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ABSTRACT

We analyse the different fates of the circumgalactic medium (CGM) in FIRE-2 cosmological
simulations, focusing on the redshifts z = 0.25 and 2 representative of recent surveys.
Our analysis includes 21 zoom-in simulations covering the halo mass range My(z = 0) ~
10'°-10'> M. We analyse both where the gas ends up after first leaving the CGM (its
‘proximate’ fate) and its location at z = 0 (its ‘ultimate’ fate). Of the CGM at z = 2, about
half is found in the ISM or stars of the central galaxy by z = 0 in Mp(z = 2) ~ 5 x 10" Mg
haloes, but most of the CGM in lower mass haloes ends up in the intergalactic medium (IGM).
This is so even though most of the CGM in My,(z = 2) ~ 5 x 10'° M, haloes first accretes on
to the central galaxy before being ejected into the IGM. On the other hand, most of the CGM
mass at z = 0.25 remains in the CGM by z = 0 at all halo masses analysed. Of the CGM gas
that subsequently accretes on to the central galaxy in the progenitors of M, (z = 0) ~ 10'> M,
haloes, most of it is cool (7~ 10* K) at z = 2 but hot (~Ty;) at z ~ 0.25, consistent with the
expected transition from cold mode to hot mode accretion. Despite the transition in accretion
mode, at both z = 0.25 and 2 >80 per cent of the cool gas in M}, > 10'"M, haloes will accrete
on to a galaxy. We find that the metallicity of CGM gas is typically a poor predictor of both
its proximate and ultimate fates. This is because there is in general little correlation between
the origin of CGM gas and its fate owing to substantial mixing while in the CGM.
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of galaxies. For example, the CGM mass can exceed that of the

1 INTRODUCTION central galaxy (e.g. Tumlinson, Peeples & Werk 2017; Hafen et al.

Both observations and simulations indicate that galaxies from
dwarfs through galaxies in clusters are enclosed in enormous
gaseous atmospheres (e.g. Steidel et al. 2010; Ford et al. 2013; Hum-
mels et al. 2013; Bordoloi et al. 2014; Liang & Chen 2014; Stocke
et al. 2014; Werk et al. 2014; Johnson et al. 2017). It has become
clear in recent years that these gaseous atmospheres, also known as
the circumgalactic medium (CGM), crucially affect the evolution
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2019). Moreover, the CGM mediates powerful interactions between
galaxies and the larger scale intergalactic medium (IGM), such as
cosmic inflows (e.g. Keres et al. 2005; Dekel & Birnboim 2006;
Prochaska & Wolfe 2009; Faucher-Giguere, Kere$ & Ma 2011) and
powerful galactic winds (e.g. Martin 2005; Veilleux, Cecil & Bland-
Hawthorn 2005; Davé, Oppenheimer & Finlator 2011; Muratov
et al. 2015; Anglés-Alcazar et al. 2017; Fielding et al. 2017).

The large gas mass present in the CGM, much of which is
enriched with metals, raises the question of what happens to the
CGM observed in different surveys, i.e. what are the different fates
of the CGM? This a key question for the physical interpretation
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of observational surveys of the CGM, at both low (e.g. Tumlinson
et al. 2011; Bouché et al. 2013; Stocke et al. 2013; Bordoloi et al.
2014; Rubin et al. 2014; Johnson, Chen & Mulchaey 2015; Chen
et al. 2018; Burchett et al. 2019) and high (e.g. Steidel et al. 2010;
Rudie et al. 2012; Prochaska, Hennawi & Simcoe 2013) redshifts.
The fates of the CGM, in particular, inform us about the whether
circumgalactic gas primarily accretes on to galaxies, moves out in
outflows that potentially enrich the IGM with metals, or remains in
the CGM for cosmological time-scales. The fates of the CGM are
also important for our understanding of different observed phenom-
ena. Consider the massive CGM of low-redshift ~L* galaxies, which
have been the focus of comprehensive surveys with HST/COS (e.g.
Werk et al. 2013; Johnson, Chen & Mulchaey 2015; Keeney et al.
2017). If this CGM remains as gaseous haloes until z ~ 0, then
it may contribute to observed high-velocity clouds (e.g. Putman,
Peek & Joung 2012) or X-ray emitting gas (e.g. Henley & Shelton
2010; Henley et al. 2010; Gupta et al. 2012; Fang et al. 2015). On
the other hand, if all the O VI-traced gas in L* haloes accretes on to
the central galaxy, then it could provide fuel for stars to form at a
rate up to ~1-10 x the observed star formation rate (Mathews &
Prochaska 2017; McQuinn & Werk 2018; Stern et al. 2018).

In this work, we trace the history of gas elements (commonly
referred to as “particle tracking’) to study the different fates of the
CGM in the FIRE cosmological zoom-in simulations (Hopki et al.
2014; Hopkins et al. 2018)." This paper complements our previous
analysis of the origins of the CGM in the same simulations (Hafen
et al. 2019, hereafter H19), as well as our analysis of the role
of the cosmic baryon cycle in the build-up of central galaxies
in FIRE (Anglés-Alcdzar et al. 2017). The present analysis also
complements several previous particle tracking studies in other
simulations, which generally adopted a ‘galaxy-centric’ rather than
a ‘CGM-centric’ perspective (e.g. Oppenheimer et al. 2010; van de
Voort et al. 2011; Nelson et al. 2013; Ford et al. 2014; Christensen
etal. 2018; Ho, Martin & Turner 2019; Tollet et al. 2019). The FIRE
simulations simultaneously include the cosmological environment
as well as the effects of galactic winds generated by energy injection
on the scale of individual star-forming regions, making them well
suited for predictions of the gas flows that occur in the CGM. In
previous papers, we analysed other bulk properties of the CGM
in the FIRE simulations (Muratov et al. 2015, 2017; Stewart et al.
2017; El-Badry etal. 2018; Ji et al. 2019) and have made predictions
of its observability in absorption and emission (Faucher-Giguere
etal. 2015, 2016; Sravan et al. 2016; van de Voort et al. 2016; Hafen
et al. 2017).

Our analysis covers both the fate of gas immediately after it leaves
the CGM (which we refer to as its proximate fate) and the fate of the
gas by z = 0 (which we refer to as its ultimate fate). By studying the
proximate fates of CGM gas, we address how CGM gas elements
contribute to the baryon cycle in the near term. Our analysis of the
ultimate fates of the CGM tells us where the gas ends up by z = 0.
Analysing both the proximate and ultimate fates is important to gain
insight into the baryon cycle because of the importance of recycling
and ‘fall back’: gas that accretes on to a galaxy can later be ejected
back into the CGM by galactic winds, while gas that ejected from
haloes can later reaccrete on to the CGM. We focus on the CGM
at z = 0.25 and 2, which are representative of major recent surveys
referenced above.

The structure of this paper is as follows. In Section 2, we describe
the simulations used and our particle tracking analysis methods. Our

IFIRE project website: https:/fire.northwestern.edu/.
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main results are presented in Section 3, including the past and future
locations of CGM gas (Section 3.1), trajectories of gas elements of
different fates (Section 3.2), and how CGM fates depend on halo
mass, temperature, and metallicity (Section 3.3). We also address
the connection between the origin of a CGM gas element and its
fate (Section 3.4). We discuss our results in Section 4 and conclude
in Section 5.

Throughout, we assume a standard flat ACDM cosmology with
Qu~0.32,Q5 =1— Qu, 2 ~0.049, and Hy ~ 67 km s~ Mpc~!
(Planck Collaboration VI 2018).2

2 METHODS

2.1 Simulations

In this paper, we analyse 21 FIRE-2 cosmological hydrodynamic
‘zoom-in’ simulations generated with the multimethod gravity and
hydrodynamics code {\sc GIZMO}* (Hopkins 2015). The same
simulations were previously analysed in H19, where they are
described in more detail. The simulations were produced using
{\sc GIZMO}’s meshless finite-mass (‘MFM’) solver. In this
mode, there is no mass flux between hydrodynamic resolution
elements and we can use the particles advected with the flow
to track the history of gas parcels. The main haloes of our
simulations span the mass range of M;(z = 0) ~ 10'°-10'> M.
As in H19, for the sake of brevity we refer to main haloes with
My(z = 0) ~ 10'°, 10", and 10'> Mg, simply as 10'° M, progen-
itors, 10" My, progenitors, and 10'> Mg, progenitors, respectively
(these correspond to simulations whose name begins with m10,
mll, or m12, respectively). We identify and track the evolution
of dark matter haloes using the {\sc Amiga Halo Finder} (Gill,
Knebe & Gibson 2004; Knollmann & Knebe 2009), and adopt the
virial overdensity definition of Bryan & Norman (1998).

The physics implemented in the FIRE-2 simulations is described
fully in Hopkins et al. (2018). We summarize some of the main
elements here. The simulations include radiative heating and cool-
ing processes over T = 10-10'° K, including photoelectric heating,
free—free emission, low-temperature cooling from molecules and
fine-structure metal lines, Compton scattering with the cosmic
microwave background, and high-temperature metal line cooling.
We track nine metal species that dominate the cooling rate of
cosmic gas, similar to Wiersma et al. (2009). Star particles are
spawned when gas is self-gravitating, molecular, and has a density
of at least ny = 1000 cm™>. The star particles are treated as
independent, simple stellar populations. The simulations include
stellar feedback prescriptions for energy, momentum, mass, and
metals from Type la and Il supernovae and stellar winds, momentum
from radiation pressure, and photoionization and photoelectric
heating. Photoheating and photoionization account for both the
cosmic UV background model (using the model of Faucher-Giguere
etal. 2009) and approximations for local sources and self-shielding.
The evolution of stellar populations, including the time-dependent
feedback quantities, follows the {\SC STARBURST99} synthesis
model (Leitherer et al. 1999) and assumes a Kroupa (2001) initial
mass function.

2For consistency with previous work, some of our simulations were evolved
with slightly different sets of cosmological parameters, but we do not expect
this to significantly impact any of our results given the small differences in
the parameters.
3http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html
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Of the 21 simulations analysed in this work, 9 incorporate a
subgrid model for metal diffusion between adjacent resolution
elements. The purpose of the model is to capture subresolution-
level metal mixing that is not by default accounted for by the MFM
hydrodynamic solver, which does not capture mass flux between
resolution elements. The primary assumption for the metal diffusion
model is that the diffusion time-scale between elements scales with
the eddy turnover time of the largest unresolved turbulent eddies,
i.e. that unresolved turbulence exchanges metals between resolution
elements. The details of our metal transport model are described in
Hopkins (2017), Hopkins et al. (2018), and Escala et al. (2018).

2.2 Baryon cycle definitions

During the baryon cycle, baryons can be found in the IGM,
the CGM, or galaxies. Baryons in galaxies can be either in the
interstellar medium (ISM) or in stars. The definitions for galaxies
and the CGM are the same as in H19. To summarize, for a given
halo all gas within a radius Ry, and with ny > 0.13 cm™ is
considered part of the central galaxy’s ISM and all stars within
Ry, are considered part of that galaxy. We use Ry, = 4R, o5, where
R, o5 is the stellar half-mass radius. For each halo, the CGM is
defined as all the gas outside both the central galaxy and satellite
galaxies, and in the case of the simulation’s main halo we further
require that the CGM gas has r > Rcgm, inner Where RegM, inner
= max (1.2Rgy, 0.1Ry;;).* This definition allows us to focus our
analysis on CGM gas that is clearly separate from the main galaxy.
The remaining main halo gas, i.. gas within Rgy butny < 0.13 cm ™3
and gas with Ry < 7 < RcGM, inner» 18 defined as the ‘galaxy—halo
interface’. We define the IGM as gas outside the virial radii of all
haloes in a simulation.

Zoom-in simulations simulate a single main halo at high resolu-
tion, and for each zoom-in we focus our analysis on the CGM of the
main halo. We thus differentiate haloes that are satellites of the main
halo and haloes external to the main halo. We do not distinguish
the CGM of satellites from that of the main halo, given the extent
to which they can mix through stripping and other processes. For
the same reason, we only identify the galaxy—halo interface of the
main galaxy, and not of satellite galaxies.

2.3 Proximate and ultimate fate classifications

The sample of particles tracked in this work is the same as in H19.
Briefly, at both z = 0.25 and 2 we randomly sample 10° particles
in the CGM of each main halo. We compile the full history of these
particles at ~25 Myr time resolution, and use those histories to
assign a proximate fate and an ultimate fate to each particle. Note
that the proximate fate in general depends on the detailed history
of a gas element, while the ultimate fate only depends on the final
location of the gas.

The ultimate fate classification for a particle is simply the
component of the baryon cycle the particle resides in at z = 0.
This can be: the main galaxy’s CGM, the main galaxy, the galaxy—
halo interface, a satellite galaxy, an external galaxy, the CGM of an
external galaxy, or the IGM.

4In HI9 we included satellite ISM as part of the CGM for the purpose
of quantifying its mass contribution to the CGM. Having determined that
satellite ISM is < 5 per cent of the CGM mass, we do not consider satellite
ISM part of the CGM in this paper.
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Gas in the CGM of the main
galaxy at redshift z

Ceaves the CGM before z=(a
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Figure 1. Flow chart summarizing how we classify the proximate fate of
gas elements in the CGM of a galaxy. Gas is classified as accreted (on to the
central galaxy), accreted satellite (accreted on to a satellite), ejected (into
the IGM), or halo transfer depending on the component of the baryon cycle
it transfers to upon leaving the CGM. Some gas stays continuously in the
CGM until z = 0, i.e. it remains CGM.

The proximate fate of CGM gas identifies the next ‘component
transition” experienced. The main proximate fates are: accretion on
to the central galaxy, accretion on to a satellite galaxy, ejection into
the IGM, or continuous residence in the CGM until z = 0. Another
possible proximate fate is ‘halo transfer’. Halo transfer occurs when
gas is found within the halo of an external galaxy the snapshot after
it was last in the CGM of the central galaxy. We have quantified halo
transfer, but found that < 1 per cent of the CGM mass contributes
to it, so we omit it from the figures in this paper for simplicity. Fig. 1
uses a flow chart to summarize how we assign proximate fates. Note
that the proximate fates are insensitive to the time-scale on which
gas leaves the CGM, with the exception of gas that remains in the
CGM until z = 0.

Some care is needed to robustly identify when gas leaves the
CGM. For example, gas that approaches the central galaxy but is
blown away by a galactic wind before being incorporated in the
galaxy can momentarily cross the (relatively large) Ry, radius. To
avoid classifying such gas as accreted by the central galaxy, we only
consider gas to have properly left the CGM if it is not contained
by the galaxy-halo interface. Another means through which gas
may spuriously appear to leave the CGM is through the momentary
misidentification of the main halo by the halo finder. This causes the
position of the main halo’s virial radius to change abruptly and can
result in spuriously ‘ejected’ gas. To minimize this, we require that
gas particles spend 7 > 30 Myr in a destination component to count
as having left the CGM. Since the spacing between simulation
snapshots is ~25 Myr, this requires that gas particles spend >2
snapshots in the destination component (there are some more finely
spaced snapshots at very high redshift).

3 RESULTS

3.1 Past and future locations of CGM gas

Fig. 2 shows the results of identifying gas in the CGM at z = 0.25
or 2, and tracking the fraction of that mass residing in different
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Figure 2. Fraction of mass in a given component of the baryon cycle as a function of time for gas that was/will be in the CGM at z = 0.25 (left) and z = 2
(right). We show gas in the main galaxy (blue), the galaxy—halo interface of the main galaxy (green), the CGM of the main galaxy (yellow), the IGM outside
Ryir of any galaxy (red), within a galaxy other than the main galaxy (teal), and within the CGM of a galaxy other than the main galaxy (dark yellow). The solid
line shows the median across different haloes in a given mass bin, and the shaded regions indicate the 16th—84th percentiles between haloes. Across the halo
mass range analysed, both the build-up and the subsequent loss of half of the CGM mass occur over ~3 Gyr for z = 0.25 CGM gas and <1 Gyr for z = 2

CGM gas.

components of the baryon cycle at subsequent and prior redshifts.
The fractions at z = 0 correspond to ultimate fates, which we also
study as a function of halo mass in Section 3.3.1.

As mentioned in the introduction, several CGM surveys in the
last decade have targeted z ~ 0.25 using the Cosmic Origins
Spectrograph on HST or z ~ 2 using 10 m-class ground-based
observatories. As indicated by the yellow curves in the left-hand
panels of Fig. 2, the fraction of z = 0.25 CGM gas that was in
the CGM of the same galaxy at z = 2 is on average < 10 per cent
for all halo masses included in our analysis. Thus, our simulations
indicate that CGM surveys at different redshifts primarily probe
different gas.

Of the CGM at z = 2, about half ends up in the central galaxy by
z =0in 10'2 Mg, progenitor haloes; of the rest most is ejected into
the IGM. Most of the CGM of lower mass haloes at z = 2 is ejected
into the IGM over time. Interestingly, this is so even though most
of the CGM in My(z =2) ~ 5 x 10'° Mg, haloes first accretes on
to the central galaxy before being ejected into the IGM, as implied
by our analysis of proximate fates in Section 3.3.1. This highlights
the complex dynamics of inflows and outflows in the CGM, and
in particular the fact that much of the gas accreted by galaxies can
later be ejected in powerful winds, especially in low-mass haloes
(e.g. Anglés-Alcdzar et al. 2017). On the other hand, a significant
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fraction of the CGM mass at z = 0.25 remains in the CGM by z =
0 at all halo masses analysed.

Up to ~ 20 per cent of the CGM mass at a given redshift spends
time in haloes other than the main halo prior to accreting on to
the main CGM. Of this mass, the vast majority is in the CGM of
other haloes (as opposed to in external galaxies; see the dark yellow
curves in Fig. 2). This external gas ends up in the main halo either
when the external halo is accreted on to the main halo or when it
is expelled by the external halo and subsequently accretes on to
the CGM of the main galaxy (see the bottom panel of fig. 8 of
H19 for an example of this for a 10'° M, progenitor). This latter
channel is related to the ‘intergalactic transfer’ identified in FIRE-
1 simulations by Anglés-Alcdzar et al. (2017), but in this case it
consists primarily of CGM-to-CGM transfer, rather than galaxy-to-
galaxy transfer.

To quantify the transient nature of the CGM, we calculate the
‘half-life” of CGM gas. We define 7 as the time for half the CGM
mass (at z = 0.25 or 2) to move out of the CGM. Similarly, we define
Tpre as the time that it took for half of the CGM at a given redshift to
join the CGM. Note that we define the half-life by tracking fixed gas
elements, which is in general different from the time needed for total
CGM mass to change by a factor of &2 as the net result of transfers in
and out. The results are shown in Fig. 3. We plot the halo dynamical
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Figure 3. Top: The half-life of the CGM at z = 0.25. The ‘post’ half-life
Tpost s defined as the time for half the CGM mass at z = 0.25 to move out
of the CGM. Similarly, the ‘pre’ half-life 7. is defined as the time that it
took for half of the CGM mass at z = 0.25 to join the CGM. Each point
corresponds to a different halo. The arrows indicate lower limits on 7 pos
due to the fact that more than half the gas in the CGM at z = 0.25 is still in
the CGM by z = 0. Bottom: Same but for z = 2. The half-life of CGM gas
does not vary strongly with halo mass and has high halo-to-halo variability,
especially at z = 2. For lower mass haloes, the CGM can consist of largely
the same gas for multiple Gyr.

time t4y, = 1/+/Gp for comparison, where / is the mean density of
the halo (recall that we define haloes using the redshift-dependent
virial overdensity criterion from Bryan & Norman 1998). For some
haloes at z = 0.25, the simulation ends before half the CGM mass
transfers out, and for these haloes we indicate lower limits on 7
(corresponding to the lookback time to z = 0.25) with upwards
arrows. It is a coincidence that fiookpack (2 = 0.25) A t4yy, i.€. that the
lower limits line up with the halo dynamical time at z = 0.25. The
half-life is on average proportional to the halo dynamical time, but
with >1 dex scatter. The exception is M}, <5 x 10'° Mg, haloes at
z = 0.25, where heating by the cosmic UV background plays an
important role in supporting the CGM.

3.2 Pathlines for different CGM fates

In this section, we analyse how the trajectories of particles found
in the CGM of main haloes depend on their proximate and ultimate
fates. The visualizations allow us to better understand the spatial
distributions and physical behaviours of gas with different fates, and
to illustrate how sightlines through haloes will in general include
gas of different fates.

Fig. 4 shows the paths traced by 1000 randomly selected gas
particles in the CGM of three representative simulations, one for
each of our main halo mass bins. On the left, the paths are shown
for 1 Gyr after z = 0.25 and on the right, for 0.5 Gyr after z =

Fates of the CGM 3585

2. The number of particles displayed for each proximate fate is
proportional to the mass contribution of that fate to the CGM.3

Gas that will be accreted on to satellite galaxies closely follows
the trajectory of satellite galaxies. Gas accreted on to satellites can
be subsequently ejected from satellite galaxies. As apparent in some
of the panels of Fig. 4 (e.g. for m121 at z = 0), some of the gas
diverges from satellites after having been accreted by a satellite
galaxy, indicating an outflow from the satellite. We discuss this
more in Section 3.4, where we show that the primary origin of gas
whose proximate fate is to be accreted on to a satellite is satellite
wind. This reflects that fact that (relatively low-mass) star-forming
satellite galaxies generally drive multiple episodes of gas ejection
and recycling (see also Anglés-Alcdzar et al. 2017).

As expected, gas whose proximate fate is to be accreted on to
the central galaxy is preferentially found close to the central galaxy.
Gas that will be ejected into the IGM appears to have quite diverse
spatial distributions. In some cases gas that will accrete on to the
central galaxy appears to block outflowing gas (e.g. m12iandmllqg
at z = 2). Interestingly, the My(z = 0) ~ 10" M, halo shown in
Fig. 4 contains very little gas at z = 0.25 that will be ejected into
the IGM. This is consistent with the general finding in the FIRE
simulations that galactic winds essentially disappear at low redshift
in ~L* galaxies (e.g. Muratov et al. 2015; Anglés-Alcdzar et al.
2017; Stern et al. in prep.).

Fig. 5 shows radial distance from the centre of the halo versus
time for particles found in the CGM at z = 2 in our example
102 M, progenitor, m121. Equivalent plots for characteristic 10'!
and 10'° M, progenitors are found in Appendix A. We visualize five
particles in each ultimate fate panel. Within each panel, the lines are
coloured according to proximate fate. The particles visualized here
were selected to illustrate the different proximate fates and a wide
variety of trajectories possible for a given ultimate fate. Consistent
with the bursty outflows in FIRE, gas that ends up in the central
galaxy frequently recycles across all halo masses included in our
analysis.

3.3 Fates of the CGM

3.3.1 Fate by halo mass

The left side of Fig. 6 shows the fraction of CGM mass with different
proximate fates at z = 0.25 and 2. The right side shows the same
but for different ultimate fates. The points are for individual haloes
and the lines connect the medians between each halo mass bin. We
highlight below some important trends regarding the possible fates
of the CGM, as well as conclusions that can be drawn by comparing
proximate and ultimate fates.

One evident difference in Fig. 6 between z = 0.25 and 2 is that
while, overall, the most common proximate fate for CGM gas at z =
0.25 is to remain in the CGM until z = 0, only a tiny fraction ~10~*—
1072 of the z = 2 CGM mass remains continuously in the CGM
until the present time. Several factors contribute to this difference:
(i) there is more time for gas to leave the CGM between z = 2
and 0; (ii) characteristic halo dynamical time-scales are shorter at
z = 2; and (iii) in the case of the more massive My(z = 0) ~

SVisualizations of the same simulations were presented for CGM origins in
H19. However, in that study 500 gas particles were selected for each origin
(independent of the origin’s mass contribution CGM). The visualizations
shown in the present paper thus more faithfully represent the contributions
of different processes to the total CGM mass.
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Figure 4. Left: Paths traced over the course of 1 Gyr by 1000 randomly selected particles in the CGM of m121 (top), m11qg (centre), and m10y (bottom).
Pathlines start at z = 0.25 and are coloured according proximate fate (i.e. the fate of gas immediately after it leaves the CGM). Lines become thicker with
increasing time. The stellar mass surface density is plotted as a blue—yellow histogram. Right: Same as left, but for 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. In each panel, the virial radius of the main galaxy is
plotted as a dashed white circle, and a circle with radius Rg, is centred on the main galaxies. The galaxy circle is rotated such that its plane is normal to the
total angular momentum of the galaxy’s stars, indicating the orientation of the galactic disc. At z = 2 in the > 10'! M, progenitors (m12i and m11q) gas that
will be ejected into the IGM is often spatially separated from gas that will accrete on to the central galaxy, indicating that accreting gas can shape the paths of
outflows.
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Figure 5. Distance from the central galaxy (in proper kpc) versus age of
the universe for particles located in the CGM of m121 at z = 2, a halo with
Mi(z = 2) =3 x 10! Mg, The grey shaded region shows the boundaries
of the CGM. A vertical dashed line displays z = 2. Each panel corresponds
to the location of the gas at z = 0 (its ultimate fate), with five particles per
panel. Gas that will eventually be part of the central galaxy, the CGM of the
main halo, and the IGM are the top, middle, and bottom panels, respectively.
The colour of the gas particle indicates its proximate fate: gas accreted on
to the main galaxy, on to satellites, or ejected into the IGM is coloured blue,
purple, and red, respectively. Gas with a given ultimate fate can reach its
destination through a wide variety of possible trajectories.

10'2 M, progenitors at z = 0.25, the CGM forms a hot, pressure-
supported atmosphere where accretion occurs on a cooling time,
which is longer than the dynamical time (H19; Stern et al. 2019,
2020). The very small ‘remains CGM’ proximate fate fractions at
z = 2, however, do not imply that there is essentially no gas in
common between the CGM of galaxies at z = 2 and z ~ 0. Indeed,
Fig. 6 shows that ~10 per cent of the z =2 CGM is also in the CGM
of the main galaxy at z = 0. To reconcile these results, we conclude
that while almost all the z =2 CGM leaves the CGM at least once
by z = 0, a significant fraction returns to the CGM by z = 0. Gas
accreted by galaxies can return to the CGM via galactic winds,
while gas ejected into the IGM can later fall back on to the CGM.
Accretion on to the central galaxy is a common proximate fate for
much of the CGM across the halo mass and redshift ranges analysed.
On average, the prevalence of this proximate fate increases with halo
mass and redshift. For M(z = 0) ~ 10'> Mg, progenitors at 7 =
2, corresponding to observed Lyman break galaxies (LBGs; e.g.
Adelberger et al. 2005, albeit at the low-mass end), 2 50 per cent

Fates of the CGM 3587

of the CGM mass has this proximate fate. Moreover, the simulations
indicate that up to ~ 80 per cent of the CGM of LBGs ends up in
central galaxies by z = 0 (ultimate fate). The increasing fraction of
the CGM mass that ends up in central galaxies (at both z = 0.25
and 2) is in agreement with the increasing efficiency with which
observations imply that haloes convert their baryon budget into
stars (e.g. Behroozi, Wechsler & Conroy 2013; Moster, Naab &
White 2013).

The thin lines in the left column of Fig. 6 show CGM metal
mass fractions with different proximate fates. The most significant
differences between the proximate fates of the overall CGM mass
versus the CGM metals are in the fractions of the mass/metals that
will remain in the CGM versus will be accreted on to the central
galaxy. In particular, the figure shows that metal-enriched gas is
preferentially accreted relative to the overall CGM mass. In our
sample, the vast majority of CGM metals originate in galactic
winds (see H19, Fig. 10). The results thus imply that, at z =
0.25, CGM mass previously contributed by winds is more likely
to reaccrete on to the central galaxy than other CGM mass (e.g.
from IGM accretion). This effect is due both to the fact that the
CGM mass fraction from previous winds is enhanced in the inner
halo (Fig. 14 in H19) and to enhanced cooling of metal-rich gas
(which tends to be overdense in addition to metal rich; Esmerian
et al., in prep.). Fig. 6 shows that at z = 2 metallicity does not
affect the relative fraction of accreting total gas mass versus metals,
which is due in at least part to the almost complete absence of
z = 2 CGM gas that remains continuously in the CGM until
z=0.

As discussed in Section 2.1, a subset of our simulations includes a
subgrid prescription for metal diffusion that allows metals to diffuse
between adjacent resolution elements.® We use both simulations
produced with and without subgrid metal diffusion to calculate
the fractions in Fig. 6. This effectively assumes that the fates of
CGM mass and metals are not significantly affected by subgrid
metal diffusion. To check this assumption we calculated the CGM
fractions with different proximate fates separately for simulations
with and without metal diffusion, and found no differences that
could not be explained by halo-to-halo variations and the small
number of haloes. However, we caution that our simulation sample
is relatively small, so significant differences could be revealed in a
larger sample.

Overall, the accretion of CGM gas on to satellite galaxies is
a subdominant proximate fate. However, this process becomes
increasingly important with increasing halo mass, at both z = 0.25
and 2, and can be the proximate fate of up to ~ 10 per cent of the
CGM mass in 10'> M, haloes.

Concerning the ejection of gas into the IGM, Fig. 6 shows that this
is the dominant ultimate fate of the z =2 CGM of most of the haloes
included in our analysis — the exception being the more massive
My (z =0) ~ 10'2 M, progenitors, for which the simulations instead
predict that most of the CGM ends up in the central galaxy. Ejection
into the IGM is a dominant fate even though the proximate fate
results show that most of the CGM in My(z =2) ~ 5 x 10" Mg
haloes first accretes on to the central galaxy before being ejected
into the IGM. This difference between proximate and ultimate
fates again highlights the complex dynamics of the baryonic
cycle.

Technically, a metallicity scalar field is diffused but there is no actual
transfer of mass between MFM resolution elements.
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Figure 6. Left: Fraction of the total CGM baryon mass at z = 0.25 (top) or z = 2 (bottom) for different proximate fates (i.e. the component of the baryon
cycle the gas transfers to upon leaving the CGM). Each point is a value from a simulation. The thick lines connect the medians for each mass bin. The thin
dashed lines are calculated similarly, but for the fraction of CGM metal mass with different proximate fates, for which the raw data are not shown here. Right:
Similar but for fractions with different ultimate fates. Similar but for the fraction of the total CGM baryon mass with different ultimate fates, i.e. the component

of the baryon cycle where the gas ends up by z = 0.

3.3.2 Fates by temperature

Fig. 7 shows the temperature distributions of CGM gas of different
proximate fates, for different halo mass bins. The solid lines indicate
the median between haloes in a given halo mass bin, and the
shaded regions indicate the 16th—84th percentile range. For each
proximate fate, the log T probability distribution function (PDF) is
weighted by the fraction of mass contributed to the CGM. Thus,
an integral over log T corresponds to the fraction of the total CGM
mass contributed by a given proximate fate. At a given temperature,
the relative heights of the PDFs indicate the relative contribution of
different proximate fates to CGM gas mass in a Alog T temperature
interval.

One striking result in Fig. 7 is that, at z = 2, most of the CGM in
the haloes analysed is cool, with T < Tyi; [Tyir = GMp ump/(2kgRyir)
is the halo virial temperature, where © = 0.6 is the assumed mean
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molecular weight, m,, is the proton mass, and kg is the Boltzmann
constant]. Of this cool gas, most of it will next accrete on to the
central galaxy in the progenitors of ~10''=10'> My, haloes. This
is consistent with the importance of cold mode galactic accretion
for these high-redshift haloes (e.g. Birnboim & Dekel 2003; Keres
et al. 2005, 2009). On the other hand, for the M}, ~ 10'? Mg, haloes
at z = 0.25, we find that most of the CGM is hot with T~ T;, and
remains in the CGM until z = 0. Of the gas that accretes on to the
central galaxy by z =0, most of it is hot at z = 0.25, consistent with
the development of hot mode accretion in the haloes of low-redshift
~L* galaxies. We note that this may underestimate the amount of
hot mode accretion, as the CGM gas that is cool already at z = 0.25
may previously have been shocked heated, i.e. it may have already
cooled out of the hot halo.

Focusing on the fate of cool gas with T~ 10* K, Fig. 7 implies
that (to the extent that the present simulations are realistic), most
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cool gas observed in the CGM of haloes in the parameter space
covered by our analysis is likely to next accrete on to a galaxy
(except perhaps for the low-mass progenitors of ~10'° Mg, at z =
2, which eject a lot of mass into the IGM). Previous cosmological
simulations also find that a large fraction of the cool CGM gas
will accrete on to galaxies (e.g. Ford et al. 2014). Interestingly, for
10" My, haloes at z = 0.25, about half of the cool CGM with T ~
10* K will next accrete on to satellite galaxies. As we will discuss
further in Section 3.4, this is because cool gas in hot haloes in
our simulations is strongly associated with non-linear structures, in
particular satellite winds that recycle. This is especially so at larger
halo radii, where satellite wind is more prevalent than wind from
the central galaxy (H19, Fig. 14).

3.3.3 Fates by metallicity

As demonstrated explicitly in H19, the metallicity of CGM gas is
a strong function of its origin (i.e. as galactic winds versus IGM
accretion) and the host halo mass. In this section we investigate the
connection between metallicity and the proximate fate of CGM gas.
Fig. 8 shows the metallicity distributions of CGM gas, with solid
(dashed) lines indicating the median between haloes in a given

halo mass bin for simulations run without (with) turbulent metal
diffusion. The distributions are normalized by contribution to the
total CGM mass, as we normalized the temperature distributions in
the previous section. We use the same value of the solar metallicity
as used in H19, Zy = 0.0134 (Asplund et al. 2009). Note that our
simulations have a metallicity floor at Z=& 10™* Z,. To account for a
spike in the values of the PDF near the metallicity floor, we expand
the bottom-most histogram bin to cover Z = 1074-10733 Z,.

Fig. 8 shows that, for a given halo mass bin and redshift, the
CGM metallicity distributions of different proximate fates are broad
and overlap substantially. As a result, the simulations indicate that
we cannot in general use the metallicity of a CGM absorber to
reliably predict whether the gas will next accrete on to galaxy, be
ejected into the IGM, or remain in the CGM. We note, however, that
while metallicity distributions of different proximate fates overlap
broadly, the median metallicity for different proximate fates can
differ significantly. For example, at z = 0.25 the median metallicity
of gas that will accrete on to galaxies is ~1 dex higher than the
metallicity of gas that will remain in the CGM until z = 0.

The results for simulations including a subgrid model turbulent
metal diffusion (see Section 2.1) are shown by dashed lines in
Fig. 8. In these simulations, low-metallicity gas particles gain
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Figure 8. The metallicity distribution of CGM gas with a given proximate fate weighted by the contribution of such gas to the total CGM mass. The solid
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diffusion. The median metallicities are indicated on the top axis with short vertical segments. While the distributions change for simulations with/without metal
diffusion, for both types of simulations and at both z = 0.25 and 2 the metallicity distributions of different fates overlap strongly, indicating that the metallicity
of CGM gas elements is not a reliable indicator of its fate. While the distributions overlap strongly, at z = 0.25 the median metallicity of gas accreted on to
galaxies can be up to ~1 dex higher than the median metallicity of gas that will remain in the CGM or be ejected into the IGM by z = 0.

metals through contact with higher metallicity gas. Subgrid metal
diffusion can significantly boost the metallicity of otherwise metal-
poor gas. As can be seen in Fig. 8, this almost entirely suppresses
the metallicity floor peaks for the CGM of all possible fates.
However, since metallicity distributions for different proximate
fates nevertheless overlap strongly, subgrid metal diffusion does not
affect our qualitative conclusion that metallicity is not in general a
robust predictor of the fate of a CGM gas element.

The inner CGM and outer CGM typically probe very different
physical regimes: Wind from the central galaxy can provide up to
~ 80 per cent of the mass in the inner CGM while IGM accretion
can provide a similar fraction of the CGM mass at R ~ Ry;; (H19).
We analysed the metallicity distributions of proximate fates as a
function of radius and found strong overlap between the metallicity
distributions at all radii, qualitatively similar to the results in Fig. 8.

3.4 Connection between origin and fate

In this section, we study the relationship between the proximate fate
and the origin of CGM gas. Fig. 9 shows CGM mass fractions at
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z = 0.25 and 2 for gas that has both a given proximate fate and a
given origin, as defined in H19. Briefly, IGM accretion is gas that has
arrived in the CGM without spending 7 > 30 Myr in any galaxy; wind
is gas that was ejected from the central galaxy; and satellite wind
is gas that was ejected from a galaxy other than the central galaxy.
The different panels correspond to different proximate fates and the
different colours correspond to different origins. For example, the
green data in the top left panel represent the fraction of total CGM
mass that was ejected from the central galaxy and which will next
accrete on to the central galaxy, i.e. a measure of the fraction of
CGM mass from wind gas in the process of recycling. Comparing
the relative values in a single panel provides insight into the origins
of a given proximate fate, and comparing the relative values of the
same colours across different panels provides insight into the fates
of CGM gas of a given origin.

For most proximate fates, the most common origin is IGM
accretion, in agreement with the results of H19 for the overall
build-up of the CGM. The most striking exception is for the
origin of CGM gas that next accretes on to satellites, especially
for 10" Mgy and 10'>Mg progenitor haloes in the z = 0.25
column in Fig. 9. In this case, our analysis shows that the dom-
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Figure 9. Connection between CGM origins and proximate fates. Different panels correspond to different proximate fates, and different colours within each
panel correspond to different origins defined in Hafen et al. (2019). The coloured bands on the left show the colours used for proximate fates throughout the
paper. Each point shows the CGM origin mass fraction at z = 0.25 (left) and z = 2 (right). Comparing the relative values for different colours in a single panel
indicates the origin of CGM mass for a given proximate fate. Comparing the relative values of the same colour across different panels indicates the relative
prevalence of proximate fates for a given origin. For most proximate fates, the most common origin is IGM accretion, in agreement with the overall build-up
of the CGM (see H19). The most striking exception is that, at the high-mass end and especially at z = 0.25, the dominant origin for CGM that next accretes
on to satellites is satellite wind. This reflects the importance of wind recycling around satellites.

inant origin is satellite wind. In other words, most of the CGM
that next accretes on to satellite galaxies is recycling satellite
wind.”

Fig. 9 also contains an interesting result concerning the mass
loading of galactic winds as they expand in the CGM. The third
row reveals that CGM gas that will be ejected into the IGM
is primarily of IGM accretion origin, not directly from galactic
winds. This indicates that winds driven by the central galaxy
are significantly mass loaded in the CGM before reaching ~Ry;,
echoing previous results from FIRE-1 simulations from Muratov
et al. (2017). The effective mass loading factor in the CGM
can actually be larger than suggested by this result, since much
of the CGM swept up by fresh galactic winds can be ‘ancient
winds’, i.e. CGM that would appear to be of wind origin in the
figure.

"Movies for FIRE-2 simulations available at http:/tapir.caltech.edu/~sheag
k/gasvids.html illustrate this phenomenon.

4 DISCUSSION

4.1 Connections to previous work

One of the most direct comparisons we can make is to Ford et al.
(2014), who also studied the origins and fates of CGM gas via
a particle tracking analysis of smoothed particle hydrodynamics
(SPH) cosmological simulations. In H19 we discussed the extent
to which the origins of CGM gas matched with those calculated
by Ford et al. (2014), finding broadly consistent results despite
significant differences in the simulations. Because Ford et al. focus
primarily on differentiating when gas is inside/outside a galaxy,
our comparison is limited to comparing the fraction of CGM
gas that is accreted on to either the central galaxy or a satellite
galaxy. For haloes with M}, < 10''° My, at z = 0.25, Ford et al.
found that ~ 40 per cent of the CGM gas accretes on to a galaxy,
compared to ~ 30 per cent of the CGM gas that accretes at least
once between between z = 0.25 and 0 at My, ~ 10'' My, in our
simulation (see proximate fates in Section 6). On the other hand, for
haloes with My, > 10'> Mg, at z = 0.25 Ford et al. found that only
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~ 7 per cent of the CGM gas accretes on to a galaxy, compared
to up to ~ 40 per cent for some of our M, ~ 10'> Mg haloes.
While our values for lower mass haloes are in broad agreement,
the difference in CGM accretion for higher mass haloes is possibly
a result of differences in feedback models. Another potentially
important difference is that the simulations analysed in Ford et al.
(2014) were produced with a ‘traditional’ SPH solver, and as such
have suppressed cooling relative to simulations produced using
hydrodynamic solvers with improved shock capturing and treatment
of subsonic turbulence (e.g. Kere$ et al. 2012; Hopkins et al.
2018).

Tolletet al. (2019) studied the baryon cycle of galaxies and haloes
in the NIHAO suite of ~90 zoom-in simulations. On average, the
NIHAO haloes and galaxies retain a fraction of their baryon budget
similar to the FIRE-2 simulations (the baryon fractions in FIRE-2
haloes are analysed in H19). Tollet et al. (2019) calculate for a given
halo the fraction of the total baryonic mass accumulated over the
life of the universe that is no longer inside the halo at z = 0, and
find values ranging over ~0.2-0.6. This quantity relates to but is
different from the quantities we calculate. Our Figs 2 and 6 are
closest, and contain information on the fraction of CGM mass (as
opposed to total halo mass) at a given redshift (as opposed to being
summed across all redshifts) that is found outside the halo at z =
0. For gas found in the CGM at z = 0.25, we find that at most
~ 40 per cent of the CGM mass is found in the IGM at z = 0, and
in most cases much less. For gas that will be in the CGM atz =2, we
find a significantly higher fraction of mass found outside the CGM
by z = 0 (up to ~ 80 per cent), more consistent with the values
identified by Tollet et al.; Tollet et al. (2019) also briefly discuss
the fraction of ejected material that originates as wind from satellite
galaxies, and conclude that of the ejected material satellite winds
only provide a small fraction, which we demonstrate explicitly is
the case in our simulations (Fig. 9).

We connect our results to the galaxy-centric baryon cycle by
comparing to the analysis of Anglés-Alcazar et al. (2017), who
studied the origin of baryonic mass in central galaxies using a suite
of six FIRE-1 simulations spanning My(z = 0) ~ 101°-10"3 M.
Among other results, Anglés-Alcdzar et al. find that the contribution
of intergalactic transfer (satellite wind that is accreted on to the
central galaxy) to galactic baryons increases with increasing halo
masses. We find a similar trend in the increase in satellite wind in
the CGM that accretes on to the central galaxy with increasing halo
mass in Fig. 9. For 10'> M, progenitors, the contribution of satellite
wind to galactic accretion can exceed the contribution of central
wind, at both z = 0.25 and 2. Anglés-Alcdzar et al. (2017) argued
based on visualizations that satellites experience multiple bursts of
star formation as they orbit a central galaxy, driving winds that can
either accrete on to the central galaxy or recycle on to the satellite.
Our results are consistent with this interpretation, and quantitatively
demonstrate that at z = 0.25 a comparable amount of satellite wind
accretes on to the central galaxy, recycles on to satellite, and remains
in the CGM (as seen by comparing the orange points in the first and
second rows of the left side of Fig. 9). We emphasize that accretion
on to satellites is dominated by satellite wind, as opposed to gas from
other origins. However, a small fraction of the gas that accretes on
to satellite galaxies is intergalactic transfer: wind ejected from the
central galaxy that accretes on to satellite galaxies. Observations
of metal-enriched satellite galaxies may be observational evidence
of this channel of the baryon cycle (Schaefer et al. 2019). Both of
these channels of the baryon cycle are related to the inter-Lagrangian
transfer of gas quantified by Borrow, Anglés-Alcdzar & Davé (2020)
using the SIMBA simulations (Davé et al. 2019), corresponding
to the transfer of baryons from one dark matter halo Lagrangian
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region in the universe to another due to hydrodynamic and feedback
processes.

It is useful to connect gas accretion on to satellites to star forma-
tion in satellites. Garrison-Kimmel et al. (2019) use FIRE-2 simu-
lations to study the star formation history of dwarf galaxies and find
that satellites have a lower star formation rate than isolated galaxies,
consistent with a number of observations (e.g. Baldry et al. 2006;
Kimm et al. 2009; Wang et al. 2014). The star formation histories
presented in Garrison-Kimmel et al. (2019) are broadly consistent
with observations of satellite galaxies in the Local Group (Weisz
et al. 2014; Skillman et al. 2017). Satellite galaxy quenching is
likely related to interactions with the host halo stripping satellite
ISM, a process that can be accentuated by the ejection of winds from
satellites that are then more easily stripped (e.g. Bustard et al. 2018).
However, satellite galaxy quenching is not necessarily immediate
or complete: Garrison-Kimmel et al. find median quenching times
>1 Gyr, with many M, > 10" M, galaxies forming stars until z =
0, consistent with observationally derived satellite quenching time-
scales at this mass (e.g. Fillingham et al. 2015; Wetzel, Tollerud &
Weisz 2015). This continued star formation may be fuelled by
accretion of gas from the CGM. Of the gas in the CGM at a single
redshift (either z = 0 or 2 in our work), a gas mass greater than
or equal to the total ISM mass of all satellites will accrete on
to satellites (Fig. 6 shows the fraction of CGM gas accreted on
to satellites, while fig. 9 in H19 shows the fraction of CGM gas
currently in satellite ISM). Gas that is in the CGM at other redshifts
may also accrete on to satellite galaxies, making this a lower limit
on the mass of gas accreted on to satellites.

4.2 Implications for observations

Our simulations that predict 2 30 per cent of the z = 2 CGM
mass will be ejected from the halo (R,;;) across all analysed halo
masses, while at z = 0.25 the CGM mass fractions that will be
ejected into the IGM by z = 0 peak at a median ~ 10 per cent for
10" My, haloes (Fig. 6) and are typically only a few per cent for
10" Mg, haloes. These results are consistent with observed CGM
kinematics. At z ~ 2, Rudie et al. (2019) measured the line-of-sight
velocity for absorption systems around 10'2> My, haloes. In five of
the seven galaxies with detected metal lines within the projected
virial radius, Rudie et al. find at least some absorption systems with
centroid line-of-sight velocities that exceed the escape velocity of
the halo. Rudie et al. note that these absorbers could arise from
a source outside the CGM of the central galaxy, but argue that
given the number of detections it is likely that at least some of
the apparently unbound absorbers are associated with the CGM.
At z < 1, absorption systems that probe the CGM in haloes with
My, 2 10" Mg, instead usually have line-of-sight velocities below
the escape speed (e.g. Tumlinson et al. 2011; Stocke et al. 2013;
Borthakur et al. 2016), consistent with much lower CGM fractions
of gas ejected from our simulated z = 0.25 L* haloes. Moreover,
Borthakur et al. (2016) find that CGM absorbers in low-redshift
~ 10" Mg, haloes more frequently have line-of-sight velocities
exceeding the escape velocity, similar to the increased fraction of
ejected CGM gas for the simulated 10'! My, progenitors.
Identifying accretion on to galaxies has long been a goal of obser-
vational studies of the CGM (for a review, see Fox & Davé 2017).
We find that > 80 per cent of gas with 7 < 10*” K will accrete on to a
central or satellite galaxy, for haloes with M}, > 10'! Mg, atboth z =
0.25 and 2 (Fig. 7). Our results thus suggest that observations of low-
ionization absorption systems typically probe gas that will accrete
on to a galaxy, regardless of the metal content of the absorption
system (which does not uniquely determine fate; Fig. 8). In 10'> Mg,
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haloes at z ~ 0, however, this channel is subdominant to accretion
of hot gas (Section 3.3.2).

5 CONCLUSIONS

We used FIRE-2 cosmological zoom-in simulations to study the
fates of gas found in the z = 0.25 and 2 CGM of haloes in the
mass range My(z = 0) ~ 10°-10'2My. As with our analysis of
the origins of the CGM (H19), we followed the full histories of
individual gas elements through the duration of the simulations.
Using the particle trajectories, we classified gas particles according
to their proximate fate upon leaving the CGM (i.e. accretion on to
the central galaxy, accretion on to a satellite galaxy, ejection into
the IGM, or particles that never leave the CGM) as well as their
ultimate fate (the component of the baryon cycle they reside in at
z = 0). Our main results are as follows:

(i) For haloes with M} (z = 0) ~ 10'°-10'> M, half the z = 0.25
CGM mass will move out of the CGM by z = 0 (i.e. after 3 Gyr),
while at z = 2 half the mass that comprises the CGM will move out
of the CGM in <1 Gyr (Fig. 2). For haloes with My, > 5 x 10'° Mg,
the time for half the mass (tracking fixed gas elements) to move in
and out of the CGM is largely independent of halo mass and scales
roughly with the halo dynamical time, but with high halo-to-halo
variability (Fig. 3). For lower mass haloes, the CGM can consist of
largely the same gas for multiple Gyr owing to support by heating
from the cosmic UV background.

(ii) Of the CGM at z = 2, about half ends up as central galaxy
baryons (either ISM or stars) by z = 0in Mp(z =2) ~ 5 x 10! Mg
haloes, but most of the CGM in lower mass haloes is ejected into
the IGM. On the other hand, most of the CGM mass at z = 0.25
remains in the CGM by z = 0 at all halo masses analysed.

(iii) Proximate and ultimate fates are in general different because
of the complex cycling of gas through galaxies and the CGM. For
example, while most of the CGM in M(z = 2) ~ 5 x 10" Mg
haloes is ultimately ejected into the IGM, most of it first accretes
on to the central galaxy before ultimate ejection.

(iv) Ejection of CGM gas into the IGM depends strongly on
redshift and halo mass. Atz =2, when star formation is vigorous and
outflows are powerful in the haloes analysed, up to ~ 80 per cent
of the CGM mass is ejected into the IGM by z = 0, especially in
lower mass haloes. On the other hand, the z = 0.25 CGM mass
fractions that will be ejected into the IGM by z = 0 peak at a
median ~ 10 per cent for 10'' My haloes and are typically only
a few percent for 10'> My, haloes. These trends are qualitatively
consistent with observed CGM kinematics relative to inferred halo
escape velocities.

(v) Of the CGM gas that subsequently accretes on to the central
galaxy in the progenitors of My(z = 0) ~ 10'? M, haloes, most of
it is cool (T ~ 10* K) at z = 2 but hot (~T;) at z ~ 0.25. This
is consistent with transition from cold mode to hot mode accretion
expected at this mass scale.

(vi) For My(z =0) > 10" Mg haloes ~ 80 per cent of the
cool/cold (T < 10*7 K) CGM gas will accrete on to either the
central galaxy or a satellite galaxy upon leaving the CGM. This
suggests that low-ionization absorption systems are likely to probe
accreting gas.

(vii) Metals have similar proximate fates as those of baryons
overall, though metal-rich CGM gas is more likely to accrete on
to central galaxies at z = 0.25 (Fig. 6). Since the majority of the
metals are injected into the CGM by winds from central galaxies
(H19), this trend reflects the efficiency of wind recycling around
low-redshift galaxies.
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(viii) The metallicity distributions of different fates overlap
strongly, making it challenging to use observationally inferred
metallicities alone to predict the fate of absorption systems. Despite
the substantial overlap in distributions, the median metallicity of
different fates can differ by up to ~1 dex.

(ix) The majority of gas ejected from the CGM into the IGM is
pristine gas that has never entered a galaxy (Fig. 9). This is because
winds from galaxies sweep up a large amount of CGM gas as they
travel to Ry; and the total CGM mass is generally dominated by
IGM accretion (H19).

(x) Inaddition to wind recycling around central galaxies, satellite
galaxies undergo frequent satellite wind recycling, even as they pass
through a more massive halo (Fig. 9). Gas that accretes on to satellite
galaxies can provide up to ~ 10 per cent of the total CGM mass for
z = 0.25 L* haloes (Fig. 6), and is roughly half of the 7 ~ 10* K
gas in these haloes (Fig. 7).

Overall, our particle tracking analysis demonstrates that while
the CGM is affected by a complex interplay of forces and ther-
modynamic processes, analysing the CGM from the perspective
of fates (and origins) produces a number of important insights.
These insights are useful both for our understanding of the
complex simulation results and to develop a holistic framework
for the interpretation of CGM observations. Processed data to
generate the majority of the figures in this paper are available
online.?
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APPENDIX A: ADDITIONAL PATHLINE
VISUALIZATIONS

In Section 3.2, we show radius versus time for gas particles in
a few example cases at z = 2. Here we show the same results but
for a characteristic 10'! M, progenitor and a characteristic 10'° M,
progenitor (m10y). The CGM of 10'! M, is dynamic, with gas recy-
cling far into or ejected beyond the CGM at all redshifts. The CGM
of 10'° M, progenitors is typically more diffuse and long lived, with
CGM gas often displaced by <20 kpc over the course of 225 Gyr.
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Figure Al. Same as Fig. 5, but for a representative 10'' M, progenitor
(m11q). Gas can be first lifted into the CGM, and then subsequently ejected
into the IGM as part of a separate wind event.
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Figure A2. Same as Fig. 5, but for m10y. Gas in My(z = 0) ~ 1010 Mg
progenitors typically moves a smaller radial distance over a given time,
relative to the halo size, and is frequently buoyed via energy injection from
winds.
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