distribution: the cloud then coherently “self-ejects” or

“bootstraps” itself out of the disk. The thin disk is destroyed in
the process, and the most extreme examples of this are visibly evi-
dent as “streaks” of stars from self-ejected clumps flying out of the
galaxy center!

We also re-ran a “non-conservative” simulation of m12i at
high resolution (mi,1000 = 7.0) with a crude “cap” or upper limit
arbitrarily imposed for the fraction of the momentum allowed to
couple to any one particle, and to the maximum velocity change
per event (of 50kms�1). This is presented in Appendix B. In that
case, the system does indeed form a thin, extended disk, similar to
our default coupling. This confirms that the “self-destruction” of
the disk is driven by rare cases with large momentum errors, rather
than small errors in “typical” cases.

As noted above, our older FIRE-1 algorithm used the “non-
conservative” formulation. The MW-mass simulations published
with that algorithm were all lower-resolution, where |�verr| .
10kms�1, so these errors were not obvious (at dwarf masses, the
lower metallicities and densities meant the cooling radii of blast-
waves were explicitly resolved, so as Fig. 3 shows, the effects were
even smaller, and their irregular morphologies meant perturbations
to thin disks were not possible). However, running that algorithm in
MW-mass halos at higher resolution led to similar errors as shown

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty674/4935189
by University of California, Davis - Library user
on 04 April 2018

Hopkins, Wetzel et al 2018

at sufficiently high resolution, feedback methods converge, 
because hydrodynamics resolves them (no longer ‘sub-grid’)

stellar feedback
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star formation and stellar (+AGN) feedback

models for star formation and stellar 
(+AGN) feedback in a cosmological setting 
always (within our lifetime) will need to rely 
on ‘sub-grid’ components

key idea about ‘sub-grid’
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considerations for modeling stellar halos
• cosmological hydrodynamic simulations can model 

formation of both ex-situ (accreted) and in-situ (mergers, 
feedback) stellar halo 

• ex-situ 
• cosmological = correct orbits 
• need to correctly model satellite masses and sizes 

• in-situ 
• powerful capability of cosmo hydro 
• need to model correct mergers and impact of feedback



Andrew Wetzel

FIRE 
Garrison-Kimmel  
et al 2018

Simulated Milky Way Satellites 5

photo ionization and heating from the Haardt & Madau
(2005) UV background and Compton cooling in a tempera-
ture range from 10 to 109 K.

2.2 Star Formation and Feedback

The simulation employ the star formation recipe as de-
scribed in Stinson et al. (2006) which is summarized be-
low. Gas is eligible to form stars when it is dense (nth >
10.3cm�3) and cold (T < 15, 000K) such that the Kennicutt-
Schmidt Law is reproduced. The threshold number density
nth of gas is set to the maximum density at which gravita-
tional instabilities can be resolved in the simulation: nth =
50mgas/✏

3
gas = 10.3 cm�3, where mgas denotes the gas parti-

cle mass and ✏gas the gravitational softening of the gas and
the value of 50 denotes the number of neighboring particles.

Two modes of stellar feedback are implemented as de-
scribed in Stinson et al. (2013). The first mode models the
energy input from stellar winds and photo ionization from
luminous young stars. This mode happens before any super-
novae explode and consists of the total stellar flux, 2⇥ 1050

erg of thermal energy per M� of the entire stellar popula-
tion. The e�ciency parameter for coupling the energy input
is set to ✏ESF = 13% (Wang et al. 2015).

The second mode models the energy input via super-
novae and starts 4 Myr after the formation of the star parti-
cle. It is implemented using the blastwave formalism as de-
scribed in Stinson et al. (2006) and applies a delayed cooling
formalism for particles inside the blast region. The reason for
this is that in the simulations the interstellar gas surround-
ing the region of the supernovae explosions is dense and thus
it would quickly radiate away the received energy due to its
e�cient cooling. See Stinson et al. (2013) for further infor-
mation and an extended feedback parameter search.

3 HOST GALAXIES AND THEIR
SUB-HALOES

3.1 Host galaxy selection and properties

For this work the virial mass, M200, of each isolated halo is
defined as the mass of all particles within a sphere contain-
ing � = 200 times the cosmic critical matter density, ⇢crit.
The virial radius, R200, is defined accordingly as the radius
of this sphere. The haloes in the zoom-in simulations were
identified using the MPI+OpenMP hybrid halo finder AHF2
(Knollmann & Knebe 2009; Gill et al. 2004). The masses for
sub-haloes and satellite galaxies are defined as the sum o↵
all gravitationally bound particles belonging to these haloes
and are denoted with Mhalo. They are calculated by AHF2
via an iterative unbinding procedure (for more details see
e.g. Knebe et al. 2011b).

The four galaxies used for this work have stellar masses
between 2.0⇥1010M� and 1.59⇥1011M�. Galaxy g2.79e12,
g8.26e11 and g7.08e11 are disc galaxies as can be seen from
the most right panels of figure 1. The stellar disc of galaxy
g2.79e12 has a scale length of Rd ⇠ 5 kpc and a scale height

2 This figure is mainly to demonstrate the separation into the
three populations thus we do not include the two satellites not
appearing in the redshift z = 0 halo catalogue here.

Figure 2. Radial profiles of satellites and nearby and field galax-
ies in the simulations. The colored lines show the profiles for the
three simulations where red color denotes the satellites within
the virial radius2, orange color the nearby galaxies in the region
1R200 < R < 2.5R200 and cyan color marks the field galaxies
with distances between 2.5R200 < R < 3 Mpc from the host.

Figure 3. Satellite stellar mass function for the three simula-
tions (thick red lines) and the observations of Milky Way satel-
lites (black dotted line) as well as M31 satellites (gray dashed
line) within 300 kpc from the host. Two of our simulations per-
fectly match the observed mass function of Milky Way and M31,
except for the most massive satellites, like e.g. LMC, M32 or Tri-
angulum which are known to be rare in cosmological simulations
(Boylan-Kolchin et al. 2011).

of Hz ⇠ 750 pc. The corresponding parameters for galaxy
g8.26e11 are Rd ⇠ 5.5 kpc and a scale height of Hz ⇠ 500 pc
and galaxy g7.08e11 has a disc scale length of Rd ⇠ 3.7 kpc
and a scale height of Hz ⇠ 600. Detailed parameters like the
total virial mass, virial radius, gas and stellar mass as well
as the number of satellites can be taken from table 2.

3.2 Sub halo selection

We are interested in the satellite system and the dwarf galax-
ies around the host galaxies. In order to keep a clean sample
we only select dark matter halos with at least 10 stellar
particles for our luminous galaxy. Given our stellar parti-

MNRAS 000, 1–?? (2018)

NIHAO 
Buck et al 2018
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Figure 2. Cumulative distributions of satellite galaxy properties for systems within 300 kpc of each simulated host. Left: Ensemble
of cumulative distributions of satellite V band absolute magnitudes, MV . The light red envelope encloses the individual cumulative
distributions of all 30 systems in our simulated sample. The dark red envelope encloses the central-most two thirds of these distributions.
The cumulative distributions of satellite galaxies within 300 kpc of the MW and M31 are also shown, calculated with data from
McConnachie (2012). Middle: Ensemble of cumulative distributions of satellite stellar masses. Satellite stellar masses are taken to be the
total stellar mass within 2⇥ r1/2. Shaded regions have the same meaning as the left panel and data for the MW and M31 are also shown.
Right: Ensemble of cumulative distributions of satellite subhalo masses. The satellite subhalo masses are taken to be the total subhalo
mass returned by SUBFIND for each system. The red contours enclose the cumulative distribution of all subhaloes with a stellar mass
greater than 5 ⇥ 105 M�, which is approximately the mass of 10 star particles. The grey contours enclose the cumulative distributions
of all subhaloes, including subhaloes without stellar particles.

Figure 3. H I masses of subhaloes within 1 Mpc versus subhalo
stellar mass at z = 0 for quenched subhaloes (black points) and
unquenched subhaloes (magenta points). Measured H I masses
of Local Group systems within 1 Mpc of either the MW or M31
from McConnachie (2012) are also shown (cyan diamonds).

in Figure 4, especially for subhaloes with stellar masses be-
low 108 M�. This is consistent with the overall environmen-
tal trend found for the H I content of MW and M31 satellites
(Grcevich & Putman 2009). It does appear, however, that
our estimate of H I mass is a factor of a few greater than
in observed H I rich systems at the same stellar mass. It
is possible that this overestimate is due to unaccounted for
ionizing sources (such as massive stars within the subhaloes
themselves) or limitations of our ISM subgrid model.

Despite these limitations, our estimates of the H I con-
tent do appear to be robust enough to examine general
trends. We separate subhaloes into two groups: ‘H I rich’

systems that have an H I mass greater than 105 M� and
‘H I poor’ systems that have an H I mass less than 105 M�.
Most of the H I poor systems in fact have little to no gas
mass associated with them. Figure 4 shows the fraction of
H I poor systems across the sample. For systems with stellar
masses below 107 M�, roughly the stellar mass of the For-
nax satellite galaxy, over 80% are H I poor within 300 kpc
of the host. There appears to be a sharp drop in the fraction
of H I poor systems around 500 kpc. Beyond 500 kpc, less
than 40% of systems below 107 in stellar mass are H I poor.

In all distance bins, there is a strong stellar mass depen-
dence for the H I content. Very few systems with a stellar
masses above 108 M� (roughly the stellar mass of the SMC)
are H I poor. The stellar mass at which virtually no system
is H I poor drops for larger distance bins; for example, sys-
tems that are more than 600 kpc from the host are mostly
H I rich down to a stellar mass of 107 M�.

3.3 Star-formation properties

The stellar mass and environmental trends seen in the H I
content of subhaloes are also seen in the star-forming prop-
erties of subhaloes. Figure 5 shows these trends, with regards
to the fraction of quenched subhaloes. Here, and in subse-
quent analysis, we define a ‘quenched’ subhalo as being one
whose youngest star particle is more than 100 Myr old and
whose z = 0 star formation rate (SFR) is zero. A subhalo’s
SFR is computed as the sum of the SFRs of individual gas
cells linked to the system by the SUBFIND algorithm.

Across the entire sample, no subhalo with a stellar mass
of 109 M� or greater is quenched, regardless of environ-
ment, and most subhaloes with a stellar mass above 108

M� are also unquenched. The majority of low-mass systems
(Mstar < 107 M�) are quenched. At these masses, the frac-
tion of quenched systems tends to be higher than the frac-
tion of H I poor systems. At a stellar mass of 106 M�, the
fraction of quenched systems is over 70% regardless of dis-
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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 12 Local Group realizations. For
comparison, the grey area on each panel corresponds to the mass function of all dark matter haloes. 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 105 M⊙, 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.

colours rendered using a spectrophotometric model (Trayford et al.
2015). A variety of disc and spheroid morphologies, luminosities,
colours, and sizes are clearly visible, reminiscent of the diversity of
observed LG galaxies.

3.3 No missing satellites

Fig. 3 shows the galaxy stellar mass functions in the simulations,
using data from all 12 of the APOSTLE volumes at resolution L2.
Results are plotted both within 300 kpc from each of the two main
galaxies per volume (labelled ‘primary’ and ‘secondary’ in order of
halo mass), as well as within 2 Mpc from the LG barycentre, which
includes both central and satellite galaxies.

The primary and secondary galaxies have 20+10
−6 and 18+8

−5 satel-
lites more massive than M∗ = 105 M⊙ inside 300 kpc, respectively,
where the errors indicate the scatter equivalent to 1σ about the me-
dian values. This is in good agreement with the observed number of
MW and M31 satellites. Within 2 Mpc of the LG barycentre, there
are ∼ 60 galaxies with M∗ > 105 M⊙ presently known; our sim-
ulations produce 90+20

−15. The modest number of luminous galaxies
is in stark contrast to the very large number of dark matter haloes
found within the same volume, indicated by the grey shaded area in
Fig. 3. While feedback from supernovae and stellar winds regulates
star formation in those haloes where a dwarf galaxy has formed,
re-ionization has left most of the low-mass haloes completely dark.
The observed stellar mass function of the LG and those of the MW
and M31 satellites are within the 1σ scatter of the average stellar
mass function in our re-simulations over most of the stellar mass
range. The relative scatter is larger for the satellite galaxies, reflect-
ing the larger relative sampling error, and the fact that the relative
variation in single-halo mass among the different APOSTLE volumes
is larger than that of the total LG mass.

Excluding substructures, the stellar masses of the MW and M31
analogues in our simulations lie in the range 1.5–5.5 × 1010 M⊙,
on the low end compared to the observational estimates for the MW

[5 × 1010 M⊙ (Flynn et al. 2006; Bovy & Rix 2013)] but lower than
those for M31 [1011 M⊙ (Tamm et al. 2012)]. As noted by Schaye
et al. (2015), the subgrid physics used in the Reference model of the
EAGLE code, which we have adopted in this work, generally results in
slightly low stellar masses in haloes of around 1012 M⊙ compared
to abundance matching expectations (e.g. Guo et al. 2010), while
the MW and M31 both appear to lie above the average stellar-to-
halo mass relation. While the predicted abundance of satellites and
dwarf galaxies within the LG depends on its total mass, as discussed
in Section 2.2, and in more detail by Fattahi et al. (2015), we have
selected our LG analogues based on their dynamical properties in a
pure dark matter simulation, and independently of the stellar mass
in the primaries, which may be affected by the limitations of subgrid
physics model.

That the simulations reproduce the stellar mass function of galax-
ies and satellites in the LG over all resolved mass scales is remark-
able, given that these simulations use the very same EAGLE model
that matches the shape and normalization of the galaxy stellar mass
function in large cosmological volumes. Not only are our simula-
tions free of the ‘missing satellites’ problem, but they indicate that
the observed stellar mass functions of the LG volume and of the
MW and M31 satellites are entirely consistent with "CDM.

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, Frenk
& White (2010) using the AQUARIUS DMO simulations (Springel
et al. 2008), a MW mass halo in "CDM typically contains at least
one satellite substructure that matches the velocity dispersion pro-
files measured for each of the five MW dwarf spheroidal satellites
for which high-quality kinematic data are available. However, that
work addressed neither the question of whether those haloes which
match the kinematics of a particular satellite would actually host
a comparable galaxy, nor whether an observed satellite galaxy can
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Figure 2. Galaxy stellar mass functions. The panels indicate the satellite population (left; host distance rhost < 300 kpc), the non-satellite population around
each host (center; rhost = 300 - 1000 kpc, and distance to the paired host rother > 300 kpc where applicable), and (right) the Local Field (distance from either
host reither < 1 Mpc but distance from both hosts rboth > 300 kpc). Thin lines indicate the isolated m12 sample, which are sorted in the legend by host
virial mass. The satellite stellar mass functions are broadly consistent with that of the MW and M31, though even our richest satellite populations slightly
(by a factor of ⇠ 1.2 at 105M�) under-produces that of M31, possibly because our highest mass host is only 1.45⇥ 1012M�. Similarly, the non-satellite
populations around each host are in reasonable agreement with that of the MW and M31, with considerable scatter. The simulated Local Field populations
are also generally consistent with observations, particularly for M⇤ & 5⇥ 105M�; below that, Romeo & Juliet displays a steep upturn relative the LG.
Thelma & Louise, meanwhile, slightly overproduces the Local Field SMF at all masses. We predict a median of 2.5 additional (i.e. undetected) non-satellite
galaxies with M⇤ � 105M� and rMW = 300 - 1000 kpc, along with 4 additional MW satellites with M⇤ = 105 - 3⇥105M�.

0.37⇥1012M�. Naively scaling the two values by one another (i.e.
scatter in Nsats(M� � 105M�)/ scatter in host Mvir) yields nearly
identical values, such that our results are consistent with the FIRE
simulations predicting the same degree of scatter in the number of
luminous satellites as DMO simulations.

The FIRE satellite populations also provide a good match
to the MW satellite SMF, particularly below the masses of the
LMC and SMC,7 though the agreement is not perfect: the simu-
lated galaxies host a median of 15.5 satellites with M⇤ � 105M�,
compared with the 12 such known MW satellites, and we typically
predict a SMF that continues to rise between the relatively bright
classical dSphs (M⇤ & 3 ⇥ 105M�) and the ultra-faints dwarfs
(M⇤ . 3⇥104M�) identified in deep surveys such as SEGUE (Be-
lokurov et al. 2009) and DES (Drlica-Wagner et al. 2015). The dif-
ference is small relative to the order-of-magnitude difference re-
ferred to by the missing satellites problem – we predict a median of
4 satellites with M⇤ = 105 - 3⇥ 105M� – but it may suggest addi-
tional, relatively luminous, undetected satellites (also see Tollerud
et al. 2008). Rather than a sign of observational incompleteness, the
flattening of the MW SMF may instead reflect a feature from reion-
ization (see Bose et al. 2018); if so, our simulations do not capture
such a feature overall.

In contrast to the relative agreement with the MW SMF, all
of the simulated satellite SMFs lie slightly below that of M31. Our
hosts have, on average, 54% as many satellites with M⇤ � 105M�
as are already known around M31. The offset in the mean counts
relative to M31 is roughly constant for M⇤ . 107M� (at which
point the mean difference becomes even larger), indicating that
M31 contains systematically more satellites at fixed stellar mass
than our simulated hosts. For comparison, the mean offset between

7 The worse agreement at the high-mass end is not particularly unexpected:
none of our hosts were selected to contain an LMC-mass satellite, and a ran-
domly selected MW/M31-mass halo is statistically unlikely to have LMC
or M33-mass satellites (Busha et al. 2011; Tollerud et al. 2011).

the simulated satellite populations and that of the MW is ⇠ 2% at
the mass of CVnI (3⇥ 105M�) and remains under 20% over two
orders of magnitude (up to the mass of Fornax, 2.4⇥107M�). The
difference in satellite counts is clear, but not extreme: our host with
the largest number of satellites (m12m, with Mvir = 1.45⇥1012M�)
contains 73% as many galaxies above 105M� with an average of
74% from 105 – 3⇥ 107. As we show in Appendix B, this result
is only marginally sensitive to the radial cut used to separate satel-
lites from non-satellites. It is also qualitatively independent of the
assumed mass-to-light ratio for the observed dwarf galaxies: even
adopting a stellar mass-to-light ratio of unity for the galaxies not in-
cluded in Woo et al. (2008) yields a mean of 61% as many satellites
as M31 with M⇤ = 105M�.

The abundance of dwarf galaxies around M31 (relative both
to the MW and to our simulated hosts) may point towards a higher
M31 halo mass. Large-scale estimates for the mass of M31 typ-
ically suggest Mvir,M31 & 1.5⇥ 1012M�; for example, Diaz et al.
2014 used the net momentum of the LG to estimate Mvir,M31 =
1.7± 0.3⇥ 1012M�. However, Kafle et al. (2018) recently argued
for Mvir,M31 = 0.8± 0.1⇥ 1012M� by applying a Bayesian frame-
work to high-velocity planetary nebulae. Figure 3 shows the num-
ber of dwarf galaxies near each host, as a function of host virial
mass. Though the trends with mass are weak (e.g. our lowest mass
host contains the fifth most satellites), our results suggest that it is
difficult to match both the SMF of the MW and of M31 without a
higher virial mass for M31.

Broadly speaking, the non-satellite SMFs in Figure 2 (rhost =
300 - 1000 kpc, and excluding satellites of the paired host if ap-
plicable) generally agree with counts in the fields around the
MW/M31. However, there are again hints of undetected galaxies
with M⇤ & 105M�: we predict a median of 14.5 galaxies with
M⇤ � 105M�, compared to the 12 known around the MW. Fur-
thermore, increasing the mass of our M31 analogue may result
in even more predicted dwarfs; our predictions in the Local Field
may be a lower limit. If ultra-diffuse galaxies (UDGs) are preva-
lent in the field (as predicted by Di Cintio et al. 2017 and Chan
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Figure 1. Relative contribution of accreted and in situ stars to the stellar halos of the simulated galaxies. Accreted stars are separated by the time at which the stars
first became bound to the primary halo. The blue dotted line and the green dash-dot line show the accreted stars which became bound to the primary galaxy more than
9 Gyr ago and less than 9 Gyr ago, respectively, while the red solid line shows the in situ stars. Stars whose origins are unknown, as described in Section 2.2, were
omitted in this figure, and their fractional contribution ignored.
(A color version of this figure is available in the online journal.)

galaxies. Each simulated stellar halo was found to be composed
of a purely accreted outer halo, and an inner halo where both
accreted and in situ populations reside. This is illustrated by
Figure 1. The red solid lines in this figure show the fractional
contribution of in situ stars to the stellar halos as a function of
distance. The blue dotted lines and green dash-dot lines show
the same for stars accreted to the halo at lookback times of more
and less than 9 Gyr, respectively. This figure shows that all four
stellar halos have an in situ component that primarily resides
within their inner ∼20 kpc, and that the accreted component of
each stellar halo extends to more than 100 kpc from the center
of each galaxy. The outermost regions of the stellar halos of all
four simulated galaxies are dominated by stars accreted within
the last 9 Gyr. The central location of all four in situ populations
shows that their presence is most relevant for observational
studies that are limited to the inner halo of the Milky Way.
Table 2 lists the fractional contribution, as well as the total
mass, of the in situ and accreted populations in each of the four
simulated halos in our sample.

3.1. In Situ Star Formation

We go on to study in detail the formation properties of in
situ stars in the halo of MW1hr. As explained in Section 2, we
focus on this particular simulated halo because of the extensive
numerical and resolution testing which it has undergone. We

find that the in situ stars of Gal1, h277, and h285 formed and
populated their stellar halos by the same qualitative process
described below for MW1hr.

In order to understand where the in situ stars in the halo of
MW1hr originated, we studied the gas particles that formed this
stellar population. The vast majority of the gas progenitors were
brought into the primary galaxy in smooth gas flows. Fewer
than 2% of the in situ stars were formed from gas stripped
from accreted subhalos. Cold gas flow was found to also be the
dominant contributor to the disk stars of MW1hr (Brooks et al.
2009).

To investigate how in situ stars came to form part of the stellar
halo of MW1hr, we first study the locations at which these stars
formed relative to the center of the galaxy. Figure 2 shows the
radial distribution of in situ stars at the time of their formation
relative to the center of the primary (black solid line). This shows
that in situ stars form near the very center of MW1hr’s potential
well.

Approximately 70% of the in situ stars were formed by
z ∼ 3. Between 2 < z < 3, MW1hr experienced at least three
significant mergers with mass ratios MMW1hr

Msubhalo
< 10, defined at the

time of virial radius crossing. Substantial mergers disrupt the
orbits of stars in both the primary and merging galaxies. As two
galaxies of approximately equal mass collide, their potentials
change rapidly, causing the energies of their stars to change as

Zolotov et al 2009

cosmological hydrodynamic simulations are critical 
for modeling contribution from in-situ stars

Sanderson et al 2018

STELLAR HALO MASSES 15

Figure 7. Edge-on images of mass-weighted median dform, as in Figure 3. In some galaxies (m12i) an in situ component extends well above
the thin disk plane, while in other cases (m12b) in situ material is closely confined to the thin disk plane. In other galaxies (Robin, m12f)
interactions with massive satellites warp the in situ component; in later stages of mergers the accreted material dominates the in situ component
entirely (m12c). Although the disk generally subtends less area than in a face-on orientation, the great variety of accretion histories still
complicates the determination of halo stellar mass in edge-on galaxies.

Figure 8. Cumulative distribution function (CDF) of the surface mass densities in the pixels of each mock image for both face-on (left) and
edge-on (right) views of the same sample of galaxies.The appearance of step features at low surface density indicates the resolution limit (pixels
containing only one or a few particles). The surface density corresponding to the transition to an accreted component varies substantially from
galaxy to galaxy, with no obvious transition in the CDF corresponding to a transition in the origin of the material.
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cosmological hydrodynamic simulations  
—> synthetic observations
• cosmological hydrodynamic simulations can be 

translated into high-fidelity synthetic observations 
• robust comparison of model/simulation predictions 

against observations requires these mock catalogs! 
• this is difficult to do well - foster/fund/reward those 

working to develop these methods!

example: synthetic Gaia surveys 

Ananke from Latte FIRE simulations 
(Sanderson, Wetzel et al 2018) 

Aurigaia from Auriga simulations 
(Grand et al 2018)
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cosmological hydrodynamic simulations 
status, limitations, and future directions
• need both Big Box (large-scale structure, statistics) and        

Zoom-in (resolve sub-grid scales, low-mass systems) 
• key limitations 

• finite resolution 
• include more physical processes (e.g. cosmic rays) 
• model physical processes better (e.g. radiation 

hydrodynamics) 
• uncertainties in stellar evolution! 

• next steps: resolve star (globular) clusters (and streams!) 
• galaxy-wide properties are less discriminating in testing models 

- move to smaller scales and/or beyond galaxies (stellar halos!)


