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ABSTRACT

In the last decades, much effort has been put into finding the star formation law, which could unequivocally link the gas and the
star formation rate (SFR) densities measured on a sub-kiloparsec scale in star-forming galaxies. The conventional approach of using
the observed surface densities to infer star formation laws has however revealed a major and well-known issue, as such relations are
valid for the high-density regions of galaxies but break down in low-density and HI-dominated environments. Recently, an empirical
correlation between the total gas (HI+H,) and the SFR volume densities was obtained for a sample of nearby disc galaxies and for the
Milky Way. This volumetric star formation (VSF) law is a single power-law with no break and a smaller intrinsic scatter with respect
to the star formation laws based on the surface density. In this work, we explore the VSF law in the regime of dwarf galaxies in order
to test its validity in HI-dominated, low-density, and low-metallicity environments. In addition, we assess this relation in the outskirts
of spiral galaxies, which are low-density and HI-dominated regions similar to dwarf galaxies. Remarkably, we find that the VSF law,
namely psrr o pg,, With @ & 2, is valid for both these regimes. This result indicates that the VSF law, which holds unbroken for a
wide range of gas (=3 dex) and SFR (~6 dex) volume densities, is the empirical relation with the smallest intrinsic scatter and is likely

more fundamental than surface-based star formation laws.

Key words. stars: formation — ISM: structure — galaxies: dwarf — galaxies: spiral — galaxies: star formation — galaxies: structure

1. Introduction

The quest for a fundamental law of star formation on a kilo-
parsec scale has been ongoing since Schmidt (1959) proposed,
for the first time, that a power-law relation links the star for-
mation rate (SFR) and the atomic gas volume densities. The
massive amount of literature on this topic reflects the impor-
tance of the star formation law in the context of galaxy for-
mation and evolution. Indeed, some form of this relation can
give useful constraints on the processes that regulate the conver-
sion of gas into stars and it is often implemented at sub-galactic
scales, both in idealised models and cosmological simulations of
galaxies. Thirty years after Schmidt’s pioneering work, a turning
point in the study of star formation laws was reached with the
observational determination of the so-called Schmidt-Kennicutt
(SK) law linking the gas (HI+H;) and the SFR surface densities,
which reads Tgpg o« Efg\gs with N =~ 1.4 (Kennicutt 1989, 1998).
Until now, versions of the star formation law involving surface
densities have been widely investigated and different formula-
tions have been proposed. However, the validity of these rela-
tions seem to be contingent upon the interstellar medium (ISM)
conditions and the galaxy type. In particular, many authors
have reported that the star formation law derived for spiral
galaxies does not hold in dwarf galaxies, suggesting the exis-
tence of different regimes of star formation for different galaxy
types. We can characterise different surface-based star forma-
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tion laws according to the quantities involved and the regime of
validity.

The first group of empirical relations involves the gas and
the SFR surface densities averaged over the star-forming disc
of a galaxy, which are connected by the so-called “global”
SK law with N = 1.4. This relation was originally pro-
posed by Kennicutt (1998) based on a sample of normal
spiral galaxies and infrared luminous starburts. While the
Milky Way (MW) seems to follow this global SK law (e.g.
Kennicutt & Evans 2012), dwarf and low-surface brightness
galaxies are generally discordant, as their SFR surface densi-
ties tend to be lower than the values expected from the SK rela-
tion (Wyder et al. 2009; Gatto et al. 2013; Roychowdhury et al.
2015, 2017; de los Reyes & Kennicutt 2019 but see Teich et al.
2016 for a different conclusion).

The second category of star formation laws is based on
the local surface densities (i.e. azimuthally averaged radial pro-
files, surface densities measured in kiloparsec or sub-kiloparsec
regions) and was derived for spatially resolved galaxies (e.g.
Kennicutt 1989; Martin & Kennicutt 2001). Several authors
found that even this “local” SK relation breaks down in low-
density (Zgas < 10 Mg pc~?) and HI-dominated environments,
such as the outskirts of nearby spiral galaxies and of the MW
(e.g. Wong & Blitz 2002; Boissier et al. 2003; Misiriotis et al.
2006; Kennicutt et al. 2007; Bigiel et al. 2008; Bacchini et al.
2019a, hereafter B19a; Bacchini et al. 2019b, hereafter B19b),
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low surface brightness galaxies (e.g. Boissier et al. 2008;
Wyder et al. 2009), and dwarf galaxies (e.g. Bolatto et al. 2011;
Roychowdhury et al. 2015). In these regions, the SFR surface
density is very modest when compared to the values pre-
dicted by the local SK law and its correlation with the HI sur-
face density is extremely weak or absent (e.g. Ferguson et al.
1998; Bigiel et al. 2010; Bolatto et al. 2011; Schruba et al. 2011;
Yim & van der Hulst 2016; B19a; B19b).

The third group of star formation laws is based on the molec-
ular gas surface density, namely Xgpr o Zﬁz with N =~ 0.6—-1.4
(e.g. Wong & Blitz 2002; Heyer et al. 2004; Kennicutt et al.
2007; Bigiel et al. 2008; Marasco et al. 2012; Leroy et al. 2013;
Watson et al. 2016; Bicalho et al. 2019; Jiménez-Donaire et al.
2019; de los Reyes & Kennicutt 2019; Kumari et al. 2020). In
particular, the emission lines of carbon-monoxide (CO) are typ-
ically used to trace the molecular gas distribution and, in order
to derive the mass of the total molecular gas from the CO lumi-
nosity, it is necessary to estimate the CO-to-H, conversion fac-
tor (@co). Unfortunately, dwarf galaxies are unsuitable envi-
ronments for this approach as, due to their low metallicity, the
CO emission lines are usually not detectable or, if detected,
they are faint and with low signal-to-noise ratio (see e.g.
Tacconi & Young 1987; Leroy et al. 2009; Bolatto et al. 2011;
Schruba et al. 2012; Elmegreen et al. 2013; Cormier et al. 2017;
Hunt et al. 2014, 2015; Hunter et al. 2019). In addition, differ-
ent methods to estimate aco in dwarf galaxies yield discordant
values (e.g. Bolatto et al. 2013; Hunt et al. 2015; Amorin et al.
2016; Madden & Cormier 2019), hence it is not clear whether
the low luminosity of CO lines represents an intrinsic deficiency
of molecular gas or a lack of CO due to the low metallicity. Sim-
ilarly to dwarf galaxies, the outskirts of spiral galaxies are low-
metallicity regions where the emission of molecular gas tracers
is not detected, but the formation of new stars is actually ongo-
ing (e.g. Thilker et al. 2007a,b; Bigiel et al. 2010). Interestingly,
some theoretical models show that, in conditions of extremely
low metallicity, star formation can directly occur from atomic
gas, without pre-existing molecular gas (e.g. Krumholz 2012;
Glover & Clark 2012). Dwarf galaxies are therefore of primary
interest in the study of star formation law in order to assess the
existence of a unique relation valid for both the low-density and
the high-density regions of galaxies.

While surface-based star formation laws are easily accessi-
ble to observations, it is important to ask if they are the man-
ifestation in projection of a more fundamental star formation
law based on volume densities such as the one originally pro-
posed by Schmidt (1959). If the latter case is true, it is then
possible that some of the variations observed among surface-
based star formation laws can be explained as a consequence of
varying disc thickness, which depends on the depth of the local
gravitational potential (see also Elmegreen 2015, 2018). B19a
and B19b showed that the disc flaring is significant and has an
important effect on the observed gas distribution for a sample
of ten spiral galaxies, two dwarf galaxies (with moderately-high
mass), and the MW. In particular, the gas disc was assumed to
be in hydrostatic equilibrium in order to derive the radial pro-
file of its scale height. This latter was then used to convert the
observed radial profiles of the gas and the SFR surface densities
to the corresponding volume densities, in order to obtain the vol-
umetric star formation (VSF) law (see Abramova & Zasov 2008;
Barnes et al. 2012; Yim et al. 2020 for either similar or different
methodologies to derive volumetric relations). B19a and B19b
found that the VSF law involving the total gas (HI+H,) and the
SFR volume densities is a power-law relation with index a ~ 2,
no break, and a smaller intrinsic scatter than the SK law. These
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authors also discovered a new correlation between the atomic gas
and the SFR volume densities, which is steeper (index 8 ~ 2.8)
than the VSF law but almost equally tight.

Gas discs in dwarf galaxies, given the shallow gravita-
tional potential, are expected to be thick and significantly
flaring in their outskirts (see also Roychowdhury et al. 2010;
Banerjee et al. 2011; Torio 2018; Patra 2020). Therefore, in order
to measure the intrinsic gas distribution of a galaxy, it is manda-
tory to take into account the radial increase of its scale height.
There is the compelling possibility that the inefficiency of these
galaxies at forming stars may be physically explained as a natu-
ral consequence of an “underlying” and fundamental VSF law
subject to the projection effects due to the flaring. Moreover,
extending the VSF law to the low-mass regime could allow us
to answer key open questions: is the VSF law still valid in the
low-density, low-metallicity, and HI-dominated environments?
Is there a volume density threshold for star formation? What is
the role of atomic gas in star formation?

This paper is organised as follows. Section 2 explains the
main assumptions of our approach to derive the volume densities
based on the hydrostatic equilibrium, describing also the adjust-
ments required for dwarf galaxies. Section 3 focuses on the sam-
ple of dwarf galaxies analysed in this work and the observations
available in the literature. Section 4 presents the main results,
which include the atomic gas scale heights and the VSF law for
our sample. We discuss our findings in Sect. 5 and draw the con-
clusions in Sect. 6.

2. Method

In order to derive the volume densities, we adopted the same
approach as in B19a, which is based on the assumption of hydro-
static equilibrium for the gas disc. In this section, we recall the
basic assumptions and equations involved; we also discuss the
differences in the specific case of dwarf galaxies.

2.1. 3D distribution of the gas in hydrostatic equilibrium

We modelled a given galaxy as a system which is symmetric
with respect to both its rotation axis (i.e. axisymmetry) and to
its midplane (i.e. z = 0). Hence, its gravitational potential is
O = ®O(R, z), where R is the galactocentric radius. We assumed
that the gas (either atomic or molecular) is in vertical hydrostatic
equilibrium in the galactic potential, meaning that the gas dis-
tribution is set by the balance between the gas pressure, which
tends to “inflate” the gaseous disc, and the gravitational force
which pulls the gas towards the midplane. The gas pressure is
P = po?, where p is the gas volume density and o is the gas
velocity dispersion. For simplicity, we assumed that the veloc-
ity dispersion is isotropic and the gas is vertically isothermal,
thus o = o(R). The vertical gas distribution is then (see e.g.
Sect. 4.6.2 in Cimatti et al. 2019)

D(R,z) — D(R,0)

PR2) = PR 0)exp| ——— s

, ey

where p(R, 0) and ®(R, 0) are respectively the gas volume den-
sity and the total gravitational potential evaluated in the mid-
plane. The gas scale height 4 is defined as the standard deviation
of the distribution given by Eq. (1) and its radial profile can be
calculated once o and ® are known.

By approximating Eq. (1) near the midplane and inte-
grating along the vertical direction (e.g. Olling 1995;
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Koyama & Ostriker 2009), the radial profile of the volume den-
sity in the midplane can be obtained from the surface den-
sity Z(R) and the scale height given the relation X(R) =
V27p(R, 0)h(R), which is valid for a Gaussian profile with stan-
dard deviation A(R). This allow us to define the two quantities
required to derive the VSF law. The first is the volume density
of the total gas

Pgas(R,0) = pri(R, 0) + p, (R, 0)

_ Zhi(R) Zy,(R) )
V2rh(R)  V27hy,(R)

where Xy and Ay are the surface density and scale height of the
atomic gas, and Xy, and hy, are the same but for the molecular
gas'. In the case of dwarf galaxies, where the atomic gas is likely
the dominant gas component, Eq. (2) reduces to pg,s ~ ppr. The
second ingredient for the VSF law is the volume density of the
SFR

Zsrr(R)
V2rhsrr(R)’

where Xgpr and hgpr are the SFR surface density and scale
height, respectively. In B19a, two possible definitions of hgpr
were explored, one constant (100 pc) with the galactocentric
radius and the other obtained as the mean of the atomic and
molecular gas scale heights weighted by their mass fractions

hser(R) = fri(R)hur(R) + fu, (R)hn, (R), 4)

where fir = Zn1/Zgas and fu, = Zp,/Zgss. Equation (4) is based
on the idea that the SFR follows the same vertical distribution as
the parent gas and gives a radially increasing profile (when the
HI and the H, distributions flare with the galactocentric radius).
B19b verified that Eq. (4) is a better choice for the MW with
respect to the constant scale height (see also Abramova & Zasov
2008; Barnes et al. 2012; Sofue 2017): hspr(R) resulting from
Eq. (4) is in excellent agreement with the scale height of the
distributions of classical Cepheids and other tracers of recent
star formation in our Galaxy. Indications of the flaring of the
SFR vertical profile were also found by other authors using
mid-infrared observations (i.e. dust-obscured star formation)
of nearby galaxies seen at very high inclination angles (e.g.
Yim et al. 2020; Elmegreen & Elmegreen 2020). We note that,
under the assumption that dwarf galaxies are HI-dominated,
Eq. (4) leads to hspr(R) = hm(R).

psrr(R,0) = 3)

2.2. The mass distribution of dwarf galaxies

The total mass distribution of a star-forming galaxy includes the
dark matter (DM) halo, the stellar disc, and the gaseous compo-
nents (i.e. atomic gas and molecular gas). Dwarf galaxies differ
from spiral ones in three important aspects. First, the DM halo
is the dominant mass component at all radii and the shape of the
rotation curve indicates that the DM density profile has a core
in the centre (e.g. de Blok & Bosma 2002; Oh et al. 2011; but
see also e.g. van den Bosch & Swaters 2001; Swaters et al. 2003
for a different perspective). We therefore chose the DM halo
model proposed by Read et al. (2016a,b), which is a Navarro-
Frenk-White (NFW; Navarro et al. 1996) profile with a cen-
tral core (hereafter core-NFW, see Sect. 2.2.1 for details). The

! We use the notation “HI” and “H,” to indicate the total atomic gas
and the total molecular gas, meaning that the surface densities include,
when needed, a multiplicative factor of 1.36 to account for the Helium
fraction.

second difference between dwarf and spiral galaxies is related
to the fact that CO emission is very faint or absent in low-
metallicity gas, hence the amount of molecular gas in dwarf
galaxies is very uncertain (e.g. Schruba et al. 2012; Bolatto et al.
2013; Madden & Cormier 2019). There are indications that the
mass fraction of molecular gas is indeed very low compared
to the HI mass in dwarf galaxies (<20-40% Hunt et al. 2015;
Hunter et al. 2019) and that, even in the extreme case of star-
bursting dwarfs, the H, contribution to the potential (traced by
the rotation curve) should not exceed that of the stellar disc (e.g.
Lelli et al. 2012, 2014). Hence, we did not include the molecular
gas distribution in the gravitational potential of the dwarf galax-
ies in this study. In Sect. 5.1, we discuss the possible impact on
the volume density estimate due to the presence of a fixed frac-
tion of molecular gas. The third difference with respect to spi-
ral galaxies is that the contribution of the gas (HI) self-gravity
to the gravitational potential of dwarf galaxies is comparable
to or higher than that of the stellar disc. Therefore, if the gas
self-gravity is neglected, the resulting gas scale height is over-
estimated (see Fig. A.l1 in B19a). Crucially, as done in B19a
and B19b, the gas scale height was calculated numerically using
an iterative algorithm which accounts for the gas self-gravity,
thus deriving the gas distribution in a self-consistent way (see
Sect. 4.1).

The mass components of our dwarf galaxies are based on
Read et al. (2017), who included the core-NFW DM halo, the
stellar disc, and the atomic gas disc. In the following, we
describe in detail the density profiles of these components, which
depend on a set of free parameters. In particular, Read et al.
(2017) derived these parameters through the decomposition of
the HI rotation curves from Iorio et al. (2017). We note that
the mass models used in B19a were obtained with the same
technique.

2.2.1. The dark matter halo

As mentioned above, the DM density distribution is modelled
using the NFW profile modified to account for a central core
(i.e. core-NFW) from Read et al. (2016a,b). This core-NFW pro-
file was obtained using high-resolution numerical simulations of
dwarf galaxies with different halo masses evolving in isolation
for 14 Gyr. Initially, these galaxies have a DM halo with a cusped
NFW profile and the cosmological baryon fraction. Then, stellar
feedback “heats” the DM by injecting energy and momentum
through supernovae, stellar winds, and radiation pressure, and
the cusped profile is gradually transformed into a cored one (see
also Read & Gilmore 2005; Pontzen & Governato 2014)%. The
galaxies resulting from these simulations share similar properties
with observed galaxies (i.e. stellar light profile, star formation
history, metallicity distribution, gas kinematics) and the density
profile of their DM halo is well described by

nfn—l (1 _ f2)

4nrlr,

PeNEw(r) = f"pNEw + NFW» (5)

where r is the spherical radius (r = VR? + z2 in cylindrical coor-
dinates), pnpw and Mnpw are respectively the standard NFW

2 For the aim of this work, the exact mechanism which formed the core
of the DM halo can be considered irrelevant, as the key point is adopting
a functional form for the DM density distribution which can reproduce
the observed rotation curve of the dwarf galaxies. Cored DM profiles
are also obtained with other mechanisms, such as dynamical friction
heating from gas clumps (e.g. Nipoti & Binney 2015).
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halo density and mass profile (Navarro et al. 1996), r.. is the core
radius, and f is a function than regulates the shape and the extent
of the core, defined as

f= tanh(i) ,

re

(6)

while 0 < n < 1 (n = 0 corresponds to no core). The parameter
n is given by

1
n = tanh (Kﬁ) (7)
tdyn
where
favn = 2 n (8)
=27 | —m88M™—
R G Mynrw(rs)

is the orbital time at the scale radius r¢ of the NFW profile, fsp =
14 Gyr is the total star formation time, and « = 0.04. Read et al.
(2017) found r. = 2.94 R, with R, being the stellar disc scale
length.

2.2.2. Disc components

The stellar disc mass distribution is modelled with an exponential
radial profile and a sech? vertical profile (van der Kruit & Searle
1981),

Px(R,2) = pxpoeXp (—Rﬁ) sech’ (i) ) ©

Tx
where p.o = X4 0/(2z4) is the central density, R, is the stel-
lar scale length, and z, the scale height, which is assumed to
be equal to R, /5 (see van der Kruit & Freeman 2011, and refer-
ences therein).
We modelled the atomic gas disc using a combination of a
fourth-order polynomial and an exponential function

R
Zui(R) = Zo (1 + C1R + CR? + C3R + C4R*)exp (_R_z) ,

(10)

where Xy is the central surface density, Ry is the scale radius,
and C; are the polynomial coefficients. We choose Eq. (10) as
it is flexible and can easily model the variety of observed pro-
files of 21 (R) (see Sect. 3.1). The HI distribution modelled using
this functional form also serves to improve the efficiency of the
numerical computation of HI gravitational potential and scale
height (see Sect. 4.1).

2.3. The gas velocity dispersion
The radial profile of the velocity dispersion oyi(R) is modelled
by an exponential function

R
om(R) = 0w CXP(—R—)’ (11)

where oy is the velocity dispersion at the galaxy centre and R,
is a scale radius. This functional form can satisfactorily model
the shape of the radial profile of the HI velocity dispersion typ-
ically observed in nearby galaxies, including a linear decline or
a constant value (Boomsma et al. 2008; Tamburro et al. 2009;
Marasco et al. 2017; Torio et al. 2017; B19a). As in the case
of Xy, the use of an analytic oyr(R) is purely for the sake of
improving the computational speed of the numerical integration
to derive @ and hyyj.
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3. Sample description

We selected a sample of dwarf galaxies with the following infor-
mation available in the literature: (i) robust HI kinematics (i.e.
velocity dispersion and rotation curve); (ii) parametric models of
the mass distribution (see Sect. 2.2); (iii) azimuthally averaged
radial profiles of HI and SFR surface densities. A sub-sample
of ten galaxies from the Local Irregulars That Trace Luminosity
Extremes, The HI Nearby Galaxy Survey (LITTLE THINGS;
Hunter et al. 2012) fulfills these requirements, as we explain in
the following.

3.1. Atomic gas kinematics and surface density

Torio et al. (2017) analysed the HI kinematics for 17 LIT-
TLE THINGS galaxies using the software 3PBAROLO’
(Di Teodoro & Fraternali 2015). This software performs a tilted-
ring model fitting using the emission-line data cube of a galaxy
and derives the geometric parameters (e.g. inclination, posi-
tion angle, kinematic centre) and the kinematics (e.g. rotation
curve, velocity dispersion, systemic velocity) of the gas disc.
In addition, Iorio et al. (2017) included a robust estimate for
the asymmetric drift correction to the gas circular speed. This
correction is fundamental in the case of dwarf galaxies, where
pressure support can be significant. In our work, we excluded
the galaxies with disturbed HI kinematics (i.e. NGC 1569) and
those with either asymmetric drift-dominated or very uncertain
rotation curves (i.e. CVnldwA, DDO 53, DDO 210, DDO 216,
UGC 8508). In addition, DDO 154 was removed from the sam-
ple as it was studied already in B19a. We thus obtained a sam-
ple of ten dwarf galaxies, whose main properties are reported in
Table 1.

As already mentioned, the rotation curves of the dwarf galax-
ies in lorio et al. (2017) were used by Read et al. (2017) to
obtain the mass models, which include the core-NFW DM halo
described in Sect. 2.2.1, a stellar disc, and an atomic gas disc.
Both disc components were assumed razor-thin and with an
exponentially declining radial profile, hence we substituted these
models with those described in Sect. 2.2.2. We used the same
stellar mass and scale length as Read et al. (2017), which are
reported in Table 1 together with the parameters for the DM halo
model. For the atomic gas disc, we derived Zyro, C;, and Ry
by fitting Eq. (10) to the observed surface density of HI from
Iorio et al. (2017). The left panel in Fig. 1 shows the azimuthally
averaged radial profile of the atomic gas surface density for
WLM from Iorio et al. (2017), and the polynomial best-fit model
(dot-dashed black curve). In Appendix A, we show Zy(R) and
the polynomial fits for the rest of the sample. We note that the
profiles typically differ from an exponential and have diverse
shapes. We verified that the updated atomic gas radial profile
and stellar scale height do not imply significant variations in the
resulting circular velocity generated by the total mass distribu-
tion of our galaxies, as a consequence of these systems being
largely dark-matter dominated.

We used the radial profiles of the HI velocity dispersion
derived by lorio et al. (2017) to fit Eq. (11) and obtain the model
for or(R). We recall that this step aims to improve the compu-
tational speed in the iterative calculation of the scale height, but
it does not influence the resulting Ay (R). The central panel in
Fig. 1 shows, for WLM, the observed velocity dispersion of HI
(red diamonds) and the best-fit exponential profile (black solid
curve). The dashed black curves are the fits to oy + Aoy, where

3 http://editeodoro.github.io/Bbarolo/
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Table 1. Properties of the sample galaxies (see lorio et al. 2017 for details).

Galaxy D log(SFR) (Vo) (i) (PA) Moo c n M, R,
Mpe)  (Moyr™h) (kms™") ®) @) (10" Mo) (10" M) (kpe)
(H 2 3) 4) (5) (6) Q) 3 ® (10)
WLM 1.0 -2.13+£0.08 38.7+x34 740+£23 174.0x3.1 O.ngé 17 0.887 1.62 0.75
DDO 52 103 -1.82+0.08 51.1+63 551+29 6.5+2.0 1.201’832 17.3  0.894 5.27 0.94
DDO 87 7.4 -195+0.07 503+9.1 427+73 238.6+4.7 1.134_'8:%; 17.6  0.900 33 1.13
NGC 2366 34 -097+0.07 577+54 651+42 398+28 2.40f8:§3 17.3  0.894 6.95 1.54
DDO 126 49 -1.80+0.06 38.6+3.1 622+29 140.7+3.5 0.6f81% 20.6  0.947 1.61 0.82
DDO 168 43 -1.67+0.06 562+69 620+2.6 272.7+42 2.10f8:i§ 16.8 0.883 5.9 0.82
DDO 133 3.5 -1.91+0.05 472+51 389+37 -3.8+89 1.60f(1):}£ 25.8 0.984 3.04 0.804
DDO 50 34 -0.95+0.04 387+10.1 33.1+46 1749+59 0.32:’8:(1)2 26.2  0.985 10.72 0.89
DDO47 5.2 -1.61+£0.04 62652 374x17 3174x73 4.41’?:5 20.5 0.946 9.4 0.7
DDO 101 6.4 —-245+0.09 529+36 524+17 2874+36 5.2f8:2 28.9 0.993 6.54 0.58

Notes. (1) Distance; (2) integrated SFR from FUV (see Sect. 3.2); (3) mean circular velocity (i.e. asymmetric-drift corrected) of the outer HI disc;
(4) HI disc inclination; (5) HI disc position angle. Parameters of the best-fit model for the core-NFW halo and the stellar disc from Read et al. (2017):
(6) DM mass within R,q0; (7) DM halo concentration; (8) index of the DM halo core function; (9) stellar mass; (10) stellar disc scale lenght.

WLM: HI surface density

WLM: HI velocity dispersion

WLM: SFR surface density

101 F —_ e
_ ..‘”ﬂ* ‘?u 1073 -* * *
iy ++++++ 0 £ 104 i
o
2 *++++ £ 5 ty
= H I S 10°5 ¥
T 10° fﬁ © | = ¥
5 ¥
0 1 2 3 % 1 2 3 9% 1 2 3

R [kpc] R [kpc]

Fig. 1. Azimuthally averaged radial profiles of the atomic gas surface density (left panel) and the HI velocity dispersion (central panel) from
Torio et al. (2017), and of the SFR surface density (right panel) from FUV photometry (Zhang et al. 2012) for WLM. The dot-dashed black curve
in the left panel is the best-fit polynomial function (Eq. (10)) used to model the gas radial distribution. The solid and the dashed black lines in the
central panel are the best-fit functions (Eq. (11)) used to model, respectively, the velocity dispersion and its upper and lower limits, which were

adopted to derive the scale height and its uncertainty.

Aoy is the uncertainty, and were used to obtain the uncertain-
ties on the atomic gas scale height (see Sect. 4.1). Figure A.1
shows the profiles for the other galaxies in the sample. We note
that the velocity dispersion is approximately constant for some
galaxies (e.g. WLM, DDO47), but in general oy;(R) declines
with increasing galactocentric radius.

3.2. Star formation rate surface density

In order to derive the SFR surface density for our galaxies,
we used the azimuthally averaged surface photometry from
Zhang et al. (2012), based on far-ultraviolet (FUV) and near-
ultraviolet (NUV) images obtained with the Galaxy Evolution
Explorer (GALEX, Martin et al. 2005). We calculated the FUV
magnitude per square arcsecond as ypyy = unuy+(FUV-NUV),
where unyv is the NUV AB absolute magnitude per square
arcsecond and (FUV-NUYV) is the FUV-NUV colour cor-
rected assuming Cardelli et al. (1989) dust extinction law (see
Zhang et al. 2012 for details)*. The corresponding FUV surface
brightness is

4 We note that the dust extinction correction is typically minimal for
our dwarf galaxies (see Hunter et al. 2010; Zhang et al. 2012).

HFUV

FL(FUV) = 1 0—0.4[(W)+48.6]

ergs™ cm > Hz ! arcsec™.
(12)

In order to estimate the SFR surface density from the FUV
surface brightness, we adopted the calibration of the SFR—
FUV relation by McQuinn et al. (2015). This calibration is ide-
ally suitable for our study, as it was obtained for a sample of
nearby dwarf galaxies taking into account their low metallic-
ity and a stochastically populated initial mass function (IMF).
These authors derived the SFR from resolved stellar popula-
tions by fitting the colour-magnitude diagrams (CMDs) with
synthetic stellar populations generated from stellar evolution
libraries and used this SFR to calibrate the SFR-FUV relation.
We adapted McQuinn et al. (2015)’s relation from a Salpeter
IMF to a Kroupa IMF by including a multiplicative factor of 0.67
(Kennicutt & Evans 2012; Madau & Dickinson 2014). This cor-
rection was applied for consistency with B19a, where the SFR
surface densities were based on a Kroupa IMF (see Leroy et al.
2008). This gives the following relation between the FUV lumi-
nosity L,(FUV) and the SFR

L,(FUV)

ergs~! Hz™! (13)

SFR = (1.37 + 0.54) x 10728 [ ] Mg yr .
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As pointed out by McQuinn et al. (2015), Eq. (13) yields, for
the same FUV luminosity, values of SFR that are about 50—-70%
higher that other calibrations in the literature derived for galax-
ies with higher mass and metallicity than dwarf galaxies (e.g.
Hao et al. 2011; Salim et al. 2007). The SFR surface density can
be obtained by combining Eqs. (12) and (13)

HFUV

YSFR = €OSI X 10_0'4(W)+7-415

Mo yr~ kpe2, (14)

where the cosi term corrects for the galaxy inclination (see
Table 1)°. The uncertainty on Zggr was calculated through error
propagation in order to take into account the uncertainties on
unuy, the FUV-NUYV colour, i and the calibration constant in
Eq. (13). The right panel of Fig. 1 shows the radial profile of
the SFR surface density for WLM resulting from Eq. (13), while
the profiles for the rest of the galaxies in our sample are shown
in Fig. A.1. In Table 1, we report the SFR integrated over the
whole star-forming disc of our galaxies.

We note that the SFR surface densities adopted in B19a were
taken from Leroy et al. (2008), who used a combination of FUV
and 24 ym luminosities in order to take into account the emission
from massive and young stars absorbed by dust and re-radiated
at the mid-infrared wavelenghts. To convert these luminosities to
Zskr, these authors assumed a relation obtained for normal star-
forming galaxies, which may not be applicable to dwarf galaxies
(Hao et al. 2011). However, in Sect. 5.2, we explore the effect of
using Leroy et al. (2008) prescription to derive the SFR surface
density for our sample of galaxies. We anticipate that our results
are not significantly affected if we use this correction.

4. Results

In this section, we present our findings by focusing first on the
scale height of the atomic gas discs of our sample of galaxies
and then on the VSF law.

4.1. The scale height

We derived the HI scale height using the Python module
GALPYNAMICS® (see Torio 2018). This code calculates the grav-
itational potential generated by one or more mass components
described by a parametric model through numerical integra-
tion, allowing to derive useful quantities, such as the circular
velocity and the scale height of a gaseous mass component.
GALPYNAMICS is based on the assumption of vertical hydrostatic
equilibrium and includes an iterative algorithm which accounts
for the gas self-gravity.

In the following, we briefly explain how this code operates in
the case of our dwarf galaxies. The mass components and their
parameters are described in Sect. 2.2 and Table 1, respectively.
We recall that the HI velocity dispersion and surface density are
modelled using the observations described in Sect. 3.1. As a pre-
liminary step, GALPYNAMICS calculates the external potential
@y, which is fixed at all the iterations, given by the DM halo
(Eq. (5)) and the stellar disc (Eq. (9)) mass distributions. The
HI disc is initially assumed to be razor-thin and its contribution
(Oyy) to the total gravitational potential (O = Dy + Pyyy) is esti-
mated from the surface density distribution given by Eq. (10).

5 Despite the different calibration assumed in this work, the SFR sur-
face density given by Eq. (14) approximately corresponds the one
reported in Elmegreen & Hunter (2015) and obtained with the SFR—
FUV relation adopted in Hunter et al. (2010), which assumes a Salpter
IMF.

% https://github.com/iogiul/galpynamics
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Using this preliminary total potential, the gas distribution is cal-
culated through Eq. (1), where the velocity dispersion is given by
Eq. (11). A first guess of the gas scale height is obtained by fit-
ting a Gaussian profile to gas vertical distribution at each radius
and extracting its standard deviation. Then, @ is updated using
the potential generated by a vertically extended gas distribution
as found in the previous step, and a new estimate of the scale
height is obtained through the Gaussian fitting. This procedure
is iterated until either the relative residual between two succes-
sive determinations of the scale height differ by less than 10~* or
more than ten iterations are completed.

Figure 2 shows the scale height of the atomic gas distri-
bution as a function of the galactocentric radius for the galax-
ies in our sample. Despite the relatively small size of the discs
(3—4kpc on average), the scale heights significantly increase
with the distance from the galactic centre, reaching a few hun-
dreds of parsec at the outermost radii. The gas distribution flares
of a factor ranging from a minimum of ~1.1-1.6 (but with large
uncertainty) for DDO 101 and DDO 87 to a maximum of ~4—-4.5
(e.g. DDO 52, DDO 47). The red band represents the uncertainty
on the scale height and the lower and the upper limits on /Ay
were calculated taking into account the uncertainties on the HI
velocity dispersion (see Sect. 3.1), as done in B19a. We have
verified that the uncertainties on the DM halo masses and con-
centrations reported by Read et al. (2017) correspond to at most
~5% uncertainty on our scale height estimates, confirming the
gas velocity dispersion as the main source of uncertainty in our
modelling.

4.2. The volumetric star formation law

In order to assess the validity of the volumetric relations obtained
in B19a, we derived the volume densities for our sample of dwarf
galaxies through Egs. (2) and (3), using the HI scale heights cal-
culated in Sect. 4.1 and the surface density profiles described in
Sects. 3.1 and 3.2. We note that the conversion to volume densi-
ties is not simply a shift in the normalisation of the radial profile
of the surface density, as each point is divided by a different scale
height. In other words, the radial gradient of the volume density
profile is different from that of surface density profile because of
the disc flaring.

We recall that the sample of spiral galaxies studied in B19a
has a significant fraction of molecular gas, which is typically
dominant in the innermost regions (i.e. fy, =~ 1) but essen-
tially negligible at larger radii. In the outskirts, the total gas
volume density is dominated by the atomic gas volume density
and fir > fu,. Accordingly, Eq. (4) results in hgpr(R) which is
very similar or close to Ay, near the galactic centre and gradually
turns into Ay with increasing radius. In B19b, the scale height of
the distribution of classical Cepheids was used to calculate the
SFR volume density in the MW. In addition, it was verified that
the scale height of recent star formation tracers (e.g. classical
Cepheids, OB stars) is very similar to that of the gas in hydro-
static equilibrium calculated using Eq. (4) out to R = 20kpc. In
the case of dwarf galaxies, the atomic gas is likely the dominant
gaseous component, therefore we chose to assume f, = 0 as a
fiducial case of study, which implies that Egs. (2) and (4) respec-
tively reduce to pgas = pur and hgpr = hyr. We explore the effect
of including a fraction of molecular gas in Sect. 5.1.

Dwarf galaxies share similarities with the outskirts of spi-
ral galaxies, as both these environments are metal poor and
HI-dominated. Hence, we extended the analysis on the galaxy
sample of B19a by also including the regions beyond the stellar
disc (i.e. R > R,s5) where the SFR surface density is observed.
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Fig. 2. Radial profiles of the atomic gas scale height derived under the assumption of vertical hydrostatic equilibrium (red curve). The red area

shows the uncertainty on hy;(R) (see text).

We adopted the Xgpr from Bigiel et al. (2010), who used the
same GALEX FUV maps and SFR-FUYV relation as Leroy et al.
(2008) but measured of the SFR surface density up to larger
radii. The atomic gas surface density and scale height of the
outermost star-forming regions were taken from Bacchini et al.
(2020). In particular, Zy; was obtained from 21 cm data cubes
using SDBAROLO and hyy; was derived with the same method
based on the hydrostatic equilibrium as done in B19a (see
also Sect. 4.1). This allowed us to study the VSF law up to
larger radii with respect to B19a: we could extend the pro-
files by ~1kpc for 5 galaxies (DDO 154, IC 2574, NGC 0925,
NGC 4736, and NGC 7793), while for NGC 2403 and NGC 3198
we increased the radial coverage by ~5kpc and ~10kpc,
respectively.

In the following, we verify whether the correlations obtained
in B19a, namely the VSF law between the total gas and the SFR
volume densities and the relation including the atomic gas only,
are valid for the new sample of dwarf galaxies and the outermost
star-forming regions of the galaxies in B19a.

4.2.1. The VSF law with total gas

The gas and the SFR surface densities of our sample of dwarf
galaxies are shown in the left panel of Fig. 3 (coloured dia-
monds). The light blue circles represent the 12 galaxies exam-
ined in B19a and the yellow stars correspond to the MW
(see B19b for details). The coloured diamonds indicate the
new sample of dwarf galaxies and the green “x” correspond
to the outermost star-forming regions of seven galaxies from
B19a’s sample, as explained in the previous section. We can

see that both dwarf and spiral galaxies detach from the SK

law for g5 < 10 M, pc~2. This behaviour in the low-density
regime is widely reported in the literature and increases the
scatter in the correlation (e.g. Kennicutt et al. 2007; Bigiel et al.
2008; Bolattoetal. 2011; Dessauges-Zavadsky et al. 2014;
de los Reyes & Kennicutt 2019). We note that the relation shown
in Fig. 3 is the global SK law (de los Reyes & Kennicutt 2019),
hence a small shift (mostly in normalisation) with respect
to the spatially resolved surface densities is expected (e.g.
Kennicutt et al. 2007). However, this shift does not seem suf-
ficient to describe both the regimes of dwarf and spiral galax-
ies, which appear to loosely follow a broken power-law with
N =~ 1.4 in the high-density regions and N = 3 at low densities
(see also Gatto et al. 2013). We fitted the SK law with N = 1.41
to the surface densities shown in Fig. 3 using the Python module
emcee (Foreman-Mackey et al. 2013), finding that the normal-
isation of the best-fit relation is lower (—4.27 + 0.02) than the
value obtained by de los Reyes & Kennicutt 2019 (—3.84f8‘8§),
while the scatter is similar (0.30 + 0.01 dex; see also Shi et al.
2018). We repeated the fit leaving the index as a free parameter
and found that the best-fit relation has index 3.17f8:h1), normali-
sation —5.73 +0.03 and smaller intrinsic scatter (0.16+0.01 dex)
with respect to our best-fit SK law with N = 1.41. We antici-
pate that these correlations based on the surface densities have a
larger scatter than the VSF law.

The right panel of Fig. 3 shows the volume densities for the
various samples using the same symbols as in the left panel.
Remarkably, the dwarf galaxies either closely follow or are
compatible within the errors with the VSF law found in B19a,
extending the validity of the relation to the low-density regime
down t0 pgas ~ 107 Mg pc™. Also the range of SFR volume
densities is extended downward by one order of magnitude.
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Fig. 3. Star formation laws based on the surface densities (left) and the midplane volume densities (right) of the total gas and the SFR for the
sample of ten dwarf galaxies studied in this paper (diamonds). Each colour indicates the azimuthally averaged radial profile of a different galaxy
according to the colour-bar. The light blue points and the green crosses respectively indicate the star-forming regions within and beyond the optical
radius for the sample of 12 galaxies of B19a, while the yellow stars are for the MW (B19b). Left panel: the grey dashed line is the SK law from
de los Reyes & Kennicutt (2019) with its intrinsic scatter (grey dotted lines). Right panel: the long-dashed orange line shows the best-fit VSF law
from B19a, while the red solid line is the best-fit obtained in this work. The black dot-dashed line displays the orthogonal intrinsic scatter of the
new best-fit, while the grey areas indicates the 10~ and 30~ uncertainties on the fit. The VSF law has a smaller scatter than the SK law and it is a
power-law with index @ = 2, showing no indication for a break over a wide range of densities.

B19a obtained that the VSF law between the SFR and the total
gas volume densities is described by

PSFR Pgas
log| —————— | =alog| ——— | + logA,
g (Mo yr-l kpc’3 ) B (Mo pc3 ) g

with best-fit slope @ = 1.91 + 0.03, normalisation logA =
0.90 + 0.02, and perpendicular scatter o, = 0.12 + 0.01 dex.
We repeated the fit including also the sample of dwarf galax-
ies and the outermost star-forming regions of the sample of
B19a, finding @ = 2.03 + 0.03, logA = 1.10 + 0.01, and
o, = 0.10 £ 0.01 dex. This confirms that the relation between
the total gas and the SFR volume densities is pspr < g, With
a =~ 2 and that the VSF law has a smaller scatter the SK law.
We note that the best-fit VSF law obtained in this work and that
derived in B19a are compatible within <20 (considering that the
two relations have very similar 1o error).

From a thorough inspection of Fig. 3, we can see that a
few points belonging to three galaxies, DDO 87, DDO 168, and
WLM, seem slightly detached from the VSF law. We note that
DDO 168 and DDO 87 are actually compatible within the errors
with the best-fit relation. The data points of WLM, instead,
appear to be slightly more than 30 from the relation, also in
light of their relatively small error-bar. It is unlikely that this
difference is entirely due to inaccuracies in the determination of
Pgas as the scale height, the surface density, and their uncertain-
ties are quite robust. The profile of the SFR surface density also
seems reliable, as it is similar to other estimates in the litera-
ture obtained from FUV emission (e.g. Mondal et al. 2018). Our
Yspr does not take into account the possible contribution of dust-
obscured star formation, which is instead included in Leroy et al.
(2008) profiles. The effect of including the dust-obscured star
formation is discussed in detail in Sect. 5.2, but we anticipate
that the global SFR of WLM is increased of about 15% by using
the same method as Leroy et al. (2008), reducing of a factor of
~?2 the gap with the VSF law.

s5)
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4.2.2. Relation with the atomic gas only

Since the HI is the dominant gas component of dwarf galaxies
and a large part of the disc of spiral galaxies, investigating the
link between the atomic gas and the SFR is of primary inter-
est. The left panel of Fig. 4 shows that the new sample exhibits
the same behaviour as both the low-density and the high-density
regions of the more massive galaxies: there is no correlation
between the atomic gas and the SFR surface densities or, if
present, it is very weak and with a large scatter (see also e.g.
Ferguson et al. 1998; Wong & Blitz 2002; Bolatto et al. 2011;
Schruba et al. 2011; de los Reyes & Kennicutt 2019).

The right panel of Fig. 4 shows instead the correlation
between the atomic gas and the SFR volume densities. The dwarf
galaxies follow the same relation between the HI and the SFR
volume densities found in B19a

PSFR PHI
og|—FL5R ) _ Blog| M) 4 10g B, (16)
g(Moyr“kpc3) P g(Mopc3) &
with 8 = 2.79+0.08, normalisation log B = 2.89’:8:8%, and intrin-

sic scatter oo, = 0.12 + 0.01 dex. We indeed repeated the fit of
Eq. (16) including also the points of the dwarf galaxies and the
low-density regions, finding that the parameters of the new best-
fit are compatible within the errors with those reported in B19a
(see Table 2). This extends the validity range of the HI-VSF law
by about one order of magnitude.

5. Discussion

Our new sample of dwarf galaxies follow the same relation as
galaxies with higher masses and gas densities, suggesting the
VSF law might be the general star formation law for nearby
star-forming disc galaxies. In this section, we first quantify the
impact of possible systematic effects on this result due to (i) the
molecular gas content, (ii) the fraction of dust-obscured star for-
mation, and (iii) the assumption of hydrostatic equilibrium. We
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Fig. 4. Same as Fig. 3, but here the abscissae of the light blue points are the surface density (leff) and the midplane volume density (right) of the
atomic gas only, and the SFR scale height is the same as the atomic gas distribution (see text). The blue line shows the best-fit relation (Eq. (16))

obtained in this work.

Table 2. Best-fit parameters of the VSF law with the total gas (Eq. (15))
and the relation with the atomic gas only (Eq. (16)).

Gas Ref. Slope o y-intercept
(dex) (dex)
HI+H, Bl19a 1.91 fg:gg 0. 12f8:8{ 0.90f8:8%
HI+H, This work 2.03’_’8:82 O.lOfg:g} 1.101’8:81
HI  Bl9a 2799008 (3%001 5 ggiom
HI This work 2'78i8:82 0.1 lfgzg{ 2.87f8:8%

Notes. The first and second columns report the gas phases involved
and the reference paper, respectively. The other columns provide the
slope, the orthogonal intrinsic scatter o, , and the y-intercept with their
uncertainties.

also compare our work with other studies in the literature and,
finally, we attempt some physical interpretation of our findings
in order to obtain constraints on the mechanisms that may be
relevant for star formation.

5.1. Systematic effects due to the molecular gas content

As mentioned earlier, CO emission lines in dwarf galaxies are
faint or absent (e.g. Tacconi & Young 1987; Leroy et al. 2009;
Bolatto et al. 2011; Schruba et al. 2012; Cormier et al. 2014,
2017; Hunt et al. 2015), but it is still unclear if this is due to
the actual lack of molecular gas or simply to the low metallicity
of this type of galaxies. Moreover, it is expected that some part
of the molecular gas reservoir is not associated with CO in dwarf
galaxies (the so-called “CO-dark” gas; e.g. Wolfire et al. 2010).
This is usually ascribed to a combination of efficient photo-
dissociation of molecular clouds by the deeply penetrating UV
radiation field from stellar clusters and the porosity of the ISM
structure. As a consequence, CO is present only in small cores of
molecular clouds, while it is photo-dissociated on larger spatial
scales (see e.g. Cormier et al. 2015; Madden & Cormier 2019;
Madden et al. 2020). Instead, H, can efficiently self-shield from
radiation, meaning that a significant amount of the molecular gas
reservoir can exists outside CO-emitting regions. It is therefore
interesting to investigate whether this molecular gas could sig-
nificantly affect the VSF law shown in Fig. 3.

In our methodology, the fraction of molecular gas impacts
both the gas and the SFR volume densities of dwarf galax-
ies. Given our definition of the molecular gas fraction as
fH, = ZH,/Zgss. in Eq. (2) we have therefore Xy, = fy,/(1 —
Jfu,)Zm and, using the approximation hy, = hpi/2 (see B19a;
Bacchini et al. 2020), we obtain that the gas volume density
increases as pgas = (1 + fu,)/(1 — fu,)our. From Eq. (4), we infer
that the SFR scale height is hspr = hm(2 — fu,)/2. Hence, the
SFR volume density (Eq. (3)) increases of a factor of 2/(2 — fi,)
with respect to the case in which fy, = 0. In order to quan-
tify the influence of fy, > 0 on our results, we explore the case
with 30% of molecular gas, which approximately corresponds to
the estimates in the literature (e.g. Hunt et al. 2015; Hunter et al.
2019)7. If Sfu, = 0.3, then pg,s = 1.90nr and pspr increases of
~1.2, producing a rightward shift of ~0.28 dex and an upward
shift of ~0.08 dex on the points for dwarf galaxies in Fig. 3.
The yellow pentagons in Fig. 5 show the volume densities of
our dwarf galaxies including fi, = 0.3. They lie systematically
below the VSF law and the magenta diamonds obtained with
fu, = 0, but this shift is comparable to the typical error-bar of
our points, indicating that the effect of fy, is small and does not
strongly impact the validity of the VSF law.

5.2. Systematic effects on the star formation rate surface
density

The SFR surface densities adopted in B19a included the cor-
rection for dust obscuration estimated from the 24 yum luminos-
ity (Leroy et al. 2008). Hence, in order to be fully consistent
with this previous work, we should include this correction also
for the new sample of dwarf galaxies. We recall however the
amount of dust in dwarf galaxies is expected to be very low

7 The measurements of the molecular gas fraction in dwarf galax-
ies are uncertain, as aco is poorly constrained. For example, the esti-
mate obtained by Hunter et al. (2019) for LITTLE THINGS galaxies is
based on the MW acq. Instead, Hunt et al. (2015), who used a differ-
ent sample of dwarf galaxies, assumed either the MW value or, for the
most metal-poor galaxies, a scaling relation with metallicity, which is
a power-law with index ~—2. This index is also uncertain: for instance,
Amorin et al. (2016) estimated ~—1.5 and Madden & Cormier (2019)
obtained ~—3.3, which result in lower and higher molecular gas frac-
tions, respectively.
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Fig. 5. Effect on the VSF law of including either a fraction of molecular
gas of 30% (yellow pentagons) or the correction for the dust obscuration
using 24 um emission (green triangles). For comparison, the volume
densities of our sample of dwarf galaxies from our fiducial analysis are
shown by the magenta diamonds and are the same as in Fig. 3. The
light blue points are from B19a and the red line is the best-fit VSF law
obtained in this work.

(e.g. Walter et al. 2007; Madden & Cormier 2019) and the 24 um
luminosity is unlikely to have a strong impact on the SFR sur-
face density. In order to quantify the effect of this component, we
estimated the dust-corrected SFR through the relation reported
by Leroy et al. (2008) and using the 24 um flux measured from
Spitzer observations by Dale et al. (2009) (except for DDO47,
which is not included in their sample) and the unobscured SFR
using the FUV luminosity, which was re-scaled to include the
reddening (Zhang et al. 2012). NGC 2366 and DDO 101 have
the highest 24 um fluxes, while only upper limits are available
for DDO 52 and DDO 87. The green triangles in Fig. 5 show the
effect of including the 24 ym correction in the derivation of the
SFR volume density. The agreement with the VSF law is con-
served and the dwarf galaxies still follow the same trend as the
galaxies studied in B19a. On average, the 24 um-corrected SFR
of our dwarf galaxies is increased of a factor ~1.6, corresponding
to an upward shift of ~0.2 dex. We point out that the inclusion of
the molecular gas fraction and the correction for dust obscura-
tion tend to compensate, which indicates that our results would
not change if both factors are taken into account.

We note that the SFR of DDO 50 (a.k.a. Holmberg II) and
NGC 2366 in Table 1 are a factor ~2 lower than the values
obtained by McQuinn et al. (2015) using the CMD of resolved
stellar populations. These authors reconstructed the galaxy star
formation history by fitting the CMD with stellar evolutionary
models and calculated the average SFR over the last 100 My,
which corresponds to the mean age of FUV-emitting stars
(Kennicutt & Evans 2012). Aiming to assess the possible impact
of this difference on our results, we re-scaled the SFR surface
density radial profile adopted in this work in order to have the
same SFR as McQuinn et al. (2015). We found that using these
modified profiles does not affect our main conclusion, as both
DDO 50 and NGC 2366 remain in agreement with the VSE.

5.3. Validity of the hydrostatic equilibrium

As discussed in Sect. 4.1 and in B19a, there is a general
agreement between the scale heights based on the hydrostatic
equilibrium derived by different authors, despite the different
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methods used to measure the velocity dispersion. We note how-
ever that the validity of the assumption of hydrostatic equilib-
rium for nearby galaxies has not been extensively tested in the
literature. B19b compared the radial profile of the scale height
for our Galaxy derived assuming the hydrostatic equilibrium
with that measured by Marasco et al. (2017) using emission-
line observations, both for the atomic gas and the molecular
gas distributions. It was found that, while the theoretical and
the observed profiles are similar in the case of the molecular
gas, the former tends to be =~1.5 times lower than the latter
for the atomic gas. This discrepancy does not necessarily mean
that the hydrostatic equilibrium is not valid, as it may also indi-
cate the presence of a second HI component with high velocity
dispersion (Marasco et al. 2017). Alternatively, one could guess
that some anisotropic force (e.g. magnetic tension, cosmic rays)
contributes to counteract the gravitational pull. However, B19b
found agreement between the (measured) scale heights of star
formation tracers and the (modelled) scale height of the gas in
hydrostatic equilibrium, suggesting that the gas which is con-
verted into stars is indeed in hydrostatic equilibrium.

Direct measurements of the gas scale height are of primary
interest to test the validity of hydrostatic equilibrium and under-
stand the structure of gaseous discs in galaxies. In the litera-
ture, there are some estimates of the gas scale height in edge-on
galaxies (e.g. Yim et al. 2011, 2014, 2020; Peters et al. 2017),
but a comparison with the hydrostatic equilibrium is not pro-
vided. Moreover, highly inclined galaxies strongly suffer from
projection effects: line-of-sight warps, non-circular motions and
extra-planar gas can all artificially inflate measurements for
both the velocity dispersion and the scale height of the gas
(e.g. Swaters et al. 1997; Sicking 1997; Oosterloo et al. 2007;
Marasco et al. 2019). Therefore, an “ad hoc” method applicable
to galaxies with relatively high inclination is required in order
to measure the scale height from the observations and avoid dra-
matic projection effects. This task is however beyond the scope
of this work and we leave it to future investigations.

It is worth to mention that the disc thickness itself can bias
the galaxy properties obtained from line emission observations
with respect to the intrinsic properties (Sicking 1997; Iorio et al.
2017; Torio 2018). In particular, when the thickness is non-
negligible, one tends to underestimate the intrinsic inclination
of a galaxy, as its gas disc appears more face-on than it actu-
ally is. Consequently, the surface density profile and the rota-
tion curve are underestimated and overestimated, respectively.
Iorio (2018) developed an innovative method to study the gas
kinematics in thick discs based on combining the 3D tilted-
ring modelling (i.e. 3?’BAROLO) with the hydrostatic equilibrium
(i.e. GALPYNAMICS) using HI data cubes. This approach was
tested on three dwarf galaxies, including WLM and NGC 2366,
in order to derive their rotation curve, velocity dispersion, sur-
face density, and scale height in a self-consistent way. lorio
(2018) found that the thickness bias is of second order with
respect to other possible sources of uncertainty (e.g. asymmetric-
drift correction, inclination). The HI scale heights of WLM and
NGC 2366 obtained by Iorio (2018) are compatible with those
shown in Fig. 2, indicating the bias due to the disc flaring is mild
for our galaxies and does not significantly influence our results.

5.4. Comparison with other works

It is interesting to compare the scale heights obtained with our
method with those available in the literature and based on the
assumption of vertical hydrostatic equilibrium. Banerjee et al.
(2011) calculated the HI scale height for four dwarf galaxies,
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including DDO 50 (a.k.a. Holmberg II) and NGC 2366. They
assumed that both the HI disc and the stellar disc are affected
by their self-gravity. The only mass component of the external
potential is the DM halo, which was assumed to have a pseudo-
isothermal profile. We also note that, since these authors defined
the scale height as the half width at half maximum (HWHM),
their profiles should be divided by a factor of 1.177 when com-
pared to ours. For DDO 50, these authors found HWHM =
450 pc over the whole disc, which is approximately compati-
ble with our scale height for R > 3 kpc. However, our profile
shows a clear flaring, despite the large uncertainties, while the
scale height found by Banerjee et al. (2011) is practically con-
stant. This discrepancy, which is mainly in the inner regions,
can be explained by the differences in the velocity dispersion
profile, which is slightly higher than ours for R < 3kpc, and
in the mass model of the galaxy. For NGC 2366, Banerjee et al.
(2011) found that the HWHM increases from ~ 100 pc in the
inner regions to ~800pc at R =~ S5Skpc assuming oy con-
stant at 9kms~!. This velocity dispersion is significantly dif-
ferent from the profile obtained by Iorio et al. (2017), which
explains the disagreement with our scale height for R < 5kpc
(see Fig. A.1).

In a recent study, Patra (2020) derived the HI scale height for
a sample of 23 dwarf galaxies from LITTLE THINGS, includ-
ing also those in our sample. This author used the same method
as Banerjee et al. (2011) to derive the scale height, which was
defined as the HWHM of the distribution of the gas in hydro-
static equilibrium. In general, the HI scale height in this study
shows a flaring for all the galaxies, which is in agreement
with our results. For some galaxies in common with our sam-
ple, the HWHM calculated by Patra (2020) is also compati-
ble within the uncertainties with those in Fig. 2 (e.g. DDO 50,
DDO 87, DDO 133), but others are significantly different (e.g.
WLM, DDO47, DDO 101, DDO 126). For example, the flar-
ing of the scale height is much steeper than ours in some disc
outskirts (e.g. WLM) and the radial trend is clearly not mono-
tonic with the galactocentric radius (e.g. DDO47). These dis-
crepancies might be partially due to the different mass models.
Indeed, the HI rotation curves adopted by Patra (2020) are sig-
nificantly different from those used in our work (see Iorio et al.
2017 for a discussion). However, the most important source of
discrepancy in the flaring determination is likely the HI veloc-
ity dispersion (see Fig. 4 in Patra 2020 vs the central panels of
Figs. 1 and A.1). Patra (2020) derived the velocity dispersion
by dividing the HI disc in rings and stacking, in each ring, the
line profiles along the line of sight after shifting their centroid
velocity to a common value in order to remove the contribu-
tion of rotation. This method can introduce an artificial broad-
ening in the resulting profile if the stacked ones are not perfectly
aligned, or if single profiles are described by multiple kinematic
components (see lorio et al. 2017). Instead, lorio et al. (2017)
used *PBAROLO, which simultaneously fits (for each ring) the
rotation velocity and the azimuthally averaged velocity disper-
sion in order to minimise the residuals between the data and
the model. This markedly improves the reliability of velocity
dispersion estimates with respect to other 2D methods (e.g. 2th
moment map of the data cube, stacking or pixel-by-pixel fitting
of the line profiles) also for data with low signal-to-noise ratio
(Di Teodoro & Fraternali 2015).

Several authors have investigated the star formation law in
different environments and interpreted their findings in the con-
text of physical processes regulating star formation. For exam-
ple, the SK law with N ~ 1.4 is usually explained by asserting
that the timescale of the conversion of gas into stars is the free-

fall time and assuming fixed scale heights for the gas and the
SFR (i.e. Zgas o pgas and Xgpr o pspr). The break in the SK
law at Zgys ~ 10 Mo pc2 is considered by some authors as an
indication of a density threshold which needs to be exceeded
to efficiently convert the gas into stars (e.g. Martin & Kennicutt
2001; Schaye 2004; Bigiel et al. 2010), while other authors con-
sidered alternative star formation laws. In this respect, two possi-
bilities are the so-called “extended Schmidt law” Xgpr o< ZgasE’f
(Talbot & Arnett 1975; Shi et al. 2011), which is based on the
idea that the existing stellar component with surface density Z,
participate in regulating star formation, and the “Silk-Elmegreen
relation” Xspr ¢ Zgas/Tory (€.g. Silk 1997; Elmegreen 1997),
which sets the timescale of star formation to the galactic orbital
time Top.

Shi et al. (2018) verified the extended Schmidt law for a
large range of galactic environments, from the outermost star-
forming regions of dwarf galaxies to spiral and merging galaxies,
as well as individual molecular clouds in M 33 (see also Shi et al.
2011; Roychowdhury et al. 2017). They found that this relation
has a scatter of about 0.3 dex, which is larger than the 0.1 dex
of the VSF law. These authors also showed that both the SK law
and the Silk-Elmegreen law are more scattered than the extended
Schmidt law, with the outskirts of dwarf galaxies clearly deviat-
ing from these relations.

Similarly, de los Reyes & Kennicutt (2019) found that dwarf
galaxies tend to fall below the SK law, producing the break in
the relation. However, this feature did not emerge clearly for the
Silk-Elmegreen and extended Schmidt laws, which were found
to be less scattered (oo =~ 0.33 dex) than the SK law including
both spiral and dwarf galaxies (o ~ 0.37 dex).

Leroy et al. (2008) compared the predictions of various mod-
els of star formation with the observed star formation efficiency
(i.e. SFE = Zgrr/Zgqs) as a function of the galactocentric radius
measured in dwarf and spiral galaxies. These authors inves-
tigated local star formation laws based on the idea that the
timescale of the conversion of gas into stars is set by a given
physical mechanism (i.e. gravitational instability, galactic rota-
tion, cloud-cloud collisions, efficiency of molecular clouds in
forming stars, and midplane gas pressure), but they did not find a
single process that could describe both dwarf and spiral regimes.
Leroy et al. (2008) also found that the observed SFE is not in
agreement with the predictions of models based on a density
threshold (i.e. large-scale gravitational instability of the disc,
molecular clouds destruction by shear, molecular gas formation),
which distinguish whether the gas is dense enough to be star-
forming. Hence, they concluded that the SFE is regulated by
the interplay of multiple physical mechanisms acting on scales
smaller than the spatial resolution of their data. The results found
in this and the previous works (B19a; B19b) indicate instead the
existence of a unique local star formation law valid at all density
regimes, which may suggest a simple and perhaps unique phys-
ical mechanism, involving exclusively the gas volume densities,
at the core of star formation processes.

Recently, Dey et al. (2019) performed a statistical analysis
aiming to identify the strongest correlations between the SFR
surface density and a set of stellar and molecular gas properties
(e.g. surface density, velocity dispersion, metallicity) measured
over kilo-parsec scale regions in a sample of 39 galaxies with
stellar mass M, 2 10'° M. They found significant correlations
involving the molecular gas and the stellar surface densities and
estimated that including extra-factors in the star formation law
based on the H, surface density reduces the scatter from about
0.3 dex to about 0.2 dex, still larger than the scatter of the VSF
law.
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Our approach is based on the assumption of vertical
hydrostatic equilibrium, similarly to the analysis done by
Blitz & Rosolowsky (2006). These authors concluded that star
formation is regulated by the hydrostatic pressure of the gas, dis-
tinguishing between two regimes of star formation, one for low-
pressure (HI-dominated) environments and the other for high-
pressure (H,-dominated) regions. These conclusions are some-
what different from ours as we do not find two regimes of star
formation, but instead a monotonic relation valid for both the
HI- and the H,-dominated regions. This discrepancy is plau-
sibly due to the different assumptions behind the equation of
midplane pressure, as discussed in detail in B19b. We recall
that the most important differences between the approach of
Blitz & Rosolowsky (2006) and ours are that they neglected the
dark matter distribution and, in addition, assumed that the gas
velocity dispersion is constant with the galactocentric radius at
8kms~!, for all the galaxies in their sample.

The importance of the gas disc flaring in shaping the star
formation law was also investigated by Elmegreen (2015), who
developed a model which predicts that the index of the local
SK law changes from N = 1.5 to N = 2 as a consequence of
the gas being self-gravitating in the outskirts of spiral galaxies
and in dwarf galaxies. Star formation is assumed to be regu-
lated by gravity and the star formation law is written in terms
of surface densities as Xsrr = €F2gas/Ta, Where e is the effi-
ciency per unit free-fall timescale 7 and it is assumed constant
for all galaxies. In the main disc of spiral galaxies, the scale
height was taken to be approximately constant with the galac-
tocentric radius, hence pgys ¢ gy and g oc p;als/z o Z;als/ 2,
Therefore, the surface-based star formation law is Xgpr Egég,
in agreement with the empirical SK law. In the outskirts of
spiral galaxies and in dwarf galaxies, the gas disc was instead
assumed self-gravitating, which implies that the gas scale height
iS Rgas = O gys/(TGZgas). This results in a different index for the

surface-based star formation law, which is Xgpr o< E%as (assum-
ing constant velocity dispersion). The observed break in the SK
law is then explained in terms of projection effects due to the
gas disc flaring rather than a consequence of a threshold den-
sity for star formation (Elmegreen 2018), in agreement with our
conclusions. We note however that there are a number of differ-
ences between this approach and ours, the most important being
the model of the galactic potential. Indeed, we did not assume
that the gas is distributed in a self-gravitating disc (neither in the
main disc nor in the outskirts of galaxies), as we included the
gravitational potential of the DM halo. This latter is the dom-
inant mass component in dwarf galaxies and in the outskirts of
spiral galaxies, hence it is very important to take into account the
DM halo in these regimes in order to derive the gas scale height
(see Fig. 3 in B19a).

5.5. On the physical implications of the VSF law

We have found that the VSF is tighter than surface-based star
formation laws and furthermore that it is valid for both dwarf
and spiral galaxies, covering a range of volume densities from
~7 X 107 Mgy pc™ to 2 My pc™3 for the gas and from ~4 x
107> Mg yr~"kpc™ to ~10 Mg yr ' kpc™ for the SFR. Within
this range, the VSF law with the total gas is pspr pgas, where
a =~ 2. The lack of a break (i.e. change in the slope) has a
crucial implication: there is no density threshold for star for-
mation when the volume densities are considered (we cannot
completely exclude though that some threshold may exist below
Paas ~ 1073 My pc™®). The absence of a threshold implies that
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some star formation recipes implemented in large-scale numer-
ical simulations and analytical models of galaxy evolution may
need revision. The observed break in the SK law can thus be
interpreted as due to the projection effects in the presence of
disc flaring rather than to the drop of the SFE for densities below
a certain threshold (see also Madore et al. 1974; Ferguson et al.
1998; B19a; B19b; but see Kumari et al. 2020 for a different per-
spective). This was also suggested by Elmegreen (2018) for the
star formation law based on the surface densities using a model
in which star formation is controlled by gravity (see Sect. 5.4).

It is worth to discuss the possible role of azimuthal aver-
ages for the absence of a density threshold. The VSF law was
derived using azimuthally averaged radial profiles, while the
presence of a threshold for star formation is sometimes found
when the surface densities are measured locally, by a pixel-
by-pixel analysis for instance (e.g. Bigiel et al. 2008). Boissier
(2013) showed indeed that the break in the SK law involving
azimuthal averages can be “smoothed” if the gas disc is charac-
terised by super-critical (star-forming) and sub-critical (non star-
forming) regions, like in the presence of spiral arms for example.
Depending on the spiral arms covering fraction, a galaxy would
then follow a star formation law with different slope and “appar-
ent” threshold density. Despite the samples considered in our
work include both galaxies with and without spiral arms, we find
neither indications of a change in the slope of the VSF law nor
that the galaxies with spiral arms follow a different relation than
those without. Moreover, if each galaxy follows a relation with
different slope and density threshold than the others, the scat-
ter between the points will increase in the low-density regime.
This feature should be present in the surface-based as well as
in the volume-based relations, as our method cannot correct for
this effect. Instead, the scatter is significantly reduced in the right
panel of Fig. 3 with respect to the left panel, indicating that the
main source of scatter in the surface-based relation is indeed the
projection effect due to the disc flaring.

We recall that our method is suitable to derive the volume
densities in the galactic midplane (Egs. (2) and (3)). Despite that,
the midplane density is, for any given vertical distribution, pro-
portional to the average density at a certain location in the disc,
hence the validity of the VSF law may not be limited to the mid-
plane. In the light of this, our results may suggest that the local
average SFR volume density in a galaxy disc is regulated by the
local average volume density of the gas. In order to gain insight
on the mechanisms regulating the conversion of gas into stars,
let us write the “theoretical” VSF law as

PSFR = €—, (17)
T

sf
where € is the efficiency per unit star formation timescale 7.
Given that the volume densities obtained through Eq. (2) and
Eq. (3) are those at z = 0, we can speculate that they are a
good approximation of the (azimuthally averaged) volume den-
sity close to the midplane of a galaxy, where most of the star-
forming gas is concentrated. We must note though that it is not
clear to what extent empirical star formation laws can capture
the complexity of the conversion of gas into stars, hence it is
important to bear in mind that the VSF law is meaningful on
kiloparsec scale but likely not applicable to clouds or filaments.
If we assume that 7 is equal to the free-fall timescale of the
gravitational instability ¢ o (Gpgs)™'/? (e.g. Madore 1977), it
follows from Eq. (17) that the index of the “empirical” VSF law
(i.e. @ = 2) can be obtained only with € o« péf The origin of this
proportionality is not clear and may arise from the combination
of different factors, such as a radial variation of the molecular gas
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fraction (e.g. Elmegreen & Hunter 2015), the metallicity gradi-
ent, or the degree of ionisation of the gas (e.g. McKee & Ostriker
2007). These possibilities might be tested by looking for corre-
lations between the scatter of the VSF law and the properties
of our galaxies. The intrinsic scatter of our relation is however
very small (0.1 dex), suggesting that secondary correlations are
absent or too weak to be revealed.

Alternatively, we can think of some physical mechanism
which may play a role in star formation and whose timescale
is Ty o pga's (assuming constant efficiency). In order to frag-
ment in gravitationally-bound (potentially star-forming) clouds,
the diffuse ISM must first lose significant part of its thermal
energy through radiative cooling. This suggests that, while the
free-fall time likely governs star formation at the scales of molec-
ular clouds, on larger (kiloparsec) scales the cooling time may be
equally and perhaps more important than the free-fall time. Sim-
ilar ideas were also proposed by other authors, who suggested
that 7+ might be the timescale of the slowest and “bottle-neck™
process among collapse, cooling, and molecule formation (e.g.
Ciotti & Ostriker 2007; Krumholz 2013). Both the cooling time
and the timescale to reach the equilibrium between formation and
destruction of H, are inversely proportional to the gas density (e.g.
Hollenbach & McKee 1979; Krumholz 2014), resulting in @ = 2
in Eq. (17) and thus in agreement with the empirical VSF law.

Finally, let us briefly discuss the possible origin of the
volumetric relation with the atomic gas only, which is quite
surprising. This correlation appears to have a larger scatter
in the high-density regions of galaxies, where the molecular
gas is detected using CO emission, than in the other parts of
the discs (see Fig. 7a in B19a). This may indicate that, in
the inner and high-density regions, the total gas is a better
tracer of the star-forming gas than the HI only, but this latter
becomes a good tracer where the gas density is lower (see also
Elmegreen & Hunter 2015; Hu et al. 2016). Possibly, this can be
explained by the presence of a significant amount of CO-dark gas
in the outskirts of galaxies. Alternatively, the relation involving
the atomic gas only might be considered an indication that star
formation can directly occur in the atomic gas in particular con-
ditions (see e.g. Glover & Clark 2012; Krumholz 2012). We note
that this correlation might open up to semi-empirical studies of
galaxy evolution in low-density and metal-poor regions, where
the molecular gas emission is not detected or very uncertain and
some theoretical models of star formation yields discordant con-
clusions (see e.g. Ostriker et al. 2010; Krumholz 2013; Sects. 4
and 6 in Knapen et al. 2017 and references therein).

6. Summary and conclusions

The star formation law is a key relation to link the gas content
of a galaxy and its SFR, fundamental to understand galaxy for-
mation and evolution. However, when we observe the gas and
the SFR distributions in a galaxy, we can directly measure only
their projected surface densities, while the intrinsic volume den-
sities, which arguably are more physically meaningful, remain
inaccessible. The flaring of gas discs in galaxies complicates the
task of reconstructing intrinsic volume densities from observed
surface densities, preventing to derive the intrinsic distributions
in a straightforward way.

B19a and B19b have developed and consolidated a method
to convert the observed surface density radial profiles of the gas
and the SFR to the corresponding volume density profiles using
the scale height of their vertical distribution. This approach is
based on the assumption of hydrostatic equilibrium and requires
the knowledge of the gravitational potential of a galaxy and the

velocity dispersion of the gas. Using this method, the volume
densities of the gas and the SFR were derived for a sample of
12 nearby galaxies and for the MW. These two quantities were
found to tightly follow one single power-law relation, the volu-
metric star formation (or VSF) law, which has a smaller scatter
than the surface-based star formation laws. An unexpected cor-
relation between the volume densities of the atomic gas and the
SFR also emerged from these studies.

The main aim of the present work was to extend the VSF
law to the regime of dwarf galaxies, which is of primary impor-
tance to investigate the presence of a density threshold for star
formation in low-density and HI-dominated environments. As
a consequence of the shallow gravitational potential, the gas
discs in this type of galaxies are thick and significantly flaring,
hence taking into account the projection effects is fundamental.
We applied the method used in B19a to a sample of ten dwarf
galaxies with robust HI kinematics and mass models available
in the literature (Torio et al. 2017; Read et al. 2017). The out-
ermost star-forming regions (i.e. beyond the stellar disc) of the
galaxies studied in B19a were also added in this work, as they
are low-density and HI-dominated parts of the disc where the
flaring is prominent. We verified that both the new sample of
dwarf galaxies and the star-forming outskirts follow the VSF
law, extending its validity range down to py; ~ 1073 Mg pc™3
and psgr ~ 107 My yr~' kpc™>. We confirm both the VSF law
with the total gas (i.e. HI+H,) and the correlation involving the
atomic gas only. Hence, the conclusions of this work are the fol-
lowing.

— The VSF law, namely pspr o pg, with @ =~ 2, is valid
for both low-density and high-density star-forming environ-
ments in nearby disc galaxies. The intrinsic scatter of the
VSF law is o, =~ 0.1dex, which is significantly lower than
that of the star formation laws based on the surface densities.

— The atomic gas volume density correlates with the SFR vol-
ume densities, following the relation pgpr o pfn with 8 ~ 2.8
and intrinsic scatter o, ~ 0.1 dex. This indicates that, con-
trary to previous claims based on projected surface densi-
ties, the atomic gas is a reliable tracer of the star-forming
gas, which can be particularly useful in the low-metallicity
regions of galaxies where the emission of molecular gas trac-
ers is not detected.

— We find no evidence for a break in the VSF law occurring at
the transition to the low-density and HI-dominated parts of
the discs, which disfavours the existence of a density thresh-
old for star formation.

It is remarkable that the VSF law is valid for both dwarf and spi-
ral galaxies, and for such a wide range of densities. This may
indicate that our relation is the fundamental star formation law,
also considering that volume densities are intrinsic quantities
that are likely more physically meaningful than surface densi-
ties, which depend on projection effects. The VSF law is consis-
tent with the idea that, on kiloparsec scale, gas cooling might be
the primary process which sets the conversion of gas into stars,
beforehand the gravitational instability is at play on cloud scales.
Future investigations could aim to test the VSF law in environ-
ments that are even more extreme than dwarf galaxies, such as
early-type galaxies with ongoing star formation, extended star-
forming discs (e.g. Thilker et al. 2007a,b), and starbursts.
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Appendix A: Radial profiles of Xy, oH;, and Xgrr

In Fig. A.1, we show the radial profiles of the atomic gas sur-
face density and velocity dispersion and the SFR surface den-
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sity used in this work for nine out of ten galaxies in our sam-
ple (see Fig. 1 for the profiles of WLM). The atomic gas pro-
files are from Iorio et al. (2017), while the SFR surface density
is obtained from the FUV photometry (Zhang et al. 2012).
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Fig. A.1. Azimuthally averaged radial profiles of the atomic gas surface density (left), the HI velocity dispersion (centre), and the SFR surface
density (right) of the dwarf galaxies studied in this work. The black curves are the same fits as in Fig. 1.
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