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A B S T R A C T 

We analyse the validity of optical diagnostic diagrams relying on emission-lines ratios and in the context of classifying Active 
Galactic Nuclei (AGNs) according to the cosmic metallicity evolution in the redshift range 0 ≤ z ≤ 11 . 2. In this regard, we fit the 
results of chemical evolution models (CEMs) to the radial gradients of the N/O abundances ratio derived through direct estimates 
of electron temperatures ( T e -method) in a sample of four local spiral galaxies. This approach allows us to select representative 
CEMs and extrapolate the radial gradients to the nuclear regions of the galaxies in our sample, inferring in this way the central 
N/O and O/H ab undances. The nuclear ab undance predictions for theoretical galaxies from the selected CEMs, at distinct 
evolutionary stages, are used as input parameters in AGN photoionization models built with the CLOUDY code. We found that 
standard BPT diagnostic diagrams are able to classify AGNs with oxygen abundances 12 + log (O / H) � 8 . 0 [( Z/Z �) � 0 . 2] 
at redshift z � 4. On the other hand, the He II λ4685/H β versus [N II ] λ6584/H α diagram produces a reliable AGN classification 

independent of the evolutionary stage of these objects. 

Key words: ISM: abundances – galaxies: abundances – galaxies: active – galaxies: evolution – galaxies: nuclei – galaxies: 
Seyfert. 
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 I N T RO D U C T I O N  

pectral classification of galaxies based on emission line intensities 
s fundamental for the understanding of the physical processes 
ctuating in the Interstellar Medium (ISM) as well as for the 
nowledge of the ionizing source, of elemental abundances and of 
he metallicity of the gas phase of these objects. 

Baldwin, Phillips & Terlevich ( 1981 ), in their pioneering study, 
howed that combinations of strong optical emission line intensities 
an be used to separate objects according to their main excitation 
echanism: H II regions or Star Forming galaxies (hereafter SFs), 
lanetary Nebulae, Active Galactic Nuclei (AGNs), and objects 
xcited by shock-waves. These authors proposed the [O III ] λ5007/H β

ersus [N II ]6584/H α diagnostic diagram to distinguish SFs from 

ther object classes. Hereafter, this diagram is named as [N II ]-
iagram. Veilleux & Osterbrock ( 1987 ) revised the method of
lassification proposed by Baldwin, Phillips & Terlevich ( 1981 ), 
ncluding the [S II ]( λ6716 + λ6731)/H α and [O I ] λ6300/H α line
atios, commonly known as BPT diagrams. The separation lines 
etween SFs and AGNs in BPT diagrams, called as maximum 

tarb urst lines, ha ve been mainly established by using observational 
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ata of objects in the local universe ( z < 1, e.g. Kauffmann et al.
003 ) and relied on photoionization model results (e.g. K e wley
t al. 2001 ). Ho we ver, optical spectroscopic data of SFs at high
edshift ( z > 1) have shown an offset of the maximum starburst
ines from the local star-forming ones in the [N II ]-diagram, in the
ense that SFs at higher redshifts can show emission-line intensity 
atios commonly presented by AGNs (e.g. Shapley et al. 2005 , 2015 ;
iu et al. 2008 ; Hainline et al. 2009 ; Bian et al. 2010 ; Masters
t al. 2014 ; Steidel et al. 2014 ; Sanders et al. 2016a ; Kashino et al.
017 ; Strom et al. 2017 ; Cameron et al. 2023 ; Simmonds et al.
023 ). 
The cause of this offset is under discussion and it has been

ttributed to higher ionization parameters, harder radiation fields, 
igher N/O ratios in high redshift SFs and/or due to a bias in sample
election (see Garg et al. 2022 ; Sanders et al. 2023a ). For instance,
 e wley et al. ( 2013 ) compared a large sample of galaxies in the

edshift range 0 . 5 < z < 2 . 6 with predictions of photoionization
odels in the [N II ]-diagram. These authors concluded that the

ffset is due to the ISM conditions are more extreme at high
edshift than those of local galaxies (see also Sugahara et al. 2022 ).
therwise, Sanders et al. ( 2016b ), using observations of confirmed
Fs (identified by X-Ray or infrared properties) at z ∼ 2.3 taken from

he MOSFIRE Deep Evolution Field surv e y (Kriek et al. 2015 ), found
hat the cause of the offset of high- z SFs in the [N II ]-diagram is due
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o the ele v ated N/O abundance ratio at fixed O/H (see also P ́erez-
ontero & Contini 2009 ; Masters et al. 2014 ; Shapley et al. 2015 ).
oreo v er, a combination of metallicity and ionization parameter

ffects can be the cause of the maximum starburst line displacement
Cowie, Barger & Songaila 2016 ; Garg et al. 2022 ; P apo vich et al.
022 ). 
Regarding AGNs, this object class can occupy the SF zone in

he [N II ]-diagram even in the local universe, yielding an incorrect
lassification of galaxy nuclei. Gro v es, Heckman & Kauffmann
 2006 ), who used photoionization models to examine the effects
f metallicity ( Z ) variations on the narrow emission lines of AGNs,
howed that AGNs with ( Z/ Z �) � 0 . 5 can occupy similar regions
han SFs with high ionization [log([O III ] λ5007/H β) � 0 . 5]. In the
ame direction, Feltre, Charlot & Gutkin ( 2016 ) compared SF and
GN photoionization model results with observational data of a

arge sample of objects ( z < 0 . 2) taken from Sloan Digital Sky
urv e y Data Release 7 (SDSS-DR7; Abazajian et al. 2009 ) in order to
nalyse the discrimination by the use of line-ratio diagnostics. These
uthors found that for the low metallicity regime [( Z/ Z �) � 0 . 4],
GN and SF models predict similar values of [O III ] λ5007/H β and

N II ]6584/H α, on the side of the [N II ]-diagram corresponding to SFs
see also Feltre et al. 2023 ). Thus, despite there is evidence that only
Fs at high- z are located abo v e the maximum starburst line, AGNs

n the local universe and with low metallicity can occupy the SF zone
n BPT diagrams (see also Zhu, K e wley & Sutherland 2023 ). This
act produces a bias in the AGN selection and in statistic metallicity
tudies because active galaxies with low metallicity, misclassified
s SFs, are excluded from any selection/analysis. In fact, Osorio-
lavijo et al. ( 2023 ) used optical data taken from the Calar Alto
e gac y Inte gral Field Area surv e y (CALIFA, S ́anchez et al. 2012 )
nd data from the CHANDRA X-ray satellite (Weisskopf et al. 2002 )
o study the AGN population in the local universe. These authors
howed that the AGN population in the CALIFA surv e y is 4 per cent
Lacerda et al. 2020 ) when only BPT diagrams are used as a selection
riterion. Ho we ver, this fraction could rise up to ∼10 per cent when
ccounting for both optical and X-ray spectroscopic analyses. Also,
yk ov, Gilf anov & Sunyaev ( 2024 ) showed that most part of AGNs
osted in low-mass galaxies ( M < 10 9 . 5 M �) and selected by using
-ray luminosity are located in the SF zone in the [N II ]-diagram.
oreo v er, Dors et al. ( 2020 ) selected 463 AGNs ( z < 0 . 4) based on
PT diagrams using the SDSS-DR7 (Abazajian et al. 2009 ) data base
nd classifications from NASA/IPAC Extragalactic Database (NED).
hese authors estimated the metallicity through several strong-line
ethods and found that AGNs with ( Z/Z �) < 0 . 6 are only ∼10 per

ent of the sample. Certainly, if standard BPT diagrams exclude low
etallicity AGNs the fraction abo v e is underestimated. 
Important insights on the applicability of BPT diagrams at high-

 are coming from sophisticated analysis relying on hydrodynamic
imulations combined with photoionization models. For instance,
arg et al. ( 2022 ), by using the SIMBA code (Dav ́e et al. 2019 ), simu-

ated galaxies contained in a box with a side length of 100 h −1 Mpc.
he abundances resulting from SIMBA simulations are assumed as

nput in SF photoionization models. From this simulation, Garg et al.
 2022 ) showed that SFs at z = 2 either with an increasing of the N/O
bundance ratio or with a decreasing ionization parameter at fixed
/H can go through the maximum starburst line in the [N II ]-diagram.
irschmann et al. ( 2023 ) combined cosmological ILLUSTRISTNG 

1 

imulations (Nelson et al. 2018 ) with SF and AGN photoionization
odels, gas ionization by post-AGB stars as well as fast, radiative
NRAS 527, 8193–8212 (2024) 
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O  

r  

r  
hocks in order to analyse the validity of diagnostic diagrams. These
uthors showed that standard BPT diagrams break down for metal-
oor ( Z � 0 . 5 Z �) AGNs at z � 1 (see also Hirschmann et al. 2019 ;
akajima & Maiolino 2022 ), hence AGN galaxies mo v e towards the
F zone. 
As pointed out by Hirschmann et al. ( 2023 ), a source of the inaccu-

acy of current large-scale cosmological simulations (see also Buck
t al. 2021 ), such as the ILLUSTRISTNG and SIMBA simulations, is that
hey do not resolve the ISM, i.e. these simulations neither resolve gas
roperties, such as density in individual ionized regions, nor track
he formation, evolution and destruction of dust grains. This problem
akes that observed AGN luminosity function, stellar populations,

nd associated scaling relations are not al w ays well reproduced by
hese models. To circumvent the possible limitation of cosmological
ydrodynamic simulations, detailed fitting of chemical evolution
odels to physical parameter estimations (e.g. star formation rate,

bundances, etc) of individual galaxies can produce more reliable
onstraints to the applicability of the BPT diagrams. For instance,
oll ́a & D ́ıaz ( 2005 ) presented a generalization of the multiphase

hemical evolution model (hereafter CEM) applied to a wide set
f theoretical galaxies with different masses and evolutionary rates.
ver decades, this classical approach of CEMs have been able to
redict the radial elemental ab undance distrib utions (with a spatial
esolution of few kpc) of galaxies (e.g. Alloin et al. 1979 ; Talbot
980 ; Diaz & Tosi 1984 ; Prantzos & Boissier 2000 ; Chiappini,
atteucci & Romano 2001 ; Sch ̈onrich & Binney 2009 ; Marcon-
chida, Matteucci & Costa 2010 ; Cavichia et al. 2014 ; Kubryk,
rantzos & Athanassoula 2015 ; Kang et al. 2016 ; Magrini et al.
016 ; Moll ́a et al. 2019 ; Sharda et al. 2021 ; Cavichia, Moll ́a &
az ́an 2023 ). 
Another approach of most simulations built to analyse the validity

f diagnostic diagrams along the cosmic time is the assumption of
he O/H abundance as a metallicity tracer of the ISM (e.g. Garg
t al. 2022 ). Ho we ver , for A GN photoionization modelling, this
pproach can introduce some uncertainty in the O/H abundance
r metallicity values and, consequently, in the predicted emission
ine intensities used in the BPT diagrams. Radio observations have
hown the existence of neutral/molecular gas reservoir in the central
arts of galaxies containing AGNs (e.g. Dressel, Bania & Oconnell
982 ; Hutchings, Gower & Price 1987 ; Bertram et al. 2007 ; Ho,
arling & Greene 2008 ; Garc ́ıa-Burillo et al. 2014 ; Bradford et al.
018 ; Combes et al. 2019 ; Ellison et al. 2019 ). Recently, do
ascimento et al. ( 2022 ), by using MaNGA spectroscopic data of
08 Seyfert nuclei, showed that this neutral/molecular gas reservoir
eems to be the cause of the lower (0.16–0.30 dex) O/H abundance
n AGNs than the expected value from central extrapolation of radial
etallicity gradients. Likewise, elemental abundance estimates (e.g.
/H, N/H) can be somewhat uncertain due to several factors. For

xample, O/H abundances based on direct estimates of electron
emperature ( T e -method) can be underestimated (up to ∼0.2 dex)
ue to electron temperature fluctuations, possibly present in SFs
e.g. Krabbe & Copetti 2002 ; H ̈agele et al. 2006 ; Peimbert et al.
007 ; Oliveira, Copetti & Krabbe 2008 ; M ́endez-Delgado et al.
023 ) and in AGNs (Riffel et al. 2021 ). On the other hand, it is
argely known that photoionization models trend to o v erestimate
lemental abundances (by 0.1–0.4 dex) in relation to those via the
 e -method (e.g. Kennicutt, Bresolin & Garnett 2003 ; Dors & Copetti
005 ; K e wley & Ellison 2008 ). Thus, CEM predictions and elemental
bundance estimations of galaxies involving hydrogen content (e.g.
/H, N/H) can be somewhat uncertain. In this sense, the abundance

atio of heavy elements (e.g. N/O, C/O, Fe/O) trend to be more
eliable metallicity indicators in comparison to O/H abundance, since

https://www.tng-project.org/
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hey do not take into account the hydrogen content, as well as the
ffects of electron temperature fluctuations and the uncertainties in 
hotoionization models trend to be minimized. In fact, Watanabe 
t al. ( 2023 ) compared the values of the abundance ratios (Fe/O,
r/O, S/O) predicted by CEM with direct abundance estimates for 
alaxies in the local universe and in the range of z ∼ 1–10. Important
esults arose from this comparison as, for instance, winds of rotating 

olf Rayet stars that end up as a direct collapse could explain the
igh N/O abundance [ log (N / O) > −0 . 5] derived for the galaxy GN-
11 ( z ∼ 10.6, Cameron et al. 2023 ; Senchyna et al. 2023 ) rather
han supernovae ISM enrichment (but see Maiolino et al. 2023 for a
ifferent result). 
In particular, the N/O abundance ratio has been suggested as a 

ood metallicity tracer and it is correlated to the galaxy mass (e.g.
 ́erez-Montero & Contini 2009 ; Andrews & Martini 2013 ; Masters,
aisst & Capak 2016 ; P ́erez-Montero et al. 2016 ; Douglass &
ogeley 2017 ; Kojima et al. 2017 ; Florido, Zurita & P ́erez-Montero
022 ; Hayden-P a wson et al. 2022 ) as well as it is a useful tool to
tudy the interplay of galactic processes, for instance, star formation 
fficiency, the time-scale of infall, and outflow (e.g. Magrini et al. 
018 ; Johnson et al. 2023 ). In addition, recent estimates of radial
bundance gradients in local spiral galaxies via direct estimations of 
he electron temperatures ( T e -method 2 ), for example, make available 
y the CHAOS project 3 (e.g. Berg et al. 2015 ; Croxall et al. 2015 ,
016 ; Rogers et al. 2021 , 2022 ) as well as estimates for very
igh redshift ( z > 5) galaxies obtained by the JWST (e.g. Arellano-
 ́ordova et al. 2022 ; Hsiao et al. 2023 ; Curti et al. 2023b ) provide

eliable constraints to CEMs and, consequently, to the validity of the 
PT diagrams in the cosmological context. 
Moti v ated by the large number of direct elemental abundance 

stimates in galaxies with a wide range of redshift and by the
dvantage of the use of N/O as a metallicity tracer, in this work,
e used predictions of the CEMs proposed by Moll ́a & D ́ıaz ( 2005 )

o reproduce direct estimations of N/O gradients in four local spiral
alaxies, whose data were taken from the literature. Extrapolations 
f the radial gradients to the central parts of the galaxies, predicted
y the selected models by Moll ́a & D ́ıaz ( 2005 ), were carried out
n order to obtain the central N/O abundances, in a wide range
f redshifts ( z = 0–11). Furthermore, the resulting N/O and the
orresponding O/H abundances, for different redshift bins, were 
ssumed as input parameters in AGN photoionization models built 
ith the CLOUDY code (Ferland et al. 2013 ). This methodology 
akes it possible to investigate the feasibility of optical diagnostic 

iagrams for the AGN classification in a wide range of redshifts. The
tructure of this paper is as follows. In Section 2, the methodology
mployed in the analysis, i.e. observational abundance estimates used 
s constraints, CEMs and photoionization models descriptions, is 
resented. In Section 3 , the results and their discussion are presented.
onclusions are presented in Section 4 . Throughout this paper, we 
dopt the Planck Collaboration et al. ( 2021 ) cosmologic parameters: 
 0 = 67 . 4 km s −1 Mpc −1 and �m 

= 0.315. 

 M E T H O D O L O G Y  

e obtained optical emission line intensities predicted by pho- 
oionization models in order to analyse the reliability of the BPT
iagrams for a wide redshift range. For that, we used predicted N/O
 For a re vie w of the T e -method, see Peimbert, Peimbert & Delgado-Inglada 
 2017 ) and P ́erez-Montero ( 2017 ). 
 https:// www.danielleaberg.com/ chaos 
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adial abundances from CEMs proposed by Moll ́a & D ́ıaz ( 2005 ) to
eproduce the ones derived through the T e -method in a small sample
f local spiral galaxies. After that, the N/O gradient resulting for each
heoretical galaxy with distinct evolutionary stages was extrapolated 
o its central part (galactocentric distance equal to zero) in order
o obtain its nuclear abundance. The N/O nuclear abundances and 
heir corresponding O/H abundances were used as input parameters 
n AGN photoionization models. Finally, the optical emission-line 
ntensities ratios predicted by the photoionization models were 
mployed in order to investigate the galaxy classification for the 
edshift range z = 0.0–11.0. In the following sections, we present
ach employed procedure. 

.1 Direct radial abundance estimates 

e compiled from the literature the N/O radial abundances of the
iscs of four local ( z < 0 . 1) spiral galaxies derived through direct
easurements of the electron temperatures, i.e. by using the T e -
ethod, known as the most reliable method (see e.g. Pilyugin 2003 ;
 ̈agele et al. 2006 , 2008 , 2012 ; Toribio San Cipriano et al. 2017 ).
ince the T e -method requires the presence of faint (about 100 times
ainter than H β) auroral lines (e.g. [O III ] λ4363; D ́ıaz et al. 2007 ),
irect estimates of N/O radial gradients are only available for a few
piral galaxies and do not co v er the entire optical discs. In fact, only
or 20 o v er the 41 disc H II regions belonging to the grand design
nd nearby spiral galaxy M 101 (NGC 5457) observed by Kennicutt
 Garnett ( 1996 ), it was possible to measure electron temperatures

see Kennicutt, Bresolin & Garnett 2003 ). Likewise, more recent 
pectroscopic data of spiral galaxies obtained by the CHAOS project 
e.g. Berg et al. 2015 ), a project dedicated to measuring direct
bundance in disc H II regions using the Large Binocular Telescope,
ave shown the difficulty to measure electron temperatures even in 
earby galactic discs. Thus, to assume only abundance estimates via 
he T e -method as a selection criterion penalizes any study, in the
ense that few objects are able to be selected (e.g. Dors et al. 2020 ). 

To estimate the radial N/O abundance distributions of spiral 
alaxies, it is usually assumed a linear regression: 

log ( N / O ) = log ( N / O ) 0 + grad log ( N / O ) × R, (1) 

here R is the galactocentric distance (in units of kpc), log (N/O) 0 is
he extrapolated value of this parameter to the galactic centre ( R =
 kpc), and grad is the slope (in units of de x kpc −1 ). To deriv e the N/O
alactic gradient, H II regions distributed across the galaxy disc are
ecessary (e.g. Gusev et al. 2012 ). Therefore, we selected from the
iterature only galaxies for which N/O estimates via the T e -method
ere obtained for more than 10 disc H II regions with galactocentric
istances R reaching up to the isophotal radius R 25 (see Pilyugin,
 ́ılchez & Contini 2004 ), defined as the galactocentric distance
here the surface brightness is 25 mag arcsec −2 in the B -band. The

elected objects, the number of disc H II regions and the authors who
alculated the N/O estimates are: NGC 628 (45, Berg et al. 2015 ),
GC 2403 (28, Rogers et al. 2021 ), M 101 (20, Kennicutt, Bresolin
 Garnett 2003 ), and M 33 (60, Rogers et al. 2022 ). 
The following methodology was applied by the authors (see 

able 1 ) to estimate the direct abundances: 

(i) Two electron temperatures [ T e (low) and T e (high)] are derived
hrough the [N II ]( λ6548 + λ6584)/ λ5755 and [O III ]( λ4959 +
5007)/ λ4363 line intensities ratios for the zones were the O 

+ –
 

+ and the O 

+ 2 ions are originated, respectively (Peimbert 1967 ).
or the cases when it was not possible to apply the previously
entioned procedure to estimate T e (low), it was estimated through 
MNRAS 527, 8193–8212 (2024) 
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Table 1. Properties of our sample of spiral galaxies and CEMs. Columns: (1) Galaxy identification. (2) Galaxy mass. (3) Number of disc H II regions with direct 
estimates of N/O abundance. (4) Galactocentric distance range with direct N/O estimates. (5) and (6) Slope and central intersect values of the N/O regression. 
(7) Redshift. (8) Scale. (9) Literature reference from which the observational data were taken. (10) −(11) model designations according to Table 2 by Moll ́a & 

D ́ıaz ( 2005 ) (12) Galaxy mass derived through the corresponding CEM. 

Chem. Mod. 
(1) (2) (3) (4) (5) (6) (7) (8) Scale (9) (10) (11) (12) 
Object log ( M ∗/ M �) Number Radius (kpc) grad (N/O) log(N/O) 0 z (kpc arsec −1 ) Ref. N N log ( M ∗/M �) 

M 101 10.7 13 6.00–20.00 −0.025 ± 0.007 −0.78 ± 0.11 0 .00080 0.017 1 44 8 13.07 
NGC 628 10.0 45 2.00–11.00 −0.075 ± 0.005 −0.52 ± 0.03 0 .00219 0.047 2 26 7 12.13 
NGC 2403 11.0 28 1.00–6.40 −0.073 ± 0.012 −0.91 ± 0.04 0 .00044 0.009 3 14 7 11.24 
M 33 9.68 60 0.10–5.00 −0.080 ± 0.023 −0.93 ± 0.07 − 0 .00059 0.004 4 10 7 11.07 

Note. References: (1) Kennicutt, Bresolin & Garnett ( 2003 ), (2) Berg et al. ( 2015 ), (3) Rogers et al. ( 2021 ), (4) Rogers et al. ( 2022 ). 
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heoretical/empirical relations with the T e (high) (see e.g. H ̈agele et al.
008 ; Rogers et al. 2022 ). 
(ii) The total oxygen and nitrogen abundances are estimated

ssuming (O/H) = (O 

+ /H 

+ ) + (O 

2 + /H 

+ ) and (N/O) = (N 

+ /O 

+ )
Peimbert & Costero 1969 ). 

It is worth mentioning that as the N/O estimates for the objects
n our sample were taken from different authors, for which distinct
bservational techniques, reddening law and atomic parameters were
ssumed, the estimates are obtained adopting not a homogeneous
ethodology. This could produce artificial scattering or biases in the

erived abundances and, consequently, in the CEM interpretations.
ffects of the use of distinct methodologies and heterogeneous
amples on nebular abundance analysis are discussed, for instance,
y Juan de Dios & Rodr ́ıguez ( 2017 ) and Dors et al. ( 2023 ), which
ould introduce abundance variations in the order of ∼0.1 dex, which
s similar to the uncertainties introduced by the errors in the optical
mission-line measurements (see e.g. H ̈agele et al. 2008 ). 

In Fig. 1 , the logarithm of the direct N/O abundances taken
rom the literature as a function of the galactocentric distances are
lotted together with their linear regressions obtained following the
quation ( 1 ) for each studied galaxy. The fitting uncertainties are also
hown. 

In Table 1 , the identification of the spiral galaxies considered in our
nalysis, the logarithm of their masses (in units of the solar mass),
he number of disc H II regions with direct abundance estimates,
he galactocentric distance R range in which the N/O values were
erived, and their literature references are presented. 
Zaritsky, Kennicutt & Huchra ( 1994 ) showed the existence of

orrelations between the O/H gradients and galactic macroscopic
uantities (e.g. mass, absolute magnitude, Hubble type), being these
orrelations dependent on the normalization to the galactocentric
istance (see also Vila-Costas & Edmunds 1992 ; Pilyugin, V ́ılchez
 Contini 2004 ; Ho et al. 2015 ; Pilyugin et al. 2019 ). In particular,

ess massive galaxies trend to have steeper gradients (in units of
ex kpc −1 ) in comparison to those in more massive objects (e.g. Ho
t al. 2015 ). Despite this result is still under debate in the literature
see e.g. Belfiore et al. 2017 ; Poetrodjojo et al. 2018 ), any study
iming to obtain representative abundance gradients in spiral galaxies
ust consider a wide galactic mass interval (e.g. Hirschmann et al.

023 ). The mass interval of our sample is 9 . 6 � log ( M/ M �) � 11,
o v ering practically all the mass range considered by Maiolino et al.
 2008 ), who derived the mass-metallicity relation for galaxies in a
ide redshift range. Even though abundance values and metallicity
radients for galaxies with mass values lower than log ( M/ M �) � 9 . 0
re available in the literature (e.g. Ho et al. 2015 ; Bresolin 2019 ; Curti
t al. 2023a ), N/O gradients via the T e -method in these objects are
arely found. 
NRAS 527, 8193–8212 (2024) 
In addition, galaxies located in dense environments (e.g. Dors
 Copetti 2006 ; Mouhcine, Baldry & Bamford 2007 ; Robertson,
hields & Blanc 2012 ; Lara-L ́opez et al. 2022 ) as well as interacting
alaxies (e.g. Krabbe et al. 2008 , 2011 ; K e wley et al. 2010 ; Rupke,
 e wley & Chien 2010 ; Rosa et al. 2014 ; S ́anchez et al. 2014 ;
orres-Flores et al. 2014 ; Zinchenko et al. 2015 ) trend to have
ifferent metallicities and, consequently, abundance gradients in
omparison to the isolated ones. Moreo v er, the shape of oxygen
bundance profiles, in some cases, cannot be represented by a single
unction (e.g. Martin & Roy 1995 ; Roy & Walsh 1997 ; Bresolin
t al. 2009 ; Bresolin, Kennicutt & Ryan-Weber 2012 ; Marino et al.
012 ; Pilyugin et al. 2017 ; S ́anchez-Menguiano et al. 2018 ), as the
ne proposed in the equation ( 1 ). Our sample of spiral galaxies
oes not present clear signals of interactions with near galaxies,
s reported in the works from which the direct estimates were
ak en. Lik ewise, as we can see in Fig. 1 , for 3/4 objects, the N/O
b undance distrib utions are well represented by a linear fitting, with
lopes steeper than −0.02 dex kpc −1 , not indicating any effect of
nvironment/interaction on the abundances. This feature is important
ecause the CEMs proposed by Moll ́a & D ́ıaz ( 2005 ) consider only
he cosmic evolution of isolated galaxies. 

For 3/4 galaxies in our sample, clear O/H and N/H single linear
e gressions with ne gativ e slopes were deriv ed in the works from
hich the estimates were obtained (not shown), and thus, the N/O

egressions shown in Fig. 1 indicate that the nitrogen has mainly a
econdary source of production, i.e. A (N) ∼ A (O) 2 (e.g. Hamann &
erland 1993 ), being A the abundance. It can be also seen in Fig. 1 that
or the H II regions belonging to M 101 and located at galactocentric
istances larger than ∼20 kpc, a flattened N/O distribution is derived.
his result could be due to these H II regions having low metallicities

12 + log ( O / H ) � 8 . 0], and for this regime the nitrogen has mainly
 primary origin (Kennicutt, Bresolin & Garnett 2003 ). For the other
hree galaxies, we are sampling the inner part of the disc and they
how similar behavior to M 101 for R � 20 kpc. For consistency,
n M 101, we only consider N/O estimates for the 13 regions with
 � 20 kpc, i.e. only those estimates showing a secondary nitrogen
roduction. 

.2 Chemical evolution models 

oll ́a & D ́ıaz ( 2005 ) presented multiphase CEMs applied to a wide
et of theoretical galaxies with different masses (9 � log ( M/ M �) �
3), evolutionary rates (age ranging from ∼0 to ∼13 Gyr) and
istinct efficiencies of stellar formation. In these models, the enriched
aterial proceeds from the restitution by dying stars, considering

heir nucleosynthesis predicted by the stellar products of massive
tars by Woosley & Weaver ( 1995 ), low and intermediate-mass stars
y Gavil ́an, Buell & Moll ́a ( 2005 ), and an initial mass function (IMF)
y Ferrini, Penco & Palla ( 1990 ) that is similar to the one proposed
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Figure 1. Comparison between N/O abundance ratio estimates based on the T e -method (black points) and predictions from CEMs by blue points 
2005MNRAS.358..521M for the spiral galaxies indicated on each panel. Solid black lines represent linear regressions to the estimates via the T e -method 
while dashed black lines the uncertainties of these fittings. Blue lines represent linear regressions to the CEM results. Table 1 lists the main features of the 
considered galaxies and the references for direct abundance estimates. 
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y Scalo ( 1986 ). These CEMs predict elemental abundances (e.g. O,
, Fe, etc) along the h ypothetical g alaxy discs assuming that this

s formed by radial regions, being the smallest R value of 1–4 kpc,
epending on the galaxy mass. 
To fit the CEM results to the direct radial abundance for our sample

f spiral galaxies the following methodology was adopted. 

(i) Galaxy mass: The maximum galactic radius ( R gal ) is correlated 
o the galaxy mass ( M gal ) by the expression (Lequeux 1983 ): 

 gal = 2 . 32 × 10 5 R gal V 

2 
max , (2) 

eing V max the maximum rotation velocity . Initially , we selected a
et of models ( S 1) whose predicted N/O abundances co v er the range
 � (N / O)] of direct estimates along the radius ( R ) of each galaxy of
he sample, not taking into account a fitting to the abundance ratio
radient (see also Magrini et al. 2016 ). Basically, we consider 

 S1) = � (N / O) CEM 

≈ � (N / O) dir. , (3) 

eing � (N / O) CEM 

and � (N / O) dir. , the range of abundance ratios
redicted by the CEMs and derived by the T e -method, respectively. 
hus, this fitting procedure allows us to find the best set of CEMs
 S 1) with distinct masses that describe the direct radial abundances.
or each galaxy of our sample, S 1 contains one (unique solution) or
t maximum two CEMs with distinct mass. For instance, in Fig. 2 ,
he direct abundance estimates compiled from the literature (see 
able 1 ) for M 101 galaxy is compared with CEM predictions by
oll ́a & D ́ıaz ( 2005 ) assuming four M gal values (which co v er the

alaxy mass interval for the CEMs) and taking into account all star
ormation efficiencies (not discriminated). This grand design spiral 
alaxy has served as the prototype system for studies on gas-phase
bundances in extragalactic objects (Kennicutt & Garnett 1996 ). We 
an see in Fig. 2 that the CEM with log ( M gal / M �) = 13 . 07 describes
learly the direct estimates. 

(ii) Collapse time-scales ( τ ): the τ value for each galaxy depends 
n its total mass through the expression given by Gallagher, Hunter
 Tutukov ( 1984 ): 

∝ M 

−1 / 2 
gal T , (4) 

eing T the age, i.e. galaxies with lower masses have higher τ than
ore massive ones. The age of a given galaxy is difficult to estimate

ecause it requires the chronochemodynamics of stars to reconstruct 
 timeline of galaxy events (for a re vie w see Soderblom 2010 ). As
MNRAS 527, 8193–8212 (2024) 
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Figure 2. Logarithm of the N/O abundance ratio versus the galactocentric 
distance R (in kpc) for the M 101 galaxy. Black points represent direct 
abundance estimates compiled from the literature (see Table 1 ). In each 
panel, blue crosses represent predictions from CEM by Moll ́a & D ́ıaz ( 2005 ) 
for distinct galaxy mass ( M gal ), as indicated, for all star formation efficiencies 
(not discriminated) and assuming an age of 13.2 Gyr. 
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Figure 3. Logarithm of the N/O abundance ratio versus the galactocentric 
distance R (in kpc) for the M 101 galaxy. Black points represent direct 
abundance estimates compiled from the literature (see Table 1 ) while solid and 
dashed black lines represent their fitting and its uncertainties, respectively. 
Colour lines connect CEM results (colored points) for distinct star formation 
efficiency pairs εμ, εH according to their N designation in Table 2 by Moll ́a 
& D ́ıaz ( 2005 ) as indicated. The galactic mass [ log ( M gal / M �)] and collapse 
time-scale ( τ ) are 13.07 and 13.2 Gyr, respectively. 
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here are no age estimations for the galaxies in our sample, we assume
nly chemical models with 13.2 Gyr. Recent JWST observations have
evealed the presence of galactic discs at 3 � z � 12, corresponding
o ∼2 and ∼0.3 Gyr, respectively, after the Big Bang (e.g. Naidu
t al. 2022 ; Ferreira et al. 2022a , b ; Robertson et al. 2023 ). Thus, it
eems to be a good approach to assume for our sample ( z ∼ 0.0) ages
f 13.2 Gyr. 
(iii) Star formation efficiencies ( ε): the CEMs by Moll ́a & D ́ıaz

 2005 ) assume star formation that takes place in two steps: first, the
ormation of molecular clouds with efficiency εμ; then the cloud–
loud collision with efficiency εH . Both εμ and εH are related to the
tar formation rate (SFR; Moll ́a & D ́ıaz 2005 ). The star formation
fficiency is defined by: 

= 

ln εμ

ln εH 
, (5) 

ith ε constant along the galactic disc. Moll ́a & D ́ıaz ( 2005 )
omputed 10 models for each theoretical galaxy, allowing εμ ranging
rom 0 to 1 and εH fixed according to the ratio 

( ln εμ

ln εH 

) ∼ 0 . 4. We
ollow the designation presented in table 2 of Moll ́a & D ́ıaz ( 2005 ),
here CEMs with different εμ values are defined by the ‘ N ’ term. 

Moll ́a & D ́ıaz ( 2005 ) built 440 different models that represent all
ossible combinations of the parameters described abo v e. 
Taking into account the set S 1, we establish a new set of CEMs

 S 2), now, comparing the predictions and direct N/O gradient
arameters for each galaxy of the sample. To fit the CEM results
o the direct radial N/O estimates, for each galaxy of our sample, we
ssume that a CEM is representative if it yields the minimum value
f χ : 

2 ( S2) = f ( M gal , N, τ = 13 . 2 Gyr ) = χ2 
c − χ2 

g , (6) 
NRAS 527, 8193–8212 (2024) 
eing χc = log ( N / O ) ob . 
0 − log ( N / O ) mod . 

0 , χg = grad log ( N / O ) ob . −
rad log (N / O) mod . , where the ‘ob.’ and ‘mod.’ indices indicate the
bservational and chemical model linear regressions parameters,
espectively. The selected CEM results are plotted in Fig. 1 together
ith their corresponding linear regressions. A unique CEM is found

o be representative of each galaxy. 
In Fig. 3 , direct abundance estimations [log (N/O)] as a function

f galactocentric distances ( R ) are compared with CEM predictions
y Moll ́a & D ́ıaz ( 2005 ) for the M 101 galaxy. The CEM predictions
re for distinct N values and fixed M gal and τ values, as indicated.
rom this comparison, we can see that the theoretical radial N/O
istributions produce a bad fitting to the direct estimates for large R
alues (see also Magrini et al. 2016 ; Moll ́a et al. 2019 ). The behaviour
hown in Fig. 3 for M 101 is also derived for CEM predictions
ssuming other M gal values (not shown). The discrepancy derived
or large R values, probably, is due to the simplistic approach that
uter regions evolve at the same rate than inner galactic disc regions
e.g. Magrini et al. 2016 ), the effect of galactic interactions (more
ronounced in outskirt regions, e.g. Toomre & Toomre 1972 ) and/or
rong SFR suppositions along the hypothetical disc (see Belfiore

t al. 2017 and references therein). Recently, Garcia et al. ( 2023 ),
y using gas-phase metallicity profiles of galaxies predicted by
LLUSTRIS and ILLUSTRISTNG simulations, showed that breaks in
etallicity radial profiles are derived for galaxies at z = 0–3 and
ith a wide mass range, being these due to radial gas mixing. The

xistence of breaks in the radial N/O linear distributions pointed out
he need to assume only linear regressions in the inner parts of the
alactic discs in order to infer nuclear abundances, as carried out in
he present work. 
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Figure 4. Logarithm of (N/O) 0 (extrapolated abundance to the galactic 
centre) at different evolution times considering predictions from the CEMs 
by Moll ́a & D ́ıaz ( 2005 ) for M 101 and assuming N = 8 as selected through 
Fig. 3 . Points represent (N/O) 0 assuming radial gradients estimated by fitting 
the equation ( 1 ) to the CEM predictions for the galactocentric distance 
R < 20 kpc, entire disc and assuming (N/O) 0 equal to (N/O) for R = 4 kpc 
(see text), as indicated. Error bars represent the uncertainty in (N/O) 0 . 
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The comparisons shown in Figs 2 and 3 clearly indicate the need to
mpose observational constraints on CEMs. Otherwise, parameters 
e.g. masses, star formation efficiencies) no representative to those of 
eal galaxies can be assumed in the CEMs and, consequently, wrong 
nterpretations from these could be obtained. 

We need to infer the central intercept N/O abundance [(N/O) 0 ]
rom the extrapolation of the linear regressions fitted to the theoretical 
alues predicted by the CEMs and along the cosmic time. Due to the
ossible wrong theoretical predictions for large R values, gradient 
redictions for the entire discs would produce incorrect (N/O) 0 
alues. To explore this fact, we study the behaviour of the logarithm
f the (N/O) 0 obtained by fitting a linear regression (equation ( 1 )) to
he CEM results (considering the models with N = 8 as was selected
or M 101 from Fig. 3 ) in the 0.0–11.2 redshift range (see Fig. 4 ). We
tted these linear regressions considering different galactocentric 
istances: R < 20 kpc and the entire disc. We also considered in
ig. 4 , the (N/O) values for R = 4 kpc, as approximations for the
N/O) 0 values since this is the smallest galactocentric distance with 
bundance predictions by these CEMs and they are expected to have 
bundances near to those in nuclear regions. It can be noted in this
gure that for z � 6, the log(N/O) 0 values estimated using the entire
iscs are ∼0.3 dex lower than those estimated using R < 20 kpc.
ikewise, predictions assuming the log(N/O) at R = 4 kpc as the

og(N/O) 0 values are, as expected, somewhat lower ( ∼0.15 dex) 
han those estimated via R < 20 kpc. For z � 6, all the suppositions
roduce similar (N/O) 0 values due to the flattened of gradients for
igh redshifts (see below). These results strengthen the assumption of 
nly considering gradient estimates in disc parts, where the nitrogen 
as mainly a secondary origin. Therefore, following this analysis 
erformed for M 101, for the other galaxies in our sample (shown in
ig. 1 ), we only consider CEM predictions for the inner parts of their
 alactic discs, i.e. g alactocentric distances similar to those for which
irect estimates are available. In Table 1, the range of galactocentric 
istances considered in the CEM fittings are listed. 

.3 Photoionization models 

e considered the version 22.00 of the CLOUDY code (Ferland 
t al. 2013 , 2017 ) in order to build up photoionization model grids
epresenting narrow line regions (NLRs) of AGNs in a wide redshift
ange ( z = 0.0–11.2). In this regard, the (N/O) 0 values obtained from
he linear fitting to the CEM radial gradient predictions, for distinct
edshifts and for each galaxy of our sample (see Section 2.1 ), and
he correspondent O/H values (see below), were assumed as input 
arameters of the photoionization models. 
These models were built following the methodology presented 

y Dors et al. ( 2019 ) and the reader is referred to this paper for
 complete description. In what follows, the input parameters are 
riefly described. 

(i) Spectral Energy Distribution (SED): the SED was assumed to 
e the one defined by the Table AGN command in the CLOUDY

ode and it is similar to that deduced by Mathews & Ferland
 1987 ). We compared emission line intensities ratios, considered in
PT diagrams, predicted by our photoionization models with those 
ssuming SEDs derived from observations of the AGNs Mrk 509 
nd NGC 5548 by Kaastra et al. ( 2011 ) and Mehdipour et al. ( 2015 ),
espectively 4 We found that photoionization models assuming these 
istinct SEDs produce line intensities ratios that differ by a factor
ower than ∼0.1 dex (see also Feltre, Charlot & Gutkin 2016 ), similar
o the uncertainties in observational line ratio intensities (e.g. H ̈agele
t al. 2008 ). 

(ii) Electron density ( N e ): in all photoionization models N e was
ssumed to be constant along the nebular radius and equal to
00 cm 

−3 , about the mean value found by Dors et al. ( 2014 ) for a large
umber of Seyfert 2 nuclei and derived through the [S II ] λ6716/6731
ine ratio (see also Vaona et al. 2012 ; Zhang, Liang & Hammer
013 ; Flury & Moran 2020 ; Agostino et al. 2021 ; XueGuang 2023 ).
rmah et al. ( 2023 ) investigated the effect of the presence of a radial
ensity profile (e.g. Congiu et al. 2017 ; Freitas et al. 2018 ; Kakkad
t al. 2018 ; Re v alski et al. 2018 ; Mingozzi et al. 2019 ; Re v alski
t al. 2021 ) and high density values ( N e > 10 4 cm 

−3 , see Vaona et al.
012 ; Congiu et al. 2017 ; Cerqueira-Campos et al. 2021 ) in NRLs on
hotoionization model predictions. These authors found that density 
ariations and high N e values yield changes in the emission-line 
ntensities ratios used in BPT diagrams lower than 0.1 dex. 

(iii) Ionization parameter ( U ): we assume the logarithm of U
anging from −3.5 to −1.0 dex, with a step of 0.5 dex. A similar
ange of U was derived by Carvalho et al. ( 2020 ) from a comparison
etween photoionization model results and spectroscopic data of 
430 Seyfert 2 (see also P ́erez-Montero et al. 2019 ; P ́erez-D ́ıaz

t al. 2022 ). 
(iv) Abundance set: the abundance of all metals ( Z ) was linearly

caled with the solar abundance 5 by a factor f , i.e. Z = f × Z �, with
he exception of the nitrogen abundance. For each photoionization 
odel representing a galaxy (see Section 2.1 ) at a given z, Z is

btained from the (N/O) 0 v alue deri ved through the CEM using the
/O radial gradient. 
MNRAS 527, 8193–8212 (2024) 
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Figure 5. Logarithm of N/O abundance ratio versus 12 + log(O/H). Points 
represent abundance predictions from the CEMs by Moll ́a & D ́ıaz ( 2005 ) for 
distinct galactocentric distances, as indicated. CEMs were selected assuming 
the M 101 parameters (see Table 1 and for z = 0–11.2 (not discriminated). 
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indicated. The curve represents the fitting to the points given by equation ( 7 ). 
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ecently, Johnson et al. ( 2023 ), who proposed a multizone galactic
EM for Milky Way-like galaxies, showed that the (N/O)-(O/H)

elation is dependent on the galactocentric distance, being this
ependence mainly due to the pAGB stars evolution that enrich
he ISM with N but with negligible amounts of O, increasing N/O.
asically, as spiral galaxies begin to form their inner regions before

he outer ones in a classical inside-out scheme (e.g. Samland, Hensler
 Theis 1997 ; Portinari & Chiosi 1999 ; Boissier & Prantzos 2000 ),

he ISM at distinct R values are enriched by stars with distinct
volutionary stages, resulting in a dependence of the (N/O)–(O/H)
elation with R . In order to study this behavior using the assumed
EMs, we compare in Fig. 5 the theoretical (N/O)–(O/H) abundance

atios estimated for four distinct R at distinct evolutionary stages ( z
 0.0–11.2), and assuming the predictions for the M 101 CEMs. For

implicity, the CEM redshifts are not indicated. We can clearly see
 discrepancy between the (N/O)–(O/H) relations, being that highest
/O values are only reached for the innermost ( R = 4 kpc) disc

egions. 
ince we need to estimate the O/H abundance for the nuclear regions,
e obtained the (N/O)–(O/H) relation for the inner galactocentric

egions in each CEM [indicated in column (4) of Table 1 ] and
ssuming all redshift range ( z = 0.0–11.2). In Fig. 6 , this relation is
hown discriminating their z, where a fitting to the points is given
y: 

log ( N / O ) = ax 3 + bx 2 + cx + d, (7) 

here x = 12 + log(O/H), a = 0 . 053839 ± 0 . 001943, b =
1 . 09321 ± 0 . 04405, c = 7 . 45593 ± 0 . 3306, and d = −18 . 4246 ±
 . 8211. 
or each model, the f factor is defined as: 

 = 10 x 0 −8 . 69 , (8) 

eing 8.69 dex, the solar oxygen abundance (Allende Prieto, Lambert
 Asplund 2001 ). 
NRAS 527, 8193–8212 (2024) 
e use the (N/O) 0 abundance time evolution prescription by Moll ́a &
 ́ıaz ( 2005 ) for the chosen CEMs, listed in Tables A1 –A4 , and used

s inputs in our photoionization models. To define the metallicity
 Z ) through the oxygen abundance x 0 = 12 + log(O/H) 0 , for each
odel representing a galaxy at a given z, the derived (N/O) 0 was

sed in equation ( 7 ) and, thus, its corresponding O/H abundance was
btained. We assume that equation ( 7 ) is still valid for R = 0 kpc,
nd not only for the innermost galactocentric distances for which
he CEMs were b uilt. A similar, b ut inverse, procedure was adopted
y Garg et al. ( 2022 ), where the O/H abundances were retrieved
rom the SIMBA simulations and N/O from observational estimates
btained by Pilyugin et al. ( 2012 ). 
he helium abundance in relation to the hydrogen (He/H) was
efined, in each model, by the expression 

 = (0 . 1215 ± 0 . 0422) × x 2 − (1 . 8183 ± 0 . 6977) × x 

+ (17 . 6732 ± 2 . 8798) , (9) 

here w = 12 + log(He/H) and x = 12 + log(O/H). This expression
as derived by Dors et al. ( 2022 ) through the T e -method and by using
 large number of AGN and H II region estimates (see also Dopita
t al. 2006 ). 
ecently, Zhu, K e wley & Sutherland ( 2023 ) compared dust-free and
usty AGN photoionization model results with observational AGN
ine intensities ratios in standard BPT diagrams (see also Feltre,
harlot & Gutkin 2016 ; Peluso et al. 2023 ). These authors found

ome significant discrepancy among the dust-free and dusty models
nly for the high metallicity regime, i.e. 12 + log(O / H) � 8 . 7
( Z/ Z �) � 1 . 0], with discrepancies for the line intensities ratios
eaching up to 0.5 dex for 12 + log(O / H) = 9 . 2 [( Z/ Z �) ∼ 3 . 2]. As
he abundance of dust in the gas phase of gaseous nebulae is poorly
nown due to the difficulty of estimating this parameter (e.g. Sofia,
ardelli & Savage 1994 ; Garnett et al. 1995 ; Peimbert & Peimbert
010 ; Brinchmann et al. 2013 ; Mart ́ın-Dom ́enech et al. 2016 ) and,
ince our models do not extend to the very high Z regime, we followed
ag ao et al. ( 2003 ); Nag ao, Maiolino & Marconi ( 2006b ), who

ound a better match between dust-free AGN models to the observed
mission line ratios in comparison to dusty models, and we assumed
hat all AGN photoionization models are dust-free. 
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Figure 7. Distribution (in black) of the central intercept N/O abundance 
[log(N/O) 0 ] v alues deri ved by Pilyugin, V ́ılchez & Contini ( 2004 ) using the 
P -method (Pilyugin 2001 ) for 45 local ( z < 0 . 02) galaxies. Red hatched area 
represents the log(N/O) 0 range derived from our CEM fittings to direct radial 
gradients of four local spirals (see Table 1 ). 

Figure 8. CEM predictions of the radial gradient slope (in units of kpc dex −1 ) 
for N/O (bottom panel) and for the logarithm of (N/O) 0 (top panel). Distinct 
colours indicate the predictions of CEMs by Moll ́a & D ́ıaz ( 2005 ) for the 
spiral galaxies as indicated. The dashed line in bottom panel represents the 
zero value of the N/O gradient. Hatched area in top panel represents the N/O 

plateau [ log (N / O) = −1 . 41 ± 0 . 09] derived by Berg et al. ( 2019 ). 
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 RESULTS  A N D  DISCUSSION  

.1 Galaxy mass and SF efficiency 

n Fig. 1 , the direct ( T e -method) N/O abundance estimations as a
unction of the galactocentric distances for the objects in our sample 
ogether with the results of the CEMs that better fit them are shown.
n all the cases, it can be seen a good agreement between the linear
ttings to the observational data and the CEM results, except for
 33, where the CEM fitting is offset by ∼0.05 dex from the one

irectly deri ved e ven though both fittings show the same slope. This
ifference is in the order of the uncertainties in abundance estimates 
ia the T e -method ( ∼0.1 dex, Kennicutt, Bresolin & Garnett 2003 ;
 ̈agele et al. 2008 ) and lower than those via strong-line methods

 ∼0.2 dex, e.g. Denicol ́o, T erlevich & T erlevich 2002 ). Therefore, it
as a small influence on the results obtained in the present work. 

In Table 1 , the CEM fitting parameters are listed. Masses of the
heoretical galaxies are higher than those derived from observations 
y a factor up to ∼2.4 dex. Discrepancies between observational and 
heoretical M gal estimations shown in Table 1 could be mainly due 
o only the inner parts of the galactic discs (the ones with direct N/O
stimates) are considered in the CEM fittings, being any theoretical 
ass deri v ation through the CEMs highly uncertain. 
We are interested in the nuclear N/O abundance, i.e. (N/O) 0 , 

n order to provide it (and the corresponding O/H) as an initial
arameter for our photoionization models and, thus, to investigate 
hich abundances (and redshift) make AGNs trend to go through 

he maximum-starburst line in BPT diagrams. The (N/O) 0 values 
re obtained from radial gradients and they are dependent on 
he galaxy mass. Moll ́a & D ́ıaz ( 2005 ) showed that O/H radial
radients are steeper for the models with lower maximum rotation 
elocities ( V max ) or lower galaxy masses ( M gal , see also Belfiore
t al. 2019 ). Consequently, for disc regions, where nitrogen has 
ainly a secondary production, N/O gradients are also stepper 
hen M gal decreases. Therefore, it is important that the range of

N/O) 0 derived for our sample be representative of spiral galaxies. 
n order to verify that in Fig. 7, the distribution of (N/O) 0 values
erived through the P -method (a method that yields abundances in 
greement with those estimated via the T e -method; Pilyugin 2001 ) 
or 45 nearby spiral galaxies by Pilyugin, V ́ılchez & Contini ( 2004 )
re compared with the (N/O) 0 range predicted by CEMs for our 
ample of nearby galaxies ( z ∼ 0). The log(N/O) 0 for our four spiral
alaxies ranges from ∼−1.0 to ∼−0.5 dex, being ∼70 per cent of the
piral galaxies studied by Pilyugin, V ́ılchez & Contini ( 2004 ) have
og(N/O) 0 within this range. The extreme (N/O) 0 values estimated 
y Pilyugin, V ́ılchez & Contini ( 2004 ) are not encompassed by
ur results. More N/O radial estimates via the T e -method for spiral
alaxies with a wide mass range could be necessary to extend our
esults. 

Concerning the star formation efficiency ε, we found that CEMs 
ith N equal to 7 and 8 (see Table 2 by Moll ́a & D ́ıaz 2005 ) reproduce

he radial N/O gradients of our sample. Magrini et al. ( 2016 ) also
arried out fittings of the CEMs by Moll ́a & D ́ıaz ( 2005 ) to O/H
adial gradients of the spiral galaxies M 31, M 33, and NGC 300.
hese authors found that CEMs assuming the highest ε value (i.e. 
 = 10) are satisfactory to represent the gradients of their galaxies.
hese three ε values (i.e. N = 7, 8, and 10) represent star formation
ith low efficiency in comparison to the ε representing the Milky 
ay (i.e. N = 4), according to Moll ́a & D ́ıaz ( 2005 ). The source of

his discrepancy is, probably, due to Moll ́a & D ́ıaz ( 2005 ) considering
 larger number of constraints in their models (e.g. neutral gas 
istribution, star formation) in comparison to us and Magrini et al. 
 2016 ). 
.2 Predicted radial gradients 

n Fig. 8 , bottom panel, the slopes of the N/O radial gradients
 grad (N/O)] versus the redshift ( z) predicted by the CEMs by Moll ́a
MNRAS 527, 8193–8212 (2024) 
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Figure 9. Left-hand panel: Logarithm of the N/O abundance ratio versus the 
redshift. Blue points represent N/O abundances via the T e -method for SFs 
taken from the literature and obtained by Kojima et al. ( 2017 ), Christensen 
et al. ( 2012a , b ), Steidel et al. ( 2014 ), Erb et al. ( 2016 ), Fosbury et al. ( 2003 ), 
Villar-Mart ́ın, Cervi ̃ no & Gonz ́alez Delgado ( 2004 ), Yuan & K e wley ( 2009 ), 
Bayliss et al. ( 2014 ), Pettini et al. ( 2010 ), James et al. ( 2014 ), Stark et al. 
( 2014 ), and Steidel et al. ( 2016 ). Black points represent our CEM (N/O) 0 
estimates listed in Tables A1–A4 . The blue curve represents the fitting to our 
estimates (equation ( 10 )). 
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 D ́ıaz ( 2005 ) are shown. Points for z = 0 are obtained from the
ttings shown in Fig. 1 . Points for z > 0 are obtained by carrying
ut the fitting of equation ( 1 ) to the CEM predictions (not shown)
ollowing the same procedure than for z = 0 (see Section 2.2 ).
he error bars indicate the uncertainties in the linear fittings to the
EM N/O gradients for a given z value. We can see that grad (N/O)
attens out as the z increases showing ne gativ e values from z = 0

o 6 ( T ∼ 0.9 Gyr), depending on the galaxy mass. For z � 6, all
he gradients become almost flat, until an inversion (positive slopes)
or z � 8. Unfortunately, abundance gradients of galaxies at high
edshift have been rarely derived and only for O/H, mainly due to
nstrumental constraints to observe the red optical spectral range
nd/or separate [N II ] lines from H α, making almost unknown the
rad (N/O)- z relation at z > 1. In fact, Simons et al. ( 2021 ) derived
he O/H (or Z ) gradients, relying on strong-line methods, for a sample
f 238 star-forming galaxies at 0 . 6 < z < 2 . 6. These authors found
hat a large fraction of galaxies have flat and positive O/H gradients
see also Sharda et al. 2021 ; Wang et al. 2022 ). Moreo v er, ev en in the
ocal universe ( z < 1), flat and positive O/H gradients are derived in
ome objects (e.g. Krabbe et al. 2008 , 2011 ; Carton et al. 2018 ; do
ascimento et al. 2022 ; Boardman et al. 2023 ), being this result due

o, for instance, interactions of galaxies (e.g. Rosa et al. 2014 ), metal-
oor gas accretion (e.g. Kere ̌s et al. 2005 ) and metal-enriched of the
ircumgalactic medium by stellar feedback and later gas re-accretion
e.g. Tumlinson, Peeples & Werk 2017 ). In any case, N/H gradients
rend to be steeper than O/H gradients (e.g. Pilyugin, V ́ılchez &
ontini 2004 ), resulting in ne gativ e N/O gradients in practically all

piral galaxies in the local universe. Belfiore et al. ( 2017 ), by using
trong-line methods, derived the O/H and N/O radial gradients for a
ample of 550 nearby ( z < 0 . 15) galaxies. These authors found that
/O gradients do not flatten in the innermost regions of galaxies,
here a flattening of the oxygen abundance gradient is observed

n some objects. Thus, probably, future direct estimates of N/O
radients in high- z galaxies could confirm our findings, i.e. N/O
radients in inner disc of spiral galaxies only flatten at very high
edshift values ( z � 5). 

In Fig. 8 , top panel, the logarithm of (N/O) 0 versus the redshift
redicted by the CEM fittings are shown. The hatched area represents
he log(N/O) value for which the nitrogen has mainly a primary
rigin, i.e. the N/O plateau [ log (N / O) = −1 . 41 ± 0 . 09] as derived by
erg et al. ( 2019 ) through the T e -method and by using observational
ptical spectroscopic data of local dwarf galaxies. It can be seen that
or z � 5, the N/O nuclear abundance variations with the redshift
ecome smaller trending the (N/O) 0 values to be in the shadowed
rea. Therefore, the nitrogen ISM enrichment in nuclear regions of
piral galaxies at very high redshift is predominately of primary
rigin. This result has a deep consequence on Z estimates of AGNs
hrough strong-emission line ratios involving nitrogen lines (e.g.
N II ] λ6584/H α, Carvalho et al. 2020 ), in the sense that, in this case,
here is a weak (or nonexistent) dependence of such ratios with
 . Thus, for Z estimates of AGNs with z � 5, it is advisable to
se calibrations based on, for instance, the R 23 = ([O II ] λ3727 +
O III ] λ4959 + λ5007)/H β index, as suggested by Dors ( 2021 ). 

Up to now, due to the lack of N/O estimates for AGNs at high-
 in the literature, it is only possible to compare our N/O nuclear
bundance predictions with those derived from integrated spectra of
Fs. In this regard, in Fig. 9 our (N/O) 0 predictions are compared
ith abundances for high-redshift SFs derived through the T e -method

nd compiled from the literature. Moreo v er, it is worth mentioning
hat we are comparing abundance estimates in distinct object classes,
hich have different star formation histories (see Riffel et al. 2023 ).
aking into account, the high observational uncertainties in the N/O
NRAS 527, 8193–8212 (2024) 
irect estimations ( ∼0.2 dex) of the SFs and the different nature of
GNs and SFs, we are able to assume that most part (9/12) of the
/O direct estimates are reproduced by our CEM predictions. 
The (N/O) 0 –z relation obtained from our nuclear abundance

redictions is represented by: 

log ( N / O ) 0 = ( a × z 2 ) + ( b × z) + c, (10) 

here a = 0 . 007 ± 0 . 001, b = −0 . 13 ± 0 . 01, and c = −0 . 83 ±
 . 02. This relation is represented in Fig. 9 by a black curve. 
In Fig. 10 , bottom panel, our predicted CEM O/H values for the

uclear galaxy regions are plotted against the redshift. The expected
endency of the decrement of O/H (or Z ) with the redshift is easily
oticeable. This relation can be represented by a linear regression
iven by: 

2 + log ( O / H ) CEM 

= −(0 . 24 ± 0 . 01 × z) + 8 . 64 ± 0 . 06 , (11) 

nd it is plotted as a black line. With the goal of comparing our results,
e o v erlapped on this figure other estimates taken from the literature.

n the bottom panel of Fig. 9 , our O/H abundance predictions as a
unction of z are compared with: 

(i) Estimates of O/H abundances obtained by using the T e -method
or 48 SFs at the redshift range 1 . 4 � z � 9 . 5. These estimates are
epresented by pink points while the pink line is the liner fitting to
hem given by 

2 + log ( O / H ) SF = −0 . 03 ± 0 . 02 × z + 7 . 89 ± 0 . 11 . (12) 

(ii) O/H abundances for SF galaxies at the redshift range 0 . 07 �
 � 3 . 5, with stellar masses ranging from 9 . 0 � ( log ( M ∗/ M �) �
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Figure 10. Logarithm of the O/H abundance versus the redshift. Bottom 

panel: Black points represent O/H abundances as a function of redshift 
obtained from the N/O values (shown in left-hand panel) and applying the 
(N/O)–(O/H) relation given by equation ( 7 ). Pink points represent direct 
estimates for SFs by Clarke et al. ( 2023 ), Sanders et al. ( 2016b ); Arellano- 
C ́ordova et al. ( 2022 ); Sanders et al. ( 2023b ), Villar-Mart ́ın, Cervi ̃ no & 

Gonz ́alez Delgado ( 2004 ), Yuan & K e wley ( 2009 ), Brammer et al. ( 2012 ), 
Christensen et al. ( 2012b ), James et al. ( 2014 ), Bayliss et al. ( 2014 ), 
Kojima et al. ( 2017 ), Gburek et al. ( 2019 ), Curti et al. ( 2023b ), Citro et al. 
( 2023 ), and Laseter et al. ( 2023 ). Blue points: AGN metallicity estimates 
via photoionization models by Dors et al. ( 2019 ). Orange lines delimit the 
region occupied by SF galaxies [9 . 0 � log ( M ∗/ M �) � 11 . 0] whose O/H 

abundances were derived through strong-line methods by Maiolino et al. 
( 2008 ). Top panel: Pink points represent metallicity estimations for Damped 
L α and sub-Damped L α galaxies via absorption lines by Rafelski et al. ( 2013 ), 
Fox et al. ( 2007 ) and Kulkarni et al. ( 2005 ). Black points are as in bottom 

panel. 
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extrapolation of the O/H radial gradients to the nuclear regions (galac- 
tocentric distance equal to 0) by Simons et al. ( 2021 ) for 14 galaxies 
(8 . 6 � log ( M ∗/ M �) � 10, 1 � z � 2). The O/H gradients were calculated 
by these authors through the IZI Bayesian photoionization fitting code (Blanc 
et al. 2015 ). 
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1 . 0 derived through strong-line methods by Maiolino et al. ( 2008 )
re included in the figure as a region delimited by orange lines. 

(iii) Estimates (blue points) for narrow line regions of AGNs 
1 . 2 � z � 3 . 8) based on strong emission lines observed in the
ltra violet wa velength range and obtained from comparison with 
hotoionization model predictions by Dors et al. ( 2019 ). 

In Fig. 9 , top panel, our O/H abundance predictions as a function
f z are compared with: 

(i) Estimates (pink points) obtained through absorption lines for 
51 Damped L α and sub-Damped L α galaxies (DLA) at a redshift
ange of 0 . 2 � z � 5 . 1. A linear fit to these estimates yields: 

2 + log ( O / H ) DLA = −(0 . 37 ± 0 . 03) × z + (8 . 33 ± 0 . 09) . (13) 

The metallicity ( Z ) estimates for AGNs by Dors et al. ( 2019 ) and
hose for DLAs were converted into O/H abundances according to 
he relation: 

2 + log ( O / H ) = 12 + log 
[
( Z/Z �) × 10 log (O / H) � ) 

]
, (14) 

eing log(O/H) � = −3.31, the solar oxygen abundance (Allende 
rieto, Lambert & Asplund 2001 ). It is worth noting that, for
 � 5, our predicted nuclear O/H abundances are in consonance
ith those for SFs and AGNs. Only a few active nuclei show O/H
alues higher, by ∼0.2 dex, than our CEM estimates. Ho we ver, for
 � 5, our predictions yield O/H values systematically lower than
hose via the T e -method for SFs, showing the latter a small O/H
bundance decrease with z. The origin of this discrepancy is likely
ue to an observational bias, in the sense that the galaxies with
igher luminosity (and metallicity) are easier to observe (e.g. Nagao, 
aiolino & Marconi 2006c ). The DLA estimates show lower O/H

alues and a steeper decrease with z than our predictions. This
ehavior was also found by Dors et al. ( 2014 ), who compared Z
stimates of AGNs and DLAs, and it is probably due to the use of
istinct methods (i.e. Z estimates via emission and absorption lines) 
ather than an observational bias. 

In summary, from the comparisons presented in Figs 9 and 10 , we
re able to conclude that our nuclear N/O and O/H abundances are in
onsonance with those for the most part of SFs located at z � 5. For
 � 5, we found a discrepancy that could be due to the existence of
 bias in galaxy observations. In the case of DLAs, the disagreement
ould be attributed to the distinct methods applied to estimate Z . 

Finally, in Fig. 11 , our CEM oxygen abundance predictions 
(O/H) 0 ] are compared with the extrapolated O/H abundances to 
he nuclear regions ( R = 0 kpc) of 14 high- z galaxies observed
y Simons et al. ( 2021 ). These galaxies have masses in the 8 . 6 �
og ( M ∗/ M �) � 10 range, redshifts in the 1 � z � 2 range and O/H
adial gradients derived through the IZI Bayesian photoionization 
tting code (Blanc et al. 2015 ). It can be seen in Fig. 11 that our
EM estimates for nuclear regions of galaxies are in most part

n agreement with those from Simons et al. ( 2021 ). Again, more
stimations of nuclear metallicities or radial abundance gradients for 
igh- z ( z > 2) galaxies are necessary to produce a better validation
f our estimates. 
MNRAS 527, 8193–8212 (2024) 
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It is worth mentioning that, in general, supersolar metallicities are
erived for Broad Line Regions of AGNs (e.g. Dietrich et al. 2003 ;
agao, Marconi & Maiolino 2006a ; Juarez et al. 2009 ; Sameshima,
oshii & Kawara 2017 ), reaching up ∼18 Z � in N -loud quasi-stellar
bjects (QSOs, e.g. Batra & Baldwin 2014 ). Recent metallicity
stimates for high-redshift (5 . 8 < z < 7 . 5) quasars have also found
igh metallicities ( ∼2 –4 Z �, Lai et al. 2022 ), indicating no evolution
ith the redshift (e.g. Dors et al. 2014 ; Onoue et al. 2020 ). As shown
y Dors et al. ( 2019 ), Z values in BLRs are a factor of about 2–3 higher
han those in NLRs and are inconsistent with predictions of CEMs
see Fig. 11 ). The origin of this discrepancy has been attributed to
tar formation in accretion discs (e.g. Cheng & Loeb 2023 ; Dittmann,
ermyn & Cantiello 2023 ; Fan & Wu 2023 ; Huang, Lin & Shields
023 ; Wang et al. 2023 ), uncertainties in BLR metallicity estimates
rom some UV lines (e.g. Matsuoka et al. 2017 ) and the fact that
road lines originate in a small region with a radius lower than
 pc (e.g. Kaspi et al. 2000 ; Suganuma et al. 2006 ), which may
volve more rapidly than the NLRs (e.g. Matsuoka et al. 2018 ).
t is beyond the scope of this study to investigate the BLR/NLR
etallicity discrepancy. We only pointed out that, apparently, NLR

stimates seem to be better suited as a proxy for the properties of the
ost galaxy since the spatial extent of the NLR region (10 1–4 pc) is
arger than the BLR ( < 1 pc, Armah et al. 2023 ). 

.3 Optical diagnostic diagrams 

he main goal of this work is to analyse which are the physical param-
ters (i.e. O/H and U ), and the correspondent z values, that let AGNs
all below the maximum starburst lines in diagnostic diagrams. In this
egard in Figs 12 and 13 , the [O III ]/H β versus [O I ]/H α, [N II ]/H α,
nd [S II ]/H α BPT diagrams containing our photoionization model
esults are shown. Also in these figures, the He II /H β versus [N II ]/H α

iagram, proposed by Shirazi & Brinchmann ( 2012 ) to separate
GNs from SFs, are shown. In Fig. 12 , the colour bars represent

he O/H abundance of the photoionization models, while in Fig. 13 ,
he corresponding redshifts for which the theoretical AGNs reach
he O/H abundance. The model results assuming different log U
alues are represented by distinct symbols, as indicated. In each
iagram, the maximum starburst lines taken from the literature are
lso plotted. Likewise, lines to separate AGNs from low-ionization
uclear emission-line regions (LINERs; represented by , simplicity ,
y LIN) are plotted in the [O III ]/H β versus [N II ]/H α and [S II ]/H α

iagrams. Also in Figs 12 and 13 , observational emission line ratio
ntensities, corrected by reddening and after apply stellar population
ontinuum subtraction, of galaxies taken from Sloan Digital Sky
urv e y (SDSS) DR17 6 (Abdurro’uf et al. 2022 ) data base are shown.
he procedures applied to these data are the same as in Dors et al.
 2020 ). 

First, we can see in Fig. 12 that AGN models with 12 +
og (O / H) � 9 . 0 [( Z/ Z �) � 2 . 0)], independently of the assumed U
alue, are located near or just below the maximum starburst lines of
he classical BPT diagrams (see also Feltre, Charlot & Gutkin 2016 ;
akajima & Maiolino 2022 ). Ho we v er, similar v ery high oxygen

bundance (or metallicity) is obtained in some few AGNs in the
ocal universe ( z < 1). In fact, O/H estimates for a large sample
463 objects) of local ( z < 0 . 4) AGNs obtained through strong-line
ethods and inferred extrapolating radial abundance gradients by
ors et al. ( 2020 ) showed that objects with 12 + log (O / H) � 9 . 0
NRAS 527, 8193–8212 (2024) 

 SDSS DR17 spectroscopic data are available at https:// dr17.sdss.org/ optical/ 
late/search . 
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omprehends only ∼10 per cent of their sample. In any case, strong-
ine methods based on [N II ]/[O II ] and [N II ]/H α lines ratios proposed
y Castro et al. ( 2017 ) and Carvalho et al. ( 2020 ), respectively, can
e used to distinguish between metal-rich and metal-poor AGNs. 
Secondly, in Fig. 12 , it can be seen the known result (see e.g. Feltre,

harlot & Gutkin 2016 ) that low metallicity AGNs occupy a large
rea in the BPT diagrams where SFs are located. In each diagram, we
ndicated the average O/H abundance for which AGNs pass through
he maximum starburst line, i.e. AGNs with 12 + log (O / H) � 8 . 0 or
 Z/ Z �) � 0 . 2 are located in BPT regions occupied by SFs. In each
iagram of Fig. 13 , we indicated the average redshift, according to
ur CEM results, for which AGNs reach the oxygen abundance of
2 + log(O/H) � 8.0. 
The results obtained by Hirschmann et al. ( 2023 ), who assumed

s input parameters metallicity results from ILLUSTRISTNG simula-
ions, indicate that: 

(i) AGNs with 12 + log (O / H) � 8 . 4 [( Z/ Z �) � 0 . 5] mo v e to-
ards the maximum starburst line. 
(ii) AGN galaxies with these abundances are preferably found at

 � 1. 

Our analysis indicates that: 

(i) AGNs with 12 + log (O / H) � 8 . 0 [( Z/ Z �) � 0 . 2] occupy the
F zone in standard BPT diagrams. 
(ii) AGNs reach this abundance at z ∼ 3.7. 

The abundance discrepancy between our results and those obtained
y Hirschmann et al. ( 2023 ) is, probably, due to distinct photoion-
zation parameters [e.g. SED, (N/O)–(O/H) relation, dust content,
tomic parameters] assumed in both works. In any case, assuming
he abundance uncertainty of ∼0.2 dex for strong-line methods (e.g.
enicol ́o, T erlevich & T erlevich 2002 ), the O/H values derived by
s and by Hirschmann et al. ( 2023 ) are in agreement to each other. 
Regarding the redshift value discrepancy, it could be due to the

ifferent Z –z relations derived in both works. Unfortunately, this
elation is not presented by Hirschmann et al. ( 2023 ). Ho we ver, CEM
redictions by Hirschmann et al. ( 2017 ), relied on the SPHGAL code
Hu et al. 2014 ) for nuclear regions of three hypothetical galaxies
ith log ( M gal / M ∗) ∼ 11, indicate that galaxies with redshift around
 = 4 reach abundances that result in emission-line ratios in the
F-zone, in good agreement with our present estimation. 
We compare our Z –z relation with others derived by considering

ome CEMs available in the literature. For that, we consider: 

(i) CEMs by Pei, Fall & Hauser ( 1999 ) calibrated by using optical
maging surv e ys of quasars and the COBE DIRBE and FIRAS
xtragalactic infrared background measurements. These models are
alid for 0 . 0 ≤ z ≤ 5 . 0. 

(ii) Semi-analytic models of galaxy formation set within the cold
ark matter merging hierarchy built by Somerville, Primack & Faber
 2001 ). These models are able to reproduce the metallicity of high-
edshift Lyman-break galaxies in the redshift range z = 0.0–4.0. 

(iii) Metallicity predictions from ILLUSTRISTNG simulations by
orrey et al. ( 2019 ) for the redshift range z = 0.0–10.0 and for
 ypothetical g alaxies with masses in the range 8 . 0 ≤ log ( M/M ∗) ≤
0 . 5. We consider the average O/H value predicted by this mass
nterval. Although Hirschmann et al. ( 2023 ) used the predictions of
hese models, these authors assumed as input in their photoionization
odels metallicity values obtained in a co-moving sphere of 1 kpc

adius around the hypothetical nuclear galaxy region, about the same
pproach that the one assumed in the present work. 

https://dr17.sdss.org/optical/plate/search
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Figure 12. Diagnostic diagrams involving optical emission-line ratios as indicated. In the [O III ]/H β versus [O I ]/H α, [N II ]/H α, and [S II ]/H α, the black curves 
represent the maximum starburst line proposed by K e wley et al. ( 2001 ). The dashed line separates AGNs from LINERs (refereed as LIN) as suggested by K e wley 
et al. ( 2006 ). The [S II ] λ6725 corresponds to the sum [S II ] λ6716 + λ6731. In the He II /H β versus [N II ]/H α diagram, the line represents the maximum starburst 
line proposed by Molina et al. ( 2021 ). In all diagrams, points represent results of our photoionization models (see Section 2.3 ) by using as input parameters 
the abundances predicted by CEMs (see Section 2.2 ) of Moll ́a & D ́ıaz ( 2005 ). Symbols represent photoionization model with iso- U , as indicated. Colour bars 
indicate the oxygen abundance assumed in the photoionization models. AGNs with oxygen abundance values lower than the ones indicated in each of the three 
BPT diagrams [average 12 + log(O/H) values] are located below the maximum starburst lines. Contours are galaxies whose data were taken from SDSS DR-17 
(Abdurro’uf et al. 2022 ). 
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(iv) Recent multizone galactic CEMs proposed by Johnson et al. 
 2023 ), which reproduces the (N/O)–(O/H) relation found for the 

ilky Way stars and for the gas phase of external galaxies. We
elected CEMs by Johnson et al. ( 2023 ) considering radial stellar
igration proceeds and the O/H abundance predicted by the in- 

ermost galactocentric distance R , i.e R = 4 kpc. This procedure
as adopted in order to obtain the nearest nuclear abundances for
alaxies with distinct evolutionary stages. These models are appro- 
riate for Milky Way mass galaxies with 10 . 5 ≤ log ( M gal /M ∗) ≤
1. 

Except for Johnson et al. ( 2023 ), the CEMs listed abo v e predict
n average metallicity for the ISM for the whole galaxy at a given
edshift, i.e. they do not predict nuclear metallicity estimates in the
MNRAS 527, 8193–8212 (2024) 
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M

Figure 13. As the Fig. 10 but with the colour bars indicating the redshift value of each photoionization model representing an A GN. A GNs with redshift values 
( z AGN -limit) lower than the ones indicated in each BPT diagram (average z values) are located below the maximum starburst lines. 
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 ypothetical g alaxies. In Fig. 14 , the O/H abundance as a function
f the redshift predicted by the CEMs listed abo v e is shown. Also
n this figure, the redshift at which AGNs reach the abundance 12 +
og(O/H) = 8.0 [( Z/ Z �) = 0 . 2] are indicated for the distinct CEMs
green points). Hereafter, we define this redshift value, i.e. the redshift
n which AGNs reach 12 + log(O/H) = 8.0, as the z AGN -limit. We can
ee that the z AGN -limit is strongly dependent on the CEMs considered,
anging from z ∼ 1.4 to 10 for all the models except the model by
ohnson et al. ( 2023 ). Since the nuclear galaxy abundance trends
o be higher than the one of the whole galaxy (e.g. Hirschmann
t al. 2017 ) or than that of the ISM, the z AGN -limit indicated in
ig. 14 must be interpreted as a lower limit. In this scenario, our
NRAS 527, 8193–8212 (2024) 
esult that AGNs with 12 + log (O / H) � 8 . 0 are preferable found
t z � 3 . 7 is in consonance with the estimated range for three of
he CEMs from the literature. The CEM results from Johnson et al.
 2023 ) predict higher O/H abundances along the redshift interval
onsidered. Possibly, it is due to the models proposed by Johnson
t al. ( 2023 ) being designed for massive galaxies (see above). 

Finally, we discuss our results for the He II /H β versus [N II ]/H α

iagram shown in the lower right-hand panels of Figs 12 and 13 .
s was mentioned before, this diagram was suggested by Shirazi
 Brinchmann ( 2012 ) to separate AGNs from SFs. These authors

efined the maximum starburst line by using observational data
f galaxies ( z � 0 . 2) from the Sloan Digital Sk y Surv e y (SDSS)
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Figure 14. Oxygen abundances [in units of 12 + log(O/H)] versus the 
redshift predicted by the CEMs of Somerville, Primack & Faber ( 2001 ), 
Pei, Fall & Hauser ( 1999 ), Torrey et al. ( 2019 ), and Johnson et al. ( 2023 ), 
as indicated. AGNs with lower values than 12 + log(O/H) = 8.0, indicated 
by a horizontal line, are located below the maximum starburst lines in BPT 

diagrams, as shown in Fig. 12 . Green points represent the interception between 
the horizontal line and the chemical models. The redshift value ( z AGN -limit) 
for which the chemical models predict the 12 + log(O/H) = 8.0 abundance 
are indicated. 
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R7 (York et al. 2000 ; Stoughton et al. 2002 ) previously classified
hrough classical BPT diagrams. Since the nebular He II emission has 
 high ionization potential (54.4 eV), it is preferably produced by a
ard ionizing spectrum, which may indicate AGN activity . Recently , 
ozzi et al. ( 2023 ), who used observational data from Mapping
earby Galaxies at APO surv e y (MaNGA DR15; Bundy et al. 2015 ),

ound an o v erall increased fraction (2 per cent) of AGNs in MaNGA
alaxies when the He II diagram is used (11 per cent) in comparison
o the BPT-only census (9 per cent). It is worth to mention that
he He II /H β versus [N II ]/H α diagram suffers a limitation due to the
ifficulty to measure the He II λ4685 emission line (about 4–10 times
eaker than H β, see Fig. 12 ). In fact, Shirazi & Brinchmann ( 2012 ),
ased on SDSS spectroscopic data ( z � 0 . 4), showed that the He II
4685 is most frequently measured in SF galaxies at low redshift
 z � 0 . 1, see also Sartori et al. 2015 ; B ̈ar et al. 2017 ; Koss et al.
017 ; Mayya et al. 2020 ; Wang & Kron 2020 ; Oh et al. 2022 ; Tozzi
t al. 2023 ). Ho we ver, recent observ ations with the JWST (e.g. Übler
t al. 2023 ) have shown the reliability of measuring this line in
GNs at very high redshift ( z � 5). Thus, the new generation of

xtreme large and space telescopes will increase the feasibility of 
iagnostic diagrams using He lines, such as the He II /H β versus
N II ]/H α (Shirazi & Brinchmann 2012 ) and [O III ]/[O II ] versus
e II /He I (Dors et al. 2022 ). 
We can see in Figs 12 and 13 that our cosmological predictions

ndicate that, independently of the metallicity and of the redshift, 
GNs are al w ays abo v e the maximum starburst line in the He II /H β

ersus [N II ]/H α diagram, indicating that this diagram is the most
ppropriate to classify objects at any redshift, independently of the 
GN nebular parameters (i.e. O/H and U ). It is worth to mention that,
s can be seen in Figs 12 and 13 , our theoretical results indicate a
imilar AGN-SF separation line in agreement with that proposed by 

olina et al. ( 2021 ), who presented a sample of 81 dwarf galaxies
 M ∗ ≤ 3 × 10 9 M �) with detectable [Fe X ] λ6374 coronal emission
ine, indicating accretion onto massive black holes. The criterion 
roposed by Molina et al. ( 2021 ) suggests that objects with 

log ( He II λ4686 / H β) � −1 . 0 , (15) 

re classified as AGNs, otherwise, SFs. In Figs 12 and 13 , one can see
hat the photoionization model results do not reproduce some SDSS 

bservational data. This is due to the limited sample of galaxies
onsidered by us (which define the space of model parameters) in
omparison to the data from SDSS sample. It is worth mentioning
hat, for a better match, is necessary a larger sample of spiral galaxies
ith direct radial N/O gradients. 

 C O N C L U S I O N S  

e investigated the reliability of optical diagnostic diagrams, based 
n emission-line ratios [4000 < λ( Å) < 7000], in the framework
f classifying AGNs according to the metallicity evolution in the 
edshift range 0 ≤ z ≤ 11 . 2. With this aim, we fit the results of
EMs to the radial abundance gradients derived through direct 
stimates of electron temperatures ( T e -method) in a sample of four
ocal spiral galaxies. Unlike the majority of previous studies, we 
onsider as metallicity tracer, the N/O abundance ratio to select 
he representative CEMs for each object belonging to our galaxy 
ample. The N/O abundance radial predictions provided by the CEMs 
ere extrapolated to the nuclear regions (galactocentric distance R 

 0 kpc) in order to infer N/O and O/H abundances in theoretical
alaxies at distinct evolutionary stages. These resulting abundance 
atios were used as input parameters in AGN photoionization models 
uilt with the CLOUDY code. Extensive comparison between CEM 

redictions and direct abundance estimates, in a wide range of 
edshift, was performed in order to validate our cosmic abundance 
alues. From our analysis, we conclude that: 

(i) BPT diagnostic diagrams: i.e. [O III ] λ5007/H β versus 
N II ] λ6584/H α, [O I ] λ6300/H α, and [S I ]( λ6716 + λ6731)/H α are
ble to classify AGNs with oxygen abundances 12 + log (O / H) �
 . 0 [( Z/Z �) � 0 . 2]. 
(ii) Our CEM predictions show that AGNs reach the oxygen 

bundance of 12 + log (O / H) = 8 . 0 preferably at redshift z ∼ 4,
ndicating that BPT diagrams break down for higher redshift values. 

(iii) We found that the He II λ4685/H β versus [N II ] λ6584/H α

iagram is able to separate AGNs from star-forming regions in the
edshift range 0 � z � 11 . 2. 
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PPENDI X  A :  TA BLES  

able A1. Slope and central intersect values of the N/O regressions estimated
sing the predictions of the CEMs built by Moll ́a & D ́ıaz ( 2005 ) for different
edshift. The term grad represents the slope of the gradients in units of
ex kpc −1 . The term log(N/O) 0 represents the extrapolated abundance ratio
o the galactocentric distance ( R ) equal to zero. The central oxygen abundance
2 + log(O/H) 0 is estimated using log(N/O) 0 and equation ( 7 ). 

M 101 
edshift grad (dex kpc −1 ) log(N/O) 0 12 + log(O/H) 0 

.00 −0.027 ± 0.002 −0.68 ± 0.03 8.94 

.20 −0.028 ± 0.002 −0.69 ± 0.03 8.92 

.40 −0.027 ± 0.002 −0.74 ± 0.03 8.83 

.59 −0.027 ± 0.001 −0.77 ± 0.02 8.79 

.79 −0.026 ± 0.001 −0.82 ± 0.02 8.72 

.02 −0.024 ± 0.001 −0.85 ± 0.01 8.68 

.21 −0.023 ± 0.001 −0.89 ± 0.00 8.63 

.42 −0.022 ± 0.001 −0.91 ± 0.01 8.60 

.59 −0.022 ± 0.001 −0.93 ± 0.01 8.57 

.79 −0.020 ± 0.001 −0.96 ± 0.02 8.53 

.02 −0.019 ± 0.001 −1.00 ± 0.01 8.46 

.24 −0.017 ± 0.001 −1.02 ± 0.01 8.42 

.40 −0.017 ± 0.002 −1.02 ± 0.02 8.42 

.59 −0.016 ± 0.002 −1.05 ± 0.03 8.35 

.80 −0.015 ± 0.001 −1.06 ± 0.01 8.33 

.04 −0.013 ± 0.001 −1.09 ± 0.02 8.25 

.18 −0.012 ± 0.001 −1.11 ± 0.01 8.19 

.48 −0.012 ± 0.002 −1.11 ± 0.02 8.19 

.66 −0.010 ± 0.002 −1.13 ± 0.03 8.13 

.86 −0.009 ± 0.002 −1.16 ± 0.02 8.02 

.07 −0.009 ± 0.025 −1.17 ± 0.02 7.98 

.31 −0.009 ± 0.001 −1.18 ± 0.02 7.94 

.59 −0.007 ± 0.002 −1.20 ± 0.03 7.86 

.89 −0.006 ± 0.002 −1.22 ± 0.03 7.76 

.25 −0.006 ± 0.002 −1.22 ± 0.03 7.76 

.66 −0.006 ± 0.002 −1.23 ± 0.03 7.71 

.14 −0.005 ± 0.003 −1.26 ± 0.04 7.55 

.73 −0.003 ± 0.003 −1.29 ± 0.04 7.37 

.44 −0.003 ± 0.003 −1.30 ± 0.04 7.31 

.35 −0.000 ± 0.003 −1.36 ± 0.04 6.87 

.55 + 0.001 ± 0.002 −1.42 ± 0.03 6.34 
1.21 + 0.004 ± 0.003 −1.47 ± 0.04 5.81 
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Table A2. As Table A1 but for NGC 628.. 

NGC 628 
Redshift gr ad (de x kpc −1 ) log(N/O) 0 12 + log(O/H) 0 

0.00 −0.0735 ± 0.008 −0.56 ± 0.04 9.26 
0.20 −0.0785 ± 0.007 −0.57 ± 0.04 9.22 
0.40 −0.0826 ± 0.008 −0.60 ± 0.04 9.13 
0.61 −0.0869 ± 0.007 −0.62 ± 0.03 9.08 
0.81 −0.0833 ± 0.005 −0.67 ± 0.02 8.96 
1.02 −0.0834 ± 0.004 −0.70 ± 0.02 8.90 
1.22 −0.0779 ± 0.003 −0.75 ± 0.02 8.82 
1.42 −0.0746 ± 0.003 −0.78 ± 0.02 8.77 
1.59 −0.0736 ± 0.006 −0.81 ± 0.03 8.73 
1.79 −0.0677 ± 0.005 −0.85 ± 0.02 8.68 
2.02 −0.0620 ± 0.007 −0.89 ± 0.04 8.63 
2.24 −0.0601 ± 0.008 −0.91 ± 0.04 8.60 
2.40 −0.0578 ± 0.006 −0.93 ± 0.03 8.57 
2.59 −0.0487 ± 0.008 −0.99 ± 0.04 8.48 
2.80 −0.0470 ± 0.010 −1.00 ± 0.05 8.46 
3.04 −0.0422 ± 0.009 −1.03 ± 0.05 8.40 
3.18 −0.0406 ± 0.011 −1.04 ± 0.06 8.38 
3.32 −0.0383 ± 0.010 −1.06 ± 0.05 8.33 
3.66 −0.0316 ± 0.008 −1.11 ± 0.04 8.19 
3.86 −0.0249 ± 0.009 −1.15 ± 0.05 8.06 
4.07 −0.0132 ± 0.014 −1.24 ± 0.09 7.66 
4.31 −0.0251 ± 0.009 −1.16 ± 0.05 8.02 
4.59 −0.0207 ± 0.009 −1.20 ± 0.05 7.86 
4.89 −0.0190 ± 0.012 −1.21 ± 0.06 7.81 
5.25 −0.0162 ± 0.010 −1.23 ± 0.05 7.71 
5.66 −0.0150 ± 0.010 −1.25 ± 0.05 7.61 
6.14 −0.0083 ± 0.007 −1.28 ± 0.03 7.43 
6.73 −0.0026 ± 0.010 −1.33 ± 0.05 7.10 
7.44 −0.0017 ± 0.009 −1.35 ± 0.05 6.95 
8.35 + 0.0036 ± 0.009 −1.40 ± 0.05 6.52 
9.55 + 0.0098 ± 0.005 −1.45 ± 0.03 6.03 
11.21 + 0.0196 ± 0.005 −1.53 ± 0.03 5.07 

Table A3. As Table A1 but for NGC 2403.. 

NGC 2403 
Redshift gr ad (de x kpc −1 ) log(N/O) 0 12 + log(O/H) 0 

0.00 − 0 .078 ± 0.020 −0.89 ± 0.07 8.63 
0.20 − 0 .069 ± 0.020 −0.93 ± 0.08 8.57 
0.40 − 0 .058 ± 0.017 −0.99 ± 0.06 8.48 
0.59 − 0 .049 ± 0.015 −1.03 ± 0.06 8.40 
0.79 − 0 .040 ± 0.014 −1.08 ± 0.05 8.28 
1.02 − 0 .034 ± 0.012 −1.12 ± 0.05 8.16 
1.21 − 0 .031 ± 0.011 −1.13 ± 0.04 8.13 
1.42 − 0 .020 ± 0.008 −1.18 ± 0.03 7.94 
1.59 − 0 .014 ± 0.008 −1.21 ± 0.03 7.81 
1.79 − 0 .017 ± 0.005 −1.20 ± 0.02 7.86 
2.02 − 0 .012 ± 0.006 −1.23 ± 0.02 7.71 
2.24 − 0 .008 ± 0.005 −1.25 ± 0.02 7.61 
2.40 − 0 .007 ± 0.005 −1.25 ± 0.02 7.61 
2.59 − 0 .009 ± 0.003 −1.25 ± 0.01 7.61 
2.80 − 0 .003 ± 0.002 −1.28 ± 0.01 7.43 
3.04 0 .001 ± 0.003 −1.30 ± 0.01 7.31 
3.18 − 0 .002 ± 0.002 −1.28 ± 0.00 7.43 
3.48 0 .000 ± 0.004 −1.30 ± 0.01 7.31 
3.66 0 .000 ± 0.003 −1.30 ± 0.01 7.31 
3.86 0 .000 ± 0.003 −1.30 ± 0.01 7.31 
4.07 0 .004 ± 0.001 −1.32 ± 0.01 7.17 
4.31 0 .004 ± 0.001 −1.33 ± 0.01 7.10 
4.59 0 .002 ± 0.002 −1.32 ± 0.01 7.17 
4.89 0 .001 ± 0.001 −1.32 ± 0.01 7.17 
5.25 0 .008 ± 0.002 −1.35 ± 0.01 6.95 
5.66 0 .003 ± 0.003 −1.34 ± 0.01 7.03 
6.14 0 .010 ± 0.000 −1.37 ± 0.01 6.79 
6.73 0 .005 ± 0.003 −1.36 ± 0.01 6.87 
7.44 0 .007 ± 0.004 −1.37 ± 0.01 6.79 
8.35 0 .006 ± 0.002 −1.38 ± 0.01 6.70 
9.55 0 .005 ± 0.002 −1.39 ± 0.01 6.61 
11.21 0 .002 ± 0.002 −1.40 ± 0.01 6.52 
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Table A4. As Table A1 but for M 33.. 

M 33 
Redshift gr ad (de x kpc −1 ) log(N/O) 0 12 + log(O/H) 0 

0.00 −0.080 ± 0.023 −0.93 ± 0.07 8.62 
0.20 −0.070 ± 0.022 −0.97 ± 0.07 8.56 
0.40 −0.056 ± 0.019 −1.04 ± 0.06 8.40 
0.60 −0.045 ± 0.016 −1.08 ± 0.05 8.24 
0.80 −0.033 ± 0.013 −1.13 ± 0.04 8.05 
1.00 −0.028 ± 0.011 −1.16 ± 0.03 7.94 
1.20 −0.023 ± 0.012 −1.18 ± 0.04 7.84 
1.40 −0.014 ± 0.009 −1.22 ± 0.03 7.64 
1.60 −0.012 ± 0.007 −1.23 ± 0.02 7.60 
1.80 −0.011 ± 0.005 −1.23 ± 0.01 7.58 
2.00 −0.009 ± 0.004 −1.25 ± 0.01 7.47 
2.20 −0.003 ± 0.005 −1.27 ± 0.01 7.35 
2.40 −0.001 ± 0.006 −1.28 ± 0.02 7.28 
2.60 + 0.000 ± 0.004 −1.29 ± 0.01 7.27 
2.80 + 0.001 ± 0.001 −1.30 ± 0.00 7.18 
3.00 + 0.005 ± 0.003 −1.31 ± 0.01 7.14 
3.20 + 0.001 ± 0.001 −1.30 ± 0.00 7.16 
3.50 + 0.002 ± 0.003 −1.31 ± 0.01 7.13 
3.80 −0.000 ± 0.004 −1.30 ± 0.01 7.18 
4.00 + 0.004 ± 0.003 −1.32 ± 0.01 7.04 
4.30 + 0.001 ± 0.004 −1.31 ± 0.01 7.13 
4.60 + 0.010 ± 0.002 −1.35 ± 0.01 6.86 
4.90 + 0.002 ± 0.001 −1.32 ± 0.01 7.02 
5.20 + 0.005 ± 0.003 −1.33 ± 0.01 6.99 
5.60 −0.001 ± 0.001 −1.32 ± 0.01 7.04 
6.10 + 0.008 ± 0.002 −1.35 ± 0.01 6.84 
6.70 + 0.003 ± 0.006 −1.35 ± 0.02 6.88 
7.40 + 0.005 ± 0.006 −1.36 ± 0.02 6.80 
8.30 + 0.002 ± 0.002 −1.36 ± 0.01 6.76 
9.50 + 0.002 ± 0.002 −1.38 ± 0.01 6.64 
11.20 + 0.004 ± 0.002 −1.40 ± 0.01 6.46 
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