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ABSTRACT

Theoretical arguments and observations suggest that in massive halos (> 10'2My,), the circumgalactic medium (CGM) is
dominated by a ‘hot’ phase with gas temperature near the virial temperature (7 ~ T;;) and a quasi-hydrostatic pressure profile.
Lower-mass halos are however unlikely to be filled with a similar quasi-static hot phase, due to rapid radiative cooling. Using
the FIRE cosmological zoom simulations, we demonstrate that the hot phase is indeed sub-dominant at inner radii (< 0.3Ryi;)
of < 10'2 My, halos, and the inner CGM is instead filled with T < Ty, gas originating in outflows and inflows, with a turbulent
velocity comparable to the halo virial velocity. The turbulent velocity thus exceeds the mass-weighted sound speed in the inner
CGM, and the turbulence is supersonic. UV absorption features from such CGM trace the wide lognormal density distributions
of the predominantly cool and turbulent volume-filling phase, in contrast with tracing localized cool ‘clouds’ embedded in a hot
medium. We predict equivalent widths of W, ~ 24v./c ~ 1A for a broad range of strong UV and EUV transitions (MgII, CII,
C1V, Sill-1V, O III-V) in sightlines through inner CGM dominated by turbulent pressure of < L* galaxies at redshifts 0 < z < 2,
where A is the transition wavelength, v, is the circular velocity and c is the speed of light. Comparison of our predictions with
observational constraints suggests that star forming < L* and dwarf galaxies are generally dominated by turbulent pressure in
their inner CGM, rather than by thermal pressure. The inner CGM surrounding these galaxies is thus qualitatively distinct from
that around quenched galaxies and massive disks such as the Milky-Way and M31, in which thermal pressure likely dominates.
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1 INTRODUCTION stellar-driven outflows by the hot CGM, which allows the central BH
to grow thus enabling BH feedback (Bower et al. 2017; Byrne et al.
2023). More recent studies have argued that hot CGM formation may
also facilitate the formation of thin galactic disks observed mainly at
redshift z < 1 (Sales et al. 2012; Stern et al. 2021a; Yu et al. 2021,
2023; Hafen et al. 2022; Gurvich et al. 2023; Byrne et al. 2023),
due to the ability of hot accreting gas to develop an aligned angular
momentum distribution prior to joining the galaxy (see especially
Hafen et al. 2022). These scenarios demonstrate that the hot CGM
likely has a significant role in galaxy evolution, and it would thus be
useful to identify its formation in observations.

At which halo mass and redshift does a quasi-static ‘hot’ phase, with
temperature comparable to the halo virial temperature 7., form in
the circumgalactic medium (CGM)? The development of the hot
CGM phase and its implications for galaxy evolution have been the
subject of classic galaxy evolution papers since the late 1970s (Silk
1977; Rees & Ostriker 1977; White & Rees 1978; White & Frenk
1991; Birnboim & Dekel 2003; Keres et al. 2005; Dekel & Birnboim
2006). These studies argued that a hot CGM that contracts slowly onto
the galaxy can form only if its cooling time exceeds the halo free-fall
time, corresponding to the mass of the dark matter halo exceeding
a threshold in the range ~ 10'! — 1012 M. Since the formation of
the hot CGM alters the physics of galaxy accretion and feedback,
its effects on galaxy evolution are plausibly profound. Indeed, the
interplay between hot CGM formation and black hole (BH) feedback
has been a leading explanation for quenching of star-formation, due

Recent theoretical advances on the nature of hot CGM formation
provide insight into its observational signatures. First, CGM simu-
lations that account for stellar feedback have demonstrated that hot
T ~ T,i; gas also exists at halo masses below the threshold, but is
limited to transient and localized radiative shocks, in contrast with

to the increased susceptibility of the hot phase to energy deposition
by BH feedback (Dekel & Birnboim 2006; Croton et al. 2006; Bower
et al. 2006; Somerville et al. 2008), or due to the confinement of
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a long-lived and volume-filling hot medium at high masses (van
de Voort et al. 2016; Fielding et al. 2017; Stern et al. 2020; Stern
et al. 2021a; Lochhaas et al. 2020; Gurvich et al. 2023; Pandya et al.
2023). This is in contrast with earlier studies which did not include
feedback and associated hot CGM formation with whether a virial
shock occurs at all (e.g., Birnboim & Dekel 2003). In the presence
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of feedback, ‘hot CGM formation’ is thus more accurately defined as
a transition from a kinetic energy-dominated CGM (i.e., turbulence
and coherent inflow/outflow) to a thermal energy-dominated CGM
(Fielding et al. 2017). Second, recent studies have shown that the
mass threshold for hot CGM formation depends on CGM radius,
with a larger mass threshold of ~ 1012 Mg at inner CGM radii where
cooling times are relatively short and a lower threshold of ~ 10'! Mg
at outer CGM radii where cooling times are long (Stern et al. 2020;
Stern et al. 2021a,b; Gurvich et al. 2023). Thus, in a given halo the
quasi-static hot CGM forms first at large CGM radii and later at inner
radii. This ‘outside-in” hot CGM formation process is in contrast with
the ‘inside-out’ picture suggested by the simulations of Birnboim &
Dekel (2003) which did not include feedback. The transition in the
inner CGM which has a higher mass threshold, dubbed ‘inner CGM
virialization’ or ICV, appears especially important for the evolution
of the central galaxy since it changes the immediate environment in
which the galaxy evolves (Stern et al. 2021a).

How can we identify if a quasi-static and long-lived hot phase exists
in the inner CGM of star forming galaxies? Addressing this ques-
tion via hot phase observations can be challenging, since one needs
to determine whether this phase constitutes a quasi-static volume-
filling medium as expected after ICV, or rather the transient bursts
originating in feedback expected prior to ICV. In the Milky-Way,
observations of O vir and O vt absorption lines in the CGM appear
to require that a quasi-static hot phase indeed extends down to the
galaxy (Pezzulli et al. 2017; Bregman et al. 2018; Sormani et al.
2018; Stern et al. 2019, 2024; Faerman et al. 2020; Singh et al. 2024;
Sultan et al. 2024), i.e., the Milky-Way is post-ICV. A similar conclu-
sion can be drawn for nearby massive spirals, based both on resolved
X-ray emission (e.g., Anderson et al. 2016) and on measurements of
the thermal Sunyaev Zeldovich (tSZ) effect (Bregman et al. 2022;
Oren et al. 2024). For more distant or lower mass galaxies where
these X-ray and tSZ observations are less constraining, and espe-
cially around the low-mass and high-redshift galaxies expected to be
pre-ICV, the nature of the hot phase in the inner CGM is still unclear.

An alternative method to identifying a quasi-static hot CGM di-
rectly is to infer its existence / absence from the properties of the cool
CGM (~ 10* K), a gas phase considerably more accessible to obser-
vations. Indeed, the first observational indications for a hot CGM
were the inferred high thermal pressures of cool Ca m-absorbing gas
around the Milky-Way (Spitzer 1956). This classic result raises the
question: what are the properties of the cool CGM when the hot
phase is sub-dominant? Theuns (2021) and Stern et al. (2021b) ad-
dressed this question for high-redshift CGM (z > 3), focusing on
implications for observations of Damped Ly« absorbers (DLAs). In
the present study we focus on UV absorption signatures of pre-ICV
CGM at lower redshifts of z < 2, at which large samples of circum-
galactic absorbers and their associated galaxies are available (see
below). Based on the properties of pre-ICV CGM mentioned above,
we expect UV absorption features in such systems to indicate the
presence of large cool gas columns and high velocity dispersions.
In the present study we quantify these predictions using the FIRE-2
cosmological zoom simulations (Hopkins et al. 2018).

The inner CGM of < L* galaxies, which is predicted to be pre-
ICV, has a relatively small cross-section for sightlines to background
sources in which UV absorption can be detected. Large samples of
UV absorber-galaxy pairs are thus required for robust statistics, and
more so given the large halo-to-halo and sightline-to-sightline vari-
ability. On the other hand, the large cool gas columns and velocity
dispersions expected in pre-ICV halos imply large absorption equiv-
alent widths, which are detectable even in relatively low resolution
(~ 100kms™1) spectra. Such large samples of UV absorber-galaxy
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pairs are available from the Sloan Digital Sky Survey (SDSS, Lan
etal. 2014; Lan 2020; Anand et al. 2021) and more recently in larger
numbers from the Dark Energy Survey Instrument (DESI, Wu et al.
2024), mainly in the Mg 11442796, 2803 transition. These samples
provide the main observational constraint to which we compare our
predictions.

This paper is structured as follows. In section 2 we describe the
FIRE simulations and our analysis technique. Section 3 presents
the predicted UV absorption properties before and after a volume-
filling hot phase forms in the inner CGM. These predictions are
compared to observational constraints in section 4. We discuss our
results in section 5 and provide a summary of our main conclusions
in section 6. Throughout the paper we use cosmological parameters
from the Planck 2018 results (Aghanim et al. 2018) with Hubble
parameter Hog = 70kms~! Mpc™!, Qn = 0.3, and Q, = 0.05.

2 METHODS

We analyze FIRE-2 simulations (Hopkins et al. 2018) in order to
deduce the properties and observational signatures of circumgalactic
UV absorbers prior to the formation of a quasi-static hot phase. In
these simulations a hot phase forms in the inner CGM (~ 0.1 Ry;y,
where Ry, is the halo virial radius) when the halo mass reaches
~ 1012 Mg (Stern et al. 2021a). We utilize the TRIDENT-V1.3 code
(Hummels et al. 2017) to generate synthetic UV absorption spectra.

2.1 FIRE simulations

The Feedback In Realistic Environments projecti (FIRE, Hopkins
et al. 2014, 2018, 2023) investigates how feedback mechanisms in-
fluence galaxy formation in cosmological simulations. We utilize
the second iteration of the FIRE cosmological ‘zoom’ simulations
(FIRE-2), which allow investigating physical processes within the
CGM including the distribution and dynamics of cold and hot gas.
FIRE-2 use the GIZMO code for gravity and hydrodynamics com-
putations (Hopkins 2015) in its meshless finite-mass mode (MFM).
Gravity calculations are conducted using a modified version of the
Tree-PM solver, similar to the one used in GADGET-3 (Springel
2005), with adaptive softening for gas resolution elements. Gas heat-
ing and cooling processes include metal line cooling, free-free emis-
sion, photoionization, recombination, Compton scattering with the
cosmic microwave background, collisional and photoelectric heating
by dust grains, and cooling processes at low temperatures (< 10*K),
including molecular and fine-structure cooling. The relevant ioniza-
tion states are derived from precomputed cLoupy tables (Ferland
et al. 1998), accounting for the effects of the cosmic UV background
from Faucher-Giguere et al. (2009) and galactic radiation sources
(see Hopkins et al. 2018). FIRE-2 also includes a sub-grid turbu-
lent diffusion model that captures unresolved mixing of metals and
thermal energy between gas resolution elements, which is important
for modeling the distribution and observability of metal absorbers
(Hopkins 2017; Escala et al. 2018). Star formation and stellar feed-
back are treated in a sub-grid manner. Star formation occurs within
self-gravitating, self-shielded molecular gas with ng > 1000 cm™3
(Hopkins et al. 2013). Feedback from stars is implemented through
radiation pressure, heating via photoionization and photoelectric pro-
cesses, and the deposition of energy, momentum, mass, and metals
from supernovae and stellar winds. Feedback parameters and their

T See the FIRE project website: http://fire.northwestern.edu.



time dependence are based on the stellar evolution models of Lei-
therer et al. (1999), assuming a Kroupa (2001) initial mass function.
The simulations analyzed in this work do not include feedback from
active galactic nuclei (AGN), a caveat we address in the discussion.
A full description of the FIRE-2 simulations is provided in Hopkins
et al. (2018).

2.2 Simulation selection

We analyze nine representative FIRE-2 simulations, as listed in table
1. Five simulations (m12i, m12b, m12w, m12c, m12f) have masses
similar to the Milky-Way, with M,,;, ~ 1012 Mg and an ~ L* galaxy
at z = 0. We focus on this mass range in this paper. To explore the
dependence on halo mass history we analyze also a simulation of
a dwarf galaxy halo with My, ~ 101! Mg at z = 0 (m11d) and
a massive halo with My, ~ 0.4 - 1083 Mg at z = 1 (m13Al).
This allows us to demonstrate that the formation of a quasi-static
hot phase occurs earlier in more massive halos. The typical baryonic
resolution element is my = 7100 — 33000 Mg, ensuring that sub-
grid prescriptions are applied at the level of giant molecular clouds
or better, while ~ L* galaxy discs are resolved with ~ 10® particles.
We analyze also m12i simulations with different resolutions in order
to test the dependence of our main results on resolution. The virial
radius Ry, and virial mass (M,;,) of the central halo in each snapshot
are determined using the Amiga Halo Finder (AHF, Knollmann &
Knebe 2009), based on the Bryan & Norman (1998) criterion.

2.3 Ion fractions

Ion fractions fj,, in the CGM were calculated as a function of gas
density, temperature, metallicity, and redshift in the simulation, us-
ing the TRIDENT ionization tables which assume collisional ionization
equilibrium and photoionization equilibrium from the meta-galactic
ultraviolet background in Haardt & Madau (2012). Ion volume den-
sities were then calculated using the formula:

Nx
Nion = NH * N_H * fions (1

where ny is the hydrogen number density and Nx /Ny represents
the abundance of element X relative to hydrogen as tracked in FIRE.
We focus on ions with UV transitions commonly observed in the
CGM. The transitions are listed in Table 2, which includes the ion
name, transition wavelength (1), oscillator strength ( fi,), and Nx /Ny
assuming Z = 0.3Z¢.

Our calculation of fiy, does not include the contribution of ioniz-
ing photons from young stars in the galaxy. The effect of these local
sources on the ionization state of the CGM in FIRE was explored by
Holguin et al. (2024) using a Monte Carlo radiation transfer code. At
the radius of 0.2 Ry;; which we focus on below, they deduced a small
contribution of local sources at z < 1 and a contirubion comparable
to the UV background at 1 < z < 2. Such a factor of < 2 uncer-
tainty in the ionizing background does not affect are conclusions, as
discussed below.

2.4 Characteristic velocities

We demonstrate below that the formation of a quasi-static hot CGM
phase implies a transition in the nature of CGM turbulence, from
supersonic to subsonic. To this end we calculate several radius and
time-dependent characteristic velocities in the simulation.
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Name ny Zmin Mha10(Zmin) M. (Zmin) ZIcV Ref.
[Mo] [1012Mo] | [10'9Mo]

(1) 2 3) @ ©) © | D
ml2i 7100 0 1.1 7.3 0.31 D
ml2b 7100 0 1.3 10 0.64 C
ml2w 7100 0 0.95 6.5 0.27 G
ml2c 7100 0 1.3 6.8 0.6 C
ml2f 7100 0 1.5 9.7 0.63 B
mlld 7100 0 0.3 0.51 - A

ml3Al 33000 1 4 28 3.1 E
ml2i 880 0 0.9 5.7 0.62 F
m12i 57000 0 1.2 9.1 0.98 D

Table 1. FIRE-2 cosmological zoom simulations used in this work. (1) galaxy
name; (2) mass of baryonic resolution element; (3) final redshift of the sim-
ulation; (4) central halo mass at the final redshift; (5) stellar mass of central
galaxy at the final redshift; (6) redshift of ICV at which inner CGM turbulence
becomes subsonic; (7) Reference papers for simulations: A: El-Badry et al.
(2018), B: Garrison-Kimmel et al. (2017), C: Garrison-Kimmel et al. (2019),
D: Wetzel et al. (2016), E: Anglés-Alcazar et al. (2017), F: Bhattarai et al.
(2022), G: Samuel et al. (2020).

The circular velocity v at a given time and radius is calculated

using:
ver, 1) =y D, @

where G is the gravitational constant, and M (< r) is the total en-
closed mass within a radius r in the snapshot corresponding to time
t including contributions from gas, dark matter, and stars. The mass-
weighted sound speed {cs ), ata given time ¢ and radius r is calculated
via

i minJkgT;/(ump)
Zi mi ’

where kg is the Boltzmann constant, y is the mean molecular weight
(taken to be 0.62), myp is the proton mass, m; and T; are the mass
and temperature of the i-th gas resolution element. The summations
are done on all resolution elements within a radial shell centered
on radius r with thickness 6r = 0.01Ry;;, in a simulation snapshot
corresponding to time ¢. Finally, the 3D turbulent velocity oy at
radius r and time ¢ is calculated via

(3)

<Cs>p ="

oF +0h+ o-é, 4)

Oturb =
where 0, 079, and oy are the velocity dispersions in the radial, polar,
and azimuthal directions, respectively. The angle 6 is defined with
respect to the total angular momentum vector of stars within 0.2 Ry,
and ¢ is the corresponding azimuthal angle. To obtain the velocity
dispersion in each direction, we calculate the variance of the velocity
components as follows:

o7 = () = (uj)p)? )

where uj represents the velocity component in the j-th direction
for an individual resolution element (j = r, 6, ¢), and as above ()p
indicates a mass-weighted average. Summation is done over all gas
resolution elements in a shell centered on radius » with thickness
0.01 Ryj;. Our choice to calculate the dispersion in spherical coor-
dinates avoids contributions to oy, from coherent motions in the
radial or rotational directions.
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lon | A[A] fiu Nx/Nu (Z=03Zo) | x leV]

1) () (3) “ )
Silt | 1260 | 1.22 9.7 x107° 8.2
Silll | 1206 | 1.67 " 16.3
SiIV | 1403 | 0.255 " 33.5
MgIl | 2796 | 0.608 1.2x 1073 7.6
MgIl | 2803 | 0.303 " "
SIHI | 1190 | 0.61 4.0x107° 23.3
OIl | 833 | 0.106 1.5%x 1074 35.1
oIV | 788 | 0.111 " 54.9
oV 630 | 0.512 " 774
OVI | 1031 | 0.133 " 113.9
CIl | 1335 | 0.127 8.1x107° 113
CIV | 1548 | 0.19 " 47.9

Table 2. Absorption features discussed in this work. (1) Ion; (2) wavelength;
(3) oscillator strength; (4) element abundance relative to hydrogen assuming
a CGM metallicity of 0.3 Zo; (5) ionization potential.

2.5 Cooling time and free-fall time

The formation of a long-lived and quasi-static hot phase occurs when
’532, , the cooling time of shocked gas at the halo virial temperature
(‘s’ for shocked) exceeds the free-fall time 75 (White & Rees 1978;
Birnboim & Dekel 2003; Mo et al. 2024). Stern et al. (2020) and
Stern et al. (2021a) demonstrated that tézz)] /tg increases with CGM
radius in a given halo, and thus hot phase formation occurs above a
higher halo mass threshold of ~ 1012 Mg, at inner CGM radii than
at outer CGM radii (see Introduction). In this work we focus on this
transition in the inner CGM which is expected to occur at z < 1
for Milky-Way mass galaxies. We measure tc(zz)l and tg in the FIRE
simulations at inner CGM radii as described in Stern et al. (2021a)

. S . . .
and summarized here. We calculate téol at a given radius r via:

1

o) _ 9\ _ (3/2) - kgT®
tcool = ILeool (T“)) = W’ (6)

where (ng) is the volume-weighted average density in a shell with
radius r, X is the hydrogen mass fraction, and T®) is the temperature
of a cooling flow in the subsonic limit

3 /.tmpvg
5 kg

(see equation 24 in Stern et al. 2019). The cooling function A is
defined such that nlz_IA is the radiative energy loss rate per unit volume

T = ~ Tiir ()

and is calculated using the tables in Wiersma et al. (2009), using Te),
Z, (ny) and z as imput parameters. The free-fall time is calculated
as:
Var
tg = . (8)

Ve

Note that since A(T) decreases roughly as T-% at T ~ 100K, the

ratio tc(f)f) | /tg scales strongly with v, as ~ v?.

3 RESULTS: UV ABSORPTION SIGNATURES OF
TURBULENCE-DOMINATED INNER CGM

3.1 UV absorbers trace the volume-filling medium

Figure 1 plots the temperature distribution and absorption character-
istics in the inner CGM of the m12i FIRE simulation, for an example

MNRAS 000, 1-21 (2024)

absorption line Silll 11206. The left column shows the z = 0 snap-
shot after the quasi-static hot phase has formed in the inner CGM

(t(s) = 9tg), while the right snapshots shows z = 0.75 (lookback

cool
time f1ookback = 0.6 Gyr), before the quasi-static hot phase has formed

(tizz)l = 0.3 #f). The top row shows temperature maps of the ISM and
inner CGM in these two snapshots, produced using a mass-weighted
projection of log T in a slice with depth 1kpc centered on the halo
center. Panel size is 0.4Ry;, in each axis. Gas velocities relative to
the halo center in the projection plane are overplotted as gray arrows.

In the z = 0 snapshot shown on the left of Fig. 1 the temperature
map shows a prominent hot, diffuse medium with localized cooler
regions, or ‘clouds’. In contrast, the z = 0.75 snapshot shown on
the right reveals a more disordered temperature distribution with
widespread cooler regions, as found by previous studies of FIRE
simulations (Stern et al. 2021a; Gurvich et al. 2023).

The dashed lines in the top panels represent trajectories of mock
sightlines used for analyzing UV absorption. The middle panels plot
the volume density of Si** ions ngj++ along these sightlines, where 0
is defined as the location along the sightline which is nearest to the
halo center. At z = 0 after the hot quasi-static phase has formed, ngj++
is characterized by isolated peaks, corresponding to localized cool
clouds embedded in the hot CGM as in the common paradigm for
UV absorbers (e.g., Tumlinson et al. 2017). In contrast, at z = 0.75,
the Si** density profile is more continuous and widespread along
the sightlines, indicating that Si** ions are part of the volume-filling
phase rather than limited to localized clouds. We show below that
this alternative paradigm, where circumgalactic UV absorbers trace
the volume filling phase, is applicable to all UV ions originating in
inner CGM without a quasi-static hot phase.

The bottom panels of Fig. 1 show the absorption spectrum of
Silll 1206A in the mock sightline, generated with TRIDENT assuming
an instrumental spectral resolution of R = 20000. The absorption
line equivalent widths W, are noted in each panel. At z = O the
absorption feature is optically thin and relatively weak with W, =
0.3A, due to the less extensive presence of cool gas. Conversely,
at z = 0.75, the absorption feature is saturated over a range of >
100km s~ with W, = 0.97A, due to the large amount of cool gas in
the inner CGM.

3.2 Wide lognormal gas density distributions

Figure 2 presents mass-weighted gas density distributions in the two
snapshots shown in Fig. 1. We include in the distribution all gas
resolution elements within a thin shell with a radius of 0.2 Ryj,
without any selection by gas temperature. This radius is chosen as a
representative radius of the inner CGM that is beyond regions where
angular momentum support is dominant (typically < 0.05 Ry;;, see
Stern et al. 2021a). Shell thickness is chosen to be 6r = 0.01Ry;;, in
order to avoid the range in density induced by radial gradients. The
color indicates the average log T of gas at each density, while the thin
curves plot lognormal fits to the density distributions, defined via:

2
(Ing - ﬂlogp)

20'12
ogp

PDF(log p) = , )

exp|—

1
\/27r0'10g p

where p is the density, yog, is the mean of log p, and ojegp 18
the standard deviation of log p. Here and henceforth we use log as
shorthand for log ).

At z = 0, the density distribution shown in the top panel of Fig. 2
has a Gaussian-like shape with 074, ~ 0.21 dex and an asymmetric
tail extending towards higher densities. The Gaussian is dominated
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Figure 1. A qualitative difference between UV absorbers before and after a quasi-static hot phase forms in the CGM. Columns show two snapshots of a Milky
Way-mass galaxy simulated in FIRE (‘m12i’). Left panels show the z = 0 snapshot where hot gas cools slowly so the inner halo is filled with a quasi-static hot
phase, while right panels show the z = 0.75 snapshot where hot gas cools rapidly so the hot phase is limited to localized and transient clouds. Top panels show
gas temperature maps extending to 0.2R,;; and the trajectories of mock sightlines through them (dashed lines). Middle panels show Si** volume density along
the mock sightlines, with O kpc defined as the location nearest to the halo center, and arrows connecting cool gas in the images with peaks in ngj+. Bottom
panels show predicted Sir absorption spectra for spectral resolution /A1 = 20000. At z = 0, Sin traces localized cool clouds embedded in a hot T = Ty,
medium, consistent with the common paradigm for UV absorbers. In contrast at z = 0.75 Sim traces the cool volume filling phase of the inner CGM.

by temperatures of > 10 K, while the tail has lower temperatures
of 10* — 10° K. This distribution demonstrates that the gas is pre-
dominantly in a hot diffuse phase with some cooler regions of higher
density, as indicated also by Fig. 1 and consistent with the common
‘multi-phase’ paradigm of the CGM.

At z = 0.75, the density distribution shown in the bottom panel of
Fig. 2 is substantially broader and more symmetric than at z = 0. A
lognormal distribution with oog , ~ 0.72 dex provides a reasonable
fit to the entire distribution, regardless of gas temperature. Most of
the gas is cool, with = 74% of the mass having 7' < 3- 10* K. The hot
T > 103K gas accounts only for = 14% of the total gas mass and
58% of the volume. The origin of this wide lognormal distribution,
which is distinct from the hot peak + cool tail distribution shown in
the top panel, is further discussed below.

The hot phase being sub-dominant at » = 0.2 R;, in the z =
0.75 snapshot is a result of the short cooling time (tézfﬂ < tg) at
this redshift and radius, which implies that any hot gas formed via
accretion or feedback shocks rapidly cools (Stern et al. 2021a). This

is in contrast with cases where té(s)z)l > tg and hence the hot shocked

gas is long-lived, such as the z = 0 snapshot at r = 0.2 Ry, (top
panel of Fig. 2) and the z = 0.75 snapshot at a larger CGM radius of
r = 0.5 Ryjr, shown in Appendix A.

The evolution of hot gas mass fraction in the inner CGM is further
explored in the top panel of Figure 3, which plots the mass fraction
in each CGM phase versus f|ookback- Blue shows the cool phase with
temperatures 7 < 3- 10% K, red shows the hot phase with temperatures
T > 3-10° K, and intermediate temperatures are shown in black.
As in Fig. 2, we sum only gas resolution elements within a thin shell
centered at 0.2 Ry, to avoid the effects of radial gradients. Each data
point represents an individual snapshot from the simulation, while
the lines and shaded regions indicate the average values and their
dispersions within a window spanning 25 snapshots (= 600 Myr).
The top axis plots the corresponding redshift. There is a marked
increase in the mass fraction of the hot gas phase at 2 < flgokback S
5 Gyr. This is the formation of the quasi-static hot phase in the inner
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Figure 2. Density distribution of gas in a thin shell with r = 0.2R;;, for
the two snapshots shown in Fig. 1. Color indicates the mean temperature
at each density, and the top axes denote the density in units of the cosmic
mean. The ratio of hot gas cooling time to free-fall time is noted in the
panels. At z = 0 (top) the distribution is narrow with oo, = 0.21 and a tail
towards high densities, as expected in the common CGM paradigm with a low
density hot phase and denser cool clouds. Conversely, at z = 0.75 (bottom)
the gas is predominantly cool and the distribution is a broad lognormal with
Tlogp = 0.72, as expected in isothermal turbulent gas with Mach ~ 10.
Labels denote the median density of gas which produces each ion.

(s)

CGM as noted by previous FIRE studies, and is coincident with Leool

exceeding #g (Stern et al. 2021a; Gurvich et al. 2023).

Note that the mode of the density distributions in Fig. 2 shifts
from ny =~ 1033ecm 3 atz =0 to nyg = 1072cm™3 at z = 0.75.
This shift to higher density at higher redshift is partially due to
the increase in mean cosmic density. In units of the cosmic mean
p =3QpH?/87G the mode is p/p = 5 - 103 at z = 0.75, compared
to p/p = 103 at z = 0 (see top-axes of Fig. 2). The remaining
difference arises from our choice to weigh the density distribution by
mass. The volume-weighted mean density, i.e., the total shell mass
divided by its volume, are similar in the two snapshots in units of p.

3.3 Supersonic turbulence

The middle panel of Fig. 3 shows the evolution of different velocity
components at 0.2 Ry;, calculated according to eqns. (2) — (4): tur-
bulent velocity (green), circular velocity (red), and mass-weighted
sound speed (black). At early times the mass-weighted sound speed is
less than 50 km s~! due to the dominance of cool ~ 10* K gas as seen
in the top panel. The turbulent velocity is ~ 150 km s~ ! and compa-
rable to v especially at early times, indicating the CGM is dominated
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Figure 3. (Top:) Evolution of mass fractions of gas with different temperatures
at r = 0.2 Ryj; in the m12i simulation. Dots denote individual snapshots
(shown only for cool gas for clarity), while lines and bands denote means
and dispersions within a running 600 Myr window. The mass fraction of
hot gas (red) sharply increases after #jookback =~ 4 Gyr. (Middle:) Evolution
of 3D turbulent velocity (green), circular velocity (red), and mass-weighted
sound speed (black) at 0.2 Ry;;. CGM turbulence is highly supersonic when
the cool phase dominates. (Bottom:) Black dots and line denote the width
of the density distribution at 0.2 Ry;;, derived using a lognormal fit to the
distribution in each snapshot (see Fig. 2). Red lines indicate the expected
Tlogp based on isothermal turbulence simulations with two types of driving
mechanisms and the same Mach number as in FIRE (eqns. 10 — 11). A wide
density distribution is apparent when turbulence is supersonic (> 4 Gyr)
consistent with isothermal turbulence simulations with compressive driving.

by turbulence. This result demonstrates that oy, significantly ex-
ceeds the mass-weighted sound speed, i.e., CGM turbulence is super-
sonic. When the hot phase becomes dominant at fjgokhack S 2 Gyr
the mass-weighted sound speed rises above 100kms~!, while the
turbulent velocity declines from ~ 150kms™! to 100kms~!. The
formation of the hot quasi-static phase thus corresponds to turbulent



velocities dropping below the mean sound speed, i.e., the turbulences
become subsonic.

Idealized simulations of isothermal turbulence demonstrate that
the width of the density distribution increases with turbulent Mach
number, roughly as (e.g. Krumholz 2014):

o? =In(1+6IM2y) (10)
where oy = 0.43 0704, is the width of the lognormal density distri-
bution for a natural logarithm, M, is the turbulent Mach number
and by is a unit-less parameter which equals ~ 1 for pure compressive
turbulence driving and ~ 1/3 for pure solenoidal driving:. We check
here whether equation (10) can explain the density distribution in the
CGM of the non-isothermal FIRE simulations.

The bottom panel of Fig. 3 plots the evolution of 0yog,, versus
Hookback» derived by fitting the density distribution at 0.2 Ry;, in each
snapshot with a lognormal as done in Fig. 2. Before the formation of
the hot phase when turbulent velocities are larger than the mean sound
speed we find o7og, ~ 0.6 — 0.8, as shown for the z = 0.75 snapshot
in the bottom panel of Fig. 2. This dispersion is significantly larger
than after the hot phase forms where the value of 014, ~ 0.2 - 0.3,
as shown for the z = 0 snapshot in the top panel of Fig. 2. At the
transition itself ojog , is highest with values of 0.8 — 1.0, since both
the cold and hot gas mass fractions are ~ 50% and hence the density
dispersion spans both phases, i.e. a unimodal fit is no longer justified.

To compare the density distribution in FIRE with that predicted by
isothermal turbulence simulations we measure the following average
turbulent Mach number in the simulations

~ O
Murh = <Ct“;b . an
s/p

The bottom panel of Fig. 3 plots the expected ojog p(Mturb) based
on eqn. (10) for by = 1/3 and b = 1. The panel shows that eqn. (10)
reasonably captures the relation between turbulence Mach number
and the density distribution, both at early times when the cold phase
dominates and at late times when the hot phase dominates. The
similarity is best for compressive driving (b; = 1) mainly at the early
supersonic stage, though note that this conclusion may be affected
by our choice of how to average cs for the calculation of M.
Only during the transition from cool phase dominance to hot phase
dominance at fgokpack ~ 3 Gyr the value of oyog p is significantly
larger than expected based on isothermal simulations, since the width
spans both peaks of a bi-modal density distribution.

The similarity between FIRE and isothermal turbulence simula-
tions shown in the bottom panel of Fig. 3 suggests that (1) at a given
radius, the density dispersion in the dominant CGM phase is set by
turbulence physics; and (2) the formation of a quasi-static hot phase
causes a transition in the nature of CGM turbulence, from supersonic
turbulence with wide density distributions pre-ICV, to subsonic CGM
turbulence with narrow density distributions post-ICV.

Figure 4 shows the evolution of the ratio of turbulent pressure
(Pyurb) to the total pressure (Pyyp + Pihermal) in the same simulation
(m12i), calculated as:

1.2

Prurb _ 3 %turb

Purb + Pthermal %0’3} ot %(Cs )[2)

(12)

where the factor of 1/3 is because we defined o7, as the 3D velocity
dispersion (eqn. 4). The ratio is calculated at two different radial
distances: r = 0.2Ry;; (black) and r = 0.5Ry;; (red). For r = 0.2Ryj;.,
the ratio remains relatively constant and high until #|5okpack = 4 Gyr,

% The subscript ‘t’ differentiates b; from absorption line width b used below.
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Figure 4. Evolution of the ratio of turbulent pressure (P ) to total pressure
(Purb + Pihermal) in the CGM of the FIRE m12i simulation. Different colors
denote gas at r = 0.2R,;; (black) and at » = 0.5Ry;; (red). Dots represent
individual data points, while lines and shaded bands represent running aver-
ages and dispersions within a 600 Myr window. The inner CGM exhibits a
relatively sharp transition (within ~ 2 Gyr) between turbulent pressure dom-
inance to thermal pressure dominance, corresponding to the formation of a
quasi-static hot phase in the inner CGM as seen in Fig. 3. At larger radii the
importance of turbulence decreases more gradually with time.

after which there is a rapid decline, as suggested by Fig. 3. At r =
0.5Ryi;, the ratio starts at a lower value and decreases more gradually
over time, without a sharp transition. The ratio remains lower than at
r = 0.2R;; until the hot phase forms at #jookpack ~ 2 Gyr, reflecting
the higher importance of thermal pressure and longer tc((s)z)l at larger
radii, consistent with previous results (Stern et al. 2021a; Gurvich

et al. 2023).

3.4 Equivalent widths of ~ 1A in strong UV transitions

In Figs. 1 — 3 we showed that most of the inner CGM is cool prior to
the formation of a quasi-static hot phase, with a turbulent velocity of
order 150 km s~! and a wide density distribution of Tlogp ~ 0.7 dex
at a given radius. In this section we demonstrate that these properties
imply high equivalent widths of ~ 1A for commonly observed UV
absorption features.

3.4.1 Analytic estimate of equivalent widths

We first estimate the absorption equivalent width W, in inner CGM
dominated by turbulence analytically, by assuming saturated absorp-
tion in strong transitions due to the near-unity mass fraction of cool
gas. In saturated absorbers the equivalent width is determined by the
velocity range of the absorption, which in turn is set by the turbulent
velocity. We thus get a rough estimate of the equivalent width of

2 .
W4~—bAz\/§M1:1.0A~( Tturb )( 4 ) . (13)
c 3 ¢ 150kms=1 | \ 1206A

where b is the absorption line width, equal to V2 times the line-of-
sight velocity dispersion so b = \/2/_30-turb’ and A is the wavelength
of the transition normalized to that of Simr. We thus expect Wy ~ 1A
in UV absorption features which originate in inner CGM dominated
by turbulence.

To demonstrate that strong UV absorption lines are indeed satu-
rated in turbulence-dominated CGM, we use the equation for optical

MNRAS 000, 1-21 (2024)
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Figure 5. (Top row:) Maps of ion volume density in the turbulence-dominated z = 0.75 snapshot shown in Figs. 1-2, for Mg* (left), O** (middle-left), C3*
(middle-right), and O>* (right). (Middle row:) Ton density as a function of location along the mock sighline marked as a dashed line in the top panels. (Bottom
row:) Absorption spectra for the three ions assuming R = 20 000. Equivalent widths are noted in the panels. All ions shown are spread over a significant fraction
of the line of sight, indicating that collectively they trace the volume-filling phase of the inner CGM, rather than tracing localized clouds and interfaces with a
hot phase as usually assumed. Mg 11 traces the high density part of the lognormal density distribution shown in Fig. 2, and thus appears at the highest density
peaks. O 11 and C1v originate from the center of the distribution and are thus widespread, while O v1 traces the low density part of the density distribution.

depth at line center (e.g., Draine 2011):

2
cm™ NionA fiu _
S

.01 =
0.015 b

Nx k
~ 58( Ny ) fu (h)(_ﬁ ) 1507
1020-5cm=2 /| 10-5 [\ 0.1 )\ 1206A) | o
(14)

where Njon = Na(Nx/Nion) fion 18 the ion column (see eqn. 1), and
the total hydrogen column density Ny is normalized by typical CGM
values (e.g., eqn. B6 in Stern et al. 2021b):

I
where fcgm is the CGM mass in units of the halo baryon budget,
assumed to be 0.5 for the estimate in eqn. (14). The product fi, -
Nx /Njon in eqn. (14) is normalized by 103, characteristic of strong
UV absorbers assuming Z = 0.3 Z, (Table 2). The estimate of fi,, ~
0.1 is based on the result that the CGM is predominantly cool and has
a broad range of gas densities at each radius during the turbulence-
dominated stage, spanning a factor of ~ 50 (full-width-half-max) in
the example shown in the bottom panel of Fig. 2. Since the ionization
state in photoionized cool gas depends on the ratio of ionizing photon
density to gas density, this broad range in density implies that many
UV-absorbing ions have optimal formation conditions in a significant
fraction of the gas along the sightline (say, 2 10%), and we thus
expect fion = 0.1 for these ions. The broad range in density implies

also that the predicted fo, are robust to the factor of ~ 2 uncertainty
in the ionizing photon density (see section 2.3). Taken together,

Ry
0.2 Ry

1+z

-1
Ny =7-10% fc MM”3(T ) em™2  (15)
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these considerations indicate that strong UV transitions have 7 > 1,
i.e. highly saturated absorption features as assumed in the estimate
of W, in eqn. (13).

How does the predicted W, depend on M}, and z for fixed
R, /Ryi;? We show below that oy, & ve in CGM dominated by

turbulence. We thus expect W, to scale roughly as ve o« M, 2{130 for

fixed z and as v¢ o« (1+ 1)0'5 for fixed halo mass. Different halo
masses and redshifts can also change the predicted 7, though this
will significantly change W, only if the transition becomes optically
thin.

3.4.2 Equivalent widths in FIRE

Figure 5 shows the spatial distributions and absorption characteristics
of Mg*, O**, C3*, and O, in the z = 0.75 snapshot of m12i shown
above. The top row maps the ion volume densities in a 1 kpc-thick
slice, while the middle row shows the ion volume densities along the
mock sightline (plotted as dashed lines in the top panels). The maps
show that the filling fractions of the ions increase from Mg* to O**
to C3*, where Mg™ has the most intermittent structure while C3* has
a more continuous and widespread distribution. O°* has a similar
filling fraction and pattern as C3+ except at inner radii where it is
absent.

The different spatial distributions of the different ions shown in
Fig. 5 are a result of higher ions generally tracing lower densi-
ties (which imply higher photoionization) and higher temperatures
(which imply higher collisional ionization). The different densities
correspond to different parts of the wide gas density distribution in su-
personically turbulent CGM. Specifically, the mass-weighted density



and temperature of Mg™ along the mock sightline are 0.03 cm™3 and
0.9-10* K witha 16— 84 density percentile range of 0.02-0. lem™3,
corresponding to the high-density part of the lognormal density dis-
tribution shown in the bottom panel of Fig. 2. For O**, the corre-
sponding density and temperature are 6 - 103em 3 and 1.4 - 10*K,
while for C3* we find 3 - 1073 cm™3 and 2.6 - 10* K. These two ions
thus trace gas densities near the peak of the density distribution. For
0>* the mass-weighted density and temperature along the sightline
are 5-10"*cm™3 and 2 - 10° K, i.e. this ion traces the low-density
part of the density distribution shown in Fig. 2.

The spatial distributions of different ions shown in Fig. 5 demon-
strate the volume-filling nature of UV-absorbing gas during the
turbulence-dominated phase, where different ions trace different
parts of a broad density distribution which is predominantly cool.
This is a qualitatively distinct picture from the common paradigm
where low-ion UV absorbers trace ‘localized clouds’ and mid-ions
trace interfaces between the clouds and the hot background.

The bottom panels in Fig. 5 plot the absorption spectra for
Mg 2796A, O 833A, C1v 15484, and O vi 1031A. Except for
O v1, these absorption features and that of Si it 1206A (bottom-right
panel of Fig. 1) indeed exhibit a velocity spread of ~ 100—200 km's ™!
and W, ~ 1A, as expected based on the analytic estimate in eqn. (13).
The corresponding values of fiy, along the sightline are 0.29, 0.17,
and 0.24 for Mg*, O**, and Si**, respectively, consistent with the
order of magnitude estimate of f;,, ~ 0.1 in the previous section. For
C3* we find a lower fion = 0.008, and the optical depth is close to
unity. For O vi we find fio, = 1073 and thus the transition is optically
thin with W, = 0.24A. The relatively low optical depth and W of
O v1 are a result of this ion tracing densities which are two standard
deviations below the peak of the lognormal distribution, and thus
such gas densities are relatively scarce.

The absorption profiles shown in the plot are limited to contri-
butions from +60 kpc along the sightline. We verified that the con-
tribution from larger scales to the absorption is small. For example
W (O v1) increases from 0.24A to 0.3A when accounting for scales
up to 500 kpc, compareable to the size of the region fully simulated
by the zoom simulation.

Figure 6 plots the evolution of W, versus lookback time. Each
panel presents a different ion at two impact parameters (0.2Ry;;
in black and 0.5R;; in red), where dots indicate individual mock
sightlines (five per snapshot), while lines and bands denote averages
and dispersions in running windows spanning 600 Myr. Before the
transition at tjookpack > S Gyr we find W, =~ 1A at 0.2 Ry for all
three ions shown, as expected from the analytic estimate in eqn. (13).
At flgokback S 2 Gyr after the hot phase becomes dominant W, drops
in all ions since cool gas is less abundant (see Fig. 3). After the
transition W, also differs between different ions and evolves with
time, in contrast with the approximately uniform W, prior to the
transition.

At R) = 0.5 Ry;; the values of W, shown in Fig. 6 are consistently
lower than at R; = 0.2 Ry;y, especially for Mg 11, and exhibit a more
gradual decline with time. This reflects both the dominance of the
hot phase in the outer CGM, and the overall lower gas columns and
lower gas densities at larger radii (see Fig. A1 and Stern et al. 2021a).

Figure 7 plots the evolution of the mean W for all strong UV and
EUYV transitions listed in Table 2. At tjgokback > 4 Gyr when the inner
CGM is turbulence dominated we find (W;) ~ 0.2 —2A in all shown
absorption features except for O vi where (W,) ~ 0.02 — 0.1A. In
contrast after #ookpack < 2 Gyr when the hot phase has formed the
values of (W,) are substantially lower, in the range 1073 = 0.2A.

The origin of strong UV absorbers 9

hot phase dominates

cool phase dominates

—_

[ Mell | L

-

W) [A]

0.01

0.001 =+

0.01
— R} =0.2R;
R; =0.5R;;

0.0015 7 1 6 8 10

tlookback [G\I]

Figure 6. Predicted evolution of CGM absorption equivalent widths in m12i.
Different panels show different ions, while impact parameters are denoted by
color. Dots represent individual mock sightlines (shown for R; = 0.2 Ry;;),
while lines and bands represent averages and dispersions within a running
600 Myr window. Vertical lines denote the time after which the hot phase
dominates (see Fig. 3). At fiookback > 4 Gyr when the cool phase domi-
nates we predict Wy (0.2 Ryi) =~ 1A in all ions, consistent with the analytic
approximation (eqn. 13). After the hot phase forms W, (0.2 R,j;) < 1A.

3.5 Dependence on halo mass history

In this subsection we explore how the the mass history of the halo
affects the transition from turbulence-dominated CGM to thermal-
pressure dominated CGM and the implied absorption signatures.
Figure 8 repeats the analysis in Fig. 3 for three simulations: a group-
size halo (m13Al, left panels), another Milky Way-mass galaxy
halo (m12b, middle panels), and a dwarf galaxy halo (m11d, left
panels). In the massive m13A1 simulation the hot phase becomes

dominant, and the turbulence becomes subsonic at an early time
(s)

exceeds
cool

of fiookback = 11.5Gyr (z = 3.2). This follows since ¢
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Figure 7. Predicted evolution of mean absorption equivalent widths of UV absorption features at an impact parameter of 0.2Ry;;, based on the m12i simulation.
Absorption features are listed in Table 2, while plotted lines are labeled by the respective ions. The vertical dashed line indicates when the hot phase becomes
dominant by mass. Before this transition cool gas and turbulence dominate and W, ~ 1A is predicted for most plotted features, while afterwards W, drops.

tg earlier in more massive halos (Stern et al. 2021a). In the m12b
simulation shown in the middle column, the hot phase becomes
dominant by mass and the turbulence becomes subsonic at #j5okback ~
6 Gyr (z = 0.65), a few Gyr before the transition occurs in m12i (see
Fig. 3). This demonstrates the range in formation times of the inner
hot CGM phase in Milky-Way mass FIRE galaxies, which typically
span 0 < z < 1 (see Stern et al. 2021a, and below). The m12b
simulation also exhibits a bump in the cool gas mass fraction at
Hookback = 2 Gyr after the hot gas formed, coincident with a major
merger occuring at this time as noted by Yu et al. (2021). In the dwarf
galaxy halo shown in the left column the cool gas phase dominates
the mass at all times. Correspondingly, the turbulent velocity remains
higher than the mean sound speed, i.e. turbulent velocities remain
supersonic. This result reflects the Stern et al. (2021a) result that a

quasi-static hot CGM phase does not form in the inner CGM of FIRE
(s)

ool remains lower than tg down to z = 0.

dwarfs, since ¢

Figure 9 plots the evolution of (W) for various strong UV tran-
sitions in the three simulations, similar to the analysis of m12i in
Fig. 7. In m13A1 (top panel) a clear drop in mean W, occurs already
around fjgokback = 11.5 Gyr, consistent with the early transition to
a thermal energy-dominated inner CGM phase in this simulation.
Equivalent widths of the Mg, C11, Sin, Simi, and O 11 transitions
are 1 — 3A prior to the transition, somewhat higher than the (W) ~

MNRAS 000, 1-21 (2024)

0.7 — 1A in m12i prior to the transition. The higher W are due to
the higher turbulent velocity of 200 — 300 kms~! (bottom-left panel
of Fig. 8) and hence higher b in more massive halos (see eqn. 13). In
contrast, the O 1v, C1v, and Si1v have lower W, of 0.1 — O.3A, likely
due to the weak UV background (relative to typical CGM density) at
z 2 3, which implies that cool photoionized gas does not reach high
ionization levels.

The CGM of m12b shown in the middle panel of Fig. 9 exhibits
similar UV absorption figures as m12i (shown in Fig. 6), albeit
the transition happens earlier at fjookpack ~ 7 Gyr consistent with
the earlier formation of a quasi-static hot inner CGM phase in this
simulation. As in m12i, (W) ~ 0.3 — 1A prior to ICV in most
absorption lines while O vi has a lower (W;) ~ 0.1 — 0.2A. The
values of (W,) for all ions drop following ICV.

The dwarf galaxy halo shown in the bottom panel of Fig. 9 exhibits
(W) = 0.1 —0.7A down to z = 0, again with the exception of O vi
which has a lower (W;) ~ 0.03A. As mentioned above this halo
remains in the turbulence-dominated stage at all times. These W are
somewhat lower than the Wy ~ 0.2 — 2A in m12i and m12b during
their turbulent-dominated stage. The difference is mainly a result of
the lower turbulent velocities of ~ 70kms~! in m11d (bottom-right
panel of Fig. 8), which results in narrower absorption features and
thus lower W, (see eqn. 13).
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Figure 8. (Top:) Evolution of the mass fractions of different CGM phases at = 0.2Ry;;, in three FIRE simulations of halos of different masses. The panels from
left to right correspond to a group-size halo (‘m13A1’), a Milky Way-mass galaxy (‘m12b’), and a dwarf galaxy (‘m11d’). Dots represent individual snapshots
(shown only for the cool phase for clarity), while lines and bands represent averages and dispersions within a running 600 Myr window. (Bottom:) Evolution
of the turbulent velocity (green), circular velocity (red), and mass-weighted sound speed (black) at » = 0.2R,;.. Note the difference in plotted velocity ranges
between the panels. A significant increase in hot gas mass fraction is apparent around #gokback ~ 7 Gyr in m12b and #igoxpack & 12 Gyr in m13Al, indicating the
formation of a quasi-static hot phase with subsonic turbulence. The short-term decrease in hot gas mass fraction in m12b at #jookpack = 2 Gyr is associated with
a major merger. The m11d galaxy on the right remains dominated by the supersonically turbulent cool phase at all times.

3.6 Dependence on resolution

To test how our results depend on simulation resolution, we repeat the
analysis for two additional simulations of the m12i halo with eight
times higher/lower gas mass resolution than in the fiducial simulation
(see Table 1). The results are shown in Figure B1 in the appendix.
The top two rows are similar to the two top panels of Fig. 3, while the
bottom row shows the mean equivalent width of Mg 11 and the ratio

tc(f)g) l/tﬁ»‘ measured at 0.1Ry;; (eqns. 6 — 8). The Figure shows that

ve sincrease somewhat more slowly at higher resolution, and thus
tc(zll /tg which scales as ~ vé‘ (see section 2.5) exceeds unity later,

as also found by Stern et al. (2021a). At all shown resolutions we

find that prior to ICV when tc(f)g) | < tfr, the cool gas mass fraction is
> 50%, turbulence is on average osupersonic (Oturb > {Cs)p), and the
equivalent width of Mg is > 1A. This suggests that the conditions
for the development of turbulence-dominated CGM and their pre-
dicted equivalent widths are independent of resolution at the range
probed. This lack of sensitivity to resolution is because turbulence-

dominated CGM are predominantly cool even at low resolution.

At z = 0 when the inner CGM is dominated by thermal pressure,
Fig. B1 shows that f.,, increases with increasing resolution, con-
sistent with the conclusion of previous studies (van de Voort et al.
2019; Hummels et al. 2019; Peeples et al. 2019; Ramesh & Nelson
2024). However, it is not clear if the increasing f.,, in FIRE is a

direct result of the increasing resolution, or rather a result of the
(s)

lower ¢
cool

/tg at higher resolution which produces a higher f.o-

4 COMPARISON WITH UV ABSORPTION
OBSERVATIONS

A common paradigm for circumgalactic UV absorbers is that the ab-
sorption originates from a cool ‘cloud’, or from the interface between
acool cloud and the ambient hot medium (e.g., Tumlinson et al. 2017,
Faucher-Giguere & Oh 2023). Our results suggest an alternative ori-
gin for W3 ~ 1A absorbers, in which they trace the volume-filling

medium of the inner CGM, in halos with tg)z)l < tg where the inner
CGM is predominantly cool and supersonically turbulent.

In this section we compare this alternative paradigm for W, ~ 1A
absorbers with several observational constraints. This allows us to
infer which types of galaxies in the real universe have a turbulence-
dominated inner CGM rather than a thermal energy-dominated inner
CGM, and thus constrain how the formation of a thermal-energy

dominated inner CGM affects galaxy evolution.

4.1 Mg equivalent widths

The Mg absorption doublet is observable from the ground at
7z 2 0.1 (e.g., Chen et al. 2010; Nielsen et al. 2013; Werk et al. 2013),
and thus has been the subject of a large number of circumgalactic
UV absorption surveys at the redshifts we focus on in this paper
(0 < z < 2). Figure 10 compares observed mean rest-frame equiv-
alent widths (Wnen) = (Wa796 + Wago3) at impact parameters of
R, = 0.2 Ryj; to those predicted by the FIRE simulations. We focus
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Figure 9. Evolution of mean W, at R; = 0.2R;; for the three simulations
shown in Fig. 8. The dashed vertical lines indicate the transition from an inner
CGM dominated by cool gas and turbulence to an inner CGM dominated by
the hot phase. Equivalent widths are high (~ 1 A) before the transition and
decrease afterward. The lowest-mass halo shown in the bottom panel remains
cool and turbulent at all times, with 0.1 < W < 1A for all ions except O V1.

on average values since some of the observed (Wyeq1) are measured
on stacked spectra, though we note that the predicted dispersion be-
tween sightlines is not large during the turbulence-dominated phase,
of order = 0.3dex (see Fig. 6). Predictions of the five m12 FIRE
simulations are shown as solid colored lines, where (Wygr1) are cal-
culated over 200 mock sightlines within 1200 Myr running windows
(five sightlines per snapshot). We use larger windows than above in
order to reduce clutter in the figure. Times when the inner CGM is
dominated by cool gas (f.oo1 > 0.5) are emphasized with thicker
lines. A drop in the predicted (Wpwgqr) is evident when the inner
CGM becomes thermal pressure-dominated at 3 < tjgokpack < 6 Gyr
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(0.25 < z < 0.6) in four of the halos (m12i, m12b, m12¢, m12f).
The fifth halo m12w does not show a drop in (Wjer) despite reach-
ing feool = 0.5 at tigokback = 3 Gyr, likely since it remains with

feool ® 0.5 and tézzﬂ ~ tg down to z = 0, i.e. its does not fully
transition to thermal-energy dominated regime. This is potentially
due to its somewhat lower halo mass than the other m12’s and the
strong dependence of t((:(s)z)l/ tg on halo mass (see Stern et al. 2021a,
and Table 1).

During times when turbulence dominates, all five simulations pre-
dict similar (Wyer1), as expected based on the analytic arguments in
section 3.4.1. We fit the predictions in these pre-ICV snapshots with

a log-linear relation:

log <WMgHzpre—ICV _

A

This relation is consistent with the order of magnitude analytic esti-
mate of (Wner)pre—1cv ~ 1A in egn. (13) and is plotted as a dotted
line in Fig. 10. The main prediction of this paper is that ~ L* galaxies
roughly follow this relation as long as the energetics of their inner
CGM remains dominated by turbulence.

Observed (Wygrr) at Ry = 0.2 Ryj; from blue ~ L* galaxies are
plotted as errorbars in Fig. 10 and listed in Table 3. Most obser-
vational surveys shown are based on matching background sources
with foreground galaxies, such that each foreground galaxy has a
single sightline through its CGM. The exceptions are the measure-
ments based on gravitational arcs which have multiple sightlines
through a single foreground galaxy, since the background source is
a lensed galaxy. To derive (Wygn)(R1 = 0.2Ry;;) we interpolate
the (Wnigir) versus Ry /Ry, relation deduced in each survey. The
horizontal error bar spans the redshift range of the sample, with the
marker located at the median redshift. Blue galaxy samples with
mean stellar M, > 1010 My, are considered ~ L* and plotted in the
figure. Additional details on this calculation for each survey are given
in appendix C.

Fig. 10 demonstrates that the observed (Wygrr) of star forming
~ L* galaxies at R, = 0.2R;; is 2 1A at 0.1 < z < 1.5. These
observed values are consistent with the predictions of turbulence-
dominated inner CGM (dotted line, eqn. 16) to within a factor of
~ 2. We emphasize that since turbulence-dominated CGM make
specific predictions for UV absorption strength (section 3.4.1), this
match between predictions and observations is highly non-trivial.
We thus conclude that turbulence-dominated CGM correctly predict
(Wwmgn) observed in inner CGM surrounding blue ~ L* galaxies.

The blue galaxy observations shown in Fig. 10 do not show a
drop in (Wygnr) at low redshift similar to that predicted by the four
m12 simulations in which ICV occurs. Rather, the observations more
resemble the m12w simulation which predicts only a mild decrease
in (Wygn) with redshift since it remains with f.oo1 2 0.5 down
to z = 0. This difference is potentially due to the somewhat lower
masses in the ~ L* observations than in the m12 simulations, since
when and if ICV occurs strongly depends on mass. A simulation
sample better matched in mass to the observations could test this
possibility.

The drop in (Wngr1) exhibited by four of the m12 simulations pre-
dicts that the most massive blue galaxies at low redshift should exhibit
(W (0.2 Ryjp) < 1A, due to their thermal pressure-dominated
inner CGM, in contrast with the blue ~ L* galaxies observed by the
surveys shown in Fig. 10. Tentative evidence for this distinction is
seen in figure 4 of Lan (2020), where the most massive galaxy bin
at 0.4 < z < 0.7 has (Wyer) (0.2 Ryip) < 1A. Additional support
for this comes from the low Simr and C1v columns observed in the
CGM of the Milky-Way and M31, as discussed below.

~0.31 +0,05 dookback 16y
Gyr
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Figure 10. Observed Mg 11 absorption at R, = 0.2Ry;; from blue ~ L* galaxies versus FIRE predictions. Solid colored lines show the evolution of the mean
Mg 11 equivalent width { Wy796 + Wag3 ) in five simulated ~ L* galaxies. Thicker segments of each curve indicate pre-ICV (feoo1 > 0.5, turbulence-dominated)
times, and the dotted black line shows the mean trend in this regime. Thin segments show post-ICV (f¢o01 < 0.5, thermally-supported) times which in most cases
predict substantially lower {Whg ). Observed values from the blue ~ L™ surveys listed in Table 3 are plotted as markers and errorbars. Observed (W) at
R, =0.2 Ryj; in star-forming ~ L* galaxies are consistent with the predictions of turbulence-dominated inner CGM to a factor of ~ 2.

Figure 11 compares the FIRE predictions for (Wpe1) with obser-
vations of blue dwarf galaxies (Mx < 1010 Mg ) and luminous red
galaxies (LRGs), also listed in Table 3. The inner CGM in the m11d
simulation shown in the left panel remains cool and turbulent at all
times as discussed above. The predicted (Wier) at 0.2Ry;, largely
remains within the range 0.3 — 1A consistent with the observed val-
ues. The predicted (Wpigyr) in m13A1 shown in the right panel drops
at early times, as expected given the early ICV in this massive sim-
ulation. The mean observed values of the LRG samples are also
< 1A, inconsistent with the predictions of turbulent-dominated in-
ner CGM. Fig. 11 thus suggests that the inner CGM of blue dwarf
galaxies are turbulent dominated, while the inner CGM of LRGs are
thermal-energy dominated, as expected.

The difference in predicted Mg 11 absorption between turbulence-
dominated and thermal energy-dominated inner CGM is also evi-
dent in Figure 12, which plots Wy79¢ versus impact parameter at
Nookback = 2Gyr (z = 0.15) and at fipokpack = S Gyr (z = 0.5)
in the m12i simulation, corresponding to just after and just before
ICV. We plot the mean and scatter of Wy79¢ from five consecutive
snapshots centered on each of these two times, using ten sightlines

per 0.025 dex-wide bin in R, and then smoothing the curve with
a Savitzky—Golay filter to reduce clutter. The panel shows that at
z = 0.5 when turbulence dominates high equivalent widths of a few
tenths of A extend into the inner CGM, in contrast with being limited
to disk radii (< 0.1Ry;;) at z = 0.15 when thermal energy dominates.
The observed W79 from blue ~ L* galaxies in the COS-Halos and
Huang et al. (2021) samples shown in the left panel exhibit high
Wo796 at inner CGM radii consistent with the turbulence-dominated
regime, albeit with a larger dispersion. This difference is potentially
due to the range in mass and redshift spanned by the observations in
contrast with the single galaxy and redshift in the FIRE predictions
shown in Fig. 12.

The right panel of Fig. 12 is similar to the left panel, but showing
observations from red galaxies in the COS-Halos and Huang et al.
(2021) samples. Red galaxies exhibit on average lower W74 than
blue galaxies at inner CGM radii, with approximately two-thirds
of sightlines at 0.1 — 0.3Ry;; having Wp796 < 0.2A, in contrast
with only 15% of sightlines in the blue galaxy sample. High W5794
absorbers thus exist around red galaxies but are not ubiquitous as
they are around blue galaxies, ruling out a cool phase-dominated
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Figure 11. Observed Mgt absorption in dwarf galaxies (left) and in LRGs (right) versus FIRE predictions. Solid lines show predicted (W>7964+2803) at
R, = 0.2R;;, with thicker segments corresponding to pre-ICV (f¢o01 > 0.5, turbulence-dominated) times. m11d remains turbulence-dominated down to z = 0.
Observed values from the surveys listed in Table 3 are plotted as markers and errorbars, with marker color indicating star-forming (blue) or quiescent (red)
galaxies. Blue dwarf galaxy samples are consistent with a turbulence-dominated inner CGM, while LRG observations suggest thermally supported inner CGM.

turbulent inner CGM for red galaxies. The ~ 1/3 of sightlines with
high equivalent widths around red galaxies are not predicted by the
thermal-dominated FURE snapshot shown in Fig. 12, potentially
since localized cool clouds are unresolved in the simulation during
the post-ICV stage (see section 3.6).

4.2 C1v equivalent widths

The FIRE simulations predict a mean W;s4g ~ 1A from turbulence-
dominated inner CGM of ~ L* galaxies (Figs. 7 and 9). For compar-
ison, Garza et al. (2024) recently found a mean Ws4g = 1 + 0.16A
in SF COS-Halos galaxies at R; < 0.3Ry;;, compared with a lower
mean Wissg = 0.2 + 0.08A in quiescent galaxies. C1v absorbers
with Ws4g > 0.7A are also observed with > 50% covering factor
outtoR; = 23’:6126 kpc around [O 11]- emitting galaxies observed with
MUSE at z ~ 1.2 (Schroetter et al. 2021). This corresponds to an

impact parameter of 0. 17*;%'.5122R\,ir for the characteristic z = 1.2 and

My = 1010 Mg in the Schroetter et al. sample assuming the stellar
to halo mass relation from Behroozi et al. (2019). Observed (Ws4g)
of star-forming galaxies are thus also consistent with turbulence-
dominated inner CGM, as found above for observations of (Wnglr)-

In lower mass dwarfs, mean W;ssg of 0.4A are predicted at z =
0 (bottom panel of Fig. 9). These values are lower than in more
massive turbulence-dominated inner CGM due to the lower turbulent
velocities (bottom-right panel of Fig 8). For comparison, Bordoloi
et al. (2014) measured a mean Wyssg = 0.45 £ 0.1A at 0.1 < R, <
0.3 Ry;; around z ~ 0.1 star-forming dwarf galaxies. Similar values
were found at small impact parameter in the samples of Liang & Chen
(2014), Johnson et al. (2017), and Manuwal et al. (2021). Observed
low-mass blue galaxies are thus consistent with having a cool and
turbulent inner CGM, as previously mentioned by Li et al. (2021)
and similar to more massive blue galaxies.

The observed prevalence of Wisag ~ 1A in the inner CGM of
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blue galaxies at 0 < z < 1 is in contrast with the absence of similar
absorbers in the inner CGM of red galaxies (Garza et al. 2024, and
see also Bordoloi et al. 2014). This dichotomy is also evident in
Mg 11 absorption as discussed in the previous section. Our results
thus suggest that the distinction in inner CGM absorption properties
of blue and red galaxies is a manifestation of the difference between a
cool, turbulence-dominated inner CGM around blue galaxies, versus
a hot, thermal energy-dominated inner CGM around red galaxies.
If this interpretation is correct, this distinction should manifest in
the tc(;ll /tg ratio inferred for the CGM of these galaxies, as further
discussed in section 4.4 below.

We note also that C 1v absorption in the inner CGM of the Milky-
Way appears to be significantly lower than that in external blue < L*
galaxies. Bish et al. (2021) deduced a covering fraction of only
20% for Wisag > 0.2A absorbers in the Milky-Way CGM, using
sightlines to galactic stars with small angular separations from back-
ground quasars in order to account for absorption by the ISM. Such
low covering fraction is inconsistent with the turbulence-dominated
inner CGM scenario, suggesting that the Milky-Way inner CGM is
dominated by a quasi-static hot phase, as suggested also by X-ray
observations (see Introduction). The Bish et al. (2021) results thus
suggest that the Milky-Way is post-ICV similar to the m12 simula-
tions at z = 0, and in contrast with typical blue ~ L* galaxies in the
samples shown in Fig. 10.

4.3 Other UV transitions

In the COS-Halos sample, observations with small impact parame-
ters from blue galaxies and high (Wygyr) also typically have strong
saturated absorption in other transitions, including O vi, Siui, C1i,
C o, and Sitt (Werk et al. 2013; Stern et al. 2016). This implies that
such absorbers span a large range in ionization, qualitatively con-
sistent with the wide density and temperature distribution expected
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Survey log M« [Mp] log My, Mol Mass group Type Zrange (z) R [kpc] (Whgn) [A] Ref.
€] [©) 3 () () (6) @) ® () (10)
9.6 11.5 Dwarf SF 25 05+0.1
zCOSMOS 10.2 11.9 L* SF 05-09 0.7 33 0.9 +0.75 Bordoloi et al. (2011)
10.9 13.0 LRG Q 81 02+0.6
COS-Halos 10.3 11.9 L* SF 0.15-04 0.2 46 1.14 £ 0.55 Werk et al. (2013)
10.5 12.2 L* SF 04-1.5 0.85 39 2005 Lan & Mo (2018)
SDSS 10.4 12.1 L* SF 04-1.3 0.84 36 1.27 £0.42 Anand et al. (2021)
11.2 13.5 LRG Q 04-0.7 0.55 124 0.15 +0.05 Lan & Mo (2018)
11.5 14.0 LRG Q 0.4-0.6 0.54 183 <0.4 Anand et al. (2021)
10.0 11.8 0.75-1.0 0.88 28 1.8+0.0
DESI 10.1 11.8 L SE 1.0-16 | 123 24 3.0+ 0.0 Wu etal. (2024)
Huang+'21 10.3 11.9 L* SF 0.1-0.5 0.22 47 1.2+0.1 Huang et al. (2021)
Gravitational Arcs 9.7 11.7 Dwarf SF — 0.73 25 0.6+0.3 Lopez et al. (2020)
10.1 11.9 L* SF — 0.77 27 14+£03 Mortensen et al. (2021)
MEGAFLOW 10.1 11.8 L* SF 04-1.4 0.9 26 25+ 1.15 Cherrey et al. (2025)

Table 3. Details of circumgalactic (Wign) measurements shown in Figs. 10 and 11. Columns: (1) survey name; (2) mean stellar mass; (3) mean halo mass,
derived from mean My, mean z, and the My, — My relation in Behroozi et al. (2019); (4) mass group of foreground galaxies (dwarf, ~ L* or LRG); (5)
foreground galaxy type (SF: star-forming, Q: quiescent); (6) sample redshift range; (7) sample median redshift; (8) impact parameter equal to 0.2 Ry;;; (9)
measured mean Mg 11 equivalent width; (10) reference paper. See additional details in appendix C.

in turbulence-dominated inner CGM (bottom panel of Fig. 2). We
leave a more quantitative test of the turbulence-dominated CGM
regime against the full range of observed absorbers to future work
(see section 5.2 below).

Lehner et al. (2025) recently found that M31 exhibits 5 — 6 times
lower Sin columns than those in blue COS-Halos galaxies at R; <
0.3Ry;;, confirming earlier conclusions from Lehner et al. (2020)
with better statistics. UV absorption from the inner CGM of M31
thus appears inconsistent with the turbulence-dominated scenario in
contrast with blue COS-Halos galaxies, and suggests M31 is post-
ICV similar to our m12 simulations at z = 0, and as expected since
M31 is a massive disk that most likely has a quasi-static hot CGM.

4.4 The téz())l < Iy ratio in systems with (W) ~ 1A

Inner CGM filled with a turbulent cool phase are expected when
tc((s)g)l < tg. We demonstrate in this section that this timescale ratio can
be constrained from observations, and thus we can test our association
of (Whmenn) ~ 1A absorbers with turbulence-dominated CGM by
(s)

checking if these systems indeed have 7_ |

Using equations (6) — (8), we get

oo (9/10)mpvd

tt N2Xr(ug)A

< If.

a7

Further using 7(%) /106K = 0.45v2 / where v1p = v¢/100kms™!
(eqn. 7) and the Gnat & Sternberg (2007) approximation for the

cooling function§ for gas with metallicity close to solar:

AT, Z) =1.7-10722(T/10°K)~03*(Z/Zo) ergem®s™' |, (18)

we get
(s) _1
t N, V4
cool 4.1 H
— ~0.8 _ . — , 19
e V100(1019cm72 Z@) (19)

where we used 7 = T® in eqn. (18) and replaced (ny)r with
~ (2/7) Ny, arelation which is exact for (ng) o r~2. Thus, eqn. (19)

§ The typical definition of A assumes energy losses per unit volume are
L = nengA, where ne is the electron density. We converted to our definition
(L= nﬁA) using ne = 1.3 ny appropriate for ionized solar metallicity gas.

demonstrates that one can estimate tézz)l /tg based on a measurement
of v¢ and the metal column density NyZ.

To estimate NyZ we use the mean Sit column Ngj+ = 6 £ 1 -
10" cm~2 measured by Lan & Fukugita (2017), based on mean
Sin 41808 absorption associated with (Wyerr) > 1A absorbers at
z ~ 1. The Siu 41808 transition is typically optically thin due to its
low oscillator strength (7 = 0.37 at line center for the sightline shown
in Figs. 1 and 5) and thus the deduced ion column is more robust
than when using saturated absorption lines. Given the solar Si/H
ratio of 10743, we thus infer Ny (Z/Zo) =2 + 0.3 - 10'9Ngj/Ng;+.
Additionally, the same sample has v = 140 = 20km s_l, derived
from the 1D velocity dispersion of the dark matter halo oy, inferred
by Lan & Mo (2018) based on abundance matching, and using v¢ =
\/Eo'dm appropriate for an isothermal potential. We thus get

(s) 4.1 -1
foool _ | 7 Nsi+ ( Ve ) ( N; ) 20)
I Ngi \140kms—! 6-10%4cm—2 ’

where the uncertainties on the derived v. and metal column men-
tioned above imply a factor of ~ 2 uncertainty on the derived tc(zz)l [tg.
For a typical Ng;+/Ng; fraction of 0.2 in turbulence-dominated inner
CGM in m12i at z = 1, the observationally-inferred tizz)l/ tg is thus
~ 0.2 — 0.7. This value is smaller than unity, which provides further
supporting evidence for our conclusion that (Wnigir) ~ 1A absorbers
trace turbulence-dominated inner CGM. The result that the inferred
ratio is close to unity suggests that these are the most massive galaxies
with a turbulence dominated inner CGM at this redshift.

Lan & Mo (2018) also fit a line of sight gas dispersion of
Ogas = 105 £ 10km s~! to the mean Mg absorption profile of
their sample. The ratio ogas/0gm = 1 they deduce can be compared
to the oyyp/ve = 0.7 0.9 we find in m11 and m12 FIRE galaxies at
z ~ 1 (Figs. 3 and 8). Since oy, ~ \/g(rgas and ve ~ V2oyp, we get
Ogas /odm ~ 0.6—0.7 in FIRE, somewhat lower than deduced by Lan
& Mo (2018) from the observations. This difference may be a result
of stacking saturated absorption features around galaxies which span
arange in mass, which could bias the measured ogas somewhat high
relative to the median value in the sample. Alternatively, the turbulent
velocity in FIRE could be somewhat underpredicted relative to real
galaxies. We leave a more accurate comparison of observed Mg
equivalent widths with those in FIRE to future work.
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Figure 12. The difference in predicted Mg 11 equivalent width between turbulence-dominated and thermal energy-dominated inner CGM, versus impact parameter.
Solid lines and shaded regions represent the mean and scatter of sightlines through the z = 0.5 snapshot (blue, turbulence-dominated) and the z = 0.15 snapshot
(black, thermally supported) of the m12i simulation. Equivalent widths of a few tenths of A are predicted from the inner CGM when it is turbulence dominated,
while such values are limited to disk radii when the inner CGM is thermally supported. Markers represent observed Wy79¢ around star-forming (left panel) and
quiescent (right) galaxies. The ubiquity of high W;79¢ in the inner CGM of star forming galaxies supports the turbulence-dominated scenario for these objects.

5 DISCUSSION
5.1 How does hot CGM formation affect galaxy evolution?

It has long been predicted that the formation of a quasi-static hot
phase in the CGM is required for galaxy quenching (Keres et al.
2005; Dekel & Birnboim 2006; Bower et al. 2006; Croton et al. 2006;
Somerville et al. 2008). Our results provide direct evidence that these
processes are at least correlated, by showing that sightlines through
inner CGM prior to hot phase formation are expected to exhibit
W) ~ (Wery) ~ 1A, in contrast with after hot phase formation
where lower average equivalent widths of < 1A are expected (Figs. 7
and 9). Thus the observed (Wpgr) ~ 1A around star forming galaxies
in contrast with (Wyigrr) < 1A around red galaxies (Bordoloi et al.
2011; Bowen & Chelouche 2010; Lan et al. 2014; Huang et al. 2015;
Lan & M0 2018; Anand et al. 2021, see Figs. 10 and 11) and evidence
for a similar dichotomy in (W) (Bordoloi et al. 2014; Garza et al.
2024) indicates that in typical ~ L* blue galaxies a quasi-static hot
phase has not yet formed in the inner CGM, while in red galaxies it
has.

More recent studies based on the FIRE simulations have argued
that hot phase formation in the inner CGM also facilitates the forma-
tion of thin galactic disks, while prior to hot phase formation thick
disk and irregular morphologies are expected (Stern et al. 2021a; Yu
et al. 2021, 2023; Hafen et al. 2022; Gurvich et al. 2023). Observa-
tions suggest that thin disks have formed mainly at late times (z < 1)
and in relatively massive star forming galaxies (Kassin et al. 2012;
Tiley et al. 2021). If this connection between ‘disk settling” and ICV
is true, then we expect that massive thin disk galaxies should exhibit
Whenn) < 1A and (W) < 1A in their inner CGM, in contrast
with the Wy ~ 1A seen in the My ~ 1019 M galaxies which dom-
inate the samples shown in Fig. 10. Such low equivalent widths are
indeed inferred in the Milky-Way CGM by (Bish et al. 2021), in
M31 by Lehner et al. (2025), and in the most massive blue galaxies
at 0.4 < z < 0.7 by Lan (2020) as discussed above. There is thus
tentative evidence to support this suggested scenario, though further
comparison of SF galaxy morphologies and (W) at small impact

MNRAS 000, 1-21 (2024)

parameters are required. The large sample of quasar-absorber pairs
upcoming in DESI (Wu et al. 2024) could be useful for this test.

5.2 Implications for cLoupy modelling of UV absorbers

Observational inference studies based on circumgalactic UV ab-
sorbers usually use cLoupy (Ferland et al. 2017; Chatzikos et al.
2023) to derive properties of absorbing gas structures, including vol-
ume and column densities, cloud physical sizes and gas metallicity
(e.g., Prochaska 1999). These studies almost always assume that
along a given line of sight and a given velocity relative to the galaxy,
the absorbing gas originates in one or more independent clouds,
where each cloud has uniform properties, i.e. a single density and
metallicity. While this approach is reasonably motivated when UV
absorbers are cool clouds embedded in a hot medium (e.g. left pan-
els of Fig. 1) it is inadequate if the hot phase is subdominant and a
cool turbulent medium fills the volume. As shown in the right panel
of Fig. 2, when the cool gas dominates it has a continuous lognor-
mal density distribution, and thus a different modeling approach is
required.

An alternative would be to account for the inherently lognormal
density distributio of UV-absorbing gas within the cLoupy model {.
By comparing observations to a grid of such models with varying
mean density (ny), density width oo, and total gas mass, one can
find the parameters which best describe a given observation set. These
best-fit parameters can then be compared to those in the simulations,
thus providing an observational test of the cool and turbulent CGM
scenario.

A similar modelling approach was recently suggested by Dutta
et al. (2024), though they advocated applying this technique re-
gardless of whether the absorbers originate in thermal pressure-
dominated or turbulence-dominated CGM. We emphasize that the
density distributions of cool gas in these two regimes are inherently

9 crLoupy can model arbitrary density profiles in the absorbers, such as
lognormals or power-laws as done in Stern et al. (2016).



different (see Fig. 2), since in turbulence-dominated CGM the den-
sity distribution is a result of the supersonic turbulence, while in
thermal-pressure dominated CGM the cool gas density distribution
is set by the interaction between cool-clouds and the hot background
(e.g., the turbulent radiative mixing layers described in Fielding et al.
2020). The free parameter space required to explore absorption from
turbulence-dominated CGM as suggested here is thus smaller than
the general case proposed by Dutta et al. (2024).

5.3 Implications for small-scale physics of the CGM

Recent theoretical studies of small-scale physics in the CGM have
focused on the thermal pressure-dominated scenario, in which cool
clouds are embedded in a hot volume-filling background (e.g., Mc-
Court et al. 2018, Gronke & Oh 2018, Fielding et al. 2020, Afruni
et al. 2021, and many others, see review in Faucher-Giguere & Oh
2023). The physics of small-scale structure when a quasi-static hot
phase is subdominant as discussed in this work are likely qualitatively
different than when it is dominant. For example, when turbulence
dominates, the interaction between different temperature phases is
driven primarily by ram pressure — rather than by thermal pressure as
commonly assumed (e.g., McCourt et al. 2018; Gronke et al. 2022;
Abruzzo et al. 2022). Consequently, observable properties such as
cloud coherence scales (e.g., Afruni et al. 2023) and velocity struc-
ture functions (e.g., Chen et al. 2023) are expected to differ. Given
our results above that turbulence-dominated CGM may be prevalent
at inner halo radii of star-forming galaxies (Fig. 10), further theoreti-
cal exploration of small-scale physics in turbulence-dominated CGM
would be beneficial.

5.4 Caveats: Resolution, Cosmic Rays, and AGN feedback

It has been argued that the cool gas mass fraction f.,o in thermal-
pressure dominated CGM depends on simulation resolution (van de
Voort et al. 2019; Hummels et al. 2019; Peeples et al. 2019; Ramesh
& Nelson 2024). We thus cannot strictly rule out a thermal-pressure
dominated inner CGM origin for W; ~ 1A absorbers. However, in
the turbulence-dominated regime we find f.oo] = 1 independent of
simulation resolution (Fig. B1 and section 3.6), and thus the predicted
absorption equivalent widths induced by cool gas are robust in this
regime and consistent with analytic estimates (section 3.4.1). The
turbulence-dominated inner CGM scenario is thus possible to rule out
with cool gas observations. The success of this scenario to reproduce
observations thus supports its applicability.

We note also that the version of the FIRE simulations used in this
study assume ideal hydrodynamics, and in particular do not include
cosmic ray (CR) physics. Other FIRE zoom simulations that include
CRs with constant diffusion coefficients have shown that CRs can
potentially prevent the formation of a volume-filling hot phase at the
Milky-Way mass scale at z < 1, replacing thermal pressure support
with CR pressure support (e.g., Hopkins et al. 2020, 2021; Ji et al.
2020, 2021). However, in lower mass galaxies and at z > 1, CR
pressure remains subdominant in such FIRE simulations with CRs.
At these masses and redshifts, we find above that inner CGM are
dominated by turbulence. The previous analyses of FIRE simulations
including CRs suggest that this regime is not qualitatively affected
by CR feedback.

A dominance of CR pressure over thermal pressure at the Milky-
‘Way mass scale implies a high mass fraction of the cool CGM phase,
and thus has been suggested as an explanation for the substantial
cool gas reservoirs seen in CGM observations of low-redshift < L*
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galaxies (Salem et al. 2016; Butsky & Quinn 2018; Buck et al. 2020;
Ji et al. 2020; Butsky et al. 2020, 2022; DeFelippis et al. 2024). Our
results suggest an alternative explanation, where the high observed
cool gas columns are a result of short cooling times in the hot phase,
rather than by CR pressure.

The simulations analyzed in this work also do not include feedback
from active galactic nuclei (AGN), and thus our results on cool,
pre-ICV CGM are strictly applicable only if AGN feedback does
not qualitatively change the CGM in this regime. We note that it
has long been argued that cool CGM are not strongly affected by
AGN feedback, either because the CGM is less susceptible to energy
deposition or due to limited black hole growth during this early
phase (see Introduction above and discussion in Byrne et al. 2023).
The ability of pre-ICV CGM to correctly reproduce observed Mgll
equivalent width observations around blue galaxies at 0 < z < 1.5
(Fig. 10) may suggest that the effect of AGN feedback on the CGM
pre-ICV is indeed small.

6 SUMMARY

This paper continues the investigation of a qualitative transition in
the inner CGM (~ 0.2R,;;) of galaxies simulated in FIRE, at which
a quasi-static and volume-filling hot phase forms at inner halo radii.
This transition has been dubbed ‘inner CGM virialization’ or ICV,
and occurs when the cooling time of hot gas in the inner CGM
exceeds the free-fall time, corresponding to the halo mass exceeding
a threshold of ~ 10'2Mg. Prior to this transition hot gas which
formed via accretion or feedback shocks rapidly cools in the inner
CGM, so the inner CGM is dominated by cool inflows and outflows
(van de Voort et al. 2016; Stern et al. 2021a,b; Yu et al. 2021, 2023;
Hafen et al. 2022; Gurvich et al. 2023; Byrne et al. 2023). The current
study focuses on implications of this transition for circumgalactic UV
absorption at 0 < z < 2, and specifically we characterize the distinct
CGM absorption signatures in pre-ICV galaxies. Our main results
can be summarized as follows:

(1) ICV in FIRE corresponds to a transition from supersonic
CGM turbulence (o, > {(cs)p) to subsonic CGM turbu-
lence (o < {cs)p), Where oy, and (cs), are respectively
the 3D turbulent velocity and mass-weighted sound speed in a
given radial shell (Figs. 3, 8). Equivalently, ICV is a transition
between turbulence pressure-dominated and thermal pressure-
dominated inner CGM (Fig. 4). This conclusion is consistent
with previous idealized studies on hot phase formation which
accounted for stellar feedback (Fielding et al. 2017; Pandya
et al. 2023).

(ii) The transition to subsonic turbulence is driven by an increase in
(cs)p from 20—-30km s~ to > 100kms~! when the hot phase
becomes dominant, in contrast with oy, Which is roughly
constant or even decreases. During the supersonic phase we
find oy (0.2 Ryir) ~ Ve, Where v is the circular velocity
(Figs. 3, 8).

(iii) When turbulence is subsonic, the gas density distribution at
a given radius consists of a narrow peak of hot gas with a
high density tail due to cool clouds, as in the common CGM
paradigm. In contrast, when turbulence is supersonic, the den-
sity distribution forms a single wide, roughly lognormal with
FWHM approaching 2 dex (Fig. 2). The widths of the density
distributions are consistent with expectations from idealized
simulations of isothermal turbulence with compressive driv-
ing (bottom panel of Fig. 3).
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(iv) The nature of UV-absorbing gas changes upon ICV. After ICV,
absorbers trace localized cool clouds embedded in a hot CGM
as is commonly assumed (e.g., Tumlinson et al. 2017). Prior to
ICV, absorption features trace the turbulent and cool volume-
filling phase of the inner CGM (Figs. 1, 5).

(v) For pre-ICV < L* galaxies at 0 < z < 2 with turbulence-
dominated inner CGM, we predict mean equivalent widths of
(W3) ~ 1A at impact parameters ~ 0.2Ry;, across a broad
range of strong UV transitions (Mg 11, C i1-1v, Si ri-1v, O m1-v),
(Figs. 6, 9). These high (W,) are due to the dominance of the
cool phase, the large turbulent velocity, and the wide density
distribution which entails a wide range of ionization.

(vi) Simulation resolution, at the range probed of 880—-57 000 Mg,
does not significantly affect the predicted (W) prior to ICV.
This follows since most of the inner CGM is cool even at
low resolution, so increasing resolution does not significantly
further increase the mass of the cool phase (Fig. B1).

(vii) Available UV absorption surveys, including COS-Halos (Werk
et al. 2013), zCOSMOS (Bordoloi et al. 2011), SDSS (Lan &
Mo 2018; Anand et al. 2021), and DESI (Wu et al. 2024)
indicate that star-forming < L* galaxies have order-unity cov-
ering fraction of Wygy ~ 1A absorbers at R, ~ 0.2Ry;,
consistent with the prediction of turbulence-dominated inner
CGM (Fig. 10). Red galaxies exhibit significantly lower mean
Wwg u» inconsistent with turbulence-dominated CGM predic-
tions. This provides direct evidence for a connection between
the formation of a quasi-static hot CGM phase and quench-
ing of star formation, as postulated by many previous studies
(Keres et al. 2005; Dekel & Birnboim 2006; Croton et al. 2006;
Somerville et al. 2008; Bower et al. 2017; Byrne et al. 2023).

(viii) The Milky-Way exhibits (W;sag) < 1A (Bish et al. 2021),
inconsistent with a turbulence dominated inner CGM, and ten-
tative evidence suggests that low (W,) are common also in
M31 (Lehner et al. 2020; Lehner et al. 2025) and in the most
massive star forming galaxies at z ~ 0.5 (Lan 2020). UV ab-
sorption signatures thus suggest that massive, low z disks have
thermal-energy dominated inner CGM as suggested also by
X-ray emission and absorption observations. The inner CGM
of these massive low z disks is thus qualitatively distinct from
those of blue ~ L* galaxies in the survey shown in Fig. 10.

Our results provide a means to identify which galaxies are not
surrounded by a quasi-static hot phase, but rather by a predominantly
cool, turbulence-dominated inner CGM: such galaxies should exhibit
~ 1A equivalent width UV absorption in their inner CGM accross a
wide range of ions. Based on these results and available observations,
we conclude that a quasi-static hot phase in the inner CGM exists only
around the most massive star forming galaxies (including the Milky-
Way and M31) and around quenched galaxies. This result constrains
the relation between CGM thermodynamics and the evolution of the
central galaxy.

We conclude by noting that most contemporary observational in-
ference studies of the CGM, and studies of small-scale CGM physics,
assume the existence of a quasi-static volume-filling hot phase (sec-
tions 5.2 — 5.3). This prevalent assumption is despite that CGM
which lack such a hot phase have been predicted in low-mass ha-
los for decades now, in multiple theoretical studies based on analytic
methods, idealized simulations, and cosmological simulations. Given
our results above that cool phase-dominated inner CGM are common
around star forming galaxies, we encourage further study of the the-
oretical predictions and observational implications of this important,
cool and turbulent CGM regime.
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A Gas Density Distributions at 0.5R;,.

Figure A1 plots the mass-weighted gas density distributions at » = 0.5Ryj;
for the two snapshots shown in Fig. 2. As above, we include all gas resolution
elements in a thin spherical shell of width 6r = 0.01 Ry without any
selection on temperature. Color denotes the mass-weighted average log T' of
gas at each density bin, and the top axis notes the overdensity p/p. In the
post-ICV z = 0 snapshot (top panel), the hot low density gas dominates with
arelatively narrow dispersion of g, ~ 0.2 dex, as expected due to the high
tc(s())l = 26 tg at this radius and redshift. In the pre-ICV snapshot at z = 0.75
(bottom panel), the hot gas is still dominant since the outer CGM has already
virialized (Stern et al. 2021a). There is though a significantly more prominent
cool gas phase than seen at z = 0, perhaps due to the lower lc(;))l [tg =5, or

due to the effect of bursty feedback on the outer CGM prior to ICV.

B Resolution Dependence

Figure B1 explores how our results depend on simulation resolution as dis-
cussed in section 3.6, utilizing the three FIRE-m12i simulations with baryon
mass resolution of my, = 880 Mg (left panels), 7100 M (fiducial value, mid-
dle panels) and 57 000 M (right panels). Top two rows are similar to the two
top panels of Fig. 3, while the bottom row shows the mean equivalent width
of Mg 11 and the ratio ¢t

cool

/tg derived using eqns. (6) — (8).

C Observed (Wygrr)

In this appendix we provide details on observed (W) gathered from the

literature and plotted in Figures 10 and 11. The relevant values are listed

in Table 3. Calculations of R, are based on Behroozi et al. (2019) to esti-
mate My, from M, and z, and assume an NFW profile with concentration
parameter from Dutton & Maccio (2014) to calculate Ry from Myy,.

e zCOSMOS (Bordoloi et al. 2011): (W) is measured on co-added
background galaxy spectra obtained with the LR blue grism on VLT (res-
olution R ~ 200). Co-added spectra are derived for different impact pa-
rameters from the foreground galaxy, and for different foreground galaxy
masses and types. For both mass bins of the SF galaxies and the low mass
bin of the red galaxies the median 0.2 Ry;; is in the range 26 — 38 kpc,
so we use their (W) measurement in the smallest impact parameter
bin of Ry = 0 — 50kpc. The high mass red galaxy bin has a median
0.2 Ryjr = 81kpc, so we use the R, = 65 — 80kpc bin.

e COS-Halos (Werk et al. 2013): Wygy is measured with Keck/HIRES
spectra of the background quasars (resolution 6kms™~!, FWHM). This
sample includes 26 star forming galaxies, of which only three are at 0.15 <
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Figure A1l. Similar to Fig. 2, for » = 0.5 Ry;;. Panels show mass-weighted gas
density distributions in a thin shell in the m12i simulation at z = 0 (fop) and at
z = 0.75 (bottom). Color indicates average temperature at each density bin. In
both snapshots hot gas dominates the mass consistent with AR tg (noted),

cool
though with a significantly more prominent cool gas phase at z = 0.75.

R1/Ryj < 0.25 (see Fig. 12). We use (Wyjgn) = 1.14 + 0.55A based on
these three objects. The seven objects with lower R /Ry, have a similar
(Whgn) = 1.2+0.3A, while the five objects with 0.25 < R /Ryj; < 0.35
have a lower (W) = 0.23 + 0.07A.

e SDSS (Lan & Mo 2018): (Wiign) are measured on composite SDSS
spectra (resolution 150 km s~!) from the DR 14 quasar catalog. Foreground
galaxies include emission line galaxies and LRGs from the BOSS and
eBOSS surveys. We use the median M, of each survey to calculate R, =
0.2 Ryj; and then derive (Wygn)(RL = 0.2Ryj;) by interpolating the
(Wwmgn) versus R relation deduced in Lan & Mo.

e SDSS (Anand et al. 2021): Mg is detected in individual spectra. We cal-
culate (Wmgrr) by taking the reported average Wi, for detected objects
(> 0.4A) and multiplying by the reported covering factor.

e DESI(Wuetal.2024): Background quasars and foreground SF galaxies are
selected from the DESI internal release ‘Iron’, with the foreground galaxies
divided into two redshift bins. (W) are measured both on stacked and
individual spectra (resolution ~ 100kms™ ). We use the median M,
and z of each redshift bin to calculate R, = 0.2 Ryj;, and then derive
(WMgn) (RL = 0.2Ry;;) by interpolating the {Wygr1) versus R, relation
deduced in Wu et al.

e Huang et al. (2021): (Wiygn) measured in MagE spectra of background
quasars (resolution ~ 70 km s ™!, FWHM) on the Magellan Clay Telescope.
Foreground galaxies are selected from SDSS DR6 (see Chen et al. 2010 for
survey design). We use the value and uncertainty from their derived W 5796
vs. R /Ryj; relation to derive W32796 (0.2Ry;;) and multiply by two to get
(WhMgn ), as expected if the lines are fully saturated. Their mean relation
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Figure B1. The evolution of gas properties at r = 0.2 Ry;; versus simulation resolution (noted on top) in the FIRE-m12i halo. Top row: Gas mass fractions in
three temperature bins. Lines and shaded regions indicate running means and dispersions, while dots indicate individual snapshots (shown only for the cool
phase). Middle row: Circular velocity (red), turbulent velocity (green), and mass-weighted sound speed (black). Bottom row: Mean equivalent width of Mgn

(solid black, left axis) and the ratio tc(;)) 1 /tg (dashed red, right axis). Grey horizontal line marks tc(jzl = tg. The panels show that v and thus tc(sg)l [tg o< vét

increase somewhat more slowly at higher resolution, and hence ICV occurs somewhat later. At all resolutions we find that prior to ICV when tc(gc)ﬂ < tg, cool

gas dominates the mass, turbulence is supersonic, and (Wyg ) 2 1A. Our main conclusions are thus independent of resolution at the range probed.

for isolated galaxies is consistent with that found by the MAGIICAT survey
(Nielsen et al. 2013).

o MEGAFLOW (Cherrey et al. 2025): A sample based on the combination
of Multi Unit Spectrograph Explorer (MUSE) galaxy observations and
Ultraviolet and Visible Echelle Spectrograph (UVES) observations of 22
quasar fields. We use the median M, of objectsat R, < 50 kpc to calculate
R, = 0.2 Ry;; and then derive W5796 (R, = 0.2Ry;;) by interpolating their
Wa796 versus R relation and multiplying by two to get (Wgnr)-

e Gravitational arcs (Lopez et al. 2020; Mortensen et al. 2021): two galaxies
which inner CGM are probed by multiple sightlines towards background
gravitationally-lensed arcs. We use the W79 (R ) relation deduced from
the SW arc in Lopez et al. (2020) and both arcs in Mortensen et al. (2021),
while for 0.2R,;; we use the estimates of 25 kpc and 27 kpc in the papers.
We calculate (Wngn ) using (Wimgn) = 2W2796 (0.2Ry;; ), as expected if
the lines are fully saturated.
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