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ABSTRACT
We use idealized 3D hydrodynamic simulations to study the dynamics and thermal structure
of the circumgalactic medium (CGM). Our simulations quantify the role of cooling, stellar
feedback driven galactic winds and cosmological gas accretion in setting the properties of
the CGM in dark matter haloes ranging from 1011 to 1012 M�. Our simulations support a
conceptual picture in which the properties of the CGM, and the key physics governing it,
change markedly near a critical halo mass of Mcrit ≈ 1011.5 M�. As in calculations without
stellar feedback, above Mcrit halo gas is supported by thermal pressure created in the virial
shock. The thermal properties at small radii are regulated by feedback triggered when tcool/tff
� 10 in the hot gas. Below Mcrit, however, there is no thermally supported halo and self-
regulation at tcool/tff ∼ 10 does not apply. Instead, the gas is out of hydrostatic equilibrium
and largely supported against gravity by bulk flows (turbulence and coherent inflow/outflow)
arising from the interaction between cosmological gas inflow and outflowing galactic winds.
In these lower mass haloes, the phase structure depends sensitively on the outflows’ energy
per unit mass and mass-loading, which may allow measurements of the CGM thermal state
to constrain the nature of galactic winds. Our simulations account for some of the properties
of the multiphase halo gas inferred from quasar absorption line observations, including the
presence of significant mass at a wide range of temperatures, and the characteristic O VI and
C IV column densities and kinematics. However, we underpredict the neutral hydrogen content
of the z ∼ 0 CGM.

Key words: galaxies: evolution – galaxies: formation – galaxies: haloes – intergalactic
medium – quasars: absorption lines – cosmology: theory.

1 IN T RO D U C T I O N

The classic paradigm in galaxy formation is that dark matter haloes
are initially filled with hot gas heated to the virial temperature by
an accretion shock. This virialized gas settles into rough hydro-
static equilibrium in the dark matter potential. In sufficiently mas-
sive haloes, the virialized gas cannot cool on a Hubble time and the
galactic accretion rate is set by the cooling rate of the halo gas. How-
ever, the shock-heated gas cools quickly and rapidly loses pressure
support in less massive haloes. The critical transition between rapid
and slow cooling occurs at dark matter halo masses of the order
of ∼1011.5 M�, relatively independent of redshift (Binney 1977;
Rees & Ostriker 1977; Silk 1977).

Using analytic calculations and spherically symmetric simu-
lations, Birnboim & Dekel (2003) sharpened the understanding
of galaxy growth in haloes below ∼1011.5 M� by showing that
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inflowing gas does not form an accretion shock near the virial ra-
dius when the cooling time of the post-shock gas tcool is less than the
free-fall time tff. Their calculations, however, neglected feedback
processes.

Cosmological simulations have subsequently borne out these
ideas with greater realism (e.g. Kereš et al. 2005; Dekel et al. 2009).
These simulations have verified the existence of a critical halo mass
∼1011.5 M� below which accretion proceeds via ‘cold streams’ that
penetrate directly to small radii. In more massive haloes, the clas-
sic picture remains appropriate with gas shock heated to the virial
temperature. The exact transition between cold and hot accretion re-
mains somewhat uncertain, however, with different numerical tech-
niques providing somewhat different answers (Kereš et al. 2012;
Nelson et al. 2013).

The transition in how galaxies acquire their gas appears to be
key for understanding many properties of galaxies. Notably, this
critical halo mass corresponds to the stellar mass where galaxies
transition from being predominantly blue and star forming to red
and quiescent (e.g. Yang, Mo & van den Bosch 2009), and to roughly
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the peak in the stellar-to-halo-mass ratio (e.g. Behroozi, Conroy &
Wechsler 2010).

In parallel to this improved understanding of halo and galaxy
accretion, there has been rapid advancement in our understanding
of the properties and dynamics of halo gas. For cluster and group
mass haloes (≥1013 M�), thermal instability triggered feedback
regulation (e.g. McCourt et al. 2012; Sharma et al. 2012a,b; Li
et al. 2015) has proved successful in explaining some of the proper-
ties of both the cool and hot intracluster (intragroup) medium (Voit
& Donahue 2015). Simultaneously, quasar absorption line observa-
tions have begun to provide detailed quantitative constraints on the
mass, metal content and phase structure of gas in galaxy mass dark
matter haloes (e.g. Steidel et al. 2010; Tumlinson et al. 2011; Rudie
et al. 2012; Werk et al. 2014; Borthakur et al. 2015).

In this paper, we adopt an idealized approach to study the gaseous
haloes of galaxies, the circumgalactic medium, i.e. CGM. The in-
terplay of cooling, galactic winds driven by stellar feedback and
cosmological accretion of gas shape the CGM and determine its
dynamics and thermal structure. Our aim in this paper is in part
to assess the impact of stellar feedback on what has become the
established understanding of the dark matter halo mass dependence
of virial shock stability. Furthermore, we seek to determine how
the phase structure of halo gas changes with halo mass and feed-
back parametrization. These topics are, of course, also addressed
by fully cosmological simulations focused on the CGM that incor-
porate stellar feedback (e.g. van de Voort & Schaye 2012; Ford
et al. 2013; Shen et al. 2013; Faucher-Giguère et al. 2015, 2016;
van de Voort et al. 2016). Cosmological simulations have also been
used to perform controlled experiments in which the effect of dif-
ferent feedback models on the star formation rate, inflow and out-
flow rates, and the CGM structure and corresponding observables
are studied (e.g. Oppenheimer et al. 2010; Faucher-Giguère, Kereš
& Ma 2011; Hummels et al. 2013; Marasco et al. 2015; Nelson
et al. 2015; Rahmati et al. 2015; Suresh et al. 2015; Liang, Kravtsov
& Agertz 2016). Here, we adopt a complementary approach and use
idealized 3D hydrodynamic simulations that sacrifice some degree
of realism, but provide more control and better physical insight into
the dominant processes.

In this initial study, we make several important simplifications.
The most readily apparent relative to cosmological simulations is
that we do not consider filamentary accretion and instead feed gas
into our haloes quasi-spherically. This choice was made because
of the computational subtleties in resolving instabilities between
inflow filaments and halo gas (Kereš et al. 2012; Nelson et al. 2013;
Lecoanet et al. 2016; Mandelker et al. 2016), which is in some sense
a distinct (albeit important) set of questions from those we address
here. Additionally, we make the fairly standard simplification of
solving the ideal hydrodynamics equations only. Magnetic fields
(anisotropic), conduction (Balbus 2001; Quataert 2008; McCourt
et al. 2011), viscosity (Kunz 2011; Parrish et al. 2012) and cosmic
rays (Booth et al. 2013) may be important for properly modelling
the CGM. In future studies, we plan to relax these assumptions
while maintaining the controlled and idealized nature of our simu-
lations.

The structure of this paper is as follows. We describe our com-
putational setup in Section 2. In Section 3, we present the results
of our simulations, focusing on the halo mass dependence of the
CGM properties, how the CGM changes as we modify the feed-
back physics, and a comparison of our results to observations of
the z ∼ 0 CGM. In Section 4, we conclude with a summary of
our results and discuss the implications and future directions of our
work.

2 M E T H O D

We study the long-term evolution of gas in galactic haloes – in par-
ticular, how the evolution changes with halo mass and with feedback
efficiency/strength. The numerical experiment we designed models
the relevant physical processes while remaining simple enough for
us to readily determine what causes the resulting behaviour. Our
model for the galactic halo takes into account the gravitational po-
tential of the dark matter, optically thin radiative cooling, ongoing
cosmological accretion and galactic feedback that is triggered when
gas is accreted on to the central galaxy. We ran 3D hydrodynamic
simulations with an ideal gas equation of state using the ATHENA code
(Gardiner & Stone 2008; Stone et al. 2008), which integrates the
standard fluid equations. We make use of the static mesh refinement
capabilities of ATHENA to reach high resolution in the central regions
of the haloes.

At the scales we are interested in, dark matter dominates the grav-
itational potential, so we do not include any baryonic contribution
to the gravitational potential in our calculations. We treat the dark
matter as a static potential that follows an NFW profile (Navarro,
Frenk & White 1997). We adopt the common ‘200m’ definition
of the mass and rvir of the halo. They are defined such that the
mean density of the halo is 200 times ρ̄m, the mean matter density
of the Universe: Mhalo = M200m = 200ρ̄m(4π/3)r3

vir. We assume a
� cold dark matter cosmology with (�m, ��,H◦) = (0.27, 0.73,
70 km s−1 Mpc−1).

We restrict our attention to the z = 0 universe. However, our
results are generally applicable to a wide range of redshifts because
the dynamics are not expected to change much with redshift at fixed
halo mass (Dekel & Birnboim 2006). This is due to the very weak
redshift dependence of tcool/tff at the accretion shock of a halo. We
have confirmed this in our setup with a small set of simulations,
but we leave a detailed investigation of the redshift dependence to
a future work.

In keeping with the idealized nature of these calculations we
keep the metallicity of the gas fixed at one-third solar, includ-
ing the cosmologically inflowing gas and the galactic wind gas,
which are likely less and more metal enriched, respectively. All
gas is assumed to be in ionization equilibrium with the photoioniz-
ing photons coming from the meta-galactic UV/X-ray background
(Haardt & Madau 2001), i.e. no local sources. The assumption of
ionization equilibrium is likely valid at most times in our simula-
tions because at the characteristic CGM densities and temperatures
the cooling time is a few times shorter than the recombination time,
trec, for most of the relevant ionic species (however this may also
depend on the degree of turbulence in the medium, see Gray &
Scannapieco 2016). In particular, for O VI trec ∼ 3.5tcool (Nahar &
Pradhan 2003). Furthermore, Oppenheimer et al. (2016) demon-
strated that taking non-equilibrium effects into consideration does
not significantly alter the cooling of halo gas nor the resulting O VI

column densities. We adopt the equilibrium cooling (and heating)
rates tabulated by Wiersma, Schaye & Smith (2009). The difference
between these cooling rates and collisional ionization only cooling
rates (e.g. Sutherland & Dopita 1993) can be significant at the typ-
ical, low densities of the haloes we consider. Additionally, we do
not allow gas to cool below T = 104 K. This temperature floor
is somewhat redundant given the low temperature photoionization
heating, but ensures that unresolved dense clumps do not become
underpressurized and overly massive.

We include cosmological accretion of gas by feeding in cold
gas at the turnaround radius, rta = 2rvir, which is the outer bound-
ary of our computational domain. This accretion is quasi-spherical
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(δρ/ρ ∼ 0.3 isobaric, isotropic perturbations are introduced to break
spherical symmetry, the details of the perturbations are discussed
below); as we discuss in Section 4, other accretion geometries,
such as filaments, will be considered in future work. The ac-
cretion rate at the turnaround radius, Ṁta, is calibrated to match
the mean rates measured by McBride, Fakhouri & Ma (2009)
in the large, dark matter only, Millennium Simulation (Springel
et al. 2005) – scaled appropriately by the cosmic baryon fraction
fb = 0.17. Explicitly, we use Ṁta = 7 M� yr−1(Mhalo/1012 M�).
In practice, the desired accretion rate is achieved by resetting the
density and velocity at rta every time step. The velocity at rta

is set to be vta = 0.1vvir = 0.1(GMhalor
−1
vir )1/2, and the density is

ρta = Ṁta(4πr2
tavta)−1. The results are insensitive to the exact value

of vta as long as the velocity is small.
We use a physically motivated mechanical galactic feedback

model that depends on the wind velocity vwind and the mass loading
factor of the wind η, which is defined such that

Ṁ�η = Ṁout, Ṁin
η

η + 1
= Ṁout. (1)

We do not simulate star formation so the star formation rate in
equation (1) instead represents the rate at which gas is excised from
the inner edge of the domain.

We are not interested in studying the actual galaxy itself, so we
model it as a small sphere that behaves as a sink and a source. The
galaxy has a radius rgal = 0.025rvir = 8.0 kpc (Mhalo/1012 M�)1/3

and defines an effective inner boundary to the active computational
domain. When there is an inward mass flux Ṁin into the galaxy star
formation and feedback are triggered. The star formation rate is a
fixed fraction of the inflow rate given by Ṁ� = Ṁin(η + 1)−1. ‘Star
formation’ in our simulations proceeds by recording and removing
�M� = �tṀ� from the ‘galaxy’ every time step. The remainder
of the newly accreted gas is also removed from the galaxy,1 and
is ejected in the galactic wind at a rate given by equation (1).
The outflow is launched isotropically2 with a velocity vwind that is
proportional to the local escape speed3 vesc by adding mass and mo-
mentum to cells in a thin shell 1–2 cells wide immediately beyond
rgal. The energetic efficiency of feedback can be expressed with our
feedback parameters, η and vwind, as follows:

ε� = Ėout

Ṁ�c2
=

1
2 Ṁoutv

2
wind

Ṁ�c2
= η

2

( vwind

c

)2

= 2.7 × 10−6
(η

3

) (
vwind

vesc

)2 ( vesc

400 km s−1

)2
. (2)

1 This scheme keeps the gas mass within the galaxy constant, but we allow
the thermal pressure of this gas to adjust to match the surroundings thereby
avoiding unphysical reflections off of this boundary.
2 On time-scales of a few Gyr, we find little difference if the gas is ejected
isotropically or is confined to fixed opening angles ∼60◦; however over the
course of ∼5–10 Gyr if the direction of the conical outflows is kept fixed
the outflows excavate a cavity and blow out along the axis. This may not
be realistic because the orientation of a galaxy’s outflow will change as its
dark matter halo’s angular momentum changes over the course of a Hubble
time (Book et al. 2011; Bett & Frenk 2012). Although we adopt an isotropic
outflow, instantaneously the outflow often resembles the familiar biconical
form as it follows the path of least resistance.
3 Our fiducial feedback model has no thermal energy input. When included,
thermal energy makes little difference. For the radii at which we inject
energy neglecting thermal energy is likely a valid approximation since any
hot outflow will have swept up and incorporated a substantial amount of
cold gas and adiabatically cooled as it expanded (Thompson et al. 2016).

Table 1. Simulation parameters.

Mhalo
a rvir

b vvir
c Ṁ ta

d η
(

vwind
vesc

)2
ε� Label

(×10−6)

1011 148 54 0.7 5 1 1.0 Fiducial high η

5 3 3.0 Strong high η

0.3 4.5 0.3 Fiducial low η

0.3 9 0.6 Strong low η

1011.5 217 79 2.2 3 2 2.6 Fiducial high η

0.3 6.75 0.9 Fiducial low η

1012 319 116 7.0 2 3 5.4 Fiducial high η

0.3 9 2.4 Fiducial low η

Note. ain units of M�; bin units of kpc; cin units of km s−1; din units of
M� yr−1. For each halo mass, we ran simulations with both high and low
mass-loading η and corresponding lower or higher vwind, respectively. For
each choice of η for the 1011 M� halo, we adopted a fiducial (smaller) and
a strong (larger) vwind. Note that vesc ≈ 3.5 vvir at rgal, where the wind is
launched, which can be used to determine vwind. We make use of static mesh
refinement in these simulations to increase the resolution in the centres of
haloes. The fiducial spatial resolution is 57 cells per rvir (�x = 5.6 kpc
M1/3

12 , where M12 = Mhalo(1012 M�)−1), 114 cells per rvir (�x = 2.8 kpc

M1/3
12 ) and 228 cells per rvir (�x = 1.4 kpc M1/3

12 ), for r > 1.125rvir,
1.125rvir > r > 0.5625rvir and r < 0.5625rvir, respectively. In the
Appendix, we determine the sensitivity of our results on spatial resolution
and find that our results are well converged.

The feedback model parameters are listed in Table 1. For each halo
mass, we ran a simulation with a high- and low-mass loading factor.
The mass loading factors, η, were chosen to bracket the expected
range for star formation feedback as suggested by observations
(Martin 1999; Veilleux, Cecil & Bland-Hawthorn 2005; Heckman
et al. 2015) and cosmological simulations (Muratov et al. 2015).
Likewise the wind velocities span the range of expected velocities
of ∼100s −103 km s−1. In Table 1, each vwind is listed relative to the
escape velocity (of the dark matter halo) at rgal – where the wind is
launched – that is defined as

vesc = √−2
NFW(rgal) ≈ 3.5vvir. (3)

For each choice of η in the 1011 M� haloes, we adopted a model
with a fiducial vwind and one with a higher vwind; we refer to the latter
as the ‘strong’ vwind models. These additional models allow us to
better study the response of the CGM to the choice of wind model
at this halo mass. As we discuss below, the CGM properties are
particularly sensitive to changes in feedback in lower mass haloes
∼1011 M�.

For reference, we can approximate a standard feedback ef-
ficiency by assuming that there is one supernova for ev-
ery 100 M� of stars formed and each supernova supplies
1051 erg of energy. The corresponding feedback efficiency is
ε�,ref = 1051erg/100 M�c2 = 5.6 × 10−6. Table 1 shows that all of
our feedback models have ε� ≤ 5.6 × 10−6. Note that we adopt more
efficient feedback models in more massive haloes. This is necessary
for feedback to have a non-negligible impact on the CGM in these
haloes.

The fiducial initial conditions of the three halo masses we con-
sider, Mhalo = 1011, 1011.5 and 1012 M�, are shown in Fig. 1. Gas
is initialized in a hot virialized halo in hydrostatic equilibrium out
to a virial shock radius rsh. Beyond the shock and out to rta, the gas
is cold (TIGM = 104 K – the exact temperature of the intergalac-
tic gas does not change the outcome as long as the virial shock is
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Figure 1. Initial conditions (density n, entropy K = kBTn−2/3, temperature
T and cooling time tcool) for Mhalo = 1011, 1011.5 and 1012 M� haloes in
teal, orange and purple, respectively. Initial radii for the isentropic cores are
rcore/rvir = 0.1, 0.16 and 0.15, and the initial shock radii are rsh/rvir = 0.25,
0.42 and 0.58, respectively. Note that the cooling time is not well defined for
regions with T < 104 K because we impose a floor to our cooling function
at 104 K.

strong, i.e. so long as TIGM 	 Tvir) and freely falling with its den-
sity set to preserve Ṁta. The density and temperature of the gas at
the virial shock obey the usual shock jump conditions. Within the
shock, the gas is isothermal at the shock temperature until the core
radius, rcore, where the gas switches to constant entropy. For the
larger mass haloes we consider, there are constraints on properties
of the core (e.g. theory: Maller & Bullock 2004; Sharma et al. 2012b
and observations: Fang, Bullock & Boylan-Kolchin 2013; Voit &
Donahue 2015), so we choose a consistent value for rcore – extrapo-
lating for halo masses with no constraint. For increasing halo mass
(1011, 1011.5 and 1012 M�), the initial radii for the isentropic cores
are rcore/rvir = 0.1, 0.16 and 0.15, and the initial shock radii are
rsh/rvir = 0.25, 0.42 and 0.58. The corresponding initial gas frac-
tions within rvir are fgas = 0.013, 0.017 and 0.026. For comparison,
the time average baryon4 fractions within rvir are ∼0.05–0.1, re-
flecting the new equilibrium reached after several dynamical times
[tdyn = (GMhalor

−3
vir )−1/2 = (10H◦)−1 = 1.4 Gyr].

We introduce isobaric density perturbations throughout the do-
main that break the spherical symmetry. The amplitude of the per-
turbations satisfy δρ/ρ = 0.3 and have a power spectrum that goes
as k−1/2 for 1 ≤ kLbox

2π
≤ 100, where k is the wavenumber of the

perturbation and Lbox is the size of our domain. The results are in-
sensitive to the details of how the perturbations are introduced. We
do not add any angular momentum to gas in our domain. We assume
that the disc circularizes on small scales (�0.05rvir, e.g. Mo, Mao
& White 1998) comparable to where gas is removed and injected,
so angular momentum is not essential on the scales we study here.

To ensure that our results do not depend sensitively on our initial
conditions we ran simulations with no initial shock. In this case, a
thermal pressure supported gaseous halo never develops in the lower
mass 1011 M� halo because at the ‘galaxy’ radius the accretion
shock’s cooling time is shorter than all other relevant time-scales.5

Alternatively, in higher mass haloes (�1011.5 M�) an accretion
shock at the ‘galaxy’ radius has a sufficiently long cooling time

4 Here, we define the baryon fraction to be gas between rgal and rvir and gas
excised from the domain at small radii (‘stars’).
5 The perturbations we impose break spherical symmetry and ensure that
there is a shock at small radii.

to allow a virialized halo to develop. For all halo masses within a
few dynamical times the behaviour of simulations with and without
initial shocks are very similar.

In our simulations, we use static mesh refinement in the cen-
tre of the domain to achieve high spatial resolution in the halo
cores. The base level resolution is 57 cells per rvir, and our fiducial-
resolution runs have two additional refined levels, which brings the
spatial resolution to �x = rvir/228 = 1.4 kpc (Mhalo/1012 M�)1/3.
In the Appendix, we discuss our convergence study. We ran these
simulations using as many as four levels of refinement and found
our primary results well converged. Note, however, that we find
a resolution dependence to the inherently non-linear process of
cold clump condensation via thermal instability in more massive
haloes. This is because the size of the fragments should be ∼cs tcool

≈ 0.1 pc n−1 in order for the cooling clouds to remain in pressure
equilibrium as they cool (McCourt et al. 2016). Alternatively, if ther-
mal conduction (which we do not include) is not suppressed then
the cold clumps should be approximately the Field length λF (the
maximum length-scale over which conduction dominates cooling),
which is λF � 10 pc for 10−4 cm−3 gas at 104 K. In either case the
clump size is 	�x, so the cold clump properties are not expected to
converge in our simulations. This resolution dependence may have
important implications for cosmological simulations, which may
have difficulty resolving the thermal instability in halo gas.

3 R ESULTS

We now present the results of our 1011–1012 M� halo simulations
that use both the high η and the low η feedback models as listed in
Table 1. Simulations of 1013 M� haloes were similar to 1012 M�
except for requiring a factor of ∼2–3 more efficient feedback to
suppress runaway cooling. We focus our attention on how the dif-
ferent feedback models change (or do not change) the resulting
CGM structure and the central galaxies’ growth. We find that in
haloes with Mhalo � 1011.5 M�, the CGM properties are relatively
insensitive to the choice of feedback model for a wide range of feed-
back parameters. However, in lower mass haloes, � 1011.5 M�, the
properties of halo gas depend more sensitively on differences in
galactic wind properties.

The cooling rate of astrophysical plasmas ensures that (absent
feedback) there is a critical halo mass, ∼1011.5–1012 M�, which
delineates different physical regimes of circumgalactic gas. Above
this critical halo mass gaseous haloes can be thermally supported,
but at lower halo masses they cannot (Binney 1977; Rees &
Ostriker 1977; Silk 1977; Birnboim & Dekel 2003). This is due
primarily to the fact that the cooling rate peaks around 105.5 K,
which is the virial temperature Tvir of a halo at ∼1011.5–1012 M�,
so the cooling time of the virialized gas is shorter relative to its free-
fall time than it is in more massive haloes. Here, we show that in the
presence of galactic feedback the picture remains similar, but with
the modification that in low-mass haloes gas can instead be sup-
ported by the ram pressure and turbulence generated from vigorous
feedback rather than by thermal pressure. The impact of feedback
on either side of the critical halo mass is reflected in the evolution,
galactic accretion history and phase structure of the CGM.

Fig. 2 shows the accretion shock radius6 evolution in the simu-
lations with both feedback models at all halo masses. To account
for the lack of spherical symmetry, we measure the shock radius

6 The accretion shock is identified by a discontinuous drop in the inflow
velocity along with an increase in entropy.
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Figure 2. The shock radius evolution normalized by the virial radius for
simulations with the feedback models listed in Table 1 (η > 0) and with no
feedback (η = 0). The ‘strong’ feedback models for the 1011 M� halo are
omitted for clarity. In both of these simulations, the shock radius steadily
increases reaching 2rvir by 6 Gyr. The shaded regions show the 1σ quantiles
of the shock radii measured at different angles. The initial virial shocks
in the higher mass haloes, ≥1011.5 M�, gradually grow over time. Alter-
natively, in the 1011 M� haloes the initial virial shocks quickly become
unstable to cooling and collapse, after which, in the simulations with feed-
back, incoming gas shocks directly on the outgoing galactic wind – this is
highly aspherical and leads to a range of shock radii for the remainder of
the simulation. The shock in the 1011 M� haloes is best interpreted as a
‘wind shock’ produced when inflowing gas meets outflowing galactic wind
material. By contrast at higher masses, the shock is a canonical virial shock
between inflow and a roughly hydrostatic halo. The impact of feedback on
the longevity of the virial shock decreases with halo mass.

along 48 equally spaced rays emanating from the galaxy and plot
the mean and the 1σ range. For comparison, we also show the shock
radius evolution in simulations without any feedback, i.e. η = 0.
Without feedback the change in the CGM properties at the critical
halo mass of ∼1011.5 M� is reflected clearly in the differences in
shock radii evolution (see also Birnboim & Dekel 2003). However,
with feedback this diagnostic is less useful even though the CGM
is qualitatively different on either side of the critical halo mass.

In the more massive haloes �1011.5 M�, the virialized gas re-
mains stable for the duration of the simulations and the shock
steadily grows with time. Feedback has a minor impact on the
growth of the virial halo in the 1012 M� haloes.

Going to lower masses the impact of feedback increases. Without
feedback the virial shock of the 1011.5 M� halo begins to collapse
after ∼6 Gyr,7 but with feedback the virial shock radius is relatively
insensitive to the choice of feedback parameters. In the 1011 M�
haloes, the initial virial shock quickly collapses, which is the same
with or without feedback. The fact that after the initial collapse there
is any shocked gas beyond rgal is because feedback is driving gas out

7 In reality, over 6 Gyr, this halo may have grown considerably, leading to
a deeper potential, higher shock temperature and less prominent cooling, so
this turnover may be an artefact of our non-evolving dark matter potential.

into the halo, which halts the progression of the inflowing gas. The
wider range of shock radii at a given time relative to more massive
systems is indicative of the transition from a canonical accretion
shock, where inflowing gas hits a roughly hydrostatic, spherical
atmosphere, to a ‘wind’ shock, where the inflowing material directly
impacts outflowing wind ejecta. At this low halo mass, the choice
of feedback parameters makes a large difference for the resulting
shock evolution. The low η model, which has larger wind velocities
and wind shock temperatures, is much more effective in halting
the advance of large-scale accreting gas. Moreover, in both of the
‘strong’ feedback models (with yet larger vwind, not shown in Fig. 2),
feedback is so efficient that the shock radius expands in certain
directions to the outer boundary of the domain thereby entirely
halting the inflow of gas and even launching gas beyond rta.

Fig. 3 shows density and temperature slices at several differ-
ent times for haloes with masses of 1011, 1011.5 and 1012 M�
with the (fiducial) high η feedback efficiency model. In these im-
ages the rapid cooling of the initial virialized gas in the 1011 M�
halo is readily apparent. After the virial shock collapse, inflowing
gas at this halo mass directly interacts with gas expelled by the
galactic wind producing a wind shock. The resulting wind shocks
cool quickly because the shock temperature Tshock ∼ Tvir (since
vwind ∼ vesc(rgal) ∼ vvir) and the cooling rate is very high at the
virial temperatures for these halo masses – which is why the initial
pressure supported gas collapsed quickly in the first place. These
rapidly cooling shocks result in highly anisotropic outflows even
though the galactic wind is ejected isotropically. This anisotropy
is reflected in the large spread at late times in the measured shock
radius in Fig. 2. The outflows change direction on Gyr time-scales
and inflowing gas that does not make it all the way to the galaxy is
delayed for at most a few dynamical times.

Fig. 3 demonstrates that the behaviour is strikingly different in
the only slightly more massive haloes. The gas in these higher mass
haloes (1011.5 and 1012 M�) never experiences the dramatic total
loss of thermal pressure support. In this case, inflowing gas from
large radii is incorporated into the virialized halo via a virial shock
and remains far from the central galaxy for many Gyr. However,
cooling does occur in these haloes, but it is primarily in their cores.
This cooling leads to inflow and subsequent feedback that in turn
stabilizes the halo core against additional cooling.

As demonstrated in the shock radius evolution (Fig. 2), the dif-
ference between feedback models is negligible in the higher mass
haloes, but in the 1011 M� haloes the difference can be large. In
Fig. 4, we show density and temperature slices at several different
times of the 1011 M� halo with the fiducial low η feedback model
(η = 0.3 and vwind = √

4.5vesc; see Table 1). Relative to the fiducial
high η model, the halo is filled with much more hot, >105 K, and
diffuse, <10−4 cm−3, gas. This halo gas remains suspended at large
radii, ∼rvir, for much longer than the halo gas in the high η model
due to its longer cooling time. Visually, the halo gas in the low
η 1011 M� simulation in Fig. 4 resembles the virialized haloes at
higher masses in Fig. 3. However, as shown below in Fig. 5, the
halo gas in the low η 1011 M� simulation in Fig. 4 is not a standard
thermally supported halo, but is instead supported to a large extent
by bulk motions driven by the galactic wind.

Fig. 5 shows the different contributions to the total pressure sup-
port in our simulated haloes and encapsulates the primary impact of
stellar feedback on the bulk properties of the CGM as a function of
halo mass. This figure demonstrates that the presence of feedback
does not significantly alter the critical halo mass above which ther-
mal pressure supported gaseous haloes can be sustained. In addition,
it shows that below this critical haloes mass the halo gas is farther
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Star formation feedback and the CGM 3815

Figure 3. Number density and temperature slices at four times through the centre of 1011, 1011.5 and 1012 M� haloes for the fiducial η = 5, 3 and 2 simulations,
respectively (Table 1). The width of each image is 2.8 rvir. The circles and lines in the upper panels have a radius and length of rvir, respectively. In the 1011 M�
halo, the initial virial shock quickly collapses and the halo gas transitions to a less spherically symmetric configuration, supported by turbulent motions and
ram pressure driven by stellar feedback. In the 1012 M� halo, the virial shock grows and feedback only affects gas in the core. The effects of changes to the
feedback model can be seen in Fig. 4, which shows the 1011 M� halo with a low η, higher vwind feedback model.

from hydrostatic equilibrium and is supported more by turbulence
and bulk flows. Specifically, Fig. 5 shows the density-weighted ra-
dial (from rgal to rvir) and time (from 3 to 9 Gyr) averaged sound
speed cs, radial velocity vr (here we adopt vr > 0 for gas flowing to-
wards the centre), and velocity dispersion σ =

√
〈v(r)〉2 − 〈v(r)2〉

(all normalized by the halo virial velocity vvir = √
GMhalor−1

vir . To
convert to a velocity in km s−1, the halo virial velocities vvir are
given in Table 1). The sound speed traces the thermal pressure,
the velocity dispersion traces turbulent support, and the radial ve-
locity gives a measure of how underpressurized (v/vvir > 0) or
overpressurized (vr/vvir < 0) the halo gas is relative to hydro-
static equilibrium. The strong halo mass dependence of the halo
gas dynamics is readily apparent in Fig. 5. In the 1012 M� haloes,
changes to feedback make little difference to the pressure support.
The gas in these haloes is almost entirely thermal pressure supported
(cs ∼ vvir) and close to hydrostatic equilibrium (vr/vvir ∼ 0). Going
to lower masses, the halo gas is farther from hydrostatic equilib-
rium, the contribution from thermal pressure support decreases, and
the contribution of turbulent pressure support increases. Moreover,
as we show below for other CGM properties, the sensitivity of the

different pressure contributions to the feedback model increases as
halo mass decreases.

Fig. 6 shows the star formation rate normalized by the cosmolog-
ical accretion rate that is fed into the haloes at the turnaround radius,
Ṁta, for simulations with and without feedback. Recall that we are
defining the star formation rate as Ṁ� = Ṁin(η + 1)−1, where Ṁin

is the amount of gas that enters the ‘galaxy,’ which we model as
a sphere of radius rgal = 0.025rvir at the centre of the halo. In the
1011 M� haloes with the fiducial feedback models even though the
galactic winds do arrest some of the inflowing gas, the star for-
mation rate of the galaxy is approximately the same whether or
not there is feedback and reaches Ṁ� ∼ Ṁta. With the strong feed-
back models, however, the powerful wind shock cuts the galactic
gas supply, dropping Ṁ� by an order of magnitude. In the higher
mass haloes, the stable virial shock at large radii prevents most of
the inflowing gas from reaching the galaxy. However, cooling in
the halo cores leads to appreciable accretion on to the galaxy. In
some cases, feedback at these halo masses suppresses the result-
ing star formation by up to a factor of ∼2–10 by reheating the
cores. This is inline with what has been seen in some cosmological
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3816 D. Fielding et al.

Figure 4. Number density and temperature slices at four times through
the centre of the 1011 M� halo with feedback having a higher energy per

unit mass (the η = 0.3 and vwind = √
4.5vesc model in Table 1). The width

of each image is 2.8 rvir. The circles and lines in the upper panels have a
radius and length of rvir, respectively. The lower mass loading and higher
wind velocity of this feedback model relative to the high η model yield a
much hotter and less dense gaseous halo (compare with Fig. 3). We omit the
analogous plots for the 1011.5 and 1012 M� haloes because in these cases
there is visually little difference between the low η feedback model and the
high η feedback model shown in Fig. 3.

Figure 5. Time and mass-weighted radial average of the sound speed (red;
shifted to the left by 0.1 dex), velocity dispersion (green), and radial velocity
(blue, positive indicates inward motion; shifted to the right by 0.1 dex)
normalized by the halo’s virial velocity (Table 1). The averaging is done
from 3 to 9 Gyr. Large cs/vvir indicates the haloes gas is thermally supported,
large and positive vr/vvir indicates the halo gas is primarily freely falling
in and underpressurized relative to hydrostatic equilibrium, and large σ/vvir

indicates turbulent support. The 1012 M� halo gas is primarily thermal
pressure supported, while in lower mass haloes bulk flows (turbulence,
inflows and outflows) are increasingly important.

Figure 6. Star formation rate evolution for 1011, 1011.5 and 1012 M�
haloes, from top to bottom. We show results from no feedback (η = 0),
and a range of feedback parameters (see Table 1). Here, the star formation
rate is defined to be Ṁ� = Ṁin/(1 + η), where Ṁin is the inflow rate at rgal;
Ṁ� is also the rate at which gas is removed from the domain at each time
step.

simulations that varied the feedback efficiency (e.g. Oppenheimer
et al. 2010; Faucher-Giguère et al. 2011; Nelson et al. 2015; Rah-
mati et al. 2015); however, in simulations of isolated Milky Way-like
galaxies, Marasco et al. (2015) found that changing the energy input
per supernova by as much as a factor of 32 does not significantly
change the star formation rate.
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Star formation feedback and the CGM 3817

Figure 7. Radial profiles of the number density (top) and temperature (bot-
tom) averaged from 3 to 9 Gyr for all halo masses with and without (η = 0)
feedback. The 1011 M� haloes with the strong feedback models (Table 1)
are omitted for clarity; their profiles are similar to but slightly more diffuse
and hotter than the 1011 M� halo profiles shown. The radial range spans
∼2rgal to rta = 2rvir. The impact of the feedback model becomes increasingly
important in setting the structure of the CGM as halo mass decreases.

3.1 Phase structure and dynamics of halo gas

Fig. 7 compares the radial profiles of spherically averaged number
density and temperature averaged from 3 to 9 Gyr. The 1011 M�
haloes with the strong feedback models are omitted for clarity.8

For all masses, the low η feedback model (with higher vwind) re-
sults in lower central densities and higher temperatures, which is
in agreement with results from similar numerical experiments (e.g.
Suresh et al. 2015). The difference between the CGM structure that
results from adopting either the low or the high η feedback model
becomes larger at lower halo masses. The relative insensitivity of
the density and temperature profiles to the choice of feedback in the
more massive haloes agrees with what has been found in cosmolog-
ical simulations (e.g. van de Voort & Schaye 2012). Additionally,
lower mass haloes are more centrally concentrated. The 1011 M�
halo has a density profile power-law index �−2 – similar to or
steeper than the underlying NFW profile – and the 1012 M� halo
has a density profile power-law index ∼−1.5. The density profiles
of the 1012 M� haloes in Fig. 7 are in good agreement with what is
inferred in the Milky Way from OVII and OVIII emission (Miller &
Bregman 2015).

None of our haloes demonstrate a clear density core. Such cores
are often used in phenomenological modelling of halo gas (e.g.
Maller & Bullock 2004; Sharma et al. 2012b; Voit et al. 2015).
Previous studies with a similar approach to ours that focused on
slightly more massive haloes (�1013.5 M�) found distinct density
cores in their haloes at a radius of �0.05rvir (Sharma et al. 2012a).
The lack of cores in our haloes may be a consequence of insufficient
resolution close to the inner edge of our domain (rgal = 0.025rvir),
or the limited region of the η–vwind parameter space covered by our

8 The profiles of the strong feedback 1011 M� haloes are similar to the
fiducial feedback model 1011 M� haloes, but with slightly lower densities
and higher temperatures.

Figure 8. The amount of mass per logarithmic temperature bin over time
between 2rgal and 2 rvir is shown for the fiducial high η feedback model
simulations of all three halo masses. The two higher mass haloes cool
slowly leading to modest amounts of <105.5 K gas that cools out of a hotter
ambient background. The 1011 M� halo, on the other hand, cools quickly
and all of the �105 K gas is a result of the galactic wind shocking on gas
accreted from large scales. Fig. 9 shows that in ∼1011 M� haloes feedback
with a larger energy per unit mass (lower η; Table 1) leads to a much broader
phase distribution in the CGM.

models. In particular, the feedback in our simulations, which is in
the form of a galactic wind, tends to produce a roughly r−2 density
profile due to either inflow or outflow at small radii. Yet lower η and
higher vwind, or thermal feedback – as was used by Sharma et al.
(2012a) – may be required to produce a significant density core.

Figs 8 and 9 show a different way of quantifying the thermal
structure of the halo gas, via dM/d log T, the mass contained in
a given logarithmic bin in temperature. The radial range extends
from 2rgal out to the outer boundary of the domain 2rvir. Quantify-
ing the amount of mass in different temperature regimes is directly
related to many of the best observational constraints we have on
the structure of the CGM. X-ray emission and absorption are sen-
sitive to gas at ≥106 K (e.g. Milky Way: Gupta et al. 2012; Miller,
Hodges-Kluck & Bregman 2016, other galaxies: Forman, Jones &
Tucker 1985; O’Sullivan, Forbes & Ponman 2001; Mulchaey & Jel-
tema 2010; Anderson & Bregman 2011). In addition, UV absorption
lines in the spectra of background quasars in dark matter haloes at
these masses can be used to measure the amount of mass in dif-
ferent temperature regimes ∼104–105.5 K (e.g. Steidel et al. 2010;
Tumlinson et al. 2011; Rudie et al. 2012; Werk et al. 2014; Borthakur
et al. 2015). Fig. 8 shows the phase structure evolution for the (fidu-
cial) high η feedback models and for comparison Fig. 9 shows the
same quantity for the 1011 M� halo with the fiducial low η feed-
back model (the differences between the feedback models in the two
higher mass haloes are minor so they are not shown). The phase
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3818 D. Fielding et al.

Figure 9. Amount of mass per logarithmic bin in T for the 1011 M� halo
with the fiducial low η feedback model (Table 1). The lower mass loading
and higher wind velocity of this feedback model lead to a substantial amount
of warm gas (105–106 K); compare with Fig. 8. The gas in this temperature
regime is a result of galactic wind shocks and the resulting rapid cooling, not
an accretion shock on to a static halo as is the case in �1011.5 M� haloes.

structure in the 1011 M� haloes with the strong feedback models
(see Table 1) are similar to that shown in Fig. 9.

With the fiducial high η feedback model, the vast majority of the
mass resides at T � 104.5 K in the 1011 M� halo, whereas with the
low η feedback model the wind is able to populate the intermedi-
ate temperature range, ∼104.5–105.5 K, with significant amount of
gas. This is because of the longer cooling times of the wind shock-
heated gas with the larger vwind in the low η model. In the 1011.5

and 1012 M� haloes the majority of the mass is at the virial tem-
perature ∼105.5–106 K. Cooling of the accretion shock-heated gas,
the formation of dense clumps by thermal instability and cooling
of galactic wind shocks eventually fill the intermediate temperature
range. The origin of the intermediate temperature halo gas thus dif-
fers dramatically in haloes above and below 1011.5 M�. Moreover,
below 1011.5 M� the amount of gas in a given temperature regime –
particularly the cool/warm ∼104.5–105.5 K regime is more sensitive
to the feedback model. Alternatively, in the haloes with long-lived
thermal pressure support, �1011.5 M�, the amount of gas in a given
temperature regime depends more on the mass of the halo and less
(although non-negligibly) on the feedback physics.

The inhomogeneous density structure of our haloes can be seen
in Fig. 10 which shows the time-averaged (from 3 to 9 Gyr), mass-
weighted density probability distribution function in radial bins
extending from 2rgal to 1.25rvir. Changing the range of times for the
averaging makes essentially no difference, as long as a few dynam-
ical times have elapsed, which allows any initial transients to pass
(this is true for all of the time-averaged plots we show despite the
lack of a true equilibrium in Figs 8 and 9). The 1011 M� haloes with
the strong feedback models are similar to the fiducial low η model,
so they are omitted. The 1011 M� haloes have significant amounts
of mass in a broad range of densities extending from ∼10−6 cm−3 –
predominantly at large radii ∼rvir – to �10−2 cm−3 – mostly in the
halo cores. In a given radial bin, the width of the density distribution
spans more than an order of magnitude, and even relatively close
to the galaxy, ∼0.5rvir, there is an appreciable amount of gas at the
low densities (∼10−5 cm−3) where photoionization dominates over
collisional ionization. Going to higher masses the width of density
distribution at a given radius shrinks, as do the differences that re-
sult from the different feedback models; this is also reflected in the
density profiles shown in Fig. 7.

Figure 10. The time-averaged (from 3 to 9 Gyr), mass-weighted density
probability distribution function in radial bins. The yellow line corresponds
to 1.25 to 1 rvir, the green line to 1 to 0.75 rvir, the teal line to 0.75 to
0.5 rvir, the blue line to 0.5 to 0.25 rvir, and the purple line to 0.25 to 0.05
rvir = 2 rgal. Halo mass increases from top to bottom, and the low and high
η feedback models are plotted with solid and dashed lines, respectively.
The 1011 M� haloes with the strong feedback models are omitted because
they are similar to the fiducial low η model shown here. The peak around
2 × 10−6 cm−3 corresponds to undisturbed cosmologically accreted gas.
The 1011 M� halo gas has a broader range of densities at a given radius,
due to the larger impact of stellar feedback on the CGM.

Fig. 11 shows the time-averaged (from 3 to 9 Gyr) density profiles
for gas in three temperature bins, which are delineated relative
to the haloes’ virial temperatures. We also reproduce the density
profiles for all of the gas as shown in Fig. 7. For reference, the virial
temperature is Tvir = 1.1 × 105 K, 2.3 × 105 K and 5.1 × 105 K for
the 1011, 1011.5 and 1012 M� haloes, respectively. For each halo,
the supervirial temperature bin is populated by gas that has been
shock heated when the wind material interacts with the ambient
CGM. The density of this hot gas in ≤1011.5 M� haloes is sensitive
to the feedback parameters. The low η models have higher wind
shock temperatures because of their higher vwind and they also have
lower wind densities by definition. This results in more volume
filled by the supervirial gas. In addition, in the low η models this
hot gas extends to larger radii, but has lower density, than in the
high η models.9 Observations of gas in this supervirial temperature
range would therefore be very useful in constraining the properties
of galactic winds; however, to date, most CGM observations are
sensitive to gas at T < 105.5K � Tvir.

Fortunately, the cold gas properties also change in key ways
with halo mass and feedback model, which should allow existing
and future observations of the cold CGM to constrain galactic wind
properties. Focusing on the density profiles of the cold gas in Fig. 11
(blue line; T < Tvir/4), it is clear that in all cases the high η model
results in cold gas out to larger radii. We can gain even more insight
and constraining power by comparing the cold gas profiles of the
more massive haloes (1012 M�) that have almost entirely virialized
hydrostatic haloes to those of the lower mass haloes (1011 M�) that
have more rapid cooling and more vigorous winds and turbulence.

9 Note that this is true in the ‘strong’ 1011 M� haloes, but at densities below
those shown in Fig. 11.
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Figure 11. The time-averaged (from 3 to 9 Gyr) number density profiles of
gas in three temperature bins. The hot gas with T > 4Tvir, virialized gas with
Tvir/2 < T < 2Tvir and cold gas with T < Tvir/4 are shown in red, gold and
blue, respectively. For reference, the black lines show the number density
profiles for gas at all temperatures – same as in Fig. 7. The solid (dashed)
lines correspond to the low (high) η feedback models.

In the high-mass haloes, the cold gas has very high central densities
(∼10−2 cm−3) that decreases slowly with radius until it reaches
a sharp cutoff at a few × 0.1rvir. By contrast, in the lower mass
haloes the cold gas typically has a slightly lower central density
(∼3 × 10−3 cm−3) that decreases more quickly with radius. In the

intermediate halo mass of 1011.5 M� the cold gas profile with the
low η feedback model resembles that of the higher mass haloes,
while the high η feedback model results in a profile that resembles
that of the lower mass haloes. Physically, the difference between
these profiles is due to the degree of pressure confinement. In the
higher mass haloes the cold gas is predominantly surrounded by
much hotter, confining gas that drives its density up (see Fig. 12 for
an example density and temperature maps that show these pressure
confined cold clumps). This is true for both the cold gas launched
by the wind and for cold gas that forms as a result of thermally
instability. It is worth noting that this cold gas is underpressurized
relative to the virialized gas by a factor of ∼2–3; however, these
cold clumps are only marginally resolved in our simulations so we
avoid drawing too strong conclusions from this fact (see Fig. A1).

In contrast to the higher mass haloes, in the lower mass haloes
the rapid cooling of virialized gas diminishes the thermal pressure
of the confining medium while continually driving gas down to low
temperatures. This populates the low-temperature regime without
forcing the densities of the cold gas up. Additionally, the rapid
cooling even at large radii and the vigorous feedback triggered by
the accretion of cold gas drives cold gas out to large radii. This
interpretation of the differences in cold gas profiles is supported by
Fig. 5, which shows that there is more virialized, pressure confining
gas in higher mass haloes and more energy in bulk flows to support
cold gas at large radii in lower mass haloes.

3.2 Thermal instability in the cores of massive haloes

In the more massive haloes (�1011.5 M�) feedback does little to
modify the bulk of the CGM out near rvir. However, in their cores
the cooling times can be significantly shorter than both a Hubble
time and the duration of the simulation. This short cooling time
leads to significant inflowing gas and star formation. As is shown in
Fig. 6, the resulting galactic wind can in some cases lower the star
formation rate by a factor of a few up to an order of magnitude. An
analogous scenario occurs in group and cluster mass haloes (Mhalo

�1013.5 M�). In these systems central cooling times imply large star
formation rates that are inconsistent with observations and point to
a heating source that is capable of preventing a cooling flow (e.g.
McNamara & Nulsen 2007). At this higher halo mass, the central
heating source is usually assumed to be an active galactic nucleus

Figure 12. The line-of-sight density-weighted average number density and temperature in the centres of the two 1012 M� haloes after 3 Gyr of evolution.
Cold, dense clumps are evident within ∼100 kpc of the central galaxy. The left (right) two images are from the high (low) η feedback simulations. The images
are 0.8rvir = 255 kpc across.
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3820 D. Fielding et al.

Figure 13. Spherical shell averaged tcool/tff evolution at
r = 3rgal = 0.075 rvir for the 1012 M� halo simulation with the
low η (top) and high η (upper middle) feedback model, and for the
1011.5 M� halo simulation with the low η (lower middle) and high η

(bottom) feedback model. We measure tcool in the hot gas (>Tvir) only. A
thin dotted line is drawn at tcool/tff = 10, the value below which thermal
instability is predicted to lead to multiphase gas and large accretion rates of
cold gas. Additionally, in each panel we plot the amount of cold (<104.5 K,
blue dashed line) and hot (>106 K, red dot–dashed line) gas contained
within 0.2 rvir. In the top three panels, the core gas spends most of its
time with tcool/tff > 10 with occasional forays down to tcool/tff � 10. By
contrast, in the 1011.5 M� halo with high η, tcool/tff < 10 at all times. In
the 1012 M� halo with low η (top) changes to the cold gas mass correlate
particularly well with tcool/tff, a signature of thermal instability.

(AGN), fuelled by gas cooling out of the hot halo. The net inflow
of cool gas is significantly larger when the hot halo gas is thermally
unstable, which requires tcool/tff � 10 (McCourt et al. 2012; Sharma
et al. 2012a; Li et al. 2015). When this condition is satisfied, the
cold phase rains out on to the central galaxy and triggers enough
feedback to reheat the ambient medium and extend the cooling time
before the full cooling flow develops. Gas continues to rain out
until the feedback drives tcool/tff > 10. Much of the work to date on
this global feedback regulation of hot haloes has focused on more
massive systems than we consider here and in the regime of the
η–vwind parameter space appropriate for AGN feedback – lower η

and higher vwind. This same sort of thermal instability regulation
may occur in the halo mass range we consider. Indeed, Fig. 12,
which shows the presence of cold, dense clumps in the cores of the
1012 M� simulations, seems to demonstrate this thermal instability
triggered precipitation.

To quantitatively assess the role of thermal instability, Fig. 13
shows the time evolution of tcool/tff for the hot gas with T > Tvir at
3rgal = 0.075rvir in the 1011.5 and 1012 M� halo simulations with
both feedback models (We omit the 1011 M� haloes because they
are similar to the high η 1011.5 M� halo in that the hot gas cool-
ing time is always less than its free-fall time). Also shown is the

amount of cold (<104.5 K, blue dashed line) and hot (>106 K, red
dot–dashed line) gas contained within 0.2rvir. In all but the high η

feedback 1011.5 M� halo, tcool/tff > 10 most of the time with oc-
casional dips below ∼10. Distinguishing cold clump condensation
due to thermal instability and cooling triggered by wind shocks (or
other sources of cold gas) is non-trivial (which may explain the
similarity in Fig. 12 and the difference in Fig. 13). Note, however,
that the cold gas content in the low η feedback model 1012 M�
halo only rises when tcool/tff < 10, and that these increases pre-
cede an increase in hot gas. These are strong indicators of the same
type of thermal instability regulation as is seen in simulations of
high-mass haloes. In the other simulations that have tcool/tff > 10
(the high η 1012 M� and the low η 1011.5 M� haloes) this cor-
relation is less obvious, so definitively determining if thermal in-
stability triggered feedback plays any role is more difficult. The
haloes that do not show the clear signs of thermal instability have
more vigorous turbulence in their cores (see Fig. 5). Rapid turbu-
lent mixing relative to the thermal instability growth time-scale can
render the instability ineffective (Parrish, Quataert & Sharma 2010;
Ruszkowski & Oh 2010). The increased turbulence is tied to the
fact that the feedback is primarily kinetic rather than thermal. In
the simulations of thermal instability triggered feedback in more
massive haloes the feedback models have relatively high-energy
per unit mass or are purely thermal (e.g. Gaspari, Ruszkowski &
Sharma 2012; Sharma et al. 2012a; Li et al. 2015). The absence
of clear signatures of thermal instability triggered feedback in our
haloes with more turbulent supported cores may indicate the need
for thermal feedback for this regulation to work.

The hot gas in the cores of the 1011 M� haloes and in the high
η 1011.5 M� halo never has tcool/tff �10 (for much of the time
tcool � tff), which demonstrates that thermal instability triggered
feedback is not a dominant process. Therefore, models of the impact
of thermal instability on galaxy formation should not be extended
to lower mass haloes, �1012 M� (Voit et al. 2015).

3.3 Connection to quasar absorption observations

Here, we briefly present additional analysis of our simulations for
comparison to quasar absorption observations of the z ∼ 0 CGM
(e.g. Stocke et al. 2013; Tumlinson et al. 2013). These studies have
enabled measurements of the column density of low-ionization state
metals and neutral hydrogen at T ∼ 104 K (Werk et al. 2014),
intermediate ionization state gas at T ∼ 105 K (Bordoloi et al. 2014)
and higher ionization state gas at temperatures up to ∼105.5 K
(Tumlinson et al. 2011). Additional information about the halo gas
kinematics can be gleaned from the line widths and velocity offset of
the absorbing gas relative to its host galaxy (e.g. Werk et al. 2016).

The simplifications inherent to our idealized setup make detailed
comparisons between our results and observations suspect. How-
ever, a rough comparison can be fruitful, particularly for under-
standing the trends with changes in halo mass and feedback mod-
els. The gas fractions of our simulated haloes at late times range
from ∼0.15 (1011 M�) to ∼0.25 (1012 M�) of the cosmic baryon
fraction, only a factor of �2 below what is found at z = 0 in
cosmological simulations with stellar feedback (e.g. van de Voort
et al. 2016). To compare our halo gas properties to observations in
more detail, Fig. 14 shows the O VI, C IV and H I column densities
averaged from 3 to 9 Gyr in all of our simulated haloes with feed-
back. The ionization state of the oxygen and carbon, which depends
on temperature and density, is calibrated to ionization equilibrium
models calculated using CLOUDY (Ferland et al. 1998). The neutral
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Figure 14. O VI (top), C IV (middle) and H I (bottom) column density profiles
in units of cm−2 for all of our simulated haloes, time averaged from 3 to
9 Gyr. Our simulations assume a fixed third solar metallicity everywhere
so the inferred O VI and C IV column densities can be roughly (not exact
because cooling changes) scaled up or down proportional to the metallicity.
The points show observations, unfilled symbols represent upper limits, and
upward triangles represent lower limits. The O VI observations are from
Tumlinson et al. (2011), the C IV observations are from Bordoloi et al.
(2014) and the H I come from Werk et al. (2014, circles) and Prochaska et al.
(2011, squares).

hydrogen fraction is approximated using an analytic fit to full ra-
diative transfer simulations (Rahmati et al. 2013). Fig. 15 shows an
O VI and an H I column density map, as well as a density-weighted
line-of-sight velocity map for the high η 1011.5 M� halo. Recall that
our simulations have a fixed third solar metallicity throughout the
domain. For this reason, we explicitly add the metallicity depen-
dence to the average O VI and C IV column density profiles shown
in Fig. 14.

The O VI column density profiles shown in the top panel of Fig. 14
are similar to those measured by Tumlinson et al. (2011) who found
that galaxies presumed to be residing within ∼1012 M� haloes
have NO VI > 1014.25 cm−2 out to �150 kpc. Our simulated haloes
in that same mass range have column densities on the lower cusp
of the observations differing by a factor of �2. Additionally, the
observed covering fraction of O VI gas is ∼0.8–1, which is in ex-
cellent agreement with our 1011.5 and 1012 M� haloes. The O VI

column density map in the left-hand panel of Fig. 15 demonstrates
this high cover fraction. We find that the O VI column density peaks
in haloes with mass ∼1011.5 M�. A recent study that accounted
for non-equilibrium ionization found that the observed star forma-
tion rate dependence of the halo O VI content may be primarily
driven by a halo mass dependence, similar to what we find, albeit
peaking at slightly higher halo masses of ∼1012 M� (Oppenheimer
et al. 2016). Alternatively, Suresh et al. (2017) found in their simu-
lations that the star formation dependence of the halo O VI content
was due to the heating and removal of halo gas by AGN feedback.

Fig. 14 shows that the ∼1011.5 M� haloes’ O VI column densities
have essentially no dependence on the feedback model. This is
because the fraction of collisionally ionized oxygen in the O VI state
peaks at T ≈ 105.5 K, which is ∼Tvir at this halo mass. Therefore, in
∼1011.5 M� haloes O VI traces the virialized gas, and, as we have
shown, changes to the feedback model have little impact on the
amount and structure of virialized gas at these halo masses. In the
higher mass haloes, on the other hand, O VI instead traces gas that is
somewhat cooler than the virialized gas, so it is gas that has cooled
out of the hotter medium or has been launched out of the galaxy
by the wind. O VI in ∼1011 M� haloes traces gas that is above Tvir,

Figure 15. Maps of the O VI (left) and H I (middle) column density, and density-weighted average line-of-sight velocity (right) from the 1011.5 M� halo with
the high η feedback model after 6 Gyr of evolution. The circle in the left-hand panel has a radius of 100 kpc, and the line in the middle panel is rvir long. All
three images are 2rvir = 434 kpc across.
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so its presence is entirely due to feedback, which explains why the
O VI column density depends more sensitively on feedback at this
halo mass. Interestingly, Liang et al. (2016) found that increasing the
strength of their feedback in their cosmological zoom-in simulations
of ∼1012 M� haloes increased the O VI column density dramatically
(see also, e.g. Hummels et al. 2013). This seems to be a result of
enhanced metal enrichment with stronger feedback, which would
not be captured in our constant metallicity simulations.

The fraction of carbon in the C IV ionization state peaks at ∼105

K. The C IV column density profiles shown in the middle panel of
Fig. 14 are similar to what was measured by Bordoloi et al. (2014)
who found that 1011–1011.5 M� haloes have NC IV > 1013.5 cm−2

out to �100 kpc. As with the O VI, the C IV column densities of
our haloes are on the low end of the observations, but given the
simplifications of our simulations and the assumption of constant
metallicity the agreement is encouraging. The most striking feature
of the C IV column profiles is the large differences between the
profiles of the 1011 M� haloes with different feedback models. This
is expected from the large difference in the resulting CGM phase
structure which is shown in the top panel of Figs 8 and 9. Therefore,
C IV can be used to constrain the nature of galactic winds. Indeed,
Bordoloi et al. (2014) demonstrated the efficacy of this technique by
comparing their observations to simulations that use two different
feedback models. Our results in Fig. 14 qualitatively favour models
with large mass loading η and modest wind speeds.

Observations of H I around z ∼ 0 L∗ (Mhalo ≈ 1012 M�) galaxies
find typical column densities of �1016.5 cm−2 at ∼75 kpc (Thom
et al. 2012; Werk et al. 2014), and ∼1014.5 cm−2 at ∼150 kpc
(Prochaska et al. 2011). The H I content of our simulations, shown
in Figs 14 and 15, are below the observed values by an order of
magnitude or more. This discrepancy is similar to what has been
found in cosmological simulations (e.g. Hummels et al. 2013). Note
that the NH I of the 1011 M� haloes in the central ∼60 kpc varies by
up to two orders of magnitude depending on the feedback model,
whereas in the more massive haloes the NH I is less sensitive to the
strength of feedback (see also Rahmati et al. 2015). Matching the
observed column densities of cooler gas �3 × 104 K that is traced
by H I with hydrodynamic simulations is challenging because of the
stringent spatial resolution requirements necessary to resolve this
phase. Observations of the cold CGM at higher redshift, z ∼ 1–2,
imply clump sizes (
 ∼ N/n) of the order of �10 pc (e.g. Prochaska
& Hennawi 2009; Hennawi et al. 2015). There are some claims,
however, that the z ∼ 0 COS-haloes observations point to much
larger cold clump sizes of ∼10kpc (Werk et al. 2014). This result
is based on the assumption that all of the absorbers are at the same
density. The best-fitting cold clump size in an alternative model,
which assumes small, high-density clouds are hierarchically nested
within successively larger and less dense clouds, is of the order of
6 pc (Stern et al. 2016). The � kpc resolution of our simulations at
rvir, which is better resolution than in the CGM of most cosmological
simulations, is likely sufficient to resolve the warm gas traced by
O VI gas, but may be insufficient to fully capture the colder H I gas.

The right-hand panel of Fig. 15 shows a typical example of
the density-weighted line-of-sight velocity in our simulations. The
snapshot comes from the 1011.5 M� halo with the high η feedback
model after 6 Gyr of evolution. In practice, we measure the density-
weighted mean of the absolute value of the line-of-sight velocity,
which avoids cancellation and is comparable to the observed mea-
surements of CGM absorption feature velocity offsets relative to
their host galaxy. The line-of-sight velocities in our haloes peak
near the centre at ∼100 km s−1 and drop to �10 km s−1 near rvir.
This is reasonably consistent with observations (e.g. for O VI, see

fig. 2 B of Tumlinson et al. 2011). In future work, we plan to look
at the kinematics of the halo gas traced by different ions for com-
parison to the recent analysis of the kinematics in the COS-haloes
sample that shows distinct changes in line-widths at different halo
masses as would be expected from our simulations (see Fig. 5; Werk
et al. 2016).

4 D I SCUSSI ON

We have carried out a suite of idealized 3D hydrodynamic simu-
lations of the baryonic content of dark matter haloes with masses
ranging from 1011 to 1012 M� that include the effects of cooling,
galactic winds driven by stellar feedback and cosmological gas ac-
cretion. For each halo mass we consider, we adopted feedback mod-
els that have mass-loading factors, η, which bracket the expected
range for star formation feedback (η is the ratio of the galactic wind
outflow rate to star formation rate; see equation 1). This provides
a controlled setup for understanding the impact of stellar feedback
on the CGM.

The standard paradigm in galaxy formation (Binney 1977;
Rees & Ostriker 1977; Silk 1977; Birnboim & Dekel 2003), which
omitted feedback, identified a critical halo mass (∼1011.5 M� rela-
tively independent of z), above which the virial shock-heated halo
gas cools slowly and remains thermally supported for many dy-
namical times. Alternatively, in haloes below this critical mass the
virial shock-heated gas cools rapidly and thermal pressure alone
is insufficient to support the gas. With our idealized simulations
we have added the additional ingredient of stellar feedback without
the complexity inherent to cosmological simulations that have also
addressed this question. We show that feedback does not signifi-
cantly alter the critical mass that delineates haloes with and without
thermal pressure supported gaseous haloes (see Fig. 5).

Our simulations demonstrate that the impact of feedback on the
thermal structure and dynamics of the CGM differs above and below
the critical halo mass. In more massive haloes, �1011.5 M�, the
state of the halo gas at large radii ∼rvir is relatively insensitive to
the choice of feedback model. At small radii, near the central galaxy,
halo gas is regulated by feedback. Feedback is triggered by accretion
of cold gas that condenses out of the hotter ambient medium. With
the low η (i.e. high-energy per unit mass) feedback model, this
condensation is correlated with epochs when tcool/tff � 10, which is
indicative of the condensation being triggered by thermal instability
(Fig. 13). The resulting heating stabilizes the hot gas against further
condensation and reduces the star formation rate by a factor of
2–10 relative to haloes without feedback (see Fig. 6). Above a
certain minimum level of feedback (the actual value depends on
the specific feedback parametrization), changes to the feedback
efficiency have a minor impact on the global properties of the halo
gas, the main difference being that less efficient feedback heats the
CGM less effectively so the haloes spend more time with tcool/tff

� 1–10 (see Fig. 13). This is in accordance with the findings of
similar studies targeting the group and cluster regime (e.g. Sharma
et al. 2012a) and cosmological simulations targeting galaxy mass
haloes (e.g. van de Voort & Schaye 2012; Rahmati et al. 2015).

Below the critical halo mass, ∼1011.5 M�, turbulence and bulk
flows play a larger role in supporting halo gas (Fig. 5). In this
regime, feedback and its interaction with inflowing gas determine
the properties of the CGM. Gas in these haloes is far from hy-
drostatic equilibrium. Changes to the feedback efficiency lead to
dramatic differences in the phase structure of the CGM (Figs 8
and 9). If the galactic wind is heavily mass loaded then much of the
mass in the CGM is in the form of dense, cold, outgoing clumps
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surrounded by relatively sparse inflowing cold gas. The density and
velocity of the wind ejecta in this case cause the wind shock cool-
ing times to be very short leading to a paucity of warm, �105 K,
gas. Alternatively, winds with mass loading <1 with a similar total
energetic efficiency lead to a CGM structure that is very different:
a multiphase medium with appreciable mass between ∼104 and
106 K (compare Fig. 9 with the top panel of Fig. 8) that is supported
in part by turbulence and is threaded by dense gas flowing inwards
along narrow channels (Figs 4 and 5). These two feedback models
bracket the expected range of wind mass loading (e.g. Martin 1999;
Veilleux et al. 2005; Heckman et al. 2015; Muratov et al. 2015),
and wind velocities (e.g. Heckman et al. 2000; Martin 2005; Weiner
et al. 2009; Rubin et al. 2011).

An important difference between the CGM of different mass
haloes is that the thermal instability triggered feedback regulation
of hot halo gas (condensation and feedback triggered when tcool/tff

drops below ∼10) that successfully explains much of the structure
and evolution of massive haloes (>1012 M�) breaks down for halo
masses �1012 M� (see Fig. 13). Therefore, the attempts of Voit
et al. (2015) to explain galaxy properties using this model may not
be applicable at these lower halo masses.

In Section 3.3, we present a comparison of our simulations to
some of the key results that have come out of quasar absorption-
line observations of the CGM in the z ∼ 0 universe (e.g. Tumlinson
et al. 2011; Thom et al. 2012; Stocke et al. 2013; Werk et al. 2014;
Borthakur et al. 2015). In particular, we show the O VI, C IV and
H I content of our haloes, as well as a representative example of
the density-weighted line-of-sight velocity (Figs 14 and 15). The
idealized nature of our simulations prevents us from making too
detailed of a comparison to the observations. Bearing this in mind,
the O VI and C IV column densities of our haloes are close to the
observed values (Tumlinson et al. 2011; Bordoloi et al. 2014). Like-
wise, the density-weighted line-of-sight velocities of our halo gas
(∼100 km s−1) are similar to velocity offsets of the CGM absorption
features relative to their host galaxy in background quasar spectra
(e.g. Tumlinson et al. 2011; Thom et al. 2012). Interestingly, we
find a non-monotonic dependence of NO VI on halo mass, with the
column densities peaking at ∼1011.5 M� haloes. Several cosmolog-
ical simulations have tried to reproduce these NO VI observations
with varying degrees of success (e.g. Tepper-Garcı́a et al. 2011;
Hummels et al. 2013; Ford et al. 2016; Liang et al. 2016; Suresh
et al. 2017). The inclusion of additional physics, such as cosmic
rays (Salem, Bryan & Corlies 2016) and non-equilibrium ioniza-
tion (Oppenheimer et al. 2016), has improved the correspondence
with the NO VI observations. The results from the latter study also
indicate a possible strong dependence of the O VI column density
on halo mass, which is seen in our simulations. It is also worth
noting that different feedback models lead to different NO VI and
NC IV profiles, particularly at lower halo masses, which may enable
observations of the CGM to constrain the nature of galactic winds.
This is particularly promising in lower mass haloes, as probed e.g.
by the COS-Dwarfs sample (Bordoloi et al. 2014).

The H I content of our haloes (Fig. 14) are well below the ob-
served values (e.g. Prochaska et al. 2011; Werk et al. 2014). Al-
though the neutral hydrogen column densities are underpredicted,
the total hydrogen column densities in our simulations agree well
with values implied by photoionization models of the COS-haloes
observations (Werk et al. 2014). This implies that our haloes have
roughly the right amount of total gas, but not enough gas that is dense
enough for self-shielding to allow the neutral fraction to reach an
appreciable value. At z = 0, the density above which self-shielding
becomes important is nSSh ≈ 3 × 10−3 cm−3 (Rahmati et al. 2013).

Fig. 10 shows that in our simulations the characteristic density is
n ∼ 3 × 10−5 cm−3 (at radii where neutral hydrogen is observed
�0.5rvir), which is well below nSSh. There are a few plausible ex-
planations for why there is less sufficiently dense (n �nSSh) gas at
large radii in our haloes than is implied by the observations. The
dense neutral hydrogen containing gas may reside in very small
clumps (
 � 10 pc), as suggested by observations (e.g. Prochaska
& Hennawi 2009; Hennawi et al. 2015; Stern et al. 2016). These
small clumps may have formed as result of rapid cooling of galactic
wind shocked material (e.g. Thompson et al. 2016), or as a result
of pressure confinement after condensing out of a hotter, thermally
unstable background (e.g. McCourt et al. 2012, 2016). These small
clumps would be unresolved in our simulations, so the gas would
not be able to reach the large densities necessary to explain the
large observed H I columns. Alternatively, the H I may be due to
substructure in the dark matter halo, which is not included in our
simulations. Satellite galaxies could provide the necessary binding
energy to hold dense clouds together when pressure confinement is
insufficient, and their winds could inject more dense gas into the
CGM. Finally, if the large-scale accretion proceeds along filaments
the density of the inflowing gas may be high enough for there to be an
appreciable amount of H I. Note, however, that this cannot explain
the ∼1 covering fraction of H I absorbers with NH I > 1015 cm−2

(Tumlinson et al. 2013). It is likely that all of these effects (and
more), which are not included in our simulations, come into play
in setting the amount of H I in real haloes. It is important to stress
that our idealized calculations are able to roughly reproduce the ob-
served properties of C IV and O VI absorbers, suggesting that these
ions may be better than H I as probes of the overall impact of star
formation feedback on the CGM.

The physical properties of the haloes we simulated were chosen
to represent haloes in the z = 0 universe, which allows us to compare
to COS observations. However, our results are applicable to higher
redshifts as well because of the weak redshift dependence of tcool/tff

at the virial shock (Dekel & Birnboim 2006). This ratio determines
whether a virial shock will remain hot and grow or cool rapidly and
collapse. We have verified this argument by carrying out a suite of
z = 2 simulations, which showed the same qualitative behaviour
as their z = 0 counterparts, for a given set of feedback parameters.
Of course, it may well be that the efficiency of stellar and/or AGN
feedback vary with redshift, due to changing gas fractions, black
hole masses, metallicities and other physical characteristics of the
galaxies and haloes. If so, the CGM properties would vary as well.
Although the redshift-independence of our results implies that for
a given mass our results are valid for a range of redshifts, the nu-
merical setup we adopted for this paper neglects to account for the
growth of the underlying dark matter potential. Moreover, our sim-
ulations use only the mean cosmic accretion rate and do not account
for any scatter or evolution of this rate, which could have potentially
important implications for the CGM structure (McCourt, Quataert
& Parrish 2013) and for galaxy properties (Feldmann et al. 2016). In
a future study, we plan to include an evolving potential and explore
variations to the accretion rate at fixed halo mass.

In a similar vein, our simulations neglect large-scale filamen-
tary accretion, which is the norm in galaxy formation. Nelson
et al. (2013) argued that the long standing cold-mode–hot-mode
dichotomy (e.g. Kereš et al. 2005) is partially a numerical arte-
fact arising from deficiencies in smoothed particle hydrodynamics
(SPH) codes that lead to thinner, denser filaments and heating due
to spurious dissipation of turbulent motions at large scales. The lack
of filaments in our current simulations precludes us from address-
ing this concern. However, the controlled environment our setup
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affords is ideal for studying how the properties of gaseous haloes
vary with filament properties and stellar feedback. This is particu-
larly important given the numerical subtleties involved in capturing
mixing via the Kelvin–Helmholtz instability (Lecoanet et al. 2016)
and its supersonic variants (Belyaev & Rafikov 2012; Mandelker
et al. 2016). In a future study, we plan to repeat a similar set of
simulations as those in this paper, but with filamentary accretion.
Magnetic fields, anisotropic conduction and cosmic rays may also
play an important role in the evolution and phase structure of the
CGM (e.g. Booth et al. 2013; McCourt et al. 2015).
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A P P E N D I X : R E S O L U T I O N S T U DY

We test the numerical convergence of our results with two separate
tests. In the primary test, we vary the number of levels of mesh
refinements of two of our simulations, which allows us to assess
how the properties of the halo cores vary with resolution. The fidu-
cial resolution of our simulations is achieved using three, nested
2563 levels (base grid, and two nested refined levels). This gives
a central spatial resolution of 228 cells per rvir, or �x = 1.4 kpc
(Mhalo/1012 M�)1/3. We re-simulated the low η 1012 M� and high
η 1011.5 M� haloes using two and four levels, which halved and
doubled the central resolution, respectively.

Fig. A1 shows the number density and pressure profiles of gas
in three distinct temperature regimes of these two haloes (compare
with Fig. 11). The profiles of the cold gas (T < Tvir/4) are in blue,
the warm, virialized gas (Tvir/2 < T < 2Tvir) in gold, and the hot
gas (T > 4Tvir) in red. The agreement between the profiles for the

Figure A1. The time-averaged (from 3 to 9 Gyr) pressure and number
density profiles of gas in three temperature bins that are delineated relative
to the haloes’ virial temperatures, for the high η 1011.5 M� (top) and low
η 1012 M� haloes (bottom). The hot gas with T > 4Tvir, virial gas with
Tvir/2 < T < 2Tvir, and cold gas with T < Tvir/4 are shown in red, gold
and blue, respectively. We show the profiles from the four mesh refinement
level (solid lines), fiducial-resolution, three mesh refinement level (dashed
lines) and low-resolution, two mesh refinement level (dot–dashed lines)
simulations. The profiles change from low to fiducial resolution, but are
similar at fiducial and high resolution, indicating that our simulations are
close to converged.

different resolution simulations of the high η 1011.5 M� halo (top
two panels) is very good in the cold and warm gas. However,
the central densities and pressures of the hot gas in the high-
resolution (solid lines) simulations exceeds that of the fiducial-
resolution (dashed lines) and low-resolution (dot–dashed lines)
simulations. Reassuringly, the differences between the high- and
fiducial-resolution simulations are much smaller than the differ-
ences between the fiducial- and low-resolution simulations, indi-
cating that our simulations are approaching convergence in this
hottest phase. This hot gas in the centre of these haloes is heated
by shocks between the wind material and the ambient/inflowing
material.

The temperature dependence of the resolution sensitivity is re-
versed in the low η 1012 M� halo (bottom two panels). In this
case, with different resolutions the hot and warm gas profiles agree
very well, while the cold gas pressures and densities increase with
resolution. Again, however, the differences decrease as resolution
increases. The gas in this cold temperature range is primarily in
small pressure confined clumps (e.g. Fig. 12). The size of these
clumps should be determined either by thermal conduction, which
would require resolving the Field length (λF � 0.1 pc 	 �x for
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Figure A2. Spherical shell averaged tcool/tff evolution at r = 3rgal = 0.075rvir (left vertical axis) relative to the cold (T < 104.5 K; blue dashed line) and hot
(T > 106 K; red dot–dashed line) gas mass contained within 0.2 rvir (right vertical axis) for the low η 1012 M� halo simulation with resolution increasing from
top to bottom. A thin dotted line is drawn at tcool/tff = 10, the value below which hot halo gas is predicted to generate significant multiphase gas via thermal
instability. The increase of cold gas mass when tcool/tff < 10 is a strong indication of thermal instability. The thermal instability cycles are qualitatively similar,
but quantitatively different because of the difficulty in resolving the small dense blobs created by thermal instability (e.g. Fig. 12).

Figure A3. Mass-weighted probability distribution as a function of temperature (left) and number density (right) for the high η 1011.5 M� halo. The different
colours correspond to different spherical annuli ranging from the centre (excluding the galaxy) to 1.25 rvir in steps of 0.25 rvir. The structure of the haloes in
the high-resolution (two level 5123) simulation agrees very well with the structure from the fiducial-resolution (three level 2563) and the low-resolution (four
level 1283) simulations.

10−2 cm−3 gas at 104 K), or should be roughly the size where the
sound crossing time equals the cooling time (∼cs tcool � 3pc). These
clumps are therefore unlikely to be resolved in our simulations (or
any other full halo simulations).

Fig. A2 shows a convergence plot for the evolution of the ratio
of the cooling time tcool of the hot gas at 3rgal = 0.075rvir to its
free-fall time tff along with the cold and hot gas content of the
inner 0.2rvir for the low η 1012 M� halo at different resolutions
(the middle panel is the same as the top panel of Fig. 13). The
increase of cold gas only when tcool/tff < 10 and the corresponding
increase in hot gas mass and tcool/tff immediately after is a strong
indicator of thermal instability triggered feedback regulation. As
resolution increases there are fewer of these cycles over a fixed
length of time. Additionally, at low resolution the increases in the
cold gas mass are more abrupt and the duration of the tcool/tff > 10
phase is shorter than in the higher resolution simulations. Although
the precise details of this regulation and its indicators change with
resolution, the overall behaviour is similar at the resolutions we
considered.

The second numerical convergence test we performed was aimed
at assessing how our results depend on the resolution at large
radii (�0.5rvir). To do so we simulated the low η 1011 M�,
high η 1011.5 M� and low η 1012 M� haloes with the same cen-
tral resolution but differing base grid resolution. For these tests,
the high-resolution simulations have two nested 5123 grids and
the low-resolution simulations have four nested 1283 grids, com-
pared to the three nested 2563 grids used in our fiducial-resolution
simulations.

Fig. A3 shows the mass-weighted probability distribution as a
function of temperature and number density in five radial bins for
the high η 1011.5 M� halo. The low η 1011 M� and low η 1012 M�
haloes show a similar degree of convergence so they are not shown.
At all three halo masses the agreement, especially at large radii, is
very good, which demonstrates that the large-scale properties of our
haloes are well resolved in our simulations.
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