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ABSTRACT

We present an analysis of the physical and dynamical states of two sets of EAGLE zoom simulations of galaxy haloes, one at
high redshift (z = 2—3) and the other at low redshift (z = 0), with masses of ~10'> M. Our focus is how the circumgalactic
medium (CGM) of these L* star-forming galaxies change over the last 10 Gyr. We find that the high-z CGM is almost equally
divided between the ‘cool’ (T < 10° K) and ‘hot’ (T > 10° K) phases, while at low-z the hot CGM phase contains 5 x more
mass than the cool phase. The high-z hot CGM contains 60 per cent more metals than the cool CGM, while the low-z cool
CGM contains 35 per cent more metals than the hot CGM. The metals are evenly distributed radially between the hot and cool
phases throughout the high-z CGM. At high z, the CGM volume is dominated by hot outflows, but also contains cool gas
mainly inflowing and cool metals mainly outflowing. At low z, the cool metals dominate the interior and the hot metals are
more prevalent at larger radii. The low-z cool CGM has tangential motions consistent with rotational support out to 0.2R,
often exhibiting r &~ 40 kpc disc-like structures. The low-z hot CGM has several times greater angular momentum than the cool
CGM, and a more flattened radial density profile than the high-z hot CGM. This study verifies that, just as galaxies demonstrate
significant transformations over cosmic time, the gaseous haloes surrounding them also undergo considerable changes of their
own both in physical characteristics of density, temperature, and metallicity, and dynamic properties of velocity and angular

momentum.
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intergalactic medium.

1 INTRODUCTION

It is well established that galaxies are surrounded by gaseous
reservoirs of baryons and metals extending far beyond the optical
stellar component. Observational probes of a galaxy’s circumgalactic
medium (CGM) span across cosmic time from the relatively local
Universe (e.g. Tumlinson et al. 2011; Stocke et al. 2013; Borthakur
etal. 2015; Burchett et al. 2015; Johnson, Chen & Mulchaey 2015) to
the peak of cosmic star formation (e.g. Adelberger et al. 2003; Steidel
et al. 2010; Turner et al. 2014; Gatkine, Veilleux & Cucchiara 2019;
Rudie et al. 2019) and beyond. While galaxies change dramatically
in appearance from the high-redshift epoch, sometimes referred to
as ‘Cosmic Noon’ (z &~ 2—3), to comparatively nearby low-redshift
galaxies (z < 0.3), it is less well understood how the CGM of these
galaxies change.

Galaxies evolve dramatically in appearance from high to low
redshift. If one selects halo masses at both epochs that provide
the most efficient conversion of baryons to stars, Mpa, ~ 1012 Mo
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(Behroozi, Wechsler & Conroy 2013a), the central galaxies predicted
to inhabit them are dramatically different. Galaxies at high-z are
forming stars in excess of 10 x the present-day rate (Pettini et al.
2001). They are also more compact (van Dokkum et al. 2008) and
their morphologies more asymmetric (Abraham et al. 1996), despite
having similar stellar masses (Behroozi, Wechsler & Conroy 2013b;
Moster, Naab & White 2013).

Comparing the CGM across 10 Gyr of cosmic time (i.e. from
z = 3 to z = 0) has not received the same attention as galaxies,
but absorption line measurements of the same species do exist at
both epochs. Chen (2012) compared the UV absorption line probes
of the CGM at z ~ 0.1 and z =~ 2.2 finding that the spatial extent
and mean absorption strengths of UV transitions change little over
10 Gyr of evolution around similar mass galaxies. A comparison of
column densities of a variety of UV absorption species around star-
forming L* haloes between Werk et al. (2013) at z ~ 0.2 and Rudie
et al. (2019) at z &~ 2 finds similar column densities as a function of
physical separation (i.e. physical not comoving kpc).

While comparing the low-z and high-z CGM is now possible
due to growing observational data bases at both epochs, it is
also necessary to use sophisticated theoretical tools to contrast the
physical properties of gaseous haloes across time. Cosmological
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hydrodynamic simulation codes have been developed that reproduce
crucial properties of galaxy populations at both low and high
redshift, including the Evolution and Assembly of GaLaxies and their
Environments (EAGLE; Schaye et al. 2015), llustris-TNG (Pillepich
et al. 2018), Horizon-active galactic nuclei (AGN; Dubois et al.
2016), and SIMBA (Davé et al. 2019) simulations. These simulation
suites apply detailed modules for a variety of processes associated
with galaxy formation, including gas cooling, star formation, the
growth of supermassive black holes (SMBHs), and stellar and
SMBH superwind feedback. EAGLE is not calibrated to reproduce
observations of gas (Crain et al. 2015), but other suites have been
calibrated against some gas observations (e.g. Pillepich et al. 2018).
Therefore, EAGLE provides genuine predictions for the physical and
observational characteristics of the CGM.

In this paper, we expand upon a set of high-resolution, cosmolog-
ical zoom simulations called the EAGLE-CGM Project introduced
by Oppenheimer et al. (2016, hereafter O16) using the EAGLE
prescription. These simulations ran at higher resolution than the main
EAGLE volume and integrated non-equilibrium (NEQ) ionization
and cooling for diffuse gas introduced in Oppenheimer & Schaye
(2013) and integrated in the CHIMES NEQ chemistry and cooling
module developed by Richings, Schaye & Oppenheimer (2014). We
complement the original set of zoom simulations reaching typical
halo masses of May = 10'> Mg, by the z < 0.3 epoch with a set of
high-z (z = 2—3) galaxy haloes also with My, = 10'> Mg, where
My is the mass enclosed within a sphere with mean density of
200 x the critical density. These high-z haloes are the progenitors of
low-redshift EAGLE-CGM zooms of May ~ 10'3 M, haloes, often
hosting passive galaxies at z < 0.2.

This paper is the first of a series of papers investigating the CGM
at similar halo mass across different epochs. Here, we compare
the physical and kinematic properties of gaseous haloes hosting
galaxies that are most efficient at turning their baryons into stars.
At low redshift, these are disc galaxies, often with ‘grand design’
spiral morphologies, with typical M, = 1—3 x 10'° M, and SFR =
0.5-3.0Mg yr~!. At high-redshift, these galaxies have similar stellar
masses, M, = 0.6—3 x 10'M, but with SFR = 5—45Mg yr~!,
which are consistent with the properties of Lyman-Break Galaxies
(Steidel et al. 1996).

We aim to compare and contrast several fundamental properties
of star-forming galaxies occupying 10'> My haloes across cosmic
time. These include the gaseous mass budget within haloes, divided
into categories of cool (defined here at T < 10° K), hot (T > 10° K),
and interstellar (defined as star forming) in Section 3.1. We also
consider the metal contents and metallicities of gaseous haloes in
Section 3.2. The velocities of cool and hot CGM components are
compared across epochs in Section 3.3. In Section 3.4, we compare
the angular momenta of the CGM components, including the relative
angles of their axes. Lastly, we present hot gas radial profiles in
Section 3.5.

We emphasize that the low-z EAGLE-CGM haloes have been
well tested against observational data sets of UV ions. Oppenheimer
et al. (2018b) found good agreement for a number of low metal ions
observed by COS-Haloes (Werk et al. 2013), including C 11, Si 11,
Si 111, and Si 1V, but underproduced the observed Mg 11 strengths. O16
reproduced the observed correlation between specific star formation
rate (sSFR) and O vi(Tumlinson et al. 2011), but underpredicted their
column densities, which Oppenheimer et al. (2018a) later argued
could be enhanced to observed levels by flickering AGN flash-
ionizing the CGM and leaving metals overionized long after the
AGN turns off. In a companion paper (Lonardi et al., in preparation),
we will show that the high-z zoom haloes broadly reproduce the
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observed column densities of Rudie et al. (2019). This series of papers
contrasting the two selected epochs relies on testing our simulations
against observations using ion-by-ion tracking of the NEQ module
(Oppenheimer & Schaye 2013; Richings et al. 2014).

The paper is organized as follows. In Section 2, we review the
code used for EAGLE-CGM simulations and introduce our set
of simulations. The main results are presented in Section 3 on
topics of CGM mass (Section 3.1), metals (Section 3.2), velocities
(Section 3.3), and angular momentum (Section 3.4), as well as hot
gas profiles (Section 3.5). We discuss several findings in detail in
Section 4. We summarize in Section 5. Physical kpc units are used
throughout.

2 METHODS

2.1 The EAGLE simulation code

We introduce the simulations in this section, and refer the reader
to section 2 of O16 for further details. We employ the EAGLE
hydrodynamic simulation code introduced in Schaye et al. (2015),
which uses the GADGET-3 N-body+SPH code (see Springel 2005),
plus extensive modifications to simulate galaxy formation described
below. The Planck Collaboration XVI (2014) cosmological pa-
rameters are adopted: 2, = 0.307, 2, = 0.693, ©, = 0.04825,
Hy = 67.77kms™! Mpc_l, og = 0.8288, and ny = 0.9611. EAGLE
applies the Hopkins (2013) pressure—entropy SPH formulation using
a C2 Wendland (1995) 58-neighbour kernel along with several other
hydrodynamic modifications collectively referred to as ‘Anarchy’
[appendix A of Schaye et al. (2015) and Schaller et al. (2015)].

The EAGLE simulations include subgrid prescriptions for ra-
diative cooling (Wiersma, Schaye & Smith 2009a), star formation
(Schaye & Dalla Vecchia 2008), stellar evolution and chemical
enrichment (Wiersma et al. 2009b), and superwind feedback associ-
ated with star formation (Dalla Vecchia & Schaye 2012) and black
hole growth (Schaye et al. 2015; Rosas-Guevara et al. 2016). The
parameters governing the efficiency of the star formation feedback
were calibrated to reproduce the present-day stellar masses of
galaxies, whilst also recovering galaxy discs with realistic sizes.
Those governing feedback associated with black hole growth were
calibrated to reproduce the present-day relationship between the
stellar mass of galaxies and the mass of their central black holes.
The feedback calibration strategy is discussed in detail by Crain
et al. (2015).

2.2 EAGLE zoom simulations

We analyse two samples of haloes, one at high z with redshifts
ranging from z = 2.24 to 3.02 at halo masses from My, = 10'"%
to 10'213 M, and one at z = 0 with M,y = 10" to 10'228 M.
We list these haloes in Table 1, and use identifiers of ‘HiZ00X’ and
‘LoZ00X” for the individual haloes, where X is the halo number.
The LoZ00X haloes are the same haloes listed in table 1 of O16 as
‘Gal00X’, but with values listed at z = 0 as opposed to z = 0.205
in that paper. The HiZ00X haloes are virialized haloes selected from
the ‘Grp00X’ zooms listed in the same O16 table, but selected to
have a My, ~ 10'> Mg, halo at high z. Hence, we are comparing to
virialized progenitors of My ~ 10'* Mg z = 0 haloes.

The LoZ haloes are selected from the EAGLE Recal-L025N0752
simulation, and rerun with NEQ ionization and cooling CHIMES
module developed by Richings et al. (2014) starting at z =
0.503. These are identical to the runs listed in O16, and have the
M5.3 resolution of O16 corresponding to an SPH particle mass
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Table 1. Zoom simulations.

Mass sums within Rygo for high-z haloes

Mass sums within Rygg for low-z haloes

Halo 2z Mo My Mégq My %Czi(? %’,’,’b Halo 2z Mo My Migy My %Cz?)r %’,’,’b
HiZ000 302 179 249 428 115 0.24 LoZ001 0 147 689 836 129 0.41
HiZ002 2.24 2.94 243 5.37 100 0.34 LoZ002 0 0.57 11.50  12.10 191 0.40
HiZ003 2.24 3.50 3.90 7.40 96 0.49 LoZ003 0 2.21 9.61 11.80 151 0.50
HiZ004 3.02 276 490 767 151 0.32 LoZ004 0 125 507 632 105 0.38
HiZ005 2.01 2.86 3.66 6.52 110 0.38 LoZ005 0 2.34 15.20  17.50 170 0.66
HiZ006 3.02 1.63 1.40 3.03 79 0.24 LoZ006 0 0.54 4.73 5.26 87 0.38
HiZ007 224 258 229 487 83 0.37 LoZ007 0 297 485 78l 71 0.70
HiZ008 3.02 2.38 4.05 6.43 145 0.28 LoZ008 0 0.93 3.89 4.83 72 0.42
HiZ009 302 278 424 702 115 0.39 LoZ009 0 065 347 411 76 0.34
Averages: 2.63 2.58 3.26 5.84 110 0.34 Averages: 0 1.44 7.25 8.68 117 0.47
Notes. “ Mool (M) includes CGM gas at <10° (>10°) K. Mcgy = Meool + M. In units of 1010 M.
b The fraction of a halo’s cosmic proportion of baryons residing in the CGM inside Rag.
mspy = 2.2 x 10° Mg, using the notation M[log(mspy/Mg)]. O16 0.141 | -
demonstrated that these low-z haloes follow the M, and sSFR high-z (9)
relations of the Recal-L025N0752 simulation, and argued that these 0.124 low-z (9)
haloes are generalizable to the larger population of haloes hosting L* < 0.10 1
star-forming galaxies in this 25° Mpc? simulation. 27

The HiZ haloes are originally selected from the EAGLE Ref- S 0.08 1
L100N1504, 100° Mpc?® volume and also use the M5.3 resolution. I
However, we re-ran all of these simulations using the NEQ module “ 0.06 1
beginning at z = 4 to follow the haloes to at least the redshift g i
listed in Table 1. We describe the NEQ module in Lonardi et al. 0.04 4
(in preparation) when we present CGM ion column densities, but 0.02
note here that O16 found no significant differences in physical or ’ 3
dynamical halo properties compared to runs evolved with cooling 0.00 . : .
rates in chemical equilibrium. All simulations in this paper use 4 5 6 7
a Plummer-equivalent softening length of 350 proper pc at z < log T (K)

2.8, and 1.33 comoving kpc at z > 2.8. All zooms have the same
resolution as the EAGLE Recal-L0O25N0752 run. There does not
exist a statistical sample of high-z ~ 10'> My, haloes in the Recal-
L025N0752 volume to test how representative these haloes are,
but O16 did argue that their z = 0 descendants exhibit typical
galaxy properties compared to the lower resolution Ref-L100N1504
simulation.

2.3 Definition of temperature and ISM phases

Throughout, we divide gas into ‘cool’ and ‘hot’ phases using a
temperature cut-off 10° K. Often gas in the T = 10°~7 K range is
considered ‘warm-hot’, with ‘hot’ being reserved for >10°K gas.
The main reason we use a 10° K cut is because it divides cool gas,
which is often in thermal equilibrium with the metagalactic UV
background, from gas that is often heated to the virial temperature
of the halo, which is Ty &~ 10° K for our haloes as shown in Fig. 1.
Correa et al. (2018) explored the cooling properties of halo gas in the
main EAGLE 100 Mpc simulation, and also found that 7 = 10° K
represents a clear division between cool and hot gas in 10'2 Mg
haloes with little gas around 10° K indicating that the cool-hot
division is relatively insensitive to the precise temperature cut. We
apply this cut additionally because UV photoionized absorption lines
correspond to gas at T < 10° K (e.g. Ford et al. 2013; Rahmati et al.
2016).

We define the interstellar medium (ISM) as any gas with either
(1) non-zero SFR or (2) a gas density threshold greater than ny =
10~'em™3. This specific definition is meant to exclude the cool ISM
in the first case and neutral ISM in the second case. Using only
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Figure 1. Normalized temperature distribution of CGM gas out to Ry in all
nine high-z haloes (pink) and all nine low-z haloes (green). The temperature
division we have chosen to separate hot and cool gas (10° K) is denoted with
a dotted line.

the first criterion results in insignificant changes to CGM masses.
The high-z, cool CGM metallicity profile we show in Fig. 7 is
most sensitive to the ISM criteria. Adding the density threshold
as a second criterion raises the cool, high-z CGM metallicity inside
0.3R0p by a factor of up to 2 versus the SFR-only criterion, where
Ry is the radius of the sphere containing M,gy. This owes to gas
with ny; > 10~ 'em™ being metal poor and below the EAGLE star
formation density criterion. EAGLE’s star formation threshold is
meant to simulate the transition from atomic to molecular phases, and
hence the star formation density threshold increases with decreasing
metallicity.

3 PHYSICAL PROPERTIES OF HALOES

We begin this section by showing two representative 10'> M, haloes
in Fig. 2, one at high z (HiZ009; left) and the other at low z (LoZ004;
right) in density (ny), temperature (7)), and metallicity (Z; from upper
to lower panels). Both haloes are normalized to the virial radius,
which is physically 2.5 x smaller for the z = 3.02 halo (213 versus
80 kpc). More dense, cool gas extends throughout the halo at high z,
while this gas organizes itself into a disc structure extending nearly
100 kpc across at z = 0. At high z, the cool, dense gas is less metal
enriched, which suggests that it is associated with cold accretion
flows (e.g. Keres et al. 2005, 2009; Dekel & Birnboim 2006; van
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Figure 2. The physical properties of two 10'> Mg, haloes, HiZ009 on left and LoZ004 on right, plotted out to Ryn, indicated by the white circles. From top to
bottom, the panels show hydrogen number density, temperature, and absolute metallicity.

de Voort & Schaye 2012). At low z, the cool, dense gas appears resulting in a temperature scale ~2.5 x higher at z = 3 However,
more metal enriched in the disc structure. The volume-filling, hot we also see that the hotter gas is more often coincident with metal
gas medium is hotter at high z than at low z, which is to be expected enrichment at high z, which suggests hot, enriched outflows are
given that the virial temperature scales with Ry at fixed mass, more common throughout the high-z CGM. These visual trends
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Figure 3. Cumulative mass as a function of normalized radius for gaseous components in two Maop = 10'2 Mg haloes, one at z = 3 (HiZ009; left) and one
at z = 0 (LoZ004; right). ISM gas is green, cool CGM gas (T < 10° K) is blue, hot CGM gas (T > 10° K) is red, and the total sum is black. Legends show
total masses out to Ropo. Two vertical dashed lines indicate 10 physical kpc and Ragp. The ratio of hot to cool CGM is much higher at low z by Ragp, though the
cool phase dominates in the interior of low-z haloes. The ISM gas is a much smaller fraction of the low-z total halo gas content than at high z. Note that a few
neighbouring galaxies are found in these simulations, as seen here in the ISM increase of HiZ009 at 2R0.

prelude the quantitative results we demonstrate in the following
subsections.

3.1 Mass

Fig. 3 plots the cumulative gas masses for our representative high-z
and low-z haloes as a function of galactocentric radius R normalized
by Rypo. The integrated gas masses within Ry are listed in the
legend. The green lines indicate the cumulative ISM gas mass,
which is 11 x higher for the high-z halo (3.9 x 10'°M, versus
3.4 x 10° My), and is reflected in the SFR of these galaxies being
30 x different (23.5Mg yr~! versus 0.8 Mg yr~!). The total CGM
masses represented by black lines are more similar between the two
haloes (7.0 versus 6.3 x 10'° M), but the division between the cool
(the blue lines) and hot (the red lines) phases is rather different. Cool
and hot phases nearly balance each other throughout the CGM at high
z, but by low z the inner CGM is dominated by cool gas and the outer
CGM by hot gas, which becomes the dominant phase throughout the
low-z CGM out to Ry.

We generalize these results in Fig. 4, which shows the differential
division between the cool and hot CGM across each sample of 9 high-
z and low-z haloes. Cool gas accounts for the majority of the inner
CGM of low-z haloes, but rapidly transitions to hot gas dominating
at larger radii (and hot gas dominating the cumulative CGM mass
out to Rypp). In contrast, the high-z CGM appears less sorted by
temperature phases, but retains a similar progression of cool gas
being more dominant in the interior. The ‘balance point’ where the
cool and hot CGM masses at a radius equal each other is 0.5Ryy at
high z and 0.2Ryy at low z. Beyond Ry, the cool phase makes a
comeback as the extended IGM gas is cooler.

3.2 Metals

We now turn our attention to the gaseous metal content of haloes.
In Fig. 5, we plot the cumulative metallicity analogous to the mass
accumulation of Fig. 3 for our representative haloes. At high z, we
see hot metals in greater abundance than cool metals at every point
in the halo all the way out to 3R,(. In the next subsection, we will
show that superwind feedback is pushing out metals in strong, hot

MNRAS 500, 1476-1490 (2021)
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Figure 4. Average differential mass fractions across the nine high-z (dotted)
and nine low-z haloes (solid), divided into hot and cool gas at 10°K. At high
redshift, cyan (magenta) indicates cool (hot) gas. At low redshift, blue (red)
indicates cool (hot) gas. Cool (hot) gas dominates in the interior (exterior) of
low-z haloes. High-z haloes have a much more even balance of cool and hot
phases throughout the CGM. The turnover at ~2Rqo and beyond indicates
more cool gas in structures extending outside the CGM and transitioning to
the IGM.

outflows at high z. In contrast, cool metals dominate out to 0.5Ry
in low-z haloes, and then give way to hotter metals beyond 0.5Ry
when plotting differential fractions on a linear scale in Fig. 6.

By Ry00, we see that the ISM holds nearly 50 per cent more metals
than the galaxy’s halo at high z (cf. the green and black lines in
left-hand panel of Fig. 5). At low z, the CGM metals overcome the
ISM metal content by 0.6R,p9 and have over 2.5 x the ISM metal
content by Ryp.

In Fig. 7, we plot the absolute metallicity (Z) of the CGM phases.
Starting with cool metals, we see a 2—5 x greater mean Z at low
z compared to high z, with a separation that grows at larger radii
(left-hand panel). While the average low-z metallicity approaches
solar in the interior (Asplund et al. 2009, Z, = 10~!%7), the high-
z metallicity drops below 0.1Zg at R > 0.5R;p0. The median (the
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Figure 5. The cumulative gas metal mass plotted as in Fig. 3 for the same two haloes, also shown in Fig. 2. Legends show mass of metals out to Rypo. At high
z, nearly all metals are in the ISM out to Ryg. At low z, ISM metals dominate only out to ~0.2R200, where cool metals overtake them. The metal content in the
CGM is predominately hot (T > 107 K) at higher redshift and predominately cool (T < 103 K) at low redshift.
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Figure 6. Differential CGM metal fractions divided between cool (T <
10° K) and hot (7> 10° K) gas as in Fig. 4. Cool metals dominate at <0.5R>00
at low z, and hot metals dominate beyond Rxg to at least 3Rpp0. At high z,
CGM metals are mostly found in the hot phase throughout the CGM and into
the IGM.

dashed lines in right-hand panels) is comparatively much lower at
high z, with at least half the gas remaining at Z < 1073 at >0.6Ry.
Hence, most of the outer cool CGM has Z < 1073 Z, indicating a
primordial origin for much of the extended cool CGM.

The hot phase demonstrates a remarkable contrast to the cool metal
evolution, with average metallicities being slightly lower at low z
than at high z between 0.15 and 1.5Ryy. This extended profile of
hot metals is indicative of outflowing thermal winds that are steadily
enriching the CGM at high z as we explore in Section 3.3. The
low-z inner hot metals approach Zg, and their high median and
comparatively small dispersions (the dotted lines, right-hand panels)
indicate widespread enrichment in the interior 0.1R,. Extended
low-z haloes have a greater dispersion of metals than at high z (cf. the
dotted lines at 0.3R;), suggesting that much of this gas has accreted
relatively pristinely and shock heated to the virial temperature.

Many of our general trends match those of van de Voort & Schaye
(2012), who explored radial profiles in a variety of haloes in z = 2
and z = 0 OWLS simulation outputs (Schaye et al. 2010), including
stacks of ~10'2Mg, haloes. Both studies find cool metals in greater

abundances at low z than at high z throughout the CGM. In contrast,
however, the OWLS simulations show very similar high-z metal
abundances between the phases until 0.5R»09, where our simulations
show a substantial separation of abundance throughout. It is crucial
to note, however, that van de Voort & Schaye (2012) used smoothed
particle metallicities (Wiersma et al. 2009b), which spreads metals
over the SPH kernel and results in a greater mixing of metals between
phases. The main EAGLE simulations (Schaye et al. 2015) also use
smoothed metallicities, but our implementation of NEQ ionization
and cooling uses discrete, unsmoothed metallicities tied to individual
SPH particles, which result in less mixing between phases.

3.3 Velocity

We now discuss velocities, first dividing them into radial and
tangential components. The net radial velocity is defined as

v-R

R
where v and R are the velocity and the radial position vectors
relative to the central galaxy. Fig. 8 plots the medians of cool and
hot gas in the high-z and low-z haloes in the left-hand and right-
hand panels, respectively. The dark shading shows the 25-75 per cent
(interquartile) range, and light shading shows the 10-90 per cent
range. At high z, most cool gas is inflowing while most hot gas is
outflowing. Horizontal dashed lines show the typical virial velocity
V200 = /G Mago/ Rano, Which is 220 kms~!. Most cool gas inflows
slower than |vyg|, which represents the approximate gravitational
speed limit of infalling gas. Hot gas is typically outflowing at high
z, with at least 25 per cent of the gas with v > vy at R < 0.5Ry09.
This indicates that much of the hot gas at high z is associated with
superwind outflows driven by the thermal stellar and AGN superwind
prescriptions in EAGLE. It is not clear if hot outflows above v,
escape the halo, but positive net velocities are seen out to 1.5Rxy
at high z in stark contrast to the cool gas, which is dominated by
inflows in the outer halo and beyond.

At low z, the velocities are much smaller when considering
absolute values and even less so with relative virial values, where
the typical vy = 146 kms~!. There is a net inflow of cool gas, but
at lower fractional virial values. Hot gas shows a net outflow in the
interior 30 kpc, but very rarely is there gas moving in excess of vago.
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Figure 8. Radial velocity medians (lines) across high-z (right) and low-z (left) halo samples divided into hot (T > 10° K; red) and cool (T < 10° K; blue) gas.
Interquartile (25-75 per cent) ranges in the striped and starred shading, and 10-90 per cent spreads shown in the lighter, solid shading. The horizontal dashed
lines represent v = Fvaqg, and 0 kms~! (left axis scale), and the vertical dashed lines represent 10 kpc and Rg. Hot gas velocities at high z indicate strong
outflows. High-z cool gas shows net accretion. Velocities are significantly lower at low z, and hot gas transitions from weak outflow to slight inflow at larger

radii.

We compare our haloes to those of van de Voort & Schaye (2012),
who plotted cool and hot radial velocities from OWLS (Schaye
et al. 2010) simulations that used a kinetic wind prescription for
stellar feedback (and no AGN feedback scheme). At z = 2, their
resulting vy,q profile shows similar trends as us at Mag ~ 10'2Mg.
Hot gas outflows far beyond the virial radius, then reverses to
primarily inflows at 2—3R;(, the same trend we see. Their hot gas
achieves a maximum velocity in excess of 100 kms™! at ~0.3R,.
However, by low redshift we find higher v, for hot gas than
van de Voort & Schaye (2012), indicating hot outflows are more
prevalent in the EAGLE thermal wind prescriptions for stellar and
AGN feedback.

Cold gas flows inwards throughout the entire halo, but reaches a
maximum median inflow velocity at 0.8 R,y at high z and 0.5R, at
low z. The same feature is seen in Keres et al. (2005; their fig. 19)
and van de Voort & Schaye (2012), which indicates cold accretion
decelerating due to weak shocks that do not heat the gas into the hot

MNRAS 500, 1476-1490 (2021)

phase. The fact that we see the same trends as the simulations without
feedback in Keres et al. (2005) suggests cool accretion operates in a
similar fashion despite the presence of feedback.

In the top panels of Fig. 9, we show the net tangential velocities,
defined as the magnitude of the velocity cross-product with radius

lv xR
—

We also show the co-rotation fraction of the tangential motions
(bottom panels), by calculating the fraction of gas particles positively
co-rotating with the stellar disc, given by the angular momentum
vector of the stars within 30 kpc. There is no preferred direction of
rotation if foorome = 0.5. There appears to be a slight preference
for co-rotation at high-z (left-hand panel), but much less in the
interior compared to low-z. This may stem from the high-z galaxies
not having as much organized CGM structure. High-z cool gas at
>0.3Ry has slightly greater tangential motion than both high-z hot
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Figure 9. Tangential velocities plotted as in Fig. 8. Top panels show the magnitude of tangential velocities. Bottom panels show the fraction of tangential gas
particles co-rotating with the stellar disc (feorotate = 0.5 indicates no preferred direction). Low-z cool (T < 105 K) gas indicates significant rotation in the inner
0.2R00, consistent with disc-like structures extending into the CGM. Low-z hot (T > 10° K) gas shows sub-virial co-rotation.
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Figure 10. Radial velocities of metal-enriched gas (Z > 0.1 Zg) as plotted in Fig. 8. Medians are shown as the points, interquartile (25-75 per cent) ranges in
the striped and starred shading, and 10-90 per cent spreads in the lighter, solid shading. Hot metals at high z are strongly outflowing and show weaker outflows
at low z. Cool (T < 10° K) metals are preferentially flowing outwards at high z and inwards at low z.

gas and low-z cool gas as indicated by a higher median v, and
a broader dispersion. This could be an indication of cool, pristine
accretion transporting angular momentum to the galaxy (e.g. Stewart
etal. 2011).

By z = 0 (right-hand panel), cool tangential velocities approach
and exceed the virial velocity in the inner CGM and exhibit
high co-rotation fractions. This indicates the cool gas is organized
into primarily rotationally supported discs extending out to R &
40 kpc in our simulations. Present-day hot haloes also show higher
tangential velocities than their high-z counterparts, and the tangen-
tial motion inside 0.3Ryy indicates co-rotation with the galaxy’s
preferred axis. Oppenheimer (2018) showed that these same low-
z haloes deviate significantly from hydrostatic equilibrium (HSE)
owing primarily to significant tangential support of the inner hot
halo, which in part exhibit sub-centrifugal rotation but also have
uncorrelated tangential motions. In contrast, the high-z haloes do
not show evidence for such tangential support in their hot haloes.
The high-z CGM does not show indications of dynamical stability,
which contrasts with low-z hot haloes at r = 50 kpc that are
mainly supported by a thermal pressure gradient (Oppenheimer
2018).

Tangential velocities were also explored using the Illustris-TNG
simulations by DeFelippis et al. (2020), where they also found
higher cool than hot vy, that greatly increase inside 0.5Ry for
z = 010'"37122M, haloes. They divide their sample into quartiles
based on specific stellar angular momentum, j,, and examine all L*
centrals in Illustris-TNG, while excising gas bound to satellites. Our
low-z haloes preferentially host spiral galaxies, which suggest they
have higher j, than the typical L* central. However, our galaxies
are unlikely to all be within the highest quartile of j, in the EAGLE
volume, which is the quartile for which DeFelippis et al. (2020) finds
the greatest tangential velocities.

In Figs 10 and 11, we present the radial and tangential velocities
but including only metal-enriched gas, which in this case are gas
particles with >0.1Zs metallicity. At high z, the hot metals show
slightly faster moving outflows, reaching a median of 200 kms~!
near 0.3Ry, as shown in Fig. 10 (left-hand panel). This indicates
that metals are preferentially being transported to a large fraction
of the halo radius, often becoming ejected from high-z haloes. The
flow of cool metals is also different from that of the total cool gas
with median outflows near 0 kms~! and even positive approaching
R>00. This result contrasts with the cool gas in Fig. 8 that indicates
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is more dominated by outflows than cool gas (T < 10° K), as is high-metallicity gas relative to all gas. Cool high-z gas is generally inflowing, but the metals

indicate more outflows.

primarily inflowing gas. We predict UV absorption kinematics of
cool gas (e.g. H 1) and cool metals (e.g. C 11, Si 111, Mg 11) to be
different at high z.

By low redshift, the radial velocity profiles between high-
metallicity gas (Fig. 10, right-hand panel), and all gas (Fig. 8, right)
exhibit similar shapes and trends. One difference is that the hot metals
are outflowing at higher velocities than the corresponding hot gas,
with a net outflow continuing all the way to 0.7R»q9, whereas the hot
gas only shows a net outflow to 0.2R5gg.

Turner et al. (2017) also explores radial velocities at z ~ 2 using the
main EAGLE volume, finding net inflows for gas, H I, and even metal
species (C 1v, Si 1v) from beyond 1 Mpc to at least 70 kpc in their fig.
8. Our high-z zooms suggest more of a net outflow in the outer CGM
where our plot overlaps theirs, but this heavily depends on the cut
applied to metals. If a Z > Z, cut is used instead for Fig. 5, strong
radial outflows extend beyond Ry. Lower metallicity thresholds
result in greater inflows, hence the Turner et al. (2017) result suggests
metal ions arise primarily from lower metallicity gas, although there
are differences in simulation resolution and halo selection.

MNRAS 500, 1476-1490 (2021)

Moving on to tangential velocities of the metals in Fig. 11, both
cool and hot metals show similar profiles at high z (left-hand panel),
but cool metals exhibit less overall tangential motion than the gas
(cf. Fig. 9). This indicates that metals are on a preferentially radially
outflowing trajectory at high z. By low z (right-hand panel), the
tangential profiles of cool and hot metals are essentially statistically
indistinguishable from gas, indicating that metals are well mixed
throughout the CGM and exhibit specific angular momentum profiles
that are similar to gas (see Section 3.4).

Finally, we sum up the results of mass and metals by showing the
outflow fraction in Fig. 12, where we plot the fraction of gas with net
positive radial velocity across our four main subdivisions (high z/low
z and hot/cool) for all gas (left-hand panel) and high-metallicity gas
(right-hand panel). In general, hot gas is more outflowing than cool
gas, particularly at high z. Cool gas has a similar inflowing proportion
at both epochs. Metal-enriched gas has comparatively more outflows
in all cases. The most obvious divergence in trends is that cool, high-z
metal-enriched indicates more outflows in contrast with its primarily
inflowing nature at low z. Cool gas probed by UV absorption lines
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Figure 13. Angular momentum spin parameters of the nine high-z (left) and nine low-z haloes (right). All CGM gas is plotted as the black points, cool (T <
10° K) gas as the blue points, and hot (7'> 10° K) gas as the red points. Hot gas always has lower spin parameters than cool gas at high z, and spin parameters
have higher averages at low z. Given that most of the CGM mass is hot at low z, there is more angular momentum in the hot phase than the cool phase.

may exhibit larger absolute velocities at high z than low z, which
could be a signature of outflows.

Hafen et al. (2019) analysed FIRE-2 simulations focusing on the
origin of the CGM at z = 0.25 and z = 2 via particle tracking of
individual gas elements. Their ~10'>Mg, haloes exhibit many of the
trends we see here, including winds from the central galaxy extending
much further into the CGM at z = 2 than at z = 0.25. Their use of
tracking finds that much more of the z = 2 CGM gas originates
from central galaxy winds than at z = 0.25, where the dominant
origin of CGM gas is accretion from the IGM (their fig. 9). Like
our haloes, their ~10'>M, haloes at low z are dominated by hot
gas while their highest mass z = 2 haloes (~10'""7 M) show more
of an equitable split between cool and hot phases (their fig. Al).
Our lower velocities at low-z indicate that gas cycles through the
CGM significantly more slowly than at high-z, which agrees with
the Hafen et al. (2020) finding that half of the FIRE-2 low-z CGM
remains within the virial radius as CGM gas for ~3 Gyr, while most
of the z = 2 CGM gas will either accrete on to the galaxy or be
ejected from the halo within a Gyr (their figs 2 and 5). The vast
majority of their z = 0.25 CGM gas that remains in the CGM is
hot, while the cool CGM more likely accretes on to the central or
a satellite (their fig. 6) and Hafen et al. (2019) finds the cool gas
is more aligned along the disc of the galaxy as opposed to a more
spherical distribution of the hot gas. Our haloes retain fewer baryons
overall inside the virial radius than FIRE-2, which have higher low-z
stellar fractions (Hafen et al. 2019, their fig. 1) suggesting that our
CGM gas is less likely to be accreted on to the central galaxy and
more likely to be ejected from the CGM. This in part owes to the
presence of AGN feedback in our simulations, which is absent in the
FIRE-2 simulations.

3.4 Angular momentum

The angular momentum of the CGM has significant implications for
the gas that accretes on to a galaxy, forms stars, and builds a galaxy’s
morphology. In our selection of star-forming galaxies at high and
low z, we derive halo spin parameters:

J

== 3)
V2R200v200

where the specific angular momentum j is defined as

N
Jj= ; )
>om;
i
and J is the angular momentum vector sum:
J=> muvi xR, )
i

over particle indices i. In Fig. 13, we plot the halo spin parameters
for both high and low z. In both samples, the cool phase of the
CGM tends to have more angular momentum than the hot phase.
The median total CGM spin parameters and interquartile spreads are
A = 0.074T09% (0.09470:0%) at high (low) z. A notable difference
is the decline in the spread of angular momenta between cool and
hot gas at later times. At high z, the median Ay is 0.061, which is
65 per cent of the median Aq, = 0.093. By low z, the difference is
less with Apoy = 0.079, which is 85 percent of Ao = 0.093. The
Aeool Values are well within the range of previous studies that show
ool to be several times that of the dark matter, Apy (Stewart et al.
2011, 2017). Stevens et al. (2017) showed that EAGLE haloes in
general have higher Ay, than Apy;, and Oppenheimer (2018) showed
that these low-z haloes had Apoi = 3 X Apm.

The low-z combination of the total mass of the CGM being dom-
inated by the hot phase and Ap being a high fraction of A0, means
that the median angular momentum of the hot halo out to Ry is
about 5 x that of the cool CGM, with values of Jpo = 2.4 x 10'* and
J ool = 4.7 x 103 Mg km s~! kpc, respectively. The low-z hot CGM
is the largest repository of angular momentum of any phase. Most of
the hot angular momentum is spatially extended with < 10 per cent
of the Jyo coming from <0.3R;y, which contrasts with J ., for
which the proportion from <0.3Ry is half. At high z, the cool CGM
has total angular momentum 75 per cent higher than the hot CGM
(cf. Jeoot = 8.1 x 103 versus Jpo = 6.0 x 10" Mg kms~! kpc),
in large part due to the hot CGM being primarily outflowing and
not rotating. If the ISM criterion uses only SFR > 0, instead
of our definition described in Section 2.3, then J.,, becomes
1.0 x 10" Mg kms~! kpc at high z but negligible difference at low z.

We also consider angular separation 6 in degrees between the
angular momentum vectors of the cool CGM, hot CGM, and the
stellar component in Fig. 14. The cool and hot CGM are fairly well
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Figure 14. The angles of separation between the hot (7 > 10° K) and cold (T < 10° K) gas angular momentum vectors (Cool-hot) are plotted as the green
points. The angle between the cool (hot) CGM angular momentum vectors and the stellar angular momentum vectors are plotted as the blue (red) points. Haloes
at high and low z exhibit well-aligned angular momentum for their hot and cool CGM, but significant mis-alignment between the angular momenta of the CGM
and stellar disc is typical at both high and low z. Low-z galaxies with all vectors well aligned often have grand design spiral morphologies, including halo

Lo0Z004 shown in the right-hand panel of Fig. 2.

aligned with a median angle of 6.y not = 15° (16°) at high (low)
z. However, the alignment is less between the stellar component (all
stars within 30 physical kpc) and the CGM with median O,rcool =
37° (56°) and O yr-not = 43° (62°).

Stevens et al. (2017, their fig. 14) also looked at angles between
cool and hot gas, finding a somewhat greater offset between the cool
and hot CGM than our haloes, though this may be in part due to their
differing definition for ‘cold’ gas, where they include ISM, plus our
selection of only star-forming galaxies. Nevertheless, there is strong
alignment between the cool and hot CGM, and more randomness
with the orientation of the stellar disc, which represents the integrated
result of accretion and star formation over all previous epochs. We
check that the greater star-cool angles do not contradict the cool
CGM rotating disc-like structure aligned with the stellar component
at low z in Fig. 9 that show strong co-rotation between the stellar
and inner (< 0.2Ryp) cool CGM. Mis-alignment often arises from
extended cool CGM structures with significant angular momentum
at large radii and no correlation with the stellar disc. On the other
hand, some of the most well-aligned galaxies along all three vectors
in Fig. 14 (e.g. LoZ002, LoZ004, LoZ007) appear as grand design
spirals with extended CGM discs (cf. Fig. 2, right-hand panels).

DeFelippis et al. (2020) find stronger alignment between the
stellar and CGM angular momenta in their highest j, quartile with
Ostar-cool = 15° and Ogarnot ~ 27° in Illustris-TNG (their fig. 2).
Their lowest j, quartile shows angles of ~60°, more similar to our
results. The existence of extended CGM structures, including the
CGM associated with satellites that is excised by DeFelippis et al.
(2020), likely biases high our angles between stars and the CGM.
We therefore analyse the angular momentum alignment in our haloes
after filtering out the CGM around satellites with the goal of assessing
the impact of these extended CGM structures. At high (low) z, we
filter out CGM gas within 10 (20) physical kpc of any subhalo that
has a stellar mass >10° M, (essentially any star particle given our
resolution). We find that the cool and hot CGM have a median angle
of Ocoorhot = 13° (14°) at high (low) z. The stellar component and
the CGM have a median of Oy = 41° (54°) and Ogpnoe = 47°
(56°). The decrease in separation by several degrees at low-z of all
three vector pairs suggests that CGM of satellites only contribute
slightly to angular momentum misalignment in our gaseous haloes.

MNRAS 500, 1476-1490 (2021)

However, like us, DeFelippis et al. (2020) find that the hot specific
angular momentum, jp, is a significant fraction of the j.,o at both
z=0and z =2.

3.5 Hot gas radial profiles

The hot gas dominates the CGM volume around L* galaxies (e.g.
Bregman 2007; Stocke et al. 2013) therefore we plot volume-
weighted radial profiles of this component in Fig. 15. The gas density
(upper left-hand panel) shows flatter radial profiles at low z than at
high z with the following fits to the medians of the nine haloes
between R = 0.1 and 1.0Ry, using

R —Ony
NH = IH, Ry ( ) , (6)

Ra00

where «,, = 1.6 at high z and becomes 1.1 at low z. ny gy, =
9.0 x 1073 and 1.4 x 10~%cm™ at the two respective redshifts.
The temperature profiles flatten towards the centre, and decline with
power laws fit between 0.1 and 1.0R,g using

R —or
r:rRz(JO( ) . %

Rooo

Athigh (Iow) z, Ty, = 1.1 x 109 (2.2 x 10%) K and a7 = 0.5 (0.8).
We also plot the entropy profiles

K =Tn;*? ®)

in the lower left-hand panel of Fig. 15, where 7. is the free electron
density. At high z, entropy is rising with R, and slightly flattening at
large R. This gas is strongly outflowing (Fig. 8), which may indicate
high-entropy gas is preferentially traversing outward resulting in this
profile. Entropy-driven winds (Bower et al. 2017; Keller, Kruijssen &
Wadsley 2020) appear to play an essential role in ejecting gas from
high-z haloes that exhibit higher outflow rates through the virial
radius than their low-z counterparts in EAGLE (Mitchell, Schaye &
Bower 2020b, their fig. 1). At low z, entropy rises only in the inner
0.1R»00, where it also coincides with positive radial outflows in Fig. 8
that are much weaker than at high z. Beyond, the entropy actually
falls slightly before it recovers in the outer halo. This coincides with
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Figure 15. Volume-weighted radial trends of the density, temperature, entropy, and pressure for hot phase gas at high z (dotted magenta) and low z (solid red).
Stacked medians of the profiles are shown with the thicker lines. The Faerman, Sternberg & McKee (2020) isentropic model is shown in dashed green for a z =

0 Milky Way-like hot halo.

median hot v,q & 0 kms~', which indicates a different source of the
outer hot halo. Much of this gas has very low metallicity (Fig. 7),
which suggests a source of accretion from the IGM. It is curious
that rising entropy profiles often coincide with outflowing gas at
both both epochs because such entropy profiles are also indicative of
dynamically stable configurations in the centres of clusters, although
such profiles are typically steeper (e.g. Voit, Kay & Bryan 2005).
Finally, we plot pressure profiles,

P =nyT, 9)

in the lower right-hand panel, where high-z pressures are higher
everywhere than at low z. The pressure at fixed M, should scale
approximately as RZ])‘(‘), which gives the ~30—40 factor in pressure
difference between low and high z. This appears to be the case at R =
0.2R5¢p, but the difference is greater at lower (higher) radii where
high-z haloes are denser (hotter) than self-similar scaling relations.

We overplot the green-dashed lines in Fig. 15 of the Faerman et al.
(2020) z = 0 isentropic hot halo profiles in all panels. Their model,
developed for a Milky Way-like halo, is a reasonable representation
of our flat low-z entropy profile between 0.1 and 1.0R;p. Our
densities and temperatures also show good agreement, especially in
the inner halo. Our pressure profile is lower than the Faerman et al.
(2020) model that also includes non-thermal sources of turbulent
and magnetic/cosmic ray pressure. That model assumes HSE, but
Oppenheimer (2018) showed that these low-z haloes are not well
described by HSE in their inner CGMs, though at = 0.5Ry the
thermal pressure gradient accounts for > 75 per cent of the support
against gravity (their fig. 2).

We also contrast to the Stern et al. (2019) hot gas steady-state
cooling flow models for Milky Way-mass haloes, which have more
steeply rising entropy profiles as a result of higher o, and lower «7.
Resolving X-ray profiles around Milky Way-like galaxies (e.g. Li &

Wang 2013) as has been done for more massive spirals (Anderson,
Churazov & Bregman 2016; Bogdan et al. 2017; Li et al. 2017; Das
et al. 2019) can help distinguish these contrasting models. Central
X-ray emission from individual galaxies may be detectable with
the Chandra X-ray telescope according to Illustris-TNG simulations
(Truong et al. 2020) and the eROSITA mission should be able to
observe extended emission in stacks of haloes as predicted by both the
EAGLE and Illustris-TNG simulations (Oppenheimer et al. 2020b).

4 DISCUSSION

4.1 CGM mass contents

In Table 1, we list fcgm = Mcom/Ma00(2Mm/2p), the total mass content
of the CGM (here defined as inside R,yy) normalized to the cosmic
baryon fraction. fcgm averages 0.34 at high z and is 0.47 at low
z. At high z, Pezzulli & Cantalupo (2019) calculated that fegm >
0.70 across cool and hot phases are necessary to reconcile giant Ly
emission nebulae observed around quasar hosts, which they assume
live in haloes of Moy ~ 10'> My,. However, this higher value than our
Jfoam can be rectified if these quasar hosts have higher halo masses,
which both lowers the fcgm that Pezzulli & Cantalupo (2019) calcu-
late in their analysis and raises the fcgm using higher halo masses in
EAGLE that generally have higher fcgm (Davies et al. 2019).

The low-z average fcgm value is significantly higher than the
typical value observed at similar halo mass in the EAGLE Ref-
L100N1504 volume with 8 x lower mass resolution, where the
average fogy = 0.22 for haloes with Mooy = 10'7371225 (Davies et al.
2020). However, the EAGLE Recal-L025N0752 volume, from which
the low-z haloes are selected and that has the same resolution, shows
a higher average fcgm = 0.35 (J. Davies, private communication).
Our low-z sample fcgm, Which averages 0.47, is 34 per cent higher
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than the average fogm for all haloes of the given mass range in the
volume. Our sample’s fcgm being biased high is to be expected given
that our haloes host star-forming galaxies, which Davies et al. (2019)
and Oppenheimer et al. (2020a) demonstrated have higher baryon
fractions owing to stellar and black hole feedback preferentially
ejecting CGM gas from haloes hosting passive galaxies (see also
Terrazas et al. 2020; Davies et al. 2020, for discussion of this effect
in the Illustris-TNG simulation). Oppenheimer et al. (2020a) found a
similar difference in the Ref-L100N1504 volume, where the highest
quartile of sSFR for M,y = 10'>°7123M, haloes have fogy values
30 per cent higher than the mean fcgm for all haloes. Hence, our star-
forming sample appears to be less affected by the phenomenon of
black hole feedback ejecting baryons than the typical halo in our
mass range.

4.2 CGM metal contents

Peeples et al. (2014) calculated the expected metal content yielded
from stars over cosmic history, finding that the stellar and ISM con-
tributions fell far short of the expected metal content, by at minimum
a factor of 2. Our ‘LoZ’ simulations confronted this shortfall in
016, arguing that most metals are ejected into the CGM and IGM,
often beyond Ryy. Our average CGM metal contents at z = 0 are
1.6 x 10® M, for cool metals and 1.2 x 108 M, for hot metals, which
are both more than the ISM metal content, 1.1 x 108 M. The content
of metals recycled into later generations of stars is 3.3 x 10% M.
016 quantified the oxygen content ejected beyond Ryyy at & 35 —
40 per cent of the expected oxygen yield for 10'2M, haloes, hence
we expect 3—5 X 108 M, more diffuse metals beyond Ry given the
yields and nucleosynthetic sources of metals used in EAGLE.

Hafen et al. (2019) found a much greater fraction of the metal
yield ends up in stars at z = 0.25 in FIRE-2 (70-90 per cent, their
fig. 3) than in our haloes (25-35percent at z = 0.2, O16, their
fig. 9). Oppenheimer et al. (2018b, their section 5.1) discussed
that EAGLE-CGM simulations have yields that are consistent with
Peeples et al. (2014) but are higher than the ones used in FIRE-1
(Muratov et al. 2017), where stellar metallicites are similar to O16
but CGM metallicities are much lower. Hafen et al. (2019) discussed
in their section 4.1.2 that FIRE-2 has similar metal yields as FIRE-
1, which are about half as much as used by Peeples et al. (2014).
Our simulations yield more metals and place proportionally more of
those metals in diffuse gas, resulting in higher CGM metallicities
(Fig. 7) than FIRE-2 (Hafen et al. 2019, their fig. 18). Oppenheimer
et al. (2018b) found that their higher metallicities are necessary to
reproduce COS—Haloes low-ion metal absorber statistics (Werk et al.
2013), but given the uncertainty in ionization corrections it is very
possible that fewer metals are necessary to reproduce observed low-
ion metal absorbers.

At high z, we find an average of 4.2 x 107, 6.9 x 107, and
2.0 x 108 Mg of metals in the cool CGM, hot CGM, and ISM,
respectively. This totals to 3.1 x 10% Mg, which is similar to the
amount of metals in stars, 2.8 x 108 Mo, in these high-z haloes. A
smaller fraction of metals is ejected beyond Ry, though we save a
complete accounting of high-z metals in the context of the missing
metals problem at z =2—3 (e.g. Bouché et al. 2007) for further work.

4.3 Are low redshift hot haloes rotating?

We show in Fig. 9 that low-z hot haloes show a net rotation that
is aligned with the stellar axis, but substantially sub-centrifugal as
the median vy, ~ 40 kms~' inside 0.1R,y. Hodges-Kluck, Miller
& Bregman (2016) calculated a rotation speed of 183 £ 41 kms™!
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for the Milky Way’s hot halo by measuring O VII absorption line
centroids. While this is 75 percent of the solar rotational speed
around the Galactic centre of 240 km s~! (Reid et al. 2014), our low-z
simulations do not exhibit as high values for hot halo co-rotation as
the Milky Way, and our hot halo rotational axes are often substantially
mis-aligned with the stellar disc (Fig. 14). Furthermore, a closer
examination of the measured velocities as a function of Galactic
latitude and longitude in fig. 5. of Miller, Hodges-Kluck & Bregman
(2016) shows significant scatter and deviations from aligned co-
rotation, which they argue requires a much higher resolution X-ray
spectrometer to accurately observe.

Oppenheimer (2018) found that our low-z inner haloes have
significant uncorrelated tangential motions that do not add to the
summation of net directional rotation or angular momentum. Nev-
ertheless, this paper did argue that there existed as much angular
momentum in the inner hot haloes as calculated by Hodges-Kluck
et al. (2016) out to 90 kpc. The low-z galaxies with larger grand
design spiral appearances (LoZ002, LoZ004, LoZ007) have among
the highest hot halo spin parameters (Fig. 13) and aligned spin axes
(Fig. 14). In the future, it would be useful to consider how total
angular momentum in the hot CGM relates to galactic morphology.

4.4 Results in context of other EAGLE simulations

We now discuss some recent results from EAGLE that mainly use
the lower resolution Ref-L100N1504 volume in the context of our
results. Fundamentally, the high-z haloes are growing at nearly an
order of magnitude faster than their low-z counterparts. Mitchell
et al. (2020a) shows in their fig. 1 that a 10'> Mg, halo doubles its
mass in 0.6 Gyr at z & 3 and 5 Gyr at z = 0. They also show that the
gaseous content doubles at a lower rate: 1 Gyr at z & 3 and 15 Gyr at
z = 0. Feedback drives gas out of haloes (Section 3.3), which likely
plays a major role in reducing the rate of the gaseous growth relative
to the dark matter growth. Because our higher resolution haloes are
not as evacuated and are selected to be star-forming, which have
higher fcgm than the average halo at the given mass (Section 4.1), it
is likely that our gaseous halo growth rates are faster than Mitchell
et al. (2020a) and may be nearer the total halo growth rates.

Mitchell et al. (2020a) calculates mass outflow rates of gas particles
leaving the halo in the Ref-L100N1504 volume. Their fig. 11 shows
that 10'>2 My marks the halo mass transition from stellar winds
dominating to AGN winds dominating for both high-z and low-z in
EAGLE. To distinguish more precisely the role of stellar versus AGN
feedback at the Ref-L100N 1504 resolution, we obtain the absolute
outflow rates with the normal EAGLE prescription and compare them
to the No-AGN EAGLE model (P. Mitchell private communication).
Atz =2.5, the typical outflow rate through Ry for Magy = 10'2 Mg, is
18 Mg, yr~!, but reduces to 9 Mg, yr~! without AGN. At low-z, these
values are 10 and 7 Mg yr~! with and without AGN. Our haloes will
likely have lower values for these outflow rates with less impact for
AGN given the trends in our sample’s fcgm values.

It is useful to consider the findings of Mitchell et al. (2020a) for
the morphology of the outflows given our finding of organized CGM
disc structure at low-z relative to high-z. They analyse the angular
dependence of outflow rates, showing a clear biconical pattern with
preferential alignment pointing orthogonal to the discs at z = 0.25
in their section 3.6. At high-z, the morphology of these winds is still
uncertain and will be the focus of future work.

Finally, we note that galaxy morphology does not change system-
atically with numerical resolution in EAGLE, which suggests that
our primarily star-forming, spiral galaxies should remain morpho-
logically similar at lower resolution. Thob et al. (2019) demonstrated
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morphology as measured by stellar kinematical parameters appears
converged between the Ref-L100N1504 and Recale-LO25N0752
simulations.

5 SUMMARY

We have presented the physical characteristics of circumgalactic
haloes simulated at high (z ~ 2—3) and low (z = 0) redshifts using
a set of EAGLE zoom simulations of 10'> Mg, haloes hosting star-
forming galaxies. These simulations demonstrate the changes in the
CGM around L* galaxies at two epochs separated by 10 Gyr. The
mean My of our nine high-z (low-z) haloes is 10294 (101207) Mg.
The primary results are as follows:

(i) High-z gaseous haloes have nearly as much cool (T < 10° K)
gas as hot (7' > 10° K) gas out to Ryn, while low-z haloes have 5 x
more hot gas than cool gas. The low-z CGM phases are more sorted
by radius than for haloes at high z, with the cool phase being larger in
the inner 50 kpc, and the hot phase dominating at larger radii (Figs 3
and 4).

(i) The high-z ISM has 1.5 x the total metal content of the high-z
CGM, while the low-z CGM has 2.6 x the metal content of the low-z
ISM. The high-z hot CGM contains 60 per cent more metals than the
cool CGM, while this reverses at low z with the cool CGM having
35 per cent more metals than the hot CGM content (Fig. 5).

(iii) The metals are evenly distributed between the hot and cool
phases throughout the high-z CGM. At low z, the cool metals
dominate the interior and the hot metals are more prevalent at larger
radii. Cool metallicities increase from about 0.1Zg to 1Zg from
high to low z indicating much of the cool gas is pristine accretion at
high z and recycling gas at low z. Hot metals have less scatter and
intermediate metallicities that change less across time, which is a
signature of their thermal feedback-driven origins using the EAGLE
prescription (Figs 6 and 7).

(iv) Hot gas shows substantial outflows at high z, which stands in
contrast to the cool gas that is primarily accreting with the highest
inflow velocities being in the outer halo where the gas is relatively
pristine. Low-z radial velocities are much lower with only inner hot
gas showing a net outflow, and cool gas accreting at a much lower
rate (Figs 8 and 12).

(v) Hot metal-enriched (Z > 0.1Zy) gas shows larger outflow
velocities than all hot gas at both epochs. Cool metals, like all cool
gas, are primarily inflowing at low z. High-z cool metals indicate less
inflows than all cool gas, and their kinematics show proportionally
more outflows when a higher Z threshold is applied. The high-z cool
CGM has different origins, which depend sensitively on the baryon
or metal tracer used (Figs 10 and 12).

(vi) The cool low-z CGM shows a net positive rotation out to
0.2Ry, indicating disc-like CGM structures extending out 40 kpc
around L* galaxies. Hot gas at low z also shows substantially net
positive rotation, but no preferred rotation beyond ~50 kpc. These
low-z hot haloes have been shown to be supported primarily by
tangential velocities in the inner CGM and by the thermal pressure
gradient in the outer CGM (Oppenheimer 2018), but no such
dynamical stability (i.e. HSE) applies to the high-z hot CGM, which
is primarily outflowing (Fig. 9).

(vii) The angular momentum spin parameter of the CGM is
substantially higher than that of the dark matter at both epochs.
The average hot CGM spin parameters are 66 per cent of the cool
CGM spin parameters at high z and 87 per cent at low z. Owing to a
greater hot CGM mass at low z, the total angular momentum in the
low-z hot phase is several times that of the cool phase (Fig. 13).
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(viii) Angular momentum vectors are well aligned between the
cool and hot CGM at both epochs. The CGM angular momentum is
substantially less well aligned with the stellar disc, which may result
from gas in the outer CGM being dynamically disconnected from
the inner CGM. This does not contradict the existence of the low-z
cool CGM often exhibiting co-rotation with the stellar disc (Figs 9
and 14).

(ix) Hot halo profiles have flatter density profiles at low z than at
high z. High-z hot haloes are hotter and significantly higher pressure
than their low-z counterparts. High-z entropy profiles are rising
through most of the halo, while low-z profiles are more isentropic,
although with interior positive slopes where hot winds are outflowing
(Fig. 15).

Our next paper in this series (Lonardi et al., in preparation) will
show that these zoom haloes reproduce key metal absorption line
strengths around both star-forming z ~ 2—3 and z ~ 0 galaxies.
While the typical observed column densities do not change much
between these two epochs, our main conclusions here show that
these two sets of haloes are physically and dynamically distinct.
Just as galaxies change significantly over 10 Gyr, the CGM also
changes, and it will be crucial to identify observational measures
that differentiate high-z and low-z gaseous haloes.
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