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Abstract

In this paper, we use high-quality rest-UV spectra of three radio galaxies at z ~ 3 observed with the FORS2 camera
on the Very Large Telescope to measure the flux of several emission lines, including relatively faint ones, such as
N1V]A1486, OIIJA1663, and [Ne IV]\2424. Additionally, we collect fluxes of faint rest-UV emission lines in
12 z ~ 3 radio galaxies from the literature. Previously, physical and chemical properties of narrow-line regions
(NLRs) in high-z active galactic nuclei (AGNs) have been investigated mostly by using only strong rest-UV
emission lines (e.g., N VA1240, C1VA1549, He 1A1640, and C III]A1909). Such strong-line diagnostics are based
on various assumptions due to the limitation in the number of available emission-line constraints. In this work,
both physical and chemical properties of NLR clouds in each object are estimated by fitting detailed
photoionization models to the measured emission-line fluxes. We confirm that the metallicity of NLRs in AGNs at
z~3 is solar or supersolar, without assumptions about the gas density and ionization parameter thanks to the
constraints from the faint emission lines. This result suggests that high-z radio galaxies are already chemically

CrossMark

, and

mature at z ~ 3.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Interstellar medium (847); Active galactic

nuclei (16)

1. Introduction

Understanding the formation and evolution of galaxies is one
of the hot topics in modern astronomy. To tackle this topic,
investigating the nature of galaxy components such as stars,
gas, and dark matter at various cosmic epochs is a fundamental
approach. It is especially important to understand the redshift
evolution of interstellar medium (ISM) properties that are
characterized by physical and chemical parameters such as gas
density, ionization parameter, and metallicity. In particular,
metallicity reflects the star formation and gas inflow/outflow
history of galaxies (e.g., Erb 2008; Lilly et al. 2013; Lu et al.
2015; Belfiore et al. 2016; Vangioni et al. 2018). ISM
properties in low-redshift galaxies are usually estimated with
optical emission-line diagnostics (e.g., Nagao et al. 2006a;
Izotov et al. 2006; Kewley & Ellison 2008; Curti et al.
2017, 2020). For galaxies at high redshifts (z > 1), the rest-
frame optical emission lines are shifted into the near-infrared,
and thus measurements of their strength are more challenging.
Recently, the ISM properties of such high-z star-forming
galaxies have been also investigated (e.g., Forster Schreiber
et al. 2009; Yabe et al. 2012; Yuan et al. 2013; Maier et al.
2014; Newman et al. 2014; Nakajima et al. 2018; Sanders et al.
2020), and the observed evolution of the emission-line
properties is consistently explained with photoionization
models with extreme ISM conditions (e.g., Kewley et al.
2013). However, the determination of detailed physical
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parameters of the ISM for high-z star-forming galaxies is
generally difficult because their emission lines are faint.

On the other hand, active galactic nuclei (AGNs) are
luminous, and thus their emission-line fluxes can be measured
even in the high-z universe. One important advantage of the
spectroscopic study of AGNs in comparison to that of star-
forming galaxies is that AGNs show strong rest-frame UV
emission lines, which are faint in star-forming galaxies. Many
spectroscopic observations for high-z AGNs have been carried
out for various diagnostic studies (e.g., Villar-Martin et al.
1999; De Breuck et al. 2000; Vernet et al. 2001; Soldérzano-
Ifarrea et al. 2004; Nagao et al. 2006b; Humphrey et al. 2008;
Matsuoka et al. 201la; Feltre et al. 2016). Particularly,
spectroscopic properties of narrow-line regions (NLRs) in
AGNs have been often investigated because NLR gas clouds
distribute up to the kiloparsec scale, which can trace a far larger
scale than broad-line regions (BLRs; located at <l pc
typically), and thus the NLR is more appropriate for studying
the ISM property of AGN host galaxies. Since NLR clouds are
mostly ionized through the photoionization process (e.g.,
Binette et al. 1996; Komossa & Schulz 1997; Groves et al.
2004; Thomas et al. 2016), the ISM properties of host galaxies
can be studied through detailed comparisons between photo-
ionization models and emission-line spectra of NLRs.

To study the spectroscopic properties of NLRs in AGNs,
more reliable measurements of the emission-line properties of
the NLRs can be obtained for Type 2 AGNs than for Type 1
AGNSs. This is because the strong broadline emission from
BLRs in Type 2 AGNs is blocked by optically thick dusty tori,
and thus both of forbidden and permitted emission lines can be
used for various diagnostic studies without being affected by
the BLR emission, which only appears in the permitted
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emission lines. Among some populations of Type 2 AGNs,
high-z radio galaxies (HzRGs) have often been targeted in
high-z spectroscopic studies because they are easier to be found
than radio-quiet ones. In previous spectroscopic studies of
HzRGs, strong UV lines (e.g., NVA1240, CIVA1549,
He 11A1640, and C1I]JA1909) have been used to characterize
their ISM properties (e.g., Nagao et al. 2006b; Villar-Martin
et al. 2007; Humphrey et al. 2008; Matsuoka et al. 2009; Dors
et al. 2014; Morais et al. 2017; Matsuoka et al. 2018). The
results of these studies suggest that the HZRGs were already
chemically mature by z~4, and no significant redshift
evolution in 1 <z <4 is observed.

In the previous studies, however, emission-line diagnostic
studies have required assumptions on some ISM parameters; in
other words, it has been difficult to determine the physical and
chemical parameters of the ISM simultaneously due to the
small number of detected emission lines. For example, the gas
metallicity has sometimes been estimated with CIV/HeII and
Cur]/Civ flux ratios assuming a fixed gas density (e.g.,
Matsuoka et al. 2009). The C1V/Hell flux ratio, however,
depends on the gas density of ionizing clouds. This flux ratio
can vary by ~2 dex when log n (in cm ) changes from ~2 to
~6 (Matsuoka et al. 2009). Consequently, the results of the
metallicity estimations that do not take into account the
dependence of these flux ratios on gas density can vary by
factor 2 depending on the assumed gas density (e.g., Matsuoka
et al. 2018). However, such degeneracies can be solved by
using not only traditionally used strong emission lines (Silva
et al. 2018), but also faint emission lines. Therefore, in this
paper, we use high signal-to-noise (S/N) rest-UV spectra of
HzRGs to measure the flux of several emission lines, including
relatively weak ones. We investigate the physical and chemical
properties of the ISM in HzZRGs without assumptions about the
gas density and ionization parameter.

This paper is structured as follows. In Section 2 we describe
the spectroscopic data and reduction processes. We show the
results of the data analysis in Section 3 and describe our
photoionization models in Section 4. We discuss the inter-
pretation of our results in Section 5 and draw the conclusion of
this paper in Section 6. Throughout this paper, we assume
Om = 0.3, Q4,=0.7, and Hy=70 km s~' Mpc™".

2. Data
2.1. Our Targets and Data Reduction

To analyze narrow emission lines including faint ones, we
investigate the high-quality rest-frame UV spectra of HzRGs
presented by Matsuoka et al. (2009). Among the nine HzRGs
studied by Matsuoka et al. (2009), we specifically focus on
three HzRGs (TN J0920—0712, 4C 24.28, and USS 1545
—234) whose high S/N spectra show at least six emission lines
with S/N > 5. Thanks to the high S/N, we detect N Iv]A1486,
O1IIJA1663, and [NelIV]A2424 emission lines, which are
weaker than the C1v, Hell, and C III] emission lines. HzZRGs
in Matsuoka et al. (2009) were originally selected from a HZRG
catalog (De Breuck et al. 2000) with the following criteria: (1)
redshift higher than 2.7, and (2) the emission-line flux of C1v,
He 11, and C I1T] had not been measured. The basic properties of
the three objects are summarized in Table 1. The observations
were carried out using the FOcal Reducer and low dispersion
Spectrograph 2 (FORS2; Appenzeller et al. 1998) at the Very
Large Telescope (VLT) between 2005 October and 2006

Terao et al.
Table 1
Target Properties
Exp. Date of
Name z* EB-V) (min) Observations
TN 2.758 0.041 180 2006 Apr. 3, 4
J0920—-0712

4C 24.28 2913 0.018 180 2006 Apr. 23
USS 1545-234  2.751 0.257 240 2006 Apr. 5, 23, 24
Notes.

# Redshifts are determined from the observed C IV wavelength.
® Galactic extinction (Schlegel et al. 1998).

October (PI: Tohru Nagao). The slit width was 1”. The spectral
resolution was R ~ 500, which was measured using the width
of sky emission lines. The typical seeing during the observa-
tions was ~1”4, which is broader than the slit width. The
details of the observations are described in Matsuoka et al.
(2009).

In this work, we are specifically interested in relatively faint
emission lines of the spectra in order to increase available
emission lines for estimating ISM parameters. However,
Matsuoka et al. (2009) did not correct for the effect of the
atmospheric absorption because they focused only on strong
emission lines whose wavelengths were not affected by the
atmospheric absorption. Thus we reanalyzed the spectra with
an additional procedure to correct for the atmospheric
absorption, which is not negligible for faint emission lines.
The data reduction of the three HzRGs is briefly described
below, which is basically the same as described in Matsuoka
et al. (2009), except for some additional procedures.
The data analysis was performed with the IRAF software
(Tody 1986, 1993). We adopt the usual manner to analyze the
data, i.e., bias subtraction using average bias frames, flat-
fielding, cosmic-ray subtraction, wavelength calibration using
sky emission lines, sky subtraction, spectral extraction from
two-dimensional spectra by adopting an aperture of 2725
(9 pixels), and flux calibration by standard stars. The Galactic
reddening maps from Schlegel et al. (1998) and the extinction
law from Cardelli et al. (1989) were adopted for the correction
of the Galactic reddening of the three targets. Sky subtractions
were performed using an averaged sky spectrum created based
on the region that is free from the target light in the observed
2D spectrum. Cosmic-ray events were removed using the
lacos_spec task (van Dokkum 2001) instead of the
fixpix task used in Matsuoka et al. (2009). The spectra of
targets were divided by the reduced spectra of standard stars to
correct for atmospheric absorption features, which were not
corrected for in the previous analysis.

In general, emission lines from NLRs in AGNs are affected
by the internal dust reddening caused in their host galaxies, not
only in our galaxy (e.g., Ho et al. 2003; Gu et al. 2006; Vaona
et al. 2012; Heard & Gaskell 2016; Malkan et al. 2017; Lu et al.
2019). In order to correct for the internal reddening, the Balmer
decrement (Ha/H flux ratio) is usually evaluated. However, it
is not easy to estimate the amount of the internal reddening for
HzRGs in our sample because Balmer lines shift into the near-
infrared wavelength, which was not measured for our sample.
In this work, we did not correct for this internal extinction
based on the following consideration. For low-redshift radio
galaxies, Robinson et al. (1987) investigated the Balmer
decrement of 11 radio galaxies at z < 0.1 and showed that
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Figure 1. Rest-frame UV spectrum of TN J0920—0712 (middle panel). The detected emission lines are labeled. The top panel shows a typical atmospheric
transmission at the VLT site (Noll et al. 2012; Jones et al. 2013). The bottom panel shows a typical sky spectrum obtained during our runs.

extended emission-line regions of more than half of their
targets show a flux ratio consistent with case B, thus their
internal dust reddening 1is negligible. For HzRGs at
1.4 <7< 2.6, Humphrey et al. (2008) investigated flux ratios
of Ha/HQB and/or He 1A1640/He 1A4686 of 11 HzRGs and
reported that more than half of them showed low extinction
(Ay < 0.5 mag). Therefore, we assume that the internal dust
extinction is negligible for our HZRG sample. We evaluate how
extinction correction could affect our results in Section 5.1.

2.2. Additional Rest-UV Data from the Literature

In addition to the reanalyzed data described in Section 2.1,
we collect rest-UV emission-line fluxes of 12 HzRGs that show
various rest-UV emission lines thanks to high S/N spectra,
including relatively weak ones such as NIV]\1486, O1I]
A1663, and [NeIV]\2424. The emission-line data of 10 z~3
HzRGs were obtained from Vernet et al. (2001) and Humphrey
et al. (2008). These targets were selected from the ultra-steep
spectrum (USS) radio galaxy survey (Rottgering et al. 1995)
for z>2.2 and R ~ 21-23 mag. These spectra were observed
with the spectro-polarimetric mode of the Low-Resolution
Imaging Spectrometer (LRISp; Goodrich et al. 1995; Oke et al.
1995) on the Keck II telescope. Another spectrum of a z~2
HzRG (NVSS J002402—325253) obtained with the FORS1 on
the VLT is collected from De Breuck et al. (2006). This target
had been selected from the USS radio galaxy sample (De
Breuck et al. 2004). The other spectrum is 3C 256 (z = 1.824),
which was observed with the double spectrograph (Oke &
Gunn 1982) on the Hale telescope (Simpson et al. 1999).

3. Results
3.1. Rest-frame UV Spectra of the Three HzRGs

The newly reduced spectra of the three objects described in
Section 2.1 are shown in Figures 1-3. In these figures, we also
show typical atmospheric transmission and a typical sky
spectrum.® As shown in the figures, there are weak absorption
lines and air-grow emission lines around the detected weak
emission lines, while these effects are properly corrected. From
the spectra, 13 emission lines were detected with S/N >3 in
TN J0920—0712. The spectra of 4C 24.28 and USS 1545-234
show 10 and 9 emission lines, respectively (Table 2).

The fluxes, central wavelengths, FWHMSs, and observed
equivalent widths (EWs) of the detected emission lines with
S/N > 3 were measured with the IRAF task splot assuming
a single Gaussian profile. Here the flux errors given in Table 2
include the uncertainty due to the pixel-to-pixel variance and
the estimation of the continuum level. Note that narrow
emission lines in AGN spectra have sometimes been fitted with
more sophisticated methods such as a multicomponent
Gaussian profile (e.g., Veilleux 1991; Greene & Ho 2005;
Mullaney et al. 2013). However, such profiles require a larger
number of free parameters than the single Gaussian profile.
Since the strength of the weak emission lines can be described
by a single Gaussian profile, we adopt a single Gaussian

© This sky spectrum was obtained from the SkyCalc sky model calculator

(Noll et al. 2012; Jones et al. 2013) provided by ESO (https://www.eso.org/
observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=
SKYCALC).
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Figure 2. Same as Figure 1, but for 4C 24.28.

profile. The emission-line properties obtained through the fit
are given in Table 2. To confirm the consistency between the
emission-line fluxes given in Matsuoka et al. (2009) and our
results, we compare the emission-line flux ratios obtained in
this work and in Matsuoka et al. (2009). The C11]/C1v flux
ratio of TN J0920—0712 is 0.615 +0.030 in this work and
0.578 £+ 0.018 in Matsuoka et al. (2009), thus these values are
consistent within the 1o error range. The remaining two objects
also show consistent emission-line flux ratios with Matsuoka
et al. (2009); the CuI]/CIv flux ratio of 4C 24.28 is
0.657 +0.035 in Matsuoka et al. (2009) and 0.719 + 0.056
in this work, and that of USS 1545—234 is 0.451 +0.024 in
Matsuoka et al. (2009) and 0.426 £ 0.036 in this work.

3.2. Rest-frame UV Spectra of Additional Data

The compiled fluxes of rest-frame UV emission lines of
HzRGs described in Section 2.2 are listed in Table 3. The UV
spectrum of 0828 + 193 shows the largest number of emission
lines in our sample (for details, see Table 4 in Humphrey et al.
2008). By combining the emission-line flux ratios of our own
sample (Section 3.1) and also the objects taken from the
literature (Section 3.2), we discuss the physical and chemical
properties of NLRs in HZRGs combined with photoionization
models whose details are explained in the next section.

4. Photoionization Model Fitting and Results
4.1. Method

As mentioned in Section 1, the main ionization mechanism
of NLR clouds in AGNs has been thought to be the

photoionization by ionizing photons from the central engine
of AGNs (e.g., Binette et al. 1996; Komossa & Schulz 1997;
Groves et al. 2004; Thomas et al. 2016). On the other hand, the
collisional ionization of NLR clouds by fast shocks associated
with radio jets and outflows has also been suggested for some
AGNSs (e.g., Knop et al. 1996; Bicknell et al. 1998; Allen et al.
2008; Shih et al. 2013; Terao et al. 2016). Matsuoka et al.
(2009) reported that most gas clouds (especially clouds
emitting high-ionization emission lines, see Table 4) in NLRs
of HzRGs are photoionized, based on a CII]/CIV versus
C1V/HeTI diagnostic diagram (see also Nagao et al. 2006b).
Therefore, in this work, physical and chemical properties of
ionized gas clouds in NLRs are investigated through the
comparison between photoionization models and observed
emission-line spectra.

We calculated the flux ratio based on a photoionization
model using Cloudy version 13.03 (Ferland et al. 2013). We
used the table AGN command as the input SED, which
reproduces the typical ionizing SED of AGNs (Mathews &
Ferland 1987). The parameter ranges covered in the model
calculations were the hydrogen gas density logn =2.0—6.0,
the ionization parameter log U = —3.0——0.5, and the metalli-
city Z = 0.1-5.0 Z.. The step of calculations was 0.1 dex for
each parameter, and thus 53,300 models were calculated. The
adopted ranges of these parameters are typical for NLRs
adopted in the literature (e.g., Nagao et al. 2006b; Feltre et al.
2016). The relative elemental abundance ratio is assumed to be
the solar composition (Grevesse et al. 2010), except for helium
and nitrogen. For helium, we take the primordial component
and the primary nucleosynthesis component into account.
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Figure 3. Same as Figure 1, but for USS 1545—234.

Specifically, it is determined by He/H =0.08096 +
0.02618(Z/Z). The nitrogen relative abundance is assumed
to be proportional to the square of the metallicity at the high-
metallicity range, taking the nature of nitrogen as a secondary
element into account. More specifically, the nitrogen
relative elemental abundance is determined by log
(N/H=—4.57+1log (Z/Z) for 0.1 and 0.2 Z, models and
log (N/H)=—-4.1742 log (Z/Zs) for Z>0.3 Z, models.
These analytic expressions adopted in this work for helium and
nitrogen were taken from Dopita et al. (2000). We assumed
dust-free gas clouds in our Cloudy runs, i.e., the relative
elemental abundance of gas clouds is without dust depletion.
This is because high-ionization lines arise mostly in the inner
part of the NLR, where dust grains do not survive (Marconi
et al. 1994; Nagao et al. 2003, 2006b). The model calculations
were terminated when the ionized fraction of hydrogen dropped
to 15% because below this, the gas does not significantly emit
rest-frame UV emission lines.

Although the model runs in this work were executed by
assuming one-zone constant-density clouds, it has been
reported that high-ionization lines and low-ionization lines
arise from different parts in the NLR with a significantly
different gas density (e.g., Ferguson et al. 1997; Nagao et al.
2001a; Rose et al. 2015; Adhikari et al. 2016). In this work, we
focus only on high-ionization lines (SiIv, O1V], N1V], C1v,
He1, O], C1ij, and [NeIV]), which are expected to arise
from a similar part within NLRs (Table 4). Therefore it is
expected that our one-zone treatment does not introduce
significant uncertainty.

4.2. Model Results

We determine the model parameters (the gas density,
ionization parameter, and gas metallicity) simultaneously by
a y square (y?) fitting where the reduced y? (%) is calculated.
All line fluxes are normalized by the He II flux, because He II is
a recombination line and thus its flux is almost proportional to
the number of the He'-ionizing photons without significant
dependences on ISM properties such as the gas density and
ionization parameter. Note that although the relative
He "-ionizing photon luminosity depends on the spectral energy
distribution (SED), the UV SEDs of AGNs are similar to each
other if the Eddington ratio is moderately high, =0.01 (e.g.,
Zheng et al. 1997; Koratkar & Blaes 1999; Richards et al.
2006).

Here it should be noted that the error of observed emission-
line fluxes given in Table 2 does not include the systematic
error of the flux measurements. Indeed, the S/Ns of the strong
emission lines are higher than that of faint emission lines. In
other words, the weight of faint emission lines is small in the x>
fitting. Then, the following systematic errors are considered to
exist, and the weight of the strong emission lines is reduced by
adding these systematic errors to the error of the observed
emission-line fluxes. The FORS2 Absolute Photometry Project
reported that the photometric accuracy of the 1o systematic
error is ~2% under photometric conditions.” In general, the
absolute photometric accuracy of long-slit spectroscopic
observations becomes worse than that of photometric

7 VLT-TRE-ESO-13112-5727 (https://www.eso.org/sci/facilities /paranal /

instruments /fors /doc/VLT-TRE-ESO-13112-5727.pdf).
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Table 2
Detected Emission Lines
Name Line Flux Aobs FWHMp, FWHM_ " EWbs
(10 7 erg s ' em™?) (A) (A) (km s (A)
TN J0920—-0712 LyaAl216 305+ 1 4568.34 £ 0.01 30.09 £ 0.05 1881 +3 3179 + 341
N V1240 7.14 £ 0.51 4664.63 £+ 0.13 2691 £0.83 1662 £+ 57 36.88 +3.81
O 1+Si IA1305 1.15£0.17 4912.57 +£ 0.91 31.46 £5.20 1821 + 332 11.18 £ 1.37
C1IA1335 1.62 £ 0.16 5017.76 £+ 0.29 19.56 + 1.44 1001 + 101 12.80 + 1.87
SiIVAI39740 1V]A1402 4.24 + 041 5265.02 +£0.17 3832+ 1.13 2098 + 67 26.52 £ 1.24
N 1v]\1486 2.50 +0.19 5581.59 £+ 0.10 37.68 £+ 0.94 1933 £53 19.85 £ 0.82
CIVAL1549 29.6 £0.8 5821.40 £+ 0.01 26.34 £0.09 1217 £ 5 216.6 £ 4.6
He ITA1640 183+ 1.0 6161.46 £ 0.01 21.24 £0.16 841 + 10 144.6 £5.6
O 1JA\1663 332+£048 6254.25 +£0.32 30.40 £ 0.89 1328 + 47 28.48 £1.58
SimA1814 277+ 0.31 6793.44 £+ 0.90 61.13 £ 6.67 2629 + 302 2450 +3.14
C 1JA1909 182+ 1.1 7163.06 £ 0.01 29.62 £0.28 1085 + 14 200.1 £ 8.0
[O m]+C 1+4-Si 1A\2322 11.1 £0.83 8735.29 £0.12 38.19 £ 1.03 1165 £ 40 216.5 £25.6
[Ne 1v]A2424 6.18 £+ 0.50 9104.60 £ 0.09 31.24 £ 0.44 836 + 18 87.90 £3.73
4C 24.28 LyaAl216 46.5+04 4761.77 £+ 0.03 29.93 £0.20 1786 + 13 1005 £ 109
N V1240 10.5 +£ 0.7 4855.16 £ 0.09 32.66 £+ 1.08 1925 +70 77.64 £ 8.34
O 1+Si IA1305 0.67 £0.15 5108.32 £ 0.17 14.72 £ 0.56 621 + 46 9.11 £0.76
SiIVA1397+40 1v]A1402 3.34+£0.29 5488.64 &+ 0.20 4538 £2.36 2405 + 133 47.92 +£3.79
N IV]A1486 1.28 £0.20 5811.57 +£0.89 39.45 +£4.82 1943 + 260 24.85 £3.23
C1IVAL549 103+ 04 6062.13 £ 0.06 45.03 +£0.27 2145+ 14 148.8 £3.5
He 11A1640 8.98 +0.30 6416.40 £+ 0.09 28.13 £0.54 1169 + 28 156.1 £11.5
O IIJA1663 2.13+£0.25 6510.19 + 0.34 57.33 £3.02 2571 + 143 44.63 £ 4.53
C 1JA1909 7.41 £0.61 7464.27 £ 0.23 43.17 £3.04 1626 + 130 173.5 £32.0
[O m]+C 1+4Si 1A2322 0.96 £0.21 9106.79 £ 0.35 23.55 £0.76 490 + 40 31.74 £2.79
USS 1545-234 LyaAl216 18.0+£0.2 4563.85 + 0.01 1523 £0.12 801 + 10 1315 + 465
N V1240 7.01 £0.48 4646.44 £ 0.16 37.71 £0.91 2358 + 60 85.61 £5.74
Si IVA1397+0 1v]A1402 1.30 £ 0.14 5249.85 £+ 0.06 23.54 £ 1.19 1202 £ 76 39.17 £ 6.87
C1IVAL1549 6.76 £ 0.30 5810.36 £ 0.02 2477 £0.31 1128 + 18 3227 +£29.4
He 1TA1640 4.72+0.20 6150.74 £+ 0.01 16.65 + 0.16 547 £ 12 191.7 £ 14.1
O 1JA1663 0.85+£0.13 6237.76 £ 0.16 21.29 £ 1.30 828 £ 78 38.72 £5.06
C 1mjA1909 2.88 +£0.21 7151.00 £ 0.07 26.68 £ 1.15 944 + 57 155.6 £21.2
[O m]+C 1+4-Si 1A2322 1.13 £0.31 8730.34 £ 0.16 19.02 £0.53 322 +£41 70.83 £ 6.08
[Ne 1v]A2424 1.72 +£0.24 9088.72 £ 0.33 22.82 £ 1.73 446 + 105 141.6 £+ 39.8
Notes.
# Central wavelength.
® Observed wavelength width in FWHM before the correction for the instrumental broadening.
€ Velocity width in FWHM after the correction for the instrumental broadening.
Table 3
Data of Additional Targets
Name b4 Available Emission Lines Reference”
0211122 2.340 Siv + O1v], N1v], C1v, He 11, O 111], C 111], [Ne 1V] HO8
0406—244 2.440 Silv + O1v], C1v, He 11, O 1], C 1], [Ne 1V] HO8
0731+438 2.429 Siv + O1v], N1v], C1v, He 11, O 111], C 111], [Ne 1V] Vo1
0828 + 193 2.572 Sitv + O1v], N1v], C1v, He 11, O 1], C 1], [Ne 1V] HO8
0943—-242 2.922 Silv + O1v], N1v], C1v, He 11, O 111], C 111] Vo1
1558—003 2.479 Sitv + O1v], N1v], C1v, He 11, O 1], C 1], [Ne IV] HO8
3C 256 1.824 Silv + O1v], C1v, He 11, O 11], C 111], [Ne 1V] S99
4C—00.54 2.360 Silv + O1v], C1v, He 11, O 1], C 1], [Ne IV] HO8
4C+23.56 2.470 Siv + O1v], N1v], C1v, He 11, O 1], C 111], [Ne 1V] HO8
4C+40.36 2.265 Sitv + O1v], N1v], C1v, He 11, O 1], C 111], [Ne 1V] HO8
4C+48.48 2.343 Si1v + O1v], N1v], C1v, He 11, O 111], C 111], [Ne 1V] Vo1
NVSS J002402—-325253 2.043 Silv + O1v], C1v, He 11, O 1], C 1], [Ne 1V] DB06

Note.

%899 = Simpson et al. (1999); VOI = Vernet et al. (2001); DB06 = De Breuck et al. (2006); HO8 = Humphrey et al. (2008). ?Redshifts from the NASA/IPAC
Extragalactic Database (NED).
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Table 4
ITonization Potentials of Ions
Ton Tonization Potential (eV)
C 1 24.4
o1 35.1
Silv 335
NIV 474
Civ 479
He Il 54.4
ow 54.9
Ne IV 63.5
Table 5
Comparison between Photoionization Models and Observations
Name 72 Z (Zs) log n (cm ™) log U
TN J0920—0712 3.79 12434 44402 — 1741
4C 24.28 13.19 21793 53794 >—1.7°
USS 1545-234 9.93 14153 43792 —1.4%02
0211—122 12.34 1491 37503 —13%0
0406—244 6.01 20437 44132 >-2.0°
0731 + 438 15.29 0.7+39 <2.4° —1.5%99
0828 + 193 12.94 0.7+ <22 —1.4751
0943242 7.39 0.9709 <2.3" —1.6791
1558—003 5.51 0.7:93 4.2593 —1.5%01
3C 256 27.05 13794 4.1%%2 —1.8%9!
4C—00.54 31.32 14793 42702 ~1.0%9
4C+23.56 18.44 11433 3.3%07 —1.5%01
4C+40.36 10.99 0.6499 <2.1° —1.959%
4C+48.48 13.80 13792 3.9102 —1.691
100243252 5.12 1.693 4370} —1.870]
Note.

? The cases reaching the upper/lower limit of the parameter ranges in our
model runs.

observations because of the uncertainty of the acquisition onto
the slit position and slit loss depending on the seeing condition.
Moreover, our observations were mostly performed in worse
seeing conditions in which the typical seeing was 174. Thus the
measurement accuracy was worse due to slit loss. As another
error cause, we measured the line fluxes by fitting with a single
Gaussian profile to each line. However, some emission lines
show asymmetric profiles and deviations from the ideal
Gaussian profile (Figures 1-3), and thus the measured fluxes
are incomplete and do not represent the actual fluxes. In order
to correct these errors, we conservatively adopt the 1o flux
error to be 10% for emission lines detected with S/N > 10 in
the following x* calculations.

We perform the minimum %2 search 10,000 times using
observed emission-line flux ratios. In each search, we vary the
emission-line flux ratios randomly within the 1o flux error of
the observed line-flux ratios to evaluate the scatter of the ISM
parameters. The best-fit parameters are determined by the
median value of the minimum %2 in the search. The errors of
parameters are estimated by the 18 and 84 percentile values of
the distribution of the minimum y?. The obtained median of the
minimum %2 and best-fit parameters are summarized in Table 5
for 15 HzRGs in our sample.

In order to understand which emission-line ratio is the most
important to determine each ISM parameter, we check the

Terao et al.

behavior of each flux ratio as a function of the ISM parameters.
Figure 4 shows the dependence of the flux ratios on the
metallicity, where the models are calculated with parameter sets
of log U= —-3.0, —2.0, —1.0, and —0.5, and logn = 2.0, 4.0,
and 6.0. All line ratios increase with increasing gas density
from logn =2.0 to 6.0 (i.e., from the left to the right panel),
especially in models with a higher metallicity. These trends
suggest that the gas density is closely related to almost all line
ratios. This density dependence of C IvV/He I in NLRs has been
reported in earlier works (e.g., Nagao et al. 2006b). It is natural
that the [Ne 1v]/He II line ratio shows a positive dependence on
the gas density because the [Ne IV] line is a forbidden emission
with a critical density of logn.. ~ 5.0 (the [NeIV] line is an
unresolved doublet emission of [NeIV]A2422 and [NelV]
A2425 with logn.,, = 5.4 and 4.9, respectively; see, e.g.,
Zheng 1988). All line ratios also show the dependence on
metallicity in the low gas density models (log n =2.0), while
the metallicity dependence seems to be weaker in the higher
gas density models. This trend infers that gas density and
metallicity are degenerate; i.e., a high flux ratio is due to either
a high gas density or a high metallicity, or both. Thus the
constraint on the gas density is important for estimating the
metallicity accurately. Figure 4 also suggests that the ionization
parameter is constrained by combining SiIV+OIV]/HeTl,
N1v]/He1, C1i/He I, and [Ne IV]/He 1, i.e., the flux ratios of
two emission lines with different ionization potentials. These
line ratios increase with decreasing ionization parameter.

The dependence of the gas density on the C1i]/He Il flux
ratio is thought to be small, while that of C IV /He II is not small
(e.g., Nagao et al. 2006b; Matsuoka et al. 2009). Although
these emission-line flux ratios have been used to discuss the
metallicity of NLR clouds by assuming a certain gas density,
the uncertainty of the gas density in the estimation of the
metallicity had not been discussed in detail. Figure 4 shows that
the C1v/He I flux ratio depends on the gas density by at most
2 dex from logn =2-6 at the highest metallicity model, and
thus the previous metallicity measurement may be affected by
this density dependence. For example, the C IV /He II flux ratio
of TN J0920—0712 is 1.617. This corresponds to ~1.5Z
assuming a model with logn =4.0 and log U = —1, while the
metallicity is inferred to be ~5 Z., with the log n = 6.0 model.
In this work, the density is well determined with an accuracy
within 0.3 dex in most cases thanks to constraints from many
weak emission lines, and thus the metallicity of each target can
be estimated with a smaller uncertainty than previous studies
that were based on only a few emission lines. For example,
Matsuoka et al. (2009) estimated an NLR metallicity with
0.2-0.8 dex uncertainty, even in averaged values.

5. Discussion
5.1. Interpretations of the Model Fitting

The best-fit photoionization models suggest that many
objects in our sample show higher gas metallicities than solar
(ZZ 1.0 Z.). These inferred metallicities are consistent with
earlier works for HZRGs (De Breuck et al. 2000; Nagao et al.
2006b; Matsuoka et al. 2009). This result suggests that the
NLRs of HzRGs in our sample are already chemically
mature even at z>3. The inferred ionization parameter is
—2.0 <log U < —1.0 in our sample. De Breuck et al. (2000)
and Bryant et al. (2009) reported that the ionization parameter of
HzRGs is in the range of —2.5 < log U < —1.5 using rest-UV
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Figure 4. The relation between the predicted flux ratio and metallicity. From left to right, models with log n = 2, 4, and 6 are shown. The blue, green, red, and black

lines denote the results with log U = -3, —2, —1, and —0.5, respectively.

emission-line ratios and photoionization models assuming solar
metallicity and gas density (logn =2.0 and 3.0). The ionization
parameter in our work is distributed in a range slightly higher than
the range reported in these previous works, but the difference is
insignificant within the uncertainty of the estimation. The inferred
gas density of HzRGs is widely distributed in the range of
logn=2.0-5.0 with a relatively larger uncertainty than the

derived uncertainty in the ionization parameter and gas metallicity.
The inferred range of the gas density is consistent with the range
of the gas density assumed in the previous works (e.g., De Breuck
et al. 2000; Nagao et al. 2006b; Matsuoka et al. 2009). Humphrey
et al. (2008) determined an electron density of 0731 4438 and
log n. < 3.5 by using [SilIA1883/SiMI]A1892. This result is
consistent with our results (log n, < 2.4).
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Figure 5. Comparison of each emission-line flux ratio between photoionization models and observations at the minimum §2. In the x-axis, the flux ratios are shown in
order of increasing ionization potential of the corresponding ion (of the numerator), from left to right. The dashed line indicates unity, i.e., the observed flux ratios are
reproduced by best-fit models.

Table 6
Line Luminosities and Radio Power

Name log Lery log Lysent log P3es” log Pyago”

(erg sfl) (erg sfl) (erg st Hzfl) (erg st Hzfl)
J0920—-0712 43.27 £+ 0.01 43.06 £+ 0.02 35.68 + 0.02 34.80 + 0.01
4C 24.28 42.87 £+ 0.02 42.81 £0.01 36.30 + 0.01 35.60 + 0.01
USS 1545-234 42.63 £+ 0.02 42.47 £ 0.02 35.87 £ 0.01 35.23 +£0.01
0211-122 42.44 + 0.01 42.18 £ 0.01 35.63 +0.01 34.99 + 0.02
0406—244 42.63 £+ 0.05 4275 £ 0.04 36.26 £ 0.01 35.47 £0.01
0731 + 438 43.33 +0.01 43.15 £ 0.01 36.12 + 0.01 35.55 +0.01
0828 + 193 43.38 + 0.01 43.14 £ 0.01 35.47 + 0.02 34.80 + 0.01
0943—-242 43.53 +£0.01 43.53 £ 0.01 35.99 + 0.02 35.29 +0.01
1558—-003 43.09 + 0.02 42.66 £ 0.01 35.96 £+ 0.01 35.33 £ 0.01
3C 256 43.08 £+ 0.01 43.10 £ 0.01 36.10 + 0.01 35.50 + 0.01
4C—00.54 42.18 £ 0.03 42.04 £0.01 35.61 £ 0.03 35.00 + 0.02
4C+23.56 41.94 £+ 0.05 41.86 £ 0.03 35.99 + 0.02 35.52°
4C+40.36 42.43 £+ 0.02 42.18 £0.03 36.09 £+ 0.01 35.29 +0.01
4C+48.48 4337+ 0.01 43.35+0.03 35.87 +0.02 35.19 +0.01
J0024—3252 42.50 £ 0.05 42.50 £ 0.05 34.10 + 0.01
Notes.

# The 365 MHz flux data were collected from Douglas et al. (1996).
® The 1400 MHz flux data were collected from Condon et al. (1998).
¢ This 1400 MHz flux density is collected from White & Becker (1992).
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limit.

Silva et al. (2018) examined photoionization models to study
the rest-frame UV and optical emission-line spectrum of 0943
—242, which is included in our sample. Their best-fit
parameters are Z=2.1 Z; and log U= —1.74. The derived
ionization parameter is close to the best-fit value in our analysis
(logU = —1.6731), while the derived metallicity is higher than
our measurement (Z = 0.9709 Z.). Note that in their one-zone
cloud models, the hydrogen gas density was fixed to
log n =2.0. However, Figure 4 shows that most flux ratios of
rest-frame UV emission lines show a significant dependence on
the gas density, and thus the fixed gas density may result in a
possibly large systematic error in the estimates of parameters
such as the metallicity. In addition, in their fit to derive the best-
fit parameters, they used not only high-ionization lines, but also
some low-ionization lines (C II]\2326, Mg 11A2798, and [O11]
A3727). Since high-ionization lines and low-ionization lines
generally arise in different parts in the NLR (e.g., Ferguson
et al. 1997), comparisons of such diverse emission lines with
one-zone photoionization models may introduce non-negligible
systematic errors. These two aspects may be the reasons for the
discrepancy in the metallicity estimate for 0943—242 between
Silva et al. (2018) and our work.

As shown in Table 5, the best-fit ¥ value in some cases is
relatively large (=>20). This large ¥ is caused probably by the
oversimplification of our photoionization models. In our
model calculations, we assumed a constant chemical composi-
tion without dust grains, a typical AGN SED, and one-zone

10

constant-density clouds. Although our models focus only on
relatively high ionization lines, the models still suffer from this
nonuniformity of NLRs, which could make the minimum 5(2
values considerably high.

Figure 5 shows the difference in emission-line flux ratios
between the observed data and the best-fit photoionization
model. In most cases, the observed C 1] /He It and C 1v/He It
flux ratios are consistent with the model predictions within the
uncertainty, while [Ne IV]/He I flux ratios are systematically
underpredicted by the best-fit models. One possible explanation
of this discrepancy is the higher ionization potential of Ne IV
(63.5 eV) compared to the other emission lines (Table 4).8
Given the stratified structure of actual NLRs, there could be
additional highly ionized clouds in the inner part of NLRs (e.g.,
Ferguson et al. 1997; Nagao et al. 2001a, 2001b; Rose et al.
2015; Adhikari et al. 2016) that are not taken into account in
our one-zone photoionization model.

As mentioned in Section 2.1, we assume that the internal dust
extinction is negligible for our HZRGs samples. In order to see the
effect of this assumption, we perform the Y fitting by using
extinction-corrected emission-line flux ratios. In this test, we
assume Ay = 0.5, the Cardelli et al. (1989) extinction curve, and

8 The ionization potentials shown in Table 4 are the value required to create
the ions needed to emit each emission line. Note that He II is a recombination
line, so the creation of the He?" ion is required to radiate the He II line. On the
other hand, the other emission lines are collisionally excited lines, which do not
require the presence of ions that are ionized to the higher ionization level.
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reaches the limit of calculations.

Ry =3.1. As a result, the obtained best-fit parameters of the ISM
are almost consistent within a 1o error with the results without
extinction correction. This suggests that the ISM parameters
inferred by the comparison with photoionization models are not
sensitive to the assumption on the dust extinction.

It has been reported that the ionizing radiation of some
AGNs shows significant variability on a relatively short
timescale (5104 yr), and consequently, the ionization of NLRs
in such AGNs can be largely affected (e.g., Ichikawa et al.
2019; see also Bland-Hawthorn et al. 2013; Gnat 2017; Bland-
Hawthorn et al. 2019). Such a short flare-like variability will
cause inhomogeneous ionization structures of NLRs, which is
hard to describe by one-zone photoionization models as given
in this paper. Multizone photoionization models for NLRs
(e.g., Ferguson et al. 1997) may be useful to investigate these
inhomogeneous structures of NLRs in high-z AGNs, including
HzRGs. Since multizone photoionization models involve more
free parameters than one-zone photoionization models gen-
erally, studies of the inhomogeneity of high-z NLRs require
many more emission lines (more than the lines in this paper;
i.e., >10). Thus a wider spectroscopic coverage including the
near-infrared (i.e., rest-frame optical) will be important for a
detailed understanding of the ISM in high-z AGNs.

5.2. The Nature of HzRGs

Here we investigate possible dependences of the derived
parameters of NLR clouds on the AGN luminosity. In Table 6,
the C IV and He 1T emission-line luminosities of our sample are

summarized. Both of the two line luminosities have often been
used as indicators of the AGN luminosity, but the Hell
luminosity is a better indicator of the AGN activity (see
Section 4). The derived parameters of NLR clouds, i.e., the gas
density, ionization parameter, and metallicity, are shown as
functions of the He II luminosity in Figure 6. From Spearman’s
rank-correlation test, the obtained correlation coefficients of the
gas density, ionization parameter, and metallicity to the He Il
luminosity are —0.18, —0.18, and —0.20, respectively. These
values suggest that these parameters do not significantly
depend on the HeIl luminosity. This is interesting because
some previous studies reported the dependence of the NLR
metallicity on the AGN luminosity (e.g., Nagao et al. 2006b;
Matsuoka et al. 2009). Note that this luminosity dependence of
the AGN metallicity has also been reported for BLR clouds
(e.g., Hamann & Ferland 1993; Nagao et al. 2006c; Matsuoka
et al. 2011b). The lack of a significant luminosity dependence
of the NLR metallicity in our sample is probably due to the
small coverage of the luminosity and the small number
statistics of our work; in previous works, the luminosity
dependence of the NLR metallicity was investigated based
on averaged values of a larger sample that consisted of
~50 HzRGs (see Nagao et al. 2006b; Matsuoka et al. 2009).
The luminosity coverage of the sample in Matsuoka et al.
(2009) is 41.5 <log Lyen <45.0, while our work misses
luminous samples (43.5 < log Lyey < 45.0) that have a higher
metallicity than less luminous samples. As a result, the
luminosity dependence may have disappeared in our sample.
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respectively. The observed line ratios of our targets are plotted with red circles.

We also examine the dependence of the NLR parameters on
the radio power, in order to investigate whether some NLR
parameters are strongly affected by the radio jet in HZRGs. For
this purpose, we compiled the radio power at 365 MHz (Ps¢s)
and 1400 MHz (P;4¢0) summarized in Table 6, which are taken
from White & Becker (1992), Douglas et al. (1996), and
Condon et al. (1998). The relation between the NLR
parameters and the radio power is shown in Figures 7 and 8.
From Spearman’s rank-correlation test, the obtained correlation
coefficients of the gas density, ionization parameter, and
metallicity to the radio power are 0.17, —0.37, and 0.11 for

CIV/Hell

o5
clIycIv

12

05
CHI)/CIV

2.0, 4.0, and 5.0,

Psgs, and 0.01, —0.22, and —0.05 for P40, respectively. From
these results, the ionization parameter might be weakly
correlated with P;65. The other ISM parameters do not show
a significant dependence on the radio power. These figures and
the rank-correlation test suggest that there is no clear
dependence of the NLR parameters on the radio power,
suggesting that the physical properties of NLRs in our sample
are not significantly affected by the radio jet. This is consistent
with the idea that the NLR clouds of AGNs in our samples are
mostly ionized by the photoionization, not by the fast shock
associated with the radio jet. However, in order to conclude
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Figure 10. Inferred metallicity of our targets estimated with the line diagnostics with only strong emission lines (top panel) and with our method (bottom panel), as a

function of the He II line luminosity. In the top panel, the green diamond, red triangle, and blue circle represent the metallicity estimated with models with log ny

2.0, 4.0, and 5.0, respectively.

Table 7
Estimated Gas-phase Metallicity” with Different Models

Name This Work M+09° M-++09 M09

log ny = log ny = log ny =

Best Fit 2.0 4.0 5.0

J0920—0712 12434 0.7+31 11591 1.85%9%
4C 24.28 215932 0.870% 14791 2.5103
USS 1545234 14453 0.9754 14431 2.5597
0211—122 14751 0.9+91 13751 <1.6
0406—244 2.0%27 0.9*92 165193 3.010¢
0731 + 438 0.7+99 0.8+92 1.3491 2.4+93
0828 + 193 0.7+33 0.85%91 13501 <19
0943242 0.9799 0.95%93 17594 2.95%84s
1558—003 0.7+93 05497 0.8*91 1.25%93
3C 256 1.3701 0.9594 15491 275193
4C—00.54 1.4+ 1.0%91 15531
4C+23.56 1193 0991 15793 2,551
4C+40.36 0.6°09 0.7:83 L1403 1.8493
4C+48.48 13193 0.95%04 1.6%93 2,951,932
J0024-3252 1.6733 0.8792 15192 2.69%
Notes.

# Given in units of solar metallicity.
® Matsuoka et al. (2009).

about the influence of radio jets, it is necessary to investigate
the spatial distributions between radio jets and line-emitting
clouds (Tadhunter et al. 2000; Nesvadba et al. 2017).

The obtained NLR metallicity for our sample is distributed in
the range of 0.5-2.1 Z. (Figure 6); i.e., the NLR of most
HzRGs in our sample is characterized by solar or supersolar
metallicity. This suggests that host galaxies of HzRGs are
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chemically mature even at z~3, where the average and
standard deviation of the stellar mass of our HZRG sample
(0406—244, 0943—-242, 1558-003, 4C+23.56, and 4C
+40.36) is (2.7 £1.3) x 10“M® (Seymour et al. 2007; De
Breuck et al. 2010). As a comparison of the same stellar mass
of HzRGs, local galaxies with ~10''M_, also have solar or
supersolar metallicity (e.g., Tremonti et al. 2004; Maiolino &
Mannucci 2019; Curti et al. 2020). Some earlier works (e.g.,
Nagao et al. 2006b; Matsuoka et al. 2009) pointed out that the
NLR metallicity of HzZRGs is solar or supersolar, but with some
assumptions on the NLR gas parameters (e.g., a fixed gas
density). In this work, the chemical maturity of HzRGs is
confirmed with fewer assumptions thanks to deep spectra with
weak emission lines.

5.3. Comparison with Diagnostics Using Only Strong Lines

To examine whether our multiline assessment including faint
lines is better than previous strong-line diagnostics, we compare
the inferred NLR metallicity of HZRGs in this work (Table 5) with
the metallicity estimated with only strong lines. Nagao et al.
(2006b) and Matsuoka et al. (2009) estimated the NLR metallicity
by using the emission-line flux ratios of C1v/Hell and C 1]/
CIv. Figure 9 shows the strong-line metallicity diagnostic
diagram that consists of the flux ratios of C1V/Hell and C111]/
C1v for the cases of log ny = 2.0, 4.0, and 5.0, with the grid of
Cloudy photoionization models.” The resulting metallicity based
on the strong-line diagnostic diagram is given in Figure 10 and
Table 7, with the metallicity estimated by our multiline
assessment (Section 4). Figure 10 shows that the strong-line
method has a large (a factor of ~2-3) systematic uncertainty

o Details of the model calculations are given in Section 4.1; note that we use
Cloudy version 13.03, although Matsuoka et al. (2009) used version 07.02.
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associated with the gas density, given the fact that we have to
assume one specific density to use the strong-line metallicity
diagnostic diagram. On the other hand, our multiline assess-
ment estimates the metallicity, gas density, and ionization
parameter simultaneously. The resulting error is typically
0.3 dex, which is smaller than the systematic uncertainty in the
strong-line method. Therefore, we conclude that our multiline
assessment using rest-UV faint emission lines is more powerful
for studying the NLR metallicity than previous strong-line
methods.

6. Conclusion

In this work, we focus on rest-frame UV emission lines
including faint ones (such as NIV]A1486, OIIJA1663, and
[Ne 1v]A2424) of 15 HzRGs at z ~ 3 in order to examine the ISM
properties (gas density, ionization parameter, and metallicity) of
NLRs in HzRGs. We diagnose the physical and chemical
properties of the ISM in NLR for each object through the
comparison between the observed emission-line fluxes and
detailed photoionization models. The main results of this work
are as follows.

1. Most HzRGs show a high gas metallicity that is close to or
higher than the solar metallicities (i.e., Z 2 Z.). This result
is consistent with some previous studies (e.g., Nagao et al.
2006b; Matsuoka et al. 2009), but was obtained with fewer
assumptions in the photoionization model with respect to
these previous works. The obtained result strongly suggests
that HzZRGs at z ~ 3 are already mature chemically, even in
the early universe, when the cosmic age was only ~2 Gyr.

2. The inferred physical parameters (gas density, ionization
parameter, and gas metallicity) of NLRs in HZRGs show
no correlation with the radio power. This suggests that the
ionization state of the NLR gas in our sample is not
significantly affected by the radio jet.
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