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Abstract. Galactic superbubbles are triggered by stellar feedback in the discs of star-forming
galaxies. They are important in launching galactic winds, which play a key role in regulating the
mass and energy exchange in galaxies. Observations can only reveal projected information and
the 3D structure of such winds is quite complex. Therefore, numerical simulations are required
to further our understanding of such structures. Here, we describe hydrodynamical simulations
targeting two spatial scales. Large-scale superbubble models reveal supernova-driven outflows,
and their subsequent merging, which leads to galactic wind formation. Additionally, the
turbulence parameter o; not only affects disc formation, but also influences mass and energy
characteristics, controlling gas distribution and the injection rate in the simulated star formation
zone. Small-scale wind-multicloud models indicate that isolated clouds are susceptible to
instabilities, leading to fragmentation and dense gas destruction. In contrast, in closer
cloud configurations, the condensation mechanism becomes important owing to hydrodynamic
shielding, which helps to maintain the cold material throughout the evolution of the system.
These simulations provide a comprehensive picture of galactic winds, showing how large-scale
superbubble dynamics create the environment where small-scale wind-multicloud interactions
shape the interstellar and circumgalactic media, ultimately regulating galaxy evolution.

1. Introduction

When addressing the evolution and formation of our Galaxy, it is important to mention the role
of galactic winds as they regulate the mass and energy exchange in in star-forming galaxies (see
e.g. [13] & [21]). Galactic winds transport metals from the Interstellar Medium (ISM) to the
Circumgalactic Medium (CGM) and out of the Galaxy, then affecting the chemical composition
and evolution of the halo gas in the Milky Way (see [6] & [20]). These winds occur in starburst-
like systems, where the energy, momentum, and radiation produced by thousands of supernova
(SN) explosions (e.g. [2, 12]) give rise to these winds (see a recent review by [4]).

These winds are multiphase, i.e. they are composed of hot, warm and cold gas. The hot gas
reaches temperatures higher than 107 K and can be observed via X-rays. Adiabatic and radiative
winds are the most well-studied and compared to the canonical CC85 wind model (see [8]). As a
result of the SN explosions, the gas expands adiabatically first and then it starts to loss internal
energy via radiative cooling. Thus, as some gas cools, the wind becomes a combination of hot
and cold gas, which produces an increase in wind speed and Mach number [6]. Depending on
the sizes and masses of the stars that produce the SNe, the temperature and speed of the winds



can vary. For example, [1] shows that for stars between 10 and 20 Mg the driven-winds can
reach speeds of up to ~ 103 kms~.

The Galactic Centre (GC) of our Galaxy offers a unique view of galactic outflows (e.g., see
[17]), given its proximity to us. If fact, the GC is a zone with high star formation (SF), as within
this region a substantial amount of energy is released due to the death of thousands of stars.
Each massive star approximately releases 3 x 105! erg [9]. Furthermore, galaxies with high SF
rate, known as starbursts, are also important for formulating new theories of the formation and
evolution of winds in galaxies. The energies produced in those zones form a wind, which can drag
material out of the disc [16]. Moreover, material that is pushed out of the disc can fill cavities
called bubbles, these lobular structures can merge and grow even larger with time, resulting
in the formation of superbubbles. As a consequence superbubbles are formed by supernova
explosions and stellar winds (see [10] & [14]).

Understanding the formation and evolution of winds at various scales is crucial to shed light
on the physical process that regulate baryon exchange in galaxies. It is then necessary to make
more quantitative measurements, because the observational evidence of winds and superbubbles
only provide projected information (in line emission) and only information along specific sight-
lines (in line absorption). In this paper, we describe models of galactic wind phenomena at two
spatial scales, namely ~ 1kpc via disc-wind models and ~ 100 pc via wind-multicloud models.
These models were presented in a contributed talk and a poster at the XVIII Encuentro de
Fisica by the authors. Our objectives are the following:

e Characterise the initial density distribution of galactic wind atmospheres by analysing the
gravitational potential in order to incorporate this into a numerical model.

e Evaluate the evolution and formation of superbubbles for different gas distributions by
varying the turbulence strength parameter (o).

e Analyse the changes in mass and energy injection for the different models studied to
determine the influence of oy.

e Characterise the evolution of wind-multicloud systems via hydrodynamical simulations of
multicloud systems interacting with a hot supersonic wind gas.

e Evaluate the efficiency of hydrodynamic shielding, contrasting the thermodynamical and
dynamical evolution of multicloud systems with varying cloud separation distances, §.

The paper is organised as follows: in Section 2 we present our numerical methods and models,
in Section 3 we show the main findings of our studies at the two spatial scales mentioned above,
and in Section 4 we summarise our conclusions.

2. Simulations

2.1. The PLUTO software

The models were performed in PLUTO, an open-source, publicly-available code, reported by
[11]. This software is useful for studying astrophysical gases as it includes numerical solvers to
solve parabolic and hyperbolic partial differential equations. PLUTO requires Python and a C
compiler to run the simulations as it is based on the C language. In addition, parallelisation
is implemented within the code using Message Passing Interface (MPI). The PLUTO code is
optimal for our simulations because it is portable and scalable to 1000’s of CPUs [11].

2.2. Python
Python' is a versatile programming language used for scientific visualisation and data analysis
thanks to its high level syntax. In addition, the scripts that python allows us to perform are

! https://www.python.org/
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indispensable for post-processing simulation data obtained via High-Performance Computing
(HPC). We use python scripts to perform data analysis and image processing of simulation
outputs. Python offers flexibility as it can perform on single or multi-core facilities, making
data processing more effective. The plots and movies reported here were all produced with
python.

2.8. Initial and Boundary Conditions

In the case of the formation of superbubbles it is necessary first to implement the gravitational
potential, for this purpose, two contributions are taken into account according to [16] and [3],
that of the spheroid (equation 1) and that of the disc (equation 2), the sum of the two gives
us as a result the total potential (Pt = Pss + Pgisc), where the radius of the spheroid is
R = (7“2 + z2) Y 2,1" is the radial coordinate of a point, the mass of the disc and the spheroid are

Myisc and Mg, respectively. The radial scale length is a and the vertical scale length is b, and
ro is the core radius.

G, [0 [(Rfro) + T+ (R/r0)?]
o (R/ro)

GM, iSC
(I)disc(ra Z) = - d 2
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Once the gravitational potential is described, the initial distribution of the gas is implemented.
The ISM consists of two components: the isothermal halo and the turbulent disc. The density
distribution of these components is described in equations 3 and 4. Where e}, is the ratio of the
azimuthal and Keplerian velocity, and also the isothermal sound speed is C?,h = (kTy/ ,um)l/ 2,
for the case of the halo density distribution. On the other hand, for the distribution of density
in the disc we have ci 4 = (KTy/ppm)'/? | which is the warm gas sound speed, the ratio of same
velocities as in the case of the halo e4, and finally the turbulence parameter oy (see [16] & [3]).

(I)SS(R) = (1)

(2)
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Thus, with all the equations described above the atmosphere was established for two different
models. In the case of this project, since we consider a non-rotating halo the value of ey, is zero,
and for a gaseous disc eg = 0.95, these values hold for the two models to be studied, for which
the initial parameters are in Table 1. However, this gas distribution under the presence of the
gravitational potential collapses towards the centre in extremely short times. To avoid this, the
rotation velocity in the plane of the galaxy has been implemented by equation 5 [16].

1/2
ve = (%) (5)

As a consequence of the rotation velocity, some part of the gas escapes through the edges of
the computational domain and also tends to re-enter. With the aim of preventing the re-injection
of gas from the edges, diode boundary conditions were implemented. In these conditions, and
considering that our computational domain is a cube of aspect ratio (1:1:1) based on Cartesian




Table 1. Parameters for the two superbubble formation models based on data from our Galaxy.

Parameter Symbol Value
Disc mass Myise 1 x 10V (M)
Spheroid mass M 9 x 10° (Mg)
Core radius 70 250 (pc)
Radial scale length a 150 (pc)
Vertical scale length b 50 (pc)
Central halo density np 0.1 (em™3)
Average disc density Nd,avg 100 (cm™3)
Halo temperature T}, 5 x 10° (K)
Average disc 4
temperature Ta.avg 10% (K)
Star foigiiaizlsn zone ros 150 (pc)
Star fo;r:iztﬁgn zone hyj 10 (pe)
Mass injection rate M 0.1 (Meyr—1)
Energy injection rate E 10%2 (erg s71)

coordinates (z,vy,z), the velocity of the gas that escapes through the beginning ghost zones
(vx,_Beg) is changed by the minimum value of gas velocity. Moreover the gas velocity at the
end ghost zones (vx,_gnq) is changed by the maximum value of the velocity at this region (see
equation 6).

(6)

VX, Beg — Min[vx,(Beg)]
VX, End — Mazlvx,(Maz)]

Figure 1 depicts the density distribution from the top and side perspectives for two different
models under adiabatic conditions, the first model has a value of the turbulence parameter
o = 0kms™!, while the second model has a value of oy = 60kms™".

On the other hand, our small-scale study involves the simulation of a two-phase ISM composed
of spherical cold clouds surrounded by a hot supersonic wind with a uniform velocity distribution.
This set-up can be viewed as a 3D section of the large-scale disc-wind models introduced above.
The simulation domain is a rectangular prism with a 1:4:1 aspect ratio for the (W, L, H) domain
where the width, length, and height of the prism are denoted as W, L, and H, respectively. To
preserve all of the cloud material, periodic boundary conditions are included.

Our small-scale wind-multicloud simulations cover a time-scale of g, ~ 5 Myr, and include
spherical clouds with identical radii rq = 6.3pc, density pg = 1.1 x 10724 gcm™3, number
density ngq = lem™3, and temperature Ty = 10*K, placed vertically along the y direction.
The wind has a density of pying = 1.1 x 10726 gem ™3, number density nying = 0.0lem™3,
temperature Tying = 10° K and Mach number Mying = Uwind/Cwind = 3.5, where the wind speed
iS Uywing = 500kms™! and its sound speed is cying = 144kms™!. The density contrast between
cloud and wind gas is x = 10%, and both the wind and the multicloud system are initially
in thermal pressure equilibrium at P/ky, = 10*Kem™3. The cloud centres are separated by
different distances, dgep, which we report in units of the initial cloud radius, using a dimensionless
parameter 6 = dsep/Tcl-
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Figure 1. Density distribution from the top and side perspectives for two different models, one
with oy = 0 kms™! (left column) and other with oy = 60 kms™! (right column). Top: simulation
section at z=0. Bottom: simulation section at x=0.

2.4. Diagnostics

Some diagnostics are computed from the data generated by our simulations, in order to asses
the dynamical evolution of superbubbles and of a set of clouds in wind-multicloud systems.
This analysis allows for a better understanding of the phenomena and the intrinsic mechanisms
governing these systems. In the case of the formation of superbubbles, we define a cylindrical SF
region with dimensions shown in Table 1. Thus, the injection parameters, as mass and energy,
can be calculated based on the injection equations of [3]:

dM Mp )
dtdv — [pdV
e Ep
atdv — [pdV ®)

Where p is the density integrated over the entire volume V, M and E are the mass and



energy injection rate respectively. However, our simulations require that the energy be injected
as thermal pressure (for code-related reasons). Therefore, with the help of the thermal equation
of state we develop the following pressure injection equation:

dP _ Ep*(y-1)
atdv (fp dV)2

On the other hand, to study the evolution of a set of clouds in a wind-multicloud model,
several diagnostics can be calculated from the simulated data. we define the dense gas mass
fraction [7] as the ratio of cloud mass with a density greater than a threshold density p’ to the
total cloud mass:

9)

M(p > p')
MTot

where p’ is chosen based on the specific type of dense gas of interest. For this work, we are going
to consider p’ = 0.5p. o to focus on the cloud material that has more than half the density of the
initial density value of the cloud. The mass of cold gas is determined by considering the mass
of material with a temperature below 107, o, where T;; o represents the initial temperature of
the cold gas.

fdense(p > P/) = ) (10)

MQ0T, > T

M. (11)
MTot

This corresponds to a temperature logarithmically halfway between the initial temperatures of

the cold and hot media since the simulation is initialized in thermal pressure equilibrium with
a density contrast of y = 102.

fcold =

3. Results

In this section the evolution and formation of galactic winds in our simulations are described.
We discuss the effect of changing some parameters in the models and how this change affects
the morphology in the superbubble and in the wind-multicloud formation. Figure 2 shows the
evolution of the large-scale simulations for three different times in a central plane.

Due to the release of energy and mass in the central region, it is possible to notice at 1.66
Myrs the outflows coming from the centre with densities on the order of ~ 6 x 10724 gcm™3.
Because of the distribution of the gas in the first model with o; = 0 kms™!, there is a presence of
flows extended to the sides much more noticeable than in the other model. On the other hand,
for oy = 60 kms~! the gas of the disc, which is distributed towards the sides prevents in some
way the emergence of outflows along the plane. By 3.32 Myrs, the fall of the gas toward the GC
by the action of gravity is more noticeable. Moreover, the gas pushed by the winds produced in
the centre gradually reaches a higher altitude. For this time, there is a higher concentration of
dense gas throughout the midplane for the second model than for the model without turbulence.
Finally at 4.89 Myrs, the superbubbles have reached practically the same height in both models
(~ 400pc), however, for o, = 0 model the larger bubble is more uniform and the dense gas
is mostly concentrated in the injection region, while for the o; = 60 kms~! model, the gas is
spread over the entire midplane and is thicker, reaching a height of about 100 pc.

Figure 3 shows the evolution of the superbubble models seen from the upper plane. It is
possible to observe the effect of disc rotation in both models. Nevertheless, the model with
null turbulence parameter does not show a noticeable disc formation, while the other model for
o; = 60 kms~! shows the presence of a well-formed disc. This is because the gas is distributed
in the form of fractal clouds throughout the computational frame, not just in the center as in
the first model.

Both models show the presence of outflows, which interact and merge giving rise to the
formation of larger bubbles. In addition, this material, that is pushed out by the winds, reaches
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Figure 2. Evolution of the superbubbles through the central plane (z = 0) in a logarithm of
density map. There are three times three models, the first without turbulence oy = 0 kms™!

(top row), and the second with a thicker disc oy = 60 kms~! (bottom row).

great heights (~ 400 pc) in agreement with observations in [15]. The low presence of dense gas to
the north and south of the galactic plane facilitates the expansion of the gas in those directions.
Nevertheless, for the model without turbulence the formation of a disc does not occur, unlike
for the o, = 60,kms~! model. In the latter, the equilibrium between rotation and gravity is
evident.

Additionally, the turbulence parameter (oy) is important to control the scale height of the
disc [3]. However, this parameter is also important and can affect other physical quantities
related to energetics. Figure 4 shows, in the top left side, the change in the logarithm of energy
as time progresses. It is possible to notice that the major contribution for the total energy is
the kinetic energy (around 5 x 10%° erg for o; = 60 kms™! and 1.6 x 10% erg for oy = 0 kms™1),
which is related to what is mentioned in [16]. Followed to a lesser extent by the internal energy
of the system with energies around 6 x 10%* erg for o; = 0 kms™! and 8 x 10°* erg for o; = 60
kms.

In the case of internal energy, see the image in the top right side of figure 4, is possible to
notice a periodicity in the increases and decreases of the energy in both models, this is due to
the release of energies by the supernovae (crests) occurring close to 1 Myr, 3 Myrs and slightly
beyond 4 Myrs, and then a period of latency in which the gas accumulates giving origin to new
stars (valleys) that later originate new explosions. Furthermore, the curve is growing as time
passes, as it is related to the continuous injection of energy into the system as mentioned in [15].

In addition, in the model without turbulence, mass change occurs at a higher rate than in
the o3 = 60 kms~! model. The lower energy releases in the oy = 0 kms~! model result in more
mass injections as time goes by, as less mass is expelled from the disc. In contrast, the other
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Figure 3. The progression of superbubbles across the upper plane (z = 0) is illustrated in a
logarithmic density map. Three times are depicted from left to right, with the initial set having
no turbulence (o0; = 0 kms™!) in the top row, and with turbulence (o; = 60 kms™') in the
bottom row.

model, with more energetic outflows, drags more matter, resulting in a lower mass injection into
the SF zone. Next we analyse how a small-scale 3D section of the global outflow evolves by
studying wind-multicloud interactions.

Figure 5 displays two-dimensional slices of the wind-multicloud models at Z = 0 of the gas
temperature for different separation distances between clouds. The overall evolution of this pair
of models can be characterized by the following stages: 1) The wind collides with the front of
the clouds producing internal transmitted shocks accompanied by external reflected shocks; 2)
Kelvin-Helmholtz (KH) instabilities emerge at the sides of the clouds and remove cloud gas; 3)
The upstream motion of the wind triggers interactions between the gas removed from upstream
clouds and that of downstream clouds; 4) The acceleration of clouds increases leading to the
formation of Rayleigh-Taylor (RT) instabilities. These instabilities cause the destruction of
clouds, as the cross-sectional area increases, which results in the disruption of the main cloud
cores.

The vertical arrangement of clouds affects how they interact with the surrounding hot wind
compared to cases where the clouds are isolated. We find that clouds in streams can shield
themselves from disruption caused by the interaction with the supersonic wind gas. The
interaction between clouds is a result of momentum transferred by the supersonic wind.

Clouds separated by large distances (§ = 16), cannot withstand the hydrodynamic drag forces
and completely disintegrate and mix with the wind. In contrast, multi-cloud setups with closely
spaced clouds allow a large fraction of dense gas to remain shielded from the wind. Figure
6 shows that reducing the separation value between clouds results in a substantial increase in
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hydrodynamic shielding, which helps preserve the material of the cold cloud for a longer period
of time.

Figure 6 shows that the closely-spaced arrangement has a significant impact on adiabatic
clouds (for the effects of hydrodynamic shielding on radiative clouds, please see [18]) as it offers
protection to dense cloud cores by gas layers of intermediate-density material stripped from
upstream clouds. Therefore, with the separation value § = 2 the arrangement conserves a dense
gas mass of > 30% by 5 Myr. On the other hand, increasing the inter-cloud separation distance
(0) results in a weaker hydrodynamic shielding effect, which leads to the quick destruction of
the dense gas in the multicloud system by drag and instabilities.

Adiabatic clouds generally experience a rapid loss of their cold material at ¢ > 0.9 Myr, but
hydrodynamic shielding is effective in small separation distances between clouds, enabling the
clouds to survive twice as long as their counterparts. The hydrodynamic shielding mechanism
proves to be particularly powerful in this regard, helping to maintain a fraction of cold gas
throughout the entire simulation.

4. Conclusions

We have studied two types of simulations of the interface between the ISM and CGM, namely:
disc-wind and wind-multicloud models. The first one is a large-scale model. In this case the GC is
simulated so that itself-consistently gives rise to the formation of superbubbles. It was necessary
to incorporate an inhomogeneous initial atmosphere in order to replicate the turbulent profile
of the ISM disc[3]. Furthermore, to facilitate the formation of superbubbles, it was necessary
to introduce SN explosions. As these shells extend hundreds of parsecs above and bellow the
Galactic plane, it was challenging to simulate each supernova. Consequently, a SF zone was
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Figure 5. 2D slices at Z = 0 of the gas temperature in adiabatic wind-multicloud models at five
different times (shown in columns) throughout the simulation for different separation distances
d = 2 (top panel a) and 6 = 16 (bottom panel b).

modelled, where energy and mass were injected continuously as in the case of our Galaxy (e.g.
[15]) and models of superbubbles (e.g. [3]). Our main conclusions from these models are:

e The key steps of the evolution of a superbubble as seen from a central plane are the following:
first the gas is redistributed via gravity. Second, the injection zone replicates the supernova
explosions in the GC resulting in outflows, which pushes certain amounts of gas. Third,
the bubbles formed then merge reaching greater heights and giving rise to the formation of
superbubbles.

e The turbulence parameter influences disc formation, which is clearly noticed in the case of
oy = 60 kms~! model, and reflects the equilibrium between the rotation velocity and the
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gravitational potential. On the other hand, for a o; = 0 kms~! model there are signs of
gas rotation, but no noticeable disc is formed, only a high concentration of gas is observed
in the injection zone.

e The turbulence parameter o; not only controls the height scale of the disc, but also
significantly influences the mass and energy characteristics of the system, leading to an
overall increase in their magnitudes attributed to the control of o, over the distribution of
gas, thus, influencing the injection rate.

e The simulation recreates the conditions of a starburst-like zones. This is reflected in
the periodicity of the internal energy curves, which periodically produces new winds that
contribute to the formation of superbubbles.

Numerical simulations of wind-multicloud systems were also carried out as they can help
understand the physical characteristics of the CGM gas across multiple scales. Through these
simulations, we analysed the thermodynamic and turbulent properties of the different gas phases
associated with the changing outflow (e.g. [21], [5]). We also conducted a series of 3D adiabatic
hydrodynamical simulations of winds interacting with multi-cloud complexes. Here we presented
only 2 cases, for further details the reader is referred to [18]. The simulations assessed the ability
of systems of clouds, in vertical arrangements, to protect themselves against hydrodynamic drag
and KH and RT instabilities arising from their interactions with a hot supersonic wind gas. Our
conclusions from these models are:

e Dynamic and thermodynamic differences arise when we change the initial separation
distance between the clouds, 4. The morphology of downstream clouds is not only influenced
by the wind but also by the tails of upstream clouds that eventually collide with them. When
the separation value is decreased, our models show that there is a significant increase in
hydrodynamic shielding.

e Closely-spaced cloud arrangements have a substantial impact on the clouds, as they offer
protection to dense and cold material from the instabilities. This material is preserved in
stream-like structures, promoting the survival of dense gas.
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