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Abstract. The interstellar medium heated by supernova explosions (SN) may acquire an expansion velocity larger than the
escape velocity and leave the galaxy through a supersonic wind. Galactic winds are effectively observed in many local starburst
galaxies. SN ejecta are transported out of the galaxies by such winds which thus affect the chemical evolution of the galaxies.
The effectiveness of the processes mentioned above depends on the heating efficiency (HE) of the SNe, i.e. on the fraction
of SN energy which is not radiated away. The value of HE, in particular in starburst (SB) galaxies, is a matter of debate.
We have constructed a simple semi-analytic model, considering the essential ingredients of a SB environment which is able
to qualitatively trace the thermalisation history of the ISM in a SB region and determine the HE evolution. Our study has
been also accompanied by fully 3-D radiative cooling, hydrodynamical simulations of SNR-SNR and SNR-clouds interactions.
We find that, as long as the typical time scale of mass-loss of the clouds to the ambient medium, which is often dominated
by photoevaporation, remains shorter than the time scale at which the SNRs interact to form a superbubble, the SN heating
efficiency remains very small, as radiative cooling of the gas dominates. If there is a continuous production of clouds by the gas
swept by the SNR shells, this occurs during the first <16 Myr of the SB activity (of ~30 Myr), after which the efficiency rapidly
increases to one, leading to a possible galactic wind formation. Under an extreme condition in which no clouds are allowed to
form, other than those that were already initially present in the SB environment, then in this case HE increases to one in only
few Myr. We conclude that the HE value has a time-dependent trend that is sensitive to the initial conditions of the system and

cannot be simply assumed to be ~1, as it is commonly done in most SB galactic wind models.
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1. Introduction

Energization of the interstellar medium (ISM) by super-
nova (SN) explosions covers a crucial role in a number of astro-
physical situations. During the galaxy formation, the first ex-
ploding stars may heat and expand the local gas reducing, or
even halting the ongoing star formation. Galaxies with highly
active star formation regions, starburst (SB) galaxies, present a
high SN rate. The gas heated by SNe may acquire an expansion
velocity larger than the escape velocity and leave the galaxy
through a supersonic wind. Galactic winds are effectively ob-
served in many local SB galaxies (Lehnert & Heckman 1996).
SN ejecta are transported out of the galaxies by such winds
which thus affect the chemical evolution of the galaxies.

The effectiveness of the processes mentioned above de-
pends on the heating efficiency (HE) of the SNe, i.e. on the frac-
tion of the SN explosion energy that remains effectively stored
in the ISM gas and is not radiated away. In a SB region, several
SN explosions occur at a high rate inside a relatively small vol-
ume, and their remnants are likely to interact with each other.
Larson (1974), in his pioneering work of the monolithic galaxy

formation, compares the cooling time, 7., defined as the age of
a SNR when 50 per cent of its thermal energy has been radiated
away, to the SNRs interaction time, #, defined as the time it
takes for the remnants to occupy ~60 per cent of the volume
of the SB region. After an interaction time, the remnants have
collided with each other and their evolution ceases. Radiative
losses are important if z, < f,;. Larson evaluates that, in the
cases of interest, the energy which is effectively transmitted
to the gas is ~10 per cent of the explosion energy. This value
of the HE has been adopted in a number of SB models (e.g.
Babul & Rees 1992; Murakami & Babul 1999). Bradamante
et al. (1998), following a different line to estimate HE, have
considered only the final fraction of the SN energy that effec-
tively turns into thermal energy of the ambient medium when
the remnant, already at the end of its radiative phase, stalls.
This gives HE ~ 0.03 in the cases of interest, and this value
has been adopted by Ferrara & Tolstoy (2000) and by Recchi
et al. (2001) in their models of dwarf galaxies.

These low values of the HE have been questioned by sev-
eral authors. Following Cox & Smith (1974), Larson (1974)
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warned that, for a high SN rate, the collisions of the first gener-
ation of SNRs possibly lead to the formation of an intercon-
nected network of tunnels containing very hot, tenuous gas
maintained at high temperature by continuing supernova ex-
plosions. The successive generations of SNRs are likely to
produce a value of the HE close to unity. In fact, the rem-
nants do not reach high densities during their expansion, and
their radiative losses are expected to remain negligible as the
emissivity is proportional to the square of the density. Dekel
& Silk (1986) find that the SNRs interact before entering in
the radiative phase, and almost all their energy is transferred
to the ISM gas. Short interacting times seem to invalidate the
assumption of stalling remnants by Bradamante et al. (1998).
Strickland & Stevens (2000) argue that with a value of the HE
as low as that proposed by Bradamante et al. (1998) the galac-
tic wind observed in M 82 (the best studied SB with a galactic
wind) could be hardly driven. Chevalier & Clegg (1985) find
that 100 per cent is a likely value for the HE in M 82.

In the absence of a clear response from observations (e.g.
Della Ceca et al. 1999; Cappi et al. 1999), the above consid-
erations have led to the widespread belief that the HE within
a SB region must be quite high to sustain galactic winds. For
this reason, most of the simulations of galactic winds found
in literature assume a HE value of 100 per cent (e.g. Suchkov
et al. 1994; Silich & Tenorio-Tagle 1998; D’Ercole & Brighenti
1999; Mac Low & Ferrara 1999; de Gouveia Dal Pino &
Medina Tanco 1999; Strickland & Stevens 2000). However,
several of these “standard” models fail in reproducing the sizes
of the active regions, which turn out to be larger than those
observed (see, e.g. Tenorio-Tagle & Muifioz-Tufién 1998, and
references therein). Moreover, Recchi et al. (2001) (also Tosi
2003), are able to reproduce the chemical and dynamical char-
acteristics of the SB IZw18, for example, only assuming, in an
instantaneous SB, a HE value of 0.03, which is about 30 times
lower than the value commonly assumed in the simulations
of SB galactic winds. In models with HE = 1, all the gas
in [Zw18 is lost, in opposition to what is observed. We are thus
motivated to investigate further the coupling between SNRs
and the ISM inside active regions, and explore under which
circumstances the HE may assume low values. In order to do
this, we will not be concerned with a detailed description of the
structure of the star-bursting galactic region. Instead, we con-
struct a model, as simple as possible, disregarding all the details
that are not essential for our purposes; such a model is highly
idealized, but still able to give us insights on the thermalisation
history of the ISM inside a star-bursting region.

In the following sections, we outline the characteristics
of the model and present solutions for a steady state sys-
tem (Sect. 2); discuss the physical processes in a SB envi-
ronment including the presentation of the relevant results of
3-D numerical simulations of the interactions between SNRs
and clouds (Sect. 3); and study the relevant time scales for
the mixing of the several gaseous components of the system
(Sect. 4). In Sect. 5, we present the results of our evolution
model for a SB environment including all the physical pro-
cesses described in the previous sections; and finally in Sect. 6,
we present a brief discussion and draw our conclusions.
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2. The model
2.1. Assumptions

The events occurring in a SB region are quite complex.
Supernova remnants (SNRs) expand through a diffuse medium
in which clouds are embedded. These clouds suffer mass loss
by ablation, thermal evaporation and photoevaporation due to
the huge amount of ionizing photons emitted by massive stars
and by SNs. The gas is heated by such SNs, and is cooled
via radiative losses. These losses depend on the square of the
gas density, so that two competing facts occur: on one hand
the SNRs sweep the diffuse gas, thus lowering its mean density
in the SB region; on the other hand the gas density is increased
by mass loss from the clouds. The importance of the radia-
tive cooling depends on which of these two processes dom-
inate. If the cloud mass loss rate is smaller than the sweep-
ing rate by SNRs, the successive SNRs expand in a medium
more and more rarefied, thus remaining adiabatic and eventu-
ally transferring most of their energy to the ISM; in this case
the HE would be close to unity. On the contrary, HE would be
very low for a cloud mass loss rate larger than the sweeping
rate.

It is very difficult to make numerical simulations of the
above scenario taking into account all the physical processes.
Moreover, the length scales involved are quite different, rang-
ing from hundredths of parsec of the conduction front width at
the edge of the clouds (see next section) to the size of the SB re-
gion, typically 100 pc (e.g. Meurer et al. 1995; Planesas et al.
1997); numerical simulations able to cover this range of length
scales with appropriate spatial resolution would require an un-
realistic amount of cpu time. We thus follow a semi-analytical
approach, as simple as possible, but incorporating the “micro”
physics as found in literature. We refer to previous works that
have addressed the evolution of a multiphase ISM assuming
realistic cooling and heating processes and a number of mech-
anisms for clouds destruction and formation (see, e.g., Bertoldi
& McKee 1990; Rosen & Bregman 1995; Vazquez-Semadeni
etal. 1995; Shore & Ferrini 1995; Wada & Norman 1999; Wada
& Norman 2001), though they were mostly concerned with
the ISM of our Galaxy and have focused on regions with typ-
ical sizes and physical conditions which are generally distinct
from those addressed here, most of these studies have provided
the guide lines for building the present approach.

We consider the following toy model. An instantaneous
burst of star formation occurs inside a spherical region of ra-
dius Rsg. Assuming the Salpeter initial mass function (IMF)
the number N of stars with mass greater than 8 Mg (i.e., the
SN number) is N ~ 0.01(M,/My), where M, is the total mass
of the stars in the SB. The type II supernova (SNII) activity
lasts up to a time #, ~ 3 x 107 yr, which is the lifetime of
an 8 M, star. A constant SN rate is thus given by R = N/t,
which is in good agreement with more accurate evaluations
given by Leitherer et al. (1999). It follows that the mass depo-
sition rate and the energy injection rate are given, respectively,
by Msn = 10R My yr~! and Esy = 10°'R ergyr™!, where we
have assumed an energy output of 10°! erg and a mass return
of 10 M per SNIIL.
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Table 1. Values for the characteristic parameters of a SB galaxy assumed in this study.

Model Rsg (pc) My, (My) M, (Mo)

N R (yr!) f, (Myr)

Spherical ~ 100-700  10°-107  10°-10%

10°-10°  3x107°-3x 1073 30

SNR

Clouds SB

Fig.1. Schematic picture of the model: a spherical SB with ra-
dius Rgp hosting expanding SNRs and clumps of dense and cold
clouds.

Assuming a star formation efficiency of ~10% (Colina
et al. 1991) and similar characteristics to those observed in the
Rosette cloud, where 78% of the gas is in the form of compact
globules (Williams et al. 1995), we obtain that the total mass of
clouds in the SB region is Mg = 8Mj,.

The diffuse gas is assumed to be optically thin, and
the cooling function is approximately A(T) 1.6 x
10787793 erg em® s7!, for 10° K < T < 107> K (McKee
& Begelman 1990), where the factor 8 is one if the gas is
in ionization equilibrium. At the conductive interfaces, non-
equilibrium ionization effects can increase the cooling up to
an effective value 8 ~ 10 (Borkowski et al. 1990; McKee &
Ostriker 1977). Following Mathews & Bregman (1978), in the
range 10* K < T < 10° K, we assume a linear dependence
for A(T) with T, A(T) = 5.35 x 1072T erg cm? s7!.

As a further simplification, we assume that all the quantities
are uniformly distributed inside the spherical SB volume, and
that the gas leaves this region with a Mach number M = 1,
i.e. the gas moves with a velocity equal to its sound speed (cf.
Chevalier & Clegg 1985), corresponding to a free expanding
steady state wind extending to infinity. A schematic picture of
the model is shown in Fig. 1 and Table 1 summarizes the typical
values of the parameters of a SB environment.

The aim of the model is to calculate the HE defined as the
ratio of the enthalpy flux through the boundary of the SB re-
gion to the SN luminosity (see Eq. (29)). As a first step, we
present in the next subsection possible steady solutions under
very simplistic assumptions. Despite its excessive idealization,
this study outlines the role of the mass return from the clouds.

2.2. Steady state solutions

In this simple example, we do not deal with the physics of
SNR expansions and of mass loss from the clouds, but sim-
ply consider SNs and clouds as sources of energy and mass.
Assuming that the gas moves with a velocity equal to its sound
speed, mass and energy conservation then yield:

do 3

o 3 _. ) I
T + RSBPCs PSN + Pl (1)
dp 9 p? 1 )

Ly pey=——L AT+ = : 2
dt * Rsp pe (umy)? )+ Z(pCl)UC T EN 2

where p and p are the density and the pressure of the diffuse
ambient gas, psn represents the mass injection rate by SNe,
Pc1 1s the mass loss rate by the clouds due to their destruction,
my is the proton mass, u = 1.3 is the mean mass per nuclei of
the ionized gas assumed with 90% H and 10% He abundances,
cs = (2.1k/umy)'?T'/? is the isothermal sound speed, Rsg is
the radius in parsec of the SB, &y is the rate of energy injection
by the SNe explosions. v, is the mean cloud velocity; at this
stage we do not make any assumption about the mechanisms
responsible for the cloud mass-loss, and simply assume v,
10% cms™! as a fiducial value.

In order to obtain possible steady solutions of Egs. (1)-(2),
we drop the time derivatives and, after some simple algebra, we
obtain

~

2

R 1 é
3(1+8)c? + —Epsn(l +67Licy) = &2 + — 3)
9 2 PSN
where & = pq/psN, k is the Boltzman constant, and
K& fT<10°K
Les) = {7<c;3 if T > 10° K. “)

Here K = 1.6 x 1071°(2.1k)"?(umy;)™>"* cm® s g~! and ¢, is
the sound speed at T = 10° K.

The Lh.s. of Eq. (3) describes the gas cooling. In particular,
the first term represents the cooling due to the adiabatic ex-
pansion, while the second term represents the radiative losses.
The r.h.s. contains the heating sources. The second term repre-
sents the SN heating per unit mass of the ejecta. We note that
this term is an intrinsic property of the SNe and is independent
of any assumption about the SB. The first term represents the
thermalisation of the kinetic energy of the gas lost by the clouds
moving with a mean velocity v.. We note that this term remains
negligible with respect to the second one for any reasonable
value of ¢ and v..

Figure 2 illustrates the heating sources and the energy sinks
of Eq. (3) as functions of T for a model with Rgg = 100 pc
and M, = 10° M. The three solid curves represent the Lh.s.
of Eq. (3) for three different values of ¢ and for 8 = 1; the
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log [(heating, cooling)/(erg s!)]

log(T/K)

Fig. 2. Solid lines: cooling curves for 8 = 1 and three different values
of £. Dashed lines: the same for 8 = 10. The heating term is rep-
resented by the horizontal line which does not depend on 8 and is
virtually independent of &.

dashed curves hold for the same values of &, but for 8 = 10.
The horizontal line represents the r.h.s. of Eq. (3) and is vir-
tually independent of £&. At high temperatures, radiative losses
are negligible and the gas cools via adiabatic expansion (the
rising branch of the cooling curve in Fig. 2). The opposite is
true at intermediate temperatures, and the radiative cooling in-
creases with decreasing temperature. For T < 103 K, cooling is
constant and independent of the temperature.

In Fig. 2!, three different cases are recovered, depending
on the value of &. For & < &, (see below) only one steady solu-
tion exists (the intersection point between the heating line and
the cooling curve in Fig. 2) and it occurs at a high temperature
(the hot solution). As pointed out above, at high temperatures
radiative losses are negligible, and the HE value is close to 1.
Following Field (1975), it is easy to show that this solution is
stable. For &, > & > &, two solutions are possible, the hot so-
lution and the warm solution. This latter solution has very low
values of HE but is highly thermally unstable. Numerical inte-
gration of Egs. (1) and (2) shows that the system moves toward
higher or lower temperatures depending on the value of ¢ (of
course, lower values of &, and hence of density, favour a de-
crease of the emissivity and an increase of the temperature).
Finally, for & > &, no steady solution is possible, and the sys-
tem moves toward low values of temperature and HE, for any
reasonable choice of initial conditions.

For the model shown in Fig. 2, we have &, = 17.5 and
&y = 70.5. For this model R = 1073 yr ~! and the rate of mass
deposited by SNe is Msy = 1072 My, yr~'. Thus, if the rate
of mass transfer from the clouds to the diluted gas is larger

! We notice that due to the uncertainties associated to the value
of 8 in the radiative cooling curves of Fig. 2 (e.g., Cowie et al. 1981;
Borkowski et al. 1990), we have adopted 8 =~ 1 in all the calculations
hereafter, as it gives a lower limit condition for the gas cooling (see
below).
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than ~0.7 M, yr~!, the system cannot seat on a steady solu-
tion and the HE is expected to be very low. For cloud mass
transfer rates smaller than Mgy = 107> Mg yr~! but larger
than ~0.17 M, yr~!, both evolutions toward high values or to-
ward low values of the HE are possible. It is noteworthy that,
for a SN rate 100 times larger, as that estimated for M 82, we
have Mgy = 1 M, yr‘1 and &, = 14.3. In order to obtain low
values of the HE, clouds should lose mass at a rate greater
than 14 My yr~'. As shown below, such a high rate can be sus-
tained only for short times compared to the SB age, #,. The
value of the HE is thus expected to be close to unity in this
case, as suggested by Chevalier & Clegg (1985).

As shown by this simple example, the behavior of the ISM
in the SB region is regulated by the value of £. Thus, in or-
der to make a more realistic model, we must take into account
in more detail the mass exchange mechanisms between clouds
and diffuse ISM. They include SNRs interactions, clouds-SNR
interactions, photoevaporation, drag due to Kelvin-Helmholtz
instability and thermal evaporation. We discuss these mecha-
nisms in the next section.

3. Physical processes in the SB environment

3.1. Clouds formation

Cold dense gas is observed in SB regions, as in M 82 (Kerp
et al. 1993; Cecil et al. 2001; Pietsch et al. 2001). Radio
observations of SB galaxies indicate the presence of clouds
with masses between 10> My and 5 x 10° M, radii be-
tween 0.5 pc and 1 pc, and temperatures between 50 K
and 200 K (e.g. Cesaroni et al. 1991; Carral et al. 1994;
Paglione et al. 1995; Garay & Lizano 1999). However, we
could also expect the presence of even smaller clouds which
are not detectable due to observational limitation. In our own
Galaxy, molecular clouds are detected in a range between 1 M,
and 10° M, with a mass spectral index distribution @ = 1.5
(Scalo & Lazarian 1996). These molecular clouds show in turn
sub-structures called clumps, that are distributed in a mass
range between 10 and 10° M, with power law spectral in-
dex for the distribution in a range @ = 1.4—1.9 (Kramer et al.
1998; Blitz 1993).

While most of the cold gas observed in SB regions is pris-
tine, new cold clouds may form under the action of SNRs.
Cioffi & Shull (1991) have shown that many small clouds
(with sizes of fractions of parsec) form after the interaction
among SNRs generated by a high rate of SNe explosions. Scalo
& Chappell (1999) highlight the formation of cold filaments
in HII regions, as a consequence of strong stellar winds and
SNe explosions occurring in a region containing a large num-
ber of stellar sources.

We have recently run three-dimensional (3D) hydrodynam-
ical simulations of SNRs interactions employing a modified
version of the Yguazi-a adaptive grid code originally devel-
oped by Raga et al. (2000; see also Raga et al. 2002; Masciadri
et al. 2002; Gonzalez et al. 2004). This code integrates the hy-
drodynamic equations explicitly accounting for the radiative
cooling together with a set of continuity equations for sev-
eral atomic/ionic species employing the flux-vector splitting
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Fig. 3. Grey-scale map of the density distribution showing the inter-
action of 5 SNRs in a box of 25 pc x 3.125 pc x 25 pc, correspond-
ing to 256 x 32 x 256 grid points at the highest grid level. The left
and bottom faces that define the beginning of the computational box
have reflective boundaries and the right and top faces have continu-
ous (or outflow) boundaries. The ambient medium has n = 1 cm™
and T = 10* K. The initial energies of the SN explosions are assumed
to be: Ey = 6.3x 10 erg, 1.6 x 10° erg, 4.2 x 10% erg, 3.8 x 10* erg,
and 1.3 x 10°° erg. The panels correspond to two different snap-
shots of the evolution of the system: ¢ = 2.5 x 10* yr (upper panel)
and 4.5x 10* yr (lower panel) (see also Melioli et al. 2004, for details).

algorithm of Van Leer (1982). The following species have been
considered: H I, H II, He I, He II, He III, C II, C III, C 1V,
O 1, O1I, and O III. The reaction rates and the non-equilibrium
cooling function are given in Raga et al. (2002). The calcula-
tions were performed on a four-level, binary adaptive grid with
a maximum resolution along the x, y, and z axes of 0.1 pc.
The computational domain extends over (25) x (3.125) X 25 pc,
corresponding to X256 X 32 x 256 grid points at the highest
resolution grid level (see also, Melioli et al. 2004).

The simulations have shown that the formation of very
dense filaments (1000 times denser than the hot gas) and
dense surfaces (100 times denser than the hot gas) is pos-
sible in times <10° yr (Fig. 3). Rayleigh-Taylor (R-T) and
Kelvin-Helmholtz (K-H) instabilities are able to fragment these
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structures and produce new clouds, in a process that can con-
tinue during all the SN activity?.

We assume that the rate of clouds formation depends on the
instantaneous amount of total mass of gas in the SB region. We
can express the rate of formation of the new clouds as:

dNC,il'lt _ 6ngh
dr Meling

&)

where N iy is the total number of clouds formed by SNRs shell
interaction, M, is the total mass of gas that fills the SB vol-
ume, m. is the cloud mass, f;, is the SNR interaction time (see
also Sect. 3.4 below), and ¢ is the fraction of the gas that is
deposited in a SNR shell. Models for the evolution of a SNR
(see, e.g., Chevalier 1974) indicate values for ¢ between 0.9
and 0.99.

3.2. Photoevaporation

The SB volume is filled by a huge amount of ionizing pho-
tons which are produced by the massive stars. In order to esti-
mate the number of ionizing photons in our SB system, we have
run the “mappings” code developed by Leitherer et al. (1999),
which is available in the site www.stsci.edu/science/
starburst99/mappings. Using initial conditions which are
appropriate to our SB environment, we have found that the
SN phase begins at a time of 3.61 x 10° yr, that we have taken
as the zero-time in our model. At this time, the number rate of
ionizing photons is § = 2.25 x 102 s7!, and after this time it
decreases as t™*.

Initially, when a cloud becomes exposed to the ionizing
radiation, it implodes and injects part of the mass into the
ambient medium (Bertoldi 1989). A compressed neutral glob-
ule remains, which continues to evaporate by photoionization
(Bertoldi & McKee 1990).

If we take into account the presence of a non-zero mag-
netic field in the cloud, this can increase its effective pressure
and make it more resistant against photoevaporation. In fact, in
the case of the ISM of our own Galaxy, the pressure balance of
the clouds with the hot high pressure, diffuse component is of-
ten dominated by the magnetic pressure rather than the thermal
pressure of the cloud (e.g., Cox 1995; Bower et al. 1995). In the
case of a magnetically dominated cloud, it can be shown that
when the pressure exerted by the ionizing front balances the
pressure of the neutral globule cloud, then (Bertoldi & McKee
1990):

7:4/7m/—4/21 Cm—3 K, (6)

ne \1/21 1
1000) b2
where m’ is the cloud mass in My, n. is the initial cloud
gas density and the parameter b gives the initial magnetic

Pc g(
— =2.75%x10
X X

2 An alternative mechanism for clouds formation could be due
to ISM turbulence (e.g., Ehlerova et al. 1997; Palous et al. 2001;
Ortega et al. 2001; Elmegreen 2003). Dynamical instabilities and stel-
lar pressures can drive turbulence in the ambient medium that in turn
may cause the formation of clouds and filaments. However, as most
of these studies relying on turbulence have neglected the presence of
SN shell interactions at a high rate, the resulting timescales for clouds
formation and their resulting sizes are larger than those expected in
the SB environment.
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field expressed as By = bné/2 u G, and F = S 49/Rsp>
with S49 = §/10* s7!. In our reference SB model (see below)
we obtain ¥ = 0.225 pc~2 s~!. For a magnetically dominated
cloud b > 0.3, and the photoevaporation rate can be written as
a function of the cloud mass as (Bertoldi & McKee 1990):

Myy = —1.79 x 10y F > "m*" Mg yr!, (7
where i is a dimensionless factor:

2.7 b7
w0

where n, is given in cm ™. In this work, in the presence of pho-
toevaporation, we have n, = 10*=6 x 10° cm™3, which im-
plies ¢ = 0.5-1 for b ~ 1.

Finally, it can be shown that the radius of the cloud is:

e = 2.6 x 1072F /7821 pe, (8)

It is worth noting that the O and B stars are able to photoionize
the clouds only if these are closer than the Stromgren radius

S 1/3
Ro=669(=2) e ©)
n
Assuming a number of O and B stars ~N/3, the filling factor
of the photoionizated SB volume, ff;, is:
N ( %)
3R,

ffi=3x10° (10)
Thus, the cloud mass-loss rate due to photoionization must be
scaled by the factor f f;, if ff; < 1. We will see below, however,
that ff, increases to 1 in a quite short time (<2 x 10® Myr)
compared to the duration of the SN activity.

3.3. Drag

The cloud motion through the medium leads to mass-loss by
the clouds due to the Kelvin-Helmholtz (KH) instability (e.g.
Lin & Murray 2000). Defining y = p./p as the gas density ratio
between the cloud and the diffuse ISM, the growth timescale
of the K-H instability is given by (Klein et al. 1994) ¢y ~
Rex''?/v.. Thus, the mass-loss rate m./Txy can be written as

(1)

where v ¢ is the cloud velocity in units of 10% cms™! and r, is
expressed in pc. Taking into account Eq. (8), we may express
this rate as a function of the cloud mass:

My ~ 1.3 x 10y *r2v.6 Mo yr™',

My ~ 8.8 x 107 ny' v, ¢ 72 Tm!o?1 Mg yr!, (12)

where y is obtained assuming that the outer shell of the clouds
is at a temperature ~10* K.

3.4. SNR-clouds interactions

Besides the classical drag, clouds may also be destructed
by interaction with SNRs. This is a rather complex pro-
cess, and its investigation deserves numerical simulations.
Works in literature dealing with this problem are rare.
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Fig. 4. Color-scale maps showing the time evolution of the midplane
density distribution (in log scale) of the interaction of two SNR shells
with a system of 4 clouds with m. = 0.01 M, r. = 0.09 pc, and n, =
100 cm™3. The shells are injected at times ¢ = 0 and ¢ = 4.5 x 10* yr.
Each shell has a density ng, = 0.09 cm™ and velocity of 250 km s!,
and the ambient medium has n = 0.01 cm™ and T = 10% K. The
computational box has dimensions 4 pc X 1 pc X 1 pc, corresponding
to 512x 128 % 128 grid points at the highest grid level. Outflow bound-
aries have been assumed. The times depicted are: t = 1.3 x 10* yr
(left), t = 5.7 x 10* yr (center), and t = 8.6 x 10* yr (right). The
density is shown in units of g cm™ (see Melioli 2004 for details).

Poludnenko et al. (2002) have recently performed 2-D simu-
lations of the interaction of a strong, planar shock wave with a
set of dense inhomogeneties, embedded in a more rarefied am-
bient medium. Their results show that after compression, re-
expansion and destruction, a mixing phase occurs that causes a
high increase of the ambient density.

More recently, motivated by the investigation in the present
work, we have carried out fully 3-D hydrodynamical radia-
tive cooling simulations of the interaction of a SNR shell with
dense clouds embedded in a hot gas. As described before, the
simulations were performed with an unmagnetized version of
the adaptative grid code YGUAZU (Raga et al. 2000, 2002;
Masciadri et al. 2002) which solves the gas dynamical equa-
tions together with a set of continuity equations for several
atomic/ionic species without including the effects of photoe-
vaporation and thermal evaporation of the clouds. With the ra-
diation rates and non-equilibrium cooling function given by
Raga et al. (2002) (see also Melioli et al. 2004 for details)
our results, somewhat distinct from those of Poludnenko et al.
(2002), show that after a time between ~10* and 103 yr the
clouds are largely fragmented. However, little mixing occurs
between the mass lost by the clouds and the ISM; instead, we
find that new filaments form and the shell mass grows if the
initial density of the clouds is of the order of that of the shell
(see Fig. 4). Only in few cases, when there are several very lit-
tle clouds (with r. < hg, and n. > ng,, where hg, and ng, are
the thickness and the number density of the shell, respectively)
the mixing occurs and the ISM density effectively grows by
a factor 10—100 times larger than that of the hot gas density.
Thus, as a rule, this type of interaction does not affect the dif-
fuse ISM global density but contributes to form more smaller
clouds, fragmented shells and, consequently, new generations
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of clouds. In this work, where we have assumed clouds with
typical radius r. < hs, the fragmentation time due to these
interactions is:

hsh

—  ~10*yr
(Ush - Uc) Y

tash ~ (13)
with v, and vy, being the clouds and the shell velocity, respec-
tively, which is in agreement with the simulations?.

Kinetic energy is also transmitted by SNRs to the clouds,
which is lost by cloud-cloud collisions. This balance is quite
difficult to simulate numerically. In our model we simply as-
sume that the cloud velocity stays constant at the fiducial

value 10 kms™!.

3.5. Thermal evaporation

A cold and dense cloud surrounded by a tenuous and hot gas of
number density n and temperature 7 may undergo evaporation
at a mass rate given by (Cowie et al. 1981):

~4.34 % 107¢T.*r, ifo<1
Moy (Mo yr™') =1 =5.92 x 107¢T.*reo™® if o > 1
1.3x 10787 e

(14)
if o <o
where r; is in pc, Ts = T/10° K, the factor ¢ < 1 allows

for a reduction in the heat conduction due to the presence of
magnetic fields, turbulence, and other effects*, and

2
o= ( T ) ! (15)
1.54 x 107K/ nreped

is the saturation parameter. For o < o clouds condense
rather than evaporate (McKee & Cowie 1977; McKee &
Begelman 1990). These latter authors find o, = 0.028, but
Borkowski et al. (1990) claim that the value should be five
times larger: o, = 0.15.

Also in this case the mass-loss rate can be obtained as a
function of the cloud mass m. whith the help of Eq. (8). In the
discussion in the next section, we focus on the classical case
(o < 1), which represents an upper limit to the mass evapora-
tion rate. In this case:

Mey = =694 x 107°¢T*F 1 Tm82! M yr. (16)

4. Time scales

The energy released by the SNRs and the evolution of the ISM
will depend on the shells interaction time, fiy.

3 We notice that in the simulation of Fig. 4, we have taken clouds
with densities n. = 100 cm™3; for larger densities (as those we have
considered in Sect. 5) we must expect a similar effect, i.e., an effi-
cient fragmentation of the clouds but without significant increase of
the ambient gas density.

* In the present work, due to the lack of knowledge of the mag-
netic field configuration in the clouds in a SB environment and thus
of its truly effect upon the heat transport, we have for simplicity
adopted ¢ = 1. Although this will tend to maximize the thermal evap-
oration rate of the clouds, we find that for the typical conditions of the
clouds in the SBs the evaporation will, in general, be dominated by
the photoevaporation ablation process (see Sect. 4 and Fig. 6 below).

823

A SNR will form only after the SN shock front enter
the Sedov phase. When the SN explodes, the star ejects a
mass M =~ 10 My into the ISM with a terminal veloc-
ity ~10* km s! and the ejecta will expand at nearly constant
velocity until they encounter a comparable mass of ambient
medium. This occurs at a time #,;, which determines the onset
of the SNR formation (e.g., McCray 1985):

200 (Mg)'"?
Ish = YE M, yr

a7

where n is ambient number density. The present model will be
valid only for g, < fin.

To compute the shells interaction time, ti,;, we will bor-
row the porosity concept first introduced to investigate the
possibility that the collective effects of the SNRs in our own
Galaxy might be capable of generating and maintaining a
rather widespread component of much hotter, lower density
gas in the ISM (Cox & Smith 1974). Here, we will assume
that f;,; corresponds to a porosity value (Cox & Smith 1974;
McKee 1992):

_ RVsNlint

0
Vs

~ 1 (18)
where Vgy is the volume of a SNR at the time #;,; and Vsg is the
volume of the SB ambient. Q gives, approximately, a measure
of the hot gas filling factor in space-time. When it is close to
unity, all the ambient medium must be filled by SNRs. The
shells collide with each other and a unique superbubble of hot
gas will fill the SB region and may drive a galactic superwind?.

Shells interactions can occur before or after the SNRs be-
come radiative. Depending on this, we have two possible ex-
pressions for . If the shells interact when the SNRs are still
in the Sedov phase:

100 pc)_ls/11

Rsp

L [3:3x 107 yr! M\
—_— —_— T
R Es) Y

and if the shells interact when the SNRs are already in the ra-
diative phase, then:

tini—sedov = 9 X 104 (

19)

100 pe\-2/13
finrad = 7.5 % 10° (—pc)
B
33 % 10—4 yr—1)7/13 042 60.06
X|——————— - T 20
( R £5,03 Y (20)

where 8 has been defined in Sect. 2.2. Figure 5 compares these
interaction times (as functions of the ambient density) with the

5> Although there has been some debate in the literature regarding
the uncertainty in the determination of the value of the porosity in-
duced by the remnant population in the ISM of our Galaxy and its
real importance in providing and maintaining a hot gas component
(Cox 1995; McKee 1995; see also Slavin & Cox 1992, 1993; McKee
& Zweibel 1995), in the case of SB galaxies, the SN rate is more
than 10 times higher than in normal galaxies and therefore, SNRs in-
teractions are expected to be efficient enough to eventually provide a
substantial value for the porosity.
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Fig. 5. Time scales versus gas ambient density of a SNR in a spheri-
cal SB region, with Rsg = 100 pc. The interaction time in the Sedov
phase is represented by the dotted line, the interaction time in the ra-
diative phase by the dashed line, the time scale for the radiative cool-
ing by the solid line, and the time scale for the formation of the shell
by the dot-dashed line.

time scale for the shell formation, £y, and with the radiative
cooling time of the SNR shell (McCray 1985):

fe = 1.49 x 1048714 =417, (1)

We notice that for ambient densities <0.1 cm™, we must take
Lint = lint—sedov> SINCE fin—sedoy < Ic in this range. For r > 1,
the SNR enters the radiative phase and fiyt—raq should be em-
ployed. Since for most of the calculations of interest in this
study (see below), we take either n = 0.01 cm™ or 5 cm™, we
will use finy = fint—sedov OF fint = fint—rad,> respectively, to evaluate
the time scale for superbubble formation.

Using Egs. (7), (12) and (16), and defining the time scale
for the ambient density increase as the time a given cloud mass-
loss process (photoevaporation, thermal evaporation or drag)
takes to increase the ambient number density by 1 cm~, then
we have:

3 6 3/7
Rsg \* (8% 10° Mo\ me
tuv = 837 22
uv (IOOpC) ( M, VT yr (22)
3 3 1/3
R 8 x 10° My \ m2?n
_ 4 SB 0] c c
fey = 1.9%x 10 (IOOpC) ( o, ) o yr (23)
3 2/3 173
R 10 M,
f=20x10°(Rse_| (81O Moy me” me oy
100 pc M, ve nxl/?

for the density increase timescale through photoevaporation,
thermal evaporation and classical drag, respectively. In the
equations above, n and n. are given in cm™3. Depending on
how all these time scales relate to each other, one finds either
a superbubble scenario or a gas mixing scenario. When # is
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longer than one of the three time scales above, the mixing of the
ablated matter from the clouds occurs before the formation of a
high pressure bubble. In this case, the ablated gas will enhance
the density of the hot diffuse gas of the ISM and increase its ra-
diative cooling. In contrast, if #;;, is shorter than the destruction
time scales above, a low density superbubble will form very
fast and the SN heating efficiency (HE) will rapidly increase to
unity.

Figure 6 compares these time scales for typical parameters
of a SB region, where the time scales are depicted as a func-
tion of the mass of the clouds. We see that for the two adopted
pair of values of the density and temperature of the ambient
medium,n = 0.0lcm>3 and 7T =2x10°K, andn = 5cm™> and
temperature 7 = 5 x 10* K, the presence of clouds with
mass m. < 100 My will make #, longer than at least one of
the time scales for clouds ablation. In this case, the gas mixing
scenario will be dominant and the formation of a superbubble
is postponed.

5. An evolution model for HE
5.1. Equations

Once considered all the relevant physical processes, we can
now write the equations governing the evolution of our model
described in Sect. 2.1. In particular, we describe the time evo-
lution of the ambient gas density, n, and pressure, p, and of
the clouds number N, with a mass m.. The set of equations is
given by:

dm, loss

5 = Muv + Mo + My (Mo yr) (25)
dN, Mioss .
© = O~ Ne—2 _ CNeve - CiNe—S (yr™)  (26)
dr tint c Teoll
dn . n
— = C4NcMioss — Cs— — ConMc,
dr tint
M,
+Cs (I—O‘;) (em™ s @7
dp o2 2
E = C7RESN + CSNchossUC — an A(T)
~CiopMe; (ergs™). (28)

Equation (25) computes the total mass-loss rate per cloud using
the equations of the clouds mass-loss rate (7), (12), and (16);
Eq. (26) gives the evolution of the total number of clouds; and
Egs. (27) and (28) give the mass and energy conservation, re-
spectively, of the diffuse gas. In these equations, C, (withn =1
to 10) are constants which are given in Appendix B, c¢; is the
sound speed of the ambient gas, M its Mach number, that is
taken to be equal to 1 in this study, and v, is the velocity of
the clouds which is assumed to be 10° cms™!, as discussed
in Sect. 3.4. In Eq. (26), the first two terms give the net differ-
ence between the processes of cloud formation and cloud abla-
tion, the third term gives the rate of clouds escaping through the
boundaries, and in the last term we have introduced the typical
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Fig. 6. Steady time scales versus mass of the clouds in a spheri-
cal SB region, with Rsg = 100 pc, F = 0.225, M, = 8 X 10° Mo,
¢ = 1. The interaction time is represented by the dot-dashed lines, the
ambient density increase timescale due to photoevaporation by solid
lines, due to thermal evaporation by dotted lines, and due to drag by
dashed lines. Upper panel: n = 0.01 cm™, T = 2 x 10° K; bottom
panel: n=5cm™, T = 5x 10* K.

time scale for cloud-cloud collisions, f.op = 1/ (Nc4ﬂr§vc), in
order to account for the possibility of collisions between clouds
in the SB volume. We note that we have assumed a constant
mass for the clouds, m.. This is equivalent to adopting a con-
stant mass distribution function (or a constant average mass),
and is a valid assumption, as long as the processes for cloud
formation and destruction do not affect much the average mass
of the clouds but only their total number.

In Eq. (27), the first term gives the ambient gas density in-
crease due to the total mass-loss rate by the clouds; the sec-
ond term gives the density decrease due to the interaction with
SNR shells that sweep the ambient material; the third term rep-
resents the gas escaping through the boundaries, and Cg gives
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the injection of matter from stellar winds and SNe explosions
(Leitherer & Heckman 1995).

Equation (28) computes the energy of the diffuse gas. The
first term is the rate of energy injection from the SNe, the sec-
ond gives the kinetic energy term of the gas lost by the clouds,
the third gives the energy decrease due to the radiative cooling
and the last term gives the energy density decrease due to the
escape of the gas through the boundaries.

Using a fourth-order Runge-Kutta integrator, we determine
the evolution of the SN efficiency HE defined as (see Sect. 2.1):

(b + )

HE = 47R>
AR RESN

Mes. (29)

5.2. Results

In Sects. 2 and 3, we have studied the physical processes that
drive the mass-loss rate of the clouds and these have been com-
pared with the process for superbubble formation. We have
found that, while the time scale for the increase of the ambi-
ent gas density, f,x = min(fyy, fey, f4), is shorter than the time
scale for the superbubble expansion, f,, the HE value must
be small. When, on the other hand, f;;; < tnx, then HE must
become close to unity. If this is correct, one should expect an
increase in the HE value with the decrease of the ambient gas
radiative cooling, which is ocn?,

In Fig. 7, we see the results for a reference model that we
have called model 1. We have here considered neutral clouds
(T. = 100 K) which are initially in total pressure equilibrium
with both the ambient gas and the ionizing photons. Table 2
summarizes the input parameters for this model. The SB has
initial conditions which are taken from the limits given in
Table 1. We notice that the SN heating efficiency increases
to 1 after 16 Myr. Before this time, the total energy stored in
the gas is only a few percent of the total energy released by
the SNe. Most of it is radiated away, as a result of the heating
of the dense gas. The mass-loss rate from the clouds due to the
processes of photoevaporation, drag and thermal evaporation
for model 1 is shown in Fig. 8. The domination of the pho-
toevaporation during the first 16 Myr is clear, and highlights
the fact that after 16 Myr no clouds are present in the SB (see
bottom-left panel of Fig. 7). Thus, after this time, the clouds
mass-loss becomes unimportant for the physical evolution of
the system. We also note that in this case, instead of thermal
evaporation the clouds actually suffer a thermal condensation,
through M., (as o < o = 0.03, in the bottom-right panel
of Fig. 7), but this does not influence the global results of
the HE evolution.

The initial large increase of the density (by four orders of
magnitude) in Fig. 7, may seem unrealistic, in principle, but it
is actually due to the choice of the initial conditions. Since we
have run our model with an ISM with initial conditions which
are very similar to those of a superbubble (7 = 0.01 cm™, T =
2 % 10° K) and with fx < fint, Fig. 7 shows that the ISM den-
sity increases almost instantaneously to a typical value for SBs
(n ~ 10-50 cm™3). Therefore, the assumed initial superbub-
ble disappears before being able to blow out the gas. Indeed, if
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Table 2. Values for the parameters of the models assumed in this work.
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Model n(cm™) T (K) Cloud mass (M) Cloud mass-loss M, (My) M, (M)
1 0.01 2 x 108 0.015 Muv, My, My 8 x 10° 10°
2 5 5% 10* 0.015 Muv, My, My 8 x 10° 10°
3 0.01 2 x 10° 0.015 Muyy, My, My 8 x 107 107
4 0.01 2% 108 0.015 M., My 8 x 10° 10°
5 0.01 2x 10®  Mass dist. func. (m) = 0.3 Myvy, My, My 8 x 10° 106
6 0.01 2x10° 0.015, no clouds formation ~ Myy, Me,, My 8 x 100 100
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Fig.7. Model 1: ambient density (), temperature (7') and pressure (p)
evolution in the top-left panel for a spherical SB with initial M, =
10° My, Rsg = 100 pc, nyp = 0.01 cm™, Ty = 2 x 10° K, py =
6.35 x 10712 dy cm™ and total gas mass M, = 8 x 10° M. In the
bottom-left panel: number of clouds (N.) and radius of clouds (r.)
evolution; in the top-right panel: the SN heating efficiency (HE); and
in the bottom-right panel: the clouds filling factor, (ff = N.V./Vss,
where V. is the volume of a single cloud), the saturation parameter (o,
Eq. (15)) and the cloud to ambient gas density ratio (y = p./p). The
ambient density, temperature and pressure, and the number and radius
of clouds are normalized to their initial values (in log scale). The initial
radius, temperature and density assumed for the clouds are r. = 6.5 X
1073 pe, T, = 100 K, and n, = 6 x 10° cm™3, respectively.

we run a model with initial conditions that are typical of a SB,
i.e., with ambient T = 5x 10* Kand n = 5 cm™ (see Fig. 9,
model 2 of Table 2), the density increases only by an order of
magnitude, but the corresponding HE value remains small dur-
ing the same period of time.

The comparison of the results of Figs. 7 and 9 above indi-
cates that the HE evolution is very similar in both models, or,
in other words, it is very insensitive to the initial conditions of
the hot ISM.

In both, as long as the ambient gas density remains large
enough for the radiative cooling to be efficient, the HE value

Fig.8. Model 1. Mass-loss rate of the clouds with mass m. =
0.015 M, due to photoionization, Myy (solid line), thermal evapo-
ration, M., (dotted line), and drag, My (dashed line).

remains very small. After ~16 Myr, when the density of the
gas available in the SB becomes too small (<10~! cm™) due
to continuous escape through the boundaries of the system and
exhaustion of the gas in the clouds, then the radiative cooling
ceases and a sudden increase in the temperature leads to a su-
perbubble formation in a time scale f#,; =~ 10° yr. In conse-
quence, HE — 1.

In Fig. 10, we have run a model (model 3 of Table 2)
with the same parameters of the model 1, but with a total stel-
lar mass 10 times bigger. In our model, this implies an in-
crease in the SN rate explosion (R) and the total gas mass in
the clouds (M,) of a factor 10. Under these conditions, we
see that HE never reaches high values during the SB lifetime
due to the larger gas mass in the clouds. After an initial in-
crease caused by the first explosion of the SNe at a higher rate,
the HE value decays to less than 0.5 per cent.

In Fig. 11, model 4 presents results for the HE evolution
considering clouds which are fully ionized (7. = 10* K). In
this case, the photoevaporation was not taken into account,
since the clouds are transparent to the ionizing photons. As
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Fig. 9. Model 2. The same as in model 1 of Fig. 7, except that the initial
ambient gas density and temperature are n = 5cm™, T = 5 x 10* K,
respectively (pp = 3.45 x 107!1).

a consequence, in this case they are in pressure equilibrium
only with the ambient medium. The comparison with model 1
of Fig. 7 shows that the HE value increases slower in Fig. 11
(where HE — 1 at 20 Myr), because in the case of Fig. 7 the
clouds are more efficiently destroyed, and survive for a smaller
time in the SB.

At this point, it is interesting to highlight that the clouds are
the real valves that regulate the feeding of the diffuse ambient
medium of the SB, in the sense that they are able to simulta-
neously retain part of the gas to themselves and to lose part of
it to the ISM through cloud destruction, thus maintaining the
ISM density at high values, as long as fx < fin.

Using a cloud number distribution (which is given in
Appendix A) N(m.) « m;% with @« = 1.5 and an average
cloud mass (m) ~ 0.3 M, (model 5) instead of a single ini-
tial cloud mass, the previous results of models 1, 2 and 4 (for
which a single cloud mass m. = 0.015 My was adopted) are
not very much changed, as we see in Fig. 12. In this case,
the density grows by 3 orders of magnitude at the beginning,
and the number of clouds evolve more smoothly than in the
other models due to the presence of a cloud mass distribution
instead of a single mass. Nonetheless, since the density evolu-
tion is driven mainly by the total amount of gas in the clouds,
which is the same as in the other models, the HE value goes
to 1 after ~16—19 Myr, i.e., just like in the previous mod-
els. This result also shows that HE is quite insensitive to the
adopted cloud mass, m., since the average mass of model 5 is
almost 10 times larger than the adopted cloud mass in the pre-
vious models (m. = 0.015 M). Consistently, tests made with a
constant cloud mass m. equal to the average mass of the distri-
bution function above ({m.) ~ 0.3 M), have produced similar
results to those of model 1 of Fig. 7.

All the models investigated above (Figs. 7 to 12), have
assumed a continuous formation of new clouds, during
the SB lifetime, which are generated by swept ambient gas
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Fig. 10. Model 3. The same as in model 1 of Fig. 7, except that M, =
10" My and M, = 8 X 10" M.

accumulated on the SNR shells. If we now consider an extreme
situation in which no deposited gas on the shells is allowed to
form clouds (see model 6 of Table 2), then in this case Fig. 13
shows that HE quickly goes to one in about 2 Myr. This sit-
uation is equivalent to assume a fully ionized gas both in the
shells and the ambient medium with negligible radiative cool-
ing, so that the time scale for clouds formation from fragmen-
tation of cooled material deposited on the shells is much longer
than the time scale for SNR interactions. In Fig. 13 (model 6),
only the first initial population of cold clouds is present in
the SB environment and it is soon ablated (mainly by photo-
evaporation) adding cold, dense gas to the ambient medium.
However, this is not sufficient to prevent the fast overlap of
the SNRs to form a hot superbubble and the temperature in-
crease of the diffuse ambient gas to about 107 K. Figure 13
actually gives a lower limit for the time it would take for HE to
increase to one. In a more realistic scenario, at least part of the
deposited material on the shells should form new generations
of clouds, and HE would then increase to unity only after sev-
eral Myr, like in Figs. 7 to 12. We note further that, if we make
all the gas, including that of the clouds, initially fully ionized
(like in Fig. 11), so that no photoevaporation occurs afterwards
and do not allow for formation of new clouds, like in Fig. 13,
then in this case, we obtain that the HE value goes to one only
after ~8 Myr.

In summary, the results above show that, provided that a
continuous formation of clouds due to deposited material on
the SNR shells occurs in the SB, then the common assumption
of a HE value close to 1 is reasonable only after many Myr,
when a large quantity of matter has been blown-out and the am-
bient gas density has dropped to values of <10~! cm™. (Note
that in Figs. 7 to 13, the ambient densities n have been normal-
ized to their initial values which are given in Table 2.)
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Fig.11. Model 4. The same as in model 1 of Fig. 7, except that the
clouds are fully ionized (T, = 10* K, r, = 1.7 pc, and n, = 2 cm™),
and photoevaporation has been neglected.
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Fig. 12. Model 5. The same as in Fig. 7 (model 1), except that the ini-
tial single mass for the clouds has been replaced by a mass distribution
function with spectral index a = 1.5 (see Appendix A).

6. Discussion and conclusions

The high stellar density in a SB galaxy allows for SNRs interac-
tions that very quickly may fill all the ambient, forming a super-
bubble containing hot gas with temperatures 7 = 10*~10° K,
and densities n = 0.1-0.01 cm™. Shells interactions increase
the process of clouds formation with typical temperatures in
the range of 100-10* K, depending on whether they are pho-
toionizated or not. Under these conditions, hot gas may even-
tually escape from the galaxy in an outflow that changes the
chemical and dynamical characteristics of the galaxy itself. It
is clear that single SN explosions have a typical efficiency in the
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Fig. 13. Model 6. The same as in Fig. 7 (model 1), except that only the
first generation of clouds is present in the SB ambient medium, and no
further clouds are allowed to form.

energization of the ISM of normal galaxies of few per cent, but
a debate exists about the SN heating efficiency in SB galax-
ies. To solve this problem, we have developed a simple semi-
analytical model that analyses the most important physical pro-
cesses in a three-component system formed by hot gas, SNRs
and cold (or warm) clouds. Under this condition, the evolution
of the three-phase medium after the development of an instan-
taneous SB has been examined to compute the SN heating effi-
ciency (HE). The study has also been accompanied by 3-D nu-
merical experiments involving the interaction between SNRs
and clouds in a SB environment. We have found (see Sect. 5)
that HE remains very low as long as the mass-loss time scale
of the clouds (#,,x) remains smaller than the time scale for a
superbubble formation (#,). For an environment with contin-
uous formation of clouds, this occurs during the first 16 Myr
for an initial total gas mass in the clouds of 8 x 10 My, after
which HE rapidly increases to unity. This result can be ex-
plained by the fact that the efficient ablation of the clouds dur-
ing the first ~16 Myr increases the density and the radiative
cooling of the gas of the ambient medium, therefore preventing
a temperature enhancement (HE ~ 1) that would lead to gas
expansion with the formation of a hot and rarefied superbubble
and a sudden expulsion of the gas through a galactic wind.

This result is quite insensitive to the initial conditions of
the hot diffuse ambient ISM of the SB, nonetheless the semi-
analytical calculations show that the SN heating efficiency
can be affected by parameters such as the total gas mass in
the clouds. We find that an increase in this parameter re-
sults low HE values for longer times. In fact, an increase in
this parameter by a factor 10 with respect to the value above
makes HE < 1 over the entire SB lifetime.

We have also found that under an extreme condition in
which no further clouds form after the first generation of
clouds, then this initial population alone is unable to prevent
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a faster raise of the ambient gas temperature and therefore, of,
the HE value to one. However, such situation could be expected
to occur only in environments which are initially already com-
pletely ionized by the UV photons from massive stars, having
no cold clouds or shells.

In summary, we can conclude that the SN efficiency has a
time-dependent trend which is sensitive to the initial conditions
of the SB system. Therefore, it is not possible to assume a sin-
gle value for HE over the entire SB lifetime without consider-
ing the physical interactions that can change the environmental
characteristics. If all the gas that is swept by the SNR shells
goes into clouds formation, providing a continuous generation
of clouds, then HE remains small up 16 Mrys. If, on the other
hand, the material that is swept by the SNRs does not lead to
new generations of clouds, then the gas forms a superbubble
in few Myr. 16 Myr is, therefore, an upper limit for the time it
takes for HE to increase to unity.

Our model allows one to obtain more realistic HE values
depending on the evolution stage of a SB galaxy. In particu-
lar, it provides a natural explanation for the low values invoked
in some models to describe the chemical evolution of dwarf
galaxies (Carigi et al. 1995; Bradamante Matteucci & D’Ercole
1998); this is the case, for example, of the SB galaxy SBIZw18
(Recchi et al. 2001), for which a value of HE ~ 0.03 is re-
quired to explain observations and is in good agreement with
the results of this work which predicts HE ~ 0.01 to 0.1 in the
first <16 Myr of the SB lifetime (Figs. 7—12).

We have conducted our study considering regions which
are small compared to the total size of the host galaxy. There
must be other relevant physical phenomena outside of this re-
gion that can also influence its evolution and the determination
of HE, as for example, the rate at which material is accreted
from the neighborhood into the SB region. In fact, during some
period of time, SBs may be effectively fed by gas from outside.
The 2D hydrodynamic models of galactic winds in SB galaxies
found in the literature often produce a superbubble that exceeds
the dimensions of the narrow cones detected in the nuclear SB,
but Tenorio-Tagle & Muiioz-Tuifién (1998) have shown that, if
the gas of the galactic disk is accreted onto the SB region at
a rate of a few M yr~!, the funnels may present small open-
ing angles, in agreement with the observations. This infall is
thought to be necessary to account for the accumulation of the
matter detected in these sources (Sanders & Mirabel 1996) and
the large rates of star formation (Larson et al. 1987; Suchkov
et al. 1994). In the present study, although these effects of mat-
ter accretion from the neighborhood have not been taken into
account, we expect that their presence will keep the HE value
smaller than unity for even larger times, since they must cause
an increase in the formation rate of clouds.

Recently, IR, radio, continuum and UV observations of SBs
have revealed the presence of very compact structures with typ-
ical sizes of few parsecs and mass in the range of 10*~10° M,
that can be associated with star clusters and super star clus-
ters (see, e.g., Ho 1997; Johnson et al. 2001; Gorjian et al.
2001). This is somewhat different from the general assump-
tion often employed in the modeling of SBs and also adopted
in the present work, that the star formation rate is diluted
over all the SB volume. However, even if the bursts are not
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homogeneously distributed, we expect that the results here ob-
tained will not be much affected. Since each star cluster must
drive a bubble with morphological characteristics similar to
a SNR, when these bubbles interact with each other the global
evolution within the SB will be similar to the one analyzed in
the present work.

Another relevant aspect that deserves attention is the deter-
mination of the conditions of the galactic wind that develops
when HE ~ 1. In this work we have assumed a constant rate
for the SN energy injection over the SB lifetime. This assump-
tion is consistent with previous modeling of SB systems (see,
e.g., Leitherer et al. 1999). However, if we had taken into ac-
count another possible evolution scenario, with a decreasing
SN energy injection rate with time, then in this case, the re-
duced available SN injection power in the late stages could be
not sufficient to drive the galactic wind that, according to our
model, should evolve only in the second half of the SB lifetime.
This may offer a potential explanation of why some SB galax-
ies produce winds and others do not. The computation of the
total quantity of mass that is transported by the galactic wind
(Suchkov et al. 1994) is also dependent of the physical history
of the expelled clouds. Although at a different rate, they will
be also ablated by photoevaporation, drag and thermal evapo-
ration, contributing to the growth of the matter that forms the
outflow itself.

A more particular attention should be given to magnetic
fields, which can be important in reducing the ablation pro-
cesses and which can influence the escape velocity of the hot
gas and the cold clouds. Although in the present work they have
been taken into account in the computation of the total internal
pressure of the clouds (Eq. (6)) and also explicitly in the eval-
uation of the their dominant ablation process (the photoevap-
oration), they have not been included in the evaluation of the
pressure of the ambient gas and the SNRs shells, or in the nu-
merical simulations of SNR-clouds interactions. Also, to be re-
marked is the fact that the adopted value, of ~few uG within the
clouds, is somewhat uncertain since, to our knowledge, there is
no direct magnetic field measurements in SBs. Nonetheless, it
is consistent with the values often required for pressure equi-
librium of the clouds with the hot ambient medium in our
Galaxy, and also with the lower limit strengths necessary to
collimate the galactic winds in SBs (de Gouveia Dal Pino &
Medina Tanco 1999). In the case of the SNRs, while the pres-
ence of magnetic fields in the shells could, on one side, reduce
their compressibility and thus decrease the volume of hot gas
within the remnant (see, e.g., Slavin & Cox 1993; McKee &
Zweibel 1995), on the other side, it could constrain the ther-
mal conduction and thus inhibit the destruction of this hot gas
component (e.g., McKee 1995). The reduction of compres-
sion by the magnetic field could also inhibit the process of
shell fragmentation during interactions with other SNRs and,
consequently, the formation of clouds by this process (that
was discussed in Sect. 3.1). The relative importance of these
competing effects may be quantified after determination, from
observations, of the magnitude and geometry of the magnetic
fields in SB environments.

Finally, we should notice that studies that search for a
potential connection between SBs and AGN activity, that
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Fig. A.1. Initial number of clouds for a distribution of the clouds
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suggest that SBs at the nuclear regions of active galaxies could
eventually trigger the development of a supermassive black
hole (BH) in the center, may be favored by the results of the
present analysis as these predict a delay in the expulsion of
gas from the SB in form of a galactic wind, for ~16 Myr. The
gas retained in the system may lead to new bursts of star for-
mation and increasing deposition of material in the center of
the SB that, in turn, may eventually form a BH.
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Appendix A

The cumulative cloud mass-loss rate in a SB may be computed
taking into account the spectrum of the clouds number N(m) o«
m;® between an upper (mcgp) and a lower (mjnr) limit, in-
stead of considering only a single cloud mass. Observations
of high star formation regions indicate a minimum mass
of 107 M, and a maximum mass of ~10° M, (Kramer et al.
1998). This is consistent with the theoretical maximum stable
mass of a magnetically dominated cloud against gravitational
collapse (Bertoldi & McKee 1990). We thus assume mic sup =
10> Mo and X = mgjng/mesup = 1077, Also, from the studies
of Zinnecker et al. (1993) and Blitz (1993), we take @ = 1.5.
A plot for this cloud mass distribution is shown in Fig. A.1.
Let f(m.) = 6m! be the mass-loss-rate of a single cloud,
where the constants 8 and y depend on the specific process re-
sponsible for the cloud mass-loss studied in Sect. 3 (i.e. thermal
evaporation, drag or photoevaporation). The cumulative mass-
loss rate must be computed taking into account the mass spec-
trum of the clouds above dN.(m.)/dm oc m_®. The total mass-
loss rate per process is thus given by
. Me sup
M= Ne(me) f(me) dme,

Me inf

and can be written as

M = ch(mc,sup)g(a’ ¥, X)
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where NV, is the total number of clouds inside the SB region and

l-a 1-Xx'"re
l+y—a 1-Xl-

gla,y,X) =

Taking into account Egs. (7), (12) and (16) for Muyv,
My and M., respectively, we obtainy = 12/21, 16/21 and 8/21
for cloud photoevaporation, drag and thermal evaporation pro-
cesses, respectively. We find that g(«, v, X) is rather sensitive to
the parameters involved. Figure 14 shows g(a, y, X) as a func-
tion of X, for @ = 1.5, @ = 1.9, and the three values of y.

For ¥ = 0.225 (see Eq. (6)), we obtain Myy = 2.9 x
10°°M, Mo yr™', Moy = 6.17 x 10727.°M, Mo yr',
and My = 1.32 x 10‘1211,\/1/21)6Mg Mg yr‘l. As demonstrated
in Sect. 3, photoevaporation is by far the most important mech-
anism for the cloud mass-loss rate during the first Myr of
the SB life, even considering a cloud mass distribution, and the
results do not differ much from those when one takes a single
initial mass (see Sect. 5).

Appendix B

We present in this appendix the explicit expressions for
the constants C,, with n = 1 to 10, that appear
in Egs. (25), (26), (27), (28) in Sect. 5.
_ 4.64 x 10 Vsgmyu

me

| (B.1)

~ 5
T 3.15x 107

where ¢ is the fraction of gas that is accumulated in
the SNR shell.

C (B.2)

1
C3=— B.3
P T3 15% 107 me (B.3)
Cs= : (B.4)
YT 46 x10% Ve '
where Vgg is the SB volume
S
Cs 5B (B.5)

~ Vsp (3.08 X 10'5)

where S gp is the spherical external surface of the SB in pc.

CLIx 107

Cg = B.6
6 T— (B.6)
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which gives the increase in the density due to the mass-loss rate
from the stellar winds and the SNe explosions.

- %SB“)_M (B.7)
;= % (B.3)
Co = % (B.9)
Cio = 25;3 (B.10)

All the dimensional quantities of the SB (Vsp, Ssp, Rsg) are
expressed in pc. The mass-loss rate of the clouds is in My/yr,
the time scales are in yr, and we m, that is assumed constant,
in Mg,
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