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THE SUPERNOVA-DRIVEN INTERSTELLAR MEDIUM

O. Iffrig! and P. Hennebelle! 2

Abstract. Stellar feedback is thought to be responsible for the regulation of star formation in the
interstellar medium. In particular, supernovae inject a significant amount of energy and momentum into
the ISM. However, the dynamical range of length scales swept by supernovae are too large to be handled
at once with current computational resources. We present a two-step study: first we performed numerical
simulations of a single supernova event inside a turbulent cloud, which then enabled us to extract a sub-
grid model for larger-scale simulations of stratified disk-like structures. In the latter case, we focus on
the influence of supernovae on the properties of the gas, namely turbulence and star formation. We also
emphasize the strong dependence with respect to the employed sub-grid feedback scheme.
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1 Introduction

1.1 Context

Star formation rates estimated by assuming a gravitational collapse within a few free-fall times are several
orders of magnitude higher than the observed star formation rates (Zuckerman & Evans|[1974; Dobbs et al|
. Therefore, other physical processes are involved in regulating star formation. Three main processes
have been considered efficient: magnetic field (Shu et al|[1987), turbulence (Mac Low & Klessen|[2004) and
stellar feedback (e.g. |Agertz et al|2013). While a substantial magnetic field intensity has been measured in
molecular clouds (Crutcher|2012), its influence remains too weak to explain the difference. Thus, turbulence
and stellar feedback are believed to contribute significantly. However, turbulence decays quickly
Klessen|[2004)), therefore it has to be driven, either by large-scale structure such as spiral arms, or by stellar
feedback. Thus, stellar feedback has a double role in the dynamics of the ISM: on the one hand it regulates star
formation by injecting energy into the gas, and on the other hand it drives turbulence, which in turns regulates
star formation.

Motivated by these results, we studied the impact of one of the most energetic stellar feedback processes,
namely supernovae. We first quantified the momentum injected into the interstellar medium by a supernova,
before running self-consistent simulations at larger scale, checking the influence of the feedback scheme. Then,
motivated by a seemingly consistent feedback model, we perform high-resolution runs to study the properties
of the supernova-driven interstellar medium. The next subsection presents the numerical code we use and some
technical features. The following section shows the results of cloud-scale (a few parsecs) simulations of one
single supernova event (Iffrig & Hennebelle|[2015)), the following one the results of kiloparsec-scale simulations
of a supernova-regulated galactic disk, and the last section concludes this discussion.

1.2  Numerical method

To perform the numerical simulations, we used the RAMSES code . It is a second-order Godunov
code solving the magnetohydrodynamics (MHD) equations with self-gravity, using a constrained transport
scheme for the magnetic field (Fromang et al|2006). We also used a cooling function accounting for both
the various cooling processes relevant to the ISM (Sutherland & Dopital [1993; Wolfire et al.|[2003; |Audit &]
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Hennebelle|[2005)), and a UV background heating model, leading to a cooling function similar to the one used
in |Joung & Mac Low] (20006).

The equations we solve are:
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where p, U, P, B , ¢, E and L respectively being the density, velocity, pressure, magnetic field, gravitational
potential, total (kinetic plus thermal plus magnetic) energy and cooling function.

Supernova feedback is injected at chosen time and location, either from pre-defined values, or depending on
the evolution of the supernova. The details will be given in the next sections. Ejecta, momentum and (kinetic
and thermal) energy are injected directly around the chosen location in one single time step. The injection
radius is chosen to be a sphere of at least two computing cells.

Sink particles (Krumholz et al[2004) are used in the self-consistent disk simulations in order to track star
formation sites. One massive star is assumed to be formed when a sink has accreted more than 120 Mg,. This
threshold is used to trigger supernova feedback in the fiducial scheme.

The turbulent initial conditions are generated using an analytic density profile and a random velocity field
sampled with a power-law Kolmogorov spectrum with random phase distribution. A constant magnetic field is
imposed within the whole box. The simulation starts by letting the gas evolve to a self-consistent state where
turbulence is fully developed.

2 Single supernova simulations

First, we ran simulations to quantify the momentum injected by a supernova into the interstellar medium.
The detailed results are shown in Iffrig & Hennebelle| (2015). This study served as a basis for the larger-scale
simulations.
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Fig. 1. Integrated radial momentum injected by a single supernova. Left: Supernova in a uniform medium for different
ambient densities. Right: Supernova in a turbulent cloud-like medium.
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Box size (pc) Density (cm™3)  Temperature (K) no (em=3)  ty (10 yr)  py (10*3 g ems™t)

160 1 4907.8 1 2.99 5.18
80 10 118.16 10 0.919 4.04
80 100 36.821 100 0.267 3.04
40 1000 19.911 1000 0.0616 2.01

Table 1. Left: Initial conditions for the uniform runs. The gas is initially at rest. Right: Transition time ¢;, and final
momentum py as a function of the ambient density ng, estimated with the model.

2.1 Uniform density runs

We first assessed our scheme by running three-dimensional simulations of a supernova in a uniform medium.
We were able to reproduce the well-known supernova remnant evolution models (e.g. |Oort|/[1951; [Sedov|/1959;
Chevalier||1974; |Cioffi et al.[|[1988} Blondin et al.|1998), and derived a simple model from these. The simulation
results are consistent with the model.

We simulated the explosion of a supernova in densities of 1, 10, 100 and 1000 cm~3. The temperature
is chosen so that the gas is at thermal equilibrium with respect to the heating and cooling processes. The
simulation box size is chosen so that the remnant does not escape the box. The values of these parameters are
summarized in Table [1]left. We inject 10°' erg of thermal energy at the center of the simulation box.

According to the Sedov-Taylor (Sedov(|1959) model, the radial momentum of the supernova remnant can be
expressed as

pas = 177 nt P EXP3/°, (2.1)

043 1

where p43 is the total momentum in units of 1 g cm s™!, ng is the particle density in cm™3, Es; is the
supernova energy in units of 10°! erg, and t4 is the age of the remnant in units of 10 yr.
We define the transition time t;, as the moment when the age of the remnant becomes equal to the cooling
time Teoo; Of the shell which is given by
3. ngTs

cool — 3 s 2.2
Teool = 5 BngAs (2:2)

where n, and T are the gas density and temperature of the shell, and A, the net cooling (in erg cm® s=1). This
transition time corresponds to the transition from the Sedov-Taylor adiabatic phase to a momentum-conserving
snowplow (Oort|(1951). We do not take into account the pressure-driven snowplow stage (Cioffi et al. |1988)
because it does not change the final momentum significantly, and is not distinguishable from the transition
between the two other stages we consider.

To model analytically the second stage, we solve numerically the equation t;. = Teoo;- For the highest
ambient densities (ng = 10), the momentum injection is reasonably well fitted by the momentum-conserving
snowplow model with the final momentum p; taken to be the momentum of a Sedov-Taylor blast wave at 2t;,
(the numerical values are given in Table [I| right). Some small deviations are found with the lowest density
case because the pressure within the shell is still higher than the surrounding pressure and the shell keeps
accelerating. When the surrounding gas density varies by 3 orders of magnitude, the total momentum varies by
a factor of about 3. The injected radial momentum in the simulations is shown on Figure [I| left. The results
are consistent with the model and confirm this weak dependency.

2.2 Turbulent runs

The interstellar medium being highly turbulent (e.g. Hennebelle & Falgarone|[2012), it presents large density
contrasts which may strongly affect the dynamics of a supernova remnant sweeping through it. Thus, we needed
to simulate a more realistic cloud-like medium which is expected to exist in the vicinity of an exploding star.
To achieve this, we generate a cloud-like medium from a spherically symmetric density distribution

Po
p(r) = 2
1+ (&)
where py = 9370 cm ™ and ro = 1.12 pc. The total mass enclosed in this cloud is 10* Mg. The cloud is

surrounded by a halo of density py/100, mimicking the Hy halo around molecular clouds. A turbulent velocity
field is added on top of this density distribution to generate a turbulent medium where gravity and turbulence

(2.3)
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contain the same energy. This cloud is surrounded by uniform 1 em™3 medium at thermal equilibrium. We
let the cloud evolve for 1.25 Myr (roughly 1 crossing time) in order for the turbulent fluctuations to build up.
Then, a supernova is injected at a chosen location, as shown in Figure[2} The three runs referred to as ”Inside”,
"Border” and ”Outside” correspond to supernovae exploding in ambient densities of 700, 20 and 1.2 cm™3.
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Fig. 2. Positions of the supernovae in the simulated cloud.

We calculated the radial momentum (with respect to the location of the supernova) injected by the explosion.
The results are shown in Figure[I]right. Despite a slightly different evolution, the injected momentum is coherent
with the trends given by the model. Especially, the final momentum has the predicted order of magnitude of
10*% g cm/s. The decrease of the momentum at late times corresponds to matter flowing out of the simulation
box.

It is worth noting that most of the gas expelled from the cloud has a low to intermediate (less than 100 cm=3)
density, although a supernova inside the cloud is able to push denser gas too. The evolutions of mass and
momentum for different density thresholds are shown in Figure 3] and Figure[d] A supernova may therefore not
prevent star formation efficiently, but has some significant effects on the intermediate density gas, which would
otherwise have collapsed later on by the effect of gravity.
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Fig. 3. Evolution of mass for different density thresholds as a function of time. Left: Supernova inside the cloud.
Right: Supernova at the border of the cloud. The dashed lines correspond to the first outflow from the simulation box.
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Fig. 4. Evolution of radial momentum for different density thresholds as a function of time. Left: Supernova inside the
cloud. Right: Supernova at the border of the cloud.

2.3  Summary

Based on the standard supernova remnant evolution models, we were able to derive a simple model for the
injection of momentum into the interstellar medium. We successfully compared it to the results of simulations
of a uniform medium swept up by a supernova remnant, as well as those of a more realistic environment. The
model gives us a simple prescription of a few 10%3 g cm/s momentum injected for an initial energy of 103! erg,
almost regardless of the surrounding density. The precise distribution of this momentum to the gas strongly
depends on the location of the explosion: if the supernova happens inside a cloud, the bubble will be pushing
the dense gas around it until it can escape through more diffuse chimneys. A supernova exploding outside a
cloud will mainly push lower-density gas, and thus cannot prevent immediate star formation, but still injects
sufficient energy and momentum to prevent ~ 100 cm™2 gas to collapse.

This model is, however, useful as sub-grid physics for a larger-scale simulation where supernovae are injected
self-consistently with respect to star formation sites. The next section presents our tests of this model in
simulations of a part of a galactic disk.

3 Large-scale study of a stratified galactic disk with supernova feedback

The previous study of the momentum injected by a supernova into cloud-like medium, and also its emphasis
on the sensitivity to the correlation between supernovae and star formation sites triggered our interest for
self-consistent simulations. We considered a 1 kpc simulation cube containing a stratified galactic disk with an

initially gaussian density profile
2
n(z) = no exp (— (z) ) (3.1)
20

with ng = 1.5 ecm™2 and 2y = 150 pc. The temperature is initially set to 8000 K, which corresponds to warm
neutral gas. A turbulent velocity field is imposed on this initial condition, as described in Section We also
added a mean-field gravitational potential accounting for the distribution of stars and dark matter

()_ a1z
9= V22 + 2¢

with a1 = 1.42 x 1073 kpe Myr~2, as = 5.49 x 1074 Myr~2 and zo = 180 pc, as used by Joung & Mac Low|
(2006). We performed simulations on a 2563 grid to test different feedback schemes (for more detailed results,
see Hennebelle & Iffrig/2014)), before scaling up to 10242 for our fiducial scheme (see below).

The supernova energy is injected as kinetic (momentum) and thermal energy, using the prescriptions of
10°! erg energy and 2 x 10*3 g cm/s momentum. These quantities are distributed in a sphere of at least 2
computational cells.

— sz (3.2)
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3.1 Scheme

In order to assess the importance of the correlation between supernovae and star forming regions, we ran
several simulations with different feedback prescriptions. For the simplest one (referred to as “random”), we use
a uniform distribution in the galactic plane, a gaussian distribution in altitude, and a fixed rate of 1/50 yr—! in
time. The second one has the same rate in time, but with a correlation to the densest point in the simulation.

The more realistic runs use sink particles to track star-forming regions, and we assume there is one supernova
per 120 Mg of accreted gas. In order to assess the correlation between the supernova and the location of the
sink, we used two schemes. The fiducial one (referred to as ”sphere”) puts the supernova randomly in a sphere
of 10 pc around the sink. The second one (referred to as ”"shell”) puts the supernova farther away, that is in a
shell between spheres of 10 pc and 20 pc respectively.

As expected, there are strong differences between the results of these runs. Figure [5| shows column den-
sity maps for the various schemes. Without feedback, the gas quickly collapses due to gravity, forming dense
filaments. A randomly distributed feedback causes a big gas dispersion, but does not prevent run-away gravita-
tional collapse. The fiducial scheme is able to ensure an equilibrium between star formation and gravitational
collapse. Finally, a correlation with more distance between the sink particles and the supernovae entails very
efficient feedback which effectively prevents star formation, but completely destroys the disk structure.
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Fig. 5. Column density maps of the galactic disk simulations for different feedback schemes. From left to right: no
feedback, random, sphere, shell. Top: Edge-on view. Bottom: Face-on view.

3.2 Star formation

The star formation efficiency can be estimated by tracking the mass accreted by sinks throughout the simulation.
The absolute results have to be handled very carefully, but they provide at least a means of comparing the impact
of each feedback scheme on star formation. The results are summarized in Figure[6] We observe that correlated
feedback is indeed able to reduce star formation rate by a factor around 10, but since the evolution seems to
be still out of equilibrium, this factor may still decrease. These results put forward the ”sphere” scheme as
our fiducial scheme, for it is able to sustain a vertical equilibrium as well as to regulate star formation. Note
however that supernova feedback alone does not explain all of the discrepancy between observed star formation
rates and estimations based on gravitational collapse.

3.3 Turbulence

The fiducial scheme being successfully assessed, we performed a higher resolution run in order to study in more
details the properties of the supernova-driven interstellar medium. We scaled the resolution down to 1 pc, using
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Fig. 6. Star formation efficiency, as measured with the total mass accreted by sink particles. The dashed line corresponds
to the initial gas mass.

a 10243 uniform grid. This grid enables us to compute power spectra to quantify the properties of turbulence.
A column density map of our fiducial run with enhanced resolution is shown on Figure [7}

Given this 1 pc resolution, we calculated Fourier power spectra of several physical quantities, plotted on
Figure [8) and compared them to well-known models of turbulence (e.g. Kolmogorov|[1941} [Fleck |1996} Kritsuk|
. Given the artificial viscosity introduced by the numerical scheme, the smallest scales are not reliable
to derive physical conclusions (see Kritsuk et al.|[2007, and references therein for more details). However, there
is a small inertial range showing power-law behaviour coherent with the predictions of [Kolmogorov| (1941)) and
with a compression degree o = 1/6. The injection scale is not clearly appearing because the
simulations do not include any large scale forcing: the turbulence is sustained by the supernovae.

4 Conclusions

We performed simulations of supernovae exploding in both uniform and turbulent medium. With help of the
uniform medium simulations, we derived a simple prescription for the momentum a supernova should inject
into the surrounding gas. The simulations of a single supernova interacting with a molecular cloud confirm
the validity of this prescription, although the precise dynamics strongly depend on the relative location of the
supernova and the cloud, making clear the need of self-consistent simulations.

Using these results, we studied the influence of the feedback scheme in self-consistent simulations of a 1 kpc
cube of a galactic disk. The study shows important variability with respect to the scheme. A correlation between
supernovae and star formation sites seems to be enough to maintain a vertical equilibrium, also decreasing the
star formation rate significantly, but not enough to explain the big discrepancy between observed star formation
rates and the rates corresponding to gravitational collapse acting alone. This result is however bound to change
because supernovae are not the only significant feedback process. Stellar winds and radiation happen before
supernovae and inject a similar energy into the surrounding medium. Therefore, taking them into account may
further reduce the star formation rate, explaining the remaining difference.

The high resolution runs performed allow us to quantify the properties of a supernova-driven interstellar
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medium. This medium exhibits power spectra compatible with well-known turbulence models. A further study
(in preparation) will provide more detailed results on the structure of the simulated medium.
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Fig. 7. Column density maps of the high-resolution fiducial run. Top: edge-on view. Bottom: face-on view.
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Fig. 8. Power spectra for the disk simulations. From top to bottom:
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