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with our measurements of the line centre velocity. We come back
to this issue in Paper IV (Mejia-Restrepo et al, in preparation).

4.3.3 Line width correlations

Fig. 8 presents a comparison between the widths of some of the
broad emission lines in our X-Shooter observations, in terms of
FWHM (top panel) and line dispersion (o j,e; bottom panel). For
reference, we also illustrate the 1:1 relation (black solid line), and a
constant scaling of FWHM (C1v) = /3.7FWHM (He, HpB, Mgu)
(black dashed line). The latter scaling is motivated by the typ-
ical ratio of the corresponding BLR sizes for HS and C1v, as
measured in RM experiments, and under the virialized BLR
assumption (see detailed discussion in TN12). We have plot-
ted in yellow a dashed line that represents FWHM (C1v) =
V3.7 <$’\%> FWHM (Ho, Mg 1) to account for the me-
dian FWHM ratio between FWHM(Hp) and the FWHM of Ho and
Mg 1. Finally, we have colour coded the points in grey-scale by
the S/N of the continuum bands around HB where darker colours
translates into higher S/N. In Figs C1 and C2 of Appendix C, we
show the normalized Ha, HB, Mg and C1v observed line profiles
in velocity space to provide the reader with a direct visual com-
parison of the most prominent emission lines. The large error bars
in the HP line widths are due to the low S/N and the difficulty of
constraining the iron emission around Hf, because of the telluric
absorption (see Section 2).

We generally find very good agreement between the FWHMs
of HB and He (Fig. 8, top-left panel). On average, FWHM(Hp)
is broader than FWHM(Ha) by 0.03 dex (see the blue dashed line
in Fig. 8), with a scatter of about 0.08 dex. This result is in good
agreement with several previous studies, as well as with the scaling
relation reported in Greene & Ho (2005) (see the red dashed line in
Fig. 8).

We also find that objects with log FWHM(Hg)[kms™'] < 3.6
(~4000km s~') show FWHM(H}) slightly narrower than the me-
dian trend (i.e. below the blue dashed line in Fig. §) by about
0.04 dex (10 per cent). These objects are however fainter and their
values are less accurate because of the difficulties with HS measure-
ments. This results is in agreement with Denney et al. (2009) where
they found that the estimated FWHM(Hp) in low-quality data (S/N
< 20) is not reliable.

From Fig. 8, we can also see that there are significant cor-
relations between the FWHMs of (1) Hoe and Mgu (scatter of
oa = 0.08 dex), (2) HB and Mg (oo = 0.10dex) and (3) Ha and
Hp (oo = 0.07 dex) in agreement with several previous works (e.g.
Greene & Ho 2005; S07; Wang et al. 2009; Shen & Liu 2012;
TN12; M13). Also, FWHM(Mg 1) is proportional to and narrower
than FWHM(Hg) by 0.16 dex (30 per cent), with a scatter of about
0.08 dex and no dependence on FWHM(Hg). There are however
some outliers in these general trends: The two broad absorption line
quasars (BALQSOs, the green dots in Fig. 8) and five objects that
show FWHM (Mg 1) 2 FWHM (Hp) and have high L/Lg4q (>0.17,
hereafter broad-Mg 11 objects, magenta diamonds in Fig. 8). These
seven objects and their implications in the FWHM(Mg 11)-Balmer
lines correlations are further discussed in Section 4.3.4.

From the discussion above, it is reasonable to assume that the
emissivity-weighted Mg region is more distant from the central
BH than the corresponding regions for the He and Hp lines. On
the other hand, both Balmer lines seem to come from the same
part of the BLR. As a consequence and based on the FWHM linear
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correlation among He,HB and Mg 11, assuming virialization of HB
would reasonably imply virialization of Mg and Her.

The correlations of FWHM(C1v) with the measured FWHM
of the other lines are weaker, occasionally insignificant (i.e. P >
0.01) and non-linear: (1) Ha (ry = 0.48, P=0.02, oo = 0.14 dex),
2) HB (insignificant, P=0.05) and (3)Mgu (r, = 0.50, P=0.001,
oa = 0.10dex). This would mean that FWHM(C 1v) is not linearly
proportional to the FWHM of Ho, HB and Mgu. For example,
FWHM (C1v) « FWHM (Ha)'*'#%° Moreover, when combining
the results of the RM experiments (e.g. Kaspi et al. 2007) with
the virial assumption, it is expected that the C1v line would be
broader than HB, by a factor of about /373 In contrast, the
vast majority of sources in our sample (35/39; 90 per cent) show
FWHM (C1v) < +/3.7FWHM (HB) and one-third of the sources
have FWHM((HgB)>FWHM(C1v). These results indicate either a
non-virialized C1v emission region, or a very different ionization
structure for objects with low and high FWHM(Hg).

Finally, when we compare the velocity dispersion (o ;. ) between
the lines of interest (bottom panels of Fig. 8), we only find one
significant correlation between FWHM(Mg1) and FWHM(C1v)
(ry = 0.43, P=0.005) in the local approach. However, even this
correlation does not hold under the global approach (P = 0.36). Due
to the fact that the correlations between the FWHM of different lines
are much tighter than the o, correlations (under both continuum
approaches), and the fact that o, is strongly affected by flux in
the line wings, we choose to use the FWHM to estimate Mgy in the
analysis that follows.

4.3.4 Broad-Mg 1t and BALQSO objects

As discussed in Section 4.3, we found that Mgu profiles are
generally and systematically narrower than Ha and HB profiles.
However, the top-right and top-centre panels of Fig. 8 show that
around log (FWHM(HS)) and log (FWHM(Ha)[kms™']) < 3.6
(<4000 km s~!) there are a handful of objects (magenta diamonds)
that show FWHM (Mgu) 2> FWHM (He, HB) and were noted ear-
lier as ‘broad-Mg 11 objects’.

Marziani et al. (2013b) and M 13 presented a thorough eigenvec-
tor 1 analysis of the Mg and Hp profiles following Sulentic et al.
(2002) from an SDSS-selected sample of 680 quasars. Their classifi-
cation is based on the location of type  AGN in the R,,—~FWHM(Hp)
plane, where R,, = L (Feu (4750A)) /L (HP). They claimed that
the so-called Broad-Mg 11 objects belong to the extreme population
A category (A3 and A4 according the their classification, see fig.
8 in M13) and represents about 10 per cent of the total population
of high-luminosity AGN. These extreme population A objects have
narrow Hp profiles (<4000 km s™') and the highest R, values. They
are also among the objects with the highest Eddington ratios and
largest velocity offsets. Unfortunately, our difficulties to properly
measure the Fe nemission around HB do not allow us to measure Ry,
and test their assumptions. We can however compare their L/Lgqq €S-
timates to our Ho-based L/Lgqq estimates by applying a bolometric
correction as described in TN12. As can be seen in Fig. 1, all these
objects occupy the top 20 percentile of the L/Lgqq distribution in our
sample (L/Lgqq > 0.20) in agreement with M13. The broad-Mg 1t
objects in our sample also show relatively large C 1v and Mg 11 veloc-
ity blueshifts (top 20 per cent, Avgroad-mgn (C1v) S —2200km s7!,
Avgroad-mgn (Mg1) S —200km s~!) which is also in agreement

3 The scaling factor is somewhat luminosity dependent. See TN12 for a
discussion of this issue.
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Figure 8. FWHM (top) and o (bottom) comparisons between different lines in the local continuum approach as indicated in the inserts of each panel (linel
versus line2). The black solid lines represents the 1:1 relation. The black dashed line represents FWHM (C1v) = V37JFWHM (line). The yellow dashed line
represents FWHM (C1v) = V3. 7TFWHM (Hp) after re-scaling the FWHM of each line to FWHM(Hp) using the median value of FWHM(HB)/FWHM(line).
The red dashed lines represent previous scaling relations [FWHM(Hp) versus FWHM(Mg 1) from TN12, and FWHM(Hp) versus FWHM(Hw) from Greene &
Ho (2005)]. The blue dashed lines represent the best fit after assuming FWHM(HSB) o« FWHM(Ho) x FWHM(Mg 1) o« FWHM(C 1v). Points are colour-coded
in grey-scale by the S/N of the continuum bands around HB where darker colours translates into larger S/N. Broad absorption lines quasars (BALQSO, green
stars) and the broad-Mg 11 objects (magenta diamonds, see Section 4.3.4) are the main sources of discrepancies of the C1v and Mg FWHMs when compared
to the Hoe and HS FWHMs.
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Table 6. Line width ratios and correlations. For each pair of lines, we list median values and scatter of Q = log (FWHM(linel)/FWHM(line2)) and the
Spearman correlation coefficients between FWHM(linel) and FWHM(line2). We tabulate these quantities for both the complete sample (under the local

approach), and after excluding the five broad-Mg 11 and the two BALQSO.

Ha

——All objects—
linel 0 scatter  rg 0 scatter  ry Q  scatter

Mg 1t Cn
—No broad-Mgn”’~  ——All objects—

—No broad-Mgn’~  ——All objects®— —No broad-Mg n’—
Q  scatter rs 0 scatter 1 0 scatter  rg

Ho - - - - - 013 0.08
Mgn -0.13 0.08 069 —-0.13 0.07 0.81 - -
Hp 0.03 0.07 081 0.04 0.07 0.77 0.15 0.10

069 0.13 007 081 -0.12 0.14 048 -0.11 0.10 0.72

- - - -026 0.10 050 -0.25 0.10 0.55

069 0.16 0.08 088 —0.10 0.17 031 -0.09 0.13 044

Notes. “Including all objects in the local approach.
bWithout considering the Broad MgII and BALQSO objects.

with M13. We note however that broad-Mg 1 objects are not the
only ones that meet the mentioned conditions.

As can be seen in Fig. 8, the BALQSOs in our sample show
exactly the opposite behaviour. They show narrower Mg 11 profiles
than usual. Unfortunately, it is impossible to draw any conclusion
based on only two sources.

In Table 6, we present the median values and corresponding
scatter of 0= log (FWHM(linel)/FWHM(line2)) as well as the
Spearman correlation coefficient between the FWHM of the listed
lines under two cases: (a) including al/ objects in the analysis and
(b) excluding the broad-Mgu and the BALQSOs from the analy-
sis. It can be seen in Table 6 and Fig. 8 that after removing these
outliers the FWHM correlations becomes tighter (i.e. r; increases)
and the Q factors remain almost unchanged. We emphasize that
this result is also true for FWHM(C 1v)while the correlations be-
tween FWHM(C1v) and the FWHM of the Balmer lines approach
to linearity after removing such seven objects. Consequently, for
the following Mgy analysis we exclude both the five broad-Mg 1t
objects and the two BALQSO:s.

4.4 Black hole mass estimators

In this subsection, we present the procedure we use to obtain, and
compare, different Mpy estimates using the different line and con-
tinuum measurements. Our starting point, and the basis for all the
following correlations, is the subsample of 32 AGN obtained by re-
moving from the original sample five sources showing large discrep-
ancy between FWHM(HB) and FWHM(Mg 11) (see Section 4.3.4)
and the two BALQSOs in the sample. A major aim is to find a
practical strategy that will allow the identification of sources that
are not suitable for accurate mass determination based on single
line and continuum measurement.

4.4.1 Lsi00—RpLr(HPB) relation and HB

Most present-day single-epoch mass measurements are based on the
Rp r(HB)-L relation, established through RM experiments (see
Section 1 and equation 3). In this case, L;"l“(';"(') is a local estimation
of the continuum and Rp; g is obtained from the time lag of the
response of the H line to (optical) continuum variations. This lag
is assumed to properly represent the emissivity weighted radius
of the broad HB line. Mgy is obtained from equation (1) where
both FWHM(H}S)joca and L5 are obtained using local continuum
measurements. These values can be used to obtain the ‘local”’ BH
mass estimate, Mpyjoca- We can then use the expressions derived
in Section 4.2, and the various biases between the local and global
Lsy00 and FWHM, to derive a global expression for Mgy (Hp).

MNRAS 460, 187-211 (2016)

We start by using the local Mpy(HpB) expression obtained by
TN12. This expression is most appropriate for our intermediate-
and high-luminosity AGN:

local 0.65
3 6 _ Lsin
Mgy (HB)joeur = 5.26 x 10° M 10* ergs~!

FWHM (HB)j0ca \
~ ( ﬁ}:oml . (4)
10°kms
Obtaining the equivalent global expression is not trivial since we
need first to find a relation between Rp; g measured from RM and

Li'l%%ﬂ and not simply use the recipe that connects local measure-

ments. However, we do not know L_%llo(%al for the objects targeted by
RM campaigns, and we have to rely on the scaling relation between
LY and Lgll%%al that we find in this work (see Table 5). Substituting
in equation (3), we get

global 0.58
_ 6 L5100
Mpn HB)giopa = 7-17 x 10° M (1()44ergsl>
. (FWHM (Hﬂ)globul)z . )
103 kms™!

It is important to note that we have simply re-scaled the empirical
Rg r(HB) versus Lls"lc(';‘é relation to a Rg r(HpB) versus L_%ll%‘ll rela-
tion that is adjusted to predict the same Rg r measurements. Con-
sequently, we do not expect any systematic bias in Mgy measure-
ments coming from intrinsic L%l,%%al—Lg"fgé biases. The bias between
MBgHhioca and Mppgiobal are simply the results of the intrinsic differ-
ences between the FWHMo.,; and FWHMgjqpa (see Section 4.1).
The small Mgy biases that we found are shown in the bottom-right
set of panels in Fig. 5.

4.4.2 Other lines

In order to calibrate Hoe, Mgn and Civ line measurements
to match the Mpy(HB) predictions, we follow standard pro-
cedures (e.g. McLure & Dunlop 2004; Vestergaard & Peter-
son 2006; TN12) that basically re-scale Rgyr(Lsi00) to Rprr(L;)
(see equation 3) and then re-scale u()) to Mpu(HB), where
w(}) = G~ Ry r(L,)FWHM(line).

This approach assumes that Mgy scales as FWHM?, which fol-
lows from a virialization of the line-emitting region. According
to the direct proportionality that we found between FWHM(Hg),
FWHM(He) and FWHM (Mg 11) (see Section 4.3), it will be enough
to assume virialization of the HB-emitting region. We note that
several previous studies have instead allowed total freedom to the
dependence of Mgy on FWHM (e.g. Shen & Liu 2012), instead
of assuming a virial relation. However, there is no physical moti-
vation for this approach (except perhaps for Civ) apart from the
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Table 7. Virial BH mass calibrations of equation (1) (Mg = K(L; )% FWHM?) based on different line width and luminosity combinations for 32/39 objects
in our sample, calibrated against the HB virial mass calibration given in equation (4). “Mpy calibration based on local measurements. Mgy calibration
based on global measurements. ‘Local My calibrations corrected for the small systematic offsets that we found with respect to global Mgy. Note that the

values in this table are valid for L in units of 10%

for FWHM Mgy estimates.

erg s~! and FWHM in units of 1000 km s~!. For these calibration, we assume f = 1 which is appropriate

Local® Global” Local? .
log K o Scatter log K o Scatter log K o Scatter
(dex) (dex) (dex)
FWHM(Ha), Ls1o0 6.779 0.650 0.16 6.958 0.569 0.19 6.845 0.650 0.16
FWHM(Ho), Le2oo 6.842 0.634 0.16 7.062 0.524 0.22 6.891 0.634 0.16
FWHM(Ho), L(Her) 7.072 0.563 0.18 7.373 0.514 0.23 7.389 0.563 0.18
FWHM(HS), Lsi00 6.721 0.650 0.00 6.864 0.568 0.00 6.740 0.650 0.00
FWHMMg 1), L300 6.906 0.609 0.25 6.955 0.599 0.29 6.925 0.609 0.25
FWHM(C1v), Li450 6.331 0.599 0.33 6.349 0.588 0.38 6.353 0.599 0.33

attempt to minimize residuals with regard to Mgy (HB). We focus
on identifying those sources which appear to represent the largest
deviation from virial equilibrium, and excluding them from the
analysis. As explained in Section 4.3.4, these are the five sources
with the largest deviations between FWHM(HB) and FWHM (Mg 1)
that are mostly small width (FWHM(HgB) < 4000 km s7h, high
L/Lggq (20.17) sources and the two BALQSOs. In such cases,
Mpu(He) and Mpu(HB) are the only methods providing reliable
Mpygy determination.

The results of the re-scaled single-epoch Mgy estimators based on
Ha, HB, Mg and C1v in 32/39 sources are summarized in Table 7
and shown in Fig. 9 where the black solid lines represent the 1:1
relations. We also show the seven removed sources: BALQSOs in
green and objects with discrepant FWHM(HgS) and FWHM(Mg 1)
in magenta.

Fig. 9 shows that the main sources of scatter in all the Mpy
relationships in the original sample are the above-mentioned seven
sources. Removing these objects leaves almost perfect correlations
(rs > 0.85, P < 10~'?) between mass estimates based on Ho, HB
and Mg 11 and even C1v. In fact, the scatter in Mgy (Ho)-Mpy (Mg 1)
and Mpy(Ha)-Mpy (C1v) is reduced from 0.23 to 0.15dex and
from 0.29 to 0.16, respectively, for the Lg0o-FWHM(He) estimates.
Unfortunately, itis not easy to identify and remove such objects from
a sample where only the C1v line region is observable. We come
back to this issue later in the paper.

The use of L(He) in Xiao et al. (2011), as well as other studies
(e.g. Greene & Ho 2005), is motivated by the possibility of host-light
contribution to Leygo, especially in low-luminosity (low-redshift)
AGN. However, as previously mentioned (Section 3), most of our
objects have negligible host galaxy contamination, and we have
accounted for it in the few objects where it is relevant. Thus, we can
safely use Lgpoo for He-based Mgy estimates. In Table 7, we present
both Lgoo-FWHM(He) and L(Ha)-FWHM (Ha ) My calibrations.

In Fig. 9, we also present the best-fitting relations that compare
our new mass prescriptions with previously published ones (black
dashed lines). Particularly, we compared our new calibrations with
the TN12 Mg n-based calibration, the Xiao et al. (2011) Ho-based
calibration (an updated version of Greene & Ho 2005) and the
Vestergaard & Peterson (2006) C 1v-based calibration. We note that
these are somewhat simplified comparisons, as a proper analysis
of the deviation from each Mgy calibration is not straightforward,
due to the usage of different f factors; different Rgj r—L relations;
assumed cosmology; and even of fitting procedures. Nevertheless, it
is evident from the diagram that the deviation from the earlier mass

estimates based on C1v are the largest among the three (bottom
panel of Fig. 9).

4.4.3 X-Shooter versus SDSS Mgy estimates

In Fig. 10, we compare the Mgy estimations using the (lower
S/N) SDSS spectra and (higher S/N) X-Shooter spectra, by plotting
Alog Mgy =log (Mpy(line)/Mpp(He) for Mg 11 and C 1v versus the
S/N of the continuum around Mg n([S/N] (Mg 11)). We note that the
typical difference between the data sets is (S/N)xsn =4 X (S/N)spss-
As expected (see Section 4.3), objects with unresolved absorption
features or incomplete line profiles generally show the largest oft-
sets in mass. Apart from these objects, the scatter in Mgy (C1v) and
Mgy (Mg n) estimates is independent of the S/N. This is not surpris-
ing because of the good agreement between X-Shooter- and SDSS-
based FWHM(C 1v) measurements (see Section 4.3.1). We conclude
that the scatter in Mg 11- and C 1v-based mass estimates is dominated
by intrinsic differences between FWHM(Mg n)-FWHM(C1v) and
FWHM(Hea) as well as between Lsjo—L3000 and Leogp-

4.5 The C1v line as a black hole mass estimator

As can be seen in Fig. 8 and also mentioned in Section 4.3, the width
of C1v shows only weak correlations (if at all) with the widths of the
other lines we study in this paper. This result together with the sig-
nificant blueshifts observed in the C1v line centre (Av = —1200 £
1000) make mass estimates based on the CIV line significantly more
uncertain. However, in high-z objects (2 < z < 5) Civ is the only
prominent broad emission line that lies within the optical window. It
is therefore important to explore possibilities to improve My deter-
mination by means of C1v. There have been already some attempts
in this direction. For instance, R13 and Brotherton et al. (2015) claim
acorrelation between the line peak ratio Lp (Si1tv + O1v]) /Lp (C1v)
and the FWHM ratio FWHM (C1v) /FWHM (Hp) driven by eigen-
vector 1 (Boroson & Green 1992) that would help to reduce the
scatter in Mgy from 0.43 to 0.30 dex; D13 propose that having high-
quality spectra and using the velocity dispersion of the line (oiye),
instead of FWHM, will lead to accurate Mgy estimations. How-
ever, D13 sample is limited to only six objects and our larger, high-
quality sample does not show any correlation between o j;,.(HB) and
Oline (C IV)~

In the following section, we test the R13 suggested relation as
well as other relationships that can be used to improve the C 1v-based
mass determination method.
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9T0Z ‘S lequis1dss Uo a|IyD ap pepseAIuN e /610°SeuIno [pioyxo seluw//:dny wouy papeoumoq


http://mnras.oxfordjournals.org/

204

J. E. Mejia-Restrepo et al.

N/ o 784
L4 k B
9.5} - Q. et
O
® ) @) o 2,70
sl O o 4oe | oo
o
o OG0
— 85} 9 1 % ® 1 ) ® ]
O] CJe) @®
— 80} 1 1 :
- ¢'2@ ® ," ® P
§ ) 5 HpvsHa|| 2 MgIlI vs Ha ',' MglI vs Hp3
= B : : : —— : ; ; — : ; ; ——
= 95} '/ + ‘)‘D 1 Be £
= ® ,00°¢ ©o-% @ QC
E 9.0} FO @ 1 @) ) 1 6 : ]
ok 00 : o "O ©)
@] oo P
— 85Ff 'O + ’l % ©) 1 ’O §O |
& 6° e Qe ® < Lo
8.0 O] R4 __@2&' (O] 1 ’O' @® o CIV vs MglII | |
R4 p y x*% BALQSO
-5 r CIV vs Ha CIV vs HS +#4 Broad Mgll
.o _I 1 1 L L __\ 1 1 1 L __\ Il 1 1 1
7.5 8.0 8.5 9.0 9.5 7.5 8.0 8.5 9.0 9.5 7.5 8.0 8.5 9.0 9.5

Figure 9. Comparisons between different Mpy estimates that are derived from different lines as indicated in the inserts of each panel. The black solid line
represents the 1:1 relation. Ho values were derived using Leoo. The dashed black line represents the best fit to previous black hole mass estimators. Points
are colour-coded in grey-scale by the S/N of the continuum bands around HB where darker colours translates into larger S/N. BALQSO and the broad-Mg 1

log MBH (hnteocal) [M ]

objects (see Section 4.3.4) are the labelled by green stars and magenta diamonds, respectively.

1.0 ‘ ‘
0.5¢ 1
= oy, v
E °* ‘. . Py ’
= 0.0} *e Rt :
= o IR
= .ot )
op — 05 A .
=
<
—1.0} eee My (Mgll) SDSS ]
o0¢ Mpu (Mgll) X-Shooter
e®e¢ MgII Absorption SDSS
MglII Incomplete SDSS
1.5 —
b} 10 15 30 35

Figure 10. A comparison of Mgy estimates from X-Shooter and SDSS spectra. We show the offsets in mass estimates, A log Mgy = log (Mpu(line)/Mpu(Ha)),
versus the S/N of the continuum around Mg 1 ([S/N] (Mg 1)) using SDSS (black dots) and X-Shooter (blue diamonds) data for the Mg 11 (left panel) and C1v

20 25
[S/N] (MglI)

40

A 10g MBH (CIV)

1.0 ‘ ‘
L *
0.5 . ‘.
°
. P * :
‘ *3 * ¢
L 4 L 4
0.0 [ PO .. ° * :
. .,
P'S X 4 * P'S N *
* *
° 141
0.5 ° .
° .

—1.0¢ e®e My (CIV) SDSS
®¢ Mpy (CIV) X-Shooter
e®e¢ CIV Absorption SDSS

° CIV Incomplete SDSS

15— —

5) 10 1 30 35 40

590 2
[5/N] (MglI)

(right panel) lines. SDSS data with unresolved absorption features (red dots) or incomplete line profiles (yellow dots) are also shown.
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Table 8. Spearman correlation coefficients, probability, scatter and the best-fitting parameters (log FWHM,4;i, = B log L;fmo + C) between the listed

quantities.

——Ilog (Lp (Sitv + O1v]A1400) /Lp (C1v)) ——Ilog (Lp (Cm] A1909) /Lp (C1v)))——

s P Scatter(dex) S C Ts P(percent) Scatter (dex) f C
log (FWHM (C1v) /FWHM (Ha)) 0.36 0.02 0.35 0.76  —0.51 034 3 0.34 0.72  —0.55
log (FWHM (C1v) /FWHM (HB)) 0.44 0.003 0.32 0.55 —-031 047 0.2 0.30 0.57 —-0.33
log (FWHM (C1v) /JFWHM (Mg)) 0.51 0.003 0.28 0.69 —-0.72 0.57 0.02 0.19 0.52 —-0.52
log (FWHM (C1v) /FWHM (Hp)) fromR13  0.64 3 x 1077 0.26 0.57 -0.36 - - - - -

4.5.1 Rehabilitating C1v?

In Table 8, we show the correlation coefficient, correlation
probability and scatter between Lp (Sitv 4 O1v])/Lp (C1v) and
FWHM (C1v) /FWHM (HB) as well as several other similar line
peak and FWHM ratios that are listed in the table. In Fig. 11, we
compare such quantities.

As can be seen in Table 8 and Fig. 11, we confirm the correlation
reported by R13, however with a lower level of significance and
larger scatter. These differences may be attributed to the smaller
size of our sample (39 objects here versus 85 in R13), and the
somewhat lower S/N in the HB region for the fainter sources in our
sample, compared with R13. We can also see in Table § and Fig. 11
that our best-fitting relation between Lp (Sitv + O1v]) /Lp (C1v)
and FWHM (C1v) /FWHM (Hp) (black solid line in the top-middle
panel) is in very good agreement with the one presented in R13 (red
dashed line in the top-middle panel).

We also find that Lp (Cm]) /Lp (C1v) correlations are slightly
stronger than the analogous Lp (Sitv + O1v]) /Lp (C1v) correla-
tions. At the same time, the strongest correlations are those involv-
ing these line peak ratios and FWHM (C1v) /FWHM (Mg 11). These
relationships can be used to derive ‘corrected” Mgy estimates in
cases where the relevant line peak ratios can be observed.

Below we present the corrected Mgy that can be derived from
C1v and Siv+O1v] measurements:

Liuso\*7  (FWHM(Cw)\>
B 6 1450
Mgy (Mg, = 1.13 x 10 ( 1()44) x (W)

Lp (Sitv + O1v]) —1.66
< Lp(C1v) )

and from C1v and C m] measurements:

(6)

Lisso 057
— 5 -
Mpy Mg,y = 5.71 x 10 (Wrgs—‘)

5 (FWHM(CW))2 5 (Lp (Cm]))“’9 o

103 kms™! Lp (C1v)

The confirmation of the R13 correlation, and the new correlations
reported here, should assist in rehabilitating C 1v for more reliable
Mgy measurements, by relying on the nearby Siiv+O1v] and/or
C ] emission lines. Even for those combinations of observables
which do not significantly reduce the scatter in My determinations,
they provide an improvement in the accuracy of rest-frame UV-
based Mgy estimations since these prescriptions compensates the
effect of L/Lg4q in the C1v profile.

5 SUMMARY AND CONCLUSIONS

This paper uses a unique sample of 39 type I AGN observed by X-
Shooter and covering, uniformly, the Mgy—L/Lgqq plane at z = 1.55
down to ixg ~ 21 mag. Our sample allows for a comprehensive

comparison between different luminosity probes and emission line
measurements, for the prominent broad emission lines Ha, HB,
Mg and C1v, which are commonly used for virial BH mass esti-
mates. Thanks to the broad spectral coverage we were also able to
test two approaches for continuum fitting and test for possible bi-
ases in Mpy determinations: a physically motivated approach based
on fitting an AD model to each spectrum; and a more practical ap-
proach which treats the continuum around each prominent line as
an independent power law.
In summary, the main findings of this work are as follows.

(1) Comparing the two continuum fitting approaches, we find
only small (although systemic) offsets in the derived line lumi-
nosities, local continua luminosities and line FWHMSs, and con-
sequently in Mgy determinations (<0.05 dex). This implies that a
precise modelling of the continuum emission is not crucial for Mgy
determinations.

(i) Line dispersion measurements (0jipe) are highly sensitive to
continuum modelling, and cannot be safely used for Mgy determi-
nation, even for the well-studied Balmer lines and/or when high-
quality spectra of broad UV lines are available.

(iii) We corroborate that both the He and H lines show very
similar FWHMs and can be consistently used for estimating Mgy
based on the virial assumption.

(iv) The Mg 11 line width is found to follow that of HB, and, gener-
ally, can be safely used for Mgy estimations. Our new observations
show that the Mg 11 line is about 3015 per cent narrower than HB
(in FWHM). We also found that about 10 per cent of the objects show
atypically broad Mg lines, with FWHM (Mg 1) 2 FWHM (Ho).
These Mg profiles are also systematically blueshifted, probably
due to non-virial dynamics, and further shown to be not suitable
for reliable Mgy estimation (see Section 4.3.4). We note that broad-
Mg 1 objects can only be identified using additional information
from one of the Balmer lines, which would in turn eliminate the ne-
cessity to identify them. Without any additional information, such
sources may be present in any sample of AGN.

(v) We find that FWHM measurements for C 1v in low-S/N spec-
tra are systematically underestimated, for objects with partially re-
solved or unresolved C 1v absorption features. We also find and that
the FWHMs of Mg 11 and the FWHM:s of non-absorbed-C 1v-profiles
are consistent in low- and high-S/N data sets. On the other hand, the
line dispersion measurements (o i) for both C 1v and Mg 11 profiles
differ significantly (a scatter of ~0.2 dex).

(vi) We find better agreement and lower dispersion between
Leoo and Lsjgp than between L(Ho) and Ls o9, especially for high-
luminosity objects (Lsjoo > 10*ergs™"), and recommend to use the
Ler00-FWHM(Ha) black hole mass calibration (Table 7) for objects
with an AGN-dominated continuum in this luminosity range.

(vii) The considerable uncertainties associated with Civ-based
determination of Mgy are not solely due to insufficient spectral res-
olution and/or S/N. They are more likely related to the physics of the
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Figure 11. Top panel: comparison of the He—C1v (left), HB-C1v (middle) and Mg u-C1v (right) FWHM ratios with the Siv+O1v]- C1v line peak ratio. The
red dashed line represents the best-fitting relation reported by R13, and the black solid lines represent our best-fitting relation. Middle panel: same as the top
panel but this time we compare with the C]-C1v line peak ratio. Bottom panel: predicted Mgy masses using the correlations of the Mg n—-C1v FWHM ratio
with the Siv+O1v]-C1v (bottom left) and the C m]-C 1v (bottom right) line peak ratios. Green stars represent broad absorption lines quasars (BALQSO) and
magenta points represent the broad-Mg i1 objects. The black solid lines represent the 1:1 relation.
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BLR. Our results are in agreement with some earlier findings about
the systematic uncertainties associated with C1v. We found that the
L/Lgyq is strongly correlated with FWHM (C1v) /FWHM (He) and
with the velocity offset of the C1v line. We stress, however, that
these correlations show large scatter and cannot practically assist in
improving Mgy (C1v) estimates.

(viii)) We confirm the result of R13, finding a significant
correlation between the Siiv+O1v]/Civ line peak ratio and
FWHM(C1v)/FWHM(Hg), which may in principle assist reha-
bilitating C1v-based Mpy determinations. Moreover, we find even
stronger correlations associated with the C m]/C1v line peak ratio.
Although these empirical correlations do not significantly reduce
the scatter in Mgy (C1v) estimates, we propose that their applica-
tion, whenever possible, would improve the accuracy of C 1v-based
Mpygy determinations.

(ix) L/Lggq seems to affect the dynamics of the Mg u-emitting
region, especially in objects with extreme accretion rates (as pointed
out by M13).

(x) We provide new single-epoch calibrations for Mgy, based on
the FWHM of He, HB, Mg and C1v.

(xi) We constructed a new (UV) iron template that aims to im-
prove on previous templates (Vestergaard & Wilkes 2001; T06),
particularly in the region of ~2200-3650 A.
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APPENDIX A: DEMONSTRATING THE
QUALITY OF X-SHOOTER SPECTRA

Fig. Al compares the newly obtained X-Shooter spectrum
(UVB+VIS arms) to the publicly available SDSS spectrum, for
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Figure Al. SDSS and X-Shooter spectra of J0143—0056. Both spectra
have been re-scaled to avoid overlapping.

J0143-0056 - the source shown in Figs 3 and 4. This source has
an S/N =~ 25 at 2000 A which lies in the middle of the S/N range
for the entire sample. Both spectra are presented without any bin-
ning or smoothing, including the residual sky and/or instrumental
features. We note the significant improvements to S/N and spectral
resolution, as evident from the minor absorption feature on the blue
wing of the Cm] 21909 line. The broader spectral coverage allows
for a much more robust determination of the continuum level next
to the C1v and Mg 11 emission lines (i.e. L1450 and L3gp0. Obviously,
the NIR arm of X-Shooter includes the HS and He spectral regions
(not shown here), which are unavailable in the SDSS data.

APPENDIX B: NEW UV IRON EMISSION
TEMPLATE

In Fig. B1, we compare our new UV iron template with the
template of T06. The new template, covering 2200-3646 A and
with an intrinsic width of 900 km s~!, can be downloaded from
http://www.das.uchile.cl/jemejia/fell_UV_Mejia-Restrepo_et_al_
2015_2200-3646AA.data.

We prefer the use of our new template motivated by the following
three reasons.

(1) The TO6 template severely underestimates the continuum
emission around 2100 A.

(i1) TO6 modelled the BC continuum as a modified black body
following Grandi (1982). This does not provide a good approxi-
mation to Balmer emission and we prefer templates based on pho-
toionization calculations.

(iii) The T06 template only extends between 2200 and 3500 A.
However, there is still a remaining weaker but still non-negligible
contribution from iron emission up to the Balmer limit (3647 A).
The correct estimation of iron emission in this regions (3500—
3647 A) is crucial for estimating the emission by iron lines and
to prevent overestimation of the BC.

We constructed the template following TO6 and VWO1 proce-
dures and using our own estimations of the AD emission and Balmer
continua. We redefined the AD continuum by manually selecting
the continuum windows at ~2100 and ~4200 A which account for
the region where we require to obtain the new iron template (2100—
3647 A). The BC model that we use is described in Section 3.

Our template provides stronger iron emission, particularly in the
range of 2620-3500 A, which is crucial for Mg measurements.

— T06
o —— NEW TEMPLATE
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2 06 | f W ‘
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Figure B1. Comparison of our new template (red) and T06 template (black).
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This could be explained by our different BC approach and disc

continuum windows.

APPENDIX C: COMPARISON OF OBSERVED
EMISSION LINE PROFILES

In Figs C1 and C2, we show the normalized profiles of the He,
HpB, Mgu and C1v emission lines, in velocity space. In most but
not all sources, the C1v profiles (red) are broader and blueshifted
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with respect to the Hoe and Hg line profiles as discussed in Sec-
tion 4.3. The low-ionization lines, Ho, He and Mg, show sim-
ilar shape profiles. HB is generally slightly broader than Ho.
Mgu is, on average, 30 per cent narrower than HB. The five
broad-Mg 1 objects (top row) show Mgu that are broader than
Ho and HB. These Mgu profiles are also slightly blueshifted
(about 300 km s~!') relative to the HB line. The two BALQ-
SOs are the last two objects of the bottom row on the second

set.
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Figure C1. Comparison of the observed He (black), HB (blue), Mg (green) and C1v (red) line profiles in the velocity space for the objects in the sample
with satisfactory thin disc continuum fits. All profiles have been normalized relative to the peak flux density of the line. It is important to remark that both the
Mg 1 and C1v profiles are doublets and their decomposed profiles are narrower than shown here. In the top row we show the five broad-Mg 11 objects.
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Figure C2. Continued from Fig. C1. Comparison of the observed He (black), HB (blue), Mg (green) and C1v (red) line profiles in the velocity space for the
objects in the sample with satisfactory thin disc continuum fits. All profiles have been normalized relative to the peak flux density of the line. It is important to
remark that both the Mgu and C1v profiles are doublets and their decomposed profiles are narrower than shown here. To the left of the bottom row we show
the two BALQSO objects.

APPENDIX D: EMISSION LINE CONSTRAINTS

Table D1 lists the constraints on the emission line modelling for
each of the components in our fitting procedure following Shang
et al. (2007) and Vanden Berk et al. (2004).
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Table D1. Line regions and adopted constraints. Under the global approach the C1v and C ] line regions are fitted simultaneously.

1D LINE A GAUSSIAN COMPONENT Flux Center FWHM FLUX RATIO
Sitv 4+ O1v] Region

1 Siv 1396.75 Broad Free Free Free Free
2 Narrow Free 1 Free Free
3 O] 1402.34 Broad Free 1 Free Free
4 Narrow Free 2 Free Free
C1v Region

1 Niv] 1486.5 Free Free Free

2 Crv 1548.2 Narrow Free Free Free Free
3 Broad Free Free Free Free
4 Crv 1550.77 Narrow Free 2 2 1

5 Broad Free 3 3 1

6 Hen 1640.72 Narrow Free Free Free

7 Broad Free 6 Free

8 O] 1660.8 Free 1 Free 0.29
9 1666.14 8 8 8 0.71
10 Niv 1718.75 Free Free Free Free
Cur Region

11 Cmi] 1908.73 Narrow Free Free Free

12 Broad Free 13 Free

13 Sim] 1892.03 Free 11 Free

14 Al 1854.72 Free 13 Free 1
15 1862.78 14 14 14 1
16 Sin 1818.17 Free 11 Free

17 Fen 1788.73 16 16 16

18 N 1748.65 13 13 13 0.41
19 1752.16 18 18 18 0.14
20 1754.00 18 18 18 0.45
Mg 11 Region

1 Mgu 2795.53 Narrow Free Free Free 2
2 Broad Free 1 Free 2

3 Mgu 2802.71 Narrow 1 1 1 1

4 Broad 2 2 2 1

5 Fe Template Free Free Free

Hp Region

1 Hp 4861.32 Narrow Free Free Free

2 Broad Free Free Free

3 NLR Free 4 4

4 [Om] 5006.84 Free Free Free 3

5 495891 4 4 4 1

6 Hen 4685.65 Free Free Free

7 Fen S Free - Free

Ho Region

1 Ha 6562.8 Narrow Free Free Free

2 Broad Free Free Free

3 NLR Free Free 4

4 [N 1] 6548.06 Free 4 [O m] width 1

5 6583.39 4 4 4 3
6 [Su] 6716.47 Free 4 4 1

7 6730.85 6 6 6 1
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