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A B S T R A C T 

Supersonic gas turbulence is a ubiquitous property of the interstellar medium. The level of turbulence, quantified by the gas 
velocity dispersion ( σ g ), is observed to increase with the star formation rate (SFR) of a galaxy, but it is yet not established whether 
this trend is driven by stellar feedback or gravitational instabilities. In this work, we carry out hydrodynamical simulations of 
entire disc galaxies, with different gas fractions, to understand the origins of the SFR–σ g relation. We show that disc galaxies 
reach the same levels of turbulence regardless of the presence of stellar feedback processes, and argue that this is an outcome 
of the way disc galaxies regulate their gravitational stability. The simulations match the SFR–σ g relation up to SFRs of the 
order of tens of M � yr −1 and σg ∼ 50 km s −1 in neutral hydrogen and molecular gas, but fail to reach the very large values 
( > 100 km s −1 ) reported in the literature for rapidly star-forming galaxies. We demonstrate that such high values of σ g can be 
explained by (1) insufficient beam smearing corrections in observations and (2) stellar feedback being coupled to the ionized gas 
phase traced by recombination lines. Given that the observed SFR–σ g relation is composed of highly heterogeneous data, with 

σ g at high SFRs almost e xclusiv ely being derived from H α observations of high-redshift galaxies with complex morphologies, 
we caution against analytical models that attempt to explain the SFR–σ g relation without accounting for these effects. 

Key words: turbulence – methods: numerical – ISM: evolution – ISM: kinematics and dynamics – galaxies: star formation. 
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 I N T RO D U C T I O N  

he interstellar medium (ISM) of disc galaxies is observed to be
ighly dynamic and complex in nature. A striking property of the
SM is its supersonic turbulence across a wide range of spatial scales,
edshifts, and a multitude of gas tracers (see e.g. Elmegreen & Scalo
004 ; Mac Low & Klessen 2004 ; Glazebrook 2013 , for re vie ws). The
resence of supersonic turbulence has been found to have a crucial
mpact on the temperature and density distribution in the galaxy
e.g. McKee & Ostriker 2007 ), gas mixing (Yang & Krumholz 2012 ;
rmillotta, Krumholz & Fujimoto 2018 ), and the formation of stars

Mac Low & Klessen 2004 ; Ballesteros-Paredes et al. 2007 ; Renaud,
raljic & Bournaud 2012 ; Padoan et al. 2014 ; Federrath 2018 ). 
The dynamics of the ISM in galaxies through a large range of evo-

utionary stages is well observed with several tracers, corresponding
o different distinct gas phases. The level of turbulent gas motions,
ommonly quantified as the velocity dispersion σ g (measured as
he line width of individual emission lines), can vary significantly
etween phases. In the warm ionized phase of local disc galaxies,
t is of the order of σg ∼ 10 –40 km s −1 (e.g. Moiseev, Tikhonov &
lypin 2015 ; Varidel et al. 2016 ) and it rises to � 100 km s −1 in

apidly star-forming high-redshift galaxies (e.g. Cresci et al. 2009 ;
pinat et al. 2009 ; Law et al. 2009 ; Genzel et al. 2011 ; Alcorn et al.
018 ). In contrast, in local disc galaxies, the velocity dispersion in
 E-mail: timmy.ejdetjarn@astro.su.se 
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tomic hydrogen (Ianjamasimanana et al. 2012 ; Stilp et al. 2013 )
nd molecular hydrogen (e.g. Cald ́u-Primo et al. 2013 ; Nguyen-
uong et al. 2016 ; Levy et al. 2018 ; Girard et al. 2021 ) is commonly
bserved around σg ∼ 10 km s −1 . 
A relation between the star formation rates (SFRs) of galaxies

nd σ g is observed across several observed scales, redshifts, and
as tracers (e.g. Epinat et al. 2009 ; Ianjamasimanana et al. 2012 ;
oiseev et al. 2015 ; Alcorn et al. 2018 ; Levy et al. 2018 ). This

mplies that the process of star formation is accompanied by the
njection of turbulence in the ISM. Ho we ver, there is no consensus
n what drives and maintains the ISM turbulence. A large number
f candidates have been argued in literature (see Elmegreen & Scalo
004 ; Glazebrook 2013 , for a re vie w), with some combination of
tellar feedback and gravitational instabilities likely being important
e.g. Dib, Bell & Burkert 2006 ; Agertz et al. 2009 ; Lehnert et al.
009 ; Krumholz et al. 2018 ; Orr, Hayward & Hopkins 2019 ). Stellar
eedback intuitively fits the scenario, as supernovae and stellar winds
aturally insert large amounts of energy and momentum into the ISM,
nd has a close connection to star formation. Ho we ver, gravitational
nstabilities are also closely connected to the formation of stars
nd can convert potential energy into turbulent energy, e.g. in the
orm of clump formation, accretion or radial flows through the disc
e.g. Agertz et al. 2009 ; Dekel et al. 2009a ; Krumholz & Burkert
010 ). Cosmological processes, such as accretion and mergers, have
lso been suggested to directly induce turbulence during interactions
e.g. F ̈orster Schreiber et al. 2006 ; Dekel, Sari & Ceverino 2009b ;
lessen & Hennebelle 2010 ; Genel, Dekel & Cacciato 2012 ; Renaud
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. Observational data of the relation between the gas velocity dispersion σ g (a measurement on the level of gas turbulence) and the SFR. The markers 
represent individual galaxies (sources and additional information shown in Table A1 ) and are colour-coded by the gas phase of the tracer used to measure σ g . 
Left-hand figure shows the relation as it is commonly e v aluated in literature and the right-hand figure shows the relation in log-space in order to highlight the 
kinematic difference at some threshold SFR ∼ 2 M � yr −1 ; further illustrated by the two fitted (red) lines. The data set is highly heterogeneous and the details 
of this are discussed in Section 2 . 
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1 With the exception of data taken from Nguyen-Luong et al. ( 2016 ) who 
observed individual star-forming molecular clouds within the Milky Way. 
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t al. 2014 ). Ho we ver, accretion might only be rele v ant early-on in
isc galaxies before feedback and instabilities become dominant 
see Elmegreen & Burkert 2010 , and references therein). Ginzburg 
t al. ( 2022 ) found that accretion is unlikely the primary driver of
urbulence in less massive haloes < 10 12 M � (at z = 0). 

Several authors have developed analytic models of disc galaxies 
hich incorporate σ g and can thus be used to e v aluate the source of
alactic turbulence (e.g. Faucher-Gigu ̀ere, Quataert & Hopkins 2013 ; 
rumholz & Burkhart 2016 ; Hayward & Hopkins 2017 ; Krumholz 

t al. 2018 ; Orr et al. 2019 ; Nusser & Silk 2022 ), which usually focus
n modelling one particular possible origin. Krumholz & Burkhart 
 2016 ) presented two galaxy-wide analytic models of galactic discs
esigned to reproduce the SFR–σ g relation. One of their models 
s the analytic steady-state solution of a galactic disc derived by 
rumholz & Burkert ( 2010 ), which is based on gravitational insta-
ilities driving turbulence through radial inflows through the disc. 
hey compare this model with a feedback-driven model by Faucher- 
igu ̀ere et al. ( 2013 ), which assumes that the vertical gas pressure

s balanced by the momentum input from supernovae explosions. 
rumholz et al. ( 2018 ) extended this study by deriving a model that

ncorporates both effects, meaning that it can be applied to a wide
iversity of galaxies. In recent years, several observational studies 
ave applied these models to interpret observational data ( ̈Ubler 
t al. 2019 ; Yu et al. 2019 ; Varidel et al. 2020 ; Girard et al. 2021 ;
u et al. 2021 ). While such analytic models are efficient and useful

or comparisons with data, they tend to involve a large set of free
arameters that are not straight forward to constrain observationally. 
Recent cosmological simulations have managed to reproduce the 

FR–σ g relation in disc galaxies o v er cosmic time (Hung et al. 2019 ;
rr et al. 2020 ; or the � SFR –σ g relation in the case of Orr et al. 2020 ).
rr et al. ( 2020 ) showed that the most tenuous gas was also the most

urbulent, which highlights the kinematic differences between gas 
hases. They also compared their simulations to analytic models 
nd concluded that both a feedback-regulated model and marginal 
gravitational) stability can explain the turbulence in the neutral gas 
f their galaxies. Ho we ver, these studies did not e v aluate in detail
he impact of observational artefacts on the SFR–σ g relation. 

In this paper, we present hydrodynamical simulations of entire 
isc galaxies of varying gas fractions and SFRs. We use these
imulations to understand the roles played by stellar feedback and 
isc gravitational instability, as well as observational biases, in 
haping the observed SFR–σ g relation. The paper is organized as 
ollows. In Section 2 , we present the compilation of observational
ata considered in this work. In Section 3 , we present the numerical
ode used for our simulations and how star formation and stellar
eedback processes are implemented. In Section 4 , we present 
he galaxy simulations and the emerging SFR–σ g relation in each 
imulated galaxy. Having done so, we quantify the impact of beam
mearing and the considered gas phases/tracers on the observed 
elocity dispersion. In Section 5 , we e v aluate modern analytic
odels of galactic disc turbulence compare to the hydrodynamical 

imulations, and discuss the caveats that exists when confronting 
hem to observations. Finally, we carry out a stability analysis of
he galaxies and demonstrate the ability of the Q stability parameter
o predict the simulated levels of turbulence. Our conclusions are 
ummarized in Section 6 . 

 OBSERVA  T I O NA L  DA  TA  A N D  BIASES  

ig. 1 presents the observational data for the SFR and gas velocity
ispersion ( σ g ) that we consider in this w ork. Each mark er represents
n individual galaxy 1 and is colour-coded according to the phase 
MNRAS 514, 480–496 (2022) 
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f the gas tracer of σ g ; see Table A1 for references and general
nformation about the observations. The left-hand panel shows the
elation in semilog space (as is commonly done in the literature,
.g. Krumholz & Burkhart 2016 ; Krumholz et al. 2018 ), and the
ight-hand panel in log-space. The SFR–σ g relation is commonly
onsidered to be well-described by a single power law, but as can be
een from the fitted (red) lines in the right-hand panel the relation
etter follows a piecewise power law which at low SFR goes as
g ∝ SFR 

0.1 and steepens to σ g ∝ SFR 

0.4 at SFR � 2 M � yr −1 .
hese fits show only an average slope of all the data and the relation
ay have further dependences, e.g. gas phase or scale. 
There exists a number of important observational caveats related to

his relation that need to be considered to form a more homogeneous
ata set that can be investigated into further detail. A disc galaxy
bserved at a high inclination will have its rotational motion almost
irectly along the line of sight (LoS), which widens the distribution
f the observed radial velocities; thus, increasing the velocity dis-
ersion. For observations at low spatial resolution, spectral features
t different LoS velocities become blended. This is the cause of a
no wn observ ational ef fect called beam smearing , which artificially
ncreases the observed velocity dispersion, and is exacerbated for
ighly inclined galaxies where rotation blends together with turbulent
otions. 
Several codes have been developed to correct for beam smearing

y modelling a typical galaxy and reconstructing its rotation curve
nd kinematics (e.g. R O TCUR, GALFIT, TiRiFiC, DYSMAL, 3D-
arolo; van Albada et al. 1985 ; Peng et al. 2002 ; J ́ozsa et al. 2007 ;
avies et al. 2011 ; Di Teodoro & Fraternali 2015 , respectively). The
ethods used vary between the codes, which can significantly affect

he derived velocity dispersion. In particular, methods based on 2D
odelling are biased towards higher σ g values (see the discussion

n Di Teodoro & Fraternali 2015 ), which Rizzo et al. ( 2021 )
ighlighted as an underprediction of V / σ . Assuming a constant
elocity dispersion throughout the disc has also been shown to lead
o a bias towards higher σ g estimate (see the discussion in Rizzo
t al. 2021 ). Instead, 3D models (making use of datacubes) need to
e employed to accurately correct for beam smearing. Furthermore,
isc modelling of near edge-on or thick discs, where the line of
ight o v erlaps the disc sev eral times, results in ambiguous v elocity
ispersions. At low inclinations ( < 40 ◦), tilted-ring models might
ave significant residual error due to the difficulty of disentangling
he rotational velocity and the velocity dispersion (Kamphuis et al.
015 ). 
Observational data from high-redshift galaxies ( z � 1) suffer

rom poor spatial resolutions. This makes comparison between
bservational data of turbulence in high-redshift and local galaxies
roublesome, due to possible scaling relations between turbulence
nd the observed scale. Galaxy observations exploring the scaling
etween σ g and spatial resolution report conflicting results and are
ot conclusive, but on average an increase in σ g is expected with
n increase of scale (see Elmegreen & Scalo 2004 , and references
herein). We explore the role of observed scale in Section 4.2.1 and
nd that for a wide range of scale, if the galaxy is not inclined, σ g 

iffers by a factor of, at most, 2. Ho we ver, if the galaxy is highly
nclined ( > 60 ◦), and if this inclination is unaccounted for, patch size
ould have a major impact; even sufficient to explain the entire SFR–
g relation! Furthermore, lower resolution naturally means fewer
ata points, which complicates the fitting process used in beam
mearing corrections. Due to the range of orbital velocities present
 v er a large spatial scale, the velocity field cannot be accurately
etrieved at high redshifts (Epinat et al. 2009 ). Howev er, ev en at
ow redshifts beam smearing may have a substantial effect on σ g 
NRAS 514, 480–496 (2022) 
rom galaxies with a high SFR (Varidel et al. 2016 ). Kohandel
t al. ( 2020 ) employed cosmological simulations and identified that
f beam smearing is not accounted for in high- z galaxies, the velocity
ispersion can be o v erestimated by as much as o v er a factor of 2. 
In the literature, σ g tends to be reported as a weighted average

f the velocity dispersion calculated in each element (i.e. pixels),
nd then used to represent the entire galaxy; along with a galaxy-
ide SFR, which is simply the sum of SFR from each pix el. Sev eral
ifferent weights have been used in this regard: flux (e.g. Lemoine-
usserolle et al. 2010 ; Wisnioski et al. 2011 ; Varidel et al. 2016 ),

uminosity (e.g. Davies et al. 2011 ; Moiseev et al. 2015 ) and errors
rom emission line fitting (Epinat et al. 2009 ). Lehnert et al. ( 2013 )
riefly e v aluated the significance in weighing with the surface (H α)
rightness, signal-to-noise, and flux, but found that the resulting σ g 

ere consistently only ∼ 10 per cent higher than the non-weighted
ean. Sev eral authors hav e suggested that a flux-weighted av erage

a v ours the inner, more luminous, regions of galaxies (Davies et al.
011 ; Di Teodoro, Fraternali & Miller 2016 ). These regions are also
ighly turbulent, which may result in brightness- or SFR-weighting
ielding a bias towards large σ g . Furthermore, these inner regions
re also more prone to be beam smeared, due to the steeper rotational
urv e v elocity near the galaxy centre (e.g. J ́ozsa et al. 2007 ). 

As mentioned in Section 1 , the ISM has distinct gas phases with
ifferent dynamics. Thus, data from different observational tracers
annot be directly compared, as the velocity dispersion of each phase
annot be connected in a straightforward manner through theory. For
xample, Fig. 1 shows a clear offset of the H α observational data
t low SFRs (the yellow squares) when compared to other tracers.
ifferent gas tracers could then trace separate parts of the SFR–σ g 

elation. This is further discussed in Section 4.2.3 . 
There is no universally accepted method to measure the velocity

ispersion in galaxies, and it is thus difficult to form a completely
omogeneous data set. For example, most authors have measured σ g 

ithin individual pixels and then determined a weighted mean (e.g.
pinat et al. 2009 ; Lemoine-Busserolle et al. 2010 ; Di Teodoro et al.
016 ; Girard et al. 2021 ), while some (e.g. Lehnert et al. 2013 ) have
etermined σ g from the integrated spectra (summing up all spectra
efore fitting the line width). The first method to some extent corrects
or rotation and reduce (but do not eliminate) the effect of beam
mearing. Others still have employed (empirical) models combined
ith observational data to determine σ g (e.g. Cresci et al. 2009 ).
pinat, Amram & Marcelin ( 2008 ) reported the dispersion in radial
elocity, rather than line-of-sight velocity, from their best-fitting disc
odels (essentially the kinematic residuals of a well-behaved disc).
he difference in method deployed by authors might give rise to
ystematic differences in σ g (e.g. Lehnert et al. 2013 , attain σ g 

 150 km s −1 , significantly higher than found by Cresci et al. 2009 ;
emoine-Busserolle et al. 2010 with similar data). Furthermore, there

s a wide range of morphologies and galactic properties in the set
f data we compare with here, as it contains local, high-redshift,
nd dwarf galaxies. Ho we ver, understanding these dif ferences is
mportant to correctly utilize the observational data. 

 N U M E R I C A L  M E T H O D  

n this work, we perform hydrodynamic + N -body simulations of en-
ire galactic discs using the Adaptive Mesh Refinement (AMR) code
AMSES (Teyssier 2002 ). The code solves the Euler equations for the
uid dynamics using the Godunov scheme assuming an ideal mono-
tomic gas with an adiabatic index γ = 5/3. Stars and dark matter
re represented by collisionless particles. The accelerations of the
articles and gas are computed from the gravitational potential, via
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Table 1. Characteristics of each simulation. Refinement time refers to the time allowed for the initial conditions to relax, after 
which the refinement/resolution is increased. 

Name of run f g (per cent) Feedback? εff (per cent) Refinement time (Myr) SFR 

a ( M � yr −1 ) 

fg10 noFB 10 No 1 200 4 
fg10 FB 10 Yes 10 200 1 
fg50 noFB 50 No 1 100 100 
fg50 FB 50 Yes 10 100 25 

a 50 Myr after refinement. 
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he Poisson equation, using the multigrid method (Guillet & Teyssier 
011 ) at each refinement level. Metal-dependent gas cooling follows 
he tabulated cooling functions of Sutherland & Dopita ( 1993 ) for T
 10 4 K and Rosen & Bregman ( 1995 ) for lower temperatures. 

.1 Star formation and stellar feedback 

he adopted star formation and feedback physics is presented in 
gertz et al. ( 2013 , see also Agertz, Romeo & Grisdale 2015 ), which
e briefly summarize here. Star formation is treated as a Poisson
rocess, sampled using 10 3 M � star particles on a cell-by-cell basis
ccording to the star formation law, 

˙� = εff 
ρ

t ff 
for ρ > ρ� , (1) 

here ρ is the gas density, ρ� = 100 m H cm 

−3 is the adopted density
hreshold, t ff = 

√ 

3 π/ 32 Gρ is the free-fall time of a spherically 
ymmetric cloud and εff is the star formation efficiency per free- 
all time. In the simulations including stellar feedback, we adopt 
ff = 10 per cent , which has been shown to be able to reproduce the
roperties of ISM and giant molecular cloud populations, as well as
bserved εff . In the absence of star formation regulation via feedback, 
e adopt a lower εff = 1 per cent as it better captures the mean εff 

n giant molecular cloud populations (see Grisdale et al. 2017 , 2018 ,
019 ). Each formed star particle is assumed to be a simple stellar
opulation with a Chabrier ( 2003 ) initial mass function. 
Central to our study is the ability of stellar feedback to drive ISM

urbulence. The feedback model treats the time-dependent injection 
f momentum, energy, mass, and heavy metals 2 from supernovae 
SNe) type Ia and type II, stellar winds and radiation pressure (see
gertz et al. 2013 , for details). SNe are treated as discrete events

Agertz et al. 2015 ). To robustly capture the effect from SNe, which
s the dominant source of feedback in terms of momentum and energy
nput, we follow Kim & Ostriker ( 2015 , see also Martizzi, Faucher-
igu ̀ere & Quataert 2015 ) and inject the terminal SN momentum to

mbient cells when the cooling radius is resolved by less than six
ells. 

.2 Simulation suite 

he initial conditions are based on those of the isolated disc galaxy in
he AGORA project (Kim et al. 2014 , 2016 ), set up to approximate a

ilky Way-like galaxy following the methods described in Hernquist 
 1993 ) and Springel ( 2000 ). Briefly, we adopt an NFW dark matter
alo (Navarro, Frenk & White 1996 ) with a concentration parameter 
 = 10 and virial circular velocity v 200 = 150 km s −1 . This translates
nto a halo virial mass M 200 = 1 . 1 × 10 12 M � within R 200 = 205 kpc.
he total baryonic disc mass is M disc = 4 . 5 × 10 10 M � with a gas
 We track iron (Fe) and oxygen (O) abundances separately, see Rhodin et al. 
 2019 ). 

a
e  

r  

c

raction that we vary, as described below. The initial stellar and
aseous components follow exponential surface density profiles with 
cale lengths r d = 3.4 kpc and scale heights h = 0.1 r d . The bulge-to-
isc mass ratio is 0.125. The bulge mass-profile follows a Hernquist
rofile (Hernquist 1990 ) with scale length 0.1 r d . The dark matter
alo and stellar disc are represented by 10 6 particles each and the
ulge consists of 10 5 particles. 

In this work, we are interested in modelling the evolution of high
edshift and local disc galaxies. The key parameter that evolves over
ime and sets several important characteristics (e.g. star formation) of 
 galaxy is its gas fraction. By varying the initial gas fraction, at a fixed
otal disc mass, in the initial conditions, we model a ‘low-redshift’
alaxy, with f g = 10 per cent , and the ‘high-redshift’ counterpart, 
ith f g = 50 per cent (see van Donkelaar, Agertz & Renaud 2022 ,

or an explicit approach). These models are not necessarily analogues 
f the same galaxy, but they still capture the environment inside
alaxies at different evolutionary stages. 

Both gas fractions are simulated with and without stellar feedback 
rocesses (see Table 1 for details). This allows us to constrain the
egree to which feedback or galaxy self-gravity drive ISM turbulence 
see also Agertz et al. 2009 ). The galaxies are simulated in isolation,
.e. without cosmological context, in order to understand how ISM 

urbulence is driven by internal effects rather than environmental 
ffects such as galaxy interactions and gas accretion. These additional 
ffects perturb the morphology and kinematics of the disc and, thus,
he stability and evolution of the disc. In particular, Hafen et al.
 2022 ) showed that the formation of thin discs, which are inherently
ess turbulent, is unfavourable when accretion is dominated by cold 
laments. 
We begin by evolving the initial conditions at low spatial resolution 

 
 x ≈ 150 pc) for 100–200 Myr (see Table 1 ) in order for them to
elax and the galaxy to develop spiral structure. After this epoch of
etting the galaxies relax, we allow for maximum refinement and 
cti v ate stellar feedback. Our analysis is done on the data outputs
rom the start of this refinement period until 200 Myr after, with
 time between outputs of 5–25 Myr. We allow for the adaptive
esh to refine to a maximum of 16 levels, corresponding to a spatial

esolution of 
 x � 9 pc. 

.3 Measuring the velocity dispersion and star formation rate 

n order to simplify the comparison to literature data where galaxy-
ide values for σ g and the SFR are frequently reported, we calculate 

hese quantities within local patches and then combine these into 
lobal (galaxy-wide) av erages. P atches allow us to evaluate how
SM properties depend on the observational resolution of specific 
bservations, and hence physical scale – an important concept in 
strophysical turbulence (e.g. Mac Low & Klessen 2004 ; Kritsuk 
t al. 2007 ; Grisdale et al. 2017 ). Global quantities are particularly
ele v ant in high- z surv e ys where the spatial resolution becomes
omparable to the size of the galaxy (as discussed in Section 2 ). 
MNRAS 514, 480–496 (2022) 
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The local patches are analogue to a single resolution element of
n observation, i.e. a pixel or spaxel, and are here defined as a set of
ylindrical beams with diameters ranging between 0.1 and 10 kpc.
he patches are distributed uniformly in the radial direction and
ith the same angular separation. Thus, the number of patches are

oncentrated near the galactic centre, the region of interest when
nvestigating high SFRs and σ g . When investigating the effects
f galaxy inclination, the beams were inclined relative to the disc
lane according to our choice of observed line-of-sight angles:
0 ◦, 15 ◦, 30 ◦, 45 ◦, 60 ◦, 75 ◦, 90 ◦). The local set-up then produces
1000 patches for each output (before rejecting unusable patches,

.e. with no gas mass or no star formation). 
Each patch co v ers sev eral simulation cells. Ev ery local quantity

as calculated by summing or averaging the values of each simula-
ion cell within a patch. Thus, the local SFR was calculated as the
um of SFR of all cells within a patch. The SFR within a patch was
n turn calculated by binning the stellar ages of stars in bin sizes of
0 Myr (moti v ated by the lifetime of H II regions), then calculating
he difference in stellar mass between adjacent time bins and dividing
y the bin size. 
Furthermore, we calculated the local σ g as the mass-averaged

adial (along LoS) velocity dispersion within a patch, which rep-
esents the turbulence of the majority of the gas mass. Ho we ver,
his is only the pure turbulent motion σ g,turb and does not account
or the unresolved motion of the gas. Thus, the speed of sound in

he medium c s = 

√ 

γ k B T 

m H 
was added in quadrature to the velocity

ispersion, σg = 

√ 

σ 2 
g , turb + c 2 s . The sound speed is on the order of a

ew km s −1 for molecular and neutral hydrogen, and 10 –15 km s −1 

or ionized gas. 
The global average of the velocity dispersion was computed as a
ass-weighted average of the local patches. As with observations,

he patch size was fixed and we chose to set d patch = 2 kpc, which
epresents the spatial resolutions of observ ed, resolv ed, galaxies at z

1–2 (see Table A1 ). Varying the patch size by 1–2 kpc does not
lter the results significantly. The global SFR is simply the sum of
FR of all patches within the galactic disc. 
We present our global averages in the coming figures as the
ass-weighted mean value of the global averages calculated for

he galaxy at different times and include the variation in both σ g 

nd SFR as error bars. We chose to weight σ g by the gas mass
f the corresponding phase since the mass is directly correlated to
mission lines originating from the gas and is thus a good proxy for
adiation flux. 3 Ho we ver, we find no significant difference between
eighting global H α velocity dispersions with mass, emissivity, or
FR. At most, SFR-weighting yields ∼ 10 per cent higher σ g in the
eedback runs compared to mass-weighting or applying no weights.
n Section 4.2.3 , we perform mock observations of certain gas phases
nd go more into depth about phase-specific weights. 

 RESU LTS  

e begin our analysis by visualizing the simulations in Fig. 2 . Shown
s the mass-weighted mean gas density and temperature 50 Myr
fter the initial refinement period (see Section 3.2 ). All simulated
alaxies feature a turbulent, irregular ISM. Cold dense star forming
NRAS 514, 480–496 (2022) 

 We note that there is no consensus in literature on what weights should be 
pplied when combining patches to calculate global values (see Section 2 ), 
ut we elect to compare with flux-weighting as it is one of the most common 
pproaches and, thus, allows for a better comparison with literature data. 

4

A  

t  

s  

a  

e  
lumps can be found in all simulations, but are most prominent
hen feedback is absent. In the high gas fraction models, the clouds
ominate the galaxy’s morphology, in agreement with observations
f high-redshift galaxies (e.g. Elmegreen et al. 2007 , 2009 ; Genzel
t al. 2011 ; Zanella et al. 2019 ). At this time, the galaxies with
eedback produce stars at a rate of ∼ 25 and � 1 M � yr −1 for the
g50 FB and fg10 FB runs, respectively, whereas the galaxies
ithout any feedback produce 4–5 times more stars. 
Stellar feedback disrupts the dense star forming clouds and creates

egions filled with hot gas in the ISM. The effect of feedback is also
vident from the thickened disc structure in the vertical projection.
n fg50 FB , vigorous galactic outflows are present, with cold gas
ntrained out to 10 kpc abo v e the disc mid-plane, as observed in
ocal starburst galaxies (see e.g. Veilleux, Cecil & Bland-Hawthorn
005 , for a re vie w). While stellar feedback impacts the gaseous
orphology of the galaxy, it is not clear how this manifests itself in

erms of observed gas velocity dispersions, globally and locally,
cross different gas tracers. Quantifying this is the focus of the
ections below. 

.1 The SFR–σ g relation 

ith the morphology and behaviour of the galaxy outlined, we now
ocus on the SFR–σ g relation. We begin by analysing the simulated
alaxies completely face-on, without any influence of observational
rtefacts such as beam smearing, which we investigate in Section 4.2 .
ig. 3 shows SFR–σ g relation for both simulated galaxies, with
nd without feedback, compared to the set of observational data.
he local quantities (computed in patches, defined in Section 3.3 )
re represented by contours, indicating the intervals in which 30,
8, and 80 per cent of the data is contained. The global quantities
re represented by markers with error bars co v ering the entire
istribution of the global averages. 
The plot shows an o v erall agreement in the SFR–σ g relation

etween observations and simulations for the relevant range in SFRs.
 striking result it that the presence of stellar feedback does not

ignificantly impact the simulated SFR–σ g relation, with only a
roadening of the σ g distribution in the feedback case. The source of
his broadening is the formation of the more turbulent warm ionized
hase, primarily caused by supernovae, which we investigate further
n Section 4.2.3 . 

Furthermore, the simulations are able to reproduce two recog-
izable features of the observational data: the plateau at σg ∼
0 –20 km s −1 for SFR � 2 M � yr −1 and the steep increase of σ g 

60 km s −1 for SFR � 2 M � yr −1 . The galaxy-wide σ g and SFR also
atch well with observational data, regardless of the adopted weight-

ng scheme (see Section 3.3 ). Ho we ver, none of our simulations are
ble to reco v er the large observ ed turbulent v elocity in e xcess of
 60 km s −1 , as reported by many studies, including analytical work

e.g. Krumholz & Burkhart 2016 ; Krumholz et al. 2018 ). While this in
rinciple could be remedied by modelling galaxies with even higher
as fractions and hence SFRs (but see Renaud, Romeo & Agertz
021 ), this discrepancy can arise by not accounting for a number of
ey observational effects, which we explore next. 

.2 Obser v ational effects 

s discussed in Section 2 , the observational data available to probe
he SFR–σ g relation is very heterogeneous and, even within the
ame surv e y, galaxies are observ ed at different spatial resolutions
nd inclinations. While inclination corrections are commonly done,
ven minor residual errors can impact the derived turbulent velocities



Star formation and turbulence in the ISM 485 

Figure 2. The gas density and temperature in the simulated galaxies. The parameters were taken as the mass-weighted average of the cells along line of sight 
(face- and edge-on). The size of the boxes are 20 kpc × 20 kpc, and calculated 50 Myr after feedback was turned on. The runs without any feedback are seen 
to form dense clumps of gas and there is a clear correlation with the denser areas being colder. Some clumping, as seen in the fg50 FB run, is expected in 
high-redshift galaxies. Violent gas outflow caused by feedback are observed from the side views and is more prominent in the more gaseous disc. 

Figure 3. The SFR–σ g relation for the galaxy simulation. The markers correspond to the literature data in Table A1 . The simulation data using a patch approach 
are presented as a coloured contour and the global averages are shown as markers with error bars, as described in Section 3.3 . The simulation data shown here 
are for no inclination, uses patch sizes ≥1 kpc, and includes all of the gas (regardless of phase). A remarkable agreement between simulations and observations 
can be seen and the simulations reproduce two distinct properties of the SFR–σ g relation: the plateau at SFR � 2 M � yr −1 and (in the high gas fraction galaxy) 
the steep increase at higher SFRs. Feedback does not have a significant impact on the o v erall σ g , but we notice a higher dispersion in the values of σ g for all 
SFRs; this is related to the formation of the warm ionized phase (discussed in detail in Section 4.2.3 ). 
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M

Figure 4. The gas velocity dispersion in a range of SFR bins (according to the colourbar) as a function of the patch size (left) and the inclination angle (right). 
This figure shows simulated data from fg50 FB , but the same relations are found for all simulation runs. The increase for smaller patch sizes in each individual 
SFR bin is purely due to � SFR increasing with decreasing patch sizes. The surface density-weighted average (dashed line) shows the negligible effect of patch 
size on the calculated σ g . Furthermore, beam smearing severely impacts σ g , especially for large SFRs. 
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see the discussion in Section 2 ). Furthermore, various gas tracers
re used in the literature and it is not clear that these are directly
omparable, gi ven their v astly dif ferent origin, density, etc. Our first
ask is thus to unpack these observational artefacts and determine
heir potential effect on the SFR–σ g relation. 

.2.1 Role of scale 

n order to quantify the effects of scale on the velocity dispersion,
e analyse σ g as a function of patch size at fixed SFR. The relations

re shown on the left-hand panel of Fig. 4 for fg 50FB , which is
nalysed face-on. As expected, there is a clear sequence in terms
f SFR and σ g , with higher SFR bins hosting higher levels of
urbulence. We also notice a ne gativ e correlation between the size
f the patch and σ g , for fixed values of SFR, most pronounced
or SFR � 1 M � yr −1 . This may seem counter-intuitive given the
ositive correlation between velocity dispersion and size observed
or molecular clouds 4 (e.g. Larson 1981 ; Heyer et al. 2009 ). This
s a direct consequence of the SFR binning, as smaller patches
ith the same SFR have higher surface density of star formation

 � SFR ), which results in higher levels of turbulence, in agreement
ith observations (see Appendix B ). We find the same behaviour

s in all simulated g alaxies, reg ardless of the inclusion of stellar
eedback or not. 

When computing a mass-weighted average velocity dispersion of
atches as a function of scale, we reco v er σg ∼ 30 km s −1 for all
cales abo v e ∼1 kpc. We note that all observations considered in
his work (see Table A1 ) have spatial resolution � 500 pc. The range
f different scales present in the observations should therefore not
reatly impact the inferred SFR–σ g relation, if the galaxy is observed
early face-on. 
In one of the coming sections, we will show that the turbulence

nduced by stellar feedback is most directly detected in the ionized
as, traced by recombination lines. Feedback is believed to insert
ost of its turbulent energy at scales around the disc scale height (sub-

pc scale). We analyse further the velocity dispersion in the smallest
cales we probe (0.1, 0.2, and 0.5 kpc) within neutral, molecular, and
onized gas. In the presence of feedback, the neutral and molecular
NRAS 514, 480–496 (2022) 

 Note ho we ver that the Larson scaling relations are only valid on scales 
 100 pc. 

o  

o
 

c  
as both show a noticeable increase in velocity dispersion at scales ≤
 . 5 kpc near regions with low SFR, compared to when no feedback is
resent. This is due to the injection of turbulent motion, by feedback,
nto neighbouring regions with low SFR. Furthermore, ionized gas
n high SFR regions is significantly more turbulent at ≤ 0 . 5 kpc
hen feedback is present, which indicates that feedback might have
 significant impact at sub-kpc scales. Our analysis reveals that the
mpact of feedback at various scales is complex and heavily depends
n numerous factors specific to the environment observed. We leave
isentangling the details of this as future work. 

.2.2 Role of beam smearing/inclination 

o understand the role of beam smearing (discussed in Section 2 ),
e measure the LoS σ g in patches of size 8 kpc in fg50 FB for
alaxy inclination angles θ = 0 −90 ◦. Analogous to the previous
ection, we compute σ g for fixed values of SFRs as well as a mass-
eighted av erage v elocity dispersion. The results are shown in the

ight-hand panel of Fig. 4 . The effect of the inclination angle is
 strong function of the SFR, with σ g increasing by more than a
actor of 2, and reaching σ g > 100 km s −1 for the highest SFR bin
 � 10 M � yr −1 , red solid line) when the galaxy is inclined by θ ∼
0 ◦. This effect is expected, as the SFR increases towards the galaxy
entre where the rotation curve varies strongly with galactocentric
adius. Beam smearing is here most severe for large observational
atches, as velocity gradients become less resolved which broadens
he velocity distribution and consequently the observed LoS σ g . 

The fact that the effect of beam smearing becomes less pronounced
t low SFRs has a significant impact on the resulting SFR–σ g relation,
s seen in Fig. 5 . Here each panel features, from left to right,
easurements for θ = 0 ◦, ≤ 30 ◦, and ≤60 ◦ for patch sizes ≥4 kpc.
he joint effect of higher σ g at high inclination angles and high SFR,

dentified abo v e, leads to the simulated SFR–σ g relation matching
he observ ed trend, ev en up to values as large as σg ∼ 140 km s −1 

hen including galaxy inclinations up to 60 ◦ (right-hand panel).
o demonstrate the impact of beam smearing on observed scales,
e plot the SFR–σ g relation with patch sizes of 0 . 5 , 1 , 2 , 4 , 8 kpc

or inclinations θ ≤ 60 ◦ in Fig. 6 . This figure highlights how low
bservational resolution may result in severe beam smearing of the
bserved kinematic of gas in disc galaxies. 
This striking agreement suggests that insufficient inclination

orrection, and the accompanied beam smearing, in principle can
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Figure 5. The SFR–σ g relation for three particular ranges of disc inclinations, using data from the fg 50FB simulation. The simulation data using a patch- 
approach are presented as a coloured contour and the global averages are shown as markers with error bars, as described in Section 3.3 . The leftmost panel 
assumes that all galaxies are viewed head-on, while the other panels depict how the relation would look for a mixture of galaxy inclinations with θ ≤ 30 ◦ and θ
≤ 60 ◦. The global averages use the inclination θ = 0 ◦, 30 ◦, 60 ◦, respectively. Beam smearing is clearly increasing the σ g along LoS. Beam smearing is seen to 
affect patches with high SFR significantly more, but there is likely hidden variables here: the inner regions and larger patch sizes (see Section 4.2.2 for details). 

Figure 6. The SFR–σ g relation for various patch sizes. The simulation data using a patch-approach are presented as a coloured contour and the global averages 
are shown as markers with error bars, as described in Section 3.3 . The data shown here are of fg50 FB with an inclination of θ ≤ 60 ◦ (global averages use 
θ = 60 ◦). The observ ed v elocity dispersion drastically increases with larger patch sizes, which highlights the significance of beam smearing for poorly resolved 
observations of galaxies. As the data are highly heterogeneous, most of the high SFR data come from poorly resolved high- z galaxies. 
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xplain the highest values of σ g observed for rapidly star forming 
alaxies. The sensitivity to even mild inclination effects (e.g. θ

30 ◦ in Fig. 5 ) illustrates the difficulty in reco v ering the true
urbulent σ g , especially for poorly resolved high-redshift galaxies 
hat feature highly clumpy morphologies and/or are undergoing 
nteractions. 

We note that most observational data presented in this work have 
een corrected for inclination (see Table A1 ). Therefore, while some 
f these high σ g can be explained as uncertainties on the galaxy’s 
nclination, it remains to be seen whether this explanation holds in 
he general case. We note that the galaxies with the highest SFRs and

g are all high-redshift galaxies observed in H α. How the kinematics 
f this specific gas tracer differs from local tracers of molecular gas
CO) and H I , and whether this can bias the SFR–σ g relation, is
nv estigated ne xt. 

.2.3 Mock observations and role of gas phase 

o allow for a closer comparison to observations, we next e v aluate the
urbulent motions for different gas tracers. Because gas phases have 
ifferent characteristic densities and temperatures, their kinematics 
re likely to differ. This in turn complicates the simple, and common,
nterpretation of the observed SFR–σ g relation as a unique relation 
or all gas phases. For our analysis, we consider the molecular 
 2 gas phase (observationally traced by CO) by calculating the 
olecular gas fraction (following Krumholz, McKee & Tumlinson 
009 ), the neutral (atomic) hydrogen phase (traced by H I ) from
he hydrogen number density, and the warm ionized phase (traced 
y H α) from the H α emissivity (following the process detailed in
ppendix C ). 
A map of the gas density in each phase of the two simulations

ith feedback ( fg10 FB and fg50 FB ) are shown in Fig. 7 . The
ower gas fraction galaxy is found to have a less turbulent medium,
ith most of the molecular and atomic gas being concentrated into

ts spiral arms with very little outflows seen in the edge-on view. The
igher gas fraction galaxy features massive molecular gas clumps 
nd much more intense outflows. The central 10 kpc are dominated
y molecular gas (embedded in ionized H α gas) with the atomic gas
hase being much more diffuse than in the low gas fraction galaxy.
oth simulations feature distinct hot ionized bubbles in the H α gas

racer, which are indicative of feedback driven bubbles beginning to 
ool down. 

Next we e v aluate the SFR–σ g relation for the three gas phases,
lotted in Fig. 8 for all simulations. The observational data in the
lots are the same as previous SFR–σ g graphs, but each panel now
 xclusiv ely shows observational data for a specific gas tracer. The
imulation data are here presented as weighted global averages (as 
xplained in Section 3.3 , using the same weights as for the maps).
he figure shows that each simulated gas phase matches well with

he corresponding observational data. As before, this is the case 
egardless of the presence of stellar feedback, but here feedback has
MNRAS 514, 480–496 (2022) 
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M

Figure 7. The mean gas number density n weighted by parameters related to each phase of the different gas phases/tracers considered (H 2 , H I , and H α; see 
Section 4.2.3 ). The two simulations with feedback ( f g = 10 per cent , 50 per cent ) are shown 100 Myr after feedback has been acti v ated. The spatial size of 
the larger boxes is 25 kpc (8 kpc height for the smaller box) and each pixel of the image is 25 pc. Notably, the molecular gas is confined within the arms and 
indi vidual, massi ve, gas clumps. The atomic (H I ) gas is more evenly spread. The H α tracer shows the formation of warm ionized shells, which is a consequence 
of stellar feedback, and highlights its impact on the ISM. 
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 large impact on the velocity dispersion of the ionized gas phase,
hich we detail below. 
Furthermore, the figure demonstrates that the turbulence is very

ifferent between different phases. The way in which the SFR and σ g 

re related is hence not (theoretically) captured by models unless they
re designed for individual gas phases that can be compared to the
orresponding observational data. In particular, most observational
ata at high SFRs and high σ g are high-redshift galaxies in H α. Our
imulations including stellar feedback indicate that this gas phase
eatures significantly higher levels of turbulence ( σg > 100 km s −1 )
ompared to the neutral ISM ( σg < 40 km s −1 ) at a given SFR (see
ellow symbols in Fig. 8 ). As such, H α observations are likely
iased towards high σ g values in the SFR–σ g relation. This property
as recently highlighted by Girard et al. ( 2021 ), who found that
alaxies probed with H α data in the DYNAMO and EDGE-CALIFA
urv e ys had roughly 2.5 times higher σ g than the neutral gas, in
lose agreement with our findings for the simulation including stellar
eedback. The EDGE-CALIFA surv e y of local galaxies (Levy et al.
018 ) showed a difference between molecular and ionized velocity
ispersion of a factor of roughly 2. Ho we ver, some studies have
uggested that galactic turbulence in ionized and molecular gas are
imilar (e.g. Übler et al. 2018 ; Molina et al. 2019 , 2020 ). This
iscrepancy might be due to the observations tracing outflows, rather
han the turbulent motions within the ISM, or beam smearing. 

The H α gas tracer is hence the one gas phase where we expect
o find a strong signature of the effect of stellar feedback, which
s required to reco v er σg ∼ 100 km s −1 . Furthermore, only a small
raction ( ∼ 10 per cent ) of the available turbulent kinetic energy
NRAS 514, 480–496 (2022) 
eeds to couple to the diffuse H α-traced gas phase in order to explain
hese values (see Appendix D ). Without feedback in the galaxy, the
elocity dispersion never exceeds σg ∼ 50 km s −1 . 

 DI SCUSSI ON  

.1 Comparison to analytic models 

e now turn to comparisons with analytic models from the literature
o ascertain their potential to reproduce the observed SFR–σ g 

elation. Such models are useful and f ast w ays for studying the
h ysics of g alactic turbulence driving, such as gravitational instabil-
ty and stellar feedback. Direct comparisons to full hydrodynamical
imulations are beneficial for understanding any possible caveats to
he simplifications made in such models. We focus on the models
resented by Krumholz et al. ( 2018 , hereafter KBFC18 ) (see also
rumholz & Burkert 2010 ; Krumholz & Burkhart 2016 , for earlier
ork) as their formalism has successfully been applied to many
bservational surv e ys of star-forming galaxies (including Übler et al.
019 ; Yu et al. 2019 , 2021 ; Varidel et al. 2020 ; Girard et al. 2021 ).
ost of these surv e ys use recombination lines and, thus, trace the

onized gas phase, which we find is more turbulent than the cold
ense gas driving gravitational instability. 
Gravitational instabilities in KBFC18 are quantified by the Q

tability parameter. We will return to this topic in Section 5.2 ,
ut for now it suffices to note that under the approximation of an
nfinitesimally thin disc, this parameter for an individual galactic
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Figure 8. The SFR–σ g relation for the three distinct gas phase. The upper panels show the results from the simulations with feedback and the lower panels show 

for those without any feedback. The σ g of each phase is e v aluated using phase-specific weights, as detailed in Section 4.2.3 . The simulations agree strikingly 
well with the observational data, with the exception of high SFR regions in the H I and H α, where there is no data due to observational limitations. Particularly, 
the high σ g observed with the H α tracer is retrieved in the simulation data. 
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5 Even when adopting the values suggested by KBFC18 for low- and high- z 
spiral galaxies (see Table 2 ), our conclusions remain unchanged. 
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omponent (gas or stars) reads 

 i = 

κσi 

πG� i 

, (2) 

here κ is the epicyclic frequency, σ is the radial velocity dispersion, 
nd � is the surface density [see Safronov 1960 ; Goldreich &
ynden-Bell 1965 , on the parameter for fluids ( i = g ), and Toomre
964 on that for stars ( i = � )]. Galactic discs are traditionally regarded
s stable if Q i ≥ 1. Note, ho we ver, that this stability criterion neglects
he gravitational coupling between stars and gas, the vertical structure 
f the disc, the effect of non-axisymmetric perturbations, and other 
mportant factors (for an o v erview, see section 5.2 of Romeo &
athi 2015 and section 4.2 of Romeo & Fathi 2016 ). The actual
tability threshold is significantly higher: Q ≈ 2–3 (e.g. Romeo & 

ogotsi 2017 ), especially at high gas fractions (as we will show in
ection 5.2 ). KBFC18 calculated a combined Q parameter following 
 = f g,Q Q g (see their equation 8). We note that this couples the total
 to the gas component, which we in the next section show not to
e universally true, as the stellar component plays a crucial part in
ontrolling the disc’s gravitational stability. 

In the KBFC18 models, gas is kept in vertical pressure and 
nergy balance by the turbulent energy and momentum injected 
y gravitational instability and stellar feedback, in the form of gas 
ransport through the disc and supernovae explosions, respectively. 
he gas transport equations are based on the steady state disc solution
y Krumholz & Burkert ( 2010 ) assuming the disc regulates itself into
arginal gravitational stability. 
The authors derive relations for a number of interesting cases. 

heir fiducial model accounts for star formation, feedback, and gas 
ransport (labelled ‘Transport + FB’), and relates the star formation 
ate to the gas velocity dispersion as 

FR = 

1 

2 + β

ϕ a f sf 

πGQ 

f g , Q v 
2 
c σg 

×max 

[√ 

2(1 + β) 

3 f g , P 
ϕ mp 

8 εff f g , Q 

Q 

, 
t orb 

t sf, max 

]
. (3) 
his equation involves a number of free parameters that need 
o be assumed or calculated. We adopt the scaling factor for
urbulent dissipation rate η = 1.5 and the average momentum 

njected by stellar feedback per unit mass 〈 p ∗/m ∗〉 = 3000 km s −1 .
or all of our galaxies, we assume a rotation index β = 0,
rbital period t orb = 200 Myr, and rotation curv e v elocity v c =
30 km s −1 . The other model parameters are described for each 
imulation in Table 2 along with the recommended values KBFC18 
pply for these types of galaxies; local spirals and high-redshift 
alaxies. 

The second case we consider is that of no stellar feedback (i.e.
nly transport, referred to as ’No-Feedback’). This is obtained by 
xing Q in equation ( 3 ) to a value Q min ( = 1) in order for the disc to
emain in a marginally stable state. 

Finally, a feedback-only model, referred to as ‘No Transport, 
ixed Q’, is derived by considering star formation to be the only
ontributing factor to the system’s turbulence and has the form 

FR = 

4 η
√ 

ϕ mp ϕ 
3 
nt ϕ a ϕ Q 

GQ 

2 〈 p � /m � 〉 
f 2 g , Q 

f g , P 
v 2 c σ

2 
g . (4) 

We exploit the models as intended by measuring most of the
arameters in the abo v e equations directly from the simulations. 5 

pecifically, we calculate f g,Q (and set f g,P = f g,Q ), ϕ nt , ϕ Q , and
 = f g,Q Q g , using the definitions in KBFC18 . As prescribed by

he authors, a velocity dispersion floor of 10 km s −1 is added to the
Transport + FB’ and ‘No Transport, Fixed Q’ models, representing 
he thermal broadening and turbulence contributed by feedback, 
hich is missing in ‘No-Feedback’. Ideally, analytic models should 
e able to self-sufficiently explain this plateau in order to understand
he SFR–σ g relation, since the low-SFR regime is represented 
y a huge amount of galaxies. Furthermore, we have previously 
emonstrated (see Fig. 3 ) that feedback is not required to produce
MNRAS 514, 480–496 (2022) 
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Table 2. The parameters used in the analytical models by KBFC18 , shown in equation ( 3 ) and ( 4 ). The recommended 
values presented here for fg10 are given in KBFC18 as ‘local spirals’ and fg50 as ‘high- z ’. 

Recommended value 
Parameter fg10 fg50 Description 

f g,Q 0.5 0.7 Fractional contribution of gas to Q 

f g,P 0.5 0.7 Fractional contribution of gas self-gravity to mid-plane pressure 
f sf 0.5 1.0 Fractional of ISM in star-forming molecular phase 
ϕ a 1 3 Offset between resolved and unresolved star formation law normalizations 
ϕ Q 2 2 One plus ratio of gas to stellar Q 

ϕ nt 1 1 Fraction of velocity dispersion that is non-thermal 
ϕ mp 1.4 1.4 Ratio of total pressure to turbulent pressure at mid-plane 
εff 0.015 0.015 Star formation efficiency per free-fall time 
t sf,max (Gyr) 2 2 Maximum star formation time-scale 
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his plateau in the SFR–σ g relation, which indicates that this can be
riven purely by gravitational instabilities. 
In Fig. 9 , we directly compare σ g obtained from all four simula-

ions and the three analytical models. As before, we show the results
rom local patches as well as global averages with the models (see
ection 3.3 ). The dashed line indicates a one-to-one match ( σ g,sim 

=
model ). For fg10 FB , all analytical models fall within the globally
veraged σ g from the simulations. 6 While this agreement in principle
s encouraging, it limits the ability to disentangle the physics of
urbulence driving (provided that the simulation results are robust).
ll models predict higher than measured σ g in fg10 noFB , by as
uch as a factor of 4 in the most rele v ant model for comparison,

No-Feedback’. 
In the f g = 50 per cent simulations, the ‘No-Feedback’ analytical
odel closely matches the globally averaged σ g . This is in line
ith the conclusions made by KBFC18 that gravity is the main

ource of turbulence in these systems (see also Yu et al. 2019 ).
t is noteworthy that the ‘Transport + FB’ model predicts values
s high as σg > 100 km s −1 , in contrast with σg , sim 

∼ 40 –50 km s −1 

easured in the simulations. As discussed abo v e (Section 4.2.3 ),
e argue that such high values can only be reached in tenuous gas

raced by recombination lines. Related to this, less variation in σ g 

s present, for individual patches, in the simulations compared to
hat is predicted by the analytical models, i.e. different functional

orms of the SFR–σ g relation are predicted. As a reminder, the
verage scaling of the observational data is σ g ∝ SFR 

0.1 at low
FRs and σ g ∝ SFR 

0.4 at SFR � 2 M � yr −1 (see Fig. 1 ). This is
hallower than the linear relation predicted by the models including
ransport σ g ∝ SFR, but similar to the ‘No-Transport’ models
ith σ g ∝ SFR 

0.5 . 
To summarize, we find that our global averages fall within what

s predicted by several of the models, but this makes it difficult
o resolve what physical process is driving the SFR–σ g relation.
he SFR–σ g scaling is noticeably different between model and
imulation, which results in models o v er- and underpredicting in
ertain patches. We note that while the abo v e disagreements could
e interpreted as a problem of the analytical models (e.g. Bacchini
t al. 2020 , included disc flaring in their feedback models, which
esulted in a longer dissipation time of feedback turbulence and a
etter match to observations), they can also signal a problem of the
imulation (e.g. missing feedback physics). Finally, it is encouraging
hat both simulations and analytical models point to the dominating
ole of gravitational instabilities in driving ISM turbulence on large
NRAS 514, 480–496 (2022) 

 By adjusting the contribution from thermal broadening, an even closer match 
an in principle be achieved. 

t  

t

∼  
cales (see also Agertz et al. 2009 ), but care needs to be taken
hen interpreting turbulence properties obtained from different gas
hases. 

.2 Pr edicting σ g fr om disc stability arguments 

n previous sections, we have found that the level of ISM turbulence
resent in our simulations is insensitive to the presence of stellar
eedback, implying that gravitational instabilities is the main driver,
t least on large (kpc) scales. This moti v ates a detailed stability
nalysis of the simulated galaxies. 

To account for the different contributions of stars and gas on the
et stability regime of a galactic disc, we adopt the multicomponent
arameter Q RF introduced by Romeo & Falstad ( 2013 ). The general
ase for any number of components is defined as 

1 

Q RF 
= 

∑ 

i 

(
W i 

T i Q i 

)
. (5) 

he term T i quantifies the stabilization effect of each component due
o the thickness of the disc and reads 

 i = 

⎧ ⎨ 

⎩ 

1 + 0 . 6 
(

σz 

σR 

)2 

i 
for 

(
σz 

σR 

)
i 
≤ 0 . 5 , 

0 . 8 + 0 . 7 
(

σz 

σR 

)
i 

for 
(

σz 

σR 

)
i 
> 0 . 5 . 

(6) 

inally, the term W i is used to attribute different weights to the
omponents: 

 i = 

2 σm 

σi 

σ 2 
m 

+ σ 2 
i 

, (7) 

ere m denotes the least stable component, 

 m 

Q m 

= min 
i 

{ T i Q i } . (8) 

his relation is important for differentiating between star- and gas-
riv en turbulence re gimes, which we elaborate on in Appendix E
nd show that stars are the main driver in our galaxies when f g �
5 per cent . 
The stability of galaxies can be e v aluated from the Q stability

arameters (see equations 2 and 5 ), which are shown for our
imulations in Fig. 10 , as a function of the distance from the galactic
entre. We present Q for stars, gas and a combination of these into
 multicomponent Q RF (see Section 5.2 ). Note that Q g is for the
otal gas and that it is the cold and dense gas that contribute most
o its instability; thus, this analysis is not comparable with the more
urbulent warm and ionized gas phase. 

Fig. 10 shows that the fg10 discs are marginally stable, with Q RF 

Q � ∼ 1.5–3 while fg50 galaxies are slightly more stable with
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Figure 9. A direct comparison between the velocity dispersion from our simulations and the analytic models in KBFC18 . The contours show the results from 

patches and the markers with error bars are the global averages (see Section 3.3 ). Left-hand panels are the lower gas fraction galaxy and right-hand show the 
higher gas fraction galaxy. The upper panels have been run without feedback while the lower panels are with feedback present. The dashed line shows σ g,sim 

= 

σmodels . 

Figure 10. Different Q stability parameters plotted against the radial distance from the centre, including all simulation runs; fg10 on the left and fg50 on the 
right. The dotted lines are the runs without any feedback. The Q -values shown are for the gas, stars, and the multicomponent Q RF , explained in Section 5.2 . The 
values presented here were evaluated at the kpc-scale. The stars are seen to drive the instability and Q RF shows that the lower gas fraction is quasi-stable while 
the higher gas fraction galaxy is marginally stable, independent of feedback heating. 
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 RF ∼ Q � ∼ 2–4, with little dependence on feedback. The gaseous 
omponent is much higher, with Q g ∼ 6–7, for fg10 and Q g ∼ 10–
00 for fg50 FB . Ho we ver, as the stars are driving the instability in
ll of our galaxies, the high Q g does not affect the o v erall stability.
e find that feedback does not significantly alter the o v erall stability

f the disc on the scales we probe it ( ∼ 1 kpc; Renaud et al. 2021
how that discs follow the Toomre regime of instabilities at scales �
 few 100 pc). This indicates that turbulence at these scales might be
riven by gravitational instability. 
As shown abo v e, we find that the discs are in a marginally unstable

tate ( Q RF ∼ 1.5–4) in all simulations. As such, the stability parameter 
an serve as a predictor (within a factor of 2) for the gas velocity
ispersion. Re-writing the Q RF equation to solve for the gas velocity
ispersion 

RF = σ� 

√ 

2 � g 
� � 

T � 
T g 

(
T � Q � /Q RF − 1 

)−1 − 1 , (9) 

here we have assumed stars drive the instability. This predictive 
quation is easily applicable to data of disc galaxies where the veloc-
ty dispersions and surface densities of the gas and stars are known.
n particular, for our analysis we measured � g , � ∗, σg , σ∗, Q ∗ from
he simulations and then assumed T � ≈ 1.2, T g ≈ 1.5, and Q RF ≈ 2.2
as measured for local disc galaxies Leroy et al. 2008 ; Romeo &
alstad 2013 ; Romeo & Mogotsi 2017 ). 
MNRAS 514, 480–496 (2022) 
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Figure 11. A direct comparison between the σ g calculated from simulations 
and the σ g predicted by a combined Q parameter recipe from Romeo & 

Falstad ( 2013 ), see equation ( 9 ). We find an encouraging match between σRF 

and the simulation data. The σRF values are seen to cluster around 50 and 
10 km s −1 . The lower values arise due to the significantly different stability 
conditions occurring in the outer region of the galaxy, where other physical 
processes might balance against gravitational collapse. 
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In Fig. 11 , we compare this analytic equation with our simulated σ g 

or a marginally unstable disc. This figure demonstrates that the Q RF 

pproximation can predict the level of turbulence in disc galaxies.
urthermore, we discern two regions for the contoured data; below
nd abo v e σg , sim 

∼ 6 –10 km s −1 . The lower σ g mainly represent the
utskirts of the galaxy, � 10 kpc. This might indicate that different
rocesses might be driving the turbulence in the outer and inner parts
f the galaxy. 

 C O N C L U S I O N S  

n this paper, we present hydrodynamical simulations of isolated disc
alaxies in order to e v aluate ho w observ ational parameters shape
he SFR–σ g relation. The available data from observations is highly
eterogeneous and the various effects need to be carefully considered
n order to analyse the underlying driver of this relation. Then, we
ompare the velocity dispersion predicted by theoretical models with
ur simulations. Our findings can be summarized as follows: 

(i) Our simulations reproduce key features in the observed SFR–
g relation: the plateau at σg ∼ 10 km s −1 for SFR � 2 M � yr −1 and

he exponential growth towards larger σ g for SFR � 2 M � yr −1 . This
esult is independent of whether stellar feedback is included or
ot, and is hence an outcome of how galactic discs regulate their
ravitational stability [see point (v) below]. 
(ii) Our most turbulent galaxies, fg50 , reach at most σg ∼

0 km s −1 at SFR ∼ 10 –50 M � yr −1 , while the velocity disper-
ions of high-redshift galaxies have been observed to reach σg ∼
00 km s −1 . We demonstrated that σg > 50 km s −1 can partially be
xplained by beam smearing. If unaccounted for, or accounted for
nsuf ficiently, e ven galaxy inclinations as low as θ = 30 ◦ can increase
he observ ed v elocity dispersions by factors of sev eral. High-redshift
alaxies are poorly resolved, and tend to have complex morphologies
ue to fragmentation and merging. It is therefore possible that beam
NRAS 514, 480–496 (2022) 
mearing leads to o v erestimated lev els of gas turbulence in those
alaxies. 

(iii) While stellar feedback does not change the SFR–σ g relation
or the total gas content, it affects the level of turbulence in the
arm ionized gas phase, here traced by the H α transition. In

his gas phase, feedback significantly increases σg ∼ 50 km s −1 to
g ∼ 100 km s −1 . As stated abo v e, this is in good agreement with
hat is found in high-redshift galaxies, especially given that those
bservations have predominantly surveyed them in H α. Ho we ver, it
urther highlights that different gas tracers do not trace the same gas
inematic and, thus, that the available SFR–σ g data do not follow one
niversal relation. Furthermore, we formulated a simple equation of
he turbulent energy budget (see Appendix C ) and find that only
0 per cent of the total turbulent energy needs to be in the warm
onized gas phase (traced by H α) in order to reproduce the high σ H α

eported. 
(iv) Analytic models for the SFR–σ g relation for gravitational

nstability and stellar feedback, taken from literature, can in principle
eproduce the observed high velocity dispersion in rapidly star
orming high-redshift galaxies. Ho we ver, the parameters adopted
n these models can be uncertain, and the functional form of the
redicted SFR–σ g relation does not match that of the simulations. 
(v) The simulated galaxies are, when both stars and gas are

ccounted for, naturally drawn towards a state of marginal stability,
ith a Q stability level of Q ∼ 1 −3, independent of the source of

he heating (galactic dynamics or stellar feedback). As mentioned
bo v e, this appears to be a fundamental property of galactic discs.
s such, a multicomponent Q parameter is a valuable analysis tool

or predicting levels of gas turbulence in disc galaxies. We exploited
he combined Q RF (Romeo & Falstad 2013 ) to solve for σ g and
ound that even if assuming certain parameter values, this analytic
elation can reproduce the gas turbulence within our simulations.
hus, it could possibly be applied to observational data to predict the

urbulence of isolated disc galaxies. 

In this work, we have studied isolated disc galaxies, which means
hat cosmological effects, such as accretion and mergers, are not
resent. These effects would mix the ISM and possibly give rise to
ore turbulent motion. Indirectly, accretion would help sustain the

urbulence in the galaxy o v er a longer period of time by continuously
upplying gas for consistent star formation (and stellar feedback).
urthermore, a number of feedback process present in galaxies are
ot accounted for (e.g. feedback from active galactic nuclei, cosmic
ays). Despite neglecting these factors, we are able to match the
bserved SFR–σ g relation, which implies that disc galaxies do not
ecessarily require these effects to remain in a marginally stable state
r sustain their high levels of turbulence. 
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For this project, we have made use of NUMPY (Harris et al. 2020 )
nd MATPLOTLIB for PYTHON (Hunter 2007 ). Visualization of the 
imulation volume and handling the data was done using the YT 

roject (Turk et al. 2011 ). 
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o the corresponding author. 
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able A1. The complete literature library of the observational data of SFR and σ g

nd the (instrument free) σ g is from Tamburro et al. ( 2009 ). This table relates each
uantities from that reference. Note that the observational spatial resolution and r
alaxies noted with a redshift ‘local’ were observed at redshifts much smaller than

re very heterogeneous, i.e. the observations are of different types of disc galaxies
ass, morphology). A more thorough explanation of the data and its heterogeneity

eference name Surv e y/instrument Tracer 

lcorn et al. ( 2018 ) ZFIRE H α

resci et al. ( 2009 ) SINFONI/ SINS H α

i Teodoro et al. ( 2016 ) KMOS H α

ompiled by us (see table description) THINGS H I 

pinat et al. ( 2009 ) SINFONI H α

enzel et al. ( 2011 ) SINS H α

irard et al. ( 2021 ) (ionized gas) SINS H α

irard et al. ( 2021 ) (molecular gas) SINS CO 

anjamasimanana et al. ( 2012 ) THINGS H I 

ompiled by Krumholz et al. ( 2018 ) SIMBAD CO/HCN

aw et al. ( 2009 ) Keck/ OSIRIS H α, [O III

ehnert et al. ( 2013 ) SINFONI H α, [N II ]

emoine-Busserolle et al. ( 2010 ) VLT/ SINFONI UV (H β /
[O III ]) 

evy et al. ( 2018 ) EDGE-CALIFA CO 

oiseev et al. ( 2015 ) 6-m tele. SAO RAS H α

guyen-Luong et al. ( 2016 ) CfA 1.2 m telescopes CO 

atr ́ıcio et al. ( 2018 ) MUSE [O II ] 

tilp et al. ( 2013 ) THINGS and 
VLA-ANGST 

H I 

aridel et al. ( 2016 ) SDSS H α

isnioski et al. ( 2011 ) WiggleZ UV, [O II ]

u et al. ( 2019 ) MaNGA H α

hou et al. ( 2017 ) SAMI H α
hou L. et al., 2017, MNRAS , 470, 4573 
¨ bler H. et al., 2018, ApJ , 854, L24 
¨ bler H. et al., 2019, ApJ, 880, 48 

PPENDI X  A :  OBSERVATI ONA L  DATA  

his appendix contains a table, Table A1 , with a compilation of
iterature references, from which we collected the values of σ g and
he SFR. Each reference is associated with a marker, which are used
n figures throughout this article. Furthermore, we have summarized
ome of the more useful properties of these observations in the table:
he surv e y/telescope employed, the tracer used to calculate σ g , the
patial area probed, the approximate redshift (local or high redshift),
nd whether the observations were corrected for the inclination of
he galaxy. 
 

. The data compiled by us are from the SFR derived by Walter et al. ( 2008 ) 
 reference to a marker, which are used throughout this paper when plotting 
edshifts are approximate and the typical medians of the respective sample. 
 1, but the precise redshift is commonly not specified. The data of this table 
 (e.g. normal, dwarf, merged galaxies) with different crucial properties (e.g. 
 can be found in Section 2 . 

Spatial Redshift Beam Mark 
resolution corrected 

∼4 kpc 2.2 Yes 

∼3 kpc 2 Yes 

∼5 kpc 1 Yes 

0 . 1 –0 . 5 kpc Local Yes 

∼5 kpc 1.2–1.6 Yes 

∼2 kpc 2.3 Yes 

∼1 kpc Local (& 1–2) Yes 

2 kpc Local (& 1–2) Yes 

sub-kpc Local Yes 

 sub-kpc Local No 

 ] 1.2 kpc ∼2.3 No 

 ∼5 kpc 1 −3 No 

 ∼4 kpc 3.3 Yes 

sub-kpc Local Yes 

sub-kpc Local No 

sub-kpc Milky Way No 

sub-kpc 0.6 −1.5 Yes 

0.2 kpc Local Yes 

∼1 kpc Local Yes 

 0.8 kpc 1.3 No 

1 kpc 0.01–0.15 Yes 

2.5 kpc 0.05 Yes 
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Figure B1. The σ g –� SFR relation for the two feedback simulations, using 
data with patch sizes ≤8 kpc and no inclination. The contours show the patch- 
based data and the global values are represented by markers with error bars, as 
described in Section 3.3 . There is a clear correlation between the turbulence 
and star formation density, which exhibits similar properties as the SFR–σ g 

relation. 
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Figure D1. The relation between the σH α from a simplistic relation, shown 
in equation ( D1 ), and σH α calculated from simulations. This plot uses data 
from fg 50FB and defines the H α phase to temperature cuts (6 × 10 3 K ≤
T ≤ 2 × 10 4 K), in order to calculate the gas fraction of the phase. The dotted 
diagonal line shows where the equation and the simulation agrees. Different 
factors for the energy contributed by H α were tried and the best agreement 
was found to be F H α ≈ 10 per cent . As a comparison, the black contours 
show the relation of the calculated σ g (of all the gas) and σH α from the 
simulations. 
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PPEN D IX  B:  STAR  F O R M AT I O N  DENSITY  

n order to get a view of how star formation affects turbulence
egardless of patch size, we plot σ g against � SFR in Fig. B1 . This
elation is in agreement with Orr et al. ( 2020 ) and is essentially
he same as Fig. 3 , but takes into account the patch size of each
bserved point and is, by comparison, less dispersed. As discussed 
n Section 4.2.1 , two patches of different sizes with identical SFR
ill exhibit different densities of star formation. Thus, the smaller 
atch will have a higher column star formation density, which leads 
o more intense turbulence since star formation events increase σ g . 

PPEN D IX  C :  A NA LY T I C  RECIPE  F O R  H  α

MISSIVITY  

e e v aluated the warm ionized phase using emissivity equa- 
ions from theoretical work, assuming the phase is well traced by 
he H α transition. We only consider the H α emissivity contribution 
rom the 3p → 2s transition in hydrogen, since the contribution 
o the emission intensity of other transitions is comparably small. 
missivity has the general shape 

H α = n e n H hνq, (C1) 

here ν is the light frequency, h is the Planck constant, and q is the
mission rate. From RAMSES , we can extract the electron density n e 
nd hydrogen density n H of the gas. The energy of the H α emission
s h ν = 3.026 × 10 −12 erg. For this analysis, we consider both the
missivity coming from collisional excitation and recombination. 
he collisional excitation rate is given by 

 coll ( T ) = 

1 . 3 × 10 −6 

T 0 . 5 

(
T 

11 . 2 

)0 . 305 

× exp 

(−hν

kT 

)
(C2) 

nd was determined by fitting data from Callaway, Unnikrishnan & 

za ( 1987 ). The recombination rate (following the formalism in 
ijkstra 2017 ) is given by 

 recom 

= εB 
H α( T ) αB ( T ) , (C3) 

here 

B 
H α( T ) = 8 . 176 × 10 −8 − 7 . 46 × 10 −3 log 10 ( T / 10 4 ) 

+ 0 . 451 01 ( T / 10 4 ) −0 . 1013 (C4) 
s the emitted rate of H α; the shape is fitted using observational
alues from Storey & Hummer ( 1995 ). Finally, 

B ( T ) = 2 . 753 × 10 −14 
(

315 614 

T 

)1 . 5 (
1 + 

(
315 614 

T 

)0 . 407 )−2 . 42 

(C5) 

s the probability that the cascade from hydrogen recombination, 
alled case B recombinations, emits an H α photon (fit from Hui &
nedin 1997 ). The two q values are then added linearly to calculate

he total emissivity. 

PPENDI X  D :  H  α T U R BU L E N T  E N E R G Y  INPUT  

e showed in Section 4.2.3 that it is only through the warm ionized
hase that we can achieve the large σ g observed at high- z , we next
uantify the required energy input in order to achieve this high
urbulence in the H α tracer. By applying the simplistic assumption 
hat turbulent energy in the ISM is conserved between all phases, we
an derive the velocity dispersion of the ionized phase. Essentially, 
e assume that a fraction of the total turbulent energy is in the warm

onized phase, F H α . This yields 

H α = σg 

√ 

F H α

f m , H α
, (D1) 

here f m,H α is the fraction of mass detectable in H α. Particularly,
 H α is a free parameter that tells us how much energy needs to be

njected into the ionized gas phase in order to reach the σ H α observed.
In Fig. D1 , we plot this equation against the σ H α using data from

he fg 50FB simulation (showing only the patch-based approach). 
he comparison shows a remarkable agreement in values and scaling 
etween analytic equation and simulation. The best match is given 
MNRAS 514, 480–496 (2022) 
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hen roughly 10 per cent of the turbulent energy is in H α, which is
ssumed a global factor here, but might vary in the local environment
f the patch. Furthermore, a comparison of how σ g for the total
as scales with σ H α (calculated) is plotted as a dashed region to
llustrate how the calculated σ g is transformed. Note that in order
o calculate the mass from our simulations we have here applied
emperature cuts (6 × 10 3 K ≤ T ≤ 2 × 10 4 K) to e v aluate the H α

racer (instead of the emissivity analytic equations), which was tested
nd found to giv e v ery similar σ g to our more detailed approach in
ection 4.2.3 . 

PPENDIX  E:  IS  INSTABILITY  DRIVEN  BY  

A S  O R  STARS?  

he instability of the galactic disc is driven by its two components,
as and stars. Investigating the main driver of this instability is useful
n the case that gravitational instability drives turbulent gas motion in
he disc. In order to e v aluate each components contribution to drive
NRAS 514, 480–496 (2022) 

igure E1. The fraction of mass in a marginally stable state disc ( Q ≤ 2) as a funct
 g ≥ 45 per cent ) correspond to the region in which the instability is dominated by
arly in the evolution of the fg50 FB galaxy. For the most part, stars are the main 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
nstability, we calculated the mass fraction of gas which is marginally
nstable ( Q � 2) in the disc and plot it against the gas fraction, seen
n Fig. E1 . We analyse the Q stability parameters for the gas, stars and
he combined Q RF for a thick disc. The region in which gas dominates
he instability is shown as a dashed line and is determined from
quation ( 5 ). The dependence of the stability with gas fraction (and
hus, time) is evident, as the gas mass fraction that is gravitational
nstable is significantly higher in the earlier lifetime of the galaxy.
as dominates the instability for a very limited time in the high
as fraction, ending after only a small fraction of the gas had been
urned into stars. Furthermore, for the galaxies without feedback the
as dominated the disc instability far longer. This makes sense from
he perspective that stellar feedback heats up the gas, while the stars
emain kinematically cold (see van Donkelaar et al. 2021 ). Note that
he decision to consider values corresponding to a marginally stable
isc is moti v ated by Fig. 10 (see also the discussion in Section 5.1 ),
n which it is evident that the higher gas fraction galaxy does not go
ar below this threshold. 
ion of the total gas fraction of the galaxy. Dashed lines (seen for gas fractions 
 the gas. A clear transition from gas- to star-driven instability is seen to occur 
drivers of instability in our galaxies. 
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