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modify the relation of Figures 3 and 4, or the effect of the
Baldwin effect in the abundance determination as Sameshima
et al. (2020) have tested for Fe II/Mg II. Enlarging the sample is
one of the main challenges. For observing the CaT in sources
with z> 2, NIR spectrometers with higher sensitivity are
required. However, due to the fact that the NIR and mid-IR
spectral regions are strongly affected by atmospheric telluric
bands, some redshift ranges will remain inaccessible from
ground-based telescopes The most attractive possibility to
study the Fe II/CaT ratio at larger redshifts is offered by
upcoming space observatories, such as the Near InfraRed
Spectrograph (NIRSpec) from the James Webb Space Tele-
scope (JWST).

7. Conclusions

We performed a detailed analysis of the observational
correlations present in our CaT-Fe II sample, together with a
bootstrap analysis to assess the statistical reliability of the
correlations. Throughout a PCA, we identify the primary driver
of our sample. We could not find any redshift dependence
above the 2σ confidence level. Since our sample is flux limited,
the presented analysis must be confirmed by larger samples in
the future. The presented analysis shows the following:

1. The correlations with luminosity, black hole mass, and
Eddington ratio are stronger for CaT than for Fe II. This
suggests that CaT is a better proxy for the Eddington ratio
than Fe II. A potential application of this result could be,
for example, the correction of the RL relation for effects
dependent on the accretion rate. However, the bootstrap
analysis provides a probability of 50% of detecting a
false-positive relation. Therefore, a more complete
sample is needed to confirm this result.

2. The EWHβ correlates negatively with luminosity (Bald-
win effect), while the EWCaT shows a positive correla-
tion. This stresses the different nature of both low-
ionization emission lines. In general, the correlations with
Eddington ratio are stronger, are more reliable, and show
the smallest errors according to the bootstrap analysis.
This supports the Eddington ratio as the driver of the
Baldwin effect.

3. We performed a PCA to deduce the driver for the
RCaT–RFeII relation observed in our sample. We confirm
that the results of the PCA are dependent on the selection
of the sample and the chosen quantities. We consider
only the directly observable variables (FWHMs, lumin-
osity, and EWs) in the final PCA and later correlate the
first four eigenvectors to the derived variables

(bolometric luminosity, black hole mass, Eddington ratio,
the ratios—RFeII and RCaT, and the metallicity indicator,
Fe II/CaT). The dominant eigenvector is primarily driven
by the combination of black hole mass and luminosity,
which in turn is reflected in the strong correlation of the
first eigenvector with the Eddington ratio. We also notice
a noticeable correlation of the primary eigenvector with
the metallicity tracer, Fe II/CaT.

4. Combining the PCA results and the observational
correlation, we conclude that luminosity, black hole
mass, and Eddington ratio are the main drivers of our
sample; however, the correlations are better described by
the Eddington ratio, setting this parameter one step ahead
in comparison to the other parameters. A larger, more
complete sample spanning a larger redshift range
including a wide variety of AGNs is needed to assert
the driver(s) of the CaT−Fe II correlations.

5. We found a significant negative increment of the Fe II/
CaT ratio as a function of redshift, suggesting the effect
of a recent starburst that enhanced the α-elements with
respect to iron at intermediate redshift. Hence, the Fe II/
CaT ratio could be used to map the metal and the star
formation in AGNs. The Fe II/CaT ratio is also high-
lighted by the PCA, pointing out the relevance of the
metal content in our sample. The negative correlation
with the Eddington ratio corroborated by the bootstrap
analysis supports the Fe II/CaT as a metal indicator
instead of the typical Fe II/Mg II λ2800 ratio used for this
purpose. However, a more complete sample and sources
at large redshift are needed to verify these results.

We are grateful to the anonymous referee for her/his
comments and suggestions that helped to improve the
manuscript. The project was partially supported by the
National Science Centre, Poland, grant No. 2017/26/A/-
ST9/00756 (Maestro 9), and by the Ministry of Science and
Higher Education (MNiSW) grant DIR/WK/2018/-12. D.D.
acknowledges support from grant PAPIIT UNAM, 113719.
Software: CLOUDY v17.01 (Ferland et al. 2017); MATPLO-

TLIB (Hunter 2007); NUMPY (Oliphant 2015); SKLEARN
(Pedregosa et al. 2011); STATSMODELS (Seabold & Perk-
told 2010); TOPCAT (Taylor 2005).

Appendix A
Tables

In this section, we summarize the observational properties of
the full sample employed in the analysis. The description of the
columns is included in the notes of each table.
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Table A2
Black Hole Parameters

Object log MBH log Lbol/LEdd
(Me)

(1) (2) (4)

Persson (1988) Sample

I Zw 1† 7.935+0.177
−0.177 −0.362+0.184

−0.184

Mrk 42 6.966+0.257
−0.257 −0.501+0.262

−0.262

Mrk 478† 8.035+0.158
−0.158 −0.461+0.165

−0.165

II Zw 136 8.061+0.138
−0.138 −0.66+0.147

−0.147

Mrk 231 8.46+0.121
−0.121 −1.069+0.131

−0.131

3C 273 9.188 -
+

0.14
0.142 −0.485 -

+
0.148
0.15

Mrk 6 7.724 -
+

0.141
0.141 −1.053 -

+
0.149
0.149

Mrk 486 7.707 -
+

0.148
0.148 −0.705 -

+
0.156
0.156

Mrk 1239† 7.037 -
+

0.201
0.201 −0.684 -

+
0.206
0.207

Mrk 766 7.177 -
+

0.207
0.207 -0.577 -

+
0.213
0.213

Zw 0033 + 45 8.077-
+

0.151
0.151 −0.769 -

+
0.159
0.159

Mrk 684 7.77 -
+

0.154
0.154 −0.615 -

+
0.161
0.161

Mrk 335† 7.709 -
+

0.148
0.148 −0.704 -

+
0.156
0.156

Mrk 376 8.419 -
+

0.121
0.121 −1.099 -

+
0.131
0.131

Mrk 493† 7.129 -
+

0.276
0.276 −0.361 -

+
0.28
0.28

Mrk 841 8.232 -
+

0.12
0.12 −1.107 -

+
0.13
0.13

Ton 1542 8.181 -
+

0.122
0.122 −0.989 -

+
0.131
0.131

VII Zw 118 8.432 -
+

0.124
0.124 −0.849 -

+
0.134
0.134

Mrk 124 7.389 -
+

0.168
0.168 −0.69 -

+
0.175
0.175

Mrk 9 8.118 -
+

0.123
0.123 −0.968 -

+
0.132
0.132

NGC 7469 7.875 -
+

0.142
0.142 −0.957 -

+
0.15
0.15

Akn 120 8.353 -
+

0.121
0.121 −1.177 -

+
0.13
0.13

Mrk 352 7.553 -
+

0.126
0.126 −1.297 -

+
0.135
0.136

Mrk 304 8.289 -
+

0.135
0.135 −0.858 -

+
0.144
0.144

Mrk 509 8.506 -
+

0.125
0.125 −1.074 -

+
0.134
0.134

Martínez-Aldama et al. (2015a, 2015b) Sample

HE 1349 +0007 9.834 -
+

0.179
0.183 −0.313 -

+
0.185
0.189

HE 1409 +0101 10.023 -
+

0.173
0.178 −0.094 -

+
0.179
0.184

HE 2349−3800 9.746 -
+

0.162
0.166 −0.233 -

+
0.168
0.172

HE 2147−3212 9.817 -
+

0.216
0.219 −0.260 -

+
0.222
0.225

HE 2202−2557 9.981 -
+

0.177
0.181 −0.418 -

+
0.184
0.188

HE 2340−4443 9.479 -
+

0.154
0.157 −0.246 -

+
0.160
0.164

Table A2
(Continued)

Object log MBH log Lbol/LEdd
(Me)

(1) (2) (4)

HE 0248−3628 9.917 -
+

0.169
0.174 −0.119 -

+
0.175
0.180

HE 2352−4010 9.960 -
+

0.175
0.180 0.048 -

+
0.180
0.185

HE 0035−2853 9.943 -
+

0.178
0.183 −0.270 -

+
0.185
0.189

HE 0048−2804 9.286 -
+

0.161
0.163 −0.634 -

+
0.169
0.171

HE 0058−3231 9.956 -
+

0.165
0.169 −0.262 -

+
0.172
0.176

HE 0203−4627 9.856 -
+

0.216
0.219 −0.348 -

+
0.222
0.224

HE 0005−2355 9.838 -
+

0.217
0.220 −0.283 -

+
0.223
0.226

HE 0043−2300 9.859 -
+

0.167
0.172 −0.106 -

+
0.175
0.179

HE 0349−5249 9.990 -
+

0.195
0.199 −0.110 -

+
0.201
0.205

HE 0359−3959 9.758 -
+

0.187
0.190 −0.227 -

+
0.193
0.196

HE 0436−3709 9.703 -
+

0.185
0.188 −0.317 -

+
0.195
0.198

HE 0507−3236 9.658 -
+

0.186
0.190 −0.156 -

+
0.192
0.195

HE 0512−3329 9.788 -
+

0.188
0.192 −0.184 -

+
0.193
0.197

HE 0926−0201 9.877 -
+

0.196
0.201 0.007 -

+
0.203
0.207

HE 1039−0724 9.793 -
+

0.185
0.188 −0.345 -

+
0.191
0.195

HE 1120+0154 10.105 -
+

0.195
0.200 −0.225 -

+
0.201
0.205

Marinello et al. (2016) Sample

1H 1934−063† 6.985 -
+

0.155
0.156 −1.059 -

+
0.161
0.162

1H 2107−097† 7.507 -
+

0.178
0.178 −1.107 -

+
0.183
0.183

I Zw 1† 7.907 -
+

0.151
0.151 −0.605 -

+
0.158
0.158

Mrk 1044† 7.259 -
+

0.162
0.162 −0.973 -

+
0.167
0.168

Mrk 1239† 7.353 -
+

0.15
0.151 −0.975 -

+
0.157
0.157

Mrk 335† 7.688 -
+

0.148
0.148 −0.805 -

+
0.155
0.155

Mrk 478† 7.807 -
+

0.156
0.156 −0.575 -

+
0.162
0.162

Mrk 493† 7.399 -
+

0.152
0.152 −0.859 -

+
0.158
0.158

PG 1448 + 273† 7.949 -
+

0.149
0.15 −0.679 -

+
0.156
0.156

Tons 180† 7.879 -
+

0.16
0.16 −0.626 -

+
0.166
0.166

Marinello et al. (2020) Sample

PHL 1092 8.281 -
+

0.140
0.140 −0.549 -

+
0.147
0.147

Note. Column (1): object name. Column (2): black hole mass estimated using the
classical RL relation (Equation (3)), in units ofMe. Column (3): Eddington ratio.
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Table A4
Correlations between the First Four Eigenvectors and the Physical Parameters

Relations Full Low L High L

ρ p-value ρ p-value ρ p-value
(1) (2) (3) (4) (5) (6) (7)

PC1 FWHMHβ −0.792 1.32 × 10−13 0.669 7.37 × 10−5 0.76 1.73 × 106

FWHMOI −0.845 7.51 × 10−17 0.728 7.65 × 10−6 0.884 2.1 × 10−10

FWHMCaT −0.844 1.77 × 10−13 0.659 0.00159 0.85 3.94 × 10−8

EWHβ 0.583 1.59 × 10−6 0.736 5.46 × 10−6 −0.694 2.93 × 10−5

EWOI 0.180 0.177 0.871 8.11 × 10−10 −0.296 0.12
EWFeII 0.703 7.79 × 10−10 0.476 0.00897 −0.681 4.73 × 10−5

EWCaT −0.179 0.178 −0.072 0.712 −0.257 0.178
z −0.700 1 × 10−9 0.356 0.0578 0.366 0.0512

log Lbol −0.748 1.49 × 10−11 0.495 0.00638 0.458 0.0124
log MBH −0.845 6.99 × 10−17 0.701 2.24 × 10−5 0.662 9.16 × 10−5

log Lbol/LEdd −0.519 2.94 × 10−5 −0.492 0.00672 0.174 0.367
log RFeII 0.164 0.218 −0.316 0.0952 −0.089 0.645
log RCaT −0.151 0.259 −0.382 0.041 −0.021 0.914

log Fe II/CaT 0.426 8.46 × 10−4 0.338 0.073 −0.125 0.518

PC2 FWHMHβ 0.023 0.864 −0.344 0.0674 −0.278 0.145
FWHMOI −0.033 0.804 −0.38 0.0422 0.057 0.769
FWHMCaT −0.098 0.518 0.456 0.0435 −0.016 0.939
EWHβ −0.012 0.93 −0.212 0.27 −0.327 0.0835
EWOI −0.681 3.92 × 10−9 0.348 0.064 0.346 0.0661
EWFeII −0.509 4.57 × 10−5 0.66 9.88 × 10−5 0.357 0.0572
EWCaT −0.81 1.29 × 10−14 0.855 3.57 × 10−9 0.86 2.3 × 10−9

z −0.291 0.0267 0.069 0.722 0.5 0.00569
log Lbol −0.268 0.0416 0.065 0.738 0.492 0.00666
log MBH −0.169 0.205 −0.233 0.223 0.306 0.106

log Lbol/LEdd 0.272 0.0392 0.354 0.0598 0.492 0.00669
log RFeII −0.46 2.79 × 10−4 0.698 2.6 × 10−5 0.669 7.26 × 10−5

log RCaT −0.506 5.08 × 10−5 0.65 1.34 × 10−4 0.838 1.46 × 10−8

log Fe II/CaT 0.225 0.0888 −0.257 0.178 −0.338 0.0725

PC3 FWHMHβ −0.512 3.97 × 10−5 0.196 0.308 −0.046 0.812
FWHMOI −0.506 5.15 × 10−5 −0.036 0.852 0.074 0.701
FWHMCaT −0.47 9.7 × 10−4 −0.244 0.301 0.042 0.837
EWHβ −0.647 4.18 × 10−8 −0.743 3.87 × 10−6 0.478 0.00874
EWOI −0.562 4.39 × 10−6 −0.342 0.0693 0.83 2.57 × 10−8

EWFeII 0.027 0.838 −0.244 0.202 −0.104 0.59
EWCaT 0.318 0.0149 0.251 0.189 0.065 0.739

z −0.007 0.959 0.023 0.905 0.119 0.54
log Lbol −0.041 0.761 0.14 0.469 0.02 0.916
log MBH −0.195 0.142 0.185 0.337 −0.064 0.741

log Lbol/LEdd 0.341 0.00884 −0.124 0.521 0.097 0.617
log RFeII 0.621 2 × 10−7 0.4 0.0313 −0.501 0.00564
log RCaT 0.600 6.52 × 10−7 0.486 0.00759 −0.173 0.368

log Fe II/CaT −0.232 0.0794 −0.351 0.0621 −0.478 0.00875

PC4 FWHMHβ 0.279 0.034 −0.096 0.619 0.378 0.0431
FWHMOI 0.190 0.154 −0.187 0.332 0.313 0.0985
FWHMCaT 0.118 0.435 −0.699 6.02 × 10−4 0.423 0.0313
EWHβ −0.381 0.00315 −0.054 0.78 −0.1 0.608
EWOI −0.339 0.00934 0.075 0.698 0.017 0.929
EWFeII 0.130 0.331 0.041 0.832 0.164 0.397
EWCaT 0.076 0.571 −0.19 0.324 0.153 0.43

z −0.089 0.506 −0.189 0.327 −0.423 0.0224
log Lbol −0.057 0.67 −0.266 0.163 −0.469 0.0104
log MBH 0.016 0.907 −0.197 0.307 −0.281 0.14

log Lbol/LEdd −0.239 0.0708 −0.07 0.717 −0.693 3.13 × 10−5

log RFeII 0.42 0.00104 0.018 0.927 0.268 0.16
log RCaT 0.207 0.119 −0.279 0.143 0.18 0.35

log Fe II/CaT 0.224 0.0915 0.361 0.0547 0.244 0.201

Note. Column (1): relations. Columns (2), (4), and (6): Spearman rank correlation coefficient for the full, low-L, and high-L samples, respectively. Columns (3), (5),
and (7): p-value of the correlation coefficient, for the full, low-L, and high-L samples, respectively. Significant correlations are in boldface.
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Appendix B
Random Distribution and Residuals Plots

In this section are included extra figures that are comple-
mentary to the results in Sections 4.5 and 4.6. Figure B1 shows
the distributions of Fe II/CaT and Lbol/LEdd parameters
compared with the ones from a fitting process; see
Section 4.5.1. The fitted distribution and p-value are indicated
in the left and middle panels. The right panel shows the
distribution of a random sample to get a significant correlation
Fe II/CaT−Lbol/LEdd as high as the one from the observational
sample.

In order to assess any signatures of redshift effects,
Figures B2 and B3 show the distributions of the residuals as
a function of the redshift for low- and high-L objects. This
division is in agreement with low- and high-redshift sources.
The median of each distribution (dashed vertical lines) does not
show a significant difference from the zero residual levels.
Hence, there is not a dependence within the 2σ confidence
level. This suggests that the relations in Figures 3 and 4 are not
artificially enhanced by redshift effects.

Figure B1.Modeled probability distribution for Lbol/LEdd (left panel) and Fe II/CaT (middle panel) parameters. The blue distribution corresponds to the observed one,
while the red one is obtained via a bootstrap analysis; see Section 4.5.1. The right panel shows the distribution of the Spearman rank correlation coefficient for 58
randomly selected sources from the distribution in the left and middle panels. The number of significant correlations (ρran and p − val < 0.001) is below the 3σ
confidence level.
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Figure B2. Distribution of the residuals with respect to the best fits as a function of redshift for the correlation shown in Figure 3. In each panel is indicated the
analyzed relation. The green distribution corresponds to the low-L (and low-z) subsample, while the blue one draws the high-L (and high-z) distributions. Vertical lines
indicate the median of each distribution.
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Appendix C
Principal Component Analysis—Effect of Redundant

Parameters

The correlation between a variable and a principal comp-
onent (PC) is used as the coordinates of the variable on the PC.
The representation of variables differs from the plot of the
observations: the observations are represented by their projec-
tions, but the variables are represented by their correlations
(Abdi & Williams 2010): (a) positively correlated variables are
grouped together; (b) negatively correlated variables are
positioned on opposite sides of the plot origin (opposed
quadrants); and (c) the distance between variables and the
origin measures the quality of the variables on the factor map.
Variables that are away from the origin are well represented on
the factor map.

As a first test for the PCA, we consider the aforementioned
11 parameters. Before drawing any definitive conclusions, we
wanted to remove parameters that are redundant/uncorrelated.
This allows us to eliminate noise in the PCA output due to the
presence of these redundant/uncorrelated variables. We per-
form this testing in two steps. In the first step, we analyze the
effect of the presence of both optical and NIR luminosity in the
PCA run. The optical (at 5100Å) and the NIR (8542Å)
luminosities are almost identical for our sample (see bottom
right panel of Figure 2) with a correlation coefficient r= 0.950

(p-value= 6.72× 10−30). This result is synchronous to our
PCA (Figure C1). Here, the factor maps for the two cases (with
and without optical luminosity) are shown adjacent to each
other. At a first glance, the differences in the sources
constituting our full sample can be clearly seen. The (3)
Persson and (4) Marinello samples (i.e., the low-luminosity
sources) are similarly oriented in the PC1–PC2 diagram (factor
map), while the high-luminosity sources from the two catalogs
from Martinez-Aldama (1 and 2) occupy a separate region in
the factor map. We study these subsamples in more detail in the
next section. The corresponding scree plots are similar and
highlight the dominance of the first PC (43% for the case with
optical luminosity, and 40.6% for the case without it). The
subsequent PCs show similar precedence. We thus make use of
only the NIR luminosity henceforth.
The parameters RFeII and RCaT are estimated from the various

observations that are tabulated in Table A1. These values are
estimated from the ratio of the fluxes of the respective emission
species (optical Fe II within the 4434–4684Å and Hβ; CaT and
Hβ, respectively). In our analysis, we use the EWs for the said
species, which are basically scaled versions of the line fluxes,
one that is normalized by the corresponding continuum
luminosity (at 5100Å for Fe II and 8542Å for CaT). Thus, the
RFeII and RCaT seemingly become redundant in the presence of
the EWs. We test this effect of redundancy on our sample, and

Figure B3. Same as Figure B2, but for correlations shown in Figure 4.
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the results are presented in Figure C2. The representation is
similar to that in Figure C1. The factor map on the left panel
shows the case where the RFeII and RCaT are included in the
analysis. Here, the RCaT vector is completely aligned with the
EW(CaT) vector, suggesting that the quantity is strongly
dependent on this variable itself and is less affected by the
EW(Hβ). On the other hand, the orientation of the RFeII vector
suggests that the quantity is affected by both EW(Fe II) and
EW(Hβ). The corresponding scree plots for the two cases
highlight the importance of the noise introduced in the PCA
due to the presence of RFeII and RCaT. In the case where these

variables were used, the data set is organized such that the two
PCs are almost identical (32.8% for PC1 and 31.7% for PC2).
This gives a false impression that the data set is driven by a 2D
plane rather than a line. A similar aspect of the optical main
sequence being represented as a line or a plane was explored in
Wildy et al. (2019). On the other hand, when these two
variables are removed and the PCA module is rerun, we see
that the data set is dominated by the variance along the first PC
(40.6%) and the second PC becomes less important (22.2%).
Another effect of the removal of redundant variables is the
emergence of other quantities, e.g., EW(O I λ8446).

Figure C1. Graphical representation of the PCA decomposition of our sample (58 sources). The circles represent individual objects on the standardized PC1–PC2
plane that have variables indicated by the axis labels. The arrows represent the prominence of the variables in the PC1–PC2 plane. The dashed lines mark the
coordinate axes in the PC1–PC2 plane, and the ellipses depict the 95% occupancy of the sources in their respective subsamples. The sample is categorized based on
their original source catalogs (see Panda et al. 2020a, for details on the observational sample)—(1) Martínez-Aldama et al. (2015a); (2) Martínez-Aldama et al.
(2015b); (3) Persson (1988); (4) Marinello et al. (2016); and (5) PHL1092 (Marinello et al. 2020). Left: with Lopt; Right: without Lopt. The bottom panels illustrate the
precedence of the first 10 PCs in the form of scree plots.
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These two tests further confirm that the results of the PCA
are dependent on the selection of the sample and the chosen
properties (Kuraszkiewicz et al. 2009).

Appendix D
Principal Component Analysis—Low- and High-luminosity

Samples

Taking note from the previous runs and the heterogeneity
present in our sample, we now separate the full sample into two
subsamples based on the median of the optical luminosity (at
5100Å) of the distribution, i.e., log Lopt= 44.49 erg s−1

(Section 4.3.3), which gives 29 sources in each case. We then
perform the PCA on each of the subsamples (low Lopt and high
Lopt) and illustrate the results in the left and right columns of
Figure D1, respectively.

D.1. Low-luminosity Subsample

For the low-luminosity sample, the sources belong to the
Persson (19/25) and Marinello (10/10) samples, and the
Marinello sample is almost enclosed within the Persson
sample in the factor map. The corresponding scree plot shows
the dominance of the primary and secondary PCs (41.1% and
30.1%), suggesting that the sample seems to be driven majorly
by the combination of the two components that can explain
71.2% of the variance in the data set. Accounting for the
subsequent two PCs, 90.6% of the total variation in the data set
can be explained in this case.

First PC: Going back to the factor map, we find that the
vectors corresponding to the FWHMs of Hβ and O I λ8446 and
EWHβ are co-aligned, with the FWHM vectors having almost
similar magnitudes. These two FWHM vectors are also the

major contributors to the variance along the primary PC (see
third panel in the middle column of Figure 5). For the primary
PC, the EW of O I λ8446 follows after these two FWHMs,
which then is followed by the NIR luminosity.
Second PC: The factor map highlights the prevalence of the

EWCaT, followed by the FWHMCaT and the EWFeII. This trend
is also seen in the contributions to the second PC and supports
our original conclusion that the two species Fe II and CaT are
similar in terms of their excitation and line emissivities (see
fourth panel in the middle column of Figure 5). We expect that
the FWHMFeII would show similar behavior, likewise of
FWHMCaT (as shown in Marinello et al. 2016, where the
authors show an almost perfect correlation between the Fe II
emission at 1 μm and CaT) strengthening the inferences from
the photoionization modeling (Panda et al. 2020a; Panda 2021).
This needs to be tested with a larger, higher signal-to-noise
ratio, and more complete sample in the future.
Third and fourth PCs: The third and fourth PCs further

contribute to 19.4% of the total variance in the data set. The
third PC is singularly dominated by the EWHβ with a minor
contribution from EWCaT and FWHMHβ. Similarly, the fourth
PC is mainly driven by the FWHMCaT, with only a minor
contribution from EW of O I λ8446.

D.2. High-luminosity Subsample

For the high-luminosity sample, the sources belong to the
Persson (6/25) and Marinello (PHL1092) samples and all of
Martinez-Aldama’s sources. The six sources from Persson
(Mrk 304, Mrk 509, I Zw 1, Mrk 478, VII Zw 118, and 3C
273) and PHL1092 outline the 95% confidence limit of
Martinez-Aldama’s sample, shown with the ellipses on the

Figure C2. Similar to Figure C1. Left: with RFeII and RCaT; right: without RFeII and RCaT. The bottom panels illustrate the precedence of the first 10 PCs in the form of
scree plots.
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Figure D1. Same as Figure 5. Left: low-luminosity sample (log Lopt � 44.49 erg s−1). Right: high-luminosity sample (log Lopt > 44.49 erg s−1).

26

The Astrophysical Journal, 918:29 (29pp), 2021 September 1 Martínez-Aldama et al.





factor map (top right panel of Figure 5). This points toward the
homogeneity in the subsample as opposed to the earlier
scenario when all the sources were bunched together. The
corresponding scree plot shows the dominance of the primary
and secondary PCs (42.7% and 22.5%), suggesting that the
high-luminosity sample behaves similarly to the low-luminos-
ity case. Likewise to the low-luminosity case, accounting for
the subsequent two PCs (PC3 and PC4), 91.4% of the total
variation in the high-luminosity data set can be explained.

First PC: Compared to the low-luminosity case, the FWHM
of O I λ8446 is still the primary dominant driver of the primary
PC, followed by the EWFeII FWHMHβ and FWHMCaT. The
EWFeII dominates in the negative space of the PC1.

Second PC: The primary contributor to this PC is still
EWCaT, but in contrast to the corresponding PC for the low-
luminosity case, the EWFeII is rather below the significance
threshold in this case. Other significant contributors are the
EWHβ, followed by the FWHMCaT.

Third and fourth PCs: The third and fourth PCs further
contribute to 26.2% (earlier this was 19.4% for the low-
luminosity case) of the total variance in the data set. The third
PC is dominated by the EWOI with a contribution from EWHβ,
whereas the fourth PC is singularly driven by the NIR
luminosity.

D.3. Correlations between the Principal Eigenvectors and
Observed/Derived Parameters for the Subsamples

In Figure D2, for the PC1, there are significant positive
correlations for both the subsamples, especially with respect to
FWHMHβ (low luminosity: ρ= 0.669, p= 7.37× 10−5; high
luminosity: ρ= 0.76, p= 1.73× 10−6) and FWHMOI (low
luminosity: ρ= 0.728, p= 7.65× 10−6; high luminosity:
ρ= 0.884, p= 2.1× 10−10). This is highlighted by the strong
correlation between the PC1 and the black hole mass, which
is obtained and explained in Figure D3, as the FWHMHβ
is incorporated to estimate the black hole mass. A strong
positive correlation is obtained for FWHMCaT (ρ= 0.85,
p= 3.94× 10−8) for the high-luminosity subsample. The
EWHβ correlation with PC1 behaves differently for the low-
luminosity (ρ= 0.736, p= 5.46× 10−6) and the high-lumin-
osity (ρ=−0.694, p= 2.93× 10−5) samples. The low-lumin-
osity sample follows the trend of the full sample in this case.
For EWOI, significant correlation is noted only for the low-
luminosity case (ρ= 0.871, p= 8.11× 10−10). For EWFeII,
significant anticorrelation is noted only for the high-luminosity
case (ρ=−0.681, p= 4.73× 10−5) . For PC2, we have two
significant correlations for the low-luminosity case—for
EWCaT (ρ= 0.855, p= 3.57× 10−9) and EWFeII (ρ= 0.66,
p= 9.88× 10−5). Additionally, there is a correlation obtained
for the EWCaT (ρ= 0.86, p= 2.3× 10−9) for the high-
luminosity case. For PC3, a significant anticorrelation is
observed for the low-luminosity case’s EWHβ (ρ=−0.743,
p= 3.87× 10−6) and a significant correlation for the high-
luminosity case’s EWOI (ρ= 0.83, p= 2.57× 10−8). There is a
single significant (anti)correlation observed for PC4, i.e.,
versus FWHMCaT (ρ=−0.699, p= 6.02× 10−4).

In Figure D3, the strongest and only correlation in the
subsamples for the PC1 are with respect to the black hole mass
—for the low-luminosity sample, the correlation is relatively
stronger (ρ= 0.701, p = 2.24× 10−5) compared to the high-
luminosity sample (ρ= 0.662, p= 9.16× 10−5). For PC2,
significant correlations are obtained only for RFeII and RCaT

cases. For the low-luminosity sample, the correlations of PC2
versus RFeII (ρ= 0.698, p= 2.6× 10−5) and versus RCaT
(ρ= 0.65, p= 1.34× 10−4) show a moderate correlation,
while for the high-luminosity sample, the correlations of PC2
versus RFeII (ρ= 0.669, p= 7.26× 10−5) and versus RCaT
(ρ= 0.838, p= 1.46× 10−8) are slightly stronger. This further
corroborates the strong connection between these two para-
meters from our past results obtained in Paper I and those
obtained from the PCA analysis of the full sample in this paper.
There are no significant correlations with respect to PC3. The
only significant (anti)correlation with respect to PC4 is
obtained for LEdd in the high-luminosity sample (ρ=−0.693,
p= 3.13× 10−5).
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