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Abstract. Radial gas flows induced by viscosity may signifi1. Introduction
cantly redistribute the gas component in galactic disks. On the
condition that the timescale of the viscous transport is compd€ secular evolution of disk galaxies may be significantly in-
rable to the star formation timescale, this process naturally ékienced by radial gas flows (e.g., Lacey & Fall 1985pgen
plains the observed exponential stellar density profiles in disk&94: Courthau et al. 1996). Especially, gas flows due to vis-
independent of the density profiles of the initial disks. We di§9sity have become attractive to explain the observed radial
cuss models for the chemical and dynamical evolution of tREfiles of disks. Although the physical nature of the viscos-
Galactic disk which combine viscous radial gas flows with iy iS essentially unknown, several aspects of viscous galactic
fall of external gas onto the disk, and infall-induced radial ggyolution have been studied in detail over the last decade (e.g.,
flows. The main goal of this study is the confrontation of mod&fn & Pringle 1987; Clarke 1989; Sommer-Larsen & Yoshii
results with a large set of observational constraints from tA€89, 1990; Olivier et al. 1991; bhlich 1994; Firmani et al.
Galactic disk. The star formation rate and the viscosity in tH&96). It was established that fundamental properties of disks
interstellar medium are parametrised as usual in modelling §@&0 be reproduced in the context of viscous evolution: The ob-
evolution of a viscous star forming disk. The element abundart@ved exponential stellar disk profiles can be explained as a
evolution for oxygen and iron is driven by supernovae of typesnatural consequence of the redistribution of angular momentum
andir. Chemical inhomogeneities are taken into account for tR¥ @ viscous gas drift. Moreover, viscous evolution generates a
interstellar medium at given time and Galactocentric distancBt transition between the outer (halo-dominated) and the inner
In the result of a large number of model computations, wdiSk-bulge-dominated) rotation curve of spiral galaxies (Saio
found several distinct models which provide an acceptable §tY0Shii 1990; TSF‘J”“nOtO etal. 1”995 a) and provides a natural
to most of the observational data. However, the models are figP'anation for this “conspiracy” between dark and luminous
appropriate to fit all observed details, partly due to the siff?atter-
ple description of the star formation rate. We discuss the evo- On the other hand, stringent observational constraints are
lution of radial abundance gradients. Although viscous motot fit by viscous gas flow models but require additional as-
els generally produce gradients, their values are typically orsymptions like gas infall. It has been suggested long ago (Larson
—0.03dex kpc! if we adopt the initial gas density distribution1972; Lynden-Bell 1975; Pagel & Patchett 1975) that prolonged
of an isothermal sphere. Several processes are discussed whietl of chemically unenriched gas was an important aspect in
can enhance the gradients. Galactic evolution. More recent studies invoking gas infall to de-
Viscous evolution generates a strong mass concentratioffibe the chemical evolution of the local region in the Galactic
the inner few kpc. We compare the properties of the central stdisk include those by van den Hoek & de Jong (1997), Pilyugin
lar population in the models with the Galactic bulge and discu&Edmunds (1996), Prantzos & Aubert (1995), and Meusinger
the possible relationship between viscous flows and bulge f6k994). If gas infall is important, the Galactic disk is not ade-
mation. Furthermore, we propose that the observed radial §agtely described by a simple multi-zone model with separated
density distribution in the innermost disk may be produced B{nes (Mayor & Vigroux 1981): To maintain consistency, radial

strongly enhanced viscosity in that region, e.g. due to a cent@as flows have to be taken into account as a dynamical conse-
bar. guence of infall. Such kind of models have been investigated in

detail by Pitts & Tayler (1989) and Chamcham & Tayler (1994).

Key words: hydrodynamics — Galaxy: center — Galaxy: evolu- The modification of viscous models by the addition of infalll
tion — Galaxy: solar neighbourhood seems to be a more realistic description of galactic evolution.
In this paper we present hydrodynamic “hybrid” models for
the chemical evolution of the Galactic disk which include the
effects of viscosity, gasinfall and infall-induced radial gas flows.
Send offprint requests tél. Meusinger Heavy element production from supernovae (SNe) of types
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andi1r is taken into account. The models are relatively simpthemical mixing of the interstellar medium (ISM) in the sense
compared to chemodynamical models involving a multiphatieat we neglect azimuthal structures like spiral arms (e.g., Mar-
interstellar medium (Hensler et al. 1994; Samland et al. 199%h & Belley 1996). We allow, however, for chemical inhomo-
Nevertheless, it is useful to consider such less complex modejeneities in the ISM of the same given Galactocentric distance
at least because they allow to study the dependence of maatedny given time. The calculations do not use the common in-
properties on the input data without limitations due to computstantaneous recycling approximation (IRA).
capacity.

The mqin goal of the pre§ent paper ig the confrontation 2f2_ Basic equations
the predictions of such hybrid models with a large set of ob-
servational constraints. In addition to a “minimal set” (Prantzés2.1. Balance equations
& Aubert 1995) we consider further constraints like the rat%

. . - e describe the evolution with timeof the gas density,,
for both types of SNe, the luminosity function of white dwarffhe stellar density,, and the mass fractioﬁgof a chen):nzicgal

(WDLF) and the present-dgy mass function of main-SequenG&ment in the ISM in dependence on the galactocentric radius
stars (PDMF) in the solar vicinity.

Gas inflow via viscous transport may play an important rollg'

. . . 1) 10
for the evolution of the central regions of disks (Courthau et al. atg =T -V, — ROR (REHUR)7 @)
1996). Viscous evolution results in a radial stellar density dis-
N S i 0%,
tribution which is exponential over several scalelengths. In the 5% = Uoet, (2)

innermost regiong < 1...3kpc), the stellar density increasesa 5
much stronger. It has been suggested to identify this surplu&é@ = Ppet + Fpet + 177 (3)
mass with the Galactic bulge (Yoshii & Rodgers 1989; Weinber . )
1992; Tsujimoto et al. 1995 a). We will examine this hypotheséqs- (1) to (3) are the balance equations. The terms on the right
in the framework of our models. hand side of Eq. (1) describe (from left to right) gas infall, the net
The paper is organised as follows: The general proced §&S consumption by star formation, and the radial gas flow, re-
the set of equations and assumptions, and the fundamentaPReCtively, .where:R is the radial velocity of the radial gas flow.
gredients of the models are described in the next section.-lme terms in Eq. (3) are the ”et'eﬁ?CIS to the heavy—element en-
Sect. 3, we present a summary of the observational constraiff§)ment by stellar evolutiont,..), viscous ;adlal gas flow and
inclusive of a brief discussion of the observed abundance gt#Scous diffusion £7.c.), f‘?d gas Inf?JL(_Z ), respectively’
dients and indications for their evolution. The results from dn the infall rate e Gyr~" pc™), 2™/ is the mass fraction of
extended parameter study of viscous models are presemew%correspondmg chemical elementin the infalling gas. All rel-

- - Ty ;
Sect. 4, along with the analysis of “best-fit" models. The inn&vant densities are column densities:( pc™). All functions

part of the disk is discussed separately in Sect. 5. Conclusiigpend orz andt. . )
are given in Sect. 6. The net-effect of star formation for the gas balance is de-

scribed by the difference between the SERn Gyr—! pc2)
and the integrated returned mass from all evolved stars which

2. The basics of the models were born before
2.1. General description U, =0 /[1 Ut — 1) ®(m)dm, @)
The main properties of the models are described as follows: e

We proceed from the assumption that the early evolutigghere1 — r,, is the returned mass fraction of stars of the mass
of the Galactic disk is widely affected by infall of dissipateq,,, andr,, is the lifetime of a star of mass. ®(m) dm is initial
gas from the protogalactic halo, and that the infall continuggass function (IMF), i.e.the mass fraction of newly formed stars
to influence the evolution on longer timescales, especially jiithe ¢ interval aroundn, The “turn-off’-mass at ageand
the outer regions of the disk. The evolution in the differentialiy,e ypper stellar mass limit are denotedbyandm,,, respec-
rotating disk is determined by star formation, viscosity of thgely. Note that, throughout this paper, terms within parenthesis
gas, and infall of external gas. are arguments whereas terms within brackets indicate factors.
Following Lin & Pringle (1987) we assume that the viscosity ~ Element enrichment is driven by star formation due to the

inthe gasis closely related to the processes of star formation gfdgrated ejection of the corresponding chemical element from
the energetic response from young stars. On the basis of sgglwvolved stars

a tight relation, the star formation rate (SFR) is derived from M
the prescribed viscosity law. Because of the lack of a theory We., — 7+ / Q(m)U(t — 7)) ®(m)dm, (5)
describe the viscosity by a very simple, general parametrisation.

my

The disk gas is enriched withie andO by SNe of the typesa i
andiL where the mass fractio)(m), of the elements returned to the

The models are one-dimensional, i.e. we integrate over tiRM CONsists of two terms

vertical structure of the disk. We assume efficient azimuth@(m) = [1 — r,,]Z(t — 7)) + P(m), (6)
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namely the fraction of the elements which was locked up in st&<®.3. Chemical enrichment due to SNe of tyae
in the process of star formation and the fraction of m&%s,),
of newly synthesised and ejected elements.

The termF,,.; in Eq. (3) is given by

The modelling of the chemical enrichment due to Sal®llows

the formulation by Greggio & Renzini (1983) and Matteucci
& Greggio (1986) for degenerated white dwarfs in symbiotic
190 8£) _ 19 (RZ vRZ>. (7) binaries. The fraction of such systems is scaled in the model by
ROR R/ ROR\ a further free parametet. In modification of the source term

The first term on the right-hand side is the standard diffusigfthe integral on the right-hand-side of Eq. (5), the contribution
term (cf. Sommer-Larsen & Yoshii 1990), where we adoptest enrichment due to SNa is described by

the diffusion coefficient to be equal to the viscosity coefficient,
vp = v. For a flat rotation curve this assumption is identical ™= 0.5

to Eg. 12 in Sommer-Larsen & Yoshii (1989). The second terdh O(mp)Pi(mpg) / F()¥(t — Tme)dudmp, (14)
describes the effect of the radial flow. The radial velocity of the,, " |

flow vg is obtained from the hydrodynamic transport equation:
vy vy whereP; (mp) is the mass fraction of the corresponding chem-
Eng[i + 7} = ical element newly synthesized and ejected by aiShh a
OR R i . o
1 8 P binary of the massn which has to be within the range be-
_ 9 (unR3—U—¢) + Vit — ]I -5, —=2.(8) tWeenmp min = 3me andmp mae: = 16mq. For evolved
R2OR\"° OR R ¢ 20 i ian limit -
_ _ . _ _stages of a stellar system, the lower integration limi ;. s
The first two terms reflect the radial flow induced by viscositys determined by the turn-off massy(t), SO mpin; =
and infall, respectively, wheres (R) is the rotation curve and max2my (t), mp min]. The mass fraction of the secondary com-
v is the rotation velocity of the infalling gas at the radiabonent of the binaryy = mo/mp, has the distributiorf (1)
position of the infall. The third term comes from a time-variabl@ith a lower limit set bypiny = maxm(t)/mp,(mp —
rotation curve. Eq. (8) is fully derived in the Appendix. 0.5Mm B maz)/mp] (See Greggio & Renzini 1983).

Frer = (R=yv

f Hinf

9vg

2.2.2. Viscosity and star formation rate 2.2.4. Gas infall

Following Lin & Pringle (1987), we assume that the viscosity infall of primordial gas was incorporated following Sommer-
the gas is closely related to the processes of star formation @@ag@sen & Yoshii (1990):
the energetic response from massive stars, i.e. the timescales for

viscous transport,,, and Tor gas consumption by starformationl _ Iy 26(3) et/ ti(R) = ti(R@)i, (15)
t., are nearly the same: t; Rg
= b const. = 1. (9) whereXj(R) describes the radial gas density profile of the in-
v falling gas (see Sect. 2.3). If not stated otherwise, we assume

This is what we call throughout this paper the “Lin-Pringle congi = 3, whereY, is the initial gas density profile (see

dition”. Struck-Marcell (1991) has argued that the assumpti®ct. 2.4). The free parametirregulates the total mass frac-
of Eq. (9) corresponds to a steady-state hydrodynamic equiligm ;, of the infalling gas
rium of the Galactic disk. The star formation timescale is defined

by t1 oo
2
5, i:m” / /IRdet, (16)
te = e (10) tot,1 J Lo
and the viscous timescale is given by (Pringle 1981)

wherem,,, 1 is the total mass (im ) of the model galaxy at the

P Ej (11) present age;;, of the Galactic disk. Sommer-Larsen & Yoshii

Yo found a good fit to the observed metallicity distribution of G

From Sommer-Larsen & Yoshii (1989) we adopt thdwarfs for an infall timescale at the solar positigR) =

parametrization of the viscosity: 6.4 Gyr.

v= I/OEZRZ’, Vo, a,b = const. (12)

Thus, the SFR is obtained from the combination of the Egs. @¢-2- Numerical method

to (12): The model equations (1) to (3) were solved, in combination

¥ — DOyatipb-2 (13) with the relations (4) to (8) and (12) to (15), using a first or-
B der forward-time-centred-space scheme (FTCS). Such a pro-

Ithas been demonstrated (e.g., Olivier et al. 1991) that some ftedure requires a much higher grid resolution in time than in
quently used descriptions of the SFR (Schmidt 1963; Kennicsfiace to maintain stability and accuracy, but preserves the phys-
1989; Wyse & Silk 1989) are realised by such a parametrizatimal structure of the equations, what is most important for error
witha=0...2andb=1...3. detection. The calculations cover a radial range friBm= 0
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3

to 40 kpc which is divided intd 00 equally spaced cells of
AR = 0.4kpc. The timespan for disk evolution is assumed
to be 12 Gyr (Sect. 3) and is resolved inf® timesteps leading

to At = 1.2 10~* Gyr. The fixing ofAt results as a compromise
between overall stability and accuracy of the numerical scheme,
on the one hand, and acceptable calculation times, on the otffer
hand. The computation time for one model is typically about
hours on a SUN ULTRA 1Cm170E workstation.

log Shyin

2.3. Approximations

In most previous studies of viscous disks, chemical evolution ‘ ‘ ‘ ‘ ‘ ‘ ‘
was simplified by the use of the IRA, i.e. the assumption that 0 5 10 15 20 25 30 3B 40
gas from evolved stars is returned into the ISM immediately Radius (kpc)
after star formation. This is a good approximation for chem- ‘ ‘ ‘ ‘ ‘
ical evolution if chemical elements are considered which are
synthesized in massive stars, and, furthermore, if the mass frac-
tion of the gaseous component does not fall much beéldw
When modelling radial abundance gradients, neither of thege
conditions is realised (cf. Prantzos & Aubert 1995). As test caf
culations revealed considerable differences for the results frqim
IRA and non-IRA calculations of the same model we decideg
not to apply the IRA. The radial abundance gradients are, in
general, reduced when relaxing the IRA.

We assume a flat rotation curve with = 220 km/s. The
observed flat outer rotation curves of disk galaxies are gener-
ally explained by extended dark matter halos. In the inner disk,
however, the gravitational potential of the disk could outweigh ,_,
the dark halo. The evolution of the mass distribution due to gas
infall as well as due to the radial gas drift changes the inner rota-
tion curve, which has, in turn, a retroactive effect on the gas drift 200
itself. It is nota priori clear that a constant rotation curve is a
good approximation in galaxy evolution models with changing
mass profiles, especially with respect to the strong radial ggs150 I
flows occurring in the innermost part of our model disks. We
examined the self-consistent evolution of the disk with a rota- 19!
tion curve given by, (R;t) = /Gm(R;t)/R, wherem(R;t)
is the total mass insid&, consisting of disk, bulgehalo, and
extended dark matter hal@,is the gravitation constant. Thera- 30
dial gas drift was found to generate quickly a flat inner rotation
curve to the same degree as the exponential disk density pro-
file is build up. A similar result was reported by Saio & Yoshii
(1990). The fact that the disk rotation velocity in the inner disk isig. 1. Effects of a variable rotation curve. Resulting£ ¢,) radial gas
adapted to the value preset by the dark halo is a further attractieasity profile (op) and stellar density profilerfiddle) for models with
property of the viscous models. As a practical consequence, #hwariable (dotted) and a constant (strong) rotation curve. Densities are
assumption of a simple rotation curve that is constant in tirffeMe PC”>. (In the top panel, also the initial gas density profile is

and space is, in general, a reliable approximation [Fig. 1). s_hown by the curve trun_cated at 15 kpBQtt_om Initial (lower) an_d_ _
final (¢t = ¢1, upper) rotation curve, respectively. There was no initial

bulge adopted in this model.

30 5 10 15 20 25 30 35 40
Radius (kpc)

0 5 10 15 20 25 30 35 40
Radius (kpc)

2.4. Initial and boundary conditions

We adopted different radial gas distributions for the initial diskhis density profile is considered as the standard initial profile
Ithas been suggested by several authors (e.qg., Yoshii & Somnweith a truncation radius of 15kpc, corresponding to 5 stellar
Larsen 1989; Sommer-Larsen & Yoshii 1989, 1990; Olivier scalelengths or approximately the Holmberg radius (Olivier et
al. 1991) that the radial surface density profile of the initial gad. 1991). Alternatively, we consider either an exponential pro-
disk should be that of a truncated isothermal sphere with a rdiile or a profile of the fornk, (R) « +/(const. — R)/R which
of core radius to truncation radius of 0.42. In the present papkijows from the disk formation scenario by Gunn (1982).
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Both zero-torqueX, = 0) and zero-flux ¢z = 0) inner for m < 3mg and by Schaller et al. (1992) fot > 3mq. The
and outer boundary conditions were used. The outer boundamijial-final mass relation was taken from Weidemann (1987)
condition has no remarkable effect on the disk evolution if iend Koester & Reimers (1996) far <10 m,, from Woosley
radius is sufficiently large (i.e. 10 scalelengths). The zero-fl& Weaver (1995) forl2 < m/me < 60, and from Maeder
boundary condition leads to an increased central accumulat{@892) form > 60m.,.

(cf. Clarke 1989). In most models we used zero-torque inner The model WDLF and PDMF were calculated following the

and outer boundary conditions. procedure outlined e.g. by Yuan (1992). White dwarf cooling
times from Wood (1992) were used to calculate the WDLF.
2.5. Further ingredients of the models The resulting white dwarf surface densities were transformed

. . to volume-related data adopting the empirical scaleheight-age
Besides the SFR, the IMF is one of the most fundamental keyation for Miras (Wyatt & Cahn 1982) which are supposed to
functions of the models. The IMF is conventionally described e the progenitors of white dwarfs (cf. Isern et al. 1997).
atime-invariant power-law (m) oc m~(+*), wheren(m) dm A disk age oft; = 12 Gyr was adopted because this seems
denotes the number of stars in the mass intewvalm + dm  the pest compromise for the age data from open clusters, field
(Salpeter 1955z = 1.35). We adopted the IMF from Kroupa g and G main sequence stars, and white dwarfs (Majewski et
et al. (1993) where a detailed model of star-count data Wgs 1997; Isern et al. 1997; Meusinger 1994). Alternatively, we
developed in which selection effects were consistently takgRye also computed a large set of models with 15 Gyr; the
into account. In the notation of the present paper, the IMF@%nera' model properties do not Significantly dependlon

®(m) ocm ™ with The position of the Sun is assumedia, = 8.5 kpc.
21 = 0.3 (—0.3...0.85) for 0.08 < m/mg < 0.5

ry =1.2for0.5 <m/mg < 1.0 3. Observational constraints from the Galactic disk

x3 =1.6forl <m/me,
where the slopes for m > 1m, is based on the Scalo (1986)The whole set of o'bs'ervational constraints confronted with the
IMF. The flattening of the IMF towards low-mass stars is also ift0del predictions is listed in Tables 1 and 2. Some of these con-
dicated by star counts in star clusters (e.g., De Marchi & paresSteaints are discussed below in more details: the abundance dis-
1997; Meusinger etal. 1996). A comparison with other recent fgibution of G dwarfs, the age-metallicity relation, tfe/ F'c]-
sults on the IMF is presented by Kroupa (1997). A new approayﬂe/H] relation, and the radial abundance gradients. The ra-
for constraining the IMF parameters arises from SN nucleosﬁim density distributions have been discussed in more detail by
thesis data in combination with observed heavy-element abififantzos & Aubert (1995). A “minimal set” of observables (cf.
dance ratios (Wyse & Gilmore 1992; Tsujimoto et al. 1997). [Rrantzos & Aubert 1995) is shown in Figs. 5 and 6.
Sect. 3.4 we will consider the consistency of the IMF with the
SN nucleosynthesis data. 3.1. Abundance distribution of the nearby long-lived stars

The oxygen and iron enrichment of the ISM occurs exclu-
sively by SNe. We adopted the production rates for 8d& The abundance distribution function (ADF) of the long-lived
ther from Tsujimoto et al. (1995 b) or from Woosley & Weavestars is one of the most severe local constraints for chemical evo-
(1995, model type SA, respectively SB where there is sucHusion models of the Galactic disk (van den Bergh 1962; Schmidt
choice) and for SNea from Tsujimoto et al. (1995 b). The chem-1963; Pagel & Patchett 1975; Pagel 1989). The observational
ical element mass fractiodgpredicted by the model were trans-data have become significantly improved by the work of Wyse
formed into abundance rati¢@/ H|] and[Fe/H], respectively, & Gilmore (1995) and Rocha-Pinto and Maciel (1996), respec-
adopting the solar abundance data from Grevesse & Andtyvely. These new data do not relaxe the classical “G dwarf prob-
(1989). lem”, i.e. the prediction of too a high number of low-metallicity

The distribution function of the mass fraction of the sedong-lived stars by simple evolution models. It seems unlikely
ondary component in binarieg(s:), is needed to compute thethat the G dwarf problem is simply due to selection effects in
element enrichment by SNe la (Eqg. 14). A simple formulatioe stellar sample or of metallicity-dependent stellar lifetimes
of f(1) was quoted by Greggio & Renzini (1983) and Matteuc¢Rocha-Pinto & Maciel 1997; Meusinger & Stecklum 1992).
& Greggio (1986). Duguennoy & Mayor (1991) derived the fre- The ADF presented by Rocha-Pinto & Maciel (1996) shows
quency distribution of mass ratios from a detailed investigati@npronounced peak arouri@de/H] = —0.2. On the other
of the nearby double stars. Although both relations are diffdrand, Wyse & Gilmore (1995) emphasized that théi/ H|-
ent (unlike the former relation, the latter one does not showdistribution does not differ radically from earlier determina-
maximum ate = 0.5), the differences in the model results ar¢ions. Differences between these both empirical ADFs may
not very large. We adopted the relation given by Greggio gartly be due to different corrections for observational uncer-
Renzini for the parameter study (Sect. 4.1). For the searchtaifhties. Wyse & Gilmore directly integrated over the solar cylin-
best-fit models (Sect. 4.2) , however, we ugégd) from the der by combining a local stellar sample with a distant one and
Duquennoy & Mayor (1991) data. deconvolved the abundance distribution into thin disk and thick

The stellar mass-lifetime relation(m) was constructed disk components. However, as the peak is present also in the un-
from a combination of stellar models by VandenBerg (1988prrected data by Rocha-Pinto & Maciel, its different strength
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Table 1. Set of observational constraints from the local Galactic disk.

source remark

ADF Wyse & Gilmore (1995); see Sect. 3.1
Rocha-Pinto & Maciel (1996)

AMR Edvardsson et al. (1993); see Sect. 3.2
Meusinger et al. (1991)

abundance scatter Edvardsson et al. (1993) see Sect. 3.3

[O/Fe] vs. [Fe/H] Barbuy & Erdelyi-Mendes (1989); see Sect. 3.4
Edvardsson et al. (1993)

U(t1) Rana (1991) and ref.s therein ~2...5mepc 2
b(t1) Scalo (1986); Meusinger (1994) =~ 1 (0.3...2)
g(t1) Boulares (1989) ~ 14mg pe 2
. (t1) Gilmore et al. (1990) ~ 35+ 5mg pc?
PDMF Scalo (1986); “standard” famn > 1mg
Basu & Rana (1992); various corrections
Kroupa et al. (1993); low masses
WDLF Liebert et al. (1988); Evans (1992) various completeness corrections

b(t1) = W(t1)/¥: relative SFR, wherd is the average SFR;

Table 2. Set of global observational constraints from the Galactic disk.

source remark
Miot.disk Bahcall et al. (1982) ~ 510" mg
Yg(Rst1) Dame (1993)
L+ van der Kruit (1989) = 3...4kpc
U(R;t1)/V(Re;t1) Lacy & Fall (1985) and ref.s therein from H Il-regions, pulsars, SN remnants
d[Fe/H]/dR see 3.3 ~ —0.08 £ 0.03 furT < 5Gyr, R = 5...13kpc

~ —0.01 £ 0.01 firT > 10Gyr, R =~ 5...13kpc

d[O/H]/dR see 3.3 ~ —0.05+ 0.02 furT < 1Gyr, R ~ 5...13kpc
Rsn Tammann et al. (1994); Muller et al. (1992);~ 1...510" 2 yr

Cappellaro et al. (1993) whesnra/Rsnir ~ 0.2
I(t1) <1mgpc2Gyr !

Wakker & van Woerden (1991): high velocityittlouds

Briggs (1990) extragalactic gas ressources
ve(R) e.g., Burton (1992) ~ 220kms™! ~ const

meot;disk: total mass of the disk;.: scalelength of the exponential stellar density profliéR; t1) /¥ (Re; ¢1): normalized radial profile of the
present-day SFRRs~: SN rate;/(¢1): present-day gas infall ratey (R): rotation curve.

is perhaps due to different stellar samples rather than due3td. The age-metallicity relation (AMR) of the local disk
different data corrections.

Empirical studies on ages and metallicities of stars in the solar
neighbourhood have established the idea that the heavy ele-
ment abundances in the ISM, averaged over suitable temporal

We compare the modéFe/H|-distribution of long-lived . . . . :
stars with the observed ADF from Rocha-Pinto & Maciel, a%nd spatial regions, have slightly increased in the course of the

well as with the combined thin+thick disk distribution fromevolution of the local Galactic disk (Mayor 1976; Twarog 1980;

Wyse & Gilmore. In the latter case, we take into account th:ig‘\rlberg et al. 1985; Schuster & Nissen 1989; Meusinger et al.

the models do not distinguish between thick disk and thin disk> >+ Edvardsson etal. 1993). On the basis aiiSgren photo-

and that these both components may be the product of a Lmfa_tric data for nearly 5000 disk dwarfs, Twarog (1980) created

form formation process (e.g., Majewski 1993; Wyse & Gilmor well-defined samplg of abput 900 F aqd G dwarfs to derive
1995) P e.g ] Wy the AMR. A re-analysis of this photometric data base was pre-

sented by Meusinger et al. (1991) using revised calibrations of
the photometric indices, updated stellar evolution models, and a
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more elaborated method of age determination. Nevertheless Riveo & Maciel (1996) have deconvolved the observed ADF
resulting AMR was quite similar to that found by Twarog. Edwith a Gaussian of dispersiof)r., ) = 0.1 to correct for the
vardsson et al. (1993) presented very precise abundance datamfaertainties in the abundance determination. In order to ac-
nearly 200 nearby F and G dwarfs which provide a very suitedunt for a further “cosmic” scatter, expressety. 7)., we
data base for studying chemical properties of the Galactic disknvolve the model ADF with a Gaussian with the dispersion
The AMR derived for the stars representing the solar cylindefz., ). = 0.1 4 0.17/t;, wherer is the age. Because the
ring (7.7kpc< R, < 9.3Kpc, |zmaz| < 0.26kpc,e < 0.11) effect of erroneous age determinations on the abundance scatter
is in good agreement with the previously derived AMRs for that fixed age is difficult to estimate, we will alternatively con-
solar neighbourhood, too. The data point for the oldest stars nsiger the case ./ q),. = 0.1 = const. Malinie et al. (1993)
be slightly biased toward lower matallicities (Edvardsson et &lave shown that the fit to the empirical ADF is improved in a
1993). model of inhomogeneous chemical evolution, especially at the
In the present paper, we will confront our model AMR witthigh metallicity end of the ADF.
the AMRs from Edvardsson et al. and Meusinger et al. (Figs. 5
to 8). The age bin for the oldest stars in the latter AMR is muchj :
excess of 12 Gyr. To maintain consisteny with the adopted diésnlf" [0/ Fe] vs. [Fe/H] relation
age we decided to scale down the ages in this AMR by a facidie dependence of the abundance ratitF'e] for « elements
0.8. This may be an oversimplification. However, simulatioren [F'e/H] is generally interpreted as due to different lifetimes
have shown (Meusinger 1994) that a disk age of about 15 Gyfrthe main producers of the different elements. Especially, the
may be pretended by the age distribution of the stellar AMR)/Fe] vs. [Fe/H] relation is explained by the long lifetimes
sample even if the true age is only about 12 Gyr, simply due ®d progenitors of SNea responsible for iron enrichment com-
the uncertainties of age determination. pared to those of SNeedriving the oxygen evolution (e.g., Mat-
teucci & Francois 1989). The observed rdtiyy Fe] = 0.5 for
[Fe/H] < —1 can be explained as exlusively originating from
SN1I enrichment, while the slope of the®/ Fe|-[Fe/H] rela-
It is a well-known property of the AMR to show a considerabléon for [Fe/H| > —1 (Edvardsson et al. 1993) depends on the
abundance scatter among stars born at the same time at the satieeof the SNi1 to SN1a rates, i.e. on the slope of the IMF for
Galactocentric distance. Twarog (1980) found a dispersioniof> 1mg,.
ore,r) = 0.12dex, nearly in agreement with the expected Therefore, we determined the IMF index by making the
uncertainty of the abundance determination. A somewhat largiemand to reproduce the observed sléfge/ Fe]/d[Fe/H] ~
dispersion was present in the revised AMR by Meusinger et al0.5 for [F'e/H| 2, — 1. On the other hand, the maximum stel-
(1991), ranging from 0.13 dex for stars younger than 2 Gyr lar massmq.. s 11, contributing to the ISM enrichment via
0.24 dexfor the oldest stars. Large abundance variations are &blei1, i.e. the mass limit beyond which stars end as black holes
indicated by similarly aged open clusters after correction faithout ejecting processed matter into the ISM, has mainly the
the radial abundance gradients across the Galactic plane (&ffect of shifting theO/Fe]-[F'e/H| relation along théO / Fe]
Carraro & Chiosi 1994; Piatti et al. 1995). The accurate daaais (cf. Tsujimoto et al. 1995 a). Ongg is specified, we found
presented by Edvardsson etal. (1993) have clearly demonstrateg, . sx 11 by fitting [O/Fe] at[Fe/H] ~ —1. For the SN1
that the observed abundance scatter at fixed age is much lagdement production rates from Tsujimoto etal. (1995 b) we find a
than that expected from observational uncertainties assungedd agreement with the obsenjély Fe]-[Fe/H| relation as-
as about 0.05 dex. After correction for the kinematic evoluti‘sumingrs = 1.6 andm,q. sn 11 = 60 mg (Fig.[Z). The use of
perpendicular to the Galactic plang-.,; seems to increasethe metallicity-dependent Silyields from Woosley & Weaver
with age from about 0.15 to about 0.25 (Wielen et al. 1996). (1995), however, does not resultin a flatteninof F'e] at low
The relation between metallicity dispersion and age hasetallicities. For the search of best-fit models (Sect. 4.2) we re-
been interpreted by Wielen et al. (1996) as confirmation sfrict our analysis to the data from Tsujimoto etal. (1995b). Ina
the hypothesis of stellar orbital diffusion, predicted already byore detailed investigation of a similar approach, Tsujimoto et
Wielen (1977). Van den Hoek & de Jong (1997) have arguetl (1997)foundts = 1.3...1.6 andm,qq, 55 11 = 50£10mg.
that diffusion of stellar orbits is probably insufficient to explain
the_observeq abur_1dance scatter. Alternative ide_as include sglg Radial abundance gradients (RAGS)
enrichment in regions of sequential star formation (Edmunds
1975), irregular infall of unenriched gas onto the disk (Pilyugialthough there are strong indications for the existence of over-
& Edmunds 1996), or a combination of both (van den Hoek &ll radial heavy element abundance gradients in our Galaxy,
de Jong 1997). the values for the gradients are still a matter of debate. From
In the present paper, we do not follow in detail the pos comprehensive analysis ofiHregions, Shaver et al. (1983)
sible processes causing the abundance inhomogeneity infthend a strong RAG ofl[O/H]/dR = —0.07 dexkpc* (for
Galactic disk. However, we have to take into account the abuR;, = 10 kpc). Over the last years, abundances have been esti-
dance scatter when comparing the model ADF with the emmated for distant B stars andiHegions by several groups. The
pirical G dwarf distribution: Following Pagel (1989), Rocharesults are listed in Table 3, together with RAGs derived from

3.3. Abundance scatter
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Table 3.Radial abundance gradients in the Galaktic disk.

R age object group d[O/H]/dR d[Fe/H]/dR references
(Ro)  (Gyn) (dex/kpc) (dex/kpc)
4.11 O diffuse Hi regions —0.079 £ 0.020 Shaver et al. (1983)
4.11 O ultra compact H regions —0.047 £ 0.009 Afflerbach et al (1996)
4.11 O compact ki regions —0.054 £0.018 Afflerbach et al. (1997)
6..13 <0.1 B stars —0.03 +0.02 Fitzsimmons et al. (1992)
5.10 <01 B stars —0.035+£0.021 —0.054 +£0.036 Kilian-Montenbruck et al. (1994)
6..18 <O0.1 B stars —0.07 £ 0.01 Smartt & Rolleston (1997)
4.85 <0.1 B stars —0.03+0.3 Smartt et al. (1997)

0.1 open clusters -0.07 Janes et al. (1988)
6..13 0.2 open clusters —0.06 + 0.01 Piatti et al. (1995)
6..13 1 open clusters —0.07 +£0.01 Piatti et al. (1995)
4.15 141 PN1 —0.030 £ 0.007 Maciel & Koppen (1994)
6..11 2942 F,G dwarfs —0.113 4+ 0.008 Edvardsson et al. (1993)
4.12 543 PN1,11 —0.03 Pasquali & Perinotto (1993)
7..16 31+22 open clusters —0.097 £ 0.017 Thorgensen et al. (1993)
4,15 5+1 PNi1 —0.069 £ 0.006 Maciel & Koppen (1994)
4.15 941 PNi1t —0.058 £+ 0.008 Maciel & Koppen (1994)
4.17 10+£3 K giants —0.018 £0.001 Lewis & Freeman (1989)
4,12 13.3+£2 F,G dwarfs +0.002 + 0.02 Edvardsson et al. (1993)
2.8 12.5 £ 2.5 disk globular clusters —0.022 +£0.01 Alfaro et al. (1993)

planetary nebulae, disk globular clusters, field stars, and phatothe rangeR ~ 4...11 kpc. Kennicutt & Garnett (1996) found
metric abundances in open clusters. The RAG quoted theredf®/H]/dR = —0.04...—0.05 dex kpc ! for the disk of M 101
the study by Shaver et al. was obtained from the well-determinatd ~ 7.5 kpc.
abundances (their Eq. 13 @) after scale changdg:te-= 8.5 kpc. There are weak indications for a steepening of RAGs dur-
The RAG from Smartt et al. (19_)97) is estimated from the aVEHg the evolution of the disk (Tallé 3). Maciel &ppen (1994)
age(O/ H] for four blue supergiants at, ~ 4 kpc derived by giscyssed a possible age-dependence in the RAGs from plane-
Smartt et al. compared with solar abundancBat In the most 51y nepulae data, although no individual age determinations
studies quoted in Tabld & = 8.5 kpc was adopted. Pasqualiyre gyailable. The mean ages listed in Table 3 were taken
& Perinotto (1993) and Edvardsson et al. (1993), respectivelyy 1 the original papers for the most object groups. For the
used slightly different values fdg which do notinfluence the ;g\ globulars we simply adopted the limits of globular clus-
estimated RAGs. The RAG for the K giants studied by Lewjg, ages derived by Jimenez et al. (1996). The mean age of
& Freeman (1989) was corrected by Sommer-Larsen & Yoshyja k giants from Lewis & Freeman (1989) was roughly es-
(1989) for the vertical abundance gradient. The correspondifidated from the meafie/ H] and the mean kinematic data
value quoted in Tablel 3 was derived from these corrected dﬁ@ng the AMR from Sect. 3.2 and the age-velocity dispersion
for the it range given in the Table. THe'e/ H] gradients for teation from Wielen (1977). The nearby F and G dwarfs stud-
the F and G dwarfs have been calculated from the abundapgep, Edvardsson et al. (1993) are also well-suited for study-
data and the mean Galactocentric distanégs, given by Ed- g the evolution of the RAGs because individual age data are
vardsson et al. (1993; their Tébles 11 and 12). available. For the 93 thin disk stars with ages< 5 Gyr we
Kaufer et al. (1994) and N¢hez & Esteban (1996) havefind d[Fe/H]/dR = —0.113 & 0.08 dexkpc™!, in contrast to
pointed out that the RAGs are becoming shallower at lafyerd[Fe/H]/dR = 0.002 £ 0.002 dex kpc™! for the 43 stars with
and are vanishing in the outermost part of the disk. The assump> 10 Gyr. Vanishing RAGs are also indicated for field K gi-
tion of a linear RAG over the whole disk may be too simplents (Lewis & Freeman 1989) and disk globular clusters (Alfaro
Therefore, we have recalculated the RAG for the compact Het al. 1993).

_regions_ from Table 3_in Afflerbach et al. (1997) using only ob- ., typical conditions in galaxy disks, the RAGs are, as a
jects with 2 > 4 kpc, in order to have a comparatiiérange.  first approximation, not influenced by the diffusion of stellar
The results in Tablé]3 confirm the existence of a radiatbits (Wielen et al. 1996). The alternative explanation for the
[0/ H] gradient, partly however with a significantly lower slopemall RAGs indicated by the older disk objects is that RAGs
than found by Shaver et al. (1983). As a compromise for @te generated in the course of the chemical evolution of the
data in Table 3, a RAG of about{O/H]/dR = —0.05 + disk. However, one has to take into account the following: for
0.02dexkpc! seems representative for the present-day I1Stle old stars abundances are related to iron-group elements
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stellar mass contributing to the ISM enrichment viaisfér z3 = 1.6.

The solid curves are for the SiNyields from Tsujimoto et al. (1995 b), Fig. 3. The evolution of gas and star densities foe= 0.5,7 = 0, and

the dashed curves for the yields from Woosley & Weaver (1995). three different parameter sets, b) given in the panels. The time steps
are 0, 0.015, 0.9, 3.0, 6.0, 9.0, 12.0, and 15.0 Gyr for the gas density

.. profile and 0.15, 0.3, 0.45, 0.6, 1.5, 15.0 Gyr for the stellar density
whereas young stars are related to oxygen. The empirical 6?6file.

lation [O/H] = ¢[Fe/H] with ¢ = 0.5 is applicable for the
nearby disk stars only, but not for the transformation between
iron and oxygen RAGs. There is an interesting feature in the Ed-
vardsson et al. data (cf. Nissen 1995):[fbe/H] < —0.4 stars
formed in the inner disk have a lardes/ F'e] than stars from the
outerdisk. Withi[O/H]/dR = d[O/Fe]/dR+d[Fe/H]/dRa

The general properties we found for the viscously evolving
disks are largely in agreement with the results from previous
. _ L studies (Clarke 1989; Sommer-Larsen & Yoshii 1989; Olivier
formal gradienti[O/ Fe| /dR = —0.030dex kpc " implicates etal. 1991): As a consequence of the radial gas flow, the system

H _ 1
}Eiaéh; rstwg;%rz?éﬁg[ie/ lﬂti(:n isoﬁg;rjlt (i)ﬁozi ciz)é;pe(’; twi redistributes the initial gas density profile on a short timescale.
hop yinag he disk evolution is dominated by the flow fér> 1 and by

the oxygen RAG. Nevertheless, there remains a difference H’?é effects of star formation, respectivelygifs much less than

twe.en.the[Fe/H] gradient for the oldest and the younger stari,’ sayg <0.1. The stellar density profile generated in models
as indicated e.g. by the data from Edvardsson et al. (1993). with 3 ~ 1 is nearly exponential over a large fraction of the

disk independent of the initial disk, whereas the resulting stellar
4. The viscously evolving Galactic disk scalelengthi,., depends on the initial density profile. If the star
formation timescale is short, the exponential stellar disk profile
is forming quickly. As mentioned earlier (e.g. Simakov 1990;
We performed model calculations for more than 3500 diffeFrohlich 1994), the evolution of the gas density profile (see
ent parameter combinations in order to examine general moBa.[3) shows a remarkable self-similarity over about 90% of
properties for a broad range of parameters, and to limit the plae disk age. The scalelength of the gaseous disk is generally
rameter space for the Galactic disk. longer than that of the stellar component.

4.1. A parameter study of viscous models without infall
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In the inner disk, the viscous flow is always directed towatdy the effect of viscous diffusion (Eqg. 7). For models starting
the centre, in the outer region the gas flows outward. The inwafobm a flat initial gas density profile (e.g., our standard initial
directed flow leads to an over-exponential central mass concdisk), the net effect of the radial gas flow is an amplification of
tration along with a mass outflow through the inner boundatlye RAGs (Fig’4a3c). In nearly all viscous models, RAGs are
(for zero-torque boundary condition). A wide range of paranfiermed rapidly due to strong initial gas redistribution, but are
eter values for the radial dependence of the viscosity is usgidjhtly reduced or nearly constant with time for the most time
in our study, in combination with different initial disk profiles.of disk evolution. In general, the abundance profiles become
However, we could not find a model type f6r = 1 where shallower with increasing?. The gradients for the oldest stars
the central mass concentration becomes sufficiently suppresseiinsignificantly larger fofO/ H] than for[Fe/H].
whithout violating other observational constraints. Especially,
models withb — a < 0 produce a less strong central stellar
mass concentration as well as a flat final gas density profile f‘o
R <3kpc, but also too a flat gas density profile ®@r23kpc. 4.2.1. General
Models withb — a = 0 are close to the observational limits for
the gas density profile. There is only one way to reduce the cémthis section, we consider such infall models with viscosity
tral surplus mass and the mass outflow for otherwise goodgfitrameters. = 0,1,2,b = 1,2,3, 8 = 0.5,1, and an infall
models with a declining outer gas density profile: to reduce theass fraction = 0.5 to 0.95 which approximately reproduce
viscosity, v, and simultaneously the ratje = ¢, /t,. There- the observational constraints in its entirety. Among the large
fore, we adops = 0.5 for the most models considered belownumber of models computed in the frame of this study, sev-

Due to the outward-directed gas flows the stellar densi@y@l models with different parameter sets were found to provide
prof”e of an evolved disk is a|WayS smooth in the outer regidﬁ'operties similar to that observed for the Galactic disk. This is
(Fig. 3), even if the initial gas density profile was strictly trunwhat we call “best-fit” models. Because of the simple formula-
cated. Another consequence of the outward-directed flow i$i@n of such model key functions as the SFR, it is not realistic
very extended (about) /,) gaseous disk with low densities into €xpect that any single model is able to reproduce all details
the outer part. In that context, extended gaseous disks of spiill constraints.
galaxies (see Pfenniger et al. 1994, and references therein) mayin particular, models wittb — ¢ = 1 can provide an ac-
be interpreted as a result of viscous outflow rather than aseptable fit to the whole set of empirical data. These parameter
reservoir for star formation in the inner disk. combinationga, b) include the cases where viscosity and star

The effect of viscous flows on the evolution of RAGs is edormation are driven by cloud-cloud collisions & 1, b = 2)
sentially twofold: The primary effect of the flow is the rapicPr gravitational instabilitiesq = 2,5 = 3), respectively (see
radial redistribution of the gas leading quickly to a nearly eXlivier etal. 1991). Properties of some best-fit models are listed
ponential profile in the star formation rate, and therewith i Table4. A more detailed and more critical discussion follows
RAGs. Stronger viscosity, i.e. a larger value fgy, leads to below.
stronger concentration of the gas, and therewith of the SFR, to- To save space, we restrict the demonstration of results to
wards the centre. The consequence is an increased RAG.dels with(a, b) = (1, 2). Figs. 5to 8illustrate the predictions
the other hand, the direct effect of the radial gas flow is to leviar different models with such parameters. The corresponding
radial abundance differences. This tendency is further enhanpéats for models with{a, b) = (0, 1) and(2, 3) look quite simi-

?. “Best-fit” models with radial flows and infall
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Fig. 7a—l.As in Fig.[5adl, but for model 5 from Table 4 with parametgrsh, 3,1, t;) = (1,2, 0.18,0.95, 25.6 Gyr) and with an infall-induced
gas flow forv}"/ /v, = 0.8.
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Fig. 8a—l.As in Fig.[5adl, but for model 8 from Table 4 with parametérsb, 3, ,t;) = (1,2,0.5,0.5, 6.4 Gyr) and an initial exponential disk
density profile with a scalelength of 2 kpc.
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Table 4. Parameters for 8 good-fit models.

model ) 2 ®3) 4) ) (6) ) 8

(a,b,3) (1,2,05) (1,2,0.5) (1,2,0.5) (1,2,0.5) (1,2,0.18)  (0,1,0.5) (2,3,05)  (1,2,0.5)
(i, t:/Gyr) (0.5,6.4) (0.95,6.4) (0.50,25.6) (0.95,25.6) (0.9525.6) (0.9525.6) (0.95,256) (0.5, 6.4)
v g 1 1 1 1 0.8 1 1 1

Yo(R) standard  standard standard standard standard standard standard expo2
0 60107 101077 6.010°° 1.51077 5510772 1.5 151071 8.07°

A 1.6107" 2.2107! 1.6107" 3.01071 2.5107! 3.01071 3.5107! 1171

Miot,1 6.310"°  6.310'° 6.310'° 6.310'° 5.010' 6.310"° 6.810'° 8.810

ma,1 (R > 15) 1.210"°  1.210% 1.210%° 1.010* 3.410° 0.910" 1.210% 1.11°

Mp,1 1.010°  1.010'° 1.010% 1.210% 4.310° 1.310'° 1.310% 2.510
l.(Re,t1) 3.9 3.8 3.9 3.6 3.4 3.6 3.5 3.1
ly(Ro,t1) 8.5 8.7 8.5 7.5 7.2 7.2 7.6 8.4
U(Re,t) 1.9 3.0 2.6 4.45 5.4 4.6 4.7 2.4

b(Ro,t1) 0.39 0.58 0.56 0.95 0.99 0.97 0.94 0.46
I(Re,t1) 1.5 2.9 3.3 6.2 4.9 6.2 6.8 2.1
d[O/H]/dR(t:)  —0.031  —0.033 —0.025 —0.024 —0.041 —0.022 —0.025 —0.033
d[Fe/H]/dR(t1)  —0.03 —0.037 —0.022 —0.028 —0.044 —0.025 —0.029 —0.066

SN11 rate 0.007 0.011 0.010 0.015 0.017 0.018 0.018 0.010

SN1a rate 0.002 0.004 0.003 0.008 0.008 0.006 0.007 0.008
vr(Ro,t1) —0.66 —1.1 —0.66 —0.94 —0.94 —-1.16 —1.25 —0.84

Yo (R) means the initial density profile, where “expo2” denotes the exponential profile with a scalelength of.2 kpare the resulting
scalelengths of the stellar disk and the gaseous disk, respectively, in kpc; The &FRhe infall ratd are inm pc~2 Gyr—'; The abundance
gradients are given fan and6 < R < 10kpc in dexkpC!; mioq,1: final total mass img; ma,1 (R > 15): mass in the final disk located
outside the truncation radius of the initial disk; 1 : final mass within the central 3 kpc in excess to the exponential disk; SN rates are given in
SNe per yrug: radial velocity of the viscous gas flow & in kms™!.

lar. Good fit models with other combinatiofis b) differ mainly SFR (normalized to the SFR in the solar cylinder ring). The em-
in the bottom panels, i.e. the radial density profiles (see belowjrical data were taken from Lacey & Fall (1985). The dotted
The parameters and the most interesting quantitative modellnee is the relative SFR parametg(t, ). (k) and(l) The present-
sults are listedin Table 4. For all models from Table 4 we adoptddy radial density profiles for stars and gas, respectively. The
aradial density profile for the infalling gas} (R), (Eq. 15) ac- ranges allowed by observations are indicated by dotted curves,
cording to the standard initial density profile of an isotherméken from Prantzos & Aubert (1995).
sphere. Similar good models were found for = 1, except for the
The 12 panels in Figs. 5 to 8 show the followir(g) The higher centrgl mass (Sect. 4_.1). Generally, models with higher
SFR atR,,. (b) The total temporal variation of the gas density dP'USt have higher values fog in order to reproduce the present-
R, (solid curve) and its various components: net star formatiggy 9as fraction. Because foc 1/, the history of the SFR
rateV,,.; (dotted), radial flow (long dashes), and infall of exterS Nearly the same for models with differentAt the solar posi-
nal gas (short dasheg}) The total rate of SNa (upper curve) tion, th'e net effect of the stronggr rad!al flow is a corresponding
and SNea (lower curve) in the Galactic disk (number per yr)(eductlon of the I_ocal gas density W_hlch has to be balanced out
(d) The[Fe/H| distribution of long-lived stars convolved withPY Stronger gas infall. In models with = 1, the present-day
a Gaussian with constant dispersion (solid) and age-depend#tt infall rate is therefore generally higher thanfor 0.5.
dispersion (dashed), respectively (see Sect. 3.3); error crosses” closer inspection reveals that there is no parameter set
Rocha-Pinto & Maciel (1996), filled squares: Wyse & Gilmoré&or which the model predictions are in a perfect agreement with
(1995). (e) The AMR; solid error crosses: Edvardsson et afll observational constraints. Especially, the empirical ADF and
(1993), dotted crosses: Meusinger et al. (1991), rescaled td@ RAGs are only moderately fit by the models. Below, we will
disk age of 12 Gyr(f) [0/ Fe] versus [Fe/H]; open circles: discuss some model properties in more detail.
Edvardsson et al. (1993), crosses: Barbuy & Erdelyi-Mendes
(1989). (g) Radial oxygen abundance profile; open squaregs o ADF in the solar neighbourhood
Shaver et al. (1983), triangels: Kaufer et al. (1994), crosses:
Kilian-Montenbruck et al. 1994, vertical bars connecting circldsis worth noting that the effect of gas infall is coupled to the
with triangles: Michez & Esteban (1996)h) Iron abundance strength of viscous radial gas transport. In viscous models, the
profile; circles: Piatti et al. 1995i) The abundance gradient.effectofinfallis, therefore, slightly different from thatin models
within the rangeR = 6 to 10 kpc, in dependence on age. Soligithout viscosity.
error bars and model curves fdfe/ H|, dotted forlO/ H]; em- In Figs. 5 to 8, results from models are shown provid-
pirical data from Tab. Jj) The radial profile of the present-daying the best possible fit to the ADF. At the metal-poor tail
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Fig.9. The ADF from the four models 1 to 4 from Table 4 w
(a,b,8) = (1,2,0.5) but different gas infall parameter@,¢;). 8
Solid curve: (0.5,6.4Gyr), dotted: (0.95,6.4 Gyr), short dashe: L
(0.5,25.6 Gyr), long dashes(0.95, 25.6 Gyr). To consider chemic: =
inhomogeneities the model ADF has been convolved witha Gau &
with age-dependent dispersion (Sect. 3.3). =

([Fe/H] < —0.8), the ADF is fit only by models with a lon
infall timescalef; ~ 2¢1, and a high infall fraction of = 0.95 log m

(cf. Fig.[9). The metal-rich part of the ADF is fit due to taking

into account chemical inhomogeneities in the Galactic disk (&fig- 10. WDLF (top) and PDMF botton) in the solar neighbourhood
Sect. 3.3). The models are generally not able to reproduce ipfethe models shown in Figs. 5 to 8. Dotted curves: models with
narrow peak of the Rocha-Pinto & Maciel (1996) ADF, neithéf- i) = (0.5, 6.4 Gyr), corresponding to Figs. 5 and 8. Solid curves:
its exact postition nor its small half-width. This is partly due t§'°9€!S With(i, £:) = (0.95, 25.4 Gyr), corresponding to Figs. 6 and

o ; .7, The empirical WDLF (filled rectangles: Evans 1992, open circles:
the rough parametrization of the SFR. Rocha-Pinto & MaCIEaebert et al. 1988) has been shifted #¥).3 dex in order to correct

proposed to explain the peak as due to a major stgr formatfgpthe fact that white dwarfs in binaries may be under-represented in
eventabout 8 Gyr ago. Star bursts do not naturally arise from g observed WDLF (Yuan 1992). The empirical PDMF is taken from
SFR described by Eq. (13). One should remember (Sect. 3ddalo (1986) - filled rectangles with error bars and Basu & Rana (1992)
however, that the strong peak is not indicated by the data frempen circles. Luminosity. and massn in solar units.
Wyse & Gilmore (1995).
In models with a standard initial disk and a long infall
timescale along with a high infall fraction, the relative SFR 2.3. PDMF and WDLF
is near unity. However, the predicted present-day infall rate is
I(Re,t1) ~ 6mg pc2Gyr-1, i.e. uncomfortably high. The consistency of the IMF with the SFR can be checked consid-
In models with a strongly concentrated initial disk pro€fing Simultaneously the PDMF of the nearby main-sequence
file, the ADF is approximated also for lower infall rates, j.eStars and the WDLF (Yuan 1992; Meusinger 1994). The cor-

1 smaller,t; shorter. The reason for that different behaviour i_rgsponding results for f[he quel_s from Figs‘ Sto8 are_shown
that the direction of the strong radial flows appearing in tH8 Fi9-[L0- In models with a high infall fraction and long infall

early evolutionary stages at the solar distance depends on'tfi¢scales, the SFR in the solar cylinder ring starts on a low
level, reaches a maximum after about 2 to 3 Gyr and remains

initial density profile. For an exponential initial disk with a , X
scalelength of 2kpc (model 8, Fig. 8) we have a present—d%@/arly constant for the rest of the evolution (Figs. 5 to 8). As

infall rate of about 2 m Gyr—" pc-2. Moreover, this model pro- a‘consequence, the number of low-luminosity white dwarfs is

vides a better fit to the AMR at low metallicities, compared tBaduced in such models as compared to models with a lower

the models with the standard initial disk and infall parametej¥@ll fraction and a shorter infall timescale. On the other hand,
(i,t;) = (0.95,25.6 Gyr) the present-day SFR is higher, resulting in larger numbers of
o R ' white dwarfs with logL /L., > —4 as well as of massive main-

sequence stars.
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The strong decline toward low luminosities in the empiricat0.04 dex kpc™!, in agreement with the results from the mod-
WDLF from Liebert et al. (1988) has been interpreted by severdt presented by Tsujimoto et al. (1995b). These gradients are
authors (e.g., Wood 1992) as a strong hint to a disk age mudgfinitely too small when compared with the “classic” observa-
less than 12 Gyr. However, taking into account the uncertainttésnal result for the oxygen gradient from Shaver et al. (1983).
of the observational data, as well as of the white dwarf cooliddevertheless, with regard to the broad scatter in the observed
theory, on the one hand and the rigidity of the models, on theadients (Table 3), we find that the model gradients are still
other hand, we find that our best-fit models are in an accepfithin the limits of the observational uncertainties. However,
able agreement with the observations (Eig. 10). Moreover, itfie models with(i,¢;) = (0.95,25.4 Gyr), which provide a
remarkable that the IMF, which was derived from chemical evbetter solution of the G dwarf problem, the RAGs are further
lution constraints form > 1m, (Sect. 3.4), provides a PDMFreduced to the range0.02... — 0.03 dex kpc*.
in a quite good agreement with the empirical PDMF. There are several processes which may, in principle, provide
a contribution to the RAGs: First, if the rotation velocity of the
infalling gas is lower than the disk rotation velocity at the radial
position of the infallp;”f(R) < v4(R), an additional radial gas
In general, the gas density profile becomes too flat in modélsw occurs toward the centre (Eq. 8). Fig. 7 shows a model with
with b — a < 0, and too steep in models with- ¢ > 1, respec- vfb”f/% = 0.8. In this model, the viscosity, (and, therefore,
tively. The observed radial gas density profiles, as well as ttie parameteB, see Sect. 4.2.1) has been reduced to avoid a
SFR show a characteristic turnoverfat= 4 kpc. This feature much too strong mass concentration toward the centre. As can
is not reproduced by the models with- « = 1 without further be seen by comparing Fig. 7(i) with Fig. 6(i), the RAGs are
assumptions. This point will be discussed below (Sect. 5.2)stightly larger in that case. Moreover, if the initial disk profile
more detail. is steeper than the standard profile, steeper abundance profiles

Radial profiles are, in general, only moderately affected laye formed. For instance, adopting in model 1 an exponential
infall according to Eq. (15). For the standard initial disk with anitial disk instead of the standard profile, the iron gradient is
truncation radius; between 10 and 20 kpc, the final disk alwaysnhanced by-0.015 dex kpc! for a scalelength, = 4 kpc and
shows a ratid, /r; ~ 0.25. This is in near agreement with theby —0.033 dex kpc™! for I, = 2kpc, respectively (cf. Fig. 8).
mean value of 0.20 found by Olivier et al. (1991) for viscouShe resulting oxygen gradient, on the other hand, is not sig-
models without infall. nificantly influenced by this initial condition. Finally, a further

Different initial density profiles result in nearly the samamplification of the abundance gradients is expected if star for-
final density profiles. This is illustrated by the comparison ahation is a threshold process (e.g., Clarke 1989; Chamcham &
Fig. 5 (standard disk) with Fig. 8 (exponential disk with scalérayler 1994). This idea will be followed in a more self-consistent

4.2.4. Radial density profiles

length 2 kpc). way in the context of another family of viscous models which
will be the subject of a separate study.
425 RAGS In models with the standard initial disk, evolution starts with

a shallow abundance profile. Due to quick gas redistribution,
The row next to the bottom in Figs. 5 to 8 shows the radiatronger gradients are formed quickly, and the RAGs are slightly
profiles of(O/H| and[F'e/H], along with the time-dependenceareduced due to the viscous flow and viscous diffusion through-
of the O- and Fe-abundance gradients. out the rest of the evolution (cf. Sect. 4.1). While the former
It should be noticed that there seems to be a discreparfiegiture seems to agree with observational evidence, the latter
between the abundances measured in neanbydgions (e.g., one does not (Sect. 3.3). In the case of an exponential initial
Orion) and in nearby young stars. This problem has been alisk profile with a short scalelength (model 8), the situation is a
dressed already by Shaver et al. (1983) and many others (Trlittle bit different: At the very beginning, the abundance profiles
ble 1991; Wilson & Matteucci 1992; Fitzsimmons et al. 19923re very steep, but are quickly reduced. The time interval of the
Ferrini et al. 1994; Prantzos & Aubert 1995). According to thetrong RAGs is so short (a feld® yr) that it seems impossible
AMR andtheFe/ H]-[O/ H| relation the oxygen abundance oto observe strong RAGs for old disk objects. The iron RAG be-
the youngest stars |/ H] ~ 0, i.e. solar. This value is clearly comes slightly enhanced throughout further evolution while the
higher than the abundance expectedigriromthe[O/H] data oxygen RAG is rather constant.
of H 11 regions. Depletion on to dust grains may account for a
part of this discrepancy (perhaps up to 0.3 dex, see Fitzsimmons
et al. 1992), however, the situation is not quite clear. Therefofe, The inner part of the Galaxy
we follow the approach by Prantzos & Aupert (1995) and_ '$°1. The bulg - a continuation of the inner viscous disk?
strict the evaluation of the abundance profiles to the gradients
only instead of the absolute values for the abundances. The overexponential increase of stellar mass in the inner few
Viscous disk models are known to produce only weak abukpc predicted by viscous evolution models has been related to
dance gradients (Sommer-Larsen & Yoshii 1990). For modete Galactic bulge (Yoshii & Rodgers 1989; Weinberg 1992;
with a lower infall fraction { = 0.5) and a short infall timescale Tsujimoto et al. 1995a; Courteau et al. 1996). In order to test the
(t;, = 6.4Gyr) we find oxygen gradients of about0.03 to hypothesis of the origin of the Galactic bulge from viscous flows
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Fig. 11. Model 1 from Table 4 has been modified to simulate the effect of a temporary central bar potential by strongly enhancing the viscosity
in the inner 2.5 kpc during the last 3 Gyzeft: SFR (solid curve) and relative SFR (dotted curveiddle: stellar densityright: gas density.

in the disk, we examine the age and metallicity properties of teignificantly changed if a central bar is taken into account (see
central mass concentration in the models (i.e. in the “modatlow).

bulge”). Nevertheless, there are two possibilities to relate the surplus
For the four models shown in Fig. 9 the age distribution @ff the model stellar mass concentration with the Galactic bulge:
the stars in the inner few kpc shows a maximur(at.11 Gyr,  Firstly, only a fraction of the Galactic bulge, in particular the
a broad wing toward younger ages, and a mean age of abgmlinger, more metal-rich stars, originate from the steady star
6 to 7 Gyr. HST observations have shown that bulge and hafermation in the gas supplied by the viscous gas flow. Then, we
globular clusters appear coeval (Ortolani et al. 1996). A higfave to assume that galactic bulges were formed due to distinct
bulge age ofi4 & 1 Gyr has also been derived from spectra qfrocesses (cf. Wyse et al. 1997). In particular, additional gas
the integrated light in Baade’s window (Idiart et al. 1996). Ottansport toward the central region can be triggered by inter-
the other hand, the observations of a component of young sta¢tions with a satellite (Martin 1995) which will also heat up
(e.g., Paczynski et al. 1994, Glass et al. 1995) agrees with gligk stars and induce the formation of a bulge-like component
model predictions. (Courteau et al. 1996, and references therein). The interpreta-
As a consequence of a higher initial SFR, the metal enrictien of the central mass surplus as a fraction of the bulge should
ment proceeds on a short timescale in the inner few kpc. Tih@ related to models with = 0.5. In these models, the stellar
AMR reaches solar metallicity already after about 3 Gyr arglrplus mass is reduced by a factor of two to three with respect
rises up further thereafter. The SFR remains on a high letelmodels with3 = 1 to a mass of about 10m, (Table 4).
because the radial gas drift continuously delivers gas into thiis corresponds to about 1/4 to 1/2 of the mass of the Galactic
central region. For instance, the mean value of e/ H]-  bulge (Blum 1995). As was shown above, models Witk 0.5
distribution of the long-lived stars is between 0.3 and 0.4 dex ftgproduce most of the observed properties of the Galactic disk.
the four models from Fig. 9. This value is approximately equalto  Secondlythe central stellar mass surplus can be identified
the average abundance of bulge K giants found by Rich (198@)th the whole Galactic bulge only under the assumption that it
However, the recalibration of the abundance scale based on higl been created in about the first Gyr. Indeed, the viscous flows
resolution spectra and updated model atmospheres (McWilligsvard the center are very strong during the first Gyr. Subse-
& Rich 1994) yields a significantly different distribution with aquent gas supply due to infall and viscous flow may provide the
mean[Fe/H] ~ —0.2 and a broad dispersion ofr. /) = 0.4 material for the formation of the innermost part of the disk and
(Cf. also Ibata & Gilmore 1995; Minniti et al. 1995; McWilliam for a smaller fraction of younger bu|ge stars. Bot 1, models
1997). with a standard initial disk produce a “bulge” with a mass of a
The available abundance statistics still suffer from uncezensiderable fraction of the disk mass (but also a strong flow
tainties, especially due to the small number statistics. Materough the inner boundary). With respect to the present-day
data for the alpha element abundances are desirable. Howeyas, infall rates, this second possibility seems less acceptable,
with respect to the abundance distribution found by McWilliarespecially if the standard initial disk is adopted: As mentioned
& Rich (1994), the chemical properties of the “model bulgedbove (Sect. 4.2.1), models with stronger radial gas flows re-
are clearly inconsistent with its identification with the Galactiquire stronger gas infall. Thus, the present-day infall rate for
bulge. The age distribution seems also to disagree with whagsod fit models with3 = 1 is about a factor of two higher
indicated by observations. The high central gas fraction in thean that for3 = 0.5. As noted in Sect. 4.2.2, the infall rate
models apparently provides a further objection against suchfanthe latter models is, however, already quite high compared
interpretation. However, the inner gas density profile may be the limits set by observations. This problem is considerably
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reduced adopting an exponential initial disk profile with a shamodels. Owing to the simple description of the SFR, not all de-
scalelength as in model 8 from Table 4. (In this case, the initialils of the observational constraints are well-fit by the models.
mass is about half the final disk mass.) This holds especially for the narrow peak in the G dwarf abun-
dance distribution found by Rocha-Pinto & Maciel (1996). We
find a generally better agreement with the observations in mod-
els starting from a steep exponential initial gas density profile
Optical surveys as well as infrared observations reveal that thetead of the standard assumption of the density profile of an
majority of disk galaxies have a bar (Zaritsky et al. 1993; Martisothermal sphere.
1995). Barred spirals show significantly shallower radial abun- \yith typically —0.003 dexkpc!, the RAGs predicted by
dance profiles than spirals without a bar (e.g., Vila-Costas §scous models are small compared to observational results. On
Edmunds 1992; Oey & Kennicut 1993; Zaritsky et al. 1994)ye other hand, the available observational data on RAGs in the
The strength of the gradients seems to be directly correlateddgiactic disk are still beset with large uncertainties. The model
the strength of the bars (Martin & Roy 1994). This may be ingradients may be enhanced when infall-induced radial gas flows
terpreted as chemical homogenisation of the ISM due to radigh involved. Moreover, the iron RAG is significantly larger if
gas flows (Pagel et al. 1979). an exponential initial gas distribution with a short scalelength
The dynamics of the gas influenced by a bar is very compl adopted instead of an isothermal sphere. The model RAGs
cated. The simple parametrization of the viscosity is obviousiye nearly constant with time which contradicts the indications
not suitable to reproduce the gas density distribution in the infgf shallower abundance profiles for older disk stars. Besides
region of the Galactic disk, especially in the presence of a bfe values for the RAGs, the time-evolution of the abundance

For this reason we restrict our discussion to a level of qualitatigeofiles may provide a crucial test for viscous evolution models.
simulations.

The enhanced cloud-cloud collision rate due to a bar PO;
tential leads to fast gas transport towards the centre and cre €S odels with3 ~ 0.5 and the standard initial disk, the cen-
a gas-depleted zone. This effect is formally described as en i '

hanced viscosity. If the viscosity is significantly increased fqr | mass concentration is consistent with its interpretation as

R < 3kpe ourrr>1/.odels redict ra)ijial ?ofiles of yas densit anahfraction of the Galactic bulge. The alternative model with
< 2 XPG, 1S predi P 9e ISty ang steep exponential initial disk generates a central mass com-

SFR which approximately fit the observed profiles with the]

. N . onent which may be identified with the whole bulge on the
local maxima atk ~ 4kpc (Fig.[11). The stellar COrm)onemgondition that is was formed in a very early evolutionary stage.

IS e>§pected to show a similar radial density d|str|but|.on if th is tempting to speculate that it is essentially a large fraction
bar is present all the time. However, the stellar density profltl)? this initial disk what evolves into the bulge

in the inner disk is established essentially in the early evolu- o 7 _
tionary phase. Thus, we find that the model stellar disk is very Viscous models predict high gas densities in the inner few
similar to that in the standard model (i.e. exponentiaten- KPC contrary to what is observed for the disk of our Galaxy.
tral mass concentration) if the bar is a transient phenomerigRWever, this discrepancy may be considerably reduced if the
in later evolutionary stages. As expected, the RAGs are s{iSCosity is temporary strongly enhanced in the inner region,
nificantly reduced due to the bar in the inner few kpc, but afed- due to a transient central bar.

essentially unchanged fét > 5 kpc. We have not yet considered the effects of a star formation
threshold and the existence of an outer cut-off in the stellar
density profile. These items will be the subjects of a subsequent
study on an alternative family of viscous models, which take
We have studied models for the long-term evolution of tHgto account self-regulation of the star formation process.
Galactic disk which include viscous radial gas flows, gas in-

fall, and infall-induced gas flows. The model predictions were

confronted with a large set of observational constraints. HybrAgknowledgementsiVe thank H.-E. Fehlich, G. Hensler, J. 8ppen,
infall/viscous flow models were found to reproduce most of tH Kroupa, E. Miller, and Ch. Theis for valuable discussions. S. Klose
relevant observations, at least roughly. Especially, the modBgs examined the basic eqqations in an earlier version of the mod-
can explain els. The anonymous referee is thanked for several valuable comments

- the “conspiracy” between the dark halo-dominated outer rofgbiCh have helped to significantly improve the paper. This research
. . - . - was supported by the Deutsche Forschungsgemeinschaft.

tion curve and the disk/bulge-dominated inner rotation curve,
- exponential radial stellar density profiles independent of the

initial disk profile,

-radial profiles of gas and SFR, respectively, which are in agregspendix A: derivation of Eq. (8)

ment with observational constraints over a wigleange,

- the existence of RAGs. In this Appendix, we derive the expression for the veloeity

- local constraints, including the ADF, AMR, PDMF, WDLF,of the radial viscous drag in the gaseous component of a star

and[O/H|-[Fe/H] relation, are at least approximated by thérming galactic disk undergoing gas infall (Eq. 8).

5.2. The central bar

The viscous radial gas drift generates a central stellar mass
ncentration in excess of the exponential stellar disk profile.

6. Conclusions
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For a closed system of force-free particles of a compressiliéall or vanishing viscosity. If we consider a closed gaseous
gas the momentum balance is given by (e.g. Landau & Lifshidisk without star formation and use= vs /R, EQ. (A6) reads
1963)

a a 3 1 8 3 3
Q(U'Z) + i(vE)v' - igu (A1) ot (ERQ)—Fﬁ@(R X RQ) R2OR (R Ei) (A8)
e Ony T On After multiplication byR, Eq. (A8) gives the Eq. (2.8) in Pringle

(1981). Sommer-Larsen & Yoshii (1989) describe the viscous
evolution of a closed system with constant rotation curve. In
this case our Eq. (A7) is reduced to

o0 1 0 o0
R— +20| = ———(nR*= ). A9
n and( are the coefficients of the viscosity. The sum convent|on { OR } R?0R (77 8R) (A9)
is usedX is the gas density; for the sake of clearness we do Njopting Sommer-Larsen & Yoshii's parametrization of the ro-

use the indey. tation curve2 = QyR~* we have
For a realistic Galactic disk model we have to take into

account the effects of gas infall and interaction between thg — _Ly[l@ + 1ov 2‘70‘}7
gaseous and the stellar component. Assuming that the velocity 2—a LXOR vOR R

of the infalling gas is constant with time, its contribution to thevhich is easily transformed into Eqg. (12) in Sommer-Larsen &
momentum balance i§; (v"/¥f) = v"/]. Condensation Yoshii (1989).

of gas into stars with the rat&,,., removes from the gas the  Finally, we consider the case of a disk with vanishing viscos-
momentum¥,,.;v. On the other hand, momentum input due tity but undergoing infall. The rotation curve should be constant
SNe and stellar winds is not described by a separate produciiotime. This corresponds to the models investigated by Pitts &
term because itis already considered by the viscous stress tergyler (1989) and Chamcham & Tayler (1994). From Eq. (A7)
(Note that the interpretation of the viscosity is based on thee find

interaction between the stellar and and the gaseous component.)

with the stress tensor

Oov; 2. Ovy oy,
5 = 26,20 s, O A2
TP TN Gy T3 38x1}+< I 9 (A2)

(A10)

8 in
Therewith, we have the momentum balance ZvR[ 81;% + vﬂ = I[v;b’f — vg]. (A11)
ﬁ(v,z) + ﬁ(v,x)v, =2 6.+ v’"fI 0iVnes,  (A3) Replacingug by the specific momenturta = Rvg we have
61: K3 axj 3 J a,’]’,'j ’Lj nets ah
inf _
the balance for the gas mass YURG R OR =1 l; (A12)
9 ) in agreement with Eq. (4) in Chamcham & Tayler (1994).
52+t 5 ( Z) =1V, (A4)
ot Ox;
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