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ABSTRACT

We present a series of models for the chemical evolution of the galactic disk with radial inflows of the gas
at a velocity that is constant in time but may vary with galactocentric radius. The models also include the
infall of metal-free gas from outside the disk at a rate that decays exponentially with time, a star formation
rate that varies as the mth power of the surface density of the gas layer, with m = 1 or 2, and in some cases an
outer edge to the stellar disk at a radius r,. Chemical evolution is treated in the approximation of instantane-
ous recycling, with a constant initial mass function. The models are compared with the observed age-
metallicity relation and metallicity distribution for stars in the solar neighborhood and with the observed
radial variations of the metallicity, the star formation rate, and the surface densities of gas and stars. We find
that all of the observational data can be fitted when radial flows at velocities v, ~ —(0.5-1.0) km s~ ! are
included in the models. Inflow velocities of this order of magnitude are expected on theoretical grounds and
are consistent with the available observations. For models with m = 1, the interaction between inflows and a
star formation edge, taken to be at r, = 18 kpc, is important for producing metallicity gradients. For models
with m = 2, the metallicity gradient mainly results from the density-dependence of the star formation effi-
ciency. Infall is still needed to give agreement with the observations in the solar neighborhood, the present

total infall rates for acceptable models being in the range M, = (0.1 — 1) My yr™!, with larger values for

m = 1 than for m = 2.

Subject headings: galaxies: evolution — galaxies: internal motions — galaxies: Milky Way —

galaxies: stellar content

I. INTRODUCTION

As part of a previous investigation, we computed a series of
models for the chemical evolution of the galactic disk and
compared them with a variety of observational constraints
(Lacey and Fall 1983, hereafter Paper I). In these models, infall
of metal-free gas was assumed to occur at a rate that decayed
exponentially on a time scale ¢, and stars were assumed to
form with a constant initial mass function at a rate proportion-
al to the nth power of the volume density of the gas layer.
Chemical enrichment was treated in the approximation of
instantaneous recycling, with no exchange of material between
different galactocentric radii. We found that models with n = 1
and t; = 6 Gyr or n = 2 and t, = 2 Gyr were compatible with
the age-metallicity relation and the metallicity distribution for
stars in the solar neighborhood. The n = 1 models also repro-
duced the observed radial variations in the gas density and star
formation rate. However, none of the models had an accept-
able metallicity gradient, even when the input parameters gov-
erning infall and star formation were allowed to vary with
galactocentric radius.

Several mechanisms have been proposed to explain chemical
abundance gradients in galactic disks. One possibility is that
the initial mass function (IMF) of the stars varies with position
such that relatively more high-mass stars are produced at
smaller galactocentric radii (e.g., Quirk and Tinsley 1973;
Giisten and Mezger 1982). Garmany, Conti, and Chiosi (1982)
have presented evidence, based on counts of early-type stars in
our Galaxy, for spatial variations in the upper IMF in just this
sense. However, Humphreys and McElroy (1984) attribute this
result to selection effects and claim that the data actually favor
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a constant IMF. Temporal variations in the IMF were first
proposed as one possible solution of the G dwarf problem in
the solar neighborhood (Schmidt 1963). They have also been
invoked to explain differences in the relative abundances of
elements in stars with different ages (Clegg, Lambert, and
Tomkin 1981 and references therein), although Twarog and
Wheeler (1982) argue that variations in the IMF are not
required in the galactic disk. On physical grounds, it would be
surprising if the IMF were exactly constant, but this simplify-
ing assumption may be reasonable as a first approximation.

Another mechanism for producing or enhancing chemical
abundance gradients, which was proposed by Tinsley and
Larson (1978), is radial gas flows within the galactic disk. The
only models to date that include such flows are those of Mayor
and Vigroux (1981). They considered the particular case of
inflow driven by the infall of gas with zero angular momentum
but did not make use of the observations relating to the chemi-
cal evolution of the solar neighborhood in constraining their
models. Radial flows might also be driven by viscosity in the
gas layer or by gravitational interaction with a density wave in
the stellar disk. Present observational limits are consistent with
flow velocities of up to a few km s~ . In this paper we investi-
gate in more generality the effects of radial inflows, combined
with infall, on the chemical evolution of the galactic disk when
the IMF is assumed to be constant.

The plan for the remainder of the paper is as follows. In § II,
we discuss the main ingredients of the models and the equa-
tions used. These are similar to the models in Paper I except for
the inclusion of radial gas flows and the assumption that the
star formation rate varies as a power m of the surface density of
the gas. The observations to be used as input parameters and
as constraints on the models are reviewed in § II1. Some of the
data are the same as in Paper I, but there have been enough
improvements, particularly regarding the gas density, to
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warrant another discussion here. In § IV, we present the results
of the models and discuss the interactions between inflow,
infall, and the efficiency of star formation. We find that radial
flows are particularly effective at producing a metallicity gra-
dient when star formation is suppressed at large galactocentric
radii. Finally, our main conclusions are listed in § V.

II. BASIC ASSUMPTIONS AND EQUATIONS
a) Chemical Evolution

We compute the surface densities 1, and y of gas and stars
and the abundance Z of primary elements in the gas as func-
tions of radius r and time t. These quantities evolve due to the
formation of new stars, the ejection of matter by evolved stars,
the infall of metal-free gas from outside the disk, and the radial
flow of the gas already in the disk. We neglect any secular
variations in the gravitational field of the Galaxy arising from
radial flows and infall, since a large part of this field is produc-
ed by the spheroid and the dark halo. Thus, the stars are
treated as being fixed in radius and the radial velocity v, of the
gas is equal to its velocity relative to the stars. We also assume
that the IMF is constant and treat the ejection of matter by
evolved stars in the approximation of instantaneous recycling.
Defining ¥ and f to be, respectively, the azimuthally averaged
star formation rate and infall rate per unit area, the standard
equations governing the chemical evolution of the galactic disk
are

ops

Fra (I =Ry, (1
Mg _ _q _ _19
Lo (= R+~ o). @
and
0z 0z

(e.g., Tinsley 1980). The returned fraction R and the yield of
primary elements y néed not be specified at the outset since
they enter the equations only through the combinations
(1 — Ry and Z/y. If the metallicity of the infalling gas is
nonzero, with a value Z,, a term fZ, must be added to the
right-hand side of equation (3), but for Z; < 0.1 Z, this will
have little effect on the chemical evolution. We have also com-
puted the evolution of the abundance of secondary elements,
and mention the results briefly in § IVa. In the remainder of
this section, we discuss the functional forms assumed for f, ¥,
and v,.

b) Infall Rate

Infall was originally introduced into chemical evolution
models as one possible solution of the G dwarf problem in the
solar neighborhood (Larson 1972; Lynden-Bell 1975). It may
also be desirable in order to prevent the complete consumption
of gas in spiral galaxies on time scales shorter than their ages
and may be a natural consequence of galaxy formation from
extended halos (Larson, Tinsley, and Caldwell 1980; Kennicutt
1983). The infall rate f(r, t) is difficult to predict in detail
because it depends on the way the Galaxy formed and on the
dynamics of the gaseous halo; the accreted material could be in
the form of diffuse gas, discrete clouds, or dwarf galaxies.
Therefore we adopt the same parameterization as in Paper I, in

which the infall rate decays exponentially with radius and time:

B a M p(t,) exp (—a,r —t/1)
T 2n 1l —exp(—ty/7)]°

fr, 0 @

where M p(t,) is the total mass of the disk at the present time,
t = t,. The radial dependence is chosen because we want the
models to have roughly exponential surface density profiles,
although radial flows will modify this. The time dependence is
chosen because it is physically reasonable and mathematically
convenient. For reference, we note that the free-fall time from a
radius of 100 kpc in an isothermal halo with a circular velocity
of 220 km s~ ! is about 0.6 Gyr. We have also computed several
models without infall, designated ¢ = 0, in which the initial gas
density was taken to be p (r, 0) = [, > M p(t)/21] exp (—o, 7).

¢) Star Formation Rate

Here we assume that the star formation rate varies as a
power m of the surface density of the gas:

(1= R = Cp,", (5)

where C is a constant. In Paper I we followed Schmidt’s (1959)
prescription and assumed that the star formation rate varied as
a power n of the volume density of the gas. However, this form
required calculation of the scale height of the gas layer, which
in turn required assumptions about the pressure support in the
vertical direction. Equation (5) is a reasonable simplification
since the volume density form has only a rough empirical justi-
fication, and the surface density form serves equally well for
investigating the way in which the star formation rate affects
metallicity gradients when radial flows are present. The two
forms are equivalent for m = n = 1 whatever the scale height of
the gas layer, and are also equivalent for any values of m and n
when the scale height is constant with galactocentric radius.

In some of the models, star formation is suppressed at large
radii. The main motivation for including this effect is that the
stellar disks of many galaxies are observed to have outer edges
at radii r,,,, about equal to their Holmberg radii, whereas the
gas layers usually extend beyond this (van der Kruit and Searle
1982; Sancisi 1983). Presumably the cutoff results from-a lower
efficiency of star formation in the outer parts of the disks where
the density of the gas is low. Fall and Efstathiou (1980) have
suggested that star formation begins at a given radius only if
the gas layer is gravitationally unstable according to the condi-
tion derived by Goldreich and Lynden-Bell (1965). For an iso-
thermal gas layer that is self-gravitating in the vertical
direction, we have

Gu,/o,k > 027, (6)

where « is the epicyclic frequency and o, is the three-
dimensional velocity dispersion of the gas. Depending on the
assumed value of ¢,, this condition predicts values of r,, in
rough agreement with the observations. Thus it is plausible
that the gravitational instability condition (6), or some modifi-
cation of it, is responsible for the edges in stellar disks. In this
paper, we take a simpler approach to including star formation
edges in the models: ¢ is given by equation (5) for r < r, and
Y = 0for r > r,, where r, is fixed by observations. Clearly this
approach bypasses all questions about the physical mechanism
and ignores the possible time dependence of r,,, but it should
be adequate to illustrate the importance of an edge for the
chemical evolution of the disk when radial flows are included.
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d) Radial Gas Flows

Several mechanisms could drive a radial gas flow in the
galactic disk, although the details are highly uncertain. The
first possibility is that the specific angular momentum of the
infalling gas h, differs from the value h, for circular motions in
the disk. In this case, mixing will induce a radial velocity

[ =y
T dhdr @

for|v,| < h./r. Mayor and Vigroux (1981) considered the effects
of such a flow on chemical evolution for the special case h, = 0.
However, the Galaxy may still be accreting from an envelope
of gas left over from its formation, in which case the infalling
material would presumably have some angular momentum
and the radial inflow in the disk would be correspondingly
reduced. Unfortunately, h (r, t), like f(r, t), cannot be predicted
in detail without a specific model for the gaseous halo of the
Galaxy. To estimate the order of magnitude of the flows that
might be expected, we take h; =0, f=1 Mg pc™? Gyr™!,
t, =10 Mg pc™ 2, and a flat rotation curve, and find v, * —1
kms~'atr~ 10 kpc.

The second possible mechanism for driving radial flows is
viscosity in the gas layer. An effective viscosity v would induce
a velocity |v,| ~ v/r at a radius r, the flow being inward in the
inner parts of the Galaxy and outward in the outer parts
(Lynden-Bell and Pringle 1974). For a fluid of particles with
mean free path [, total velocity dispersion g, and epicyclic fre-
quency «, the kinematic viscosity is

ol
RE RS ?

(Goldreich and Tremaine 1978; Fukunaga 1983). This expres-
sion is valid whether the particles are gas atoms or gas clouds,
but the viscosity due to atomic collisions is negligible in com-
parison with the viscosity due to cloud collisions. For H 1
clouds, with [ ~ 300 pc and ¢ ~ 14 km s~ !, we estimate v ~ 1
km s~! kpc. For the giant molecular clouds, with ¢ ~ 6 km
s, the gravitational interactions must be included in calcu-
lating the collision rates. By a method analogous to that of
Chandrasekhar (1960), but treating the system as two dimen-
sional, we find a mean free path for the giant molecular clouds
of 1 ~ 300 pc and thus v ~ 0.1 km s~ ! kpc. Adding the vis-
cosities of the two components in proportion to their surface
densities, we estimate a radial velocity of |v,| ~ 0.1 km s~ at
r =~ 10 kpc.

The third possible mechanism for driving radial flows is the
gravitational interaction between the gas and a bar or spiral
density wave in the stellar disk. As Kalnajs (1972) pointed out,
even a steady wave will induce a net radial flow, averaged over
azimuth, if the response of the gas involves dissipation, which is
most likely to occur via large-scale shocks. Using his results,
we derive the following relation between the flow velocity v,
and the rate of energy dissipation per unit radius E,:

X @, — Q)@ 1)’ ©

where Q, and Q, are, respectively, the angular velocities of the
wave pattern and of circular orbits (valid for |v,| < Q. r). Since
the dissipation rate must always satisfy E, > 0, any gas flow
will be inward inside corotation [Q,(r) > Q,] and outward
outside corotation [Q.(r) < Q,]. A self-consistent calculation
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FI1G. 1.—Model velocity fields for radial gas flows; v, is given explicitly as a
function of galactocentric radius in egs. (10)(13) of the text and is assumed to
be constant in time.

of the gas response is required to predict E, and thus v,, which
in turn depends on the form of the density wave and the physi-
cal state of the gas. Roberts, Shu, and co-workers have com-
puted the response of an isothermal fluid to a tightly wound
spiral potential that is intended to model the spiral structure in
our Galaxy (e.g., Roberts 1969; Shu, Milione, and Roberts
1973). From their version of equation (9), Roberts and Shu
(1972) derive a radial flow velocity of v, ~ —0.3 km s~ ! at
r =~ 10 kpc. Fully two-dimensional, time-dependent calcu-
lations of the response of gas to barlike density waves have
given much larger radial flow velocities (Schwarz 1981; van
Albada and Roberts 1981 and references therein). However, it
is not clear to what extent this is due to the larger non-
axisymmetric forces involved, rather than to numerical vis-
cosity in the calculations or to the method of treating cloud
collisions. In a strongly barred galaxy, the radial excursions of
the gas and stars may lead to mixing of the chemical composi-
tion at different radii. This effect, which is not included in the
models, would tend to reduce the metallicity gradient rather
than enhance it. In any case, the influence of a bar in our
Galaxy, if one exists, is probably negligible beyond a few kpc
from the center.

In conclusion, estimates based on various physical mecha-
nisms suggest that radial velocities of order |v,|~ (0.1-1)
km s~ ! may be expected, and further that these are likely to be
inflows rather than outflows over the main body of the Galaxy.
However, the variation of v, with radius and time is completely
uncertain theoretically, so our approach is to investigate the
effects of various imposed functions v,(r, ). For simplicity, we
take v, to be constant in time and monotonic and single signed
in radius, with one of four simple forms: constant, increasing,
decreasing, or with a spike at the center; these are illustrated in
Figure 1 and listed below:

(a) Constant:

U, =10 . (10)
(b) Increasing:

(1

v, = 0o(r/ro) -
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(c) Decreasing:

2 2\ 1/2
o~ + 1y
= - . 12
v, U0<r2+r12> ( )
(d) Central spike:
rz{vl + (vg — v)r/ry r<r . 13)
Vo r=r,

In all cases, r, is the galactocentric radius of the Sun, v, is the
corresponding radial velocity, and, in equations (12) and (13),
the characteristic radius is taken to be r; = 4 kpc.

e) Integration of the Equations

For the purposes of numerical integration, equations (1)~3)
were cast into conservative form, using the variable Zu, instead
of Z. We then used the Lelevier method (Potter 1973) to
approximate the radial derivatives on a grid of equal spacing,
and the second-order Runge-Kutta method to step forward in
time, with equal increments. The initial conditions were taken
to be p,(r, 0) = u(r, 0) = Z(r, 0) = 0, except for the special case
7 = 0 mentioned in § IIb, and the equations were integrated
from t = 0 to t = ¢,. As an inner boundary condition, the gas
was simply allowed to pile up in the central zone. Since the disk
was assumed to have infinite radial extent, no outer boundary
condition was in principle needed. In practice, however, the
errors caused by the finite size of the grid could propagate
inward and affect the solution in the radial range of interest.
We dealt with this problem in some cases by joining on
approximate analytic solutions at large radii, and in others by
simply increasing the radial extent of the grid until increasing it
further made no significant difference to the results. A typical
model, with 100 time steps and 100 radial zones extending out
to r = 50 kpc, required 20 s of CPU time on a VAX 11/780 and
gave an accuracy of a few percent. The program was checked
against simple analytical solutions for a variety of special cases.

III. OBSERVATIONAL INPUTS AND CONSTRAINTS

a) Structure of the Stellar Disk

The stellar disk of our Galaxy is assumed, by comparison
with similar spirals, to have a surface density profile that is
roughly exponential with a scale length of ;"' = (4 + 1) kpc
(de Vaucouleurs and Pence 1978; Bahcall and Soneira 1980;
van der Kruit 1983). This is based on an adopted galactocen-
tric radius for the Sun of r, = 8.5 kpc, and all of the observa-

tional data to be compared with the models are scaled -

accordingly. There is some direct evidence for an outer cutoff
in the stellar disk of our Galaxy. Chromey (1978) finds that the
distribution of OB stars in the anticenter direction declines
markedly beyond r,,, = 20 kpc, while Fich and Blitz (1984)
find that the distribution of H 1 regions ends beyond about
Fmax = (16-20) kpc, depending on the adopted rotation curve.
Indirect evidence on the radius of the cutoff comes from the
observation that strong warping of the gas layer begins at
r =~ (15-17) kpc (Kulkarni, Blitz, and Heiles 1982; Henderson,
Jackson, and Kerr 1982), and the near coincidence of this
feature with the edges of the stellar disks in other galaxies
(Sancisi 1983). In the models with a star formation cutoff, we
therefore adopt r, = 18 kpc, which is consistent with the rela-
tion o F . = 4.7 + 0.7 derived from van der Kruit and Searle’s
(1982) photometry of nearby spiral galaxies.

The stellar disk of our Galaxy might also have deviations
from exponential behavior at small radii. Kormendy (1977)
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finds evidence for central holes of radius r ~ o,~! in other

galaxies, and a central hole of radius r & 2 kpc was included in
Caldwell and Ostriker’s (1981) mass model of our Galaxy.
Closer to the center, there may be a very significant excess of
mass: Oort’s (1977) study and the galactic mass models of
Caldwell and Ostriker (1981) and Bahcall, Schmidt, and
Soneira (1983) all give a total mass within 1 kpc of about
1.5 x 10'® M. Since part or all of this mass may be associated
with the spheroid, we interpret it as an upper limit on any
concentration in the disk.

Estimates of the total surface density of the disk in the solar
neighborhood from the vertical force law give (70 + 20) M
pc~ 2 (Bahcall 1984, and references therein). Since the gas
accounts for about 10 M, pc~? (see next section), the local
surface density of the stellar disk should be pugr,, t;) =
(60 + 20) M, pc 2. Combining these estimates with the
adopted exponential scale length implies a present total disk
mass of M(t;) ~ (6 +2) x 10'° M. In principle, My(t,)
could be treated as an adjustable parameter in the models, but
in practice we find it convenient to compute all of the models
with the same value of M(t;) = 6 x 10'® M. The observa-
tions and their uncertainties discussed above are then used to
set constraints on the models; the surface density of stars
should lie within the stippled region of Figure 3e, which allows
for an outer cutoff, an inner hole, and a central mass concentra-
tion in the disk.

b) Surface Density of the Gas Layer

To estimate the total surface density of the gas in the galactic
disk, we must add the contributions from the atomic hydrogen
(H 1), molecular hydrogen (H,) and the associated helium.
Figure 2 shows several determinations of the azimuthally aver-
aged surface densities of H 1 and H, as functions of galactocen-
tric radius. For the H 1 inside the solar circle, the largest
systematic uncertainty arises from the optical depth of the 21
cm emission. The curve labeled BG, which is obtained from
Burton and Gordon’s (1978) volume densities and Baker and
Burton’s (1975) scale heights, is now thought to be too low
because of underestimation of the optical depth, and a value
Mt = (4-6) Mo pc~ 2 for 4 < r < 8.5 kpe seems more realistic.
This estimate is consistent with Heiles’s (1976) determination
of 6 M pc ~* for the surface density of H 1 within about 1 kpc
of the Sun. For the H 1 outside the solar circle, the largest
systematic uncertainty results from the adoption of different
rotation curves. There are two determinations, based in large
part on the same observational data: that of Kulkarni, Blitz,
and Heiles (1982) (KBH) assumes a slowly rising rotation
curve, while that of Henderson, Jackson, and Kerr (1982)
(HJK) assumes a flat rotation curve.

The surface density of H, is inferred from measurements of
the z-integrated CO emissivity, I, using a conversion factor
X = Ny,/Ico which is usually assumed to be approximately
independent of position in the disk. Three different methods
have been used to estimate X. The first is based on measure-
ments of the extinction of stars behind nearby molecular
clouds; from the data of Dickman (1978) and Frerking, Langer,
and Wilson (1982), Thaddeus (1983) derives X = (1.5-
2.0) x 102 cm™2 K~ ! km ™! s, while Sanders, Solomon, and
Scoville (1984), using '*CO emission in an intermediate step,
derive X ® 4 x 102 cm~2 K~ ! km ™! s. The second method
uses y-ray counts to estimate hydrogen column densities:
Lebrun ef al. (1983) find X =~ (1-3) x 102 cm 2K ' km™'s
for the galactic plane, while Hermsen and Bloemen (1984) find
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FI1G. 2—Observational determinations of the surface density of hydrogen gas as a function of radius. (full curves): H 1. (dashed curves): H,, using a CO-to-H,
conversion factor X = 3 x 102°cm™2 K~ km ! s. The labeling of the curves is as follows: BG: Burton and Gordon (1978) (using scale-height determination from
Baker and Burton 1975); KBH: Kulkarni, Blitz, and Heiles (1982) (curve taken from Fig. 7 of Blitz, Fich, and Kulkarni 1983); HJK : Henderson, Jackson, and Kerr
(1982) (average of north and south); SSS: Sanders, Solomon, and Scoville (1984); CTB: Cohen, Thaddeus, and Bronfman (1984).

X~3x10%° cm™2 K™! km™! s for the nearby Orion
complex. The third method is to estimate the masses of molec-
ular clouds from the virial theorem: in this way, Sanders et al.
infer X ~5x 10*° cm™2 K~! km™! s. As a compromise
between all three methods, we adopt X = (3 + 1) x 102 cm ™2
K ™' km ! s for converting the CO emissivity data of Sanders
et al. (SSS) and Cohen, Thaddeus, and Bronfman (1984) (CTB)
into H, surface densities. Both sets of data are based on aver-
ages of the midplane emissivities for north and south and the
scale heights determined for the north. As Figure 2 shows,
there is a factor of 2 discrepancy arising from uncertainties in
the CO emissivity alone.

To give a fair representation of all the uncertainties in the
distribution of gas, we proceed as follows. Inside the solar
circle, the minimum H 1 curve is taken to be that of Burton and
Gordon (1978), while the maximum is taken to be twice this, to
allow for reasonable optical depths. Outside the solar circle, we
consider the Kulkarni et al. and Henderson et al. curves as
upper and lower limits at each radius. The minimum H, is
derived from the Cohen et al. emissivity with a conversion
factor X = 2 x 102°cm 2K "' km ~!s, while the maximum is
derived from the Sanders et al. emissivity with X =4 x 102°
cm~ 2 K~! km~!s. Adding the H 1 and H, together, multi-
plying by 4/3 to account for helium, and smoothing, we arrive
at the limits represented by the stippled region of Figure 3f.
The surface density profile derived in this way is approximately
exponential with a scale length of 5 + 1 kpc over the range
5 kpc < r <20 kpe and has a large deficiency over the range
1kpe <r < Skpe.

¢) Variations in the Abundance of Heavy Elements

Detailed information on the history of chemical enrichment
is only available for the solar neighborhood. Twarog (1980)
obtained Stromgren indices for more than a thousand F dwarfs
and derived a relation between mean metallicity and age using
Ciardullo and Demarque’s (1977) isochrones. Recently, Carl-
berg et al. (1984) have reanalyzed a subset of Twarog’s data
using Vandenberg’s (1983) isochrones. Their relation is signifi-

cantly flatter than Twarog’s as a result of a 20%—40% differ-
ence in the ages derived from the two sets of stellar models,
somewhat different selection criteria in the two samples of
stars, and a new metallicity calibration. We use both relations,
which are shown in Figure 3a, as an indication of the system-
atic uncertainties in the history of chemical enrichment. The
points plotted in this diagram are based on some preliminary
results kindly made available by Dr. Ray Carlberg, and differ
slightly from the final values.

We make the comparison between models and observations
in terms of Z/Z,, the metallicity normalized to its present value
in the interstellar medium in the solar neighborhood. Based on
an extrapolation of the relations derived by Twarog (1980) and
Carlberg et al. (1984) to zero age, we adopt [Fe/H], = 0.07,
or equivalently Z; = 1.18 Z, = 0.022. Since the results of the
models are expressed in terms of Z/y, each one implies a parti-
cular value of the yield when combined with the adopted value
of Z,. The models also require the present age of the disk, ¢,, as
an input parameter. As a reasonable compromise between the
two age calibrations of the oldest stars in Twarog’s sample, we
adopt t; = 15 Gyr. This is consistent with recent estimates of
the ages of globular clusters by Janes and Demarque (1983)
and Vandenberg (1983).

Another constraint on chemical enrichment in the solar
neighborhood is provided by the distribution of metallicities
among stars with lifetimes exceeding the age of the disk. As in
Paper I, we use the relation derived by Pagel and Patchett
(1975) from the ultraviolet excesses of an unbiased sample of
133 G dwarfs. For the present work, we have combined the
bins of the original histogram in pairs to obtain the results
shown in Figure 3b. The scaling of the observational data to
Z/Z, is based on a metallicity of [Fe/H] = 0.15 for the
Hyades. For comparison with the observations, the model dis-
tribution dN/d log Z is first convolved with a Gaussian in
log Z of dispersion ¢ = 0.15 to account for the intrinsic and
observational scatter in the metallicities at a given age.

For the rest of the disk, we essentially only have information
on the present variation of metallicity with galactocentric
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radius. The first of the three relations used here is based on the
oxygen abundances in H 11 regions with measured electron
temperatures. We obtain a large sample by combining the
observations from Shaver et al. (1983), Peimbert, Torres-
Peimbert, and Rayo (1978), Hawley (1978), and Talent and
Dufour (1979). For consistency, all corrections for temperature
fluctuations within individual H 11 regions are taken to be zero.
Treating each measurement as independent gives 32 data
points, which are then binned in five groups of approximately
equal size. The second relation between metallicity and galac-
tocentric radius is that of Harris (1981) for classical Cepheids.
Since these stars are all young, their metallicities should be
representative of the interstellar medium in the recent past. The
third relation, that of Janes (1979), is based on K giants and
open clusters in roughly equal proportions. The open clusters
are fairly young, whereas the K giants are a mix of all ages, but
there is no significant difference in their metallicity gradients.
The abundances of heavy elements in each sample of objects
are normalized to our estimate of the value in the solar neigh-
borhood. This removes any differences in the zero-points of the
metallicity scales and minimizes the effects of any age spread in
the samples. As shown in Figure 3d, the three relations for
different kinds of objects agree remarkably well, the mean gra-
dient being d log Z/dr = —0.06 + 0.01 kpc ™.

d) Variation in the Star Formation Rate

Some constraints can be placed on the history of star forma-
tion in the solar neighborhood. From the age distribution in
his sample of F dwarfs, Twarog (1980) estimates 1 < y/y, < 3
for the ratio of the past averaged to the present rate of star
formation, while from the condition that the IMF be smooth
near the present main-sequence turnoff, Miller and Scalo
(1979) infer 0.4 < Y/, < 3, for t, = 15 Gyr. Both of these esti-
mates assume a constant IMF.

The variation of the present rate of star formation with
galactocentric radius can be inferred from a variety of radio
observations, again on the assumption of a constant IMF. As
in Paper I, we use the distribution of pulsars from Lyne, Man-
chester, and Taylor (1984), supernova remnants from Guibert,
Lequeux, and Viallefond (1978) and Lyman-continuum
photons from Mezger (1978) as tracers of recent star formation.
Since the absolute value of the star formation rate cannot be
derived from these observations without assuming an IMF, as
well as mass ranges for producing pulsars, supernovae, etc., all
of which are poorly known, we express each radial distribution
relative to its value in the solar neighborhood in the form
Y(r)/y . The results derived in this way and shown in Figure 3¢
are reasonably consistent with each other and have a roughly
exponential dependence on radius, with a scale length of 3 + 1
kpc, over the range 4 <r < 12 kpe.

There have been many attempts to test the validity of the
relation ¥ oc " by comparing the distributions of atomic
hydrogen and tracers of star formation in other galaxies
(Hamajima and Tosa 1975, and references therein). However,
the inferred values of m are likely to be modified significantly
when the contributions from molecular hydrogen are included.
For our own Galaxy, a plot of the star formation rate against
the surface density of gas, using the data assembled in this
paper, suggests m ~ 2 over the range 3 kpc < r < 12 kpc, but
the uncertainty is large and m =1 is not ruled out. This
appears to be consistent with the limits 1.3 <n <2 on the
Schmidt exponent derived by Guibert et al. from earlier obser-
vations since the scale height of the gas layer increases grad-
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ually with distance from the galactic center. The constraints on
the past variation of the star formation rate in the solar neigh-
borhood mentioned above, and similar constraints derived for
other galaxies, have been used to argue that m and n cannot
even be as large as 1 (Miller and Scalo 1979; Kennicutt 1983).
However, such arguments are all based on the assumption of
closed system evolution and do not apply to models with infall
or radial flows.

e) Constraints on the Infall and Radial Flow Rates

The high-velocity clouds of atomic hydrogen have some-
times been taken as evidence for infall, although this explana-
tion is controversial. Oort (1970) supposed that the clouds were
ejected from the disk and were then pushed back by diffuse gas
streaming into the Galaxy from outside. In this way he esti-
mated an infall rate of f; 2 My pc~ 2 Gyr ™! for the solar
neighborhood, which corresponds roughly to M, ~2 M
yr ! for the Galaxy as a whole. The diffuse gas would almost
certainly be highly ionized and would emit X-rays in a cooling
flow as it approached the disk. From a set of detailed hydrody-
namical calculations and observations of the soft X-ray back-
ground, Cox and Smith (1976) derived a rough upper limit of
My < 1 Mg yr~ ! on the present infall rate.

An alternative interpretation of the high-velocity clouds is in
terms of a galactic fountain (Bregman 1980 and references
therein), in which hot gas rises up several kpc from the disk and
then condenses into clouds that fall back toward the plane. If
the clouds return to the original position of the gas in the disk,
the standard equations of chemical evolution require no modi-
fication, but if they reenter at larger galactocentric radii, their
mixing in the gas layer would induce a radial inflow. Unfor-
tunately this process is not yet understood well enough to be
included in models of chemical evolution, even though it could
affect the results. Moreover, the fountain model may have diffi-
culty in accounting for the preponderance of negative radial
velocities in the direction of the galactic center recently
observed by Mirabel and Morras (1984). They suggest that the
clouds with the highest velocities represent the accretion of
neutral gas from outside the Galaxy, at a rate of M, 0.2 M
yr~ ! if the typical distances are 20 kpc.

The problem of estimating the radial velocity of the gas in
the disk of our Galaxy splits into two parts: the determination
of the local standard of rest (LSR) for circular orbits, and the
determination of the radial motion of the gas with respect to
the LSR. Most radio observations are expressed relative to a
“standard” LSR, which coincides approximately with the
mean motion of the nearby bright stars (see, e.g., Kerr 1969).
However, this frame of reference may not coincide with the
true LSR as a result of the influence of a density wave on the
motions of the stars. From an analysis of such effects, Wielen
(1979) argues that the standard LSR has an outward motion of
about 6 km s~ ! relative to the local circular velocity. More-
over, Kerr (1962) and Henderson, Jackson, and Kerr (1982)
point out that the galactic rotation curve and H 1 distribution
derived from 21 cm observations would be more symmetric
between north and south if the standard LSR had a similar
outward motion of 7-10 km s ™!

The local H 1 appears to be at rest relative to the standard
LSR to within about 1 km s™! (Kerr 1969; Crovisier 1978).
According to Radhakrishnan and Sarma (1980), the mean
radial velocity of the H 1 absorption features along the line-of-
sight to the galactic center also closely coincides with that of
the LSR. Within 3—4 kpc of the galactic center, however, there
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are large noncircular motions in the gas, which may result from
explosions or from the gravitational field of a bar (as reviewed
by Oort 1977). In the latter case, the net radial flow, averaged
around an orbit, might be either inward or outward. In the
anticenter direction, the H 1 emission features at low latitudes
have a mean inward motion relative to the LSR of about 3.5
km s™! (Velden 1970). For the molecular clouds within a few
kpc of the Sun, Stark (1984) finds a mean inward motion of
roughly 4 km s~ !. Thus although the situation is somewhat
confused by the uncertainty in the LSR, the available observa-
tions indicate that there may be gas flows in the disk with
radial velocities of up to |v,| < 5 km s™', and that these flows
are more likely to be inward than outward over most of the
disk.

IV. RESULTS OF THE MODELS

a) Method of Presentation

We present results for a series of models, which are desig-
nated A to X, in Table 1 and in Figures 3-8. Table 1 gives the
values of the adjustable input parameters for each model: the
star formation exponent m and coefficient C, the form of the
radial velocity field and its value in the solar neighborhood v,
the infall time scale = and scale length o~ ! and the star forma-
tion cutoff radius r,. Also listed in the table are the values
of some output parameters from the models: the present
solar neighborhood values Z,/y, u,;, pi1, and ¥/ ; the infall
and net star formation rates for the Galaxy as a whole,
M, and (1 -— R)¥; the gas depletion time scale 7, =
M /[(1 — R)¥ — M,]; and finally the mass of the disk within 1
kpc of the center, Mp(r < 1kpc). In the figures, we show the
relations log Z(t) and dN(Z)/d log Z for the solar neighbor-
hood, and the relations log y(r), log Z(r), log pr), and log u,(r)
at the present time for 0 < r < 20 kpc. This format allows a
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direct comparison between the theoretical models and the
observational constraints.

The results are governed by infall, radial flows, the presence
or absence of an edge in the stellar disk, and the exponent in
the star formation rate. We have chosen some of the models to
illustrate these effects separately and some of them to illustrate
various interactions between the effects. Only models with
radial inflows are presented here, since a few computations of
models with outflows indicated that they cannot explain abun-
dance gradients in the form observed. We discuss the results for
m=1 and m = 2 separately, because the character of the
results is sensitive to the dependence of the star formation rate
on gas density. If we rewrite equation (3) in terms of the time
derivative comoving with the gas flow, we obtain

DZ/Dt = [(9/00) + (v, 0/0r)]Z = [W(1 — RW/us] — (Zf/1,) -
(14)

This shows that the evolution of the metallicity reflects a com-
petition between the efficiency of star formation, ¥/u,, and the
dilution by infall, f/u,. The efficiency of star formation may
vary with radius continuously because of its dependence on gas
density, or discontinuously because there is an edge to the
stellar disk. With a constant infall time scale, the dilution may
vary with radius either because of redistribution of gas by
radial flows or because of differential depletion of gas by star
formation. In the former case, dilution will produce or enhance
a metallicity gradient, whereas in the latter case, it will tend to
reduce the gradient caused by variations in the efficiency of star
formation. In more general models than those presented here,
the infall time scale might depend on radius, and in this case
also, a metallicity gradient would develop because of the varia-
tion of the dilution with radius.

TABLE 1

INPUT AND OUTPUT PARAMETERS FOR THE MODELS

Velocity _

Model m C Field vo Tooat oy Zyy P Uy UM, M, (1-RWY T, M (r < 1kpc)
A 1 0.1 ... 0 0 4 [e’e} 1.50 16 55 23 0.0 1.3 10 0.2
B.......... 1 0.2 .. 0 6 4 ] 1.38 13 59 1.6 0.9 2.1 8.7 0.2
C.ooinnns 1 0.1 a —1 0 4 [’e] 1.50 1.1 27 16 0.0 13 10 33
D ......... 1 0.2 a -1 6 4 ] 0.83 52 37 24 0.9 2.1 8.7 2.0
E.......... 1 0.1 a -1 0 4 18 097 19 28 9.9 0.0 14 10 33
F.......... 1 0.2 a -1 6 4 18 0.84 55 38 2.3 0.9 22 9.0 2.0
G ..o 1 0.2 a -0.5 6 4 18 1.09 79 46 2.0 0.9 21 9.7 1.1
H........ 1 0.2 a -2 6 4 18 0.48 32 27 2.8 0.9 22 8.7 32
| S 1 0.2 b —1 6 6 s’} 0.97 8.3 52 2.1 0.9 2.1 8.7 0.3
J oo 1 0.2 b -1 6 6 18 091 10 55 1.8 0.9 2.3 8.8 0.3
K ......... 1 0.2 c —1 6 4 e} 0.84 4.7 34 2.4 0.9 2.1 8.7 2.7
L.......... 1 0.2 c -1 6 4 18 0.85 4.7 34 24 0.9 2.1 9.9 2.7
M......... 2 0.005 . 0 0 4 © 1.85 11 60 6.3 0.0 0.4 26 0.2
N ... 2 0.01 ... 0 3 4 0 1.66 9.9 61 42 0.14 0.8 17 02
O ......... 2 0.005 a -0.5 0 4 o] 0.77 9.7 53 7.5 0.0 0.5 14 0.6
P 2 0.01 a -05 3 4 oo 1.02 9.5 56 4.1 0.14 0.8 12 0.5
Q ......... 2 0.01 a —1 3 4 [} 0.44 6.6 46 6.9 0.14 0.8 79 0.9
R.o.ooovinn 2 0.01 a -2 3 4 ] 0.05 1.9 27 51 0.14 0.6 4.1 1.9
S 2 0.01 a -1 3 6 0 0.80 9.6 52 3.8 0.14 1.1 11 0.7
T..ooooo.. 2 0.01 a -0.5 3 4 18 1.02 9.5 56 4.1 0.14 0.8 12 0.5
L0 2 0.005 b —-05 0 6 o) 1.03 18 72 3.1 0.0 0.9 12 0.1
Vo 2 0.01 b —-0.5 3 6 0 1.37 14 71 2.5 0.14 1.1 11 0.1
W 2 0.01 c —0.5 3 4 0 1.01 79 48 5.1 0.14 0.8 13 09
D, U 2 0.01 d -0.5 3 4 18 1.02 9.5 56 4.1 0.14 0.8 12 1.9

Notes.—(1) All models were computed with ¢,

15 Gyr and M y(t;) = 6 x 10'° M. (2) Model X has v,

—10km s~ ', (3) Units: Cin (Mg pc™3)' " Gyr ™',

voinkms™!,rand r,in Gyr,a,”* and r, in kpc, sy, and p,y in M pe™?, My and (1 — R\ in Mg yr ™', My(r < 1kpc)in 10'° M.
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For models with m = 1, the efficiency of star formation //u,
is independent of gas density, so that, in the absence of inflows
and edges, f/u, is also independent of radius and there are no
gradients in the gas fraction or chemical abundance. Inflow
combined with infall produces a metallicity gradient through
the dilution term f/u,; the value of Z is increased at radii where
the inflow raises the gas density, and vice versa. Inflow also
produces a metallicity gradient when combined with a star
formation edge: the discontinuity in Z is then spread out by the
inflow into a smooth gradient over a finite part of the disk.

For models with m =2, the efficiency of star formation
varies with gas density as ¥/, oc u,. Therefore, in the absence
of infall and radial flows, the gas fraction decreases and the
metallicity increases with decreasing galactocentric radius.
Infall flattens the metallicity gradient because dilution is more
effective where the gas has been more depleted by star forma-
tion. Inflow tends to raise the gas density at small radii, thus
counteracting the dilution by infall and steepening the metal-
licity gradient. In comparison with these effects, star formation
edges play only a minor role in models with m = 2.

We have calculated the abundance of secondary elements S
in the models on the assumption that they are produced in
proportion to the abundance of primary elements (e.g., Tinsley
1980). In this case, the evolution equation for S is the same as
equation (3) for Z, except that y(1 — R)Y is replaced by y(Z/y)
x (1 — R)y. We find that the limits 1 < (S/y,)/(Z/y)* < 1 hold
at all times, at all radii and in all models. The lower bound of
this range applies to closed models, with f = 0, while the upper
bound applies to extreme infall models, with /= (1 — R)y (cf.
Tinsley 1980). For most of our models, the relation S oc Z>
predicted by the simple model of chemical evolution is obeyed
even more closely than required by the above inequalities,
departures from proportionality being associated with varia-
tions in the importance of infall relative to star formation. A
more complete account of these results is given by Lacey
(1984). There have been many empirical tests of the relation
S oc Z2 (see, e.g., Tinsley 1980; Pagel and Edmunds 1981), so
we do not discuss the observations here, except to note that
many of them do not follow the theoretical prediction.

b) Models withm = 1

The first two models with m = 1 have no inflows, and differ
mainly in the time scale of infall: © = 0 for model A and 1 =6
Gyr for model B. They can account for the age-metallicity
relation in the solar neighborhood and the present radial varia-
tions in the surface densities of stars and gas and in the star
formation rate. With infall, the metallicity distribution in the
solar neighborhood is acceptable, but neither model has an
abundance gradient. Models C and D are the same as models
A and B, respectively, except that they include inflow at a
constant velocity of v, = —1 km s~ . This reduces y, and y, at
all radii except near the center, while leaving the relative varia-
tion with radius little changed. The metallicity evolution is also
little changed. In the absence of infall, the solution of equation
(14) is Z/y = Ct, and there is no metallicity gradient, with or
without inflow. The metallicity distribution is, however, shifted
to lower values of Z/Z, because of the large reduction in p,,
and thus y, at recent times. Thus inflow makes the G dwarf
problem worse when there is no infall, although this can be
counteracted to some extent by increasing the scale length
o,~'. When infall is present, the curvature in the age-
metallicity relation increases, and Z eventually tends to a

steady state value. A weak abundance gradient develops
because the dilution term is smaller near the center.

The effects of an edge in the stellar disk are illustrated by
models E and F, which are modifications of models C and D,
respectively, to include star formation cutoffs at r, = 18 kpc.
For models without infall such as E, it is simple to show, again
using equation (14), that over a distance |v,|t inside the edge,
Z/y is constant in time and linear in radius with a gradient
—C/|v,|; nearer the center, Z/y is constant with radius but
increases with time as Z/y = Ct. Thus the metallicity gradient
propagates inwards from the edge until, after a crossing time
r./lv.|, a steady state gradient covers the entire stellar disk.
When infall is combined with inflow, as in model F, the final
metallicity gradient extends inward only by a few scale lengths,
but, in the cases of interest, this is enough to reach most of the
way to the center after about a crossing time.

Models G and H are the same as model F apart from the
value of the inflow velocity, which is v, = —0.5 km s ™! in the
first case and v, = —2 km s~ ! in the second case. The progres-
sion G, F, H illustrates the following general features: The
metallicity gradient d log Z/dr is not sensitive to the inflow
velocity for |vg| 2 1 — 2 km s~ !, whatever the form of v,(r) and
whether or not there is infall or an edge. However, for models
with infall and/or an edge, the overall level of enrichment, as
measured by Z,/y , falls with increasing inflow velocity,
roughly as 1/|v,| for large |v,|, as does the time for the age-
metallicity relation to flatten off. With infall, the gradients in
Hs» lg, and Y are not sensitive to increases in the inflow velocity
for |vg| = 0.5 km s~ !, except near the edge and near the center,
but the overall levels of these quantities are reduced, y, and ¥
quite rapidly, as |v,| rises. The metallicity distribution in the
solar neighborhood is not sensitive to the inflow velocity for
|vo| = 1-2 km s~! when there is infall, but for larger inflow
velocities the distribution shifts to larger values of Z/Z,
because the age-metallicity relation flattens off at early times.

We next consider different velocity fields for the inflow. Since
the evolution of Z for models without infall is similar whatever
the form of v,(r), only the results with infall are presented here.
Model 1, without an edge, and model J, with an edge, demon-
strate the effects of a radially increasing inflow velocity, with
vy = —1 km s~ 1. They are similar to models D and F respec-
tively, except that o, ~ " is increased from 4 to 6 kpc to obtain a
better fit to the radial variation in y,, u,, and . Model I has a
larger metallicity gradient than model D because of the greater
radial variation of the dilution term f/u,, which results from the
steepening of the radial gradient in the gas density for this
velocity field. In model J, the metallicity rises less steeply near
the edge and more steeply near the center, as compared with
model F. Models K and L show the effects of a radially
decreasing inflow velocity with v, = —1 km s~!, but they are
otherwise the same as models D and F, respectively. A small
positive metallicity gradient develops through dilution by infall
because the inflow flattens the density profile of the gas. Model
L, with an edge, has a steeper variation of Z near the edge than
model F, but, like model K, also has a positive gradient near
the center.

¢) Models withm = 2

The results from model M, without infall, and model N, with
infall on a time scale 1 = 3 Gyr, are typical of models with
m = 2 and no radial flows. In the absence of infall, the metal-
licity gradient is acceptable, but the fraction of metal-poor
stars is too large, whereas in the presence of infall, the metal-

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1985ApJ...290..154L

Ci
1
[h

3D IIZ90I

P

(54
Lo
0,
[=h

168 LACEY AND FALL

licity distribution is acceptable, but the metallicity gradient is
too flat. Another problem with these models is that the radial
distributions of gas and star formation are too flat, particularly
when there is no infall, although they do reproduce the
observed age-metallicity relation. Models O and P are the
same as models M and N respectively, except that they include
inflow at a constant velocity of v, = —0.5 km s~ !, which
causes a steepening in the radial gradients of the gas density,
star formation rate, and metallicity. The curvature in the age-
metallicity relation is increased because the gas presently in the
solar neighborhood was originally at larger radii and therefore
had a lower efficiency of star formation, and correspondingly,
the peak in the metallicity distribution is shifted to higher
values of Z/Z,. These effects are largest in models without
infall such as model O, for which inflow can solve the G dwarf
problem, but only at the expense of giving the age-metallicity
relation too much curvature compared to the observations.

Models Q and R illustrate the effects of increasing the inflow
velocity,tov, = —1kms~!andv, = —2 km s™*, respectively;
otherwise they are the same as model P. This increases the
curvature in the age-metallicity relation, which peaks at some
time before the present, and shifts the metallicity distribution
to higher values of Z. The radial gradients in y, u,, ¥, and Z
are steepened somewhat, but they are not very sensitive to |v].
The overall levels of u,, Y, and Z/y, however, decrease quite
rapidly with increasing |v,|, whatever the form of v,(r). Model
S, which is similar to model Q, shows that many of the effects
of increasing the inflow velocity can be partially offset by
increasing the scale length o, ™, in this case from 4 kpc to 6
kpc. Model T is the same as model P except that it has a star
formation cutoff and therefore a steeper metallicity gradient
near the edge.

We now consider the results for different velocity fields.
Model U, without infall, and model V, with infall, are the same
as models O and P, respectively, apart from the rising inflow
velocity field with v, = —0.5 km s, and an infall scale length
of 6 kpc. The radially increasing velocity field considerably
steepens the gradients in yu,, ¥, and Z, except near the center,
but this is counteracted to some extent by the larger value of
a,;~'. Model W is the same as model P, apart from an inflow
velocity that decreases outward. Larger inflow velocities lead
to further steepening of the gradients in models with the radi-
ally rising velocity field, but the gradients are not sensitive to
|vo| when the velocity decreases radially. Finally, we have
model X, which is the same as model T except that the inflow
velocity rises sharply close to the center. This illustrates how an
inner hole in the radial distributions of gas density and star
formation can be created by radial inflow. There is a corre-
sponding hole in the stellar disk and also a dip in the metal-
licity because the dilution by infall is more effective where the
gas is depleted.

d) General Results and Implications
For models with m = 1, metallicity gradients of the correct

sign only develop when inflow is combined with infall or a star

formation edge. However, even the most steeply rising velocity
field considered here, with v, oc r, fails to produce a metallicity
gradient as large as that observed. It is possible that an even
more steeply rising velocity field might account for the
observed gradient, but we did not calculate any such models.
Inflow combined with a star formation edge can produce a
gradient in agreement with observations, whether or not there
is infall. However, infall is needed in these models to reproduce
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the metallicity distribution in the solar neighborhood together
with the radial variation in the gas density. Thus, the best
fitting models with m = 1, such as model J, have infall, a star
formation edge, and inflow with v, oc r. To match the observa-
tions, |vo| must be close to r,/t,, because if it is smaller, the
metallicity gradient does not reach to the center, whereas if it is
larger, the age-metallicity relation flattens off too early.

For models with m = 2, abundance gradients develop even
in the absence of inflow, infall, or edges because of the variation
of the efficiency of star formation with gas density, which tends
to dominate even when the other effects are present. Inflow is
needed, however, to steepen the gradients in the gas density
and star formation rate, which are otherwise too shallow com-
pared to observations. If there is inflow, then infall is needed to
match the age-metallicity relation in the solar neighborhood,
although the metallicity distribution can be explained without
it. The metallicity gradient is flattened by infall when there are
no radial flows but becomes insensitive to infall when inflows
are included. The presence of a star formation edge also has
little effect on the metallicity gradient. Thus, the best fitting
models with m = 2, such as models P and X, have infall and
inflow with v, = constant.

The observational uncertainties in the gas density and the
star formation rate are such that acceptable fits to all of the
data can be found for both m = 1 and m = 2. Of the models
presented here, which were chosen to illustrate effects rather
than to optimize fits, the best fitting m = 1 model is J, with
© =6 Gyr,r, = 18 kpc, v, oc r, and v, = —1 km s~ !, while the
best fitting m = 2 model is X, with T = 3 Gyr, r,, = 18 kpc, and
v, = —0.5 km s~ ! except for strong inflow at the center. Both
of these models satisfy the subsidiary constraints on ¥/¢, and
M, and have reasonable gas depletion time scales 1, = 10 Gyr
and star formation rates (1 — R)¥ ~ (1-2) Mg yr . They also
imply values of the yield y =~ 0.02 that agree with the predic-
tions of stellar nucleosynthesis calculations (Arnett 1978;
Maeder 1981).

The inclusion of inflows somewhat reduces the infall time
scale required, compared to models with no radial flows. This
is mainly because, with inflows, consistency with the observa-
tional constraints on the radial variation in the gas density and
the radial and temporal variations in the star formation rate
can be obtained with larger values of m. In this case, the age-
metallicity relation and metallicity distribution in the solar
neighborhood can be fit with smaller values of 7. Thus accept-
able fits can be found for M p2 0.1 Mg yr~ !, compared to
Mp =21 Mg yr~*! for the models without inflows in Paper 1.
The infall time scale and the present infall rate might be further
reduced by the delayed ejection of matter from low-mass stars,
which is neglected in the approximation of instantaneous re-
cycling. It would be useful to check these results with calcu-
lations that include finite stellar lifetimes.

The gradients in log u,, log u,, log ¥, and log Z are gener-
ally not sensitive to the magnitude of the inflow velocity for
|vo] = 1 km s~ !, but the overall levels of the latter three quan-
tities decline quite rapidly with increasing |v,|. In particular,
the gas density provides a strong constraint on |v, |, as does the
form of the age-metallicity relation in models with m = 2. After
allowing for variations in the scale length o, = ' of the infall, in
which case the gradients in stellar density, gas density, and star
formation rate also enter as important constraints, we estimate
|vg] <2 km s™! as a rough upper limit, if the inflow velocity
has been constant over the life of the Galaxy. In reality, v, may
have varied with time, and the previous limit would then apply

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1985ApJ...290..154L

No. 1, 1985

to some average value that is weighted to the recent past. Our
predicted dependence of the radial gradient and overall level of
enrichment on the inflow velocity also may be consistent with
observations of other spiral galaxies. If strongly barred systems
are excluded, the metallicity gradients, when scaled by the
photometric radii, are similar in different galaxies, while the
overall level of the metallicity varies somewhat between gal-
axies (Pagel and Edmunds 1981; Webster and Smith 1983).

V. CONCLUSIONS

1. Radial gas flows at velocities as small as |v,| ~ 1 km s~ *
have important effects on the chemical evolution of the galactic
disk. Velocities of this magnitude are expected on theoretical
grounds and are consistent with the available observations.
However, the present constraints are weak and further studies
of radial flows, both theoretical and observational, would be
desirable. In the absence of spatial or temporal variations in
the IMF, radial gas flows are probably required to explain the
metallicity gradient in the galactic disk.

2. Metallicity gradients can arise from radial variations in
either the efficiency of star formation or in the efficiency of
dilution by infall. For models with m = 1, the observed gra-
dient is reproduced by a combination of inflow and a star
formation edge; a good fit to all of the data is obtained with
v,ocr, vjg=—1 km s™', r, =18 kpc, and 7 =6 Gyr. For
models with m = 2, abundance gradients result mainly from
the variation in the efficiency of star formation with gas
density; a good fit to all of the data is obtained with v, =
constant = —0.5km s~ !and t = 3 Gyr.

3. Infall is required to fit the observations even when radial
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inflows are included in the models. For m = 1, infall at a total
rate Mp~1 Mg yr~! is mainly needed to reproduce the
metallicity distribution in the solar neighborhood, whereas for
m = 2, infall at the lower rate M, =~ 0.1 M yr ! is required to
fit the age-metallicity relation. These estimates, and the corre-
sponding infall time scale may be reduced somewhat when the
approximation of instantaneous recycling is relaxed.

4. The gradients in the metallicity, gas density, and star for-
mation rate are generally not sensitive to increases in the
inflow velocity for |v,| = 1 km s™?, but the overall levels of
these quantities decrease fairly rapidly with increasing |v,|.
This may account for some of the observed variations in the
chemical abundances between different spiral galaxies. From
the models we estimate an upper limit on the inflow velocity in
the disk of our Galaxy, assuming that it is roughly constant in
time, to be [vo| < 2kms ™'

5. If the infall rate increases smoothly in to the center of the
Galaxy, the depression in the gas density and star formation
rate at 1 < r <4 kpc may be explained by enhanced inflow
near the center, at a velocity of v, ~ —10 km s~!. This
depresses the metallicity in the same region and builds up a
concentration of mass at the galactic center.
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