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We use a particle tracking analysis to study the origins of the circumgalactic
medium (CGM), separating it into (1) accretion from the intergalactic medium (IGM),
(2) wind from the central galaxy, and (3) gas ejected from other galaxies. Our sample
consists of 21 FIRE-2 simulations, spanning the halo mass range M, ~ 10'° — 102
Mg, and we focus on z = 0.25 and z = 2. Owing to strong stellar feedback, only ~ L*
halos retain a baryon mass 2 50% of their cosmic budget. Metals are more efficiently
retained by halos, with a retention fraction 2 50%. Across all masses and redshifts
analyzed 2 60% of the CGM mass originates as IGM accretion (some of which is asso-
ciated with infalling halos). Overall, the second most important contribution is wind
from the central galaxy, though gas ejected or stripped from satellites can contribute
a comparable mass in ~ L* halos. Gas can persist in the CGM for billions of years,
resulting in well mixed-halo gas. Sight lines through the CGM are therefore likely to
intersect gas of multiple origins. For low-redshift ~ L* halos, cool gas (T < 10*7 K)
is distributed on average preferentially along the galaxy plane, however with strong
halo-to-halo variability. The metallicity of IGM accretion is systematically lower than
the metallicity of winds (typically by = 1 dex), although CGM and IGM metallicities
depend significantly on the treatment of subgrid metal diffusion. Our results high-
light the multiple physical mechanisms that contribute to the CGM and will inform

Key words: galaxies: formation — galaxies: evolution — galaxies: haloes — intergalactic

2 Hafen et al.
ABSTRACT
observational efforts to develop a cohesive picture.
medium — cosmology: theory — galaxies: interactions
1 INTRODUCTION

& Schiminovich 2016; Turner et al. 2016; Gutcke et al. 2017;

The circumgalactic medium (CGM) of galaxies is inferred
to contain a baryonic mass comparable to or in excess of
the galaxy mass (e.g. Werk et al. 2014; Tumlinson et al.
2017). This large reservoir of gas, loosely defined as the gas
immediately outside the galaxy but inside the dark matter
halo, interfaces strongly with the galaxy: accretion onto the
galaxy is necessary to sustain galaxy growth over the age
of the Universe (e.g. Prochaska & Wolfe 2009; Bauermeister
et al. 2010), and in turn material from the galaxy returns
to the CGM in the form of galactic winds driven by stellar
and AGN feedback (e.g., Heckman et al. 2000; Steidel et al.
2010; Jones et al. 2012; Rubin et al. 2014; Cicone et al.
2014). For recent reviews of the CGM see Putman et al.
(2012), Tumlinson et al. (2017), and Fox & Davé (2017).
Building a theoretical framework for the CGM requires
accurately modeling both galaxies and their larger environ-
ment. One way to approach this problem is through cosmo-
logical hydrodynamic simulations of galaxy formation (e.g.
Somerville & Davé 2015). These simulations calculate the
evolution of dark matter, gas, and stars according to the
relevant physics (e.g. gravity, hydrodynamics, star forma-
tion, feedback, etc.). Cosmological galaxy formation simula-
tions have been used to understand the CGM in a variety of
ways, from analyses of the dynamics of the CGM in simula-
tions (e.g. Keres et al. 2005, 2009b; Faucher-Giguere et al.
2011; van de Voort et al. 2011; Nelson et al. 2013; Oppen-
heimer et al. 2010; Wetzel & Nagai 2015; Oppenheimer 2018)
to those that use simulations to provide context to observa-
tions (e.g. Faucher-Giguére et al. 2010; Faucher-Giguere &
Keres 2011; Hummels et al. 2013; Liang et al. 2016; Corlies
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Nelson et al. 2018; Roca-Fabrega et al. 2018).

Our analysis makes use of high-resolution cosmological
“zoom-in” simulations (Katz & White 1993; Onorbe et al.
2014) created as part of the FIRE project' (Hopkins et al.
2014, 2018). It is particularly instructive to study CGM gas
flows in the FIRE simulations because they generate galactic
winds whose properties are not put in by hand, but rather
emerge from energy/momentum injection by stellar feed-
back on the scale of star-forming regions. The FIRE sim-
ulations have been used to investigate the dynamics of gas
flows in the CGM (Muratov et al. 2015, 2017; Anglés-Alcézar
et al. 2017a; Stewart et al. 2017) and the observability of the
CGM through H1 and metal absorption, metal-line emission,
the Sunyaev-Zel’dovich effect, and X-ray emission (Faucher-
Giguere et al. 2015, 2016; Sravan et al. 2016; van de Voort
et al. 2016; Hafen et al. 2017). The observational compar-
isons are consistent with observations where constraints are
available (Faucher-Giguere et al. 2015, 2016; Hafen et al.
2017).

A powerful aspect of Lagrangian simulations is that
they provide access to the full time history of gas resolu-
tion elements. Following individual gas elements, or “parti-
cle tracking”, has been used to study the accretion rate onto
galaxies and halos, recycling of galactic winds and their ef-
fects, and the fate and origin of galaxy material (e.g. Keres
et al. 2005; Oppenheimer et al. 2010; Ubler et al. 2014; Nel-
son et al. 2015; Anglés-Alcédzar et al. 2017a; DeFelippis et al.
2017; Oppenheimer et al. 2018; Crain et al. 2017; Brennan
et al. 2018). The primary goal of this work is to use a particle
tracking analysis to study the origin of gas and metals in the
CGM. Our analysis builds on the analysis of Anglés-Alcazar

! https://fire.northwestern.edu/
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et al. (2017a), who developed a particle tracking algorithm
suitable for use on FIRE simulations and who used it to in-
vestigate the origin of baryons in galaxies, linking baryon
cycling processes to the mass assembly of galaxies. Muratov
et al. (2015) and Muratov et al. (2017) also studied the gas
and metal content in the CGM of the FIRE simulations, but
using instantaneous mass flow rates instead of particle track-
ing. Our analysis is similar to that of Ford et al. (2014), but
also includes mass acquired through satellite galaxies and
their winds. Moreover, our zoom-in simulations have higher
resolution and model galaxy formation physics using very
different subgrid models than the full-volume simulations
analyzed by Ford et al. (2014). We focus our analysis on
z =0.25 and z = 2 to connect to a wide variety of observa-
tions available at these redshifts (e.g. Tumlinson et al. 2013;
Steidel et al. 2010; Prochaska et al. 2017; Rudie et al. 2012;
O’Meara et al. 2013; Lehner et al. 2016; Chen et al. 2018).

The primary observational method for studying CGM
gas is through absorption line spectroscopy (e.g., Bahcall
& Spitzer 1969). Observations with ground-based telescopes
can measure ions in the CGM at both low and high red-
shifts (e.g. Simcoe et al. 2006; Chen et al. 2010; Steidel
et al. 2010; Rudie et al. 2012; Kacprzak et al. 2012). In
the last decade, new observations have been enabled at low
redshift by the installation of the Cosmic Origins Spectro-
graph (Green et al. 2012) to the Hubble Space Telescope (e.g.
Tumlinson et al. 2013; Werk et al. 2014; Liang & Chen 2014;
Johnson et al. 2017; Keeney et al. 2017).

The interpretation of absorption line spectroscopy is
complicated by its one-dimensional nature, which makes it
difficult to distinguish CGM gas of different physical origins.
One proposed diagnostic for distinguishing between origins
is through the metallicity of the gas, assuming IGM accre-
tion, satellite material, and winds are enriched by different
amounts (e.g. Lehner et al. 2013; Fox et al. 2013; Wotta
et al. 2016; Fumagalli et al. 2016a; Hafen et al. 2017; Lehner
et al. 2016; Prochaska et al. 2017). Observations indicate a
wide range of CGM metallicities (spanning > 2 dex), which
may reflect different origins (e.g. Lehner et al. 2013; Fu-
magalli et al. 2016a; Wotta et al. 2016; Prochaska et al.
2017; Zahedy et al. 2018, though see Stern et al. 2016 who
use multi-density ionization modeling and infer a signifi-
cantly narrower metallicity distribution). Because observa-
tions alone do not unambiguously associate absorption sys-
tems with specific physical origins, simulation analyses like
ours play a key role in developing observational diagnos-
tics (for a review of efforts in this area, see Faucher-Giguére
2017).

We consider three main physically distinct origins for
CGM gas:

(i) The first origin we consider is accretion into the CGM
from the IGM, hereafter referred to as IGM accretion. Some
IGM accretion may fall spherically onto dark matter halos
and generate a quasi-spherical shock (White & Rees 1978,;
White & Frenk 1991), while other accretion can penetrate
into the halo in the form of cold streams (e.g. Keres et al.
2005, 2009a; Dekel et al. 2009). IGM accretion is often as-
sumed to be metal poor and provide a source of new gas to
galaxies and their halos, as needed to sustain star formation.

(if) The second origin is ejection into the CGM via winds
from the central galaxy (e.g. Heckman & Thompson 2017),
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hereafter referred to simply as wind. Simulations show that
winds regulate star formation and help produce galaxies
that match the observed stellar mass-halo mass relation (e.g.
Brooks et al. 2007; Davé et al. 2011; Anglés-Alcazar et al.
2014; Somerville & Davé 2015). Material ejected in a wind
may then recycle back onto the galaxy as “wind recycling”
or a “galactic fountain” (e.g. Shapiro & Field 1976; Bregman
1980; Oppenheimer et al. 2010; Ford et al. 2014; Anglés-
Alcdzar et al. 2017a).

(iii) The third origin is arrival into the CGM via a galaxy
other than the main galaxy. For clarity, we divide this origin
up into material that has since left the other galaxy (satellite
wind), and material that is within the virial radius of the
central galaxy’s halo but also in the ISM of another galaxy
(satellite ISM ). We include satellite ISM as a CGM compo-
nent even though it is not diffuse halo gas because satellite
ISM can contribute to absorption systems commonly used
to probe the CGM observationally. It is therefore useful to
quantify its contribution to galaxy halos. We will show that
satellite ISM is a relatively minor component of the CGM
by mass so including it does not significantly skew any of
our results.

Because massive galaxies can host substantial populations
of satellites, gas associated with satellite galaxies or their
halos could be a significant contribution to the CGM. Gas
ejected in winds from satellites can exist outside of the satel-
lite for an extended period of time, and can also smoothly ac-
crete onto the central galaxy and fuel in-situ star formation,
which has been identified as an important growth mode for
massive galaxies. Anglés-Alcédzar et al. (2017a) showed that
this “intergalactic transfer” of gas via winds can account for
~ 1/3 of the z = 0 stellar content of Milky-Way mass galaxies
in FIRE-1 simulations. In this paper, we quantify the con-
tribution of ISM gas ejected from satellites to the CGM of
central galaxies. Although we use the designation “satellite
wind,” gas can leave a satellite not only via galactic out-
flows from the satellite (e.g. Wang 1993; Barger et al. 2016;
McClure-Griffiths et al. 2018), but also via ram pressure
stripping (e.g. Gunn & Gott III 1972; Tonnesen & Bryan
2010; Yun et al. 2019) or tidal stripping (e.g. Connors et al.
2006). The Magellanic Stream in the halo of our own Galaxy
is likely a result of one or multiple of these processes (e.g.
D’Onghia & Fox 2016; Bustard et al. 2018).

The plan of this paper is as follows. We describe our
simulations in §2.1 and our analysis methodology in §2.2.
We study the total baryon and metal mass contained in the
CGM in our simulations in §3.1. We characterize the paths
followed by CGM gas flows of different origins in §3.2. In
§3.3 we investigate how much mass each origin contributes
to the CGM as a function of halo mass, redshift, radial dis-
tance, and polar angle. We address metallicity as a potential
diagnostic of origin in §3.4. We discuss our results in §4 and
summarize our conclusions in §5.

2 METHODS
2.1 Simulations

We use a sample of cosmological hydrodynamic “zoom-in”
simulations created as part of the FIRE project. The simula-
tions were run with the multi-method gravity and hydrody-
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namics code GIZMO? (Hopkins 2015) in its meshless finite-
mass (“MFM”) mode. The MFM method is a Lagrangian
method using Riemann solvers. The method conserves mass,
energy, and linear momentum to machine precision, and also
conserves angular momentum. In MFM, the hydrodynamic
solver is designed such that there is no mass flux between res-
olution elements; particle tracking can therefore be straight-
forwardly implemented by following resolution elements. 3 In
a variety of tests, MFM has been shown to perform better
than smoothed-particle hydrodynamics methods (Hopkins
2015). GIZMO solves gravity using a heavily-modified ver-
sion of the Tree-PM solver used in GADGET-3 (Springel
2005), updated to use adaptive gravitational softening for
gas. The particular sample of simulations used in our anal-
ysis was run with the FIRE-2 version of GIZMO (Hopkins
et al. 2018). In most cases, the main halo was chosen solely
based on halo mass, however m12r_md and m12w_md were cho-
sen to have an LMC-mass satellite at z = 0. We find that this
selection does not significantly affect our analysis; through-
out our analysis these halos have quantitative results con-
sistent with other halos in the same mass range. m12r_md
and m12w_md will be presented in detail in Samuel et al.,
in prep, including the detailed selection methodology. The
simulations we analyze are listed in Table 1, and span the
halo mass range Mp,(z = 0) ~ 1010 —1012M . We identify and
track the evolution of dark matter halos using the Amiga
Halo Finder (AHF; Gill et al. 2004; Knollmann & Knebe
2009) and adopt the virial overdensity definition of Bryan &
Norman (1998). In this paper, we define My as the stellar
mass enclosed inside the galaxy radius as defined in §2.2.
Throughout, we assume a standard flat ACDM cosmology
with Qm ~ 0.32, Qp = 1 = Qn, O =~ 0.049, and Hy ~ 67 km
s™! Mpc™! (e.g., Planck Collaboration 2018).4

The full details of our simulation methods are pro-
vided in Hopkins et al. (2018); we summarize key ele-
ments here. Radiative heating and cooling are tracked from
T =10 K to 10! K, including free-free emission, Compton
scattering with the cosmic microwave background, photo-
electric heating, high-temperature metal line cooling, and
approximations for low-temperature cooling by molecules
and fine-structure metal lines. Photo-heating and photo-
ionization include effects from a cosmic UV background
model (Faucher-Giguere et al. 2009) and approximations
for local sources and self-shielding of dense gas. Star for-
mation occurs only in self-gravitating gas (under the Hop-
kins et al. 2013 criteria), but also with a requirement that
it is molecular, self-shielding, and has a density of at least
np = 1000 cm™3. Stellar feedback includes momentum from
radiation pressure; energy, momentum, mass, and metals

2 http://www.tapir.caltech.edu/ phopkins/Site/GIZMO.html

3 This is true modulo mass that can be added to gas resolution
elements as a result of stellar mass loss, and particle splitting
that can occur to prevent resolution elements from becoming too
massive. We discard particles that experience splitting, which we
do not expect to significantly affect our results (e.g. for all simu-
lations < 0.5% of gas resolution elements in the CGM at z = 0.25
are split).

4 For consistency with previous work, some of our simulations
were evolved with slightly different sets of cosmological parame-
ters, but we do not expect this to significantly impact on any of
our results given the small differences in the parameters.

from Type Ia and II supernovae and stellar winds; and
photo-ionization and photo-electric heating. Star particles
are treated as independent stellar populations, and the feed-
back quantities are drawn from the STARBURST99 stellar
evolution models (Leitherer et al. 1999) assuming the IMF
of Kroupa (2001). We track the evolution of 9 independent
metal species.

A subset of our simulations utilize a sub-grid model
for metal transport between neighboring resolution elements
(see Table 1). The purpose of the model is to capture sub-
resolution-level metal diffusion that is not by default ac-
counted for by the MFM hydrodynamic solver. Our metal
transport model is described in detail in Hopkins (2017) and
Hopkins et al. (2018), but we summarize the most impor-
tant aspects here. The model assumes that the transport
of metals between neighboring resolution elements follows
a diffusion equation, d;(pZ) = V - (kpVZ), where p is the
density, Z is the metallicity, and « is the relevant diffusion
coefficient. The primary assumption for the metal diffusion
model is that the diffusion timescale scales with the eddy
turnover time of the largest unresolved turbulent eddies, i.e.
that unresolved turbulence exchanges metals between res-
olution elements. This means « ~ Kb ~ AdeddyVeddy, Where
Kerb 18 the “eddy diffusivity” calculated via the Smagorinsky
(1963) approximation (e.g. Shen et al. 2010). This approxi-
mation is appropriate under certain conditions usually met
in our simulations, but if these conditions are violated then
the diffusivity can be significantly overestimated (e.g. Col-
brook et al. 2017). Our subgrid prescription caps the diffu-
sivity at the equivalent value allowed in the meshless finite-
volume (“MFV”) mode of GIZMO, which explicitly allow
mass-flux between elements. This diffusivity (and the diffu-
sivity that occurs in other grid-based codes) generally over-
estimates the true physical diffusivity. For galaxies up to
~ L* simulated in the cosmological context, previous tests
suggest that including subgrid turbulent metal diffusion has
mostly negligible effects on the dynamical evolution of galax-
ies (e.g., Su et al. 2017), but the dynamical effects could be
more important for more massive galaxies which develop hot
halos whose cooling can be modified substantially by metal
mixing. Unsurprisingly, turbulent metal diffusion can have
large effects on metallicity distributions of gas and stars in
both the ISM and CGM (e.g., Escala et al. 2018; Rennehan
et al. 2018), and so it is important to investigate its effects
on CGM properties.

2.2 Particle Tracking Analysis

Our analysis builds on the work of Anglés-Alcazar et al.
(2017a) but extends the particle-tracking analysis to the ori-
gins of the CGM, as opposed to galactic baryons. The code
used for our analysis is a greatly-extended version of the code
used in Anglés-Alcdzar et al. (2017a). Our code is written
in Python, and has been updated to be parallelized through
Jua (Coelho 2017). The computation of many cosmological
quantities is done using Colossus (Diemer 2017), and we use
UNYT (Goldbaum et al. 2018) to maintain consistent units

2.2.1 Galazy and CGM Definitions

Within each halo or subhalo we identify baryons belong-
ing to that halo’s primary galaxy as all gas and stars inside

MNRAS 000, 1-27 (2015)
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Table 1. Simulation parameters.

Origins of the CGM

Name Myir(z=0) My(z=0) Ryir(z=0) my, Mam €, €x €qm  Metal Diffusion?  Reference
(Mo) (Mo) (kpc) (Mo)  (Mo)  (pc) (pc) (pc)
mi0q 8.0e9 2.0e6 52 250 1300 0.4 1.4 28.5 No A
mi0y 1.4e10 1.1e7 64 260 1250 0.2 2.1 21 No A
mi0v 2.7¢10 1.2e6 78 250 1300 0.4 1.4 28.5 No A
m10z 3.7e10 3.9e7 86 260 1250 0.2 2.1 21 No B
mila 4.1e10 1.2e8 90 2100 led 0.4 4.3 43 No B
mllb 4.4e10 1.2e8 92 2100 led 0.4 4.3 43 No B
miic 1.4ell 8.9e8 140 2100 1040 0.4 4.3 43 No B
mllq 1.5ell 2.0e9 140 880 4400 0.5 2.0 20 No A
milv 2.6ell 2.6e9 170 7070 3.52e4 0.4 1.4 28.5 No A
mi12i 1.1e12 7.4e10 270 7070  3.52¢4 1.0 4.0 20 No C
mi2m 1.6e12 1.4ell 300 7070 3.52e4 1.0 4.0 20 No A
mi2f 1.6e12 9.4e10 300 7070  3.52¢4 1.0 4.0 20 No D
mi1li_md 7.2e10 1e9 110 7070 3.52e4 1.0 4.0 40 Yes E
mile_md 1.6ell 1.5€9 140 7070  3.52¢4 1.0 4.0 40 Yes E
miih_md 1.9e11 3.9¢9 150 7070 3.52e4 1.0 4.0 40 Yes E
mild_md 3.0el1 4.5e9 170 7070  3.52¢4 1.0 4.0 40 Yes E
mi12z_md 8.0ell 2.3e10 240 4170 2.14e4 0.4 3.2 33 Yes F
m12w_md 9.8e11 6.2e10 260 7070  3.52¢4 0.5 4.0 40 Yes G
ml12r_md 1.0el12 1.9¢10 270 7070 3.52e4 0.5 4.0 40 Yes G
m12b_md 1.3e12 9.0e10 290 7070  3.52¢4 0.5 4.0 40 Yes F
mil2c_md 1.3e12 6.4e10 280 7070 3.52e4 0.5 4.0 40 Yes F

5

M,ir(z = 0) is the total mass contained within Ryi; and M, (z = 0) is the total stellar mass contained within the galaxy radius (§2.2).
mqm and my, are the dark matter and initial gas particle masses. The simulations use adaptive gravitational softening lengths for the
gas but fixed softening lengths for the dark matter and stars. €, is the minimum force softening length for the gas and €, and €4, are
Plummer-equivalent gravitational softening lengths for stars and dark matter. Ryi; and the softening lengths are in proper units. The
references in the final column are: A: Hopkins et al. (2018), B: Chan et al. (2018b), C: Wetzel et al. (2016), D: Garrison-Kimmel et al.
(2017), E: El-Badry et al. (2018a), F: Garrison-Kimmel et al. (2019), G: Samuel et al., in prep.

Rga1 = 4Ry 0.5, where Ry ¢ 5 is the stellar half-mass radius. We
found that this radius provided a good compromise between
including the vast majority of stars belonging to galaxies
while minimizing artifacts arising from going too far out. If
a particle is inside Rgy of multiple galaxies, we associate
that particle with the least massive galaxy. By choosing
the least massive galaxy, we preferentially associate parti-
cles with satellite galaxies. This is important for satellites
that may pass within Ry, of the main galaxy, either as part
of a fly-by or in the process of merging. For a halo to con-
tain a galaxy we require that it contains greater than 10 star
particles. We apply an additional cut on gas and only count
gas with ng > 0.13 cm ™3 as part of the halo’s central galaxy
ISM, where nyg is the baryon number density. This is sim-
ilar to a widely-used density threshold to identify ISM gas
in subgrid models used in large-volume cosmological simu-
lations (e.g., Springel & Hernquist 2003; Ford et al. 2014).
This method of associating particles with galaxies is differ-
ent from that of Anglés-Alcdzar et al. (2017a), who used the
galaxy finder SKID (Stadel 2001). We switched from SKID
to AHF because the computational cost of SKID, making it
computationally prohibitive for the high-resolution FIRE-2
simulations with a large number of particles per halo.

To avoid increasing Ry .5 spuriously due to other galax-
ies in the halo or halo stars, R, (5 is evaluated as the stellar
half-mass radius only for stars within 0.15Ryj;. This alone is
insufficient to prevent significant sudden increases in R, o5
during galaxy mergers and close encounters, so for our main

MNRAS 000, 1-27 (2015)

galaxy we smooth R, o5 over = 500 Myr using a top-hat
window.

The CGM of the main galaxy is defined as all gas with
a radial distance from the main galaxy RcGMimner < ' <
Ryir, where RegM, inner = max(1.2Rgy1, 0.1Ryir). Our choice of
RcGM,inner is made such that when Rgy > 0.1Ryir (which can
happen at high redshift) we do not include in the CGM
gas that is part of the galaxy. In our analysis, wind from the
main galaxy is defined as all material that is currently inside
the CGM, but was previously inside the main galaxy (see
§2.2.2). To avoid spuriously classifying material that crossed
Ry, due to small-scale fluctuations as wind, we ensure that
the there is always a distance Agap between the edge of the
galaxy and the inner boundary of the CGM. We define the
“galaxy-halo interface” as all gas within Ry, with nyg < 0.13
em™3 plus all gas with Rgy) < r < RcGMinner; 1-e. gas that is
inside the halo but outside both the galaxy and the CGM.
The galaxy-halo interface constitutes a small fraction of the
total halo baryonic mass (a median ~ 5% at z = 0.25), and
quantifying its detailed properties is beyond the scope of this
paper.

Throughout the paper we divide the simulations into
mass bins based on their z = 0 halo mass. For brevity, we
will refer to main halos that are the progenitors of halos
with My(z = 0) ~ 1019101, 1012M¢ simply as 10'°Mg pro-
genitors, 101 Mg progenitors, and 1012 M, progenitors.
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Gas in the CGM of the main
galaxy at redshift z

Inside any galaxy for more
than 30 Myr prior to z?
* es NV ‘

IGM
Currently in the ISM of a galaxy Accretion
other than the main galaxy?
Yes' | No ‘
Satellite ISM .
Last left the main galaxy?

1

:Yes No
Wind Satellite Wind

Figure 1. Flow chart summarizing how we classify the origin of
gas elements in the CGM of a galaxy. IGM accretion gas flows
into the CGM from the intergalactic medium. Winds and satel-
lite winds are ejected from the main galaxy or another galaxy
respectively. Satellite ISM is currently part of a satellite galaxy
located inside the CGM.

2.2.2 Particle Classification

For each simulation in our sample, we analyze the CGM of
that simulation’s main halo and its origins at two main cos-
mic times: one at z = 0.25 and one at z = 2. At low redshift,
z = 0.25 is a redshift representative of many observational
studies of the CGM with the Hubble Space Telescope (e.g.
Lehner et al. 2013; Tumlinson et al. 2013; Werk et al. 2014;
Stocke et al. 2014; Prochaska et al. 2017; Chen et al. 2018).
Meanwhile, z = 2 is the peak of cosmic star formation, a crit-
ical point for understanding galaxy growth, and is a regime
where we can probe the CGM with ground-based observato-
ries (e.g. Simcoe et al. 2006; Steidel et al. 2010; Rudie et al.
2012; O’Meara et al. 2013). For each targeted redshift snap-
shot we identify all gas particles that have a radial distance
from the center of the main galaxy of (0.1 — 1)Ryjr, and then
randomly sample 10° of those particles (in our simulations
the CGM contains ~ 10° — 107 particles, so downsampling
reduces memory usage while maintaining a statistically ro-
bust sample). Note that when Rga > 0.1Ryir particles within
Rgy) are not actually classified as part the CGM in our anal-
ysis, as explained in §2.2.1. Because the gas particles have
approximately constant mass (there are some variations ow-
ing to mass loss from stellar evolution, which can increase
the mass of gas neighbors), a random sample of particles
is nearly equivalent to a mass-weighted sample. For each
particle we compile the full history of the particle’s tempera-
ture, density, metallicity, position, velocity, particle type (i.e.
star or gas), mass, and star formation rate at each snapshot
of the simulation. The time difference between snapshots is
~ 10 — 25 Myr. We combine this information with the halo
catalog produced by AHF to identify each particle’s prox-
imity to the main galaxy as well as the nearest galaxy other
than the main galaxy. In addition to analyzing snapshots
at z = 0.25 and z = 2 for all simulations in our sample, we

study the redshift evolution of the CGM by analyzing 25
additional snapshots from z = 0 to z = 3 for a subset of our
simulations. Specifically, we analyze in more detail simula-
tions m12i, m11q, and m10y as representatives of 1012, 10!
and 10'°Mg progenitors respectively. We repeat the same
sampling and tracking procedure for each of these snapshots.

Figure 1 summarizes how we classify the origin of CGM
gas in our analysis. Consider a Lagrangian particle in the
CGM of the main halo at a redshift z. We first consider
whether or not this particle has spent more than a pre-
processing time fpro in any galaxy prior to z. Following
Anglés-Alcézar et al. (2017a), if the particle has not spent
ftpro in other galaxies, then its origin is IGM accretion.
The pre-processing time #pro is taken to be slightly larger
than the maximum time interval between snapshots, i.e.
toro = 30 Myr. This takes advantage of the higher output
frequency in our simulations compared to Anglés-Alcazar
et al. (2017a) (where fpro was set to 100 Myr). Note that
gas that has been in or is in the halo of another galaxy can
still be classified as IGM accretion, provided it did not en-
ter or spend significant time inside the galaxy itself. While
some very small halos exist below our resolution limit, star
formation in these halos should be strongly suppressed by
the UV background, so these halos should not process the
gas. If the particle is processed, we determine whether or
not it is currently, at z, inside another galaxy. If it is inside
another galaxy at z, then we classify it as belonging to satel-
lite ISM. If not then we find whether the particle last left
the main galaxy or a satellite galaxy. If it last left the main
galaxy the particle is classified as wind. If it last left a satel-
lite galaxy the particle is classified as satellite wind. Note
that gas classified as satellite wind could also have arrived
in the CGM through tidal or ram pressure stripping from
a satellite galaxy, or could have arrived in the CGM after
being ejected by another galaxy not currently in the CGM
and that may not become a satellite. We use the term satel-
lite wind because the majority of this material arrives in the
CGM after having been ejected from a satellite galaxy in a
wind (see §3.2). The classifications described here are for a
particular moment in time, and a gas particle can change
classifications over time, e.g. gas that is first classified as
IGM accretion before later being ejected in a galactic wind.

Throughout this work we focus on understanding the
properties of gas according to its most recent origin, as for
many purposes this is most informative. For example, winds
may return into the CGM gas that accreted onto the cen-
tral galaxy as IGM accretion or satellite wind. However, to
understand the effects of this gas on CGM dynamics and en-
richment it is important to recognize that this wind gas car-
ries energy and metals recently output by the central galaxy.

3 RESULTS
3.1 Baryon and Metal Census

In this section we summarize the mass content of the main
halos in our simulations. Unlike the rest of this work, the cal-
culations done in this section use the simulation data only at
z =0.25 and z = 2, i.e. these are instantaneous measurements
that do not employ particle tracking.

Figure 2 shows the total baryonic mass contained inside

MNRAS 000, 1-27 (2015)



the main halo (< Ryjr) for each simulation in our sample
at z = 0.25 and z = 2. The mass is displayed in units of
the cosmological baryon budget, f,My = (Qp/Qm)M;,. The
mass is divided up into four categories, according to our
definitions of galaxies and the CGM outlined in §2.2. The
total baryonic masses of the halo are the total masses of all
gas and stars inside Ryj.

More massive halos retain a greater fraction of their
baryons. The progenitors of 10(10’11’12)M@ halos have a mean
total halo baryon mass Mparyon ~ (0.2,0.4,0.7)f,My at z =
0.25 and ~ (0.3,0.6,0.7) fu M}, at z = 2. The baryonic mass
of 101°M¢ halos is well below the universal baryon fraction
because their potential can be too shallow to accrete photo-
heated gas effectively (e.g. Thoul & Weinberg 1996; Gnedin
2000; Okamoto et al. 2008; Faucher-Giguere & Keres 2011;
El-Badry et al. 2018a) and to hold onto any wind, which
is expelled from these halos more efficiently than in higher
mass halos (e.g. Muratov et al. 2015). The baryon budgets
also suggest that winds can expel some gas from the halos
of 101! Mg and 10'2M, progenitors. Note that we do not
display simulation m10v in any of our z ~ 2 results because
it forms late and has a very small stellar mass at z > 1
(My(z = 2) < 10*Mo).

At z = 0.25 the fractional CGM contribution to the
baryon mass increases with decreasing halo mass: from ~40%
of the halo’s baryon mass in 1012 Mg progenitors to ~70% in
1019 Mg progenitors. At z = 2 the CGM provides most of the
baryonic mass in the halo, contributing at minimum ~55%
of the halo’s baryon mass for 10!2M¢ progenitors. Galaxies
contribute most of the remaining mass to the halo, and the
contribution to the halo’s baryon mass by the galaxy-halo
interface is small (at most ~ 15% in the case of 1019Mg
progenitors at z = 0.25).

Figure 3 is similar to Figure 2, but for the metal mass
contained inside the halo, in units of our estimated metal
budget, yooxMx- Here yhox = (Mzbox = ZfioorMbox)/ M, box 18
the empirical yield of the simulation, where Mz is the
total metal mass in the simulation volume (from both gas
and stars), Zgoor = 10™*Z is the metallicity floor of our sim-
ulations, My is the total baryonic mass in the simulation
volume, and M, px is the total stellar mass in the simu-
lation volume. In other words, the metal budget is simply
the metal mass produced by stars in the central galaxy as-
suming the yield for the central galaxy is the same as the
yield for the simulation. The empirical yield of the simula-
tion is consistent between different simulations: the mean
and standard deviation of ypo across the simulations is
(0.036 + 0.001,0.032 + 0.001) at z = (0.25,2). To account for
contribution from the metallicity floor, when we plot the
metal mass in Figure 3, we actually plot Mz — Zgoor Mbaryon

In a few situations the main galaxy is about to undergo
a major merger with another galaxy. In that case, the CGM
of the two galaxies can overlap before the galaxies merge,
causing the total gas mass inside Ryj; to increase by order
unity while the stellar mass of the main central remains
unchanged. To avoid a CGM metal mass exceeding the metal
budget estimated from the central galaxy, we use the total
stellar mass contained in Ryj; when calculating the metal
budget for the CGM and the total halo metal mass. For the
galaxy and galaxy-halo interface metal budget we only use
the stellar mass of the main galaxy. In most cases, the total
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stellar mass and the galaxy stellar mass are very similar and
this has no significant effect.

The progenitors of 10(10’11’12)M@ halos have a mean
total halo metal mass (i.e., the total metal mass retained
inside Ryiy) Mz ~ (0.7,0.8,1) ypoxMx at z = 0.25 and ~
(0.6,0.7,0.8) ypox Mx at z = 2. The halo metal mass is a larger
fraction of its metal budget, ypox Mx, than is the halo baryon
mass relative to the cosmic baryon budget. This suggests
that winds, which carry much of the metals, preferentially re-
main in the halo. As discussed by Muratov et al. (2017), this
is because galactic winds sweep up halo gas (most of which
is contributed by IGM accretion), preferentially ejecting rel-
atively metal-poor gas from halos. Further, metal-enriched
winds cool more rapidly, which may increase the recycling
of winds onto galaxies.

Compared to the baryon mass, the CGM typically con-
tains a smaller fraction of the halo metal mass: as little as
~15% of the halo metal mass (again for 10'2Mg progeni-
tors at z = 0.25), but up to ~60% for 10'9M progenitors at
z = 2. This is explained by the fact that a large fraction of
the CGM mass comes from metal-poor IGM accretion (§3.3),
while metals are produced in galaxies and then potentially
expelled as winds. The contribution of the galaxy-halo in-
terface to the halo metal mass is on average higher than its
contribution to the halo baryon mass, and can contribute up
to ~20% in the case of 10!°Mg progenitors at z = 2. This is
because the metallicity of the galaxy-halo interface is higher
than the metallicity of the CGM, having been enriched by
the metals in the adjacent galaxy.

Our total halo metal masses versus stellar mass agree
well with the results from Ma et al. (2016), who studied the
metal budget for simulations run with the FIRE-1 version
of the FIRE code (using a P-SPH hydrodynamic solver in-
stead of the MFM solver), similar to Muratov et al. (2017).
However the CGM metallicities in FIRE-2 simulations can
nevertheless differ significantly from those of FIRE-1 simula-
tions. We discuss this in Appendix B. In §4 we compare our
halo and galaxy metal masses to those from Peeples et al.
(2014) (purple dashed line in the top panel of Figure 3) and
Christensen et al. (2018).

The simulations in our sample that use a subgrid pre-
scription for turbulent metal diffusion are simulations with
10! or 1012M@ progenitor main halos. The halo baryon and
total metal masses for simulations with and without metal
diffusion are consistent with one another (Appendix B). This
is also the case for most quantities analyzed in this paper,
with the exception of quantities directly dependent on metal
diffusion (e.g., the metallicity distributions in §3.4). As such,
unless we explicitly state otherwise, we simultaneously ana-
lyze results from both simulations with and without metal
diffusion. Note, however, that there may be more significant
changes owing to subgrid metal diffusion for more massive
halos or for other halo properties not studied here.

3.2 Pathlines for Different CGM Origins

In this section we analyze the trajectories for different parti-
cles in the CGM of our simulations, according to their origin
as classified in §2.2.2. We do this in two ways: by consider-
ing their projected trajectory relative to a galaxy and its
environment over a limited period of time, and also by con-
sidering pathlines of particles over the full history of the
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Figure 2. Mass composition of main halos in units of the halo’s
cosmological baryon budget, f,My = (Q,/Qm)My, broken down
into different categories at z = 0.25 (top) and z = 2 (bottom).
Black squares and purple diamonds are the total baryonic masses
(including gas and stars) in the halo and the main galaxy respec-
tively. Orange circles and turquoise pentagons are the gas masses
of the CGM and the galaxy-halo interface respectively. The lines
are meant to guide the eye, and connect the medians of each
mass bin. The x-axis shows the halo mass of the main halo in
each zoom-in simulations. Due to strong feedback especially ef-
fective in lower mass galaxies, our halos are consistently below
the baryon budget, except for 10120, progenitors, which have a
baryon mass on average 2 80% of the baryon budget. The CGM
provides 2 40% of the mass that remains in the halo across our
entire halo mass range.

simulations. In addition, we use the 3D interactive visual-
ization tool FIREFLY® (Geller & Gurvich 2018) to gain more
insight into the full pathlines and distribution of CGM gas
in the simulated halos.

The left columns of Figures 4 and 5 shows the paths
traced by 500 gas particles per classification for 1 Gyr prior
to z =0.25 and 0.5 Gyr prior to z ~ 2 respectively, for three
representative simulations corresponding to different mass
bins. These simulations were chosen at random, and other
simulations show similar behavior. We plot the pathlines of
m12i at z = 1.5 instead of z = 2 because m12i is undergoing
a major merger at z = 2 which is not representative of most
times and which introduces some artifacts in our analysis.
The virial radius of the main galaxy is plotted as a dashed

3 See the Firefly homepage at https://galaxies.northwestern.
edu/firefly. Interactive visualizations of the datasets presented
in this paper can be accessed on the web at zhafen.github.io/
CGM-origins and zhafen.github.io/CGM-origins-pathlines.

B total CGM ¢ galaxy galaxy-halo interface

= Peeples et al., 2014
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e
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e
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Figure 3. Similar to Figure 2, but for metals in the simula-
tions, in units of the available metal budget ypox M, Where the
estimated yield is yhox = M7 box/ M« box, i-€. the total mass of met-
als in the simulation volume divided by the total stellar mass in
the simulation volume. The dotted purple line is an estimate of
the galaxy metal mass by Peeples et al. (2014), in units of their
estimate of the available metal budget (see discussion in §4.1.2).
At low halo masses and at z = 2, where winds are highly mass
loaded, most of the metals in our halos are in the CGM.

white circle, and a circle with radius Ry, is centered on the
main galaxies. The circle is rotated such that the normal is
parallel to the total angular momentum of the galaxy’s stars,
indicating the orientation of the galactic disk. The location
of stars is plotted as a histogram using a log-scale viridis (i.e.
blue-yellow-green) colormap. The gas density distribution at
z=0.25 or z = 2 is shown as a gray background (logarithmic
stretch).

As can be seen from Figure 4, at z = 0.25 most of the
volume of the three halos shown is filled with particle tra-
jectories that overlap in complex patterns. These particles
come from different origins, and are mixed together rela-
tively well. These particles are part of the CGM’s diffuse
halo gas, i.e. they are not part of any substructure or satel-
lite galaxy, which is 2 60% of the CGM by mass by z = 0.25
for all analyzed halos (Appendix A).

The right columns of Figures 4 and 5 are similar to the
left column, but we select our sample from particles that
have accreted onto the CGM (in the case of IGM accretion)
or left a galaxy (in the case of wind or satellite wind) between
0.5 and 1 Gyr ago (in the case of Figure 4) or 0.25 and
0.5 Gyr ago (in the case of Figure 5). This excludes gas
accreted onto the CGM more than 1 Gyr or 0.5 Gyr ago,
respectively. For the M, ~ 1012 Mg halo, this has a similar
effect as excluding most hot virialized gas. Overall, this this
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Figure 4. Paths traced over the course of 1 Gyr by 500 randomly-selected particles (per origin) found in the CGM of m12i (top),
mllq (center), and m10y (bottom) at z = 0.25. The color of the path is chosen based upon its classification at z = 0.25. The line becomes
thinner and whiter the farther back in time. The stellar mass surface density is plotted as a viridis (blue-green-yellow) histogram. Left:
Trajectories for a random CGM particle sample, with no filtering based on time. Trajectories of particles from different origins overlap
in complex patterns, producing well-mixed halos. Right: Trajectories for CGM particles filtered to select particles that left their source
0.5-1 Gyr ago. These trajectories reveal the more coherent recent behavior of gas elements from different origins. They also show the
effect of winds and/or photoheating on gas accreting from the IGM, particularly in m10y.
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Figure 5. Same as Figure 4, but for z ~ 2 (for m12i, we show results at z = 1.5 to avoid a major merger taking place at z = 2). To
account for shorter halo dynamical times at this cosmic time, particle trajectories are plotted over the course of 0.5 Gyr, as opposed to
1 Gyr as in Figure 4. Relative to z ~ 0.25, the full CGM at z = 2 is better described by the properties of gas which left its source in the
recent past (250-500 Myr before). This reflects the more dynamic nature of the high-redshift CGM, which has not yet accumulated a
well-mixed distribution of halo gas.
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Figure 6. Radial distance (in proper kpc) vs. time over the
course of the simulation for particles found in the CGM of m12i
at z = 0.25 (the vertical dashed line). Ten randomly selected par-
ticles are shown for each classification at z = 0.25. IGM accretion
is shown in the top panel, winds from central galaxies in the mid-
dle panel, and satellite wind particles in the bottom panel. The
shaded grey region shows the CGM (the white band underneath
indicates the extent of the galaxy+galaxy-halo interface). Each
origin has characteristic dynamics: IGM accretion accretes onto
the halo as a broad flow over a wide range of times, wind from the
central galaxy is regularly recycled on time scales ranging from
tens of Myrs to Gyrs, and the paths followed by satellite wind are
similar to the paths taken by IGM accretion but with stronger
correlation among particles.

selection reveals more coherent gas flows before they have
time to become well-mixed with the CGM.

For all the simulations shown, recent IGM accretion is
highly anisotropic at z =~ 2, consistent with the expected
filamentary accretion at high redshift (e.g., Keres et al. 2005;
Dekel & Birnboim 2006; Faucher-Giguére & Keres 2011).
By z = 0.25, IGM accretion remains significantly anisotropic
but overall much less so. In the case of m12i at z = 1.5,
the dominant direction of IGM accretion is associated with
other infalling structures, as can be seen by the co-aligned
gas overdensity and satellite wind. This is not surprising,
because filamentary structures that build halos bring in both
IGM accretion and satellite galaxies. For m10y at z = 0.25,
the location of the gas changes only slightly over the course
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Figure 7. Same as Figure 6, but for m11q. As illustrated in Figure
4, winds from the central galaxy can prevent IGM accretion and
satellite wind from accreting onto the central galaxy (preventative
feedback). Gas of all origins can remain in the CGM for multiple
Gyrs.

of 1 Gyr, as can be seen by the very short length of the
pathlines. This is because the potentials of the 10!°Mg halos
are shallow enough that photo-heated gas in the IGM does
not accrete strongly onto the halo.

To complement the 2D projections, Figures 6, 7, and 8
show the radial distance from the main galaxy of m12i, m11q,
m10y, respectively, as a function of time for 10 randomly-
selected particles per classification found in the CGM at
z = 0.25. For these plots we do not show the paths traced
by particles that are classified as satellite ISM, because such
gas makes up a small fraction of the total halo gas mass.
These figures show that particles initially follow the cosmo-
logical expansion (moving radially outward), before reach-
ing a turnaround radius. This is reminiscent of the spherical
collapse of halo formation (Gunn & Gott 1972). For m12i,
IGM accretion can fall in from over 500 proper kpc away;
this is a measure of the Lagrangian volume of the Universe
contributing to the assembly of the halo. We now highlight
some characteristics of the different modes of CGM assembly
illustrated by particle trajectories.

As expected, satellite wind is associated with galaxies
other than the main central galaxies. Note that the render-
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Figure 8. Same as Figure 6, but for m10y. Much of the gas
in the CGM of 10'9My progenitors accretes into the halo early
and is loosely bound in the halo, hovering at a broad range of
distances from the central galaxy. This is most likely owing to
photoheating of halo gas by the cosmic UV background and wind
from the central galaxy.

ings in Figures 4 and 5 show the location of stars at the
current (target) redshift but the particle trajectories show
past behavior, and therefore in the right column the white
parts of the particle trajectories converge where the galaxy
was located in the past. This is why the points of origin
of satellite wind do not in general coincide with the loca-
tion of stellar clumps. Interestingly, the images show that
in many cases (especially at z ~ 2) satellite wind gas was
actually ejected before the source entered the main halo, i.e.
the source galaxy only later becomes a satellite of the main
central galaxy. An extreme case is m10y at z = 2, where
the majority of the satellite wind in the halo was forcibly
ejected from the halo of another galaxy ~ 50 kpc away. On
the other hand, gas removed from other galaxies primarily
through stripping appears to be less common, thus the name
“satellite wind.” Also as expected, the radial distance plots
in Figures 6 and 7 show that the histories of particles are
more highly correlated in the case of satellite wind compared
to IGM accretion (which can originate from directions other
than from other galaxies).

Wind from the main galaxy often undergoes frequent

recycling. Some of these recycling periods are short, < 100
Myr, while others can be as long as 10 Gyrs (see Anglés-
Alcézar et al. 2017a). Once out of the galaxy, wind can re-
main in the halo for billions of years at a time. This occurs
for other modes of CGM growth as well. As can be seen in
Figures 6 and 7, some of the IGM accretion gas in the CGM
of m12i and m11q at z = 0.25 was in the CGM previously,
but was pushed out by winds before eventually reentering
Ryir. This is most clearly seen for gas particles that start at
a radii rg from the central galaxy, begin to accrete, and in-
stead turn around and reach radii r > rg, suggesting energy
injection. This “preventative feedback” is especially visible
in the visualizations of m11q near z = 0.25 because the halo
is undergoing a strong outflow event at that redshift. In this
case, wind from the central galaxy is pushing out and revers-
ing some of the recent IGM accretion, and may also interact
significantly with wind from the satellite. Wind is also found
on average closer to the central galaxy compared to the other
origins, as discussed in §3.3.3. As found in previous analyses
of the FIRE simulations (e.g. Muratov et al. 2015; Faucher-
Giguere et al. 2015), strong outflows can suppress infall onto
galaxies and cause temporary decreases in the star formation
rate.

3.3 Origins of the CGM

In this section we analyze how gas from different origins
contributes to the CGM as a function of halo mass (§3.3.1),
time (§3.3.2), radius (§3.3.3), and polar angle relative to the
stellar disk (§3.3.4) .

8.8.1 Origin by Halo Mass

Figure 9 shows the origin of mass in the CGM at z = 0.25
and z = 2 (within Ryjr, as before). Note that we include gas
belonging to satellite galaxies (satellite ISM) as part of the
CGM in this plot, even though it is not diffuse halo gas in a
strict sense. We do this because satellite ISM can contribute
to absorption systems commonly used to probe the CGM
observationally, and so it is useful to know how much of it
is present in galaxy halos. As the figure shows, satellite ISM
is a relatively minor component by mass so including it in
the total CGM mass does not significantly skew any of our
results.

Gas that arrives in the CGM through accretion from
the IGM makes up 2 60% of the mass on average, across
all halo masses and redshifts considered. At z = 0.25, wind
from central galaxies is generally the second most important
component by mass, except in My ~ 10'2M¢ halos, for which
winds from satellite galaxies can be more important. We find
the same general trends at z = 2, except that wind from cen-
tral galaxies contributes more than wind from satellites at
all halo masses considered. This is consistent with the fact
that M, ~ 1012Mg progenitors drive strong winds in the
FIRE simulations at high redshift, but much weaker winds
as they settle into well-ordered disks with steady star for-
mation rates at low redshift (e.g. Muratov et al. 2015). The
increasing importance of satellite winds with increasing halo
mass is consistent with the trend with increasing halo mass
found for the contribution of intergalactic transfer to galaxy
growth found in the FIRE simulations (Anglés-Alcazar et al.
2017a).

MNRAS 000, 1-27 (2015)



10° 5
=
21074 -
Q ]
I
—
S
w
"
<
=
= -2
O 107° 4 -
Q ]
1073
10° 5
] Z=2
=
210! 4 L
5 E
Q ]
$—
=
172)
172]
<
p=
= -2
O 10777 -
Q ]
BN IGM Accretion
® . Wind
° B Satellite Wind
HEl Satellite ISM
1073 T T T T T T T
10'° 10" 10"

My (Mo)

Figure 9. Top: Fraction of the total CGM mass contributed by
different origins at z = 0.25. Each point is a value from a simula-
tion, and the color represents origin. The lines are meant to guide
the eye, and connect the medians for each mass bin. IGM accre-
tion is on average the dominant component at all halo masses.
Wind from central galaxies is generally the second most impor-
tant component by mass, except at low redshift in My ~ 10'2Mg
halos, for which winds from satellite galaxies can be more im-
portant. Bottom: Same but at z = 2. The same general trends
remain as at z = 0.25, except that wind from central galaxies con-
tributes more than wind from satellites at all halo masses con-
sidered. This is consistent with Mj, ~ 1012M progenitors driving
strong winds at high redshift, but much weaker winds as they
settle into well-ordered disks at low redshift (e.g. Muratov et al.
2015). The increasing importance of satellite winds with increas-
ing halo mass is consistent with more galaxy mass contributed by
intergalactic transfer at higher halo mass (Anglés-Alcézar et al.
2017a).

Figure 10 shows the fraction of the total CGM metal
mass contributed by different origins. As in Figure 3, we ex-
clude the metal mass contributed by the metallicity floor in
order to focus on the metals produced by stars. In this plot,
we distinguish between simulations that were evolved with
the subgrid model for turbulent metal diffusion (open cir-
cles) and those that did not include subgrid metal diffusion.
The solid (dashed) trend lines are for simulations without
(with) metal diffusion. For subgrid metal diffusion simula-
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Figure 10. Fraction of CGM metal mass in gas from differ-
ent origins. Solid circles are simulations without subgrid metal
diffusion and open circles are simulations evolved with identical
physics but including a subgrid model for unresolved turbulent
metal diffusion. The solid (dashed) lines use data from the sim-
ulations without (with) subgrid metal diffusion and connect the
medians in each mass bin. For metal diffusion simulations we
omit the line connecting the median for the 101001, progenitors
because only one such simulation is run with our metal diffusion
prescription. Additionally, at z = 2 the medians for satellite ISM
are below the x-axis for simulations with metal diffusion, so the
line is not displayed. At all masses, most of the metals are found
in wind from the central galaxy. We discuss in §3.3.1 the different
interpretations of results with and without subgrid metal diffu-
sion (where metals are at the target redshift vs. where metals were
produced). Even in simulations without subgrid metal diffusion,
IGM accretion can be enriched by interactions with halo stars or
by brief interactions with other galaxies.

tions we do not extend the trend lines to the 10! Mg halo
mass bin because we only analyze one simulation including
subgrid metal diffusion in this mass bin.

We separately show trends with halo mass for the CGM
metal mass fractions for the simulations with and without
subgrid metal diffusion. We stress that the interpretation
differs between the two sets of results. For the simulations
without subgrid metal diffusion, the CGM metal mass frac-
tions most directly measure where metals in the CGM were
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produced. This is because in the simulations without subgrid
diffusion particles can only accumulate metals by direct con-
tact with stellar processes that produce metals (stellar winds
and supernovae). In this case the mass fractions are domi-
nated by winds from the central galaxy, winds from satel-
lites, and satellite ISM. As we will show more directly in
§3.4, even in the simulations without subgrid metal diffu-
sion gas classified as IGM accretion can have a metallicity
greater than the metallicity floor. This enrichment can occur
via halo stars and brief interactions with other galaxies (too
short for our algorithm to classify the particles as having
been processed by other galaxies).

The CGM metal mass fraction in subgrid metal diffu-
sion simulations includes both metals directly accumulated
by interactions with star particles as well as through diffu-
sion of metals from neighbor gas particles, which can have
a different origin. The subgrid metal diffusion process does
not change the CGM origin categories in our particle track-
ing analysis. Thus, when subgrid metal diffusion is include,
the CGM origin category does not necessarily reflect where
the metal mass carried by a gas particle were produced.

Although simulations with subgrid metal diffusion
“lose” some information on the history of a particle’s met-
als, they are very useful to include in our analysis, for a few
reasons. First, the subgrid metal diffusion prescription in
FIRE-2 simulations has been shown to be necessary in order
to produce realistic stellar metallicity distributions (Escala
et al. 2018), and the same may be true for the CGM. To con-
nect with metallicities inferred with observations, it is thus
important to explore the effects of subgrid metal diffusion
on our results. Second, our model for subgrid metal diffusion
is approximate (as are all such models), which introduces
significant uncertainties in our predictions (e.g. Rennehan
et al. 2018). Including both simulations with and without
this subgrid model in our analysis allows us to gauge these
uncertainties. For example, the difference in a given origin’s
CGM metal mass between simulations of similar mass ha-
los with/without metal diffusion is a measure of the metal
fraction due to metal return by stellar processes vs. subgrid
mixing with neighbors.®

Subgrid metal diffusion primarily affects the metal mass
content of gas accreted from the IGM. This is because these
particles experience no or little direct interactions with star
particles. When subgrid metal diffusion is included, the dif-
fusion enrichment process rapidly becomes important. At
z = 0.25, the metal mass fraction in IGM accretion in the
My ~ 10'2 Mg halos can be ~ 1 — 2 dex higher than in
similar runs without subgrid metal diffusion. Despite large
fractional changes in metallicity, this enhancement generally
occurs through the diffusion of a relatively small absolute
metal mass.

Subgrid metal diffusion also appears to have a major
effect on the halo mass dependence of the IGM accretion
metal mass fraction, which has strong positive slope with
increasing halo mass at z = 0.25 in the simulations with
subgrid metal diffusion. The fact that the effects of subgrid

6 We note, however, that this measure is imperfect due to vari-
ance between different halos and the fact that subgrid metal diffu-
sion can also introduce some dynamical differences through cool-
ing.
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Figure 11. Evolution of the CGM mass for the main halo of sim-
ulation m12i, which has My(z = 0) ~ 10'2Mg. The top panel shows
the evolution of the total mass in the CGM (solid black line). The
colored lines represent the CGM mass from different origins. The
black dashed line shows the cosmic baryon budget, (Q/Qm)My.
The bottom two panels show the evolution of f(Mcgm), the frac-
tion of the total CGM mass contributed by different origins in the
inner halo (0.1 < R/Ryir < 0.5) and the outer (0.5 < R/Ryir < 1)
halo. As the galaxy grows, it develops a virialized hot halo while
the efficiency of galactic wind driving declines. As a result, the
fractional contribution of IGM accretion to the CGM mass be-
comes increasingly dominant.

metal diffusion are strongest for the most massive halos and
at late times suggests that the magnitude of the effect is
enhanced by the presence of a virialized hot halo into which
metals can diffuse efficiently from winds (the more massive
halos at low redshifts are the ones which sustain the most
substantial hot halos). This is because metals in well-mixed,
volume-filling hot halos naturally come into contact with
IGM accretion flows.

3.8.2  Origin by Time

In this section we summarize in more detail the redshift
evolution of the CGM origins for one representative sim-
ulation per progenitor mass bin. For each simulation, we
consider separately the mass fractions in the inner halo
(0.1 < R/Ryir < 0.5) and the outer halo (0.5 < R/Ryjr < 1).
The evolution of CGM mass composition for m12i is
shown in Figure 11. The total CGM mass (black line in the
top panel) stays below the baryon budget for the entirety of
the redshift interval shown (z < 2.5). Over 0 < z < 1, a time
interval during which the total mass in the CGM plateaus,
the CGM mass fraction from IGM accretion increases by
a factor ~ 2 in the outer halo. This occurs primarily as a
result of the decreasing contribution from wind from the
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Figure 12. Same as Figure 11, but for the main halo of sim-
ulation m11q, which has My(z = 0) ~ 10! My. For this halo, the
relative contributions to the CGM mass from IGM accretion and
wind from the central galaxy are approximately constant with
time. This reflects the fact that FIRE galaxies drive significant
galactic winds all the way to z = 0 at this mass scale.

central galaxy. This decrease in wind mass is driven by a
transition in the FIRE simulations from bursty, powerful
winds at z 2 1 to more steady galaxies with weaker outflows
in ~ L* galaxies at low redshift (e.g. Muratov et al. 2015;
Sparre et al. 2017; Hayward & Hopkins 2017; Anglés-Alcazar
et al. 2017a,b; Faucher-Giguére 2018). The drop in wind
contribution is very apparent in the inner halo, where more
of the wind comes from recently ejected material as opposed
to long-lived halo gas. For the same reasons at all redshifts
wind from the central galaxy contributes a larger CGM mass
fraction in the inner halo than in the outer halo. Pseudo-
evolution of the virial radius (e.g. Liang et al. 2016) also
plays a role in the increasing IGM accretion mass, since at
larger radii IGM accretion is more prevalent and the mass
in radial shells is approximately constant with increasing
radius (§3.3.3). On the other hand, the CGM mass fraction
from satellite wind is more similar between the inner halo
and the outer halo. We quantify radial profiles of different
CGM origins in more detail in the next section.

The redshift evolution of mi1q is shown in Figure 12.
The increased contributions from satellite wind and satel-
lite ISM at z ~ 1.5 correspond to an infalling intergalactic
filament containing multiple dwarf galaxies. Another minor
merger is apparent at z ~ 0.25. Unlike for m12i, the frac-
tional contribution of wind from the central galaxy to the
CGM is approximately constant throughout the redshift in-
terval considered. This is because galaxies at this mass scale
in FIRE continue to drive significant galactic winds all the
way to z =0.

The redshift evolution of our representative My (z = 0) ~
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Figure 13. Same as Figure 11, but for the main halo of simu-
lation m10y, which has My(z = 0) ~ 10'°Mg. The redshift evolu-
tion of the IGM accretion fraction relative to the wind fraction
is inverse that of m12i, with wind from the central galaxy con-
tributing an increasingly large fraction of the CGM mass with
decreasing redshift. Satellites contribute little to the CGM of this
dwarf galaxy at all redshifts.

10194, simulation, m10y, is shown in Figure 13. Interest-
ingly, the redshift evolution of the IGM accretion fraction
relative to the wind fraction is inverse that of m12i, with
wind from the central galaxy contributing an increasingly
large fraction of the CGM mass with decreasing redshift.
This difference likely owes to the presence of winds that effi-
ciently remove accreted gas from the halo outskirts in small
systems (e.g. Muratov et al. 2015), and inefficient accretion
owing to photo-heating of the IGM (the maximum halo mass
affected by the UV background increases with deacreasing
redshift, e.g. Faucher-Giguere & Keres 2011; El-Badry et al.
2018a). The effects of winds on IGM accretion in dwarfs is
visible in Figure 8 as sharp, coherent upticks in radial dis-
tance of IGM accretion paths. Satellites contribute little to
the CGM at all redshifts, consistent with the relative paucity
of satellite galaxies around dwarfs.

3.3.3  Origin by Radius

It is also interesting to examine the radial distributions of
CGM of different origins. Figure 14 shows the fraction of
CGM mass at a given radius contributed by different ori-
gins at z = 0.25 and z = 2. The solid curves indicate the
median mass fraction in a radial bin across all simulations
in that halo mass range, while shaded regions indicate the
16th to 84th percentiles. This is complemented by Figure 15,
which shows the density profiles of CGM gas at z = 0.25 and
7z = 2. The mean density profiles are calculated by finding
all the particles at a given R/Ryj; across all halos in that
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Figure 14. Fraction of the total CGM mass vs. radius contributed by different origins for different halo mass ranges at z = 0.25 (left)
and z = 2 (right). The solid lines indicate median mass fractions and the shaded regions are the 16th and 84th percentiles. Across all
halo masses and redshifts considered, IGM accretion provides ~ 60 — 80% of the CGM gas mass at R ~ Ryj, but only ~ 20 — 60% of the

gas mass in the inner CGM (0.1Ryir < R < 0.5Ryj).

mass bin and calculating the volume-weighted mean densi-
ties (solid lines) and the 16th and 84th percentile densities
across those particles (shaded regions). We chose to plot the
volume-weighted mean density because this allows one to
recover the total gas mass in any radial bin by multiplying
by the corresponding volume. To avoid cluttering the figure
we do not plot the 16th and 84th percentile interval for the
overall CGM category. We do not include trends for satel-
lite ISM because in most cases its contribution to the total
CGM mass is small, and its radial distribution closely tracks
the locations of satellites. We also do not plot satellite wind
profiles for the 10'°Mg progenitors because many of these
halos do not have enough satellite wind to produce robust
profiles. At small radii, some of the radial bins contain few
halos because R < RcGM,inner for some of the halos. To avoid
artifacts in the profiles due to small number statistics (e.g.,
sharp jumps), we only show the profiles for radial bins con-
taining 3 simulations more.

IGM accretion provides ~ 60 — 80% of the mass at
R ~ Ryjr but only ~ 20 — 60% of the mass at the inner edge
of the halo (0.1Ryir < R < Ryjr). Wind, on the other, hand
provides = 40% of the mass throughout the inner halo, ex-
cept for the 10'2M¢ progenitors at z = 0.25. This is consis-

tent with winds becoming weaker at low redshift in massive
halos in the FIRE simulations (e.g., Muratov et al. 2015),
as well as the fact that most wind mass recycles efficiently
(e.g., Anglés-Alcdzar et al. 2017a). Satellite wind associated
either with a subhalo or integrated into the well-mixed halo
makes up an approximately constant function of mass across
radii, indicating that subhalos can deposit satellite wind at
a variety of radii.

We compare our density profiles to power-law profiles
ny = na(Ryir)(R/Ryir)™, where y = 2,3 and ny |g=r,, is the
volume-weighted mean density at Ryj; for all CGM gas in
that mass bin. At both z = 0.25 and z = 2, the volume-
weighted mean density profile of all gas in the CGM of 10'!
and 10'2M, progenitor follows a nyy o« R™2 profile, and there-
fore each radial bin contains approximately the same mass.
Because each radial bin contains approximately the same
total gas mass but IGM accretion provides more mass in
the outer halo, the majority of IGM accretion is located at
larger distances from the main galaxy. The inverse is true
for wind. In addition, while the effect is subtle, the wind
density profile tends to fall-off more steeply than the IGM
accretion profile. As discussed previously, some fraction of
satellite wind is associated with subhalos (which can pro-
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Figure 15. Density profiles of CGM gas for different origins and mass ranges at z = 0.25 (left) and z = 2 (right). The solid lines are
the volume-weighted mean hydrogen number densities and the shaded regions are the 16th and 84th percentile densities for all particles.
The values at a given radius are calculated using data from all halos in that mass bin. For reference, we plot power-law density profiles
(dashed and dashed-dotted lines), normalized to match the median CGM density at Ryir. The volume-weighted density profile depends
on redshift and halo mass but is close to ng « R72, i.e. approximately constant total mass per radial bin. Close to the main galaxy (in the
case of wind) or close to the satellite galaxies (in the case of satellite wind) densities are enhanced relative to this mean density profile.

duce spikes in density profiles owing to the small number
of simulations analyzed) and another fraction is part of the
well-mixed halo.

8.83.4 Origin by Polar Angle

In this section we investigate how the distribution of CGM
gas depends on polar angle ®, which we define as the angle
between the position vector of a gas element (relative to the
center of the halo) and the angular momentum vector of the
stellar disk (the polar direction). This is related to the az-
imuthal angle relative to the semi-minor axis of disk galaxies
used in some observational studies (e.g., Bordoloi et al. 2011,
2014; Bouché et al. 2012; Kacprzak et al. 2015), but for our
simulation analysis we evaluate it in three-dimensional space
rather than as a projection on the sky. We note that study-
ing angular dependences in 3D rather than in 2D should, if
anything, enhance possible signals since projecting on the
sky introduces a degree of smearing.

We perform this analysis only for the My ~ 1012 Mg
halos at z = 0.25, because this is the subset of our simula-
tions for which clear stellar disks are present in all cases.

MNRAS 000, 1-27 (2015)

The morphologies of these systems are discussed in detail in
Garrison-Kimmel et al. (2018). The z = 2 progenitors, as well
as the lower-mass galaxies, are generally in the “bursty” star
formation regime, corresponding to disturbed gas morpholo-
gies and more irregular stellar morphologies (e.g., Hopkins
et al. 2014; El-Badry et al. 2016; Sparre et al. 2017; Faucher-
Giguere 2018; El-Badry et al. 2018b). We assume that galax-
ies are statistically symmetric about the disk plane and plot
results only for ® < 90°, e.g. we treat ® = 135° as 45°.

To quantify possible trends with respect to polar angle,
we analyze the CGM mass of different origins per unit polar
angle relative to the fraction of mass for a spherical mass
distribution. The results are shown in Figure 16 for two
temperature bins: T < 10%7K (cold/cool) and T > 10*7K
(warm/hot).

On average more cold/cool gas is found along the galaxy
plane than would be expected from a spherically-symmetric
distribution. However, there is a large variance between dif-
ferent halos. This excess of cold/cool gas around the disk
plane is consistent with the “cold flow disks” found in pre-
vious simulation analyses (e.g. Keres & Hernquist 20009;
Stewart et al. 2013; Stewart et al. 2017). On the other
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Figure 16. Fraction of CGM mass per unit polar angle, @, divided by the fraction of mass that would be found at that angle for a
spherical mass distribution. Results are shown for the CGMs of My ~ 10'2My, halos at z = 0.25, with the results for different origins
shown in different rows and the results for different temperature cuts shown in different columns. The inner shaded region covers the 16th
to 84th percentiles between simulations, while the outer shaded region covers the full extent covered by all simulations in the sample.
Across all origins, cool gas is found preferentially along the galaxy plane but with strong halo-to-halo variability, while hot gas is more

spherically distributed.

hand, warm/hot gas is more spherically distributed. Because
2> 70% of the gas mass in these halos is at warm/hot tem-
perature (Appendix A), the overall mass in the halo is sub-
stantially spherical.

The polar angle distribution as a function of origin re-
veals a number of interesting features. As expected, cool
satellite wind is found primarily close to satellites themselves
(the positions of satellites correspond to strong “peaks” in
the polar angle distributions). The preference of cold/cool
wind gas to be found along the galaxy plane in some halos
reflects an extended disk of recycled material in those halos.
Also of note, while warm/hot wind is distributed close to
spherically in the median, a subset of halos have enhanced
warm/hot wind mass along the galaxy axis. This may reflect
the preferential expansion of warm/hot wind normal to the
disk plane.

3.4 Metallicities of CGM Gas of Different Origins

Gas metallicity is a potentially useful diagnostic for obser-
vationally differentiating IGM accretion from winds (e.g.
Lehner et al. 2013; Quiret et al. 2016; Hafen et al. 2017). Ob-
servations of quasar absorption systems suggest that CGM
metallicities span 2 2 dex (e.g. Wotta et al. 2016; Prochaska
et al. 2017), though the width of the observationally-inferred
metallicity distribution depends on modeling assumptions
(e.g. Stern et al. (2016) find a 0.3 dex metallicity disper-
sion for the CGM of COS-Halos galaxies using multi-density
rather than single-density ionization modeling).

Figure 17 shows the metallicity distributions at z = 0.25
and z = 2 for different CGM origins identified using parti-
cle tracking. Each curve shows the cumulative metallicity
distribution for one main halo (i.e. the fraction of particles
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Figure 17. Left: Cumulative distributions of metallicity for CGM gas at z = 0.25, classified according to gas particle origin. Each
curve represents the metallicity distribution for a single halo, and the color of the line corresponds to that halo’s halo mass at z = 0.25.
Dashed lines indicate simulations that include subgrid metal diffusion. The metallicity of IGM accretion is systematically lower than the
metallicity of winds. The metallicity distribution of IGM accretion is systematically lower than the metallicity distributions of winds
(typically by > 1 dex in the median), but absolute metallicities depend significantly on whether subgrid metal diffusion is included or
not. The metallicity distribution IGM accretion is most increased by subgrid metal diffusion. Right: Same as left, but at z = 2.

with that metallicity or below), and is colored by halo mass.
Simulations that include subgrid turbulent metal diffusion
are shown as dashed lines. Since simulations without sub-
grid metal diffusion tend to produce incorrect distributions
of stellar metallicities (Escala et al. 2018), we regard the sim-
ulations including subgrid metal diffusion as our best model
predictions for the CGM. However, the subgrid prescription
for metal diffusion is not guaranteed to always produce accu-
rate predictions and its results can depend on the assumed
diffusion coefficient. It is therefore informative to also con-
sider CGM metallicity distributions for the simulations that
do not include subgrid metal diffusion as an indication of the
uncertainties in the predicted metallicities. In §3.3.1 above,
we discuss in more detail the interpretation of metallicities
in simulations with and without subgrid metal diffusion.

When no subgrid metal diffusion is included, the ma-
jority of gas classified as IGM accretion is at the simulation
metallicity floor of Z = 10™* Zg (we assume a solar metal
mass fraction Zg = 0.0134; Asplund et al. 2009). Even with-
out subgrid metal diffusion, IGM accretion can be lightly
enriched by halo stars or brief interactions with galaxies
(interactions too short to affect the classification). Never-
theless, very little IGM accretion has Z > 1072Zg in the
simulations without subgrid metal diffusion. Winds in gen-
eral are much more enriched than IGM accretion. In general,
wind metallicities increase with halo mass (as expected from
the mass-metallicity relation and the scaling of wind metal-
licity with ISM metallicity, e.g. Ma et al. 2016; Muratov
et al. 2017). Moreover, the metallicities of satellite wind are
in general lower than those of central galaxies in the same
main halo by ~ 0.5 — 0.8 dex.
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With subgrid metal diffusion included, the results
change dramatically for IGM accretion. The median metal-
licity is no longer at the metallicity floor, but is Z ~
4 x 1072Zg for the CGM of Milky-Way mass galaxies at
z =025 and Z ~ 3 x 1072Zg for the progenitor halos at
z = 2. We note that increasing the metallicity of an IGM
accretion particle from the metallicity floor at Z = 1074 Zg
to Z ~ 4x1072Zg can be done by diffusing only ~ 10% of the
metals from a wind particle with metallicity ~ 0.4Z¢ (metals
can diffuse from many surrounding gas particles). The metal-
licity distributions of winds, both from central and satellite
galaxies, are also in general enhanced by subgrid metal dif-
fusion, especially at z = 0.25. Metallicity distributions tend
to become narrower by ~ 0.5 dex when subgrid metal diffu-
sion is included. This is because in the metal diffusion case
the metallicity of nearby particles can equilibrate closer to
an average value, an effect that is also found in predicted
stellar metallicities (Escala et al. 2018).

Figure 18 shows metallicity statistics as a function of
radius. The left column shows mass-weighted mean metal-
licity for all CGM gas, while the right three columns show
the median metallicity for different origins. As before, solid
(dashed) curves correspond to simulations without (with)
subgrid metal diffusion. From the inner edge of the CGM to
Ryir, the mean CGM metallicity decreases by a factor ~ 3.5-7
at z=0.25 and ~ 2 -3 at z = 2. This is driven primarily by
the fact that the CGM mass at larger radii is dominated by
low-metallicity IGM accretion (see Figure 14).
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Figure 18. Metallicity as a function of radius for the CGM at z = 0.25 (top) and z = 2 (bottom). The yellow-green, teal, and navy
lines correspond to the metallicities for My(z = 0) ~ 10121110 A7 halos, respectively. Solid (dashed) lines are for the simulations without
(with) metallicity diffusion. We plot the mass-weighted mean metallicity when considering all the gas in the CGM (first column), and

the median metallicities when considering gas from different origins.

We limit the y-axis to Z > 1073Z, to focus on higher metallicity

gas, but the majority of IGM accretion is at Z ~ 107#Z, (Figure 17). The decrease in the overall CGM metallicity with increasing radius
is driven primarily by the increasing contribution to the total mass from low-metallicity IGM accretion.

4 DISCUSSION
4.1 Comparison with Previous Work
4.1.1 Particle Tracking Results

We first compare our results with some previous particle
tracking analyses that quantified the origins of the CGM.
Ford et al. (2014) (hereafter F14) also classified mass
in the CGM using a particle-tracking analysis of cosmolog-
ical SPH simulations. Beyond differences in the simulations
(e.g., the simulations analyzed by F14 were full cosmologi-
cal volumes that included many more galaxies but at lower
resolution), the analysis of F14 used a different classifica-
tion scheme. In our analysis, we use a definition of ISM that
depends on both density and distance to a galaxy center,
while F14 select ISM as all gas with ng > 0.13 cm~3. Note
that the modeling and resolution employed in the F14 sim-
ulation sample are very different from our simulations (e.g.,
the simulations analyzed by F14 employed a subgrid, pres-
surized model for the ISM, whereas our simulations in prin-
ciple resolve the multiphase ISM shaped by gravity, cooling,
and stellar feedback). Therefore, density cuts in the two sets
of simulations do not in general correspond one-to-one. By
using only a density cut F14’s wind definition does not dis-
tinguish between wind from central galaxies and from satel-
lites. On the other hand, F14 divide up their wind based
upon how long ago it was launched, and whether or not it
eventually accretes onto a galaxy. For simulated halos with

My (z = 0.25) > 10119 M, F14 find that IGM accretion pro-
vides 67% of the CGM mass, with winds (either from the
central galaxy or other galaxies) providing the remaining
33%. This is in broad agreement with our results, although
we find that the total wind mass is slightly higher (Fig-
ure 9 shows that IGM accretion provides ~60% across our
halo mass range). For halos with My(z = 0.25) < 10150,
F14 find that IGM accretion provides 57% of the CGM mass
and wind accounts for the remaining 43%, also in broad
agreement with our results.

Nelson et al. (2013) analyzed gas accretion onto 1010 <
My /Mg < 10'2 halos at z = 2 in simulations evolved with the
AREPO moving-mesh code, but without galactic winds. The
resulting gas accretion rates are dominated by IGM accre-
tion (referred to by Nelson et al. as “smooth accretion”), with
a secondary contribution from merging subhalos (“clumpy
accretion”). Without wind to expel gas from galaxies, they
found that gas stripped from other halos contributed only a
small fraction (< 10%) of the gas accretion onto halos.

Suresh et al. (2018) studied the origin of cool gas in
the CGM of a M, ~ 10'2M¢ halo at z ~ 2 using AREPO
cosmological zoom-in simulations with enhanced resolution
in the CGM, resulting in median CGM mass resolution of
2200 Mo (compared to the typical, uniform ~ 7070 My mass
resolution in similar halos in this work). In their simulation
that includes a prescription for galactic winds, Suresh et al.
find that ~ 70% of the cool gas has been processed by the
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central galaxy, with much smaller contributions from IGM
accretion and satellite material. This confirms the general
importance of winds in building up the CGM. We caution
that in this work we do not study in depth the relationship
between CGM origin and gas temperature, and that Suresh
et al. studied a more massive halo at z = 2 than any we
analyze (at z = 2, our most massive halo has mass M} =~
5% 10“M@). Therefore we cannot compare our results in
detail with Suresh et al.

Sokolowska et al. (2018) used four zoom-in SPH simu-
lations to study the origin of hot halos around Milky Way-
mass galaxies. Their analysis suggests that at z = 2 the
hot halo has significant contributions from feedback-driven
winds, with IGM accretion contributing more at lower red-
shifts, consistent with our analysis.

Fernandez et al. (2012) used a cosmological zoom-in hy-
drodynamic simulation evolved with an adaptive mesh re-
finement (AMR) code to study the origin of cool/cold gas
(selected based on HI content) in the halo of a single MW-
mass galaxy at z < 0.5. Ferndndez et al. did not explicitly
track the flow of mass in the grid simulation, but instead an-
alyzed a sequence of >100 projection maps and used metal-
licity to distinguish between IGM accretion and other ori-
gins. Similar to our study, they find that gas removed from
satellites can be a significant, but not dominant, source of
mass, and filamentary IGM accretion accounts for ~25%-
75% of the cool/cold halo gas. Even though the AMR code
used by Fernadndez et al. (2012) should tend to over-predict
gas diffusion below the resolution scale, they find that IGM
accretion is metal-poor compared to satellite wind, consis-
tent with our results. Note, however, that Ferndndez et al.
focus on cool/cold gas mass, while our particle tracking anal-
ysis includes all mass in the CGM (in Appendix A we quan-
tify CGM mass fractions in our simulations for different tem-
perature bins).

Because of differences in analysis methodology, none of
the works discussed here allow for a truly one-to-one compar-
ison. To make future comparisons more conclusive, it would
be beneficial for different groups to adopt consistent classifi-
cations. The different classifications developed in this work
represent one way forward.

While we focus on the origins of the CGM in this paper,
we note that there is extensive literature on the origin of gas
and stars in galaxies (e.g. Oppenheimer et al. 2010; Van de
Voort et al. 2011; Nelson et al. 2015; van de Voort 2017).
A useful comparison of the present results is with Anglés-
Alcézar et al. (2017a), who studied the origin of baryons
of central galaxies in FIRE-2 simulations. Anglés-Alcdzar
et al. found that ~ 30—-60% of the stellar mass in the central
galaxies of My, ~ 10° — 10'2M¢g at z = 0 halos formed from
wind recycling, consistent with the large fraction of CGM
mass originating from wind in the inner CGM found in our
study (Figure 14). Similarly, Anglés-Alcdzar et al. found that
~ 20— 40% of the stellar mass of central galaxies in 1012Mg
halos at z = 0 originates as intergalactic transfer (i.e., satel-
lite wind that accretes onto the central galaxy), which is
consistent with the significant contributions of satellite wind
to the CGM mass that we find here. In general, however, the
origins of the CGM can differ greatly from those of the cen-
tral galaxy.
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4.1.2  The Metal Content of Halos

Recently, Christensen et al. (2018) analyzed metals in galaxy
halos from a suite of zoom-in SPH simulations evolved with
a different set of physics modules. Over the galaxy stellar
mass range My ~ 107 = 10" Mg, they find total halo metal
masses spanning ~ 30% —80% of the estimated metal budget
at z = 0.25 and ~ 60% at z = 2. As we find for our sim-
ulations (see Figure 3), Christensen et al. (2018) find that
the majority of metals inside halos are outside galaxies at
z = 2, but that this fraction decreases by z = 0.25, up to a
factor of ~ 2 for L* progenitors in their simulations. Chris-
tensen et al. (2018)’s total retained halo metal masses are on
average lower than those found in our simulations, peaking
at ~ 80%. In addition, the retained metals scale differently
with galaxy/halo mass: at z = 2 their total retained halo
metal masses decrease from ~ 80% for My ~ 100Mq galaxies
to ~ 60% for My ~ 1019Mg galaxies. These differences may
arise from different feedback models, which can result in dif-
ferent efficiencies at ejecting metals from galaxies and their
halos, as discussed by Christensen et al. when comparing to
previous results from the FIRE project.

Peeples et al. (2014), hereafter P14, inferred the metal
masses contained in My ~ 10(9‘11'5)M@ galaxies at z ~ 0
by combining observations with semi-analytic modeling. As
shown in the top panel of Figure 3, in our simulations
most of the metals produced by 10'2Mg progenitors by
z = 0.25 are retained in the galaxy. This result is contrary
to the result of P14 that most of the metals produced by
the stars are not observed in the galaxy. In particular, our
value Mz /(Yoox Mx) = Mz | Mz pudge: for 10'2M progenitors at
z =0.25 is ~ 3.2X the analogous quantity inferred by P14 for
similar-mass galaxies. This large difference arises from two
different factors: in our simulations, the total metal mass
My is ~ 1.7x larger than inferred by P14, while the metal
budget Mz pudger in our simulations is only 0.53x that in-
ferred by P14 for these galaxies. The differences in My are
primarily differences in the metal mass contained in stars,
as stars contribute the majority of metals for these galax-
ies. P14 use the stellar metallicity measurements of Gallazzi
et al. (2005) to calculate the stellar metal masses, and apply
a correction to convert from B-band weighted stellar metal-
licities to mass-weighted stellar metallicities. This correction
lowers the metallicities calculated by P14 by a factor of ~ 1.4
for galaxies in the mass range considered. Furthermore, the
stellar metal masses calculated by P14 depend on the solar
metallicity, which they assumed to be Zg = 0.0153 (Caffau
et al. 2011). As discussed by Muratov et al. (2017), the dif-
ference in Mz pydget is a result of different type II SNe yields
and stellar mass loss rates in FIRE vs. P14 (this issue is
also discussed by Christensen et al. 2018). Note that Mu-
ratov et al. (2017) analyzed the FIRE-1 simulations, which
use the SNe II yields of Woosley & Weaver (1995), while our
FIRE-2 simulations use the yields of Nomoto et al. (2006).
However, the IMF-averaged yields are within ~ 10% with
the exception of Mg and Ne (Hopkins et al. 2018), and our
the total halo metal budgets agree well with the correspond-
ing FIRE-1 halo metal budgets (see Appendix B). If taken
at face value, the factor 3.2 difference in galaxy the “metal
retention fraction” relative to P14 would suggest that low-
redshift, ~ L* FIRE-2 galaxies remove from the galaxies
~ 3% too few metals compared to analogous real galaxies.
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However, we caution that the substantial uncertainties in
inferred metal masses and assumed metal budgets preclude
us from drawing a robust conclusion regarding the signifi-
cance of this discrepancy.

4.2 Implications for Observations

We now discuss some implications of our simulation analysis
for the interpretation of CGM observations.

First, our analysis suggests some broad expectations
for the structures probed by CGM observations in differ-
ent regimes. The particle trajectories in Figures 4-5 along
with the CGM mass fractions vs. radius in Figure 14 in-
dicate that sight lines with impact parameter < Ry will
almost always intersect CGM gas representing a mix of dif-
ferent origins. These origins include IGM accretion, wind
from the central galaxy, and wind from satellites. Our re-
sults indicate that this issue will especially complicate the
interpretation of low-redshift observations, as z ~ 0.25 halos
are predicted to be more throughly mixed than z ~ 2 halos.
With regards to detecting galactic winds, our analysis con-
firms results previously obtained using FIRE-1 simulations.
Namely, winds from ~ L* galaxies should be easier to detect
in the CGM of high-redshift star-forming galaxies (i.e., Ly-
man break galaxies) as galactic winds become much weaker
for ~ L* galaxies at z < 1 (e.g., Muratov et al. 2015; Anglés-
Alcédzar et al. 2017a). Figure 14 shows that this is also the
case for the FIRE-2 simulations analyzed in this paper: the
CGM mass fraction from the winds of central galaxies for
My, ~ 10'2 Mg progenitors is much larger at ~ Ry, at z = 2
than at z = 0.25.

Next, we consider specific observational diagnostics that
have been discussed for identifying the origin of CGM gas
in observations.

Some observations of absorption equivalent width as a
function of azimuthal angle relative to the galaxy semi-minor
axis suggest a bimodal or otherwise aspherical distribution,
which could be due to different physical processes (e.g., Bor-
doloi et al. 2011; Bouché et al. 2012; Bordoloi et al. 2014;
Kacprzak et al. 2015; Ho et al. 2017). In addition, the on-
going Project AMIGA will constrain the geometry of the
CGM of M31 with nearly 50 sight lines (Lehner et al. 2015;
Howk et al. 2017). As discussed in §3.3.4, we find that while
warm/hot (T > 10%7 K) gas is distributed approximately
spherically around low-redshift ~ L* galaxies, cold/cool gas
(T < 10%7 K) appears preferentially located near disk plane
of galaxies (albeit with large halo-to-halo variations). In or-
der to determine the observational signatures expected from
the distributions found in the simulations, it would be ben-
eficial to produce mock absorption spectra, as well as to
analyze a larger simulation sample to better understand the
expected scatter.

The metallicity of a CGM absorber is often discussed
as a diagnostic of its physical nature, with high-column but
metal-poor systems often associated with fresh IGM accre-
tion (e.g., Ribaudo et al. 2011; Fumagalli et al. 2011; Fu-
magalli et al. 2016b). In Hafen et al. (2017) we studied the
FIRE-1 simulations and found that metallicity is in gen-
eral a poor diagnostic of inflows and outflows as defined
purely based on radial kinematics relative to central galax-
ies. This is in part because the prevalence of wind recycling
implies that metal-rich wind gas often later falls back onto

the galaxy from which it was ejected. By classifying IGM
accretion and wind gas in the CGM not based on instanta-
neous radial kinematics but instead using particle tracking,
we can revisit the question of metallicity as a diagnostic of
CGM gas origin. For example, the metallicity distributions
in Figure 17 indicate that at z = 0.25 most CGM gas with
Z <1072Z4 is associated with IGM accretion, in the case of
simulations without subgrid metal diffusion. However, simi-
lar to what was found by Hafen et al. (2017), more metal-rich
gas can arise either in IGM accretion or in winds, if metal
diffusion in the CGM is accurately captured by our subgrid
prescription.

Lehner et al. (2013), Wotta et al. (2016), and the COS
CGM Compendium (Lehner et al. 2018; Wotta et al. 2018;
Lehner et al. 2019) analyzed Lyman Limit Systems at z < 1
and reported evidence for a bimodal metallicity distribution
of cosmologically-selected partial Lyman limit systems at
0.45 < z < 1, with a dip in the distribution at Z ~ 10~1Zg
(in contrast to Fumagalli et al. 2016a, who report a broadly
unimodal distribution at z = 2.5 — 3.5). As another result
from Hafen et al. (2017), we found that for similarly-selected
absorbers the CGM across a wide range of halo masses con-
tributed to the observed metallicity distribution, which pro-
duced a distribution without a statistically significant metal-
licity bi-modality (although our modest sample of zoom-in
simulations introduced significant noise in the analysis). The
lack of a clear metallicity dip appears in conflict with the
analysis of the above observational studies (see also Rah-
mati & Oppenheimer 2018). Our particle tracking results
suggest a similar conclusion: while different origins have dif-
ferent metallicities, the halo mass range induces a 2 1 dex
spread in metallicities for a given origin (see Figure 17). This
provides additional evidence that any analysis that aims to
compare to the metallicity distribution of cosmologically-
selected CGM absorbers must account for the full mass dis-
tribution of halos probed by random sight lines.

Recently, a number of observational studies have esti-
mated the metallicity of the low-redshift CGM surrounding
~ L* galaxies (e.g., Stern et al. 2016; Prochaska et al. 2017;
Bregman et al. 2018). Idealized analytic models of these sys-
tems have also been constructed and used to constrain the
metallicity necessary to explain observations (Faerman et al.
2017; McQuinn & Werk 2018; Mathews & Prochaska 2017;
Stern et al. 2018; Voit 2018), especially the high OVI ab-
sorption columns measured out to ~ Ryjy (Tumlinson et al.
2011; Johnson et al. 2015). The consensus from these dif-
ferent analyses is that the observations require a relatively
high CGM metallicity 2 0.3Zg. The mass-weighted mean
CGM metallicity of our simulated L* galaxies with subgrid
metal diffusion included at z = 0.25 is in the range ~ 0.2-0.3
Zo at R =~ (0.5 — 1)Ryj; (Figure 18). This is marginally con-
sistent with, but on the low end of, the observational in-
ferences mentioned above. We caution that metallicities in
the simulations are subject to uncertainties in the treatment
of subgrid metal diffusion. Moreover, forward modeling us-
ing synthetic absorption spectra are ultimately needed to
accurately compare simulation predictions to observations.
In particular, metallicity is usually not a direct observable
but instead relies on model-dependent inferences based on
observed ions; assumptions about observed systems can be
avoided by comparing direct observables to synthetic obser-
vations produced from the simulations. Several comparisons
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of FIRE-2 predictions to observed metal absorption systems
are forthcoming (Hummels et al. in prep; Li et al. in prep;
Dong et al. in prep).

5 CONCLUSIONS

We used FIRE-2 cosmological zoom-in simulations to study
the properties and origins of the CGM over the redshift in-
terval z ~ 0 —2 for the progenitors of halos with My,(z = 0) ~
100 — 10'2M¢. Using the galaxy growth particle tracking
analysis of Anglés-Alcdzar et al. (2017a) as a starting point,
we tracked the trajectories of CGM gas elements through-
out the full duration of each simulation (i.e. their pathlines).
Using the particle histories, we classified each gas particle as
having one of the following (most recent) origins: IGM ac-
cretion, wind from the central galaxy, satellite wind, and
satellite ISM. Our results can be summarized as follows:

(i) The baryonic mass fraction within Ryj; on average in-
creases with halo mass. At z = 0.25, it is ~70% of the cosmic
baryon budget for My, ~ 10!2 Mg halos (Figure 2). The CGM
mass is ~40-70% of the baryonic mass retained within the
virial radius of the halo baryon; on average, the halo mass
fraction in the CGM increases with decreasing halo mass.

(if) A significant fraction (2 20%) of the metals produced
by stars within halos escape the virial radius in most halos
analyzed (Figure 3). The main exception are My ~ 1012 Mg
at z ~ 0.25. In general, the metal mass fraction “lost” from
halos increases with decreasing halo mass. In low-redshift
~ L* halos, most of the metals are located in the central
galaxy, consistent with efficient recycling of wind ejecta.

(iii) Across all halo masses and redshifts considered, IGM
accretion provides ~ 60 — 80% of the CGM gas mass at
R ~ Ryjr, but ~ 40 — 80% of the gas in the inner CGM
(0.1Ryir < R < 0.5Ryir) has recycled through the central
galaxy and is classified as wind (Figure 14). We include as
IGM accretion unprocessed gas associated with the CGM of
infalling galaxies. Wind from the central galaxy is regularly
recycled on time scales ranging from tens of Myrs to Gyrs
(e.g. Figure 6). The CGM mass is, as a whole, distributed
with approximately constant mass per AR, corresponding to
a volume-weighted average density profile ny o« R™2 (Fig-
ure 15).

(iv) Wind and gas otherwise removed from satellites is
not only a major contributer to the growth of central galax-
ies (Anglés-Alcézar et al. 2017a), but can also contribute as
much (or more) mass to the CGM as wind from the central
galaxy for M, ~ 1012Mg halos at z ~ 0.25 (Figure 9). Satel-
lite wind also provides up to ~20% of the CGM metal mass,
with the remaining CGM metal mass dominated by wind
from the central galaxy (Figure 10).

(v) For My ~ 1012Mg halos at z = 0.25, which host well-
defined stellar disks, we find tentative evidence for cold/cool
(T < 10*7 K) gas to be found preferentially near the galaxy
disk plane, but with strong halo-to-halo variations (Fig-
ure 16).

(vi) The metallicity distribution of IGM accretion gas
particles is systematically lower than the metallicity distri-
butions of winds (typically by = 1 dex in the median), al-
though actual values of gas metallicity in the CGM and IGM
depend significantly on the treatment of subgrid metal diffu-
sion (Figure 17). The mean wind metallicity increases with
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increasing halo mass. The overall CGM metallicity decreases
with increasing radius, which is driven by an increasing mass
fraction contributed by low-metallicity IGM accretion and a
decreasing mass fraction contributed by more enriched winds
(Figure 18).

Overall, our analysis reveals that the CGM is a complex mix
of diffuse IGM accretion, CGM and ISM stripped from in-
falling satellites, and winds from central and satellite galax-
ies. We find, for example, that a significant fraction of CGM
mass can come from satellite winds. Thus, future analyses
(including semi-analytic models) should not only consider
IGM accretion and wind from central galaxies, but also satel-
lites and the larger-scale flows in which they are embedded
(e.g., infalling filaments). On average, the CGM becomes
more thoroughly mixed with decreasing redshift. As a re-
sult, sight lines through galaxy halos will in general probe
gas of different physical origins, and this complexity should
be taken into account when interpreting CGM observations.
To provide additional intuition regarding the structure and
origins of the CGM, we have produced an interactive 3D vi-
sualization of the z = 0.25 CGM mass distribution, classified
according to origin, for one of our L* galaxies, as well as a
visualization of the trajectories of gas particles of different
origins (see footnote 5). Data in electronic form for several
of the figures in this paper are also available online.”

There are a number of directions in which our analysis
can be expanded. Esmerian et al. (in prep.) use the parti-
cle tracking analysis described in this work to investigate in
more detail the hot gaseous halos of L* galaxies. While we
considered the origins of mass in the CGM in this analysis, a
natural follow-up is to investigate the fates of CGM gas. How
much CGM gas stays in the CGM, is ejected into the IGM,
or accretes onto the central galaxy? How does this correlate
with the origin of gas elements? The simulations analyzed
in this paper were evolved with ideal hydrodynamics. Ad-
ditional physics, especially cosmic rays, can potentially sig-
nificantly modify circumgalactic gas flows (e.g. Chan et al.
2018a; Su et al. 2018; Hopkins et al. 2019), so it will be
important to repeat a similar particle tracking analysis on
simulations implementing different physics. Finally, an ul-
timate goal that our particle tracking analysis and its ex-
tensions will support is the development of diagnostics that
can be used to observationally distinguish CGM gas with
different origins and fates.
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APPENDIX A: PHASES OF CGM GAS

As discussed throughout the paper, CGM gas from different
origins exists in coherent structures (typically of cooler gas)
or in a more well-mixed and diffuse halo (typically hotter
gas). In this section we quantify the CGM mass fractions in
different temperature bins. This provides additional context
for the results of this paper regarding the CGM composi-
tion, as well as metrics that can be used to compare our
simulations with others. Figure Al shows the mass in the
CGM divided according to cold (red pentagons; T < 10* K),
cool (purple diamonds; 10* K < T < 107 K), warm (green
circles; 10*7 K < T < 10°-3 K), and hot (yellow squares; 10°-3
K < T) phases. The temperature cuts match those used in
the FIRE-1 analysis of Muratov et al. (2015).
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Figure A1l. CGM gas mass in the cold (red pentagons; T' < 10*
K), cool (purple diamonds; 10* K < T < 10*7 K), warm (green
circles; 1047 K < T < 103 K), and hot (yellow squares; 10°-3 K
< T) phases, as fractions of the total CGM mass. At z = 0.25
(top), the warm-hot halo provides the majority of the CGM mass
for My, ~ 10'! = 10'2 Mg halos. On average, the CGM contains a
larger mass fraction in cool gas at z = 2.

APPENDIX B: SUPPLEMENTARY MATERIAL

This section contains plots which expand on the results pre-
sented in the main text.

Figure B1 compares simulations with and without sub-
grid metal diffusion for the total halo baryon mass and the
total CGM mass. Similarly, Figure B2 compares the simula-
tions with and without subgrid metal diffusion for the total
halo metal mass and the total CGM gas metal mass, normal-
ized by stellar mass. Note that our simulation sample does
not include initial conditions evolved both with and with-
out subgrid metal diffusion, so every simulation displayed is
from independent initial conditions. These comparisons indi-
cate no significant systematic differences for these quantities
between the simulations with and without subgrid metal dif-
fusion. This justifies the approach in the main text of com-
bining simulations with and without subgrid metal diffusion
for most of the analysis.

As a complement to Figure 3, Figure B3 shows the to-
tal metal mass retained in the entire main halo (< Ryj;) and
the mean CGM metallicity (defined as the total CGM metal
mass divided by the total CGM gas mass) for each of our
simulations at z = 0 as a function of stellar mass of the main
central galaxy. We compare to results obtained using P-SPH
simulations and the FIRE-1 implementation of the galaxy
formation physics published by Ma et al. (2016) and Mura-
tov et al. (2017). The results from this paper were obtained
using similar simulations but evolved with the MFM hy-
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Figure B1. Similar to Figure 2, but the simulations with and
without subgrid metal diffusion represented as closed or open
symbols, respectively. We only plot the total halo baryon mass
and CGM gas mass, as these are the focus of our analysis. Simu-
lations with and without subgrid metal diffusion have consistent
halo baryon masses and CGM gas masses.

dro solver and the FIRE-2 version of the galaxy formation
physics (see §2.1). The figure reveals no systematic differ-
ences between halo metal retention fractions in FIRE-1 vs.
FIRE-2. However, there can be more significant differences
between FIRE-1 and FIRE-2 CGM metallicities. In particu-
lar, the bottom panel of Figure 3 shows that at z = 0.25 the
FIRE-1 version of m12i (Hopkins et al. 2014) has a mean
CGM metallicity ~ 6x lower than the mean CGM metallic-
ity in our FIRE-2 ~ 10!2 Mg halos. This is the result of the
FIRE-1 CGM metal mass in m12i being ~ 4x lower than in
the FIRE-2 version, while the total CGM gas mass in the
FIRE-1 version is ~ 1.5x higher than in the FIRE-2 coun-
terpart. More analysis is needed to quantify how systematic
the differences are between FIRE-1 and FIRE-2.

This paper has been typeset from a TEX/IATEX file prepared by
the author.
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Figure B2. Similar to Figure 3, but the simulations with
and without subgrid metal diffusion represented as closed or
open symbols, respectively. Simulations with and without sub-
grid metal diffusion have consistent halo metal masses and CGM

gas metal masses.
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Figure B3. Mass fraction of produced metals that are retained
in the halo (top) and mean CGM metallicity (bottom) as a func-
tion of stellar mass at z = 0. Results from a sample of FIRE-2
simulations (this work) are plotted as black squares, and results
from a sample of FIRE-1 simulations are plotted as red circles
(Ma et al. 2016; Muratov et al. 2017). These results indicate no
significant systematic difference between FIRE-1 and FIRE-2 sim-
ulations for the total metal mass fraction retained in the halo as a
function of stellar mass. However, other related quantities such as
CGM metallicities can differ more significantly for certain galax-
ies, e.g. the FIRE-1 data point at My ~ 10'! My in the bottom
panel, corresponding to the m12i initial conditions.
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