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A B S T R A C T 

We derive empirical constraints on the nucleosynthetic yields of nitrogen by incorporating N enrichment into our previously 

developed and empirically tuned multizone galactic chemical evolution model. We adopt a metallicity-independent (‘primary’) 
N yield from massive stars and a metallicity-dependent (‘secondary’) N yield from AGB stars. In our model, galactic radial 
zones do not evolve along the observed [N/O]–[O/H] relation, but first increase in [O/H] at roughly constant [N/O], then move 
upward in [N/O] via secondary N production. By t ≈ 5 Gyr, the model approaches an equilibrium [N/O]–[O/H] relation, 
which traces the radial oxygen gradient. Reproducing the [N/O]–[O/H] trend observed in extragalactic systems constrains the 
ratio of IMF-averaged N yields to the IMF-averaged O yield of core-collapse supernovae. We find good agreement if we adopt 
y CC 

N 

/y CC 

O 

= 0 . 024 and y AGB 

N 

/y CC 

O 

= 0 . 062( Z/Z �). For the theoretical AGB yields we consider, simple stellar populations release 
half their N after only ∼250 Myr. Our model reproduces the [N/O]–[O/H] relation found for Milky Way stars in the APOGEE 

surv e y, and it reproduces (though imperfectly) the trends of stellar [N/O] with age and [O/Fe]. The metallicity-dependent yield 

plays the dominant role in shaping the gas-phase [N/O]–[O/H] relation, but the AGB time-delay is required to match the stellar 
age and [O/Fe] trends. If we add ∼40 per cent oscillations to the star formation rate, the model reproduces the scatter in the 
gas phase [N/O]–[O/H] relation observed in external galaxies by MaNGA. We discuss implications of our results for theoretical 
models of N production by massive stars and AGB stars. 

Key words: methods: numerical – galaxies: abundances – galaxies: evolution – galaxies: star formation – galaxies: stellar con- 
tent. 

1

F  

w  

p  

a  

t  

t  

t  

y  

H  

s  

w  

o  

W
 

m  

b  

�

p  

t

 

6  

S
 

c
 

e

 

I

 

t  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/1/782/7005237 by U
niversity of H

ull user on 13 February 2023
 I N T RO D U C T I O N  

rom a nucleosynthesis perspective, N is a unique element. Along
ith C and He, it is one of only three elements lighter than iron
eak nuclei thought to owe a significant portion of its abundance to
symptotic giant branch (AGB) stars (e.g., Johnson 2019 ). N is also
he primary by-product of the CNO c ycle, a c yclic nuclear reaction
hat catalyses the conversion of H into He in stars more massive
han the Sun. Ho we ver, uncertainties surrounding the nucleosynthetic
ields of N make it difficult to model its abundances accurately.
ere, we take an empirical approach to constrain N yields by using

tate-of-the-art galactic chemical evolution (GCE) models to assess
hich functional forms describing the yield can reproduce recent
bservational data for gas phase abundances and trends in Milky
ay-disc stars found by Vincenzo et al. ( 2021a ). 
Observationally, N abundances in external galaxies are generally
easured in the gas phase and are used as a metallicity indicator

ecause of their strong correlation with O abundances. In Fig. 1 , we
 E-mail: giganano9@gmail.com 
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Pub
resent a compilation of such measurements along with data from
he Milky Way: 

1. H II regions in the first six CHAOS 

1 galaxies: NGC 3184, NGC
28, NGC 5194, NGC 5457, M101, and NGC 2403 (Berg et al. 2020 ;
killman et al. 2020 ; Rogers et al. 2021 ). 
2. H II regions in nearby NGC spirals (Pilyugin et al. 2010 , ‘ONS’

alibration). 
3. H II regions in blue, diffuse star-forming dwarf galaxies (Berg

t al. 2012 ; Izotov et al. 2012 ; James et al. 2015 ). 
4. Local stars and H II regions (Dopita et al. 2016 ). 
5. Galactic and extragalactic H II regions (Henry et al. 2000 ). 
6. Star-forming regions in 550 nearby galaxies in the MaNGA

FU 

2 surv e y (Belfiore et al. 2017 ). 

Despite intrinsic scatter and some systematic variation in how
he abundances are determined, this [N/O]–[O/H] 3 relation is found
o be similar across a wide range of astrophysical environments.
 CHAOS: CHemical Abundances Of Spirals (Berg et al. 2015 ). 
 MaNGA: Mapping Nearby Galaxies at Apache Point Observatory (Bundy 
t al. 2015 ). IFU: Integral Field Unit. 
 We follow standard notation where [X/Y] ≡ log 10 ( X / Y ) − log 10 ( X / Y ) �. 
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Figure 1. The [N/O]–[O/H] relation as observed in different galactic environments: H II regions from the first six CHAOS galaxies (golden + ’s: NGC 3184, 
NGC 628, NGC 5194, NGC 5457, M101, and NGC 2403; Berg et al. 2020 ; Skillman et al. 2020 ; Rogers et al. 2021 ) and other nearby NGC spiral galaxies 
(grey X’s; Pilyugin, V ́ılchez & Thuan 2010 , ‘ONS’ calibration), H II regions in blue diffuse star-forming dwarf galaxies (red triangles: Berg et al. 2012 ; green 
stars: Izotov, Thuan & Guse v a 2012 ; blue diamonds: James et al. 2015 ), in local stars and H II regions (purple circles: Dopita et al. 2016 ), and in the MaNGA 

IFU surv e y (black squares: Belfiore et al. 2017 ). The fit to [N/O] as a function of [O/H] in Galactic and extragalactic H II regions by Henry, Edmunds & K ̈oppen 
( 2000 ) is shown as a black dashed line. We omit all uncertainties for visual clarity. All data have been normalized to the Asplund et al. ( 2009 ) solar abundances, 
and the Sun is marked by a large red star. 
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urthermore, recent arguments from both theoretical (Vincenzo & 

obayashi 2018 ) and observational perspectives (Hayden-Pawson 
t al. 2022 ) suggest that this relation is largely redshift-invariant. 
revious studies have interpreted this consistency as an indication 

hat the relation is nucleosynthetic in origin, reflective of a ‘primary’
ield that does not depend on a star’s initial metal content and a
secondary’ yield that does (Vila-Costas & Edmunds 1993 ; van Zee, 
alzer & Haynes 1998 ; Henry & Worthey 1999 ; P ́erez-Montero &
ontini 2009 ; Pilyugin, Grebel & Mattsson 2012 ; Andrews & Martini 
013 ). Although we have highlighted star-forming galaxies in Fig. 1 ,
 abundances are also easily measured in massive ellipticals (see 

.g. Schia v on 2010 , Conro y 2013 , and Conro y, Graves & van
okkum 2014 for observ ational references), allo wing it to potentially 
ridge the gap between the physical processes affecting galaxies of 
ifferent morphologies. 
The challenge in interpreting N abundances is that accurate 

ucleosynthetic yields from various enrichment channels remain 
lusi ve. Relati ve to other light elements, N synthesis is difficult to
odel because it is sensitive to uncertain details of stellar evolution, 

uch as internal mixing (see discussion in, e.g., Andrews et al. 2017
nd in Section 2.1 below). In this paper, we constrain N yields empir-
cally by testing the performance of various assumptions within the 
ramework of GCE models. To this end, we make use of the multizone 
odel for the Milky Way published by Johnson et al. ( 2021 ), which

reats the Galaxy as a series of concentric rings, describing each 
ne as a conventional one-zone model of chemical evolution (see 
iscussion in Section 3 ). This approach has been employed in the past
o compute abundances for many Galactic regions simultaneously 
Matteucci & Francois 1989 ; Wyse & Silk 1989 ; Prantzos & Aubert
995 ; Sch ̈onrich & Binney 2009 ; Minchev, Chiappini & Martig 2013 ,
014 ; Minchev et al. 2017 ; Sharma, Hayden & Bland-Hawthorn 
021 ). To ensure that our central conclusions are not affected by the
odel-dependent nature of the GCE framework, we consider various 
arametrizations of the star formation history (SFH), the initial mass 
unction (IMF), and the absolute scale of nucleosynthetic yields and 
alactic winds. Because of the apparent universality of the [N/O]–

O/H] relation, our results using the Milky Way as a case test should
pply to other galaxies as well. 

At low metallicity, rotating massive stars play a key role in
stablishing the observed N abundances (Chiappini, Romano & 

atteucci 2003 ; Chiappini, Matteucci & Ballero 2005 ; Chiappini 
t al. 2006 ; Kobayashi, Karakas & Umeda 2011 ; Prantzos et al. 2018 ;
risoni, Matteucci & Romano 2021 ). Rotation plays a pivotal role in

tellar evolution, inducing effects such as shear mixing, meridional 
irculation, and horizontal turbulence (Zahn 1992 ; Maeder & Zahn 
998 ; Lagarde et al. 2012 ). These effects carry internally produced
 and O nuclei into the H-burning shell where they can be processed

nto 14 N via the CNO cycle (Heger & Woosley 2010 ; Frischknecht
t al. 2016 ; Andrews et al. 2017 ). Metal-poor stars spin faster and are
ore compact (Maeder, Grebel & Mermilliod 1999 ), making these 

ffects stronger and consequently enhancing N yields (Meynet & 

aeder 2002a , b ; Meynet, Ekstr ̈om & Maeder 2006 ). We find similar
esults here comparing various theoretical models for massive star 
ucleosynthesis (see discussion in Section 2.1 ). 
In suf ficiently massi ve AGB stars, the base of the conv ectiv e

nvelope is hot enough to acti v ate proton capture reactions, allowing
he CNO cycle to convert C and O isotopes into 14 N: a process
nown as hot bottom burning (HBB). AGB stars are also known to
xperience thermal pulses, and often these pulses are accompanied 
y a penetration of the conv ectiv e enev elope into the CO-rich core,
hich incorporates some of this material into the envelope itself: 
 process known as third dredge-up (TDU). When both processes 
re active, TDU adds new seed nuclei for HBB to turn into 14 N,
ubstantially increasing N yields. We demonstrate in Sections 2.2 
nd 2.3 that various published theoretical models predict significantly 
iscrepant N yields for high-mass AGB stars as a consequence of
MNRAS 520, 782–803 (2023) 
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4 If all stars from 8 to 40 M � explode and all more massive stars collapse, 
then the Sukhbold et al. ( 2016 ) models with forced explosions yield y CC 

O = 

0 . 013 (Griffith et al. 2021 ). 
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ifferences in TDU and HBB. The differences in these processes are
n turn a consequence of the uncertain assumptions built into stellar
volution models (e.g. mass-loss, opacity, convection and conv ectiv e
oundaries, nuclear reaction networks). In Section 4.2 , we test the
xtent to which each of these ‘off-the-shelf’ yield models are able to
eproduce the [N/O]–[O/H] relation in GCE models. 

With a sample of 6507 galaxies from the MaNGA IFU sur-
 e y (Bundy et al. 2015 ), Schaefer et al. ( 2020 ) demonstrate that
he intrinsic scatter in the [N/O]–[O/H] relation at fixed galaxy mass
s correlated with variations in the local star formation efficiency
SFE). In regions of slower star formation, [N/O] tends to be slightly
igher at fixed [O/H] (see their fig. 4), which is expected from
imple GCE models. In classical ‘closed-box models’ (e.g. Moll ́a
t al. 2006 ), more AGB stars enrich the interstellar medium (ISM)
ith N by the time a given [O/H] is reached, whereas in ‘open-
ox models’ with inflows and outflows like the ones we present
ere, dilution by primordial gas accretion drives [O/H] down at
xed [N/O]. Ho we ver, Schaefer et al. ( 2020 ) did not investigate
tellar migration as a potential source of additional scatter in the gas-
hase [N/O]–[O/H] relation. In principle, there could be a deficit or
urplus of N-producing AGB stars in a given Galactic region at any
ime simply because the orbits are e volving, dri ving additional scatter
n the correlation. The Johnson et al. ( 2021 ) GCE model is an ideal
ool with which to test this hypothesis; the no v el difference between
heirs and previous models with similar moti v ations is that it allows
tellar populations to enrich rings at different radii as they migrate.
riginally developed to study the abundances of O and Fe, this

spect of Galactic evolution turned out to have an important impact
n the delayed Type Ia supernova (SN Ia) enrichment of Fe, causing
tochastic fluctuations in the enrichment rates with time at fixed
adius. Here, we use the same methodology to test for similar effects
n the delayed AGB star production of N, in turn assessing whether
igration or variability in the SFE dominate scatter in the [N/O]–

O/H] relation. 
With stellar abundance data, we can test the N abundances

redicted by our model against observables unavailable for the gas
hase, such as age and [O/Fe]. Using data from the Apache Point
bservatory Galaxy Evolution Experiment (APOGEE; Majewski

t al. 2017 ) with asteroseismic mass measurements, Vincenzo et al.
 2021a ) demonstrate that when stellar N abundances are corrected
or internal mixing processes, the correlations with stellar age and
ther elemental abundances are affected. Whether or not our GCE
odel is able to reproduce their data constitutes a valuable test of our

nderstanding of N nucleosynthesis and the history of N enrichment
n the Milky Way. Vincenzo et al. ( 2021a ) find good agreement
etween the APOGEE abundances and the Dopita et al. ( 2016 ) data,
hich we find to be a good representation of external galaxies as
ell; we therefore take the Dopita et al. ( 2016 ) trend (the purple
oints in Fig. 1 ) as our observational benchmark. 
In Section 2 , we discuss our adopted yields of N from its dominant

ucleosynthetic sources. We discuss the details of our multizone
hemical evolution model in Section 3 . We describe the evolution of
 fiducial model in Section 4.1 . In Section 4.2 , we quantify the [N/O]–
O/H] relation predicted by our model with various ‘off-the-shelf’
GB star yield models taken from the literature. We investigate

he relative importance of the delay-time distribution (DTD) and
he metallicity-dependence of AGB star yields in Section 4.3 . We
ompare our model predictions to stellar N abundances corrected
or internal mixing processes in Section 4.4 . We assess the sources
f intrinsic scatter in the [N/O]–[O/H] relation in Section 4.5 . We
rovide an analytical understanding of our key results in Section 4.6
nd summarize our conclusions in Section 5 . 
NRAS 520, 782–803 (2023) 
 NUCLEOSYNTHESI S  

ere, we make use of the chemical evolution model for the
ilky Way presented by Johnson et al. ( 2021 ), which runs using

he publicly available Versatile Integrator for Chem-
cal Evolution ( VICE , see Appendix A ; Johnson & Wein-
erg 2020 ; Griffith et al. 2021 ; Johnson et al. 2021 ), an open-
ource PYTHON package designed for GCE modelling. Johnson et al.
 2021 ) focus their discussion of the model predictions on O and Fe,
nd we retain their yields of these elements here. The supernova
SN) yields are defined as the net mass of some element X produced
 v er all e xplosion ev ents in units of the progenitor cluster’s mass.
 or e xample, with a yield of y X = 0.001, a hypothetical 1000 M �
tar cluster would produce 1 M � of the element X instantaneously
n the case of core-collapse supernovae (CCSNe) or over the DTD
n the case of SNe Ia. These yields are net yields in that they do not
nclude the metal mass ejected to the ISM that was initially present
ithin a star; in the previous example, the 1 M � yield is only the
ewly produced metal mass. In GCE models, VICE implements an
dditional return of previously produced nucleosynthetic material
rom stellar envelopes at their birth composition (for details, see
iscussion in Johnson & Weinberg 2020 , Johnson et al. 2021 , and
he VICE science documentation). We adopt the following values
rom Johnson et al. ( 2021 ): 

(i) y CC 
O = 0 . 015 

(ii) y CC 
Fe = 0 . 0012 

(iii) y Ia O = 0 
(iv) y Ia Fe = 0 . 00214, 

where the subscripts and superscripts differentiate between the
lement and the SN type. 

These choices are based on a mix of theoretical and empirical
onsiderations. For a Kroupa ( 2001 ) IMF, the solar metallicity CCSN
ields of Chieffi & Limongi ( 2013 ) and Griffith et al. ( 2021 , based
n the Sukhbold et al. 2016 models with forced explosion) pre-
ict y CC 

O = 0 . 016 and 0.018, respectively, if all stars from 8 to 120 M �
xplode. The value of y CC 

O = 0 . 015 allows for a modest amount
f black hole formation but implicitly assumes that most massive
tars explode. 4 While ratios of ef fecti ve yields can be reasonably
onstrained with observed abundance ratios (e.g., Weinberg et al.
019 , 2022 ; Griffith et al. 2021 , 2022 ), their absolute scale is strongly
egenerate with the strength of mass-loading in Galactic winds. In
CE models, our choice of normalization leads to good agreement
ith the observationally inferred deuterium-to-hydrogen ratio of the

ocal ISM (Linsky et al. 2006 ), while substantially lower y CC 
O leads

o disagreement (Weinberg 2017 ). Ho we ver, there are a number of
odels that reproduce observed abundance patterns of other elements

n the Milky Way with weak or negligible outflows and a much
ower yield normalization (e.g. Kubryk, Prantzos & Athanassoula
015 ; Prantzos et al. 2018 ; Spitoni et al. 2019 , 2021 ). We explore
ariations of the absolute scale of nucleosynthetic yields and outflows
n Section 4.2.1 below and find that our conclusions are not impacted
y the assumed normalization. 
Our adopted values of y CC 

O and y CC 
Fe give [O/Fe] ≈ 0.43 for stars

ith pure CCSN enrichment, in good agreement with the ‘high- α’
lateau of disc stars found by Ram ́ırez, Allende Prieto & Lambert
 2013 ); matching the APOGEE plateau at [O/Fe] ≈ 0.35 (see e.g.
g. 6 of Hasselquist et al. 2021 ) would instead require a slightly
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igher y CC 
Fe = 0 . 0014. SN Ia models predict minimal O yields,

ustifying y Ia O = 0. The choice of y Ia Fe = 0 . 00214 then leads to good
greement with the observed [O/Fe] values of low- α thin-disc stars 
iven the star formation assumptions used by Johnson et al. ( 2021 ,
or analytical discussion, see section 3.1 of Weinberg, Andrews & 

reudenburg 2017 ). For an Fe yield of 0.77 M � from a single SN
a event (Iwamoto et al. 1999 ), this y Ia Fe corresponds to a time-
ntegrated SN Ia rate of R Ia = 2 . 7 × 10 −3 M 

−1 
� (i.e., 2.7 SNe Ia

er 1000 M � of star formation), which is moderately higher than the
alue of 2 . 2 × 10 −3 M 

−1 
� inferred by Maoz & Mannucci ( 2012 ) for

 Kroupa ( 2001 ) IMF. Our choice of yields is internally consistent
nd reproduces many Milky Way observations (Johnson et al. 2021 ), 
ut many of the GCE model predictions would be minimally affected 
f we lowered y CC 

O , y CC 
Fe , and y Ia Fe by a common factor and reduced

he efficiency of outflows. We return to this point in the context of N
ields in Section 4.2.1 . 
We assume that N is not produced in significant amounts by 

Ne Ia (Johnson 2019 ), setting y Ia N = 0. The remainder of this
ection discusses the CCSN and AGB star yields of N. 

A significant portion of N yields arise as a consequence of the CNO
ycle. As the dominant source of pressure and energy generation 
n non-zero metallicity main-sequence stars with initial masses 
f � 1.3 M �, this cyclic nuclear reaction catalyses the conversion of H
nto He that would otherwise be accomplished by the proton–proton 
hain (von Weizs ̈acker 1937 , 1938 ; Bethe 1939a , b ; Adelberger et al.
011 ; Sulig a, Shalg ar & Fuller 2021 ). Its slowest component by
ar is the 14 N(p, γ ) 15 O reaction (e.g. LUNA Collaboration 2006 ).
onsequently, the first-order effect of the CNO cycle is to convert 
ost of the C isotopes in stellar cores into 14 N. As we will discuss

n this section, this plays an important role in shaping N yields from
tars of all masses. 

.1 Core-collapse superno v ae and massi v e star winds 

n VICE , CCSN nucleosynthetic products are approximated to be 
roduced instantaneously following an episode of star formation; this 
s a good approximation because the lives of massive stars are short
ompared to the rele v ant time-scales for GCE. The yield is simply
he constant of proportionality between the CCSN production rate 
nd the star formation rate (SFR): 

˙
 

CC 
X = y CC 

X Ṁ � . (1) 

ore generally, y CC 
X quantifies all of the nucleosynthetic material 

pproximated to be produced instantaneously following a single 
tellar population’s formation, including newly synthesized material 
xpelled in a massive star wind before the star explodes or collapses
o a black hole. 

We compute theoretically predicted values of y CC 
N using 

ICE ’s vice.yields.ccsne.fractional function assum- 
ng a Kroupa ( 2001 ) IMF; details on how VICE handles these
alculations can be found in section 4 of Griffith et al. ( 2021 )
nd in the VICE science documentation. 5 In the left-hand panel of
ig. 2 , we plot the results as a function of progenitor metallicity
s predicted by the Woosley & Weaver ( 1995 ), Nomoto et al.
 2013 ), Sukhbold et al. ( 2016 ), and Limongi & Chieffi ( 2018 )
ables. There is generally good agreement between the various non- 
otating models, but only Limongi & Chieffi ( 2018 ) report yields 
or progenitors with non-zero rotational velocities; these yields are 
 ht tps://vice-ast ro.readt hedocs.io/en/lat est/science documentation/yields 

t  

o  

c  
ubstantially larger than their non-rotating counterparts, especially 
t low metallicity. With few seed nuclei for the CNO cycle at low Z ,
roduction of 14 N is difficult. Rotation-induced mixing, a highly 
ncertain process (Zahn 1992 ; Maeder & Zahn 1998 ; Lagarde et al.
012 ), could transport newly produced C and O into the hydrogen
urning shell of the CCSN progenitor, facilitating 14 N production 
Frischknecht et al. 2016 ; see also discussion in section 4.2 of
ndrews et al. 2017 ). Consequently, N yields at low metallic-

ty are quite sensitive to model-dependent assumptions regarding 
tellar rotation and internal mixing processes (Heger & Woosley 
010 ). 
We compute the [N/O] ratio of CCSN ejecta from the values

f y CC 
N and y CC 

O predicted by a given yield table according to 

N/O] cc = log 10 

(
y CC 

N 

y CC 
O 

)
− log 10 

(
Z N , �
Z O , �

)
, (2) 

here Z X, � is the abundance by mass of some element X in the sun,
or which we take Z N, � = 6.91 × 10 −4 and Z O, � = 5.72 × 10 −3 

ased on the photospheric measurements of Asplund et al. ( 2009 ).
or each value of y CC 

N in the left-hand panel of Fig. 2 , we compute the
orresponding values of y CC 

O and illustrate the resultant [N/O] cc ratios 
n the right-hand panel. These yield ratios follow similar trends with
rogenitor metallicity and rotation as y CC 

N itself, a consequence of 
he fact that these studies predict relatively metallicity- and rotation- 
ndependent O yields. At low metallicity, CCSN yields of N dominate 
 v er the AGB star yields (see discussion in Section 2.2 ), and Fig. 1
uggests a plateau in [N/O] at low metallicity at [N/O] cc ≈ −0.7. We
av e e xamined v ersions of Fig. 2 with shallo w and steep v ariations of
he Kroupa ( 2001 ) IMF (i.e. power-law indices γ = −2.0 and −2.6,
especti vely). This le vel of IMF variability produces factor of ∼ 2
ariations in y CC 

N , but the [N/O] cc ratios are nearly unaffected
ecause massive star yields of N and O follow similar trends with
tellar mass. Taking this value in combination with our adopted O
ield of y CC 

O = 0 . 015, equation ( 2 ) suggests that y CC 
N = 3 . 6 × 10 −4 .

e highlight both [N/O] cc = −0.7 and y CC 
N = 3 . 6 × 10 −4 with

orizontal black dashed lines in Fig. 2 , finding good agreement
ith the rotating progenitor models of Limongi & Chieffi ( 2018 )

n both panels. This indicates that rotating massive stars play an
mportant role in establishing the N abundances at low metallicity, 
n agreement with previous works (Chiappini et al. 2003 , 2005 ,
006 ; Kobayashi et al. 2011 ; Prantzos et al. 2018 ; Grisoni et al.
021 ). Ho we ver, we cannot tightly constrain the rotation rates of
assive stars here since yield tables are available at only three

alues. We therefore take y CC 
N = 3 . 6 × 10 −4 as our fiducial CCSN

ield of N; both the normalization and metallicity-independence 
f this choice are supported by the Limongi & Chieffi ( 2018 )
odels. 
The Sukhbold et al. ( 2016 ) tables, available only at solar metal-

icity, agree nearly perfectly with our empirical value of y CC 
N =

 . 6 × 10 −4 , but they predict a higher value of [N/O] cc by ∼0.2
ex. This is a consequence of the failed supernovae incorporated 
nto their model and the lowered values of y CC 

O that result (see
iscussion in Section 4.2 ). While N emerges in substantial amounts
n winds, much of the O produced by massive stars is ejected during
he explosion, making the O yield more sensitive to the black hole
andscape (Griffith et al. 2021 ). Most of the SN models plotted in
ig. 2 estimate slightly higher [N/O] cc at log 10 ( Z / Z �) = 0 relative

o our empirical value of [N/O] cc = −0.7, but they still fall short
f solar [N/O]. This implies the need for an additional enrichment
hannel, which is expected because it is well understood that N is
MNRAS 520, 782–803 (2023) 

https://vice-astro.readthedocs.io/en/latest/science_documentation/yields
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M

Figure 2. Left: IMF-averaged CCSN yields of N calculated using VICE ’s vice.yields.ccsne.fractional function with the tables published by 
Woosley & Weaver ( 1995 , blue), Nomoto, Kobayashi & Tominaga ( 2013 , green), Sukhbold et al. ( 2016 , red), and Limongi & Chieffi ( 2018 , black). All studies 
report yields for non-rotating progenitors, shown by the triangles; for visual clarity, the triangles point in a different direction for each study according to the 
legend. Limongi & Chieffi ( 2018 ) report additional yields for progenitors with rotational velocities of 150 (circles) and 300 km s −1 (stars). The horizontal dashed 
line marks y CC 

N = 3 . 6 × 10 −4 , the value of our fiducial CCSN yield of N in our GCE models. We also use the form shown by the slanted line (equation 8 ) 
in Section 4.2.2 in combination with some of our AGB star yield models discussed in Section 2.2 . Right: The [N/O] ratio predicted by each of the explosion 
models in the left-hand panel, under the same colour coding and marker scheme. We mark the position of [N/O] = −0.7 with a black dotted line, the value 
roughly suggested by the observations of low-metallicity systems highlighted in Fig. 1 . 
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lso produced in considerable amounts by AGB stars (e.g. Johnson
019 ). 

.2 Asymptotic giant branch stars 

e use Y 

AGB 
X to denote the fractional net yield of an AGB star of

ass M � , so that the mass yield is M � Y 

AGB 
X . We then define the

MF-averaged yield y AGB 
X by integrating over the mass range M � =

–8 M �. Enrichment proceeds as it does in Johnson et al. ( 2021 ):
GB stars place their nucleosynthetic products in the δR gal =
00 pc ring that they are in at a given time, allowing stars to
nrich distributions of radii as they migrate. VICE implements
n algorithm that computes the mass in dying stars from each
tellar population, and the zero age main-sequence (ZAMS) mass
equired to compute the fractional yield comes from a mass–lifetime
elationship. For the latter, we adopt the metallicity-independent
arabola in log τ–log m space from Larson ( 1974 ) with updated
oefficients from Kobayashi ( 2004 ) and David, Forman & Jones
 1990 , see discussion of the mass–lifetime relationship in VICE in
ppendix A ). 
We make use of four previously published tables of AGB star N

ields computed from stellar evolution models, each of which are
ampled on a grid of progenitor masses and metallicities. To approx-
mate the net yield Y 

AGB 
X as a smooth function of M � and Z � , VICE in-

erpolates bi-linearly – once in mass M and once in metallicity Z –
nd linearly e xtrapolates abo v e or below the grid in either quantity
s necessary. By comparing the predicted abundances of the Johnson
t al. ( 2021 ) Milky Way model to the latest observational data, we
an constrain how accurately these ‘off-the-shelf’ yield models char-
cterize N production. These models taken from the literature are as
ollows: 
NRAS 520, 782–803 (2023) 
(i) Karakas ( 2010 , hereafter K10) 6 published yields for Z =
.0001, 0.004, 0.008, and 0.02 progenitors. We plot these yields
n the upper left panel of Fig. 3 . 

(iii) Karakas & Lugaro ( 2016 ) and Karakas et al. ( 2018 ) published
ields for Z = 0.0028, 0.007, 0.014, and 0.03 progenitors; we
ereafter refer to these yields as the KL16 + K18 model. We illustrate
hese yields in the upper middle panel of Fig. 3 . 

(iv) We combine the yields for Z = 0.0003 and 0.008 progenitors
rom Ventura et al. ( 2013 ) with those at Z = 0.004 from Ventura
t al. ( 2014 ), at Z = 0.014 from Ventura et al. ( 2018 ), and at Z =
.04 from Ventura et al. ( 2020 ) into a single table of yields. In this
et, we also include a set of un-published yields at Z = 0.001 and
.002 computed from similar models (provided by P . V entura, pri v ate
ommunication). We hereafter refer to this yield set as the V13 model,
nd we plot a subsample of these yields in the upper right panel of
ig. 3 . 
(v) The default set of AGB star yields in VICE is taken

rom Cristallo et al. ( 2011 , 2015 ), who published yields for
 = 0.0001, 0.0003, 0.001, 0.002, 0.003, 0.006, 0.008, 0.01,
.014, and 0.02 progenitors. We hereafter refer to these yields as
he C11 + C15 model, and we illustrate a subsample of them in the
ower left panel of Fig. 3 . 

VICE also allows users to construct their own functions of
rogenitor mass and metallicity to describe the AGB star yield.
oti v ated by the roughly linear nature of the C11 + C15 yields

nd their general success once renormalized by a constant factor (see
iscussion in Section 4.2 ), we construct a model in which the yield is
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Figure 3. The fractional yields of N from AGB stars Y AGB 
N as a function of progenitor ZAMS mass and birth metallicity Z as reported by Karakas ( 2010 , upper 

left), Karakas & Lugaro ( 2016 ) and Karakas et al. ( 2018 , upper middle), Ventura et al. ( 2013 , 2014 , 2018 , 2020 , upper right), and Cristallo et al. ( 2011 , 2015 , 
lower left). For Ventura et al. ( 2013 , 2014 , 2018 , 2020 ) and Cristallo et al. ( 2011 , 2015 ), we show the yields only for a selection of metallicities available from 

their provided tables. We highlight yields at solar metallicity ( Z = 0.02 for Karakas 2010 , Z = 0.014 otherwise) with bold black lines. In the lower right panel, 
we show our linear model (coloured lines, see equation 3 ) in comparison to the Cristallo et al. ( 2011 , 2015 , coloured X’s) predictions. We caution that the y -axis 
ranges are not the same between panels in this figure. 
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inearly proportional to both progenitor ZAMS mass and metallicity: 

 

AGB 
N = ξ

(
M � 

M �

)(
Z � 

Z �

)
. (3) 

e illustrate this model in the lower middle panel of Fig. 3
or ξ = 3 × 10 −4 in comparison to the C11 + C15 yields shown
y the coloured X’s. Although we find good agreement between 
he C11 + C15 yields and our linear model with a normalization
f ξ = 3 × 10 −4 , for our fiducial AGB star yield of N we take
 slope of ξ = 9 × 10 −4 . We discuss the absolute scaling of our
ucleosynthetic yields in Section 4.2 below. 
As is clear from Fig. 3 , the N yields reported by these studies

ho w substantial dif ferences. Unfortunately, ascertaining the origin 
f these differences is difficult because each model employs its 
wn assumptions for important evolutionary parameters such as 
pacity, mass-loss, nuclear reaction networks, and convection and 
onv ectiv e boundaries within stars, all of which have a significant
mpact on stellar evolution and thus the predicted yields (Karakas & 

attanzio 2014 ; Karakas & Lugaro 2016 ; Ventura et al. 2016 ,
018 ). Ho we ver, the dif ferences can be qualitatively understood by
onsidering two important phenomena known to occur within AGB 

tars: TDU 

7 and HBB. The variations in how TDU and HBB proceed
 The time adverbial ‘third’ in TDU refers only to the fact that these dredge- 
p episodes are occurring while the star is on the asymptotic giant branch. 

B
a

etween different stellar evolution models arise as consequences of 
he different input physics. 

When an AGB star experiences a thermal pulse, this is usually
ccompanied by a TDU event whereby the conv ectiv e env elope
enetrates into the hydrogen-depleted core, mixing some of this 
aterial with other material exposed to partial He-shell burning. 
he 13 C( α, n) 16 O reaction, which is the main source of free neutrons

n low-mass AGB stars (Gallino et al. 1998 ), can occur at substantial
ates when this core material is mixed with the He-rich shell. This
rocess does not directly affect N abundances in the shell because
he core is mostly composed of C and O at this evolutionary phase,
ut 14 N plays an important role in shaping an AGB star’s o v erall
 -process yield by acting as an efficient catalyst of neutron decay
ia the 14 N(n, p) 14 C( β+ νe ) 14 N reaction, the first step of which is a
esonant neutron capture (Cristallo et al. 2011 ). 

HBB refers to proton capture reactions at the base of the conv ectiv e
nvelope, acti v ating the CNO cycle and producing large amounts
f 14 N at the expense of C and O isotopes (e.g. Scalo, Despain &
lrich 1975 ; Bloecker & Schoenberner 1991 ). HBB requires a
inimum temperature slightly abo v e 10 7 K at the base of the

onv ectiv e env elope (e.g. Sackmann & Boothroyd 1991 ), which in
MNRAS 520, 782–803 (2023) 

ecause they are associated with the thermal pulsations of AGB stars, there 
re many episodes of third dredge-up. 
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urn requires a high mass AGB star progenitor. For comparison,
BB occurs in the Karakas ( 2010 ) models for solar metallicity stars

t M ZAMS = 4–5 M � and up, whereas TDU occurs at M ZAMS =
–2.5 M � and up. The minimum mass for both decreases at lower
etallicities because these stars are both hotter and more compact. 
The most efficient N production occurs when both TDU and HBB

re active within an A GB star , because each replenishment of C
nd O isotopes by TDU adds new seed nuclei for the CNO cycle
ith HBB. This is the reason for the substantial increase in yields

t ∼4 M � in the K10 and KL16 + K18 models; in both yield sets,
very star that experiences HBB also experiences TDU (see, e.g.,
able 1 of Karakas 2010 ). Their high mass AGB star yields are
igher at low Z because both HBB and TDU are more efficient (see
iscussion in Ventura et al. 2013 ): when the metallicity is low, each
DU episode is deeper due to the lower opacity, and the base of

he conv ectiv e env elope is hotter, increasing the rate of CNO c ycle
eactions in HBB. This interaction between TDU and HBB is also
he reason for the increase in the V13 yields near ∼3 M �, but
nlike the K10 and KL16 + K18 models, their stars experience
oth processes only in this narrow range of mass. 
Of all of these yields taken from the literature, the C11 + C15 sam-

le shows the smoothest dependence on progenitor mass and metal-
icity. Below ∼3 M �, their agreement with the KL16 + K18 yields is
ood, but this model has much lower N yields for higher mass AGB
tars. Pinpointing a single reason for this difference is dif ficult, e ven
hen considering the differences between HBB and TDU. Relative

o the KL16 + K18 yields (see discussion in section 5 of Karakas &
ugaro 2016 ), the C11 + C15 stars have more mass-loss, fewer

hermal pulses o v erall, and weaker HBB due to a lower temperature
t the base of the conv ectiv e env elope. Each of these effects lower
he yield of 14 N, but the latter is the dominant one. 

Although the K10 and KL16 + K18 yield models both show
 substantial increase in N yields abo v e ∼4 M �, there are some
ote worthy dif ferences between the two. In the ne wer version, the
ields at solar metallicity are somewhat higher, and the yields at
ub-solar metallicities decreased slightly, particularly for the highest
ass AGB stars. These differences can be understood by slight

ariations in the input physics (A. Karakas, private communication).
 portion of the increase in the yields at solar metallicity can be

ttributed to the assumption of Z � = 0.02 versus Z � = 0.014 8 

nd the impact this has on both HBB and TDU, but it does not
ccount for the entire difference. These stars are also slightly hotter
nd more compact due to updated opacity tables, giving them
otter HBB and deeper TDU. With more thermal pulses o v erall
nd therefore a longer AGB lifetime, these stars have more time
o convert 12 C into 14 N. KL16 + K18 also use low-temperature
pacity tables based on Marigo ( 2002 ) that follow the surface
omposition of the star more closely. These opacities are high,
aking the Z = 0.007 AGB stars larger and increasing the mass-

oss rate relative to K10, truncating their N yields, particularly at
he highest masses. The Z = 0.0028 model uses the Bloecker ( 1995 )

ass-loss prescription rather than that of Vassiliadis & Wood ( 1993 ),
hich was used for the K10 yields as well as the yields at other
etallicities in the KL16 + K18 model. This choice results in fewer
NRAS 520, 782–803 (2023) 

 Changes in the accepted value of the metallicity of the sun trace back to the 
anonical value of ∼2 per cent derived by, e.g., Anders & Grevesse ( 1989 ) 
nd Grevesse & Sauval ( 1998 ), later being revised to ∼1.4 per cent by, e.g., 
odders ( 2003 ) and Asplund, Grevesse & Sauval ( 2005 ). See table 4 of 
splund et al. ( 2009 ) for a compilation of measured values. 
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hermal pulses and a shorter AGB lifetime, giving them less time to
rocess C and O nuclei into 14 N. 
We do not discuss the AGB star yields of O and Fe here as these

uantities are negligible compared to their SN yields. Although we
ocus our investigation on AGB yields from � 7 M � stars, slightly
ore massive stars (up to ∼12 M �) sit near the critical mass

oundaries between different types of massive white dwarfs and
lectron capture SN progenitors. Doherty et al. ( 2017 ) investigated
heoretically predicted yields of these stars and found significant
roduction of CNO isotopes. There is also the intriguing possibility
f the CNO yields from the earliest, most metal-poor AGB stars (e.g.,
he Z = 10 −5 models of Gil-Pons et al. 2013 , 2021 ) and the insight
his may afford into N production at low Z and the most metal-poor
tars in the Galaxy. While experiments with such yields in our GCE
odels would be interesting, this is beyond the scope of the current

aper since our AGB yield models already span a wide range of
ssumptions regarding stellar evolution. 

.3 IMF-averaged AGB star yields: metallicity and time 
ependence 

o more directly compare these AGB star yields predicted from
tellar evolution models, we plot their IMF-weighted yields at solar
etallicity in the left-hand hand panel of Fig. 4 . We assume Z � =

.014 based on Asplund et al. ( 2009 ) and Asplund, Amarsi &
revesse ( 2021 ); since the K10 model reports yields at Z = 0.02

ather than Z = 0.014, we simply interpolate linearly to Z = 0.014 in
he same manner that VICE does in our GCE models. As mentioned
n Section 2.2 , the AGB star yield Y 

AGB 
N as we have parametrized

t is in units of the progenitor star’s ZAMS mass, and consequently
he mass yield of N is given by M � Y 

AGB 
N . With an additional weight

f M 

−2 . 3 
� from the IMF in this mass range (e.g. Kroupa 2001 ), we

herefore multiply the values of Y 

AGB 
N by ( M � / M �) −1.3 to quantify a

tar’s relative contribution to the total N yield taking into account
he intrinsic mass distribution. 9 With the additional weight of M 

−1 . 3 
� ,

he C11 + C15 yields are relativ ely mass-independent. F or the other
ield models, higher mass AGB stars dominate the o v erall yield due
o the effects of TDU and HBB discussed in Section 2.2 . 

Using VICE ’s vice.single stellar population func-
ion, in the middle panel of Fig. 4 we plot the total N yield as a
unction of age from a single stellar population. For the sake of
his calculation, we set all CCSN yields of N to zero in order to
ighlight the AGB star contribution. We show the results of this
rocedure for solar metallicity only, and we normalize all values
o the total mass produced at t = 13.2 Gyr (the total amount of
ime our GCE model is integrated over; see discussion in Section 3 ).
nder the C11 + C15 yields, it takes ∼250 Myr for a single stellar
opulation to produce ∼50 per cent of its N from AGB stars, as
oted by the coloured points at the top of the panel. This is in good
greement with Maiolino & Mannucci ( 2019 ), who find that similar
arameter choices predict 80 per cent of the N yield to be ejected
ithin ∼1 Gyr (see their fig. 1 ). The characteristic time-scales for
 production are even shorter in the other yield models because of

heir more pronounced contributions from massive stars with short
ifetimes (e.g. Larson 1974 ; Maeder & Meynet 1989 ; P ado vani &

atteucci 1993 ). For comparison, we plot the enrichment of Fe by
ur t −1.1 power-law DTD, also with the CCSN yield set to zero to
ighlight the delayed component. The characteristic delay time for
 This weight gives a contribution per linear interval of M ZAMS , so one can 
se area under the curve to assess relative contributions. 
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Figure 4. Left: The IMF-weighted mass yield of N from AGB stars as a function of progenitor ZAMS mass at solar metallicity (i.e., the contribution per 
linear interval dM ZAMS ; Z � = 0.014). Middle: The net mass of N produced by AGB stars from a single stellar population for each of our yield models at solar 
metallicity. The purple line denotes the same for Fe assuming our t −1.1 DTD as in the Johnson et al. ( 2021 ) chemical evolution model. All values are normalized 
to the total mass produced at an age of 13.2 Gyr. Points at the top of the panel denote the ages at which 50 per cent of the total mass yield has been produced. 
Right: The total amount of N produced by a 13.2 Gyr old stellar population as a function of metallicity for each of our yield models normalized by the stellar 
population’s initial mass. Points mark metallicities at which the published tables report yields, and the lines are dotted at metallicities that are abo v e (below) the 
maximum (minimum) metallicity reported by a given study (i.e., where extrapolation is necessary). In this panel only, we include the metallicity-independent 
contribution y CC 

N = 3 . 6 × 10 −4 from CCSNe (gray dashed line). The bold purple curve represents our inference of the total N yield (CCSN + AGB) required 
to reproduce the observational constrains discussed in Section 4 given our adopted O and Fe yields (Section 2 ). 
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e production is considerably longer than that of N – up to an order
f magnitude depending on which yield model is adopted. As noted 
n Johnson et al. ( 2021 ), a characteristic delay time of ∼1 Gyr is
 xactly as e xpected for an ∼t −1 DTD because half of the SN Ia
vents occur between 100 Myr and 1 Gyr and the other half between
 and 10 Gyr. 
A characteristic delay time of only ∼250 Myr may seem sur-

rising given the relatively mass-independent nature of the IMF- 
eighted C11 + C15 yields. This arises out of the steep nature of the

tellar mass–lifetime relation (e.g. Larson 1974 ; Maeder & Meynet 
989 ; P ado vani & Matteucci 1993 ). For example, 2 and 3 M � stars
ive only ∼1.2 Gyr and ∼400 Myr, respectively, and over the course
f 13.2 Gyr, only stars of masses � 0.9 M � will have enough time
o finish their hydrogen burning. Consequently, most of the mass 
ange of stars that will evolve through an AGB phase will do so
ithin the first few hundred Myr after their formation, and with 
ass-independent IMF-weighted yields, this accounts for most of 

he N. We clarify that the delay times computed here apply only to N
nd not necessarily to other elements produced by AGB stars. As we
ave illustrated here, the ef fecti ve DTD of AGB star enrichment is
ictated by the combination of the stellar mass–lifetime relation and 
he mass dependence of the yield, which should in principle differ
rom element to element. Other elements produced by slow neutron 
apture often have the highest yields from lower mass AGB stars.
 or e xample, Cristallo et al. ( 2011 , 2015 ) report Sr yields that are
ominated by M ZAMS = 2–3 M � progenitors (see fig. 5 of Johnson &
einberg 2020 ), giving it a characteristic delay time of ∼500 Myr.

he characteristic delay-times will be as long as a few Gyr if and
nly if the yields are dominated by � 1.5 M � stars. 
In the right-hand panel of Fig. 4 , we plot the total amount of N

roduced by a 13.2 Gyr old single stellar population as a function
f its initial metallicity according to all of our AGB star yield
ables, including the linear model (see equation 3 and discussion 
n Section 2.2 ). For this calculation, we include the metallicity- 
ndependent CCSN yield ( y CC 

N = 3 . 6 × 10 −4 ; see discussion in Sec-
ion 2.1 ). In general, there is good qualitative agreement between 
he C11 + C15 and the V13 models, the only major difference being
he normalization. The predictions with the linear model with ξ = 

 × 10 −4 are nearly identical to the C11 + C15 model, as one would
xpect from Fig. 3 , but here we show the yields for our fiducial choice
f ξ = 9 × 10 −4 . The value at which these N yields flatten off at
ow Z is reflective of our adopted value of y CC 

N (grey dashed line). Up
o log 10 ( Z / Z �) ≈ −0.2, the KL16 + K18 yields predict a similar trend
s C11 + C15 and V13, also with a difference in normalization,
ut at solar and super-solar metallicities they predict much more 
etallicity-independent N yields than others. The K10 yields, on 

he other hand, do not agree with any of the other models, instead
redicting N yields to decrease monotonically with increasing Z . 
hese differences between the K10 and KL16 + K18 models trace
ack to differences regarding the opacity and mass-loss prescriptions 
see discussion in Section 2.2 ). Although the normalization depends 
n the SN yields of all elements, we demonstrate in Section 4.2
hat reproducing the [N/O]–[O/H] relation as observed requires 
GB N yields which scale roughly linearly with metallicity as in

he C11 + C15 and V13 models. More specifically, with our adopted
 and Fe yields (see discussion at the beginning of Section 2 ), repro-
ucing the observational constraints that we consider requires total 
 yields (CCSN + AGB) with the metallicity dependence shown by

he purple curve in the right-hand panel of Fig. 4 . 

 T H E  M U LT I Z O N E  C H E M I C A L  E VO L U T I O N  

O D E L  

e use the fiducial model for the Milky Way published by John-
on et al. ( 2021 ), which runs using the VICE GCE code (see
ppendix A ; Johnson & Weinberg 2020 ; Griffith et al. 2021 ).
ultizone models allow simultaneous calculations of abundances for 
ultiple Galactic regions, making them a more physically realistic 

ption than classical one-zone models for a system like the Milky
ay. Furthermore, they can take into account stellar migration 

n a framework that is much less computationally e xpensiv e than
ydrodynamical simulations, making them the ideal experiments for 
ur purposes. We provide a brief summary of the model here, but a
ull breakdown can be found in section 2 of Johnson et al. ( 2021 ). 
MNRAS 520, 782–803 (2023) 
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As in previous models for the Milky Way with similar moti v a-
ions (e.g. Matteucci & Francois 1989 ; Sch ̈onrich & Binney 2009 ;

inchev et al. 2013 , 2014 ; Minchev et al. 2017 ; Sharma et al. 2021 ),
his model parametrizes the Galaxy disc as a series of concentric
ings. With a uniform width of δR gal = 100 pc, each ring is assigned
ts own SFH, and with assumptions about outflows and the 
 gas − 
̇ � 

elation (see discussion below), VICE computes the implied amounts
f gas and infall at each time-step automatically. Under the caveat that
tellar populations can mo v e and place some of their nucleosynthetic
roducts in rings other than the one they were born in, each ring
s otherwise described by a conventional one-zone GCE model.
llowing stars to enrich distributions of radii was a no v el addition to

his type of model, and Johnson et al. ( 2021 ) demonstrated that this
as a significant impact on enrichment rates from delayed sources
uch as SNe Ia. 

To drive stellar migration, the model makes use of star particles
rom a hydrodynamical simulation, for which Johnson et al. ( 2021 )
elect the h277 galaxy from the Christensen et al. ( 2012 ) suite
volved with the N -body + SPH code GASOLINE (Wadsley, Stadel &
uinn 2004 ); we retain this decision here. h277 spans 13.7 Gyr
f ev olution, b ut the sample of star particles with reliable birth
adii span 13.2 Gyr in age; the model thus places the onset of
tar formation ∼500 Myr after the big bang and integrates up to
he present day. Previous studies have shown that h277 , among
ther disc galaxies evolved with similar physics, has a realistic
otation curve (Governato et al. 2012 ; Christensen et al. 2014a , b ),
tellar mass (Munshi et al. 2013 ), metallicity (Christensen et al.
016 ), dwarf satellite population (Zolotov et al. 2012 ; Brooks &
olotov 2014 ), H I properties (Brooks et al. 2017 ), and stellar age–
elocity relation (Bird et al. 2021 ). Despite this, there are some
nteresting differences between h277 and the Milky Way. First and
oremost, h277 had only a weak and transient bar and lacks one at
he present day, while the Milky Way is known to have a strong, long-
ived central bar (e.g., Bovy et al. 2019 ). This could indicate that the
ynamical history of h277 and its star particles differs significantly
rom that of the Milky Way. Furthermore, the last major merger
n h277 was at a redshift of z ≈ 3, making it an interesting case study
or its quiescent merger history (e.g., Zolotov et al. 2012 ), while
he Sagitarrius dwarf galaxy is believed to have made pericentric
assages around the Milky Way at 1–2-Gyr intervals (Law &
ajewski 2010 ). Although these differences between h277 and the
ilky Way are well understood, their impact on chemical evolution

s not. We are unaware of any studies that investigate the impact of
ifferent assumptions regarding the Galaxy’s dynamical history on
redicted abundances; this is, ho we ver, an interesting question for
uture work. 

Radial migration of stars proceeds from the h277 star particles
n a simple manner; for a stellar population in our model born at a
adius R birth and a time t birth , VICE searches for star particles born
t R birth ± 250 pc and t birth ± 250 Myr. From the star particles
hat make this cut, it then randomly selects one to act as that
tellar population’s analogue . The stellar population then assumes
he present-day mid-plane distance z and the change in orbital
adius � R gal of its analogue between its birth and the present day. In
he Johnson et al. ( 2021 ) fiducial model, stellar populations mo v e to
heir implied final radii with a 

√ 

age dependence according to: 

 gal ( T ) = R birth + �R gal 

√ 

t − t birth 

13 . 2 Gyr − t birth 
, (4) 

here 13.2 Gyr is simply the present day (see discussion abo v e). With
isplacement proportional to 

√ 

age , this corresponds to a scenario in
NRAS 520, 782–803 (2023) 
hich radial migration proceeds as a diffusion process as modeled
y Frankel et al. ( 2018 , 2019 ) and supported by the N -body simula-
ions of Brunetti, Chiappini & Pfenniger ( 2011 ). Although Johnson
t al. ( 2021 ) investigated other assumptions for this time-dependence,
n this paper we only use this parametrization (hereafter referred
o as the ‘diffusion’ prescription) and an idealized one in which
tars remain at their birth radius until they instantaneously migrate
t the present day (hereafter referred to as the ‘post-processing’
rescription). If VICE does not find any star particles from h277 in
ts initial R gal ± 250 pc and t ± 250 Myr search, it widens it to
 gal ± 500 pc and t ± 500 Myr; if still no candidate analogues are

ound, VICE maintains the t ± 500 Myr requirement, but assigns
he star particle with the smallest difference in birth radius as
he analogue. This procedure can be thought of as ‘injecting’ the
ynamics of the h277 galaxy into our multizone chemical evolution
odel, and it can in principle be repeated for any hydrodynamical

imulation of a disc galaxy. As in Johnson et al. ( 2021 ), we neglect
adial gas flows (e.g., Lacey & Fall 1985 ; Bilitewski & Sch ̈onrich
012 ; Vincenzo & Kobayashi 2020 ), instead focusing on the impact
f stellar migration. 
Rather than using a hydrodynamical simulation, some previous

tudies have implemented stellar migration using dynamical ar-
uments (e.g. Sch ̈onrich & Binney 2009 ; Sharma et al. 2021 ).
n advantage of our approach o v er this is that these dynamical

rguments introduce free parameters which then require fitting to
ata. It is also unclear to what extent the fit might bias the model
nto agreement with quantities in the sample not involved in the
t. A disadvantage of our approach is that we are restricted to
ne realization of our dynamical history; slight variations are not
ossible. We do not distinguish between ‘blurring’ and ‘churning’,
erms commonly used to refer to changes in the guiding centre
adii of stars and their epicyclic motions, respectively. Both are
nduced by a variety of physical interactions such as molecular cloud
cattering (Mihalas & Binney 1981 ; Jenkins & Binney 1990 ; Jenkins
992 ), orbital resonances with spiral arms or bars (Sell w ood &
inney 2002 ; Minchev et al. 2011 ), and satellite perturbations (Bird,
azantzidis & Weinberg 2012 ). All of these effects are included

n h277 and should therefore be inherited by the stellar populations
n our GCE model. 

We assume the SFH of the ‘inside-out’ model from Johnson et al.
 2021 ). The time-dependence at a given R gal is described by 

˙
 � ∝ (1 − e −t/τrise ) e −t/τsfh , (5) 

here τ rise approximately controls the amount of time the SFR
s rising at early times; we set this parameter equal to 2 Gyr at
ll radii as in Johnson et al. ( 2021 ). Our e-folding time-scales
f τ sfh are taken from a fit of this functional form to the 
 � –age
elation in bins of R / R e for 10 10.5 –10 11 M � Sa/Sb Hubble-type spiral
alaxies reported by S ́anchez ( 2020 ). The resulting values of τ sfh 

re long: ∼15 Gyr at the solar circle ( R gal = 8 kpc) and as high
s ∼40 Gyr in the outer disc (see fig. 3 of Johnson et al. 2021 ).
his is a consequence of flat nature of the 
 � –age relation reported
y S ́anchez ( 2020 ). 
Within each δR gal = 100 pc ring, the normalization of the SFH is

et by the total stellar mass of the Milky Way disc and the present-
ay stellar surface density gradient, assuming that it is unaffected by
igration (see appendix B of Johnson et al. 2021 ). For the former,
e neglect the contribution from the bulge and adopt the total disc

tellar mass of 5.17 × 10 10 M � from Licquia & Newman ( 2015 ).
or the latter, we adopt a double exponential form describing the

hin- and thick-disc components. We take the scale radii of the thin-
nd thick-discs to be R t = 2.5 and R T = 2.0 kpc, respectively, with
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Table 1. A reference on which migration prescription (see Section 3 ) we take 
as a default and which AGB star yield model(s) we consider in each section 
of Section 4 . Our linear AGB star yield is defined in equation ( 3 ). We use 
a metallicity-independent IMF-averaged massive star yield of y CC 

N = 3 . 6 ×
10 −4 throughout, exploring alternate, metallicity-dependent parametrizations 
in Section 4.2.2 only (right-hand panel of Fig. 6 ). We do not present multizone 
GCE models in Sections 4.2.3 and 4.6 . 

Section AGB star yield model(s) Migration prescription 

4.1 Linear Diffusion 
4.2 C11 + C15, V13, K10, KL16 + K18 Post-processing 
4.2.1 Linear, C11 + C15, V13 Post-processing 
4.2.2 K10, KL16 + K18 Post-processing 
4.2.3 N/A N/A 

4.3 Linear Post-processing 
4.4 Linear Diffusion 
4.5 Linear Diffusion 
4.6 N/A N/A 
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 surface density ratio at R gal = 0 of 
 T / 
 t = 0.27 based on the
ndings of Bland-Hawthorn & Gerhard ( 2016 ). 
Since the Johnson et al. ( 2021 ) models run VICE with the SFH

pecified a priori, determining the gas supply requires an assumption 
egarding the SFE. Based on the findings of Kennicutt ( 1998 ),
CE models often adopt a single power-law relating the surface 
ensity of gas 
 gas to the surface density of star formation 
̇ � .
ecent studies, ho we v er, hav e rev ealed that the spatially resolv ed
 gas − 
̇ � relation is more nuanced than the integrated relation (de 

os Reyes & Kennicutt 2019 ; Ellison et al. 2021 ; Kennicutt & de los
eyes 2021 ). Some of the uncertainty regarding its details can be

raced back to the ongoing debate about the CO-to-H 2 conversion 
actor (Kennicutt & Evans 2012 ; Liu, Gao & Greve 2015 ). Based on
 compilation of the Bigiel et al. ( 2010 ) and Leroy et al. ( 2013 ) data
hown in comparison to the theoretically motivated parametrizations 
f Krumholz et al. ( 2018 , see their fig. 2), Johnson et al. ( 2021 ) take
 three-component power-law 
̇ � ∝ 
 

N 
gas with index N given by 

 = 

⎧ ⎨ 

⎩ 

1 . 0 ( 
 gas ≥ 2 × 10 7 M � kpc −2 ) 
3 . 6 (5 × 10 6 M � kpc −2 ≤
 gas ≤ 2 × 10 7 M �kpc −2 ) 
1 . 7 ( 
 gas ≤ 5 × 10 6 M � kpc −2 ) . 

(6) 

he normalization is fixed by setting the SFE time-scale τ� ≡
 gas / ̇
 � at surface densities where N = 1 to the value derived

bservationally for molecular gas, denoted by τmol . This value at 
he present day is taken to be τmol,0 = 2 Gyr (Leroy et al. 2008 ,
013 ), with a t 1/2 dependence on cosmic time based on the findings
f Tacconi et al. ( 2018 ) studying the properties of molecular gas as
 function of redshift. 

With the yields adopted in the Johnson et al. ( 2021 ) models (see
iscussion at the beginning of Section 2 ), considerable outflows 
re required in order to predict empirically plausible abundances. 
einberg et al. ( 2017 ) demonstrate analytically that the equilibrium 

bundance of some element in the gas phase is approximately 
etermined by its yield and the mass loading factor η ≡ 
̇ out / ̇
 � with 
 small correction for the SFH. Johnson et al. ( 2021 ) select a scaling
f η with R gal such that the equilibrium abundance as a function of
adius corresponds to a reasonable metallicity gradient within the 
alaxy (see their fig. 3 and discussion in their section 3.1). None

he less, yields and the strength of outflows are mutually degenerate 
arameters since they act as source and sink terms in computing 
nrichment rates. The absolute scale of nucleosynthetic yields is 
 topic of debate (see discussion in, e.g. Griffith et al. 2021 ), and
ome authors even neglect outflows entirely, arguing that they do 
ot significantly alter the chemical evolution of the Galaxy disc (e.g. 
pitoni et al. 2019 , 2021 ). We investigate the impact of simultaneous
ariations in our yields and the efficiency of outflows in Section 4.2
elow and find similar [N/O]–[O/H] relations, suggesting that we 
ould arrive at similar conclusions if we were to neglect outflows 

nd adjust our yields accordingly. 

 RESULTS  

n this section, we present the predictions of our GCE models. We
stablish a fiducial model in Section 4.1 , which adopts y CC 

N = 3 . 6 ×
0 −4 and our linear AGB star yields (equation 3 ) with ξ = 9 × 10 −4 

long with the O and Fe yields of Johnson et al. ( 2021 , see discussion
n Section 2 ). We discuss the evolution of this model in radius and
ime as well as the impact of stellar migration. In Section 4.2 ,
e consider AGB star yield models taken from the literature (see 
iscussion in Section 2.2 ) and use an empirical [N/O]–[O/H] relation 
o discriminate among them. For each of these previously published 
ields, we explore alternate parametrizations of our SN yields and/or 
he efficiency of outflows which may address their shortcomings in 
eproducing the observed trend. We return to the fiducial model 
n Section 4.3 to demonstrate the dominance of the metallicity 
ependence of N yields o v er the AGB star DTD in establishing
he gas-phase [N/O]–[O/H] relation. To make the comparisons more 
lear, we make use of the post-processing migration prescription 
n Sections 4.2 and 4.3 but otherwise retain the diffusion prescription
see discussion in Section 3 ). In Section 4.4 , we compare our
ducial [N/O] versus age and [N/O] versus [O/Fe] trends to the
tellar abundances derived from APOGEE data by Vincenzo et al. 
 2021a ). In Section 4.5 , we demonstrate how variations in the SFE or
nflow rate can induce scatter in the gas-phase [N/O]–[O/H] relation. 

e finish presenting our results in Section 4.6 by offering an analytic
nderstanding of the [N/O]–[O/H] relation obtained with chemical 
quilibrium arguments inspired by Weinberg et al. ( 2017 ). As a
eference for the reader, in Table 1 we provide a summary of which
igration prescriptions we take as a default and which AGB star

ield models we consider in each subsequent subsection. 

.1 Evolution of a fiducial model 

n the left-hand panel of Fig. 5 , we plot the evolution of N and O
bundances in the gas phase at five different Galactocentric radii in
ur fiducial model (see paragraph abo v e). At early times, [O/H] is
ow and [N/O] reflects the ratio of the CCSN yields ([N/O] cc ≈−0.7).
onsequently, the tracks in each ring are similar. Once lower mass

tars begin to evolve through an AGB phase, they enrich the ISM
ith N but negligible amounts of O, increasing [N/O]. At this point,

he tracks in each ring separate from one another. This separation is
 consequence of the metallicity gradient in [O/H] being established 
arly in the Galaxy’s evolution. The radial gradient in our model
rises out of a decrease in the equilibrium abundance of O with
ncreasing radius. Produced on short time-scales by CCSNe, O 

chieves equilibrium faster than elements produced by delayed 
ucleosynthetic sources (Weinberg et al. 2017 ). The ISM therefore 
eaches equilibrium in O soon after AGB stars begin producing 
, after which [N/O] continues to increase at an approximately 
xed [O/H] at all radii (see also Fig. 8 and associated discussion

n Section 4.4 ). The separation of these evolutionary tracks contests
he popular interpretation that the [N/O]–[O/H] relation arises as 
n evolutionary sequence, instead suggesting a superposition of 
volutionary endpoints at equilibrium values set by dif ferent outflo w
fficiencies (a similar argument was made by Chiappini et al. 
MNRAS 520, 782–803 (2023) 
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M

Figure 5. Left: The gas-phase [N/O]–[O/H] relation parametrized by time at fixed radius (solid coloured lines) in the fiducial model. X’s denote the abundances 
at t = 2, 4, 6, 8, 10, 12, and 13.2 Gyr (the present day) at all radii. The dotted black line is the same as the solid black line in the right-hand panel. Coloured dotted 
lines mark the evolution of our model at R gal = 10 and 12 kpc when we neglect the impact of stellar migration on enrichment rates (i.e., the ‘post-processing’ 
migration prescription from Johnson et al. 2021 ; see discussion in Section 3 ). Right: The gas-phase [N/O]–[O/H] relation parametrized by radius at various 
snapshots (solid coloured lines) in our fiducial model. Similar to the left-hand panel, coloured dotted lines denote the resulting relation at t = 2 and 5 Gyr when 
we neglect stellar migration in computing enrichment rates. 
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11 Although some of these stars appear to have mis-labelled ages (Jofr ́e et al. 
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003 ). Similar arguments have been made regarding low [ α/Fe] disc
tars (e.g. Sch ̈onrich & Binney 2009 ; Nidever et al. 2014 ; Buck
020 ; Sharma et al. 2021 ). In short, a given ring in our model does
ot evolve along the [N/O]–[O/H] relation, instead following this
rightw ard-then-upw ard’ trajectory dictated by the time-scales on
hich N and O achieve equilibrium. 
Because there is a delay between a stellar population’s formation

nd N production from its AGB stars ( ∼250 Myr in this model; see
ig. 4 ), stellar migration can in principle occur within this time

nterval. Although the bulk of migration occurs on longer time-
cales, this characteristic delay is comparable to the dynamical time
f the Milky Way and is thus adequate for kinematic heating to at
east begin. In zoom-in hydrodynamical simulations from the FIRE 

10 

uite (Hopkins et al. 2014 ), El-Badry et al. ( 2016 ) find that stars in
 M � ≈ 10 10.6 M � galaxy can migrate 1–2 kpc within 1 Gyr of their
ormation. Consequently, N enrichment rates at fixed R gal may differ
ignificantly from their expected values given the SFH at that radius
ecause stellar migration induced a deficit or surplus of N-producing
GB stars. These tracks can thus mo v e v ertically in the [N/O]–

O/H] plane in response to AGB stars moving between rings as the
alaxy evolves, producing the ‘jitter’ in these evolutionary tracks. We
emonstrate this effect by comparing the solid blue and purple lines to
heir dotted counterparts. These are the tracks we compute using the
ost-processing migration prescription which eliminates the impact
f migration on enrichment rates (see discussion in Section 3 ). 
In the right-hand panel of Fig. 5 , we plot the gas-phase [N/O]–

O/H] relation predicted by the model at various snapshots. To
btain this, we simply take the N and O abundances in the ISM
t a given output time for each δR gal = 100 pc ring at R gal >

 kpc and plot them as a line. The relation is generally time-
ndependent at t � 5 Gyr. Although there is some slight evolution
oward higher [N/O], the total change in [N/O] o v er this time
NRAS 520, 782–803 (2023) 
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2
e
c
3

nterval is well within the intrinsic scatter derived observationally
see Fig. 1 ). Even at t = 2 Gyr, corresponding to z ≈ 2.6, [N/O] at
xed [O/H] is only ∼0.2 dex lower than its value at the present
ay. Especially when considering the intrinsic scatter that would
rise if we were to consider models with, e.g. different SFHs, this
alculation supports previous arguments that the redshift evolution of
he [N/O]–[O/H] relation is minimal (Vincenzo & Kobayashi 2018 ;
ayden-P a wson et al. 2022 ). 
We again demonstrate the impact of stellar migration in the right-

and panel of Fig. 5 by comparing the blue and purple solid lines to
heir dotted counterparts, which quantify the relation using the post-
rocessing migration prescription. This indicates that the local jitter
een in the relation at a given time is a consequence of migration as
iscussed abo v e. The mechanism by which stellar migration imposes
hese features in the [N/O]–[O/H] plane is qualitatively similar to
hat Johnson et al. ( 2021 ) find for SN Ia production of Fe. They

ound that the SN Ia rate in this model can vary by as much as a
actor of ∼3 at large radii ( R gal � 9 kpc). When a deficit or surplus of
N Ia events is sustained for timescales comparable to the depletion

ime of the local ISM, the gas-phase abundance of Fe increases
r decreases accordingly. As a consequence, some of the stellar
opulations that form during these events are Fe-poor enough to
resent as young stars ( � 6 Gyr) with significantly super-solar [ α/Fe]
atios, some of which are indeed observed in the solar neighbourhood
ith APOGEE 

11 (Chiappini et al. 2015 ; Martig et al. 2015 , 2016 ;
arfield et al. 2021 ). In the case of N, the effect is smaller ( � 0.1 dex

n [N/O]) because our model predicts N yields to be ejected from
tellar populations ∼5 times faster than Fe (Fig. 4 ). Consequently,
016 ; Yong et al. 2016 ; Izzard et al. 2018 ; Silva Aguirre et al. 2018 ; Miglio 
t al. 2021 ), this phenomenon could explain an intrinsically young sub- 
omponent (Hekker & Johnson 2019 ; see discussion in sections 3.1 and 
.4 of Johnson et al. 2021 ). 

art/stad057_f5.eps
https://fire.northwestern.edu
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12 Rather, it is one-to-one with 1 + η − r , where η is the mass-loading factor 
and r ≈ 0.4 is a corrective term for recycling (Weinberg et al. 2017 ). 
13 This can be calculated with VICE using the 
vice.yields.ccsne.fractional function, designed to compute 
values of y CC for various elements under a variety of assumptions. 
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here is less time for stellar migration to occur within the time-scale
f N production than there is within the time-scale of Fe production.
To assess how well our model characterizes N production in the 
ilky Way and external galaxies, in the next section we compare the

resent-day [N/O]–[O/H] relation (solid black line in the right-hand 
anel of Fig. 5 ) to the Dopita et al. ( 2016 ) trend. We do the same
or our AGB yield models taken from the literature (see discussion
n Section 2.2 ), exploring variations of other model parameters which 
ay address their shortcomings. We then return to our fiducial model 

hereafter for additional tests against observed data. 

.2 Comparison to obser v ed gas-phase trends 

e use the Dopita et al. ( 2016 ) [N/O]–[O/H] relation, which is
nferred by fitting local stars and H II regions spanning a wide
ange of [O/H], as our observational benchmark. As seen in Fig. 1 ,
he Pilyugin et al. ( 2010 ) ‘ONS’ calibration leads to a steeper relation
t high [O/H]. Following Vincenzo et al. ( 2021a ), we adopt the Dopita
t al. ( 2016 ) relation because it agrees well with the trends found for
POGEE disc stars and with results for MaNGA galaxies (Belfiore 

t al. 2017 , see Fig. 1 ). None the less, uncertainties in the observed
rends remain, and adopting a significantly different relation would 
ead to different conclusions about the metallicity dependence of 
 yields. To make the comparison between different yield models 
ore clear, we neglect the impact of stellar migration on enrichment 

ates and make use of the post-processing migration prescription in 
his section (see discussion in Section 3 ). In each panel of Fig. 6 ,
lack points show the Dopita et al. ( 2016 ) trend. The purple curve in
he middle panel shows the prediction of our fiducial (linear) yield 

odel, which achiev es e xcellent agreement with this observational 
enchmark. 
In the left-hand panel of Fig. 6 , we compare our model predictions

ith each of the AGB star yield tables predicted from stellar evolution 
odels (see Fig. 3 and discussion in Section 2.2 ). Swapping our linear 

ields (equation 3 ) out from the fiducial model for any of these AGB
ields taken from the literature results in a failure to reproduce the
bserved [N/O]–[O/H] relation. The C11 + C15 and V13 yields are 
ble to reproduce the qualitative trend, but with an incorrect normal- 
zation. The K10 and KL16 + K18 yields, on the other hand, fail
o reproduce the steadily sloped increase of [N/O] with [O/H]. The 
nverse dependence of [N/O] with [O/H] predicted by the K10 AGB 

tar yields can be understood by the interaction between TDU and 
BB (see discussion in Section 2.2 ). Both effects are stronger at low
etallicity, and since all of the K10 stars experiencing HBB also 

xperience TDU (see their table 1), such a result is unsurprising.
his o v erlap also occurs in the KL16 + K18 models, but their yields
redict a relatively flat [N/O]–[O/H] relation because of updated 
odel inputs regarding opacity and mass loss and the impact this has

n 14 N yields (see discussion in Section 2.2 ). 

.2.1 Variations in SN yields and outflows 

n order to successfully reproduce the observations with 
he C11 + C15 and V13 yields but without adjusting the GCE
odel parameters, we find that we must artificially amplify them 

y factors of ∼3 and ∼2, respectively. We illustrate the results of
hese modified yield models and for our fiducial linear model with 
 normalization of ξ = 9 × 10 −4 in the middle panel of Fig. 6 .
lthough the V13 model predicts an [N/O]–[O/H] relation that is 

lightly shallower than the Dopita et al. ( 2016 ) data, the predictions
re reasonably within the scatter seen in Fig. 1 . 
As foreshadowed in Section 2 , we can reproduce the [N/O]–
O/H] relation if we alternatively use the unmodified C11 + C15
nd V13 yields and make simultaneous adjustments to the strength 
f outflows and the normalization of our SN yields. We cannot
odify one without modifying the other, because the Johnson et al.

 2021 ) model sets the Galactic [O/H] gradient according to a scaling
f the equilibrium abundance with radius via an increase in the
trength of outflows. Adjustments to the strength of outflows must 
herefore be accompanied by a revision of all SN yields with a similar

ultiplicative factor. The central panel of Fig. 6 shows a model that
ses the unmodified C11 + C15 yields and y CC 

O = 0 . 005 with the
utflow mass-loading factor lowered by a factor of three. We also
ho w a v ariation with y CC 

O = 0 . 01, the C11 + C15 yields amplified
y a factor of two, and the strength of outflows adjusted accordingly.
hile each of these variations lie along the observed [N/O]–[O/H] re-

ation, they span slightly different ranges in [O/H] because the 
elation between yields and outflows in determining the equilibrium 

bundance is not exactly one-to-one. 12 Regardless of the assumed 
ormalization, we find that the observed [N/O]–[O/H] relation can 
e reproduced as long as the metallicity-dependence of population- 
veraged AGB N yields is approximately linear. We expect that these
esults will hold if outflows are omitted since this corresponds to the
imiting case in which we would scale our yields down by larger
actors. 

Lowering our SN yields by a factor of 2–3 is plausible if a
ubstantial fraction of massive stars collapse directly to black holes 
s opposed to exploding as SNe at the ends of their lives. Our
MF-av eraged massiv e star yields (see discussion in Section 2.1 ) are
ased on a Kroupa ( 2001 ) IMF combined with SN nucleosynthesis
odels in which most M > 8 M � stars explode as a CCSN (e.g.
oosley & Weaver 1995 ; Chieffi & Limongi 2004 , 2013 ; Nomoto

t al. 2013 ; Limongi & Chieffi 2018 ). Howev er, man y massiv e stars
ay collapse to form black holes without a SN (Gerke, Kochanek &
tanek 2015 ; Pejcha & Thompson 2015 ; Ertl et al. 2016 ; Sukhbold
t al. 2016 ; Adams et al. 2017 ; Basinger et al. 2021 ; Neustadt
t al. 2021 ). With the explosion landscape predicted by their W18
eutrino-driven engine, the CCSN models of Sukhbold et al. ( 2016 )
redict y CC 

O = 0.0056 (Griffith et al. 2021 ), nearly three times lower
han our fiducial value. 13 Extensive black hole formation would also 
ower y CC 

Fe , and a lower normalization of y Ia Fe may be compatible with
bservational constraints on SN Ia rates (see discussion in Section 2 ).
Another alternative is to retain high y CC 

O but assume that Galactic
inds preferentially remo v e SN products relativ e to AGB products.

n particular, Vincenzo et al. ( 2016a ) are able to reproduce the [N/O]–
O/H] relation in chemical evolution models with the V13 yields by
mplementing a differential wind in which outflows remo v e O but
ot N from the star forming gas reservoir. We find similar results
or the V13 yields if we simply add a portion of the SN products
both CCSN and SN Ia) directly to the outflow, which is otherwise
omposed of swept up ambient ISM with the same abundance ratios
ut reduced η. If SNe are the sources of outflo w-dri ving winds but
GB stars do not significantly contribute, it would be reasonable 

o expect some portion of the SN ejecta to be swept up by the
ind; recent theoretical (Christensen et al. 2018 ) and observational 
MNRAS 520, 782–803 (2023) 
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Figure 6. Left: The present-day gas-phase [N/O]–[O/H] relation predicted by our model with each of the four AGB star yield tables predict by stellar evolution 
models discussed in Section 2.2 , colour coded according to the legend. We include the Dopita et al. ( 2016 ) empirical relation as the observational benchmark. 
Middle: The same as the left-hand panel, but for a case where we artificially amplify the C11 + C15 yields by a factor of 3 and the V13 yields by a factor 
of 2. We show our fiducial model using the linear AGB star yields with a slope of ξ = 9 × 10 −4 in a solid purple line. The black dashed and dotted lines 
show additional models in which we vary the normalization of the C11 + C15 yields, our SN yields, and the outflow mass loading factor simultaneously (see 
discussion in Section 4.2.1 ). Right: The same as the left-hand panel, but comparing the predictions made by the K10 and KL16 + K18 yields with our fiducial 
value of y CC 

N (dotted lines, same as left-hand panel) to those with alternate forms of y CC 
N (solid lines; see equations 7 and 8 and discussion in Section 4.2 ). We 

show all predictions with our post-processing migration prescription (see discussion in Section 3 ). 
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rguments (Chisholm, Tremonti & Leitherer 2018 ) indeed suggest
uch a scenario. 

.2.2 Metallicity-dependent CCSN yields of N 

hile the issue for the C11 + C15 and V13 yields is one of
ormalization, our models with the K10 or KL16 + K18 AGB
ields predict a qualitatively incorrect trend of [N/O] with [O/H].
his discrepancy cannot be repaired by changing y CC 

O . Ho we ver,
he N yield is the sum of CCSN and AGB star contributions,
o it is reasonable to ask if plausible changes to the metallicity
ependence of the CCSN yield can compensate. Moti v ated by the
bserved [N/O] plateau at low metallicity and by the predictions of
otating massive star models, we have thus far assumed a metallicity-
ndependent y CC 

N = 3 . 6 × 10 −4 . Ho we ver, the non-rotating CCSN
odels of Nomoto et al. ( 2013 ) suggest that y CC 

N may increase
t super-solar metallicity (see Fig. 3 ). We therefore construct the
ollowing parametrization for use with the KL16 + K18 AGB star
ields: 

 

CC 
N = (3 . 6 × 10 −4 ) max 

(
1 , 

Z 

Z �

)
. (7) 

sing this yield combination in our GCE model produces the blue
olid curve in the right-hand panel of Fig. 6 . While agreement with
he Dopita et al. ( 2016 ) trend is somewhat impro v ed, this model is still
ar from the empirical [N/O]–[O/H] relation. Achieving agreement
hile using the KL16 + K18 yields would require still higher CCSN
ields at Z > Z � and somewhat lower CCSN yields at Z < Z �. 
Because the K10 AGB model predicts a high N yield at low
etallicity (Fig. 4 ), we combine it with the predicted yields of the

on-rotating CCSN models from Limongi & Chieffi ( 2018 ), which
e approximate as 

 

CC 
N = (3 . 6 × 10 −4 ) 

(
Z 

Z �

)
(8) 

diagonal dotted line in Fig. 2 , left). This combination produces the
ed solid line in the right-hand panel of Fig. 6 . Although the discrep-
ncy with the Dopita et al. ( 2016 ) trend is somewhat reduced, this
NRAS 520, 782–803 (2023) 
odel still underpredicts [N/O] at Z > Z � and o v erpredicts [N/O] at
 < Z � by large margins. 
We conclude that the metallicity dependence of N yields predicted

y the KL16 + K18 and, especially, K10 AGB models are empir-
cally untenable unless massive star yields are far from theoretical
xpectations. The implications for stellar astrophysics are uncertain,
ut inspection of Fig. 3 suggests that the problem of these AGB
tar models originates in the coexistence of TDU and HBB o v er a
ubstantial mass range ( M � 4 M �): in both models, every star that
xperiences HBB also experiences TDU. 

.2.3 Summary 

he gas-phase [N/O]–[O/H] relation in the Milky Way disc predicted
y our GCE model agrees well with the Dopita et al. ( 2016 ) trend
haracterizing local stars and H II regions if we assume a metallicity-
ndependent y CC 

N = 3 . 6 × 10 −4 as suggested by rotating massive
tar models (Limongi & Chieffi 2018 ) and the linear model of
GB yields in equation ( 3 ) with ξ = 9 × 10 −4 . Reproducing the
mpirical trend with the C11 + C15 (V13) AGB yields requires
enormalizing those yields by a factor of 3 (2) or, alternatively,
owering the assumed CCSN O yield y CC 

O and N yield y CC 
N by

he same factor. Lowering y CC 
O could be physically justified if a

arge fraction of massive stars collapse to black holes without
roducing CCSNe, and it may be empirically tenable in a model
here y CC 

Fe , y 
Ia 
Fe , and outflow mass loading efficiencies η are all

owered by a similar factor. The metallicity dependence of AGB
tar yields predicted by the K10 or KL16 + K18 models, flat or even
eclining with increasing metallicity, is difficult to reconcile with the
bserved [N/O]–[O/H] trend. 

.3 Metallicity dependence versus age dependence 

espite predicting a different mass dependence for Y 

AGB 
N (see

ig. 3 ), the renormalized C11 + C15 and V13 yields both reproduce
he [N/O]–[O/H] relation reasonably well. This result suggests
hat the metallicity dependence plays a much more important role
han the DTD in establishing this correlation. To investigate this
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Figure 7. A comparison between our fiducial model with post-processing 
migration (black) and variations with the time dependence (red) and metal- 
licity dependence remo v ed (blue). To remo v e the time dependence, we pre- 
compute the AGB star yields of N from 13.2 Gyr old stellar populations as a 
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this into the prompt CCSN yields and set the delayed AGB star contribution 
to zero. To remo v e the metallicity dependence, we e v aluate the yields at our 
assumed solar metallicity of Z � = 0.014 at all time-steps. 
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oint further, we consider two variants of our fiducial model: one 
ith the dependence on stellar age (or, equi v alently, stellar mass)

emo v ed from the enrichment rate calculations, and the other with
he metallicity dependence remo v ed. We return to our linear AGB
ield model with ξ = 9 × 10 −4 , and to make this comparison more
traightforward, we use the post-processing migration model (see 
iscussion in Section 3 ). 
To remo v e the age dependence, we simply eject the AGB star

ields alongside the CCSN yield instantaneously after a single 
tellar population forms. We pre-compute the N yields from all 
GB stars associated with a 13.2 Gyr old stellar population as
 function of progenitor metallicity in a similar fashion as in the
ight-hand panel of Fig. 4 . Since VICE works from IMF-averaged 
CSN yields assumed to be injected instantaneously following a 

ingle stellar population’s formation (see discussion in Section 2.1 ), 
e make use of the software’s capability to let the user specify

unctional forms for nucleosynthetic yields and simply add this N 

ield to y CC 
N and set Y 

AGB 
N to zero. In this model, y CC 

N inherits a
etallicity dependence from the AGB star yields and has the exact 

hape of the purple curve in the right-hand panel of Fig. 4 . To
emo v e the metallicity dependence, the procedure is much simpler:
e simply e v aluate Y 

AGB 
N at our assumed solar metallicity of Z � =

.014 at all time-steps regardless of that which is predicted for a
tellar population. In this variation, AGB star production still occurs 
n a DTD inherited from the stellar mass–lifetime relation (Larson 
974 ) and the mass dependence of the linear yield model. 
We illustrate these predictions in Fig. 7 . The [N/O]–[O/H] relation 

rom the model with no age dependence is nearly identical to the
rediction found in our fiducial model, while the prediction with 
o metallicity dependence is considerably different. This result is 
ather unsurprising given the short characteristic time-scales of N 

roduction ( ∼250 Myr, see the middle panel of Fig. 4 ). Mathemati-
ally, there is little difference in the enrichment rates if all of a stellar
opulation’s N is produced immediately as opposed to from a prompt, 
harply declining DTD. The metallicity dependence, ho we ver, is 
aramount to the [N/O]–[O/H] relation, which is expected given 
he results in Fig. 3 and consistent with previous arguments that 
he increase in [N/O] at high [O/H] is a consequence of secondary
 production (Vila-Costas & Edmunds 1993 ; van Zee et al. 1998 ;
enry & Worthey 1999 ; P ́erez-Montero & Contini 2009 ; Berg et al.
012 ; Pilyugin et al. 2012 ; Andrews & Martini 2013 ; Hayden-
 a wson et al. 2022 ). Fig. 7 implies that the gas-phase [N/O]–
O/H] relation offers little if any constraining power o v er the mass
ependence of N yields from AGB stars. 

.4 Comparison to stellar abundances in the Milky Way disc 

lthough N abundances are typically measured in the gas-phase in 
xternal galaxies, APOGEE (Majewski et al. 2017 ) has measured 
 abundances in large stellar samples spanning many regions of 

he Milky Way. By additionally making use of these data, we can
nvestigate trends with stellar age and [O/Fe] at fixed metallicity. 
efore comparing the predictions of GCE models to N abundances 
erived from spectra of red giant samples such as APOGEE, it is
ssential to adjust the measurements for internal processes known to 
lter the surface compositions of stars because GCE models predict 
he birth abundances. During the main sequence lifetime of M �
.3 M � stars, the CNO cycle processes much of the C and O nuclei
n the core into 14 N. When the star evolves off the main sequence,
his N-rich material is mixed with the outer conv ectiv e layers,
ncreasing the N abundance in the photosphere (Gilroy 1989 ; Korn 
t al. 2007 ; Lind et al. 2008 ; Souto et al. 2018 , 2019 ). Using MESA
tellar evolution models (Paxton et al. 2011 , 2013 , 2015 , 2018 ) with
tandard mixing prescriptions, Vincenzo et al. ( 2021a ) developed a
ecipe to approximate the birth abundances of C, N, and O and applied 
t to the sample of APOGEE/Kepler red giants with asteroseismic 

ass measurements from Miglio et al. ( 2021 ). They found good
greement between the mean trend of [N/O] with [O/H] for APOGEE
isc stars and the Dopita et al. ( 2016 ) trend. Since our fiducial
odel reproduces the Dopita et al. ( 2016 ) trend o v er most of its

istory (Fig. 5 ), it should also reproduce the [N/O]–[O/H] relation
or APOGEE disc stars. 

Our models predict a correlation between N and Fe abundances in
he gas-phase which turns out to be important to understanding how
he model predictions compare to stellar abundances. In Fig. 8 , we
lot the evolution of [N/H], [O/H], and [Fe/H] in the ISM at R gal =
, 8, and 12 kpc in our fiducial model with linear AGB yields
equation 3 ) and the diffusion migration prescription (see discussion 
n Section 3 ). [N/H] is more correlated with [Fe/H] than [O/H] at
ll radii, and the relation persists up to look-back times of ∼10 Gyr.
his arises in part because N and Fe are both produced in significant
uantities by delayed enrichment sources while O is produced 
lmost entirely on short time-scales by CCSNe (see discussion 
n Section 2 ). Although the production time-scale of N from single
tellar populations is short (see discussion in Section 2.3 ), metallicity
ependent yields require more abundant species such as O to be
roduced and reach an equilibrium before N yields stabilize. When 
any stellar populations are present, the bulk of the N production will

hus al w ays follow the b ulk production of more ab undant species;
his is qualitatively similar to what Johnson & Weinberg ( 2020 ) found
egarding the production timescales of Sr and Fe (see also Tinsley
979 ). As a consequence of both its slight delay and its metallicity-
ependent yields, N reaches its equilibrium abundance on time- 
cales similar to Fe rather than O. Due to the prompt and metallicity
MNRAS 520, 782–803 (2023) 
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Figure 8. [N/H] (solid), [Fe/H] (dashed), and [O/H] (dotted) in the gas-phase 
as a function of look-back time in the fiducial model at R gal = 4 (black), 8 
(red), and 12 kpc (blue). 
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ndependent nature of O enrichment, [O/H] is near equilibrium as far
ack as ∼10 Gyr ago while [N/H] and [Fe/H] are not. 

Combining the Vincenzo et al. ( 2021a ) [N/O] ratios with the
POGEE stellar ages taken from Miglio et al. ( 2021 ), we illustrate

he [N/O]–age relation in bins of [Fe/H] as predicted by our model
nd measured by APOGEE in the left-hand panel of Fig. 9 . In
ood agreement with the observational measurements, the model
redicts the [N/O]–age relation to be relatively flat in bins of [Fe/H].
his arises as a consequence of the N–Fe correlation and the fast
pproach to equilibrium in [O/H] as discussed abo v e (see Fig. 8 ). A
in in [Fe/H] approximately corresponds to a bin in [N/H], and by
xtension a bin in [N/O] as well since [O/H] is nearly constant at
xed radius up to ∼10 Gyr ago. 
In the right-hand panel of Fig. 9 , we compare our model predictions

o the [N/O]–[O/Fe] relation at fixed [O/H] reported by Vincenzo
t al. ( 2021a ). The model correctly predicts a significant inverse
elationship between [N/O] and [O/Fe]. This is again a consequence
f the N–Fe correlation demonstrated in Fig. 8 : [N/H] increases
ith [Fe/H], so at fixed [O/H], [N/O] increases as [O/Fe] decreases.
his is another important success of our model. Vincenzo et al.
 2021a ) demonstrate that high [ α/Fe] and low [ α/Fe] disc populations
how a dichotomy in [N/O]. The Johnson et al. ( 2021 ) GCE model
roduces a broad but continuous [ α/Fe] distribution rather than the
imodal distribution found in previous works (e.g., Hayden et al.
015 ; Vincenzo et al. 2021b ), but Fig. 9 suggests that a model tuned
o produce the [ α/Fe] bimodality would also produce a dichotomy
n [N/O]. 

Quantitatively, our model slightly underpredicts [N/O] in the lower
etallicity bins in both panels of Fig. 9 . In general, our model

ccupies a noticeably wider range in [N/O] than do the Vincenzo
t al. ( 2021a ) measurements at all ages and all [O/Fe]. This could
e a sign that the AGB star yields of N in our fiducial model scale
lightly too strongly with the total metallicity Z . Since our fiducial
odel assumes an exactly linear scaling of the N yield with Z (see

quation 3 ), this suggests that perhaps a slightly sub-linear scaling
ould be more accurate, but only barely because the discrepancies

n Fig. 9 are at the ∼0.1 dex level. 
NRAS 520, 782–803 (2023) 
Although we demonstrate in Section 4.3 that the metallicity
ependence of the yield plays the strongest role in establishing
he [N/O]–[O/H] relation, the DTD plays a significant role in shaping
he stellar abundances. In the model in which AGB nucleosynthetic
ields are injected instantaneously along with CCSN products, the
–Fe correlation described abo v e is no longer present. Instead, N

pproaches equilibrium on much faster time-scales, resulting in it
eing much more correlated with O than Fe, and the resulting [N/O]–
ge relation is positively sloped at fixed [Fe/H]. This suggests that the
TD may play a minimal role in establishing gas-phase abundances
ut is important in shaping stellar abundances. We find additional
iscrepancies if we instead attribute the delayed N production to a
etallicity-dependent SN Ia yield with the same t −1.1 DTD that we

dopt for Fe. The agreement in Fig. 9 suggests that our fiducial model
as a fairly accurate separation of CCSN and AGB contributions and
hat the ∼250 Myr characteristic delay for AGB enrichment predicted
y this model is approximately correct – instantaneous N enrichment
s too fast and t −1.1 enrichment is too slow to match the observations.

.5 The sources of scatter in the [N/O]–[O/H] relation 

chaefer et al. ( 2020 ) demonstrate that intrinsic scatter in the gas-
hase [N/O]–[O/H] relation is correlated with variations in the local
FE. This is expected from one-zone GCE models (e.g., Moll ́a
t al. 2006 ; Vincenzo et al. 2016a ). Although we have demonstrated
n Section 4.1 that the impact of stellar migration on enrichment
ates is small, it could none the less contribute additional scatter in
he observed [N/O]–[O/H] relation. Our models, taking into account
he effects of migration on the enrichment rates while allowing full
ontrol o v er the SFH and the SFE through VICE , are an ideal tool
ith which to address this question. 
To this end, we construct two variants of our fiducial model with

inear AGB yields (equation 3 ) and the diffusion migration prescrip-
ion (see discussion in Section 3 ). While the fiducial model specifies
he SFH a priori and lets VICE compute the infall history 
̇ in , here
e specify the infall history as a function of radius and time. As
e will demonstrate belo w, the ef fects of dilution play an important

ole in driving variations in the [N/O]–[O/H] plane in these variants,
nd by specifying the infall history we have more control o v er the
mount of dilution. In a similar fashion as in our fiducial model, we
ormalize 
̇ in such that a stellar mass consistent with that reported
y Licquia & Newman ( 2015 ) arises from the simulation. All other
volutionary parameters are the same as described in Section 3 . 

In the first variant, the SFE exhibits 50 per cent sinusoidal
scillations with time o v er 2-Gyr periods: 

� ( R gal , t) = τ�, J21 ( R gal , t) 

(
1 + 0 . 5 sin 

(
2 πt 

2 Gyr 

))
. (9) 

he infall rate is constant in each ring with a value determined
y normalizing to the present day stellar mass and stellar surface
ensity gradient of the Milky Way. Our choice of a 50 per cent
mplitude is comparable to the observationally derived scatter in
olecular gas depletion times according to multiple measurement
ethods (see figs 4 and 5 of Tacconi et al. 2018 and references

herein). Furthermore, variations in the SFE are of similar magnitude
n h277 , the galaxy from which our model’s migration history is
rawn. In the second variant, the SFE is constant and the infall rate
scillates with a 75 per cent amplitude about its value in the first
ariant: 

˙
 in ( R gal , t) = 〈 ̇
 in 〉 

(
1 + 0 . 75 sin 

(
2 πt 

2 Gyr 

))
. (10) 
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Figure 9. Left: [N/O] as a function of stellar age for 5000 stars randomly sampled from our model stellar populations in three bins of [Fe/H] (coloured points). 
Stars quantify the median trend in [N/O] with age using N abundances corrected for internal mixing processes reported by Vincenzo et al. ( 2021a ) in the same 
bins of [Fe/H]. Right: The same as the left-hand panel, but instead showing [N/O] as a function of [O/Fe] in bins of [O/H]. 
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he amplitude of 75 per cent is chosen such that the ensuing
ariability in the SFR is of similar magnitude between the two models 
 ∼40 per cent). We additionally run a model in which neither the
ccretion rate nor the SFE oscillate, replacing the fiducial model 
sed in previous sections with this constant infall model. Otherwise, 
he evolutionary differences beyond simple oscillations complicate 
he comparison. 

These variant models characterize evolutionary pathways in which 
tar formation is more episodic than previously explored. In a real 
alaxy, variability in the SFE and the SFR is likely non-sinusoidal and
ot with constant amplitude. A sample of galaxies will have different 
mplitudes and be seen at different phases in their variability, and the
mpact of this on their N and O abundances will present as intrinsic
catter in a sufficiently large sample. By comparing models with and 
ithout reasonable amounts of variability in these quantities while 

aking into account radial migration, we can assess which quantities 
mpact abundances more strongly and are thus the more likely causes 
f intrinsic scatter in the observed [N/O]–[O/H] relation. 
In the left-hand panel of Fig. 10 , we plot the predicted gas-

hase [N/O]–[O/H] relation for five snapshots co v ering one cycle 
f fluctuations induced by variability in τ � according to equation ( 9 ).
his model predicts an ∼0.1 dex dynamic range in [N/O] at 
xed [O/H], whereas the constant model with no variability in τ � 

redicts the relation to be quite steady o v er this time interval. This
uggests that stellar migration, present in both the constant model 
nd this oscillatory variant, does not induce significant variability 
n the [N/O]–[O/H] plane; ho we ver, we demonstrate below that its
ffects are none the less non-negligible. The minimal impact of 
tellar migration traces back to the timescales of N production from
ingle stellar populations (see Fig. 4 and discussion in Section 2.3 ):
ith most N production occurring within ∼250 Myr of a stellar
opulation’s formation, most stars will not migrate far from their 
irth radius by the time they produce most of their N, and the resulting
mpact on abundances is small. 

The behavior in the [N/O]–[O/H] plane predicted by the oscillatory 
FE variant is driven by the tug-of-war between dilution and re-
nrichment associated with oscillations in τ � . When star formation 
uickens, O production increases in proportion. The ISM abundance 
nd consequently the N yields increase as well. Because of the
light but none the less finite delay-time of its production by AGB
tars, the N enrichment rate lags slightly behind O. [N/O] therefore
ecreases, and the ISM mo v es down and to the right in the [N/O]–
O/H] plane. When star formation eventually slows, O production 
gain follows suit. The N enrichment rate, as before, lags slightly
ehind, and [N/O] increases; the ISM therefore mo v es up and to
he left in the [N/O]–[O/H] plane. The result is an anticlockwise
oop, which we illustrate for the solar circle with a black dashed
ine in the left-hand panel of Fig. 10 . The effect is generally larger
n [O/H] than in [N/O] ( ∼0.1 dex versus ∼0.05 dex in this example)
ecause dilution affects both [O/H] and [N/H] similarly. In the model
ith oscillations in 
̇ in , we find that qualitatively similar processes 
ri ve the e v olution in ab undances, b ut there are interesting differences
n detail which we discuss below in the context of scatter in the
bserved trend. 
In the middle and right-hand panels of Fig. 10 , we plot the

catter in the gas-phase [N/O]–[O/H] relation inferred observation- 
lly by Schaefer et al. ( 2020 ). Using data from the MaNGA IFU
urv e y (Bundy et al. 2015 ), they measure N and O abundances in
09 541 spaxels across 6507 unique galaxies spanning 10 9 –10 11 M �
n stellar mass. Since our model is appropriate for Milky Way-mass
alaxies, we focus our comparison on the M � = 10 10.5 – 10 11 M � mass
ange (Licquia & Newman 2015 ), which cuts our sample sample
o 197 787 individual N and O measurements from the MaNGA
FU spaxels. In narrow bins of [O/H], we then compute the 16th,
0th, and 84th percentiles of the [N/O] distribution. Placing the 
edian [N/O] at � [N/O] = 0, the shaded re gions abo v e and below
 in Fig. 10 denote the difference between 16th and 84th percentiles
f the distribution in each [O/H] bin. 
We compare both of our oscillatory variants to the width of

he [N/O] distribution by o v er-plotting the difference in [N/O] at
xed [O/H] between our oscillatory models and their constant 
ounterpart (i.e. the vertical offset between the solid and dotted 
ines in the left-hand panel, and the equi v alent thereof for the
scillatory 
̇ in model). Both models produce offsets in [N/O] at 
xed [O/H] which, as discussed abo v e, arise as consequences of
ilution, and the offsets are generally consistent with the width 
MNRAS 520, 782–803 (2023) 
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M

Figure 10. Left: One cycle of oscillations in the [N/O]–[O/H] relation at high [O/H] induced by sinusoidal variability in τ � with an amplitude of 0.5 (solid 
coloured lines; see equation 9 ). Dotted lines show the [N/O]–[O/H] relation at the same five snapshots in the fiducial model with no variability in τ � . We use 
the diffusion migration prescription in both cases (see discussion in Section 3 ). The black dashed line shows the time evolution of the abundances at R gal = 

8 kpc, the approximate Galactocentric radius of the Sun, with the times of each of the five snapshots marked by a coloured point. Middle and right: For the 
same five snapshots in the left-hand panel, the deviation in [N/O] at fixed [O/H] relative to the fiducial model for the case with sinusoidal variability in τ � at 
an amplitude of 0.5 (middle; see equation 9 ) and with sinusoidal variability in 
̇ � at an amplitude of 0.75 (right; see equation 10 ). The shaded regions in both 
panels quantify the width of the [N/O] distribution in 10 10.5 –10 11 M � galaxies in MaNGA taken from Schaefer et al. ( 2020 ). In bins of [O/H], we place the 
median [N/O] at � [N/O] = 0, and the lower (upper) envelope denotes the 16th (84th) percentile of the [N/O] distribution. The black dashed line in the middle 
panel denotes the same quantity as the corresponding solid green line but computed from the post-processing migration prescription, which neglects the impact 
of stellar migration in computing enrichment rates (see discussion in Section 3 ). 
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f the relation deri ved observ ationally by Schaefer et al. ( 2020 ).
his supports their argument that variations in the local SFE can
rive intrinsic scatter in the [N/O]–[O/H] relation, but the effects
f stellar migration are still non-negligible. We demonstrate this
y comparing the green solid line in the middle panel for the t =
.5 Gyr snapshot to the black dashed line denoting the same quantity
ith post-processing migration (see discussion in Section 3 ). While

ome of the features in � [N/O] as a function of [O/H] can be
ttributed to the difference in GCE parameters, stellar migration
ffects [N/O] ratios with an amplitude of ∼0.05 dex (see also Fig. 5
nd discussion in Section 4.1 ). Although this is smaller than the
mpact of oscillations in either τ � or 
̇ in ( ∼0.1 dex), it is none
he less significant compared to the width of the Schaefer et al.
 2020 ) distributions, also at the � 0.1 dex level; this suggests that
tellar migration is a subdominant but non-negligible source of
catter. 

In general, variability in τ � impacts abundances more strongly
han variability in 
̇ in . Fig. 10 shows similar changes in [N/O] at
xed [O/H] in both of our oscillatory variants, but it requires
n amplitude of 75 per cent in accretion rates to achieve the
ame � [N/O] as an amplitude of 50 per cent in the SFE. This weaker
mpact arises out of an abundance response that is much more along
he [N/O]–[O/H] relation rather than against it as in the oscillatory τ � 

odel (see the black dashed line in the left-hand panel of Fig. 10 ).
oth [O/H] and [N/H] vary with larger amplitudes in the variable

nfall model due to episodes of enhanced and suppressed accretion,
ut the effects of dilution on [N/H] are amplified by the combination
ith metallicity-dependent yields. As a result, [N/H] varies with
 larger amplitude than [O/H], whereas the opposite is the case
n the oscillatory τ � model. Consequently, [N/O] increases rather
han decreases with increasing [O/H], and changes in [N/O] at
xed [O/H] are smaller. In the context of the observational re-
ults (Schaefer et al. 2020 ), this suggests that different [N/O] ratios
t fixed [O/H] are less likely to reflect changes in the accretion rate
nd more likely to reflect variations in the internal properties of the
NRAS 520, 782–803 (2023) 
tar-forming ISM, such as the thermal state or the pressure, quantities
hich here get folded into τ � . 

.6 The [N/O]–[O/H] relation as an equilibrium phenomenon 

s shown by Weinberg et al. ( 2017 ), under generic conditions the
bundances of a one-zone GCE model with continuing gas infall
volve to an equilibrium, in which new metal production is balanced
y dilution and by the loss of ISM metals to star formation and
utflows. Fig. 5 shows that the [N/O] ratio at a given radius in
ur multizone GCE model approaches an equilibrium after t ≈
 Gyr. Fig. 7 further shows that the [N/O]–[O/H] relation that
merges in our model is driven by the metallicity dependence of the
 yield, with the time-delay of AGB enrichment having minimal

mpact. This indicates that – for the purposes of computing the
quilibrium abundance of N – the AGB star DTD can be neglected,
ssuming instantaneous production as in Section 4.3 . This allows
nalytical solutions to the [N/O] ratio that will arise at a given
quilibrium [O/H]. 

F or an e xponential SFH, Ṁ � ∝ e −t/τSFH , with instantaneous en-
ichment and recycling of an element X with IMF-averaged yield y X ,
he equilibrium ISM mass fraction is 

 eq,X = 

y X 

1 + η − r − τ� /τSFH 
, (11) 

here (as before) η = Ṁ out / Ṁ � , r ≈ 0.4 is the recycling fraction,
nd τ� = M gas / Ṁ � is the SFE time-scale (see section 3 ). When
n element’s characteristic enrichment delay time is �τ SFH , the
orrection to equation ( 11 ) is very small (Weinberg et al. 2017 ),
hich alongside Fig. 7 suggests that the AGB DTD of N enrichment

an safely be neglected for these purposes. The [N/O] abundance
atio in equilibrium is then given by the ratio of the yields with
he metallicity-dependent N yield e v aluated at the equilibrium O
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bundance: 

N/O] eq = log 10 

(
Z N,eq /Z O,eq 

Z N , �/ Z O , �

)
= log 10 

(
y N ( Z O,eq ) /y CC 

O 

Z N , �/Z O , �

)
, 

(12) 

here y N ( Z O ) denotes the total IMF-averaged N yield 
CCSN + AGB) at a given Z O as in Fig. 4 . We have spot-checked this
ormula for each of our AGB yield models taken from the literature
gainst the left-hand panel of Fig. 6 and found agreement to 0.02
ex or better, slightly smaller than the impact of stellar migration on
as-phase N abundances (see discussion in Sections 4.1 and 4.5 ). 

Equation ( 12 ) can be used to predict the [N/O]–[O/H] relation for
 given set of yields. Our fiducial AGB star yield (equation 3 with
= 9 × 10 −4 ) gives an IMF-averaged yield of 9.3 × 10 −4 at Z = Z �

Fig. 4 ; see also discussion in Section 2 ). Applying this value (along
ith y CC 

O = 0 . 015, Z N, � = 6.91 × 10 −4 , and Z O, � = 5.72 × 10 −3 ) to
quation ( 12 ) and separating the massive star contribution of y CC 

N =
 . 6 × 10 −4 for generality gives 

0 [N/O] eq = 10 [N/O] cc + (0 . 513)10 [O/H] eq , (13) 

here [N/O] cc = −0.7 is our empirical CCSN ‘plateau’ taken from
ig. 1 , for which alternate values can be computed from choices
egarding y CC 

N and y CC 
O (see discussion in Section 2.1 ). One can also

everse engineer equation ( 12 ) to derive the IMF-averaged N yield
equired to match an empirical [N/O]–[O/H] relation given a value 
f y CC 

O . 
This analysis sharpens the conventional understanding of 

hy [N/O] is a useful metallicity indicator in external galax- 
es when [O/H] cannot be measured directly. The relation be- 
ween [N/O] and [O/H] is driven by stellar astrophysics (i.e., yields)
n a way that is relatively insensitive to the SFH, SFE, or other
 alactic-scale ph ysics. Vie wing the relation from this perspecti ve
lso highlights where one should be cautious about using [N/O] as a
etallicity indicator. First is in environments where the stellar yields 

ould be substantially different, perhaps because of differences in 
he IMF or in stellar rotation. Second is in galaxies that may be far
rom equilibrium, e.g., because of recent bursts of star formation or
ergers diluting the ISM. The sinusoidal star formation variations 

onsidered in Section 4.5 perturb equilibrium enough to create ∼0.1 
e x e xcursions in [N/O] at fix ed [O/H] (Fig. 10 ). Third is in galaxies
hat are too young to have reached equilibrium. Although the [N/O]–
O/H] relation of our fiducial model is within ∼0.1 dex of its final
alue by t = 5 Gyr, it is lower at earlier times (Fig. 5 ). One-zone
odels with a metallicity-dependent N yield can be used to estimate 
hether high-redshift galaxies are likely to have reached equilibrium 

ased on their SFRs, gas fractions, metallicities, and stellar masses. 
warf galaxies often have low SFE and might therefore reach 

quilibrium more slo wly. Ho we ver, these galaxies are also typically
n the low-metallicity regime where [N/O] is determined by the 
etallicity-independent primary yields anyway. 

.7 Summary 

e find good agreement between GCE model predictions and the 
bserved [N/O]–[O/H] relation if IMF-averaged N yields scale with 
rogenitor metallicity approximately as 

y CC 
N 

y CC 
O 

= 0 . 024 (14a) 

y AGB 
N 

y CC 
O 

= 0 . 062 

(
Z 

Z �

)
, (14b) 
here the prefactor of 0.062 comes from integrating our linear model
ith ξ = 9 × 10 −4 o v er the mass range M � = 1–8 M � and normalizing
y y CC 

O = 0 . 015. The absolute scale of yields is degenerate with the
trength of outflows in GCE models (see discussion in Section 4.2.1 ),
ut the ratio of ( y CC 

N + y AGB 
N ) /y CC 

O is well-constrained by the ob-
erved [N/O]–[O/H] trend. Moti v ated by the C11 + C15 AGB yields,
e have assigned all of the metallicity dependence in equation (14)

o the AGB component, but other y CC 
N + y AGB 

N combinations with
he same total metallicity dependence would predict similar trends. 
eproducing one of the steeper [N/O]–[O/H] relations shown in 
ig. 1 as opposed to the Dopita et al. ( 2016 ) relation would require
 steeper (i.e., super-linear) metallicity dependence. Ho we ver, the 
omparison against stellar trends in Fig. 9 instead suggests a slightly
ub-linear scaling. 

While a ∼linear metallicity dependence is all that is required to
eproduce the gas-phase trends (see Fig. 7 and discussion in Sec-
ion 4.3 ), stellar trends of [N/O] with [O/Fe] and age are sensitive to
he portion of the yield attributed to AGB stars and their associated
ime-delay. We have success reproducing these results when the 
elative contribution of AGB stars follows equations ( 14a ) and ( 14b )
nd with a characteristic time-delay of the order of ∼250 Myr (see
ig. 9 and discussion in Section 4.4 ). The C11 + C15 models

mply an approximately linear mass dependence of the fractional N 

ield Y 

AGB 
N ( M � ). With this mass dependence and the IMF-averaged

ield of equation ( 14b ), we can write 

Y 

AGB 
N ( M � , Z � ) 

y CC 
O 

= 0 . 06 

(
M � 

M �

)(
Z � 

Z �

)
. (15) 

Variations in the assumed SFH do not change the o v erall structure
f the predicted [N/O]–[O/H] relation, instead inducing scatter about 
he mean trend (see Fig. 10 and discussion in Section 4.5 ). Our results
hould also not be impacted by the assumed IMF. We have examined
lternate versions of Fig. 2 with different slopes of the Kroupa
 2001 ) IMF at the high-mass end. While the normalization of y CC 

N 

s impacted, the y CC 
N /y CC 

O ratio is unaffected. Changes in the IMF
ould in principle impact the ef fecti ve DTD of N production in AGB
tars by adjusting the relative numbers of stars of different masses.
o we ver, gas-phase trends are insensitive to the DTD (see discussion

n Section 4.3 ), and the stellar trends of [N/O] with [O/Fe] and age
o not tightly constrain the DTD (see discussion in Section 4.4 ). 

 C O N C L U S I O N S  

uilding on the multizone GCE model of Johnson et al. ( 2021 ),
hich reproduces many observed features of the [ α/Fe]–[Fe/H]-age 
istribution of Milky Way-disc stars, we have inferred empirical 
onstraints on the stellar nucleosynthesis of N by comparing model 
redictions to observed gas-phase trends in external galaxies and 
tellar trends in the Milky Way disc. In our models, the gas-
hase abundance at a given Galactocentric radius first evolves to 
igher [O/H] at roughly constant [N/O] because of primary (metal- 
icity independent) N production, then evolves upward in [N/O] with 
lowly increasing [O/H] because of secondary N production that 
ncreases with metallicity (Fig. 5 ). The [N/O]–[O/H] relation reaches 
n approximate equilibrium after t = 5–8 Gyr, consistent with 
revious arguments that this relation is largely redshift indepen- 
ent (Vincenzo & Kobayashi 2018 ; Hayden-P a wson et al. 2022 ).
his [N/O]–[O/H] relation represents a superposition of evolutionary 

rack endpoints rather than an evolutionary track itself, similar to 
ome explanations of the low- α disc sequence in the Milky Way
e.g. Sch ̈onrich & Binney 2009 ; Nidever et al. 2014 ; Buck 2020 ;
ohnson et al. 2021 ; Sharma et al. 2021 ). 
MNRAS 520, 782–803 (2023) 
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As our principal observational benchmark, we take Dopita et al.’s
 2016 ) characterization of observed gas-phase abundances in external
alaxies (see Fig. 1 ). We obtain good agreement with their [N/O]–
O/H] relation if we assume the IMF-averaged yield ratios y CC 

N /y CC 
O 

nd y AGB 
N /y CC 

O given by equation (14). If we adopt Johnson
t al.’s ( 2021 ) CCSN O yield of y CC 

O = 0 . 015, then the population-
veraged N yields are given by y CC 

N = 3 . 6 × 10 −4 and y AGB 
N =

9 . 3 × 10 −4 )( Z/Z �). This value of y CC 
N is consistent with the rotating

assive star models of Limongi & Chieffi ( 2018 ), and we concur
ith previous arguments that rotating massive stars are required to

xplain the [N/O] ≈ −0.7 plateau observed at low metallicities (see
ig. 1 ; Chiappini et al. 2003 , 2005 , 2006 ; Kobayashi et al. 2011 ;
rantzos et al. 2018 ; Grisoni et al. 2021 ). The AGB yield is similar in
orm but 3 times higher in amplitude than the models of C11 + C15.

With y CC 
O = 0 . 015 and y CC 

N = 3 . 6 × 10 −4 , the AGB N yields
f C11 + C15 and V13 must be amplified by factors of 3 and 2, re-
pecti vely, to achie ve agreement with the Dopita et al. ( 2016 ) [N/O]–
O/H] relation (Fig. 6 ). Ho we ver, as predicted abundance ratios de-
end primarily on yield ratios, we can also obtain agreement by using
he unmodified C11 + C15 or V13 yields and lowering y CC 

O , y CC 
N , and

he outflow mass-loading factor by the corresponding factor. Such a
hange could be physically justified if black hole formation is more
 xtensiv e, or the IMF steeper, than implicitly assumed by the value
f y CC 

O = 0 . 015 (see Section 4.2.1 and Griffith et al. 2021 ). Other
uccessful predictions of the Johnson et al. ( 2021 ) models, including
he Galactic [O/H] gradient that is one of its basic constraints,
ould be largely unchanged if y CC 

Fe , y 
Ia 
Fe , and outflow mass loading

fficiencies η were all reduced by the same factor. Alternatively, one
ould retain a higher y CC 

O and y CC 
N but assume that Galactic winds

referentially eject CCSN products relative to AGB products, as
uggested by Vincenzo et al. ( 2016a ). The de generac y between the
 v erall scaling of yields and the magnitude of outflows is one of
he key sources of uncertainty in GCE models, and as a result, our
nvestigation constrains yield ratios as opposed to absolute yields. 

In contrast to C11 + C15 and V13, the AGB models
f K10 and KL16 + K18 predict IMF-averaged yields that are
ecreasing or approximately flat with increasing Z (Fig. 4 ). In our
CE models, these yields lead to clear disagreement with the Dopita

t al. ( 2016 ) trend, even when we allow reasonable variations in the
etallicity dependence of y CC 

N (Fig. 6 ). There are many uncertain
hysical effects in AGB stellar models, so it is difficult to pinpoint
 single cause for this discrepancy. In general, the most efficient N
roduction occurs when both TDU and HBB occur simultaneously
ecause each replenishment of C and O isotopes from the stellar core
y TDU adds new seed nuclei for HBB to process in 14 N via the CNO
ycle (Ventura et al. 2013 ). The distinctive metallicity dependence
f the K10 and KL16 + K18 yields traces back to the simultaneous
ccurrence of TDU and HBB o v er a substantial mass range at all
etallicities (Fig. 3 ). 
All of the AGB models predict that IMF-averaged N production

s dominated by stars with M > 2 M � (Fig. 4 ). As a result, the delay-
ime required to produce 50 per cent of the AGB N is 250 Myr or
ess, shorter than the ∼1 Gyr characteristic delay of Fe fron SN Ia.
he form of the [N/O]–[O/H] relation is driven by the metallicity
ependence of N yields, not by the time delay of AGB production
Fig. 7 ), and it can be calculated accurately from simple equilibrium
rguments under most circumstances (Section 4.6 , equation 12 ). 

Vincenzo et al. ( 2021a ) inferred the median [N/O]–[O/H] trend
f Milky Way-disc stars from APOGEE abundances corrected
or mixing on the red giant branch using the asteroseismic mass
easurements from Miglio et al. ( 2021 ). They found good agreement
ith the Dopita et al. ( 2016 ) trend, our observational benchmark, so
NRAS 520, 782–803 (2023) 
ur model is also consistent with their derived APOGEE trends.
ur model also reproduces, at least approximately, two important
ndings of Vincenzo et al. ( 2021a ): [N/O] exhibits little correlation
ith stellar age at fixed [Fe/H] for ages � 9 Gyr, and [N/O] declines

inearly with increasing [O/Fe] at fixed [O/H] (Fig. 9 ). The match to
hese observations does depend on the AGB DTD, and it breaks down
f we either make the AGB enrichment instantaneous or make it occur
s slowly as SN Ia Fe production. This comparison also suggests that
he metallicity dependence of AGB star N yields is slightly sub-
inear. Ho we ver, we would instead conclude that a slightly super-
inear dependence is required if we had chosen a steeper [N/O]–
O/H] relation from Fig. 1 . 

To investigate the sources of scatter in the [N/O]–[O/H] relation,
e construct variants of our fiducial model that have ∼40 per cent

inusoidal oscillations in the SFR with a 2-Gyr period, induced by
scillations in either the SFE or the gas infall rate. The combined
ffects of dilution by pristine infall and metallicity-dependent N pro-
uction lead to oscillations in the [N/O]–[O/H] relation comparable
n magnitude to the scatter measured in MaNGA galaxies by Schaefer
t al. ( 2020 ) (Fig. 10 ). We concur with their conclusion that variations
n the SFE can plausibly explain most of the observed scatter. Johnson
t al. ( 2021 ) find that stellar migration induces stochastic variations
n [ α/Fe] enrichment because a stellar population can migrate from
ts birth radius before most of its SN Ia Fe production takes place.
he same effect occurs for AGB N enrichment but to a lesser extent
ecause the shorter production time-scale ( ∼250 Myr) leaves less
ime for migration. We find that migration leads to ∼0.05-dex scatter
n [N/O] at fixed [O/H], which is smaller than the scatter measured
y Schaefer et al. ( 2020 ) but not negligible. 
Our findings illustrate the value and methodology of empirically

onstraining stellar yields by combining general theoretical expec-
ations with GCE modelling and observational constraints. For the
ase of N, we have used the expectation that massive stars and AGB
tars both contribute, with the AGB contribution moderately delayed
n time. The metallicity dependence of the combined population-
veraged yield is tightly constrained, and it is plausibly partitioned
nto a massive star yield that is independent of metallicity and an
GB yield that is linear in metallicity Z and progenitor mass M .
he normalization of the yield is well-constrained relative to the

MF-averaged O yield. The DTD predicted by our fiducial model,
n concert with the Johnson et al. ( 2021 ) GCE prescriptions, leads
o good agreement with the [N/O]–age and [N/O]–[O/Fe] trends for

ilky Way-disc stars (Fig. 9 ). In future work, we plan to address
imilar questions regarding carbon, whose production is closely
elated to that of nitrogen. As this approach is extended to increasing
umbers of elements, the web of yield constraints and consistency
ests will become steadily more po werful, providing v aluable insights
n stellar astrophysics, SN physics, and the history of our Galaxy. 
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 DATA  AVAILABILITY  

ICE is open-source software. The code which numerically inte- 
rates the Johnson et al. ( 2021 ) GCE models is also publicly available
nd can be found in VICE ’s GitHub repository. The sample of star
articles from h277 is available through VICE , which will download 
he files automatically the first time it needs them. The rest of the
ata from h277 can be accessed at ht tps://nbody.shop/dat a.ht ml .
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PPENDIX  A :  VICE 

ICE 14 is an open-source PYTHON package designed to model 
hemical enrichment processes in galaxies with a generic, flexible 
odel. With this paper, we mark the release of version 1.3.0, which

resents a handful of new features: 

(i) Users may select a mass–lifetime relation for stars from a list
f several parametrized forms taken from the literature. Previously, 
nly a single power law was implemented, but this formulation 
nderestimates lifetimes for stars with masses � 4 M �; now, the
ptions include the equations presented in: 

(a) Vincenzo et al. ( 2016b ) 
(b) Hurley, Pols & Tout ( 2000 ) 
(c) Kodama & Arimoto ( 1997 ) 
(d) P ado vani & Matteucci ( 1993 ) 
(e) Maeder & Meynet ( 1989 ) 
(f) Larson ( 1974 ) (default). 

enerally, chemical evolution models make similar predictions with 
ach of these different forms of the mass–lifetime relation since they 
re not considerably different from one another (see the section titled 
Single Stellar Populations’ under VICE ’s science documentation 
or further discussion 15 ). We select the Larson ( 1974 ) form as a
efault within VICE because it is representative of other forms and 
4 Install (PyPI): ht tps://pypi.org/project /vice 
Documentation: ht tps://vice-ast ro.readt hedocs.io 
Source Code: https:// github.com/giganano/ VICE.git

5 ht tps://vice-ast ro.readt hedocs.io/en/lat est/science documentation/ T

0052
equires the lowest amount of computational o v erhead (aside from
he single power-law option). This model is a metallicity-independent 
arabola in log τ–log m space for which we take updated coefficients
rom Kobayashi ( 2004 ) and David et al. ( 1990 ). 

(ii) We have added two additional tables of AGB star yields sam-
led at various progenitor masses and metallicities: the KL16 + K18
nd V13 models presented in this paper are new to VICE (see
iscussion in Section 2.2 for details). 
(iii) We ha ve b uilt in the SN Ia yields presented in Gronow et al.

 2021a , b ). These tables include yields for double detonations of
ub-Chandrasekhar mass carbon–oxygen white dwarfs at various 
rogenitor metallicities. 

Although VICE includes built-in SN and AGB star yield tables, 
sers are not required to adopt any one of them for use in their
hemical evolution models. Instead, it allows arbitrary functions 
f metallicity for both CCSN and SN Ia yields and functions of
rogenitor mass and metallicity for AGB star yields. It provides 
imilar flexibility for additional parameters typically built into GCE 

odels. VICE ’s backend is implemented entirely in ANSI/ISO C ,
roviding it with the powerful computing speeds of a compiled 
ibrary while retaining such scientific flexibility within the easy- 
o-use framework of PYTHON . 

Requiring a Unix kernel, VICE supports Mac and Linux operating 
ystems; Windows users should install and use VICE entirely within 
he Windows Subsystem for Linux. It can be installed via python
m pip install vice , after which python -m vice --
ocs and python -m vice --tutorial will launch a web 
rowser to the documentation and to a jupyter notebook intended to
amiliarize first time users with VICE ’s API. 
MNRAS 520, 782–803 (2023) 
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