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ABSTRACT
We present a generalization of the multiphase chemical evolution model (CEM) applied to a
wide set of theoretical galaxies with different masses and evolutionary rates. This generalized
set of models has been computed using the so-called universal rotation curve from Persic,
Salucci & Steel to calculate the radial mass distribution of 44 theoretical protogalaxies. This
distribution is a fundamental input which, besides its own effect on the galaxy evolution,
defines the characteristic collapse time-scale or gas infall rate on to the disc. We have adopted
10 sets of values, between 0 and 1, for the molecular cloud and star formation efficiencies,
as corresponding to their probability nature, for each one of the radial distributions of total
mass. Thus, we have constructed a biparametric grid of models, depending on those efficiency
sets and on the rotation velocity, whose results are valid in principle for any spiral or irregular
galaxy. The model results provide the time-evolution of different regions of the disc and the
halo along galactocentric distance, measured by the gas (atomic and molecular) and stellar
masses, the star formation rate (SFR) and chemical abundances of 14 elements, for a total of
440 models. This grid may be used to estimate the evolution of a given galaxy for which only
present time information, such as radial distributions of elemental abundances, gas densities
and/or star formation, which are the usual observational constraints of chemical evolution
models (CEMs), is available.

Key words: galaxies: abundances – galaxies: evolution – galaxies: spiral – galaxies: stellar
content.

1 I N T RO D U C T I O N

Chemical evolution models (CEMs) (Lynden-Bell 1975; Tinsley
1980; Clayton 1987, 1988; Sommer-Larsen & Yoshii 1989) were
early developed to try to understand the origin of the radial gradients
of abundances, observed in our Galaxy (Milky Way Galaxy; MWG).
Most numerical models in the literature, including the multiphase
model used in this work, explain the existence of this radial gradient
by the combined effects of a star formation rate (SFR) and an infall
of gas, which vary with galactocentric radius in the Galaxy.

A radial decrease of abundances has also been observed in most
spiral galaxies (Henry & Worthey 1999) although the shape of the ra-
dial distribution changes from galaxy to galaxy. Among other global
trends, it is found that for isolated non-barred spirals the steepness
of the radial gradient depends on morphological type, with later
types showing steeper gradients (Diaz 1989), with other general
galaxy properties such as surface brightness and neutral and molec-
ular gas fractions also playing a role (Vila-Costas & Edmunds 1992;
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Zaritsky, Kennicutt & Huchra 1994). The radial gradient tends to
be wiped out however for strongly barred galaxies, which show flat
abundance distributions (Friedli, Benz & Kennicutt 1994; Martin &
Roy 1994; Roy 1996). Irregulars galaxies also show uniform abun-
dances throughout (Roy et al. 1996; Walsh & Roy 1997; Kobulnicky
1998; Mollá & Roy 1999a).

The abundance gradient pattern seems to show an on–off mode
(Edmunds & Roy 1993), being very steep for the latest spiral types
and very flat for irregulars. All these considerations become clear
when the gradient is measured in dex kpc−1 but there are indications
that suggest a gradient independent of galaxy type when it is mea-
sured in dex per scalelength (Diaz 1989; Garnett 1998). In order to
analyse the behaviour of the radial distribution of abundances and
the value of the radial gradient from a theoretical point of view a
large number of models is necessary. Historically, CEMs aiming to
reproduce radial abundance gradients have been, however, applied
only to the MWG.

Actually, there is a lack of tools to determine the chemical evolu-
tionary state of a particular galaxy, besides our works applying the
multiphase models to spiral galaxies. The recent works by Boissier
& Prantzos (2000) and Prantzos & Boissier (2000) are valid for
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galaxies other than the MWG. Their calculations use the angular
momentum and rotation curves as model inputs keeping the star
formation efficiency constant for all galaxies (Boissier et al. 2001).
This technique may not be flexible enough to validate the mod-
els against observational data. In fact, a comparison to see if these
models reproduce the observed abundance radial distributions of
particular galaxies has not been performed. It is always possible to
extract some information by using evolutionary synthesis models
in comparison with spectrophotometric observations. This method,
very useful for the study of elliptical galaxies, does not result equally
successful in the case of spiral galaxies as a result of the difficulty of
measuring the spectral indices, except for the bulges (Goudfrooij,
Gorgas & Jablonka 1999; Proctor & Sansom 2002), from which
ages and metallicities are obtained. Furthermore, even when these
measurements are performed with confidence (Beauchamp & Hardy
1997; Mollá, Hardy & Beauchamp 1999), in order to apply this tech-
nique to spiral galaxies, a combination of chemical evolution and
evolutionary synthesis models is required to solve the uniqueness
problem associated to the first ones and the age-metallicity degen-
eracy associated to the second ones (Mollá & Hardy 2002).

At present, the available options are either to use the classical
closed box model or a Galactic chemical evolution (GCE) model.
However, the closed box scenario is recognized to be inadequate to
describe the evolution of most galaxies and in fact its application
in many cases can yield misleading results (Valle et al. 2002). In
particular, the fact of assuming that a system has a constant total
mass with a monotonically decreasing star formation according to
a Schmidt law, prevents the reproduction of the observational char-
acteristics of most galaxies. On the other hand, the evolution of a
galaxy with present time properties different from the Milky Way
will not necessarily be equal to that predicted by a GCE model.
Realistic CEMs adequate to describe different types of spiral and
irregular galaxies are therefore clearly needed.

The multiphase model, whose characteristics have been described
in Ferrini et al. (1992), has been applied and checked against ob-
servational constraints not only for the MWG (Ferrini et al. 1994;
Mollá & Ferrini 1995), as it is commonly done, but also for a sam-
ple of spiral galaxies (discs and bulges) of different morphologi-
cal types and total masses (Mollá, Ferrini & Dı́az 1996; Mollá &
Roy 1999a; Mollá et al. 1999; Mollá, Ferrini & Gozzi 2000). The
observed radial distributions of gas, oxygen abundances and SFR
have been reproduced rather successfully, and the observed cor-
relations between abundance gradients and galaxy characteristics
are also reproduced (Mollá et al. 1996; Mollá & Roy 1999b). This
galaxy sample, which includes the best studied objects, is however
small (only 11) and encompasses a restricted range of morpholo-
gies and masses. The application of the model can however be ex-
tended to a larger sample if an adequate parameter space is defined
thus providing the required chemical evolution of different types of
galaxies.

The model uses as input parameters the collapse time-scale to
form the disc, which depends on the total mass of the galaxy, and
the efficiencies to form molecular clouds and stars, which we as-
sume different from galaxy to galaxy. The radial distributions of to-
tal mass constitute the fundamental input of the multiphase model.
They are easily computed when the rotation curves are available
(Mollá & Márquez 2005; Mollá & Márquez, in preparation). If this is
not the case, some assumptions are necessary. In this work, we have
used the universal rotation curve from Persic, Salucci & Steel (1996,
hereafter PSS96) to calculate a large number of mass radial distri-
butions representing theoretical protogalaxies or initial structures,
which will evolve to form the observed spiral discs or irregulars. The

total mass of each simulated galaxy, besides having its own effect on
the galaxy evolution, defines the characteristic collapse time-scale
or gas infall rate on to the disc. Regarding molecular cloud and star
formation efficiencies, which will take values between 0 and 1, we
have chosen 10 different sets of values for each radial distribution of
total mass. We have computed how the chemical evolution proceeds
for galaxies defined by the different parameter combinations. The
final biparametric grid consists of 440 models simulating galaxies
of 44 different total masses.

This work represents an extension of our previous work that can
help to understand the general trends observed in spiral and irreg-
ular galaxies concerning neutral and molecular gas distributions,
abundance radial distributions etc. But, most importantly, by using
these models we can predict the time-evolution of a galaxy when
only present time data are known.

In Section 2, we summarize the general characteristics of the
multiphase chemical evolution model (CEM) and the strategy of
its application to the objects of the grid. The results are presented
in Section 3, including the time-evolution of galaxies and some
radial distributions for the present time. In Section 4, we give the
calibration of the grid models with the MWG and a restricted sample
of well-studied spiral galaxies and we discuss the model results in
a global way. Finally, the conclusions of this work are presented in
Section 5.

The results obtained in this work will be available in elec-
tronic form at Centre de données astronomiques de Stras-
bourg (CDS) via an anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5), via http://cdsweb.u-strasbg.fr/Abstract.html, or at
http://wwwae.ciemat.es/∼mercedes.

2 T H E M U LT I P H A S E M O D E L

The model used in this work is a generalization of that developed
for the solar neighbourhood in Ferrini et al. (1992), and later applied
to the whole MWG (Ferrini et al. 1994) and other spiral galaxies
(Mollá et al. 1996, 1999). The enriched material proceeds from the
restitution by dying stars, considering their nucleosynthesis, their
initial mass function (IMF; and hence the delayed restitution) and
their final fate, via a quiet evolution, or Types I and II supernova
explosions. Most recent works support the idea that the IMF is
practically universal in space and constant in time (Wyse 1997;
Scalo 1998; Meyer et al. 2000), showing only local differences. We
have adopted the IMF from Ferrini, Palla & Penco (1990), very
similar to a Scalo’s law (Scalo 1986) and in good agreement with
the most recent data from Kroupa (2001), as can be seen in Fig. 1.

The original model has been modified in order to use metal-
licity dependent yields. Nucleosynthesis yields for massive stars
have been taken from Woosley & Weaver (1995). For low-mass
and intermediate stars, we have used the set of yields from
Gavilán, Buell & Mollá (2004). For Type I supernova explosion
releases, the model W7 from Nomoto, Thielemann & Yokoi (1984),
as revised by Iwamoto et al. (1999), has been taken.

2.1 The rotation curves and mass radial distributions

In this model, each galaxy is described as a two-zone system with
a halo and a disc. It is assumed that the halo has a total mass that
is initially in gas phase. The total mass, M, and its radial distribu-
tion, M(R), are calculated from the corresponding rotation curve
derived from the universal rotation curve of PSS96. These authors
use a homogeneous sample of approximately 1100 optical and ra-
dio rotation curves to estimate their profile and amplitude, which
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Figure 1. The IMF from Ferrini et al. (1990), solid line, compared to a
Salpeter law, dotted line, and that corresponding to Kroupa (2001), short-
dashed line. Solid symbols correspond to Scalo (1986).

are analysed statistically. From this study, they obtain an expres-
sion for the rotation velocity, V(R), as a function of the rotation
velocity at the optical radius (the radius encompassing 83 per cent
of the total integrated light), V opt, the galaxy radius normalized to
the optical one, x = R/Ropt, and a parameter λ = L/L ∗, which
represents the ratio of the galaxy luminosity to that of the MWG,
L ∗ = 1010.4 L�:

V (R) = Vopt F(λ)km s−1, (1)

where

F(λ) =
[

(0.72 + 0.44 log λ)
1.97x1.22

(x2 + 0.61)1.43

+ 1.6e−0.4λ
x2

x2 + 2.25λ0.4

]1/2

. (2)

These authors also found that V opt in km s−1 depends on λ as:

Vopt = 200λ0.41

[0.80 + 0.49 log λ + (0.75e−0.4λ)/(0.47 + 2.25λ0.4)]1/2
.

(3)

The same occurs with the optical radius, which depends on lumi-
nosity through the expression Ropt = 13 (L/L ∗)0.5 kpc, which we
will also use.

In Table 1, we show the characteristics obtained with these equa-
tions for 44 different values of λ. In column 1, we give the num-
ber of the radial distribution, defined by the value of λ, given in
column 2. The optical radius, Ropt, and the virial radius, Rgal =
14.8 λ−0.14 Ropt, are given in columns 3 and 4, respectively. We have
defined a characteristic radius for each galaxy, which we will use as
our reference radius, as R c = Ropt/2. This radius, in kpc, is given in
column 5. Column 6 gives the rotation velocity, in km s−1, reached
at a radius RM = Ropt/1.45 kpc (see PSS96 for details). The total
mass of the galaxy, calculated with the classical expression M gal =
2.32 105 RgalV 2

max (Lequeux 1983), in units of 109 M�, is given in
column 7 and, finally, the characteristic collapse time-scale, in Gyr,
which will be described below, is given in column 8.

Table 1. Galaxy characteristics dependent on the total mass.

N λ Ropt Rgal Rc V max Mgal τ c

(kpc) (kpc) (kpc) (km s−1) (109 M�) (Gyr)

1 0.01 1.3 36.7 0.7 30 8 60.37
2 0.02 1.8 47.1 0.9 40 18 40.12
3 0.03 2.3 54.4 1.1 48 29 31.59
4 0.04 2.6 60.4 1.3 54 40 26.66
5 0.05 2.9 65.4 1.5 59 52 23.38
6 0.06 3.2 69.9 1.6 63 65 21.00
7 0.07 3.4 73.9 1.7 67 78 19.17
8 0.08 3.7 77.5 1.8 71 91 17.72
9 0.09 3.9 80.9 1.9 75 105 16.53

10 0.10 4.1 84.0 2.1 78 119 15.54
11 0.11 4.3 86.9 2.2 81 133 14.69
12 0.12 4.5 89.7 2.3 84 147 13.96
13 0.13 4.7 92.3 2.3 87 162 13.31
14 0.14 4.9 94.8 2.4 90 176 12.74
15 0.15 5.0 97.2 2.5 92 191 12.24
16 0.16 5.2 99.5 2.6 95 207 11.78
17 0.17 5.4 101.7 2.7 97 222 11.37
18 0.18 5.5 103.8 2.8 99 237 10.99
19 0.19 5.7 105.8 2.8 101 253 10.64
20 0.20 5.8 107.8 2.9 104 269 10.33
21 0.30 7.1 124.7 3.6 122 433 8.13
22 0.40 8.2 138.3 4.1 138 608 6.86
23 0.50 9.2 149.9 4.6 151 791 6.02
24 0.60 10.1 160.1 5.0 163 981 5.41
25 0.70 10.9 169.2 5.4 173 1176 4.94
26 0.80 11.6 177.5 5.8 183 1377 4.56
27 0.90 12.3 185.2 6.2 192 1582 4.26
28 1.00 13.0 192.4 6.5 200 1791 4.00
29 1.10 13.6 199.1 6.8 208 2004 3.78
30 1.20 14.2 205.5 7.1 216 2220 3.59
31 1.30 14.8 211.5 7.4 223 2440 3.43
32 1.40 15.4 217.2 7.7 230 2663 3.28
33 1.50 15.9 222.6 8.0 236 2888 3.15
34 1.60 16.4 227.9 8.2 243 3117 3.03
35 1.70 16.9 232.9 8.5 249 3347 2.93
36 1.80 17.4 237.7 8.7 255 3581 2.83
37 1.90 17.9 242.4 9.0 260 3816 2.74
38 2.00 18.4 246.9 9.2 266 4054 2.66
39 2.50 20.6 267.6 10.3 291 5274 2.33
40 3.00 22.5 285.7 11.3 314 6539 2.09
41 3.50 24.3 302.0 12.2 335 7843 1.91
42 4.00 26.0 316.9 13.0 353 9180 1.77
43 4.50 27.6 330.6 13.8 371 10548 1.65
44 5.00 29.1 343.4 14.5 387 11944 1.55

Each galaxy is divided into concentric cylindrical regions 1 kpc
wide. From the corresponding rotation curve, we calculate the
radial distributions of total mass, M(R), with the expression M(R) =
2.32 105RV(R)2.1

From these distributions of the total mass, we easily obtain the
one corresponding to each one of the cylinders, �M(R). Both dis-
tributions M(R) and �M(R) are shown in Fig. 2. The total mass
includes the dark matter (DM) component which, in principle, does

1 This equation is valid only for spherical distributions. The corresponding
expression for cylindrical distributions differs from the spherical one only
by a geometrical factor, between 0 and 1 (Burstein & Rubin 1985; Campos-
Aguilar, Prieto & Garcı́a 1993). This difference is well inside the possible
uncertainties of the actual rotation curves compared with the universal rota-
tion curve from PSS96.
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Figure 2. Radial distributions: (a) total masses M tot, (b) masses �M (R)
included in our cylinders, for different values of λ following the labels in the
figure.

not take part in the chemical evolution. However, the DM contribu-
tion seems to be negligible for the large massive galaxies, mostly in
the regions where the chemical evolution is calculated. According to
(Palunas & Williams 2000; Sellwood & Kosowsky 2001; and ref-
erences therein) 75 per cent of the spiral galaxies are well fitted
without a dark matter halo and the failure to reproduce another
20 per cent is directly related to the existence of non-axisymmetric
structures (bars or strong spiral arms).

2.2 The collapse time-scales

The gas computed following the previous section collapses to fall
on to the equatorial plane forming the disc as a secondary structure.
The gas infall from the halo is parametrized by f gH, where gH is
the gas mass of the halo and f is the infall rate, that is, the inverse
of the collapse time-scale τ .

The collapse time-scale for each galaxy depends on its total mass
through the expression τ ∝ M−1/2

9 T 9 (Gallagher, Hunter & Tutukov
1984), where M9 is the total mass of the galaxy in 109 M� (column
7 of Table 1) and T 9 is its age, assumed to be 13.2 Gyr in all cases.
We calculate a characteristic collapse time-scale τ c for each galaxy
from the ratio of its total mass, M 9,gal, and the MWG, M 9,MWG:

τc = τc,MWG(M9,gal/M9,MWG)−1/2, (4)

where τ c,MWG is the collapse time-scale at the characteristic radial
region for the MWG, R c = Ropt/2 = 6.5 kpc. This collapse time-
scale (∼4 Gyr) was determined from the corresponding value for
the Solar neighbourhood, τ� ∼ 8 Gyr. This value for τ� is very
similar to that found in other standard galactic CEMs (Portinari,
Chiosi & Bressan 1998; Chiappini et al. 1999; Chang et al. 1999)
and it is constrained by a large number of data, such as the [O/Fe]
versus [Fe/H] relation for stars in the halo and the disc, the present
infall rate (0.7 M� pc−2 Gyr−1; see Mirabel 1989), or the G-dwarf
metallicity distribution (Ferrini et al. 1992; Pardi & Ferrini 1994;
Kotoneva et al. 2002), all of them well reproduced in our model
with this long scale to form the disc (see Gavilán et al. 2004). We
would like to emphasize that the characteristic collapse time-scale
computed with equation (4) is not a free-fall time (�1 Gyr for the
MWG), being much longer than that because it has been calcu-

Figure 3. (a) Characteristic collapse time-scale τ c for each galaxy accord-
ing to the maximum rotation velocity. (b) Radial distribution of the collapse
time-scales τ coll(R). Lines have the same meaning as in Fig. 2. The hori-
zontal solid line represents the assumed age of galaxies, 13.2 Gyr.

lated through the calibration with the Solar neighbourhood collapse
time-scale τ�.

The mass that does not fall on to the disc will remain in the halo
and yields a ratio M halo/M disc for the baryonic component, which is
also in agreement with observations. The relative normalization of
the halo, thick and thin disc surface mass densities (Sandage 1987)
gives an approximated proportion of 1:22:200, which implies that
the halo surface mass density must be approximately 1

100 that of the
disc component, also in agreement with the ratio obtained by the
multiphase model.

Fig. 3(a) shows the characteristic time-scales versus the rotation
velocity V opt for our models. Solid dots represent the values used
in our previous models for individual spiral galaxies (Ferrini et al.
1994; Mollá et al. 1996, 1999).

An important consequence of the hypothesis linking the collapse
time-scale with the total mass, is that low-mass galaxies take more
time to form their discs, in apparent contradiction with the standard
hierarchical picture of galaxy formation. This characteristic is, how-
ever, essential to reproduce most observational features of spiral and
irregular galaxies (see also Boissier & Prantzos 2000). In fact, recent
self-consistent hydrodynamical simulations in the context of a cos-
mological model (Domı́nguez-Tenreiro, Sáiz & Serna 2004; Sáiz,
Domı́nguez-Tenreiro & Serna 2004) show that a large proportion
of massive objects are formed at early times (high redshift) while
the formation of less massive ones is more extended in time, thus
simulating a modern version of the monolithic collapse scenario
(Eggen, Lynden-Bell & Sandage 1962, ELS). Furthermore, this as-
sumption is supported by various sets of observations (Cimatti et al.
2002, 2004; Glazebrook et al. 2004; Heavens et al. 2004; Jiménez
et al. 2005; McCarthy et al. 2004), which seem to demonstrate that a
large proportion (∼80 per cent) of the massive galaxies formed their
stars at z > 1 while a much smaller proportion of the less massive
ones have converted their baryon mass into stars at that redshift.

It is evident that the collapse time-scale must vary with galacto-
centric radius. Assuming that the total mass surface density follows
the surface brightness exponential shape, the required collapse time-
scale should also depend exponentially on radius, with a scalelength
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λD ∝ RD (where RD is the corresponding scalelength of the surface
brightness radial distribution). Thus, we assume

τcoll(R) = τc exp [(R − Rc)/λD]. (5)

In principle, we might expect that λD = 2 RD. However, in Ferrini
et al. (1994) we have shown that such large scalelength for the infall
rate produces a final radial variation for the elemental abundances
in disagreement with the observed distributions in spiral galaxies
(see Portinari & Chiosi 1999, for a broad discussion about the effect
of this parameter on the radial distribution of abundances). On the
other hand, we must bear in mind that the surface brightness dis-
tribution is the final result of the combination of both the collapse
and the star formation processes, and therefore the collapse time-
scale may have in principle a different dependence on radius than
the surface brightness itself. For the sake of simplicity, we assume
a scalelength λD = 0.15 Ropt, corresponding to half the scalelength
of the exponential disc RD = Ropt/3.2 given by PSS96. The value
of λD decreases with the mass of the galaxy, in agreement with ob-
servations (Simien & de Vaucouleurs 1986; Guzmán et al. 1996;
Graham & de Block 2001, see their fig. 4).

The radial dependence of the infall rate is not imposed a priori
in our scenario, but it is a consequence of the gravitational law and
the total mass distribution in the protogalaxy. The physical mean-
ing is clear: galaxies begin to form their inner regions before the
outer ones in a classical inside-out scheme. This halo–disc connec-
tion is crucial for the understanding of the evolution of a galaxy
from early times, the inside-out scenario being essential to repro-
duce the radial gradient of abundances (Portinari & Chiosi 1999;
Boissier & Prantzos 2000). In fact, in a chemodynamical model
(Samland, Hensler & Theis 1997), this scenario is produced
naturally.

The radial variation of the collapse time-scale for each galaxy,
calculated with equation (5), is shown in Fig. 3(b), where we also
draw a solid line at 13 Gyr, the assumed age of galaxies. If the
collapse time-scale is larger than this value, there is not enough
time for all the gas to fall on to the disc: only a small part of it has
moved from the halo to the equatorial plane and the disc formation
is not yet complete. This could correspond to the situation observed
by Sancisi et al. (2001), who have found an extended component of
H I, different from the cold disc, located in the halo, rotating more
slowly than the disc and with radial inward motion.

2.3 The star and cloud formation efficiencies

The model computes the time-evolution of each population that
inhabits the galaxy. In the various regions of the disc or bulge and in
the halo, which are treated separately, we allow for different phases
of matter aggregation: diffuse gas (g), clouds (c, except in the halo),
low-mass stars (s 1, m < 4 M�), high-mass stars (s 2, m � 4 M�)
and stellar remnants.2 The value for stellar mass range division is
related to nucleosynthesis prescriptions: stars with masses lower
than 4 M� only produce light elements and do not contribute to the
interstellar medium (ISM) enrichment.3

The mass in the different phases of each region changes by the
following conversion processes, related to the star formation and
death:

2 All these quantities represent the total mass of each phase, included in the
code in units of 109 M�.
3 Also, this splitting of stars into two groups, less and more massive than
4 M�, allows a very easy comparison of our resulting metallicity distribution
with the observed one, based on G-dwarf low-mass stars.

(i) star formation by the gas spontaneous fragmentation in the
halo;

(ii) cloud formation in the disc from diffuse gas;
(iii) star formation in the disc from cloud–cloud collisions;
(iv) induced star formation in the disc via massive star–cloud

interactions;
(v) diffuse gas restitution from these cloud and star formation

processes.

In the halo, devoid of molecular clouds, the star formation follows
a Schmidt law for the diffuse gas gH with a power n = 1.5 and a
proportionality factor K. In the disc, stars form in two steps: first,
molecular clouds, cD, form out of the diffuse gas, gD, also by a
Schmidt law with n = 1.5 and a proportionality factor called µ.
Then, cloud–cloud collisions produce stars by a spontaneous process
at a rate proportional to a parameter H. Moreover, a stimulated star
formation process, proportional to a parameter a, is assumed.

An advantage of using our model is that it includes a more realistic
star formation than classic chemical galactic evolution ones in which
the SFR prescriptions are based on a Schmidt law, depending on the
total gas surface density. Instead, the multiphase model assumes
a star formation that takes place in two steps: first, the formation
of molecular clouds; then the formation of stars. This simulates a
power law for the gas density with an exponent n > 1 and with
a threshold gas density as shown by Kennicutt (1989), and, more
importantly, it allows the calculation of the two different gas phases
present in the ISM. In fact, the actual process of star formation, born
by observations (Klessen 2001), is closer to our scenario with stars
forming in regions where there are molecular clouds, than to the
classical Schmidt law, which depends only on the total gas density.

Our assumed SFR implies that some feedback mechanisms are in-
cluded naturally and are sufficient to simulate the actually observed
process of creation of stars from the ISM. The formed massive stars
induce the creation of new ones. However, at the same time, these
star formation processes also may destroy the diffuse or molecular
clouds, thus preventing the total conversion of gas into stars and
ejecting more gas once again into the ISM: point (v). In particular,
massive stars destroy the molecular clouds that surround them, as a
result of the sensitivity of molecular cloud condensation to the ul-
traviolet (UV) radiation (Parravano 1990). This mechanism restores
gas to the ISM, thus decreasing the star formation. Both regulating
process are included in our model, although neither heating nor cool-
ing mechanisms for the cloud components are included explicitly
in our code.

The complete set of equations is given in Mollá et al. (1996) for
each radial region. We summarize here only those related to the star
formation processes in the halo, �H, and in the disc, �D:

�H = K g1.5
H , (6)

dcD

dt
= µg1.5

D − acDsD,2 − Hc2
D, (7)

�D = Hc2
D + acDsD,2, (8)

where subscripts H and D indicate halo and disc. K , µ, H and a,
besides the previously described τ are the parameters of the model.

In the classical method of application of a CEM to a given region
or galaxy, the input parameters are considered as free and chosen
as the best ones in order to reproduce the selected observational
constraints of the galaxy. In our models, however, not all these input
parameters can be considered as free. The parameter f is defined by
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the total mass radial distribution, as already explained. Regarding
K , µ, H and a, we have tried to reduce to a minimum their degree of
freedom. Their radial dependence may be estimated as (see Ferrini
et al. 1994):

K = εK (G/VH)1/2, (9)

µ = εµ(G/VD)1/2, (10)

H = εH (cte/VD), (11)

a = εa(Gρc)
1/2/〈ms2 〉, (12)

where G is the universal gravitational constant, V H and V D are the
halo and disc volume of each radial region,4 ρ c is the average cloud
density and 〈m s2 〉 is the average mass of massive stars. The propor-
tionality factors are called efficiencies that represent probabilities
associated with these processes.

In this way, the free parameters K , µ, H and a, proportionality
constants in our star and cloud formation laws, but variable for each
radial region, are computed through the efficiencies, which represent
the efficiencies of star formation in the halo, ε K , cloud formation,
εµ, cloud–cloud collision, ε H , and interaction of massive stars with
clouds, εa , in the disc. Only a given efficiency for each process must
be selected for the whole galaxy, although the original parameters
and its corresponding processes maintain their radial dependence.

The term associated with the induced star formation describes a
local process and, as a result, its coefficient εa is considered inde-
pendent of the galaxy modelled and the location in it. The term ε K

is also assumed constant for all haloes. Therefore, for all our 440
models, both efficiencies take the same values already used in our
previous model for the MWG. Only the other two efficiencies εµ

and ε H are allowed to vary for each galaxy, being characteristic for
each one of them. Within each galaxy ε H and εµ are independent
of the position.

The fact that galaxies with the same gravitational potential or
mass but different morphological type or appearance exist, implies
that the evolution of a galaxy does not depend solely on gravitation,
even if this may be the most important factor, but also on certain
dynamical conditions. These conditions cannot be taken into ac-
count, obviously, in a simple CEM, but may change the evolution
of a galaxy (mostly the SFR through temperature variations). We
may consider them as included in our efficiencies to form molecular
clouds and stars, εµ and ε H , which are allowed to change from one
galaxy to another.

We assume that εµ and ε H vary between 0 and 1, according to its
efficiency meaning. In principle, both parameters should be allowed
to vary independently from each other, which would increase very
much the number of models to be calculated. Furthermore, some of
those models will not be physically possible. On the other hand, on
the basis of our previous works, a trend between both efficiencies
seems to exist, increasing or decreasing together for a given galaxy
with respect to the values appropriate for the MWG model. We have
therefore studied the observational data related to molecular cloud
and star formation from the available gas in order to check if a
correlation between these two processes exists.

To this aim, we have used the data from Young et al. (1996),
which correspond to a large sample of galaxies and refer to atomic

4 The volume of the disc is calculated with a scale height of 0.2 kpc for
all galaxies; the volume of the halo for each concentric region is computed

through the expression Vhalo(R) = 2Rhalo

√
(1 − R

Rhalo
)2.

and molecular gas masses and to luminosities in the infrared (IR)
band and in Hα emission, two well-known indicators of the SFR.
With them, we have tried to establish if some correlation appears
among our efficiencies, εµ and ε H . Because the modelled SFRs
have two steps to form stars, we will analyse the transformation of
diffuse gas in molecular gas and of the conversion of the molecular
clouds into stars.

From equations (10) and (11), our parameters εµ and ε H , effi-
ciencies of transforming the diffuse gas in molecular clouds and
forming stars out of them, can be written as

εµ = µ
V 1/2

0.67
, (13)

εH = H
V

0.3
, (14)

while from equations (7) and (8) we have

µ = (dc/dt) + SFR

g1.5
, (15)

H = SFR

c2
. (16)

In these expressions, the subscript D has been omitted, because
in all cases we refer to the disc.5

We may approximate dc
dt ∼ c

�t , where �t is the mean time nec-
essary to transform the diffuse gas in a molecular cloud, in units of
107 yr:

εµ = (c/�t) + SFR

g1.5

V 1/2

0.67
, (17)

εH = SFR

c2

V

0.3
, (18)

where g and c are the total mass in diffuse and molecular gas in
units of 109 M�, and SFR is the SFR in units of 109 M� /107 yr.
Therefore,

log εµ = log [(c/�t) + SFR] − 1.5 log g + 0.5 log V + 0.18, (19)

log εH = log SFR − 2 log c + log V + 0.5. (20)

SFR is usually estimated from the Hα luminosity (Young et al.
1996),

SFR(109 M�/107 yr) = LHα
3.410−10, (21)

and the volume of the disc is

V = 0.2πR2, (22)

where R is in kpc and L Hα
is in L�. We have all data to estimate

these efficiencies, except �t . Recent estimates (Pringle, Allen &
Lubow 2001; Bergin et al. 2004) for this cloud accumulation time-
scale give values several times the gravitational contraction scale
(which is ∼1–4 Myr), that is �t = 10–20 Myr, and probably smaller
than 50 Myr. The probable range is 3.106–8.107 yr. We have given
three possible values: 1.106, 5.107 and 5.108 yr in order to take into
account other possible slower modes (Palla 2004).

5 Actually, � = hc2 + acs2 but the second term is much smaller than the
first and therefore we can approximate H ∼ �

c2 .
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Figure 4. The ratio ln εµ/ln ε H as a function of the morphological type
T . Solid dots are the averaged value for each morphological type. The solid
line is the mean value estimated from these bins.

Table 2. Efficiencies chosen for our
models.

N εµ ε H

1 0.95 0.88
2 0.80 0.57
3 0.65 0.34
4 0.45 0.14
5 0.30 0.05
6 0.15 1.0e-2
7 0.075 1.5e-3
8 0.037 2.6e-4
9 0.017 3.7e-5
10 0.007 4.0e-6

In Fig. 4, we represent the ratio ln εµ/ln ε H computed for �t =
5. 107 yr as a function of galaxy morphological type. Single galaxies
are represented as + while solid dots correspond to average values
obtained by binning them into 11 types. A constant ratio for all
types is consistent with the data points, shown by the solid line and
giving a mean value 〈 ln εµ

ln εH
〉 ∼ 0.34(±0.02) with χ2 = 3.6.6 Taking

into account the large range of variation of εµ and ε H (more than 5
orders of magnitude) for the whole set of data, it is surprising that
the ln εµ/ln ε H ratio takes values around 0.35 for all galaxies. For
other values of �t , this value changes but remains constant. They
are shown in the graph as dotted lines at values 0.00 (�t = 1 Myr)
and 0.80 (�t = 50 Myr). Taking this into account,we have assumed
a ratio ln εµ/ln ε H = 0.4 for our computed models.

We have computed 10 models for each mass radial distribution,
allowing εµ to take values between 0 and 1 as given in Table 2.
For each one of these efficiencies, ε H has been fixed according to
the ratio 〈ln εµ/ln ε H 〉 ∼ 0.4 and their values are also given in the
table. Each set of efficiencies has been labelled by a number N from
1 to 10.

6 The increasing ratio for increasing type T is only apparent as a result of
the reduced number of galaxies within the bins in types from T = 8 to 10.

Summarizing, only the characteristic collapse time-scale, depend-
ing on the total mass, and the set of efficiencies, denoted by number
N, are varied from model to model. We thus obtain 440 different
models that represent all possible combinations of the collapse time-
scale with the values of N.

3 R E S U LT S

3.1 The time-evolution

The results corresponding to the mass of each region and phase,
the SFR and the supernova rates, for the 440 computed models are
shown in Tables 3 and 4. The elemental abundances for the discs are
shown in Table 5. Here we only give, as an example, the results of
the model corresponding to radial distribution number 22 and N =
5, with a rotation velocity of ∼140 km s−1, for the first and last
time-steps of the evolution.

The full tables with the complete time-evolution from 0 to 13
Gyr, with a time-step of 0.5 Gyr, for the whole set of models
will be available in electronic form at CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.
fr/Abstract.html, or http:/wwwae.ciemat.es/∼mercedes/grid.

In Table 3, we list in column 1 the time, in Gyr, and in column 2
the galactocentric distance, in kpc. Columns 3 to 9 give the mass, in
units of 109 M�, in each region and phase: column 3, the total mass
in each region; column 4, the mass of the disc region; column 5, the
mass in the diffuse gas phase; column 6, the molecular gas; column
7, the mass in low- and intermediate-mass stars; column 8, the mass
in massive stars; and, finally, column 9, the mass in remnants.

Table 4 gives, for each time-step in Gyr and radial distance in
kpc, listed in columns 1 and 2 respectively, the SFR, in units of
M� yr−1, in the disc and the halo regions in columns 3 and 4; the
Types Ia, Ib and II supernova rates, for the disc in columns 5, 6 and
7, and for the halo in columns 8, 9 and 10, all of them in units of
100 yr−1.

The abundances in the disc for 14 elements are given in Table 5
for each time-step in Gyr and radial distance in kpc (columns 1 and
2).The abundances by mass of: H, D, 3He, 4He, 12C, 13C, N, O, Ne,
Mg, Si, S, Ca and Fe are given in columns 3 to 16.

The time-evolution of several models is shown in the subsequent
figures. In each one, four panels are shown, corresponding to four
different maximum rotation velocities and/or radial distribution of
masses. We have selected the values corresponding to λ= 0.03, 0.19,
1.0 and 2.5 corresponding to galaxies with rotation velocities of
48, 100, 200 and 290 km s−1, respectively, and representing typical
examples of spiral and/or irregular galaxies. For each panel, we
show the results for the 10 selected values of the efficiencies (or
equivalently 10 rates of evolution) from N = 1, corresponding to
the highest efficiency values and hence the most evolved models, to
N = 10, with the smallest values and thus the least evolved ones.

We have computed models for galactocentric radii up to 2.5Ropt

with a step �R, which depends on total galactic mass, being larger
(up to 4 kpc) for the most massive modelled galaxies and smaller
(only 1 Kpc) for the lowest mass ones. Results are shown only
for the region located at the galactocentric distance closest to the
characteristic radius Rc defined in Table 1.

Fig. 5 shows the time-evolution of the diffuse gas density. In all
cases, the diffuse gas surface density is seen to increase rapidly at
early times and then declines slowly. The first abrupt increase is a
consequence of the infall rate of gas from the halo and hence does
not depend on the model efficiencies. The increase is faster for more
massive galaxies. The later decline is a result of gas consumption in
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Table 3. Model results corresponding to masses in each region and phase.

Time R M tot Mdisc Mgas(H I) Mgas(H2) M stars(M < 4 M�) M stars(M � 4 M�) M remnants

(Gyr) (kpc) (109 M�) (109 M�) (109 M�) (109 M�) (109 M�) (109 M�) (109 M�)

0.1 14 0.69E+01 0.47E−04 0.47E−04 0.89E−08 0.40E−17 0.31E−18 0.21E−19
0.1 12 0.69E+01 0.22E−03 0.22E−03 0.11E−06 0.65E−15 0.49E−16 0.34E−17
0.1 10 0.68E+01 0.10E−02 0.10E−02 0.14E−05 0.13E−12 0.93E−14 0.65E−15
0.1 8 0.67E+01 0.48E−02 0.47E−02 0.20E−04 0.28E−10 0.21E−11 0.14E−12
0.1 6 0.66E+01 0.22E−01 0.22E−01 0.31E−03 0.75E−08 0.56E−09 0.39E−10
0.1 4 0.58E+01 0.91E−01 0.87E−01 0.47E−02 0.21E−05 0.16E−06 0.11E−07
0.1 2 0.29E+01 0.21E+00 0.17E+00 0.39E−01 0.23E−03 0.17E−04 0.13E−05

13.2 14 0.69E+01 0.58E−02 0.46E−02 0.13E−02 0.10E−04 0.22E−07 0.70E−06
13.2 12 0.69E+01 0.27E−01 0.16E−01 0.10E−01 0.89E−03 0.16E−05 0.67E−04
13.2 10 0.68E+01 0.13E+00 0.54E−01 0.43E−01 0.28E−01 0.31E−04 0.25E−02
13.2 8 0.67E+01 0.57E+00 0.14E+00 0.11E+00 0.29E+00 0.21E−03 0.32E−01
13.2 6 0.66E+01 0.23E+01 0.26E+00 0.19E+00 0.16E+01 0.79E−03 0.21E+00
13.2 4 0.58E+01 0.49E+01 0.18E+00 0.18E+00 0.39E+01 0.88E−03 0.65E+00
13.2 2 0.29E+01 0.29E+01 0.19E−01 0.51E−01 0.23E+01 0.95E−04 0.50E+00

Table 4. Model results: star formation histories and supernova rates.

Time R SFR(disc) SFR(halo) SN-Ia (disc) SN-Ib (disc) SN-II (disc) SN-Ia (halo) SN-Ib (halo) SN-II(halo)
(Gyr) (kpc) (M� yr−1) (M� yr−1) (100 yr−1) (100 yr−1) (100 yr−1) (100 yr−1) (100 yr−1) (100 yr−1)

0.1 14 0.26E−15 0.51E−01 0.17E−17 0.14E−18 0.42E−14 0.45E−02 0.11E−01 0.15E+01
0.1 12 0.43E−13 0.52E−01 0.27E−15 0.14E−16 0.69E−12 0.46E−02 0.11E−01 0.16E+01
0.1 10 0.82E−11 0.54E−01 0.52E−13 0.25E−14 0.13E−09 0.47E−02 0.12E−01 0.16E+01
0.1 8 0.18E−08 0.57E−01 0.12E−10 0.55E−12 0.30E−07 0.51E−02 0.12E−01 0.17E+01
0.1 6 0.49E−06 0.63E−01 0.31E−08 0.15E−09 0.80E−05 0.55E−02 0.14E−01 0.19E+01
0.1 4 0.13E−03 0.61E−01 0.89E−06 0.44E−07 0.22E−02 0.55E−02 0.14E−01 0.18E+01
0.1 2 0.14E−01 0.28E−01 0.11E−03 0.60E−05 0.24E+00 0.26E−02 0.65E−02 0.84E+00

13.2 14 0.52E−05 0.45E−01 0.13E−05 0.56E−05 0.16E−03 0.18E−01 0.54E−01 0.14E+01
13.2 12 0.38E−03 0.46E−01 0.10E−03 0.42E−03 0.11E−01 0.18E−01 0.54E−01 0.14E+01
13.2 10 0.74E−02 0.46E−01 0.23E−02 0.86E−02 0.22E+00 0.18E−01 0.55E−01 0.14E+01
13.2 8 0.50E−01 0.44E−01 0.18E−01 0.59E−01 0.15E+01 0.18E−01 0.53E−01 0.13E+01
13.2 6 0.19E+00 0.29E−01 0.73E−01 0.22E+00 0.56E+01 0.13E−01 0.35E−01 0.86E+00
13.2 4 0.21E+00 0.25E−02 0.11E+00 0.25E+00 0.62E+01 0.24E−02 0.31E−02 0.74E−01
13.2 2 0.22E−01 0.17E−07 0.29E−01 0.28E−01 0.68E+00 0.14E−03 0.27E−07 0.51E−06

the process of molecular gas formation and hence depends on the
efficiency εµ, producing lower densities for the galaxies with higher
efficiencies.

Fig. 6 shows the time-evolution of the molecular gas phase whose
formation is delayed with respect to that of the diffuse gas. It is clear
that the maximum density is reached later than that corresponding
to the diffuse gas density. For instance, for N = 5, δt = 0.1 Gyr for
V rot = 290 and 200 km s−1, while it is 0.3 Gyr for V rot = 100 km
s−1 and reaches δt = 1.2 Gyr when V rot = 48 km s−1.

Fig. 7 shows the SFR history for the same cases as before. These
histories are extraordinarily different, even for equal efficiencies.
Taking into account that the radial region shown is equivalent in
all galaxies, it indicates that the primary agent driving the time-
evolution of the SFR is the galaxy mass through the collapse time-
scale. On the other hand, the resulting star formation history in most
models is smooth, showing values larger than 102(M� Gyr−1 pc−2)
only at the early evolutionary phases of the most massive galaxies
with very high efficiencies.

The time-evolution of the oxygen abundance relative to hydrogen,
expressed as 12 + log (O/H), for the models described above is
shown in Fig. 8. Present time oxygen abundances look very similar
for all the galaxies with N � 5. The models with low efficiencies,

N � 7, show very low abundances although always larger than
12 + log (O/H) = 7, about the lowest observed oxygen abundance
in galaxies.

Fig. 9 shows the evolution of [O/Fe] when [Fe/H] increases. The
usual relation for the MWG can be taken to be represented by the N
= 4 line from panel (c), showing almost a plateau for low metallic-
ities ([Fe/H] < 1.5) and then a decline towards the solar value. The
plateau appears in the models corresponding to massive galaxies
with high efficiencies (Matteucci, Ponzone & Gibson 1998). The
less massive galaxies show a slow decline without a plateau for low
values of N and a steeper decrease for higher values. Thus, we may
expect that [O/Fe] in the less evolved galaxies will soon reach the
solar value (Matteucci 1992).

3.2 Present-day radial distributions

We now analyse the present time results obtained with this bi-
parametric grid of models. In order to do this, we start pre-
senting only the present time radial distributions of gas, oxygen
abundances and SFR, which we will analyse in the following
subsections. The radial distribution of gas and elemental abun-
dances provide two basic model constraints because they are easily
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2 extracted from observations. In addition, in many cases, the star
formation surface density and/or the surface brightness can also be
derived.

3.2.1 Radial distributions of diffuse gas

The radial distribution of atomic gas surface density for the present
time is shown in Fig. 10. We can see that the atomic gas surface
density shows a maximum somewhere along the disc, as it is usually
observed (Cayatte et al. 1990; Rhee & van Albada 1996; Broeils &
Rhee 1997; and see Section 4). The value of this maximum depends
on N: the models with the highest efficiencies have smaller gas
quantities and their maximum densities are around 3–4 M� pc−2.
For intermediate efficiencies (4 � N � 7), these maximum values
rise to ∼5–8 M� pc−2. For all efficiencies, the radial distributions
are very similar independently of their galactic mass, except for
those corresponding to λ � 0.03 (V rot = 48 km s−1), which show
much lower densities, except in the central region.

In fact, a characteristic shown by all distributions is the similarity
among models of the same efficiencies but different total mass, only
scaled by their different optical radius. With the exception of the
λ = 0.03 model, all the others show, for the same N, differences
small enough as to simulate a dispersion of the data.

For the less evolved theoretical galaxies (N > 7), the neutral
gas distribution displays a clear dependence on galactic mass. The
maximum density values are always large, as expected, as a result
of the small efficiencies to form molecular clouds, which do not
allow the consumption of the diffuse gas, but this maximum density
increases from ∼15 M� pc−2 for λ = 0.03 (V rot = 48 km s−1)
to ∼30–40 M� pc−2 for λ = 1.5 (V rot = 248 km s−1) and up to
∼100 M� pc−2 for λ = 2.5 (V rot = 290 km s−1).

The consequence of a shorter collapse time-scale for the more
massive spirals is clearly seen: the maximum is located at radii
further away from the centre as a result of the exhaustion of the
diffuse gas in the inner disc, which moves the star formation outside.
The smaller the galaxy mass, the closer to the centre is the maximum
of the distribution, which resembles an exponential, except for the
inner region. In fact, a shift in the maximum appears in each panel.
In some cases, however, the low values of the surface gas density
are a result of the fact that the gas did not have enough time to fall
completely on to the equatorial disc. This effect is very clear for the
model with λ = 0.03, which shows a very steep distribution with
gas densities lower than 15 M� pc−2. In this case, the gas shows a
radial distribution with a maximum at the centre. The low density
out of this central region is not a result of the creation of stars but of
the long collapse time-scale, which prevents the infall of sufficient
gas to be observed.

Besides the variations resulting from the differences in total mass,
which correspond to different collapse time-scales, and because
we have selected different efficiencies to form stars and molecu-
lar clouds, the same total mass may have produced discs in differ-
ent evolutionary states. Thus, the same λ = 0.15 may result in a
disc of 7–8 kpc and atomic gas densities around 5 M� pc−2, or a
disc of only 5 kpc with a maximum density of 40 M� pc−2 in the
region of 2 kpc. In the same way, a galaxy with a large value of the
total mass, as the one with λ = 2.50, may show a high gas mass
density and a little disc for a high value of N or, on the contrary, be
very evolved and therefore show no gas and a large stellar disc if
the value of N is low. The first object (N > 5) could correspond to
the case of low surface brightness galaxies, while the last ones (N
< 4) could be identified as the typical high surface brightness spiral
galaxies.
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Figure 5. Time evolution of the logarithmic surface density of the atomic gas of the radial region defined by Rc for four different mass distributions following
the Vrot’s values from each panel. In each one of them, 10 models are represented for the 10 different efficiencies, following labels in panel (a).

Figure 6. Time evolution of the logarithmic surface density of the molecular gas of the radial region defined by Rc for four different mass distributions
following the Vrot’s values from each panel. In each one of them, 10 models are represented for the 10 different efficiencies, following labels in panel (a).

3.2.2 Molecular gas radial distributions

An important success of the multiphase models has been the
ability to reproduce the radial distributions for the atomic gas
and the molecular gas separately, which is possible as a result
of the assumed star formation prescription in two steps, thus

allowing the formation of molecular clouds prior to the appearance
of stars.

Another important consequence of this SFR law is that it takes
into account feedback mechanisms, even negative. If molecular
clouds form before stars, this implies a delay in the time of star
formation. The molecular gas shows an evolution similar to that
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Figure 7. Time evolution of the logarithmic star formation rate (SFR) surface density of the radial region defined by Rc for four different mass distributions
following the Vrot’s values from each panel. In each one of them, 10 models are represented for the 10 different efficiencies, following labels in panel (d).

Figure 8. Time evolution of the oxygen abundance 12 + log(O/H) of the radial region defined by Rc for four different mass distributions following the Vrot’s
values from each panel. In each one of them, 10 models are represented for the 10 different efficiencies, following labels in panel (d) of the previous figure.

of the diffuse gas, but with a certain delay. This delay allows the
maintenance of a radial distribution with an exponential shape,
as usually observed, for a longer time, although in some evolved
galaxies H2 is also consumed in the most central regions, thus re-
producing the so-called central hole of the molecular gas radial dis-
tribution, observed in some galaxies (Nishiyama & Nakai 2001;

Regan et al. 2001), the MWG being one of them (see the next
section).

This is seen in Fig. 11 for efficiencies corresponding to N > 5
(depending on the total mass), for which the model lines turn over
at the inner disc, which corresponds to the regions located at the
border between bulge and disc. Thus, the galaxies with the highest
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Figure 9. The evolution of the relative abundance [O/Fe] versus [Fe/H] for the radial region defined by Rc for four different mass distributions following the
Vrot’s values from each panel. In each one of them, 10 models are represented for the 10 different efficiencies, following labels in panel (a).

Figure 10. Present epoch radial distributions of the logarithmic surface density of the atomic gas for four different mass distributions following the Vrot’s
values from each panel. In each one of them, 10 models are represented for the 10 different efficiencies, following labels in panel (a).

efficiencies (N < 5) show a maximum in their radial distribution
of H2, which is always closer to the centre than that of the atomic
gas distribution. Galaxies with the lowest efficiencies (N > 5) show
larger surface densities of molecular than atomic gas, because the

efficiency to form stars from molecular clouds is smaller than the
efficiency to form these clouds. Therefore, the conversion of diffuse
to molecular gas occurs more rapidly that the subsequent formation
of stars.
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Figure 11. Same as Fig.10 for the molecular gas surface densities. Symbols meanings in panel (a).

Figure 12. Present epoch radial distributions of total mass surface density for four different mass distributions. Symbols meanings in panel (a).

3.2.3 The radial stellar discs profiles

The total mass converted into stars forms the stellar disc in each
galaxy. These stellar discs are represented in Fig. 12 as the stellar
surface density radial distributions. These profiles may be compared
with brightness surface radial distributions, after the appropriate
conversions.

The values of efficiencies have a small influence on the result-
ing stellar surface density distribution shape: the total mass of stars
created is similar for all N < 6, although they are formed at dif-
ferent rates, that is, the resulting stellar populations have different
mean ages. For the most evolved cases, most stars were created very
rapidly, while for the less evolved ones, stars formed later on av-
erage, as it is shown in Fig. 7 for the characteristic radius region.

C© 2005 RAS, MNRAS 358, 521–543
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Figure 13. Present epoch radial distributions of Oxygen abundance, 12 + log (O/H), for four different mass distributions. Symbols meanings in panel (a).

Therefore, the radial distributions of surface brightness would be
very similar for galaxies of a given galactic total mass, but colours
are expected to be different, redder for the galaxies with the highest
efficiencies for the formation of stars and molecular clouds.

A very interesting result is that the central value of the distribution
is practically the same, around 100 M� pc−2, for all rotation curves
and efficiencies, in agreement with Freeman’s law. Only galaxies
with the smallest efficiencies or the less massive discs show cen-
tral densities smaller than this value. We cannot compute a surface
brightness only with these models, but assuming a ratio M/L = 1
for the stellar populations, this implies a surface luminosity den-
sity of ∼100 L� pc−2 and scalelengths in agreement with observed
generic trends. Only in models for N > 7 the stellar discs show a
different appearance: they look less massive, corresponding to discs
in the process of formation. This implies that the surface brightness
is lower than for the other types for a similar characteristic total
mass.

In any case, we remind that all information related to photomet-
ric quantities, and this also applies to the disc scalelengths, which
may be obtained from the star formation histories and enrichment
relations of models, need the application of evolutionary synthesis
models, which is beyond the scope of this work.

3.2.4 The elemental abundances

One of the most important results of this grid of models refers to
the oxygen abundances, shown in Fig. 13. A radial gradient appears
for most of models. This is a result of the different evolutionary
rates along the radius: the inner regions evolve more rapidly that the
outer ones, thus steepening the radial gradient very soon for most
model galaxies. Then, the radial gradient flattens for the more mas-
sive and/or most evolved (small N) galaxies as a result of the rapid
evolution, even in the outer regions, which produces a large quantity

of elements, with the oxygen abundance reaching a saturation level.
This level is found to be around 12 + log(O/H) ∼ 9.0–9.1 dex.
Observations in the inner disc of our Galaxy support this statement
(Smartt et al. 2001). This result was already found in our previous
works.

Moreover, the larger the mass of the galaxy, the faster the effect:
a galaxy with V rot = 100 km s−1 has a flat radial gradient for effi-
ciencies corresponding to N= 1 or 2, while a galaxy with V rot =
200 km s−1, shows a flat distribution for N < 4. The less massive
galaxies maintain a steeper radial distribution of oxygen for almost
all efficiencies, with very similar values of the gradients.

Nevertheless, for any galaxy mass, if N > 7–8, the radial abun-
dances distributions are flat. Thus, the less evolved galaxies show no
gradient, such as observed in low surface brightness (LSB) galaxies
(de Blok & McGaugh 1996), the intermediate ones show steep gradi-
ents and the most evolved galaxies have, once again, flat abundance
radial distributions. The largest values of radial gradients correspond
to the intermediate evolutionary type galaxies, with the limiting N
varying according to the total mass of the galaxy. The more massive
galaxies only show a significant radial gradient if N � 8, while the
less massive ones have a flat gradient only if N � 9, with the rest
having very pronounced radial gradients even for N = 1.

For the evolved galaxies, the characteristic efficiencies are high
for the whole disc, thus producing a high and early star formation in
all radial regions. In this case, the oxygen abundance reaches very
soon a saturation level, flattening the radial gradient developed at
early times of the evolution. The characteristic oxygen abundance,
measured at Rc, is higher for the more massive galaxies and lower
for the less massive ones. However, this correlation is not apparent
when the central abundance is used, as a result of the existence
of the saturation level in the oxygen abundance, which produces a
flattening of the radial gradient in the inner disc, even for galaxies
with intermediate efficiencies. Actually, this saturation level would
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correspond to the integrated yield of oxygen for a single stellar
population. As oxygen is ejected by the most massive stars of a
generation of stars, it appears rapidly in the ISM. It is therefore
impossible to surpass this level of abundance.

In fact, the oxygen abundance radial distribution shows some-
times a bad fit to observations in the central parts of the discs, which
give frequently abundances larger than 9.10 dex. This absolute value
of the oxygen abundance is not reached in any case by the models.
All the computations performed within the multiphase approach
reach a maximum 12 + log (O/H) ∼ 9.10 dex, which no model can
exceed. We might think that uncertainties in the calculations of the
stellar yields elements, still very dependent on the assumed evolu-
tion of stars, are a possible reason for this saturation level appears
in theoretical models. However, low- and intermediate-mass stars,
for which yields show large variations among the different groups
(see Gavilán et al. 2004 and references therein), depending on the
assumed hypothesis in the calculation of the stellar evolution in the
latest stellar evolutionary phases, do not produce oxygen; these cal-
culations only affect N and C abundances. On the other hand, the
most important uncertainty for the production of oxygen in massive
stars refers to the strength of stellar winds responsible for stellar
mass loss. This mass loss implies less production of oxygen and a
larger ejection of carbon. In our models, we have used the Woosley
& Weaver (1995) yields which do no include stellar winds. There-
fore, from this point of view, the modelled oxygen abundances must
be considered upper limits.

It should be recalled, however, that all oxygen data yielding val-
ues larger than 9.1 dex have been obtained from observations of H II

regions where the electronic temperature could not be measured and
hence the oxygen abundances have been derived through empirical
calibrations, which are very uncertain in the high abundance regime.
Actually, the shape of the radial distribution of oxygen changes de-
pending on the calibration used (e.g. Kennicutt & Garnett 1996).
The suspicion that these abundances are overestimated at least by
0.2 dex is very reasonable (Pilyugin 2000, 2001). Abundance esti-
mates in H II regions historically considered as metal-rich turn out
to be almost solar once the electronic temperature has been finally
measured (Dı́az et al. 2000; Castellanos, Dı́az & Terlevich 2002;
Kennicutt, Bresolin & Garnett 2003; Garnett, Kennicutt & Bresolin
2004).

3.2.5 The star formation rate

Radial distributions of SFR surface density (see Fig. 14) show an
exponential shape in the outer disc, but a less clear one in the inner
regions, where some models show a distribution flatter than that of
the molecular gas and even decreasing towards low values of the
SFR in the centre. These SFR radial distributions are very similar
to those estimated by Martin & Kennicutt (2001) from Hα fluxes,
as we show in Fig. 17 for a few galaxies.

The SFRs assumed in our models do not produce bursts of mas-
sive stars in the low-mass galaxies whatever the efficiencies. Only
the massive galaxies are able to keep a large quantity of gas in a
small region, usually at the centre although sometimes at the in-
ner disc regions. On the contrary, low-mass galaxies collapse very
slowly and thus the SFR maintains a low level during the whole
life of the galaxy. In fact, recent works suggest the same scenario
for both low-mass and low surface brightness galaxies (van den
Hoek et al. 2000; Legrand 2000; Braun 2001) in order to take into
account the observed data. Our resulting abundances and gas frac-
tions for low-mass galaxies seem to be in rough agreement with

these findings (Gavilán & Mollá 2004), although our model results
can not still be compared with photometric data, for which many
more observational sets exist.

4 D I S C U S S I O N

4.1 Calibration with the MWG

The first application of any theoretical model is to check its validity
for the MWG. A large set of observational data for the Solar neigh-
bourhood and the galactic disc exists and therefore the number of
constraints is large compared with the number of free parameters of
the computed models. The model for N = 4 and total mass distri-
bution number 28, corresponding to λ = 1.0 and maximum rotation
velocity V max = 200 km s−1, is the model more representative of
the MWG.

The results corresponding to this model are shown in Figs 15 and
16 together with the available data. Fig. 15 shows the time-evolution
of the star formation history, panel (a), and the age–metallicity rela-
tion, panel (b), of the region located at R = 8 kpc from the Galactic
centre, as compared to data for the Solar neighbourhood. The ob-
servational trends are reproduced adequately, although the model
predicted maximum of the SFR appears slightly displaced towards
earlier times with respect to observations.

Fig. 16 shows the present time radial distributions of diffuse and
molecular gas, mass of stars, SFR and oxygen and nitrogen abun-
dances for the galactic disc. The diffuse gas radial distribution, panel
(a), is well reproduced in shape, although the maximum observed
gas surface density is somewhat displaced to outer radii compared
with the oldest data. It, however, fits well the most recent data ob-
tained from Nakanishi & Sofue (2004) for radii R � 5 kpc. Regard-
ing the molecular gas density, panel (b), the distribution is quasi-
exponential from R � 8 kpc and decreases at the inner disc regions.
Taking into account that recent data give low densities at these inner
regions, we consider that our model results may be adequate. The
stellar mass distribution, panel (c), is exponential in shape in agree-
ment with the surface brightness distribution and radial abundance
distributions, panels (e) and (f), reproduce those shown by the most
recent data.

The only feature that is not well reproduced by the model is
the SFR radial distribution shown in panel (d), which decreases
towards the inner disc in apparent discrepancy with observations.
The modelled SFR distribution has a maximum in R ∼ 7–8 kpc,
while the observed one increases exponentially towards the galactic
centre, or levels off at 3–4 kpc. On the other hand, the maximum
of the atomic gas density is observed around 10–11 kpc and the
molecular gas density has its maximum observed at around 6 kpc.
Therefore, it makes it difficult to explain, from an observational
point of view, how the SFR remains so high at the inner disc (in-
side the central 3–4 kpc), where both gas phases are already con-
sumed. In fact, the recent data from Williams & McKee (1997)
show a decline for R � 5 kpc and a decreasing SFR for the in-
ner disc regions is also observed in a large number of galaxies, as
we will see in the next section. Actually, the MWG radial distri-
bution of the present SFR is still a matter of discussion (Strong
et al. 2004) because the detection of young sources, which are em-
bedded in gas clouds, is difficult and might be affected by selec-
tion effects. Data from pulsars, supernovae or OB star formation
(Bronfman et al. 2000) seem to indicate that the radial distribution
of the SFR has a maximum around 5 kpc, decreasing towards both
smaller and larger radii. On the other hand, Case & Bhattacharya
(1996) obtained a much flatter distribution from the observed
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Figure 14. Present epoch radial distributions of the surface density of the star formation rate (SFR) for four different mass distributions Symbols meanings
in panel (a).

Figure 15. The Solar neighbourhood evolution as results from the chosen
Milky Way Galaxy (MWG) model for the region located at R = 8 kpc. (a)
The star formation history with data from: Twarog (1980), filled dots; and
Rocha-Pinto et al. (2000b), open squares. (b) The age–metallicity relation
with data from: Twarog (1980), TW; Barry (1988), BA; Edvardsson et al.
(1993), EDV; Carraro, Ng & Portinari (1998), CAR; Rocha-Pinto et al.
(2000a), RO; and Reddy et al. (2003), RED; as labelled.

cosmic rays and gamma radiation spectra. Because a decrease at the
inner disc is not unreasonable from the comparison with other spiral
galaxy data, we consider that the model results for the MWG are
acceptable.

4.2 Comparison with individual galaxies

There is only a small sample of galaxies for which large observa-
tional data sets, including neutral and molecular gas distributions,
exist. In what follows, we show a comparison of our model results
with the data corresponding to theses galaxies.

The characteristics and corresponding input parameters of this
galaxy sample are given in Table 6. For each galaxy, column 1, the
morphological type index is given in column 2, while the classi-
cal Hubble type is given in column 3. The adopted distance (taken
from references following Table 7, column 2) is in column 4; the
maximum rotation velocity is given in column 5. The number of
the radial distribution of total mass (corresponding to column 1 of
Table 1) chosen to represent each galaxy is in column 6. The char-
acteristic collapse time and the characteristic radius corresponding
to each distribution are given in columns 7 and 8. The number N
chosen as the best one to reproduce the observations is in column
9. The last columns, 10 to 12 give, for comparison purposes, the
collapse time-scale and efficiencies for molecular cloud and star
formation used in our previous models (Mollá et al. 1996, 1999) for
these same galaxies.

The radial distributions of the different quantities, atomic and
molecular gas densities, SFR and oxygen abundance, for these
galaxies are shown in Fig. 17 together with the corresponding ob-
servational data, taken from the references given in Table 7.

In the first row of panels of Fig. 17, we can clearly see that the
radial distributions of neutral hydrogen are very well reproduced
by the models. For each galaxy, the distribution shows a maximum
along the disc, as predicted. Also, for galaxies with similar total
mass, such as NGC 4535 and 6946, this maximum is higher for
later morphological type. For galaxies with the same value of T , but
different total mass, such as NGC 6946 and 598, this maximum does
not change its absolute value, but it is located at a different galac-
tocentric distance, closer to the galaxy centre for the less massive
one, as a result of the longer collapse time-scale, which reflects on a
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Table 6. Galaxy sample characteristics and model input parameters.

Galaxy T Type D V rot,max Mass distr. τ c Rc N τ old εµ,old ε H,old

name class (Mpc) (km s−1) number (Gyr) (kpc) (Gyr)

NGC 300 7 Scd/Sd 1.65 85 13 13.31 2.3 7 13.3 0.07 0.007
NGC 598 6 Sc/Scd 0.84 110 21 8.13 2.9 6 10.3 0.05 0.005
NGC 628 5 Sc 11.4 220 31 3.43 7.7 5 3.28 0.25 0.01
NGC 4535 5 — 16.6 210 30 3.59 7.4 5 3.50 0.28 0.02
NGC 6946 6 Scd 7 180 25 4.94 6.2 6 4.26 0.18 0.02

Figure 16. Present epoch radial distributions for the Milky Way Galaxy (MWG) simulated galaxy (distribution number 28, λ = 1.00, T = 4). (a) Atomic
gas density with data from: Garwood & Dickey (1989), GW; Wouterlook et al. (1990), WOU; Rana (1991), RA; and Nakanishi & Sofue (2004), NAK. (b)
Molecular gas surface density with data from: Grabelsky, Cohen & Bronfmann (1987), GR; Bronfman et al. (1988), BR; Wouterlook et al. (1990), WOU; and
Williams & McKee (1997), WILL. (c) Stellar surface density with data from Talbot (1980); the dashed line corresponds to Vallenari, Bertelli & Schmidtobreick
(2000). (d) Star formation rate (SFR) surface density normalized to the present time solar value in logarithmic scale; data taken from Lacey & Fall (1985),
Güsten & Mezger (1983) and Williams & McKee (1997), LF, GM and WILL, respectively. (e) and (f) Oxygen and nitrogen abundance as 12 + log (X/H) with
data from: Afflerbach, Churchwell & Werner (1997), AFF; Esteban et al. (1999a), Esteban, Peimbert & Torres-Peimbert (1999b) and Esteban et al. (1999c),
EST; Fich & Silkey (1991), FS; Fitzsimmons, Dufton & Rolleston (1992), FZ; Peimbert (1979), PE; Shaver et al. (1983), SH; Vı́lchez & Esteban (1996),
VIES; and Smartt & Rolleston (1997) and Smartt et al. (2001), SM; as labelled in panel (e). Large filled symbols at R = 8 kpc in both panels represent the
solar abundances from: Grevesse & Sauval (1998), circles; Holweger (2001), squares; and Allende Prieto, Lambert & Asplund (2001) and Allende Prieto et al.
(2001, 2002), crosses. While the large empty symbols are the interstellar medium (ISM) abundances given by: Meyer, Cardelli & Sofia (1997) and Meyer, Jura
& Cardelli (1998), circles; Peimbert (1999), squares; Sofia & Meyer (2001), triangles; and Moos et al. (2002), stars.

slower evolution. We would like to point out that the agreement be-
tween model results and data is much improved when good quality
data (usually the most recently published ones) are used. The se-
lection of the best obtained distances improves extraordinarily this
agreement, as well. The same applies to the rest of the panels in this
figure.

The radial distributions of molecular cloud surface density for
each galaxy, except NGC 300 for which no data exist, are shown

in the second row of Fig. 17. The agreement between model results
and observations is good for the outer discs, which follow a quasi
exponential distribution, but is not so good for the inner discs where
the molecular hydrogen surface density is observed to continue in-
creasing instead of turn over as predicted by the models. We might
artificially decrease the efficiencies ε H in these zones, instead to
maintain them constant as we do and thus recover the observed ex-
ponential shape. However, in this case, oxygen abundances will be
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538 M. Mollá and A. I. Dı́az

Table 7. Galaxy sample data references.a

Galaxy D H I H2 SFR [O/H]

NGC 300 TU ROG, PUC . . . DEH PAG, CHR, DEH
NGC 598 TP NEW, CS HEY HEY, KEN, RK KA, VIL
NGC 628 MK WEV AL, NIS, RY, SS LR, MK, RY BR, MCC, ZEE
NGC 4535 TP CAY, WAR KY, NIS, RY KEN, MK . . .

NGC 6946 WE CAR RY, TY, WAL KEN, MK, RY BR, MCC

aReference codes: Adler & Liszt (1989), AL; Belley & Roy (1992), BR; Carignan et al. (1990), CAR; Christensen, Petersen & Gammelgaard (1997), CHR;
Cayatte et al. (1990), CAY; Corbelli & Salucci (2000), CS; Degioia-Eastwood et al. (1984), DEG; Deharveng et al. (1988), DEH; Heyer et al. (2004), HEY;
Kenney & Young (1989), KY; Kennicutt (1989), KEN; Kwitter & Aller (1981), KA; Lelièvre & Roy (2000), LR; Martin & Kennicutt (2001), MAR; McCall,
Rybsky & Shields (1985), MCC; Nishiyama & Nakai (2001), NN; Newton (1980), NEW; Pagel et al. (1979), PAG; Puche, Carignan & Bosma (1990), PUC;
Rogstad, Chu & Crutcher (1979), ROG; Rumstay & Kaufman (1983), RK; Rownd & Young (1999), RY; Sage & Solomon (1989), SS; Tacconi & Young
(1989), TY; Tully (1988), TU; Tully & Pierce (2000), TP; van Zee et al. (1998), ZEE; Vı́lchez et al. (1988), VIL; Walsh et al. (2002), WAL; Warmels (1988),
WAR; Wevers, van der Kruit & Allen (1986), WEV.

Figure 17. Present epoch radial distributions for atomic and molecular gas densities, in units of M� yr−1 (first and second rows), star formation rate (SFR)
in M� Gyr1 pc−2 (third row), and oxygen abundance 12 + log (O/H) (last row) for the sample used to check the grid of chemical evolution models (CEMs;
Table 6). The observational data are taken from references given in Table 7.

smaller than observed in these same regions. On the other hand, we
should recall that the molecular masses are estimated from the CO
intensity through a calibration factor that depends on metallicity in a
way that would produce smaller molecular gas densities than usually

assumed at the inner galactic disc (Verter & Hodge 1995; Wilson
1995). Taking into account that recent data yield low densities at
these inner regions, we consider that our model results may repre-
sent adequately the reality. In any case, differences between models
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and data are larger than in the case of the diffuse gas, which is not
unexpected, given the larger uncertainties involved in the derivation
of molecular hydrogen masses.

The radial distribution of the SFR for each galaxy is shown in
the third row of Fig 17. The agreement between model results and
data is very good for the most massive galaxies for which both the
maximum of the SFR and its location is well reproduced. For the less
massive galaxies, the predicted central turnover of the distribution
is not observed.

In the last row of Fig. 17, the oxygen abundance radial distribution
for each galaxy, except NGC 4535 for which no data exist, is shown.
The oxygen radial gradient is reproduced in all cases and also the
observed trend of steeper radial distributions (larger radial gradients)
for the late-type galaxies is well reproduced by the models.

We would like to emphasize that the models shown in this sec-
tion have not been computed specifically for each galaxy of the
sample, as was done in our previous works. The models shown in
Fig. 17 were selected among the 10 available ones for their corre-
sponding rotation velocity following Table 2 of the grid. Thus, the
good agreement found between model results and data demonstrate
that our biparametric models are able to adequately reproduce real
galaxies.

4.3 Star formation rate versus gas surface density

The computed SFR reproduces the relation obtained by Kennicutt
(1989), when it is represented versus the total gas surface density
as can be seen in Fig. 18. In the two upper panels of the figure
(N � 6), we have overplotted the data from Young et al. (1996)
and Kennicutt (1998), which are seen to fall in the locus defined
by the models. Models with N � 7 seem to be out of the region
where these data lie. However, as a result of their extremely low
efficiencies, we may assume that these models do not simulate nor-

Figure 18. The relation of the surface density of the star formation rate
(SFR) with the total gas density for four different mass distributions: (a)
models with N � 3; (b) models with 4 � N � 6; and (c) models with N �
7. Data are from Young et al. (1996), open squares, and Kennicutt (1998),
filled dots, in panels (a) and (b); while those from panel (c) are given by
Legrand (2000).

mal bright spiral galaxies, but other kinds of objects with a low
stellar content and high gas fractions more similar to dwarf and
LSB galaxies. We have, therefore, taken data from Legrand (2000)
on these kinds of objects and computed the densities for both quan-
tities assuming an optical radius of 5 kpc for all of them. Obviously,
a change in this radial dimension would vary the final values of our
estimates, but our hypothesis is probably valid within a factor of
2 (radii less than 10 kpc). Under this assumption, we see that the
points, shown in the third panel of Fig. 18, fall in the upper locus
defined by the models. If the radius were smaller than assumed, the
densities would be even higher and the points would move in the
figure following the direction given by the arrow. A second factor
not included in these estimates, is the molecular gas content. There
are some works suggesting that the molecular gas amounts to less
than 10 per cent in these kinds of galaxies, while others seems to
indicate that the molecular mass may be as large as in the brightest
massive spirals. In any case, the inclusion of this factor would move
the points to the right. In both cases, the data points would popu-
late the region of the diagram occupied by the models. We there-
fore conclude that our models are able to reproduce the observed
trend of SFR versus total gas surface density for different types of
galaxies.

4.4 Radial gradients of abundances

The model computed abundance radial gradients for oxygen have
been obtained by fitting a least-squares straight line to the oxygen
abundances for radii 0.5Rc kpc � R � 3Rc kpc. The chosen ra-
dial range tries to eliminate the central region (where the oxygen
abundance distribution flattens) and the outer region where there
are no data. Thus, the calculated gradients may be compared more
precisely with the corresponding observed ones.

Figure 19. Radial gradients in dex kpc−1 as obtained from the mod-
elled oxygen abundance radial distributions, computed with a least-squares
straight line in the radial range 0.5Rc kpc < R < 3Rc kpc, as a function of
the rotation velocity V max in kpc s−1. Models are represented by the same
line coding as Figs 10 to 14. Data are from Zaritsky et al. (1994), Garnett
et al. (1997) and van Zee et al. (1998), shown by squares, dots and triangles,
respectively.
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These radial gradients, measured as dex kpc−1, are represented
as a function of rotation velocity in Fig. 19. The relation between
both quantities shows that the radial distributions are steeper for the
models with lower rotation velocities if N � 7. The radial gradients
for a given rotation velocity are larger in absolute value for increas-
ing N and tend to a zero value for the most massive galaxies and
low N. The models with N > 7, however, tend to deviate from this
function and show lower absolute values. That is, for a similar rota-
tion curve, their radial distributions of abundances show a flattening
as compared with those corresponding to the models with N � 7 .
The rotation velocity at which the models deviate from the common
locus depends on N: for N = 7 it occurs for V opt ∼ 100, while for N
= 10 almost all rotation velocity curves produce flat radial gradients
of abundances.

Data from Zaritsky et al. (1994), Garnett et al. (1997) and van
Zee et al. (1998) are overplotted on Fig. 19. We see that the mod-
elled trend reproduces the observations, although a more profound
analysis about this (and other) correlation will be performed in the
future.

4.5 Efficiencies

In order to use this grid for a given galaxy for which observational
data are known, we must first select the radial distribution of mass.
This means that we must know the total mass, the maximum rota-
tion velocity or, if none of them is available, the luminosity or the
magnitude in the I band. According to this value, we may choose the
number of the distribution from Table 1. Then, 10 different models,
corresponding to the 10 different efficiencies, are available.

The standard procedure in chemical evolution would be to see
which of them is able to reproduce with success known data such
as elemental abundances or gas densities. If more than one observa-
tional constraint is available, some kind of minimum error or maxi-
mum probability technique may be used for the purpose of choosing
the best model. Once this selection is performed, we may use the
time-evolution given by the chosen model to predict the star forma-
tion history, the age–metallicity relation, the stellar populations or
any other quantity relative to the modelled galaxy. Obviously, the
larger the observational number of constraints, the smaller the un-
certainty in the selection of the best model. The old and well-known
uniqueness problem of the chemical evolution suggests that more
than one model may reproduce the data. Actually, we have shown
in Mollá & Hardy (2002) that this problem reduces greatly when
more than two observational constraints can be used. Only 4 per
cent of the 500 models computed with different input parameters
could reproduce the observations relative to H I, oxygen abundance
and SFR at the same time. Therefore, we are confident that mod-
els may provide the evolutionary history of a given galaxy within a
reasonable accuracy.

Sometimes, however, these observational constraints are not
available (or not with sufficient precision) to select the adequate
model. In that case, some other method to choose the possible evo-
lutionary track is necessary. Our best models from previous works
give us evidence that the efficiencies to form molecular clouds from
atomic gas and stars from molecular gas, seem to depend on the
galaxy morphological type. If this were the case, the selection of
the best model might be easier. In fact, this dependence was already
found in Ferrini & Galli (1988) and Galli & Ferrini (1989), where
these authors quantified the efficiencies to form molecular clouds
and the frequency of cloud–cloud collisions, finding that a variation
of 10 in the parameters H and µ is needed when the Hubble type
changes from one stage to the next (Sa to Sb, etc.).
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Figure 20. (a) The efficiency ln εµ as a function of the morphological
type T represented by + for all galaxies. The solid dots are the averaged
values computed with 10 bins. The solid line is a least-squares second degree
polynomial. (b) The efficiency ln εµ as a function of T 2. The solid line is
the least-squares straight line.

In order to check if a relation between efficiencies and morpholog-
ical type exists, we have plotted in Fig. 20, panel (a) the logarithmic
efficiency εµ, computed following the equation (19) from Section
2.3, as a function of T for the data of Young et al. (1996). The +
symbols correspond to the raw values while solid dots represent the
averaged values obtained for 10 bins, one for each T . A clear de-
creasing correlation appears for T < 9. Values for T � 9 fall above
the trend but the number of points is small for which we assume
that the final increase is probably spurious. Based on our previous
works, we expect a relation of the form εµ ∝ exp−T 2/A. Therefore, in
panel (b) we have plotted the logarithmic efficiency as a function of
T 2 where a linear correlation is apparent. A least-squares fit gives,
for T < 9,

〈ln εµ〉 = −1.60 − 0.057T 2, χ2 = 1.19. (23)

Therefore,

〈εµ〉 ∼ exp−T 2/20 . (24)

On the other hand, taking into account the relationship obtained
for the ratio between both efficiencies, εµ and ε H , this latter one
may also be expressed by a similar function: εH ∝ exp−T 2/B where
B would be 8, following our hypothesis from Section 2.

The result that efficiencies are related to galaxy morphological
type may be useful when a model for a given galaxy must be chosen
and the observational data are scarce. In that case, once the total
mass distribution has been selected from the rotation curve or the
luminosity for the galaxy, an initial choice can be made under the
assumption that the galaxy evolution is represented by the model
of efficiencies N with N = T . We warn, however, that given the
large dispersion of the data around the averaged efficiency values in
Fig. 20, other values of N are also possible.

This finding would imply that the features of spiral galaxies de-
pend at least on two parameters, total mass and morphological type,
as some studies about the characteristics of galaxies, such as the
seminal work by Roberts & Haynes (1994), show (see also Vila-
Costas & Edmunds 1992; Zaritsky et al. 1994; Garnett et al. 1997;
among those more related with the chemical evolution of galaxies).
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It is also well known that the radial gradient, measured in dex
kpc−1, observed in spiral galaxies depends on morphological type:
late-type galaxies show steeper radial distributions of oxygen abun-
dances than earlier ones, which show in some cases almost no gradi-
ent (Oey & Kennicutt 1993; Dutil & Roy 1999). At the same time, a
correlation seems to exist between oxygen abundance and total mass
surface density which, in turn, is related to morphological type. This
correlation is stronger when the total mass of the galaxy, including
the bulge, instead of the mass of the exponential disc alone, is used
(Ryder 1995). It is evident from these works that a linear sequence
with the mass can not be obtained and therefore our models, being
a biparametric grid, would be adequate to find the best model for
each galaxy, although the existing relation between the morpholog-
ical type of galaxies and their total mass does make it difficult to
discriminate which of these features is the origin of the different
evolution of galaxies.

From the chemical evolution point of view, a recent work (Mollá
& Márquez 2005), where the multiphase evolution model has been
applied to a large sample (67) of spiral galaxies, seems to demon-
strate that the total mass, through its influence on the collapse time-
scale, has a larger effect on the evolution of a galaxy and its final
radial gradient of abundances than the selected values of the named
efficiencies. Thus, it seems as if galaxies would evolve mostly as
a result of their total mass with some dispersion around the mean
trend depending on hydrodynamical and environmental character-
istics, which are taken into account in some way by the efficiencies
values. The morphological type would then be the consequence of
the different conditions of the intergalactic medium out of which
the galaxy formed.

5 S U M M A RY A N D C O N C L U S I O N S

We have calculated the chemical evolution of a wide set of theoret-
ical galaxies characterized by their total mass, through the collapse
time-scale, and their efficiencies to form molecular clouds and mas-
sive stars from cloud-to-cloud collisions.

With the selection of parameters and inputs described above, we
have run a total of 440 models, with 44 different rotation curves,
implying 44 values of total mass, characteristic collapse time-scale
and disc radius, and 10 sets of efficiencies for each one of them,
implying 10 evolutionary rates for the star formation and gas con-
sumption in the disc.

For each model, we have obtained the time-evolution of the halo
and the disc, and therefore the corresponding radial distributions
for the relevant quantities (masses, abundances, SFR, etc.). The star
formation history for each radial region (halo and disc, separately)
and, within each one, the mass in each phase of matter, diffuse gas,
molecular gas, low-mass stars, massive stars and remnants, have
been followed. Besides that, we have obtained the abundances of 15
elements, H, D, 3He, 4He, 12C, 13C, 14N, 16O, Ne, Mg, Si, Ca, S, Fe
and neutron-rich nuclei, in all radial regions for both halo and disc.

The results of our work can be summarized as follows.

(i) The atomic gas shows a maximum in its radial distribution
for all galaxies. This maximum is nearer to the galaxy centre in
the low-mass or less evolved galaxies than in the more evolved or
massive galaxies, for which the maximum is along the disc and
moving towards the outer zones. This behaviour produces, in some
cases, a central hole in the distribution of the diffuse gas. The diffuse
gas radial distribution turns out to be a very strong constraint for
selecting the best model out of the 10 computed ones with different
efficiencies, corresponding to the total mass of a given spiral galaxy.

(ii) The oxygen abundance reaches a maximum level, as a con-
sequence of a saturation effect, which occurs earlier for the massive
and more evolved galaxies. The less evolved galaxies do not reach
this saturation level, except in the central region, and therefore show
a steep radial gradient in their oxygen abundance. The less massive
and less evolved galaxies have not yet developed a radial gradient
and show flat radial distributions. This simulates an on–off effect:
for N = 7 a radial gradient appears if λ > 0.15, while at N = 8
it only appears for λ ∼ 1.50. This behaviour is in agreement with
observations and solves the apparent inconsistency shown by trends
showing steep gradients for late-type galaxies and flatter ones for
the earliest ones, while, at the same time, most irregulars show no
gradient at all and very uniform abundances.

(iii) The model calculated star formation rates (SFRs) reproduce
the observed trend between the surface density of this quantity and
the total gas density including, not only the massive normal galaxies
data, but also the low surface brightness ones.

Actually, to our knowledge, there are not other CEMs that com-
pare predicted with observed radial distributions of diffuse and
molecular gas, SFR and abundances for disc galaxies other than
MWG. In this sense, our models should be considered as an im-
provement on the standard ones.

A study of the possible correlations among galaxy properties and
different features obtained from the complete set of results is now
possible, because a statistically significant number of theoretical
models is available. This requires a deeper analysis, which is beyond
the scope of this paper and will be done in the near future.
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Mollá M., Ferrini F., Dı́az A. I., 1996, ApJ, 466, 668
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