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ABSTRACT

Gas metallicity, ionization parameter, and gas pressure can affect the observed ratios of specific
strong emission lines within galaxies. While the theoretical strong lines diagnostics for gas metallicity,
ionization parameters, and gas pressure in star-forming regions are well-established, theoretical diag-
nostics for active galactic nuclei (AGNs) narrow line regions are still lacking. In Zhu et al. (2023),
we presented a new AGN model that provides the best predictions for observations spanning the UV,
optical, and infrared wavelengths. This paper presents a suite of theoretical diagnostics for the gas
metallicity, ionization parameter, gas pressure, and the peak energy in AGN ionizing radiation field
Fpear: for AGN narrow-line regions spanning the UV and optical wavelengths. We investigate the model
dependency on the ionization parameter, gas pressure, E,.q;, and the nitrogen scaling relation and
make recommendations on metallicity diagnostics that are most robust against these parameters. We
test our new AGN metallicity diagnostics using optical galaxy spectra from Sloan Digital Sky Survey
DR16. These tests show that the metallicities measured from different diagnostics in this paper are
consistent within ~ 0.3 dex. We compare consistent HII and AGN diagnostics and demonstrate that
HIT and AGN diagnostics should not be used interchangeably. With a wide wavelength coverage, we
anticipate that these AGN diagnostics will enable new metallicity studies of galaxies dominated by

AGN.



KOHTEeKCT

 MeToabl OLEHKU METAIZIMYHOCTU B ranaktnkax ¢ AGN B HacTosaLWMUM
MOMEHT Haxo4ATCA Ha HaYya/IbHbIX CTagMAX pa3paboTku (BOT yxe 20+ ner)

* Nna AGN cambim NPaBUAbHbIM CYHUTAETCA METOA, CUNbHbBIX TMHUIN, HO

NPOCTO TaK B3ATb METO/, CU/IbHbIX TIMHUIN Ana obnacten SF Henb3A (M B aTOM
CTaTbe NOKa3aHO Nno4Yemy)

* B aTon cTaTtbe NoApPobHO pa3bupaeTcs MeToa CUAbHbIX IMHUN,
nceneayeTca 3aBMCUMOCTb OTHOLLEHUN CUNBHbBIX JIMHUA OT MHOTUX
napameTpoB: METa/IVIMYHOCTU, MOHU3ALMOHHOIO NapameTpa, AaB/EeHUS,
E_peak u nitrogen scaling relation

... 3TO OYEHb XOPOLLO, BeAb Mbl Kak pa3 cobupaemca mepuTb
MmeTannnmdyHoctu B AGN ©

the peak energy (Epeak) of the AGN radiation field
MoMKeT 6bITb KTO-TO KOMMNETEHTHO PACCKaXKeT, YTO 3TO TaKoe?



MIHTepecHble cBeaeHUsA, MOYEePnHYTble N3 BeAEHUS

* SDSS DR16 galaxies spectra show that at least ~ 5% galaxies are
Seyfert galaxies and ~ 10% galaxies are composite galaxies (where
AGN contributes ~ 10% - 50% to the emission lines)

* In the literature, metallicity measurements in the NLRs of AGNs are
generally performed in three ways: the Te method, the central
intersect of radial abundance gradients, and the theoretical
metallicity diagnostics:

- Te meToA: He paboTaeT AnA raflakTUK C HU3KOW NNOTHOCTbIO N HU3KOM
meTannmuyHoctbio 12+log(O/H) < 8.7 galaxies (Stasiska 2005; Dors et al. 2015)

- Bropoun metopa: “adopt the central intersect abundance of the radial abundance
gradient derived in the outer star-forming regions of the galaxy as an
approximation”

- TpeTnn meton — MmeTo, CUNbHbIX IMHUKA, OCHOBAHHbLIW Ha TEOPETUYECKUX
mogenax NLR AGN (pabotbi Storchi Bergmann et al. 1998; Groves et al. 20043;
Feltre et al. 2016)



* Te method tends to systematically un derestimate the oxygen abundance
of NLRs at an average level of ~ 0.8 dex

e abundances obtained by central intersect of radial metallicity gradients in
Pilyugin et al. (2015) are close to, within ~ 0.3dex of the abundances
derived from theoretical metallicity diagnostics

To ectb Te meTOA, UCNONBL30BATb COBCEM HUKAK HENb3A

CyuwecTtBytoLime metoabl cunbHbiX IMHUN ana AGN B onTtuke (Storchi-
Bergmann et al. (1998), Castro et al. (2017), Carvalho et al. (2020)) n Yo
(Nagao et al. (2006), Dors et al. (2014, 2019)) ocHoBaHbl Ha Pa3HbIX MoAeNAX
AGN, aa ele n He cornacyrTca mexay cobou

YcrpoucTtso TunmnyHon moaenm AGN: A typical AGN model contains an AGN
ionization spectrum, descriptions of gas abundance, gas density structure,
and dust properties, and a photoionization code to perform numerical
calculations.



Llenb naHHOW paboThl:

* Based on comparison with observations, we recommended a new
AGN model that can consistently predict observed UV, optical, and IR
emission lines in NLRs.

* 1 pa3paboTaHHYIO ANArHOCTUKY MOXKHO ByaeT Ncnoanb30BaThb
OHOBPEMEHHO C pa3paboTaHHOU AnMarHocTuKon ana SF obnacten B
Tex e ranaktukax: Because our new diagnhostics use the MAPPINGS
photoionization models and consistent abundance sets, our new AGN
NLR diagnostics may be used in conjunction with the metallicity

diagnostics for star-forming galaxies presented in Kewley et al.
(2019b).



Moaenb AGN

- radiation model OXAF ana reHepauun noHmnsyrowero nanydyeHnsa AGN

(Cpean napameTpoB MOAENMN CaMblM BaXKHbIM OKa3anca Epeak, u nosatomy
BapbMpyeTCcA TO/IbKO OH)

- ®otonoHumnzauma: We use the MAPPINGS version 5.20 photoionization code
(The latest available atomic data from CHIANTI version 10)

- CogepaHune anemeHToB: based on the average abundance of 29 local B
stars in the Milky Way

(copeprKaHusa WKanmpytoTca AMHenHo kKpome He, C, N)

- For the density structure, we assume pressure equilib rium and allow the
density to vary within the NLR.



1 @30T WKaampyeTcsa 2 pa3HbiMK cnocobamm

Y HUX Pa3HbIA HAK/IOH 3aBUCMMOCTU, YTO NPUBOAUT K CNeayOLEMY:

“at the high metallicity end (12+log(O/H) = 9.0), the N/O ratio derived from

the ‘NHhigh’” N/O-O/H relation can be ~ 0.4dex higher than the N/O ratio
derived from the ‘NHlow’ N/O-O/H relation”

Mouemy Tak? CBA3aHO ¢ pm3nkomn oboraweHnsa M3C azotom. Ectb ABa
KaHana:

- core-collapse supernovae in the native gas cloud
- delayed nucleosynthesis from intermediate-mass stars in their giant phase

Ho Aana pa3HbIX TMNOB raslakTUK LWKAaIMPOBaHME MOXKET ObITb Pa3HbIM,
HanpUMep KapTUHY MOTryT MeHATb 3Be3abl WR ecnm nx mMHoOro



4TO noay4ymnock

* Similar to the situation in Hll regions, many AGN metallicity
diagnostics have small to moderate dependence on the ionization

parameter (log(U)), gas pressure (P/k), and the peak energy (Epeak) of
the AGN radiation field.

[lanee a2 NnoKaxKy onTn4yeckne KannbpoBKKM, TaK KaK Mbl paboTaem ¢
ONTUKOM, HO B CTaTbe €CTb TO e camoe ana Yo

A elle B cTaTbe NpMBEeAEHO MHOIO 3aBMCMMOCTEN ANA
MOHM3aLMOHHOro NapameTpa u 4ap



10 ZHU ET AL.
A U U U T T L] [RLTEL [RLALAL LIL LI ] [ LI (L (LU [ LI A L L L [
1ok a) (NN AB584 I b [NI)AB584 I (c) _"_(d] ]
. :P.= e I R:m 1 R = R(N2,52,Ha) _:R=R(N2,52,03}

log (R)

log (R)

R =
—2.!}_-

[ONAA4D50, 5007

[MI]AG584 + He

1 R = [OIN] AS007 +[ON]AA3726, 9

Il
™ __-R=

HE

[SIN] AA9069, 9531
Har

-34
=30
—26
=22

————— -34
-30
-26
-2

logiU)l oglEx el
Zig -l00 o

—318 -150

1.5

. Iﬂ:l]. B lﬂ:ﬁl - 9.0
log (O/H) + 12

80 85
log (O/H) + 12

9.0 1.5

T80 85
log (O/H) + 12

9.0

AN T
8.0 8.5 9.

log(O/H) +12

0

Figure 3. Optical metallicity diagnostics for the AGN narrow line regions as predicted by AGN models with log( P/k) = 7.0,
'NHlow’ nitrogen scaling relation, and varying ionization parameters (log(U) = —3.8,-3.4,-3.0, 2.6, —2.2 correspond to
colors from dark to bright) and varying peak energy in the AGN radiation field (log(Epeak/keV) = —1.0 in solid lines and
log( Epeak /keV) = —1.5 in dash lines).
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Figure 4. The effect of nitrogen scaling relation on optical metallicity diagnostics for the AGN narrow line regions as predicted
by AGN models with log(P/k) = 7.0 and log( Fpeax/keV) = —1.5. As in Figure 3, but with line styles representing the nitrogen
scaling relation used in the AGN models (‘NHlow’ in solid lines and ‘NHhigh’ in dash lines).



B ntore, Kak cunTaTtb
MeTaNANYHOCTb? Cxema noacyeTa
MEeTaN/INYHOCTMN nTepaLmMoHHaA

START

Step(i): Estimate the initial guess of metallicity,
[12 + log(O/H)]; with metalliciity diagnostics assuming:
log(U); = = 3.0, log(P/k); = 7.0, log(EPeak); ==15

l[ 12 + log(O/H)];

Step(ii): Update the log(U/) with ionization parameter diagnostics (¢

llog(U}

Step(iii): Update the log(P/k) with gas pressure diagnostics

llog(Pik}
Step(iv): Update the ]Ug(Epeak) with Epﬁ:::lk diagnostics

l lo E(Epcak}

Step(v): Reestimate the metallicity [12 4+ log(O/H)]
with updated log(U'), log(P/k), and log(Epeak].

Does YES
[12 4 log(O/H)] changes more
than 0.05 dex? [12 + log(O/H)]

[12 + log(O/H)]

Figure 9. The logical flowchart for determining metallicity
for AGN narrow line regions using theoretical diagnostics.



TecTbl

This difference is a result of different dust assumptions in the
two models. Our AGN model includes dust and dust depletion,
while the AGN model in Carvalho et al. (2020) is dust-free.
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Figure 8. External testing the AGN metallicity diagnostics and ionization parameter diagnostics in this paper. The left panel
shows the comparison of optical AGN metallicity diagnostics [N I1]/Ha and [N II]/[O I1] from this paper and those from Carvalho
et al. (2020) and Castro et al. (2017). The right panel shows comparison of AGN ionization parameter diagnostic C I11]/C IV
and [O III]/[O 1I] from this paper and those from Dors et al. (2019) and Carvalho et al. (2020). In both panels, the diagnostics
from this paper are derived from AGN models with log(P/k) = 7.0, log( Epeax /keV) = —1.5, and ‘NHhigh’ nitrogen abundance

scaling relation.



CpaBHeHMWEe KannbpoBOK 13
3TOM paboTbl ApYyr C Apyrom
for 460 Seyfert galaxies
observed in SDSS DR16.
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Figure 12. Comparing the UV and optical metallicity diagnostics for AGN narrow line regions (solid lines) and HII region
(dashed lines) with varied lonization parameter (log(lU) = —3.8, —=3.4, = 3.0, —2.6, —2.2 correspond to colors from dark to bright).
Both AGN and HII metallicity diagnostics are derived from models with the same gas pressure log(P/k) = 7.0.



Pe3ynbTaThl

We recommend the following metallicity diagnostics
that are most robust against other parameters:

(a) N III} A1747-52/0 I1I] AA1660, 6, only depend on
the nitrogen scaling relation.

(b) [N II} A6584 /|0 II] AA3727,9, R(N2,S2,Ha), and
R(N2, S2, O3), only depend on the nitrogen scaling re-
lation.



We compare consistent HII and AGN diagnostics and
demonstrate that HII and AGN diagnostics should not
be used interchangeably. We recommend the use of
AGN diagnostics where AGN is expected to dominate
the emission-line gas. We provide a description of which
diagnostics may perform best in the event of contami-
nation by HII gas in the aperture. The metallicity diag-
nostics that are least affected by the HII-AGN mixing

are:
(i) UV diagnostic [N II] AA2139, 43 /[0 II] A2470.

(ii)  optical  diagnostics [N II] A6584/Ha,
[N II] A6584 /|0 II] AN3727,9, and [S ITI] AN9069, 9531 /Ha

at 12 4+ log(O/H) < 8.5.
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