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ABSTRACT

The levels of heavy elements in stars are the product of enhancement by previous stellar genérations,
and the distribution of this metallicity among the population contains clues to the process, by
which a galaxy formed. Most famously, the “G-dwarf problem” highlighted the small numbér of
low-metallicity G-dwarf stars in the Milky Way, which is inconsistent with the simplest“picture of a
galaxy formed from a “closed box” of gas. It can be resolved by treating the Galaxy as an opén system
that accretes gas throughout its life. This observation has classically only beenh made/in the Milky
Way, but the availability of high-quality spectral data from SDSS-IV MaNGA and the development
of new analysis techniques mean that we can now make equivalent measurements for a large sample
of spiral galaxies. Our analysis shows that high-mass spirals genericallyshow aysimilar deficit of low-
metallicity stars, implying that the Milky Way’s history of gas accretion/is’common. By contrast,
low-mass spirals show little sign of a G-dwarf problem, presenting the metallicity distribution that
would be expected if such systems evolved as pretty much clesed boxeés. This distinction can be
understood from the differing timescales for star formation in galaxies of differing masses.
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1 INTRODUCTION CMDF takes the simple form

Almost all of the elements heavier than helium that we find M. (< Z) = My 0[1 —exp (=Z/p)], (1)
in our galaxy’s stars, the “metals”, are there because these
objects incorporate matter recycled from previeus*stellar
generations, with stars born early on containing less of this
enhanced material (Schmidt 1963; Talboteds Arnett 1971;
Tinsley 1980). There are thus clues to the'star-formation his-
tory of the Galaxy encoded in the distribution/of the metal-
licity that we find in its stars (Talbot & Arnett 1971). This
phenomenon can be most simply quantified by the cumula-
tive metallicity distribution function (CMDF), which is just
the total mass in stars in which the heavy element fraction
is less than Z, M.(< Z).

Such a simple distribution clearly does not contain the
full life history of the Galaxy’s star formation and gas recy-
cling, but it is sufficiently robust to make quite strong state-
ments about/its pastihistory. For example, if the Milky Way
formed in isolation from a single initial gas cloud of mass
My, 0, With enhanced material well mixed in as it is recy-
cled! (a/scenario termed the “closed box” model of chemical
evolution; Talbot & Arnett 1971; Tinsley 1974), then the

where p is a parameter that defines the yield of heavy el-
ements created by each generation of stars (see, for ex-
ample, Binney & Merrifield 1998 Section 5.3.1). An illus-
tration of the resulting function is shown in Figure 1. A
conflict between this model and observation was first noted
by van den Bergh (1962), who pointed out that the Milky
Way contains many fewer low-metallicity G-dwarf stars than
the steep initial rise in this function predicts. This “G-
dwarf problem” has subsequently been observed in popula-
tions of K dwarfs (Casuso & Beckman 2004) and M dwarfs
(Mould 1978; Woolf & West 2012; Woolf & Wallerstein
2020), and seen both in the Solar neighbourhood
(e.g. Rocha-Pinto & Maciel 1996; Gratton et al. 1996;
Chiappini et al. 1996; Holmberg et al. 2007) and throughout
the Galaxy (e.g. Chiappini et al. 2001; Hayden et al. 2015),
so is clearly a substantive issue.

In essence, the problem is that by the time a closed box
has built up sufficient heavy elements to make stars with
high metallicity, there is very little gas left to make new
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I Throughout this work, we adopt the instantaneous recycling
approximation, which assumes that metals are expelled by a

generation of stars immediately after these stars form (see
Binney & Merrifield 1998 Section 5.3.1).
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Figure 1. Simple model CMDFs showing the fractional mass of
stars that have a metallicity less than Z for a closed box (blue) and
an accreting box (red). Characteristically, the yield p of a gener-
ation of star formation is of order the value of Solar metallicity
(Zo = 0.0148; Lodders 2019); for these models, we adopt yields of
one-third Z; for the closed box, and three times Z; for the ac-
creting box. These yield values are not physically motivated, but
have been selected simply for illustrative purposes.

stars, so it will always produce the majority of its stars at
low metallicities. A variety of mechanisms have been invoked
to seek to resolve the G-dwarf problem (for an extensive list
of proposed solutions to the problem, see Pagel 2009 Sec-
tion 8.4). However, conceptually the simplest solution — and
the most widely accepted —is to introduce a steady stream.of
pristine gas to the galaxy, the “accreting box” model (Tinsley
1974, 1980). In this case, the CMDF can be shown t6 be

M* (< Z) = _Mgas [hl(l - Z/p)] s (2)

where M, is a constant (Binney & Merrifield, 1998 Sec-
tion 5.3.3). As can be seen from Figure 1, the'constant addi-
tion of new gas provides the raw material mecessary for more
star formation at later times, tipping/the balance in favour of
high-metallicity stars. The resulting changé in the shape of
the CMDF has been found to largely eliminate the G-dwarf
problem both in the Solar neighbourhood (Gratton et al.
1996; Chiappini et al. 1996)%and across the entire Galaxy
(Chiappini et al. 2001yHaydén et al. 2015).

While such a scenario.is feassuring for our understand-
ing of the Milky<Way, we lack the context to know where
our galaxy fits.inte the wider picture of chemical enrich-
ment. Although anetallicity distribution functions can be
produced(from analysis of resolved stellar populations in Lo-
cal Group galaxies (e.g. Escala et al. 2018; Manning & Cole
2018; Gilbert et al. 2019), for more distant unresolved galax-
iestall that we know for sure is that the average stellar metal-
licities of less massive galaxies are lower (e.g. Gallazzi et al.
2005¢ Panter et al. 2008). It therefore remains unclear where
the Milky Way lies relative to its spiral galaxy peers in terms
of its CMDF.

Fortunately, as recent work by Mejia-Narvaez et al.
(2020) indicates, the wealth of data obtained by integral
field unit (IFU) surveys in the past few years means that we
are now in a position to address this question. Observations
from the Mapping Nearby Galaxies at Apache Point Obser-
vatory (MaNGA) project (Bundy et al. 2015) have provided
spectra right across the faces of thousands of nearby galax-
ies. Spectral synthesis fitting with codes such as STARLIGHT
(Cid Fernandes et al. 2005) can then be used to decompose
such spectra into their component stellar populations of dif-
fering ages and metallicities. By integrating across all ages
and co-adding all the spatial data for each galaxy, we can re-
construct the CMDF's of these spiral systems for comparison
with the Milky Way. Clearly, collapsing all this data intota
single one-dimensional function is not making full use“of all
of the information that it contains, but it does offer”aisimple
robust metric of the global metal content of a spiral galaxy.
While the quality of the reconstructed CMDFs may not be
as high as for our own galaxy, it should be. more than ade-
quate to distinguish between the very different functions of
Figure 1, providing an overview of the metalli¢ity evolution
of a complete sample of spiral galaxiesdn‘the local Universe.

2 DATA AND ANALYSIS
2.1 The MaNGA Survey

MaNGA (Bundy, et al},2015) is part of the fourth generation
of the SloamsDigital”Sky Survey (SDSS-IV; Blanton et al.
2017), and has recently completed its mission to ac-
quireSpectroscopic observations for 10000 nearby galax-
ies (Yan et/ al. 2016b; Wake et al. 2017). The MaNGA sur-
vey, thus Tepresents a complete sample of these systems
intherlocal Universe. Using hexagonal IFU fibre bundles
(Law et al. 2015) to feed into a spectrograph (Smee et al.
2013; Drory et al. 2015) mounted on the 2.5m telescope at
Apache Point Observatory (Gunn et al. 2006), spectra were
obtained across the face of each galaxy out to at least 1.5
effective radii, capturing most of the light from each sys-
tem. The raw data were reduced and calibrated (Yan et al.
2016a) by the Data Reduction Pipeline (DRP; Law et al.
2016), before being processed through the Data Analysis
Pipeline (DAP; Westfall et al. 2019; Belfiore et al. 2019) to
create the data products employed here.

2.2 Sample Selection

Since the intent of this paper is to place the Milky Way
metallicity data in context, we need to select a sample of
comparable spiral galaxies from the full MaNGA data set.
Fortunately, the citizen science project Galaxy Zoo 2 (GZ2;
Willett et al. 2013) provides robust classifications of galax-
ies upon which we can draw. The process that we follow
is essentially identical to that described in Peterken et al.
(2020), except that we make use of the more current ninth
MaNGA Product Launch (MPL-9) data. The reasoning be-
hind the method adopted here is described in more detail by
Willett et al. (2013) and Hart et al. (2016).

GZ2 classifications are available for a total of 7330 MPL-
9 galaxies. From this sample, we first reject 58 galaxies which
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were flagged by GZ2 as obscured by a star or other arti-
fact. We then ensure each galaxy has a spiral morphology:
following the recommendations of Willett et al. (2013) we
require that > 43% of N > 20 respondents observed either
spiral features or a disk in the galaxy. This requirement re-
duces the sample to 5255 potentially spiral galaxies. Since we
are seeking a clean sample of spiral systems, we retain only
those which are oriented reasonably face-on so that their
spiral structure is apparent. Again following Willett et al.
(2013), we require that > 80% of N > 20 respondents de-
termine that each galaxy is not edge-on, and we also im-
plement a cut based on the photometric axis ratios of the
galaxies such that g > 0.5, which is equivalent to an incli-
nation of i > 60°. This constraint is slightly more stringent
than that suggested by Hart et al. (2017), as discussed by
Peterken et al. (2020), and leaves a sample of 1641 reason-
ably face-on spiral galaxies. Finally, we remove a further 166
galaxies that were flagged for poor data quality by the DRP
or had for any reason failed to produce the necessary DAP
data sets. Collectively, these criteria produce the final clean
sample of 1475 face-on spiral galaxies that are analysed in
this work. The galaxies in this final sample have a median
redshift of z = 0.037. We also note that none of the results
depend at all sensitively on the exact sample selection cri-
teria.

2.3 Spectral Fitting

The stellar evolution histories of the sample galaxies were
determined using the full-spectrum stellar population fitting
code STARLIGHT (Cid Fernandes et al. 2005). STARLIGHT es-
sentially derives a best fit to each spectrum by combining
a set of templates of differing ages and metallicities; the
process is very similar to that employed by Greener et al.
(2020), and is explained in detail by Peterken et al. (2020).
Here, we summarise the main steps relevant to this work.

After removing any emission lines using the MaNGA
DAP and shifting to zero redshift, each spectrum is=fit-
ted using a linear combination of the single stellar{popu-
lation (SSP) E-MILES templates of Vazdekis et al." (2016)/
The E-MILES library of SSP templates is based on/the\ear-
lier MILES library (Vazdekis et al. 2010), andwe adopt a
Chabrier (2003) initial mass function (IMF);*the“Padova”
isochrones of Girardi et al. (1999), and\an“appropriately
metallicity scaled value for alpha-elément enrichment. The
E-MILES templates incorporate nine ‘ages (log(age/yr) =
7.85,8.15, 8.45, 8.75,9.05, 9.35, 9465, 9.95, 10.25) and six metal-
licities ((M/H] = -1.71, —-1.31, =0.715 —0.40, +0.00, +0.22).
Template logarithmic values;s[M/H], are then converted to
metallicity Z = Zo x WWMHPN/Tq reproduce younger stellar
populations, we include an additional six ages (log(age/yr) =
6.8, 6.9, 7.0, 7.2,7.4, 7.6) and two metallicities ((M/H] =
—-0.41, +0.00)Arom, the’ templates of Asa’d et al. (2017).
Apart from’ adopting the slightly different Bertelli et al.
(1994) iséchrones,/ these younger templates were generated
using.exactly the same method as the E-MILES templates.
Weuse the STARLIGHT configuration settings which prioritise
robustness over computation times, following the recommen-
dations‘of Ge et al. (2018) and Cid Fernandes (2018), and
as fully described and tested by Peterken et al. (2020, in-
cluding Appendix A).

The result of this fitting process for every spaxel across
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Figure 2. CMDFs for the spiral galaxies in“the MaNGA sample,
binned by stellar mass. The histograms show the median value for
the CMDF within each mass bin, nérmalised by the total mass
of each galaxy.

the face of a spiral galaxy is a set of weights for the mass
contribution made by each SSP to the light seen in that spec-
trum. Co-adding:thé results from each spaxel then gives a fit
to the_ integrated light from the entire galaxy, with contri-
butions from SSPs spanning the two-dimensional parameter
space of metallicity and age. Adding the contributions from
SSPs of different ages reduces the data to a one-dimensional
funetion of the contribution from stars of different metallici-
ties to the total mass of that galaxy. Finally, adding together
all the contributions from templates with metallicities less
than Z produces the required CMDF for the galaxy, M.(< Z).

3 RESULTS AND DISCUSSION

The resulting CMDFs are presented in Figure 2. In order to
investigate any trend with galaxy mass, we have combined
the galaxies into five logarithmically-spaced mass bins, nor-
malised each galaxy by its total stellar mass, and calculated
the median normalised CMDF within each bin. The step-
like nature of the resulting cumulative functions reflects the
relatively small number of template metallicities used in the
fitting process, which, in turn, is determined by the limited
amount of information that can be derived when decompos-
ing such integrated spectral data.

It is immediately apparent from Figure 2 that the
shape of a galaxy’s CMDF depends strongly on stellar mass.
Higher mass galaxies show a steepening CMDF, indicating
a relative paucity of low-metallicity stars. Like their kin
the Milky Way — a galaxy of stellar mass ~5 x 10'0 M,
(McMillan 2017) — they show a G-dwarf problem, which,
comparison to Figure 1 confirms, is resolved if these systems
are modelled as accreting boxes. By contrast, spiral galax-
ies with stellar masses of less than 10" M, show a rapid
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initial rise in M,(< Z), reflecting their much greater propor-
tion of low-metallicity stars, and matching rather well to
the closed box model shown in Figure 1. This finding builds
on the significance of the much smaller sample studied by
Mejia-Narvdez et al. (2020), who found evidence that the
distribution of metallicities is broader in lower mass spiral
galaxies. It also fits with what has already been gleaned from
the other axis in this population decomposition of MaNGA
data, the time evolution of star formation, in which it was
found that more massive spiral galaxies formed most of their
stars in a relatively short period of time, whereas the less
massive spiral systems have been slowly but steadily forming
their stellar content over most of the lifetime of the Universe
(Peterken et al. 2021, submitted). It would appear that in
the more massive galaxies, in order to keep up with the de-
mand for gas to make more stars, largely unmixed pristine
gas is pulled in to add to material enriched by the previous
generations, making them produce a much larger fraction of
high-metallicity stars in what is effectively an accreting box
system. By contrast, the more leisurely star formation rate
of the lower mass spirals affords them the opportunity to mix
recycled gas thoroughly between stellar generations, making
them behave as close to closed boxes. While the Milky Way
is entirely typical of spiral galaxies of its size in displaying
the G-dwarf problem caused by such systems’ rush to make
stars, lower-mass spiral galaxies avoid the issue by taking
their time.

DATA AVAILABILITY

This publication uses the team-internal MPL-9 MaNGA sci-
ence data products. The full sample of data used here will
be publicly released in 2021 as part of SDSS DR17.
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