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A B S T R A C T 

We present oxygen abundances relative to hydrogen (O/H) in the narrow line regions (NLRs) gas phases of Seyferts 1 (Sy 

1s) and Seyferts 2 (Sy 2s) active galactic nuclei (AGNs). We used fluxes of the optical narrow emission line intensities 
[3 500 < λ( Å) < 7 000] of 561 Seyfert nuclei in the local Universe ( z � 0.31) from the second catalogue and data release 
(DR2) of the BAT AGN Spectroscopic Surv e y, which focuses on the Swift -BAT hard X-ray ( � 10 keV) detected AGNs. We 
derived O/H from relative intensities of the emission lines via the strong-line methods. We find that the AGN O/H abundances 
are related to their hosts stellar masses and that they follow a downward redshift evolution. The derived O/H together with the 
hard X-ray luminosity ( L X 

) were used to study the X-ray luminosity–metallicity ( L X 

–Z NLR 

) relation for the first time in Seyfert 
galaxies. In contrast to the broad-line focused ( L X 

–Z BLR 

) studies, we find that the L X 

–Z NLR 

exhibit significant anticorrelations 
with the Eddington ratio ( λEdd ) and these correlations vary with redshifts. This result indicates that the low-luminous AGNs are 
more actively undergoing interstellar medium enrichment through star formation in comparison with the more luminous X-ray 

sources. Our results suggest that the AGN is somehow driving the galaxy chemical enrichment, as a result of the inflow of 
pristine gas that is diluting the metal rich gas, together with a recent cessation on the circumnuclear star-formation. 

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

here are significant observational data which point to a direct 
ink between the host galaxies and the accretion onto supermassive 
lack holes (SMBHs). For instance, the masses of star bulges 
nd the masses of their central SMBHs are tightly correlated (see 
ormendy & Ho 2013 ; Graham 2016 , for re vie w). Acti ve galactic
uclei (AGNs) activity can impact the host galaxy and the tenuous 
nvironment by ionizing or photo-dissociating the gas, heating the 
alo gas and reducing the rate of cold accretion onto the galaxy,
nd/or driving fast outflows that eject gas to large galactocentric 
istances and, thus in powerful AGNs, temporarily or permanently 
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uppressing star formation (SF) by removing the gas supply from 

assive galaxies (see Somerville & Dav ́e 2015 , for a review). 
Global changes in the metallicity of galaxies are driven by stellar

ucleosynthesis, and thus, it is fundamental to connect it with 
he star formation history (SFH) in galaxies. AGNs are crucial 
omponents of theoretical models of galaxy formation and evolution 
sed in regulating the SF in galaxies. The constant gas ejection
r heating and, as a result, SF suppression is expected in massive
alaxies ( ∼ 10 10 M �) because of AGN nuclear emission. Although
his mechanism is an important component of numerical simulations 
f galaxy formation, observational studies have not yet conclusively 
upported it. The ne gativ e AGN feedback from observational study
s required for many findings to be reproduced by theoretical models,
uch as the substantial suppression of SF in the most massive galaxies
e.g. Springel, Di Matteo & Hernquist 2005 ; Hopkins & Elvis 2010 ;
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rownson et al. 2020 ; Smith et al. 2020 ). AGN-driven winds, shock
ompression or gas accretion may also cause SF in the host galaxy, a
henomenon known as positive feedback (e.g. Elbaz et al. 2009 ;
ilk 2013 ; Maiolino et al. 2017 ; Salom ́e et al. 2017 ; Gallagher
t al. 2019 ; Kawamuro et al. 2021 ; Koss et al. 2021 ). Ho we ver,
ome studies, particularly for moderate-luminosity AGNs, claim
hat star formation is independent of AGN activity (e.g. Stanley
t al. 2015 ; Suh et al. 2019 ). From the foregoing, it is safe to posit
hat galaxy-scale warm-ionized and cold molecular outflows, which
re powered by actively accreting SMBHs and traced by rest-frame
ptical (Heckman et al. 1981 ) and carbon monoxide (CO; Cicone
t al. 2014 ) emission lines respectively, can be associated with both
he suppression and triggering of star formation. Ho we ver, a thorough
nderstanding of the interactions between AGN accretion and star
ormation processes of the host galaxy is required to fully understand
alaxy formation and evolution. 

The elemental abundance and metallicity ( Z ) 1 estimations in the
as phase of AGNs are essential in the study of the chemical evolution
f g alaxies. The g as phase metallicity can be derived in both star-
orming regions (SFs, i.e. H II regions and star-forming galaxies) and
GNs through direct estimation of the electron temperature, usually
nown as T e -method 2 and strong-line methods. 3 It is worthwhile to
ote that SFs are ionized by massive stars (e.g. O- or early B-type
tars), while AGNs have harder radiation fields as their ionization
ources. Therefore, applying SFs metallicity formalism to AGNs
ill yield systematically biased metallicities (e.g. Dors et al. 2020b ).
here is consensus that the T e -method is the most reliable approach

o estimate metallicity and elemental abundances in SFs (Pilyugin
003 ; Toribio San Cipriano et al. 2017 ). Recently, Dors et al. ( 2020b )
roposed a new methodology of the T e -method for AGNs which
roduces reliable O/H abundances lower ( � 0.2 dex) than those
erived from detailed photoionization models. For the first time,
rmah et al. ( 2021 ), Monteiro & Dors ( 2021 ), and Dors et al. ( 2022 ),
oti v ated by this new methodology derived the neon, argon and

elium abundances, respectively, in 164 local Seyfert 2 nuclei ( z �
.25). The T e -method requires measurements of auroral lines (e.g.
O III ] λ4363, [N II ] λ5755, [S III ] λ6312) which are weak ( ∼100 times
eaker than H β) and detected only in objects with high ionization

nd/or low metallicity (e.g. van Zee et al. 1998 ; D ́ıaz et al. 2007 ; Dors
t al. 2008 ). Thus, it is impossible to derive a direct measurement
f abundance from the emission lines if the critical emission-line
iagnostics for electron temperature and, to some extent, electron
ensity are unavailable. To circumvent this problem, Pagel et al.
 1979 ), following the original idea by Jensen, Strom & Strom ( 1976 ),
roposed a calibration between strong-emission lines, in the case of
O III ]( λ4959 + λ5007)/H β, and the O/H abundance. Thereafter this
ioneering work, several authors have proposed calibrations for SFs
e.g. Marino et al. 2013 ; Pilyugin & Grebel 2016 ; Curti et al. 2017 ;
iang et al. 2019 , and references therein) and for AGNs (e.g. Storchi-
NRAS 520, 1687–1703 (2023) 

 The gas-phase metallicity is usually calculated as the oxygen abundance 
elative to hydrogen, and defined in units of [12 + log(O/H)]. Oxygen is 
sed to define the o v erall gas-phase metallicity because it presents prominent 
emperature-sensitive collisionally excited lines (e.g. O 

+ : [O II ] λ3727 and 
 

2 + : [O III ] λ4363, [O III ] λ5007) in the optical spectrum of gaseous nebulae. 
or brevity, oxygen abundance and metallicity are used interchangeably in 

his work. 
 For a re vie w of the T e -method for SFs see Peimbert, Peimbert & Delgado- 
nglada ( 2017 ), P ́erez-Montero ( 2017 ), and AGNs see Dors et al. ( 2020b ). 
 For a re vie w of strong-line methods for SFs and AGNs see Lopez-Sanchez & 

steban ( 2010 ) and Dors et al. ( 2020a ), respectively. 
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ergmann et al. 1998 ; Dors et al. 2014 , 2019 ; Castro et al. 2017 ;
arvalho et al. 2020 ; Dors 2021 , among others). 
Therefore, by comparing AGN luminosity ( L AGN ) and the metal-

icity, it is possible to study the origin and evolution of SMBHs and
heir host galaxies (e.g. Wang et al. 2010 ). Previous studies have
hown a distinct relation between the metallicity from the narrow-
ine region ( Z NLR ) and the L AGN (e.g. Netzer et al. 2004 ; Nagao,

aiolino & Marconi 2006 ; Matsuoka et al. 2009 ). The ionized
as mass of the NLR is M NLR ∼ 10 5 −7 M �, which is far greater
han that of the broad-line region (BLR) i.e. M BLR ∼ 10 2 −4 M � (e.g.
sterbrock 1989 ; Baldwin et al. 2003a ), suggesting that the L AGN –
 NLR relation is an indication that AGN gas metallicity traces the
as enrichment in its host galaxy. Since the BLR has a very small
adius (e.g. R BLR < 1 pc ; Kaspi et al. 2000 ; Bennert et al. 2006b ;
uganuma et al. 2006 ) because of its proximity to the central source
s compared to the NLR (e.g. R NLR ∼ 10 1 −4 pc ; Bennert et al. 2006a )
n galactic nuclei, the L AGN –Z NLR relation will be a better tracer of
he evolution of the host galaxy than the metallicity from the BLR
 L AGN –Z BLR relation). Also, Z NLR may be uniquely promising and
etter suited as a proxy for the properties of the host galaxy since the
patial extent of the NLR region is larger than the BLR in low- and
igh- z as well as high L AGN , as observed by the strong correlation
etween the size of the NLR and the L AGN of the optical [O III ] λ5007
mission line (e.g. Dempsey & Zakamska 2018 ; Sun et al. 2018 ;
hen et al. 2019 ). Moreo v er, Z NLR values hav e been found to be
ither solar or near the solar metallicity (Z �) i.e. 0.2 � ( Z NLR /Z �) � 1
e.g. Nagao et al. 2006 ; Dors et al. 2019 ), hence Z BLR estimates at all
edshifts are higher by a factor of 2–15 times Z NLR (e.g. Hamann &
erland 1993 ; Baldwin et al. 2003b ; Bentz, Hall & Osmer 2004 ;
ang et al. 2019 ; Garnica et al. 2022 ), which indicates that the Z BLR 

s not representative of the metallicity of the host galaxy, which is
etter traced by the Z NLR . Although the BLRs are located in objects
ith high mass, where high metallicity values are expected (e.g. Xu

t al. 2018 ), the higher Z BLR values which are indirectly inferred
rom metallicity-sensitive broad emission-line flux ratios seem to
e unreal (e.g. Temple et al. 2021 , consideration for changes in the
hysical conditions of the emitting gas before metallicity estimation)
s compared to direct estimates of the Z NLR v alues. Ho we ver, most
f the Z NLR studies have been based on small samples of objects
nd/or with no L AGN –Z NLR relation studies (see Dors et al. 2020a , for
xample). 

The stellar mass–metallicity relation (MZR; e.g. Tremonti et al.
004 ; Boardman et al. 2022 ) indicates that the metallicities of galax-
es increase with increasing stellar masses, while the fundamental

etallicity relation (FMR; e.g. Lilly et al. 2013 ; Pistis et al. 2022 )
uggests that, for a given stellar mass, galaxies with higher star
ormation rates (SFRs) tend to have lower metallicities. For the first
ime, Matsuoka et al. ( 2018 ) found a correlation between Z NLR and
he host galaxy mass ( M � –Z NLR relation) for objects at z ∼ 3. A
omparison between observed ultraviolet emission-line flux ratios
nd photoionization model predictions by these authors showed that
 NLR increases by ∼ 0.7 dex as log ( M � / M �) increases from ∼10 to
12. This relation was also confirmed by Dors et al. ( 2019 ) for type
 AGNs in a wider redshift range (1.6 < z < 3.8) following a similar
ethodology by Matsuoka et al. ( 2018 ). Both studies indicate that
GNs and their host galaxies have similar metal enrichment and

he M � –Z NLR relation seems to complement similar estimates from
tar-forming galaxies (see Maiolino et al. 2008 ) for z ∼ 3.5 towards
igher masses. 
On the other hand, for the local Universe, a different scenario

s found. For instance, Thomas et al. ( 2019 ) used the Bayesian
ode ( NEBULABAYES ) which is based on photoionization model
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Figure 1. Redshift distribution of the rest-frame hard X-ray luminosity based 
on the 2–10 keV emissions of the BAT AGNs. Points with different colours 
represent the observed 2–10 keV luminosities for Sy 1 and Sy 2 of the sources 
in our sample with spectroscopic redshifts, as indicated. 
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tting of several optical emission lines and found that the Z NLR 

ncreases by � (O / H) ∼ 0 . 1 dex as a function of the M � over the
ange 10 . 1 � log ( M � / M �) � 11 . 3. Ho we ver, this Z NLR increase is
ower than the uncertainty produced by the strong-line methods (e.g. 
torchi- Bergmann et al. 1998 ; Denicol ́o, Terlevich & Terlevich 
002 ) or by the T e -method (e.g. Berg et al. 2020 ; Dors et al. 2022 ).
oreo v er, Dors et al. ( 2020a ) applied all the methods available in

he literature for deriving Z NLR using spectroscopic data from SDSS- 
R7 (York et al. 2000 ; Abazajian et al. 2009 ) but could not confirm

he M � –Z NLR relation for local objects ( z � 0.4). 
The aforementioned MZR studies suggest some discrepancies 

etween the results from various studies and raise the question of
hether there are differences in the L AGN –Z NLR and MZR relations 
etween the global parameters of low or/and high redshift(s) in 
GNs, or if they are driven by small samples or due to the effects of

he various selection criteria and methods have on the Z of galaxies.
n view of this, we apply the strong-line methods to analyse the
 X –Z NLR relation using optical and X-ray data from a large sample
f X-ray selected AGNs in this current study. In principle, the X-
ay luminosity can yield more reliable results than the stellar mass
ecause X-ray surv e ys are practically efficient for selecting AGNs 
ince X-ray emissions are generated from the nuclear components 
ith relatively clean signals which are less affected by obscuration 

nd contamination from non-nuclear emissions. Hitherto, almost all 
he L AGN –Z NLR and L AGN –Z BLR relations in the literature have been
btained based on either optical or UV selection criteria. Ho we ver,
he hard ( � 10 keV) X-ray luminosity ( L X ) of the Swift -BAT AGN
pectroscopic Surv e y (BASS; see Ricci et al. 2017a , for details)
hich have been relied on in this work, measures direct emission

rom the AGN which is unaffected by dust or contamination from
F, and is much less sensitive to obscuration in the line-of-sight as
ompared to soft X-ray or optical wavelengths, allowing a selection 
ased on only the central engine properties. Compact, nuclear, and 
uminous X-ray emission is certainly a sign of an AGN due to
he compact and dense plasma required to produce X-ray emission 
ince at low-z an X-ray luminosity e.g. L X > 10 42 erg s −1 cannot be
roduced by anything else other than an accreting SMBH. Therefore, 
e compare the metallicity derived from optical emission lines 
f these hard X-ray selected AGNs with their X-ray properties to 
etter understand the AGN L X –Z relation. This paper is organized 
s follows. We describe the observational data in Section 2 . Details
o the calculations of the total oxygen abundances via the strong-
ine methods have been outlined in Section 3 . The results and
iscussions are presented in Section 4 . Finally, we summarize our 
ndings in Section 5 . Throughout this paper, we adopt a spatially flat
 CDM cosmology with the parameters: �M 

= 0.3, �� 

= 0.7, and 
 0 = 70 km s −1 Mpc −1 . 

 OBSERVA  T I O NA L  DA  TA  A N D  SAMPLE  

ESC R IPTION  

o calculate the oxygen abundances for the narrow line region of
 sample of Seyfert nuclei, optical spectroscopic data taken from 

he literature are considered. Therefore, we selected AGN emission 
ine intensities from the BASS DR2 presented by (Oh et al. 2022 )
or the O/H estimations. It is worth mentioning that these authors 
ave taken special care to remove the broad components from 

he allowed emission lines as well as removing possible outflow 

symmetries effects from the emission line fluxes (for details see 
h et al. 2022 ). In order to compare these abundances with AGN
roperties (e.g. L X , Eddington ratios) we cross-matched this sample 
ith the BASS DR2, which provides X-ray observed and intrinsic 
uminosities (Ricci et al. 2017a ), resulting in 743 common sources,
ore details are given below (see Section 2.1 ). The luminosity values

or the AGN sample are those measured in the two X-ray bands, 2–
0 keV and 14–195 keV, and the metallicity estimated are calculated 
hrough optical emission lines. Fig. 1 shows a plot of the selected
-ray luminosities in the Swift-BAT AGN sample together with their 

orresponding redshifts. Points with different colours represent the 
bserved 2–10 keV luminosities for all the sources in our sample
ith spectroscopic redshifts. 

.1 The 70-month Swift -BAT Catalog and the emission line 
uxes 

he Burst Alert Telescope (BAT) instrument onboard the Swift 
atellite (Gehrels et al. 2004 ), which is undertaking an all-sky survey
n the ultra-hard X-ray band (14–195 keV), has identified 1210 
bjects (Baumgartner et al. 2013 ), of which 858 are classified as
GNs (Koss et al. 2022a ) based on their cross-correlations with
bjects in the medium and soft energy X-ray bands. 
The optical emission line fluxes (3200–10 000 Å) of 743 sources

resented by Oh et al. ( 2022 ) in the BASS DR2 were considered
n this work. A complete summary of the instrument setups and
bserving parameters have been provided by Koss et al. ( 2022a ).
he BASS DR2 used targeted observations with the Palomar Double 
pectrograph (DBSP), which is attached to the Hale 200-inch tele- 
cope (36.4 per cent, 271/743), the X-Shooter spectrograph mounted 
n the European Southern Observatory’s Very Large Telescope (ESO- 
LT; 22.7 per cent, 169/743; Vernet et al. 2011 ), the Boller &
hivens (B & C) spectrograph mounted on the 2.5-m Ir ́en ́ee du Pont

elescope at the Las Campanas Observatory (5.5 per cent, 41/743), 
bservations from the Goodman spectrograph (4.3 per cent, 32/743; 
lemens; Crain & Anderson 2004 ) on the Southern Astrophysical 
esearch ( SOAR ) telescope, and the low-resolution imaging spec- 

rometer (LRIS: 0.7 per cent, 5/743; Oke et al. 1995 ) on the Keck
elescope. Spectra from publicly available surv e ys, such as SDSS
ata Release 15 (15.9 per cent, 118/743; Aguado et al. 2019 ), and
1 AGN spectra (see Koss et al. 2017 ) that were not in the DR2 were
lso used. 
MNRAS 520, 1687–1703 (2023) 
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Due to its selection from the hard X −ray band (14–195 keV), the
ASS sample is almost insensitive to obscuration up to Compton-

hick levels ( N H > 10 24 cm 

−2 ; Ricci et al. 2015 ; Koss et al. 2016 ).
oss et al. ( 2017 , 2022a ) and Oh et al. ( 2022 ) have given a detailed
 v erview of the optical spectroscopic data. Additionally, extended
ulti-wavelength campaigns from near-infrared (NIR) to soft X-ray
a velengths ha ve made it possible to further characterize the BASS

ample, for the scaling between global galaxy properties such as the
orrelations between X-ray and optical obscuration, NIR lines, X-ray
hoton index, absorption, and coronal properties, AGN mass outflow
ates and bolometric luminosity (e.g. Berney et al. 2015 ; Lamperti
t al. 2017 ; Oh et al. 2017 ; Ricci et al. 2017b , 2018 ; Trakhtenbrot
t al. 2017 ; Liu et al. 2020 ; Rojas et al. 2020 ; Koss et al. 2021 ;
nanna et al. 2022 ; Kakkad et al. 2022 ; Ricci et al. 2022 , among
thers). 

.2 Our final sample 

e selected Seyfert galaxies from the second catalogue and data
elease of the BASS made available by Oh et al. ( 2022 ). For a
etter comparison with previous works with regards to the oxygen
bundance, we consider only sources classified as Seyferts based
n diagnostic diagrams (see Section 2.3 below) as suggested by
aldwin, Phillips & Terlevich ( 1981 ). We consider the diagrams

O III ] λ5007/H β versus [N II ] λ6583/H α, [S II ] λλ6717,6731/H α,
nd [O I ] λ6300/H α that require the theoretical demarcation lines
sed by K e wley et al. ( 2001 , 2006 ) proposed to separate AGNs,
ransition, and star-forming regions, and the empirical line proposed
y Schawinski et al. ( 2007 ) to separate Seyferts from LI(N)ERs (also
ee Cid Fernandes et al. 2010 ). 

Considering the selected Seyferts sample, we applied criteria for
he optical data which consists of emission lines observed in the
avelength range of 3500 < λ( Å) < 7000 as well as the L X . These

riteria are underscored below: 

(i) The objects must have the narrow optical H β λ4861,
O III ] λ5007, H α λ6563, [N II ] λ6584, and [S II ] λλ6716,6731
mission-line fluxes measured, which gives a total sample consisting
f 561 objects. We started with 743 sources, excluded 138 because
hey were not within Seyfert region (including 56 LI(N)ERs), 44
GNs with high obscuration and non-detection of H β were also
iscarded. We define Sy 1 as the sources with Sy 1–1.5 classification
s defined by Oh et al. ( 2022 ) based on the strength of [O III ] to H β

nd Sy 2 as those with Sy 1.8–2 classification. 4 Therefore, the 561
bjects comprise of 287 Sy 1s and 274 Sy 2s where the emission
ines were detected at � 3 σ significance level for each target. This
election criterion permits to estimate the NLRs metallicities based
n several strong-line methods (see Dors et al. 2020a , for a re vie w
f the methods). 
(ii) Finally, we selected objects with estimated Eddington ratios,

Edd = L 

int 
bol / L Edd to analyse the L X –λEdd relation. We obtained a sub-

ample for 282 Sy 1s and 264 Sy 2s from Koss et al. ( 2022a ) with
ddington ratio estimates based on the intrinsic X-ray emission and
lack hole masses using velocity dispersions (Koss et al. 2022b ) and
road Balmer lines (Mej ́ıa-Restrepo et al. 2016 ). Thus, we note that
he analysis involving these quantities are with smaller samples than
hose with only L X . 
NRAS 520, 1687–1703 (2023) 

 This choice was made because objects classified as Sy 1.8 shows very weak 
road H β and H α in its optical spectrum while in Sy 1.9 only the weak 
road component is detected at H α (e.g Osterbrock 1981 ), thus their o v erall 
pectrum is more close to a type 2 source than to a true type 1. 

t  

r  

F  

e  

O  

t  
e chose only the strong-line methods to determine the abundances
ecause when the presence of the [O III ] λ4363 line is considered in
he selection criteria for the sources, the sample will considerably
e reduced to 218/561 sources. Moreo v er, considering the T e -
ethod will lead to selection effect, specifically the high degree

f uncertainties in the measurements of the strengths of the weak
emperature-sensitive auroral oxygen line [O III ] λ4363 given that
O III ] λ4363 emission line should be at rest with respect to the T e -
ethod associated rest-optical nebular emission lines, which could

otentially introduce similar margin of high degree of uncertainties
n the oxygen abundances derived using the T e -method. 

.3 Diagnostic diagrams 

lthough the objects considered in the present work have been
lassified as AGNs by the original authors, for consistency with our
revious works we produced an additional test for a homogeneous
ample selection based on the standard Baldwin–Phillips–Terlevich
BPT; Baldwin et al. 1981 ; Veilleux & Osterbrock 1987 ) diagrams.
ere we adopted the theoretical criterion which relied on photoion-

zation model results, proposed by K e wley et al. ( 2001 , 2006 ), where
mission line objects with 

og([O III ] λ5007 / H β) > 

0 . 61 

[log([N II ] λ6584 / H α) − 0 . 47] 
+ 1 . 19 , 

(1) 

og([O III ] λ5007 / H β) > 

0 . 72 

[log([S II ] λ6725 / H α) − 0 . 32] 
+ 1 . 30 , 

(2) 

nd 

og([O III ] λ5007 / H β) > 

0 . 73 

[log([O I ] λ6300 / H α) + 0 . 59] 
+ 1 . 33 

(3) 

re classified as AGNs. The [S II ] λ6725 line represents the sum of
he [S II ] λ6717, λ6731 doublet. Fig. 2 shows the diagnostic dia-
rams using the emission-line ratios of log([O III ] λ5007/H β) versus
og([N II ] λ6584/H α), log([S II ] λ6725/H α), and log([O I ] λ6300/H α)
or our sample of galaxies. The dashed line shown in this fig-
re represents the criterion proposed by Schawinski et al. ( 2007 ) to
eparate AGN-like and low ionisation (nuclear) emission line regions
LI(N)ERs] objects, given by 

og([O III ] λ5007 / H β) > 0 . 45 + log([N II ] λ6584 / H α) × 1 . 05 . 

(4) 

e notice that the objects co v er a large range of ionization degree
nd metallicity since a wide range of [O III ]/H β and [N II ]/H α are
bserved (e.g. Feltre, Charlot & Gutkin 2016 ; Castro et al. 2017 ; Ji
t al. 2020 ; Agostino et al. 2021 ). 

.4 Reddening correction 

eyfert galaxies can be strongly affected by internal reddening (see
chnorr-M ̈uller et al. 2016 ; Lu et al. 2019 , for example). Ho we ver,

he internal extinction can be derived from the ratio of the strongest
ecombination lines of hydrogen in the optical spectrum i.e. H α/H β.
or a pure recombination and a temperature of 10 4 K, this ratio is
 xpected to hav e the value H α/H β = 2.86 (Case B recombination;
sterbrock 1989 ). An observed ratio higher than this value can

hus be attributed to reddening from dust. The corresponding colour
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Figure 2. Diagnostic diagrams for emission-line ratios of log([O III ] λ5007/H β) versus log([N II ] λ6584/H α), log([S II ] λ6725/H α), and log([O I ] λ6300/H α). 
[S II ] λ6725 represents the sum of the lines [S II ] λ6717 and [S II ] λ6731. Points represent objects of our sample (see Section 2 ). Solid lines, by K e wley et al. ( 2001 ) 
and represented by equations ( 1 ), ( 2 ), and ( 3 ), separate objects ionized by massive stars from those ionized by AGN-like objects, as indicated. The dashed lines 
represent the criterion proposed by Schawinski et al. ( 2007 ) to separate AGN-like and low ionisation (nuclear) emission line regions [LI(N)ERs] objects, given 
by equation ( 4 ). Red and black points represent the emission lines from the NLRs of Seyferts 1 and 2 respectively, as indicted. 
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5 The wavelength dependence in the optical domain, f ( λ) is the reddening 
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f ( ∞ ) = −1 and f (H β) = 0 yields to the curve, considering the rest-frame 
wavelengths for permitted and forbidden lines from Moore ( 1945 ) and Bowen 
( 1960 ), respectively. 
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xcess from this ratio is expressed as 

( B − V ) = 

E(H β−H α) 
f λ(H β) −f λ(H α) 

= 

2 . 5 
R λ[ f λ(H β) −f λ(H α) ] 

[ 
( F H α/F H β ) obs 

( F H α/F H β ) int 

] 
, 

(5) 

here R λ[ f λ(H β) − f λ(H α)] are the Galactic extinction coefficients,
 λ(H β) and f λ(H α) are the reddening curve values at the H β and H α

av elengths, respectiv ely. The logarithmic extinction coefficient, 
(H β), is the reddening constant simply defined as 

( H β) = 

R λ [ f λ(H β) ] 

2 . 5 
E( B − V ) (6) 

he final logarithmic extinction coefficient can be thus calculated 
rom the following relation as 

( H β) = − 1 

f ( λ) − f (H β) 
·
[

log 

(
F ( λ) 

F ( H β) 

)
− log 

(
I ( λ) 

I ( H β) 

)]
. 

(7) 

n extinction correction can then be applied to all observed emission
ine fluxes, normalized to the H β flux using 

I ( λ) 

I (H β) 
= 

F ( λ) 

F (H β) 
× 10 −c (H β) [ f ( λ) −f (H β) ] , (8) 

here I ( λ) is the intensity (reddening corrected) of the emission
ine at a given wavelength λ, F ( λ) is the observed flux of the
mission line, f ( λ) is the adopted reddening curve normalized to
 β and c (H β) is the interstellar extinction coefficient. The [ f ( λ)

f (H β)] values were compiled from table 7.1 by Osterbrock 
 1989 ). In order to provide supplementary interpolation data for
urther important nebular emission lines between different specifc 
av elength-dependent e xtinction factor f ( λ) values since not all lines
ere listed, we have derived the following reddening function, 5 

 ( λ) = 2 . 967 λ2 − 5 . 454 λ + 1 . 953 , (9) 

ith λ in units of micrometers within the range 
 . 35 � λ( μm) � 0 . 70 . 
Halpern ( 1982 ) and Halpern & Steiner ( 1983 ) used photoioniza-

ion models and found that I (H α/H β) is ∼3.10 in AGNs with high
nd low ionization degree in comparison to the canonical Case B
ecombination value of 2.86. Therefore, I (H α/H β) = 2.86 and
.10 intrinsic ratios are usually considered to be estimations for 
alaxies dominated by star formation and for galaxies dominated by 
GNs, respectively (Gaskell 1982 , 1984 ; Ferland & Netzer 1983 ;
askell & Ferland 1984 ; Veilleux & Osterbrock 1987 ; Wysota &
askell 1988 ). Particularly, in AGNs, there is a large transition zone,
r partly ionized region, in which H 

0 coexists with H 

+ and free
lectrons (see Dors et al. 2022 , and references therein). In this zone,
ollisional excitation is also important in addition to recombination 
Ferland & Netzer 1983 ; Halpern & Steiner 1983 ). The main effect
f collisional excitation is to enhance the intensity of H α. The
igher Balmer lines are less affected because of their large re-
xcitation energies and smaller excitation cross-sections. With this 
n mind, we have corrected the emission-line fluxes for extinction 
sing the Balmer decrement and the Cardelli, Clayton & Mathis 
 1989 ) reddening curve for the internal and Galactic reddening,
espectively. We assumed an R V = A V / E ( B − V ) = 3.1 and an intrinsic
 α/H β = 3.1. 
Since some measurements for the emission lines do not have their

ncertainties listed (H β: 29/561, H α: 1/561, [O III ] λ4959: 25/561,
O III ] λ5007: 5/561, [N II ] λ6548: 63/561, [N II ] λ6584: 6/561, and
S II ] λλ6716, 6731: 31/561 each), thus, we adopted a typical error
MNRAS 520, 1687–1703 (2023) 
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density in the formalism given by equation ( 11 ). 
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f 10 per cent (see, for instance, Kraemer et al. 1994 ; H ̈agele et al.
008 ). These errors were propagated through the estimations of the
ncertainties in the derived values of the metallicity (in order of 0.1
ex). It worth to note that, for a lower redshift limit of z < 0.04,
xtraction aperture of 1.5–2 arcsec (Koss et al. 2022a ) in radius
nd the aperture co v ering fraction of ∼ 20 per cent are sufficient for
 v oiding aperture effects on our metallicity estimates (see Kewley,
ansen & Geller 2005 ; K e wley & Ellison 2008 ). Additionally, these
uthors posited that the derived metallicity can vary by ∼0.14 dex
rom the value determined when the total galaxy emission is taken
nto account for apertures that capture less than 20 per cent of the
otal galaxy emission. Ho we ver, only the nuclear region abundances
re considered in our study, so the aperture effect on our metallicity
stimates is insignificant. 

 M E T H O D O L O G Y  

he main goal of this work is to derive the oxygen abundance relative
o hydrogen (O/H) from the NLRs of a sample of Seyfert nuclei in
rder to analyse the L X –Z NLR relation. In view of that, we adopted
he strong-line methods for optical emission lines to be applied in the
tudies of the NLR of Seyfert nuclei. In the following sections we
escribe to somewhat details of the aforementioned methods and the
xygen abundance computed from the data under consideration in
his work. 

.1 AGN calibrations 

n recent optical surv e ys such as the Sloan Digital Sk y Surv e y (SDSS;
ork et al. 2000 ), the [O II ] λ3727 line is measured in very few
bjects. Moreo v er, [O II ] λ3727 line is more in the bluer part of the
pectrum and it is more ef fecti vely scattered or affected by interstellar
eddening. Furthermore, more than one-half of the current strong-
ine calibrations derived for AGNs consider the [O II ] λ3727 line as
ata selection criterion (e.g. Storchi-Bergmann, Calzetti & Kinney
994 ; Castro et al. 2017 ; Dors 2021 ). Therefore, we note that when
he presence of the [O II ] λ3727 line is considered in the selection
riteria of objects, the sample is considerably reduced. Hitherto, the
nly AGN calibrations which solely rely on [N II ] λ λ6548,6584/H α

nd/or [O III ] λ λ4959,5007/H β are the two calibrations proposed
y Storchi-Bergmann et al. ( 1998 ) and Carvalho et al. ( 2020 ). We
rovide descriptions of these calibrations in the following sections. 

.1.1 Stor chi-Ber gmann et al. ( 1998 ) calibration 

torchi-Bergmann et al. ( 1998 ) used grid of photoionization models
y assuming a typical AGN continuum, which were built with the
LOUDY code (Ferland et al. 2017 ) and, for the first time proposed two
GN theoretical calibrations between the NLRs emission line ratios

N II ] λλ6548,6584/H α, [O II ] λ3727/[O III ] λλ4959, 5007 as well as
O III ] λλ4959, 5007/H β and the metallicity (traced by the oxygen
bundance). The models were constructed assuming a gas density
alue of 300 cm 

−3 , and the calibrations were fitted within ∼0.05 dex
f the models. These calibrations are valid for the range of 8 . 4 �
12 + log (O / H)] � 9 . 4 and the oxygen abundances obtained from
hese calibrations differ systematically by only ∼0.1 dex (Storchi-
ergmann et al. 1998 ; Dors et al. 2020a ). 
In this work we used only one calibration proposed by Storchi-

ergmann et al. ( 1998 , hereafter SB98f1 ) because using the
O II ] λ3727 line as a selection criterion will reduce the number of
NRAS 520, 1687–1703 (2023) 
ources to 396/561. The SB98f1 calibration is defined by 

12 + (O / H) = 8 . 34 + (0 . 212 x) − (0 . 012 x 2 ) − (0 . 002 y) 
+ (0 . 007 xy) − (0 . 002 x 2 y) + (6 . 52 × 10 −4 y 2 ) 
+ (2 . 27 × 10 −4 xy 2 ) + (8 . 87 × 10 −5 x 2 y 2 ) , 

(10) 

here x = [N II ] λ λ6548,6584/H α and y = [O III ] λ λ4959,5007/H β.
It is important to apply the correction proposed by these authors to

quation ( 10 ) in order to account for the deviations from the assumed
as density therefore the final calibration is given by 

og (O / H) SB98f1 = [ log (O / H) ] −
[

0 . 1 × log 
N e ( cm 

−3 ) 

300 ( cm 

−3 ) 

]
, (11) 

here N e is the electron density and equation ( 11 ) is valid for 10 2 �
 e (cm 

−3 ) � 10 4 . 

.1.2 Electron density 

he electron density ( N e ), for each object, was calculated from the
S II ] λλ6717,6731 doublet flux ratio, using the 1.1.16 version of
YNEB code (Luridiana, Morisset & Shaw 2015 ) and assuming a
onstant electron temperature T e = 10 4 K, typical for photoionized
as in the NLRs. The PYNEB code allows an interactive procedure
here N e is computed from the required forbidden lines depending
n specific value of T e . Moreo v er, it is worth mentioning that
S II ] λλ6717,6731 can only be applied to 0 . 45 � R [S II ] � 1 . 45
where R [S II ] = F λ6717 /F λ6731 , see Osterbrock & Ferland 2006 ;
anders et al. 2016 ), which translates into electron density values

n the range of 5 000 � N e (cm 

−3 ) � 50, respectively. Therefore,
or the objects with emission line ratios outside these theoretical
onstraints, we assumed the electron density to be N e = 2 000 cm 

−3 

f R [S II ] � 0 . 45, in order to a v oid collisional de-excitation 6 effect
nd N e = 100 cm 

−3 if R [S II ] � 1 . 45, which is the minimum electron
ensity value for the calibration by SB98f1 . From the 561 objects
onsidered for the strong-line method calibrations, 7 there are 5 with
 [S II ] � 0 . 45 and 62 with R [S II ] � 1 . 45 i.e. ∼ 12 per cent of the total

ample. While some of the R [S II ] values are extreme and beyond the
ow-density regime other emission lines from the sources are not
berrant. 

In order to verify if there is a correlation between the electron
ensity and the intensity of the strong emission line ratios involved
n the metallicity calculations, in Fig. 3 , we plotted the logarithm
f [O III ] λ5007/H β (top panel), [N II ] λ6584/H α (middle panel),
nd [S II ] λ6725/H α (bottom panel) versus R [S II ] . Also in Fig. 3 ,
e have presented histograms showing the distributions of values

rom the emission lines considered, where Sy 1 and Sy 2 are
ndicated by black and red colours, respectively. We applied the two-
ample Kolmogoro v–Smirno v (KS) statistical test to the frequenc y
istributions of the line ratios in Fig. 3 for the Sy 1 and Sy 2 nuclei
f our sample. The KS tests show that the probability of any two
istributions being taken from the same parent distribution is lower
han 10 −5 , which suggests that the difference in the distributions of
he density sensitive R [S II ] and the diagnostic emission line ratios
etween Sy 1 and Sy 2 is statistically significant. Ho we ver, this
ifference does not necessarily translate into a similar significant
ifference in the metallicity distributions of Sy 1 and Sy 2 due to
he electron density, in fact, it signifies that the electron density from
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Figure 3. Bottom panel: The distribution of logarithmic of the diagnostic 
[S II ]( λλ6717 + 31)/H α versus the [S II ] λλ6717, 6731 doublet flux ratio 
( R [S II ] ) estimated from 287 Sy 1s and 274 Sy 2s. The green and blue dash–
dotted lines represent the minimum and maximum flux ratios corresponding 
to the theoretical high- and low-density limits (see Section 3.1.2 ), respectively. 
Histograms of log([S II ] λ6725/H α) and R [S II ] are plotted in the right panel. 
Middle panel: Same as bottom panel but for log([N II ] λ6584/H α) versus 
R [S II ] . Top panel: Same as bottom panel but for log([O III ] λ5007/H β) versus 
R [S II ] . Black and red points with corresponding coloured p-values denote Sy 1 
and Sy 2 sources respectively, while the grey coloured p-value is obtained 
from the combined data set. 
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 [S II ] has no effect on any discrepancy which may arise from the
etallicities between Sy 1 and Sy 2. The KS test values (black, red,

nd grey coloured p-values are for Sy 1, Sy 2, and the combined data
et, respectively) from all the diagnostics, shown in Fig. 3 , are lower
han 10 −5 therefore the electron density has no significant effect on 
he metallicity values derived. 

We derived electron density values from Sy 1s and Sy 2s in the
ange 100 � N e (cm 

−3 ) � 2 000, with median values of ∼ 480 cm 

−3 

nd ∼ 390 cm 

−3 , respectively (see Fig. 4 ). 

.1.3 Carvalho et al. ( 2020 ) calibration 

arvalho et al. ( 2020 , hereafter C20 ) presented a comparison using
hotoionization model predictions built with the CLOUDY code (Fer- 
and et al. 2017 ), considering a wide range of nebular parameters, and
 [O III ] λ5007/[O II ] λ3727 versus [N II ] λ6584/H α diagram obtained
rom observational data of 463 Seyfert 2 nuclei ( z � 0.4). From
his comparison, these authors derived a semi-empirical calibration 
etween the N 2 = log([N II ] λ6584/H α) line ratio and the metallicity
 NLR , given by 

 Z NLR / Z �) = (4 . 01 ± 0 . 08) N2 − 0 . 07 ± 0 . 01 , (12) 

hich is valid for 0.3 � ( Z NLR /Z �) � 2.0. The metallicity results
btained from equation ( 12 ) can be converted to oxygen abundance
ia the relation, 

2 + log ( O / H ) C20 = 12 + log [( Z NLR /Z �) × 10 log (O / H) � ] , (13) 

here log (O / H) � = −3 . 31 is the solar oxygen abundance value
aken from Allende Prieto, Lambert & Asplund ( 2001 ). The N 2
ndex has an advantage o v er other metallicity indicators such as
N II ] λ6584/[O II ] λ3727 because it involves emission lines with very
lose wavelengths: thus, N 2 is not strongly affected by dust extinction
nd uncertainties produced by flux calibration (Marino et al. 2013 ;
astro et al. 2017 ). 

 RESULTS  A N D  DI SCUSSI ON  

.1 Electron density effect 

ince the SB98f1 calibration depends on the electron density, as 
hown abo v e (see Section 3.1.1 ), it is important to analyse the
otential impact of the electron density on our metallicity results. 
The observed forbidden lines from the NLRs are indicative of a low

ensity and are very useful to measure several physical parameters 
f the region, such as temperature and electron density. In order
o examine the distributions of the electron density between Sy 1
nd Sy 2, we used a two-sample KS test, as shown in Fig. 4 .
e find that the significant difference between the samples with 

he p-value , p KS ∼0.012, indicates that Sy 1 and Sy 2 are from
ifferent distribution for a confidence level of 95 per cent, although,
MNRAS 520, 1687–1703 (2023) 
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he same ionization mechanism is responsible for the trends between
he electron density distributions of Sy 1 and Sy 2. Our derived
forementioned electron density values (see Section 3.1.2 ) are more
n agreement with the typical densities in the NLRs of Seyferts
 N e � 10 4 cm 

−3 ; e.g. Osterbrock & Ferland 2006 ; Ho 2008 ). 
From the unified model scheme, the narrow forbidden and permit-

ed emission lines in Sy 1 and Sy 2 sources come from the NLR,
 region well outside the BLR, spanning a few tens of pc to about
 kpc (Antonucci 1993 ). The mere presence of forbidden lines in
he NLR indicates that the gas densities are lower than in the BLR.
o we ver, the electron density distribution in Fig. 4 shows that Sy 1

till exhibits slightly higher electron density (also see Peterson et al.
013 ) in comparison to Sy 2 (Sy 1 dominates the density distribution
t N e > 600 cm 

−3 , and vice versa), suggesting that the Sy 1 and Sy 2
re not only a geometrical phenomenon but sources with different
hysical properties (see Audibert et al. 2017 , for other examples). It is
oteworthy to emphasize that the N e values from both Sy 1s and Sy 2s
re lower than the critical density ([S II ] λ6717: N c ∼ 10 3 . 2 cm 

−3 and
S II ] λ6731: N c ∼ 10 3 . 6 cm 

−3 ; see Vaona et al. 2012 ) for the emission
ines involved in the deri v ation of the electron density in this work
herefore collisional de-excitation effect has no influence on our
bundance estimates (e.g. Osterbrock & Ferland 2006 ; Vaona et al.
012 ). It is worth mentioning that similar trends are found even using
igher ionization potential lines, such as [Ar IV ] λ4711, λ4740 (Vaona
t al. 2012 ; Congiu et al. 2017 ; Cerqueira-Campos et al. 2021 ). 

Additionally, the electron density determined from the R [S II ] is
uch lower than those obtained using auroral and transauroral

ines, as well as ionization parameter based approach (e.g. Davies
t al. 2020 ). Furthermore, even considering the highest N e value we
ssumed for R [S II ] � 0 . 45 ( N e = 2 000 cm 

−3 ), the O/H correction
s ∼0.1 dex, which is in order of the uncertainty of abundances
ia direct measurements of the electron temperature (e.g. Kennicutt,
resolin & Garnett 2003 ; H ̈agele et al. 2008 ) and e ven lo wer than

hose ( ∼0.2 dex) via strong line methods (e.g. Denicol ́o et al. 2002 ;
arino et al. 2013 ). Thus, the abundances derived from our sample

re only marginally influenced by the electron density. 
The NLR can be explained by high-density gas clouds transfer

rom the nuclear region to the outer part in the host galaxy through
he outflows driven by the AGN as shown by photoionization models
e.g. Wada, Yonekura & Nagao 2018 ), implying that the NLR gas
ensity increases toward small radii (e.g. Bennert et al. 2006a , b ).
 or instance, spatially resolv ed observational studies of the NLRs
av e rev ealed a profile of electron density along the AGN radius, i.e.
lectron densities ranging from ∼ 2 500 cm 

−3 at the central parts to
100 cm 

−3 at the outskirts (e.g. Congiu et al. 2017 ; Freitas et al.
018 ; Kakkad et al. 2018 ; Re v alski, Crenshaw & Kraemer 2018 ;
ingozzi et al. 2019 ). Since our spectra were integrated in the central

arts of the galaxies, the electron density values obtained in the
resent work must be considered as mean values for the NLRs. The
xistence of the density effect has already been taken into account
n the strong-line calibration by C20 , while SB98f1 has proposed a
orrection (equation 11 ), which is valid for the gas density in the
ange 10 2 � N e (cm 

−3 ) � 10 4 , and would have a maximum impact
f 0.1 dex (e.g. Dors 2021 ) on the metallicity correction. While the
se of R [S II ] is still a subject of ongoing debate (e.g. Shimizu et al.
019 ; Davies et al. 2020 ; Nicholls, K e wley & Sutherland 2020 ), it
s still better suited to probe the NLR gas density for the proposed
orrection by SB98f1 . Finally, even electron density values derived
rom spatially observed AGNs and from emission lines emitted by
ons (e.g. Ar 3 + ) with higher ionization potentials than S 

+ support
he phenomenon that the NLR is indicative of a low density regime
 N e � 10 4 cm 

−3 ). Thus, collisional de-excitation has a minimum
NRAS 520, 1687–1703 (2023) 
ffect on the formation of the emission lines we used to estimate
he metallicity (e.g. [O III ] λ5007: N c ∼ 10 5 . 8 cm 

−3 and [N II ] λ6584:
 c ∼ 10 4 . 9 cm 

−3 ; see Vaona et al. 2012 ). 

.2 Ca veats f or the Seyfert 1 metallicity 

s widely accepted in the AGNs phenomena (e.g. Antonucci 1993 ),
wo distinct emission-line regions are expected to exist around the
ccretion disc: (i) A BLR, which consists of relatively dense clouds
 N e � 10 5 cm 

−3 ) and highly perturbed gas. In this region forbidden
mission lines are suppressed by collisional de-excitation while
road permitted lines are emitted with FWHM � 1000 km s −1 , and
ii) the NLR with low electron density clouds ( N e � 10 4 cm 

−3 )
here the narrow forbidden and permitted emission lines (FWHM �
000 km s −1 ) are produced. 
Despite these two distinct regions, some studies have shown that,

t least in some Sy 1 nuclei, some forbidden lines can also be emitted
ear the BLRs or, in other words, the NLRs present very high electron
ensity values. Peterson et al. ( 2013 ) used observational data from the
nternational AGN Watch campaign via the Hubble Space Telescope,
ound a variability of the flux of [O III ] λ5007 and the continuum ( λ =
100 Å) in the well-studied Seyfert 1 NGC 5548. These authors (see
lso Zhang & Feng 2016 ; Sergeev, Nazarov & Borman 2017 ; Landt
t al. 2019 ; Horne et al. 2021 ) showed that the [O III ] emission
ccurs preferentially in a compact NLR (1–3 pc) with an electron
ensity ∼ 10 5 cm 

−3 , which is close to the critical density for this line
10 5 . 8 cm 

−3 ; Vaona et al. 2012 ). This scenario precludes any direct
lectron density estimation in the gas region where most of the [O III ]
s emitted, even using the [Ar IV ] line ratio. 

Since SB98f1 and C20 calibrations were obtained based on
hotoionization models assuming low ( � 10 3 cm 

−3 ) and constant
lectron density values along the AGN radius, we can have some
iases in the Seyfert 1 oxygen abundance estimates. In order to verify
he possible effect of high-density clouds on the strong emission lines
sed in our metallicity estimates, we performed photoionization
odel simulations following a similar procedure adopted by Dors

t al. ( 2019 ). We used AGN models, which were built from version
7.00 of the spectral synthesis code CLOUDY (Ferland et al. 2017 ),
ith radial density profiles N e ∝ r −0.5 , where r is the distance to the

enter of the AGN, as deri ved observ ationally from the Sy 2 galaxy
rk 573 by Re v alski et al. ( 2018 ). We assumed the same nebular

arameters used by C20 but for metallicity ( Z/ Z �) = 0 . 2 , 1 . 0 , 2 . 0,
n innermost radius of 0.1 pc, the outermost radius where the gas
emperature reaches 4 000 K (standard value in the CLOUDY code),
ogarithm of the number of ionizing photons emitted by the central
ource is considered to be log [ Q (H)] = 54, the slope of the spectral
nergy distribution, αox = −1.1 and log ( N e ) ranging from 3 to
 with a step of 1.0 dex. In Fig. 5 , the predicted intensities of
O III ] λ5007/H β, [N II ] λ6584/H α emission line ratios versus the
og ( N e ) are shown. Also in this figure the critical density values
or [N II ] λ6584 and [O III ] λ5007 are indicated. It can be seen that the
ariations in electron density, for density values lower than the critical
ensity ( N c ), have practically insignificant effects on the emission
ine ratios considered for our metallicity estimations, thus validating
he employed metallicity methodology for the Sy 1 sources. 

It is worth mentioning that the application of strong emission line
alibrations to the deri v ation of metallicity must be considered in a
tatistical analysis considering a large object sample, as performed
n this work. Obviously, estimates based on detailed photoionization
odels which take into account a wide spectral wavelength range,

s performed by Kraemer et al. ( 1994 ) for the two Sy 2 galaxies



O/H and L X 

–Z NLR 

relation in Seyferts 1695 

Figure 5. The intensities of [O III ] λ5007/H β and [N II ] λ6584/H α emission 
line ratios versus the logarithm of the electron density predicted by photoion- 
ization models assuming radial density profiles N e ∝ r −0.5 , where r is the 
distance to the centre of the AGN. Solid lines connect the points representing 
model predictions with different metallicities, as indicated. Dashed lines 
represent the critical density values of 10 4 . 9 cm 

−3 and 10 5 . 8 cm 

−3 for 
[N II ] λ6584 and [O III ] λ5007 (Vaona et al. 2012 ), respectively. 
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GC 7674 and IZw 92, produce more precise metallicity values, but 
uch results are available from a few objects. 

.3 Gas phase abundances 

n Fig. 6 (a), we show the distribution of oxygen abundances in this
tudy estimated from the NLRs of 287 Sy 1s and 274 Sy 2s with
espect to the calibrations by SB98f1 and C20 (blue lines for Sy 1
nd red for Sy 2). We also show a KS test p values as follows: (i)
or Sy 1 sources comparing the two different methods: p KS(Sy 1)
 10 −5 ; (ii) for Sy 2 sources comparing the two different methods:
 KS(Sy 2) < 10 −5 ; (iii) comparing Sy 1 and Sy 2 abundances using
he SB98f1 method: p KS(SB98f1) < 10 −5 and, (iv) comparing Sy 1
nd Sy 2 abundances using the C20 method: p KS(C20) < 10 −5 . 

It is clear that the O/H distribution from Sy 1 co v ers a wide range of
etallicities as compared to Sy 2, with Sy 1 sources showing median

alues (8.44 ± 0.03 for SB98f1 and 8.55 ± 0.04 for C20 ) lower than
hose in type 2 objects (8.54 ± 0.02 for SB98f1 and 8.70 ± 0.02 for
20 ). This difference is interpreted as different chemical enrichment 
aths for type 1 and type 2 sources. This could be due to a more active
revious star-formation in the type 2 sources than in type 1s, thus
nriching the interstellar medium (ISM) with recycled material from 

tellar evolution. In this hypotheses, the AGN would be quenching 
he star-formation in the nuclear region of type 1 sources. Another 
ossible scenario would be that type 1 sources are experiencing an 
nflo w of lo w metallicity gas that is diluting the richer gas available
n the centre of the galaxies, making the o v erall abundance lower
n type 1 sources. Indeed this hypothesis is in agreement with the
ndings by N22 when studying the abundances radial profiles of a 
ample of Sy 2 sources and comparing them with the nuclear region
e.g. the disc extrapolated values are higher than those obtained for
he nuclear region). 

To compare our results with the literature, in Fig. 6 (b), we show
he distribution of the gas phase abundance estimates for the Sy 2
alaxies in this study in comparison with similar estimations by do
ascimento et al. ( 2022 , hereafter N22 ) using observational data

rom the SDSS-IV MaNGA surv e y. In addition we also performed
S tests to compare both samples, as follows: (i) comparison 
etween our results and those from N22 using the SB98f1 method:
 KS(SB98f1) < 10 −5 ; (ii) comparison between our results and those
rom N22 using the C20 method: p KS(C20) < 10 −5 and, (iii) a
omparison between the results found by N22 from the MaNGA 

y 2 sources using the two different calibrations ( SB98f1 and C20 ):
 KS(N22) = 0.004. We observe that there is a good agreement
etween our estimates and those obtained by N22 from the two
if ferent calibrations. Ho we ver, comparing the results from Sy 2s
sing the two calibrations we notice that there is a slight difference,
hich is obvious in the KS p values [p KS(Sy 2) × p KS(N22)]
etween our estimates and those obtained by N22 , but the difference
s not statistically significant. 

.4 Oxygen abundance and AGN properties 

.4.1 X-ray luminosity 

n this section we compare the X-ray luminosities with the oxygen
bundances determined for the 561 sources using the different 
alibrations (see Section 2.2 ). In Figs 7 and 8 , we show the the
 X –Z NLR relations which indicate anticorrelations between the X-ray 

uminosities (observed and intrinsic, respectively) and metallicities 
rom the NLR. The solid grey lines show the linear relation between
he two parameters ( L X and Z NLR ). These lines were obtained
ollo wing Rif fel et al. ( 2021 ) using 1000 bootstrap realizations
Davison & Hinkley 1997 ) with Huber Regressor model that is
obust to outliers (Owen 2007 ). The Pearson correlation coefficients 
nd p-values are quoted (they are the mean value of the bootstrap
ealizations). We also average the oxygen abundance values in bins 
f 0.5 dex of L X , which are shown in red, and a liner regression (red
ashed line) fit was performed o v er them (removing the points which
re the average of a small number of objects – shown in magenta). We
otice that the metallicity estimates show a dependence on the various 
-ray luminosities, as seen from the Pearson correlation p-values . 

n addition, there is a higher correlation from the calibration by C20
 r = −0.27 ± 0.04; −0.22 ± 0.04) in comparison with SB98f1 ( r =
0.24 ± 0.04; −0.20 ± 0.05) at both the observed ( log L 

obs 
2 −10 ) and

ntrinsic ( log L 

int 
14 −150 ) X-ray luminosities. At this point, it is difficult

o reconcile which physical quantity is responsible for the observed 
orrelation dif ference. Ho we v er, the metallicity e xhibits somewhat
ependence on the X-ray luminosity regardless of the method used 
also see Oh et al. 2017 ), indicating that there may be a common
hysical driving mechanism. It is important to highlight that we 
ested for the correlations separating type 1 and type 2 sources, as
 result of this e x ercise, we note that the metallicity estimates from
y 1 and Sy 2 follow the same trend with respect to L X (e.g. the r
alues are the same within the margin of error). 

.4.2 The mass–metallicity relation 

he inflows of metal-poor gas which acti v ate the star formation and
ilute the metallicity of the ISM or the outflows of metal-rich gas
hich stop the star formation are some mechanisms which depend 
n MZR. In Figs 9 and 10 , we plot the metallicity as a function of the
MNRAS 520, 1687–1703 (2023) 
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Figure 6. Panel (a): distribution of oxygen abundances in this study estimated from the NLR of 287 Sy 1s and 274 Sy 2s using the calibrations by SB98f1 
and C20 . The blue dash–dotted and red solid vertical lines represent the median values of each histogram (i.e. the same colour and line pattern are used for the 
histogram and median value). Panel (b): Distribution of oxygen abundances in this study for the 274 Sy 2s and 108 Sy 2s estimated by N22 using the SB98f1 
(red and blue) and C20 (black and green) calibrations. A two-sample KS statistical test p values are also shown for each calibration as well as a comparison 
between the SDSS-IV MaNGA surv e y and BASS DR2 data sets. F or completeness we quote the value of 12 + log(O/H) � = 8.69 for the solar abundance 
derived by Allende Prieto et al. ( 2001 ). 

Figure 7. Metallicity versus observed (log L 2 − 10 ) luminosity using the strong-line calibrations by SB98f1 and C20 . The grey correlation parameters correspond 
to the solid grey lines, which represent the linear fits to the black points. The red points and dashed line represent average oxygen abundance values in bins of 
0.5 dex of L X and line of best fit to the red points, respectively. 
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lack hole mass and the host stellar mass for individual galaxies in
he sample, respectively. The MZR has been shown to be dependent
n redshift and various galaxy properties in the NLRs of AGNs
Matsuoka et al. 2018 ) and other SFs (e.g K e wley & Ellison 2008 ;
uang et al. 2019 ; Curti et al. 2020 ). It has generally been shown

hat, at a given stellar mass, lower redshift galaxies have higher gas-
hase metallicities than their higher redshift counterparts, while the
ZR al w ays shows a positive correlation. In Fig. 9 , we investigate

he redshift evolution of the MZRs between the metallicities and
he black hole mass. We found weak correlations ( r = 0.12; p =
.05, for SB98f1 and r = 0.09; p = 0.15 for C20 across the full
edshift range z � 0.31), which is consistent with the findings by Oh
t al. ( 2017 ), who found a weak correlation of the [O III ]/H β line
atio with the SMBH mass. We show the distribution of the NLR
NRAS 520, 1687–1703 (2023) 
etallicities as a function of the stellar masses of the hot galaxies
n Fig. 10 . We find positive correlations between NLR metallicities
nd the stellar masses at three different redshifts bins. This implies
hat the gas-phase metallicities in the NLRs of AGNs are connected
o the properties of the hot galaxies. 

The MZRs and FMRs have widely been investigated in SFs but
uch relations have rarely been found in AGNs. Ho we ver, the origin
f the MZRs and FMRs remain active research in astrophysics.
herefore, we further test this hypothesis by comparing the oxygen
bundances values computed here with those obtained in star forming
alaxies. A direct comparison between findings using samples
rom the same source might not reveal the actual properties which
nfluence the MZRs, as we have demonstrated above. Therefore, it
s important to show a comparison between our results and other
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Figure 8. Same as Fig. 7 but for the metallicity versus intrinsic ( L 14 − 150 ) luminosity. 

Figure 9. Bottom panels: The mass–metallicity relations between the black hole mass and the metallicity from the calibration by C20 . Top panels: Same as 
bottom panels but for the calibration by SB98f1 . The points in all panels are colour coded by redshift, as indicated by the colour bar. The number of sources 
is the same in the corresponding bottom and top panels. The results from the correlation analysis in redshift bins (0.000 < z � 0.020, 0.020 < z � 0.035 and 
0.035 < z � 0.150) are indicated in each panel. There is no correlation parameters at z > 0.15. 
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Figure 10. Same as Fig. 9 but for the stellar mass of the host galaxies. 

fi  

f
 

S  

s  

l
0  

K  

f  

g  

e  

B  

S  

f

1

w  

r  

l  

m

1

w  

l  

r  

o
 

t  

a  

c  

M  

2  

t  

t  

m  

2  

a  

e  

X
Z  

e  

S  

b  

w  

t  

r  

fi  

o  

s  

i  

g  

S  

E  

e  

F  

l  

(  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/2/1687/6994533 by guest on 27 February 2025
ndings from the literature. We briefly highlight some of the MZRs
rom the literature in the following. 

We considered the first MZR by Tremonti et al. ( 2004 ), who used
DSS spectroscopic data to demonstrate the MZR with ∼0.1 dex
catter at z ∼ 0.1 considering stellar masses in the range 8.5 �
og ( M � /M �) � 11. We also took into consideration the MZR at z ∼
.07 derived by Kewley & Ellison ( 2008 ) based on the calibration by
obulnicky & K e wley ( 2004 ). Additionally, Matsuoka et al. ( 2018 )

ound the MZR for type-2 AGNs at z ∼ 3.0, using high- z radio
alaxies and X-ray selected radio-quiet AGNs. Furthermore, Huang
t al. ( 2019 ) used the composite spectra of galaxies from the extended
aryon Oscillation Spectroscopic Surv e y of the Sloan Digit Sky
urv e y (SDSS IV/eBOSS) with a median redshift of ∼0.83. They
ound a redshift evolution of the MZR described by the relation, 

2 + log ( O / H ) = Z 0 + log 

[
1 − exp 

(
−

[
M � 

M 0 

]γ )]
(14) 

here Z 0 = 8.977, log M 0 = 9.961, and γ = 0.661 for the redshift
ange 0.60–1.05 with the stellar mass co v ering the range 9 <

og ( M � /M �) < 12. Finally, Curti et al. ( 2020 ) parametrized the
edian MZR via the relation, 

2 + log ( O / H ) = Z 0 − γ

β
log 

( 

1 + 

(
M 

M 0 

)−β
) 

(15) 

here Z 0 = 8.793 is the asymptotic metallicity at high M � ,
og ( M 0 /M �) = 10.02 is the turno v er mass below which the MZR
educes to a power law of index γ = 0.28 and β = 1.2 is a measure
f how fast the relation reach the asymptotic value. 
In Fig. 11 , we show the redshift evolution of the MZR in terms of

he metallicities and the stellar mass of the host galaxies in this work
NRAS 520, 1687–1703 (2023) 
s well as a comparison with similar MZRs from the literature. The
omparison among previous studies of SFs in Fig. 11 show a unique
ZR do wnward e volution trend from z ∼ 0.07 (K e wley & Ellison

008 ), z ∼ 0.1 Tremonti et al. ( 2004 ), z ∼ 0.83 Huang et al. ( 2019 ),
o z > 0.027 Curti et al. ( 2020 ), which is consistent with the fact
hat as redshift increases, the MZR shifts downward, indicating that

ore evolved galaxies tend to be more metal-rich (e.g. Maiolino et al.
008 ; Huang et al. 2019 ). Similarly, a comparison between our result
t a median redshift of z ∼ 0.04 and the MZR derived by Matsuoka
t al. ( 2018 ) for AGNs at z ∼ 3 follow the same downward trend. The
-ray selected AGNs have reveal the redshift evolution of the M � –
 NLR relations, which is consistent with the findings by Matsuoka
t al. ( 2018 ) and other star-forming galaxies (e.g. Huang et al. 2019 ;
anders et al. 2021 ). We note that the origin of the differences
etween the MZRs is outside the purview of this study. Ho we ver,
e highlight some possible scenarios which could be attributed to

he differences in MZRs between SFs and AGNs. Comparing our
esults with those by Matsuoka et al. ( 2018 , for AGN with z ∼3), we
nd that the curves from our sample is more flat and that the values are
n average ∼0.3 dex higher than those estimated from higher redshift
ources. We interpret this as the redshift evolution of MZR in AGNs,
n the sense that metal-rich gas are usually found in the more evolved
alaxies. Ho we ver, when comparing the mean values obtained from
F galaxies, reported by Tremonti et al. ( 2004 , red line), K e wley &
llison ( 2008 , magenta line), Huang et al. ( 2019 , teal line), and Curti
t al. ( 2020 , black line) in the stellar mass range of our sample (see
ig. 11 ), it can be seen that our AGN hosts (dashed cyan and blue

ines) do present values that are 0.2–0.5 dex lower than SF galaxies
solid lines). We note that different metallicity calibrations, even
hen based on the same diagnostics, are typically not consistent with

art/stad217_f10.eps
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Figure 11. Comparison between the mass–metallicity relations of the BASS sample (with a median redshift at z ∼ 0.04) and from the literature. The solid 
magenta, red, teal and black curves denote the MZRs for star-forming galaxies at z ∼ 0.07, z ∼ 0.1, z ∼ 0.83-, and z > 0.027 deri ved by K e wley & Ellison 
( 2008 ), Tremonti et al. ( 2004 ), Huang et al. ( 2019 ), and Curti et al. ( 2020 ), respectively. The dash–dotted cyan and blue curves represent our estimates from C20 
and SB98f1 calibrations, respectively, while the green filled area is from type-2 AGNs at z ∼ 3 by Matsuoka et al. ( 2018 ). 
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ne another and usually result in systematic abundance discrepancies 
rom −0.09 up to 0.8 dex (e.g. K e wley & Ellison 2008 ; Blanc et al.
015 ; Bian et al. 2017 ; Dors et al. 2020a ), which is consistent
ith the correlation differences between our estimates and the 

forementioned previous results obtained from SFs and AGNs. 
his discrepancy can not, ho we ver, be associated with the redshift
volution of the MZR, since the sources studied here are in the lower
edshift range (see Fig. 11 ) with different ionization mechanisms 
rom SFs, thus, it indicates that AGNs and SF galaxies have different
hemical evolution paths, suggesting that the abundances of AGN 

osts are somehow affected by the central engine. 
In fact, the SF around SMBH may be affected in many aspects (as

 consequence of the abundances too). For example, while some 
tudies associate the AGN outflows with the suppression of the 
F (e.g. Granato et al. 2004 ; Fabian 2012 ; King & Pounds 2015 ;
ubovas & Bourne 2017 ; Trussler et al. 2020 ) other studies suggest

hat these outflows and jets can compress the galactic gas, thus acting
s a catalyzer and boosting the SF (e.g. Rees 1989 ; Hopkins 2012 ;
ayakshin & Zubovas 2012 ; Bieri et al. 2016 ; Zubovas et al. 2013 ;
ubovas & Bourne 2017 ) and even form stars inside the outflow
e.g. Ishibashi & Fabian 2012 ; Zubovas et al. 2013 ; El-Badry et al.
016 ; Wang & Loeb 2018 ; Gallagher et al. 2019 ). Using high spatial
esolution observations taken with adaptive-optics assisted integral 
eld spectroscopy Riffel et al. ( 2022 , see also references therein)
ave shown that, once the AGN is triggered, it precludes further
F, in the sense that it can be associated with the lack of new star
ormation in the inner few hundred of pc of AGN hosts. N22 studied
patial variation of oxygen abundances on a sample of AGN, and has
uggested that the drop in the O/H abundance in the AGN dominated
egion when compared with the values obtained for the disc region
s due to the inflow of less metallic gas towards the central region
f the galaxy. All these processes contribute to a chaotic chemical
volution of AGNs. 

.4.3 Metallicity and accretion rate 

n order to test for a possible influence of the AGN on the metallicity
f the host galaxies, we have compared the metallicities with the
MNRAS 520, 1687–1703 (2023) 
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Figure 12. Bottom panels: The relation between the metallicity from the calibration by C20 and the Eddington ratios from the intrinsic X-ray luminosity 
( L 14 − 150 ). Top panels: Same as bottom panels but for the calibration by SB98f1 . The points in all panels are colour coded by redshift, as indicated by the colour 
bar. The number of sources is the same in the corresponding bottom and top panels. The results from the correlation analysis in redshift bins (0.000 < z � 0.020, 
0.020 < z � 0.035 and 0.035 < z � 0.150) are indicated in each panel. There is no correlation parameters at z > 0.15. 
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ddington ratio, which is a function of luminosity and M BH , shown
n Fig. 12 and since there is a similar distribution on the plane
og λEdd × log ( L bol ) between Sy 1 and Sy 2 we do not discriminate
etween them in subsequent analysis. This assertion reiterate the fact
hat there are no significant variations between the SFRs of type 1
nd type 2 AGNs, which is consistent with earlier findings using
FRs derived from infrared indicators (e.g. Zou et al. 2019 ). 
Furthermore, from Fig. 12 , it can be seen that there is anticor-

elation between the accretion rate and the metallicity, for different
edshift bins, with Person correlation coefficients ranging from r
−0.24 to −0.50 and p-value < 10 −5 depending on the redshift range

nd the adopted calibration. These results are more in agreement with
hose found by Oh et al. ( 2017 ) who compared [N II ] λ6583/H α,
hich is sensitive to O/H abundances, with λEdd for a sub-sample
f the local hard X-ray-selected BAT AGNs (297 sources at 0.01
 z < 0.40) as well as at redshift beyond the local Universe (e.g.

3 sources at 0.6 < z < 1.7; Oh et al. 2019 ) and found a clear
nticorrelation between those two quantities. Moreo v er, Matsuoka
t al. ( 2011 ) used optical spectra of high redshift (2.3 < z < 3.0)
uasars and compared different metallicity sensitive emission line
atios with λEdd . They obtained mostly positive correlations 8 from
he comparison between the metalicity sensitive line ratios and λEdd ,
s can be observed from their Fig. 6 . Furthermore, they found that the
 AGN –Z BLR trend is as a result of the positive correlations between
NRAS 520, 1687–1703 (2023) 

 It is worth mentioning that depending on the line ratio and the black hole 
ass bins there is no correlation found in some cases. 

t  

r  

F  
hese same line ratios and the SMBH mass. Also, Shemmer et al.
 2004 , and references therein) found that in high redshift (2.0 < z
 3.5) quasars there is a positive correlation between luminosity (or
MBH mass) and BLR metallicity sensitive line ratios (N V /C IV ). 
The correlation of the Z NLR and/or metallicity sensitive emission

ine ratios with the L X , or λEdd in Seyferts is in contrast with the
esults that were obtained based on measurements of UV broad
mission lines in quasar. Additionally, the correlation of Z AGN - M BH 

elation, is extremely weak (or absent) in Seyferts as compared to
uasars. These discrepancies might be due to the fact that Seyferts are
oderate-luminous AGNs whereas quasars are the most-luminous
GNs as well as the different methodologies used in the estimation
f the λEdd , which has a strong dependence on the L X –M BH relation.
t is worthwhile to note that, the λEdd is responsible for the AGN
ueling while the metal enrichment of the nuclear gas is due to
uclear/circumnuclear star-formation. 
Moreo v er, it is challenging to fairly compare the results obtained

rom the BLR using high z quasars with those found from the NLR
f local Universe sources. Even, to compare the NLR gas from local
niverse sources with quasar is very difficult, as has been shown by
etzer et al. ( 2004 ), the NLR properties in high-luminosity quasars

re very different from those observed in nearby AGNs, for example,
hey may be in a phase of violent star-forming events that release
igh quantities of metals into the gas. This would naturally explain
he differences we observe between our results and those from high
edshift objects. In fact, this is fully supported by our finding in
ig. 12 , since the ‘strength’ of the anticorrelation (measured by the
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 ) drops when we consider the higher redshift sources (0.035 < z
 0.150), indicating that there is a change in the chemical evolution

ath of AGNs with redshift. 
The anticorrelation observed in Fig. 12 , where λEdd increases with 

ecreasing metallicity suggest that the chemical evolution of the host 
alaxy seems to be affected by the AGN activity through suppression
f their nuclear SF, and thus stopping the enrichment, or the sources
ith higher Eddington ratio experiencing an inflow of a lower metal- 

icity gas from the outskirts of the galaxy and/or from the cosmic
eb. Thus, this metal-poor gas would be diluting the more metal-rich 
as in the inner regions and feeding/triggering the AGN. The scatter 
e observe from the Z NLR in Fig. 12 (e.g. for a fixed luminosity,

here is a range of possible metallicity values), could be explained 
y the fact that the gas reaching the SMBH is probably originating
rom mass loss from intermediate-age stellar population (Riffel et al. 
022 ). In this sense, the outskirts low metallicity gas reaching the
GN, will get an extra supply of gas that has already been processed
y stellar nucleo-synthesis, and thus enhancing the Z NLR . Therefore, 
he values of oxygen abundances, for a fixed L X would be the balance
etween the pristine and the processed gas phases. 

From the abo v e, we interpret the anticorrelation found in Fig. 12 as
ue to the combination of the inflow of pristine gas diluting the metal-
ich gas, acti v ating the AGNs, which in turn suppress the nuclear SF,
hus stopping the gas enriching process. In this framework, the more 
uminous sources will have lower metallicities (no SF + pristine 
as), while the less luminous would have higher Z NLR values since 
hey may still have some level of nuclear SF but no (or a small amount
f) pristine gas is reaching their SMBHs. 

 C O N C L U D I N G  R E M A R K S  

e derived metallicities via the strong-line calibrations by Storchi- 
ergmann et al. ( 1998 ) and Carvalho et al. ( 2020 ) for a sample of
61 Seyfert nuclei in the local Universe ( z � 0.31) selected from the
wift -BAT 70-month AGN Data Release 2 (DR2) Catalog. These 
etallicities and the hard X-ray ( � 10 keV) luminosities were used

o study the L X –Z NLR relation for the first time in Seyfert galaxies.
e also studied the relation between the metallicities and the AGN 

roperties. The physical properties comparison between Sy 1s and 
y 2s indicate that even in the narrow line regions of both AGN
lasses, Sy 1 still exhibit higher electron density in comparison to 
y 2. We found that the AGN metallicities are related to the hosts
tellar masses following a downward redshift evolution, similar to 
hat of SF galaxies, from lower to higher redshifts, but with lower
alues of O/H abundances (with a mean difference of 0.2–0.5 dex) in
GN hosts than in SF galaxies. We also found that the metallicities
ecrease with increasing X-ray luminosities and have significant 
orrelations with λEdd at the redshift range z � 0.02 (the o v erall
xygen and nitrogen dependent: r ∼−0.50 ± 0.06, p < 10 −5 , σ =
.20 dex) and at the full redshift range z � 0.31 (oxygen dependent:
 ∼−0.42 ± 0.04, p < 10 −5 , σ = 0.12 dex and nitrogen dependent:
 ∼−0.45 ± 0.04, p < 10 −5 , σ = 0.18 dex). We argue that, these
nticorrelations are driven by the X-ray luminosities, and they change 
ith redshift, indicating that the AGNs are someho w dri ving the

hemical enrichment of their host galaxies, as a result of the inflow
f pristine gases that are diluting the metal-rich gases, together with 
 recent cessations on the star formation. 
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