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Abstract. HI and CO observations indicate that the cold gas in galaxies is very turbulent.
However, the turbulent energy is expected to be quickly dissipated, implying that some energy
source is needed to explain the observations. The nature of such turbulence was long unclear,
as even the main candidate, supernova (SN) feedback, seemed insufficient. Other mechanisms
have been proposed, but without reaching a general consensus. The key novelty of our work
is considering that the gas disc thickness and flaring increase the dissipation timescale of tur-
bulence, thus reducing the energy injection rate required to sustain it. In excellent agreement
with the theoretical expectations, we found that the fraction of the SN energy (a.k.a. SN cou-
pling efficiency) needed to maintain the cold gas turbulence is ~ 1%, solving a long-standing
conundrum.
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1. What drives the turbulence in the cold interstellar medium?

In star-forming galaxies, the cold gas velocity dispersion derived from the broadening of
emission lines exceeds the values expected from the gas thermal motion. This additional
broadening is typically ascribed to turbulence. Turbulence in the interstellar medium
(ISM) is well described by the Kolmogorov’s theory (Kolmogorov 1941). In this frame-
work, the turbulent energy is injected into the ISM at a certain driving scale and then is
transferred to the smaller scales through the so-called Kolmogorov’s cascade. In practice,
the turbulent eddies break down into smaller eddies, transferring to the kinetic energy
to smaller scales. This energy is conserved until the dissipation scale is reached, then
the turbulent energy is dissipated by the gas viscosity. Since we observe turbulence, this
process must be in a stationary state and turbulence must be maintained by some source
of new energy. This fresh turbulent energy must be provided with a certain injection rate
depending on the dissipation timescale of turbulence. This latter is Tgiss = L/Uturb, with
L and wvyy,1, being the physical scale of the system and the turbulent velocity, respectively.
In the case of galaxies, L is typically assumed proportional to the gas disc scale height h.
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Figure 1. Left: Dissipation timescale of the atomic gas turbulence in the spiral galaxy
NGC 2403. The dashed black line is for a thin disc with no flaring. The red curve is for a flaring
disc in VHE (the red area shows the uncertainty). Right: Observed kinetic energy density per
unit area of the atomic gas in NGC 2403 (black points). Blue and red areas are respectively
the gas thermal energy and the turbulent energy injected by SNe with the efficiency natom,c
reported above. The green area is the total model energy. The grey dotted vertical line indicates
the outermost radius with measured Ygrr; upper limits are used for larger radii.

Supernova (SN) explosions are the best candidates for being the engine of turbulence in
galaxy discs, as they inject a huge amount of energy into the ISM. The energy flux injected
by SNe can be estimated from the observed SFR (Xgrr) using Esne = nXsrr fec EsN,
where 7 is SN efficiency (or coupling efficiency), Fsn = 10°! erg is the energy of a single
SN, and f.. is the fraction of stars exploding as SN core-collapse given an initial mass
function. The key parameter is 7, which is the fraction of the total SN energy that
goes into feeding turbulence. Analytical and numerical models of SN remnant evolution
predict 7 0.1, as most of the SN energy is radiated away (Chevalier 1974; Martizzi
et al. 2015). To understand whether SNe can sustain the cold gas turbulence in galaxies,
the expected SN energy must be compared to the observed kinetic energy density of
the gas Fops = %Zobsogbs, with Yops and oops being the gas surface density and velocity
dispersion. Tamburro et al. (2009) used this approach to investigate the origin of the
atomic gas turbulence in nearby galaxies, assuming L = 100 pc and vy, = 10 kms™!(i.e.
Taiss = 10 Myr) across the disc. They found that the SN energy can explain Egps in the
innermost regions of their galaxies, while very high (7> 0.1) or even non-physical (> 1)
efficiencies were needed in the outer parts where Xgpr is low (see also Utomo et al. 2019).
Other mechanisms have been proposed, but no consensus has been reached about the
main engine of turbulence (Mac Low and Klessen 2004).

2. Slow dissipation in flaring discs

The key improvement in our work (Bacchini et al. 2020a) consists in taking into account
that the dissipation of turbulence is slower in thick and flaring discs than in thin discs
without the flaring. Gas discs in galaxies are indeed expected to be in vertical hydrostatic
equilibrium (hereafter VHE), meaning that the gas pressure, which tends to inflate the
disc, balances the gravitation force towards the midplane, which tends to flatten the
disc. Since gravity weakens with increasing distance from the galaxy centre, the gas layer
thickens at large galactocentric radii (flaring). The natural driving scale of turbulence in
galaxy discs is L = 2h, with h being the gas disc scale height. As shown in the left panel
of Fig. 1, the turbulence dissipation timescale in the outer regions of a flaring gas disc is
one order of magnitude longer than in the case of a thin disc without the flaring, which
is the case assumed by Tamburro et al. (2009).
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We collected a sample of 10 nearby galaxies made of 2 dwarfs and 8 spirals. For each
galaxy, we measured the distribution and kinematics of the atomic and the molecular
gas from 21-cm and CO(2-1) emission line datacubes using the software 3P BAROLO
(Di Teodoro and Fraternali 2015), which performs a tilted-ring model fitting on the
observations. Then, we calculated the radial profile of F,s for both the gas phases. We
derived Tg4iss using the gas scale heights based on the VHE. To this task, we used the
Python tool Galpynamics (Iorio 2018). We adopted a simple model for the kinetic energy
density per unit area (Fnoq) that includes the gas thermal energy and the turbulent
energy expected from SNe. This latter depends on 74iss and the free parameter 7, which
we assumed to be constant across the disc. For the atomic gas, we explored two single-
phase cases (assuming either cold or warm neutral medium), and the more realistic
scenario of a two-phase gas. We fitted F,ps with F0q to find 7. The right panel in
Fig. 1 shows the example of the atomic gas in NGC 2403 assuming a single-phase, cold
neutral gas. This case requires the maximum SN energy, as the gas thermal energy is
essentially negligible. Nonetheless, Eops is very well reproduced by our model, notably
with very low efficiency. We find the same results for all the galaxies and for both the
atomic gas and the molecular gas, which is remarkable considering that we assumed 7
to be independent from the galactocentric radius. Considering the galaxy sample as a
whole and the systematic uncertainties (e.g. on gas temperature and Xgpr ), we obtained
n=0.02"007 for the atomic gas and 7 = 0.00375-055 for the molecular gas.

3. Concluding remarks

The take-home message of this proceeding is that SNe can sustain the cold gas tur-
bulence in nearby galaxies with only a few percent (<2%) of their energy. Hence, no
additional source of energy is compulsorily required. The 7 values obtained in this work
can be useful to implement sub-grid physics in some numerical simulations of galaxy
discs with limited resolution.

In a broader context, our results can be interpreted as empirical evidence for the self-
regulating cycle of star formation (Ostriker et al. 2010). Bacchini et al. (2019a,b, 2020b)
found a tight correlation, called volumetric star formation (VSF) law, between the volume
densities of the cold gas and the SFR of nearby disc galaxies. These volume densities
were obtained from the observed surface densities using the gas scale height derived in
the same way as here. The VHE implies that the gas scale height depends on its velocity
dispersion, which includes the contributions of thermal motions and turbulence. The
results presented here show that turbulence depends in turn on the SFR. Hence, we can
envision the following self-regulating cycle. In a quasi-steady state, higher SFR means
more turbulence (thicker disc) and lower gas volume density. According to the VSF law,
the SFR declines and turbulence follows, causing the gas volume density to grow again
and bringing to a new phase of high SFR.
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