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ABSTRACT

We study the dependence of the physical and observable properties of the circumgalactic medium on its halo mass in 25 high-
resolution cosmological ‘zoom-in’ simulations from the Auriga suite. We focus on the current epoch (z = 0) and on halo masses
of 10" Mo < My < 10" M and stellar masses of 10’ Mg < M, < 10" M. The mass resolution of our simulations
is 5.4 x 10° M@ . This work analyses the temperature, density, metallicity, and radial velocity of these haloes and the column
density of H1, Mg 1, Si 11, C1v, and O VI. We find median temperature and metallicity increase with halo mass as expected. We find
a larger scatter in temperature at higher halo masses, suggesting that the multiphase nature of the CGM is halo-mass-dependent.
Our H1 column densities show good agreement with observations at all radii. Mg IT and Si 11 match observations between 0.1 Raggc
and 0.3 Ry, but decrease steeply with radius. O VI column densities are underpredicted by our simulations for stellar masses in
the range 10%° M < M, < 10'%? M, at large radii with reasonable agreement at 10'! M. C1v column densities agree with
observational detections above a halo mass of 10° M@ . We find that O Vi (HT) traces the highest (lowest) temperatures, and
the lowest (highest) density and metallicity. O VI (C1V) is photoionized (collisionally ionized) at low (high) halo masses with
a transition to higher temperatures at 10'" M. Our results demonstrate similarities and discrepancies between simulations of
Milky Way-mass haloes and observations. They also show further observational constraints are needed in less massive haloes.
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1 INTRODUCTION

The circumgalactic medium (CGM) is the gaseous component of
dark-matter-dominated haloes. It surrounds galaxies and contains
gas accreted from the intergalactic medium (IGM) and gas ejected
from the interstellar medium (ISM). The CGM plays a major role in
the evolution of galaxies, acting as a reservoir for baryonic matter
that can accrete on to the ISM and provide fuel for star formation
(Tumlinson, Peeples & Werk 2017).

The CGM features various temperature phases, which range
from 10* K (or lower if we account for molecular outflows) up
to approximately the virial temperature (or potentially hotter in
outflows). These gas phases are probed observationally primarily
through absorption line spectroscopy as it is sensitive down to
column densities of N ~ 10'2 cm~2, making it an effective method of
characterizing the low-density CGM. Absorption line spectroscopy
traces ions with different ionization potentials to detect various gas
temperatures, and thus the multiphase nature, of the CGM (Lehner
et al. 2013; Anand, Nelson & Kauffmann 2021; Mathur et al. 2021).

Quantifying the physical nature of the CGM is important to
further our understanding of its role in galaxy evolution. We know
from simulations and analytical arguments that the hydrodynamical
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properties of the CGM depend not only on feedback from the galaxy,
but also on the halo mass (e.g. Frenk et al. 1988; Wang & Abel 2008;
van de Voort & Schaye 2012). Haloes with masses similar to the
Milky Way (10'2 M) are typically hot (T ~ 10° K) and metal-rich
with higher accretion rates on to the galaxy than lower mass haloes
(Keres et al. 2005; Tumlinson et al. 2011).

Feedback from galaxies, driven by stellar winds, supernovae
(SNe), and active galactic nuclei (AGNs), ejects matter into the CGM,
which enriches the environment with metals (Muratov et al. 2015;
Johnson et al. 2017; Sanchez et al. 2019). The strong feedback from
star-forming galaxies means that only 20-25 per cent of all metals
produced are retained in their ISM (Peeples et al. 2014). Material
ejected by these feedback processes either flows out of the CGM
into the IGM and beyond, remains in the CGM, or re-accretes on to
the galaxy. This re-accretion is likely important at late times as it can
dominate the accretion rate (Oppenheimer et al. 2010; Hafen et al.
2020; Wright et al. 2021) and could be important for maintaining
star formation in the galaxy.

Outflows from feedback also change the ionization states of metals
by heating the gas. Low ionization states such as H1, Sill, and Mg 11
trace cool gas (T = 10* K) in the CGM, with CIV tracing warmer
gas of 10*>=3 K. Higher ionization states such as O VI potentially
trace warm-hot temperatures, if in collisional ionization equilibrium
(CIE), of 10°° K (Gnat & Sternberg 2007; Wiersma, Schaye &
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Smith 2009; Strawn, Roca-Fabrega & Primack 2023) but these may
trace cooler temperatures if in photoionization equilibrium (PIE)
(McQuinn & Werk 2018).

The ionization states of gas in the CGM can be probed in simu-
lations too, utilizing radiative transfer or non-equilibrium chemistry
models (e.g. AREPO-RT and RAMSES-RTZ; Kannan et al. 2019; Katz
2022) or post-processing tools such as TRIDENT (Hummels, Smith
& Silvia 2017), which uses cLoUDY (Ferland et al. 2017) for its
ionization tables. Mock observables have been compared to obser-
vations before with varying results. Machado et al. (2018) show over
predictions in the O VI and Silll column densities when compared
to observations. Studies also show good agreement for synthetic
absorption lines and equivalent widths, and covering fractions from
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SIMBA consistent with observations (Appleby et al. 2021). The aim
of these comparisons is to assist in constraining our models, thus
leading to better predictions in future simulation work.

In this work, we analyse cosmological zoom-in simulations to
determine the dependence of the temperature, density, metallicity,
and radial velocity on halo mass for haloes with a mass range of 10'°
M@ < Magoc < 10" M. The aim of this work is to better understand
the CGM in a cosmological context by quantifying the scatter in the
physical properties as a function of halo mass and galactocentric
radius. Furthermore, we compare the column densities for HI, Mg11,
Si1, C1v, and O VI, in our simulations with observational surveys
including COS-Halos (Tumlinson et al. 2013; Werk et al. 2016),
COS-Dwarfs (Bordoloi et al. 2014), the CIViL* survey (Garza et al.
2025), the CGM? survey (Tchernyshyov et al. 2022), the Cosmic
Ultraviolet Baryon Survey (CUBS) (Mishra et al. 2024), as well
as other observational studies (Johnson, Chen & Mulchaey 2015;
Zheng et al. 2024) to better understand how our model compares to
the existing observations and find discrepancies that we can use to
inform future models.

This paper is structured as follows. We briefly outline the Auriga
simulations, including how these haloes are selected in Section 2. We
will then discuss the physical properties of the CGM in our simulated
haloes in Section 3. We compare the results of our column densities
to those from observations in Section 4. Finally, we conclude and
discuss our results in Section 5.

2 THE AURIGA SUITE OF COSMOLOGICAL
SIMULATIONS

This work studies the CGM of 25 high-resolution simulations
from the Auriga project — a suite of magnetohydrodynamical
(MHD) cosmological zoom-in simulations (Grand et al. 2017, 2024).
The simulations we analyse have a baryonic mass resolution of
~5.4 x 10° Mg (also referred to as ‘level 3’) and a dark matter
resolution of ~4 x 10* Mg . We additionally perform a resolution
test comparing the level 3 simulations used in this paper with haloes
at eight times higher (level 2) and lower (level 4) resolutions. This is
discussed in Section 5.2.

The initial conditions of Auriga are based on the dark-matter-
only simulations from the EAGLE project (Schaye et al. 2015),
with a co-moving box size of 100 Mpc. Haloes are identified using
a friends-of-friends (FoF) algorithm with a standard linking length
(Davis etal. 1985). Haloes are randomly selected from the 25 per cent
most isolated haloes within the targeted mass range (see Grand et al.
2017). The mass selection criterion for Milky Way-mass haloes is
0.5 < Magoe/10'? Mo < 2 and less massive haloes were selected
within 0.5 < Mac/10" M < 5 and 0.5 < Mago./10"° My < 5.
The high-resolution zoom-in region extends to ~5 Ry, of each halo.
Auriga adopts cosmological parameters $2,, = 0.307, 2, = 0.048,

10.0 10.5 11.0 11.5 12.0
Log10M200c [Mo]

Figure 1. Stellar mass to halo mass (SM—HM) ratio against halo mass.
The blue data points show the SM—HM ratio for the most massive halo from
each simulation. We compare them to three models from Moster et al. (2010),
Behroozi et al. (2013), and Girelli et al. (2020) shown as green, black, and red
curves, respectively. The scatter of Girelli et al. (2020) and Moster et al. (2010)
is shown as the shaded regions. Compared to these models, our simulations
overpredict the SM—HM ratio but generally follow the same trend.

and €, = 0.693 with Hy = 100h kms™! Mpcfl, where h = 0.6777
from Planck Collaboration XVI (2014).

The simulations were run from z = 127 to z = 0 using the arbitrary
Lagrangian—Eulerian moving-mesh code AREPO (Springel 2010),
which includes MHD for gas and collisionless dynamics (for dark
matter, stars, and black holes). AREPO uses an unstructured Voronoi
mesh with idealized MHD solved by a finite-volume second-order
Runge—Kutta integration scheme (Pakmor et al. 2016). The inclusion
of MHD to this suite of simulations has been shown to affect the
properties and structure of the CGM at least for Milky Way-mass
systems (van de Voort et al. 2019).

The Auriga galaxy formation model is described fully in Grand
et al. (2017) and summarized here. The ISM subgrid model in these
simulations is described in Springel & Hernquist (2003) as a two-
phase medium of dense cold gas clouds surrounded by hotter ambient
gas. The gas in the ISM is assumed to be star-forming once the density
exceeds a threshold density of nj; = 0.11 cm™>. Gas that is above
this density threshold is treated as multiphase and its temperature
is governed by an equation of state that is calculated as part of a
subgrid model. These simulations additionally include primordial
and metal line-cooling (Vogelsberger et al. 2013) as well as an
ultraviolet background with self-shielding (Faucher-Giguere et al.
2009; Rahmati et al. 2013). The metal yields used include asymptotic
giant branch stars (Karakas 2010), Type Ia SN (Thielemann et al.
2003; Travaglio et al. 2004), and core-collapse SN (Portinari, Chiosi
& Bressan 1998).

Auriga incorporates feedback from SN, stellar winds, and AGNs.
Stellar feedback is implemented through gas cells that are temporar-
ily converted into collisionless wind particles, ejected from star-
forming gas, until they reach 5 per cent of nj; where they recouple and
deposit mass, momentum, thermal energy, and metals. The minimum
temperature in our simulations is set to 10* K because cooling below
this temperature is inefficient.

AGN feedback is modelled as a two-mode process: one that heats
the gas locally around the black hole and the other that gently heats
bubbles of gas at randomly placed locations up to 80 per cent of the
virial radius. Black holes are seeded in the simulations with a mass of
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Table 1. Properties of the most massive haloes in each of our simulations ordered by halo mass from top to bottom in ascending order. (a) simulation reference
name, (b) halo mass, (c) virial temperature, (d) virial radius of halo, (e) stellar mass, (f) star formation rate, (g) the mass of the CGM (measured within the
virial radius and excluding ISM gas), (#) the mass of the ISM. The baryonic mass resolution of these haloes is 5.4 x 103 Mp.

Halo ID* LogioMby M@) TS, (K) Rip. (kpe)  SFR*Mgyr')  LogioM! Mg@)  LogioMégy Mg)  LogioMlsy, Mg)
Magoe= 10'9—10!" M haloes
halo10_0 10.00 435 45.58 0.00 7.46 8.78 7.33
halo10-8 10.10 4.46 49.22 0.05 8.48 9.06 7.99
halo10_6 10.38 4.61 61.00 0.10 8.48 9.51 831
halo10-11 10.40 4.65 62.11 0.08 8.34 9.40 8.36
halo10-9 10.56 4.78 70.10 0.16 8.85 9.63 8.67
halo10-2 10.68 4.84 76.67 0.46 9.36 9.68 9.02
Maooe= ~10'"1=10'"5 M5 haloes
halo11_10 10.92 4.88 92.07 0.47 9.55 9.91 9.11
halo11-11 10.95 4.98 94.72 0.89 9.67 9.93 9.30
halo11.6 10.97 4.94 96.06 0.52 9.72 9.95 9.18
halo11.0 11.00 4.89 98.36 0.79 9.77 9.73 9.11
halo11.9 11.00 4.89 98.47 0.62 9.63 9.99 9.16
halo11.8 11.03 5.06 100.82 0.46 9.53 10.11 9.17
halo11.2 11.13 5.11 108.48 0.78 9.74 10.18 9.36
halo11.7 11.20 5.07 114.38 1.41 9.92 10.13 9.53
halol1_1 11.32 5.14 125.47 2.06 10.08 10.21 9.69
halo11.3 11.36 5.21 129.18 115 10.08 10.32 9.39
halo11.4 11.45 533 138.67 1.43 10.08 10.42 9.64
halo11.5 1145 5.35 138.17 0.60 10.14 10.42 9.29
Mopoe> 102 M haloes

halo12.1.8 11.93 5.57 200.20 5.71 10.82 10.68 10.08
halo12_6 12.00 5.58 211.83 271 10.81 10.66 9.89
halo12.21 12.15 5.71 236.69 10.27 10.96 10.90 10.25
halo12.23 12.17 5.71 241.50 4.60 10.97 10.79 10.12
halo12.24 12.17 5.76 239.57 7.67 10.95 10.84 10.08
halo12.16 12.18 5.81 241.53 4.20 10.96 10.96 10.11
halo12.27 12.23 5.70 251.40 4.20 11.01 10.84 10.04

10° 2~' My when the FoF halo group has a mass Mpor = 5 x 10'°
h~' M. lonizing radiation is also included in the AGN feedback
model in the form of X-rays.

Fig. 1 shows the ratio of stellar mass to halo mass as a function
of halo mass. This includes the 25 most massive haloes and 52
additional haloes within the zoom-in region of each simulation.
We find our simulations overestimate the stellar mass based on
abundance matching from Moster et al. (2010), Girelli et al. (2020),
and Behroozi, Wechsler & Conroy (2013). The larger scatter seen
in this figure of our low-mass haloes has also been found in other
simulation suites with an explicit ISM model (Agertz et al. 2020;
Gutcke et al. 2021; Sales, Wetzel & Fattahi 2022). If we take this
figure at face value, our simulated dwarf galaxies have produced ~10
times as much stellar mass as predicted through abundance matching
and thus also 10 times as many metals. Although uncertainties in
abundance matching are large for low-mass haloes, this also has
implications for the distribution of metals in the CGM. This has
been previously investigated in Grand et al. (2024) and Pakmor et al.
(2016), which show similar over predictions in low-mass haloes.

We focus on gas within the virial radius (R ) of the halo, defined
as the radius within which the density within it is approximately
200 times the critical density of the Universe. We exclude the ISM
(or star-forming gas, i.e. all of the gas on the equation of state) to
more appropriately measure the properties of the inner CGM. This is
accomplished by removing the gas cells with a positive star formation
rate. We study haloes within a halo mass range of 1 x 10" Mg <
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Mipoe < 2 x 102 M, corresponding to a stellar mass range of 107
M@ < M,< 10" M. Table 1 lists further information on the key
properties of the most massive haloes in each of the 25 zoom-in
simulations. The following is a brief overview of the simulations
and a description of the post-processing method to obtain metal ion
column densities.

We calculate the column density of HI, Mg, Siu, C1v, and
O VI in our simulations. We chose these ions because they are the
most commonly observed ions through absorption line spectroscopy
(Fox et al. 2005; Ranjan et al. 2022) and trace different temperature
phases of the gas. The mass fraction of HI is calculated on-the-fly,
whereas the mass fraction of the metal ions are calculated in post-
processing. We use tables generated with CLOUDY (Ferland et al.
2017) by Hummels et al. (2017) and the radiation field from Faucher-
Giguere et al. (2009) to compute the mass fraction of the ions. We
can then use this ion fraction and the metal-specific mass fraction to
calculate the column density along any sight-line in our simulations.
We treat any pixel in a projection of the halo as a single line-of-sight
measurement.

3 DEPENDENCE OF PHYSICAL PROPERTIES
IN THE CGM ON HALO MASS

In this section, we use our cosmological simulations to quantify the
temperature, density, metallicity, and radial velocity as a function of
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halo mass and radius to obtain a broad understanding of the physical
nature of the CGM in our simulations.

3.1 Physical nature of the CGM

Fig. 2 shows projections with a projection depth of Ryy./8 at z =
0 of the volume-weighted density and mass-weighted temperature,
metallicity, and radial velocity for five haloes rotated such that the
central galaxy is edge-on. The halo mass lies in the range 10'°—10'2
Mg, increasing in mass intervals of 0.5 dex from top to bottom. The
circles indicate the virial radius of each halo: 45, 70, 98, 139, and
212 kpe, from top to bottom.

For more massive haloes, the CGM is hotter, more enriched with
metals, and has higher radial velocities, both inflowing (negative
values) and outflowing (positive values). In our most massive halo
(bottom row) bipolar outflows can be seen along the minor axis,
which have high metallicity and radial velocities but show no
significant temperature differences along this axis. High values along
the minor axis are seen in radial velocity and metallicity but are lower
along the major axis. The temperature and density typically decrease
with radius with minor differences outside of the central 0.25 Ry

In contrast, our lowest mass haloes (top row) exhibit low scatter
in their temperature, density, metallicity, and radial velocity. High
values of each property are found in the centre of the halo. Because
the radial velocity is low and the gas is mostly inflowing, metals
cannot reach significant distances into the CGM, resulting in a
deficit in metals in the outer CGM. Similarly the temperature of the
CGM does not change significantly outside of the central 0.25 Rxpoc.
Temperatures reach ~10*3 K at most and do not fluctuate much at
fixed radii.

Fig. 3 shows the density, temperature, metallicity, and radial
velocity as a function of halo mass for 77 haloes within the zoom-in
region of our 25 simulations. We calculate the median and 16" and
84th percentile scatter for the gas within 0.3 Rypp. — 1.0 Rapoc to exclude
the dense cool gas in the centre. The blue circles show mass-weighted
values and the orange squares show volume-weighted values. For
clarity, the scatter is only shown for mass-weighted temperature,
metallicity, and radial velocity and for the volume-weighted density.
We additionally include the virial temperature from Mo, van den
Bosch & White (2010) in the temperature panel shown by the black
straight line:

1 wmy, Maooc
Ty = - — ,
2 ko Raooc

M

where Ty is the virial temperature, 1 is the mean molecular weight,
my, is the mass of a hydrogen atom, and k; is the Boltzmann constant.
As expected, we find that the median temperature is higher in more
massive haloes, increasing from ~10*° K in our lowest mass haloes
(Mppe= 1010 M@) up to temperatures of ~10° K at high masses
(Magoc= 10'> My). Furthermore, the scatter is wider at these high
masses, with a range of ~0.5 dex in low-mass haloes, increasing to
~1.5 dex in high-mass haloes. This increase indicates that the CGM is
more multiphase in more massive haloes. The 16™ percentile of most
of our haloes above Myp.> 1073 M haloes are at temperatures
above 10* K. Cool gas is still present just not in large quantities.
We additionally calculated the temperature probability density
functions measured outside 0.3R,pp., which is not shown. The
haloes with mass Mjgo.> 10'! Mg exhibit a bimodal distribution
of temperatures. The range of temperatures in My < 10" Mg
haloes is T = 10*—10° K and extends to 7 = 10*~10° K for more
massive haloes. All haloes show a strong halo-to-halo variation
in the mass distribution of cool gas. Gas at temperatures close to

1227

the virial temperature is dominant by mass for R > 0.25 in most
haloes.

The volume-weighted gas density shows no clear dependence on
the halo mass. The scatter fluctuates by < 0.1 dex from halo to halo,
but shows no clear trend with halo mass for either mass- or volume-
weighted quantities. The scatter seen here is primarily caused by the
decreasing trend in the average density from 0.3 Rygo. to Ragoc (see
Fig. 4).

The median metallicity has no clear dependence on halo mass
for Mygo.< 10" Mg (low-mass haloes), with more metal-rich gas
present in more massive haloes; median values cover a range from
~107 to 107! in low-mass haloes to near solar values (~10°) in
more massive haloes (Mjgo.> 10" M@). The scatter is small in
more massive haloes, decreasing from ~4 (< 107> — 107%7) dex to
~1 dex (107! — 10°) over our sample of haloes. We find that the
most massive haloes in the zoom-in region, which were selected to
be the most isolated, exhibit low metallicities. It is therefore possible
that additional haloes located within the zoom-in region have gained
metals from nearby systems. The AGN feedback present in Milky
Way-mass galaxies and high star formation rates produce stronger
outflows, therefore contributing to more metal enrichment in the
outer CGM of more massive haloes.

The median radial velocity is about —40 — 40 kms™! across the
halo mass range. Inflows dominate slightly over outflows, but shows
no clear dependence on halo mass. The scatter in radial velocity is
more skewed towards inflows in less massive haloes (Magp. < 1011~
M), while more massive haloes show more balanced inflows and
outflows.

The relationship between volume- and mass-weighted quantities
changes for different properties. The volume- and mass-weighted
values of temperature and radial velocity are similar. The volume-
weighted metallicity is typically lower than the mass-weighted metal-
licity in low-mass haloes (M. < 10" M) though the difference
is smaller in more massive haloes indicating metals are clumped in
higher density gas.

3.2 Radial profiles

Fig. 4 shows the radial dependence of the temperature, density,
metallicity, and radial velocity, for both inflowing (solid line) and
outflowing (dashed line) gas, for the same five haloes as shown in
Fig. 2. The solid curves show the median properties and the shaded
region the 16" and 84" percentile scatter. The solid black line in
the temperature profiles indicates the virial temperature. The haloes
shown range in halo mass from 10'° to10!2 M@, increasing from
left to right in steps of 0.5 dex. Properties are mass-weighted except
density, which is volume-weighted.

The median temperature remains fairly constant at 10* K in the
inner CGM (typically between 0.1 Rypo. and 0.25Rypp. With some
variation between haloes). This region is dominated by a non-star-
forming extended gaseous disc. As matter accretes on to the CGM,
the temperature has been shown to increase to values near the virial
temperature (de Voort & Schaye 2012). As this gas gets closer to the
centre, the gas reaches higher densities, and it is able to cool and join
the central disc (Stern et al. 2019). The scatter in temperature of the
gas in the outer CGM is larger in more massive haloes, indicating
that the gas in the outer CGM (R > 0.25R5¢.) is more multiphase
compared to less massive haloes.

The highest densities (10~2cm~?) are found close to the centre of
the halo, at around 0.15 R, decreasing down to 10~>cm™? at the
virial radius. The scatter is almost negligible in our 10'® M haloes
with very low scatter outside of 0.25Ryp.. The scatter above this
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Figure 2. 2.5R>00c X 2.5 Ro00c thin projections of five haloes, rotated such that the stellar disc is edge-on. Columns show, from left to right, the volume-weighted
hydrogen number density and mass-weighted temperature, metallicity, and radial velocity with a projection depth of Rjg./8. The halo mass increases from
top to bottom from 1010—10'2 Mg in steps of 0.5 dex. The haloes in this Figure can be found in Table 1 as halo10.0, halo10.9, halo11.0, halo11.4, and
halo12_6. The circle in each panel indicates the virial radius of each halo. When compared to high-mass haloes, low-mass haloes (Magp. < 10! M) contain
gas with significantly lower temperatures and metallicities. Additionally, these haloes lack significant structure, whereas more massive haloes include cool dense
filaments. The metallicity of the low-mass haloes is the highest in the centre but is still several orders of magnitude lower than the solar values of high-mass
haloes. These low-mass haloes exhibit a sharp and steep drop off in metallicity outside of the centre. Metallicity outside of the centre of low-mass haloes drops
below the lower bound set on our colour bar. The radial velocities are also significantly lower reaching values no higher than ~ 4 30 kms~!.
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Figure 3. Median CGM temperature (top, left), hydrogen number density (top, right), metallicity (bottom, left), and radial velocity (bottom, right) for 77 haloes
within the zoom-in region of our simulations as a function of halo mass with scatter bars showing the 16™ and 84™ percentiles. The scatter is only shown for
mass-weighted (blue circles) temperature, metallicity, and radial velocity and for the volume-weighted (orange squares) density. We additionally include the
virial temperature from Mo et al. (2010) in the temperature panel indicated by the solid black line. The properties are measured in the range 0.3 < R/Ryg0.< 1.0
to remove the central galaxy and its extended H I-dominated disc. The temperature and metallicity vary strongly for our haloes, both in their median values and
their scatter. There is no clear dependence on halo mass for the density. The scatter in radial velocity is wider in more massive haloes. However, the median
radial velocity shows no clear trend with halo mass and is in most cases dominated by inflows.

halo mass is generally consistent for all other haloes. We see a radial
dependence in the median profile but no change in scatter or halo mass
dependence on gas density when volume-weighted. We separately
calculated the mass-weighted density, which showed the same
median trend as volume-weighted density. The density remains high
at ~10~'cm™2 out to larger radii than volume-weighted, typically
out to 0.25 Ry, before a sharp drop in density. Additionally, mass-
weighted density shows somewhat higher scatter in more massive
haloes.

The highest metallicity is seen in the centre of our haloes in the
inner ~0.25Ryooc. For our low-mass dwarfs, Mag. < 10'! M), the
metallicity decreases sharply because the outflows do not reach larger
distances. The central metallicity is 1 dex lower in the 10! M, halo
compared to the 10'' M halo. For more massive haloes (Mgc>
oM M) the median metallicity following a decreasing profile, with
the scatter increasing with radius.

We see higher inflow and outflow velocities for more massive
haloes. Both inflows and outflows follow similar trends within
0.25 Ry for all haloes. Haloes with Mpgp. < 101 M@ have lower
radial velocities in outflowing gas compared to inflowing gas outside
of 0.25 Rypoc, and are thus dominated by inflowing gas out to the virial
radius. This is likely the result of weak stellar feedback because

the wind velocity implemented in the Auriga galaxy formation
model is equal to 3.46 times the one-dimensional dark matter
velocity dispersion (Grand et al. 2017). More massive haloes exhibit
faster outflows than low-mass haloes and similarly high inflows.
Haloes with Myp.> 10" M, exhibit inflowing and outflowing
gas increasing to a maximum radial velocity at roughly the same
radius as the maximum temperature. At this point, the gas is in
rotation leading to less inflowing and outflowing velocities closer to
the centre of the halo.

4 COLUMN DENSITY OF THE CGM

It is important to understand how our simulations match or differ
from observations. This will assist in understanding the validity of
our models and how best we can improve them in future simulations.

We compare the column density (N, where x is HI, Mg1, SilI,
C1v, and OvI) of HI, Mg11, Sill, C1v, and O VI in our simulations
with observational data from Bordoloi et al. (2014), Werk et al.
(2013), Tumlinson et al. (2013), Johnson et al. (2015), Tchernyshyov
et al. (2022), Mishra et al. (2024), and Zheng et al. (2024). We
exclude observational errors as they are ~ £0.01 — 0.15 and are
therefore negligible compared to the scale of the scatter of our
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Figure 4. Median physical properties from top to bottom: temperature, density, metallicity, and radial velocity as a function of radius normalized by the virial
radius from 0.15Rygoc to Raooc. The shaded regions show the 16™ and 84th percentile of the properties as a measure of the scatter for the haloes from Fig. 2. The
halo mass increases from left to right, from 10'* to 10'> My in steps of 0.5 dex and are the haloes halo10.0, halo10_9, halo11_0, halo11_4, and halo12_6 from
Table 1. The temperature, metallicity, and radial velocity are mass-weighted, whereas the density is volume-weighted. The virial temperature for each halo is
indicated by the solid black line in each panel of the temperature row. Gas associated with satellites and the ISM, i.e. the star-forming gas, has been excluded.
The temperature profile decreases at R > 0.3 R0 With a steeper decrease in more massive haloes. The metallicity is the highest in the centre in all haloes.
Haloes with Magp.< 10105 Mg have a steep drop off at radii larger than 0.25Rgoc. For Moo > 10105 M@, the metallicity profile is much shallower and the
scatter is large. Reasonably metal-rich gas can be found in the outer CGM as well as metal-poor gas. Similar to Fig. 3, the density shows no strong dependence
on halo mass, with a steep drop off in the inner 0.25 Ryoo. CGM and a more shallow profile in the outer CGM. Finally, the outflows in Mgo.< 10'! Mg haloes
is significantly weaker than the inflowing matter. In more massive haloes, the inflows and outflows are at approximately equal rates.

simulations. The CGM is ionized via photoionization and collisional
ionization. The level of ionization depends on the density and
temperature of the gas, as well as the redshift (e.g. Strawn et al.
2023). We define two-temperature regimes: the warm regime which
is traced by C1v and O VI at temperatures of T = 10*°—10° K,
and a cool regime, traced by HI, Mg11, and Sill at temperatures of
T = 10*9—10*° K.

Fig. 5 shows halo projections oriented edge-on to the galactic
stellar disc of, from left to right, N1, Nmgir, Nsin. Neiv, and Novr.
Six different haloes — from top to bottom, halo10-11, halo10.9,

MNRAS 543, 1224-1238 (2025)

halo10_2, halo11_2, halo11_5, and halo12_1.8 (Table 1) — are chosen
based on their stellar mass with values of 1083 M@, 1058 M,
10%3 M@, 10°7 Mg, 10! M, and 10'°® M), respectively. High
column densities of HI and our metal ions are seen in the centres of
these haloes. The low-ionization state ions highlight the filamentary
structure of the outer CGM in the most massive haloes (M, = 10'08
M@). We find low N¢iy and Ngv; in the outer CGM of galaxies with
M, < 10°7 M@ (Mo < 1010 M@) Nciv and Ny are hlgher in
the outer CGM of more massive haloes, because these haloes contain
higher temperature gas.
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Figure 5. 2.5R200c x 2.5R200c projections of six haloes — from top to bottom, halo10-11, halo10-9, halo10-2, halo11-2, halo11_5, and halo12_L8 (Table 1) —
with a depth of 2 Ry, rotated such that the stellar disc is edge-on. The chosen haloes are selected based on the stellar mass of the central galaxies and are thus
different from those in Fig. 2. From top to bottom the stellar masses increase from 1083, 1088, 1093, 10%7, 10101 {9 10108 M¢. From left to right, columns
correspond to HI, Mg11, Si1l, C1v, and O VI. The virial radius is indicated by the black circle in each panel. Column densities are the highest in the centres of
all haloes and decrease with radius. Nc1v and No vy increase with stellar mass, reaching high values even in the outer CGM.
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Figure 6. Radial profiles of HI and ion column densities, where the radius is normalized by Rjoc, for the same haloes as in Fig. 5. The median is shown by
solid curves and the 16" and 84t percentiles are shown as shaded regions. From top to bottom, each row shows the radial profile for Ny1, Nvgn, Nsin, Nciv,
and Novir. Our radial profiles are compared with observational data from Werk et al. (2013), Tumlinson et al. (2013), Bordoloi et al. (2014), Johnson et al.
(2015), Tchernyshyov et al. (2022), Mishra et al. (2024), Zheng et al. (2024), and Garza et al. (2025). These data are binned within 1080 Mo < M, < 10!
Mg in equal intervals of 0.5 dex, increasing from left to right. The haloes included in this figure are halo10_11, halo10.9, halo10.2, halo11_2, halo11_5, and
halo12_L8 (Table 1), and have stellar masses in the middle of these mass bins. Similarly to Fig. 7, gas associated with the ISM is not included in this figure.
The column density of all ions increases with stellar mass in the outer CGM. Our column density for HI agrees with most observational detections in haloes
with M, < 10%7 Mg. We see underpredictions at radii R > 0.5R00c for 1097 and 1001 M@, and an overprediction at low radii at M,= 10108 Mp. Civ
agrees with observations at small radii (R < 0.4R00c) for M,> 1093 M@, while O V1 is slightly underproduced at all stellar masses except the most massive
(M,= 1008 M@). Mgl and Sill follow similar radial profiles with sharp drop off between ~0.2 Ryppcand 0.3 Ryoc. There are few observational detections

below 1001

In this section, we analyse Nyi, Nvgi, Nsin, Nciv, and Novy as
functions of radius (Fig. 6) and stellar mass (Fig. 7). We conclude
our analysis by measuring the ion mass-weighted physical properties
as a function of halo mass (Fig. 8).

4.1 Radial profiles of column density

Fig. 6 shows the dependence of the median and 16" and 84"
percentiles for, from top to bottom, Ny, Nmg i, Nsin, Nciv, and Novr
on 2D radius, or impact parameter, compared with observational
data. We binned the observational data by stellar mass between
10%and 10" M in equal intervals of 0.5 dex from left to right.
We show the same simulated haloes as in Fig. 5, which have a stellar
mass that is as close to the middle of the stellar mass bin as possible.
We calculate the radial column density profiles by taking the median
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M to compare with our column densities. We do however find reasonable agreement with observations in the two most massive haloes studied.

line-of-sight column density and its percentiles in 25 bins from the
centre of the CGM out to the virial radius.

Our Ny shows a steep decrease from ~0.1 Ry to ~0.3 Rgoc. The
scatter of Ny ; is similar for all haloes up to 10'%8 Mg in the inner
0.3Ry00c- At larger impact parameters (R > 0.3 Ryy.), the column
density exhibits a shallow decrease out to the virial radius for all
haloes up to and including 10'*-! M@ . Atastellar mass of 10'08 Mg,
we see significantly wider scatter beyond 0.3 Rypo. and shallower
decrease than at lower stellar masses out to ~0.7 Rygo.. The Ny in
observations is fairly constant between a stellar mass of 1033 —10%3
M@, matching our simulated radial profiles at ~10'*cm=2. For
107 Mp< M,< 10'%! M@, our simulations underpredict Ny
outside of 0.5 R0, and match at smaller impact parameters. At 10'%8
M@, we see better agreement between 0.25 Rogoe and 0.75 Rgo. and
observations but an overprediction at R < 0.25 Rygoc-
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Figure 7. Simulated and observed column densities as a function of M,. From top to bottom, the red circles show the median of Ny1, Mg, Nsin, Nciv, and
Novi with 16™ and 84 percentile scatter bars. We separate the column densities within 0.9 Rygq. in three radial bins with widths of 0.2 R0 and of 0.3 Roqoc-
The depth of the projection is 2Ryg0c and the median is measured along two orthogonal edge-on directions. We compare with observational data from Werk
et al. (2013), Tumlinson et al. (2013), Bordoloi et al. (2014), Johnson et al. (2015), Tchernyshyov et al. (2022), Mishra et al. (2024), Zheng et al. (2024), and
Garza et al. (2025). Detections are shown as filled squares and upper (lower) limits as empty downwards (upwards) arrows. The observational error bars are
omitted for readability. Additionally, cells associated with the ISM are removed from our measurements to select only CGM gas of the main halo. The column
density of warm ions (C 1v and O V1) is high above 10 Mg stellar mass haloes for all radial bins. C1V is relatively constant above M,= 1093 M and agrees
with detections at all radii for higher mass haloes and in lower mass haloes within 0.2Ry00.. Lower mass systems have significantly lower column densities,
especially at larger radii. O vI broadly agrees with observations for M,> 10% Mg at multiple radii, while lower mass systems show Novp values roughly ~3
dex lower. The cool regime (HI, Mg11, and SiII) has high column density in the centre for all haloes but drops off significantly above 0.2Rx0oc. Nmgn and Nsint
are higher in systems with M, > 10% than in lower mass systems at large radii. HI has larger scatter in more massive haloes but no significant dependence of

the median Ny on stellar mass.

For MgIr and SiIl, the column densities at impact parameters
< 0.2Ryp. are high, with a steep decrease between 0.2 Ry and
0.3 Rp0c for M, < 10'"' M. We notice a shallower decrease in
median and an increase in scatter for both of these ions for M,
= 10108 M@, similar to Nyj.

Data for stellar masses < 10> My are fairly sparse, leading to a
lack of detections to compare with. Above 100! Mg, we find good
agreement with detections in the inner 0.25Rygo. for Nsiy. At M,
= 10'“% M, we see an overprediction at small impact parameters
for both Mg 11 and Si I1. We find that our simulations match detections
beyond a impact parameter of 0.25 Ryg. for Sill.

The column densities of C 1V and O VI steeply decrease with impact
parameter for M, < 10°* M. Nciv and Nowvr are higher in the outer
CGM in haloes with Mpp.> 10! Mg or M,> 107 M@ . This is

likely because of stronger outflows, and because the gas in these
haloes has a higher virial temperatures than in smaller haloes. This
means there will be more gas at 10°—1033 K where C1v and O VI is
commonly found.

We see good agreement for Ncyy with observations in our 10°7
Mg stellar mass halo. For M,= 10'"! M, we find agreement with
the limited data available.

There are few detections of Ny at stellar masses below 103
M@ . Our dwarf simulations predict no detectable absorption asso-
ciated with haloes outside the very centre of these haloes likely
a combination of low metallicity because of weak outflows and
low temperatures. For M,= 10°7 Mg and M,= 10'"! M@, our
simulations underpredict Novy; in most observations except in the
inner CGM. At these stellar masses, the Ngvy; decreases with radius
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Figure 8. Temperature (top, left), hydrogen number density (top, right), metallicity (bottom, left), and radial velocity (bottom, right) against Moo as in Fig. 3.
We show the median values weighted by the ion mass of C1v (yellow squares), O VI (blue upward triangles), and H1 (orange downward triangles) and measured
in the range 0.3 < R/R2p0c.< 1.0. Because H1, Mg11, and Sill are all similar, we omit the metal ions and show only H1 for clarity. We see a sharp increase in
temperature of O vi and C1v at Magpe= 10'! Mg, indicating a transition from PIE to CIE. The metallicity is higher in more massive haloes for all ions. The
density and radial velocity show no significant dependence on halo mass. There are significant differences between the temperature, the density, the metallicity,
and the radial velocity of these ions. H1 remains at 10* K for all haloes, at relatively high densities. C Iv and O VI trace higher temperatures up to 10° and 105K,
respectively, in more diffuse gas, which explains its ubiquity in the final three rows of Fig. 5.

more steeply than observations indicate. At 1008 Mg, we find the
best agreement with detections from observations, but our median
and scatter lie above most upper limits.

4.2 Column density and stellar mass

Fig. 7 shows the various column densities as a function of stellar
mass. The median is shown as red circles and the scatter is quantified
with 16™ and 84™ percentiles and shown as scatter bars. The median
and percentiles are calculated along two orthogonal axes for which
the central galaxy has been rotated to be edge-on. We split these
data into three radial bins of 0.1Rp0.—0.3Ryp. (inner CGM),
0.3Ry00c—0.6Rpp. (intermediate CGM), and 0.6 R0 —0.9 Rogoc
(outer CGM). Observational detections are shown as filled squares,
upper limits as open downward arrows, and lower limits as open
upward arrows. We additionally set the ion fraction to zero in the
ISM. We calculate the median column density as a function of stellar
mass by taking the median line-of-sight column density and the 16"
and 84" percentiles within the stellar mass bins given above.

MNRAS 543, 1224-1238 (2025)

The median and scatter of Ny decreases with radius for all stellar
masses. In the inner CGM, our median Ny slightly overpredicts
observations for M, < 10%3 M, whereas higher stellar mass haloes
exhibit medians and large scatter that agree with observational data.
The large scatter in the inner CGM can be attributed to the decrease
in the Ny radial profile as seen in Fig. 6. The median Ny in the
intermediate CGM decreases to ~10'°-~10'*>cm~2 where we find
that the median and scatter agree reasonably well with observations.
In the outer CGM, most observational data at M,> 10° Mg are
somewhat higher than our median column densities for HI1. Most
Ny detections are within the upper percentile of our scatter above a
stellar mass of 10" M.

The median Nyeir and Ngipp follow a similar trend to HI for all
stellar masses: an overprediction compared to the observational data
in the inner CGM and a decrease with radius, which leads to values
more in agreement with observations. Median column densities range
from 10'! to ~10'* cm~? in the inner CGM and match observational
detections and limits. The upper percentiles of our Ng;y; results fall
within the observed values and upper limits for M, > 10% Mg in the
intermediate CGM and underpredict observations at all stellar masses
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in the outer CGM. The median Ny is typically ~1 dex lower than
a systems Sill and underpredicts observations in the intermediate
CGM. This is partially due to the underproduction of Mg following
the yield set of Portinari et al. (1998), which underproduces Mg by a
factor of ~2. The outer CGM for Mg I has too few observations to do
robust comparisons. For M, < 10°° M, Nygn and Nsiip decrease
to values that would be undetectable in observations.

We find that the Nc1v is consistent with observations in the inner
CGM. Ncv increases with stellar mass up to 10°> M beyond which
the column density remains constant. The median N¢iy decreases
and its scatter increases with increasing radii. The most significant
change in N¢yy is seen in haloes with M, < 1093 Mg : the median
Ncyv decreases by ~2.5 dex from Ny & 10" cm™2 to Newy ~
10'%3 cm™2 in the transition from the inner to the intermediate CGM.
This is below observational detections for M, < 10°7 Mg . Some of
the median Ncpy in the outer CGM decrease further but there is no
increase in these low-mass haloes Ncy. For M,> 10°° Mg, Ncry
decreases by ~1.5 dex from the inner to the outer CGM and largely
agrees with observations.

Our Nov; agrees with observational detections for M,> 10%5 Mg
in the inner CGM. The median Ngv; decreases by ~0.5 — 1 dex from
the inner CGM (Ng y; = 1035 — 103 cm™?) to the intermediate
CGM (Ngov; = 10'%% — 10" cm™2) at these stellar masses. From
the inner to the outer CGM, the median Ny y; decreases by ~1 dex
in systems with stellar masses of 10°° < M, < 10! M, whereas
No VI in systems with stellar mass M,~ 10'"' M only decreases
by ~0.5 dex. For M, < 10%3 M@, the median Novp is ~3 — 4 dex
lower than in more massive systems. The scatter in Ngyj is small for
M,> 10°° M, but larger at low masses. For all radial bins, Novr is
substantially higher above 10°-3 Mg.

4.3 Relation to physical properties

To better understand the properties of gas that give rise to these
absorption line features, Fig. 8 shows the physical properties as in Fig.
3 weighted by the mass of C1v (yellow squares), O VI (blue upward
triangles), and H 1 (orange downward arrows). This is to highlight the
physical properties traced by the ions we have selected. Mg 1I- and
Sin-weighted values are not shown for clarity, but show similarities
to the H I-mass-weighted properties. We computed the ion-weighted
median values of these properties in the range 0.3 < R/Ryp. < 1.0.
This excludes the central CGM, containing primarily cool relatively
dense metal-rich and mostly inflowing gas.

We see gas traced by O VI at higher temperatures than C 1v, and gas
traced by HT is the coolest, as we would expect for lower ionization
states. We see a distinct change in temperature at Mog, = 10"!
M@, for O vi and C1v. Their temperature increases by ~0.7 dex,
corresponding to their CIE values (see e.g. Strawn et al. 2023). We
find that the temperature (density) of C 1v and O V1 lies around ~103
K (~107* cm™?) and ~10>3 K (~10~*% cm~3), respectively, for
Mz()()c > 10“ M@

H1, and Mg 11 and Si1I are found consistently at low temperatures
of ~10* K. The densities of the gas probed by these low ionization
state ions range from ~107>3 to ~1072 cm™3 independent of mass.
These ions populate the coolest and densest parts of the outer 70
per cent of the CGM. Additionally, Fig. 5 shows H1, Mg11, and
Sill in a largely filamentary structure in the most massive halo.
By comparing to the most massive halo in Fig. 2, we can see that
filaments found in the halo are at cooler temperatures and higher
densities than the rest of the halo, indicating H1, Mg 1, and Si1I trace
cool and dense filamentary structure.
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The metallicity of the gas traced by C1v, O VI, and H1 is higher in
more massive haloes. C1v and H1 trace higher metallicity gas than
O vI at fixed halo mass. This is because O VI traces more diffuse gas,
which is typically more metal-poor. Above > 10'> M, all ions are
tracing approximately solar metallicity gas.

We find that the ion-weighted radial velocity does not show a
strong dependence on halo mass. The median O VI radial velocity
has no preferred direction and is divided equally between slightly
inflowing and slightly outflowing gas, while the median C1v is
inflowing for most of our haloes. HI primarily traces outflowing
gas at intermediate halo masses (10'%°—10"> M). Mg1I shows
near identical properties to H1. Mg I has previously been found to be
dominated by inflows in the inner 60 kpc of 10" —10'> M haloes
(DeFelippis et al. 2021). Interestingly, we additionally analysed the
median radial velocity of Mg 1I and found inflows dominating above
10" M in the outer 70 per cent of the CGM. However, due to the
issues with the Mg 11 yield as discussed eatlier, it may be unwise to
make assumptions about the inflowing and outflowing Mg1I gas.

5 CONCLUSION

5.1 Summary

We have investigated the role the halo mass plays in changing the
physical properties of the CGM in the Auriga suite of cosmological
simulations. This included an analysis of the temperature, density,
metallicity, and radial velocity of the CGM for halo masses in the
range 10'°—10"2 Mg . We additionally analysed the column density
of H1 and the metal ions C1v, O VI, Mg11, and SilI as a function of
stellar mass and radius, and compared to observational data. While
this is for one galaxy formation model only, it can give us an idea of
what to expect in future observations and can additionally be used to
constrain models.

We summarize the results of our study below:

(i) The CGM of dwarf galaxies (~10'° M) features a narrow
radial temperature range. The scatter, defined as the range between
the 16™ and 84" percentile of our data, in temperature increases from
~0.5 dex in 10! My haloes to ~1.5 dex in 10'> M haloes. This
indicates the multiphase nature of the CGM is dependent on the halo
mass (Fig. 3).

(i1) The median and scatter of the volume-weighted density shows
no clear dependence on halo mass. The scatter of the mass-weighted
density does show some increase with halo mass (Fig. 4).

(iii) The CGM of all of our simulated dwarf galaxies is extremely
metal-deficient at large radii. This is due to weak outflows up to a
halo mass of 10'' M. The metallicity in the centre of the CGM of
these haloes is high but does not reach solar values. The scatter in
metallicity is large from halo-to-halo with metallicities ranging from
less than 107> Z¢) up to 107°3 Z . Haloes with masses of the order
of ~10'2 M reach solar to supersolar metallicities in their centres,
and have significantly more metal-enriched gas than dwarfs at large
radii and exhibit large scatter in metallicity. Most of the gas in Milky
Way-mass haloes reaches metallicities between 10 and 100 per cent
solar, though there are some lower metallicities above 0.5 Rygo. (Figs
3 and 4).

(iv) We found low outflow velocities in our dwarf galaxies, which
means that gas is not efficiently transported out of the intermediate
CGM to larger radii. The gas inflow velocities around dwarf galaxies
are much higher. The inflow and outflow velocities increase with halo
mass. Above halo masses of ~10'1? M@, the inflow and outflow
velocities are roughly equal out to at least the virial radius (Fig. 3).
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(v) The median column densities of our cool regime (H1, Mg1I,
and Sill) are significantly higher than column densities derived
from observations in the inner 0.2 R,yo.. Ny decreases to between
10' and 10'5 cm~2 at 0.6 Ry, in reasonable agreement with obser-
vations. Nyg1 and Ng;p drop off sharply outside of 0.2 Ry at stellar
masses M,< 10'° Mg (Fig. 7). There are not enough observational
detections to compare to for SiTl below 10> M. Above 10°° M,
we find reasonable agreement with detections of Sill out to 0.4 Rapoc
and upper limits at larger radii (Fig. 6).

(vi) The median column density of C1v agrees with observa-
tional detections for R < 0.2Rp. in all our simulated haloes.
Ncyv decreases at larger radii for all haloes, but shows a very
steep decrease in M, < 10 Mg systems, below the few available
detections between 0.2 Ryg. and 0.4 Rypoc. The median Ng vy largely
matches observations at high stellar masses (above 10°° M@) but
underpredicts them for stellar masses below 10° Mg (Fig. 7). The
column densities of both C 1v and O VI in haloes above a stellar mass
of 10°3 M decrease by ~1 dex on average from the centre out to
~0.6 Ry00c, Which is not seen in observations (Fig. 6).

(vii) We investigated the properties of gas probed by C1v, O VI,
and HT at radii greater than 0.3 Ryg. and found that each ion corre-
sponds to its CIE temperature of 10°, 10>, and 10* K, respectively
(e.g. fig. 2 from Strawn et al. 2023). A clear transition from PIE to
CIE for CIv and O VI is seen at a halo mass of 10'' M, featuring
a temperature increase from ~10*! to ~10° K for C1v and ~10*3
to ~10°° K for O VL. HI is found in gas that is consistently cool
(~10* K) and at densities between ~1073 and 10~2 cm~>. The
ion-weighted metallicity shows that HI and C1v reside in higher
metallicity gas than O VI for all haloes up to 10'> M. The ion-
weighted radial velocity shows mostly outflowing HI and inflowing
O VI gas between halo masses of 10'*3 and 10! M. For halo
masses greater than 10" M, all metal ions we investigated are
preferentially associated with inflowing gas likely tracing large-scale
fountain flows (Fig. 8).

5.2 Resolution test

Fig. 9 shows this, comparing the temperature, density, metallicity,
and radial velocity of the main central haloes at different mass
resolutions: ~8 x 10? Mg (extra high resolution) and ~5.4 x 10*
Mg (standard resolution). The extra high-resolution simulations
have halo masses < 10'%° M, the level 3 simulations (‘high’
resolution) probe halo masses between 10'° and 10'? M@, and the
standard resolution simulations have halo masses > 10'! Mg and
S 10 Mg

We find no significant differences between each mass resolution.
Our resolution tests show similar scatter across the physical proper-
ties studied, irrespective of the resolution of the simulation. Across
our three resolution levels, or a factor of 64 in mass resolution, we see
the same trends for the CGM properties as a function of halo mass.
Additionally, the median and scatter of the column density of all our
ions does not change significantly with resolution (not shown).

5.3 Comparison with prior literature

A similar study by Hani et al. (2019) studied the haloes of 40 L*
galaxies in Auriga with stellar mass between 10'%3 and 10'!! Mg.
They found that the gas and metal content of the CGM show a tight
correlation with the stellar mass of the host galaxy. Contrarily, they
found the ionization of metals in the CGM is independent of stellar
mass. This seems contradictory to what we find — haloes of increasing
stellar mass exhibit higher column densities for H1, SiIl, and O vI.
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Figure 9. A resolution test of, in clockwise order starting at the top
left, temperature, density, metallicity, and radial velocity at three different
resolution levels: 8 x 10 M (blue), 5.4 x 103 Mg (red), and 6 x 10* M
(green). The haloes in red are those used in the rest of this work. We show
an additional 12 simulations of a subset of these haloes at eight times lower
mass resolution and four simulations at eight times higher mass resolution.
The temperature, metallicity, and radial velocity are mass-weighted while
the density is volume-weighted. We find similar trends in the median values
regardless of mass resolution for all physical properties.

However, this may be explained by the smaller stellar mass range
(2.1 < M,[10" M@] < 11.7) and halo mass range (0.5 < M,[10"
M@] < 2.0) of Hani et al. (2019). Our results show that for a much
larger range of stellar masses the column density changes in both
median and scatter specifically for high-ionization states such as
C1vand O VL

In a different suite of simulations, called NIHAO (Wang et al.
2015), Gutcke et al. (2017) analysed a set of simulations with halo
mass similar to our own of 10> —10'>% M, investigating the column
density of H1and O VI. Using the same self-shielding approximation
as our simulations (Rahmati et al. 2013), they found better agreement
between their HI column densities and observations than for O VI.
Additionally, Gutcke et al. (2017) show that the trend of O VI with
luminosity (a proxy for stellar mass) in their simulations agrees
with observations but their radial dependence of O VI underpredicts
the observations. In comparison to our work, the column density
of HI follows a similar trend as a function of impact parameter
reaching a plateau of ~10'* cm~2. We find lower O VI column
densities than Gutcke et al. (2017) out to the virial radius in haloes
with My < 10" M. At higher halo masses, Gutcke et al. (2017)
find the radial dependence of O VI has a narrow range of values
between 10'3 and 10'* cm™2. We find column densities higher than
this, extending to the virial radius.

Hummels et al. (2013) conducted similar work investigating the
column density of H1, Sit, C1v, and O VI in the CGM of a Milky
Way-mass galaxy with different stellar feedback prescriptions. They
find that even minimal feedback can still push metals out to large radii
(> 50 kpc) but there is a lack of multiphase gas that underproduces
observed ions — this is notably true of O VI which did not match
any of their models. This is different to our results, which show
column densities of O vI in Milky Way-mass haloes that better match
observations at large radii. They additionally found that increasing
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thermal feedback from the galaxy to very high values increased the
Novi but still underpredicted observations.

Similar underpredictions for O VI and HT were found in the FIRE-
2 suite of MHD simulations from Ji et al. (2020) who found that
adding cosmic ray feedback in Milky Way-mass haloes increased
columns in line with observational detections and limits.

In order to compute the column density in our simulations, we
calculated the metal ion mass fraction in post-processing based on
tables generated by Hummels et al. (2017) using cLoUDY (Ferland
et al. 2017). Producing mock spectra for these simulations utilizing
post-processing tools such as TRIDENT (Hummels et al. 2017) would
allow us to bring our simulation analysis closer to observational
data instead of comparing to derived quantities. Hafen et al. (2024)
used TRIDENT to compare synthetic absorption spectra from three
different simulation sets. They found reasonable agreement between
the density, temperature, and metallicity derived from synthetic
absorption spectra of uniform clouds and multicloud systems, and
the source properties used to generate synthetic absorption spectra to
within 0.1 dex. Mock spectra would provide us with a more robust
method of comparison between observations and simulations and
increase the amount of observational data we can use.

Furthermore, previous studies have shown that background or
foreground absorbers may be incorrectly attributed to a halo if
their line-of-sight velocity falls within the observational velocity
range, usually +500 km s~!, while the gas originates from different
haloes outside of the virial radius (Ho, Martin & Schaye 2020; Weng
et al. 2024). Our column densities were measured along a restricted
line-of-sight depth of 2Rygo.. This could potentially account for
discrepancies between our column densities and the observations we
compared with, as Weng et al. (2024) find that larger radii from the
centre increases the line-of-sight contribution from satellites, other
haloes and the IGM.

Our results likely depend on specific modelling choices in the
Auriga galaxy formation model. Varying certain aspects of our
simulations in the future will help to better determine how sensitive
our results are to these changes. Specifically, we are referring to
relevant subgrid model variations such as an alternative kinetic AGN
feedback model and additional feedback from cosmic rays, which is
likely important in low-mass haloes, which are dominated by stellar
feedback (Dashyan & Dubois 2020), an improved ISM model that
incorporates multiphase gas physics, and a stellar feedback model
that is more efficient in dwarf galaxies. Furthermore, the comparisons
between observations and our simulations have shown that there are
some underpredictions in the column density of low-mass haloes. It
may be worth including alternative methods of calculating column
density such as using a post-processing code like TRIDENT (Hummels
et al. 2017) to produce synthetic absorption line spectra that can be
compared to observations. Comparisons between CGM predictions
and observables are a promising way forward to constrain and
distinguish between different galaxy formation models. Additional
physical processes such as incorporating cosmic ray feedback in
simulations have shown that outflow rates in dwarf galaxies increase
and agree more with observations (Farcy et al. 2022; Butsky et al.
2024; DeFelippis et al. 2024).
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