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ABSTRACT

We present three cosmological radiation-hydrodynamic zoom simulations of the progenitor of a
Milky Way-mass galaxy from the MEGATRON suite. The simulations combine on-the-fly radiative
transfer with a detailed non-equilibrium thermochemical network (81 ions and molecules), resolving
the cold and warm gas in the circumgalactic medium (CGM) on spatial scales down to 20 pc and on
average 200 pc at cosmic noon. Comparing our full non-equilibrium calculation with local radiation
to traditional post-processed photoionization equilibrium (PIE) models assuming a uniform UV back-
ground (UVB), we find that non-equilibrium physics and local radiation fields fundamentally impact
the thermochemistry of the CGM. Recombination lags and local radiation anisotropy shift ions away
from their PIE4+UVB values and modify covering fractions (for example, H1 damped Ly« absorbers
differ by up to ~ 40%). In addition, a resolution study with cooling-length refinement allows us to
double the resolution in the cold and warm CGM gas, reaching 120 pc on average. When refining on
cooling length, the mass of the lightest cold clumps decreases tenfold to ~ 10* M, their boundary
layers develop sharper ion stratification, and the warm gas is better resolved, boosting the abundance
of warm gas tracers such as C1v and O 111. Together, these results demonstrate that non-equilibrium
thermochemistry coupled to radiative transfer, combined with physically motivated resolution criteria,
is essential to predict circumgalactic absorption and emission signatures and to guide the design of

targeted observations with existing and upcoming facilities.
Subject headings: high-redshift galaxies, ISM, galaxy formation

1. INTRODUCTION

The circumgalactic medium (CGM) is a complex, mul-
tiphase environment that plays a critical role in galaxy
evolution, acting as both a reservoir and conduit for
baryons cycling in and out of galaxies (Tumlinson et al.
2017). Observational evidence, notably from absorption-
line spectroscopy of background quasars, reveals the mul-
tiphase structure of the CGM: neutral hydrogen and
low-ionization ions such as Mgil and Sill trace cool
(T ~ 10*K) gas (Bergeron & Stasiriska 1986; Petitjean
et al. 1992; Churchill et al. 1996; Chen & Tinker 2008;
Steidel et al. 2010; Matejek & Simcoe 2012; Tumlinson
et al. 2013; Prochaska et al. 2014; Werk et al. 2014; John-
son et al. 2017), while higher ionization species (N v,
O v1, Ne v1I) probe the warm-hot phase (Mulchaey et al.
1996; Chen & Prochaska 2000; Stocke et al. 2006; Thom
& Chen 2008; Savage et al. 2011; Tripp et al. 2011; Tum-
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linson et al. 2011; Meiring et al. 2013; Pachat et al. 2017,
Burchett et al. 2019, T ~ 3 x 105K to 10° K).

In the context of observations, it is generally assumed
that low ionization states (e.g. Mgil, Siit, CII) are
in photoionization equilibrium (PIE) with a UV back-
ground (UVB), intermediate ions (e.g. C1v and CvI)
have contributions from both collisional and photoion-
ization, while high-ionization states are in collisional ion-
ization equilibrium (CIE) (Gnat & Sternberg 2007; Op-
penheimer & Schaye 2013a; Tumlinson et al. 2017; Roca-
Fabrega et al. 2019; Strawn et al. 2022). This is due to
the fact that collisional ionization rates scale with tem-
perature, while astrophysical sources only produce copi-
ous amounts of photons up to specific energies (i.e. stars
typically only ionize atoms below ~ 54 eV while AGNs
can emit photons with energies of 100 eV or more (Feltre
et al. 2016).

However, there are clear hints from some observations
that non-equilibrium effects and ionization from a local
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radiation field are important in certain environments.
For example, Kumar et al. (2024) studied a sample of
C1v emitters at z ~ 1 and found at least one absorber
where excess radiation beyond the UVB was required
to explain the observed ionization states. Werk et al.
(2016) also found evidence that a local radiation field,
beyond what is provided by a UVB, may be required
to explain low-redshift O vi absorbers. Likewise, Kumar
et al. (2024) found examples where the temperature mea-
sured from line widths disagreed with that predicted by
PIE models. Finally, the models of Sameer et al. (2024)
found that half of their observed warm-hot clouds in 47
galaxies at z < 0.7 require time-dependent photoioniza-
tion calculations to explain the observed ion distribu-
tions. Despite the evidence of non-equilibrium physics
in the CGM and the potential importance of the local
radiation field, equilibrium photoionization models have
remained the dominant means by which absorption line
observations are interpreted (e.g. Bergeron & Stasiriska
1986; Prochaska et al. 2004; Werk et al. 2014).

Interpreting observations of the CGM in both absorp-
tion and emission remains a key challenge. While equi-
librium models are simplistic and readily available, they
may not be fully representative of the conditions seen
in nature. Moreover, time-dependent or non-equilibrium
models may overcome some of the limitations of equi-
librium assumptions; however, they require additional
assumptions of initial conditions, and, for example,
whether they are evolved under isobaric or isochoric
conditions (e.g. Gnat & Sternberg 2007; Oppenheimer
& Schaye 2013b). For this reason, numerical simula-
tions that attempt to model the properties of the CGM
from first principles and follow both the non-equilibrium
physics and local radiation are key for interpreting ob-
servations.

Despite growing observational constraints on the prop-
erties of the CGM, numerical modelling of the CGM re-
mains challenging (see Faucher-Gigueére & Oh 2023, for
a review). Observations suggest the cold phase is pop-
ulated by clouds with sub-kpc coherence scales (Rauch
et al. 2001; Crighton et al. 2015; Stern et al. 2016; Lan
& Fukugita 2017; Zahedy et al. 2019; Chen et al. 2023;
Lopez et al. 2024; Shaban et al. 2025, although c.f. Ru-
bin et al. 2018; Afruni et al. 2023; Dutta et al. 2024; Sha-
ban et al. 2025). A key ingredient to properly capture
this cold phase is sufficient computational elements to re-
solve these structure spatially and to prevent over-mixing
between different gas phases. Several numerical studies
of the CGM in idealized environments have found that
the properties of gas in the CGM change substantially
with improved resolution (Scannapieco & Briiggen 2015;
Schneider & Robertson 2017; Mandelker et al. 2018),
with cold gas fragmenting down to a few pc or smaller
(McCourt et al. 2018). Similar results have been found
in cosmological simulations (Peeples et al. 2019; van de
Voort et al. 2019; Hummels et al. 2019; Ramesh & Nelson
2024); however, due to the added complexity of mod-
elling a full cosmological environment, state-of-the-art
simulations still only reach resolutions of 2 100 pc in the
CGM.

Among the efforts that have been led to improve
the resolution in the CGM, the dominant approach has
been to uniformly increase resolution in a fixed region
surrounding haloes. These studies confirmed that the

amount of cold gas increases as resolution improves
(Peeples et al. 2019; Hummels et al. 2019; van de Voort
et al. 2019; Ramesh & Nelson 2024) as does the number
of low-mass cold gas clouds (Ramesh et al. 2025). While
effective, this approach has the major drawback of being
computationally expensive' and limits the complexity
of the implemented physics. Alternatively, some stud-
ies proposed to boost resolution in thermally-unstable
gas instead (Rey et al. 2024, see also the second gener-
ation of FOGGIE simulations, Simons et al. 2020) or on
shocks (Bennett & Sijacki 2020). Similarly, they found
an increase in the cold gas mass fraction in the CGM as
well as a two-fold increase in the mass loading factors
of supernova-driven outflows in the CGM. Another ex-
plored route was to resolve ionisation fronts (Rosdahl &
Blaizot 2012).

Mass and spatial resolution are only one aspect where
improvement is needed in numerical simulations of the
CGM. Beyond resolution, the structure of the CGM is
shaped by the interplay between cosmological inflows and
galactic outflows, cooling, heating, turbulence, and ion-
ization. Beginning with gas dynamics, the coupling be-
tween inflows and outflows remains highly non-trivial due
to its dependence on feedback processes. Recent simula-
tions have, for example, highlighted that the metal con-
tent in the CGM is a sensitive probe of feedback mod-
els (stellar feedback Strawn et al. 2024; Rey et al. 2025,
and also AGN feedback, Oppenheimer & Schaye 2013b;
Obreja et al. 2024; Zhang et al. 2025). More recently,
simulations are beginning to include cosmic rays that
tend to drive much cooler outflows and alter mass out-
flow rates compared to simulations with only energetic
feedback from stars and AGN (see e.g. Sharma et al.
2010; Dashyan & Dubois 2020; Girichidis et al. 2024,
Rodriguez Montero et al. 2024; Kjellgren et al. 2025;
Kimm et al. 2025; Weber et al. 2025). Because of the
difference in thermodynamic properties of cosmic ray-
driven outflows, the ionization states in the CGM are
modified, leading to, for example, an increase in O VI and
C1v absorption (see e.g. DeFelippis et al. 2024; Thomas
et al. 2025, for recent simulations).

Modelling the chemistry and ionization states of gas
in the CGM is paramount for CGM studies as they di-
rectly impact the heating and cooling. Most large-scale
simulations typically assume that the CGM is either in
collisional ionization equilibrium (CIE) or photoioniza-
tion equilibrium (PIE) with an evolving (but spatially
uniform) UV background (e.g. Dubois et al. 2014; Schaye
et al. 2015; Pillepich et al. 2018; Davé et al. 2019). Under
these assumptions, cooling, heating, and ionization frac-
tions can be readily tabulated with, for example, spec-
tral synthesis codes such as cLOUDY (Ferland et al. 2013,
2017; Chatzikos et al. 2023), and interpolated on a par-
ticle or cell basis (see also Sutherland & Dopita 1993).
While some simulations assume a single metallicity scalar
and heating and cooling rates are estimated by scaling
with solar abundance patterns (e.g. Peeples et al. 2019;
Hummels et al. 2019; Mitchell et al. 2021; Rey et al.
2025), a potentially more accurate approach is to follow
the enrichment of individual chemical species from vari-
ous stellar evolutionary processes and model heating and

I Recall that the volume of the CGM enclosed within 0.2Ryiy <
r < Ryiy is 125 larger than that of the ISM.



cooling on an element-by-element basis (e.g. Wiersma
et al. 2009; Pillepich et al. 2018; Schaye et al. 2015; Hop-
kins et al. 2018; Nelson et al. 2019; Davé et al. 2019;
Schaye et al. 2025). However, large uncertainties remain
on chemical yields (e.g. Buck et al. 2021).

While models that track individual elements are rela-
tively common, few models of the CGM exist that track
the individual, non-equilibrium ionization states or pri-
mordial species, metals and molecules. Newer publicly
available codes such as GRACKLE (Smith et al. 2017),
KROME (Grassi et al. 2014) or CHIMES (Richings et al.
2014), have the potential to model this non equilibrium.
However, due to their computational expense, most sim-
ulations that consider non-equilibrium physics consider
only primordial species, H and He (Rosdahl et al. 2018;
Mitchell et al. 2021; Rey et al. 2025), while some also in-
clude Hy (Schaye et al. 2025). Notable exceptions are Op-
penheimer & Schaye (2013a); Oppenheimer et al. (2016,
2018b) where a detailed non-equilibrium chemistry net-
work of primordial species and metals coupled to a UVB
or simple approximations for a local radiation field can
be followed for gas at T > 10* K.

Such simulations with complex non-equilibrium chem-
istry are clearly a small minority among numerical stud-
ies of the CGM. For this reason, almost all existing sim-
ulations must be post-processed with tools that can pre-
dict the ionization states of individual species in order to
be compared with observations. Photoionization codes
such as cLOUDY (Ferland et al. 2013, 2017) are commonly
used for this purpose (e.g. Shen et al. 2013; Nelson et al.
2018; Peeples et al. 2019; Hummels et al. 2019; Wijers
et al. 2020). Likewise, tools such as TRIDENT (Hummels
et al. 2017), wrap tables of these photoionization models,
making them readily available.

As with the models for gas cooling in simulations
when individual ionization states are not followed, when
post-processing simulations to compare with observa-
tions, some form of equilibrium assumption (e.g. PIE,
CIE) must be adopted. A common choice is to interpo-
late PIE metal ionization states over gas density, tem-
perature, metallicity, and UVB strength (via redshift),
under the assumption of a spatially uniform, optically
thin UVB. The validity of this equilibrium assumption,
particularly in the case of highly metal-enriched gas, is
questionable as theoretical work shows that warm gas
(10°K < T < 5 x 10°K) can have cooling timescales
shorter than the recombination timescale, leading to
over-ionized gas compared to the equilibrium expectation
given the ambient temperature (Gnat & Sternberg 2007;
Oppenheimer & Schaye 2013a; Kumar & Chen 2025).
For gas to reach these non-equilibrium states, some phys-
ical mechanism is required to drive the gas out of equilib-
rium. Such mechanisms include rapid fluctuations of the
radiation field (Oppenheimer et al. 2016), for example,
powered by an AGN (Oppenheimer & Schaye 2013b),
or a high specific star formation rate, or hydrodynam-
ical shocks (Klein et al. 1994) driven, for example, by
gaseous inflows or galactic feedback processes (see Tum-
linson et al. 2017 for a summary of other physics that
can lead to non-equilibrium effects).

Importantly, most state-of-the-art cosmological simu-
lations of the CGM do not model the local radiation
field around galaxies (e.g. Peeples et al. 2019; Hummels
et al. 2019; van de Voort et al. 2019; Ramesh & Nel-
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son 2024), and the ones that do (e.g. Rosdahl & Blaizot
2012; Mitchell et al. 2021; Rey et al. 2025) consider only
photons with £ > 13.6 eV because the radiation is only
coupled to H and He. These sub-ionizing photons are
key for modelling the gas thermochemistry and ioniza-
tion states of cold clouds that give rise to low ioniza-
tion state absorbers such as MgIil. The importance of
the local radiation field on the properties of the CGM
likely depends on environment and the characteristics of
the host galaxy, but in general, it cannot be neglected
(e.g. Rosdahl & Blaizot 2012; Oppenheimer et al. 2018b;
Obreja et al. 2019; Zhu & Springel 2024).

With the recent development of codes such as RAMSES-
RTZ (Katz 2022) and SPARCS (Chan et al. 2025), it is now
possible to run simulations where local radiation from
stars and AGN are self-consistently coupled to detailed
non-equilibrium thermochemistry networks. Such codes
allow one to overcome key limitations of previous simu-
lations that rely on more simplistic equilibrium models
both for cooling and for computing ionization states in
post-processing.

Here, we present early results from the MEGATRON
suite of zoom-in cosmological simulations, focusing on
the runs designed to study the CGM at cosmic noon.
The main features of the simulations are illustrated in
Fig. 1; they aim to address the aforementioned complex-
ities of studying the CGM numerically by combining:
(i) on-the-fly radiative transfer sourced by stars on
top of an external UV background,

(ii) a detailed non-equilibrium thermochemical
network including 81 ions and molecules that dominate
the thermodynamics,

(iii) a fiducial resolution in the cold and warm phase of
the CGM down to 20pc (~ 250 pc on average) with an
increased-resolution simulation refining the CGM (and
the IGM), based on cooling length, down to ~ 130 pc on
average,

(iv) Lagrangian tracer particles to follow the history
of individual gas parcels throughout the baryon cycle.

This setup enables us to study the multiphase struc-
ture of the CGM, the cosmic baryon cycle, and synthetic
emission and absorption, in a cosmological setting, with
unprecedented physical fidelity. In this paper, we high-
light the non-equilibrium physics of the CGM and the
importance of the local radiation field that is uniquely
captured by our simulations. Throughout the paper, we
adopt the convention that the CGM is defined as the
region within 0.2 < 7/Ry;; < 12. Our results are qual-
itatively insensitive to this arbitrary choice. In partic-
ular, we address the question of how far from equilib-
rium the different phases of the CGM can be, the physics
that drives the non-equilibrium behaviour, and how non-
equilibrium effects and a local radiation field physically
manifest in CGM properties. Second, we investigate the
impact of increased resolution on the ionization structure
of the CGM.

This paper is organized as follows. We present our
numerical setup in Section 2. We discuss in Section 3
how the structure of the CGM deviates from common as-
sumptions of photoionization equilibrium. In Section 4,

2 This definition is arbitrary, but is in line with previous work
(0.3 — 1 Ryir, Churchill et al. 2013; Kocjan et al. 2024; 0.2 — 1 Ry;y,
Mitchell et al. 2021; > 10kpc, Hummels et al. 2019).
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we explore how the cold gas and ionization structure re-
spond to increasing the density. We discuss our results
and conclude in Section 5.

2. NUMERICAL METHODS
2.1. Simulation setup

We present three cosmological radiation hydrodynam-
ical zoom-in simulations of the Lagrangian region of the
progenitor of a Milky Way-mass dark matter halo from
the MEGATRON suite. Details of the numerical setup
can be found in Katz et al. (2025). We summarize here
the main features relevant to this work, which are also
illustrated in Fig. 1.

We use the adaptive mesh refinement code RAMSES
(Teyssier 2002) using the RTZ thermochemical module
with the PRISM 1SM model (Katz 2022; Katz et al. 2022),
as described first in Katz et al. (2024). We model
multi-frequency radiation hydrodynamics with the fol-
lowing eight energy bins ([0.1,1), [1,5.6), [5.6,11.2),
[11.2,13.6), [13.6,15.2), [15.2,24.59), [24.590, 54.42), and
[54.42, 00) €V) and non-equilibrium chemistry (including
all elements contributing at least 0.1 % to the cooling
function; e~, HI-H11, Hy, He1-He111, C1-Cvi, CO, N1-
Nvii, O1-Ovil, Nel-NeX, Mg1-Mgx, SiI-SiXi, SI-SXI,
Fe1-Fexr). The chemical network includes ionization,
recombination, and charge exchange processes. Heating
and cooling include: photoheating, photoelectric heating,
Hs formation, Hy excitation/dissociation heating, Ha
cooling, CO cooling, dust recombination cooling, dust-
gas collisional processes, primordial cooling, and metal
line cooling. We show in Fig. 2 column density maps of
all species at z = 3 around the most massive galaxy as
viewed edge-on in our suite of simulations.

Star formation occurs in cells above a density threshold
(p > max[10m,/cm3,200p], where p is the background
density), where the local turbulent Jeans length is unre-
solved, at local maxima of the density field, and where
the flow is locally convergent (Padoan & Nordlund 2011;
Federrath & Klessen 2012; Kimm et al. 2017; Rosdahl
et al. 2018). The number of star particles formed in a
timestep follows a Schmidt law (Schmidt 1959) where the
efficiency per free-fall time depends on gravo-turbulent
properties of the gas (Padoan & Nordlund 2011; Feder-
rath & Klessen 2012). We model feedback from core-
collapse supernovee (SN), type Ia SN, and stellar winds
(Agertz et al. 2021). Each feedback channel enriches the
gas with heavy elements using the yields from Limongi
& Chieffi (2018); Ritter et al. (2018); Seitenzahl et al.
(2013); Umeda & Nomoto (2002); Nomoto et al. (2006,
2013).

The Milky Way progenitor is embedded in a cosmolog-
ical volume of 50 Mpc/h. Within the zoom-in region,
the dark matter (DM) mass resolution is mpm yres =
2.5 x 10* My and the minimum mass of each star par-
ticle is My res = 3 x 103Mg. Refinement is only al-
lowed in the Lagrangian region containing all DM parti-
cles within 3R, of the main halo at z = 0. We evolve
the simulations with a constant minimum physical reso-
lution® of ~ 20 pc/h down to z = 3. We adopt a quasi-
Lagrangian refinement strategy, allowing the mesh to be
refined whenever ppy + ppQpa/Qb > 8MpM res/Ax3,

3 We allow an additional level of refinement for each doubling of
the expansion factor.

and a Jeans-length refinement criterion, refining cells

whenever 4,/15k,T/(47Gpupgas) < Az, where p is the
mean molecular weight, 7" is the temperature and pgas
the gas density. Compared to our other set of simu-
lations with constant comowing resolution (Katz et al.
2025), we do not model the formation of Pop. III stars,
and therefore initialize the metallicity to 107* Zs, to ac-
count for their metal enrichment (Wise & Abel 2008).
We employ tracer particles to follow the Lagrangian his-
tory of the baryons from accretion to star formation to
feedback (Cadiou et al. 2019, see also Genel et al. 2013).
We use 75000000 tracers, each representing a parcel of
baryons of mass Miracer,res = 2.5 X 108 M@4. The tracers
follow gas fluxes, and can flow from the gas phase into
stars (following star formation) and back into the gas
(following feedback).

We perform three simulations with different initial con-
ditions, all starting at z = 99. Our initial conditions are
based on those of the VINTERGATAN suite (Agertz et al.
2021; Rey et al. 2023; Joshi et al. 2025) and were first
presented in Rey & Starkenburg (2022). We find our
stellar mass to agree within 10 % at z = 4 with the stel-
lar mass of the VINTERGATAN simulation, known to be
consistent with the z = 0 stellar mass-halo mass relation
(Agertz et al. 2021). We employ the genetic modification
(GM) technique (Roth et al. 2016) to ‘velocity-shift’ the
initial conditions so that the bulk velocity of the main
galaxy is as small as possible with respect to the AMR
grid, thereby limiting numerical diffusion (Pontzen et al.
2021). We also modify the variance of the initial den-
sity field (Rey & Pontzen 2018) to make the main halo
form either earlier or later: the effect of these modifica-
tions on the large-scale distribution can be appreciated
in Fig. 3. To generate the initial conditions, we employ
the GENETIC code (Stopyra et al. 2021; Pontzen et al.
2024). The effect on the mass assembly history is shown
in Fig. 4. This set of three simulations with correlated
initial conditions is key to understanding how our control
variable — the assembly time — affects observable proper-
ties of Milky Way-like galaxies at z < 6. This provides us
with three sets of correlated initial conditions: these vari-
ations in mass assembly history allow us to study their
impact on the circumgalactic medium (CGM) structure
within the same large cosmological volume.

2.2. Better resolving the cooling length in the CGM

One of the main challenges in modelling the CGM is
to capture its dynamic range of scales. This notably re-
quires sufficient resolution to capture the fragmentation
of the gas as it moves from a hot, diffuse phase to a cold,
dense phase.

While one approach would be to increase uniformly
the resolution in the CGM (van de Voort et al. 2019;
Hummels et al. 2019; Peeples et al. 2019), we instead fo-
cus computational effort on the regions where the gas is
expected to cool and fragment. Because of the refine-
ment on the Jeans length, our simulations are already
super-Lagrangian and well-capture gravitationally unsta-
ble gas. However, to better follow thermally unstable
gas, we restart the early-forming simulation at z = 4
for 160 Myr with the cooling length refinement scheme

4 We have on average one tracer per star particle.
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from Rey et al. (2024). This run is displayed along with
the other three simulations in Fig. 4. From the thermal
component of the pressure, P, the density p, the tem-
perature T', and the net cooling rate, Ape;, we compute

the cooling length as

P
p

3pl€bT

_. 1
2/4meAnct ( )

lcool =

We emphasize here that A,e; depends on temperature
and density, but also on the abundances of each species
and importantly on the local intensity of the radiation
field (through the heating term and the ionisation state
of the gas). For each cell in the simulation — including
the CGM and IGM — we trigger additional refinement if
the cell size is larger than twice the cooling length. This
is activated for all cells in the high-resolution region and
down to a resolution of 120pc (a quarter of the best
resolution of the simulation). As in the fiducial run, cells
may be further refined down to 30 pc if they are Jeans-
unstable or dense enough, as described above.

We show in Fig. 5 mass-weighted mean spatial reso-
lution at z = 3.7 (100 Myr after z = 4) in different gas
phases, and we compare it to other simulations focused
on the CGM (van de Voort et al. 2019; Hummels et al.
2019; Peeples et al. 2019; Ramesh & Nelson 2024; Rey
et al. 2025) in Fig. 6. We also show in the Appendix
(Fig. C1) a map of the resolution around the main galaxy
at the same redshift. The bump at r ~ 6 —7R,;, is due to
the cool diffuse IGM, and disappears if we remove gas be-
low 1072 m, cm ™2 from the cool phase, where m,, is the
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(top row) and when additionally refining on the cooling length (bottom row). See the Appendix (Fig. C1) for a map of the resolution
around the main galaxy at the same redshift. Due to the Jeans length refinement, the fiducial run already reaches mean resolutions of the
order of 100 pc to 150 pc in the cold and cool CGM (T < 10° K). With additional cooling length refinement, the mean resolution is on
average better than 130 pc or better for all gas except hot gas (T' > 10% K) in the CGM. Focusing on the intergalactic medium (IGM), the
cooling length refinement also improves the resolution up to radii of ~ 3 — 4R;,.
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F1G. 6.— Mass-weighted mean spatial resolution for gas at differ-

ent temperatures when refining on the cooling length (solid lines),
shown here at z = 3.7 and compared to the resolution in the CGM
of the TEMPEST (Hummels et al. 2019, dotted), FOGGIE (Peeples
et al. 2019, dash dotted), van de Voort et al. (2019)’s simula-
tions (not visible, since the resolution is 1kpc), and the median
resolution of the GIBLE simulation (Ramesh & Nelson 2024, dash
dash dotted) and of the ARCHITECTS simulations (Rey et al. 2025,
dashed).

proton mass. In the fiducial run, our resolution in the
cold (T < 10*K) and cool (10*K < T < 10°K) phases
are on average 80pc to 200 pc, comparable to the res-
olution of the FOGGIE simulation. Once cooling length
refinement is activated, resolution in the cold and cool

phases reach an average of 100 pc, while the resolution
in the warm gas (105K < T < 108 K) enhances by a
factor of 1.6, reaching ~ 200 pc at the virial radius and
gradually increasing inwards up to ~ 100 pc in the in-
ner CGM. Overall, the mean resolution in the CGM in
the fiducial simulation (resp. in the cooling length sim-
ulation) is 200pc (resp. 150pc) at Ryi/3 and 300 pc
(resp. 200pc) at Ryi;. The quantitative effect of this
refinement is discussed in Sec. 4, but can be appreciated
qualitatively in Fig. 1, panel 3. In particular, accretion
flows and cold clumps see their resolution significantly
improved.

We also emphasize that the resolution in the IGM is
also significantly improved, with a mean resolution in
the warm gas of 200 pc to 1000 pc, depending on radius
and temperature. This is to be compared, for example,
to TNG-50 (Nelson et al. 2019) where the mean resolu-
tion at 2Ry, is bkpc, or to another suite of simulations
tailored to study the CGM, the ARCHITECTS zoom-
in simulations (Rey et al. 2025) with typical resolution
at Ryir of 1.5kpe to 3kpe (although they run their sim-
ulations reaches z = 1). Similar to in the CGM, the
cooling-length refinement also improves the resolution in
the IGM, up to ~ 3Ry, with a factor of two improve-
ment in the mean resolution at 2R,;.. The effect of this
improved resolution on the structure of the IGM will be
studied in future work.

An advantage of cooling length refinement over uni-
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represent the ionization level. See Tumlinson et al. (2017), Fig. 6 for a comparison. The corresponding ions are annotated above/below
the median temperature, from left to right in order of increasing median density.

form refinement is that it allows us to resolve the CGM
at a much lower computational cost: the wallclock time
per timestep increases by a factor of two once cooling
length refinement is activated. This allows us to reach
similar resolutions in the CGM as the FOGGIE (Peeples
et al. 2019) simulations in gas with T' < 105 K (but worse
in warmer gas), while giving us exquisite resolutions in
the IGM. The relatively low cost of this additional re-
finement on cooling length will allow us in the future to
extend how long we keep it activated for. One down-
side of our approach compared to using a fixed grid is
that changes in resolution artificially convert resolved ki-
netic energy (in high-resolution cells) into thermal energy
(in low-resolution cells), and may thus diffuse away tur-
bulence (see Schmidt 2015, for a review on the topic).
Both methods have clear advantages; however, the re-
duced computational cost and number of cells is key for
allowing us to fit the large number of ions and molecules
into memory.

2.3. Equilibrium model in the optically-thin limit with a
UV background

In general, the equation describing the evolution of the
number density n; of ion ¢ subject to recombination and
collisional ionization processes, as well as to a photo-

ionizing UV background is given by

dni
dt

= [ne(iy1mit1 + Bicini—1) + Ticini—1 f] —
[ne(cing + Bing) + Tinif],  (2)

where ¢; is the recombination rate to a lower state, [3; is
the collisional ionization rate to a higher state, and T'; is
the photo-ionization rate to a higher state. The parame-
ter f controls whether gas is self-shielded from UV radia-
tion (f < 1) or not (f = 1). In our non-equilibrium sim-
ulation, we evolve the equation governing temperature
with an equation similar to the one above that addition-
ally includes the effect of local sources of radiation®, re-
combination on dust grains, charge exchange, the forma-
tion and destruction of Ho and CO, and dust depletion.
This causes the current thermochemical state to depend
both on the current temperature and electron number
density, but also on the past thermochemical state of the
gas and on the local radiation field.

In observations, the past evolution of the thermochem-
ical state and the local radiation fields are typically un-
known and Equation (2) is usually solved assuming equi-
librium (dz;/dt = 0) yielding the PIE approximation.
Typically, one further assumes an external UV back-
ground (Haardt & Madau 2012) and ignores the pres-

5 This includes notably the absorption of the ionizing photons,
which means we do not need to assume self-shielding for the local
field.
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Fi1c. 8.— Difference in the mass-weighted median of the temperature and density traced by different ions in the CGM of the most
massive galaxy at z = 4. Relative differences are shown in the Appendix (Fig. Al). The lines start from the value in the non-equilibrium
simulation and their tip points to the value assuming PIE-UVB (dots, abbreviated PIE for brevity). Colours represent the ionization level.
The corresponding ions are annotated above/below the median density in the non-equilibrium simulation. As will be made obvious in
the following Fig. 9, large differences in the distribution of gas are not well captured when comparing only the median
values. Notwithstanding, we note that some species, such as C11, C111, Ne1r and Ne1ir, Mg, Siiil, and S1i1 display significant differences

in their median.

ence of the unknown local ionizing radiation field, and
assumes the gas to be optically thin to this background
for H1 column densities below 10'7 cm=2 (Rahmati et al.
2013). In the following, we will refer to this approxima-
tion as PIE-UVB.

Like when interpreting observations, the PIE-UVB ap-
proximation is also representative of how one would typ-
ically post-process a cosmological simulation to predict
metal ionization states if it were not run with on-the-fly
radiation transfer and non-equilibrium metal chemistry®
as is done in tools such as TRIDENT (Hummels et al.
2017).

In order to assess the impact of non-equilibrium chem-

6 An extra unknown are the abundances of the different elements,
which are typically assumed to be solar when not tracked in the
simulation.

istry subject to a local radiation field on the structure
of the CGM, we post-process our simulations to com-
pute ion abundances assuming PIE-UVB. We note that
this assumption is one among many (see e.g. Section
4.4 of Katz 2022); its choice is driven by our goal to
compare to the most common assumptions made in the
literature. We generate two datasets, the first assumes
self-shielding of H1 gas from the UV background follow-
ing the same model adopted in the simulation, where we
assume the optically thin limit except for species with
ionizing energy above 13.6eV that are subject to self
shielding (PIE-UVB) and the optically thin limit with no
self-shielding (PIE-UVB-no-SS). In both cases, the tem-
perature is fixed to that predicted from the full non-
equilibrium thermochemistry model, and we compute
the ionization fractions of all ions (including those not
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more ionized than expected in equilibrium at the local temperature. Different ions have different recombination timecales, and
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only be captured by non-equilibrium chemistry.




tracked in the non-equilibrium model, such as FeXII to
Fexxvir). We emphasize that if we re-ran the simula-
tion assuming PIE-UVB or PIE-UVB-no-SS, the temper-
ature and density would be different, thereby leading to
another thermodynamical state (with different ion abun-
dances). Similarly, since our cooling function depends
on the abundances of each individual ions which may
themselves have non-solar abundances and may be out
of equilibrium, switching to a non-equilibrium model for
primordial species only and metallicity-tabulated values
for metals (as is done e.g. in SPHINX, Rosdahl et al.
2018) would also lead to a different thermodynamical
state. Such changes in the state of the CGM would
almost certainly alter the star formation history of the
galaxy, preventing us from quantitatively disentangling
whether the CGM has changed due to non-equilibrium
physics or from variations in the star formation his-
tory. For these reasons, the true difference be-
tween our full RHD non-equilibrium computa-
tion and solutions assuming a UVB and PIE is
likely larger than what is presented here. For
the PIE-UVB-no-SS dataset, we assume f = 1. For the
PIE-UVB dataset, we assume ions with an ionization en-
ergy higher than 13.6eV (all but H1, C1, O1, Mg1, Si1,
S1, and Fel) to be self-shielded from UV radiation using
f = exp(—nn/1072 mycm—3) (see e.g. Faucher-Giguere
et al. 2010). Here, ng = pX/m, with X = 0.76 and
niue = p(1—X)/4m,. We approximate the electron num-
ber density as ne = nuHu+nHe (THe 1 +2%He ). In fully
ionized solar metallicity gas, the maximum the electron
fraction can change from the metal contribution is 1 %.7
This allows us to compute the equilibrium values regard-
less of individual metal abundances.

3. HOW DOES THE NON-EQUILIBRIUM CHEMISTRY
IMPACT THE ION CONTENT OF THE CGM?

In this Section, we compare the CGM under the typ-
ical assumptions of PIE-UVB to our full non-equilibrium
model. First, we show in Fig. 7 the mass-weighted me-
dian and [25-75]% range of the temperature and den-
sity of different ions, Hs, and CO in our non-equilibrium
model in the CGM of the most massive galaxy in the
earlier-forming simulation at z = 4, illustrating the mul-
tiphase nature of the CGM. The ions in the cool, warm,
and hot phases (T > 10 K) are the same as in Fig. 6 of
Tumlinson et al. (2017). We have removed any gas lo-
cated within 0.2R.;, of any halo or subhalo. We compare
in Fig. 8 the median temperature and density obtained
in our full non-equilibrium model to the values assuming
PIE-UVB (tip of the lines). See Appendix (Fig. Al) for
the relative differences. While most species appear to be
found at similar median temperatures and densities (on
a log-log plot), some singly-ionized species have larger
differences (especially C11, N11, Ne11, and Sii). Those
species may be ionized by local sources of UV radiation.
For those singly-ionized ions, the median temperature
and density can shift by a factor of 2. Neutral species,
such as C1, MgI, Si1, S1, and Fel, which only exist as
subdominant species in the coldest and densest parts of
the CGM, are almost absent in the PIE-UVB model, ex-

7 In practice, our CGM is at subsolar metallicity and the tem-
peratures are not hot enough to fully ionize the metals, except in
low-density cells immediately heated by SN feedback.
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cept at the highest densities, which result in large ap-
parent differences. Although these differences for neu-
tral ions are staggering, they only concern species that
are not expected to be observable in the CGM. We find
the abundances of Cvi, Nvir, O viil, Nex, MgX, SiXi,
S x1, and Fe X11 to be lower assuming PIE-UVB: this is ex-
pected since the non-equilibrium model does not include
any higher-ionization states for these elements, while we
do assuming in our PIE-UVB model. Hence this effect
is numerical and should be ignored as (see discussion in
Katz 2022).

While the median temperature and density traced by
most species are within +10 % to 20 % between the non-
equilibrium and PIE-UVB models, the overall abundance
and the distribution of those ions in density-temperature
phase space can be much larger. We show in Fig. 9 the
density-temperature phase diagrams of different ions in
the CGM of the most massive galaxy at z = 4, shaded by
mass fraction (see ionization-weighted in the Appendix,
Fig. A2) of several ions, comparing the non-equilibrium
simulation to the PIE-UVB assumption. Here, the over-
abundance of Ci11, Mgir, Siil can be clearly seen in
the densest part of the T = 10* K-CGM when assum-
ing PIE-UVB compared to the non-equilibrium simula-
tion. Changes to the self-shielding prescription substan-
tially modify the ionization states in the cold and dense
part of the CGM (as was noted early Fardal et al. 2001;
Schaye 2001; Furlanetto et al. 2005). However, the dif-
ferences between the non-equilibrium and PIE models
remain qualitatively similar at 7' 2 10* K, highlighting
that non-equilibrium effects, notably the presence of a lo-
cal radiation field, are key to set the ionization structure
of the CGM.

Non-equilibrium effects manifest notably as a recombi-
nation lag, where the cooling timescale is shorter than the
recombination timescale (Kafatos 1973; Gnat & Stern-
berg 2007; Oppenheimer & Schaye 2013a; Vasiliev 2013;
Katz 2022). We show in Fig. 10 mass-weighted averages
of the ratio between the cooling timescale, defined as
teool = 3nknT/2Aqet, and the recombination timescale,
defined as tyee,x = 1/nearx, where ax is the recombi-
nation rate of ion X. We include here only gas that is
cooling efficiently, t.oo1 < 100 Myr, a timescale compa-
rable to the free-fall time of the halo and the time over
which star formation varies.

In most regions, we have tcoo > trec, i.€. chemical
equilibrium will be reached faster than thermal equilib-
rium. Notable low ionization state exceptions are H1
and Mg 11, which show recombination lags at T ~ 10* K,
ng ~ 1072cm~3. Higher ionization ions such as C1v,
Nv, and OVI also display recombination lags close to
their equilibrium temperature of 10° K. The promi-
nence of recombination lag will become more pronounced
over time, as metallicity increases, which decreases the
cooling timescale while the recombination timescale re-
mains fixed. While recombination lags allow some ions
(H1, Mg, and high-ionization species, such as CI1v,
Nv, Ovi and Nevi) in the CGM to remain outside
of equilibrium, it cannot alone fully account for the non-
equilibrium features seen in Fig. 9. For example, C1i1
has clear non-equilibrium features yet its recombination
timescale is much shorter than the cooling timescale.
Note that, since the dominant contributor of electrons
is hydrogen, any recombination lag on one of its ions
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Non-equilibrium simulation, (center) photoionization equilibrium with self-shielding in the optically thin-limit and neglecting the local
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prescription and without self-shielding, and Figs. B2 and B3 for a selection of other ions (H1, O1, Mgi1, C1v, and Ovi). Compared to
absorption, the CGM in emission depends additionally on the electron number density and on temperature. Consequently, the differences
in emission between the non-equilibrium and PIE-SS cases have a different spatial distributions than in absorption.

will affect indirectly the abundances of other elements
through changes to the electron number density.

We have so far focused on the distribution of the differ-
ent ions in phase space and highlighted the role played by
the local radiation field. As we saw qualitatively in Fig. 1,
panel 1, the local radiation field is highly anisotropic, so
we can expect deviations from PIE with a spatially uni-
form UVB to be anisotropic as well. Such anisotropic
differences may not change the overall abundance of a
given ion, nor the temperature and density it traces,
but will induce an azimuthal dependence (Sameer et al.
2024). We show in Fig. 11 the O 111 in the CGM as traced
in absorption (top row) and in emission (bottom row,
[O111] 5007 A) in the non-equilibrium simulation (left),
when assuming PIE-UVB (center) and the relative differ-
ence between the two (right). Results when assuming
different self-shielding prescriptions can be found in the
Appendix (Fig. B1), and highlight that self-shielding is
critical to correctly map electron number densities and
temperature to ionization fractions. Additional maps for
Hi, O1, Mgi, Civ, and O VI can be found in the Ap-
pendix (Figs. B2 and B3). Along individual sight lines,
the differences can be as high as a factor of two larger
or smaller, both in absorption and in emission. Differ-
ences are also anisotropic and not merely column density-

dependent, with a spatial distribution that depends on
the tracer. This highlights the importance of consider-
ing the local radiation field, which need not be uniform,
in addition to the UV background — a result that is
supported both by observations (e.g. Werk et al. 2016;
Kumar et al. 2024) and also in simulations (e.g. Oppen-
heimer & Schaye 2013b; Mitchell et al. 2021; Rey et al.
2025).

We have seen qualitatively that non-equilibrium ef-
fects and local radiation drive anisotropic differences in
column density (and emission line surface brightness)
maps. We show in Fig. 12 how these differences con-
vert to the covering fractions of Hi. We show the cov-
ering fractions in the non-equilibrium simulation (red)
and when assuming PIE (blue) for Lyman Limit Systems
(LLS, Nu; > 1.6 x 10'" cm™2), sub-Damped Lyman-a
Absorbers (sub-DLAs; Ng; > 10'% cm™2), and DLAs
(Ng; > 2x10%° cm~2). Assuming PIE leads to a system-
atic offset of 10 % to 20 % in the covering fraction of LLS
and sub-DLAs, and up to 40% for DLAs. Our results
are similar results to those obtained in post-processing
in Rahmati et al. (2013). Note that the global trend is
not uniform across different ions. For example, looking
at a cool gas tracer (e.g., CII), a warm gas tracer (e.g.,
N11) and a hot gas tracer (e.g., O vI), we show in Fig. 13
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sive halo at z = 4 in the non-equilibrium simulation (red) and

when assuming the PIE-UVB. (Bottom) Relative difference between
the two cases. We use here projected (2D) distances. Overall, the
effect of non-equilibrium chemistry on covering fractions is largest
at higher column densities, where PIE-UVB yields covering fractions
larger by up to 40 % for DLAs.

that, for some ions, covering fractions may be smaller
when assuming PIE-UVB at low column densities.

An inspection of the covering fractions of other ions re-
veals a complex behaviour, with tracers of similar phases
either smaller or larger under PIE-UVB than in the non-
equilibrium simulation.

4. HOW DOES INCREASED RESOLUTION AFFECT THE
COLD PHASE OF THE CGM?

Having considered the impact of non-equilibrium ef-
fects on the properties of the CGM, in this Section, we
study the effect of numerical resolution on the structure
of the cold gas in the CGM with and without cooling
length refinement. We focus here on cold clumps, de-
fined as regions of the CGM with a density larger than
1072 my, ecm ™3 and a temperature colder than 10* K. We
detect these clumps using a watershed algorithm (based
on Meyer & Beucher 1990) applied to the density field,
and retain any clump comprised of at least 5 cells and
with a maximum density smaller than 1 m;, cm ™ to avoid
including the ISM of galaxies. We have checked that set-
ting a larger number of cells does not change the results
qualitatively, although the mass of the smallest detected
clump increases accordingly.

We show in Fig. 14 the mass function of the clumps.
Similar to Ramesh & Nelson (2024), we find that the
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Fic. 13.— Covering fraction of C11, N 11, and O vi, around the

most massive halo at z = 4 in the non-equilibrium simulation (red)
and when assuming PIE-UVB (blue). We use here projected (2D)
distances. Depending on the tracer and column density, covering
fractions can change by up to an order of magnitude when assuming
PIE-UVB compared to non-equilibrium.

mass function naturally extends to lower masses as the
resolution increases. In particular, we detect cold clumps
all the way to 10* My in the cooling length refinement
simulation (in agreement with e.g. Augustin et al. 2025),
while the fiducial run resolved clumps down to ~ 105 M.
We also report no evidence for significant differences in
the clump turbulence, as measured by the velocity dis-
persion within the individual clumps, when increasing
the resolution. This suggests that the overall dynamics
of the clumps remain unchanged despite the increased
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refinement doubles the mean resolution within a few kpc of the
clumps, allowing us to better resolve the ionized structure in this
region.

resolution.

However, we observe significant differences in the struc-
ture of the CGM in and around the clumps. Indeed, we
expect gas close to 10* K and around 1072 cm ™3 to have
short cooling lengths, and hence to be better resolved
in the cooling length refinement simulation. We confirm
this in Fig. 15, where we show the radial profile of the res-
olution as a function of the distance to the clump — where
d = 0 is the clump edge — in the fiducial (solid) and cool-
ing length refinement (dashed) runs. The cooling length
refinement allows us to maintain a uniform resolution of
120 pc within 1kpc of the clumps, more than doubling
the resolution compared to the (already high) resolution
of the fiducial run. This is consistent with the results
shown in Fig. 5, where warm and hot gas (T' < 10°K) is
resolved with ~ 120 pc.

With access to the full ionic structure, Fig. 16 dis-
plays slices of the ionization states of carbon around one
clump at z = 3.7 in the fiducial run (top row) and in
the cooling length refinement run (bottom row). The
clump is picked as the most anisotropic clump with a
mass larger than 10 M. The density threshold to de-
tect clumps (1072 m, cm~3) is shown as white and pink
contours. We clearly see the ‘onion-like’ structure sur-

rounding the clump, with C11 tracing the cold core, C 111
tracing the boundary of the clump, C1v tracing its outer
interface with the CGM, and CV tracing the hot CGM.
With additional resolution on the cooling length, C 11 and
C111 become less extended with a much sharper outer
boundary that almost perfectly tracks the 10~2 my, cm™3
boundary. C1v traces much more clearly the clump’s
outer layer (within ~ 300 pc), and C v’s bump (~ 300 pc)
away from the clump is also more pronounced, although
its structure further away is not changed as dramati-
cally. Observationally, this translates into a decrease of
the [OIII]A88 pm luminosity of this specific clump from
6.9 x 103 L to 5.7 x 10® L, (—20%), and [CIIJA158 pm
from 4.4 x 106 L, to 3.8 x 106 L (—15%). A full analy-
sis of the integrated luminosity across all clumps and all
haloes is beyond the scope of the current paper, but, im-
portantly, this highlights that, not only does resolution
change the luminosity of individual clouds, but also the
relative luminosity of the emissions lines used to probe
their structure. We recover here self-consistently results
in qualitative agreement with previous studies that found
that the resolution in the CGM (Corlies et al. 2020) and
the detailed modelling of the clouds (Schimek et al. 2024)
can significantly affect the luminosity of the associated
lines. Interestingly, our results hint that changes to the
resolution affect slightly more [OIII] than [CII]; if con-
firmed over the whole CGM, this would be in tension
with their results, as they found the latter to be much
more sensitive than the former.

Fig. 17 illustrates these effects quantitatively: it com-
pares the volume-weighted median radial profile of the
ionization states of carbon and oxygen, as a function of
the distance to the nearest clump edge, with and without
additional refinement®. Due to the increased resolution
in the cooling length refinement simulation, the ioniza-
tion structure displays more separation between the ion-
ization states. For example, the C11 and O 11 surrounding
the clumps are less extended (~ 50 pc less extended) and
plummet more sharply in the increased resolution run.

Tons with a median density and temperature close to
10*K and 10~2ecm ™3 (C1v, O11, O1v and O v, peaking
at 200 pc to 400 pc) have their maximum abundance en-
hanced in the increased resolution run — indicating that
they were likely under-resolved in the fiducial run. For
example, O1v peaks at a median ionization fraction of
102 in the fiducial run, while it peaks at 4 x 10~2 with
additional cooling length refinement. Higher ionization
states (Cv, Ovi and O vil) that (tentatively) display a
bump ~ 300 pc away from the clumps edge in the fiducial
run have a very clear bump in the cooling length refine-
ment run. Far from the clump, the profiles converge to
similar values.

5. DISCUSSION AND CONCLUSIONS

In this work, we introduced the MEGATRON suite of
cosmological radiation-hydrodynamic simulations to in-
vestigate the structure and ionization state of the circum-
galactic medium (CGM). Our study was guided by two
central questions posed in the introduction: (i) how far
from common assumptions of equilibrium are the various

8 For readability, we have smoothed the profiles using a Savitzky-
Golay filter (Savitzky & Golay 1964) with a window size of 10 and
polynomial order 3.
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phases of the CGM when including both non-equilibrium
thermochemistry and a local radiation field? (ii) How
does the CGM morphology and ionized structure change
with improved spatial resolution on thermally unstable
gas?

Our simulation suite is uniquely crafted to study the
CGM, combining for the first time the following elements:

o On-the-fly, multi-frequency radiative transfer from
star particles, including both ionizing and sub-
ionizing radiation, as well as a UV background.

e A large non-equilibrium thermochemical network
(81 ions and molecules), designed to follow ev-
ery ion that contributes significantly to cooling,
which allows us to capture recombination lags
and non-equilibrium cooling/heating processes self-
consistently.

e Cooling-length refinement and Jeans refinement,
ensuring that both gravitationally and thermally
unstable regions fragment at the correct physical
scale (up to the minimum scale we can resolve in
the simulation). This is applied not only inside the
virial radius of the main halo but to the entire La-
grange region of the simulation (i.e. also the IGM).

e High resolution in the cold and warm phases (<

120 pc), enabling the detection of cold clumps down
to ~ 104 M@.

e Tracer particles that track Lagrangian baryon his-
tories through inflows, outflows, and recycling, of-
fering a powerful diagnostic of gas flows in and
around the CGM.

We demonstrated that the inclusion of non-equilibrium
(NEq) chemistry coupled with multi-frequency radiative
transfer substantially impacts the ionization structure of
the CGM compared to assuming photoionization equi-
librium (PIE) with a spatially uniform UV background
and no local radiation field (our PIE-UVB model).

The combination of non-equilibrium chemistry effects
(e.g. recombination lags), non-local radiative transfer
effects (e.g. anisotropic radiation fields) and better-
resolved hydrodynamical processes (e.g. shocks) allows
ions to persist well outside their equilibrium loci in
temperature—density space. This translates into system-
atic offsets in column densities and covering fractions
— for instance, damped Ly« absorbers differ by up to
~ 40 % between NEq and PIE-UVB.

We recovered that increasing resolution in the CGM re-
sults in an increase of cold gas, and notably an increase
in the number of small-mass clouds. Our detailed phys-
ical modelling of the thermochemistry allows us to in-
spect the structure of these clumps, revealing that the in-
creased resolution changes the ionization profiles around
them. With additional resolution, transitions between
different ions are, on average, sharper, and affect their
overall luminosity as well as their relative luminosity, no-
tably as observable in [CII] and [OIII].

These deviations highlight the necessity of modelling
the coupling of non-equilibrium chemistry with local ra-
diation to guide the physical interpretation of CGM ab-
sorption and emission data.

5.1. Discussion

Disentangling between radiative transfer and

Neq chemistry:
In this paper, we chose to compare our detailed calcula-
tions to more simplistic equilibrium models that are often
adopted to interpret observations or to post-process sim-
ulations that lack the complex physics included in our
work. Such a comparison is known to be imperfect.

For example, several studies have already highlighted
that the time-varying and non-local radiation field can
significantly affect the ionic structure of the CGM (Stern
et al. 2016; Suresh et al. 2017; Oppenheimer et al. 2018a;
Obreja et al. 2019; Blaizot et al. 2023; Baumschlager
et al. 2025)Similarly, previous studies computing non-
equilibrium chemistry have found, like we report here,
that ions residing in the warm-hot phase (10°K $ 7T S
5 x 108K, such as C1v or O Vi) have recombination lags
(Gnat & Sternberg 2007; Oppenheimer & Schaye 2013a;
Kumar & Chen 2025).

The key novelty of MEGATRON is that is allows us
to study the explicit coupling between non-equilibrium
chemistry for primordial species, metals and models,
with a self-consistent radiation field in both ionizing and
sub-ionizing bands. For example, unlike Oppenheimer
et al. (2018b), we find that these ions are, indeed, pushed
away from PIE with a UVB. Given the numerous dif-
ferences between simulations, we speculate two possible
reasons for our different results: (1) our thermochemical
model is fully coupled to the radiation field, which itself
can fluctuate on short timescales thanks to the injec-
tion of photons by young stars. This is especially true at
z Z 3, where star formation is expected to be much more
stochastic than in the low-z Universe. (2) We have higher
resolution in the CGM, which allows the Reynolds num-
ber to be much larger, allowing stronger hydrodynamical
shocks to develop and preventing mixing of hot gas with
colder one that would otherwise dilute high ionization
states.

Impact of resolution and cold-phase structure:
Our simulation with cooling-length refinement demon-
strated that resolving the cooling scale is critical for cap-
turing the multiphase structure of the CGM (see also e.g.
Peeples et al. 2019; Hummels et al. 2019). Higher resolu-
tion (from ~ 200 pc down to ~ 120 pc in cold/warm gas)
produces an order-of-magnitude increase in the number
of low-mass cold clumps (M ~ 10* M) (see Ramesh &
Nelson 2024 for qualitatively similar results), sharper ion
gradients at clump boundaries, and enhanced abundance
of intermediate tracers (e.g. Cr, O1ir). These changes
to the ionization gradients convert into changes to the
luminosity of the associated tracers, for example [CII]
and [OIII]. Our results are in agreement with previous
studies that showed that line luminosities are sensitive
to the detailed modelling of the CGM structure (Cor-
lies et al. 2020; Schimek et al. 2024). The key contribu-
tion of our work is to obtain those results with a setup
that self-consistently evolves the thermodynamical state
of the CGM together with the radiation field, that relaxes
the assumption of being in equilibrium, with state-of-the-
art resolution. This supports the picture that small-scale
fragmentation and mixing layers — which we still do not
fully resolve yet — are essential for shaping observable
CGM signatures.



Comparison to previous simulations:

In terms of resolution, our simulations are comparable
to the FOGGIE simulations (Peeples et al. 2019) and the
TEMPEST simulations (Hummels et al. 2019). While our
simulations most closely compare to those run with the
SPHINX model (Mitchell et al. 2021; Rey et al. 2025).
One of the novelties of this present work is to self-
consistently evolve a large thermochemical network on-
the-fly coupled with yields from supernovae and AGB
winds, while SPHINX assumed solar abundances and
tabulated cooling rates for metal cooling. Focusing on
the two main contributors to metal cooling, carbon and
oxygen, we find that [C/O] has spatial fluctuations on
the order of £0.3 in the CGM. This will for example lead
to local fluctuations of a factor of ~ 2 at 10° K, where
oxygen dominates the cooling function (Wiersma et al.
2009). Likewise, we also consider radiation with energies
< 13.6eV. Neither FOGGIE nor TEMPEST include on-the-
fly radiation transport, while Mitchell et al. (2021); Rey
et al. (2025) only include ionizing radiation.

Numerical considerations on the cooling-length

refinement approach:
Here, we discuss the relevance of increasing cooling
length in light of the two mechanisms proposed by Hum-
mels et al. (2019) to explain how increased resolution
changes the structure of the CGM. First, we have shown
in Fig. 14 that the increased resolution leads to the cre-
ation of small-mass cold clumps, while the statistics of
larger clumps are left unchanged. This is consistent with
the idea that higher resolution allows for better seed-
ing of precipitation (McCourt et al. 2012; Sharma et al.
2012; Voit et al. 2015). We argue that running with cool-
ing length refinement for 100 Myr is sufficient to capture
precipitation. Indeed, gas at density 2 x 10™% cm ™3, tem-
perature 2 x 10° K, and metallicity of Z = 0.05 Z, has a
typical cooling timescale on the order of 60 Myr (Hum-
mels et al. 2019), with the timescale decreasing with
increasing (initial) density and decreasing temperature.
These timescales are shorter than the time over which we
run with additional refinement (150 Myr), allowing us to
properly resolve the formation of clumps at the thresh-
old density we target (1072cm~3). Additional cooling
instabilities in the IGM would result in an increase of
the total number of cells in the simulation; in our simu-
lation, we do not find evidence for such an increase after
a few tens of Myr, suggesting that all the gas that was
cooling-unstable had already been refined.

Second, the cooling length refinement also reduces the
artificial numerical mixing between hot and cold phases
and allows for a warm phase to develop, as we showed
in Fig. 17, in line with previous studies (Hummels et al.
2019; van de Voort et al. 2019; Peeples et al. 2019). How-
ever, compared to other studies, our additional cooling-
length refinement is activated everywhere and not merely
within some distance from the galaxy. This allows us to
avoid the artificial mixing caused by resolution jumps
when gas is advected from a low- to a high-resolution
region, though it comes at the price of having resolution
jumps moving from cooling-stable to cooling-unstable re-
gions. While our additional refinement strategy is de-
signed to improve resolution around advected gas, it may
be less optimal to improve turbulence, as the turbulent
cascade may be artificially broken at the cooling-length
refinement boundary.
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At z = 4, accretion on all galaxies in our simulations is
dominated by cold flows (Dekel & Birnboim 2006). Since
we allow for refinement on the cooling length to hap-
pen in the CGM and in the IGM, our simulation suite
is particularly well-suited to study the structure of well-
resolved cold flows as they interact with the CGM, as well
as model their observability (in Ly« notably, Rosdahl &
Blaizot 2012; Mitchell et al. 2021). Cold flows may en-
train hot gas by precipitation on their edges (Mandelker
et al. 2020; Aung et al. 2024), provided resolution is suf-
ficient to resolve the mixing layer and the onset of hy-
drodynamical instabilities, notably the Kelvin-Helmholtz
instability. The presence of eddy-like structure at the
edge of filaments is qualitatively apparent in Fig. 1, panel
3, but should be further investigated. In particular, we
could replicate the approach developed in Mitchell et al.
(2021) (we employ the same tracer particles approach) to
follow inflows (and outflows) and relate their observable
properties to their thermodynamical history.

Our suite of simulations provides a framework to inter-
pret absorption and emission observations of the CGM
and IGM around high-redshift galaxies with greater fi-
delity, and to guide the design of targeted campaigns
with upcoming observational facilities. We, however, ac-
knowledge key ingredients are still missing from our suite
of simulations: we do not model AGN feedback (Oppen-
heimer & Schaye 2013b; Obreja et al. 2024), cosmic rays
and magnetohydrodynamics (Ji et al. 2020; DeFelippis
et al. 2024; Thomas et al. 2025; Kjellgren et al. 2025), or
thermal conduction (Sharma et al. 2010; Armillotta et al.
2017; Talbot et al. 2025), while our results emphasize
a lack of convergence of the observable properties with
resolution. Notwithstanding, taken together, our results
demonstrate that non-equilibrium thermochemistry and
physically motivated resolution criteria are necessary for
modelling the multiphase CGM, and for correctly inter-
preting observational data.
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APPENDIX

A. COMPARISON BETWEEN NON-EQUILIBRIUM AND
PIE-UVB

We provide additional figures showing the relative dif-
ference in the mass-weighted median temperatures and
density traced by different ions in the CGM in Fig. Al;
this allows us to show more clearly differences of the order
of 10% to 20 % that are otherwise non-legible in Fig. 8.

We also provide the density-temperature diagrams
of different ions in the non-equilibrium simulation vs.
assuming PIE-UVB, weighed by ionization fraction in
Fig. A2 (as opposed to weighed by mass fraction in
Fig. 9).

B. COLUMN DENSITIES FOR ADDITIONAL IONS

Following Fig. 11, we show in Fig. B1 column den-
sities of O11l under the assumption of PIE-UVB with
self-shielding for all species (top row) and under the
assumption of PIE-UVB-no-8S (bottom row). Remov-
ing self-shielding results in O1I being significantly de-
pleted, resulting in a large increase of O 111 (bottom row
of Fig. B1). Conversely, whether O1 is self-shielded
(Fig. 11) or not (Fig. B1, top row) does not significantly
affect O 111 and higher ionization states, but does affect
O

Column densities for additional ions (H1, O1, MgII,
Crv, and OvI) assuming PIE-UVB vs. our non-
equilibrium simulation are shown in Figs. B2 and B3.
These figures illustrate where differences between the
non-equilibrium and PIE-UVB are located spatially, to be

compared to their location in T — ny space, as shown
in Fig. 9. Notably, observing H1 and O1, we see that
the largest over-abundance in PIE-UVB compared to the
non-equilibrium simulation is found close to Sub-DLAs
(N1 ~ 10* cm=2), which are not optically thick: those
regions share the same external UVB, but lack the lo-
cal radiation field in the PIE-UVB case. However, if the
sole origin of this over-abundance was local ionising ra-
diation, we would expect no difference in the abundance
of H1 or OT1 in DLAs that should be self-shielded from
both local and external ionising radiation.

Higher ionization species, such as C1v and O VI, are
more abundant in the non-equilibrium simulation than
when assuming PIE-UVB. For those species, the recom-
bination lag highlighted in Fig. 10 plays a key role in
allowing those warm-to-hot gas tracers to survive at a
lower temperature than when assuming PIE.

C. MAP OF THE RESOLUTION

We show in Fig. C1 maps slices of the spatial reso-
lution in the fiducial (left) and with additional cooling
length refinement, around the most massive galaxy at
z = 3.7 (150 Myr after z = 4). The resolution naturally
increases in regions that are cooling-unstable, i.e. around
cosmological cold flows and around clumps. Moreover,
we also see additional resolution in the IGM. Note also
that similar increases in resolution are obtained around
other less-massive haloes.

This paper was built using the Open Journal of As-
trophysics BTEX template. The OJA is a journal which
provides fast and easy peer review for new papers in the
astro-ph section of the arXiv, making the reviewing pro-
cess simpler for authors and referees alike. Learn more
at http://astro.theoj.org.
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Fic. A2.— Density-temperature diagrams of different ions in the non-equilibrium simulation (first and fourth columns), assuming PIE-UVB
(second and fifth columns, abbreviated PIE for brevity), and their relative difference (third and sixth columns). Each panel is shaded by
the ionization fraction and coloured proportionally to the mass-weighted temperature (shades of blue for tracers of the cold CGM, shades
of red for tracers of the hot CGM).
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Fic. B1. O 11 column density maps around the most massive galaxy at z = 4. (Left column) Non-equilibrium simulation (middle
column), photoionisation equilibrium, and (right column), the relative difference. We show PIE-UVB, with self-shielding for all species rather
than just those with ionization energies of < 13.6eV (top row) and PIE-UVB-no-SS, i.e. with no self-shielding (bottom row).



PIE-UVB

10|1°' 10|” 10|“‘
No1 [cmfZ]

PIE-UVB

1 1
1013 1010’
N}[gn [Cnliz]

10kpc PIE-UVB

*-—9

Fic. B2.— HI, O1, and Mg11 column density maps of the most massive galaxy at z = 4. (Left) Non-equilibrium simulation, (center)
PIE-UVB and (right), the relative difference between the two.
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Fic. B3. (Continued) C1v, and O VI column density maps of the most massive galaxy at z = 4. (Left) Non-equilibrium simulation,
(center) PIE-UVB and (right), the relative difference between the two.
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F1a. C1.— Slices of the simulation showing spatial resolution in the fiducial (left), and with additional cooling length refinement (right)
around the most massive galaxy at z = 3.7. The dashed white circle indicates the virial radius of the main halo. Most of the additional
refinement happens along clumps and filaments in the CGM, but the enhanced resolution clearly extends beyond the virial radius and into
the IGM.
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