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RESUMEN

Se presentan resultados de una serie de modelos de evolucién quimica para
el disco galdctico entre 4 kpc y 20 kpc. En particular, se estudia la influencia de
diferentes formas del acrecimiento del disco y de la tasa de formacidn estelar sobre
la distribucién radial de los elementos quimicos y sobre la variacién radial de la
densidad superficial de gas. También se han estudiado los efectos de una funcién
inicial de masa (FIM) dependiente de la metalicidad. En los modelos la tasa de
formacién estelar es proporcional a una potencia de las dens1dades superficiales de
masa del gas y de masa total (gas mds estrellas), ¥(r,t) « Tgas 021, El modelo que
considera una FIM constante y uniforme, un acrecimiento mas rapldo hacia el centro
y una tasa de formacidn estelar con z = 1 4, predice una distribucién radial de O/H
que concuerda con las observaciones de H II, pero sobrestima O/H por ~ 0.2 dex
e indica una distribucién mds convexa que la observada. Este modelo predice
una densidad superficial para la masa de gas actual cercana a las restricciones
observacionales, y gradientes que se aplanan con el tiempo, en contradiccién con
las observaciones. Cuando el nimero de estrellas de muy baja masa (m < 0.5 Mg)
disminuye con la metalicidad se ajusta mejor el gradiente observado y su evolucidn,
pero todos los modelos de este tipo no reproducen la historia quimica temprana de
la vecindad solar.

ABSTRACT

Results from a series of chemical evolution models for the galactic disk (from
4 to 20 kpc) are presented and discussed. In particular, the influence of different
forms of the infall and the star formation rate on the chemical and surface density
distributions of the gaseous disk are probed. The effects of a metal-dependent
initial mass function are also studied. In the models the star formation rate is
proportional to a power of both, gas and total (stars plus gas) surface mass densities,
Y(r,t) 2 05>t An z = 1.4 model with an initial mass function independent
of tlme raélus or metallicity, and an infall that settles linearly faster towards the
center, gives a present O/H radial distribution more convex than observed but
consistent with H TI observations. The model overestimates O/H by ~ 0.2 dex,
and yields a present surface gas density close to the observational constraints. The
model predicts chemical gradients that flatten with time, in disagreement with
the observations. Models in which the relative number of very low mass stars
(m < 0.5 Mg) decreases with metallicity tend to improve the agreement with
the observed gradient strength and evolution, but all models of this kind fail to
reproduce the early chemical history of the solar neighborhood as derived from
stellar observations.

Key words: GALAXY -ABUNDANCES — GALAXY-EVOLUTION —
ISM-ABUNDANCES — STARS-LUMINOSITY FUNC-
TION, MASS FUNCTION
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1. INTRODUCTION

Radial abundance gradients in our Galaxy are
well established from observations of H II regions
(Shaver et al. 1983; Esteban & Peimbert 1995),
planetary nebulae (Fatindez-Abans & Maciel 1986;
Maciel & Koppen 1994), and B-type stars (Kilian-
Montenbruck, Gehren, & Nissen 1994). A substan-
tial number of chemical evolution models try to ex-
plain these gradients, and recent models give results
in good agreement with most of the observed features
of the chemistry of the galactic disk.

Most recently, modelers of the chemical evolution
of the Galaxy have relaxed the instantaneous recy-
cling approximation (IRA) in their highly sophisti-
cated codes (Tosi 1988; Matteucci & Frangois 1989;
Ferrini et al. 1994; Prantzos & Aubert 1995). Au-
thors mostly differ on the adopted star formation rate
(SFR), initial mass function (IMF), net yields from
stellar nucleosynthesis, and on the details of how the
galactic disk formed. In spite of all the efforts dedi-
cated to this problem, the origin and evolution of the
galactic abundance gradients is at best still poorly
understood (Tosi 1996).

The shape of the low-mass end of IMF and its de-
pendence on metallicity is still a matter of intense de-
bate. Silk (1995) suggests that at low-metallicities,
the IMF should be more biased towards formation
of low-mass stars than the solar neighborhood IMF
(Scalo 1986) since the protostellar mass scales as
Z5. In order to fit the mass-to-light ratio of M82, a
starburst galaxy with metallicity just below or about
solar, several authors suggest the need for an IMF
with considerably lower relative number of low-mass
stars than the solar neighborhood IMF (e.g., Doane
& Mathews 1993; Rieke et al. 1993). On the other
hand, Zinnecker (1994) argues that this conclusion
depends strongly on the adopted IMF slope, and that
the M/L of M82 can also be fitted with a slightly
shallower than Scalo’s IMF, across the whole mass
range, without changing much the low-mass end of
the IMF.

Recent HST data of Richer et al. (1995) have
revealed a large number of low-mass stars ~ 0.5 M,
in the globular cluster M4. Also in the galactic disk,
Méra, Chabrier, & Barafee (1996) argue for an excess
of low-mass stars (m < 1 Mg) at lower metallicities,
but the authors do not discuss the behavior of the
IMF with metallicity.

There are then several evidences of important
variations of the IMF, even at a fixed metallicity,
so that the IMF is not constant and homogeneous
after all.

This work starts to investigate some of the possi-
ble scenarios that produce or affect chemical gradi-
ents in the galactic disk, proposed in a recent review
by Peimbert (1995), in particular the effects of: a)
using an IMF where the relative number of very low

mass stars decreases with the oxygen abundance of
the gas, b) different time-scales for the formation of
the galactic disk, and ¢) a SFR that varies with the
gas and total mass densities.

2. THEORETICAL MODEL

The chemical evolution models for the solar neigh-
borhood of Carigi (1994) have been extended to fol-
low the chemical history of the galactic disk between
4 kpc and 20 kpc, under the following assumptions:

1) The galactic disk originates and grows only
from infall of primordial gas (X, = 0.76, Yo = 0.24),
and consists of a series of independent concentric
rings (2 kpc wide) without mass loss or material in-
terchange. The ring centered at 7o = 8 kpc is labeled
as the solar neighborhood.

2) The infall rate of primordial gas decreases ex-
ponentially with time, in a form suggested by Lacey

& Fall (1985)

P T10t(ro, ty)
nf (1—eta/T(M) 7(r)

e~ (r=Te) R g=t/7(r) (1)

such that the accumulated total surface mass den-
sity, i.e., oyot(r,t) = fo Ging(r,t) dt, remains expo-
nential with respect to galactocentric distance r at
all times ¢, and matches the present value after a time
ty. This study adopts exponential scale-lengths from
R = 3kpc to R = 5 kpc for the galactic disk (Gilmore
1989), an age of t, = 13 Gyr for the galactic disk
(Rana 1991), and takes oyoi(rg,t,) = 70 Mg pc™?
for the present observed total surface mass density in
the solar neighborhood (Kuijken & Gilmore 1991).

3) The infall time scale is constant or varies lin-
early with radius as

7(r) = [r(ro) = 7(0)] r/ro + 7(0). (2)

In this work, models adopt different 7(0) but impose
7(ro) = 3 Gyr to minimize the G-dwarf problem in
the solar neighborhood. In particular, the limiting
case of constant 7(r) = 3 Gyr is studied, but cases
with 7(0) < 7(rg), for which the central regions of
the disk form faster than the outskirts, are also ex-
plored.

4) The star formation rate (in Mg pc™2 Gyr™!) is
not only proportional to a power of the surface mass
density of the gas o445, but also to the total surface

mass density o, as suggested by Matteucci et al.
(1989)

¥ = v(r) 05, 00 - (3)
In most models the efficiency factor v(r) is held con-
stant, but one case takes v(r) o r~! as in Prantzos
& Aubert (1995). The actual normalization of v is
chosen such that the present-day 044 (7@,,) for the
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solar neighborhood agrees with the observational es-
timates: 6.6 & 2.5 Mg pc~? (Rana & Basu 1992), 13
+ 3 Mg pc? (Kuijken & Gilmore 1989); and that
at rg after t = 8.5 Gyr, all models reach the solar
abundances (Grevesse & Noels 1993).

5) The mass range of the adopted IMF (Kroupa,
Tout, & Gilmore 1993) is extended to cover from
0.01 to 120 M (hereafter KTG IMF). Two different
prescriptions for the IMF are followed: a) a metal-
independent IMF and, therefore, constant in time
and space (KTG IMF), and b) a metal-dependent
one, IMF(z0), explicitly dependent on the oxygen
abundance by mass of the gas through an increasing
factor of the relative number of very low mass stars
(m < 0.5 Mg) defined by Carigi et al. 1995 (see
Appendix for details).

6) All stellar properties: yields, lifetimes, limit-
ing masses for supernova explosions, and remnant
masses; are dependent on initial metallicity of the
progenitor gas clouds. The models do not use IRA
but assume that every star ejects its envelope just
after leaving the main sequence. No black holes are
considered. More details on these last points as well
as-on the code itself can be found in Carigi (1994).

3. RESULTS

This section presents and discusses the main re-
sults from the set of models. For discussion pur-
poses, models are arranged according to the z ex-
ponent of the star formation rate of equation (3)
(¥ x 05,50%5 ). In the following subsections three
cases in particular are discussed: z = 1, z = 2, and
the intermediate case = 1.4 referred to as “the best
model” .

3.1. Models with ¥ o 044

For the better understanding of the different influ-
ences of the model ingredients, the simpler z = 1 case
of a SFR that increases linearly with the gas surface
mass density (¥ o 0g45) is first analyzed. Models of
this kind were constructed with two different scale
lengths (R = 3 kpc and R = 5 kpc), three differ-
ent infall time-scales (7(r) = const = 3 Gyr, 7(r) =
3.2r/re—0.2 Gyr, and 7(r) = 4.87/r5—1.8 Gyr), and
under the KTG IMF or the IMF(zo) (Appendix).

3.1.1. The O/H Gradient

Lacey & Fall (1985) explored this type of SFR
(z = 1 in eq. 3) in galactic chemical models as-
suming IRA, a constant IMF and stellar yields inde-
pendent of metallicity. They find that models with
7(r) = const and without radial flows produce no
gradients. The use of a 7(r) # const and of an IMF
and yields dependent on metallicity are explored here
to produce chemical gradients without appealing to
radial flows.

All £ = 1 and v = const models with metal-
dependent stellar yields produce gradients of differ-
ent strengths depending on the model assumptions.
Models with 7 = const produce no gradient (as can
be found analytically assuming IRA). Linear 7(r)
of faster infall inwards, produce moderate gradients
(~ —0.034 dex kpc™! ). Probing models with a more
extreme quadratic 7(r) do not increase the gradients
significantly.

~ The strongest O/H gradient (~ —0.045 dex kpc~!
within 4 kpc < r < 10 kpc) is obtained using the
IMF(zo). The gradient strength is relatively insen-
sitive to a change in R from 3 to 5 kpc, although
0g4as(r) and ¥(r) are much flatter in a R = 5 kpc
model. In all cases, the O/H radial profile flattens
out beyond r ~ 10 kpc.

A Prantzos & Aubert (1995) type of SFR with
a v(r) proportional to r~! was also tried. The
v(r) o« r~! model of the present work reproduces
their computed O/H(r) distribution as well as most
of their other results. Although the O/H gradient
from this model agrees with the gradient derived
from B-type stars of ~ —0.021 dex kpc~! (Kilian-
Montenbruck et al. 1994), what one really needs to
match is the O/H distribution from HII regions of
a flatter gradient ~ —0.086 dex kpc~! gradient for
r < 12 kpc (Peimbert 1979; Shaver et al. 1983),
and together with its outer gradient (r > 12 kpc) of
—0.036 dex kpc~! (Vilchez & Esteban 1996). Since
their atmospheres can be contaminated by stellar
evolution processes, B-type stars may not be the best
sampler of the chemical composition of the progen-
itor clouds. H II regions on the other hand, offer
the extra advantage of being observable at large dis-
tances. Nevertheless, the large difference between
gradients derived from HII regions and B-stars re-
mains an interesting open problem, whose solution
is fundamental for the development of a successful
chemical evolution model of the galactic disk.

The aim of the present investigation is to repro-
duce the O/H radial distribution from H II regions,
and not the shallower chemical gradient from B-type
stars. The models, efforts and discussion of this work
would have to be modified if the later gradient is the
real sampler of the cloud chemistry.

In conclusion, all of our models ¥ o 044,(z = 1)
predict O/H radial distributions that are flatter than
observed (from H II regions). This same result of flat
gradients for SFR linearly proportional to the gas
density has already been emphasized by several au-
thors, in the last decade or so. Using stellar proper-
ties dependent on metallicity and a KTG IMF (with
7(r) # const) produces only moderate chemical gra-
dients. Under the assumptions and construction of
our present models, more pronounced gradients can
only be obtained using the IMF(zo).
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3.1.2. The Chemical History of the Solar Neigh-
borhood: Failure of the Metal-Dependent IMF (zo )

Although an IMF(zo) in which the relative num-
ber of very low-mass stars decreases with oxygen
abundance works very well for irregular galaxies (Ca-
rigi et al. 1995), and actually improves the derived
O/H gradients in the galactic disk as discussed above,
it fails to reproduce the early chemical history of the
solar neighborhood.

Figure la shows the time evolution of [O/H] in
the solar neighborhood. Model predictions with the
KTG IMF and with the IMF(zo) are shown (thin
and thick lines, respectively) together with data from
G-dwarf stars observed by Edvardsson et al. (1993)
between r = 7.5 kpc and r = 8.5 kpc (filled dots).
The solar atmospheric O/H abundance is taken from
Grevesse & Noels (1993) and, just for displaying pur-
poses, 8.5 Gyr is adopted as the time at which the
sun formed. Clearly, the IMF(zo) predicts too low
an [O/H] at early times, failing to reach the [O/H]
> —0.5 of G-dwarfs a few Gyr older than the sun.

During the first 5 Gyr of the evolution
(zo < 0.002), the adopted IMF(zo) assigns fewer
massive stars than the KTG IMF (by factors of 2 to
5). These stars are important contributors of oxy-
gen, and therefore [O/H] = —0.5 is reached after
~ 6 Gyr, much later than in the model with the con-
stant IMF. Solar abundance is reached at the right
time (8.5 Gyr) because the IMF(zo) produces 1.5 as
many of these stars as the KTG IMF during the last
6.3 Gyr of evolution (zo> 0.004).

Figure 1a shows the [C/O] abundance ratio as a
function of [O/H] for the solar neighborhood. Model
predictions are marked by the continuous lines as be-
fore. The filled squares mark observations of solar-
neighborhood F and G dwarfs from Clegg, Lambert,
& Tomkin (1981). The enclosed area represents data
from Abia, Canal, & Isern (1991) modified accord-
ing to Bessell, Sutherland, & Ruan (1991) who argue
that oxygen abundances from the [O I] triplet over-
estimate the O abundance, by about a factor of four,
relative to derivations from the [O I] 6300 and OH
lines which originate in the same zone where lines
from heavy metals form. Therefore, in Figure 15
the oxygen abundances from Abia et al. (1991) have
been shifted down by 0.6 dex. The solar C/H abun-
dance is also taken from Grevesse & Noels (1993).

At very early times (when [O/H] < —2 dex or
t < 0.5 Gyr), the [C/O] predicted with the IMF(zo)
is ~ 0.2 dex higher than with the KTG IMF. Massive
stars eject much less C than O at low metallicities,
so the early carbon enrichment is less affected by
the relative number of massive stars at early times.
Since at low [O/H] the IMF(zo) assigns fewer mas-
sive stars than the KTG IMF, the IMF(zo) model
predicts a higher [C/O] at the onset of the evolution
(Figure 1b). This C/O offset between the models is
eventually overcome since: 1) the C/O relative yield

from Maeder (1992) increases strongly with metal-
licity; 2) the relative number of stars more massive
than 0.5 M increases with metallicity (and therefore
their net chemical yield) in an IMF(zo) but remain
constant in the KTG IMF; and 3) the C/O relative
contribution from low-and-intermediate-mass stars
(0.8 < m/Mg < 7.5, hereafter LIMS) becomes more
important at later times.

One could attempt to increase the early O/H en-
richment of the IMF(zo) models with a stronger SFR
via a faster infall (7 < 3 Gyr), but even very fast in-
falls do not reach the observed [O/H] of old stars fast
enough. This is because a lower 7 (eq. 1) requires a
lower normalization of the SFR (v in eq. 3) to match
the present gas consumption at the right time.

As a first try to measure the dependence of
the results with the adopted yields, the Maeder
(1992) yields at solar-metallicity were substituted
with those of Weaver & Woosley (1993), but keep-
ing Maeder’s yields for Z = 0.001 (see the Ap-
pendix for details). Under this construction, dif-
ferences with the previous model become important
only after reaching [O/H]> —0.3. The model with
the later yields (not shown), with a small dependency
on the assumed IMF, predicts at late times an [O/H]
higher by ~ 0.1-0.2 dex than the previous models of
Figure la. Since Weaver & Woosley (1993) predict
lower C/O yields, the late evolution ([O/H]> —0.3)
of [C/O] flattens out with respect to the previous
models, better fitting the data shown in Figure 16.

In conclusion, the IMF(zo) with a metal-free in-
fall fails to reproduce the early chemical history
of the solar neighborhood regardless of the solar-
metallicity yields or the infall rates adopted. In the
following sections models with non-linear SFR (z # 1
in eq. 3) are presented and discussed, but unfortu-
nately, with very similar results on the early chem-
ical history of the solar neighborhood. In a future
work, other yields and SFR forms will be explored,
as well as different IMF dependencies with metal-
licity, to better reproduce the chemistry of the solar
neighborhood, the galactic gradients and their evolu-
tion, as well as the chemical composition of irregular
galaxies.

3.2. Models with ¥ agas Otot

The previous section showed that to reproduce the
observed gradients from H II regions, a stronger than
z = 1 dependency of the SFR on surface mass density
is needed. - In this section the use of an z = 2 SFR
(eq. 3), i.e., ¥ = v 02, 0101 is explored.

Matteucci et al. (1989, MFFT) also studied the
z = 2 case but with metal-independent stellar prop-
erties. When using their 7o = 10 kpc instead of ro =
8 kpc adopted here, our modeling predicts basically
the same present-day 0445(r) than MFFT, but there
are significant differences in the O/H abundances.
MFFT predict an O/H gradient of ~ —0.094 dex
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Fig. 1. The O and C abundance evolution of the solar neighborhood. Continuous lines present the predictions of
¥ X 04q; models with the KT'G IMF (thin lines) and with the IMF(zo) (thick lines). (a) [O/H] evolution. (b) [C/O]
versus [O/H] evolution. Observational data are as follows: circles: Edvardsson et al. (1993); squares: Clegg et al.
(1981). The enclosed area marks data from Abia et al. (1991) modified according Bessell et al. (1991) (see text).
Crosses show typical observational errors. ® marks the solar value from Grevesse & Noels (1993).

kpc~! while when using a similar 7(r) our model TABLE 1

predicts the much shallower gradient of —0.033 dex

kpc~! . These differences arise from the use of metal- =

dependent stellar properties in our modeling, and to INPUT PARAMETERS OF z = 2 MODELS
a lesser extent to the different present-day mass dis- v R 7(r)
tributions and IMF’s assumed in both works. Model IMF (M52 pe? Gyr~!) (kpe) (Gyr)

Table 1 summarizes the input parameters of our

set of # = 2 models. After the ID number, columns 1 KTG 3.0x10~* 3 48r/rg—1.8

(2)—(5) present the adopted IMF, efficiency for SFR, 2 KTG 3.0x10* 3 32r/rg—102

scale-length of the total mass profile, and e-folding 3 KTG 3.0x1074 3 3

time-scale of the infall, respectively. 4 KTG 3.0x10~* 5 3.2r/rg—0.2
Figure 2 presents the radial distributions of the 5 IMF(z0) 6.0x10~* 3 48r/rg—1.8

O/H abundance, the 04,,, and the SFR predicted ’ _—

by the models in Table 1. O/H data from H II re-

gion observations of Peimbert (1979), Shaver et al.

(1983), and Vilchez & Esteban (1996) are also plot-

ted in panel (a). The shape of o445(r) of Dame (1993)

have been normalized to the solar neighborhood esti- to the slope of the adopted 7(r), as the central parts

mates of Rana & Basu (1992) and Kuijken & Gilmore form and consume gas faster and faster than the out-

(1989), of 6.6 Mg pc™? and 13.0 Mg pc™2, respec- skirts. All but the third model, predict a similar
tively (dotted lines in panel b). The collected data 0gas (r) beyond ~ 14 kpc because the SFR and the

by Prantzos & Aubert (1995) for SFR radial distri- infall rate are so low out there that the evolution of
butions are shown in panel (c). All data have been the gas density is basically governed by the shape of
corrected to rg= 8 kpc. the infall profile.

Comparison of the first three models show that Within r < 11 kpc, the results are a bit insensitive
while in the external parts results are quite insensi- to a change of the disk scale-length from R = 3 kpc
tive to the infall time-scale 7(r), towards the center to R = 5 kpc (models 2 and 4), but not so in the
the O/H radial distribution responds a little more outer regions due to their lower and slower gas con-
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Fig. 2. The present-day radial distributions of [O/H] (a), gas surface mass density (b) and SFR (c) in the galactic
disk. Predictions from the five ¥ azas 0¢ot models in Table 1 are marked as follows: long-short-dash lines: model
1; continuous lines: model 2; long-dash-dot lines: model 3; short-dash-dot lines: model 4; long-dashed lines: model 5.
[O/H] observations in (a) are marked as follows: squares: Shaver et al. (1983); triangles: Peimbert (1979); circles:
Vilchez & Esteban (1996). Dashed and dotted lines show the gradients suggested by Shaver et al. (1983) (S83) and by
Vilchez & Esteban (1996) (Case B) (VE96), respectively. Assuming that 20% of the oxygen is locked in dust, 0.08 dex
have been added to the observed [O/H] from the sources. A cross shows typical errors of the data sample. The observed
gas profile in (b) (D93) is taken from Dame (1993) normalized to the o445 (rg) of Rana & Basu (1992) and Kuijken &
Gilmore (1989) (see text). The area enclosed by dotted lines in (¢) (PA95) indicates the data collected by Prantzos &
Aubert (1995).

sumption. Nonetheless, the R = 5 kpc models can
actually be discarded because they predict too high
a present oy, (r) at large radii (Figure 2b).

The IMF(zo) (model 5) produces the strongest
O/H gradient of all models (~ —0.065 dex kpc~? | for
4 kpc < 7 < rg) and agrees well with the observed
O/H distribution from H II regions within 10 kpc,
but not so beyond ~ 12 kpc. For r < 12 kpec, this

model predicts a lower present-day gas density than .

the rest of the models by ~ 0.2 dex. The IMF(zo)
reduces the ISM enrichment, therefore it requires a

more efficient SFR (higher v in eq. 3) in order to
reach solar abundances at 8.5 Gyr without consum-
ing too much gas below the observational limit for
Ugas(T‘@ ,tg).

While the O/H gradient of the model with the
IMF(z0o) steepens considerably (~ 55%) respect
to models with the KTG IMF, the C/H gradient
(not-shown), becomes even stronger since both, the
adopted C/O yields from massive stars and the rela-
tive number of these stars increase with metallicity.

Finally, like the KTG IMF model with ¥ «
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0gas(§ 3.1.), models with z = 2 (models 1 to 4 in
Table 1) reproduce well the chemical history of the
solar neighborhood. A deeper discussion on these
last points is presented in § 3.3.2. But then again,
the IMF(zo) of model 5 fails to match the high oxy-
gen abundance of solar neighborhood G-dwarfs at
early times.
3.8. The Best Model: ¥ o o}t o0:d

gas

In the previous sections our experiments with ei-
ther a star formation rate linear on the gas sur-
face mass density, or a SFR proportional to agaso'm
(z =1 and z = 2 in eq. 3) were discussed. In the
first case, the derived O/H radial distribution was
shallower than observed, and in the second case the
shape of the O/H dlstrlbutlon was not optimal (too
curved). Therefore, different SFR dependencies with

185

1 < z < 2 were probed to look for a better match to
the observed O/H radial distribution in the galactic
disk (as derived from H II regions), the gas surface
mass density distribution as well as other observa-
tional constraints.

After a long series of models, our efforts con-
verged to a “best model” characterized by ¥(r,t) =
0.0190,,5(r, 1) (J’tot(T' t), that is a SFR with z = 1.4
similar to the # = 1.475 suggested by Franco &
Shore (1984), according to Matteucci et al. (1989).
The best model takes a linear infall time-scale of
7(r) = 4.8r/rg — 1.8 Gyr, a scale-length of R = 3
kpc and the KTG IMF.

3.3.1. The O/H Gradient from the Best Model

Figure 3 presents the predictions for the O/H,
0gas, and SFR radial distributions from the best
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model (data and symbols are as for £ = 2 models
in Figure 2). The O/H profile from this later model
(thick line) is consistent with the observed distribu-
tion from H II regions, but it overestimates O/H by
~ 0.2 dex and shows too much of a convex behavior.
These discrepancies cannot be removed easily with-
out breaking the observational limits of the gas con-
sumption (Figure 35). They actually arise from the
fast chemical saturation induced by the strong metal-
licity dependence of the oxygen yields from massive
stars of Maeder (1992), which decrease strongly with
metallicity. Other elements like C do not saturate
as fast, and show better gradient shapes, because C
yields increase with metallicity (see below). In ac-
cordance with our results, Giovagnoli & Tosi (1995)
when they assume Maeder’s yields also find a flatten-
ing of the O/H(r) distribution between 8 and 10 kpc
(Z < 0.02).

The present-day surface mass density of the best
model lies within the observational limits (Fig-
ure 3b), reaching the maximum allowed value at
r ~ 10 kpc. The model required maximum gas con-
sumption towards the center (r < 6 kpc) to obtain
the highest possible O/H central abundance (and
steepest gradient) that reflected on a lower present-
day SFR, ¥/¥q(r < 8 kpc) (Figure 3¢) that lies at
the lower limit of the observational estimates.

Figure 3 also shows the results of model A of Fer-
rini et al. (1994) (long-dash lines). This model as-
sumes a slightly different IMF, other stellar yields,
and a constant 7(r). These authors use a non-
analytical SFR that attempts to include a variety
of physical processes in the gas that should influence
the star formation efficiency. The analytical SFR of
our best model (Figure 3c) reproduces well the re-
sults from the more sophisticated treatment of Fer-
rini et al. (1994). The radial distributions ogas(7,4)
from both models are also consistent with each other
(Figure 3b).

In the model, 0gq5 /010t increases while o, ¢ /W de-
creases with galactocentric distance. This is true at
all times, and in particular is consistent with the ob-
served present-day distributions. Finally, the derived
integrated infall from 4 to 20 kpc of 0.24 M., yr=! of
the best model lies within the observational range of
0.2—0.5 Mg yr! estimated by Mirabel (1989) from
high velocity H I clouds.

Since Maeder’s oxygen yields are particularly de-
pendent on metallicity, while the yields used by Fer-
rini et al. (1994) are instead metallicity independent,
the O/H gradients of their model A differ signifi-
cantly from the gradients of our best model, mainly
in regions with metallicities lower than solar metal-
licity, (r > 9 kpc), (Figure 3a).

Considering our experimentation and the work in
the literature, several improvements to the models
can be attempted to better reproduce the behav-
ior of the O/H gradient in our Galaxy. In partic-

ular, one can try yields not as strongly Z-dependent
as Maeder’s stellar yields (eg., Woosley & Weaver
1995). Also, the addition to our modeling of an in-
fall from a previously evolved halo could also help
to explain the observed flattening of the disk’s O/H
gradient beyond 12 kpc.

Experience from outer galaxies is also important
and should be taken into account. Edmunds & Roy
(1993) and Zaritsky, Kennicutt, & Huchra (1994)
find that the presence of a bar is associated with flat-
ter abundance gradients in disk galaxies. There is ev-
idence that our Galaxy is a barred one, and the com- -
plex distribution and kinematics of the cold gas in the
galactic center (r < 1.5 kpc) can be understood as
the inwards motion of the molecular gas induced by
a rapidly rotating barred potential (Gerhard 1994).
Finally, the steepening of the abundance distribu-
tions towards the center observed in our Galaxy is
also common in other spiral galaxies (Diaz 1989). In
conclusion, a final successful model of the galactic
chemistry may have to wait for a better understand-
ing on the formation process of the disk and on the
nature and relative importance of vertical and radial
material flows in our Galaxy.

3.3.2. The Solar Neighborhood from
the Best Model

Figure 4 presents the detailed chemical history of
the solar neighborhood with the predictions of our
best model (z = 1.4) and the previous models of
§ 3.2. (z=1) and § 3.2. (¢ = 2). The model repro-
duce well the enrichment histories for oxygen, iron
and carbon, as well as for their relative abundances
(panels a) to e) in the figure). The z = 1.4 SFR de-
lays the chemical early enrichment by ~ 0.8 Gyr with
respect to the £ = 1 SFR case (Figures 4a and 4b),
nearly as much as the £ = 2 model. After ~ 4 Gyr
all models show a similar behavior. The three mod-
els are consistent with the observed evolution of the
relative [C/Fe] and [O/Fe] with [Fe/H] (Figures 4c
and 4d).

The slope of the [O/H](t) (Figure 4a) basically
traces the time evolution of the SFR, and therefore
its dependence with the z exponent of eq. (3). Dur-
ing the first 3 Gyr, the SFR is more efficient the
higher the z exponent. This behavior reverts itself
for the next 4 Gyr or so and, at the end of the evolu-
tion the SFR of higher £ models drops again, below
the lower-z models, since after a time ¢4 all models
have to consume about the same amount of gas to
match the present ogq5.

The early production of Fe, before supernovae of
type Ia become important (¢ < 1 Gyr), is much lower
than the oxygen and carbon production (mostly from
SNII) in the £ = 1 model because, as mentioned
before, this SFR is more efficient at the beginning of
the evolution than higher-z SFRs.

The switch over from a SNII-dominated to a SNla-
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Fig. 4. Model predictions for the solar neighborhood: the best model (thick lines), the model with ¥ o o445 (thin lines)
and a ¥ agas 010t model (dotted lines). (a) [O/H] time evolution. () [Fe/H] time evolution (data from Edvardsson
et al. 1993). (c) [C/Fe] versus [Fe/H] evolution. (d) [O/Fe] versus [Fe/H] evolution. (e) [C/O] versus [O/H] evolution.
(f) Normalized [Fe/H] distribution of solar neighborhood G-dwarfs. Data in (a), (b), and (e) are as in Figure 1. The
enclosed areas in (c) and (d) mark the data from Abia et al. (1991), but in (d) the O abundance is corrected as in
Figure 1. In (f), Shaded histogram shows the stellar metallicity distribution observed by Rocha-Pinto & Maciel (1996).

Crosses show typical observational errors.

dominated Fe production occurs at.almost the same
time for all three z-dependencies of the SFR (seen
as the sudden change in slope at ~ 2-3 Gyr in Fig-
ure 4b), but show up at different [Fe/H] ratios (Fig-
ures 4c and 4e) due to the faster enrichment of mod-
els with a lower-z SFR. ,

The predicted G-dwarf distributions (Figure 4f)
peak at a higher [Fe/H (by ~ 0.2 dex) than the ob-
served distribution of Rocha-Pinto & Maciel (1996).
The difference cannot be overcome with a faster in-
fall (7(rg) < 3 Gyr) without exacerbating the G-
dwarf problem of predicting too many low-metallicity

© Universidad Nacional Autéonoma de México

stars. A better match with the observed distribution
may be obtained with a different kind of IMF(ro)
in combination with stellar yields less dependent on
metallicity (eg., Woosley & Weaver 1995) and proba-
bly some kind of pre-enrichment of the infalling gas.
These possibilities are now being explored and will
be discussed in the next paper of the series (Carigi
& Peimbert 1997, in preparation).

3.4. Evolution of the Chemical Gradients

Figure 5 presents the He/H, C/H, O/H, and Fe/H
radial distributions from the best model at four dif-
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ferent times: 0.5, 4.5, 8.5, and 13 Gyr. Gradients
evolve faster towards the center, and all but the
He/H gradient (see below) flatten out with time as
the galactic disk chemically saturates faster in the
central parts and more slowly at the outskirts.

The central infall is both quick and strong, so the
SFR in the inner zones is most important early in the
evolution. At later epochs, the 744, is almost all ex-
hausted and the chemical enrichment of the ISM by
the late stellar populations becomes negligible. Max-
imum central abundances are reached relatively fast,
after ~ 2-6 Gyr, depending on the atomic species.
The slower and lower infall at larger radii delays the
chemical saturation and gas consumption in the ex-
ternal parts of the disk, slowing down their C, O,
and Fe enrichment as these gradients flatten out with
time.

The abundance radial distribution of each atomic
species and its evolution responds to the particular
mass and metallicity sensitivity of the yields of the
specific element. In a nutshell, the characteristics of
Maeder’s He, O and C yields, relevant to interpret
the gradient evolution from our models can be sum-
marized as follows:

1) The oxygen yield from LIMS is negligible while
the yield from massive stars decreases with metallic-
ity Z. 2) The helium yield from massive stars in-
creases with Z while the yield from LIMS decreases
slightly with Z. 3) The carbon yield from massive
stars and from low-mass LIMS (0.8 < m/Mg < 5)
increases with metallicity. The C yield from high
mass LIMS (5 < m/Mg < 7.5) decreases with Z. 4)
The contribution of massive stars relative to LIMS
is much more important in the yield of He than in
those of C, mainly so at high metallicities.

At early times, the H and He gradients are flat
since in our model the disk forms just from infall of
H and He and there is no radial dependence of these
elements in the infall. On the other hand, the first
stellar generations implant the shape of the SFR to
the early radial distributions of oxygen and carbon
(and the rest of the metals).

In the outer zones, the carbon and oxygen dis-
tributions evolve in a similar fashion because these
zones are far from saturation. The relative C/O yield
increases very fast with metallicity, so the maximum
possible abundance is reached faster for O than for
C (at a fixed gas consumption). Therefore, while the
external C/H and O/H gradients are similar for a
long time, the contrast with the central abundance
is more pronounced for C than O, producing a flat-
ter O/H radial distribution than the C/H one (Fig-
ures 5a and 5b).

Although the net He stellar yield is always posi-
tive, the infall continuously dilutes it and the central
He abundance only increases by ~ 0.5 dex during the
whole evolution (while O and C increase by orders of
magnitude). Therefore, the He/H gradient remains

quite flat while the He abundance slowly increases
towards the center (Figure 5¢). Saturation effects on
the He abundance are not seen because helium sat-
urates more slowly than carbon since the LIMS and
high-metallicity massive stars keep producing more
He than C.

The computed O/H gradients from our models
flatten up with time (Figure 5a). This result dis-
agrees with the observational evidence of chemical
gradients derived from objects with different mean
ages: H II regions (Shaver et al. 1983), the interme-
diate age type II planetaries (~ 5 Gyr) and the older
(~ 9 Gyr) type II planetaries (Maciel & Koppen
1994), which are also shown in the figure.

The infall is stronger and gets consumed faster to-
wards the center, therefore in our models the chemi-
cal saturation is quickly reached at the central parts,
reducing the gradients with time. Ferrini et al.
(1994), who use a similar infall law than here, also
derive gradients that flatten up with the evolution.
Chiappini, Matteucci, & Gratton (1996) on the other
hand, obtain an O/H radial distribution that steep-
ens with time with a two-stage infall model. Tosi
(1996) gets a similar behavior with a constant and
uniform infall, but assuming a variable and very dif-
ferent relation between the gas density and the SFR
than eq. (3).

The use of the IMF(z0) in the best model instead
of the constant KTG IMF, delays the chemical sat-
uration and gives gradients that steepen with time
(within 6 kpc < » < 10 kpc), but as discussed before,
this IMF(zo) fails to match the early abundances in
the solar neighborhood.

It seems clear to us that a main limitation of the
present models resides in the lack of a realistic infall
law that incorporates the true dynamical history of
the formation of the galactic disk. This kind of mod-
els may be successful in matching all: the strength
and evolution of the galactic chemical gradients, the
chemical evolution of the solar neighborhood and the
chemical history of irregular galaxies with a consis-
tent set of assumptions for the IMF and SFR.

This work has probed some of the suggestions of
Peimbert (1995) to produce chemical gradients and
has verified that the following are all important fac-
tors to create chemical gradients similar in magni-
tude to the ones observed in the galactic disk: a)
yields that increase with metallicity (like Maeder’s
carbon yields); b) a higher fraction of massive stars
with increasing metallicity from an IMF that varies
with the abundance of heavy elements; ¢) a steeper
Ogas /0ot distribution with r; and d) a 6i,¢/¥ that
increases with r. Nevertheless, none of these fac-
tors can explain that gradients increase with time,
with the possible exception of an adequate metal-
dependent IMF(zo). ‘

The existence of radial flows of gas, outwards at
t < 4 Gyr and inwards for the rest of the disk’s evo-
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Evolution of the chemical gradients from the “best model”. Radial abundance distributions of oxygen (a),
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circles, respectively). Dotted lines: Observed gradients from H II regions of Shaver et al. (1983). Long-dashed lines:
Observed gradients from PN II of Maciel & Koppen (1994) for oxygen and of Maciel & Chiappini (1994) for carbon.
Short-dashed lines: Observed gradients from PN III Maciel & Koppen (1994) for oxygen. Starred dot: He abundances
from Peimbert, Torres-Peimbert, & Ruiz (1992). The ® symbol marks the solar abundances of Grevesse & Noels (1993).

lution, gives enough gas to inner parts during the
second half of the evolution to explain the increase
in oijny and SFR observed in 3 kpc < r < 8 kpc
(Clarke 1989). It is not clear how early outflows and
late inflows at different radii would affect the derived
O/H(r) distributions from our models but could ac-
tually improve the agreement of our modeling with
observations, in particular the time-evolution of the
gradients.

4. CONCLUSIONS

This work has explored chemical models in which
the galactic disk sets up only from primordial infall.

© Universidad Nacional Auténoma de México ¢ Provided by the NASA Astrophysics Data System

Adopting the stellar yields from Maeder (1992) which
are strongly dependent on metallicity, the modeling
has considered different infall laws, different depen-
dencies of the SFR with the gas and total surface
mass densities, and either a constant and homoge-
neous IMF or a a metal-dependent IMF.

Without appealing for radial flows, models with
radially constant infall time-scales and SFR o 044
produce no chemical gradients. Models with faster
infall towards the center coupled with stronger-than-
linear dependencies of the SFR with o4 predict
negative steeper chemical gradients derived from the
faster gas consumption in the central zones.

The predicted strength and evolution of the chem-
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ical gradients result from the combined effects of the
adopted infall-law, SFR, IMF, and the properties of
the stellar yields. The main conclusions from this
investigation can be summarized as follows:

1. Within ~ 10 kpc, the adopted scale-length for
the total surface mass density has little influence on
the shape of the inner gradients, but reflects strongly
on the slope of the outer gradients. Models with
R = 3 kpc reproduce well the present o44,(r) and
U(r)/¥g at all radii, but models with B > 5 kpc
predict distributions that are too flat beyond 10 kpc.

2. Models with a constant and uniform IMF and

a SFR U:aso'fo_tl with 1 < # < 2 are such that:

a) The chemical history of the solar neighborhood
is well reproduced. b) A SFR more efficient than
X 0gqs (1.€., z > 1) is required to obtain an O/H gra-
dient as steep as observed in the galactic disk. ¢) Ris-
ing from unity the z-exponent of the SFR makes the
derived O/H(r) distribution to change from concave
to convex within ~ 10 kpc, and from flat to convex in
the outer zones. These stronger-than-linear SFR de-
pendences on oyqs shift the maximum of the present
0gas (1) distribution towards higher radii, and delay
slightly the early ISM enrichment (< 1 Gyr with «
up to ¢ = 2). d) The strong drop with metallicity
of Maeder’s oxygen yields, and the constraints from
the observed present-day distribution of ¢44,/040t,
prevent these models to completely reproduce at all
radii the O/H abundances derived from H II regions.

3. In particular, the model with a SFR =
0.0190;.% 005 Mo pc™? Gyr™! (z = 1.4 and a con-
stant and homogeneous IMF), reproduces best most
of the observational constraints with the following
caveats: a) The predicted O/H(r) profile is consis-
tent with the observed distribution from H II re-
gions, but the model overestimates O/H by ~ 0.2 dex
and its oxygen distribution shows too much of a con-
vex behavior. b) Although its present-day O/H(r)
distribution is consistent with the observations, this
model predicts that the chemical gradients of the
heavy elements flatten up with time in contradiction
with the observed trend of steepening gradients (be-
low). ¢) Similarly to models with other z-exponents
(1 < 2z < 2), the z = 1.4 model requires maximum
gas consumption within the solar ring, and the pre-
dicted present-day o4,,(r) drops below the observa-
tional estimates in the inner zones (r < 6 kpc).

4. The chemical gradients of our models evolve
with time. The different strengths and evolutions
of the radial distribution of the different chemical
species are caused mainly by the late contribution
of low mass stars, by the strong metallicity sensi-
tivity of the yields from massive stars, and by the
primordial composition of the infall: a) Since in our
modeling the disk sets up only from primordial in-
fall, the initial He/H gradient is flat. On the other
hand, the infall law determines the initial SFR radial
distribution which in turn implants its shape to the

abundance distributions of the heavier elements at
early times. b) Later on, the C/H, O/H, and Fe/H
gradients evolve reflecting the history of the SFR ra-
dial distribution and the relative rates at which the
different chemical species saturate their ISM abun-
dance. ¢) The abundance saturation is reached first
at the inner zones since the infall is stronger and
gets consumed faster towards the center. Reaching
of the maximum abundance at the center causes the
modeled radial distributions of the heavy elements to
flatten up with time, since the outer ISM is still being
enriched far from saturation through the lower SFR
of the outer parts of the disk. d) Unlike the case
of heavier atoms, the primordial infall strongly di-
lutes the He enrichment from the stellar populations,
maintaining an almost flat He/H gradient through
the whole evolution. The gradient actually steepens
a little with time due to a small and slow rise in He/H
towards the center.

5. An IMF in which the relative number of very"
low mass stars decreases with metallicity produces a
better match to the observed present-day O/H ra-
dial distribution from H II regions (specially within
10 kpc) and can help to reproduce the trend of steep-
ening gradients with time. Unfortunately, this kind
of IMF fails to reproduce the early chemical enrich-
ment in the solar neighborhood.

In conclusion, no simple model of this kind can
match at once all of the observational constraints set
up by: 1) the bimodal behavior of the oxygen abun-
dance distribution from H II regions, steeper towards
the galactic center and practically flat beyond 12 kpc;
2) the present-day radial distribution of Ogasand 0415
3) a gradient evolution to steeper values; and 4) the
early chemical history of the solar neighborhood.

The next paper of the series (Carigi & Peimbert
1997) explores model improvements and other pos-
sible scenarios that influence the chemical evolution
of the Galaxy, considering in particular: a) a more
complex modeling of the Galaxy formation that in--

- cludes pre-enriched infall into the disk from a previ-.

ously evolved halo ; b) the use of yields of Woosley &
Weaver (1995), which are not as dependent on metal-
licity as Maeder’s yields; ¢) other IMF dependences
on metallicity ; and d) radial gas flows of the type
suggested by Clarke (1989).

The author acknowledges useful suggestiohs and
careful reading of the manuscript from M. Peimbert
and J. Gonzalez.

APPENDIX
From models based on essentially the same code
used in this work, Carigi et al. (1995, hereafter

CCPS) demonstrated the need for an IMF that
changes with metallicity - in order .to match the
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present-day oxygen abundance and the gas mass frac-
tion in a typical irregular galaxy. In particular, the
authors take as a reference a KTG IMF (Kroupa,
Tout, & Gilmore 1993):

rTOOBRVKAA . 327 “I79C

0.510 m~*3  for 0.01 <m < 0.5
d(m) = 0.273 m~22 for 0.5 <m < 1.0 (4)
0.273 m=27 for 1.0 < m < 120.0 .

and vary the slope of its low-mass end to define a
modified IMF as

(0.5Y=22)ym=Y for 0.01 <m < 0.5
m~22 for 0.6 <m< 1.0 (5)
m=27 for 1.0 < m < 120.0 ,

YT(m) =D

with D such that [ o mYdm = 1, and a slope y
which varies with metallicity. A factor that measures
the number of stars that contributes to the ISM en-
richment relative to the KTG IMF can be defined
as

_ ol.zg m®(m)dm

- 013(; mY(m)dm .

(6)

A consistent dependence of g (or equivalently y)
with metallicity can in principle be derived from the
modeling of systems with different present-day abun-
dances. In particular, CCPS evolved a couple of
closed-box models with different y exponents (held
constant during the evolution of ~ 10 Gyr) and, tak-
ing ¢(Xo) = 1 for the solar neighborhood, one de-
rives the o(Xo) oc X3! for the set of three final oxy-
gen abundances by mass Xo. But before their use
in models that account for the IMF variations with
abundance (i.e., y # const during the evolution),
the so derived o(X¢) factors have to be interpreted
strictly as some kind of time average over the evolu-
tion:

X0 o(zo)w(zo)dz
(a)(x0) = B Hzolulzollzo

fo w(zo)dzo ’

where the weighing function w(zo) is an a-priori un-
known factor driven by the details of the modeling
of the chemical evolution.

In this work, we completed the CCPS mapping of
(0)(X o) with more closed-box and infall models, and
probed other gas consumptions as well as different
yields, to derive a consistent g(zo) from eq. (7).

Since the chemical composition of the solar vicin-
ity is very well known, it provided us with a very
good test to probe the influences of almost every in-
gredient in the chemical models. After trying with-
out success many simple analytical, continuous and
bounded forms for g(zo) in the solar neighborhood,
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that apply over a considerable range in oxygen abun-
dance, we arrived at the following expression from
which we obtain the best match for the solar C/O
abundance after 8.5 Gyr

a (z0/1073)% +b for zo < zo)
6.0 (12()/10_3)"1'5 for zo1 < 4.2 x1073
0.7 otherwise, (8)

o(zo) =

where a and b are chosen such that the function and
its first derivative are continuous at zg; = 1.5x 1073,
The integral of eq. (8) fairly matches the values
mapped in detail (g)(Xo).

In this work, we used implicitly the above expres-
sion for p(zo) as the metallicity dependency of the
modified Y(m) initial mass function (IMF(zo) in the
text).
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