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ABSTRACT

Pressure balance plays a central role in models of the interstellar medium (ISM), but whether and how pressure
balance is realized in a realistic multiphase ISM is not yet well understood. We address this question by using a
set of FIRE-2 cosmological zoom-in simulations of Milky Way-mass disk galaxies, in which a multiphase ISM is
self-consistently shaped by gravity, cooling, and stellar feedback. We analyze how gravity determines the vertical
pressure profile as well as how the total ISM pressure is partitioned between different phases and components
(thermal, dispersion/turbulence, and bulk flows). We show that, on average and consistent with previous more
idealized simulations, the total ISM pressure balances the weight of the overlying gas. Deviations from vertical
pressure balance increase with increasing galactocentric radius and with decreasing averaging scale. The different
phases are in rough total pressure equilibrium with one another, but with large deviations from thermal pressure
equilibrium owing to kinetic support in the cold and warm phases, which dominate the total pressure near the
midplane. Bulk flows (e.g., inflows and fountains) are important at a few disk scale heights, while thermal pressure
from hot gas dominates at larger heights. Overall, the total midplane pressure is well-predicted by the weight of the
disk gas, and we show that it also scales linearly with the star formation rate surface density (ΣSFR). These results
support the notion that the Kennicutt-Schmidt relation arises because ΣSFR and the gas surface density (Σg) are
connected via the ISM midplane pressure.

Key words: cosmology: theory – galaxies: evolution – galaxies: formation – galaxies:
ISM – galaxies: star formation

1 INTRODUCTION

1.1 ISM pressure balance and its connection to

the regulation of star formation in galaxies

Understanding the structure and dynamics of the interstellar
medium (ISM) has long been recognized as a fundamental
problem in astrophysics. Since the ISM is the reservoir out of
which stars form, the phase structure, dynamics, and ther-
modynamics of interstellar gas directly affect the process
of star formation (e.g., McKee & Ostriker 2007; Krumholz
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‡ Canada Research Chair in Theoretical Astrophysics

2014). Observations also show that basic ISM properties,
including its metallicity, molecular gas content, mass in gas
relative to stars, and velocity dispersion vary systematically
as a function of galaxy parameters such as mass and red-
shift (e.g., Saintonge et al. 2011; Tacconi et al. 2020). Thus,
the physics of the ISM is also critical in understanding the
formation and evolution of galaxies.

A principle central to essentially all models of the ISM,
dating at least back to Spitzer (1956), is that of pressure
balance between different phases. This principle was a core
component of the two-phase ISM model proposed by Field
et al. (1969) and of the three-phase model of McKee & Os-
triker (1977). In these classic analytic models, the pressure
of each phase is assumed to be dominated by the thermal
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component, implying that Ptherm = nkT is constant across
phases. In the more modern picture, informed by a combi-
nation of observations and numerical simulations, the ISM
is recognized as the host of many more complex processes.
In particular, the structure and dynamics of the ISM are not
only determined by thermal pressure but also by the mass,
momentum, and energy stored and carried by turbulence
(e.g., Elmegreen & Scalo 2004; Mac Low & Klessen 2004;
Hennebelle & Falgarone 2012). Moreover, observations show
(and models predict) that in many regimes star-forming
galaxies drive energetic galactic winds (e.g., Heckman &
Thompson 2017; Fielding et al. 2018). At their base, these
galactic outflows can be viewed as flows which are not static
but rather accelerated in the ISM. Thus, at the very least,
a more complete understanding of the ISM should involve
dynamic equilibrium (Kim et al. 2011; Sun et al. 2020).

Beyond the structure of the ISM, our interest in pres-
sure balance is motivated by the role this principle may
play in regulating star formation on galactic scales. Galax-
ies are observed to exhibit a tight correlation between their
globally averaged gas surface density, Σg, and star forma-
tion rate surface density, ΣSFR (e.g., Kennicutt 1998; Gen-
zel et al. 2010; Kennicutt & Evans 2012). This correlation
is referred to as the Kennicutt-Schmidt (KS) relation. Sev-
eral analytic models have been developed in which the KS
relation arises as a result of a balance between feedback and
gravity (e.g., Thompson et al. 2005; Ostriker et al. 2010; Os-
triker & Shetty 2011; Faucher-Giguère et al. 2013; Hayward
& Hopkins 2017). Although the detailed assumptions vary
between different implementations, the common basis for
this class of “equilibrium” models is that the ISM pressure
at the midplane must balance the weight of the overlying
gas, Pmid ∼ ΣdiskΣg (where Σdisk = Σs + Σg is the total
mass surface density). Assuming that Pmid ∝ ΣSFR, which
can be motivated in scenarios in which the energy necessary
to maintain the ISM pressure is provided either by stellar
feedback or by the release of gravitational energy by inspi-
raling gas (e.g., Krumholz et al. 2018), this directly predicts
a relation of the form ΣSFR ∝ ΣdiskΣg.

While the equilibrium KS models are appealing for their
simplicity and ability to explain basic observations, it is not
a priori guaranteed that the model assumptions (e.g. that
a steady state is reached, that vertical pressure balance is
achieved, or that pressure is correlated with the star for-
mation rate) are realized in actual galaxies. As mentioned
above, real galaxies have a dynamic, multiphase ISM shaped
by a combination of gravitational, cooling, and stellar feed-
back processes. Additionally, in a realistic cosmological en-
vironment, galaxies continuously accrete new gas from the
intergalactic medium (IGM) and frequently experience in-
teractions (including mergers) with nearby galaxies. More-
over, many galaxies drive powerful outflows that eject gas
from the ISM into the IGM (Steidel et al. 2010; Muratov
et al. 2015). These complexities are typically neglected in
existing analytic models (see Hayward & Hopkins 2017, for
an exception), but their effects can be investigated using
simulations which include some or all of these processes.
The focus of this paper is on dissecting the structure of and
analyze vertical pressure balance in the ISM of simulations
which are fully cosmological yet of sufficiently high resolu-
tion to capture its multiphase nature. Also presented is a
brief analysis of the validity of equilibrium models for ex-

plaining the KS relation that emerge in such simulations;
this will be expanded and built upon in future papers.

1.2 Previous numerical work

There has been significant previous work testing the assump-
tion of vertical pressure balance in numerical simulations,
which has been critical in establishing the present evidence
in support of equilibrium models of the KS relation. How-
ever, previous analyses have relied on various assumptions or
simplifications. While simplified setups have the advantage
of enabling some parameters of the problem to be better
controlled, it is also important to relax some of the assump-
tions in order to develop a more complete understanding of
the physics. For example, a large number of previous stud-
ies were based on high-resolution local simulations of ∼1
kpc patches of galactic disks with idealized boundary con-
ditions (e.g., Kim et al. 2011; Shetty & Ostriker 2012; Kim
et al. 2013; Kim & Ostriker 2015; Vijayan et al. 2020). In
addition to neglecting interactions with the cosmological en-
vironment, it has been shown that local Cartesian box sim-
ulations cannot correctly model the development of galactic
winds at large heights from the disk (Martizzi et al. 2016;
Fielding et al. 2017). It is unclear whether this has impli-
cations for pressure balance at the galaxy-wind interface.
Some studies of ISM pressure balance have also been car-
ried out using global simulations of isolated galaxies (Ben-
incasa et al. 2016; Benincasa et al. 2019b). These analyses of
global galaxy models broadly supported the results of local-
box simulations that the ISM tends to settle into a statisti-
cal steady state whose vertical structure is determined by a
balance between pressure and gravity. However, these sim-
ulations of isolated galaxies neglected the cosmological con-
text. Moreover, both local-box and isolated galaxy simula-
tions previously analyzed for vertical pressure balance imple-
mented simplified models of stellar feedback. For instance,
the simulations referenced above modeled supernovae (SNe)
and/or photoelectric heating by far-ultraviolet (FUV) radi-
ation, but did not explicitly include stellar winds, radiation
pressure on dust, or model the disruption of molecular clouds
by HII regions. Since the assumptions for stellar feedback
can have large effects on the dynamics and phase structure
of the ISM, it is important to explore different, and also
more complete, sets of feedback models.

1.3 This paper

In this work, we investigate ISM pressure balance and its
implications for the KS relation using the FIRE-2 simula-
tions from the FIRE project (Hopkins et al. 2014, 2018b)1.
These are high-resolution, fully cosmological, zoom-in simu-
lations which implement a detailed model for the ISM, star
formation, and stellar feedback. The result is a dynamic,
multiphase ISM self-consistently shaped by gravity, cooling,
and feedback. The FIRE-2 simulations have been shown to
provide a good match to several basic observed properties
of galaxy populations, including the stellar mass-halo mass
relation (Hopkins et al. 2014, 2018b), the mass-metallicity
relation (Ma et al. 2016), galactic winds (e.g., Muratov et al.

1 FIRE project website: http://fire.northwestern.edu
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Table 1. Properties of the simulated galaxies analyzed in this paper

Name Mhalo (1012 M�) a R∗,1/2 (kpc) b M∗ (1010 M�) c fg d 〈SFR〉600Myr (M� yr −1) e

m12i 1.1 2.9 6.7 0.20 6.2
m12f 1.5 4.0 8.5 0.24 9.7
m12b 1.3 2.8 8.8 0.16 9.0
a The total dark matter and baryonic mass within Rvir, the virial radius defined as in Bryan & Norman

(1998).
b The 3D radius containing half of the total stellar mass within 15% of Rvir.
c The total stellar mass within the galaxy (defined as within 5R∗,1/2 cylindrically and within ±5 kpc

of the midplane).
d fg =

Mg

M∗+Mg
with Mg the total gas mass within the galaxy.

e Average star formation rate in the 600 Myr period before redshift z = 0.

emission (including dust extinction), density-temperature
projections, and temperature slice-projections for each of
the three galaxies. All three simulations show relatively thin
(∼ 400 pc − 1 kpc) disks with multiphase gas distributions.
Figure 2 shows the star formation history of these three
galaxies and illustrates that the star formation rates are
time-steady at z ∼ 0, despite much more bursty earlier his-
tories.

We note that the average SFRs in the present simula-
tions are somewhat higher than the Milky Way (∼1.7 M�

yr−1; Bland-Hawthorn & Gerhard 2016) because (1) they
have higher gas masses and (2) the Milky Way itself has
an SFR below the typical L∗ galaxy today by a factor of
2-3 (e.g. Licquia et al. 2015). Therefore, while the simulated
galaxies are hosted by Milky Way-mass dark matter halos,
they are not perfect Milky Way analogues. This does not af-
fect the validity of our results, since we are interested in the
general physical processes that regulate star formation in
disk galaxies and not in reproducing the detailed properties
of our Galaxy.

2.2 Disk properties

We locate the main galaxy in each zoom-in simulation out-
put using the Amiga Halo Finder (AHF; Gill et al. 2004;
Knollmann & Knebe 2009). We define halos using the over-
density criterion (following Bryan & Norman 1998), which
corresponds to ≈ 100× the critical density at z = 0. We de-
fine the location of the “main galaxy” to be the halo center
of mass (computed using all of the dark matter, stellar, and
gas components). Since we limit our analysis to times dur-
ing which the disks are stable and do not experience major
mergers, we find the halo center of mass to be a sufficiently
accurate definition of galaxy center. In our analysis, we fo-
cus on galactocentric radii ≤ 5R∗,1/2, where R∗,1/2 is the
radius that contains half of the total stellar mass that lies
within 15 % of the virial radius (Rvir). This outer radius cor-
responds to the data that we process our analysis pipeline;
for many plots we focus on smaller radii for which the re-
sults are most relevant. Table 1 summarizes these, and other,
important properties for the three simulations we use.

We define the vertical (z) axis to lie along the total an-
gular momentum vector of the gas contained within 5R∗,1/2.
Since, in principle, the stellar and gas disks can be mis-
aligned we have checked that our results are insensitive to
the choice between these options. We have also confirmed
that there is no significant warping of the disk in the simu-
lation snapshots that we analyze by comparing the angle be-

tween the angular momentum vectors of radial annuli (find-
ing differences < 1◦). The x− y (or R− φ) plane is normal
to the z-axis, and the midplane, corresponding to z = 0, is
defined to intersect the halo center of mass. With this orien-
tation, we measure the gas disk scale height h as a function
of cylindrical galactocentric radius R, for different annuli of
width R∗,1/2/3, by fitting an exponential profile of the form

ρ(z) ∝ e−|z|/h to the vertical distribution of gas within ± 3
kpc of the midplane. We fit independent profiles both above
and below the midplane and, though these heights are typ-
ically very similar, use the average of the two scale heights
to define a single h that we use for the rest of the analysis.

Figure 3 catalogs important radius-dependent proper-
ties of the three galaxies in our sample including: the gas and
stellar surface densities (Σg, Σs respectively), the star for-
mation rate surface density (ΣSFR), the gas and stellar scale
heights (h, hs), the circular velocity (vc =

√
GMtot(< r)/r),

the one-dimensional velocity dispersions of the gas and stars
(σ1D,g, σ1D,s), the mass-weighted mean gas radial and az-
imuthal velocities (vR, vφ), and Toomre Q parameters (see
Orr et al. 2018 for detailed comparisons of Σg and ΣSFR in
FIRE simulations to observations of the KS relation).

For all surface densities, quantities are integrated verti-
cally between ±5h, and for all velocities, quantities are mea-
sured using resolution elements between ±h. Different curves
represent the profiles from different snapshots in time, sep-
arated by ≈ 60 Myr and spanning ≈ 600 Myr, and overlap
strongly (except at the outermost radii), reflecting the sta-
bility of the disks during the analysis period. We repeated
the analysis presented here and in the following sections with
3× as many snapshots separated by ≈ 20 Myr spanning the
same 600 Myr period and find that all of our time-averaged
results are well converged with the 60 Myr time-spacing (see
Appendix A).

The velocity dispersions σ1D for both the gas and stars
are defined as the average width of the velocity distribu-
tions in the r, φ, and z directions measured as if the dis-
tribution were Gaussian and the 84th and 16th percentiles
corresponded to the ±σ range i.e.

σ2
1D =

1

3

∑

i=r,φ,z

(
p84(vi)− p16(vi)

2

)2

. (1)

We find that the gas 1D-velocity dispersion is roughly con-
stant with radius at ∼30 km s−1, excluding the inner-most
region (which is likely affected by the presence of a stel-
lar bulge), while the stellar 1D-velocity dispersion decreases
substantially with radius. The gas 1D-velocity dispersion is
only modestly anisotropic, with 2/3σg,r ≈ σg,φ ≈ σg,z uni-
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Pressure balance in the multiphase ISM of cosmologically simulated disk galaxies 9

Note that, since gsz and Ss
z are defined as mass-weighted

averages over slabs, it is the case that [ρgz]
s = ρsgsz and

[ρSz]
s = ρsSs

z, a fact used on the right-hand side of Equation
(11).

We can then integrate each side from height z above
the midplane to ∞. We assume that Ptot(∞) = 0, which
is a good assumption so long as the midplane pressure is
much larger than the pressure out in the CGM. Integrating
the left-hand side gives the slab-averaged pressure P s

tot(z),
while the right-hand side gives the weight per unit area of
the gas above the slab at height z, if z > 0:

W s
tot(z) ≡ −

∫ ∞

z

dz′ ρs(z′)gsz(z
′). (13)

with an analogous integral with bounds −∞ → z if z < 0
(below the midplane). Neglecting the momentum source
term, as is commonly done in similar analyses (e.g., Kim
& Ostriker 2015), the expression for steady state balance in
Equation (11) is then equivalent to 〈P s

tot(z)〉 = 〈W s
tot(z)〉 for

all z. In addition to testing this result against the simula-
tions, in this work we analyze how Ptot is partitioned into
thermal, dispersion, and bulk flow, as a function of R and
z.

In practice, to compute slab-averaged quantities, we
smoothly deposit gas properties onto the grid of slabs in
an SPH-like way (see Appendix B). To evaluate Wtot, we
use pykdgrav8 to compute the gravitational acceleration in
the z-direction, taking into account all the particles within
the virial radius of the main halo. To minimize noise, we
average four evaluations of gz(z), each at a point `patch/4
away from the patch center and along a different cardinal
direction. This procedure effectively replaces gsz (defined as a
mass-weighted average) by a slab-volume averaged version;
we expect this to be a minor effect as the gravitational ac-
celeration is dominated by long-range forces except in the
densest gas, which is excluded from the analysis as described
in the next section.

3.3 Partial vs. local pressures in different phases

To understand how pressure support is partitioned in a mul-
tiphase ISM, we also divide the gas in the galaxy into three
phases according to its temperature: cold (T < 103 K), warm
(103 < T < 105 K), and hot (T > 105 K). In addition to this
temperature cut, we exclude all gas denser than 50 cm−3

to excise very dense clumps that are largely decoupled from
the volume-filling flow and effectively do not participate in
vertical pressure balance. We find that our results are insen-
sitive to density cuts above 10 cm−3, below which substan-
tial amounts of diffuse cold and warm gas are erroneously
excised. Figure 5 shows a temperature-density diagram il-
lustrating the different gas phases in one of our simulations.

In simplified models, such as the classic three-phase
model of the ISM (e.g. McKee & Ostriker 1977), the dif-
ferent phases are assumed to have the same “local” pressure,
i.e.

P̃ cold
tot ≈ P̃warm

tot ≈ P̃ hot
tot , (14)

8 pykdgrav is a PYTHON package for efficiently computing
N−body gravitational accelerations (and potentials) using a k-
d tree. See https://github.com/mikegrudic/pykdgrav/.

whereas here we use the term “local” to refer to the pressure
(∝ energy density) in the volume occupied by a given phase.
We contrast this with the “partial” pressure, which we define
as the volume weighted contribution to the total volume
integrated pressure. The partial and local pressures for each
phase are then related by the volume-filling fraction of a
phase, fphase = Vphase/Vslab.

P phase = fphaseP̃
phase. (15)

The total ISM pressure can then be written as the sum of
the total partial pressures from each phase.

Ptot = P cold
tot + Pwarm

tot + P hot
tot (16)

In the rest of this paper, we use the “tilde” notation as
above to distinguish between local vs. partial pressures.

4 VERTICAL PRESSURE BALANCE RESULTS

In this section we measure whether (and how) gas achieves
vertical pressure balance in different regions of the galaxy.

4.1 Pressure-to-weight ratio maps and scale

dependence

Figure 6 maps the total pressure-to-weight ratio, Ptot/Wtot,
in a single z = 0 snapshot of m12i over the face of the disk
as a function of `patch (in different panels). Each patch is
colored according to the median|z|≤h {Ptot(z)/Wtot(z)}, i.e.
the median pressure-to-weight ratio of slabs within ±h of
the midplane. Face-on renderings using the same visualiza-
tion methodology as the top panels of Figure 1 are included
on the left-hand column to illustrate, e.g., the locations of
spiral structure in the disk. Contours of Σg = 10 M�/pc2

are reproduced in all panels to facilitate comparison between
the results for different `patch values. The figure shows that,
even for averaging scales `patch = 1 kpc, Ptot/Wtot fluctu-
ates substantially from place to place within a given galaxy.
Although there are some apparent correlations between gas
surface density contours and the pressure ratio (e.g., the in-
ner galaxy, where Σg is large, generally has Ptot/Wtot < 1),
overall the pattern is complex and spiral features can cor-

respond to either “over-pressurized” or “under-pressurized”

regions. Outside the central region, gas near the midplane
typically has a pressure-to-weight ratio ≤ 1.

The fluctuations shown in Figure 6 highlight the extent
to which local box simulations, which typically cover disk
patches of size ≤ 1 kpc, cannot capture the full range of
conditions occurring throughout a galaxy’s ISM. Next, we
analyze more quantitatively how the pressure-to-weight ra-
tio varies as a function of galactocentric radius and height
from the midplane.

4.2 Pressure-to-weight ratio vs. R and z

The top row of Figure 7 shows the height-median
pressure ratio within ±h, more precisely defined as
median|z|≤h {meanR,φ,t(Ptot)/meanR,φ,t(Wtot)}, for differ-
ent values of `patch and the three simulations analyzed in
this paper. This formula indicates that, for fixed z/h, we
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extended stability analysis taking into account finite disk
thickness and dissipation, Elmegreen (2011) showed that
instability is expected in a two-component stars+gas disk
when Qeff . 0.75.

In §2 we noted that our disks have an effective Toomre
Qeff parameter that is nearly a constant ∼3 throughout
the main parts of the disk. At face value, since Qeff is well
above the nominal Elmegreen (2011) stability threshold, this
suggests that the perturbations in the disks should be sta-
ble against gravitational collapse. This is however clearly
not the case, since the disks are continuously forming stars
and in the simulations, star formation is restricted to lo-
cally self-gravitating gas. This implies that even more de-
tailed, multi-component analytic disk stability analyses such
as that performed by Elmegreen (2011) are not in general
sufficient to accurately model gravitational instabilities in
realistic disk galaxies. This is not too surprising, since in
realistic galaxies the multiphase ISM is continuously stirred
and compressed by both gravitational and stellar feedback
processes, and dissipation occurs through a complex combi-
nation of gas cooling and kinetic dissipation. This leads to
highly non-linear perturbations whose development cannot
be accurately modeled by a linear analysis of a smooth disk
model.

We note that the relatively large Qeff ∼ 3 that we find
in the simulations goes in the direction that might be ex-
pected given the complexities just described. Namely, even
though we find Qeff ∼ 3 when evaluating disk properties av-
eraged in annuli, local gas densities (e.g. in spiral arms) can
be much higher than average and thus lead to local grav-
itational instability and star formation. At the same time,
large portions of the disk are “over-supported” (by e.g. super-
bubbles and outflows) and do not form stars. In a different
analysis of FIRE-2 simulations, Orr et al. (2019a) measured
Q ∼ 1 in ∼1 kpc patches, but their analysis was focused
on regions with non-zero SFR, whereas we include all gas
in the present analysis. Although the analysis of Orr et al.
(2019a) used a different expression for Q, we verified that
this is a subdominant effect. Interestingly, Leroy et al. (2008)
analyzed a sample of nearby, observed spiral galaxies and in-
ferred values Qeff ∼ 2−3 consistent with those found in our
simulations.

5.2 Vertical pressure balance as an explanation

for the KS relation

As discussed in the introduction (§1), a basic assumption of
equilibrium models for the KS relation is that galactic disks
are in a state of approximate vertical hydrostatic balance,
in the sense that the total ISM pressure near the midplane
balances the weight of the overlying disk gas. The results of
the previous section show that this requirement is satisfied
for the long-lived, low-redshift, ∼L? simulated galactic disks
analyzed in this paper. In particular, the results indicate
that near the midplane most of the ISM pressure is provided
by dispersive motions in the cold and warm phases, which in
observations would typically be identified as supersonic or
transonic turbulence. The equilibrium is quasi hydrostatic

near the midplane in the sense that large-scale bulk flows
are subdominant.

Vertical hydrostatic balance is however not sufficient on
its own to explain the KS relation; for this, there must be

a mechanism that couples ΣSFR to Σg (or the gas surface
density in a specific component, such as molecular gas). In
feedback-regulated models, it is postulated that midplane
ISM pressure is predominantly provided by momentum in-
jection by stellar feedback. In this case, under simple as-
sumptions for turbulence dissipation, the turbulent pressure
Pdisp ∼ ΣSFR(p?/m?), where p?/m? ∼ 1000 km s−1 is the
momentum injected into the ISM by SNe11 (e.g., Ostriker
& Shetty 2011; Faucher-Giguère et al. 2013; Martizzi et al.
2015; Hayward & Hopkins 2017).

Figure 12a examines in more detail how, in the simula-
tions analyzed, ΣSFR and Σg are consistent with being cou-
pled through the midplane pressure as in feedback-regulated,
equilibrium KS models. In the left-hand panel, we show the
total midplane pressure Pmid

tot in m12i versus the analytic es-
timate GΣdiskΣg = G((h/hs)Σs + Σg)Σg for the weight of
the overlying gas (such a weight-based expression is often
how the midplane pressure is estimated in observations, e.g.
Wong & Blitz 2002; Leroy et al. 2008; Herrera-Camus et al.
2017). The factor h/hs introduced in the above expression
for Σdisk accounts for the fact that, when the stellar disk is
thicker than the gas disk, only the stars with |z| . h (the gas
scale height) contribute to the net gravity acting on the gas
component (assuming plane-parallel geometry). Consistent
with the smooth scale height radial profiles shown in Figure
3, neglecting the h/hs factor produces only a modest offset
and additional scatter in the left-hand panel of Figure 12a,
so it is not critical for the present discussion. In the right-
hand panel, we show how Pmid

tot scales with ΣSFR averaged
over a time-scale of 25 Myr (this roughly corresponds to the
time-scale needed for most of the feedback energy from SNe
to be deposited into the ISM).

Consistent with the key results of §4 showing that the
total midplane pressure is determined by the weight of the
overlying gas, the left-hand panel of Figure 12a shows a clear
linear correlation, with approximately the same normaliza-
tion, for Pmid

tot vs. GΣdiskΣg. On the right, we see that the
midplane pressure also correlates with ΣSFR, with a nor-
malization Pmid

tot ∼ ΣSFR(p?/m?) consistent with p?/m? ∼
1000 kms−1. These scalings are qualitatively similar to those
recently observed in Sun et al. (2020) (compare to their
Figure 8). They also agree with the basic assumptions of
feedback-regulated models and, when combined by elimi-
nating the midplane pressure, imply a KS-type relation be-
tween ΣSFR and Σg. KS-type relations are indeed realized
in the FIRE simulations (Hopkins et al. 2014; Orr et al.
2018), though as discussed at length by Orr et al. (2018),
a quantitative comparison with observations requires a de-
tailed treatment of gas tracers.

The different contributions to the total gravitational ac-
celeration in the disk are plotted in Figure 12b. The fig-
ure shows that, for the present simulations, the total grav-
itational acceleration is dominated by stars, implying that
Pmid
tot ∝ GΣdiskΣg ∼ GΣsΣg. In more gas-rich galaxies with

gas mass fraction fg ∼ 1, however, the scaling can approach

11 There is a factor ∼3 uncertainty in the correct normalization
of p?/m? owing not only to uncertainties in the properties of SNe
but also where they explode in the ISM and the degree to which
the linear momentum from different SNe cancel in the disk.
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Pmid
tot ∝ GΣ2

g, which would result in a steeper scaling of ΣSFR

vs. Σg.
In this discussion of the KS relation, we do not explic-

itly account for cosmic rays and/or magnetic fields (not in-
cluded in the simulations we analyze in this paper). Chan
et al. (2019) ran and analyzed similar but non-cosmological
simulations of ∼ L? galaxies (i.e., idealized simulations of
isolated galaxies), also including the base FIRE-2 stellar
feedback physics. In addition to the base FIRE-2 physics,
Chan et al. (2019) ran simulations including magnetic fields
and different treatments of cosmic ray transport. For cosmic
ray transport parameters calibrated to γ−ray observations
of nearby galaxies, Chan et al. (2019) found that cosmic ray
pressure had weak effects within galactic disks, but could
potentially help accelerate galactic winds or provide impor-
tant non-thermal pressure gradients in the circumgalactic
medium (see also Ji et al. 2020; Hopkins et al. 2020a). In a
follow-up study based on fully cosmological FIRE-2 simula-
tions including a cosmic ray transport model also calibrated
to available observations (corresponding to an anisotropic
cosmic ray diffusion coefficient κ = 3 × 1029 cm2 s−1 and
including streaming), Chan et al. (in preparation) directly
quantify pressure support by magnetic fields and cosmic rays
as a function of distance from the midplane. Chan et al.
(in preparation) show that magnetic fields contribute only
∼ (1 − few)% of the total midplane pressure support (see
also Su et al. 2018). Cosmic rays, while more important,
typically contribute only ∼ 10% of the total pressure sup-
port within the disk, though cosmic ray pressure gradients
become more important at a few disk scale heights. Thus, we
do not expect magnetic fields and cosmic rays to substan-
tially change our conclusions regarding the emergence of the
KS relation from vertical pressure balance in the ISM. The
effects of magnetic and cosmic ray pressures on gas dynamics
in FIRE-2 simulations will be explored in more quantitative
detail in follow-up studies (Chan et al., in prep; Trapp et
al., in preparation).

5.3 Relating the scatter in the pressure ratio to

the observed scatter in the KS Relation

Observational work has shown that the scatter in the KS re-
lation increases with decreasing averaging scale (Kennicutt
et al. 2007; Bigiel et al. 2008, 2010; Leroy et al. 2008, 2017).
It is tempting to suggest that deviations from pressure bal-
ance in our analysis, which also increase in magnitude as
`patch is decreased, might drive (part of) the deviations from
the mean KS relation.

In the simple feedback-regulated equilibrium frame-
work, the equations from the previous section imply that

ΣSFR ∼

(
P

W

)(
G

p?/m?

)
ΣdiskΣg, (17)

where we omit the subscript ‘tot’ in the pressure-to-weight
ratio P/W for simplicity.

Following a standard propagation-of-errors procedure
for the scatter,

(
σΣSFR

ΣSFR

)2

=

(
σP/W

P/W

)2

+

(
σΣdisk

Σdisk

)2

+

(
σΣg

Σg

)2

+ o.t.,

(18)
where ‘o.t.’ are other terms that may contribute, e.g. finite

sampling of star-forming regions (e.g., Kruijssen & Long-
more 2014), time delays between star formation events and
ISM pressure equilibration (e.g., Orr et al. 2019b), or vari-
ations in p?/m?. This implies that the observed fractional
scatter in ΣSFR (at fixed Σg) must be larger than the pre-
dicted fractional scatter in P/W for the model and simula-
tions to be consistent with observations.

A crude comparison with available data on the scale-
dependent scatter of the KS relation in local spiral galaxies
similar to the simulated galaxies (e.g. in Kennicutt et al.
2007; Bigiel et al. 2010; Leroy et al. 2017) suggests that
the scatter in P/W predicted by the simulations (see Fig-
ure 7) is consistent with, but not negligible compared to,
the total fractional scatter in observationally inferred ΣSFR.
This indicates that time- and space-dependent scatter in the
pressure-to-weight ratio can potentially account for a sub-
stantial portion of the scatter in the KS relation. Thus, it
would be interesting for future work to model in more de-
tail how fluctuations in P/W translate into scatter in the
observed KS relation.

5.4 Previous studies of vertical pressure balance

Our results paint a dynamic picture of the ISM, one where
individual patches can instantaneously be out of vertical
pressure balance, but after averaging over significant por-
tions of the disk there is an average pressure-to-weight ratio
of ≈ 1. The time-averaged equilibrium between the total
ISM pressure and the weight of the overlying gas is broadly
consistent with what has been found in previous studies of
vertical hydrostatic balance in more idealized simulations
of Milky Way-like conditions based on local boxes or non-
cosmological simulations of isolated galaxies (e.g., Kim et al.
2013; Benincasa et al. 2016; Benincasa et al. 2019b; Vi-
jayan et al. 2020). Our finding that the total ISM pres-
sure near the midplane is predominantly provided by dis-
persion/turbulence in the cold and warm phases is also con-
sistent with previous simulations (although the cold phase
was not always explicitly modeled), as is the fact that the
hot gas generated by SNe tends to be over-pressurized in the
disk and drive outflows (e.g., Vijayan et al. 2020).

One interesting difference between our results and the
local-box simulation of Vijayan et al. (2020), which goes in
a counter-intuitive direction, concerns the variability of the
SFR in 1 kpc2 patches (the size of the box in Vijayan et al.).
Despite the idealized boundary conditions, the SFR in Vi-
jayan et al.’s solar neighborhood local box experiences bursts
with peak-to-trough amplitude exceeding an order of mag-
nitude. In our cosmological simulations, the SFR similar in
1 kpc2 patches varies by only a factor ∼2 even though there
are in principle many additional sources of perturbation (e.g.
gas flows from different parts of the disk, spiral structure,
or inflows/outflows/substructure in the galactic halo). One
possible explanation for this difference in SFR burstiness is
that the main form of stellar feedback in Vijayan et al.’s TI-
GRESS simulations is SNe (Kim & Ostriker 2018), whereas
the FIRE-2 simulations also include photoionization and ra-
diation pressure. Hopkins et al. (2019) showed that includ-
ing these radiative feedback processes smooths galaxy-scale
SFRs in time. In particular, “early” radiative feedback limits
the star formation efficiency of individual molecular clouds,
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which in turn limits the formation of large clusters of SNe
exploding at the same time.

We can also compare to recent observational studies
that have sought to address whether galaxies achieve a state
of dynamical equilibrium. Recently, Sun et al. (2020) car-
ried out a detailed observational analysis of this question
for 28 nearby star-forming galaxies and focusing on the cold
molecular gas. Overall, they find very good agreement be-
tween the total pressure in the cold gas (dominated by dis-
persive/turbulent motions, as in our simulations) and the
total weight of the overlying gas. Sun et al. (2020) note that
in the observations, self-gravity of the gas is important to
verify dynamical equilibrium in the densest cold gas. In our
simulation analysis, self-gravity is implicitly neglected for
substructures on scales � `patch, but this is not a large ef-
fect because we exclude gas above a density cut of 50 cm−3

from our results (though not as a source of gravity, for which
all mass is considered; see §3.3). Moreover, as summarized
in §2.1, self-gravitating gas rapidly turns into stars in the
simulations.

6 SUMMARY & CONCLUSIONS

We use the FIRE-2 galaxy formation simulations to investi-
gate the structure and properties of the ISM in the disks of
z ∼ 0 Milky Way-mass galaxies. We analyze in particular the
degree to which the ISM pressure can be modeled as being
in quasi-hydrostatic balance with the weight of the overlying
gas, an assumption which is the basis of many models for the
structure of disk galaxies (e.g., Boulares & Cox 1990) as well
as models of the origin of the KS relation (e.g., Thompson
et al. 2005; Ostriker & Shetty 2011; Faucher-Giguère et al.
2013; Hayward & Hopkins 2017; Orr et al. 2018). We also
analyze how the total ISM pressure is partitioned between
different gas phases and different forms of pressure (thermal
vs. dispersion/turbulence vs. bulk flows). This allows us to
test the assumption of pressure balance between different
phases, which is central to classic models of the ISM (e.g.,
McKee & Ostriker 1977).

Relative to previous analyses of ISM pressure balance
in more idealized local-box simulations or in simulations of
isolated galaxies (e.g., Kim et al. 2013; Benincasa et al. 2016;
Vijayan et al. 2020), our study improves on previous work
by including the full cosmological context. This includes in-
flows and outflows in the circumgalactic medium, as well
as potential dynamical disturbances from satellite galaxies.
Moreover, the FIRE-2 simulations implement a more com-
plete set of stellar feedback processes, including Type II and
Ia SNe, stellar winds, photoelectric heating, photoionization,
and radiation pressure.

On average, we find that the total ISM pressure within
the galactic disks approximately balances the weight of the
overlying gas, as expected for systems in quasi-hydrostatic
equilibrium. In more detail, the simulated galaxies exhibit
deviations from exact vertical pressure balance with a scat-
ter that increases with decreasing averaging scale (see Figure
7). By breaking the ISM pressure into different gas phases
and forms, we find that that the total ISM pressure in the
disk is dominated by kinetic pressure due to velocity disper-
sion in the warm and cold phases.

Observationally, these dominant forms of pressure may

be identified as transonic and supersonic turbulence in the
warm ionized medium (WIM), the warm neutral medium
(WNM), and the cold neutral medium (CNM). This tur-
bulence likely has important implications for models of the
thermal instability and chemistry in the ISM (e.g. Saury
et al. 2014; Bialy et al. 2019). Above a few disk scale heights,
the gas pressure is dominated instead by thermal pressure
in the hot phase which drives outflows. In our simulations of
low-redshift, ∼L? galaxies these outflows are weak and may
be described as “fountain flows.”

We find that while the different gas phases are in rough
total pressure equilibrium with each other within the disk,
they are not in thermal pressure balance. In particular, since
velocity dispersion pressure dominates in the warm and cold
phases, these would appear to be highly under-pressurized
if only their thermal pressure were considered.

A novel aspect of our analysis is the explicit decom-
position of the total kinetic pressure between “dispersion”
and “bulk flow” components (see §3.2). While total kinetic
pressure is independent of averaging scale, the partitioning
between the dispersion and bulk flow components depends
on the scale of random motions, which can correspond to
turbulent eddies, compared to the patch size. In the disk,
we find the bulk flow term becomes dominant over the dis-
persion term as the averaging scale is decreased from 1 kpc
to 300 pc (see Figure 10). This is consistent with the scale
of the largest turbulent eddies being comparable to the ISM
scale height.

We also quantify the contributions from different galac-
tic components to the total gravitational acceleration. For
the Milky Way-mass galaxies analyzed here, which have
modest gas fractions fg ∼ 0.2, the gravitational acceleration
due to stars is the most important near the midplane, while
the gravity due to the dark matter and the self-gravity of the
gas are strongly subdominant. Correspondingly, we find that
the simple analytic expression Pmid

tot ∼ G((h/hs)Σs +Σg)Σg

predicts the total midplane pressure reasonably well.

Our analysis also shows that the ISM pressure scales lin-
early with the star formation rate surface density, Pmid

tot ∝
ΣSFR. Taken in concert, these results can explain why galax-
ies obey KS-type relations of the form ΣSFR ∝ Σb

g (for expo-
nents b ≈ 1− 2 which depend on how different mass compo-
nents contribute to gravity, as well as the gas tracer used)
as a result of vertical pressure balance in the ISM of disk
galaxies. If this is correct, the scale-dependent fluctuations
we find in vertical pressure balance provide insight into one
source of scatter in the observed KS relation.

In the future, it will be important to explore the dynam-
ical balance not only in stable Milky Way-like disk galaxies
but also in the ISM of galaxies that exhibit highly bursty
star formation, such as at high redshift. It will also be im-
portant to investigate whether the simulations predict a well
defined KS relation in such regimes, and if so, how it might
be realized if vertical pressure balance is not sustained. Ad-
ditionally, the simulations analyzed in this paper neglected
some potentially important physics, such as magnetic fields
and cosmic rays. The effects of these additional processes on
ISM balance will be explored in a separate study (Chan et
al., in preparation).
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