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1
Introduction

PICTURES of galaxies show a variety of
shapes. The most well-known attempt to

classify galaxies is the Hubble scheme. It con-
sists of four major categories: elliptical galax-
ies, S0s or lenticulars, spiral galaxies with or
without a bar and irregulars, the collective
name for all those galaxies that do not be-
long to one of the other classes. Once this
classification was made astronomers tried to
explain the Hubble sequence as an evolu-
tionary sequence. In the early sixties it was
realized that the current star formation rate
(SFR) per mass increases with Hubble time
(Roberts 1963). Subsequent studies of star
formation histories of galaxies revealed that
at the present epoch early-type galaxies form
stars at a much lower rate than in the past,
while late-type galaxies form stars at rates
comparable to or even larger than the aver-
age past rates (Kennicutt, Tamblyn & Cong-
don 1994). The evolutionary picture which
follows from these observations is that the
Hubble sequence represents a smooth distri-
bution of the conversion rate of gas to stars
(Sandage 1986): early-type galaxies experi-
ence a high initial SFR which declines rapidly
with time, while late-type galaxies have low
initial SFRs which decline slowly with time.

Sandage’s evolutionary picture states a
simplified view of the true evolution of SFRs
in galaxies. The physics that governs the
global star formation in galaxies and which
causes large deviations from the Sandage pic-
ture is still unclear. To quote Kennicutt (1994):
“The diversity in SFRs along the Hubble se-
quence must reflect more fundamental relation-

ships between the SFR and the physical proper-
ties of galaxies. What are the parameters which
influence the SFR? Interstellar gas content is an
obvious candidate, but other possibilities include
the dynamics and stability of the gas, spiral arm
strength, bars, interactions, and environment.”

1.1 Aim and outline of this thesis

The aim of this thesis is to study the evol-
ution of the interstellar medium (ISM) and
star formation in galaxies by means of nu-
merical simulations. By star formation we do
not mean the formation of single stars, but
rather the formation of stellar clusters. The
complexity of the subject is illustrated by a
conference summary of Lynden-Bell (1977),
in which he argued for the need of a good the-
ory of star formation in order to understand
galaxy evolution and formation. His estimate
of the physical parameters that determine the
SFR, includes gas density, gas sound speed,
shock frequency, shock strength, gas rotation
and shearing rate, magnetic field strength,
gas metal abundance and background star
density. This long list led Lynden-Bell to
imagine the following reaction of a galaxy
builder confronted to the true functional form
of the SFR: “Oh, go and jump in the lake,
that’s far too complicated”.

With the development of fast com-
puters and simulation techniques, notably
Smoothed Particle Hydrodynamics (SPH,
Lucy 1977), it is nowadays possible to model
self-consistently the evolution of gas in
numerical simulations of galaxies (Hernquist
1989), hence it is possible to include star

11



12 Chapter 1 Introduction

formation in such simulations. Reminiscent
of Lynden-Bell’s remark however, galaxy
builders have included star formation in nu-
merical simulations only very schematically,
much like a recipe. A popular algorithm is
to link star formation to the gas density �,
as originally proposed by Schmidt (1959):
SFR/ �2.

In this thesis we try to take the recipe for
star formation in simulations containing gas
and stars one step further to a physical recipe
and to abandon the Schmidt law, since it is an
empirical relation which describes star form-
ation in disk galaxies. Instead we desire a star
formation algorithm which is not based on
galaxy parameters, but which directly relates
to the physical conditions of the gas, albeit
not as complicated as divined by Lynden-
Bell. Such a general star formation recipe, if
yielding a Schmidt law for disk galaxies, can
then be applied to other kind of galaxies, and
may learn us how star formation responds to
different environments.

In chapter 2 we develop a general al-
gorithm for star formation in the TREESPH
code (Hernquist & Katz 1989), which is based
on the fundamental concept of Jeans mass,
MJ: a gas cloud collapses if the contract-
ing gravitational force outweighs the internal
pressure. As MJ /

p
T3=� it follows that it

is important to model both temperature and
density correctly. Therefore we include the
dominant radiative heating and cooling pro-
cesses of the ISM, which leads to the exist-
ence of a two-phase ISM with stable phases
around 10,000 K and 100 K (Field, Gold-
schmid & Habing 1969). This allows us to
consider only gas in the cold phase as fuel
for star formation, in accordance with the ob-
servation that stars form in cold giant mo-
lecular clouds (Shu, Adams & Linzano 1987).
As newly formed star particles contribute to
the radiative heating of the ISM, star form-
ation directly influences the thermal phases
of the ISM. This self-regulating star forma-
tion process is tested in a galaxy model for the
nearby late-type spiral galaxy NGC6503 and
it is found to reproduce faithfully the empir-

ical Schmidt law.
Young, massive stars not only heat the ISM

via radiation, but also stir up the ambient gas
by means of stellar winds and supernovae. In
chapter 3 we explore methods of how to in-
corporate this mechanical energy in the calcu-
lations. It turns out to be a difficult problem
and the solution we propose halts between
two opinions. At the one hand we are well
aware that gas properties in SPH are estim-
ated over ensembles of particles, on the other
hand we attribute all mechanical energy to
one gas particle. Rather than a full theor-
etically supported approach this constitutes
an empirically optimum method, within the
limitations of the employed numerical code.
When we apply the various implementations
of mechanical energy feedback to the model
galaxy we find no differences in global SFRs.

The adopted recipe for star formation is
applied to two extreme cases: high-density
galaxies and low-density galaxies. We as-
sume here the same physical mechanism of
star formation is valid for all galaxies. This
needs not be true in the real universe, but the
hope is that all observed star formation prop-
erties can be explained with a single mechan-
ism.

Chapter 4 is dedicated to a study of the ISM
and star formation in Low Surface Bright-
ness (LSB) galaxies. Members of this class
of objects may be as luminous (massive) as
normal, high surface brightness galaxies, but
they are much larger spatially, and are thus
considered as low-density galaxies (De Blok
& McGaugh 1996). It turns out that the
star forming properties of LSB galaxies can
be explained with a metal-poor ISM. In a
low-metallicity ISM cooling is less efficient
than in a solar-metallicity environment. Con-
sequently a small amount of stellar heating
(and thus a low SFR) is capable of sustaining
a quasi one-phase, warm, ISM.

Chapter 5 is devoted to the ISM and star
formation in merging disk galaxies. Dur-
ing the interaction of the two galaxies, gas is
transported into the nuclei of the individual
galaxies. The high central gas densities may
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then trigger a nuclear starburst. Previous
simulations showed that a short, strong star-
burst can occur if the progenitor galaxies are
stabilized against bar formation by a compact
bulge (Mihos & Hernquist 1994a). We show
that also other galaxy parameters may cause
such short, strong bursts of star formation,
notably the initial gas distribution and the
prominence of the dark halo. Furthermore,
we find that the star formation may also
strongly vary between simulations with and
without mechanical energy feedback. This
complicates a simple interpretation of these
merger simulations.

The star formation rate during the interac-
tion depends on gas density like a Schmidt
law, but with a much lower power index.
The end products of the mergers clearly re-
semble elliptical galaxies. Central gas rings
are dense enough to sustain star formation
so that stellar disks develop, reminiscent of
observed kinematically decoupled cores in
elliptical galaxies (Franx, Illingworth & De
Zeeuw 1991). The surface density profiles
of our remnants closely follow the expected
r1=4 profile, except for the nucleus which is
actually overdense, a result similar to that
found by Mihos & Hernquist (1994b). Insuffi-
cient numerical resolution however prohibits
a clear interpretation of this overdensity.

1.2 Conclusion

After all the calculations it appears that a
single mechanism for star formation can ex-
plain to first order the observed star forming
properties for the zoo of galaxies that we sim-
ulated.

The relation between ISM and star forma-
tion can be summarized in the following way.
A new star cluster heats its ambient ISM so
that it will cease to form stars. With the aging
of the cluster the energy output decreases as
massive stars die, the ISM cools and this res-
ults in the birth of a new star cluster. The time
the ISM spends in its warm phase depends
on density and metallicity of the gas: dense,
metal-rich gas cools rapidly, diffuse, metal-
poor gas cools slowly. The timescales in-

volved in this thermal process are longer than
other timescales connected with star forma-
tion (e.g. the collapse time for a gas cloud),
hence it is the stellar radiation in interplay
with the cooling properties of the ISM which
controls star formation. SFRs of both normal
and interacting galaxies can be understood
by these processes.

1.3 Future work

Out of Lynden-Bell’s pool of physical para-
meters that influence star formation we have
included only a few in our numerical sim-
ulations. This simplifies both the calcula-
tions and the interpretation of the simula-
tions. However it does not necessarily mean
that we have captured the most important
processes governing star formation. In the
near future it will certainly not be possible to
include all physics related to star formation.
However, some adjustments can already be
incorporated right now.

In chapter 4 we demonstrated that the
properties of LSB galaxies can be explained
if the ISM is devoid of heavy elements. Star
formation however does enrich the ambient
gas with metals via stellar ejecta. This pro-
cess of chemical enrichment must be incor-
porated in the simulations if we want to fol-
low the long term evolution of LSB galaxies,
since it affects the cooling properties of the
ISM and hence the SFR. This effect must also
be important in mergers of LSB galaxies (and
possibly also in the mergers of chapter 5),
such that a burst of star formation can be re-
tarded until the metallicity exceeds a critical
value. Together with the inclusion of mech-
anical energy feedback from star formation as
described in chapter 3 also metallicity of in-
dividual gas particles can be modified. What
remains to be constructed is a library of cool-
ing functions for various metallicities, so that
cooling properties become variable in space
and time.

When metallicity can be included ad-
equately in the code, then it becomes pos-
sible to perform detailed simulations of prim-
ordial galaxies. In recent cosmological simu-
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lations (Frenk et al. 1996; Katz, Weinberg &
Hernquist 1996) the resolution does not yet
allow an equally detailed treatment of the
ISM as presented in this thesis. Therefore star
formation recipes in such simulations remain
too crude to shed more light on the evolution
of star formation and the ISM in primordial
galaxies than is currently known, at least in
my view. I believe the way to go in the near
future is to study the formation of individual
galaxies by performing detailed simulations
as presented in this thesis, but starting with
a primordial gas distribution with the inclu-
sion of an extragalactic, redshift dependent,
background radiation field. Such simulations
can be regarded as the 3D dynamical counter-
parts of the Spaans & Carollo (1997) simula-
tions of the evolution of the ISM in galaxies
from high redshifts to the current epoch.

A real challenge for the next generation
of models will be inclusion of the attenu-
ation of the radiation field due to absorp-
tion, which depends on the column of gas
between emitting star particle and receiving
gas particle. This means an extension of the
force calculation, since not only the distance
between two particles must be calculated,
but also the amount of gas between them.
The force calculation already consumes most
of the CPU time, thus fast algorithms are
needed to tackle this problem.

As computing power increases continu-
ously with time, future simulations will cer-
tainly allow higher spatial resolution than
present simulations. However, to reach ten
times higher spatial resolution we need a
growth of computing power with roughly
104, since it means ten times more particles
in the three spatial directions plus an addi-
tional 10-fold decrease of the time step in or-
der to adequately follow all the small scale
structures. With such high resolution simula-
tions it will be possible to create a true multi-
phase ISM rather than mimicking one as the
presented simulations do. This may however
mean that several of Lynden-Bell’s paramet-
ers must also be incorporated, since higher
resolution also inevitably implies more phys-

ics.
These efforts will be rewarding, since high-

resolution (to mention only the most exciting
application) opens the possibility to include
detailed physics of galactic nuclear regions in
simulations of galaxy evolution.
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