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ABSTRACT

Context. Fell emission is a well-known contributor to the UV spectra of active galactic nuclei and the modeling of this part may affect
the results obtained for the MgIl 12800 emission, which is one of the lines used for black hole mass measurements and cosmological
applications.

Aims. We tested different Fell emission models when modeling the UV emission of the intermediate-redshift quasar HE 0413—-4031
to see how the use of a specific template affects the Mgll 42800 line properties and the measurement of the MgIl 12800 and UV Fell
time delays with respect to the continuum.

Methods. We used the 11-year monitoring of the selected quasar HE 0413—4031 with the South African Large Telescope (SALT),
and we supplemented this monitoring with the near-IR spectrum taken with the SOAR telescope, which gave access to the HB 14861
and [OIII] 144959, 5007 emission lines at the rest frame and allowed for a precise measurement of the redshift.

Results. A new redshift determination (z = 1.39117+0.00017) using [OIII] 414959, 5007 gave a very different value than the previous
determination based only on the UV Fell pseudocontinuum (z = 1.3764). It favors a different decomposition of the spectrum into
Mgll and UV Fell emissions. The line characteristics and the time delay of the MgIl emission (2243; days) are not significantly
affected. However, in comparison with the previous analysis, the rest-frame UV Fell time delay (2511’? days) is consistent with the
inferred UV Fell line full width at half maximum (FWHM) of 4200 kms™! that is only slightly smaller than the MgII line FWHM.
Hence the Fell-emitting material is more distant than the MglI-emitting gas in HE 0413-4031 by ~0.023 pc (4700 AU). The inferred
velocity shift of both MgII and UV Fell lines with respect to the systemic redshift is now rather low, below 300 km s~!. In addition,
we constructed an updated MgllI radius-luminosity (R—L) relation from 194 sources, which is more than double the previous sample.
The MgII R—L relation is flatter than the UV Fell, optical Fell, and HB R—L relations. While the new decomposition of the spectrum
is satisfactory, we see a need to create better Fell templates using the newest version of the code CLOUDY.

Key words. accretion, accretion disks — techniques: photometric — techniques: spectroscopic — quasars: emission lines —

quasars: individual: HE 0413—4031

1. Introduction

The characteristic property of the bright active galactic nuclei
(AGN) is the occurrence of broad and strong emission lines in
the optical and UV bands (see Krolik 1999; Karas et al. 2021;
Czerny et al. 2023a,b, for reviews). Those emission lines are
clearly visible in the individual objects as well as in the quasar
composite spectra (e.g., Cristiani & Vio 1990; Francis et al.
1991; Vanden Berk et al. 2001). The strongest emission lines
usually listed in the quasar catalogs for individual objects

* Based on observations made with the Southern African Large Tele-
scope (SALT).
** CNPq Fellow.

are HB 14861, MglIl 42800, CIII] 41908, CIV 11549, and
Lya 1215, depending on the object redshift and the cov-
erage in the corresponding rest frame. Many more lines are
listed in a single source or smaller sample studies (see,
e.g., Martinez-Aldama et al. 2018; Horne et al. 2021; Shen et al.
2023). Apart from the well-specified lines, there is a contribu-
tion from the Balmer continuum supplementing the emission
of the accretion disk responsible for the continuum emission.
The last but very important contributor is the emission from the
Fell and Felll ions (see e.g., Gaskell et al. 2022, for a short
review). Numerous transitions present in the optical and UV
data lead to the formation of the Fell pseudo-continuum. Par-
ticularly, in the vicinity of the MgII line, there is a strong and
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overlapping contribution from Fell. The issue has been stud-
ied for many years (e.g., Collin-Souffrin et al. 1979; Wills et al.
1980, 1985). The presence of Fell in bright AGN is universal; a
similar Fell/MglI line ratio is observed in AGN at all redshifts,
from nearby sources to z ~ 5 objects (Dietrich et al. 2003).

However, the Fell contribution to the optical band
is not well correlated with Fell in the UV domain
(Kovacevi¢-Dojcinovi¢ & Popovi¢ 2015, hereafter also denoted
as KDP15; Popovi¢ et al. 2019). The optical Fell strongly cor-
relates with the source Eddington ratio, which underlies the
concept of the quasar optical main sequence (Boroson & Green
1992; Sulentic et al. 2000; Panda et al. 2018, 2019c). The exis-
tence of the corresponding UV quasar plane based on MgIl
line properties and the UV Fell is not so well established
(Sniegowska et al. 2020). The UV and optical Fell emission
may be well correlated in a single object but it does not seem
to come from the same part of the broad line region (BLR;
Panda et al. 2019a; Zhao et al. 2020). In multi-object statisti-
cal samples, there is an overall correlation between the quasar
luminosity and the UV Fell strength (Clowes et al. 2016). Sev-
eral works (Marziani et al. 2003; Shen & Ho 2014; Panda et al.
2019c; Zheng 2021; Panda & Marziani 2023) claim that the Fell
strength can actually be used as the Eddington ratio indicator.

The strong overlap between the UV Fell and MgII emis-
sions complicates the measurements of the MglI time delay
and makes the modeling of the emissivity and the dynam-
ics of UV Fell difficult. The Fell models in this spectral
range are either constructed from the data, with objects of
extremely narrow emission lines, such as I Zw 1, serving as
the best templates (Vestergaard & Wilkes 2001, hereafter also
denoted as VWOL1), or theoretically (Bruhweiler & Verner 2008;
Kovacevié-Dojcinovi¢ & Popovi¢ 2015). The analysis is addi-
tionally complicated by the fact that the Fell emission can be
considerably shifted with respect to the rest frame, which can
also make an identification of the individual transitions in the
data problematic.

The precision of the spectral decomposition close to the
Mgll line has several important consequences. First, the mea-
surements of the kinematic width of the Fell and MgIl compo-
nents, and the measurements of the corresponding delays should
shed light on the stratification of the BLR. The next issue is
the proper determination of the radius-luminosity (R—L) rela-
tion for the MglI line which is essential for the black hole mass
measurements from a single spectrum in large statistical sam-
ples (e.g., Wang et al. 2009; Kovacevi¢-Doj¢inovi€ et al. 2017,
Le et al. 2020). These R—-L relations for both MgII and Fell can
also reveal stratification of the BLR. Proper determination of the
Fell is also important from the point of view of the statistical
studies of the AGN properties. The principal component analy-
sis (PCA) approach by Boroson & Green (1992) clearly showed
the dominant role of the two parameters: (i) the ratio of the Fell
equivalent width in the optical band to the equivalent width of HB
line, and (ii) the full width at half maximum (FWHM) of Hg line.
These two parameters form the optical plane, but in a close anal-
ogy, a UV plane can be introduced based on Fell emission in UV
and MgII line properties (Panda et al. 2019a; Sniegowska et al.
2020). Finally, the R—L relation can be successfully used in cos-
mological studies to constrain the expansion rate of the Universe
(Khadka et al. 2021).

The spectral decomposition into Fell and MgIl can be
improved by the wavelength-resolved time delay measurements.
Such studies of three intermediate-redshift quasars were per-
formed — for CTS C30-10 (Prince et al. 2022), and for HE
0413-4031 and HE 0435-431 (Prince et al. 2023), each mon-
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itored for 11 years with the Southern African Large Telescope
(SALT). The results did not imply any outflow but indicated
different apparent stratification of the Fell and MgIl emissions
in the three quasars. The study, when combined with the sepa-
rate Fell and MglI time delays available from the literature, also
enabled us to create the radius-luminosity relation for both spec-
tral features, which suggests more compact emission regions
with Fell-emitting clouds being located closer to MglI-emitting
material for a lower luminosity, while at higher monochromatic
luminosities, both regions are more distant and they radially con-
verge. However, our results were based on the assumption that
Fell is at the systemic redshift and this assumption certainly
could bias our choice of the Fell template.

The redshift determination for the source HE 0413-4031,
which is a bright, intermediate-redshift quasar studied in this
paper, was recently obtained based on the high-quality single
spectrum in the IR band in the observed frame (Panda et al.,
in prep.). The spectrum covered well the HB region with accom-
panying narrow [OIII] 414959, 5007 lines. The position of the
[OIII] line allowed for a precise measurement of the source red-
shift which was considerably different from the redshift used
originally by Zajacek et al. (2020) for the MgII line reverber-
ation mapping and by Prince et al. (2023) for the wavelength-
resolved study. The previous value was determined based on
the UV Fell pseudocontinuum transitions seen in the observed
optical spectrum. Therefore, in this paper, we study several
Fell templates with the final aim of fitting better the spectra
and checking whether the substantial change in the Fell/MgIl
decomposition affects the measurement of the MgIl and UV
Fell time delays. This could have important implications for the
use of the quasar emission-line time delays for cosmology (see
e.g., Panda et al. 2019b; Czerny et al. 2021, 2023a; Khadka et al.
2021; Zajacek et al. 2021, 2023b; Cao et al. 2022, 2024, for
applications).

The paper is organized as follows. We briefly describe the
photometric and spectroscopic data in Sect. 2 and present a
revised redshift for the source HE 0413-4031. In Sect. 3 we out-
line the spectral decomposition of our SALT spectra. We present
the results (Sect. 4) from the spectral decomposition and the
time delay analyses from the spectrophotometric data and high-
light the significant effect on the measured parameters due to the
change in the redshift for this source. We discuss the implication
of the new time delays for the MglI and UV Fell emission lines
and show the location of HE 0413—-4031 in the updated MgII and
Fell R—L relations in Sect. 5. The new R-L relation for MglI is
based on the largest sample used for this purpose. We also show
a new preliminary Fell spectral model using the updated version
of the CLOUDY photoionization code, which exhibits several dif-
ferences with respect to the older model. Furthermore, within
the same section, we discuss the location of this source in the
UV quasar main sequence. Finally, we summarize our findings
in Sect. 6.

2. Observational data

We use almost the same data for the quasar HE 0413-4031, first
identified in the Hamburg-ESO survey by Wisotzki et al. (2000),
as was done by Prince et al. (2023). We supplement it with
one new spectroscopic long-slit measurement from the South-
ern African Large Telescope (SALT), obtained in January 2023,
so the whole spectroscopic monitoring covers the period from
January 2013 till January 2023. The basic raw data reduction
is done by the standard SALT pipeline for the Robert Stobbie
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Spectrograph (RSS; Burgh et al. 2003; Kobulnicky et al. 2003;
Smith et al. 2006; see also Crawford et al. 2010).

We supplement the spectroscopic data with photometric data
from several telescopes, as described in Prince et al. (2023). This
data is needed for the absolute calibration of the spectra. The
basic quasar properties were estimated previously (Zajacek et al.
2020). The black hole mass based on the reverberation map-
ping and the spectral energy distribution fitting is in the range
log(M, [Mz]) = 9.0-9.7 (Zajacek et al. 2020). The SMBH
accretes close to the Eddington limit, Agqq = 0.38-2.18, which
was estimated using the inferred range of SMBH masses and
different values of the bolometric correction (see Zajacek et al.
2020, for details). The quasar is bright, with the V magni-
tude typically about 16.5 as reported by Véron-Cetty & Véron
(2010).

The redshift was estimated as z = 1.3764 assuming that
the UV Fell emission in this source is at the quasar rest
frame (Zajacek et al. 2020). Then the best fitting Fell tem-
plate was d12-m20-20-5.dat (hereafter d12), one of the the-
oretical templates of Bruhweiler & Verner (2008), correspond-
ing to the cloud number density of 10'>cm™, the turbulent
velocity of 20kms™!, and the hydrogen ionizing photon flux
of 1093 cm~2s~!. However, a recent high-quality observation
of this source in the near-IR (NIR) using the TripleSpec4 long-
slit spectrograph (Schlawin et al. 2014) on the 4.1 m SOAR (see
Fig. 1 and Table 1) brought the new determination of the redshift
of 1.39117 + 0.00017 (Panda et al., in prep.). Briefly, we use a
custom script that calculates the barycenter of the data points
around a selected wavelength range and informs the wavelength
with respect to the peak position of the [OIII]A5007 emission
line. We extract the wavelengths for the doublet [OIIl]114959,
5007 lines separately and find that the resulting redshifts are
identical up to the 4th decimal place. Henceforth, we consider
the value of the redshift derived from the [OIII]JA5007 line as
quoted above. The error on the redshift is estimated from the
RMS of the skylines in the spectrum in the 6th order of the cross-
dispersed spectrum, that is where the HS region including the
[OIII]114959, 5007 are observed.

The observations were made in cross-dispersed mode and
the spectral resolution (R) for this spectrum was ~3500 across
the different dispersion orders. Observations were made nodding
in two positions along the slit. Right before the science target,
a telluric star (HIP18437), close in airmass to the former, was
observed to remove telluric features and to perform the flux cal-
ibration. Cu-Hg-Ar arc frames were also observed at the same
position as the science target for wavelength calibration. The
rms for the calibrated spectrum was found to be 0.201 A and
the wavelength scale has been realigned to the wavelength of
the skylines as recorded on the spectrum of the target. The spec-
tral reduction, extraction, and wavelength calibration procedures
were performed using SPEXTOOL v4.1, an IDL-based software
developed and provided by the SpeX team (Cushing et al. 2004)
with some modifications specifically designed for the data for-
mat and characteristics of TripleSpec4, written by Katelyn Allers
(priv. comm.). Telluric feature removal and flux calibration were
done using XTELLCOR (Vacca et al. 2003). The different orders
were merged into a single 1D spectrum from 1 to 2.4 microns
using the XMERGEORDERS routine.

This new redshift value implies a rough velocity shift by
4400km s~!. It implies that either the Fell is outflowing with an
extreme velocity, higher than typically seen in the UV Fell com-
ponent (below 3000kms~!; Kovacevié-Dojéinovié¢ & Popovié
2015), or the Fell template used in our previous work is not
correct. For this reason, we try out different UV Fell templates
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Fig. 1. Rest-frame spectrum for the HE 0413—-4031 covering the spec-
tral range around the HE region obtained using the SOAR/TripleSpec4
NIR spectrograph. The redshift (z = 1.39117 + 0.00017) was estimated
using the [O m1]A5007 emission line. The zero-velocity positions of HB
and [O 1I]A5007 emission lines are marked using the dashed vertical
lines.

Table 1. SOAR IR fits with redshift z = 1.39117 + 0.00017 implied by
fitting narrow lines.

Component FWHM o EW
[km s~ [km s~ [A]
Broad HB 54574238 2820+21 55.1+0.7
Narrow HS 552.3+24.1 229.2+1.7 0.70+0.01
Narrow [OIII]4959 552.3£24.1 229.2+1.7 3.60+0.04

Narrow [OIII]5007 552.3+24.1 229.2+1.7 9.20+0.11

Notes. The full width at half maximum (FWHM), the line dispersion
(0), and the line equivalent width (EW) are reported for the broad and
the narrow components of the HB, and the narrow components for the
[O 1] 14959 and [O m1]A5007, respectively.

to see if we can obtain a better fit and overall consistency than
previously.

3. Spectral decomposition method

The quasar HE 0413-4031 accretes at the high Edding-
ton ratio and it shares the characteristics of type A quasars
(Sulentic et al. 2000), analogs of Narrow Line Seyfert 1 class
(Osterbrock & Pogge 1985) for lower-mass sources, espe-
cially its strong emission lines are well fitted with a single
Lorentzian profile. Although the FWHM of the broad HS line
is 5457 + 238kms~! (see Table 1), which is above the canon-
ical FWHM division of 4000kms™" between type A and B
quasars (Sulentic et al. 2000), this division shifts toward a larger
FWHM for high-luminosity quasars as HE 0413—-4031 (see
Marziani et al. 2018, for discussion).

Thus, following the previous studies on this source, we
assume a single kinematic component for the MgII line shape
(Zajacek et al. 2020; Prince et al. 2023). However, we take into
account that Mgll is a doublet, and this is included in our mod-
eling, assuming the same widths for the two components, fixed
separation. The value of the doublet ratio was optimized by
Zajacek et al. (2020) using the mean spectrum. We use the same
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value of 1.9 in the current paper. The kinematic width, line posi-
tion, and normalization are free parameters of the model. The
underlying continuum is described as a power law with an arbi-
trary normalization and a slope. We fit the data in a relatively
narrow range to avoid issues with broad-band normalization
of the SALT spectra. In Prince et al. (2023), we used the rest-
frame range of 27002900 A which corresponds to 6416.50—
6891.79 A in the observed frame. Next, we aim to compare fits
for the two values of the source redshift. Here we fit the data in
the same observed wavelength range, corresponding to fitting the
data in the range of 2683.09-2881.84 A in the rest frame for the
new redshift of 1.39117 = 0.00017. This is important since there
is imperfect subtraction of the sky lines at the longest wavelength
tail which might affect the data fitting and proper comparison of
the results.

For the Fell pseudocontinuum, we test several templates:
theoretical templates of Bruhweiler & Verner (2008), observa-
tional VWOI templates, and mixed KDP15 templates. Templates
of Bruhweiler & Verner (2008) are just a collection of atomic
transitions, so they require two parameters: template broadening
and overall normalization. The VW01 template requires also two
parameters for additional broadening. KDP15 templates contain
six components with independent normalizations (five atomic
representative transition groups — Multiplets 60, 61, 62, 63 and
78, plus I Zw 1 component), so overall they require 7 parame-
ters. Optionally, we also consider the presence of the He II line
at 2733.28 A in the quasar spectrum.

4. Results

In this section, we assess the best Fell model template for the
precisely determined redshift of HE 0413-4031, and subse-
quently, we analyze the impact of the selected Fell templates
on the MgII and Fell emission full-width at half maximums
(FWHMs), equivalent widths (EWs), light-curve properties, and
time delays with respect to the continuum emission.

4.1. Spectral decomposition and the best Fell template

In the previous papers (Prince et al. 2023; Zajacek et al. 2020),
we used the d12 template of Bruhweiler & Verner (2008). Thus,
after the redshift correction, we first fit the data with the same
template. However, all the fits with the d12 template for the new
redshift are worse. The ratio of the new y? value to the old one
is shown in Fig. 2. The previously used Fell template is thus not
compatible with the new redshift measurement.

The issue is a suitable representation of the apparent excess
which is now seen at ~2730 A, see the spectrum in Fig. 3 close
to 6540 A in the observed frame. With the previous value of the
redshift, it was located at ~2750 A and it was fitted by one
of the strong Fell transitions seen in all Bruhweiler & Verner
(2008) templates. Thus, we supplemented the d12 Fell tem-
plate with the possibility of the contribution from the He II line
A2733.28. This line was observed, for example, in the quasar
IRAS P09104+4109 by Tran et al. (2000). We assumed the arbi-
trary position, the width, and the shift of this additional line.
However, this did not improve the fit considerably. We also
tested the VWOI template but the fit quality with the new red-
shift was very low. This could be due to the sharp Fell peaks in
this template based on the observed spectrum of I Zw 1 with
exceptionally narrow broad emission lines. Thus, we applied
additional broadening to this template by convolving it with a
Gaussian profile. For a grid of models with the Gaussian width
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Fig. 2. Ratio of the new to the old value of y?> when two redshifts for
the Fell template d12 are used.

sampled from 1000 to 1400 km s~ with the step 100 km s~!,
we obtained a x> minimum at 1300 km s~!. We give the value of
2600 km s~! in Table 2 since this better represents the FWHM.
The new fit not only improved in comparison with the previous
case but it became much better than the fit of the old template
with an extra He II line.

Next, we used the set of UV Fell KDP15 templates. In the
previous paper, we did not favor this template (see Zajacek et al.
2020, their Table C1) as it required a two-component shape of
the MglI line to give an improved fit with respect to the d12
template. However, we were using smaller values of the red-
shift there. Now, with the new redshift from the IR data, we can
indeed fit the data significantly better with this template.

We compare various spectral fits in detail for Observation
14, which is one of the best from the SALT observing campaign
for the studied object (see Table 2). For the KDP15 template,
we studied the width range from 3800 km s~! to 5000 km s~!,
and the shift range from +1000 km s~! to —4000 km s~!. The
contour plot is shown in Fig. 4. The best fit was achieved for
a zero velocity shift of the Fell contribution and the broaden-
ing factor of FWHM = 4200 km s~'. The improvement in the
x° value is by more than 100, which is significant for the num-
ber of new additional parameters of 5 (we now have 6 indepen-
dent normalization factors of the Fell multiplets instead of 1 free
parameter). However, since the number of degrees of freedom
in the fits with d12 template and KDP15 template are differ-
ent, we also determine the Bayesian Information Criterion (BIC)
for these fits, which in the case of y? fitting method reduces to
BIC = klogn + x?, where k is the number of free parameters in
the model and 7 is the number of data points (in our case, we
have 578 points). The strong decrease in the BIC parameter sup-
ports the claim that the fit with the KDP15 template and the new
redshift is better. The fitted parameters are given in Table 2.

Visually, both fits, d12 and KDP15 with the shift of 0 km s~
and the broadening of 4200 km s~! (denoted as KDP15-0-4200),
provide a good fit to the data (see Fig. 3, upper panel). However,
the decomposition of the spectrum into the Mgll component and
the Fell pseudo-continuum in both cases is rather different. We
plot the Fell component alone in Fig. 3 (middle panel) with the
same normalization. The Fell contribution to the spectrum is
much lower for the KDP15 template and its shape in the rest
frame is very different. We have made a test of fitting another
observation (Observation 7) using again a broad range of shifts
and widths for the KDP15 template. The best fit was found for
slightly different parameters: the best shift of —500 km s~', and
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Table 2. HE 0413-4031 fits of Observation 14 for different decompositions.

Model FWHMMgIl) EW(Mgll) MglIshift FWHM(Fell) EW(Fell) > k  ABIC
[kms~'] [A] [kms'] [A]

z=1.37648,d12 4601.6710%8 28.1*03 16684, 2830 103706 1246.04 6 0

z=1.37648, VWOl 5187.5%12%4  298%0> 14723 - 4.9%06 194000 6 693.96
z=1.37648, VW01 5218.7+1102 30.070¢  1476%% 2400 52707 193250 6 686.46
di2 4906.3%3%3 28.0724 -673 2830 57703 178735 6 54131
d12 + He 1112733.28  5046.9*1309  28.9+03  —108+2) 2830 3.8707 148576 9 258.80
VW01 5085.9*590, 337703 212012 - 78707 147800 6 231.96
VW01 5031.3*1053 372419 237 2600 13.8719 118935 6 -56.69
KDP15-0-4200 4503.1*389 271702 =270 %13 4200 407043 113050 11 -83.74

Notes. When the redshift is not mentioned, z = 1.39117 is adopted. Negative velocity implies blueshift and k is the number of free parameters in
the model.  Additional broadening on top of that originally in the template.

FWHM = 4800 km s~!, although x? at this minimum is not much
lower than the y? value for the best shift and FWHM favored for
Observation 14.

The properties of the fitted Fell template are also rather
surprising since the normalization of the multiplet 62 (see
Appendix C in Zajacek et al. 2020, for the descriptions of indi-
vidual UV Fell transitions), usually dominating at 2750 A, con-
verged to zero in the fitting process. Instead, most of the Fell flux
at the blue wing of MglI (here and in the further text, the “blue
wing” of the UV Fell refers to the wavelength range 2683.09—
2800.00 A in the source rest frame while the “red wing” refers
to the portion at 2800.00-2881.50 A) is now provided by the
Multiplet 63 as well as by the I Zw 1 component contribution
(see Fig. 3, lower panel). It is also surprising to note that the
width of the Fell lines in the new fit is only slightly narrower
than the FWHM of the MglI line in this observation, which is
4503 km s~!. However, this small FWHM difference is consis-
tent with the inferred MgII and Fell time delays, see Sect. 4.3.

To test the role of the Fell template shape, we fit Observa-
tion 14 using the VWOI template. It gave a good fit when an
optimized extra broadening was applied but not as good as the
KDP15 template. It resulted in a much stronger Fell contribu-
tion, comparable to what we obtained for the old redshift and
the d12 template. This template also favored the new redshift, as
is seen from Table 2.

Since the KDP15-0-4200 template was the most satisfactory
for the new redshift, we used it to fit all observations. We allowed
all six normalization parameters of the template to vary but the
width and the shift were the same. We do not expect drastic vari-
ations in the properties of the Fell emission during the campaign.

In Fig. 5, we compare the fit quality for all the observations
for the new redshift and the new templates (KDP15 and VWO01)
to the previously used redshift and the old d12 template. We see
that some observations are now fitted better and some are not.
Statistically, the new redshift and the new template combination
works slightly better since the average ratio of the corresponding
x?is 0.99. Specifically, the newly selected template with the new
redshift gave the average value of the y? of 1793.77 while the fit
to all data with the old redshift and d12 template gave 1797.73.
Therefore, on average, we do not see a high improvement, par-
ticularly when we keep in mind that the fit has, in principle, five
more free parameters related to the Fell template. However, the
fit is equally satisfactory as before and it uses the new redshift
coming from the IR data.

The new spectral decomposition does not strongly affect the
Mgll line. The average value of the EW(MgII) is now 28.5+0.5A
with a dispersion of 2.8 A, while when we use the old redshift
and the old template, it is 30.7 + 0.6A with the dispersion of
3.2 A. The small systematic shift is visible in Fig. 5, lower panel
and the level of variability dropped slightly. The pattern remains
roughly the same as in our old analysis, with the initial strong
rise, followed by a decrease up to JD 5000 and smaller variations
afterward. Only the roughly systematic shift down by ~2 A is
visible.

The new fit to MglI also shows an interesting improvement
after the change of the redshift. The position of the line during
the fitting is a free parameter and the average shift of MgIl now
is only —234 km s~ (blueshift), so the line is much closer to
the systemic redshift than in the previous fitting (1650 km s,
redshift). The average width of the MglI line remains larger than
that of the Fell (4605 km s~! vs. 4200 km s™!). A small system-
atic shift of the MgII line (from —212 to —270km ") is consis-
tent with the velocity shifts with respect to [OIII] 45007 in the
composite spectra of the quasar population (Vanden Berk et al.
2001).

However, the properties of Fell drastically changed. The
new decomposition lowered the Fell EW level from the average
12.5£0.4 A downto3.2+0.1 A in the studied wavelength band.
Thus, the fractional variability in EW(Fell) is now higher, 24%
while in the previous analysis, it was 17%. We did not subtract
the measurement error here, so the quoted value is not the excess
variance. In addition, the change does not look like a simple shift
pattern but shows considerable randomness in time.

The fitted Fell template in principle has six inde-
pendent components, corresponding to five Multiplets plus
one component named I Zw 1, added for completeness
(Kovacevi¢-Dojcinovi¢ & Popovi¢ 2015). This extra component
did not find support in the theoretical analysis of the strongest
Fell transitions close to Mgl but some strong features contribut-
ing at ~2715 A and peaking at around ~2840 A were present
in the spectrum of the object I Zw 1, and such a component
seemed to be required to fit the spectra of other objects so it was
included in the KDP15 set as a sixth component named UVFell-
IZw1 lines. We later refer to this component as I Zw 1 com-
ponent. However, not all of the six components were actually
important for fitting the object studied in this paper. Actually,
during the fitting, some of these six components were best fit-
ted with a zero normalization, as in the case of Observation 14.
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Fig. 3. Modeling spectra with various Fell templates for the old and the
new redshift. Upper panel: Four fits of Observation 14 in the observed
frame: two models for the old redshift z = 1.37648, d12 and VW01 tem-
plates with extra broadening, and two for the new redshift z = 1.39117,
the KDP15 template, shift = 0, FWHM = 4200 km s~!, and the VW01
template with additional broadening. Dashed lines show the corre-
sponding continua. Middle panel: Fell contribution in the rest frame
for all the Fell templates used for the fits in the upper panel (see the
legend). Lower panel: Decomposition of the fitted Fell with the KDP15
template into individual multiplets: I Zw 1 (red dashed line), multiplet
60 (blue long dashed), multiplet 61 (green, dash-dot), multiplet 62 (yel-
low, invisible in the scale), multiplet 63 (magenta, dotted), and multiplet
78 (cyan, almost invisible in the scale), with the black line correspond-
ing to the total Fell emission. The Fell flux density in all three panels is
expressed in erg s~ ecm™2 A1,

A140, page 6 of 18

1500
1000 1649.9
1592.2
500
1534.5
g ° 1476.8
€
= -500 1419.1%
=
£
¥ —1000 1361.3
1303.6
-1500
1245.9
oo 1188.2
“3%oo 2000 4200 4400 4600 4800 5000 1203
FWHM [km/s]
1149.83
400
200
1142.33
0
g
E —200
= 1136.68
£
<
v 400
o0 1132.80
-800
-1009 1130.50
3800 4000 4200 4400 4600 4800 5000
FWHM [km/s]

Fig. 4. Contour plot for fitting the KDP15 template to Observation 14.
The upper panel shows the results for a broad parameter range, and the
lower panel shows the best fit, and 107, 20, 307, and 40 errors.

The key element that never vanishes is the Multiplet 63. The
second component that is important in some of the spectra — but
not in all the spectra — is the empirical I Zw 1 component. The
largest variation was seen in Multiplet 60 which was occasion-
ally zero, but sometimes present with a relatively large ampli-
tude. This is related to the fact that this transition is usually
strong but it peaks around 2950 A, and below 2900 A we see
only its tail (see Kovacevi¢-Dojéinovié¢ & Popovié¢ 2015, their
Fig. 4). A larger number of the degrees of freedom in the Fell
template increased the relative variations of the Fell intensity
as a function of time. It happened despite the fact of using the
same shift and width in all 32 data sets. We additionally tested
the effect of the change of the shift and the FWHM of the Fell
on the final Fell strength. As we mentioned above, for Observa-
tion 7, the best shift was —500 km s~!, and the best FWHM was
4800 km s~!, which slightly differs from the values adopted here
and based on Observation 1401. In this nonstanglard fit, the EW of
Fell was indeed higher, 6.9 A instead of 3.9 A for a standard fit
illustrated in Fig. 5. However, this value is still below the value
obtained with the old redshift (13.8 A).

To illustrate better the Fell properties in the current fits, we
created the average Fell profile by combining Fell contributions
from all the observations. In Fig. 6, we show the mean unnor-
malized Fell as fitted by the model, together with Multiplet 63
(black line). This component peaks at ~2742 A. The weakness of
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Fig. 5. Comparison of the fit quality using the new UV Fell templates
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shift and template; red, KDP15; and green, VWO01). Observation 14 is
highlighted with an open circle.
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Multiplet 62 is rather surprising since this should be the strongest
of the transitions.

4.2. Mgll and Fell light curves

To perform time-delay measurements, we created MgllI and Fell
light curves as we did in Prince et al. (2023) by normalizing each
spectrum with the help of photometry and subtracting the under-
lying power-law component as well as MgllI and Fell contribu-
tions, accordingly. In comparison to Prince et al. (2023), in this
work, we have an additional SALT spectrum taken on January
26,2023 (MJD 59970) extending the total duration from January
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Fig. 7. All photometric light curves including archival data from the
ASAS-SN. The middle and lower panels show the total MglI and Fell
emission light curves in units of 107'% erg cm™2 s~ derived using the
new redshift, z = 1.39117, respectively. The Fell pseudocontinuum was
modeled using the VW01 template.

2013 to January 2023. The SALT spectrum is reduced following
a similar procedure as described in Prince et al. (2023). The total
length of the continuum light curve is 3799.30 days with a mean
cadence of 37.25 days. The BLR line-emission light curves have
a total length of 3655.98 days, with a mean sampling of 117.93
days.

The normalized MglI and Fell light curves, together with the
continuum light curve are shown in Fig. 7. For the continuum V
band data, the photometric information is collected from vari-
ous telescopes, namely the 1.5 m telescope at OGLE observa-
tory, 40 cm Bochum Monitoring Telescope (BMT), and SALT
measurement with the SALTICAM (all are shown in orange
color). In addition, we also include the archival V-band data from
ASAS-SN (in purple) to extend the baseline of the continuum
emission.

4.3. Mgll and Fell time delays

Using the continuum, MglI, and Fell light curves, we performed
time-delay analyses to find out if robust time delays can be
detected for the new UV Fell templates. In particular, in com-
parison with the previous time-delay analyses of HE 0413—-4031,
here we focus on the role of the Fell emission model (template)
in affecting the line-emission correlation with the continuum,
and thus the time-delay determination.

We used different time-delay methodologies, namely inter-
polated cross-correlation function (ICCF; Peterson et al. 1998),
discrete correlation function (DCF; Edelson & Krolik 1988),
z-transferred DCF (zDCF; Alexander 1997), X2 method
(Czerny et al. 2013), JAVELIN (Zuetal. 2011, 2013, 2016),
von Neumann, and Bartels estimators (Chelouche et al. 2017)
to infer the best time delay. For completeness, we show the
plots and the inferred time-delay estimates for all the meth-
ods in Appendix A. For comparison, two comparably good
Fell templates were considered to infer the MgIl and the Fell
emission time delays: the KDP15 template and the VWOI
template. The uncertainties were typically inferred using the
time-delay peak distributions constructed from several hundred
light curves generated using the bootstrap method (see e.g.,
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Table 3. Summary of MglI emission time delays inferred using different
methodologies.

Method KDP15 VW01
ICCF — highest r 541 (r=0.87) 606 (r = 0.73)
ICCF - peak 550+79 605+,
ICCF - centroid 491+39 517%%,
DCE 56513 5862
zDCF 597433 638%53
v ot e
Javelin 493+4, 493*3.
Von Neumann 49513, 405+37
Bartels 495*1%, 4053
T — observer’s frame 538*3% 534+%)
T — rest frame 225”_’% 223:23
Final MgII time delay 224+21

Notes. For individual methods, time delays are expressed in days in the
observer’s frame, while the last two rows represent the mean time delays
expressed in days in the rest frame of the source.

Zajacek et al. 2019, 2020; Prince et al. 2023, where we already
applied all the methods used in this paper).

The time delay results for Mgll emission are summarized
in Table 3, where the values are expressed in the observer’s
frame unless stated otherwise. The time delays are generally
between ~500 and ~600 days, except for the Bartels method
and the VW01 template, which indicates the best time delay at
~405 days. The time-delay calculations for the MglI line with
the new redshift give very similar results to what was obtained
in Prince et al. (2023) as well as in Zajacek et al. (2020) using
the old redshift. This is related to the fact the decomposition in
both cases (the older and the new redshift) yielded very simi-
lar values of the equivalent width of MglI (see lower panel of
Fig. 5).

The Mgll light curve is very strongly correlated with the
continuum light curve, which implies that the observed contin-
uum is the driving photoionizing emission. In particular, the case
of the best-fit Fell template KDP15 exhibits the peak correla-
tion coefficient of r ~ 0.87. For the VWOI template, the cor-
relation coefficient only slightly drops to » ~ 0.73. This trend
is also reflected for other time-delay methods, for which the
cases with the VWOI template exhibit lower correlation coef-
ficients (zDCF) or the minima are located at larger values of
the corresponding measures (/\(2, von Neumann, and Bartels esti-
mators, see Appendix A). This can be interpreted as the result
of the VWO1 Fell emission model, which is older and more
approximate than the KDP15 model, which lowers the overall
correlation of MgII with the continuum. Despite that the deter-
mined best MgII time delays are consistent within the uncertain-
ties among the different time-delay methods and the two tem-
plates, see Table 3. By averaging the time delays among differ-
ent methods and the two templates, we arrive at the final value
of Tvgn = 22473} days in the rest frame of the source. This value
is within 20" uncertainty consistent with the values reported in
Prince et al. (2023) and Zajacek et al. (2020), whose mean val-
ues are ~26% and ~35% larger than the one found here for the
new redshift and KDP15/VWO01 templates.

However, the Fell intensity is much different in these two
cases. The Fell emission in the new KDP15 decomposition
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based on the new redshift is now by a factor of 3 fainter. We per-
formed time-delay computations but we did not obtain a satisfac-
tory solution for the time delay. The situation is best illustrated
in the case of the ICCF plot (see Fig. 8, left panel, dashed lines).
The maximum value of the correlation coefficient r is close to
0.8 for both KDP15 and VW01 templates which clearly shows
that the Fell light curve and the continuum are very well corre-
lated. However, the function peaks close to the zero time delay,
see the summary of peak and centroid values for both templates
in Table 4 (first three rows). This strongly suggests that the Fell
light curve is strongly contaminated by the continuum itself and
the decomposition of the spectrum into Fell and continuum is
probably not satisfactory.

In the next attempt to search for a Fell time delay, we just
consider the blue wing of the Fell emission in the wavelength
range 2683.09-2800.00 A, which is dominated by Fell multi-
plet 63. The blue wing of the Fell emission is more pronounced
within the KDP15 model, see Figs. 3 and 6, and thus less con-
taminated by the continuum. This does not result in a qualitative
change of the ICCF and the peak correlation coefficient is again
close to zero, see Fig. 8 and Table 4.

Finally, we assess that the large peak close to zero days is due
to the continuum long-term trend present in both light curves.
For the Fell emission light curve, the trend is present due to sig-
nificant contamination by continuum. Therefore, to isolate the
Fell variability and response, we subtract the long-term (here-
after LT) trend from both light curves using the fitted third-order
polynomial in the form fieng = fi (t—t9)°+ fz(t—t0)2 + f3(t—19)+ fa,
where fi, f, f3, and f; are the fitted parameters. We show
the continuum and the UV Fell emission light curves after the
LT trend subtraction in Fig. 9 for the case of the KDP15 tem-
plate (the Fell emission corresponds to the more prominent blue
wing), wherein the top panels we display the original light curves
and in the bottom panels we show the corresponding light curves
after the LT term subtraction and with the addition of the mean
flux densities of the original light curves. This proves efficient in
enhancing the correlated and delayed Fell emission (see Fig. 8,
solid lines), which is revealed by the asymmetric ICCF that is
increasing for positive time delays. When we consider nega-
tive and positive time delays in the ranges (—800, 0) days and
(0,4-800) days, the calculated mean values of correlation coeffi-
cients for the templates KDP15, KDP15-blue wing, and VWO0I
are listed in Table 5, where we see that after the LT trend sub-
traction (templates denoted by the star), the ICCF gets asymmet-
ric with the mean correlation coefficients for time delays above
zero days being greater and positive. For the large time-delay
interval of (—1500, 1500) days, the peak and centroid values
become larger and mostly positive with respect to the cases with-
out the LT trend subtraction, see Table 4. However, this is at the
cost of generally lower correlation with the peak values of only
r ~ 0.3—0.4. The well-defined correlation peak at ~600 days (in
the observer’s frame) for the KDP15 Fell template—blue wing is
considered as the best candidate time-delay peak. Thus, when we
narrow down the search interval to (450, 750) days for KDP15,
KDP15-blue wing, and VWOI templates, all three cases share
consistent peak and centroid ICCF values close to ~600 days,
see Table 4 (last three rows). This is also confirmed visually in
Fig. 9 (bottom left panel), where we superpose the rescaled Fell
light curve shifted by —600 days. Although these time-delay val-
ues correspond to rather low correlation coefficients, we treat
the time delay of Tp = 251f3 days (average of the peak and
the centroid values for the KDP15-blue wing case expressed in
the rest frame) as a plausible candidate value of the true Fell
emission time delay.
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Fig. 8. ICCF for the Fell emission using different Fell templates (KDP15 and VWO01). Left panel: The ICCF for the Fell templates KDP15,
KDP15-blue wing, and VW01 without the long-term subtraction (dashed lines). By subtracting the long-term trend from the continuum and line-
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wing, VWO0L1) in the interval between 450 and 750 days in the observer’s frame. For the best-fitting KDP15 template, the cross-correlation peak is
at ~600 days. See Table 4 for the summary of the peak and the centroid values (last three rows).

Table 4. Summary of Fell emission time-delay constraints (expressed in days in the observer’s frame) using the ICCF.

Method KDPI15 KDPI5 - blue VW01
ICCF - highest r (~1500,+1500) 50 (r=0.86) -71(r=0.80) -237(r=0.75)
ICCF - peak (~1500,+1500) 34+¢2 22+ 187 -237+209
ICCF - centroid (—1500,+1500) -38+% -69+383 —85+2,
ICCF ™ — highest r (=1500, +1500) 134 (r =0.38) 600 (r = 0.27) —1034 (r = 0.36)
ICCF ™) - peak (~1500, +1500) 134442 128+472, =31+
ICCF ® — centroid (—1500, +1500) 127+1%3 114438, -50*3%0
ICCF ™ - highest r (450, 750) 594 (r=0.13) 600 (r=027) 539 (r=021)
ICCF ™) - peak (450, 750) 595+96 600*3) 574*5;
ICCF ™ - centroid (450, 750) 592+192 6022 570*35
Final Fell time delay (rest frame) 25 1f2

Notes. The results denoted with the star (ICCF™) represent the cases with the long-term trend subtraction (using the third-order polynomial fit)
from both light curves. The time interval in the parentheses denotes the search interval for the best time delay.

In Appendix A.7, we also verify that after the subtraction of
the LT trend from the Mgl light curve, it is possible to recover the
time delay reported previously. Using the ICCF, we can recover
a time-delay peak between ~400—-600 days (in the observer’s
frame), albeit at a significantly lower correlation coefficient of
~0.4—0.5. When the centroid and the peak values are averaged
among the two templates, the mean rest-frame time delay 213:2?
days is in agreement with the previously reported time delay with-
out any LT trend subtraction. Hence, in summary, the LT trend
subtraction can help recover a time delay between the two light
curves, especially for line light curves contaminated by the under-
lying continuum emission, such as for the Fell emission in this
paper, althoughitis at a cost of lowering the correlation coefficient
and increasing the uncertainty in the time-delay determination.

5. Discussion

We analyzed the spectroscopic data collected in the years
2013-2023 with the telescope SALT for the intermediate-

redshift quasar HE 0413—-4031, concentrating on the MgII spec-
tral region. These data include one more spectrum than the
data analyzed by Prince et al. (2023) but most importantly, in
the meantime, we determined the precise redshift to the quasar
from the IR observation at the observed frame with the telescope
SOAR which is based on the narrow optical [OIII] 114959, 5007
lines considered as the most reliable indicators of the quasar
rest frame. New redshift determination essentially changed the
decomposition of the quasar UV spectrum into MgII, Fell, and
the underlying continuum. We checked how it affected the time
delay measurements.

We showed that the MgII time delay was not affected by
the change of the redshift and decomposition. The new decom-
position with the UV Fell KDP15 template implies no shift
with respect to the systemic redshift while the previous red-
shift/decomposition indicated the velocity shift between the Fell
and Mgll. Nevertheless, the time delay remained the same,
from 500 to 600 days in the observed frame, independent of
the decomposition, redshift, and the time delay measurement
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Table 5. Comparison of correlation coefficients for different Fell
templates for time delays below and above zero days (up to ¥800
days).

Template (=800, 0) (0, 800)
KDP15 0.74 0.68
KDP15-blue-wing 0.71 0.68
VW01 0.63 0.53
KDP15® -0.01 0.16
KDP15®)-blue-wing ~ —0.04 0.11
VW01¢) —0.08 0.10

Notes. After the long-term trend subtraction from both continuum and
Fell light curves, the ICCF becomes clearly asymmetric, and for time
delays larger than zero days, the mean correlation coefficient is greater
and positive. The templates denoted by * represent the light curves with
the long-term trend subtraction (last three rows).

method. Thus the maximum systematic error is on the order of
10%. We thus stress that the MglII line time delay can be used
reliably for probing the properties of the BLR and for cosmol-
ogy, and the results are not sensitive to the actual method.

However, the line properties of the Fell emission are very
sensitive to the redshift and the best-fitting Fell model. Pre-
viously, in Prince et al. (2023) we performed the time-delay
analysis of the total Fell emission as well as wavelength-
resolved reverberation mapping of the Mgll+Fell complex.
The recovered MgIl and Fell time delays based on differ-
ent methods, 314.4 and 330.6 days, respectively, are in ten-
sion with the MgIl and Fell FWHMs, FWHM(MgIl) =
4380kms™! and FWHM(Fell) = 2820kms~!, respectively.
Assuming that the MglIl and Fell material is fully virialized
with the same virial factor, the Fell time delay should be sig-
nificantly larger than the one reported by Prince et al. (2023),
Trem = 314.4(4380/2820)>days ~ 758days. In the current
analysis, with the new redshift and the new KDP15 tem-
plate, the inferred MgIl and Fell time delays and the cor-
responding FWHMs appear to be fully in agreement since
the Fell rest-frame time delay expected from the virial-
ized motion, Tren = Tme(FWHMMgID/F WHM(Fell))? ~
224(4503.1/4200)? days ~ 257 days, is consistent with the Fell
time delay inferred from reverberation, Tpq = 2511’2 days.
This implies that Fell emitting material is more distant than
Mgll line-emitting material by ~27 light days or 0.023 pc
(~4700 AU).

The quasar HE 0413-4031 does not seem to exhibit a
separate very broad Gaussian component forming the wings
of the Mgll line as it is typical for lower Eddington
sources (quasar type B population; Sulentic etal. 2000;
Kovacevi¢-Dojcinovi¢ & Popovié¢ 2015), so the line is well mod-
eled by a single Lorentzian shape which helps to disentangle bet-
ter Fell and MglI emission. This makes the decomposition into
MglI and Fell relatively easier than in lower Eddington sources.
This property remained true for all our experiments with the two
redshifts and various Fell templates. HE 0413-4031 is there-
fore a good candidate for further Fell studies, complementing
the nearby object I Zw 1.

An even more advanced technique is to use the wavelength-
resolved time delays which allow us to trace separately the
wings of the lines from the core as well as the kinematics of
the BLR medium when multiple lines contribute to a given
wavelength range. Such studies were done for more than 35
AGNs by various authors (Bentz et al. 2010; Denney et al. 2010;
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Grier et al. 2012; Du et al. 2018; De Rosa et al. 2018; Xiao et al.
2018; Zhang et al. 2019; Hu et al. 2020; U et al. 2022) for low-
redshift sources. When we analyzed the SALT data for the quasar
HE 0413-4031 by subtracting the underlying continuum but
without separating the Mgl and Fell, we concluded that the Fell
emission originates in a region slightly more distant than MgII
(Prince et al. 2023). So the issue of the Fell emission region
geometry is much more complex due to the pseudo-continuum
character of this component than MgII which gives firm and reli-
able results.

The UV Fell emission template is also relevant for estimat-
ing the Fell pseudocontinuum and MgII emission contribution
to the AGN UV emission in near-UV photometric bands. This
is especially relevant for the future monitoring of nearby AGN
using one-band (e.g., the ULTRASAT mission; Shvartzvald et al.
2023) or two-band UV photometry (e.g., the QUVIK mission;
Werner et al. 2022, 2023; Krti¢ka et al. 2023), with the attempt
to perform UV continuum reverberation mapping of accretion
disks (Zajacek et al. 2023a). The reprocessing of the harder radi-
ation by the BLR clouds dilutes the disk temporal response,
which affects the continuum time delay measurements in a dis-
tinct way (Netzer 2022). The correct understanding of the UV
Fell multiplet emission and its geometric distribution will help
to account for and understand the reprocessing contribution by
the BLR gas.

5.1. HE0413 and UV Mgll and Fell R—L relations

Given the new redshift and best-fit Fell template, which
resulted in slightly modified MgIl and Fell time delays,
we construct an updated UV Mgll radius-luminosity rela-
tion or R—L relation. We build upon its previous versions
presented in Czerny et al. (2019), Zajacek et al. (2020, 2021),
Martinez-Aldama et al. (2020), and Prince et al. (2023), where
we included a progressively larger number of MgIl RM quasars
(see also Homayouni et al. 2020; Yu et al. 2023).

Here we combine the sample of RM quasars with signifi-
cant (>20) detections from the SDSS RM program (163 sources;
Shen et al. 2016, 2023; Homayouni et al. 2020), OzDES RM
program (25 sources; Yuetal. 2023), and 6 sources from
other RM campaigns (Metzroth et al. 2006; Lira et al. 2018;
Czerny et al. 2019; Prince et al. 2022, 2023). Altogether we col-
lected 194 measurements, which is one of the largest samples
of RM Mgll AGN up to today. The sample exhibits a signifi-
cant positive correlation between the rest-frame time delays and
monochromatic luminosities at 3000 A with the Pearson cor-
relation coefficient of 0.54 (p = 2.22 x 107'%) and the Spear-
man rank-order correlation coefficient of 0.50 (p = 8.56 X
107'%). Next we fit the power-law relation log (7 [days]) = S8 +
ylog (L3000/10* ergs™!) to the data. Using the Markov chain
Monte Carlo (MCMC) approach implemented in the python
package emcee, we infer the best-fit Mgl R—L relation,

T 3000
log (dTy) = (L.747000) + (0.327001) log (Wrgs—l)‘ (1
We show the MgIl R—L relation including the best-fit relation
given by Eq. (2) in Fig. 10, see the top left panel. In the bot-
tom left panel of Fig. 10, we display one-dimensional likeli-
hood distributions and two-dimensional likelihood contours of
the searched parameters. We can especially notice a distinct
degeneracy (negative correlation) between the intercept and the
slope. However, despite this degeneracy, the inferred slope is
much flatter than 0.5, which is expected from arguments based



Zajacek, M., et al.: A&A, 683, A140 (2024)

—— 3rd-order polynomial
t continuum

NS W W W W
© o N B> o
A ; ) ! f

flux density [arbitrary units]

N
o
f

2.4
6000 7000 8000 9000 10000
time [M)D]
---- rescaled Fell light curve shifted by -600 days
3.44 } continuum (LT subtracted)

w
[N]
L

flux density [arbitrary units]
[\J w
oo o

N
o
|

T T T
8000 9000 10000

time [M)D]

T T
6000 7000

(e]
L

—— 3rd-order polynomial
{ Fell, KDP15-blue

o ~ (o]
L L L

flux density [10~ergs~tcm~2A-1]
[9,]

4<
3<
21+ . : : T
6000 7000 8000 9000 10000
time [MJD]

{ Fell, KDP15-blue (LT subtracted)

©
<)
L

~
n
s

~
<)
L

o
n
|

o
w»
|

u
<)
L

flux density [10~Yergs~tcm~2A-1]
[=)]
o

»
w»
|

T T T T T T T T
6500 7000 7500 8000 8500 9000 9500 10000

time [M)D]

Fig. 9. Time-delay analysis using the long-term (hereafter LT) trend subtraction from continuum and Fell emission light curves. Upper panels:
Continuum (left) and Fell emission light curve (right), which was inferred using the KDP15 template considering the more prominent blue
wing, with the corresponding 3rd-order polynomial fits. Lower panels: Continuum and Fell emission light curves in the left and the right panels,
respectively, after the LT trend was subtracted from both of them. The final light curves were reconstructed by adding the mean flux density value
of the corresponding original light curves. In the left panel for the continuum light curve, we also show the rescaled Fell light curve shifted by

—600 days, which corresponds to the ICCF maximum for this case.

on the ionization parameter (Davidson & Netzer 1979; see also
the discussion in Bentz et al. 2013) or from the dust-based BLR
model (Czerny & Hryniewicz 2011). The inferred intrinsic scat-
ter is substantial, op = 0.30*00%, however, it is moderate
given a relatively large number of time-delay measurements and
comparable to the scatter found previously for a significantly
smaller number of sources (Prince et al. 2023; Homayouni et al.
2020).

We also revisit the UV Fell R—L relation, which was first
presented in Prince et al. (2022) for 2 measurements only and
in Prince et al. (2023) for 4 measurements, given the updated
time delay for HE0413-4031 presented in Sect. 4.3. The two
best-fit relations (RL1 and RL2) and their corresponding param-
eters found using the same MCMC approach as for the Mgll
are shown in Fig. 10 (top and bottom right panels). The two
relations stem from the two plausible values for the UV Fell
time delay for the quasar CTS C30.10 as found by Prince et al.
(2022). This difference is, however, small and the two rela-
tions are identical within the uncertainties. The smaller RMS
scatter is exhibited by the first UV Fell R—L relation (RL1 in
Fig. 10) where we take into account the smaller UV Fell time
delay of CTS C30.10 (tpen = 180.3f§8'8 days). The best-fit
relation is, '

T 3000

log (dTy) = (1.18*035) + (0.49* 519 log (Wrgs-l)’ 2)
with the intrinsic scatter of oy = 0.22f8:%g. For this relation,
we show the one-dimensional likelihood distributions and two-
dimensional likelihood contours in Fig. 10 (bottom right panel).

Although the number of UV Fell time-delay measurements is
limited, we see in Fig. 10 that there is a tendency for UV Fell R—L
relation to be positioned below the MgII R—L relation because of
the smaller intercept. However, it appears to be steeper than the
Mgll R—L relation, with the slope y ~ 0.5 consistent with the
standard photoionization theory of the BLR clouds. This results
in larger differences between MgII and UV Fell time delays for
lower luminosity sources, for which Tyerr > 7rerr, while at higher
luminosities, both relations converge and intersect, which results
in Tvenr < Tren- This also appears to be the case of HE 0413-4031
which is effectively at the high luminosity end of both MglII and
UV Fell R—-L relations. This trend also seems to be in contrast
with the R—L relations in the optical domain, where both HB
(Bentz et al. 2013) and optical Fell R—L (Prince et al. 2023) rela-
tions are nearly identical with each other within the uncertain-
ties when expressed for 3000 A, see Fig. 10. Their slopes are also
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Hp R-L relation by Bentz et al. (2013) that are depicted by dashed red and green lines, respectively. Lower panels: One-dimensional confidence
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scatter, and hence the smaller Fell time delay of CTS C30.10.

in agreement with the simple photoionization arguments unlike
Mgll R—L relation, which is significantly flatter.

5.2. Simple tests of CLOUDY models of the Fell emission

The three Fell templates we use are almost comparable in the
fit quality for Observation 14 (see Fig. 3) but their shapes are
considerably different. To have some insight into the physi-
cal nature of each template, we use the recent version C22.01
of the code CLOUDY to model the reprocessed continuum (see
also Pandey et al. 2023). As in Bruhweiler & Verner (2008), we
parameterize the CLOUDY solution with the incident flux, log ¢,
the local density of the cloud, log ny, and the turbulent velocity,
Veurb- The results are discussed below.

The template d12 used in Prince et al. (2023) was obtained
with the CLOUDY several years ago, and in the meantime,
the atomic content of the code improved significantly. We
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thus compared the available template d12 with the output of
the CLOUDY (version 22.01) using the same input parameters:
log (¢p[cm~2s7']) = 20.5, log (ny[cm™]) = 12, and the turbu-
lent velocity of 20kms™!. The column density was assumed
to be 10%* cm™2. The incident SED was very similar, that
is a standard AGN SED in our computation, and the SED
from Korista et al. (1997) in Bruhweiler & Verner (2008). We
smeared the results with the Gaussian profile corresponding to
the FWHM of 4200kms~' as used in the current paper. The
upper panel of Fig. 11 shows the Fell emission over the broad-
band range (2000-7000 A). In the middle panel, we show just
the enlarged UV part, relevant to the current work. It shows that,
compared to the Bruhweiler & Verner (2008) template, there is a
marginal shift in the peak of Fell pattern towards a shorter wave-
length in the case of the new CLOUDY output; more importantly,
though, the bluer portion of the Fell pattern is more asymmet-
ric. Thus, this template is more consistent with the new redshift
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Fig. 11. Comparison of Bruhweiler & Verner (2008) template with the
CLOUDY C22.01 output for log (¢p[ecm™2s7']) = 20.5, log nglem™] = 12,
the turbulent velocity of 20 kms™!, and the column density of 10*
cm™2. Upper panel: For a wavelength range of 2000—7000 A with a
Gaussian broadening assuming FWHM ~4200 kms~'. Middle panel:
The zoomed-in version of the upper panel in the wavelength range 2650—
2900 A. Here we also add the broadened KDP15 template for comparison
(green solid line). Lower panel: The nonbroadened version of the middle
panel. Here, the templates are renormalized for a better comparison.

when we look at the position of the blue wing of the VW01
and KDP15 templates (see also Fig. 3). Comparing the red-wing
peak positions, we see that the red peak of the VW01 tem-
plate (or d12) is shifted towards the red part and that of KDP15
is shifted slightly towards blue or lower wavelengths. In terms
of the intensity, VW01 template is overpredicting the red wing

while the d12 and KDP15 templates show a fainter red-wing (see
Fig. 3, middle panel). In addition, the maximum of the KDP15
template is close to 2740 A , hence at a slightly smaller wave-
length in comparison to the new CLOUDY template. However, the
blue peaks of both the old d12 template and the KDP15 template
are rather symmetric, while the new CLOUDY template exhibits a
prominent blueward asymmetry.

That rather implies that new templates should be constructed
for a broader range of parameters and compared to the data
which is beyond the scope of the current paper. The KDP15 tem-
plate has 6 parameters but the setup does not have the required
flexibility since finally only two of them were used efficiently,
with the other four going frequently to zeros (see Sect. 3 and
Fig. 6 for the discussion). Their transitions peak at (maybe) too
long wavelengths (2740 A- transition 63 and 2747 A- transi-
tion 62) in the blue wing part to represent well the pattern. The
actual number of Fell transitions is very high, as we illustrate
in the lower panel of Fig. 11. The strongest transition is close
to ~2750 A in both cases. However, in the new computations,
some of the transitions at shorter wavelengths, close to 2730 A s
become stronger, pushing the smeared pattern toward the blue
part.

We also checked the CLOUDY output for the ionization
parameter log(¢[cm™2s7']) = 20, local hydrogen density
log (n[cm™]) = 12, and the turbulent velocity 20 km~' to see
if there are any transitions close to the two peaks visible in the
empirical I Zw 1 component: 2715.20 A and 2839.88 A. Indeed,

we see a strong Fell transition at 2715.60 A (transition 2G9 n=

2G4 /21), with the intensity 4.0 X 10° erg s~! cm™2, and the transi-
tion at 2839.80 A (transition ®Dg/, — ©pf 1,)> With the intensity

of 1.2 x 10 erg s~ cm™2. The ratio of the second to the first one
is about 3.08, as in the case of the two peaks in the I Zw 1 com-
ponent in the KDP15 template (2.80).

In summary, the computations with the use of the latest
CLOUDY version give a different shape of the Fell emission than
the old d12 template. The shift between the two is seen in the
middle panel of Fig. 11 where we plot the broadened version of
the templates, but none perfectly represents the peak obtained
with the KDP15 template. That shows that there is room for
an improvement of the standard one-dimensional Fell templates
(not based on several multiplets as in KDP15) as well, but the
broad search of the parameter space is beyond the scope of the
current paper. It should also be noted that such shifts in the tem-
plates can partially be responsible for the large systemic shifts
reported in the literature. For example, Rusakov et al. (2023)
reports a shift of 4100 km s~! of the broad Hg line with respect
to the narrow component although the MglI shift is moderate,
only by —1200 km s~!, and they propose a shock wave due to
the recent supernova as an explanation. But the effect might also
be due to the applied Fell template, this time in the optical band.

5.3. Quasar location in the UV plane

The quasar optical plane is a very convenient way to
study the statistical properties of quasars (Sulentic et al. 2000;
Shen & Ho 2014; Sulentic & Marziani 2015; Fraix-Burnet et al.
2017; Marziani et al. 2018; Pandaetal. 2018, 2019c). It is
based on a two-dimensional plot using the FWHM(HpB) and
the parameter Rpe = EW(Fello,)/EW(Hp). Here optical Fell

! The exact transition was identified using the NIST Spec-

tral Database: https://physics.nist.gov/PhysRefData/ASD/
lines_form.html
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Fig. 12. Quasar UV plane with sources from Sniegowska et al. (2020).
The location of the quasar HE 0413—4031 is marked with a triangle.

is usually measured close to HB, in the spectral range of
4434-4684 A (Boroson & Green 1992; Marziani et al. 2018;
Panda et al. 2018). The study of the quasar main sequence allows
us to understand the diversity of Type-1 AGNs and how their
spectral properties are tied to the fundamental black hole param-
eters, such as their mass and accretion rate (Marziani et al. 2018;
Panda et al. 2018, 2019c,a; Panda 2021) and the physical condi-
tions of the broad line-emitting region (Panda et al. 2018, 2019c;
gniegowska et al. 2021; Panda 2022; Mengistue et al. 2023).

When the near-UV spectra are studied, a similar concept of
the UV plane can be introduced (Sniegowska et al. 2020). A large
sample of objects was located on this plane using the QSFIT
package (Calderone et al. 2017) for data analysis. This package
is based on the VW01 Fell template. For the quasar studies in this
paper, we also have the results of fitting the VW01 template for
Observation 14. The difference between the QSFIT and our fit-
ting is in the wavelength range which covers 1250-3090 A while
we fit only the range 2683.09448-2881.49854. To make the val-
ues of EW comparable, we integrated the VW01 template in the
two ranges and determined the scaling parameter 6.39345. We
adopted the second solution for this template from Table 2 since
the broadened version works better. After rescaling, the param-
eters of UV Fell are the following: EW(Fell) = 88.23 A, and
Rpe = 2.37.

The location of the quasar HE 0413-4031 in the UV plane
together with the sample from Sniegowska et al. (2020) is shown
in Fig. 12 with a triangle colored with EW(MgII) as the rest of the
sample. The UV Fell emission seems rather weak in the studied
object. In the whole sample of Sniegowska et al. (2020), there are
only 14 quasars with Rge < 2.0, and two with Rg. < 1.5. The
number of sources with Rg, < 2.37 is 47 (out of 2962 total). The
smallest value in this sample is 1.28 + 0.15, for the object SDSS
100352.65+212851.5 with the FWHM(MgII) = 5760 kms~!.

6. Conclusions

Our detailed study of the bright, intermediate-redshift quasar HE
0413-4031 based on 10-year monitoring with SALT combined
with a single IR exposure with the telescope SOAR showed that
— determination of the redshift from a narrow emission line
is important for the spectral decomposition of the entire
IR/optical/UV band. The precise redshift determination of
z=1.39117 £ 0.00017 is significantly larger with respect to
the previous value (z = 1.3764),
— the decomposition of the Mgll+Fell complex based on the
precise redshift results only in the small blueshifted offset of
the MglI line in the range between —240 and —270kms~!,
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which is consistent with the quasar composite spectra of the
UV region,

— the velocity of the MgIlI line with respect to the systemic
redshift is therefore significantly affected by the new redshift
and the corresponding template since previously the velocity
shift was in excess of 1000kms™,

— some properties of the strong UV line, in particular MgII,
such as its FWHM, EW, and the time delay with respect to
the continuum are determined robustly, even without precise
redshift determination, so applications of MgII line for cos-
mology are justified,

— the MglI emission based on the best-fitting KDP15 template
with FWHM(MgIl) = 4503.1kms™! is significantly corre-
lated with the continuum. The final MgII time delay in the
rest frame of the source, which is based on 7 different time-
delay methods, is T = 22473} days,

— determination of the Fell properties, including its time delay
with respect to the continuum, is very sensitive to the proper
redshift determination and the use of the proper Fell tem-
plate. The Fell emission is also strongly correlated with the
continuum (the peak correlation coefficient is r = 0.86), but
the peak time delay is consistent with zero, which suggests
that the Fell light curve is strongly contaminated with the
continuum long-term trend,

— after subtracting the long-term trend from both continuum
and Fell light curves, we detect the candidate Fell time delay
at T = 251f2 days in the rest frame, albeit the correlation
coefficient is relatively low (r = 0.27),

— the rest-frame time delay of UV Fell is consistent with
the Mgll/Fell FWHMs inferred using the Fell best-fit tem-
plate KDP15. Assuming that the Mgll/Fell-line emitting
material is fully virialized, the Fell time delay should be
TFell = ‘I'Mg][(I‘W’VI‘IM]\/[gH/FVVI‘IMFeH)2 ~ 257 days, which
is consistent with the reverberation result. Hence, for HE
0413—-4031, the UV Fell material is more distant than the
Mgll line-emitting material by ~27 light days,

— we update the Mgll radius-luminosity relation with new
measurements, which results in 194 sources, that is more
than twice as much as used previously. The MglIl R—L rela-
tion is significantly flatter than the UV Fell, optical Fell, and
Hp R—L relations,

— we suggest to build new Fell emission templates based
on the newest version of the photoionization code CLOUDY
since there are new Fell transitions included that indicate
extension of the emission towards shorter wavelengths with
respect to the older Fell templates currently in usage.
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Appendix A: Mgll time-delay determinations

A.1. Interpolated cross-correlation function

ICCF: Mgll

—0.4
~1500

-500 0 500 1000

time delay [days]

—1000 1500

Fig. A.1. ICCF for the MglI emission using the KDP15 and the VW01
templates depicted by blue and green lines, respectively. The dotted ver-
tical lines show the time-delay peaks at 541 and 606 days (highest cross-
correlation coeflicient).

DCF: Mgl

0.4 —— KDP15
VW01

200 300 400 500 600 700 800
time delay [days]

Fig. A.2. DCF for the MglI emission using the KDP15 and the VW01
templates depicted by blue and green lines, respectively. The dotted ver-
tical line shows the time-delay peak at 580 days (highest correlation
coefficient).

We calculate the Interpolated cross-correlation function (ICCF)
using the basic definition of the cross-correlation coefficient
between two light-curve points separated by the time delay
T = kAt,

(1/N) SNK i = 0 Wi — 1)
[(1/N) SN (x; = 0212 [(N) SN (i — 9)?1172
(A.D

CCF(Tk) =

where At = t;;; — t; is the regular time step, and X and y
denote light curve means. Both continuum and line-emission
light curves are interpolated with the time step of Ar = 1 day
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Fig. A.3. zDCEF for the MglI emission using the KDP15 and the VW01
templates depicted by blue and green lines, respectively, with the cor-
responding error bars. The dashed vertical lines show the time-delay
peaks at 597 days (KDP15) and 638 days (VWO01) while the dotted lines
mark the corresponding 10 uncertainties.
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Fig. A.4. x? as a function of a time delay (in the observer’s frame) for
the MglI emission using the KDP15 and the VW01 templates depicted
by blue and green lines, respectively. The dashed vertical lines depict
the time-delay peaks at 619 days (KDP15) and 616 days (VWO1).

(symmetric interpolation). In Figure A.1, we show the ICCF for
the MglI line emission inferred using the KDP15 template and
the VW01 template.

A.2. Discrete correlation function (DCF)

We employ the discrete correlation function (DCF) that
is suited for irregular and unevenly sampled light curves
(Edelson & Krolik 1988). We utilize the python implementa-
tion of the DCF by Robertson et al. (2015). For both KDP15 and
VW01 Fell templates, we show the DCF results in Figure A.2.

A.3. z-transferred DCF (zDCF)

The z-transferred DCF replaces equidistant time bins with
equipopulation time bins. The minimum number of overlapping
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Fig. A.5. Heat map with contours for the posterior distributions of the scaling factor vs. the time delay (in the observer’s frame) as determined by
the JAVELIN method for the MglI emission light curve. We performed the analysis using the KDP15 Fell template (left panel) and the VW01 Fell
template (right panel). The dashed vertical line depicts the time-delay peak at 492.5 days, which is the same for both Fell templates. The color
scale depicts the Gaussian kernel density of MCMC realizations (altogether 40 000) in the scaling factor—time delay plane with the grid of 400 x

400 bins.
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Fig. A.6. Von Neumann estimator as a function of a time delay (in
the observer’s frame) for the Mgl emission using the KDP15 and the
VWO1 templates depicted by blue and green lines, respectively. The
dashed vertical lines depict the time delays corresponding to the estima-
tor minima at 504 days (KDP15) and 380 days (VWOL1), respectively.

light-curve pairs is 12. The method was developed by
Alexander (1997), who also implemented it within a fortran
code. The zDCF is suitable for sparse and irregular light
curves. In Figure A.3, we show zDCF as a function
of the observed time delay for both KDP15 and VWOI
Fell templates that are depicted by blue and green lines,
respectively.

A.4. x* method

We also apply the x> method frequently used in lensing stud-
ies. Czerny et al. (2013) showed that this method performs better
than the ICCF for red-noise AGN variability. In Figure A.4, we
show y? as a function of the time delay of the MglI line emission
with respect to the photoionizing continuum. The solid blue line
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Fig. A.7. Bartels estimator as a function of a time delay (in the
observer’s frame) for the MglIl emission using the KDP15 and the
VW01 templates depicted by blue and the green lines, respectively. The
dashed vertical lines depict the time delays corresponding to the estima-
tor minima at 382 days (KDP15) and 410 days (VWOL1), respectively.

stands for the KDP15 Fell template, while the solid green line
represents the VW01 template.

A.5. JAVELIN

Another method to estimate the time delay in galactic nuclei is
to model the continuum emission as a stochastic process, for
example by using a damped random walk (Kelly et al. 2009;
Koztowski et al. 2010; MacLeod et al. 2010; Koztowski 2016),
and to assume that the line emission is a time-delayed, scaled,
and smoothed version of the continuum emission. Based on this
approach the JAVELIN package (Just Another Vehicle for Esti-
mating Lags In Nuclei) was developed and tested (Zu et al. 2011,
2013, 2016). We applied JAVELIN to infer independently the
time delay of the MglIlI emission with respect to the continuum.
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Fig. A.8. ICCF as a function of the time delay in the observer’s frame
for the MglI light curve with the LT trend subtraction. Solid lines cor-
respond to the original light curves (blue for the KDP15 template and
green for the VWO1 template). Dashed lines correspond to the contin-
uum and the MglI light curves with the LT trend subtracted using the
third-order polynomial to represent the LT trend (a blue dashed line
stands for the KDP15 template, while the green dashed line corresponds
to the VWO1 template). Although a significant drop in the correlation
coeflicient is noticeable, the main time-delay peak around ~400 — 600
days can be recovered.

In Figure A.5, we plot the heatmaps of the scaling factor vs. time
delay. In the left panel, we present the case with the KDP15 Fell
template, while in the right panel, we show the case with the
VWOI Fell template.

A.6. Measures of regularity and randomness

Recently, the estimators of time-series regularity or randomness
were proposed as a way to estimate the true time delay between
the two light curves (Chelouche et al. 2017).

In Figure A.6, we present the von Neumann estimator as a
function of the time delay in the observer’s frame of reference.
As was done previously for the other methods, two Fell tem-
plates are compared: KDP15 (blue line) and VW01 (green line).
Furthermore, we also calculate the Bartels estimator, which is
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Table A.1. Summary of MgllI emission time delays inferred using the
ICCF for the light curves with the LT trend subtracted. Time delays
are expressed in days in the observer’s frame, while the last two rows
represent the mean time delays expressed in days in the rest frame of
the source.

Method ‘ KDP15 ‘ VWO01
ICCF* - highest r | 372 (r = 0.47) | 539 (r = 0.38)
ICCF* - peak 410434 6051’%‘3%
ICCF* - centroid 446*%; 571590
T — observer’s frame 428+234 588+183
T — rest frame 17932 246+7576
Final MgII time delay 213’:%

similar to the von Neumann estimator but rather operates on
the ranked combined light curve. In Figure A.7, we show the
Bartels estimator values as a function of the time delay for
both templates. Overall, the minima values and their uncer-
tainties as inferred from the best time-delay distributions are
quite similar to the values determined using the von Neumann
estimator.

A.7. Subtraction of long-term trend

In a similar way as for the UV Fell line (see Subsection 4.3),
we verify that for the MglII light curve the long-term (LT) trend
subtraction does not obliterate the main time-delay peak.

We fit the third-order polynomial to both continuum and
Megll light curves. Subsequently, we subtract the best-fit trend
from both light curves. Then we apply the ICCEF, for which we
find the time delays corresponding to the peak r value, the cen-
troid, and the peak distributions. Both KDP15 and VW01 tem-
plates are considered. The results are summarized in Table A.1.

It is possible to recover the time delay at ~400 — 600 days
in the observer’s frame, although with a significantly lower cor-
relation of r ~ 0.38 — 0.47. For the KDP15 template, the peak
and centroid time delays are smaller than the previously deter-
mined values, though within the uncertainties they are consistent
with the time delays reported without any subtraction. When we
average the peak and the centroid values for both templates, the
rest-frame time delay is 213+62 days, which is in agreement with
the previously reported Value
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