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ABSTRACT

High-resolution two-dimensional hydrodynamic simulations for the interstellar matter (ISM) in a
galactic disk are enhanced to include explicitly star formation and the feedback effects from supernovae
and stellar winds. A globally stable multiphase ISM is formed, in which filamentary and clumpy struc-
ture is a characteristic feature. We find a new component of 10°-108 K gas that is a direct consequence
of the energy input from the feedback. The total supernovae rate in the system varies by an order of
magnitude over a timescale of 10° yr. The evolution of the supernovae rate exhibits chaotic behavior
because the star formation is triggered by supernovae explosions in the inhomogeneous interstellar
medium. We also find that, in spite of its very complicated spatial structure, the multiphase ISM exhibits
a one-point probability density function (pdf) that is a perfect lognormal distribution over four decades
in density, 10°~10° M, pc™ 2. The lognormal pdf is very robust even in regions with frequent bursts of
supernovae. Low-density regions or cavities (<10 My pc~?), on the other hand, exhibit the normal
Gaussian distribution. These characteristic pdf's are achieved over a local dynamical scale. The energy

spectra are E(k) oc k=2 without feedback and E(k) oc k=2 including stellar energy feedback.
Subject headings: galaxies: structure — ISM: kinematics and dynamics — ISM: structure —

methods: numerical

1. INTRODUCTION

Construction of relevant numerical models of the multi-
phase interstellar matter (ISM) with realistic cooling and
heating processes is crucial for serious numerical simula-
tions of galaxies that include star formation. Such simula-
tions will significantly enhance our understanding of galaxy
formation and evolution. However, the current numerical
models for star formation on a galaxy scale are still based
on many ad hoc assumptions and are essentially phenom-
enological models. For example, the ISM is often represent-
ed by an isothermal gas at temperature T = 10* K or
equivalently a sound velocity ~10 km s~ ! in Euler-mesh
simulations. Alternatively, the ISM can be assumed to be a
complex of inelastic particles. Incorporating the effects of
star formation into such simple models of the ISM still
requires that one cannot avoid many phenomenological
assumptions (cf. Shore & Ferrini 1995). For instance, accu-
rately representing supernovae (SNe) is crucial for modeling
stellar energy feedback to the ISM. Evolution of supernova
remnants in turbulent and inhomogeneous media must be
very different from the simple symmetric evolution often
assumed and cannot be represented by a simple analytic
solution, such as the Sedov solution.

Numerical studies of the multiphase ISM based on
hydrodynamic simulations have been tried by several
groups (e.g., Bania & Lyon 1980; Rosen, Bregman, &
Norman 1993; Rosen & Bregman 1995; Vazquez-
Semadeni, Pasot, & Pouquet 1995; Gerritsen & Icke 1997).
Dynamics of the multiphase ISM have been studied by
Rosen et al. (1993) and Rosen & Bregman (1995). Their
simulations are for two fluids (gas and stars) in two dimen-
sions ignoring self-gravity of the gas and the effects of galac-
tic rotation. Self-gravity of the gas is necessary to produce
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very high density clouds which are the sites of star forma-
tion. Rotation around the galactic center is an important
element for the global gasdynamics and ISM structure.
Vazquez-Semadeni et al. (1995) and Passot, Vazquez-
Semaden, & Pouquet (1995) have studied self-gravitating
supersonic turbulence with two-dimensional hydrodynamic
and magnetohydrodynamic simulations. They also took
into account Coriolis force and large-scale shear. However,
periodic boundaries with a local-shearing coordinate were
assumed. An artificial mass diffusion term in the continuity
equation was assumed, and, as discussed in their paper, this
term smooths out the density gradients and prevents the
generation of large density contrasts and strong shocks. All
of these previous simulations are “local ” models.

Wada & Norman (1999, hereafter Paper I) presented a
high-resolution numerical model of the multiphase ISM in
a central 2 kpc region of a disk galaxy. We used an Eulerian
hydrocode without periodic boundary conditions. We
assume a thin disk, and use 10242 meshes for a 4 kpc?
region around the galactic center. We take into account
self-gravity of the gas and radiative cooling and heating due
to UV background radiation. The main result of Paper I is
that a globally stable, multiphase ISM is formed as a
natural consequence of the nonlinear evolution of thermal
and gravitational instabilities in the gas disk. The density
ranges over 7 orders of magnitude from 10! to 10° M
pc~ 2, and the temperature extends over five decades from
10 to 10° K. We found in Paper I that the ISM cannot be
expressed simply by the two-phase or three-phase model
(e.g., McKee & Ostriker 1977; Ikeuchi, Habe, & Tanaka
1984; Norman & Ikeuchi 1989; Norman & Ferrara 1996)
because gasdynamic processes such as turbulence, global
rotation, shear motion, and shocks are important as well as
thermal processes. Our high-resolution Eulerian hydrody-
namic code allows us to handle gasdynamics on a kilo-
parsec scale with a resolution of a few parsecs regardless of
the gas density. Possible star-forming sites where the gas
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density is very high (n = 10* cm™3) and the temperature is
less than 100 K can be directly identified from the results.
The multiphase gaseous structure is very complicated and is
characterized by filamentary and clumpy substructure as
well as by low-density holes and voids surrounded by the
denser media.

In this paper, we modify the numerical code in Paper I to
explicitly include star formation and the feedback effects
from supernovae and stellar winds from massive stars. We
succeed in constructing globally stable multiphase ISM
disks, in which birth and death of massive stars are consis-
tently implemented.

This paper is organized as follows. In § 2 we give a
detailed description of our numerical code and models. In
§ 3 various test results are presented. The global structure
and evolution of the self-gravitating multiphase disk with
and without stellar energy feedback are discussed in § 4. The
statistical nature of the media in a quasi-stable state,
namely, the probability density functions and the energy
spectra, is discussed in § 5. Implications of the results are
discussed in § 6. Finally conclusions are presented in § 7.

2. NUMERICAL METHODS AND MODELS

In order to model the global evolution of the multiphase
ISM, a hydrodynamic code must deal with a wide dynamic
range (e.g., scale: 1 pc—few kpc; density: 1073 to 10° cm ™~ 3;
and temperature: 10-10® K). Moreover, shocks must be
resolved correctly, because typical Mach numbers range
from 10 to 100 in the ISM of a galaxy, and also SNe and
stellar winds cause strong shocks with Mach numbers of
several 100. Smooth particle hydrodynamics (SPH) is at
present one of the most widely used hydrodynamic codes
for simulations of galaxy formation. However, SPH is not
suitable for the highly developed, multiphase ISM with
strongly shocked gas because of its relatively poor
resolution for the diffuse gas. To understand the structure of
the multiphase ISM, we need high spatial resolution for the
hot, diffuse gas as well as for the cold, dense gas.

We use hydrodynamic simulations for a single fluid
taking into account the self-gravity of the gas and radiative
cooling and heating processes. The multiphase feature of
the gas, that is, the multitemperature and multidensity
structure, should be achieved as a result of the nonlinear
evolution of a single fluid, if we take into account realistic
cooling and heating processes, and the self-gravity of the
gas with relevant spatial resolution. In order to investigate
the effects of the global dynamics of the gas, the evolution of
the whole rotating disk is simulated. The hydrodynamic
part of the simulations is solved by a high-accuracy explicit
Eulerian code with nonadaptive grids. The effect of the radi-
ative cooling is implemented using an implicit method with
a cooling function. The numerical code is tested for various
standard problems (see details in § 3).

2.1. Basic Equations and Numerical Scheme

We solve the following equations numerically in two
dimensions:

dp

P V- (pr)=0 1

L V) =0, m
9 v
6—?+(0~V)v+7p+V®ext+V®sg=0, 2

‘3E+11)V ‘[(PE + pw]l =T« + Tuv — pA(T),  (3)

ot
V20, = 4nGp , )

where p, p, and v are density, pressure, and velocity of the
gas, and the specific total energy E = |v]?/2 + p/(y — 1)p.
The ratio of specific heat at constant pressure and volume,
y, 18 an arbitrary constant. Especially under a limited spatial
resolution (~2 pc), the effective y would not be either
y =5/3 or y = 1. The y should be determined by the local
physical conditions in the ISM, assuming a constant y for
the multiphase medium would not be realistic. However,
here we assume for simplicity y = 1.4. We confirmed that
our results are not sensitive to the value of y because the
turbulent pressure dominates the thermal pressure.
We assume a time-independent external potential

_ —GM, 27\'/2 v?
te=mraE - \4) ®ra

where a = 200 pc is a core radius of the potential and v, =
150 km s~ ! is the maximum rotational velocity. These pa-
rameters are chosen to resemble the rotation curve of
typical spiral galaxies (Sofue et al. 1999). We also assume a
cooling function A(T)) (10 K < T, < 10® K) and a heating
function I, (see also § 2.2).

The hydrodynamic part of the equation is solved by
second-order advection upstream splitting method (AUSM)
based on Liou & Steffen (1993). We summarize the essential
points of AUSM below.

The hydrodynamic part of the basic equations are written
as

oU oOF 0G
E-ﬁ-g-ﬁ-a—y:o, (5

where
U™ = (p, pu, pv, pE),
F" = [pu, pu® + p, puv, u(pE + p)] ,
G" = [pv, pou, pv* + p, v(pE + p)] .

Flux F and G consist of two physically distinct parts,
namely, advection and pressure terms:

) 0 ) 0
F=|"lus 2], 6=+ |°]. @

pv 0 pv p

pH 0 pH 0

where the enthalpy H = E + p/p.

Paying attention to this, in AUSM, these two terms are
separately split at a cell surface. As a result, the scheme is
remarkably simple, but it is accurate enough compared to
the flux-difference splitting scheme such as Roe splitting
(Roe 1981).

The van Leer—type flux splitting process is applied
separately to these two terms. According to Liou (1996), the
split of Mach number, M, and pressure that we adopt here
are

3(M | M) if M| =1,
2

+ —
M= (M) = {i LM £ 1> + 4(M? — 1> otherwise ;

7
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pE(M) =
2 [1 + sign()] ifiM|>1,
p 2 — 3p 2 2 1
+ i M+ 1)’)QF M)+ 16 M(M~* —1)* otherwise .
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AUSM works very well for adiabatic flow with low Mach
number. However, this is not the case for the highly super-
sonic flows with strong cooling, such as the ISM in galaxies
that we are studying in this paper. Since the kinetic energy
of the gas sometimes dominates the thermal energy in such
flows, it is often difficult to avoid negative pressure at a grid
point due to numerical errors. Therefore, if the pressure at a
cell derived from the total energy E becomes negative in the
postshock region, we calculate pressure p from

oS

—+V-(Sy=0 9

=+ VY (s9)=0, ©)
where “modified entropy,” S, is defined as S = p/p”~! (Ryu
et al. 1993), instead of the energy equation

OE
P, + YV [PE+pw]=0. (10)

To identify the postshock regions, we use the same criteria
as those in Ryu et al. (1993).

The entropy flux pSv is split in the same way as for the
total energy flux (pE + p)v at cell interfaces. We found that
this modification works very well and is stable for the ISM
with frequent supernova explosions.

We achieve third-order spatial accuracy with the monot-
one upstream-centered schemes for conservation laws
(MUSCL) approach (van Leer 1977). To satisfy the total
variation diminishing (TVD) condition using MUSCL, we
introduce a limiting function:

(QL)j+1/2 = Qj + %[(1 - K)Z— + 1+ K)Z+]j , (11

A, = minmod(A,, bA_), (12)
A_ = minmod(A_, bA,), (13)
where b = (3 — k)/(1 — k). The parameter k canbe k = —1,

0, or %, which represent second-order fully upwind, second-
order upwind biased, and third-order upwind biased cases,
respectively. After the test calculations, we decided to use
x = 1. The right state, (Q r)j+1/2> 1 evaluated similarly by
using the data of points j,j + 1,andj + 2.

After testing this code for various hydrodynamic prob-
lems (see § 3), we find that AUSM with MUSCL is a poten-
tially powerful scheme for astrophysical problems as the
piecewise parabolic method (PPM) (Woodward & Colella
1984), but the algorithms and coding are much simpler than
PPM.

We use 10242 Cartesian grid points for calculating gas-
dynamics in a 2 x 2 kpc region which includes the galactic
center. Therefore the spatial resolution is 1.95 pc.

The gravitational potential of the gas @, ; at a mesh point
(i, j) can be written as

D=2 Yii-j0u> (14)
l/,J/

where ¢ is the Green’s function of point-mass gravity and
o ; is the surface density at a mesh point (i, j).

Vol. 547

In order to calculate @; ; in equation (14), we use the
convolution method with the fast Fourier transform
(Hockney & Eastwood 1981). In this method, 2048% grid
cells and a periodic Green’s function ¥ are used to calculate
the self-gravity of the isolated matter in the 10242 grid
points.

Time integration for advective terms of equations (1), (2),
and (3) is achieved by the second-order leap-frog method.
Each time step 6t is determined by the Courant condition:

5t = Cjy/max (t;%, %, 157, 157) (15)
where C is a constant ~0.5, and
ty =Aleg, t,=A/max (Jul), t;=A/max(|v]), (16)

to= N 0] //IVOLP + VO, (17)

where A is size of a single grid cell and ¢, is sound velocity.
The explicit time integration, however, is not suitable for
the source terms, especially the radiative cooling, because
the cooling time becomes very short in high-density regions.
Therefore we adopt implicit time integration for the cooling
term, that is, we find a solution for the following equation
iteratively:

(PE);;" — (pE).; + ot(pi )* (T} ) =0, (18)

where n denotes time steps.

The initial conditions are an axisymmetric and rotation-
ally supported disk, whose radius is 700 pc, with the
Toomre stability parameter Q = xc/nGZ, , = 1.2 over the
whole disk, where «, ¢, and X , are the epicyclic frequency
for the external potential, the sound velocity of the gas
corresponding to T, = 10* K, and the initial surface density
of the gas, respectively. The initial rotational velocity is
chosen in order to balance the centrifugal force caused by
the external potential @.,, and @,.

Random density fluctuations are added to the initial disk,
with an amplitude less than 1% of the unperturbed density
and temperature. The initial temperature is set to 10* K
over the whole region. In ghost zones at boundaries, the
physical values remain at their initial values during the cal-
culations. From test runs, we found that these boundary
conditions are much better than so-called outflow bound-
aries, because the latter cause strong unphysical reflection
of waves at the boundaries.

2.2. Cooling and Heating Processes

We use the cooling curves of Spaans & Norman (1997)
(Fig. 1). The cooling functions simplify the implementation
of cooling by collecting the effects of various coolants. The
cooling processes taken into account are (1) recombination
of H, He, C, O, N, Si, and Fe; (2) collisional excitation of H 1,
C 1-1v, and O 1-1v; (3) hydrogen and helium bremsstrah-
lung; (4) vibrational and rotational excitation of H,; and
(5) atomic and molecular cooling due to fine-structure emis-
sion of C, C*, and O and rotational line emission of CO
and H,. We report results with A(T,) for solar metallicity in
this paper. We have tested models with the cooling curve for
0.01 Z; metallicity, and the qualitative results are similar to
the model with Z = Z,. We will discuss the effects of the
metallicity in subsequent papers. The maximum and
migimum cutoff temperatures of the gas are set to be 10 and
10° K.

As well as the heating due to massive stars (see § 2.3), we
assume a uniform UV radiation field and photoelectric
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F16. 1.—Cooling functions adopted for the calculation A/ng (ergs cm®
s~ 1). The solid line is for Z = 1.0 Z, and the dashed line is for Z = 0.1
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heating of grains and polycyclic aromatic hydrocarbons
(PAHs). The heating rate I'yy is the same as in Gerritsen &
Icke (1997):

Tyy = 1.0 x 107 %G, ergs s~ 1, (19)

where the heating efficiency ¢ is assumed to be 0.05 and G,
is the incident FUYV field normalized to the local interstellar
value.

2.3. Star Formation and Energy Feedback

We take into account two feedback effects of massive
stars on the gasdynamics, namely, stellar winds and super-
nova explosions. We first identify cells which satisfy criteria
for star formation. The criteria for each cell where star for-
mation is allowed are the following: (1) The surface density
is greater than the threshold for star formation (X)), ; > Z,,
(2) the temperature is less than the critical temperature
(T,);.; < T., and (3) criteria 1 and 2 must last for 10° yr. In
these simulations we have chosen T, =50 K and X, =
5 x 10* M pc™ 2. Assuming the Salpeter initial mass func-
tion IMF) with m, = 120 M and m; = 0.2 M, we create
test particles representing massive stars (>8 M ). Typically
10-100 massive stars are replaced by one test particle. The
initial velocity of the test particles is taken to be the same as
their parent gas. The kinematics of the test particles in the
external potential and the self-gravitational potential of the
gas are followed by the second-order time-integration
method. The stars (test particles) inject energy due to stellar
winds to the cells where the stars are located during their
lifetime, which is approximately ~ 107 yr. The heating rate
used is given by Leitherer, Robert, & Drissen (1992), in
which solar metallicity is assumed. When the star explodes
as a supernova, an energy of 10°! ergs is injected into the
cell where the test particle is located. The cooling procedure
is not used for such cells, but the cells adjoining the super-
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nova cell are treated normally. Evolution of the supernova
remnant depends on its environment.

In contrast to previous numerical studies of the ISM on a
galaxy scale with supernovae explosions, we do not assume
any evolutionary models for the supernova remnant (SNR)
or for the heating efficiency of the ISM due to supernovae.
The heating efficiency must differ in different environments.
Nevertheless, it has been assumed as an ad hoc constant in
previous simulations, and it varies in authors from 107!
(Navarro & White 1993) to 10~ * (Hernquist & Mihos
1995). The other problem in implementing feedback from
star formation in numerical codes is how to assign the feed-
back energy to the ISM. Two main methods have been
used: enhancing the thermal energy of star-forming par-
ticles or cells (e.g., Katz 1992; Rosen & Bregman 1995;
Mori et al. 1997), or giving some kinetic energy to the cells
(e.g., Navarro & White 1993; Heller & Shlosman 1994). It is
not clear, however, which method is better in simulations.
Gerritsen & Icke (1997) has compared these two methods in
their SPH simulations and found that assigning all energy
to single gas particles gives better results. This problem is
caused by lack of resolution. The resolution of most simula-
tions is much larger than 10 pc. Since SNe explosions and
stellar winds could affect the ISM over several tens or
parsecs during about 107 yr, parsec-scale spatial resolution
is necessary.

With our code, the two-dimensional evolution of blast
waves caused by supernovae in an inhomogeneous and
nonstationary medium with global rotation is followed
explicitly. Therefore, we can follow consistently the thermal
and dynamical evolution of the ISM in the environment of
star-forming regions and the associated supernovae rem-
nants and superbubbles (cf. Norman & Ikeuchi 1989).

3. TESTS OF THE NUMERICAL CODE

We have tested our code for a number of standard test
calculations and compared the results to those with other
high-accuracy codes in the literature or with analytical solu-
tions. In the following sections, we briefly summarize the
test calculations of one- and two-dimensional shocks, a
point explosion in a uniform medium, resonantly driven
spiral shocks in a weak bar potential, and linear and nonlin-
ear evolution of spiral density modes in a self-gravitating
disk. We found that our code is accurate enough to simulate
the dynamics of a highly supersonic and self-gravitating
gaseous flow with explosions.

3.1. One-dimensional and Two-dimensional Tests for Shocks

We have tested our code for two standard one-
dimensional shock tests: the Sod shock-tube problem (Sod
1978) and two strong interacting shocks (Woodward &
Colella 1984, hereafter WC84). We confirmed that the code
captures shocks in a few zones and contact discontinuities
in several zones without numerical postshock oscillations
or overshoots. The numerical accuracy and the stability are
as good as those by the TVD method (e.g., Harten 1983;
Ryu et al. 1993), and by the PPM (WC84).

Even though our code shows very good results for the
one-dimensional shock test, it does not necessarily mean
that the code is suitable for two-dimensional problems.
Here we show results for three test problems in two dimen-
sions: (1) the double Mach reflection of a strong shock; (2) a
point explosion in an adiabatic uniform medium; and (3) an
isothermal gas flow in a weak barred potential.



176 WADA & NORMAN

The first test problem is the same problem described in
WC84, which is the double Mach reflection of a Mach 10
shock from an inclined plane. Figure 2 shows the resulting
density and temperature profiles at t = 0.2 with a resolution
of Ax = Ay = 1/120. Although small noisy structures are
observed behind the curved reflected shocks, for the strong
shocks and other reflected shocks, we find good agreement
between our result and the result with the PPM by WC84
and with ZEUS-2D by Stone & Norman (1992). We could
remove the small noise behind the reflected shock, if we use
van Leer’s limiter, instead of the minmod limiter, equations
(11)~(13). However, it makes the shocks and contact discon-
tinuities unsharp.

The second two-dimensional test is for the evolution of a
blast wave caused by a point explosion in an inhomoge-
neous and adiabatic medium. This test is important to
judge the accuracy and feasibility for realistic models with
supernovae explosion. The evolution of the shock front is
analytically described by the two-dimensional Sedov-
Taylor solution, R(t) = (E/Z)%-25t°-3, where X is the surface
density and E is energy of a point explosion. Figure 3 is time
evolution of a radius of the blast wave. The numerical result
coincides with the analytic solution correctly.

The above two tests are for shock propagation in a sta-
tionary medium. The final two-dimensional test is a rotat-
ing gas flow in a weak barlike potential. Gaseous response
to the nonaxisymmetric potential has been well studied
numerically (e.g., Athanassoula 1992; Wada & Habe 1992,
1995; Englmaier & Gerhard 1997) and analytically (e.g.,
Yuan & Cheng 1989; Wada 1994; Lindblad & Lindblad
1994). We therefore use this as a test problem. A rotating
barlike potential causes resonances in orbits, and spiral-like
shocks are formed. The model used here is the same as
model B in Fukuda, Wada, & Habe (1998), in which an
isothermal equation of state is assumed. In this model, a
mass concentration in the galactic center such as a super-
massive black hole causes a new Lindblad resonance (NLR)
inside the ordinary inner ILR. This resonance has similar
characteristics to the outer ILR, therefore two trailing

demsity‘
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F1G. 2—Two-dimensional test calculation (1): Double Mach reflection.
Density (top) and temperature (bottom) at t = 0.6 are shown. The contour
levels are the same as in Fig. 4 of Woodward & Colella (1984).
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Fi6. 3—Two-dimensional test calculation (2): Evolution of a shock
radius of a two-dimensional cylindrical explosion in an ideal gas with
y = 5/3 (open squares). The solid line is a two-dimensional Sedov-Taylor
solution [R(?) = (E/Z,)"/*t'/?, where X, is a surface density and E is energy
of a point explosion].

spirals are generated near the NLR, as expected from analy-
tic work (Wada 1994). Figure 4 shows the density distribu-
tion of the model at t = 0.2, which can be compared with
Figure 5 in Fukuda et al. (1998). As expected, two trailing
spiral shocks are formed, and the structure is quite similar
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F1G. 4—Two-dimensional test calculation (3): log-scaled gas density
distribution at t = 0.2 in a weak bar potential, which is the same as model
B in Fukuda et al. (1998), which is the SPH simulation. Thirty contours are
drawn from log £, = 3 to 4.5. The two spiral shocks are produced by a
nuclear Lindblad resonance due to a bar potential. Our result is the same
as the result with the SPH simulations by Fukuda et al. (1998).
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F1G. 5—Evolution of the global Fourier amplitudes defined by eq. (20).
Each mode is represented by the open boxes (m = 2), open diamonds
(m = 4), plus signs (m = 1), and open triangles (m = 3). The growth rates
and their saturation are almost the same as the results in Laughlin, Kor-
chagin, & Adams (1997). The solid line is the growth rate expected from the
linear analysis.

to the result with the SPH simulation by Fukuda et al.
(1998).

3.2. Evolution of Spiral Density Modes

The tests so far are for a non-self-gravitating fluid. We
confirmed that numerical solutions using the Poisson equa-
tion solver in our code are exactly the same as the analytic
solutions for a point-mass distribution and for the Mestel
disk. We show test results for a more practical problem:
global stability of a self-gravitating disk. We examined
gravitational instabilities in the same disk model as the ref-
erence model in Laughlin, Korchagin, & Adams (1998,
hereafter LKA). The disk is a massive disk around a central
star (the mass ratio is 1.5), and the initial surface density
profile is Z,(r) = 0.372 exp [—(r — 0.45)%/0.05]. The inner
and outer edges lie at » = 0.25 and 1.0. The polytropic equa-
tion of state is assumed, ie., p = 0.25X"?, where the poly-
tropic constant y, = 2. We plot the development of the
global Fourier amplitudes, C,,, for the modes with azi-
muthal wavenumbers m = 1, 2, 3, and 4 in Figure 5. The
global Fourier amplitudes C,, are defined by

2n —lm¢
c, - j j;g Zi fl(r rdrde | . 20)
j jo 25 X(r, P)rdrde

LKA used polar coordinates (256 x 256 zones), and
reflecting boundary conditions were applied at both the
inner and outer edge of the disk. In contrast, we used Carte-
sian coordinates (512 x 512 zones), and we did not solve the
regions inside and outside the inner and outer boundaries.
Therefore, the spatial resolution and boundary conditions
are not strictly identical between these two simulations. The
results, however, are surprisingly similar. The m =2
unstable mode is the first growing mode, and the m =4
mode grows with approximately twice the growth rate of
the m = 2 mode. These growth rates and their saturation
are almost the same in LKA. Moreover, the growth rate for
the m = 4 mode expected from the linear analysis by LKA

coincides with the numerical result very well.
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4. RESULTS

4.1. Evolution and Structure of a Highly Unstable Disk
without Energy Feedback

Figure 6 shows an initial 10 Myr evolution of a model
without stellar energy feedback (model NSF). The rotation-
al period at R = 200 pc is about § Myr. Density and tem-
perature distributions in the central 1 x 1 kpc region are
shown. Although the initial Toomre Q value is 1.2, i.e., the
disk is gravitationally stable for an axisymmetric mode, the
effective value, Q.;, becomes much less than unity after a
few Myr due to the thermal instability (see Fig. 3 in Paper
I). The term Q. is defined as Q.(R) = xo,/nGZ,, where
k is the epicyclic frequency. Azimuthally averaged (AR =
20 pc) velocity dispersion o, is defined by o, = ((v®),x
— {v)3p)'? with v = |v| + c,, where v the flow velocity and
¢, is the sound velocity of the gas. The gas temperature
decreases from the initial value (~ 10* K) to an equilibrium
temperature (~10? K) within 105 yr. Since the initial
density is higher in the central region of the disk than in the
outer region, gravitational instabilities begin in the inner
few 100 pc and develop outward. The gravitational insta-
bility goes into the nonlinear regime in the inner region at
t ~ 2 Myr. We can see spatial fluctuations in temperature at
t = 2 Myr. The density fluctuations evolve nonlinearly from
inside to out, and many dense filaments and clumps are
formed. Such clumps tidally interact and filamentary tails
are produced. Filaments and clumps are merged to produce
more massive structure, and finally a complicated network
of many filaments is formed. The temperature fluctuations
also evolve and high-temperature gas (T ~ 105 K) appears
after t = 6 Myr.

At t = 10 Myr, gravitational instabilities over the whole
of central 500 pc are in the nonlinear phase, where the
maximum density contrast is about 10°, At t = 25 Myr, the
instability grows nonlinearly over the whole of the disk and
forms meshlike structure consisting of many clumps, fila-
ments, and low-density voids (see Fig. 1 in Paper I). As a
result, a globally stable multiphase structure is formed in
which high-temperature, low-density gas and low-
temperature, high-density phases coexist. The density range
is from 10~ ! to 10° M, pc~ 2, which corresponds to about
0.03-3 x 10° cm ™ 3. The size of the highest density clouds is
about 5-50 pc, although they are not necessarily round in
shape. The high-density clumps are embedded in filamen-
tary structure; in other words, they are not isolated. Their
density is about 10°-10° M, pc™? and the temperature is
less than 100 K.

The temperature of the low-density gas in the voids
sometimes reaches 10°-10° K. This is due to shock heating,
and the energy source is turbulent-like random motion of
the gas, which reaches ~ 100 km s~ ! locally. The origin of
the random motion is the galactic rotation (i.e., stellar and
dark matter potential) and the self-gravity of the gas.

Although the global spiral-like enhancements can be seen
in the pressure map (Fig. 7a), the small-scale filamentary
structure in the density map is less prominent in the pres-
sure map. This means that the filaments are in pressure
equilibrium with their ambient gas. This equilibrium,
however, is satisfied only over a local scale (<100 pc). The
pressure over the simulated region (2 x 2 kpc) changes by of
order 103-10°. However, the filamentary structure is still
seen in the map, especially in the regions between the spiral-
like enhancements, which means that they are not in
thermal pressure equilibrium with the ambient diffuse gas.
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F16. 6.—Initial 10 Myr evolution of a model without stellar energy feedback (model NSF). Surface density (first and third rows) and temperature
distribution (second and forth rows) in the central 1 x 1 kpc are shown. The color represents log-scaled surface density and temperature of the gas, and their
units are M, pc~ 2 and K, respectively. Time is shown at the upper left corners of the density panels in a units of Myr. The rotational period at R = 200 pc is
about 8 Myr. The density and temperature fluctuations evolve from a linear stage to a nonlinear stage, and a complicated network of many filaments is
formed in 10 Myr.

In Figure 7b the vorticity distribution is plotted for the
same model and region of Figure 7a. This is surprisingly
rich in structure. The maximum and minimum vorticity in
this map are +40 km s~ ! pc~'. Comparing the density and

temperature distributions and the pressure distribution, we
find that high-pressure regions (P/kz ~ 10° cm~3) can be
categorized into three regimes: (1) high density and low-
temperature clumps (X, ~ 10° My pc™?), (2) low-density

Q0.5

FiG. 7—Log-scaled distributions of thermal pressure, p,,/kp = Z, T, (M, pc~* K), and vorticity, V x v (km s~ pc™ '), where v is the local velocity field, of
the model NSF at t = 50 Myr.
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high-temperature voids, and (3) intermediate-density (X, ~
10'-10> My pc~?) and T ~ 10* K. The regime 2 or 3
roughly coincides with the high vorticity region. This can be
interpreted as thermalization of the gas in the turbulent
region. There are strong local shear motions associated with
the filaments. Oblique shocks also cause the high vorticity.

Figure 8 shows the time evolution of gas mass for five
temperature ranges (regime 1: T, <100 K, regime 2:
100 K < T, <9000 K, regime 3: 9000 < T, < 11,000 K,
regime 4: 11,000 < KT, < 10° K, and regime 5: T, > 10°
K). The five regimes are determined in order to represent
the thermally critical temperature (7, ~ 100, ~10*, and
~10° K; see Fig. 1). Regime 3 is for the fraction of the gas
around 10* K gas, because it is the most dominant phase in
a model without stellar energy feedback (Wada & Norman
1999). The total gas mass is 6 x 108 M. The fraction of
each component does not change so much after ~30 Myr.
It shows that about 80% of the mass is in the cold phase of
regime 1. In other words, the cold and dense clumps domi-
nate the total gas mass. The second dominant phase is
regime 2 gas. In this phase, most gas forms clumps or fila-
ments, which are seen in blue or green in the temperature
map (Fig. 6). As seen in Figure 8, the mass of this warm gas
(regime 2) increases from 107 to 10® M, in the first 10 Myr.
It is notable that the gas mass in regimes 4 and 5 increases
by a factor of 100 for the first 30 Myr. In the quasi-stable
phase, the relatively hot gases of regimes 4 and 5 occupy
about 0.3% of the total mass. The volume filling factor
shown for each regimes in Figure 9 indicates that the hot
gases (regime 4 and 5) occupy a few hundred times larger
volume than the cold gas of regime 1. The volume filling
factor of the gas in regime 4 increases from 0% to ~30%
until T = 30 Myr, and the cold gas fraction in regime 1
decreases from 48% to 10% in the same period. After 30
Myr from the start of the calculation, the volume filling
factors reach a global quasi-equilibrium state.

Gas Mass (Solar mass)
o

0 20 40 60 80 100
Time (Myr)

FiG. 8.—Time evolution of gas masses for five temperature regimes;
regime 1: T, <100 K (asterisks), regime 2: 100 K < T <9000 K
(diamonds), regime 3: 9000 K < T < 11,000 K (triangles), Regime 4:
11,000 K < T < 10° K (squares), and regime 5: T > 10° K (crosses). The
dashed line represents the total gas mass (6 x 108 My pc~2), which is
dominated by the cold gas (regime 1). The shock-heated hot gases in
regimes 4 and 5 become prominent in the initial 40 Myr.
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F1G. 9.—Same as Fig. 8, but for the volume filling factors for the five
regimes. In contrast to Fig. 8, the cold gas (regime 1: T, < 100 K; stars)
occupies 8% of the volume.

Figure 10 is evolution of total “entropy”
[X.; /23~ 1 (Ryu et al. 1993) for models without stellar
energy feedback. If ), ; (p/Z] '), ; = constant, it means that
the system is globally in a thermal equilibrium state. The
total “entropy” increases very rapidly in the first 20 Myr,
and it stays roughly constant after 70 Myr. This plot shows
the gas disk is heated due to shocks, and again the global
system reaches a quasi-equilibrium after about one rotation
period.

One should note, however, that the globally stable state
does not mean that the local filamentary and porous struc-
ture whose scale is less than 1 kpc is also in a stable state.
On such small scales, the ISM is both dynamic and tran-

1000

100

Entropy
T
Lol

1 | | |
o] 50 100 150
Time (Myr)

FiG. 10.—Evolution of total “entropy,” ¥ ; (py/Z} ') ; where ¥, ;
means the sum for the grid points (i, j), for the model without stellar energy
feedback (model NSF). The data is plotted every 0.1 Myr (¢ < 100 Myr)
and 1.0 Myr (¢t > 100 Myr). This plot shows that the system is heated up in
the initial ~ 50 Myr and then stays in a quasi-equilibrium state in a global
sense.
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F16. 11.—Radial surface density distribution of the model NSF at t = 0
Myr (asterisks) and at t = 100 Myr (open squares).

sient, which is similar to the previous local models of the
turbulent ISM (Vazquez-Semadeni et al. 1995; Passot et al.
1995; Gazol-Patino & Passot 1999).

In Figure 11, we plot the radial surface density distribu-
tion of the model NSF at t = 0 Myr and at t = 100 Myr.
The initial exponential profile changes to the power-law—
like distribution, and the gas density inside R =200 pc
increases by a factor of ~ 1.2-2. This evolution implies that
there is inflow of the mass and outflow of the angular
momentum in the system, which are caused by the kine-
matic viscosity due to the random motion in the inhomoge-
neous gas disk. Since the velocity dispersion of the
turbulent-like system, o, is an order of 10 km s~ ! and the
typical scale of the vortices, [,, is [, ~ 100 pc (see Fig. 7b and
Fig. 18), the effective viscosity, Ve, iS Ve ~ 0,1, ~ 10° pc?
Myr ~ L. Therefore the viscous timescale, t,, for R ~ 100 or
1000 pc would be 7, ~ R?/v ~ 107 yr or 10° yr. Figure 11
suggests that the density distribution of the system changes

1.0

0.5 [uil

-0.5
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in a timescale of ~ 108 yr, and this is consistent with above
estimate.

We find that the multiphase, globally quasi-stable ISM is
formed from a highly gravitationally and thermally
unstable state on a local scale. The resultant structure is
naturally porous, i.e., low-density gases occupy large
volumes, and dense gases dominate the total gas mass.
Shock heating is a dominant internal heating mechanism in
this system. Differential rotation of the disk and gravita-
tional perturbations from clumps are the main energy
source for the shock heating.

4.2. Structure of a Multiphase Disk with Energy Feedback

Figure 12 shows density and temperature maps at
t =150 Myr for a model with stellar energy feedback
(model SF). One can compare these maps with Figure 1 of
Paper I, which is a result of a model without energy feed-
back. Their morphology looks similar, but note that in the
temperature map (Fig. 12), the maximum temperature
reaches 107 K, whereas it reaches 10° K in Figure 1 of
Paper 1. The hot gases (T, > 10° K) are produced by SNe
mostly inside R = 1 kpc. Relatively old SNRs can be recog-
nized as the yellow regions (T, ~ 10° K) at R 2 500 pc. In
contrast to supernova remnants in a uniform and stationary
media, the remnants in the present model are not axisym-
metric. Similarly to the model NSF discussed above, the
structure of the model SF is also characterized by a compli-
cated network of high-density filaments, many clumps, and
low-density voids. It is notable that a global spiral-like
density enhancement, which is roughly four-armed, is pro-
duced. The global spiral arms are not smoothed waves, but
they are formed from many short filaments and clumps.
This is very similar to the fine structure of the dust lanes of
spiral galaxies, which has been recently revealed by HST
(Colina & Wada 2000).

The multiphase structure of the gas is clearly shown in
Figure 13, which is a phase diagram consisting of a contour
plot of volume in a surface density versus pressure plane.
The two plots are X -p, and Z,-p.¢; of model SF at ¢ = 115
Myr, respectively, where py, is the thermal pressure and the

effective pressure, p. = py, + CZ, 07, C is a constant, and

Fee,
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F1G. 12—Density (left) and temperature (right) maps at t = 150 Myr of a model with stellar energy feedback (model SF). The color bar is log scale. The

density rangeis 10~ ! to 105 M, pc ™2, and temperature range is 10-10® K.
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FI1G. 13—Two-dimensional histograms for pressure (M, pc~* K) and surface density (M, pc~?) (phase diagrams) of model SF at ¢ = 115 Myr. The left
panel is  -p,,, and the right panel is X -p,;, where py, is the thermal pressure and the effective pressure p¢; = py, + CZ, 7. The contours represent log-scaled
number of grid points, and they are drawn every 10°-2° between 10!-> and 10*. The larger value is more deeply hatched. Three diagonal lines in the left panel
represent the gaseous temperatures T, = 105, 10%, and 10 K. The two thick lines in the right-hand panel represent p,; oc %, and pog oc 23'5.

o, is mean velocity dispersion, which is defined by o, =
[ |v]*> —<|v|>H]Y?, where <(v> means averaging the
gaseous local velocity field, v, over a 100 pc scale. Note that
the vertical range in the two panels are different. The hot,
diffuse gas (T, > 10° K and X, < 1 M, pc~?) is prominent
in the left-hand panel of Figure 13 and is not observed in a
model without SNe (see Fig. 2 in Paper I). One can see three
major isothermal components at T, ~ 10°, 10%, and 10> K
in the X -p,, diagram. The coldest component around T, ~
10 K is not prominent in this diagram because such cold gas
occupies a very small volume (Fig. 9). The three-phase ISM
model has been discussed in many theoretical studies (e.g.,
McKee & Ostriker 1977). However, one should note that
the three phases are not the only components of the multi-
phase ISM, but the ISM is rather smoothly distributed
between T, =10 and T, = 10" K (cf. Norman & Ferrara
1996). The right-hand panel of Figure 13, on the other hand,
implies that the turbulent pressure dominates the thermal
pressure especially for dense gas (X, > 10 M pc™?). Most
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Fi6. 14—Evolution of the total supernova rate (yr ') of a model with
stellar energy feedback (model SF). The many peaks are many recurrent
bursts of SNe. Two causal groups, as examples, are shown by two types of
arrows (see § 4.2).

dense gases follow the single distribution around p.¢ oc
Z,-%. Since p.; ~ GX2 L, where L is a typical scale length, if
the dense gas is formed through a mass conservation
process (Z,oc L™?), such as shock compression, one can
expect that p oc GZ}->. The upper boundary for £, > 10
Mg pc™? is pey oc Z,, which corresponds to a maximum
velocity dispersion that is roughly constant, ~50 km s~ 1,
independent of Z,.

We find that the total supernova rate in the central 1 kpc
region of model SF is time dependent, and it varies by a
factor of 10 (0.001-0.01 yr~ ') during 6 x 107 yr (Fig. 14).
This supernova rate per unit area is about 10-100 times
larger than the average value in our Galaxy, and it is 1/30—
1/3 of the value in starburst galaxies, such as MS&2
(Bregman, Temi, & Rank 2000). The behavior seems to be
chaotic, but actually these peaks consist of many causal
groups of recurrent bursts, in which each time interval is
about 10 Myr. For example, we show two causal groups by
two types of the arrows in Figure 14. The reason for the
recurrent bursts is simple. A burst of supernovae generate
many strong shocks that propagate toward the ambient gas,
and they compress clouds or filaments, where the star for-
mation criterion (§ 2.3) was not satisfied before the bursts.
As a result, new massive stars are born in the clouds or
filaments. These second-generation stars eventually explode
somewhere as supernovae after about 10 Myr, then again
new star formation is triggered. Therefore recurrent bursts
naturally appear, once the initial burst happens. This result
implies that a burst of star formation could originate in a
triggering event ~ 108 yr ago.

5. STATISTICAL PROPERTIES OF THE MULTIPHASE ISM

As we described in the previous section, the morphology
and dynamics of the multiphase ISM are extremely
complex. However, we find that the medium has simple
statistical properties, even if stellar energy feedback is
included. Here we focus on the probability density function,
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which represents the density structure of the medium, and
on the energy spectra, which elucidates the kinematical
nature of the turbulent medium.

5.1. Probability Density Function

Probability density functions (pdf’s) have been discussed
in relation to the structure of the turbulent interstellar
medium (ISM) and the stellar initial mass function
(Vazquez-Semadeni 1994; Padoan, Nordlund, & Jones
1997; Scalo et al. 1998; Nordlund & Padoan 1998; Passot
& Vazquez-Semadeni 1998). Vazquez-Semadeni (1994)
reported lognormal pdf’s in his two-dimensional isothermal
turbulent simulations. Scalo et al. (1998) showed power-law
pdf’s in their numerical simulations of two-dimensional self-
gravitating supersonic magnetohydrodynamic turbulence.
Based on their two-dimensional simulations of Burgers’
turbulence, they suggested that a power-law shape of the
pdf is the signature of the nonlinear advection operator.
They also pointed out that the pdf is lognormal only for
effective polytropic indices of y ~ 1 (i.e., isothermal), from
results of their one-dimensional simulations of forced super-
sonic polytropic turbulence. Nordlund & Padoan (1998)
indicated a formal proof for the lognormal pdf in isothermal
supersonic turbulence and also showed numerically that the
lognormal pdf appears in three-dimensional isothermal
supersonic turbulence. They claimed that the pdfs are
skewed if the adiabatic index y < 1, but the difference was
less than a factor of 2 from a lognormal pdf. However, the
density range discussed in these studies is less than 4 orders
of magnitude. Moreover, the density range that can be fitted
by a power-law pdf (Scalo et al. 1998) is only over 1 or 2
orders of magnitude. Gravitational instability, which is
crucial to produce the high densities, is not followed with
sufficient detail, because self-gravity of the gas was ignored
in these prior simulations. In addition, previous numerical
simulations on turbulence assumed uniform turbulence
with periodic boundaries. Clearly, the real ISM in galaxies
is not a uniform, turbulent medium. In this section, we
report on pdf’s in the global model of a stable multiphase
ISM models, shown in § 4.

One of the remarkable results we have found on the
structure of the multiphase ISM in a quasi-steady state is
the following: The pdf has a lognormal profile over 4 orders
of magnitude ranging over 7 orders of magnitude in density.
Here the density pdf is defined as the number of grid points
whose density is in a given density range. It is clear in
Figure 15 that the pdf of the model without star formation
is perfectly fitted by a single lognormal function, its average
density is 10> Mg pc~2, and the dispersion is 10'* M
pc 2 forZ, = 10°>-10° M pc™2.

Figure 16 shows the pdf’s for the central (400 pc)? region
for the models with and without star formation. The star
formation and supernovae are most active in this region of
the star formation models where the maximum supernova
rate is about 0.01 yr~'. In spite of many supernova explo-
sions, the entire shape of the pdf is similar to that in models
without star formation. In fact, as noted above, the filamen-
tary and clumpy multiphase structure is similar in both the
non-star-forming and star-forming models (see Fig. 12 and
Fig. 1in Paper I). The pdf for the model with star formation
also shows the lognormal profile, but its dispersion is larger
than that in the non—star-forming model. This result is con-
sistent with Passot & Vazquez-Semadeni (1998), in which
the authors claimed that the lognormal pdf depends on rms
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F1G. 15.—One-point probability density function (pdf) of model NSF at
t = 166 Myr. The solid and dotted curves represent lognormal and normal
functions. The pdf for the dense part is perfectly fitted by a single lognor-
mal function; its average density is 10>> M, pc~? and the dispersion is
101.41 MO p072.

Mach number. The pdf shows a power-law tail ( oc ZJ-®) for
the high-density region (X, > 10° M, pc™?) rather than the
lognormal distribution. However, while intriguing, this is
not yet a statistically definite conclusion, because only
several tens of cells contribute to the “ power-law ” tail.

The lognormal part of the pdf implies hierarchical struc-
ture caused by nonlinear evolution of the dense region or, in
other words, a succession of many probabilistic steps (see
Vazquez-Semadeni 1994). In our case, the high-density

0 2 4 6
Log(density)

F1G. 16.—The pdf’s for the central (400 pc)? region for the models with
star formation (SF) and without star formation (NSF). Both pdf’s in the
dense part are well fitted by the lognormal functions (thick and thin solid
curves).



No. 1, 2001

clumps are formed in a gravitational instability in lower
density filaments, or collision between the filaments or
shocks. The pdf for low-density cavities is rather a normal
distribution than a lognormal distribution. The flat pdf’s are
not observed in previous simulations of turbulent media.
However, the flat pdf in the low-density region (£, < 100
M pc™?) may indicate that the formation mechanism has
a different physical origin from the lognormal part (see also
§6).

It is significant that the timescale to set up the lognormal
and normal distributions is very short, of order 12 Myr,
which is local dynamical timescale. Figure 17 is the initial
10 Myr evolution of the pdf in model NSF. As we see, the
normal part low-density part evolves very rapidly, and
simultaneously the lognormal part (£, > 10° My pc™?)
appears.

The origin of the lognormal distribution calculated here
is different from previous work. There is no need for an
isothermal equation of state which we regard as a very
special case that can generate a lognormal pdf in the
absence of self-gravity.

5.2. Energy Spectrum

The energy spectrum is useful to represent kinematical
properties of the turbulent medium. Numerical experiments
of compressible, hydrodynamic turbulence show power-law
behavior of the energy spectrum (Dahlburg et al. 1990;
Vazquez-Semadeni et al. 1996), where the spectral index is
close to — 3, which corresponds to a direct cascade of ens-
trophy (mean squared vorticity) (Kraichnan 1967). In con-
trast to these numerical experiments, our global model of
the ISM presents examples of highly compressible turbu-
lence in more realistic situations. We divide the turbulent
velocity field v, = v — {v,), where {v,) is the mean circu-
lar rotational velocity, into two components, i.e., v, =
Voomp 1 Vst Where v, is the compressible or rotation free
velocity field and v, is the incompressible or solenoidal
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Fi1G. 17.—Evolution of the density pdf of model NSF. The thick lines
are the pdf at t = 0 and ¢ = 12, and the pdf’s from ¢t = 3 to t = 11 Myr are
plotted at intervals of 1 Myr. The lognormal and normal pdf’s are achieved
simultaneously in the local dynamical timescale, ~ 10 Myr.
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one. The two components are defined as V * v, = V * 0,1,
and V x v =V, % v,,. We plot the spectra of the com-
pressible and incompressible velocity fields of model NSF
and SF in Figures 18a and 18b. Their power-law behavior
indicates that the velocity field of our model is turbulent-
like. In both models, the amplitude of incompressible
(solenoidal) and compressible components are comparable,
except for small wavenumber (k < 10). The spectral index is,
however, different between the models: E(k) oc k~3 between
k = 20 and 200 for model NSF and k~ 2 between k = 20 and
100 for model SF. The spectral index of model NSF is
consistent with that of Vazquez-Semadeni et al. (1995) in a
non-star-forming epoch. This result is consistent with
Kraichnan’s prediction, of an inverse cascade of energy with
respect to enstrophy, and the typical scale of the forcing is
~200 pc in our case. On the other hand, the —2 index of
the star-forming model means that shocks dominate the
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F1G. 18.—Energy spectra, E(k), of the local velocity field as a function of
wavenumber, k, of models (a) NSF and (b) SF. Thick solid line and dotted
line are energy spectra for compressible (rotation free) and incompressible
(solenoidal) velocity fields. Thin solid lines represent power-law slopes of
(a) E(k) oc k™3 and (b) E(k) oc k™ 2.
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system over a scale of I ~ 20-100 pc, which is the typical
scale of shocks due to supernovae. This result is consistent
with the local simulations of a turbulent medium by Passot,
Pouquet, & Woodward (1988). In conclusion, the global
ISM shows turbulent-like behavior, and smaller scale vor-
tices have more power if stellar energy feedback dominates
the system. The energy sources of the turbulence in this
system originate in the shear driven by galactic rotation, the
self-gravitational energy of the gas, and the stellar energy
feedback in model SF. We do not have to introduce non-
realistic external forcing fields to maintain the turbulence,
as is often the case in numerical simulations of turbulence.

6. DISCUSSION

We have shown that a globally stable multiphase ISM
with feedback from stellar winds and supernovae is formed
as a natural consequence of the nonlinear evolution of a
self-gravitating gas disk.

In spite of such complexity, it is remarkable that the
density probability function for dense regions can be fitted
by a simple lognormal pdf over 5 orders of magnitude, and
the void regions can be fitted by the normal pdf. Star forma-
tion activity does not change the lognormal pdf, but its
dispersion becomes larger. It is obvious that these results on
pdf's may have important implications for a number of
associated issues in galaxy research including the mass spec-
trum of molecular clouds in galaxies, the initial mass func-
tion, and the turbulent source functions in the central
regions of spiral galaxies. The mass spectrum of molecular
clouds and its origin have been discussed extensively (e.g.,
Larson 1981). The spectrum includes some information
about the spatial structure of the dense interstellar gas.
However, the spectrum of clouds would change its shape
depending on the definition and identification of clouds.
Moreover the spectrum is usually noisy, so it is not easy to
discuss its physical background (see Fig. 8 in Wada,
Spaans, & Kim 2000). On the other hand, our results show
that a probability density function for the dense gas com-
ponent can be represented over a wide range by a simple
and robust function and imply that there is an underlying
physical or statistical reason for this distribution.

Vazquez-Semadeni, Gazol, & Scalo (2000, hereafter VGS)
have investigated numerically the role of thermal instability
in the context of a globally turbulent medium. Their two-
dimensional, local simulations of the ISM include the mag-
netic field, the Coriolis force, self-gravity, and stellar energy
injection. They found that combination of the stellar forcing
and the effective pressure provided by the magnetic field
and the Coriolis force overwhelm the thermal instability as
a density-structure generator in the ISM. This result is con-
sistent with ours, namely, the structure of the ISM is deter-
mined not only by the thermal instability but also by the
dynamics of the self-gravitating, compressible medium and
stellar energy feedback. However their pdf for the ISM-like
simulations (see Fig. 11 in VGS) looks different from our
lognormal-normal pdf. One should note that the density
ranges in our pdf and theirs are significantly different: 7
orders of magnitude in ours and 2 orders of magnitude in
theirs. This difference would be mainly caused by the differ-
ence of the numerical schemes. The spectral scheme they
used cannot handle very strong shocks, and therefore the
simulations must be stopped when the density gradients of
the physical variables become too steep (see § 2 in VGS).
The VGS simulations do not reach the highly nonlinear
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stage achieved in our simulations. In addition to this, their
local simulations with 1282 grid points do not seem to have
a statistically sufficient number of sampling points,
although their pdf’s are averaged over several time steps to
improve the statistics. Therefore it is not straightforward to
make a comparison of pdf’s between these simulations.

The two types of the pdfs, ie., lognormal and normal
(§ 5.1), would imply that the physics that dominates in the
structural formation is different between dense and less
dense parts. However, they might be unified to a single Lévy
distribution function,

1 [eo]
px) = f_ exp (—ikx) exp (—|k[)dk,  (21)

where « is a constant in a range 0 < « < 2. The Lévy dis-
tribution appears for the distributions of sums in indepen-
dent random variables. It becomes the normal distribution
function when « = 2. For small « it can be represented as
the sum of a normal and lognormal distribution (Montroll
& Bendler 1984; Montroll & Shlesinger 1983). The pdf may
be represented by the single Lévy distribution and would
then imply that the diffuse and dense regions are formed by
the same highly nonlinear process, which is statistically
identical to sums of many independent random variables.

The origin of supergiant H 1 holes in galaxies has been
controversial (see also Walter & Brinks 1999). If the
observed kiloparsec-scale holes and shells are caused by
explosional phenomena only, one needs highly energetic
events. However, our numerical simulations give an alterna-
tive explanation of the origin of the large-scale holes: the
nonlinear evolution of the multiphase gas disk. In the multi-
phase ISM, most of the gas mass is concentrated in the cold,
dense clumps and filaments, but the volume filling factor of
such dense component is much smaller than that of the hot
diffuse gas. Therefore the multiphase ISM in a quasi-steady
state is naturally porous. Our results suggest that if the
energy feedback from massive stars are not effective,
kiloparsec-scale inhomogeneities can evolve in a disk in
~10® yr. Dense filaments can change shape due to local
random velocity fields as well as the global shear and often
show kinematic features similar to those of expanding shells
(Wada, Spaans, & Kim 2000). We suspect that a significant
number of supergiant holes and shells in dwarf galaxies may
not have an explosive origin. Deul & den Hartog (1990)
interpreted the large number of regions that are devoid of
H 1 emission in M33 as holes formed by interstellar winds.
They shows that small (D < 200 pc) H 1 holes correlate well
with OB associations, but large (D > 500 pc) holes show an
anticorrelation, in the sense that the H 1 regions and OB
associations lie on the hole edge. This is consistent with our
results. The small-scale holes could be of stellar origin, but
the large-scale ones are results of nonlinear evolution of the
gas disk. We suspect that the H 1 regions and OB associ-
ations on the hole edge are not the direct results of explo-
sions in the holes, but they would be secondary products in
the inhomogeneous ISM. We believe, based on our simula-
tions, that many cavities in the ISM that create the porosity
structure are a natural consequence of nonlinear evolution
of the multiphase ISM. The supernovae explosions do form
small cavities filled with hot gases (T, > 107 K), but they
may not be the only major contributor to form a large-scale
(>100 pc) low-density region. Rather, they prevent large
cavities from forming (Wada, Spaans, & Kim 2000).
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We have shown in § 4.2 that recurrent bursts of star
formation are a natural consequence of energy feedback
from supernovae in the multiphase interstellar medium.
This suggests that if one observes starbursts in a galaxy, it
does not mean that a triggering event, such as a galaxy-
galaxy encounter, or minor merger is ongoing. One trigger-
ing event causes a burst of star formation, and their effect
could last at least 108 yr with many shorter timescale bursts.
Starburst nuclei and active galactic nuclei (AGNs) are not
always associated with interacting galaxies (Balzano 1983;
Keel & van Soest 1992), and the triggering mechanism of
such activities is a long-standing problem (e.g., Taniguchi &
Wada 1996; Taniguchi 1999). The recurrent bursts in our
model could be a solution of this problem. Suppose a galaxy
interacts with another galaxy or experiences a minor merger
with one of its companions. Such phenomena can coher-
ently trigger the initial starburst in the galaxy, and can then
initiate recurrent bursts which could last several 10® yr, as
long as the gas remains. During this prolonged burst period,
the galaxy that initially triggers the bursts would be distant
from the host galaxy or the trace of the minor merger would
disappear. As a result, one could observe an isolated galaxy
with starbursts or AGNs. The recurrent burst model is espe-
cially suitable for nuclear regions (R < 100 pc). The typical
size of supernova remnants is not much smaller than the
size of the region, and also the timescale of the supernovae
(~10° yr) is comparable to the rotational period of the
region. Thus supernovae explosions can affect the whole
nuclear region and form new stars almost simultaneously.
In other words, the bursts in the nuclear region should
occur periodically with small phase differences. Conse-
quently, each recurrent burst in the nuclear regions should
be sharp, and if one observes a galaxy with recurrent
nuclear bursts in the active phase, the galaxy would be
recognized as a “starburst” galaxy. On the contrary, many
starburst regions in a galactic disk (>1 kpc) have different
phases of the recurrent bursts; as a result the total star
formation rate in the disk varies more chaotically.

In the present paper, we have not solved the vertical
structure of the ISM. We believe that cold, dense gases will
form filamentary structures also in three-dimensional space
(cf. theoretical models: Nordlund & Padoan 1998; Korpi et
al. 1999; and observations: Howk & Savage 2000). It is
expected that the hot component behaves differently in
three dimensions. The hot gas, which is above 10° K,
cannot be confined to the disk plane (Rosen & Bregman
1995; Avillez 2000), and it would probably blow out from
the disk plane. The scale height of the hot gas should be
larger than the cold gas, therefore the radiative cooling
would be less effective in the hot gas, in three dimensions.
This may affect the interaction between the cold and hot
components, and the feedback process on the ISM.
However, since the gas mass of the hot components is only
0.3% of the total gas mass (see Fig. 8), the global dynamics
would not be affected if we consider the blowout of the hot
gas from the disk plane. In a subsequent paper, we will
extend our method to three-dimensional modeling and
investigate these problems.

7. CONCLUSIONS

We have developed a high-resolution two-dimensional
hydrodynamic model which represents the multiphase
interstellar medium and includes supernovae and stellar
winds. The two-dimensional evolution of blast waves
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caused by supernovae in an inhomogeneous and nonsta-
tionary medium with global rotation is followed explicitly.
The code is tested for various one-dimensional and two-
dimensional problems. It is confirmed that the code is as
good as the high-accuracy schemes, such as the PPM, but it
is much simpler. A globally stable multiphase ISM, in which
filamentary and clumpy structure and low-density cavities
are a characteristic feature, is formed with a hot component
of 10°-108 K gas that is a direct consequence of the energy
input from the feedback. The porous density structure and
turbulent-like velocity structure are natural consequences
of gravitational and thermal instabilities in the self-
gravitating, rotationally supported gas disk. The phase
diagram shows that turbulent pressure dominates the
thermal pressure especially for higher density gas (X, > 10
Mg pc?).

We find that the total supernova rate in model star for-
mation (model SF) fluctuates rapidly, by a factor of 10
(0.001-0.01 yr~!) during 6 x 107 yr. The variation of the
supernova rate looks chaotic but results from the triggering
of star formation due to supernovae explosions in inhomo-
geneous, clumpy media. One triggering event, such as a
galaxy-galaxy encounter, can cause a burst of star forma-
tion, and it could last at least 108 yr with rapid fluctuations
of the supernova rate.

We also find that, in spite of its complexity in structure,
the multiphase ISM exhibits a one-point probability
density function (pdf) that is a perfect lognormal distribu-
tion for a wide range of the density, 10>-10° M, pc™ 2. As
suggested by the phase diagram, this density range is a
region where self-gravity of gas dominates the dynamics.
The lognormal pdf is very robust for frequent SNe. We also
find that the low-density regions, or cavities, have a different
pdf described by a normal distribution, which may suggest
different physics or statistical processes taking part in the
formation of low-density regions. Alternatively, they might
be understood by a single, but more general distribution
function, such as Lévy distribution, which is the general
distribution resulting from sums of independent variables.
The energy spectrum of the velocity field of the star-forming
model suggests that the medium is turbulent-like on a
global scale, and shocks produced by frequent supernovae
dominate the turbulent velocity field.

Large-scale effects of supernovae on the ISM have been
discussed for many decades. Cox & Smith (1974), for
example, suggested that the gaseous disk of our Galaxy is
sufficient to generate and maintain a mesh of intercon-
nected tunnels containing very low-density gas throughout
the ISM. Although our global model of the ISM is a two-
dimensional approximation, our results suggest that the
interconnected tunnels of hot gas are not a direct conse-
quence of the supernovae explosions, but rather they arise
naturally from the nonlinear evolution of the self-
gravitating, radiative interstellar gas. Supernovae are neces-
sary for producing 10°-107 K gas, but the structure of the
multiphase ISM is naturally porous without SNe or stellar
winds. H 1 cavities observed in many nearby spiral and
dwarf galaxies should not always be direct evidence of the
explosional phenomena. In the three-phase model of the
ISM by McKee & Ostriker (1977), all phases of the medium
are assumed to be kept in rough pressure equilibrium. Their
approach succeeded significantly in constructing the steady
state model of the ISM on a local scale. On the other hand,
our global model suggests that the ISM is far from pressure
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equilibrium and it is quite dynamic. This is a very important
feature of the ISM particularly when one would like to
investigate gas and star formation phenomena on a global
scale, such as for galaxy formation, galaxy-galaxy inter-
actions or mergers, galactic fountains, fueling for the
nuclear starburst regions, and galactic shocks.
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