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1 Introduction
Study of galaxy formation is much like study of history. While historians look at
old texts written by contemporaries and try to make sense of those, astronomers
must look to the skies at the high redshift objects. Thankfully galaxies follow
much stricter set of rules than human history and astronomers can use tools not
available to historians, simulations. Simulations are a constantly improving tool in
studying galaxy formation and evolution. They allow astronomers to see motion
and passage of time in galaxies, and provide a way to test theories of the history
of galaxies, larger structures and the universe at whole.

There exist several different techniques in modeling galaxy formation. Two
most significant groups of models are the numerical hydrodynamic models and
the semianalytic models. The most straightforward way to simulate galaxy for-
mation is by the way of numerical hydrodynamic models, where a N-body prob-
lem is numerically solved for particles and/or grid cells representing matter. In
semianalytic models, instead of solving N-body problems, analytic techniques are
used to model the different processes involved in galaxy formation. It should be
noted that the differences of these techniques are not set in stone and they have
seen convergence in the recent years. Numerical models use analytical techniques
or "subgrid recipes" to model phenomena too small to resolve, such as star for-
mation, while semianalytic models often use N-body simulations to model the
formation of dark matter structure. See the review by Somerville & Davé (2014)
for an in depth discussion on numerical and semianalytic models.
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Analytic techniques used in semianalytic models and subgrid recipes of nu-
merical models often use phenomenological parameters, that require calibration
or ’tuning by hand’ to match observations. These parameters are not based on
actual physical variables, and instead their values are chosen according to which
creates the most realistic looking galaxies. This is risky as it distances the model
from the actual physics of galaxy formation and brings doubt whether the model
accurately represents reality. There exists a chance, however small, that these
phenomenological techniques lead the model astray, creating galaxies that super-
ficially appear like the real ones, but may fundamentally differ from them in some
ways. This reduces the physicality of these models and brings question to the
trustworthiness of their predictive powers. Risks are of course sometimes worth
taking, as these phenomenological techniques can create very impressive models
while requiring very little computational power compared to more complicated
and fundamental techniques, if those even exist for the subject phenomena.

In spite of the numerous subgrid recipes modern numerical models use, they
are still arguably more physical than semianalytic models, being more direct and
deeply rooted in fundamental physics. Their core is created by solving the univer-
sal equations of gravity and hydrodynamics for matter, this requires less approxi-
mation, assumptions and calibration than semianalytic techniques. Thus, of sim-
ulations, numerical models have the most trustworthy predictive powers, and are
the most convincing way to create a truly fundamental and physically motivated
simulations to test our theories regarding the history of our universe. However,
we should not dismiss the contributions of the more phenomenological semiana-
lytic models to the study of galaxy formation. The vastly reduced computational
burden of semianalytic models compared to numerical models allows for simula-
tions of very large scale and range. Additionally semianalytic models are free of
any numerical issues. For a long time numerical models were in fact incapable of
producing as realistic galaxies as semianalytic models.

As already stated, the biggest disadvantage of numerical models is their com-
putational weight, resulting in a limited resolution. The vast dynamic ranges that
are in play in galaxy and larger structure formation, as illustrated by figure 1,
pose a challenge even for the most powerful computers. This limited resolution
hinders the models as they fail to catch the small internal structures of galaxies
beyond disks, bars, rings, cores and spiral arms. These small structures, such as
giant molecular clouds (GMC) and the inhomogeneous interstellar medium (ISM)
can have a large impact on the evolution of the galaxy. This problem of resolution
is usually combated in modern models by the use of often phenomenological sub-
grid recipes for small scale processes. Recently effort has been made to develop
more physically motivated subgrid recipes, for example taking notes from stellar
populations models for better recipes for star formation (Hopkins et al., 2014).
Although improvements in computational technology will continue to increase
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the achievable resolution in numerical models, there is still long way to go before
cosmologically representative region can be simulated to such fine resolution that
small scale baryonic processes, such as star formation, could be modelled entirely
ab initio.

Cosmological "zoom-in" simulations (henceforth zooms or zoom simulations)
are a class of numerical models aiming to alleviate the problem of limited reso-
lution. In zoom simulations, a region of interest, such as a dark matter halo,
is simulated to a high resolution while the neighborhood of that region is left at a
coarser resolution. The low resolution neighborhood provides a realistic tidal field
for the high resolution region of interest. This technique allows for single halos
to be studied in great detail, without resorting to non-cosmological simulations of
isolated halos.

One can easily see the potential benefits of zoom simulations. With their in-
creased dynamic range, we can resolve the internal structures of galaxies better,
creating more fundamental and physical simulations. Subgrid recipes can also be
made more localized and physically motivated, and less phenomenological. This,
with the addition of the realistic, cosmological background, makes zooms the best
and most fundamental simulations for individual galaxies and halos. Individual
galaxies are an interesting subject of study, since while the large scale structure of
the universe is already well understood, with observations, simulations and theory
all in agreement, contradictions and questions still remain on the scales of galax-
ies. The prevalent model of cosmology, Lambda cold dark matter (ΛCDM) model,
where the universe is made up of observable baryonic matter, non-luminous dark
matter and some expanding force indicated by the cosmological constant Λ, still
requires examination on the scale of galaxies while issues like the missing satel-
lites problem (Klypin et al., 1999) exist. All this makes the zoom simulations
a tool with many potentially interesting uses, which I will try to explore in this
paper.

In Section 2, I qualitatively go over the general method of zoom simulations.
In Section 3, I bring up some recent studies using zoom simulations, with 3.1
focusing on studies about star formation and feedback. In Section 4, I discuss
the benefits and future of zoom simulations, with 4.1 and 4.2 focusing on specific
advantages and areas of research that benefit from zooms and 4.3 on the general
purpose of zooms. I summarize and conclude in Section 5.

2 Methods
Zoom simulations are a general technique, and can be utilized regardless of the
specifics of the code. They can be created with both codes using particles, such as
tree code smoothed particle hydrodynamics (TreeSPH), or particle-mesh, such as
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Figure 1. A 100× 100× 20 cMpc slice through the Ref-L100N1504 simulation at z = 0. The intensity shows the gas density while the

colour encodes the gas temperature using different colour channels for gas with T < 104.5 K (blue), 104.5 K < T < 105.5 K (green), and
T > 105.5 K (red). The insets show regions of 10 cMpc and 60 ckpc on a side and zoom into an individual galaxy with a stellar mass of

3× 1010 M�. The 60 ckpc image shows the stellar light based on monochromatic u, g and r band SDSS filter means and accounting for

dust extinction. It was created using the radiative transfer code skirt (Baes et al. 2011).

the form of a Hubble sequence. This figure illustrates the
wide range of morphologies present in EAGLE. Note that
Vogelsberger et al. (2014a) showed a similar figure for their
Illustris simulation. In future work we will investigate how
morphology correlates with other galaxy properties. More
images, as well as videos, can be found on the EAGLE web
sites at Leiden, http://eagle.strw.leidenuniv.nl/, and
Durham, http://icc.dur.ac.uk/Eagle/.

We define galaxies as gravitationally bound subhaloes
identified by the subfind algorithm (Springel et al. 2001;
Dolag et al. 2009). The procedure consists of three main
steps. First we find haloes by running the Friends-of-Friends
(FoF; Davis et al. 1985) algorithm on the dark matter par-
ticles with linking length 0.2 times the mean interparticle

separation. Gas and star particles are assigned to the same,
if any, FoF halo as their nearest dark matter particles. Sec-
ond, subfind defines substructure candidates by identifying
overdense regions within the FoF halo that are bounded by
saddle points in the density distribution. Note that whereas
FoF considers only dark matter particles, subfind uses all
particle types within the FoF halo. Third, particles that are
not gravitationally bound to the substructure are removed
and the resulting substructures are referred to as subhaloes.
Finally, we merged subhaloes separated by less than the min-
imum of 3 pkpc and the stellar half-mass radius. This last
step removes a very small number of very low-mass sub-
haloes whose mass is dominated by a single particle such as
a supermassive BH.

c© 0000 RAS, MNRAS 000, 000–000

Figure 1: A 100 x 100 x 20 cMpc slice of the EAGLE simulation, showing the
vast dynamic ranges used in modern numerical hydrodynamical simulations. The
intensity shows the gas density while the color represents the gas temperature,
with blue being coolest and red hottest. The insets show 10 cMpc and 60 ckpc
on a side regions, and a zoom into an individual galaxy with optical band stellar
light. Figure taken from Schaye et al. (2015).
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adaptive mesh refinement (AMR). When comparing resolutions it should be noted
that particle based codes can model structures down to the scales of the chosen
softening length (which is the distance under which the gravitational potential
of each particle is modified to prevent numerical divergences when the particles
come too close to each other and force approaches infinity), while mesh based
codes are limited by their cell size (though AMR has dynamically evolving cell
size).

Zooms are cosmological numerical simulations, where initially a cosmolog-
ically representative region is simulated at a low resolution and the regions of
interest identified from this initial run. The mass contained in these regions can
then be traced back to the starting time and re-initialized at much higher resolu-
tion for the final simulation. This way the final simulation will have the region of
interest at the desired high resolution while the surroundings will be left at coarser
resolution, providing the necessary tidal field for realistic evolution of the region
of interest, while not hogging valuable computational time.

For the final run, the massive low resolution particles or grid cells are replaced
with many smaller high resolution particles or grid cells in the region of interest.
If the initial run was of relatively high resolution, the particles or grid cells of the
surroundings may be merged to reduce the resolution outside the region of interest
and the computational burden. Often the initial run will be a dark matter only run,
with gas, stars and hydrodynamics only added for the final run, typically only
within the region of interest. Subgrid recipes for star formation and other small
scale baryonic phenomena are also usually only used in the final run. The coarse
surroundings may be tapered, with fewer and more massive particles or grid cells
gradually used as the distance to the region of interest increases.

Typically the region of interest will be a single dark matter halo at redshift
z = 0 but larger volumes containing few halos have also been used (e.g. Anglés-
Alcázar et al., 2014). Naturally if the subject of the study is high redshifts objects,
the region may be identified from somewhere z > 0 instead of present day.

3 Recent Work
Zoom simulations are an increasingly popular technique in todays astronomy and
there has been many recent studies using them. Star formation, feedback and other
small scale baryonic processes are phenomena that has been traditionally modeled
poorly, with simplified ad hoc recipes, due to limited resolution. Now new studies
using zooms and better, more physically motivated models for small scale bary-
onic processes are solving many apparent discrepancies between simulations and
observations, that numerical models used to suffer from. These new, more sophis-
ticated subgrid recipes are made possible by the fact that modern zooms are able

5



to resolve the individual star-forming regions or GMCs and the multiphase ISM.

3.1 Star formation and Feedback
Numerical models have traditionally suffered from runaway star formation, creat-
ing galaxies with star formation efficiencies on the order of unity, while observa-
tions show real galaxies having very inefficient star formation. Hot gas has inter-
nal thermal pressure that hinders it’s ability to collapse and so cool gas collapses
and forms stars more easily. Due to this, in astronomy, cooling (such as radiative
cooling or losing heat by thermal radiation) is associated with star formation and
heating (such as radiative heating or gaining heat by receiving thermal radiation)
with phenomena that hinder it, and the problem of runaway star formation has
been called the overcooling problem. The complexity of baryonic physics, and
the small scales that star formation takes place in has made it difficult to model.
The high resolutions affordable in modern zooms have made more physically mo-
tivated recipes for star formation possible.

The high resolution of zooms allows the better identification of high density
regions for star formation in the simulated galaxies. This allows for higher star
formation density thresholds, or the lower limit of density required for star forma-
tion, than the canonical 0.1 atoms per cm3 (Springel & Hernquist, 2003), which
is unrealistic considering observations point towards values of 1-100 atoms per
cm3 (e.g. Williams, Blitz, & McKee, 1999). Guedes et al. (2011) used a star for-
mation density threshold of 5 atoms per cm3, along with models for radiative
cooling and heating from a cosmic UV field and supernova explosions in their
Eris cosmological zoom simulation and managed to create a realistic late-type
spiral. The galaxy produced by the Eris simulation had an extended rotationally
supported disk, a gently falling rotation curve and an i-band bulge-to-disk ratio of
0.35. Figure 1 shows the stellar properties and neutral gas densities of Eris. There
has been difficulty in modeling the formation of late-type spirals, with simulations
only able to create centrally concentrated systems like S0:s and Sa:s (Navarro &
Benz, 1991). Guedes et al. used a version of the parallel TreeSPH code GASO-
LINE (Wadsley et al., 2004) to evolve a halo with mass close to the Milky Way and
no major mergers after z = 3, from redshift z = 90 to z = 0. Eris contained 13
million high resolution dark matter particles with a mass of mDM = 9.8×104M�
and an equal number of gas particles with a mass of mgas = 2 × 104M�. The
physical gravitational softening length was fixed for all particles at 120 pc. They
also ran a control simulation with lower star formation density threshold which
resulted in a more centrally concentrated system, as in earlier studies. They con-
cluded that star formation threshold is an important factor in producing a realistic
inhomogeneous ISM and following star formation correctly.

Another angle for solving the overcooling problem is the inclusion of feed-
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Figure 2. from Forming Realistic Late-type Spirals in a CDM Universe: The Eris Simulation
Guedes et al. 2011 ApJ 742 76 doi:10.1088/0004-637X/742/2/76
http://dx.doi.org/10.1088/0004-637X/742/2/76
© 2011. The American Astronomical Society. All rights reserved.

Figure 2: The left panel shows the optical/UV stellar properties of Eris at z =
0, created with the radiative transfer code SUNRISE with a Kroupa initial mass
function (distribution of initial masses of the stars), face-on and edge- on. The
right panel shows the projected face-on and edge-on surface density maps of Eris’s
neutral gas at z = 0, with the color bar indicating the neutral gas fraction. Figure
taken from Guedes et al. (2011).
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back into simulations. Feedback is phenomena that disrupts and hinders star
formation, often by heating the GMCs and ISM. For example, supernovae may
disperse GMCs, reducing density and thus slowing down star formation. Feed-
back can come from many sources, the most common being the active galactic
nuclei (AGN) and stars. Feedback from stars, or stellar feedback includes, in
addition of supernovae, stellar winds and radiative feedback, which consists of
effects of radiation, such as pressure, photoionization heating and photoelectric
heating. Feedback has been long known to be a crucial part of galaxy forma-
tion, but its implementation into simulations has often been phenomenological
and oversimplified.

Hopkins et al. (2014) presented the FIRE (Feedback In Realistic Environ-
ments) simulations, cosmological zoom simulations with physically motivated
models for feedback and ISM physics. They used a version of the GIZMO code (Hop-
kins, 2014), a derivate of the GADGET parallel TreeSPH codes, and stellar feed-
back model presented in Hopkins, Quataert, & Murray (2011), and improved in
following papers. Their model includes energy, momentum, mass and metal fluxes
from stellar radiation pressure, HII photoionization and photoelectric heating, su-
pernova Types I and II, and stellar winds. They also use even higher star formation
threshold than Guedes et al. (2011) at 100 atoms per cm3. They followed a set of
seven halos with Mhalo ≈ 109 − 1013M� and M? ≈ 104 − 1011M�, includ-
ing dwarfs and galaxies with quiescent as well as violent merger histories, from
z ≈ 100 − 125 to z = 0. The Simulations had baryonic particle masses rang-
ing from 2.6 × 102M� to 3.7 × 105M�, dark matter particle masses ranging
from 1.26 × 103M� to 2.26 × 106M�, baryonic softening lengths ranging from
1.4 pc to 21 pc and dark matter softening lengths ranging from 29 pc to 214 pc.
Each simulation was able to resolve the Jeans mass/length of gas in the galaxies,
the critical mass/radius where a gravitational collapse begins, or the mass/size of
large GMCs. They were able to reproduce the observed Kennicutt-Schmidt rela-
tion (Kennicutt Jr, 1998) or the relation between gas density and star formation
rate, and the relation between stellar and halo mass (e.g. Moster, Naab, & White,
2013), as shown in figure 2. These relations arose naturally from their model,
without any tuning of parameters required. Dwarf galaxies were found to exhibit
"bursty" star-forming histories, with large variability in their star-forming rates on
short timescales. They also tested various different feedback models and resolu-
tions and found the inclusion of multiple feedback mechanisms and the ability to
resolve the largest GMCs to be crucial for their results.

Ceverino et al. (2014) used zooms to study radiative feedback in progeni-
tors of Milky Way sized galaxies. Their simulation used a version of the AMR
code ART (Kravtsov et al., 1997) and included models for radiation pressure, and
photoionization and photoheating by massive stars. They modeled the radiation
pressure as a non-thermal pressure that acted in dense and optically thick star-
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of feedback in determining galaxy structure, and many other open
questions.

In § 2-4, we describe our methodology. § 2 describes the initial
conditions for the simulations; § 3 outlines the implementation of
the key baryonic physics of cooling, star formation, and feedback
(a much more detailed description is given in Appendix A); § 4
briefly describes the improvements in the numerical method com-
pared to past work (again, more details are in Appendix B). And
in Appendix C we test and compare these algorithms with higher-
resolution simulations of isolated (non-cosmological) galaxies.

We describe our results in § 5. We examine the predicted
galaxy stellar masses (§ 5.1), and how this depends on both nu-
merical algorithms (§ 5.3) and feedback physics (§ 5.4), as well
as how it compares to previous theoretical work (§ 5.5). We show
that the treatment of feedback physics overwhelmingly dominates
these results, and discuss the distinct roles of multiple indepen-
dent feedback mechanisms. We also explore the predictions for the
Kennicutt-Schmidt relation (§ 5.6), the shape of galaxy star forma-
tion histories (§ 5.7), the star formation “main sequence” (§ 5.8),
and the “burstiness” of star formation (§ 5.9). We summarize our
important conclusions and discuss future work in § 6.

2 INITIAL CONDITIONS & GALAXY PROPERTIES

The simulations presented here are a series of fully cosmological
“zoom-in” simulations of galaxy formation; some images of the
gas and stars in representative stages are shown in Figs. 1-3.2 The
technique is well-studied; briefly, a large cosmological box is sim-
ulated at low resolution to z = 0, and then the mass within and
around halos of interest at that time is identified, traced back to the
starting redshift, and the Lagrangian region containing this mass
is re-initialized at much higher resolution (with gas added) for the
ultimate simulation (Porter 1985; Katz & White 1993).

We consider a series of systems with different masses. Table 1
describes the initial conditions. All simulations begin at redshifts
∼ 100− 125, with fluctuations evolved using perturbation theory
up to that point.3

The specific halos we re-simulate are chosen to represent a
broad mass range and be “typical” in most properties (e.g. sizes,
formation times, and merger histories) relative to other halos of the
same z= 0 mass. The simulations m09 and m10 are constructed us-
ing the methods from Onorbe et al. (2013); they are isolated dwarfs.
Simulations m11, m12q, m12i, and m13 are chosen to match a
subset of initial conditions from the AGORA project (Kim et al.
2013), which will enable future comparisons with a wide range of
different codes. These are chosen to be somewhat quiescent merger
histories, but lie well within the typical scatter in such histories at
each mass (and each has several major mergers). Simulation m12v,
for contrast, is chosen to have a relatively violent merger history
(several major mergers since z ∼ 2), and is based on the initial con-
ditions studied in Kereš & Hernquist (2009) and Faucher-Giguère
& Kereš (2011).

2 Both gas and stellar images are true three-color volume renderings gener-
ated by ray-tracing lines of sight through the simulation (with every gas or
star particle a source, respectively). For the stars, the physical luminosities
and dust opacities in each band are used to generate the observed intensity
map. For the gas, we construct synthetic “bands” where the particle emis-
sivity is uniform if it falls within the temperature range specified, and zero
otherwise, and the particle opacity is uniform across bands.
3 Initial conditions were generated with the MUSIC code (Hahn & Abel
2011), using second-order Lagrangian perturbation theory.

Figure 4. Galaxy stellar mass-halo mass relation at z = 0. Top: M∗(Mhalo).
Bottom: M∗ relative to the Universal baryon budget of the halo ( fb Mhalo).
Each simulation (points) from Table 1 is shown; large point denotes the
most massive halo in each box. We compare the relation if all baryons
became stars (M∗ = fb Mhalo; dotted) and the observationally inferred re-
lationship as determined in Moster et al. (2013, magenta) and Behroozi
et al. (2012, cyan) (dashed lines denote extrapolation beyond the observed
range).9 The agreement with observations is excellent at Mhalo � 1013 M�,
including dwarf though MW-mass galaxies. We stress that there are zero
adjusted parameters here: stellar feedback, with known mechanisms taken
from stellar population models, is sufficient to explain galaxy stellar masses
at/below ∼ L∗.

In each case, the resolution is scaled with the simulated mass,
so as to achieve the optimal possible force and mass resolution.
It is correspondingly possible to resolve much smaller structures
in the low-mass galaxies. The critical point is that in all our sim-
ulations with mass < 1013 M�, we resolve the Jeans mass/length
of gas in the galaxies, corresponding to the size/mass of massive
molecular cloud complexes. This is necessary to resolve a genuine
multi-phase ISM and for our ISM feedback physics to be mean-
ingful. Fortunately, because most of the mass and star formation
in GMCs in both observations (Evans 1999; Blitz & Rosolowsky
2005) and simulated systems (Paper II) is concentrated in the most
massive GMCs, the resolution studies in Paper I-Paper II confirm
that resolving small molecular clouds makes little difference. We
refer interested readers to Paper II for a detailed discussion of the
scales that must be resolved for feedback to operate appropriately,
but note here that all our simulations are designed to be approxi-

c© 0000 RAS, MNRAS 000, 000–000

Figure 3: The relation between stellar and halo mass in FIRE at z = 0. The
top panel shows relation to halo mass and bottom panel to the universal baryon
budget of the halo. Points denote the FIRE simulations with large points being
the most massive halos in each simulation. Dotted line shows the relation if all
baryons became stars and magenta and cyan lines observed relations. Figure taken
from Hopkins et al. (2014).
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forming regions. A Halo with maximum circular velocity of Vc ≈ 120kms−1 at
z = 0.8 and no ongoing major merger at z = 0.8 was chosen for study. The
Simulation had 2.2× 107 dark matter particles with a mass of 8.3× 104M� and a
minimum cell size of 27 pc by z = 3. The studied halo was evolved from z = 100,
the analysis preformed at z = 3 and had a virial mass of Mhalo ' 1011M�. The
radiation pressure of the ionizing photons of the massive young stars was able to
pressurize the gas in star-forming regions, regulating star formation. Their simula-
tion produced z = 3 star-forming rates (about 1M� per year) and stellar-to-virial
mass ratios (f ' 0.6%) consistent with current abundance matching models (e.g.
Behroozi, Wechsler, & Conroy, 2013), where a correspondence is made between
halo mass function taken from N-body simulations and the galaxy stellar mass
functions of surveys. The radiation pressure was also found to generate more
extended stellar distribution, as opposed to a more centrally concentrated one.

One type of feedback are the galactic winds which can be driven by super-
novae, stellar winds or AGN. Galactic winds and specifically outflows were stud-
ied by Anglés-Alcázar et al. (2014) with zooms. Their simulations used a version
of the parallel TreeSPH code GADGET-2 (Springel, 2005) and include subgrid
recipes for photoionization heating, radiative cooling, metal-line cooling (radia-
tion from metal atoms excited by collisions), metallicity, and supernova feedback.
Additionally they include a mechanic for galactic outflow, where kinetic energy
is randomly imparted to gas particles. They tested two wind models, one with
momentum-driven winds and one with constant winds and compared them to a
model without winds. Their simulations had high resolution gas particle mass of
mgas ≈ 2.3 × 105M� and dark matter particle mass of mDM ≈ 1.2 × 106M�
for a total of ∼ 2 × 109 particles. The physical gravitational softening length
was ∼ 224 pc at z = 2. They studied eight galaxies, with a wide range of sizes
and morphologies, total halo masses ranging from 1011 to 2 × 1012M�, in two
re-simulated regions at redshift z = 2. Comparing to simulations without out-
flows they found higher gas fractions, more spread out star formation, increased
velocity dispersions and lower high redshift star formation efficiencies, all in bet-
ter agreement with observations. The simulations with outflows also produced
larger and less centrally concentrated galaxies, as is common with strong feed-
back. Anglés-Alcázar et al. note their large diversity of morphologies, with grand
design spirals, clumpy turbulent disks and potential progenitors of compact ellip-
ticals, despite the small sample size of eight, as seen in figure 3. This diversity
was enhanced by their feedback model and they suggest that it may actually be
governed by feedback.
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The Impact of Galactic Outflows on z = 2 Galaxies 5

Figure 2. Same as Figure 1 for the projected stellar surface density. Total stellar masses are listed for all galaxies and wind models.

halos range from ∼ 1011 to 2 × 1012M⊙ and are typi-
cally resolved with ∼ 2× 105 to 4× 106 particles. As we
describe in detail throughout this paper, galaxy prop-
erties are highly dependent on the model adopted for
galactic outflows. For our fiducial simulations including
momentum-driven winds (vzw model), galaxies have stel-
lar masses ranging from ∼ 1.6×109 to 3.3×1010M⊙ and
SFRs in the range ∼ 1–40M⊙ yr−1 at z = 2. Figure 1
shows face-on and edge-on views of the star-forming gas
of galaxies at z = 2. Our galaxy sample spans a wide
range of sizes and morphologies, with the star-forming
gas extending up to scales of 2–15kpc from their cen-
ters. Some galaxies are located in high density envi-
ronments and undergo frequent interactions and mergers
(e.g., galaxy g222) while others are characterized by a
smoother evolution, in lower density environments (e.g.,
galaxy g54). Despite this, most galaxies appear to be ro-
tationally supported disks at z = 2. Figure 2 shows the
projected stellar distribution corresponding to the same
galaxies. Stellar disks can also be visually identified for
most galaxies but in this case a higher fraction of stars
seems to correspond to a spheroidal component.
Galaxies are identified across the various wind sim-

ulations via their halos, making it possible to analyze
the effects of galactic winds in a galaxy-by-galaxy basis.
However, when comparing the morphologies of galaxies
across wind models it is important to note that galaxy in-
teractions and mergers are inherently random processes.
Small deviations of orbital parameters in different sim-
ulations can result in rather different morphologies at
a given time, and therefore it is not trivial to compare
morphological features such as spiral arms or tidal tails

among the different models (e.g., galaxies g1639, g2438,
g85, and g54). Despite this, a quick visual inspection of
Figures 1 and 2 reveals significant differences between
wind prescriptions. Constant winds are very efficient
in removing gas from galaxies and result in lower mass
galaxies with typically lower SFR surface densities com-
pared to the momentum-driven winds. This is particu-
larly evident in the low mass range, where the forma-
tion of large-scale disks of star-forming gas is highly sup-
pressed (e.g., galaxies g2743 and g85). In contrast, sim-
ulations with no winds usually form more massive and
more concentrated galaxies compared to the vzw model,
with most of the star formation happening in the central
regions of galaxies.

4. THE EFFECTS OF WINDS

4.1. Time Evolution

Each galaxy is identified not only across simulations
with different wind models but also back in time at all
available snapshots, as the central galaxy in the resimu-
lated halo. Figure 3 shows examples of the time evolution
of galaxies in terms of their stellar mass, gas fraction,
SFR, and metallicity. Since we are interested in the evo-
lution of galaxies over cosmological time scales, the time
evolution of all physical quantities has been smoothed
over time intervals of ∼ 50Myr. Major mergers can still
be identified as abrupt changes in the stellar mass of
galaxies (e.g., galaxy g222 between redshifts z = 2–3
and g54 at z ≈ 4). These events are generally followed
by a temporary increase in the SFR of galaxies but their
overall evolution is dominated by smooth accretion, as
has been reported for simulations of high redshift galax-

Figure 4: Projected stellar surface densities of the Anglés-Alcázar et al. (2014)
simulations at z = 2. For each galaxy, a model with momentum-driven winds
(top), constant winds (middle) and no winds (bottom) is shown. Both face-on and
edge-on views are shown. Galaxies are ordered from left to right for increasing
stellar mass according to the momentum-driven wind simulations and total star-
forming rates are listed for all galaxies and wind models. The region shown is 30
physical kpc across. Figure taken from Anglés-Alcázar et al. (2014).
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3.2 Other interesting subjects
Due to the generally useful nature of zooms there are numerous different phe-
nomena that they can be used to study. Here in this section I have collected three
other works, not focused on star formation or feedback, utilizing zooms that I find
particularly interesting.

One group of problems that have plagued the galaxy formation models are the
dwarf galaxy problems, specifically the missing satellites problem (Klypin et al.,
1999), too big to fail problem (Boylan-Kolchin, Bullock, & Kaplinghat, 2011) and
the planes of satellites problem (Pawlowski & Kroupa, 2013). All of these prob-
lems refer to the observations made in our Local Group of galaxies, which seem to
contradict the predictions of the ΛCDM model. There seems to be too few satel-
lites, satellite galaxies seem to avoid the largest dark matter substructures, and the
satellites appear to orbit their host galaxies on an anisotropic plane. Sawala et al.
(2014) have managed to create zoom simulations without any of these problems.
One of the simulations is shown in figure 4. They used the EAGLE code (Schaye
et al., 2015), a derivate of the GADGET codes, which has subgrid models for
radiative cooling, star formation, stellar evolution, stellar mass loss, thermal feed-
back (for stellar winds, radiation pressure and supernovae), black hole growth and
feedback from AGN. At the highest resolution their simulations had gas particle
mass of 1.0 × 104M�, dark matter particle mass of 5.0 × 104M� and softening
length of 94 pc. They studied twelve pairs of halos that were chosen to match
the properties of Milky Way and Andromeda, at the highest resolution each of
the main galaxies has more than 20 million particles. While their simulations had
orders of magnitude more satellite halos than observed satellite galaxies in the
Local Group, most of the halos were dark and devoid of stars, leaving compa-
rable amount of luminous satellite galaxies to the Local Group and avoiding the
missing satellites problem. Dark matter only versions of their simulations met the
too big to fail problem, producing too many massive satellites compared to the
Local Group, however with hydrodynamics turned on the problem vanished and
similar amount of massive luminous satellites was formed as there is in the Lo-
cal Group. Their simulations also reproduced the planes of satellites observed in
the Local Group and considerd highly improbable in the ΛCDM model. The also
reproduced "cosmic web" structure of larger scales is suggested as a reason for
this, with the planes aligned with the larger structures. Thus Sawale et al. argues
that these dwarf galaxy problems were only caused by the inadequate inclusion of
baryonic physics.

Oser et al. (2011) studied the evolution of massive early-type galaxies since
redshift z ≈ 2. There is an observed strong increase in galaxy sizes and de-
crease in stellar velocity dispersion from redshift z ≈ 2 to present day. (e.g. Kriek
et al., 2006) Oser et al. analyzed 40 halos that were evolved from z = 43 to
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Figure 1: Distribution of dark matter and stars in a Local Group simulation. The top left panel
shows the projected dark matter density distribution in one of our resimulations at resolution
level L2 in a cube of 4 Mpc on a side. Circles indicate the locations of the eleven brightest
satellites of one of the main galaxies, whose spatial distribution is as anisotropic as that of the
eleven brightest Milky Way satellites, and which are aligned with the filament that contains most
of the halos and galaxies in the region. The main panels contrast the vast number of dark matter
substructures (left) with the stellar light distribution (right) in a cube of 2 Mpc, as indicated by
the white square in the top left panel. The small panels in the top row are of side length 125
kpc and reveal in more detail the stellar component of some of the different types of galaxies
formed in this simulation; central galaxies (first and second column) and satellite galaxies (third
and fourth column).

8

Figure 5: Distribution of dark matter and stars in one of the Local Group simula-
tions by Sawala et al. (2014). The top left panes shows the projected dark matter
density distribution in the simulation in a cube of 4 Mpc on a side. Circles indicate
the location of the eleven brightest satellites of one of the main galaxies, whose
spatial distribution is very anisotropic and aligned with the local cosmic filament.
The main panels show the zoomed in 2 Mpc cube region of the top left panel in
dark matter (left) and stars (right). The small panels in the top row show some
of the galaxies in this simulation, first and second column being central galaxies
and the third and fourth column satellites, all are 125 kpc boxes. Figure taken
from Sawala et al. (2014).
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the present day using modified version of GADGET-2 (Springel, 2005), includ-
ing star formation, supernova feedback, cooling for primordial hydrogen and he-
lium and UV background radiation. The simulations had gas particle mass of
mgas = 5.8 × 106M�, dark matter particle mass of mDM = 3.5 × 107M� and
physical gas softening length of 185 pc. The simulated galaxies had present day
halo masses in the range of 1012M� < Mhalo < 4× 1013M� and were compact
early-type galaxies at z = 2. The observed increase in size and decrease in veloc-
ity dispersion was found to be caused by accretion. They found that the dominant
accretion mode for the simulated galaxies after z = 2 were minor mergers, and
suggest a two phase model for the formation of massive early-type galaxies, where
before z ≈ 2 the formation is driven by in situ star formation and after z ≈ 2 by
accretion of stars by minor mergers.

Studies I have presented so far have been focused on baryonic processes, and
while indeed the baryonic component of galaxies is by far the more poorly under-
stood part of galaxy formation, this doesn’t mean that dark matter only simulations
could not benefit from the increased resolution of zooms. Springel et al. (2008)
studied the substructure of a Milky Way sized dark matter halos, as shown in figure
5, with cosmological dark matter only zoom simulations in their Aquarius project.
They analyzed six different halos that were evolved from redshift z = 127, with
roughly Milky Way mass and no massive close neighbors at z = 0 that were pre-
dicted to contain late-type galaxies. Five of the simulations had between 150 and
224 million particles within r50, which is the radius with mean enclosed over-
density 50 times the critical value, one simulation had even higher resolution of
1.47 billion particles within r50, particle mass of mDM = 1.712 × 103M� and
gravitational softening length of 20.5 pc. They presented and used GADGET-3
simulation code. They found that inner halos are dominated by smoothly dis-
tributed dark matter component, not by substructure and substructures have a
strong preference to be found in the outer region of halos. Additionally subha-
los seem to have less substructure than main halos. They also studied the shapes
of the subhalo density profiles.

4 Discussion
It is clear that a proper inclusion of small scale baryonic processes is crucial in
modeling galaxy formation correctly. The Scales many of these processes oc-
cur at, are so small that it is currently impossible to resolve them completely in
simulations of galaxy scales. Perhaps truly fundamental model for star formation
should be able to resolve individual stars? Still that kind of scales need not to
be reached to create better simulations. The ability to resolve GMCs has already
improved the models of star formation and feedback greatly, by allowing devel-
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The Aquarius Project: the subhalos of galactic halos 15

Figure 13. Images of substructure within substructure. The top left panel shows the dark matter distribution in a cubic region of side
2.5× r50 centred on the main halo in the Aq-A-1 simulation. The circles mark six subhalos that are shown enlarged in the surrounding
panels, and in the bottom left panel, as indicated by the labels. All these first generation subhalos contain other, smaller subhalos which
are clearly visible in the images. SUBFIND finds these second generation subhalos and identifies them as daughter subhalos of the larger
subhalos. If these (sub-)subhalos are large enough, they may contain a third generation of (sub-)subhalos, and sometimes even a fourth
generation. The bottom panels show an example of such a situation. The subhalo shown on the bottom left contains another subhalo
(circled) which is really made up of two main components and several smaller ones (bottom, second from left). The smaller of the
two components is a third generation substructure (bottom, third from left) which itself contains three subhalos which are thus fourth
generation objects (bottom right).

c© 0000 RAS, MNRAS 000, 000–000

Figure 6: Substructure within substructure in an Aquarius simulation. The top
left panel shows the dark matter distribution of the main halo of the simulation.
The circles show six subhalos that are shown enlarged in the surrounding panels,
and in the bottom left panel. The bottom panels show second, third and fourth
generation subhalos, with the panels showing the subhalo or subhalos circled in
the panel left to them. Figure taken from Springel et al. (2008).

15



opment of new, more physically motivated high resolution subgrid recipes. Zoom
simulations are a natural place to test these new high resolution subgrid recipes
in a cosmological framework. Simulations of isolated non-cosmological galaxies
and halos can also reach the required resolutions, although they are best used as
only a first step due to their non-cosmological nature.

4.1 Resolving GMCs
In real galaxies the ISM is highly inhomogeneous and star formation happens
mostly in the densest parts of the ISM, the GMCs. Stellar feedback in the form
of supernovae, and before that stellar winds and radiation pressure, disperses the
GMCs, regulating star formation. This is the reason why the ability to resolve the
GMCs and model their formation and dispersion is crucial for correct following
of star formation and feedback. GMCs are on the scale of tens of parsecs in size,
and have densities of hundreds of particles per cm3, in Milky Way sized galax-
ies (Williams, Blitz, & McKee, 1999). This resolution has been long unachievable
for numerical hydrodynamical simulations, and only recently have zooms reached
this. Table 1 shows the maximum spatial resolutions achieved in the simulations
examined in this paper. While the internal structure of GMCs is still out of reach
even for the most high resolution zooms, subgrid recipes modeling the formation
and disruption of GMCs and star formation within them are already much more
physical than ones that assume uniform star formation and feedback in the whole
galaxy. Additionally the higher resolution allows for higher, more realistic star
formation thresholds, such as that used by Guedes et al. (2011) in their Eris simu-
lation (5 atoms per cm3), or the even higher one used by Hopkins et al. (2014) in
their FIRE simulations (100 atoms per cm3).

Simulations that resolve GMCs have created very realistic galaxies. The FIRE
simulations by Hopkins et al. (2014) reproduced the observed Kennicutt-Schmidt
relation and the relation between stellar mass and halo mass without any tuning
by hand. Ceverino et al. (2014) produced a zoom of a z = 3 galaxy with low star-
forming rates and stellar-to-virial mass ratios, consistent with abundance match-
ing. The Eris simulation by Guedes et al. (2011) and the simulations by Sawala
et al. (2014), while only able to resolve the largest GMCs, still managed to create
a realistic late-type spiral and realistic dwarf galaxy distributions respectively. It
is obvious that the proper inclusion of GMCs and multiphase ISM is important in
producing many of the observed types of galaxies.

Even higher resolution simulations in the sub-GMCs scale will undoubtedly
allow for even better models for star formation and feedback in the future. The ex-
tension of the dynamic range may also be useful in the other direction. Zooms that
can simultaneously resolve GMCs and the inflows, outflows and other interactions
of nearby galaxies, could be very insightful.
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Author Simulations Resolution (pc)
Baryons DM

Hopkins et al. (2014) m09 (dwarf) 1.4 29
Hopkins et al. (2014) m12q (MW size) 10 140
Ceverino et al. (2014) - 27 27
Sawala et al. (2014) L1 94 94
Guedes et al. (2011) Eris 120 120
Oser et al. (2011) All 185 412
Anglés-Alcázar et al. (2014) All 224 224
Springel et al. (2008) Aq-A-1 - 20.5

Table 1: Spatial resolutions of the different simulations examined in this paper.
All resolutions given, except that of Ceverino et al. (2014), are the gravitational
softening lengths of the specific particle types in physical units. Ceverino et al.
(2014) uses AMR based code so instead the minimum cell size is given in physical
units. GMCs range from few to few hundred parsecs in size in Milky Way sized
galaxies.

4.2 High Redshift Galaxies
One interesting subject of research for simulations are the high redshift galaxies.
Galaxy formation has gone through different epochs since the first stars formed,
as the density evolves with the accelerating expansion of universe. The hierar-
chical evolution of dark matter halos is well understood, while the more complex
baryonic component less so. Observations show that massive galaxies formed
their stars early and low mass galaxies late (e.g. Heavens et al., 2004). The zoo of
galaxy types differs greatly between the local universe and high redshift, for exam-
ple compact and quiescent ellipticals are common at redshift z = 2 while absent
in the local universe (Trujillo et al., 2009; Van Dokkum et al., 2008). Mergers,
as well as outflows and inflows to and from the intergalactic medium are thought
to be an important part of galaxy formation at high redshifts, as the universe was
more dense (Davé et al., 2012). These phenomena happen at a considerably larger
scale than the equally important internal evolution of galaxies. It is clear that re-
alistic modeling of high redshift galaxies requires vast dynamic range as well as
cosmological basis, making zoom simulations ideal for their study.

Different feedback models have been used to explain the nature of some of
the high redshift observations. Ceverino et al. (2014) managed to produce the
observed low efficiency of star formation of low mass galaxies at z = 3 by using
radiative feedback, while Anglés-Alcázar et al. (2014) used outflows to create
more realistic star-forming disk galaxies at redshift z = 2. The exact processes
that different types of galaxies baryonic components evolve are still fairly poorly
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known, though an active topic of study. Oser et al. (2011) found that the observed
evolution of massive ellipticals from compact at z = 2 to large at present day is
caused mostly by minor mergers.

Successful model of galaxy formation must explain, not only the observations
from our local universe, but from the whole range of redshifts available, and the
evolution between them. There is still much work to be done to reach this kind of
model and zoom simulations will undoubtedly be an important tool for it.

4.3 The Importance of Physically Motivated Simulations
There are two basic ways physically motivated (cosmological) simulations can
be used in the study of galaxy formation. The first is the ability to test theories.
The simulations by Guedes et al. (2011), Hopkins et al. (2014), Ceverino et al.
(2014), Anglés-Alcázar et al. (2014) and Sawala et al. (2014) are all tests for
different models of feedback, star formation and ultimately the ΛCDM model.
This is the traditional merit and use of simulations, to be able to provide additional
tests for theories to support observations. Simulations can also be used to find new
phenomena if observations are lacking. This is obviously dangerous and requires
great trust in the predictive power of the simulation. Oser et al. (2011) and Springel
et al. (2008) use their simulations to study phenomena that have few observations
available, namely the evolution of high redshift galaxies and the substructure of
dark matter halos. This is essentially extrapolation of the simulation, and should
only be trusted if the simulation is realistic and physically motivated.

Fundamentally a simulation is an attempt to produce a digital scale model of
it’s target. Traditionally the large dynamic ranges and complex processes have
made physically motivated simulations of galaxies difficult, but progress has been
made and will be made, both with better techniques such as zooms and more pow-
erful computers, to produce more and more fundamental and physically motivated
simulations. As our simulations improve, if we can create a simulation that can
satisfactorily model all processes predicted by the ΛCDM model, we should be
able to falsify or confirm it by comparing the simulation to observations. The
ΛCDM model has already been essentially confirmed on scales larger than galax-
ies and is largely irrelevant for smaller scales, making the scale of galaxy forma-
tion the last frontier where discrepancies between predictions an observations still
linger.

5 Conclusions
In this paper I have talked about cosmological "zoom-in" simulations. I explained
the general method of zoom simulations, examined recent work using them and
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discussed about the advantages of using zooms in the study of galaxy formation.
The high resolution of zooms have allowed them to outperform previous numeri-
cal simulations in many ways. So far zooms armed with high resolution and better
subgrird recipes have been able to produce more realistic late-type spirals, redshift
z = 2 and z = 3 galaxies; reproduce the Kennicutt-Schmidt relation and the ob-
served relation between stellar and halo mass without fine tuning; and produce
more realistic distributions of satellite galaxies.

The ability to resolve GMCs has been a crucial step in realistic modeling of
star formation and stellar feedback. New physically motivated subgrid recipes for
stellar feedback and higher star formation thresholds have created more realistic,
highly inhomogeneous ISMs where GMCs are created and destroyed, regulating
star formation and avoiding the overcooling problem. One area of study that ben-
efits from the wide dynamic range of zooms are the high redshift galaxies. The
Outflows, inflows and mergers that are common for high redshift galaxies require
the presence of neighbors and the intergalactic medium for realistic modeling of
galaxy formation.

These studies were only possible because of the use of zoom simulations.
Zooms have the unprecedented capability, in cosmological numerical hydrody-
namic simulation framework, to reach the resolutions necessary for properly ex-
amine the effects of these small scale baryonic phenomena. Before only non-
cosmological simulations of isolated galaxies have been able to reach similar res-
olutions. The cosmological framework that zooms enjoy gives them credibility
and allows more realistic following of evolution of the galaxy or small group of
galaxies that is the subject of study of the simulation. The combination of the high
resolutions not available in normal cosmological hydrodynamic simulations, cos-
mological framework and the fundamental nature of numerical simulations make
zooms a great tool in the study of galaxy evolution and astronomy in general.

There are of course also limitations to zoom simulations and situations where
they are not well suited. Large scale structure, such as galaxy clusters are too
large for zooms to allow any significant increase in resolution with modern com-
putational power. Modern zooms cannot simulate a cosmologically representative
galaxy population, so the big picture of galaxy evolution is out of reach for them.
Zooms are also unnecessary in isolated systems where the tidal field caused by
the surroundings is extremely small. It should be also noted that semianalytic
models and non-cosmological simulations require less computational power and
can very satisfactorily model some specific features of galaxies and their evolu-
tion, such as morphology. When an all-encompassing model that is as realistic
as possible by every feature is unnecessary, and only a specific feature is studied,
zooms are arguably waste of computational power. Zooms are still however the
best physically motivated simulations for studying single galaxies or small groups
of galaxies, when an all-encompassing simulation is desired, and will undoubtedly
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be crucial in developing better galaxy formation models and ultimately testing the
ΛCDM model.
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