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Fig. 3. Averaged emission-line flux ratios of low (blue), middle (purple), and high (red) mass subsamples plotted on the diagnostic diagram on
C ivλ1549, He iiλ1640 and C iii]λ1909 (top pamels). The model predictions with different gas densities (log nH = 1, 4, and 5) are presented in the
left, middle, and right panels, respectively. Constant metallicity and constant ionization parameter sequences are denoted by orange and blue solid
lines, respectively. The gray bars denote the root mean square of the data distribution and the estimated errors in the averaged values are shown as
color bars. The bottom panels show the NLR metallicities as a function of stellar masses, estimated with different three gas density models. Open
circles would be less-likely solutions (see text).

no dependence of gas density on stellar mass investigating the
[O ii]λλ3726,3729 and/or [S ii]λλ6716,6731 doublets of local
and high-z star-forming galaxies at z ∼ 2.3 (see also Shimakawa
et al. 2015; Kaasinen et al. 2017). Note that in principle we
derived two values of metallicities if emission-line flux ratios
are located in a degenerated area on the model predictions.
However, lower metallicity in the middle-M? bin is unplausible
as a significant decrease of metallicity around medium-masses
has never been seen for any population of galaxies, at any
redshift, and not conceived by any model or cosmological simu-
lation, therefore we exclude such lower metallicities solution in
the middle-M? bin, and consider only the upper solution for this
bin.

As shown in these panels of Figure 3, we find positive cor-
relations between NLR metallicities and stellar masses in type-2
AGNs at 1.2 < z < 4.0 at different fixed densities. This result
is the first indication that AGN gas metallicities are related to
their host properties, i.e., host galaxy masses in this case, most
likely indicating ZNLR ∝ Zgal if we assume that AGN host galax-
ies have the same MZR in the star-forming galaxies. We thus
propose that NLR metallicity is correlated with host metallicity,
although additional data sets would be needed to confirm this
statistically.

The same averaged emission-line flux ratios shown in top
panels of Figure 3 may also be reproduced if there is an anti-
correlation between stellar masses and densities instead of the
MZR. However, some observational studies of star-forming
galaxies at 0 < z < 2.5 indicated that electron densities do
not show any such dependence on stellar masses. For exam-
ple, Kaasinen et al. (2017) found no significant M?-ne trend of
star-forming galaxies at z ∼ 1.5 although local SDSS galaxies
indicate a weak positive correlation between electron density

and stellar mass, indicating the opposite sense. Moreover, Shi-
makawa et al. (2015) reported any correlation between M? and
ne cannot be identified with Hα-selected star-forming galaxies at
z = 2.5 (see also Sanders et al. 2016). Note here that we assume
these M?-ne relation of star-forming galaxies are applicable to
NLR densities. Therefore, we conclude that our mass-averaged
emission-line flux ratios can be explained mainly by the depen-
dence on NLR metallicities.

Although there are uncertainties associated with density de-
pendences, we compare our MZR of type-2 AGNs with those of
galaxies. Figure 4 shows the redshift evolution of the MZRs for
star-forming galaxies at z = 0.07, 0.7, 2.2, and 3.1 (Kewley & El-
lison 2008; Savaglio et al. 2005; Erb et al. 2006; Mannucci et al.
2009), with our results are overplotted. Since the mean redshift
of our sample is ∼ 2.7, we focus on the MZR of star-forming
galaxies at z = 3.1 as a comparison. As shown in this figure,
we indicate that MZRs obtained with high-nH models (nH = 104

and 105 cm−3 shown as an orange shaded area) seems consis-
tent with MZR of star-forming galaxies. Recently, Nitta et al.
(in prep.) has found that NLR gas densities of high-z AGNs are
relatively higher than those of low-z ones. By investigating rest-
frame optical emission lines of quasars, they estimated a typical
gas density of ∼ 105.5 cm−3 (see also Araki et al. 2012).

Note that some studies (e.g., Nagao et al. 2006c; Matsuoka
et al. 2009) about the chemical evolution of HzRGs claimed
that there is no significant metallicity evolution in NLRs, up to
z ∼ 4, apparently contradicting our result that HzRGs follow
the redshift-dependent MZR of star-forming galaxies. However,
a possibility is that it is not possible to identify such redshift
evolution only focusing on HzRGs hosted in massive elliptical
galaxies. Probably, the inclusion of X-ray selected AGNs with
log(M?/M�) ∼ 10.5 has helped to reveal such redshift-evolving
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