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ABSTRACT
In this study we explore the complex multi-phase gas of the circumgalactic medium
(CGM) surrounding galaxies. We propose and implement a novel, super-Lagrangian
‘CGM zoom’ scheme in the moving-mesh code arepo, which focuses more resolution
into the CGM and intentionally lowers resolution in the dense ISM. We run two
cosmological simulations of the same galaxy halo, once with a simple ‘no feedback’
model, and separately with a more comprehensive physical model including galactic-
scale outflows as in the Illustris simulation. Our chosen halo has a total mass of
∼ 1012 M� at z ∼ 2, and we achieve a median gas mass (spatial) resolution of '
2,200 solar masses (' 95 parsecs) in the CGM, six-hundred (fourteen) times better
than in the Illustris-1 simulation, a higher spatial resolution than any cosmological
simulation at this mass scale to date. We explore the primary channel(s) of cold-phase
CGM gas production in this regime. We find that winds substantially enhance the
amount of cold gas in the halo, also evidenced in the covering fractions of HI and the
equivalent widths of MgII out to large radii, in better agreement with observations
than the case without galactic winds. Using a tracer particle analysis to follow the
thermodynamic history of gas, we demonstrate how the majority of this cold, dense
gas arises due to rapid cooling of the wind material interacting with the hot halo, and
how large amounts of cold, ∼ 104 K gas can be produced and persist in galactic halos
with Tvir ∼ 106 K. At the resolutions presently considered, the quantitative properties
of the CGM we explore are not appreciably affected by the refinement scheme.

Key words: circumgalactic medium – intergalactic medium – galaxies: formation –
methods: hydrodynamic simulations

1 INTRODUCTION

The collapse of dark matter and the formation of a gravita-
tionally bound halo is followed by the accretion of baryons
from the intergalactic medium. The flow of gas through the
subsequently forming circumgalactic medium (CGM) reg-
ulates the growth of its central galaxy. As a result, this
gaseous reservoir hosts the galactic baryon cycle, acting as
the interface regime between small-scale feedback processes
and large scale inflows.

Early theoretical understanding of the structure of
CGM gas described a simple ‘single-phase’ model, with
dynamics dependent on the balance of the virialization
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timescale and the gas cooling timescale. If the cooling
timescale was long, a stable virial shock could develop, and
any incoming gas would be heated to the virial tempera-
ture before accreting to the galaxy (so called ‘hot-mode’
accretion). Conversely, if the cooling timescale was short, it
was argued that no stable shock could form, and the cold
primordial gas could pass unperturbed through the virial
sphere and accrete directly onto the central object (Rees &
Ostriker 1977; Silk 1977; White & Rees 1978).

This basic model is complicated by the growing wealth
of evidence, both observational (e.g. Werk et al. 2013; Rubin
et al. 2015; Crighton et al. 2015) and theoretical (Shen et al.
2013; Ford et al. 2013; Suresh et al. 2015), that the CGM
may be commonly, or always, comprised of multiple phases.
Indeed, even in halos which can in principle form a stable
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virial shock with Tvir & 106 K, there is nevertheless a sig-
nificant mass fraction of circumgalactic gas that is observed
to be at T ∼ 104 K. Even more surprising, this cold gas is
found in abundance around not only star-forming galaxies,
but around quenched galaxies at low redshift (Thom et al.
2012), and even massive quasar-hosting halos at high red-
shift (Prochaska et al. 2013). It is currently an open question
how this phase can persist long enough to produce high cov-
ering fractions, particularly in halos with virial temperatures
T & 106 K where it should be difficult to remain cold or be
long lived (Schaye et al. 2007; McCourt et al. 2015).

The origin of this phase is unclear, and various physical
channels likely contribute. Some of the gas may be primor-
dial, unshocked gas accreted from the IGM (Kereš et al.
2005; Kereš & Hernquist 2009; Nelson et al. 2013). The gas
may be recently ejected in a galactic outflow (e.g. Thomp-
son et al. 2016) and/or in an ongoing galactic fountain (Ford
et al. 2013). Another possibility is that some of the gas may
have cooled out of thermal instabilities in the hot halo gas
(Maller & Bullock 2004). Determining the primary chan-
nel(s) of cold CGM gas production in ∼ 1012M� halos at
high redshift (z ' 2) is the main scientific aim of this paper.

Because the structure and properties of the cold halo
gas phase may arise from complex gas physics, hydrodynam-
ical simulations of galaxy formation, particularly those of
cosmological volumes with statistically representative sam-
ples of galaxies (e.g. van de Voort & Schaye 2012; Dubois
et al. 2016), are a uniquely powerful tool to directly study
the origin of this particular phase. Studying the circumgalac-
tic regime in cosmological simulations has, however, proven
difficult for a number of reasons.

First, only recently have simulations begun to achieve
realistic and heterogeneous galactic populations in broad
agreement with basic observables and scaling relations (e.g.
Crain et al. 2015; Pillepich et al. 2018). Second, while the
general properties of the IGM are now thought to be fairly
well understood (e.g. Hernquist et al. 1996), hydrodynamic
solver inaccuracies have made robust conclusions about the
CGM substantially more difficult (Torrey et al. 2012; Nel-
son et al. 2013; Hayward et al. 2014). Third, the CGM is
difficult to study using Lagrangian-adaptive codes (such as
smoothed particle hydrodynamics), as it is orders of mag-
nitude less dense than the interstellar medium (ISM). This
typically means that even in simulations where the spatial
resolution in the ISM is excellent, the CGM can be resolved
quite poorly. Although this should be less of an issue when
modeling the volume-filling warm-hot phase (e.g. the OVI
ion; Oppenheimer & Davé 2009; Suresh et al. 2017; Nelson
et al. 2017), higher resolution is likely necessary to resolve
the clumpier cold phase (McCourt et al. 2018). As one exam-
ple, Crighton et al. (2015) model CGM absorbers at z ∼ 2.5
and derive cold cloud sizes rcloud < 500 pc (see also Schaye
et al. 2007; Rubin et al. 2017; Koyamada et al. 2017).

We attempt to address these issues directly. First, we
use the moving-mesh code arepo, which is particularly ac-
curate for modeling difficult regimes which arise in the CGM
(Bauer & Springel 2012; Kereš et al. 2012; Torrey et al. 2012;
Nelson et al. 2013). Next, we include the well-validated Illus-
tris model for galactic-scale outflows driven by stellar feed-
back. Finally, in order to resolve the cold phase, we design
and employ a novel mesh refinement scheme to focus resolu-
tion out of the galaxy and into the CGM (see van de Voort

et al. 2018, Peeples et al. 2018, Richardson et al. in prep for
alternate, complementary approaches).

Since our goal is to understand the origin of the cold gas
in high-redshift halos, we employ two simulations with sub-
stantially different physics implementations. The first simu-
lation has only primordial (H, He) cooling, with no metal-
line contribution. The second simulation includes both pri-
mordial and metal line-cooling, including a pre-enriched
IGM, and also adds galactic winds, which allows us to inves-
tigate stirring and fountain circulation from strong outflows.

In Section 2 we describe the simulations and numerical
methodology. Section 3 explores the results, connecting to
observational benchmarks in Section 3.2 and exploring the
origin of cold-phase CGM gas in Section 4. We finish with
a discussion in Section 5 and summarize in Section 6.

2 METHODS

2.1 Simulation Details

The simulations employed in this study were run using the
moving-mesh arepo code (Springel 2010). Briefly, we ad-
dress the solution of the equations of continuum hydrody-
namics coupled to self-gravity. The fluid dynamics are solved
with a finite-volume type scheme using an unstructured,
dynamic, Voronoi mesh for the spatial discretization, while
gravity is treated with the standard Tree-PM approach.

This paper presents several cosmological zoom simula-
tions of a single galaxy halo, each starting from the same set
of initial conditions (ICs), but run with increasingly complex
physical models. The ICs were selected from an earlier set of
eight zoom simulations carried out in Nelson et al. (2016),
and our variations allow us to study the individual effect of
different physical mechanisms on the cold gas content in the
CGM. All simulations employ a spatially uniform UV back-
ground (Faucher-Giguère et al. 2009), accounting for gas
self-shielding following Rahmati et al. (2013), and include a
model for star formation in a dense, multi-phase interstellar
medium (Springel & Hernquist 2003).

The first simulation, Primordial-Only, includes only
primordial (H, He) cooling, and neglects metal-line cooling
as well as any explicit galactic feedback. This physics is iden-
tical to the model employed in Nelson et al. (2016). Although
we often refer to this first simulation as ‘cooling-only’, we
note that it does include the impact of unresolved supernova
feedback as a source of pressurization of the ISM (Springel &
Hernquist 2003). The second simulation, Galactic-Winds,
models both metal-line and primordial cooling, as well as
stellar population evolution and chemical enrichment fol-
lowing supernovae Ia, II, as well as AGB stars. In addi-
tion, it also includes a prescription for galactic-scale out-
flows, or winds. Neither simulation includes any treatment
of feedback from supermassive blackholes. We have inten-
tionally omitted the Illustris BH feedback model from the
present simulations to simplify interpretation of the results,
and we anticipate that it will have negligible impact given
our halo mass scale (BH feedback becoming important only
for Mhalo > 1012 M� in Illustris; Vogelsberger et al. 2013).

The winds in the Galactic-Winds simulation are identi-
cal to the winds employed by the Illustris simulation. See
Vogelsberger et al. (2013) for details of the wind imple-
mentation, and Torrey et al. (2014) for a comparison of
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their outcome versus observations. The Illustris model has
been shown to produce reasonable agreement with many im-
portant baseline observations for the heterogeneous galaxy
population, including the stellar mass function across red-
shift and the cosmic star-formation rate (Genel et al. 2014).
This affords some confidence that the wind implementation
is able to approximately regulate the buildup of the stel-
lar mass content of dark matter halos across cosmic time
(see Pillepich et al. 2018, for a comparison to the new Illus-
trisTNG wind model). Nevertheless, as a subgrid prescrip-
tion, the wind treatment necessarily has many simplifying
assumptions, and in this study we do not focus on its de-
tails. Instead we seek to understand circumgalactic proper-
ties with the reasonable Illustris physical model. We note
for reference that, after launch, winds are hydrodynamically
(though not gravitationally) decoupled while still residing in
the dense ISM – they recouple at a density equal to 5% of
the SF threshold, namely log nH[cm

−3] ∼ −2.2, or after a
maximum time of 2.5% of the concurrent Hubble time.

For the Galactic-Winds simulation we implement a spa-
tially uniform metal background of 10−3 Z� throughout the
box at z = 6. This IGM pre-enrichment was chosen for two
reasons: first, to approximate the effect of very early enrich-
ment of the IGM by small galaxies, which would be unre-
solved in this simulation. And second, to study the possible
impact of metal-line cooling on slightly enriched IGM gas,
which could subsequently accrete onto, and modify the evo-
lution of, the CGM.

For details of the initial conditions, we refer the reader
to Nelson et al. (2016), and here give only a brief overview.
Cosmological zoom ICs were generated by first running a
low-resolution cosmological dark matter only simulation of
a uniform volume and identifying halos of interest (in this
case, M ∼ 1012M� halos at z ∼ 2). To re-simulate a given
halo all particles within a radius of several times rvir around
the halo center were tracked back to the initial conditions,
where we use their convex hull to define the ‘high-resolution’
region of the simulation. We then increased the mass resolu-
tion in this high-resolution region of the box significantly
above the rest of the simulation volume. This allows for
the study of a single halo at high resolution within its
proper cosmological context. The cosmology is consistent
with the WMAP-9 results (ΩΛ,0 = 0.736, Ωm,0 = 0.264,
Ωb,0 = 0.0441, σ8 = 0.805, ns = 0.967 and h = 0.712).

2.2 CGM Refinement Scheme

In the standard mode of arepo for galaxy formation simula-
tions, gas cells are kept at a roughly constant mass, to within
a factor of two. These gas cells ‘refine’ (with a binary split)
or ‘de-refine’ (with a binary merge) if their mass deviates
too far from a pre-defined target gas cell mass (mtarget).
This approximately constant mass resolution implies that
the spatial size of cells scales with gas density, such that
the smallest cells are found in the dense centers of massive
galaxies, and the largest cells in low density voids of the
IGM.1 The smallest and densest cells also have the small-
est hydrodynamical timesteps, as required to satisfy the

1 By gas cell size, we always mean the spherical volume equivalent

radius rcell = [3V/(4π)]1/3, the most appropriate definition given

Courant Friedrichs Lewy (CFL; Courant et al. 1967) condi-
tion. Consequently, the dense, star-forming ISM can easily
dominate the run-time of typical galaxy formation simula-
tions, and this numerical cost arises because of the natural
‘Lagrangian’ nature of the code, which generically results in
higher resolution where it is typically desired: in the dense
centers of collapsed structures, i.e. galaxies.

In this study we are, however, not interested in galaxies
themselves, but rather in the gaseous reservoirs surround-
ing galaxies: the circumgalactic medium. In a typical galaxy
simulation, the numerical resolution in the outer CGM can
easily be an order of magnitude lower than in the galaxy it-
self (Nelson et al. 2016). We would like to better resolve the
hydrodynamics and multi-phase gas of the CGM, but sim-
ply increasing the global resolution of the simulation would
be prohibitively expensive. Therefore, we here propose and
implement a novel, super-Lagrangian ‘CGM zoom’ method,
which focuses more resolution into the CGM and intention-
ally lowers resolution in the dense ISM.

The method proceeds as follows. First, we use the sub-
find algorithm (Springel et al. 2001) to identify the loca-
tion of the potential minimum of the target zoom halo. A
single passive ‘ghost’ particle, which has no bearing on the
dynamics, is pinned to this potential minimum and moves
along with it. The location of this particle is then used, in-
ternally, to define a galacto-centric radius for all gas cells in
the simulation. Using this galacto-centric radius, we define
a radius-dependent target gas mass, specifying a low target
gas mass (high resolution) in the circumgalactic regime and
a higher target gas mass (low resolution) in both the inner
ISM and distant IGM, linearly interpolating in between.

We define a single mass m0 = 1.6 × 104M�, which in
the ordinary ‘L11’ base initial conditions is the target gas
mass in the high-resolution region. Then we define three
characteristic radii, rCGM,min, rCGM,max, and rIGM, which we
use to establish the spatial region where we require higher
resolution cells in the resolution-boosted ‘L11 12’ simulation
by increasing mtarget as follows:

• r = 0: mtarget = m0

• rCGM,min < r < rCGM,max: mtarget = m0/8 = 2000M�
• r > rIGM: mtarget = m0

We linearly interpolate the target mass between the dif-
ferent regions, so that the effective mtarget(r) is a continu-
ous function of radius. We take {rCGM,min,rCGM,max,rIGM}
= {30,900,1500} comoving kpc, which at z = 2 corresponds
to proper distances of {10,300,500} kpc, respectively.

Figure 1 shows several resolution statistics of the cold
and dense CGM gas and therefore the result of our ‘CGM
zoom’ refinement procedure. The top panel plots the radial
profile of gas cell mass, from the very center of the galaxy out
to the IGM. The ‘L11’ base initial conditions (red) are con-
trasted against our ‘L11 12’ resolution-boosted realization
(blue), which improves upon the mass resolution in the ra-
dial range of the CGM by a factor of eight, as designed. The
lower left panel shows the distributions of gas cell masses,
where our two simulations are essentially identical (blue,
green), and all shifted to much lower masses than the orig-

the arbitrary shapes of the Voronoi cells, which in the simulation

are regularized to be roughly spherical (Springel 2010).
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Figure 1. Baryon resolution statistics and the impact of our super-Lagrangian refinement technique. The top panel shows the spherically-

averaged radial profile of gas cell mass (median solid; mean dotted; 10-90 and 25-75 percentiles as shaded bands), comparing the un-
modified ‘L11’ case to the resolution boosted ‘L11 12’. The baryonic mass resolution is improved by a factor of eight, as designed,

specifically within ∼ 10 kpc to ∼ 300 kpc. The lower right panel shows the radial profile of the size of gas cells, which is improved to ∼
100 parsecs in the inner CGM. The lower left panel compares the normalized distributions of gas cell masses: the CGM resolution has a
narrow spread about an average of slightly more than 2,000 solar masses. In all cases, we include here only gas in the cool-dense phase

(T < 105 K, nH > 10−3 cm−3) of the CGM (r > 10 kpc) at z = 2.25. Assuming a minimum threshold of 43 cells to properly resolve a

CGM ‘cloud’, we can robustly resolve features with radii as small as ∼ 400 pc at typical densities, and even smaller at higher densities.

inal simulation (red). Tails of these distributions represent
the inability of the (de-)refinement to gently eliminate or
split cells fast enough: the least massive cells in the CGM of
the Galactic-Winds simulation reach 150M�.

The lower right panel shows the radial profile of gas cell
size, which decreases towards the inner halo as a result of
the increasing density. The CGM gas, taken here as gravita-
tionally bound non-star forming cells, at the final snapshot
(z = 2.25) has a median cell mass of about 2,200 M� and a
median cell size of ' 95 physical parsecs. Due to the range
of gas densities, these cells also occupy a distribution of sizes

from 52 pc to 405 pc (5th−95th percentiles). For the me-
dian cell size, if we require a minimum threshold of 43 cells
to robustly resolve a CGM ‘cloud’, then we capture such fea-
tures with radii as small as∼ 400 pc at z = 2.25. Nonetheless
cold gas structures in the CGM may be yet smaller still, and
mixing and hydrodynamical processes including the Kelvin-
Helmholtz and Rayleigh-Taylor instabilities may still not be
properly resolved (Agertz et al. 2007; Crighton et al. 2015).
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Figure 2. Large view of the Galactic-Winds halo at the final redshift of z = 2.25, in projected gas density on the scale of the virial radius
(shown as the white circle). Large scale inflow predominates from the upper left and lower right quadrants in this rotation, which is

arbitrary with respect to the central galaxy. Strong galactic outflows are directed outwards towards the upper right and lower left corners.
These winds are multi-phase and metal-enriched, with high radial velocity and low angular momentum; cold, over-dense structures are

observed to form in the outflow with a mix of clumpy and elongated morphologies, with characteristic sizes of a few ∼ 100 pc to ∼ 1 kpc.

The inset on the lower-left zooms into an outflow dominated region to emphasize this structure.

2.3 Monte Carlo Tracers

Each simulation includes a large number of Monte Carlo
tracer particles which enable us trace the evolution of La-
grangian parcels of gas mass across time. As a result, we
can quantitatively study the origin and explicitly follow the
thermodynamical evolution of the gas which makes up the
z ∼ 2 CGM. A detailed description of the implementation
of these tracers can be found in Genel et al. (2013). Briefly,
these tracers (which retain their own unique IDs throughout

the simulation) are associated with individual gas elements,
and are exchanged probabilistically based on the ratio of the
mass flux between cells to the total mass of the parent cell.
We initialize the simulations with 20 tracers per gas cell,
resulting in a total number of ' 6× 108 per run.

2.4 Definitions of the CGM

Unless specified otherwise, we define the circumgalactic
(CGM) gas as any gas which is within the virial sphere (i.e.



6 Joshua Suresh et al.

−80 −60 −40 −20 0 20 40 60 80
y [ pkpc ]

−80

−60

−40

−20

0

20

40

60

80

x 
[ p

kp
c 

]

   
   

4.2

4.4

4.6

4.8

5.0

5.2

5.4

5.6

5.8

Te
m

pe
ra

tu
re

 [l
og

 K
]

30 kpc

Figure 3. As in Figure 2, a large view of the Galactic-Winds halo at the final redshift of z = 2.25, except here we show the same halo
in mass-weighted projected gas temperature. The scale of the virial radius (shown as the white circle) is unchanged. Ejection of cold gas
from the star-forming ISM of the disk at the center results in multi-phase outflows on the scale of ∼ 20-30 kpc which are dominated in

large part by cold/warm gas at temperatures from ∼ 10,000 K to ∼ 100,000 K.

r < rvir) that is not star-forming and is not located within
any galaxy (central or satellite). We ensure the last crite-
rion by defining a mass-dependent “galaxy radius” around
each galaxy from which we do not draw CGM gas. In the
Galactic-Winds run feedback keeps the galaxy sizes and
masses roughly consistent with that of the Illustris simula-
tion (see Genel et al. 2014, 2018), and we use the following
scheme based on those results: the galaxy radius is taken
to be {4,6,8,10} kpc for Mgal = {107, 108, 109, 1010}M�, re-
spectively, linearly interpolating between. While these radii
are motivated by typical galaxy sizes, our results are not
sensitive to the specific choices of galaxy sizes. We divide
the CGM in two principal phases: the cool-dense CGM with

T < 105 K and nH > 10−3 cm−3, and the non-cool-dense,
which complements it.

3 THE STRUCTURE OF THE CGM

3.1 General Trends

We begin in Figure 2 and Figure 3 with a qualitative look at
the gas distribution in the entire circumgalactic medium of
the Galactic-Winds halo at its final redshift z = 2.25. Total
gas density and temperature projections are shown, respec-
tively, including all material within a cube of side-length
180 physical kpc centered on the halo. In this orientation
the galactic disk is roughly edge-on, and strong outflows are



Simulating cold circumgalactic gas 7

−80 −60 −40 −20 0 20 40 60 80
y [ pkpc ]

−80

−60

−40

−20

0

20

40

60

80

x 
[ p

kp
c 

]

100 ckpc

log Mhalo = 11.7
log Mstar = 10.0

−200

−100

0

100

200

G
as

 R
ad

ia
l V

el
oc

ity
 [k

m
/s

]

−80 −60 −40 −20 0 20 40 60 80
y [ pkpc ]

−80

−60

−40

−20

0

20

40

60

80

x 
[ p

kp
c 

]

100 ckpc

log Mhalo = 11.7
log Mstar = 10.0

−2.00

−1.75

−1.50

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

G
as

 M
et

al
lic

ity
 [l

og
 Z

su
n]

Figure 4. Two additional views of the same halo as in Figure 3, the Galactic-Winds halo at the final redshift of z = 2.25. Here we
show gas radial velocity (left), where positive denotes outflow, as well as the gas metallicity in terms of solar (right). Outflowing gas at

speeds of ∼ 200km/s and with a preferential alignment along the minor axis of the central galaxy reaches metallicity values approaching
solar. In contrast, the ambient hot halo gas into which the outflow is propagating is largely at rest and relatively un-enriched with heavy
elements. The virial volume is occupied by both outflows and inflows, both of which are highly anisotropic.

evident predominantly along its minor axes – towards the
upper right, and lower left, of the image. In general, these
outflows contain a mixture of gas at different densities and
temperatures. They are metal-enriched above the level of the
background CGM, have high outward radial velocity (Fig-
ure 4), and low angular momentum. At small scales they
show complex density structures, including a mix of clumpy
and highly elongated overdensities, with typical sizes rang-
ing from a few times ∼ 100 parsecs up to ∼ 1 kilo-parsec.

In contrast, cosmological inflow is preferentially arriv-
ing along the major axes of the disk – towards the upper left,
and lower right, of the image, with a lower mass flux also
from the upper right. Gas accretion across the virial sphere
is highly anisotropic and related to large-scale gas filaments
in the IGM. Gravitationally bound structures – i.e., future
satellite galaxies – are embedded in the accreting baryons,
as for example in the lower right. Interestingly, each of the
diffuse gas filaments associated with this halo have partic-
ularly distinct structure. The top left inflow is clumpy and
has fragmented into a large number of small, high-density
features near rvir or just within. On the other hand, the bot-
tom right inflow is nearly smooth crossing the virial radius;
it is also much wider in cross section at high density. The
top right inflow is again smooth, but much narrower.

This cosmological accretion will, as the Universe
evolves, provide the baryon reservoir of the forming dark
matter halo. Figure 5 shows how the halo mass of different
components builds up over time, in each of the simulation
variants. The cooling-only run, as expected, has more mas-
sive galaxies (including stars and ISM) than in the Galactic-
Winds run, with a correspondingly less massive CGM. The
cool-dense CGM phase always dominates in mass over the
hotter, less dense phase. This is true by a factor of ten
at z ' 6, decreasing to only a factor of two or less by

Figure 5. Redshift evolution of the total mass in different halo
gas components. The total halo mass (black) is decomposed into
the central galaxy (green), and total CGM (blue), which is then

further separated with a binary selection into cool-dense (pur-
ple; T < 105 K, nH > 10−3 cm−3) and non-cool-dense (or-

ange) components. Different linestyles show different simulations:

Primordial-Cooling Only (dotted) and Galactic-Winds (solid).
When supernovae driven galactic winds are included the CGM
reaches the same total mass as the galaxy itself, and is domi-

nated in mass fraction by the cool-dense component.

z ' 2. There is little difference when adding metal-line cool-
ing alone (dashed versus dotted lines).

Adding galactic winds substantially increases the over-
all mass of the CGM, by roughly a factor of three, starting
already as high as z ' 6. By redshift two the total mass
in the CGM and in the galaxy itself are roughly equal. The
presence of winds also increases the mass (and mass frac-
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Figure 6. Normalized CGM radial profiles of gas density, decom-
posed into the cool-dense phase (purple) and the less dense, hot-
ter phase (orange). Different linestyles show different simulations:

Primordial-Cooling Only (dotted) and Galactic-Winds (solid). In
both cases, the cool-dense phase is steeper than the non-cool-

dense phase, and dominates only within r . 0.6rvir. The steep
rise in both phases in the inner halo for the Galactic-Winds sim-
ulation is primarily due to the action of strong galactic outflows

in this region.

tion) in the cool-dense phase, such that by z ' 2 there is
nearly an order of magnitude more total mass in this phase
when compared to the hotter, less dense component.

Figure 6 shows 3D radial density profiles, splitting into
the cool-dense phase (purple) and the less dense, hotter
phase (orange). To facilitate comparison across simulations
with (slightly) varying virial radii and CGM masses, the ra-
dius is scaled to the halo virial radius, and the density is
normalized by the total CGM mass. In both simulations the
hot, low-density gas in the CGM has a flatter profile than the
steeper cool-dense phase. There is significantly more cool-
dense gas at small radii, while the rarefied hot component
dominates only at r/rvir & 0.6. In the inner halo, the cold
phase has a density higher by a factor of few, while at the
virial radius the opposite is true.

The Galactic-Winds simulation (solid lines) has a
steeper rise towards inner radii, which results from the
strong galactic outflows in this region, an effect we explore
further in Section 4 below. Both phases are more centrally
concentrated, with steeper radial profiles, in the simulation
including feedback. This rising inner component is likely a
mixture of hot outflow (or gas heated by the outflow) and
cooling inflow (transitioning from the hot halo temperature
downwards). In the hot phase a different behavior is partic-
ularly evident – at r/rvir . 0.3 the slope of the density pro-
file is the same as the cold, dense phase, an effect apparently
caused by the winds, while beyond this radius the profile has
a break and the slope transitions to a flatter profile consis-
tent with the cooling-only simulation. The overall lower gas
densities in the outer halo of the Galactic-Winds run may
reflect accelerated metal-line cooling due to extended metal
mixing as a result of winds and fountain flows far beyond
the galactic bodies themselves.

3.2 Comparison to HI and MgII Observations

Before moving into the space of observables, Figure 7
shows the gas temperature distributions around the primary
galaxy at z = 2.25, in the cooling only (top left) and galac-
tic winds (top right) simulations. The morphology of the gas
in the cooling-only simulation is made up of a hot gas halo
mostly filling the virial sphere, while clumpy plumes of cold
gas are visibly being stripped from satellites passing through
this hot atmosphere. The addition of galactic winds substan-
tially changes the amount, distribution, and state of cold gas
in the halo. The CGM gas in the Galactic-Winds simula-
tion is more well-mixed due to the stirring action of galactic
winds – individual satellites within rvir are hardly visible, as
their outflows have distributed formerly dense ISM gas over
a comparatively large volume, lowering the effective density
contrast. This is nowhere more clear than with the central
galaxy itself, whose galactic winds fill the inner halo (i.e.
r . rvir/4) with high column density (N > 1022 cm−2) gas.
As a large fraction of this ‘recent wind’ material is cold, it
lowers the mean temperature of the inner hot halo, as evi-
denced in the temperature projections (right panels).

Unfortunately, neither the temperature of the gas nor
its total column (or mass) density are directly accessible
through absorption line based observations. We therefore
decompose the total gas content into two commonly ob-
served phases. Figure 7 also shows the corresponding atomic
hydrogen (HI) column density and MgII equivalent width
(EW) maps, both generated using line-of-sight velocity cuts
of ±1000 km/s. Both of these species arise in cool (T ∼ 104),
dense (n > 10−3 cm−3) gas, so these column density and
EW projections especially highlight the cool-dense gas phase
which we focus on in this work. The HI content of each gas
cell in the simulation is derived following the method of Bird
et al. (2013), computing neutral hydrogen abundances us-
ing the prescription from Rahmati et al. (2013). The MgII
maps were generated by using Cloudy (Ferland et al. 2013)
to compute MgII ion fractions, then computing synthetic
spectra by accumulating contributions from each gas cell in-
tersecting every line of sight (Bird 2017), summing up the
total equivalent width in a ± 1000 km/s velocity window.
Note that the cold ISM gas in the galaxy itself is modeled
with the effective equation of state of Springel & Hernquist
(2003), so we do not have the density/temperature informa-
tion needed to model MgII in this gas and as a general rule
exclude star-forming gas from such ionic calculations.

Similar to the re-distribution of the total gas density,
we see that the galactic winds disperse both HI and MgII
far outside of the dense ISM of galaxies themselves. These
tracers of relatively cold and dense gas fill the inner halo
(r/rvir . 0.5) with column densities NHI & 1020 cm−2 and
equivalent widths EW & 1 Å, respectively.

To quantify the difference between the atomic hydro-
gen distributions Figure 8 compares the HI covering frac-
tions at z = 2.25, plotting the radial profiles of each. The
four panels show fcover(r) for four different NHI column den-
sity thresholds, from low 1015 cm−2 columns, to Lyman-
limit system (LLS) equivalents with > 1017.2 cm−2 through
damped Lyman-alpha systems (DLAs) at > 1020.3 cm−2.
At all column density limits, the Primordial-Only simula-
tion has similar covering fractions as a function of distance,
dropping rapidly from unity at r . [0.1− 0.2]rvir to approx-
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Figure 7. Visualization of the difference between the primoridal cooling only simulation (left column) and the galactic winds run (right
column). We show the gas temperature projection (top), HI column density (center), and MgII equivalent width (bottom) around the
central galaxy at the final redshift z = 2.25. The latter two adopt a ±1000 km/s velocity cut along the line of sight. In the simulation

with galactic winds the dense gas clearly extends to larger distances into the inner halo, and this material corresponds to high column

density (or equivalent width) observational tracers, which have correspondingly larger covering fractions. The dashed circles mark the
virial radii of the halos.
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Galactic Winds
Primordial Only

Figure 8. HI covering fractions for four different column density thresholds, compared to observational data at z ∼ 2 for ∼ 1012M�
halos from Rudie et al. (2012), which is shown in gray errorbars. Different colored lines show our simulations: Primordial-Cooling Only
(blue) and Galactic-Winds (green). The Galactic-Winds simulation has covering fractions of neutral gas within rvir which are appreciably

enhanced above the levels seen in the cooling-only simulation, an effect which makes them roughly consistent with the observations.

imately 20% (5%) at rvir for log(NHI) > 17.2 (20.3) cm−2.
In contrast, the Galactic-Winds simulation (green line) ex-
hibits higher covering fractions regardless of NHI threshold
or radius. At the lowest column densities, this enhancement
is as much as 50% over the cooling-only simulation. For
LLS columns and above this effect is closer to 10% within
the halo. This enhancement exists despite the lower overall
(spherically averaged) radial number density profiles seen in
Figure 6, due to the larger area covered by effectively higher
column HI. At large distances (& 1.5rvir) both simulations
converge to similar covering fractions, except at the lowest
threshold of NHI > 1015 cm−2 where the Galactic-Winds
case remains enhanced.

In Figure 8 we also include a comparison to obser-
vations of ∼ 1012M� halos at z ∼ 2 from Rudie et al.
(2012), who measured this quantity around star-forming
galaxies. Note that our halo may be slightly smaller at
z = 2.25 (Mhalo ∼ 1011.6M�) than the observed LBGs
(Mhalo ∼ 1012M�, although see Rakic et al. 2013, who de-
termine a somewhat smaller mass). The cooling-only sim-
ulation has significantly less lower-column HI gas than ob-
served, with covering fractions low by as a much as a fac-
tor of two. On the other hand, the simulation with galactic
winds alleviates this tension and is consistent with the ob-
servations, thanks to the much flatter decline of fcover(r) for
low columns (see also Faucher-Giguère et al. 2016). As in

Suresh et al. (2015), we note a slight discrepancy between
both simulations and the observational data point for the
covering fraction of LLSs (NHI > 1017.2 cm−2) at twice the
virial radius (this is likely only due to the missing contri-
bution from other structures along the line of sight, which
are not represented in our zoom simulations, e.g. Rahmati
et al. 2015; Nelson et al. 2017). Nevertheless, the HI cov-
ering fractions within the virial radius, which is our focus
herein, are consistent with the available observational con-
straints across the full range of column density thresholds
for the Galactic-Winds run. We note that at rvir and be-
yond there is, at present, little discriminatory power in the
covering fractions of LLS columns and above, as even the
most discrepant models – the cooling only cases, which fail
to produce reasonable galaxy stellar masses for example –
cannot be distinguished from the simulation with the more
realistic Illustris galactic winds model.

Going beyond hydrogen and considering a relatively low
ionization energy metal ion, Figure 9 compares the MgII
equivalent width profiles at z = 2.25 with observations taken
at lower redshifts (z < 1). Note that this plot is meant to
be suggestive only, since the difference in redshift is con-
siderable, and furthermore, our simulated galaxy does not
necessarily represent the typical system in these observa-
tions. Nonetheless, the differences between the simulations



Simulating cold circumgalactic gas 11

Galactic Winds
Primordial Only

Figure 9. The MgII (2796Å) equivalent width as a function of
impact parameter, compared to observational data (different sym-

bols) from lower redshifts taken from Barton & Cooke (2009);
Chen et al. (2010); Werk et al. (2013). Different colored lines show

medians for our simulations: Primordial Cooling Only (blue) and
Galactic Winds (green). The colored band gives the 10-90th per-

centile scatter. Enhancement of the MgII EW in the Galactic

Winds simulation is significant – an order of magnitude effect at
rvir/2 which persists all the way to the virial radius and beyond.

are quite instructive, and the Galactic-Winds equivalent
width results intriguing even at high redshift.

As with HI, Figure 9 shows that the MgII profiles for the
cooling-only simulation are significantly less extended than
the Galactic-Winds run, as expected. The extent of MgII
outside of galaxies in particular may represent an interest-
ing, observationally accessible constraint on feedback models
(e.g. Kauffmann et al. 2017). While the cooling-only simu-
lation has equivalent widths exceeding ∼ 1 Å only within 20
kpc, this is true for the simulation with winds out to nearly
50 kpc. The relative enhancement in EW is an order of mag-
nitude at half the virial radius, and this increase continues
even beyond rvir. Interestingly the MgII profile at R & 40
kpc in the Galactic-Winds simulation would be broadly con-
sistent with the z < 1 data. Conversely, the simulated profile
is significantly higher than the low-redshift observations for
R . 40 kpc, which is where the galactic winds begin to dom-
inate the cool-dense gas mass profile, as we explore below
in Section 4. Galactic outflows are significantly stronger at
z & 2 than at z < 1, both in simulations and observations,
so it is unsurprising that the MgII EW is stronger than ob-
served at low redshift.

Taken together, Figure 8 and Figure 9 demonstrate that
the Galactic-Winds simulation may plausibly produce a rea-
sonable distribution of cold, dense gas in the CGM. This
tentative and somewhat speculative agreement with obser-
vational expectations lends at least some confidence to our
further exploration into the origin of this gas.

Figure 10. Breakdown of gas which will end up in the cold CGM

phase at z = zf = 2.25 as a function of redshift. By the final
redshift zf , when including galactic winds, approximately 3/4 of
the cool-dense CGM phase is gas which has, at one point, been

in the central galaxy and is now expelled through winds. The
remaining quarter is split equally between primordial, ’smooth’
cosmological accretion and gas stripped from satellite galaxies.

4 TRACING THE ORIGINS OF THE
COOL-DENSE CGM PHASE

4.1 Accretion History

Using the Monte Carlo tracers (see description in Sec-
tion 2.3; there are on average 20 tracers per gas cell or star
particle) we directly identify the mass which will give rise
to the cold CGM phase, and track its thermal and dynam-
ical history back in time. Noting that the final redshift is
zf = 2.25, we define the following tracer categories:

• ‘Primordial’ is material that has never been inside a
galaxy by zf . This is intergalactic baryonic mass.

• ‘Fountain’ is material that was once part of the central
galaxy, and is in the CGM at zf , having been ejected at some
point either dynamically or directly by our wind model.

• ‘Stripped’ is material that was once part of a satellite
(but never the central), and is in the CGM at zf , having
been stripped from its original system.

The second category could also be called ‘central galac-
tic fountain’, and includes gas ejected in the distant past as
well as gas just entering the CGM from the wind at zf . In
addition to studying if and when material has been inside
of a galaxy, we can also quantify the contribution of the hot
halo cooling into the cold CGM by further decomposing the
‘Primordial’ category into two sub-categories, depending on
previous heating. We use a threshold on the ratio of the max
past temperature of the tracer particle, Tmax, and the virial
temperature Tvir of the halo at that time. If Tmax/Tvir < 0.5
we refer to this gas as ‘unvirialized’, otherwise it is ‘virial-
ized’ (Nelson et al. 2013).

Given these definitions, Figure 10 shows a mass budget
of the material which ends up in the cold phase of the CGM.
We focus here, and below, on the Galactic-Winds simulation.
We select all the gas in the cool-dense phase at zf and show
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Galactic Fountain in cold CGM phase of Full-Physics
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Figure 11. The number of times each tracer of ‘galactic foun-

tain’ material has cycled through the central galaxy, as a func-
tion of redshift. By z = 2.25, ∼ 60% of the galactic fountain has
been through the galaxy more than once, and ∼ 25% has cycled

through the central galaxy four or more times. Only ∼ 1/3 of gas
in this phase has been in a galactic wind just once.

the evolution of that material at earlier times. For instance,
roughly 15% of the cool-dense CGM has just originated from
cosmological accretion, ‘gas that has never been in a galaxy’,
while about as much (∼ 15%) has been likewise accreted
after previously having belonged to a satellite. The majority,
∼ 75%, has joined this phase of the CGM as a direct result
of the central galactic fountain, about a third out of which
has been deposited since the previous snapshot, within the
last ∼ 50 Myr.2

Of the ∼ 15% component arising from ‘smooth’ cosmo-
logical accretion, roughly half has been shock heated and
half has remained unvirialized. Of the total, the vast ma-
jority originates from the central galactic fountain, which
accounts for the origin of approximately 3/4 of the cool-
dense CGM gas. We note that the cooling-only run exhibits
behaviors that are distinctly different from the Galactic-
Winds simulation. In particular, in the cooling-only simu-
lation ∼ 60% of the cold CGM phase arises from gas that is
‘primordial’ (never been part of a galaxy), and about 25%
has been stripped from a satellite (at zf = 2.25). The re-
maining 15% is gas which was at one point associated with
the central galaxy. This fits the general picture that, in the
absence of galactic feedback, it is difficult for gas to escape
once it has entered any galaxy. Gas is more easily stripped
from the orbiting satellites than the central galaxy at the
center of the potential well, which helps the small satellites
contribute to the cold phase. Conversely, when winds are
turned on, much of the material which passes through the
central is now able to cycle back out.

The vigor of the galactic fountain flow is related to a

2 Since z = 2.25 is our reference snapshot, all of the cold CGM
gas at this snapshot is, by construction, either primordial, foun-

tain, or stripped. If any gas has been in both a satellite and a
central galaxy, and is now not associated with any galaxy, it is

defined as being part of the galactic fountain.

Figure 12. Mass profiles of the cool-dense CGM at z = 2.25

for the Galactic-Winds run, broken down by the various produc-
tion channels. The strong galactic fountain material is the most

significant component out to ∼ 0.65 rvir (∼ 45 pkpc), beyond

which primordial gas begins to dominate. Cool-dense gas which
has cooled out of the hot halo and gas which has been stripped
from satellites are, at every radius, sub-dominant to cool-dense

gas from the galactic fountain.

recycling timescale – that is, what fraction of ejected gas
returns to the central galaxy and on what timescale. Re-
latedly, we measure the multiplicity of outflow events for
individual parcels of gas. Figure 11 shows how many times
the gas which is in this galactic fountain which contributes
to the cold CGM phase at z = 2.25 has been recycled. At the
end of the simulation, only ∼ 1/3 of gas in this phase has
participated in a galactic outflow just once, while ∼ 60%
has cycled through the galaxy two or more times. The pro-
fusion of multiple-outflow tracers builds up with redshift; at
z & 5 there hasn’t yet been enough time for any baryons
to participate in the cycle more than once. This strong re-
cycling is a signpost of the ‘ejective’ nature of the galactic
wind model, which acts primarily by removing cold, dense
gas from the ISM, rendering it unable to form stars for some
period of time. The non-negligible wind mass-loading at in-
jection (η = Ṁwind/Ṁ? ' 2 − 3 at this mass and redshift
scale) implies that a significant amount of gas mass is shifted
from the ISM to the inner CGM. Anglés-Alcázar et al. (2017)
present similar recycling event distributions for the FIRE
model (although at z = 0), and in rough comparison it ap-
pears that we have somewhat more frequent recycling (i.e.
more recycling events implying shorter recycling timescales).

4.2 Density and Kinematics

In Figure 12 we therefore show the mass profile of the cold
CGM phase at z = 2.25, broken down by the produc-
tion channels defined above. In the Galactic-Winds simula-
tion a strong galactic fountain dominates out to ∼ 0.65 rvir
(∼ 45 proper kpc), beyond which primordial gas becomes
the largest component. While the total density and slope of
the inner halo are set by fountain gas, they are likewise set
by unvirialized primordial gas in the outer halo. Cool-dense
gas which has cooled out of the hot halo – the ‘primordial
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Figure 13. Kinematics: radial velocity distributions of the cold

CGM gas at z = 2.25 in the Galactic-Winds simulation, decom-
posed into the different production channels. Negative velocities
denote gas which is infalling towards the central galaxy, while

positive velocities are outflowing material. As expected, the vast
majority of gas which is outflowing was produced by the galactic
fountain, especially for vrad > 100 km/s. All other components

are net inflowing, although each has distinct vrad distributions,
including the notably different behaviors of virialized and unviri-
alized primordial gas.

(virialized)’ channel (light blue line) – and gas which has
been stripped from satellites (orange line) are both, at ev-
ery radius, sub-dominant to cool-dense gas originating in
the galactic fountain (green line). Interestingly, the shape
of the fountain gas and the virialized primordial (hot halo
cooled) gas profiles are similar, the latter consistent with
a simple scaling down by roughly one order of magnitude
in density. This suggests a direct relationship between the
two, whereby wind material interacting with the dense gas
of the inner halo produces a rapidly cooling hot halo phase.
We explore this idea of ‘wind stimulated cooling’ and its
implications for the presence of cold gas in the CGM below.

Beyond density and temperature, we next consider the
kinematics of the cool-dense phase. Figure 13 shows the dis-
tribution of cold CGM gas radial velocities at z = 2.25
for the Galactic-Winds simulation, binned from -300 km/s
(inflow) to +300 km/s (outflow). We again decompose this
phase into its different origins, according to the same defi-
nitions. The dominant galactic-fountain component demon-
strates the existence of strong (significant mass) outflows
with typical velocities of ∼ 100-200 km/s. Indeed, essentially
all gas which is outflowing has been produced by the central
fountain, especially for vrad > 100 km/s. The fountain origin
material is the dominant component of the cool-dense phase
by mass. It also has a far more symmetric radial velocity pro-
file than any of the other components, indicative of a near
equilibrium balance between inflow and outflow through the
halo (i.e. leading to nearly zero net inflow available to the
galaxy; Nelson et al. 2015).

Interestingly, the kinematics of primordial-origin cool-
dense gas depends strongly on past heating history. Unviri-
alized primordial gas (purple line) is unambiguously inflow-
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Figure 14. The metallicity distribution of the cold CGM phase,

split by production channel. Both of our simulations show a
metallicity bimodality between gas that has been inside a galaxy

versus primordial gas, particularly the cooling-only run. The

former, arising from stripped gas or the central fountain, has
Z/Z� & 1%. Primordial inflow is largely restricted to lower
metallicity in the cooling-only run, flattening considerably in the

Galactic-Winds case due to enhanced enrichment prior to infall.

ing, with an average velocity between -150 and -200 km/s,
i.e. approximately equal to the circular velocity of the halo.
In contrast, cool-dense gas with a virialized primordial ori-
gin (light blue line) is both inflowing and outflowing, with
a broad and nearly flat vrad distribution between -250 km/s
and 100 km/s. This tail towards less negative radial veloc-
ities hints that the ‘primordial (virialized)’ gas is cosmic
accretion mixed with, or influenced by, vrad > 0 material
– i.e. the outflowing winds. Accretion shocks could likewise
decrease the inflow speed and so make vrad less negative.

4.3 Metallicity

Traditionally, in either simulations or observations, the en-
richment level of gas provides a tempting target for the char-
acterization of inflow versus outflow. Figure 14 therefore ad-
dresses the metallicity of cool-dense CGM gas at z = 2.25,
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Galactic Winds
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Figure 15. Metallicity distribution of HI absorbers with im-

pact parameter r2D < rvir, restricted to 1016.2cm−2 < NHI <

1018.5cm−2. This column density range is chosen for comparison
with the bimodality identified in z . 1 HI absorbers (Lehner et al.
2013; Wotta et al. 2016). Metallicities span a large range, from one

thousandth solar to super-solar values. The Galactic-Winds sim-
ulation shows the strongest bimodality, with two distinct peaks:
one at low, ‘primordial’ (IGM) metallicities of . 1% solar, and
the second at high, ‘enriched’ (outflow) metallicities of ∼Z�/2.

again split by production channel – the top panel shows
the primordial cooling-only run, while the bottom shows
the Galactic-Winds run. The metallicity distribution shows
a bimodality in all simulation variants, and is particularly
strong in the cooling only cases. Specifically, gas which has
at some point been inside a galaxy typically has metal-
licities Z/Z� > 10% (orange and green lines), while gas
which has never entered a galaxy typically has metallicities
Z/Z� . 1% (purple and blue lines). These two classes of gas
are nearly disjoint in metallicity space in the cooling-only
run, although we see that a small mass fraction of ‘primor-
dial’ gas is enriched to 0.1Z� while an even smaller fraction
of stripped infall remains below 0.01Z�. This strong sepa-
ration in Z is much less pronounced in the Galactic-Winds
case, where more enrichment of even ‘primordial’ gas can oc-
cur prior to infall due to mixing and pre-enrichment. Note
that the quantitative values of these dividing lines largely
separating inflows and outflows are only appropriate in the
regime of Mhalo ∼ 1012 M� at z ∼ 2. This bimodal dis-
tribution is suggestively similar to the bimodality in LLS
metallicities observed by Lehner et al. (2013); Wotta et al.
(2016) at z ∼ 1, who found two peaks centered at ∼ 2.5%
and ∼ 50% solar metallicity. At our higher redshift these
values should naturally shift lower.

As an important caveat, the role of mixing in CGM gas
including the impact on e.g. metallicity distributions of LLS
absorbers, is an issue which requires further study. In par-
ticular, due to the finite resolution of numerical simulations,
some level of numerical diffusion (mixing) is unavoidable,
and it is unclear if, at present resolutions, this is comparable
or not to the expected amount of physical mixing. Under-
standing the role of mixing in setting CGM properties, and
the influence of CGM refinement on mixing processes, will
be an important topic for future work.

Figure 15 shows a slightly more direct comparison to the
observations, considering the metallicity of HI absorbers in
the column density range 1016.2 cm−2 < NHI < 1018.5 cm−2

and impact parameters of r2D < rvir, using the same line of
sight velocity cut of ±1000 km/s. A strong bimodality is still
visible in the HI absorbing sightlines in the Galactic-Winds
simulation, where absorbers at the two extrema are about
two orders of magnitude more common than at intermediate
metallicities of Z ∼ 10−1.5Z�. This bimodality is present in
the cooling only run, although less pronounced, presumably
because no outflows (other than pure dynamical motions)
are present to redistribute metals out of the ISM and into
these sightlines.

We note there are some strong caveats in this qualita-
tive comparison with the observational data: first, we have
not attempted to compute the metallicity directly from the
spectrum as would be required observationally. Second, we
have taken only sightlines which are within the virial circle
of the central galaxy, whereas the observations are derived
from an HI-selected sample. This may be minor, as the col-
umn density cut employed suggests that these absorbers are
likely to reside within the CGM of galaxies (albeit with un-
certain halo masses). Third, we have simulated here only
one halo, and at higher redshift. Nevertheless, our finding
tentatively suggests that the observed metallicity bimodal-
ity is revealing two largely distinct populations of gas: a
high metallicity peak of gas which has been cycled through
the central galaxy and ejected through a wind, and a low
metallicity peak of cold halo gas which has never accreted
into the ISM of a galaxy (see also Rahmati & Oppenheimer
2017, who analyze LLS metallicities in EAGLE and do not
find any clear bimodality). We would anticipate this z ∼ 1
observed dichotomy should be present and even more pro-
nounced at z ∼ 2.

4.4 Thermodynamical Evolution

We conclude with a look at the temperature history of gas,
decomposed into each of the usual production channels, fo-
cusing as above on the z = 2.25 cool-dense phase of the
CGM. Figure 16 shows the distributions of maximum past
temperature Tmax, while Figure 17 gives the distribution of
radii at which these Tmax events occurred, scaled to the virial
radius of the halo at that time3.

The maximum past temperature distributions of
stripped (orange) and primordial (dark blue) gas are broad;
the former is skewed towards higher temperatures, and the
latter towards lower temperatures. Gas from these two ori-
gins also experiences heating at different locations within
the halo. In particular, stripped gas appears biased towards
heating at smaller radii, possibly due to its distinctive orbits
and/or phase structure. Unvirialized primordial gas achieves
its Tmax in a narrow peak between 0.8− 1.0 times rvir. This

3 Our knowledge of the maximum temperature is not limited by

the snapshot time separation, as the tracers continuously, namely
in every simulation time step, keep track of this quantity. In con-
trast, the location of any tracer at the time it sees its maximum

temperature is not known to us exactly. Hence, its approximate
value here is taken to be the location of the tracer at the first avail-

able snapshot after the maximum temperature has been recorded.
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Figure 16. Maximum past temperature of all gas which is in the

cold CGM phase at z = 2.25, in the Galactic-Winds simulation.
Note that the histograms are independently normalized to high-

light the Tmax distribution within each origin category. Essen-
tially all of the gas which is in the central fountain reaches high
maximum temperatures, symptomatic of the outflowing winds
shocking on the existing quasi-static hot halo gas at relatively

small radii.
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Figure 17. Radial distance between gas element and central

galaxy at the time that the gas cell reaches its maximum temper-

ature, normalized by rvir at that time. All gas in the cold CGM
phase at z = 2.25 in the Galactic-Winds simulation is included.

The histograms are independently normalized to highlight the
distribution of each origin channel. Much of the galactic fountain
reaches its maximum temperature very close to the galaxy, as

winds shock immediately upon interacting with the hot halo gas,

though there is a sizable tail to larger radii and evidence for a
‘double-shock’ structure within the halo.

clear virial shock signature implies that our Tmax/Tvir < 0.5
criterion to distinguish unvirialized gas is an imperfect sep-
aration.

Gas above the Tmax = 0.5Tvir threshold (light blue line)
has either heated to higher temperatures at this same radius,
or, more commonly, experienced additional heating within

the halo at an inner shock. The presence of galactic winds
modifies the radius at which this ‘primordial (virialized)’ gas
reaches its Tmax. In the absence of winds, the primordial gas
which does virialize typically reaches its Tmax at r ∼ 0.7rvir
(not shown), but when winds are turned on, much of this gas
reaches its maximum temperature much closer to the galaxy,
as seen in Figure 17. This feature may be expected based on
the finding of Schaal et al. (2016) that high redshift galaxies
in Illustris commonly have a double-shock structure. Simi-
larly, Nelson et al. (2016) discuss how the radius of the virial
shock preferentially moves towards smaller radii in direc-
tions experiencing rapid accretion across the virial sphere,
albeit in simulations without winds. Here the outflows may
also partially disrupt the stability of the outer virial shock
and hence allow more of the primordial gas to enter the inner
halo before being virialized.

Most interestingly, gas originating in the central foun-
tain (green line), which constitutes the majority of the cool-
dense CGM in the Galactic-Winds simulation, has high Tmax

values, peaking at ' 106.5K, and even exceeding the virial
temperature in many cases. There are two typical halocen-
tric distances where this occurs: in the inner halo, at radii
of order ten kiloparsecs (∼ 0.1 − 0.25rvir) and just beyond
half the virial radius at ∼ 0.5 − 0.7rvir. Here we measure
Tmax over the full history of the tracers, hence these statis-
tics represent a mix of maximum temperatures of individual
tracers that could have been achieved either before or after
they are in the wind phase.

To understand the nature of these very high maximum
temperatures of the central fountain gas, we perform an
analysis of the thermodynamical evolution of gas around
wind recoupling events, which are the defining feature of
central fountain gas. To do so, we generated simulation snap-
shots separated by short time intervals of ∼ 1− 2Myr, for a
total period of 11Myr between z = 2.2466 and z = 2.2383.
For convenience, in the following discussion we define the
second snapshot in this series, z = 2.2452, as t = 0. We
make a selection of tracer particles based on information
from two adjacent snapshots, as follows. We select all tracers
that i) belong to normal gas cells throughout t = −1.9Myr
to t = 9.2Myr, and ii) at t = 0 reside in gas cells that also
contain tracers which at t = −1.9Myr belonged to a wind
particle, rather to a normal gas cell. That is, we select tracers
that at t = 0 belong to cells that have ‘just’ (namely within
the last 1.9Myr, which is roughly the cooling time) experi-
enced a wind particle recoupling into them. Since all tracers
in any given cell are fully mixed, at t > 0 this is equivalent
to following the evolution of tracers that come directly from
the wind itself. We instead follow the tracers that have been
‘recoupled into’, as this allows us to make a distinction ac-
cording to pre-recoupling properties. In particular, we split
this tracer sample by their temperature prior to recoupling:
cold (Tt=−1.9Myr < 105K) or hot (Tt=−1.9Myr > 105K).

In Figure 18 we present the evolution of these two tracer
populations as colored points on the (ρ,T) phase diagram.
The first column from the left shows the t = −1.9Myr prop-
erties of gas that will soon (by t = 0) be recoupled into by
one or more wind-phase particles. At this point, cold gas
(top row) has densities from log nH[cm

−3] ∼ −2 up to the
density threshold for star-formation lognH[cm

−3] ∼ −0.9
and even beyond, while hot gas (bottom row) has a nar-
rower pre-recoupling density of log nH[cm

−3] ∼ −2. Recall
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Figure 18. Thermodynamical evolution of gas due to wind recoupling. In all panels, gray shows the general distribution of gas cells
on the phase diagram, and the dashed lines highlight our definition of the cool-dense phase. The colored points in each row represent a
certain fixed selection of tracer particles, shown at different times in the different columns. The selection is for tracers that at z = 2.25,

defined here as t = 0, reside in gas cells into which wind-phase tracers have recoupled between t = −1.9Myr and t = 0. The two rows
separately show the evolution of tracers according to their temperature prior to recoupling: either initially cold (top row) defined as
Tt=−1.9Myr < 105K, or initially hot (bottom row), with Tt=−1.9Myr > 105K. The time evolution of the columns is: Leftmost (first)

column: Pre-recoupling. Second column: Maximum temperature between t = −1.9Myr and t = 0 versus pre-recoupling density. Third
column: Post-recoupling. Fourth column: At ∼ 6− 7Myr after recoupling. Fifth column: At ∼ 9− 11Myr after recoupling.

that the recoupling density is a parameter of our model,
and is set to 5% of the star-formation threshold, namely
lognH[cm

−3] ∼ −2.2. This explains the lower limit evident
in the pre-recoupling density. The distribution extends to-
wards larger values, however, because wind particles can also
recouple based on a maximum time criterion, equal to 2.5%
times the current Hubble time. Overall, wind particles re-
couple into gas with a broad distribution of temperature and
density, subject to a lower limit of log nH[cm

−3] ∼ −2.2.
The second column from the left in Figure 18 shows

the same quantity on the horizontal axis, namely the pre-
recoupling density, while the vertical axis now indicates the
maximum temperature that each of the selected tracers has
experienced between these two adjacent snapshots, which
bracket its ‘recoupling event’. The majority of the initially
cold (T < 105K, top row) tracers have been heated dur-
ing this short time window to temperatures above 105.5K,
and the initially hot (T > 105K, bottom row) tracers have
largely heated up to above 106K. We conclude that this
heating occurs primarily due to a rapid conversion of the
kinetic energy of the wind into thermal energy through a
local shock (e.g. Schaal et al. 2016; Fielding et al. 2017).4

4 It is worth noting that some tracers in the upper row of the
second column of Figure 18 show a maximum temperature be-
tween t = −1.9Myr and t = 0 that is cold, at ∼ 104.2K. These

are tracers that have in fact not experienced the recoupling event,
but have joined the cells that contain previously-wind tracers af-

ter an already-completed recoupling-heating-cooling sequence. In

The third column from the left in Figure 18 shows the
properties of these same tracers, now at t = 0, the snapshot
in which they are identified to be residing in the same gas
cells as tracers that have just been converted from wind par-
ticle. It is evident that the densities in the top row have typ-
ically dropped by roughly an order of magnitude, represent-
ing the expansion of over-pressurized cells that have started
off at t = −1.9Myr with densities lognH[cm

−3] ∼ −1 and
subsequently been heated to ∼ 106K by the recoupling. A
significant drop in temperatures is also evident. Within less
than two Myr after recoupling, a significant population of
cool-dense gas accumulates, mostly from tracers that were
cool at t = −1.9Myr, but also from those that were hot at
that time. By ∼ 6Myr after the recoupling event (fourth
column), the majority of initially hot gas is already part
of the cool-dense phase, and this transition is almost fully
complete by t = 9.2Myr, as seen in the fifth column.

In Figure 19 we show six typical examples for evo-
lutionary tracks of individual tracers through time. The
gray and colored cyan/magenta points are identical to the
t = −1.9Myr distributions of Figure 18 and represent the
starting point of the evolution. Each tracer track begins
with a filled dark blue circle at that time, and its maxi-
mum temperature between t = −1.9Myr and t = 0 is shown
with an empty circle. The tracks then follow their evolution

this sense, our selection is not ‘pure’ due to the finite time window
of 1.9Myr (of order tcool) between the two snapshots we used for

the selection.
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Figure 19. Evolution examples of individual tracer particles on

the phase diagram due to recoupling. The background is identi-

cal to the left column in Figure 18, representing the overall gas
distribution (gray) and tracers that reside in cold (top) or hot

(bottom) gas cells that are about to experience a recoupling by a
wind particle. Each track represents the evolution of a single ‘typ-

ical’ tracer that starts from the colored point distribution prior to

recoupling (t=-1.9Myr, filled circle). The maximum temperature
between t = 0 and t = −1.9Myr is shown by the empty circle on

each track. The color on the tracks and the colorbar indicate the

time, in Myr, relative to the post-recoupling snapshot (t = 0).

until t = 9.2Myr, with color indicating time in Myr ac-
cording to the color bar. These tracks confirm our previous
analysis of the evolutionary progression of the wind-heated
CGM. Namely, gas in the top panel, with pre-recoupling
temperature T < 105K, typically heats up to T & 106K but
cools extremely rapidly back down into the cool-dense phase

within ∼ 1Myr.5 Similarly, gas in the bottom panel, with
pre-recoupling temperature T > 105K, typically heats up to
T ∼ 106−6.5 and then cools back down into the cool-dense
phase, however over a somewhat longer timescale of a few
million years, which is still much shorter than the dynamical
timescale of the halo.

It is clear that the high maximum temperatures of the
central fountain gas, previously seen in Figure 16, are short-
lived. These rapid evolutionary timescales are expected,
given the densities of the inner halo gas. At lognH[cm

−3] =
−2, the cooling time of the gas (in photo-ionization equilib-
rium with the z = 2.25 metagalactic background) is ' 3Myr
at T = 105.5 K and ' 10Myr at T = 106 K. We also ex-
amined the distribution of halocentric distances of tracer
particles at the time they undergo recoupling (not shown),
and found that the typical distances are ∼ 10−20 kpc, with
a sharp cutoff at ≈ 22 kpc. The distribution of wind-phase
particles occupies a similar volume of the inner halo. This
indicates that, in our previous analysis of the radii where
Tmax is achieved by ‘central fountain’ gas (Figure 17), the
∼ 0.15 − 0.25rvir peak corresponds to maximum tempera-
tures achieved as a result of the wind shock heating into the
inner CGM. It is worth noting that the particular location
of this peak is a rather strong function of the recoupling cri-
teria, encapsulated in free parameters of the sub-grid model
(see also Section 5). On the other hand, the ∼ 0.5− 0.7rvir
peak corresponds to tracers whose temperature during this
process did not exceed the maximum temperature achieved
earlier during their initial accretion into the halo and en-
counter with the halo virial shock. As these two peaks have
roughly the same integrals, about half of galactic fountain
material, as it recycles in the inner halo, shocks to a higher
temperature than as a result of the virial shock itself.

4.5 Impact of the CGM refinement scheme

Until now we have primarily emphasized the differences be-
tween the Primordial Cooling and Galactic Winds runs,
both executed using our new CGM refinement scheme. Here
we discuss briefly the impact of the additional refinement
itself, i.e. we compare the fiducial L11 12 Galactic Winds
simulation with an otherwise equivalent, ‘unboosted’ L11
run. Note that this unboosted run with galactic winds has
not been considered above, nor in previous work. The res-
olution properties of the halo gas, for instance the gas cell
mass and spatial resolution as a function of galactocentric
distance, are the same as previously presented in Figure 1.
In the majority of the halo volume, the unboosted run has
gas cells which are a factor of two larger in size, and a factor
of eight larger in mass. We note that the galaxy properties
themselves appear, reassuringly, resilient to the CGM re-
finement procedure. The final stellar mass changes by less
than 0.1 dex, and the gas-phase metallicity of the ISM is
also unchanged (. 20%).

In Figure 20 we show a visual comparison of these two
simulations, in projected gas density within a small subset
of the halo – each panel is 40% of the virial radius across.

5 One example is also shown of a track where this does not hap-
pen. This example is, as is typical of these cases, a tracer starting

out with relatively low density.
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Figure 20. Comparison of gas structure in the Galactic Winds halo at the final redshift of z = 2.25, contrasting a ‘normal’ L11 resolution
run (left panel) to our fiducial, CGM refinement boosted run (right panel). We show projected gas density, focusing on the upper left
quadrant of images previously shown in this paper. The solid circles show 0.25rvir while the dotted circles show 0.5rvir. The enhanced

resolution with the CGM refinement scheme leads to a striking ability to resolve halo gas structures, in both outflows and inflows. For
reference, the small white square is 200 physical parsecs on a side – the fiducial simulation analyzed in this work well resolves gas
structures with 100− 200 pc sizes. Nonetheless, we find little quantitative difference between these two simulations in the metrics, such

as HI covering fractions or the radial profiles of cold gas mass, considered herein.

In comparison to the un-modified, unboosted run (left),
the CGM refinement scheme (right) enables us to resolve
much finer halo gas structures, as designed. In particular,
we show with the small white square a reference size-scale of
200 physical parsecs, concluding that the resolution-boosted
simulation is able to resolve gas structures with 100 − 200
pc sizes. Note that this requires gas cell sizes well below the
∼ 95 pc median resolution quoted previously, however these
occur naturally in denser flows thanks to the natural spatial
adaptivity of the code, reaching 12 pc at their smallest.

Despite the impressive qualitative differences in the
morphology and structure of halo outflows as well as cos-
mological inflows, we find, as a general conclusion, that the
majority of our quantitative results are more or less robust
to the enhanced resolution. In particular, the redshift evolu-
tion of the masses of different halo component (Figure 5) is
unchanged, at the ∼ 0.1 dex level. The radial profiles of cool-
dense and non cool-dense gas (Figure 6) are also consistent
between the two runs, at all radii 0.15 < r/rvir < 1.2. The HI
covering fractions as a function of distance out to twice the
virial radius (Figure 8), for the four different column den-
sity thresholds, are converged at the level of 5%. The column
density profiles of MgII versus impact parameter (Figure 9)
show a hint of an increase in the resolution-boosted run, but
the signal is marginal and . 0.2 dex in log cm−2. Overall, the
metrics (and observables) explored herein are not strongly
modified by the enhanced CGM resolution.

In a recent work considering a different, AMR-based
CGM refinement procedure, Peeples et al. (2018) came
to similar conclusions, finding that integrated quantities
such as mass surface densities and ionic covering fractions
changed only at the . 30% level (HI covering fractions by
less than 10%). In contrast, van de Voort et al. (2018) find
larger changes in HI column densities and covering fractions
of ∼ 1 dex and up to 20%, respectively (although at z = 0
instead of z ' 2). As all of these studies, including ours, are
essentially resolution convergence tests, we speculate that
the different conclusions as to the impact of an additional
CGM refinement may result from the different ‘base’ resolu-
tions of the simulations, i.e. where on the resolution ladder
the refinement step is taken. In particular, our ‘normal’ L11
run has already quite a high resolution – the halo spatial res-
olution is already below 1 kpc everywhere within 100 kpc,
which is the boosted resolution of van de Voort et al. (2018)
at which point they note a difference (with respect to a much
lower resolution simulation). Our results imply, therefore,
that our base run is already converged in e.g. HI covering
fraction, explaining the lack of change when moving to the
super-Lagrangian CGM refinement case. In the future, care-
ful comparisons will be able to determine the spatial and/or
mass resolution required to properly resolve particular pro-
cesses and structures of circumgalactic gas. For example, it
is important to keep in mind the likely possibility that there
exists a relevant physical scale that is still much smaller than
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the scales that any of the aforementioned CGM resolution-
boosted simulations, including ours, is able to resolve (e.g.
McCourt et al. 2018). In other words, the apparent con-
vergence we see may be broken in future simulations that
resolve even much smaller scales, for example by utilizing
an even more aggressive or targeted super-Lagrangian CGM
refinement scheme (Nelson et al. in prep).

Given the lack of substantiative changes in the struc-
tural properties of the halo gas and its evolution, we also
expect little change in the subsequent tracer based analy-
sis of accretion and cold gas production in the halo. The
notable exceptions are Figure 18 and Figure 19, where we
appreciate an important difference in the functioning of our
galactic winds model in the ‘normal’ versus boosted runs.
Namely, wind-phase particles are launched from the dense
ISM gas, which has the same base resolution in both simula-
tions. This is by design, whereby the resolution of the central
galaxy is unchanged by our CGM refinement scheme. How-
ever, these wind particles recouple into halo gas which has
a factor of eight different mass in the two cases – i.e., the
mass ratio of the wind and CGM gas cell is unity in the nor-
mal run, but eight in the CGM refinement run. As a result,
the impulsive energy deposition is much higher in the latter
case. This results in a more efficient thermalization of the
kinetic energy and hence stronger heating, as discussed in
Figure 18, but also a factor of a few larger density increase,
which enhances the cooling rate, allowing this newly heated
cell to rapidly cool. In contrast, recoupling into cold CGM
gas the un-modified L11 simulation less frequently results
in heating much beyond ∼ 105 K. The post recoupling cool-
ing is however similarly rapid in both cases. As a result, the
overall discussion of Figure 19 is largely unchanged and this
channel for cool halo gas production is qualitatively similar
in both simulations.

Finally, we note that the upcoming TNG50 cosmolog-
ical volume simulation (Nelson et al. in prep, Pillepich et
al. in prep) lies just shy of our ‘normal’ L11 resolution, and
will hydrodynamically resolve the circumgalactic medium of
halos with cells only ∼ 60% larger in spatial extent. For the
mass scale considered herein, Mhalo ∼ 1012 M� and z = 2,
TNG50 will resolve the CGM at the 1 kpc level within r . 60
kpc, and for a full cosmological sample of halos. It is rea-
sonable to expect the upcoming generation of cosmological
hydrodynamical simulations to reach such resolutions, which
have previously only been accessible in zoom scenarios.

5 DISCUSSION

Our principal goal was to explore the primary channel(s)
by which cold-phase CGM gas is produced and maintained
in the regime of ∼ 1012 M� halos at z ∼ 2. We find that
multiple channels contribute to the cool-dense CGM phase;
galactic outflows, satellite stripping, primordial unshocked
gas, and cooling out of the hot halo all play a role. Galac-
tic winds are the primary contributor to cold phase pro-
duction, with roughly 3/4 of the cold phase mass originat-
ing in a large-scale galactic fountain. Gas stripping from
satellites and primordial accretion both contribute roughly
equally to the remaining ' 25% of the cold phase. Compared
to cooling-only simulation, the Galactic-Winds run signifi-
cantly enhanced the amount of cold gas in the halo, which

is reflected in the larger covering fractions of neutral hydro-
gen (e.g. Faucher-Giguère et al. 2016) and in the equivalent
widths of MgII out to large radii (e.g. Zhu et al. 2014). A
large fraction of this cool gas can then reaccrete and provide
the fuel for subsequent star formation (Oppenheimer et al.
2010; Faucher-Giguère et al. 2011); we expect at least half
of cold gas accretion onto galaxies at z = 2 to originate from
fountain recycling (Nelson et al. 2015).

We emphasize that since our sample size consists of
only one galaxy, the specific percentage breakdown of cool-
dense gas production is only suggestive, and also undoubt-
edly varies as a function of halo mass as well as redshift.

We have seen that primordial inflows and fountain out-
flows occupy largely distinct regimes in terms of radial dis-
tribution, kinematics, and metallicity. In the cooling-only
run, the metallicity distribution in particular shows a clear
dichotomy, whereby gas which has at some point been in-
side a galaxy typically has metallicities Z/Z� > 10%, while
gas which has never entered a galaxy typically has metal-
licities Z/Z� . 1%. This could qualitatively explain sim-
ilar bimodal distributions seen for z . 1 HI absorbers as
found by Lehner et al. (2013) and Wotta et al. (2016) (see
also Lehner et al. 2016, at z ∼ 3). However, this signal
is much weaker in the Galactic-Winds run due to non-
negligible pre-enrichment of ‘primordial gas’ prior to ac-
cretion. Further, these distinctions are by no means abso-
lute, and there is overlap. For instance, we observed that
a non-negligible fraction of cool-dense halo gas whose ori-
gin was shock-heated primordial accretion was enriched and
even outflowing. Therefore not all outflow signatures nec-
essarily arise from a wind driven from the central galaxy
(Steidel et al. 2010; Rubin et al. 2014; Turner et al. 2015).
It may simply be the case that no particular observation can
uniquely be identified as inflow versus outflow, nor e.g. its
origin be determined on the basis of its metallicity, although
we anticipate that simulated ensembles could provide guide-
lines in the statistical sense and endeavor to provide more
observational diagnostics in future work.

We caution that our model for galactic-scale winds
driven by stellar feedback is necessarily limited in physical
fidelity. Namely, as we do not attempt to resolve the cold
neutral or molecular phases of the interstellar medium, nor
the explosions of individual supernovae, we cannot capture
the interaction between the two. Thus we employ the effec-
tive model of Springel & Hernquist (2003) which is designed
to function in this regime by hydrodynamically decoupling
wind-phase gas for some period of time, until they leave the
star-forming disk and then are allowed to ‘recouple’ into the
inner halo gas. While the decoupling and recoupling events
themselves are clearly not physical, the overall effect of the
model is to uplift gas from the galaxy to the inner halo,
where it can then cool rapidly at high density while still
outflowing, in resemblance to some more detailed numerical
models, as discussed below.

This effective behaviour of our model, which is critical
for the thermodynamical evolution of the CGM and the ori-
gin of cool-dense CGM in our simulations, can be expected
to be sensitive to the numerical recoupling parameters that
are employed. For a preliminary exploration of this possibil-
ity, we have continued the Galactic-Winds simulation from
z = 2.25 further down to z = 2 with a recoupling density
that is ten times lower, implying that wind particles inter-
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act with the CGM at somewhat larger radii, and where the
cooling times are longer. We examine the outcome close to
z = 2 and find that this results in tracer tracks that are much
more likely to not join the cool-dense phase within 10Myr
after recoupling. This is in accordance with the typical cool-
ing times of hundreds of Myr for gas at T ∼ 106K and
the lower recoupling density of lognH[cm

−3] ∼ −3. What
follows are also a lower overall cool-dense CGM mass, as
well as a lower star-formation rate in the galaxy itself. We
anticipate that further research along these lines, together
with more detailed simulations of wind interaction with the
CGM (Zhang et al. 2017; Fielding et al. 2017; Schneider et al.
2018), will pave the way towards a more robust treatment
of galactic winds in large-scale cosmological simulations.

It should be emphasized that the primary action of
the ‘kinetic’ wind model we employ is to generate wind-
phase particles with direct momentum input. Despite being
launched cold, virtually all of the gas which has been in the
galactic fountain has had a previous maximum temperature
of T > 106 K after interacting with the CGM. This is the
case due to the kinetic energy impulse and the subsequent
shocking on the surrounding CGM gas. Our tracer particle
analysis has demonstrated that despite high post-recoupling
temperatures, cool-dense gas then arises due to rapid cool-
ing (see also Fraternali et al. 2013). The implied rapid loss
of the energy wind particles carry makes our wind feedback
scheme ‘momentum-driven’ in nature, despite often being
described as ‘energy-driven’ in the sense that the overall en-
ergy at launch is kept proportional to the star-formation
rate of a galaxy regardless of its other properties. The sce-
nario whereby outflowing gas can rapidly cool as it expands
has qualitative similarities to that suggested by Thompson
et al. (2016), where more direct modeling of the wind-CGM
interaction phase and its subsequent cooling behavior has
also shown mechanisms for cold gas production in outflows
(Scannapieco 2017; Schneider et al. 2018).

In our model, cool ∼ 104 K gas is produced in the CGM
largely due to uplifting of gas from the galaxy that is sub-
sequently deposited under conditions that leads to rapidly
cooling. Nonetheless, large amounts of this cool gas can per-
sist in this galactic halo within a background atmosphere
with temperatures of order Tvir ∼ 106 K. This may provide
a theoretical picture to interpret observations of high cover-
ing factors of ‘cool ions’ in quasar-host and higher mass halos
(Prochaska et al. 2013; Arrigoni Battaia et al. 2015; Johnson
et al. 2015). For instance, the MgII equivalent width is ele-
vated above ∼ 0.1 Å all the way out to the virial radius (at
z ∼ 2, see also Lau et al. 2016). Although we have not con-
sidered the kinematics of the different CGM gas phases, we
anticipate that cool gas produced as a result of the cooling
outflow will be traveling outward at (relatively) high veloc-
ity. It is unclear if this will result in a significant relative
motion with respect to a slower moving hot background,
or if the local hot gas will be effectively comoving in the
outflow. Regardless, it is unclear that at the current resolu-
tions we would properly capture instabilities such as Kelvin-
Helmholtz which could possibly disrupt the cold component
(e.g. Heß & Springel 2010; Schneider & Robertson 2017).

We note that, in addition to the exploration of MgII
herein, we also find intriguing differences in the nature of
absorption by higher ionization energy species – OVI, in
particular. At the ' 2,200 solar mass resolution afforded by

our new simulations, OVI absorption appears more clumpy
or spatially inhomogeneous (e.g. Simcoe et al. 2006) and
predominantly arises from higher density gas (by ∼1 dex)
in comparison to analogous halos of IllustrisTNG (Nelson
et al. 2017). However, we cannot yet isolate the impacts of
differing resolution as well as physical model, and postpone
a detailed comparison of observable absorption signatures
for future simulations which can leverage the ‘CGM zoom’
technique for a larger halo sample simulated to z ∼ 0 in
the context of the new TNG model for galaxy formation
(Weinberger et al. 2017; Pillepich et al. 2018).

6 SUMMARY

In this paper we present cosmological simulations of the
same galaxy halo with increasingly comprehensive physical
models, ultimately including a treatment of galactic-scale
outflows driven by stellar feedback. Our chosen halo has a
total mass of ∼ 1012 M� at z ∼ 2, and we use these simula-
tions to explore the complex multi-phase gas of the circum-
galactic medium (CGM). With a particular emphasis on the
origin of cold, dense gas in the halo, our main results are as
follows:

• First, we propose and implement a novel, super-
Lagrangian ‘CGM zoom’ scheme, which focuses more resolu-
tion into the CGM and intentionally lowers resolution in the
dense ISM. In the present work, this enables us to achieve
a median gas mass resolution of ' 2,200 solar masses in the
CGM, or equivalently a spatial resolution of ' 95 parsecs,
the latter of which is, for instance, ten times better than in
Illustris, TNG100, or similar large-volume simulations.

• We find that winds substantially enhance the amount
of cold gas in the halo. By z ' 2, the total mass in the cool-
dense phase is nearly an order of magnitude larger than in
the hotter, less dense component. This enhancement also
manifests in the covering fractions of HI and the equivalent
widths of MgII out to large radii. Specifically, the simulation
with winds has higher covering fractions of HI regardless
of NHI threshold or radius, by as much as 50% over the
cooling-only simulation (at low columns). Within the halo,
our simulated halo is consistent with the HI covering fraction
measurements of Rudie et al. (2012) at all column densities.
For MgII, while the cooling-only simulation has equivalent
widths exceeding ∼ 1 Å only within 20 kpc, this is true for
the simulation with winds out to nearly 50 kpc. The relative
enhancement in EW is an order of magnitude at half the
virial radius. Interestingly, the MgII profile at R & 40 kpc
in the Galactic-Winds simulation are suggestively consistent
with the z < 1 data of e.g. Chen et al. (2010) and Werk et al.
(2013), although we do not continue the simulation down to
such low redshift.

• The metallicity distribution of Lyman-limit system
(LLS) sightlines shows a strong bimodality in the cooling-
only run. Specifically, gas which has at some point been in-
side a galaxy typically has metallicities Z/Z� > 10%, while
gas which has never entered a galaxy typically has metal-
licities Z/Z� . 1% (for Mhalo ∼ 1012 M� at z ∼ 2). This
dichotomy is suggestively similar to the bimodality in LLS
metallicities observed by Lehner et al. (2013) and Wotta
et al. (2016) at z ∼ 1, although again we do not simulate this
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regime directly. The inclusion of galactic winds in the simu-
lation, however, makes this signal noticeably weaker, sugges-
tive of the pre-enrichment of ‘primordial’ accretion. Winds
also increase the relative importance of metal-rich, non-
primordial accretion components arising from both satellite
stripping and the central fountain.

• Using a tracer particle analysis we decompose the cool-
dense CGM gas at z ∼ 2 into its different production chan-
nels. Of the total, the vast majority originates from the
central galactic fountain, which accounts for the origin of
approximately 3/4 of cool-dense gas in the halo. To the re-
maining ∼ 25% stripped material and cosmological accre-
tion contribute roughly equally. This second, primordial ac-
cretion component is also split ∼ 50/50 between virialized
(virial shock heated) inflow and unvirialized cold inflow.

• We demonstrate that the majority of this cool-dense
gas arises due to rapid cooling of the wind material inter-
acting with the CGM. As a result, large amounts of cold,
∼ 104 K gas are effectively deposited in this galactic halo
that contains also gas with Tvir ∼ 106 K. We anticipate that
the details therein will depend on the details of our wind
model, and that more physical treatments of the wind-halo
interaction may be crucial.

We expect that our super-Lagrangian refinement scheme can
be extended and even more aggressively applied, possibly
allowing fully cosmological simulations to reach parsec level
resolution in the circumgalactic medium and thereby resolve
additional physical phenomena of interest (e.g. Field 1965).
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