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et al.2017 Rybizki et al.2017). The distribution of stars in the
space of[ /Fg-{Fe H] has long been one of the crucial
diagnostics of Galactic chemical evoluti@BCE), with [ /F¢
providing a rough chemicdiclock’ because of the differing
timescales of CCSN and SN la enrichm@t¢William 1997).%°

In the solar vicinity this distribution is bimodal, with
populations of‘high- ” and “low- " stars at sub-soldiFe¢
H]. The older, high- population is kinematically hotter and
geometrically thicker, allowing chemical separatioritbfck’
and“thin” disk componenté~Fuhrmannl998 Prochaska et al.
2000 Bensby et al2003, though this identication is blurred
in the outer Galaxy by diskaring (Minchev et al2015 2017,
Bovy et al.2016 Mackereth et al2017).

The Apache Point Observatory Galactic Evolution Experi-
ment (APOGEE; Majewski et al2017) of the Sloan Digital
Sky Survey(SDSS; York et al200Q Eisenstein et al2011
Blanton et al2017) has extended the maps of the Fe—-{Fe
H] distribution over a large range of the Milky Way disk
(Anders et al2014 Nidever et al2014 Hayden et al2015
hereafterH15), spanningR  3..15 kpc and vertical height
Z 0.2kpc With a large sample and precise, well-

Weinberg et al.

H15s examination of metallicity distribution functions
(MDFs) and[ /F¢g ratios showed that the bimodality between
high- and low- populations persists across much of the disk,
but that the relative fraction of stars in the two populations
depends strongly on Galactic location. The higstars trace a
locus in[ /Fg-{Fe H] space that is nearly independent of
location and resembles the evolutionary track of simple
chemical evolution models. The universality of this locus
limits the variation of star formation efiency during the
formation of the high- population(Nidever et al2014. The
distribution of stars along the lowdocus shifts toward lower
[F€ H] at larger radii, in accord with standard descriptions of
the disks stellar metallicity gradiefCheng et al2012h. The
skewness of the MDF changes systematically with radius in the
way expected if it has been shaped by radial mixing of stars
across the disk(Schonrich & Binney2009 Minchev &
Famaey201Q H15). Most stars in the inner Galaxy lie along
the high- sequence, but the distribution of stars along this
sequence shifts to highgFe H] at lower Z in a way that
suggestsupside-dowh formation of the inner disk from a gas
layer that gets thinner over tinfEreudenburg et a2017). The

characterized abundance measurements, APOGEE data alloftaction of high- stars decreases drastically in the outer

measurement of the intrinsic spread of Fg in the thin and
thick-disk populations at a givdire H] (Bertran de Lis et al.
2016. This paper extendSchemical cartographyof the

Galaxy even at larg€ , as suggested by earlier resiBensby
et al.201% Cheng et al20123.
For Mg and Fe abundance distributions, this paper cos

Galactic disk to many of the other elements measured byand further quantes the trends found in APOGEE data by
APOGEE: O, Na, Mg, Al, Si, P, S, K, Ca, V, Cr, Mn, Co, and Anders et al(2014, Nidever et al.(2014, andH15 and in
Ni. These elements trace a variety of nucleosynthetic pathway$aiaESO data by Mikolaitis et a(2014. For other elements
with different dependencies on stellar mass and metallicity.we nd that the“cartography is relatively simple: once we
Their relative abundances can teach us about both theseparate the high-and low- populations and adopt Mg as our
nucleosynthetic processes themselves and the history of stdeference element, the median sequencefxidfig] versus

formation and chemical enrichment across the Galaxy.

[Mg/ H] are nearly independent of Galactic location. These

For practical reasons, previous studies of many elements fopedquences encode important constraints on supernova nucleo-
large stellar samples have usually focused on the solasynthesis, and they appear to do so in a way that is insensitive

neighborhood (e.g., Timmes et al.1995 Bensby et al.
2003 2005 2014 Reddy et al2003 2006 Kobayashi et al.
2006 Adibekyan et al.2012). These studies show that the

to local variations in chemical enrichment history. We interpret
these sequences using a semi-empiritalp-process nucleo-
synthesis model that describes the element abundances in a

chemical dichotomy of the thick and thin disks can be traceddiven star as the sum of IMF-averaged CCSN and SN la

through many individual elements, that trends for iron-peak

contributiongIMF = initial mass functiop This model proves

elements (r- and sprocesy frequently show distinctive
behavior with metallicity and age, and that multiple principal

success and the position-independence of median sequences
may not extend to elements that have larger contributions from

components are needed to represent the distribution of locaPther enrichment channels.

stars in the multi-dimensional abundance sp@ieg et al.
2012 Andrews et al.2017. Analogous toH15, this paper

After describing our data sample in Sect@nwe turn in
Section3 to maps of abundance ratio trends in zoneR ahd

extends such analyses to span the Galactic disk takingZ.Finding that these trends are nearly independent of location,
advantage of APOGEE much larger survey volume and W€ €xamine them more closely using a high signal-to-noise

sample size. We defer discussion of C and N to a separate pap&fti® (5'N) subset of the full disk sample in Sectidn In
(Hasselquist et al2019 because their abundances in the “€Ctionswe de ne the two-process model and apply it to the

evolved stars observed by APOGEE are strongly affected byj

internal mixing on the red giant branch rather tharecéing

birth abundances. One consequence of our choice is that the
elements discussed in this paper are ones whose production &2

likely dominated by CCSN and SNe la. Future studies that . )
qur the elements examined here. We summarize our conclu-

combine APOGEE measurements with abundances fro
optical surveys such a&aiaESO (Gilmore et al.2012,
LAMOST (Luo et al. 2015, and GALAH (De Silva et al.

2015 can probe elements produced in intermediate mass stars

or by exotic mechanisms such as neutron star mergers.

30 we follow standard notation in which the bracketed abundance ratio

[X/Y] log(X/Y) lo( ¥ Y, where(X/Y), is the solar abundance ratio
and log denotes a base-10 logarithm.

nterpretation of the observed median trends. In Seétioe
present MDFs and relative normalizations of the high- and low-
populations as a function of Galactic position, which in
mbination with our abundance ratio trends provides an
approximate description of the full multi-element cartography

sions and discuss directions for future work in Secfion

2. Data

We use data from the fourteenth data releé3R14;
Abolfathi et al. 2018 of the SDSFAPOGEE survey
(Majewski et al.2017). Targeting for the APOGEE survey is
described by Zasowski et #2013 2017 and the DR14 paper.
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Roughly speaking, the APOGEE disk sample consists of L e s
evolved stars with 2MASESkrutskie et al200§ magnitudes ' [P oy
7 < H < 13.8 sampled on a grid of sightlines accessible from
the northern hemisphere at Galactic latitudes —8°, —4°, 0.3 ey
0°, +4°, +8° over a wide range of Galactic longitudesband
spectra are obtained with the 300er APOGEE
spectrograph(Wilson et al.2019 on the Sloan Foundation
2.5m telescope(Gunn et al. 2006 at Apache Point
Observatory. Nidever et gR015 describe the APOGEE data
processing pipeline, which provides the input to the APOGEE
Stellar Parameters and Chemical Abundances Pip@iae-
CAP; Holtzman et al2015 Garcia Pérez et a2016, which 0o0{, '
ts effective temperatures, surface gravities, and elemental
abundances using a grid of synthetic spectral mgh&szaros

10!
0.2 4

[Mg/Fe]

o]t

Number of stars

L B0

et al. 2012 Zamora et al2019 and a linelist described by 0.1 d—t———t——— T L AR, 100
Shetrone et al2015. Further details related to the DR14 data 150 7125 7100 0.7 [(F)sfH]O'ZS 000 025 030

set, including the empirical calibration of abundance scales, are_ o

described by Holtzman et 6ﬂ2018. Jonsson et a|(2018 Figure 1. Density in thgMg/Fg versugFe/ H plane for our full sample of

. . 20,485 stars. The black line marks our adopted division bettegh- ” and
discuss comparisons between ASPCAP DR14 abundances angh. » populations. Recognizing that the physical distinction between these

measurements from optical spectra observed for the same stagspulations is the amount of iron enrichment from SNe la, we refer to them
in other surveys. We refer to results of these comparisons athrough most of the paper aSlow-[F& Mg]" and *“high{Fe Mg],”

several points in the paper. respectively.
To minimize the possibility of systematic issues with )
abundances with effective temperature/ andurface gravity, 3. Abundance Ratio Maps
we restrict the analysis to stars with<llogg < 2, roughly 3.1. Abundances Relative to Mg
corresponding t8700 K Tgg 4600 K This surface grav-
ity cut eliminates red clumgcore helium burning stars, Many studies of multi-element stellar abundances examine

leaving only stars on the upper giant branch. It also ensures thaflistributions of( X/ F¢ versus[Fe' H]. Here we choose Mg as

the stars in our sample can be observed by APOGEE over mos@ur reference element instead of Fe, so our basic diagrams are
of the distance range considered in this paper, minimizing[X/ Mg] versus [Mg/H]. Because Mg is produced almost
distance-dependent changes in the population being analyze@ntirely by CCSN, it is a simpler tracer of chemical enrichment
As data quality cuts, we require a signal-to-noise ratio/of S than Fe, and it has the same mear(togal enrichment from

N > 80 per pixel in theaxpStar combined spectré=0.224), CCSN on both the high- and low- sequences. While

and we require that nbASPCAP batl ags are set. For the OXygen would also be a suitable reference element, we choose

analyses in Sectiowe apply a higher N threshold of 200. Mg because it is more robustly measured in APOQklkere
Like H15, we focus on Galactic disk stars, with radial cuts O measurements come largely from OH and CO lines and are

3kpc R 15kpcand vertical cutsZ  2kpc We use more sensitive tde;) and because it is more accessible to
spectrophotometric distance determinations similar to thoseoptical surveys. Jonsson et g201§ nd that Mg is
used byH15; these compare well with other distance estimatesAPOGEEs most accurately measuredelement relative to
(e.g., from Queiroz et aR018and Wang et al016. We use external measurements. Other authors have used Mg as a
only stars targeted as part of the main APOGEE sufvag reference element in abundance ratio studies with similar
EXTRATARG=0) to avoid any selection biases associated with motivation (e.g., Wheeler et all989 Timmes et al.1995
special target classes. These cuts leave us with 20,485 stars, Gtihrmanri998 Cayrel et al2004). In a similar spirit, we refer
which 13,350 have /3N > 200. to the high- and low- populations hereafter as IdFe Mg]
Figure 1 shows the distribution of our sample stars in the and highfFe Mg], respectively, since the physical distinction
familiar [Mg/ Fg-{Fe H] plane, displaying the usual bimod- between them arises from the absence or prevalence of SN la
ality of [Mg/F€ at sub-solafFe/H. As shown byH15 and iron enrichment rather than an enhancement aflements
below, the location of the high-and low- sequences is nearly ~relative to CCSN iron(One could more simply say low-iron
independent of position within the Galactic disk, though the and high-iron, but it is the iromelative to -elements that
relative number of stars on these sequences depends strongfpatters for our purposes, so we adopt the more spésims to
on position. The white line on Figuteindicates the boundary avoid confusior). We examine median abundance ratio trends

we will use to separate these two populations: separately for these two populations, and wel that the
combination of this practice and our choice of reference
[Mg/Fd 0.12 O0.1BFe H| Fe]H 0 element greatly simples the description of abundance trends
[Mg/Fd 0.12, [FéH o 1) as a function of Galactic position.

Figure? illustrates this simplication for the case of Al. The
. : top half of the gure shows[Al/Fg versus[Fe H] for all
While the two sequences convergéfay/ H > O making the sapmple stars in r?ine zones la!,f Z, ?vith red gnd b%ue points
distinction of two populations ambiguous in this regime, our marking stars in the loFe Mg] (high- ) and highfFe Mg]
is useful to separate high-metallicity stars with different the black line show the median abundance ratio of all stars in
fractions of SN la enrichment, even if the distribution is not bins of[Fe H]. This median trend changes shape with Galactic
clearly bimodal. position, and its shape has no obvious physical interpretation.
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Table 5
Median Sequences, Iron-peak Elements, [[B&Mg] Stars
[Mg/ H] [V/Mg] [Cr/ Md] [Mn/ Mg] [Fe Mg] [Cd Mg] [Ni/ Mg]
—0.744 —0.403 -0.277 —0.615 —0.298 —0.389 —0.260
—0.639 —0.374 —0.292 —0.566 —0.292 —0.282 —0.215
—0.541 —0.363 —0.303 —0.536 —0.295 —0.244 —0.203
—0.437 —0.355 —0.261 —0.523 —0.285 —0.194 —0.191
—0.349 —0.336 —0.268 —0.499 —-0.281 -0.177 —-0.182
—0.254 —0.307 —0.257 —0.468 —0.266 —0.136 —0.174
—0.146 -0.273 —0.249 —0.443 —0.263 —0.096 —-0.175
—0.050 —0.225 —0.240 —0.402 —0.253 —-0.072 -0.171
0.044 —0.193 -0.231 —0.351 —0.236 —0.058 —0.168
0.146 —0.155 —0.215 -0.273 —0.203 —0.052 -0.161
0.237 -0.116 —0.209 —0.206 -0.171 —0.045 —0.146
0.346 —0.044 —0.205 —0.143 -0.151 —0.020 —0.132
0.448 —0.233 —0.074 —0.146 0.066 —0.129

Note. Same as Tablé but for iron-peak elements. Blank entries mark bins in which the median value is a non-detection.

0.076 dex and potential systematic errors are large, so we areexplained by the combination of a lower SN la fraction and a
cautious about drawing physical conclusions from the weaker metallicity dependence. This combination allows an
phosphorous results. However, there is no obvious systematicinderlying positive metallicity trend to be masked by the trend
that would lead to differerj/ Mg] ratios for the low[+¢ Mq] of higher SN la iron contribution at highgfe H], analogous
and highfFe’ Mg] populations. to our results fofAl/ Fg shown in Figure. However, all three

of these element abundances are challenging to measure, so

further investigation using both optical and near-IR samples is
5.4. Iron-peak Elements warranted.

Figure 16 shows median sequences for iron-peak elements,
with the oddZ elements V, Mn, Co, on the left and the ev&n- : ; .
elements Cr, Fe, Ni on the right. By construction the model for 5.5. Relation of Median ?((iaglggnces to Metallicity-dependent
Fe hasRY 1.0, acc iz 0.0, and ts the observed
median sequences perfectly. For Cr the inferred process ratio is Figuresl4-16 suggest metallicity-dependent yields for some
RX  1.12;the metallicity trend is mostlyat, but there is a  elements, especially the oddelements below and near the
downturn of[Cr/ Mg] at super-solafMg/ H] in the high{Fée iron peak. However, the trend of an element ratio {iity,/H]

Mg] population, similar to the behavior for P. For Ni the depends on the chemical evolution history as well as on the
inferredRX  0.63 implying a larger CCSN contribution. The yield metallicity dependence itself, because the metals present
inferred metallicity dependence is again weak. Note that thein the interstellar mediuriSM) at a given time come from
median sequence for the IdWwe Mg] stars(red point$ turns stars that formed over a range of previous times, when the
up at high[Mg/ H] even withaee a0, because the value  composition of the ISMand thus of newly forming stgreay

of [F& Mg] is higher (i.e., the upturn reects the larger have been different. Thus, even if the stellar IMF and
contribution of SN la elements at the high-metallicity end of nucleosynthetic processes within stars remain constant
the low{Fe& Mg] sequence throughout the Galactic disk, one might expect location-

All of the oddZ iron-peak elements show clear metallicity dependent trends ofX/Mg] with [Mg/H] because of
trends, steeper than those of the light @lements. The large  differences in star formation history, accretion, or ous.
separation of the median sequences for Mn implies a large SNIo address this issue, we use one-zone chemical evolution
la contribution, larger than that of any other element considerednodels similar to those of Weinberg et@017); we compute
here, withRX  1.58(1.97) for the twith ajz O (v free. their evolution numerically instead of analytically so that we
The inferredR for V and Co are 0.74 and 0.25, respectively can include a hypothetical element with a metal-dependent
(for aja  0). In the case of Mn, allowing a metallicity trend Yield. In these models, the predictedt Mg]-{Mg/ H] trends
for the SN la process noticeably improves theto the prove insensitive to details of the evolutionary history, which
observations. For V and Co the improvement is less clear,makes the relation of observed trends to IMF-averaged yields
though the inference of a metallicity-dependent CCSN processtraightforward to interpret and largely explains why wel
is robust. median sequences that are constant throughout the Galac-

Battistini & Bensby(2015 have examinefiX/ F¢ trends for tic disk.

V, Mn, and Co in the local Galactic disk, in comparison to ~ The top row of Figuré7 shows results for four models, each
bulge, halo, and globular cluster samples. For Mn they a of which assumes a constant star formatiorciehcy timescale
signi cant rise of[Mn/ Fd with increasing[Fe H], qualita- 7 Mgay/Mw 2Gyr and an exponential star formation
tively similar to our results fopfMn/ Mg]. However, the trend  history My(t) r e ¥Y™n with 7 6 Gyr. Star formation
largely disappears if they include non-LTE corrections in their drives an outow with mass-loading factor n

Mn abundance determinations. Their trends for V and Co areMqt/M; 5, 2.5, 1.5, or 0.5, which ejects gas at the current
closer to those of -elements, with decreasifg/ Fe over the ISM metallicity. We adopt a ** power-law delay time
range 0.8 [Fe¢'H 0 In light of our results, it seems that  distribution for SNe IgMaoz & Mannucci2012 Maoz et al.
the different behavior of V and Co relative to Mn might be 2012 with a minimum delay time dd.15 Gyr. The left panel

14



The Astrophysical Journal, 874:102(25pp, 2019 March 20 Weinberg et al.

Table 6
Median Sequences, Iron-Peak Elements, HlighMg] Stars
[Mg/ H] [V/Mg] [Cr/ Md] [Mn/ Mg] [Fe Mg] [Cd Mg] [Ni/ Mg]
—0.744 —0.163 -0.123 —0.224 —0.054 -0.221 —0.035
—0.639 —0.194 —0.072 —0.209 —0.067 —-0.167 —0.014
—0.541 —0.222 —0.044 —0.178 —0.058 —0.090 0.002
—0.437 —0.204 —0.058 —0.176 —0.062 -0.071 —0.011
—0.349 —0.175 —0.059 —0.164 —0.061 —0.047 —0.018
—0.254 —0.149 —0.049 —0.140 —0.053 —0.037 —0.024
—0.146 —0.125 —0.036 —-0.102 —0.037 —0.036 —0.027
—0.050 —0.090 —0.033 —0.063 —0.023 —0.030 —0.026
0.044 —0.051 —0.043 —0.025 —0.022 —0.004 —0.019
0.146 0.007 —0.065 0.010 —0.028 0.031 —0.009
0.237 0.047 —0.096 0.047 —0.035 0.076 —0.004
0.346 —0.034 -0.129 0.082 —0.046 0.125 0.001
0.448 —0.165 0.057 —0.066 0.111 —0.018

Note. Same as Tablb but for high{Fe Mq] stars.
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Figure 14. Median sequences and the two-process model fefements. Figure 15.Same as Figure4 but for light oddZ elements. The unusual feature
Triangles show the medigx/ Mg] of stars in 0.1 dex bins dMg/ H] in the in the observed median trend fitMa/ Mg] is caused by the analysis artifact
low-[Fe€ Mg] (red and highfFe Mg] (blue) populations, respectively. These discussed in Sectioh2 Na and P exhibit a large sequence separation implying
sequences are derived from the same set of stars plotted in BigBodid a large SN la contribution, contrary to theoretical expectations. Al and K have

curves show ts of the two-process model to the median sequences with the small inferred SN la contributions and slowly rising metallicity trends.
metallicity dependence of the SN la contribution set to zero. Dotted curves

show ts in which the index |, of the SN la metallicity dependence is free. ) ) .

The tted values oRY, the ratio of amplitudes of the SN Ia process to the iS produced entirely by CCSN, so results in this panel are

CCtS’ﬁl_ ptroc?ss Wg/Hld 0, are I:Ested ti_n each gan%ftghgetheflwith ﬂ?ledc independent of the adopted iron yields and SN Ila delay time
E];satr:gl I);lrsgggﬁeat?\?e Sllfl (;eion?r?guﬁgr??;\t})éi andeéehzsg]?hnesétroangesgIsmpunon' At early tlm?S the ratn(/ Zvg of newly formmg
metallicity dependence. stars is lower than the yield ratjg/ ymg, Shown by the circles,
because much of the ISM enrichment came from stars with
shows evolutionary tracks in ti¢lg/ Fg-{Fe/ H] plane. As  metallicity lower than the current ISM value. However, once
discussed by Andrews et €017 and Weinberg et a(2017), the[Mg/H] ratio approaches its equilibrium value, fK¢Mg]
the abundances of one-zone models with constant parametes, i pends slightly upward and settles at the value implied by
typlcal!y approach 'ate'“”.‘e equilibrium values that depend the yield ratio. ThgX/Mg]...Mg/H ]tracks are therefore not
prl_rrr;]aerllt% or:itr;ﬁ ela:enrg:ar;thgﬁlsd rﬁgg etlh ﬁﬂ[@?ﬁﬂe\ggus pure power laws, and their effective slopes are steeper than
[Mg/H] fgr a% elzment with IMF-averaged yield 9 those of the yield trend itself. Models with exponential star
formation history and a yield slope of 0.20 produce a trend
Y Ywg(Zo/Zuge)  10MOrHL (19 stppe of acc x 0.35 similar to that inferred for Mn(see
Figure16). The model tracks end at differéMg/H] because
whereZy , is the solar abundance of eleméhaind we have  of the different values of, but where they overlap they are
adopted .. = 0.2 for this example. We assume that elem¥ent nearly identical.
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to but steeper than the trendygf/yy, with [Mg/H].
Figure 16. Same as Figur&4 but for iron-peak elements. With the exception
of Co, all elements show substantial SN la contributions, Rith 0.5. The
oddZ elementgleft columr) show strong metallicity trends while the ev&n- 04

elementgright columr) do not. r ]
0.2 o
The lower panels of Figurg7 show tracks for four models 0 ° ]
thathave = 2.5, 2 Gyr,andae. 0.2 but four different e ° ]
star formation histories. The tracks for a constant SFR are S-02f0. 2~ .
. . K .. > E
nearly identical to those for an exponentially declining SFR, — B 1
except that they terminate at a slightly lower equilibrium —0.4 “ccig'; —
metallicity. We have experimented with shortgf, and ““: D
different values of; and again nd almost no difference in —06p "‘*?4 I
the [X_/Mg] versus[Mg/H] tracks, except for changes_ in 1 05 0 0.5
endpoint. The green dottegiashed curve shows a model with a [Mg/H]

star fqrmatlon hIStO_I’yM*(t) rte t/.Tth that rlse_s linearly a.'t igure 18.Tracks ofX/Mg] vs.[Mg/H] for three different values of the yield
early times and declines exponentially at late times, peaking ajngex .. — —0.1 (red), 0.2 (black, and 0.4(blue). Solid and dotted curves
t 7m 6 Gyr. With a rising SFR, the track diX/Mg] show models with exponential and linear-exponential star formation histories,
versugMg/H] is closer to the yield ratio because most of the respectively, all withsy, 6 Gyr, . 2Gyr, andyp  1.5. Circles show the
ISM enrichment at a given time comes from stars near the'2ues 01X/Mg] corresponding to the yield ratio.

current ISM metallicity. The blue dotted curve shows a model

that is identical to theducial exponential model at early times  goyrce of scatter in element ratios, but even this fairly strong
but experiences an inx of pristine gas at 6 Gyr, which in ow/ burst has a moderate impact on [{g¢Mg]...Mg/H ]
doubles the gas mass and lowers all abundances by a factor @fack, and it will affect only those stars formed during the burst.
two. The doubled gas supply induces a burst of star formation Figure 18 shows[X/Mg]...Mg/H ltracks for three different
that temporarily enhancfdg/Fe] by boosting the CCSN rate  choices of the yield index and an exponential or linear-
relative to the SN la rate. In the/Mg] versus[Mg/H] exponential star formation history. In each case the track for a
diagram, the primary effect is an instantaneous excursion tdinear-exponential history is just slightly steeper than the yield
lower [Mg/H] at xed[X/Mg], with a return track that loops metallicity dependence. The track for an exponential history is
downward because the lower metallicity reduces the yield  steeper by about 0.1, with effective slopes of approximately
Gas in ows and bursts of star formation are thus a potential 0.55, 0.30,—0.20 for .= 0.4, 0.2, and-0.1.
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From these numerical experiments we conci{iflehat the 0.2
[X/Mg]...Mg/H ltrack for a given metallicity-dependent yield
is only weakly sensitive to the chemical enrichment history,
and (2) that the[X/Mg]...Mg/H ]track is moderately steeper =
than the actual metallicity dependence of the yield. Titsé I
conclusion largely explains why median sequences are nearly=_, 5 [
independent of Galactic position even for elements with
metallicity-dependent yields. The second conclusion implies ] I
that the results of our two-process model can be used i&$-a 04—t 04—

.. . .. -0.5 0 0.5 -0.5 0 0.5

cut empirical guide to the metallicity dependence of nucleo-

— —
r R=5-9kpc r R=5-9 kpc

[ 1Z[=1-2 kpe 1 [ 1ZI=1-2 kpc 1
8 o —i
1 F L

e/Mg
[Ni/Mg]

synthetic yields for the elements examined in this paper, though ., ,wgvﬂﬂv - 0.2 ,[{Mg‘/l?], .

to test an ab initio yield model it would be better to predict [ R=5-9 kpc 1 I R=5-9 kpc ]
median sequences directly and compare to our measurements. o[ IZ|=1-2kpe A | |Zl=1-2kpe :
We have also not examined the relation ¢f to the yield < : ]
metallicity dependence for SNe la. Our median sequences run=-0.2 - b 1

from about [Mg/H] 0.8 to [Mg/H] 0.45 and the £ [
metallicity dependence in this regime cannot necessarily be ™04
extrapolated to much lower metallicities, where the stellar '
physics or nucleosynthesis physics could change in impor-

—0.6F

tant ways. . -0.5 0 05
Our inferences apply to IMF-averaged vyields. For some [Me/H] [Me/H]
elements, the CCSN vyield is expected to depend directly on  0-2¢ P R 0.2r e T
.. . . L =5— pc ] L =0— pc ]
metallicity at a given supernova progenitor mass. For 0.1 E [Zl=1-2 kpe ] 0.1 E zl=1-2 kpe ]

essentially all elements, the expected CCSN yield at a given
metallicity depends strongly on the supernova progenitor % of
mass:° Even if the metallicity dependence ated progenitor SO
mass is weak, the IMF-averaged yield can depend on 2701t
metallicity if the IMF changes with metallicity or if the _
boundary between which stars explode as supernovae and F 1 F
which collapse directly to black holg®ejcha & Thomp- -03t ;65‘ —— 5 E— -0.3¢t ;55‘ —— é E——
son2015 Sukhbold et al2016 changes with metallicity. The ' ' ' '
. e [Mg/H] [Mg/H]
success of our model in explaining the observed APOGEE , _ ,
sequences for evenhelements, with small inferred values of Figure ;L9. Offsets of median sequences at hz;rand.ln_terpretatlon of these_
ides qualitative evidence against chanaes in the IMFoffsets in terms of the two-process model. Top left: Light blue and red points

co provi q . g g N show [F&Mg] vs. [Mg/H] for SN >80 stars atR 5.9kpc and
or in the mass ranges of exploding stars over the lifetime andz  1.2kpc in the highfFe/ Mg] and low{Fe Mg] populations, respec-
metallicity range of the disk. However, speciscenarios for tively. Large lled circles show the medidfe/ Mg] in 0.1 dex bins ofMg/ H]

such changes should be tested directly against the observation®r bins with at least 15 stars. Solid lines show the median trends derived from
the full disk sample of AN > 200 stars; at larg& , stars in the higliFe Mg]

population have systematically lowgfe’ Mg] than stars near the midplane,
. while the lowf{Fe Mg] sequence is nearly unchanged. Top right: Similar
5.6. Offsets of Median Trends results for[Ni/ Mg]. Open squares and connecting dashed lines show the

. . . median trend predicted by applying the two-process model to the njédian
As noted in Sectioi3, some elements show small offsets in  yg) values for the highz stars. Other panels: Similar results for Mn, Ca, Si,

the median sequence for hifffe Mg] stars far from the plane.  and 0. Good agreement between the open squares aniietheircles shows
Figure 19 examines this behavior more closely, comparing the that the offsets of medigix/ Mg] sequences at high, where they are seen,
median sequences of IS > 80 stars withR 5..9 kpc and can be explained by the lower median SNA&SN ratio of these stars.

Z 1.2 kpcto the global median trends derived from the full
disk sample of BN > 200 stars. FofFe Mg] (top left pané),
the median locus of the hidlfre Mg] population(blue point3

is displaced downward by 0.83.07 dex, as seen previously in
Figure3. The low{F& Mg] locus is only slightly shifted, with
most points showing displacement less than 0.02 dex. The toﬂ0
right panel shows similar behavior fidi/ Mg]. Open squares
show the predictions of the two-process model, with parameter
inferred by tting the full-sample median sequences, applied to
the mediarfFe Mg] values of this highZ sample. Theyt the
observed median sequences almost perfectly, implying that th
slightly lower[Ni/ Mg] values for highZ stars arise because
these stars have a lower average SIC@SN ratio even within
the highfFe/ Mg] population. The predicte¢and observed
displacements are smaller than those Faf Mg] because the

/M

02F B -02F B

SN la contribution to Ni is smaller, witRX ~ 0.59instead of
1.0. Predictedand observeddisplacements are much smaller
for the low{Fée Mg] population because ttiee Mg]-{Mg/ H]
cus is itself nearly unchanged.
The middle left panel shows similar results fMn/ Mg].
4—|ere the two-process model explains most of the displacement
of the highZ median sequence, but it still slightly overpredicts
the [Mn/ Mg] values. The remaining panels show results for
hree -elements: Ca, Si, and O. The mod#d imply that Ca
as the largest SN la contribution, so it has the largest predicted
displacements of the high-[X/ Mg] locus, in good agreement
with the data. The model also successfully predicts the smaller
offset for [Si/ Mg]. Even the tiny(0.01-0.02 dex drop in the
[O/ Mg] locus accords with the small but non-z&% 0.07

33 For illustrative plots of both points, see Appendix B of Andrews et al. found f_OI’ oxygen in the fuII-sampI_ets. .
(2017, based on the supernova yields of Chi& Limongi (2004 and Martig et a!-(201© nd thatV‘(|th|n the h'Qh{Fel Mg] (low
Limongi & Chief (2008. / M) population, higher / M ratios correlate with older stellar
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