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Fig. 2. Emission-line flux ratios of high-z type-2 AGNs plotted on the diagnostic diagram of C ivλ1549/He iiλ1640 versus C iii]λ1909/C ivλ1549
(left). Gray- and black-filled squares and arrows denote HzRGs compiled by Nagao et al. (2006c) and Matsuoka et al. (2009), respectively. The
C ivλ1549/He iiλ1640 lower limit for TN J0924−2201 is shown as a light-gray arrow (Matsuoka et al. 2011). Our new type-2 AGNs are shown
as red-filled double circles (COSMOS 05162 and 10690). Orange circles denote X-ray selected type-2 AGNs in Nagao et al. (2006c). The middle
panel shows the objects in our sample having an estimate of stellar mass as a function of redshift, and their emission-line flux ratios are plotted in
the right panel. In the middle and right panels, symbols are same as the left panel but color-coded according to the stellar mass: bluer and redder
for lower and higher mass objects, respectively. Note that open squares in these panels indicate HzRGs with upper limits of stellar masses.

CDF-S, we adopted stellar masses derived using a tight corre-
lation between rest-frame optical colors and stellar mass-to-light
ratios in Xue et al. (2010). Altogether, we obtained stellar masses
of 28 type-2 AGNs containing 8 HzRGs with upper limits (see
Table 1).

3. Result

We calculate emission-line flux ratios of C ivλ1549/He iiλ1640
and C iii]λ1909/C ivλ1549, that are sensitive to both the NLR
gas metallicity and ionization parameter (see Nagao et al. 2006c;
Matsuoka et al. 2009). Figure 2 shows our sample plotted on
a diagnostic diagram of C ivλ1549, He iiλ1640, and C iii]λ1909
lines in the left panel. Our new type-2 AGNs are located in the
same area as the X-ray selected AGNs in Nagao et al. (2006c). In
the right panel, 28 type-2 AGNs for which stellar masses were
derived are plotted, color-coded according to their masses: we
gave the stellar mass distribution as a function of redshift in the
middle panel. Thanks to X-ray selected type-2 AGNs, we could
cover the low-M? range, i.e., log(M?/M�) < 11, which could
not be explored with HzRGs.

4. Discussion

In order to examine the relation between NLR metallicities
and stellar masses statistically, we divided the 20 type-2 AGNs
whose stellar masses are estimated without upper limits into
three subsamples with stellar mass ranges, i.e., log(M?/M�) <
11.0, 11.0 < log(M?/M�) < 11.5, and log(M?/M�) > 11.5
(these intervals are shown with horizontal lines in the middle
panel in Figure 2). Then, we calculated averaged emission-line
flux ratios of C ivλ1549/He iiλ1640 and C iii]λ1909/C ivλ1549
for each subsample: we use 15 objects whose emission-line flux
ratios are measured without upper or lower limits (i.e., three,
nine, and three objects, respectively). Note that our final sam-
ple would not be biased due to the discard of objects with upper
or lower limits since the distribution of them show no obvious
difference from the original sample (see the right panel of Fig-
ure 2). Figure 3 shows these averaged flux ratios on the diag-

nostic diagrams (top panels). Using these averaged points, we
estimate NLR metallicities for each stellar mass.

To estimate NLR metallicities from observational emission-
line flux ratios, we carried out model calculations using the pho-
toionization code Cloudy (version 17.00; Ferland et al. 1998,
2017): NLR clouds are mainly photoionized and not signifi-
cantly affected by shocks when we focus on UV emission lines
(see Matsuoka et al. 2009). We assumed three cloud models
with hydrogen densities of nH = 101, 104, and 105 cm−3. For
each model, we calculated emission-line flux ratios by span-
ning ionization parameter and metallicity in the following ranges
U = 10−3.0 − 10−0.4 and ZNLR = 0.1 − 10Z�, with step val-
ues of ∆ log U = 0.2 and ∆ log(ZNLR/Z�) = 0.01, respectively
(i.e., 8442 models in total). We assume a typical AGN SED as
photoionizing continuum radiation, using the “table AGN” com-
mand in Cloudy (Mathews & Ferland 1987). Chemical compo-
sitions of NLR gas clouds are scaled by maintaining solar abun-
dance ratios except for helium and nitrogen. We adopted analyt-
ical expressions for He and N relative abundances as a function
of metallicities (see Dopita et al. 2000; Russell & Dopita 1992;
van Zee et al. 1998). We stopped calculations when the hydrogen
ionization fraction dropped below 15%.

Our model predictions of C ivλ1549/He iiλ1640 and
C iii]λ1909/C ivλ1549 are overplotted on the diagnostic di-
agrams (top panels of Figure 3): metallicity-constant and
U-constant sequences are denoted as orange and blue lines,
respectively. Our models confirm these photoionization models
are useful to investigate NLR metallicities, although they show
some dependences on hydrogen gas densities. Comparing
these model predictions with our M?-averaged line ratios we
estimated mean NLR metallicities. We show results of ZNLR
estimates as a function of stellar masses for each nH model
in bottom panels of Figure 3. We estimated NLR metallicities
for each M?-averaged line ratio and their errors from averaged
emission-line flux ratios and their error bars, respectively,
matching them to model calculations with a metallicity step of
∆ log(ZNLR/Z�) = 0.01. Since absolute NLR metallicities are
not determined uniquely due to dependences of gas densities,
we compare the relative ZNLR differences for each density. This
approach should be reliable since Sanders et al. (2016) reported
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