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Abstract. In this article we compare and contrast the predictions of models we have published previously, with the most recent
observational data on the G-dwarf/K-dwarf metallicity distribution in the local Galaxy, as well as with up to date plots showing
the relation between the Be and B abundances of local stars and their Fe abundances. We show how the data clearly support
models in which infall to the plane has not declined secularly during the disc lifetime, and that the best fits are to models in
which the accretion rate has tended to a slow increase. These models, devised to give the best possible account of the G-dwarf
metallicity distribution, turn out to give an even better account of the K-dwarf distribution. They also do surprisingly well at

predicting the observed plots of Be and B vs. Fe in the disc.
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1. Introduction

Well before ideas about galaxy growth by mergers and ac-
cretion became fashionable in the context of cold dark matter
(CDM) cosmologies and their inputs on galaxy formation, ev-
idence from chemical evolution in the Galaxy was pointing to
the probable infall of gas to the plane during its temporal evolu-
tion. Larson (1972a,b) suggested that the growth of the Galactic
disc by accretion of low metallicity gas offered a natural ex-
planation for the known dearth of very low metallicity stars,
the “G-dwarf problem”. An advantage of the infall mechanism
over others which invoked for example metal-dependent effects
on the initial mass function (IMF), was that it offered an expla-
nation for the deuterium observed close to the Galactic center
(Audouze et al. 1976). For a time the most popular scenario for
the accretion of gas to the plane of the Milky Way was the effect
of the Galaxy in sweeping up material as it passed through the
Local Group. Predicted infall rates of a few solar masses per
year were inferred for the disc (Hunt & Sciama 1972; Tinsley
1977), consistent with the observed star formation rate (SFR).
Larson 1976 postulated that the infalling matter might be late
arrival of gas from the outer parts of the condensing protogalac-
tic nebula. In 1963 Muller et al. discovered the High Velocity
Clouds (HVCs) of neutral atomic hydrogen, whose velocities
differ from the Galactic rotation velocity by up to several hun-
dred kilometres per second. Now there is extensive observa-
tional material on this topic (see e.g. Wakker & van Woerden
1997, and references therein). Oort (1966) suggested that the
HVCs are infalling primordial gas and associated the HVCs
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detected near the Galaxy with the Local Group (Verschuur
1969; Oort 1970). Although the case for the primordiality of
the gas is no longer convincing (Lehner et al. 2001; Weiner
et al. 1999; Wakker et al. 1999¢c; Gibson et al. 1999; Lubowich
et al. 2000; Wakker 2001; Wakker et al. 2003; Savage et al.
2003; Sembach et al. 2003; Tripp et al. 2003), the fact
that at least some HVCs are Local Group members rather
than gravitationally bound to the Galaxy has received con-
siderable observational and theoretical support (Mirabel 1982;
Songaila et al. 1988; Lepine & Duvert 1994; Blitz et al. 1999;
Lopez-Corredoira et al. 1999; Sembach et al. 1999; Gibson
et al. 2001; Casuso & Beckman 2001; Putman et al. 2002).

There is considerable support for infall as an essential el-
ement of chemical evolution of galaxies. For the observations
see especially Phookun et al. (1993), Meyer et al. (1994). For
theoretical models and scenarios using infall see Cox & Smith
(1976), Hedrick & Cox (1977), Mayor & Vigroux (1981),
Pryor & Lear (1983), Clayton (1984), Bothun (1985), Tosi
(1988), Ryden (1988), Casuso & Beckman (1989, 1997, 1999,
2000, 2001), Casuso et al. (1989, 1990), Josey & Tayler (1991),
Olivier et al. (1991), Casuso (1991), Josey & Arimoto (1992),
Toth & Ostriker (1992), Phookun et al. (1993), Phillipps
(1993), Pitts & Tayler (1996), Pilyugin & Edmunds (1996),
Chiappini et al. (1997), Bouwens et al. (1997), Tantalo et al.
(1998), Thon & Meusinger (1998), Jiang & Binney (1999),
Takeuchi & Hirashita (2000), Casuso & Beckman (2003).

In 1978 Reeves & Meyer suggested that the distribution of
the Be/Fe ratios for Galactic disc stars could be explained us-
ing the infall hypothesis which we will examine in some detail
below.
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The evidence from deuterium is particularly interesting. In
the solar neighbourhood interstellar medium (ISM) D/H ratios
of 1.5 x 1073, first well measured with HST (see e.g. Piskunov
et al. 1997), have been more recently confirmed by results from
FUSE (Hebrard et al. 2002; Wood et al. 2002; Lehner et al.
2002; Lemoine et al. 2002; Sonneborn et al. 2002; Friedman
et al. 2002; Kruk et al. 2002; Moos et al. 2002). In the Galactic
center region the D/H ratio is an order of magnitude less, as first
estimated at mm. wavelengths from deuterated molecules by
Jacq et al. (1999), confirmed from radio observations of HCN
and DCN by Lubowich et al. (2000), and from ISO-FIR ra-
tios of HD/H, by Polehampton et al. (2002). Both the local
and the Galactic center D abundances imply continuing infall
to the Galaxy of gas which has suffered little previous net astra-
tion, the difference between them being due to the much more
rapid destruction rate of D by astration in the Galactic cen-
tre. Without continuing infall there would be no measurable D
near the Galactic centre, and the local ISM abundance would be
a much lower fraction of the estimated primordial abundance
which is around twice the local ISM value (see e.g. Pettini &
Bowen 2001).

The strongest indication of infall is found in the now clas-
sical “G-dwarf problem” (van den Bergh 1962; Schmidt 1963;
Pagel & Patchett 1975; Tinsley 1980; Pagel 1987). It is no-
table that there are far fewer low-metallicity stars in the solar
neighbourhood than predicted from simple closed-box models
for the chemical evolution of the Galactic disc. Integrated light
studies imply that this problem is not restricted to the Galaxy
(Worthey et al. 1996) but is found in other galaxies similar
to the Milky Way (Espana & Worthey 2002; Bellazzini et al.
2003). As the main sequence lifetimes of late F and G stars are
of the order of the present age of the Galaxy, these stars provide
a fairly complete record of its evolutionary history. However,
even G-dwarfs are sufficiently massive that they have begun to
evolve away from the main sequence, and evolutionary correc-
tions must be used when determining their space densities and
metallicities. It has long been recognized that K-dwarfs would
make a cleaner sample of the local metal abundance distribu-
tion, since for these stars the evolutionary corrections are very
small. The intrinsic faintness of the K-dwarfs has meant that
only recently, however, has accurate spectrometric abundance
analysis become available, with which to calibrate photometric
abundance indicators (Flynn & Morell 1997). After excluding
local halo stars on kinematic criteria, the statistics of disc stars
in a frequency metallicity plot show very low numbers for low
disc metallicity, ([Fe/H] < —1), rising sharply to quite a nar-
row peak between [Fe/H] =~ —0.6 and [Fe/H] ~ -0.2, and
then falling off to higher metallicities. These trends were first
measured for the G-dwarfs (Carney et al. 1990; Rocha-Pinto &
Maciel 1996); and occur naturally in a scenario with infall of
low-metallicity gas to the Galactic plane (Casuso & Beckman
1997). The K-dwarfs are now found to exhibit the same “prob-
lem”: a dearth of K-dwarfs at low disc metallicity. We note here
that the K-dwarfs should allow a more accurate record of the
chemical history of the Galactic disc (Flynn & Morell 1997,
Favata et al. 1997; Kotoneva et al. 2002).

The second piece of chemical evidence requiring low-
metallicity infall is the evolution of Be and B in the local stellar
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population. For nearly a decade a large compilation of obser-
vations showing that there is a “loop back” in the plot of the
Be abundance vs. metallicity in the [Fe/H] range between —1
and O has been available. An updated version is presented in
Fig. 6. It is interesting that most of those presenting chemi-
cal models designed either primarily or incidentally to explain
light element abundance evolution have treated the disc data
very lightly (Vangioni-Flam et al. 1990; Prantzos et al. 1993;
Alibes et al. 2002; Valle et al. 2002). One reason is that much
attention has been paid to explaining the quasi-linear Be vs.
Fe curve at halo metallicities, i.e. for [Fe/H] < —1, and the de-
tailed treatment of Be evolution in the disc has been considered
of less interest. It is particularly easy to neglect details of the
disc evolution of Be and B in the type of log-log representation
normally used.

The fact that the Fe metallicity has been approximately con-
stant during the past 5 Gyr is a valid deduction from the best
estimates of metallicity vs. age for a wide variety of stellar
sources in the solar vicinity (Twarog 1986; Meusinger et al.
1991; Edvardsson et al. 1993; Feltzing et al. 2001). This, to-
gether with the relatively high SFR during the same period
(Barry 1988; Rocha-Pinto et al. 2000) necessarily implies the
arrival of low metallicity gas to counteract the production of Fe
in stars.

We can tie much observational evidence together to give
estimates of the long-term SFR based on different methods.
Chemical evolution models of the solar cylinder which account
well for the evolution with time of the most commonly ob-
served metals: notably iron metallicity and the oxygen/iron ra-
tio (using data for the latter from Nissen et al. 1994; Rebolo
et al. 1995; Israelian et al. 1998; Garcia-Lopez et al. 2001) and
also for that of the light elements (Casuso & Beckman 1997,
1999, 2000, 2003), imply an average accretion rate for the
Galaxy of ~2 Mg yr~!. Estimates of SNII rates in the Galaxy,
of order a few per century in the disc (Dragicevich et al. 1999),
are consistent with an arrival rate of gas of a few Mg yr~!, as-
suming a classical Salpeter IMF, with mass limits from 0.1 M
to 100 My, and assuming that type II SNe are produced by stars
with masses >8 M. These predictions are in fair agreement
with the best estimates of the infall rate due to the HVCs.

The extensive 21 cm studies by Wakker & van Woerden
(1991), Wakker (1991), Wakker & Schwarz (1991) and Wakker
et al. (1999a,b) on HVCs allow us to make estimates of the
current mass flow towards the disc, by estimating the prod-
uct of the velocity component of a cloud perpendicular to the
Galactic plane, its estimated mass, and its estimated distance.
Integrating over all clouds deemed to be accreting from outside
the Galaxy, inflow rates of between 0.5 Mg yr~! and 5 Mg yr™!
are derived. The major uncertainty comes from the difficulty of
estimating distance. Within these error limits the rates of sup-
ply and demand can be balanced in a model within which inter-
galactic gas, notably the HVCs supplies the metal-poor inflow
to the disc.

Another pointer to an extragalactic origin are the low metal-
licities. Wakker et al. (1999a,b) used sulfur abundance mea-
surements to estimate the metallicity of a specific HVC at 0.094
of the solar value. This is incompatible with a Galactic origin,
since the timescales of clouds expelled from the disc and falling
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back are short enough to imply that they would have near so-
lar metallicity. A final argument suggesting that the HVCs are
extragalactic is that their properties are essentially similar to
those of the Lyman alpha forest clouds (Blitz et al. 1999).

Lopez-Corredoira et al. (1999) used the constraint that the
inflow rate of the HVCs should have remained essentially con-
stant over the lifetime of the Galactic disc to make an esti-
mate of the implied total mass of the HVCs within the Local
Group, finding that some 50% of the Local Group mass should
be in HVCs (they used a prescription for an HVC in which
some 20% is in baryons, and the rest in cold dark matter).
This is in fair agreement with dynamical estimates of the Local
Group mass compared with the masses of its known component
galaxies.

The wealth of articles dealing with light element produc-
tion and evolution during the Galaxy lifetime, in halo and disc,
can barely be touched on here. Agreement between model
predictions and observations has not been particularly good.
Although reasonable fits to the near linear dependence of Be
and B on Fe or O for halo stars have been produced (Ramaty
et al. 2000; Fields et al. 2000), this cannot be said for the disc.
Even the most recent and most complete (see e.g. Valle et al.
2002) models, which apply a full range of possible nuclear re-
actions: spallation between C, N, O nuclei and protons, and
alpha particles, as well as alpha+alpha fusion, and include re-
finements such as quantifying different trapped fractions, and
an explicit treatment of the time evolution of the intensity of
the Galactic cosmic rays (GCR’s) do not come very close to re-
producing the observed plots of Li, Be and B vs. Fe (or O) in the
disc. The key features not well reproduced are the steep slope of
the relation for Li, and the loopback, i.e. non-monotonic rela-
tion for Be and B, (see Casuso & Beckman 1997, 2000). This is
mainly because the modelers have not paid sufficient attention
to the effects of gaseous infall, which modulate all the abun-
dance relations, when combined with the different production
and (in the case of Li) destruction mechanisms which oper-
ate. In the following section we will show how infall models
can account in general for the observations, and that a specific
infall model which we have presented previously not only ex-
plained well the observations available prior to its publication,
but gives even better fits when data published subsequently to
its publication are taken into account.

2. Comparison of predictions and observations
2.1. Metallicity histograms

The range of models which we are relying on here to explain
the observed abundances, both in stars and in the ISM, have
been treated in detail in a series of previous articles (Casuso
& Beckman 1997, 1999, 2000, 2001, 2003), so we will not
give further details here. They make use of well established
formalism for treating the production of light element nuclides
by GCR protons and alpha particles in the ISM, together with
a classical chemical evolution model which predicts the abun-
dances of heavier elements in the ISM as a function of epoch.
The only significantly individual inputs are the incorporation of
gaseous infall at a time averaged rate which is either constant
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Fig.1. Metallicity distribution function of disc stars. Our increas-
ing infall model prediction (solid histogram) was made in Casuso &
Beckman (2001) to explain the main peak observed by Rocha-Pinto &
Maciel’s (1996) (dotted histogram). The sharp increase near [Fe/H] =
—0.3 implied by our theoretical prediction yields a rather nar-
row global distribution in comparison with Rocha-Pinto & Maciel’s
data.We attribute this to the presence of thick disc stars in their data
set. However the prediction is better supported by the more recent data
(dashed histogram) of Jorgensen (2000). To be conservative we adopt
an [Fe/H] error of between 0.1 and 0.2 dex.

or steadily increasing with epoch, plus the effects of stochas-
tic variations in the infall rate on shorter timescales due to the
partially discretized arrival rate (i.e. as clouds) of intergalactic
gas.

In Fig. 1 we show observational data from Rocha-Pinto &
Maciel (1996) on the G-dwarf metallicity distribution in the
local Galactic disc. We compare this with the prediction of a
model published by Casuso & Beckman in (2001), using the
hypothesis of slowly increasing infall of low-metallicity gas
from the intergalactic medium, aimed at explaining these data.
We can see that the model predicts a peak with a consider-
ably narrower metallicity distribution than these observations.
In the same figure we have included a more recent compilation
for G-dwarfs by Jorgensen (2000), published while Casuso &
Beckman (2001) was in press. The new observations show a
much narrower peak than the previous set, in improved agree-
ment with our predictions. Looking back for similar studies
which we had not included in our 2001 paper we found a data
set for local G- and F-dwarfs published by Wise & Gilmore,
which, though giving a slightly wider frequency distribution
than our model prediction, is also in fair agreement with it; we
show this in Fig. 2.

In Fig. 4 we show how recent measurements using
K-dwarfs compare with our model predictions. Figure 3 shows
metallicity distribution function of disc stars (MDF) using
Fe as the metallicity indicator, from Favata et al. (1997).
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Fig. 2. Metallicity distribution function of disc stars. The output of our
infall model (solid histogram). Data are from Wyse & Gilmore (1995)
for F/G disc stars (dotted histogram). To be conservative we adopt an
[Fe/H] error of between 0.1 and 0.2 dex.
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Fig. 3. Metallicity distribution function of disc stars. For comparison,
we present here data from Favata et al. (1997) for G-dwarfs (dot-
ted histogram), and from Favata et al. (1997) for K-dwarfs (dashed
histogram). The output of our increasing infall model (solid his-
togram). To be conservative we adopt an [Fe/H] error of between 0.1
and 0.2 dex.

They observed sets of G-dwarfs and also K-dwarfs. In the fig-
ure we match their frequency plots with the output of our best
infall model from Casuso & Beckman (2001). The key point
here is that the K-dwarf peak centered on [Fe/H] ~ —0.25 is
considerably narrower than that for the G-dwarfs. We would
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Fig.4. Metallicity distribution function of disc stars. The output of
our infall model (solid histogram). Data from Kotoneva et al. (2002)
for K-dwarfs are presented for comparison (dotted histogram), and
from Favata et al. (1997) also for K-dwarfs (dashed histogram). To be
conservative we adopt an [Fe/H] error of between 0.1 and 0.2 dex.

expect that the K-dwarfs are significantly less affected by evo-
lutionary effects, and as such are a better reflection of the main
sequence distribution. The fact that the K-dwarf distribution is
better approximated by our model prediction, as seen in Figs. 3
and 4, is what we would have expected from the assumptions
of the model, which does not set out to model stars as they
evolve away from the main sequence. In Fig. 4 we compare,
again, our predicted distribution with recent observations of
the K-dwarf Fe/H frequency distribution from observations by
Kotoneva et al. (2002). One point to make when confronting
theory with observation here is the scatter in the observational
results; two observational plots presented in Figs. 3, 4 differ
above all in the widths of the tails in their distributions, though
they are in good agreement about the metallicity value, and the
half width, of the peak.

Since we have been comparing the observations with only
one model, it is instructive now to show a similar comparison
with other models which take different basic assumptions (see
Fig. 5). There are a wide variety of these, and those we have
chosen are generically representative rather than comprehen-
sive. Firstly we have taken two closed box models, one with the
instantaneous recycling approximation (see e.g. Tinsley 1980;
Pagel 1987), and the other where this constraint has been re-
laxed. We can see clearly that these models predict too many
low metallicity stars, and this well known result does not need
further comment here. Secondly we have taken a recent model
with gaseous infall, from Kotoneva et al. (2002) which uses
the standard assumption that this infall must be declining with
time, and has taken an exponential decline as an analytical
approximation, which again is a commonly used assumption
(Lynden-Bell 1975; Clayton 1984, 1988). We can see that even
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Fig. 5. Metallicity distribution function of disc stars. Data are from
Jorgensen 2000 (solid histogram). We show, for comparison, the pre-
dictions of: simple closed box model using instantaneous recycling
approximation (IRA) (short dashed line), the same model without IRA
(long dashed line), a model using infall exponentially decreasing with
time (from Kotoneva et al. 2002) (dotted-dashed line), and our predic-
tion using increasing infall (dotted histogram).To be conservative we
adopt an [Fe/H] error of between 0.1 and 0.2 dex.

this model is predicting too many stars with metallicities be-
tween —1 and —0.5; its peak is considerably narrower than the
broad peaks for the closed box models, but it is not a really
good approximation to the data, certainly not compared to a
model with increasing infall rate, of the kind we have used in
the previous figures. The model of Kotoneva et al. is for this
purpose typical of these types of models; we have tested oth-
ers which make the same assumption, and they all predict very
similar results. Since an increasing infall rate is also the best
way of explaining the time dependence of the SFR as measured
using the entirely different technique of chromospheric indica-
tors, (Rocha-Pinto et al. 2000), we claim that the data present
strong evidence for secularly increasing infall.

On comparing the observations with the model output in
Figs. 1-3, and above all in Fig. 4 we can immediately see
an excess, well outside any effects due to observational error,
in the observed stellar frequency and the predicted frequency
in the range —1 < [Fe/H] < -0.5. The reason for this ex-
cess is that our model handles only the conditions of the long
timescale stellar formation (of order 10 Gyr) which pertain to
the thin disc of the Galaxy. In the range of metallicity specified,
however, there is a measurable contribution from the “thick
disc” which formed on a timescale of order 1 to 1.5 Gyr from
the initiation of the proto-Galactic collapse (Mashonkina et al.
2003), and was an intermediate phase between the halo and the
thin disc (see e.g. Pardi et al. 1995). The thick disc is now an
observationally well established feature of the Galaxy, whose
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Fig.6. Our model (halo and disc separated) production of Be as a
function of [Fe/H] (full line). For comparison we show the theoreti-
cal predictions of: Alibes et al. (2002) (dotted line) who use a model
with exponentially decreasing infall, Valle et al. (2002) who use two
models: a) without external infall but a multizone model in which gas
suffers radial interchange (long-dashed line), and b) closed-box model
(dashed line). Data from Rebolo et al. (1995), Gilmore et al. (1992),
Nissen et al. (1994), Ryan et al. (1992), Boesgaard & King (1993),
Grevesse & Sauval (1998), Chmielewski et al. (1975), Boesgaard et al.
(1999), Primas et al. (2000a,b).

MDF peaks at [Fe/H] ~ —0.7 (Gilmore et al. 1995). There
is as yet no generally agreed canonical model for the forma-
tion of this feature, however. Among the possibilities which
have been proposed are the puffing up of the disc by galaxy
harassment (Bienayme 1999), a specific violent merger event
or a close encounter with a companion galaxy (Robin et al.
1996; Bensby et al. 2003; Feltzing et al. 2003). Measurements
of the abundances of Fe, Ca, Si, Ti, Co, V, Eu, Mg, Mn, Al,
and Zn, have demonstrated that the thick disc has a genuinely
different chemical history, which differs from that of the thin
disc (Naoumov 1999; Prochaska et al. 2000). However there is
a significant metallicity overlap between the two disc popula-
tions, as measured via Fe, in the range —1 < [Fe/H] < -0.1
(Wyse & Gilmore 1995). The presence of lenticular as well as
the “standard” bulge and disc components in spiral galaxies has
been well known and seriously studied purely morphologically
since the classical paper by Kormendy (1979). The presence of
well defined thick discs has recently been established in galax-
ies other than the Milky Way (Sarajedini & van Duyne 2001;
Dalcanton & Bernstein 2002).

2.2. Berillium versus iron in the disc

In Fig. 6 we show a comparison of model predictions for the
evolution of Be (measured against Fe) in the disc with a major
compilation of observed Be abundances in solar nighbourhood
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stars of both disc and halo. The sources of the data are given in
the figure caption, and represent a significant up-date on those
available for a previous compilation we reported in Casuso &
Beckman (2001). We can immediately see in Fig. 6 that there
is a clear dichotomy between the disc behaviour and that of
the halo, so we should state clearly here that although we have
previously produced a halo model (Casuso & Beckman 1997),
in which gas flow plays a key role in producing the quasi-linear
relation between Be and Fe, we are concentrating only on the
disc in the present paper.

A virtue of logarithmic abundance plots of the type used in
Fig. 6 is that they do justice to evolution during phases of low
abundance. For this reason Be evolution in the halo is espe-
cially well displayed in Fig. 6. However as a corollary they do
less than justice to phases of high abundance. The part of the
graph which refers to the disc appears squeezed into one cor-
ner, even though in absolute terms some 90% of the current Be
was produced in the disc. This, plus the fact that the linear plot
of Be vs. Fe in the halo was a real challenge to theorists, and
could have had direct repercussions on certain Big Bang nucle-
osynthesis predictions, has led to a rather cavalier treatment of
the disc data by modellers. In Fig. 6 we show three examples of
not very impressive fits to the observations. As just explained,
it would not be reasonable to criticize the authors of these mod-
els strongly for this, since their goals were directed at the halo
and since their fits to the halo data are good.

The main aims of halo modelers (Fields et al. 2000; Ramaty
et al. 2000; Alibes et al. 2002; Valle et al. 2002) is to elucidate
the nuclear processes involved in the production of Be (also B)
rather than to produce chemical evolution models, so they used
standard assumptions, above all for the disc evolution. The fact
that in a log-log plot the disc appears as an appendage of the
halo aided them in not needing to pay special attention to the
disc. The only point we wish to make here is that they did use a
standard infall assumption for the disc, i.e. infall declining with
epoch, with the results shown in Fig. 6. As well as obtaining a
good fit to the halo data, they obtain a plot which passes close
to regions with many disc data points, but this does not mean
that they fit the observed trend, as can be clearly seen in the
figure. Valle et al. (2002) do not call on external infall in their
models. One of these, a closed-box model, fails to fit either halo
or disc observations, but this is just an example of how closed-
box models do not account for chemical evolution observations
in general, and the authors clearly show this model as a com-
parison. In the other model type, in which metal interchange
between different radial zones of the Galaxy is used, but with-
out recourse to external infall as such, the fit to the halo data is
fair, but to the disc data is not very good. The other model in-
cluded in this figure is the increasing exponential infall model
of Casuso & Beckman (1997) a model to be applied to the disc
only (as explained above, the halo was modeled using differ-
ent assumptions, relevant to the epoch of its formation). In this
model the predicted plot of Be vs. Fe shows a loop-back, and
offers an excellent fit to the observations. It would be natural
to suspect that the model was engineered to fit the observations
in this way, and this suspicion is fully justified. However that
is what a model is supposed to be designed for. This fit might
even be used by some dismiss the model were it not for the fact
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Fig. 7. Our model production of ''B+!°B as a function of [Fe/H] (full
line). For comparison we show the theoretical predictions of: Alibes
et al. (2002) (dotted line) who use a model with exponentially de-
creasing infall, Valle et al. (2002) who use two models: a) without
external infall but a multizone model in which gas suffers radial in-
terchange (long-dashed line), and b) closed-box model (dashed line).
Data from the same authors as in Casuso & Beckman (1997) but added
are data from Grevesse & Sauval (1998), Howk et al. (2000), Cunha
et al. (2000), Primas et al. (1999), Duncan (1997), Garcia-Lopez et al.
(1998). We have taken an average between LTE and NLTE values
reported by the authors, including this effect in the error bars. Solid
lines represent the prediction of our model, which is divided into halo
and disc models, with differing assumptions (see Casuso & Beckman
1997).

that it makes better predictions for the G- and K-dwarf metal-
licity distributions than competing models.

2.3. Boron versus iron in the disc

In Casuso & Beckman (1997) we give a plot of the data on
the abundance of boron in local Galactic halo and disc stars,
from the state of the observations in 1997, overlaid with a plot
of the prediction from our Galactic infall model published in
Casuso & Beckman (1997). The same criteria apply as for the
Be, in the sense that the halo observations and model, for the
range of [Fe/H] < —1, are to be treated separately and will not
be discussed further here. As for the disc, although the model
prediction “fitted” the 1997 data compilation, the number of
points was clearly too few to either confirm the model or rule
out competing models. In Fig. 7 we reproduce exactly the same
model prediction, without any attempt at tuning, and now also
include all the observations which have been obtained since
then. The number of data points is still less than half those
available for Be, because all the observations are from space-
based telescopes, so the statistics are not as good. Nevertheless
we can see that the infall model with an exponential slow in-
crease gives a fair account of the observations, and in any case a
strikingly better account than other model predictions, of which
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examples are given in Fig. 7. One of these is a closed-box
model, which one would not expect to give a close fit to the
data. The others are an exponentially declining infall model,
and a model in which gas mixing between different zones of
the Galaxy is the dominating effect.

3. Summary

The model using exponentially decreasing infall does appear
to fit better some of the recent MDFs: that of Kotoneva et al.
for K-dwarfs (Fig. 4), that of Favata for G-dwarfs (Fig. 3), and
that of Rocha-Pinto and Maciel (Fig. 1). The principal prob-
lem with this model is that it implies quasi-linear behaviour
for the Be vs. Fe and for B vs. Fe (Figs. 6 and 7) in con-
trast to the observational data. Our models with increasing in-
fall give better fits to the Jorgensen data on G-dwarfs (Fig. 5),
and also those of Wyse & Gilmore (Fig. 2) as well as the
Favata et al. MDF for K-dwarfs (Fig. 3). It is of particular in-
terest to note that Jorgensen used a weighting scheme for his
G-dwarf data which favoured the stellar population closer to the
galactic plane, and therefore selectively tended to eliminate the
thick disc population, an important point which we will pick
up again later. The model with increasing inflow also gives a
very good account of the disc evolution of Be and B with Fe
(Figs. 6 and 7). The global hypothesis invoking a slowly in-
creasing rather than a declining infall rate gives good fits to
both the MDFs and the Be/B vs. Fe observations, in whichever
detailed form we use it. In our previous papers we first (Casuso
& Beckman 1997) presented a simple model with a monotonic
exponential decline, and more recently (Casuso & Beckman
2001) a more complex model in which we took into account
the interaction of the infalling gas with the in plane gas, in or-
der to give a better description of the data set on the stellar age
distribution, i.e. the history of the local SFR, by Rocha-Pinto
et al. (2000). However the differences in the predicted MDFs
and the Be/B vs. Fe plots for these two models are not signifi-
cant; in other words the increasing infall assumption dominates
the predictions for these parameters, and gives superior results
for them than do its rivals, and in addition only models based on
this assumption give a decent account of the local SFR history.

It is true that models of the growth of galaxies in cosmo-
logical simulations of large scale structure formation, in their
current state of development, predict a global decline in the in-
fall of gas both to galaxy groups and to individual galaxies, but
here it is necessary to point out that these computations do not
have the resolution to take into account in a satisfactory way
the effects of the low mass tail of the galaxy mass function.
This takes the form of major gas clouds without star forma-
tion which remain bound into the groups of galaxies, (Knight
& Ponman 1997; Murali et al. 2002) and which in small galaxy
groups, or in the outskirts of larger clusters, are absorbed into
the larger galaxies on very extended timescales.

Although infall as a component of chemical evolution mod-
els of the Galaxy has become non-controversial, it is of con-
siderable interest to understand it in greater detail, because it
can now be seen in the wider context of the continuous merger
and accretion processes occurring in galaxies in general. As the
mean galaxy density has fallen over cosmological timescales it
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is usually taken for granted that mergers and interactions of all
types were much more frequent at high redshifts. It is also an
accepted result of observations that the global star formation
rate in the universe has declined as a function of time, for sim-
ilar reasons: the SFR reflects strongly those processes which
are active at the time of galaxy formation. However these broad
statements omit certain specifics which are clearly of consider-
able importance, and in particular they do not take enough ac-
count of the differences between spheroid and disc formation.

Once a galaxy cluster or gravitationally bound group has
separated out, so that its internal gravity dominates locally over
the Hubble flow, the mean density of matter in the cluster is no
longer falling. The galaxies within the group develop in the
long term in a less dramatic way than initially, but the merger
and accretion rate need no longer be a declining function of
time. As a result of the distributed orbits of the galaxies around
the cluster barycenter the initially larger galaxies will tend to
accrete their smaller companions. This process will occur for
small galaxies and also for “failed galaxies” the gas clouds
whose masses are too small in relation with their Jeans mass
for gravitational condensation into stars to have taken place.
These failed galaxies, which could have masses of up to 108 M,
in HI, (plus their corresponding proportion of dark matter) and
would certainly comprise many objects of lower mass, are the
HVCs which have contributed to the build-up of the Galactic
disc, in the case we have discussed in this article. The accre-
tion process should be continuous, a steady “rain” of HI onto
the disc, punctuated from time to time by the arrival of one of
the more massive clouds, which will stimulate star formation
in a measurable way. It is interesting to point out that the den-
sities of the HVCs (=10 cm™) and their measured column
densities, imply size scales of kpc, so that the infall of one of
the more massive of these clouds will affect a major fraction
of a Galactic disc, while the continuous infall of small clouds
would be affecting the whole disc continuously but in a random
way.

There are two corollaries of this scenario which we would
like to point out here. As a galaxy accretes mass, and specifi-
cally as it accretes gas to its disc, its accretion power tends to
rise: its mass grows, and its accretion cross-section also grows.
These factors would naturally give rise to an accretion rate
which increases with time. However in a given galaxy group
the mean density of intracluster gas will be falling as the gas
is pulled into the larger galaxies, an effect which will cause the
accretion rate to fall. Which of these effects wins out to de-
termine whether the net accretion rate is rising or falling at a
given epoch depends on the initial mean mass density in the
clouds, compared to the mass distribution of the initial major
galaxies. In Lopez-Corredoira et al. (1999) we showed what
the implication of this condition would be for the Local Group.
We showed that if the intracluster gas represents at least half
the total baryonic mass of the Local Group, then the accretion
rate to the Milky Way will have tended to increase with time.
This condition appears to be satisfied since the dynamically es-
timated mass of the Group (Kahn & Woltjer 1959) is more than
twice the combined masses of the Milky Way and M 31, the to-
tal mass of the remaining galaxies being too small to affect the
equation.
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The second effect is seen in estimates of the time depen-
dence of the local SFR as measured via chromospheric activity
indicators. The most complete data set is that of Rocha-Pinto
et al. (2000), and shows a tendency for the SFR to increase
on timescales of 5 Gyr and more, but also, on timescales
of 1 Gyr and less, strong deviations from uniform behaviour.
These “bursts” (they are not powerful in that the SFR does not
grow above a few My yr~! but their net effect integrated over
time is very significant) are not trivial to explain. The sample
is a local one, from the solar neighbourhood, but at a given
epoch it must contain stars from a considerable radial and az-
imuthal range, several kpc in all directions, due to orbit mixing
and diffusion. This implies that any “local” upsurge in the SFR
must really be occurring simultaneously over a significant frac-
tion of the Galactic disc, since if it were really local its effects
would be completely diluted by mixing in the observed sample.
Resonance effects such as those which give rise to spiral arms
will not produce this behaviour, as the disc averaged SFR in
a spiral arm system is not varying, even though the local SFR
is varying periodically. The accretion of a major HVC, on the
other hand, will yield a more generalized increase in the SFR,
over kpc scales, as suggested above. Thus the existence of ev-
idence for substantial time variations of the SFR measured lo-
cally is clear evidence in favor of the HVC model of infall, in
which there are sporadic arrivals of massive clouds in a con-
stant “rain” of less massive clouds.

The graphs of stellar Be and B abundances against a metal-
licity index such as the Fe abundance for local disc stars are
similar, and show far from linear behaviour, which has not re-
ally attracted the attention of the modelers, for reasons which
have been outlined above. We have shown here that the evolu-
tionary model which best describes the G- and K-dwarf metal-
licity distributions observed in the disc: in which the infall rate
increases slowly rather than declines, also gives a good predic-
tion of the B and Be vs. Fe relations. In a previous study we
showed that the Li vs. Fe graph for stars in the disc metallicity
range ([Fe/H] > —1) is also well explained in the framework
of an infall model, though the interplay of production and de-
struction processes for Li makes it less useful as a diagnostic
for distinguishing between models with different time profiles
for the infalling gas.

As the hypothesis of increasing infall goes somewhat
against the conventional wisdom we feel that it is in order to
offer some testable predictions rather than simply fit already
existing data sets. The first is that the iron abundance in the lo-
cal interstellar medium ought to be rather lower than the solar
abundance: numerically [Fe/H]ism =~ —0.2, an effect due to the
secular dilution of the metallicity by the infalling gas over the
past ~5 Gyr. The second is the presence of the “high metallicity
plateau” for lithium abundances, which strictly speaking had
been observed before we produced the increasing infall models
(see Casuso & Beckman 2000), but has since been confirmed
by new data with refined analysis by Chen et al. (2001). A third
prediction is related to the K-dwarf problem itself. We suggest
that for the stellar population at decreasing distances from the
Galactic centre the MDF for disc stars should widen to lower
metallicities, because there should be a dynamical trend for the
HVC material to flow preferentially to the plane in the outer
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disc of a rotating galaxy, so that the metallicity dilution by infall
will be fractionally less as the Galactic centre is approached.
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