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Abstract. Star formation laws are empirical relations between the cold gas (HI+H2) content of
a galaxy and its star formation rate (SFR), being crucial for any model of galaxy formation
and evolution. A well known example of such laws is the Schmidt-Kennicutt law, which is
based on the projected surface densities. However, it has been long unclear whether a more
fundamental relation exists between the intrinsic volume densities. By assuming the vertical
hydrostatic equilibrium, we infer radial profiles for the thickness of gaseous discs in a sample
of 23 local galaxies, and use these measurements to convert the observed surface densities of
the gas and the SFR into the de-projected volume densities. We find a tight correlation linking
these quantities, that we call the volumetric star formation law. This relation and its properties
have crucial implications for our understanding of the physics of star formation.
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1. Introduction

The characterisation of the relation between star formation and gas properties is crucial
to understand how galaxies build their stellar mass with time. The most used and famous
star formation is the Schmidt-Kennicutt (SK) law (Schmidt 1959; Kennicutt and Evans
2012), which is a power-law relation with slope N ≈ 1.4 linking the surface densities
of the star formation rate (SFR, ΣSFR) and the total cold gas (HI+H2, Σgas), namely
ΣSFR ∝ ΣN

gas. The global SK law involves the surface densities averaged over the whole
star-forming disc, while the local SK law is built using either azimuthally-averaged radial
profiles or pixel-by-pixel measurements. Both the global and the local relations show a
break at about Σgas ≈ 10 M�pc−2 (e.g. Bigiel et al. 2010). This break is typically ascribed
to the presence of a density threshold for star formation, meaning that the conversion
of gas into stars becomes highly inefficient in low-density regions of galaxies. Here, we
present a new volumetric star formation (VSF) law involving the volume densities instead
of the surface densities (Bacchini et al. 2019a,b, 2020). First, we describe the crucial role
of the disc thickness in the derivation of the volume densities. Then, we show that the
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VSF law has no break and holds for both the high- and low-density regions of galaxies.
Finally, we discuss the physical interpretation of our results.

2. The flaring of gas discs in galaxies

Our approach considers two fundamental properties of gas discs in galaxies, which
are the thickness and the flaring. The gas pressure is expected to balance the gravita-
tion pull toward the galaxy midplane (vertical hydrostatic equilibrium, hereafter VHE,
Olling 1996). Since gravity weakens with increasing galactocentric distance, the gas layer
becomes thicker moving from the inner to the outer regions of galaxies (flaring). This
expectation is corroborated by observational works finding indications of the gas disc
flaring in real galaxies (e.g. Yim et al. 2011; Marasco et al. 2017). Unfortunately, mea-
suring the disc thickness from observations is possible only in very favourable cases,
such as the Milky Way (MW) and nearby edge-on galaxies (although often with large
uncertainties). Thus, we calculated the gas disc thickness relying on the assumption of
the VHE.

We collected a sample of nearby galaxies including 10 spirals and 12 dwarf irregulars,
and the MW. This sample allows us to probe not only the inner regions of spirals,
which are high-density, molecular-gas rich, and high-metallicity environments, but also
the spiral outskirts and the dwarf galaxies, which are low-density, atomic gas-dominated,
and low-metallicity regions. Our goal is to convert the azimuthally-averaged radial profiles
of the observed surface densities (Σi), which are typically used to derive the (local) SK
law, into the midplane volume densities (ρi) by dividing for the scale height (hi) of
the disc: ρi(R) = Σi(R)/(

√
2πhi(R)), where R is the galactocentric distance, and i is

component considered (HI, H2, or SFR). Our approach based on the VHE requires to
measure the gas velocity dispersion and to calculate the gravitation potential of the
galaxies. We accurately measured the radial profile of the gas velocity dispersion by
modelling HI and CO emission line datacubes using the software 3D

Barolo Di Teodoro
and Fraternali (2015), which is based on the tilted-ring model. The galactic potential
is derived using a mass model made of a stellar disc and bulge, a dark matter halo,
and a gaseous disc, which is fitted to the galaxy rotation curve. For each galaxy, we
derived the potential via numerical integration using a mass model obtained though the
rotation curve decomposition. We then used the Python tool Galpynamics (Iorio 2018)
to calculate the scale height for both the atomic and the molecular gas discs. For all
the galaxies, we find a significant flaring for both the gas discs. The last ingredient that
we need is the SFR scale height, which is unfortunately not known a priori. Hence,
as a proxy, we used a linear combination of the scale heights of the atomic gas and
molecular gas discs hSFR(R) = hHI(R)fHI(R) + hH2

(R)fH2
(R), where the gas fractions

fHI ≡ ΣHI/Σgas and fH2
≡ ΣH2

/Σgas are used as weights. This prescription is based on
the idea that the cold gas and young stars share the same vertical distribution. We
compared this assumption for hSFR with the scale height of classical Cepheids in the
MW (age<∼ 200 Myr, Bono et al. 2005), finding an excellent agreement.

3. The volumetric star formation law

Having derived the volume densities for both the gas (HI and H2) and the SFR, we
obtained the VSF law. Figure 1 compares the SK law and the VSF law. In the left panel,
some galaxies tend to follow the SK law in the high-surface density regime, but most
of the galaxies depart from the relation in the low-surface density regime, resulting in
a large scatter (σ⊥ ≈ 0.3 dex). The points falling out of the SK law are typically those
associated with the outskirts of spirals and dwarf galaxies, where the flaring is the most
prominent. The situation is very different when we look at the right panel in Fig. 1
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Figure 1. KS law (left) and VSF law (right) respectively based on the surface densities and the
volume densities of nearby galaxies. For each galaxy, the azimuthally-averaged radial profiles
of the cold gas (HI+H2) and SFR densities are used. Diamonds are for dwarfs, which are indi-
vidually tracked as indicated by the colour-bar. Lightblue points and green crosses respectively
show the regions within and beyond the stellar disc of spirals. The yellow stars are for the MW.
σ⊥ is the orthogonal intrinsic scatter of the relations.

showing the volume densities. All the galaxies follow the same tight correlation, that is
the VSF law. The best-fit relation to the volume densities is

log

(
ρSFR

M�yr−1kpc−3

)
= (2.03 ± 0.03) log

(
ρgas

M�pc−3

)
+ (1.10 ± 0.01) . (3.1)

Three compelling points arise from these results. First, the VSF law has a smaller scat-
ter (σ⊥ ≈ 0.1 dex) and spans a wider dynamical range in terms of both galaxy masses and
gas densities than the SK law and other surface-based relations (e.g. spatially resolved
main-sequence). These important improvements suggest that the VSF law is more funda-
mental than surface-based relations. The second point results from the absence of a break
in the VSF law. This key difference with respect to the SK law indicates that there is
no volume density threshold for star formation, at least for ρgas >∼ 10−3M�pc−3. Hence,
the break seen in the SK law is due to the projection effects of the disc flaring, rather
than to a real drop in the star formation efficiency. Lastly, the slope of the VSF law
disfavours the gravitational collapse as the main mechanism regulating star formation.
Let us write the SFR volume density as ρSFR ∝ ρgas/τsf , with τsf being the timescale of
star formation. The quadratic slope of the VSF law (Eq. 3.1) implies τsf ∝ ρ−1

gas, which is
inconsistent with the gravitational free-fall time but compatible with the timescales of
the gas cooling and the H2 formation, two important processes for star formation.

To conclude, the take-home messages from this proceeding are two. First, the flaring
of gas discs in galaxies is significant, so assuming that they are thin or have a constant
thickness is not a good approximation. Second, the VSF law (Eq. 3.1) is a new star
formation law with smaller scatter and wider validity that the surface-based SK law,
being likely more fundamental.

References

Bacchini, C., Fraternali, F., Iorio, G., & Pezzulli, G. 2019,a A&A, 622a, A64.
Bacchini, C., Fraternali, F., Pezzulli, G., & Marasco, A. 2020, A&A, 644, A125.
Bacchini, C., Fraternali, F., Pezzulli, G., Marasco, A., Iorio, G., & Nipoti, C. 2019,b A&A, 632b,

A127.

https://doi.org/10.1017/S1743921322003933 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921322003933


The volumetric star formation law in nearby galaxies 313

Bigiel, F., Leroy, A., Walter, F., Blitz, L., Brinks, E., de Blok, W. J. G., & Madore, B. 2010,
AJ, 140, 1194–1213.

Bono, G., Marconi, M., Cassisi, S., Caputo, F., Gieren, W., & Pietrzynski, G. 2005, ApJ, 621,
966–977.

Di Teodoro, E. M. & Fraternali, F. 2015, MNRAS, 451, 3021–3033.
Iorio, G. 2018,. PhD thesis, PhD Thesis, University of Bologna, (2018).
Kennicutt, R. C. & Evans, N. J. 2012, ARA&A, 50, 531–608.
Marasco, A., Fraternali, F., van der Hulst, J. M., & Oosterloo, T. 2017, A&A, 607, A106.
Olling, R. P. 1996, AJ, 112, 457.
Schmidt, M. 1959, ApJ, 129, 243.
Yim, K., Wong, T., Howk, J. C., & van der Hulst, J. M. 2011, AJ, 141, 48.

https://doi.org/10.1017/S1743921322003933 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921322003933



