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ABSTRACT

Context. HE 0435-5304 from Hamburg European Southern Observatory survey is a quasar that appears in the literature with two
conflicting redshift values: ~1.2 and ~0.4. It was used in the studies of the intergalactic medium through fitting of the narrow absorp-
tion lines in its ultraviolet (UV) spectrum. This source is also known historically as a luminous infrared galaxy.

Aims. We present optical spectra of HE 0435-5304, aiming to precisely measure its redshift and to study its physical properties. In
particular, properties of its active nucleus, which is studied in the context of the source being identified here as an ultra-luminous
infrared galaxy (ULIRG), allow us to place this quasar in the context of the general population.

Methods. We analyzed optical spectra of the quasar HE 0435-5304. Fitting the spectra, we focused on modeling HB and [O III]
lines. Based on these, we derived the virial black hole mass, bolometric luminosity, and Eddington ratio of the active galactic nucleus
(AGN). Additionally, we performed broad band photometry fitting which allows us to quantify host galaxy parameters. Based on
available mixed IR/optical/UV data spanning over a decade, we discuss the possible evolution of physical properties of the source and
the influence of the observing conditions on our results.

Results. The improved redshift value of HE 0435-5304 is estimated to 0.42788 +0.00027 based on the [O II] line — the narrowest line
in the spectra — which is mostly consistent with the narrowest components of the other emission lines. The source was found to be a
relatively massive and luminous AGN whose host galaxy is actively forming stars. Although its stellar population seems to be heavily
obscured, we did not find evidence for significant obscuration of the nucleus. We conclude that the AGN HE 0435-5304 is a rather
prominent iron emitter from the extreme type-A population very close to the narrow-line Seyfert 1 group. The fact that the width of
the Hg line appears to be systematically growing in its broadest component with time may suggest that this AGN is changing its broad

line region. However, because of the influence of atmospheric effects contaminating spectral profiles, this finding is uncertain.

Key words. galaxies: active — quasars: individual: HE 0435-5304 — galaxies: nuclei — galaxies: star formation —

quasars: emission lines

1. Introduction

The quasar designated HE 0435-5304, which is located in the
southern sky, is a bright object with a magnitude of 16.40
in the V filter (Véron-Cetty & Véron 2010; Souchay et al.
2015). More recent observations taken by the Gaia Space
Telescope provide a magnitude of 17.45 in the G filter (Gaia
Collaboration 2018). This object is also luminous in ultraviolet
(UV; Seibert et al. 2012; Monroe et al. 2016) and infrared (IR;
e.g., Cutri et al. 2003). Among others, it was observed as a part
of the Akari Deep Field — South survey by the Japan Aerospace
eXploration Agency AKARI (meaning “light”) satellite (ADF—
S; JAXA Shirahata et al. 2009).

One interesting property of this quasar is the value of its red-
shift. Surveys which included a measurement of the redshift of
HE 0435-5304 provide a value of z = 1.231 (Wisotzki et al.
2000) or z = 0.425 as estimated from the UV spectrum (Stocke
et al. 2013). The first observation was made as part of a cata-
log of 415 bright quasars and Seyfert-1 galaxies from the Ham-
burg European Southern Observatory (Hamburg/ESO) survey.
The UV-based redshift value was obtained thanks to the Hub-
ble Space Telescope (HST) Cosmic Origins Spectrograph instru-
ment (COS). A value of z = 1.231 is still given as the “preferred

* Based on observations made with the South African Large Tele-
scope (SALT) and the Very Large Telescope (VLT).

redshift” by the National Aeronautics and Space Administration
Infrared Processing and Analysis Center Extragalactic Database
(NASA/TPAC NED'"). Both of the above values have been used
in various analyses of this object. Circumgalactic medium stud-
ies by Stocke et al. (2013), Keeney et al. (2013, 2017, 2018),
Danforth et al. (2016), Zheng et al. (2019), Richter et al. (2017),
Fox et al. (2014), and Ribaudo et al. (2011) assume the value
of z = 0.425. At the same time, Neeleman et al. (2016) used
the same HST COS UV spectrum in a search for the damped
Lya absorbers assuming the redshift of z = 1.231 measured by
Wisotzki et al. (2000). As the interpretation of spectral lines used
in the studies of intergalactic medium and quasars itself depends
heavily on the proper redshift estimation, an accurate value is
vital.

Quasar HE 0435-5304 is also an interesting object in its own
right. Being a very luminous far-infrared (FIR) source, it has
been included in studies of star forming galaxies and luminous
and ultra-luminous infrared galaxies (LIRGs and ULIRGs) con-
ducted in the ADF-S by Matek et al. (2014, 2017). However,
the redshift value of z = 1.231 used for the UV-to-IR spec-
tral energy distribution (SED) fitting identified HE 0435-5304
as an extreme hyper-luminous infrared galaxy (HLIRG), with a
dust luminosity of log Lgyss = 13.12 + 0.09 L, and star forma-
tion and other dust properties strongly deviating from the usual

I https://ned.ipac.caltech.edu
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trends for IR-bright galaxies. Considering the redshift value of
z = 1.231, this quasar would indeed be a very peculiar object. On
the other hand, the best fitted photometric redshift for this object
was found to be zphot = 0.3 (Malek et al. 2017) With this value
or with the value of z = 0.425 given by Stocke et al. (2013), the
best-fitting SED for HE 0435-5304 provides a dust luminosity
of log Lgyse = 11.12 £ 0.29 L, which suggests that this object is
an average LIRG, with star formation rate (SFR) and other phys-
ical properties following relations very similar to those of other
galaxies of this class at similar redshift (Matek et al. 2017).

HE 0435-5304 is therefore a potentially interesting
object with a quasar and star forming activity in the same
galaxy. Indeed, many active galaxies have a coexisting
active nucleus and star forming activity (Tomczak et al. 2016;
Stanley et al. 2017; Yang et al. 2018; Suh et al. 2019; Ding et al.
2020; Kirkpatrick et al. 2020), which could be due to events
with an approximately simultaneous activation phase.Whether
there exists a causal relationship between these two processes or
they are rather induced by the same external cause remains an
open question (Kormendy & Ho 2013). One of the most natu-
ral suspects in the latter case are galaxy mergers. Mergers are
known to naturally induce both nuclear activity and star forma-
tion in galaxies (Hernquist 1989; Hopkins et al. 2006). In this
scenario, LIRG and ULIRG would be episodes in the galaxy
history occurring as consequence of a merger (Sanders et al.
1988). After the merger, we expect that the binary super mas-
sive black hole (SMBH) exists for some period of time in the
center of a newly formed galaxy before the two BHs also merge
(Begelman et al. 1980; Van Wassenhove et al. 2012). The activ-
ity of a binary SMBH can be revealed by its radio morphology
(Leahy & Williams 1984; Parma et al. 1985; Schoenmakers et al.
2000; Rodriguez et al. 2006), X-ray morphology (Komossa et al.
2003; Hudson et al. 2006), optical emission line profiles (Liu
et al. 2010), jet precession (Camenzind & Krockenberger 1992),
or variation in its light curve (Sillanpaa et al. 1988; Bon et al.
2016). However, the long- or mid-term optical variability can be
attributed not only to the possible presence of a binary SMBH
but also to precession of a misaligned accretion disk (Begelman
et al. 1980). Although HE 0435-5304 does not reveal any pecu-
liar radio morphology or double-peak emission line profiles, its
optical light curve is too short to be used to look for long-term
sinusoidal variation.

The present paper is constructed as follows. In Sect. 2 we
present the data used in our analysis. Section 3 is devoted to
presenting our methodology and adopted models. In Sect. 4 we
show the outcome of our fitting procedure and the derived phys-
ical properties of the quasar. A discussion and conclusions are
given in Sect. 5. Throughout this paper we use WMAP7 cos-
mology (Komatsu et al. 2011): Q,, = 0.272, Qx = 0.728,
Hy =70.4kms™! Mpc~!.

2. Data
2.1. Broad-band multi-epoch photometry

To construct a broadband SED and light curve we collect
data from various surveys: AKARI, Wide-field Infrared Survey
Explorer (WISE), DEep Near-Infrared Survey of the Southern
Sky (DENIS), Dark Energy Survey (DES), Catalina Real-time
Transient Survey (CRTS), SkyMapper, and GAlaxy Evolution
eXplorer (GALEX).

— The richest photometric dataset is provided by the Catalina
Real-time Transient Survey (Drake et al. 2009). The photometric
light curve provided by the CRTS covers the period from 2005
to 2013. Those observations provide information on the time-
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variability of the source as registered by an unfiltered CCD. We
present these data in Fig. 1 with red points where we also mark
other observations used in this article. There is one particular
outlier in the Catalina light curve, a point with over two times
higher flux. This is most probably an artifact, such as a cosmic
ray, or (less likely) a sign of a single large intranight variability
event, as other points gathered that night by CRTS are consistent
with the overall light curve. We gathered dates of the observa-
tions in Table 1 and present the light curve in Fig. 1.

— AKARI, originally ASTRO-F, is the Japanese infrared
satellite operated from 2006 to 2011. It provided data in one all-
sky survey and two deep surveys: North Ecliptic Pole (NEP) and
ADF-S. AKARI observed the sky in the wavelength range from
9 to 180 wm. We use data from ADF-S deep field which provided
data from four photometric bands centered at : 65, 90, 140, and
160 um. The catalog in which HE 0435 is listed was released on
2008 October 17 and contains only WIDE-S measurements.

— The DEep Near-Infrared Survey of the Southern Sky
(Baudrand et al. 2007) operated from late 1995 through the end
of 1999. HE 0435—-5304 was observed in [ filter on 1999 Novem-
ber 22.

— The Wide-field Infrared Survey Explorer (Wright et al.
2010; Mainzer et al. 2014) is also used. HE 0435-5304 was
observed in the IR filters at 2010 January 23. We do not use
WISE W4 because of the low accuracy of this filter.

— Data from the Dark Energy Survey provided grizY pho-
tometry acquired on 2013 October 1 (Abbott et al. 2018) add a
point in the light curve a few weeks after the last CRTS point.
We increase uncertainty by adding statistical uncertainty on the
shift for calibrator on HST, the single-epoch photometric statisti-
cal precision derived from repeated measurements of calibration
stars and the median co-added zero-point statistical uncertainty
mentioned by Abbott et al. (2018).

— SkyMapper photometry in ugriz is also available (Wolf
et al. 2018) for our target. The observation of HE 0435-5304
was taken on 2014 November 9, between two Very Large
Telescope (VLT) spectra. The SkyMapper dataset fills the gap
between points in optics and early GALEX observations in the
wavelength regime with its “u” filter.

— We use GAlaxy Evolution eXplorer (Martin et al.
2005) photometry resulting from two observational campaigns:
AIS419 on 2006 October 24 with both far-UV (FUV) and near-
UV (NUYV) filters, and AIS420 conducted on 2011 October 30
in the NUV band. Derived fluxes were measured using the Kron
radius of 3.5 arcsec.

We list photometric points together with the corresponding
wavelength and observation dates in Table 1 and Fig. 1. This set
was collected to check the appearance of HE 0435-5304 and
to decipher whether or not it is variable. It therefore contains
only similar wavelength filters with multiple observations. The
given wavelengths for photometric points are mostly taken from
Spanish Virtual Observatory (SVO)? services (with the trans-
mission curves). Values for points derived from spectroscopy
were computed from transmission curves. We used archival HST
spectra from the Space Telescope Imaging Spectrograph (STIS)
and the COS to compute additional FUV points. Exceptionally,
for the photometry derived from the South African Large Tele-
scope (SALT) spectra, the R filter was the only filter that fits
within the observed spectral range. In the case of CRTS, a sin-
gle point was exceptionally different at 56896 MJD with the
flux around 1.0 x 10" ergs™' em™2 A~'. We consider this to
be an artifact and ignored the outlier in Fig. 1. If a given filter

2 http://svo2.cab.inta-csic.es/theory/fps/
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Fig. 1. Light curve of HE 0435-5304 built from archival data. The different panels present light curves in the different photometric bands; from
top to bottom: GALEX, HST FUV and NUV; CRTS clear (unfiltered) band; and Johnson V and 1. We plot GALEX FUV photometry in blue with
FUV derived from HST spectra STIS in green and COS in cyan. GALEX NUYV observations in the second panel are plotted in blue and orange
diamonds. CRTS points are presented in red. DES is plotted in navy blue and SkyMapper in brown which are interpolated to V wavelength using
neighboring filters. Both MUSE spectra (in orange and yellow) allowed us to compute V points using filter transmission curves. SALT observation
date is marked with gray vertical line. SAAO in black were taken for V filter. For comparison of the epoch and flux, the IR photometry data of
DENIS 7 (gray “x” symbols) and SAAO I (black “x” symbols) are plotted.

(like DES ¢ and r or SkyMapper g and r) does not match the
wavelength of the other filters, we use the neighboring filters
from the same survey to compute the linear interpolation in the
logarithmic space to derive generic Johnson V flux at its average
wavelength and plot it in Fig. 1. The errors for those points were
simply the square root of the summed squared errors of the filters
used. We separately list filters used to build the SED in Table 2.

When all the photometry is assembled together, three
points are systematically higher in flux, namely: GALEX FUYV,
GALEX NUYV, and the mean CRTS unfiltered point. This
GALEX observation was carried out on 2006 October 24 while
the CRTS point is an average around the same date. The major-
ity of the optical coverage comes from DES and SkyMap-
per which carried out observations on 2013 October 1 and
2014 November 9, respectively. During 2006, the source was
brighter than in 2013/2014. To prevent a potential systematic
difference in photometry from introducing an artificial offset
between GALEX and SkyMapper, we computed optical photo-
metric points from Multi Unit Spectroscopic Explorer (MUSE)
spectral cubes assuming the same aperture as in GALEX (Kron
radius 3.5 arcsec). Roughly 1.5 month passed between SkyMap-
per and MUSE expositions. The computed MUSE points are
consistent with the SkyMapper point, and therefore we assume
no other systematic offset in the photometry apart from the phys-
ical difference in the source luminosity.

To achieve quasar flux calibration in the SALT spectrum,
BVRI photometry from South African Astronomical Observa-
tory (SAAO) 1 m telescope was used. Observations were made

during 4 days of observations from 2016 December 29 to 2016
December 31 and on 2017 January 3. Nights were clear with
the Moon phase between 0.5% on the first night and with
29.2% during the last night, with seeing was 1.6 arcsec. For
every day of observations, the Moon was below the horizon. We
acquired 78 science images with 20 images for filters B, V, and
R and 18 images in filter /, along with zero (BIAS), dark ther-
mal current (DARK), and sky flat-field (FLAT) images. Reduc-
tion was made with the use of the ESO Munich Image Data
Analysis System (ESO-MIDAS, Banse et al. 1983; Grosbgl &
Ponz 1990). Photometric measurements were made with the use
of Dominion Astrophysical Observatory PHOTometry software
(DAOPHOT, Stetson 2011, 1987) included in the Python ver-
sion of the Image Reduction and Analysis Facility and its Python
wrapper (IRAF, PyRAF, Tody 1986, 1993; Green 2012) software
and Python SALT reduction package (PySALT, Crawford et al.
2010). The full width at half maximum (FWHM) of the target
object HE 0435—-0543 was measured for each image along with
background luminosity for proper photometry. Uncertainties for
the measured magnitudes were provided by the IRAF software
according to the algorithm implemented in the DAOPHOT pack-
age. The magnitude value for each filter was estimated as a
weighted mean from each image acquired in the respective fil-
ters. A photometric calibration was performed using an image of
the star with known magnitude measured with the same instru-
ment. Using the Gaussian method of error propagation, a single
magnitude uncertainty value was calculated. The measurement
of magnitude performed within IRAF was with an uncertainty
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Table 1. Dates of the observations made with different instruments.
Date Facility Type Filters Apean F2 Reference
[A] [x107!6 erg s ecm™2 A‘l]
1999-11-22 DENIS p 1 7930 1.43+0.16 (D)
2003-06-11 HST STIS K FUV 1545 29.89+0.20
2005-09-21 CRTS start p Clear 6178 4.89+0.68 2)
2012-12-18 CRTS end p Clear 6178 4.42+0.52 2)
2006-10-24 GALEX p FUV 1545 28914 3)
2006-10-24 GALEX p NUV 2345 1648 +£0.51 3)
2011-10-30 GALEX p NUV 2345 13.32+0.62 3)
2010-04-13 HST COS K FUV 1545 25.151+0.033
2013-10-01 DES )4 g 4862 4.102+0.035 ()]
2013-10-01 DES p r 6460 2.566+0.019 4
2013-10-01 DES i |4 5524 3.290 +0.040
2014-09-24 MUSE s |4 5524  3.4125 +£0.0062
2014-12-21 MUSE K \% 5524  3.2494 +0.0055
2014-11-09  SkyMapper p g 5099 3.80+0.24 ®))
2014-11-09  SkyMapper p r 6157 3.152+0.053 )
2014-11-09  SkyMapper i \% 5524 3.52+0.25
2017-01-03 SAAO p |4 5524 3.88+0.32 (6)
2017-01-03 SAAO p 1 8859 2.263 +0.047 (6)

Notes. ‘Type’ column denotes if data product is photometry (p), was computed from spectroscopy (s), or was interpolated from neighboring filters
(i). The subsequent columns present filter name, observed mean wavelength of the filter, and observed flux. In the last column, we give references
to the original photometric measurements, catalogs, or surveys used to obtain the flux values.

References. (1) Baudrand et al. (2007); (2) Drake et al. (2009); (3) Martin et al. (2005); (4) Abbott et al. (2018); (5) Wolf et al. (2018); (6)

Bankowicz et al. (2020).

magnitude of 0.001, which is only an estimation of the error for
the magnitude measurement alone. As a main source of uncer-
tainty, we took the standard deviation of the background lumi-
nosity in the given filter. This led to estimated uncertainties of
order 0.01-0.1 in magnitudes. Corresponding flux values are
given in Table 1.

2.2. Optical and UV spectra

We use three optical spectra of HE 0435-5304. Two of them
were taken on 2014 September 24 (hereafter MUSEI or M1) and
2014 December 21 (hereafter MUSE2 or M2) with the MUSE
instrument on the Very Large Telescope under proposal 094.A-
0131(B) by Joop Schaye and are now publicly available. These
were retrieved from the European Southern Observatory (ESO)
archive®. The MUSE data were reduced and calibrated with the
ESO pipeline (Weilbacher et al. 2020). We did not improve on
this reduction and calibration because our target is bright and
centered in the field of view. To handle spectral cubes we use
the MUSE Python Data Analysis Framework (MPDAF) library
(MPDAF Piqueras et al. 2019). The final spectra cover the wave-
length range of 3328-6552 Ainthe object rest-frame. In order to
obtain a single flux value corresponding to a given wavelength,
we spatially integrated flux density within an aperture radius of
2.0 arcsec. This gives the optimal spectra quality. Increasing the
aperture to 3.5 arcsec gives 5.5% higher total flux with stronger
atmospheric emission residuals for M1.

A third spectrum was acquired with SALT using the Multi-
Object Spectroscopy (MOS) mode on the Robert Stobie Spec-
trograph (RSS) under proposals 2018-2-DDT-001.20190204 and
2018-2-DDT-001.20190207. This mode requires the use of a
pre-prepared mask with slits carved in the positions of target

3 https://archive.eso.org/scienceportal/home
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Table 2. Summary of the photometric data for HE 0435-5304 used for
the SED fitting.

Redshift Zopec = 0.427
Telescope/ Filter Amean S, S erry
Instrument (um)  Wy) Wy)
GALEX FUV 0.1545 0.2320 0.0264
NUV 0.2345 0.2950 0.0308
CRTS Catalina V= 0.6178 0.4370 0.0570
CTIO DECam g 0.4862 0.3277 0.0003
DECam r 0.6461 0.3640 0.0004
DECami 0.7851 0.3473 0.0005
DECamz 0.9199 0.4533 0.0009
DECam Y 0.9907 0.3609 0.0030
SkyMapper u 0.3497 0.2500 0.0079
g 0.5099 0.3299 0.0203
r 0.6157 0.4003 0.0067
i 0.7778 0.4234 0.0098
Z 0.9162 0.4341 0.0040
DENIS 1 0.7930 0.3823 0.0423
2MASS J 1.2350 0.5423 0.0510
H 1.6620 0.6521 0.0716
Ks 2.1590 0.9860 0.0900
WISE Wi 3.3526 1.9590 0.0415
W2 4.6028 3.3530 0.0618
W3 11.5608 11.1100 0.1739
AKARI Wide-S 89.2033 33.8400 5.3300

Notes. S, is the flux and S, is the error in (WJy). Amean 1S the center of
the specific filter band given in um.

sources. We used 1.5 arcsec slits with grating with 900 lines per
millimeter covering the wavelength range from 5611 to 8589 A.
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Fig. 2. Comparison of the optical spectra of HE 0435-5304, atmospheric emission and IGM absorption. The MUSE spectra are presented as green
and red lines, while the SALT spectrum is plotted as a blue line. The spectrum from SALT is rescaled for a convenient match with the MUSE
data. Sky transmission spectrum is shown as an orange line. Hypothetical Balmer absorption lines from intergalactic medium at wavelengths
corresponding to Lyman lines found by Danforth et al. (2016) are marked by diamonds: cyan for Ho and magenta for HB.

The observations were performed in two days in two differ-
ent settings with the camera shifted so that the gaps between
the chips of the camera were on different wavelengths. Averag-
ing these two sets of images provides continuous spectra with
no gaps present. The first two exposures taken over 1200s on
2019 February 4 were made with the Moon phase of 0% with
1.4 arcsec seeing and a clear sky. A second set of two exposures,
1200 s each, was taken on 2019 February 7 with the Moon phase
of 9% with 1.6 arcsec seeing with a clear sky for the first expo-
sure and a slightly cloudy sky during the second exposure. The
second exposure was taken with seeing >1.6 arcsec but with less
than 2 arcsec overall. Moonset was before the observational win-
dow and moon rise was after this period. For wavelength calibra-
tion, observations of two different lamps for different days were
used, Copper-Argon lamp for the 2019 February 4 and Argon
lamp for 2019 February 7. Data was pre-reduced by SALT staff
members. Fits image consisted of 20 aperture observations from
MOS with 16 galaxies and 4 for mask alignment stars. Using
IRAF software, we extracted single-aperture two-dimensional
spectra of our target quasar HE 0435—-5304 along with sky back-
ground. Further extraction of one-dimensional spectra applied
background signal removal. For a one-dimensional spectrum, we
applied a wavelength calibration, creating measurement-ready
data.

We corrected the resultant spectrum for the PC04600 block-
ing filter transmission. Although the SALT spectrum was col-
lected with a 1.5 arcsec slit with no absolute flux calibration, we
used external photometry from SAAO described in the previous
section to achieve flux normalization. In the subsequent step, we
applied the correction for atmospheric extinction. An average
reddening curve was used that was constructed from measure-

ments at the Sutherland site (Burgh et al. 2007). We assumed
airmass equal to 1.32.

We fitted a quadratic spline to both the uncorrected SALT
spectrum and the SAAO photometry. The SALT spectrum was
divided by its spline fit and multiplied by the SAAO photome-
try fitted spline. This is how we got rid of the strong distortion
present due to the vignetting and other effects on the spectral
shape. This also allowed us to achieve flux calibration matching
the photometric level. However, the photometric observations
were obtained over two years earlier than the spectroscopy, and
therefore we renormalized the flux — using the narrowest core
component of the [O III] 5007 A line as measured in model B
— to the corresponding component of the M1 spectra model B
fit (which is given in the results section). As those components
have consistent kinematical shifts and widths, we assumed that
this component should not change on the timescale of five years.
This is roughly in line with the narrow line region reverberation
study by Peterson et al. (2013), where variation is detected on a
timescale of the order of a decade. The final corrected spectrum
has an almost power law continuum shape and is presented in
Fig. 2 as the blue line. The MUSE spectra are visualized with
green and red lines. To check for further problems, we com-
pared our data with the sky transmission spectrum obtained with
the VLT (Hanuschik 2003), which is shown by the orange line.
Besides the obvious presence of sky residual features, we see
two major artifacts at 6870 and 7680 A. The first one is common
to many SALT observations of different sources. As it is present
on the HB blue wing where a strong rise in the flux is present,
and intrinsic absorption may be present as well, we decided to
compare it to the SALT spectra of another quasar HE 0413—-4031
(Zajacek et al. 2020). In the spectrum of HE 0413—-4031, a very
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Fig. 3. Composite spectra of HE 0435-5304. Left panel: HST STIS spectrum in magenta, HST COS data in cyan. The yellow region masks MW
emission, and the composite by Selsing et al. (2016) is shown in gray. Right panel: spectrum from SALT is plotted in blue, MUSE spectra are

presented in orange and green, and the composite is shown in gray.

similar feature in the same observed wavelength range is present
and situated at the far red end of the emission line wing in
approximately the same region as the spectral plateau. We there-
fore use this feature to examine the possible extent and shape of
the absorption. The affected observed wavelengths span between
6860 and 6914 A. The shape of the absorption was modeled with
a spline and was subtracted from the SALT spectrum. The drop
in flux around 8590 A happens at the very edge of the red detec-
tor, and we conclude that it is probably an instrumental artifact.
We decided to mask it and exclude it from the fitting process. A
comparison of the optical spectra with the composite by Selsing
et al. (2016) is shown in Fig. 3. The MUSE spectra are plotted
as green and orange lines and SALT data are presented as a blue
line.

As HE 0435-5304 is known for its intergalactic medium
absorption lines which were fitted in the UV range, we checked
for the presence of such lines in the optical range as well. To this
end, we took into account absorption systems fitted by Danforth
et al. (2016). Taking into account the Lya absorption, we recom-
puted its position to mimic hypothetical absorption systems for
Ha and HpB. The expected positions are marked in Fig. 2 by cyan
and magenta diamonds for He and Hp, respectively. Although at
least some of these absorption lines are supposedly present, they
are much weaker than Lya and have mostly negligible effects.
We therefore did not take into account those systems as their
only contribution is the small wrinkles in the spectra.

The biggest differences between MUSE and SALT spectra
are seen redward of the [O III] emission line and blueward of the
Hy emission line. In addition to the difference in the continuum
flux level and its spectral slope, possible absorption is present in
the SALT spectrum in the rest-frame wavelength ranges 3930-
4320 A and 5020-5160 A where the relative flux level is lower
and the spectral shape is distorted.

Photometric measurements and two spectra are available for
the UV part of the spectrum, both obtained by the HST. The HST
STIS spectrum was taken on 2003 June 11, and the HST COS
spectrum was taken on 2010 April 13. We use reduced spectra
published by Danforth et al. (2016). Interestingly, both spectra
have a similar flux level in spite of the almost seven years dif-
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ference between the epochs. We present them in the left panel
of Fig. 3, where the HST STIS spectrum is also presented along
with the HST COS spectrum. We mask a very narrow emission
of O 121305 A and Lya 11215 A in the observed frame, as it
is of Milky Way (MW) origin. We compare the spectra with the
QSO composite of Selsing et al. (2016), which has been normal-
ized to match the HST COS flux level around the Ly line in
the rest frame. This allows for easy visual comparison of the UV
and optical data sets.

3. Methods
3.1. Spectral fitting

Observed data were corrected for extinction using a formula
by Fitzpatrick (1999) (using standard Ry = 3.1) with Ay =
0.016 mag based on maps by Schlafly & Finkbeiner (2011). As
HE 0435-5304 is located close to the southern ecliptic pole, the
Galactic extinction is very mild, as expected. The correction for
the MW extinction introduces a very minor change in the opti-
cal spectrum as at the wavelength 5100 A the flux change is
about 1%.

We account for multiple components in the fitting process:
AGN continuum, Fe II emission blend, hydrogen Balmer, oxy-
gen, and neon emission lines. At this stage, we assume that
starlight from the host galaxy is negligible in the optical part of
the spectrum of this source. This assumption is then confirmed
by the results of the SED fitting described in the following
section.

The AGN continuum was modeled with a simple power law
as single-epoch spectral data cover a limited range of wave-
lengths; this is a reasonable approximation for the accretion disk
continuum of an active nucleus in the optical range. The exact
parametrization we adopted is

ey

A ™
F,=F il ——| -
by 5100A(5100A)

In the preliminary tests to account for the Fe II emis-
sion, we initially consider a template chosen from empirical
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templates by Boroson & Green (1992), Véron-Cetty et al.
(2004), Tsuzuki et al. (2006), Dong et al. (2010) and theoretical
templates by Bruhweiler & Verner (2008). We test several iron
emission models because the most widely used empirical tem-
plates Boroson & Green (1992), Véron-Cetty et al. (2004) rely
on a very specific source narrow-line Seyfert 1 (NLSyl) type: I
Zw 1. In some cases, such as that described in Hryniewicz et al.
(2014), a better fit to the type A quasar spectrum was achieved
with the theoretical Fe II emission template by Bruhweiler &
Verner (2008). Another reason for testing several models is that
the spectral window of the MUSE spectra is wider than the
templates used by Boroson & Green (1992), Véron-Cetty et al.
(2004), and therefore for the widest spectral window we have
to rely on the templates with the broadest wavelength coverage
(mostly Bruhweiler & Verner 2008; Dong et al. 2010). Each tem-
plate was convolved with a Gaussian of appropriate FWHM to
account for Fe II kinematical broadening. This was done with a
grid of broadenings ranging from 900 to 9000 kms~! in steps of
200kms~!. The number of the grid point was a free parameter
in the fitting process. Each template was allowed to have a shift
in the range —1000 to 1000 kms~'.

It is clearly visible in the spectra that the prominent iron
emission has a strong blend with sharper peaks on top of it.
Therefore, we fit the iron emission as a two-component model
with narrow lines of FWHM < 1500kms~! and broader lines of
FWHM > 1500 km s~* (see Dong et al. 2010, for other cases of
a two-component Fe II). We initially investigated different tem-
plates to achieve an optimal fit as the Fe II emission may vary
between sources, and the templates themselves differ from one
to another. A particular difficulty stems from the different wave-
length coverage of Fe Il models, which we address by comparing
fit results in different spectral windows. The range 4200-5500 A
was used to address the limited wavelength span in templates
made by Boroson & Green (1992), Tsuzuki et al. (2006). In this
initial run, we used all available templates. To consistently use
different templates, we treated all of them in the same way, inter-
polated to the same wavelength grid, and convolved with Gaus-
sians of a defined width, thus achieving a broadened template.
In this initial step, we analysed the fit quality with the differ-
ent templates. After comparing possible solutions, we identified
the template that shows the best performance and confirmed this
choice by visual inspection, evaluating the agreement with the
observed narrow details, the overall residuals, and accuracy in
the 45004800 A range. However, the original broadening grid
as distributed by Boroson & Green (1992) shows a better perfor-
mance than the templates broadened using our procedure (espe-
cially in the 900-2000 kms~! range). We were therefore forced
to consider a single-template approach. Also, the fact that the
majority of works on the AGNs’ population, virial mass formu-
las, etc., were derived with the use of Boroson & Green (1992)
template, convince us to apply those relations consistently with
observables derived particularly with this Fe II template.

The final run in the 4200-5500 A range was performed using
exclusively the chosen template, which was the most commonly
used optical template by Boroson & Green (1992). Here we use
the original template grid with accurate broadenings computed
by these latter authors in steps of 250 kms~!. This allows us to
present a fit that is directly comparable to the other sources and
results presented in the literature. This case is denoted ‘model
B’. Additionally, using a popular template means that a compar-
ison with literature results for the population is meaningful.

Separately, to address the highest number of emission lines
in the whole spectral range, we extended the fitting wavelength
range to the broader window of (3500, 6600) A. In this way, we

obtained crude fits to the line parameters at wavelengths below
4200 A. Only Fe II templates covering a broader wavelength
range were used in this case — the simulated template collection
by Bruhweiler & Verner (2008). This option is referred to here
as model W.

We fitted permitted hydrogen Balmer lines: HB 14861.3 A,
Hy 14340.4 A, and H6 14102.89 A and forbidden lines: [O 1]
A5006.84 A, [0 1I] 23727.3 A, [Ne III] 13869 A, and [Ne V]
13425 A. The strongest spectral lines, H3 and Hy, were fitted
with four Gaussian components as this is the smallest num-
ber that reasonably describes the Hf line shape. The [O II]
15006.84 A line was fitted with two Gaussians as this was suf-
ficient. The [O III] 14959 A line was assumed to have the same
profile as the fitted [O III] 15006.84 A but with an amplitude
scaled down by 2.98 (Storey & Zeippen 2000). The remainder of
the lines were fitted using a single component. This decision was
motivated by the poorer S/N of the lower flux lines and the fact
that forbidden lines are narrower. This choice restricts the total
number of free parameters, which is important to limit the over-
all demand in computational resources. The [O II] line, which
is a doublet, 113725, 3727.3 A, but is by far the narrowest and
the most symmetrical, was therefore fitted as a single component
profile as well. HB, Hy, and [O III] lines were fitted most accu-
rately in a narrower spectral range fit (especially model B) and
those results are given unless otherwise stated, as those are the
most accurate values. In the broader spectral range fit (model W)
we mostly supplemented fitting results with Hg, [O IIJ, [Ne III],
and [Ne V] profiles, although these are less accurate because of
the poorer iron fit.

All components were fitted at once using static and dynamic
nesting variants of Monte Carlo Markov chains. We assumed no
a priori preference on the parameter values, and so used uni-
form priors as the initial distributions. The result of the sampling
process is a posterior probability distribution, from which we
derive a best fit value and its uncertainty at 1o~ confidence level
(distance to 0.1587 and 0.8413 quantiles). Considering uncer-
tainties from wavelength calibration and the influence of the
atmosphere, which we think is of the order of 1 A at the posi-
tion of HB — which is further discussed in the section about red-
shift estimation —, corresponds to a position and shift accuracy
of about 62kms~'. We do not add this systematic error to the
values given for the fitting parameters in the text.

3.2. SED fitting

To investigate the importance of starlight in the optical part of
the spectrum and to independently estimate the main physical
properties of the host galaxy and AGN, we performed broad-
band SED fitting with Code Investigating GALaxy Emission*
(CIGALE, Burgarella et al. 2005; Boquien et al. 2019). This was
also done by Matek et al. (2017) as part of the ADF-S ULIRGs
sample study; however in the present work we update the treat-
ment of the AGN part. We use a new branch of the CIGALE
code, named X-CIGALE (Yang et al. 2020), which includes the
SKIRTOR AGN model (Stalevski et al. 2016), complementing
AGN models of Fritz et al. (2006). Contrary to the recipe used
by Fritz et al. (2006), this module takes into account the clumpy
torus that surrounds the central engine; it also assumes a non-
negligible amount of extinction for some type I AGNs, and is
therefore more suitable for modeling of broad line quasars like
HE 0435-5305.

4 https://cigale.lam.fr/
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Fig. 4. Best fit (in black) of the constructed SEDs of HE 0435-5304 and the relative residuals. The unattenuated stellar emission is shown with
the blue line, while the yellow line shows the attenuated stellar emission. Red line shows the dust emission and the broad line represents the AGN
component. Red dots are the best-fit values of the observations which are shown with purple open circles.

We use the delayed star formation history with an additional
burst to model the young stellar population following Matek
et al. (2018) who performed SED fitting of millions of galax-
ies detected in IR as part of the Herschel Extragalactic Legacy
Project (HELP). We adopt a Chabrier (2003) initial mass func-
tion with solar metallicity and Bruzual & Charlot (2003) stellar
population models. We use a modified Charlot & Fall (2000)
attenuation law (with grayer slopes) as this was found to work
better with IR-bright galaxies (Matek et al. 2018). Moreover,
Buat et al. (2018) found that the power-law model based on a
modification of the recipe of Charlot & Fall (2000) gives very
good agreement with the radiative transfer models.

Dust emission was fitted with the Dale et al. (2014) model in
order to reduce the number of free parameters (for this purpose
we set the AGN fraction to zero and use only an @ power-law
slope in the relation between the dust mass Mg,y and radiation
field intensity U). This module simplifies the SED fitting proce-
dure, reducing the number of parameters, which are difficult to
constrain without using mid-IR (MIR) and FIR measurements.
Photometric data used for the SED fitting of HE 0435-5305 are
presented in Table 2. We illustrate the data points of the SED and
the fitted model in Fig. 4.
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4. Results
4.1. Redshift

Using the most prominent lines with a very narrow compo-
nent we can potentially estimate the redshift with high preci-
sion. Here we present the results of our estimations based on
the M1 spectrum, as this was obtained with the best weather
conditions, the lowest humidity and air mass, and the longest
exposure. A redshift value of 0.427581 + 0.000048 was derived
from the narrowest component of the [O III] A 5006.843 A
emission line whose center is fitted in the observed spec-
trum at 7147.674 + 0.057 A, additionally taking into account
the MUSE wavelength accuracy of 0.2A (Weilbacher et al.
2020). While using the [O II] A 3727.3 A line, which appar-
ently peaks at 5322.12 A in the observed frame, the estimated
redshift is 0.42788 + 0.00027. Similarly, using the narrowest HB
14861.3 A and Hy 14340.4 A, we obtained corresponding val-
ues of 0.42781 + 0.00021 and 0.42781 + 0.00024. Other lines
are of lower amplitude, which results in higher noise over the
spectral profiles and therefore difficulty in visual verification,
and so we do not use other lines in this step. For hydrogen lines,
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Fn[x10717 erg s~ cm~2 A1]

Fig. 5. Fit to the M1 spectrum (model B), continuum fitted as a simple power law (orange) with the two components of blended Fe II emission
(cyan and blue). The spectrum is plotted in black while the sum of components is presented with a red line. Overall emission line spectral profile
fits are plotted in green while individual Gaussian components are presented in a range of other colors. The gray line presents the residuals. Vertical
straight lines mark the expected laboratory wavelengths in gray and the fitted wavelengths in the separate components are shown in green.

we arbitrarily assume 1 A accuracy because of the complicated
multi-component nature of the line with possible stellar absorp-
tion (although assumed negligible in the fitting process). Simi-
larly, [O II], because of its doublet nature and lack of good Fe
II template coverage, was used with higher wavelength error. As
[O II] is the narrowest line in the spectrum and does not show
strong asymmetry, despite it being affected by uncertain under-
lying Fe II, we consider it the best estimated because it is more
certainly associated with the host galaxy. The remaining esti-
mates are mostly consistent within the error bars. Therefore, our
preferred redshift is 0.42788 + 0.00027 and this value is used in
the spectral fitting.

4.2. AGN

Here we describe results of the fitting procedure, the aim of
which is to estimate the emission line profiles with the multi-
Gaussian model. Permitted lines are prominent and broad, which
is generally characteristic of the emission from AGN. Overall,
the continuum is blue and well approximated with a power law
which is also characteristic of dominance from AGN emission
in the UV and optical bands.

4.2.1. Model B

Among the Fe II templates used here, the best fit was achieved
with Boroson & Green (1992) iron emission. The solution for
M1 spectrum is presented in Fig. 5 (named model B). This fit
succeeds in highlighting the finer details of the iron emission. We
therefore consider it to be our most accurate attempt to describe

the data, and this is supported by the flat residuals. We used a
power law to fit the pseudo continuum. In the case of M1, the
power @, = —1.9620+0.0040 and amplitude Fy;,,z = (1.6030+

0.0010) x 10~ ergs™! cm™ A-!. These values indicate a rather
blue spectrum but not as steep as in the composite by Selsing
et al. (2016) as plotted in Fig. 3.

The amplitude at 5100 A gives a monochromatic luminos-
ity of Ls;pox = 1.515 + 0.064 x 10* ergs' A~'. The uncer-
tainty here accounts for both data and continuum fit uncertain-
ties. On top of the continuum, two components of the strong
Fe II blend are fitted. The shift of the templates is rather con-
sistent with values of —289 + 19 and 62.8 + 7.3kms~! for the
narrow and broad components, respectively. The narrow Fe II
broadening was 900 + 250kms~! while the broad component
was 2250+ 250 km s~!. The broad Fe II was dominating the total
iron flux. The fit parameter values are given in Table 3. The two
components of the Fe II model seem to be sufficient given the
blended character of the complex iron emission, which prevents
us from deciphering whether or not there is a higher number of
components present in the data.

In the M2 spectrum, taken 3 months after the M1 spec-
trum, the obtained value of the continuum power index was
a,y = —2.0260+0.0036, with an amplitude of Fy,q,z = (1.5095+
0.0014)x10 " ergs~! cm™2 A~!, thus reaching lower values than
in the case of M 1. The iron template parameters were the same as
in M1 in terms of widths: 900 + 250 and 2250+250km s~!, while
the shift values were different: =344 + 13 and 197.3*38 kms™'.
In this case, the Fe II fit still accurately describes observations in
the 4500-4700 A range, but the regions around 4450 and 5100 A
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Table 3. Line fluxes of the most prominent lines visible in the optical spectrum of M1 as fitted in the narrower window with the best coverage of
the Fe II templates (model B).

Fa[x10717 erg st cm=2 A-1]

60 -

Line Wavelength ~ Shift FWHM Flux W)

[A] [kms~'] [kms~'] [10"7ergs™ em™]  [A]
Fell 44344684 —290% 900250 21616 7.56%034
Fell — 4434-4684 64.6"2% 2250 £250  1977%39 69.31%078
HB 4861.3 -2.4%%4 157.0+8.9 20.5+1.6 0.817*50!
HB 4861.3 -337+16 7223 157+22 6.24+0%8
HB 4861.3 309*73 1397+ 292433 1167}
HB 4861.3 338+26 3128+37 1029%22 40831041
Hy 43404 3432 g+ 49.5% 1571058
Hy 4340.4 27574120 10524130 35.7+140 1.161035
Hy 4340.4 801+34 1481+110 246732 7.911%
Hy 4340.4 —425+260 2371180 15543 4911479
[OII] 5006.843  —78.7+33 199.8+83 547+37 2.30+0.16
[ONI] 5006.843  —407+13 503+£12  121.9+45 5.12+0.19

Sl 2l 2ol e

Fig. 6. As in Fig. 5 but fit to the M2 spectrum (model B).

are much less well described than in the case of the M1 spec-
trum (see Fig. 6). For this reason, the realistic uncertainty on the
continuum amplitude is much larger.

Fitted individual emission lines are presented in Fig. 7 where
we show: HB 14861.3 A, Hy 14340.4 A, and [O III] 15006.84 A
lines fitted to the M1 spectrum. We provide measured flux and
equivalent widths (W,) in Table 3. The Hp spectral profile is very
well described by the four Gaussian components. Its FWHM
takes values of 157.0 £ 8.9, 722+33 1397+ and 3128’:;; kms™!

2300 68
with shifts of —2.4t‘5‘:j, —-337 = 16, 309fg§, and —33833 kms™!,
respectively. The W, values are 0.817%09%7, 6.24*086 11.6%1-¢,
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and 40-83f8i32 A, respectively (Table 3). The broadest compo-
nent dominates, containing around 68% of the total HB line
flux.

The Hy line decomposition is potentially less accurate
because of strong Fe II and O III 14364 A contamination which
is emphasized by the larger uncertainties on line parameters

in comparison to HS. The FWHM values of its components

in the fit are 629*37, 1050*}30, 1480*]20, and 2370* 150 km s~
with shifts of ~343*22, 2760120 8013 and ~430*20 ks,
respectivealy, while W, values are 1577029, 1.16%03%,7.9* |1, and
4.91*319 A. The fit did not manage to address the profile spike
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Table 4. Line fluxes of the most prominent lines visible in the optical spectrum of M2 as fitted in the narrower window with the best coverage of

the Fe II templates (model B).

Line Wavelength ~ Shift FWHM Flux W)

[A] [(kms™'] [(kms™'] (1077 ergs™ em™2] [A]
Fell — 4434-4684 —344+13  900+250 309+ 14 11.42+0%
Fell — 4434-4684 1973738 2250+250 1841*%) 68.07+9%
HB 4861.3 825+23 454+33 27.9736 1.18 £0.15
HB 48613 —251.3496 71817 211.3%%9 8884038
HB 4861.3 26+10 2155.5*23  824*% 34.7+19
HB 4861.3 —654+% 4766110 698+1 29.26+0:63
Hy 4340.4 -355+%9 578+49  37.9%)7 1.26+033
Hy 4340.4 593+120 1318330 95+120 3.2%39
Hy 4340.4 56178 2215%130 29240 9.8+14
Hy 4340.4 —648*110 3934+160 jo1+l4 3.35+04¢
[OI] 5006843  —79.5+3.6 195.1+7.5 548+3.4 2.45+010
[OI] 5006.843  —412+13  475*12 107.7 4.2 4.80+0.19

with its width of ~200kms~! as seen in HB and [O III] pro-
files. The narrowest fitted component of Hy does not correspond
to the narrowest HB Gaussian, and is roughly similar to the
second HB Gaussian, but lower by 100kms~!, albeit with a
very similar blueshift of around —340kms~'. The second Hy
Gaussian does not correspond to any of the HS components.
In light of its high redshift, it is more likely to be associated
with O III 14364, although redshifted as well. The third compo-
nent with the FWHM value of 1481fgg kms~! is possibly simi-
lar to the HB component of corresponding width, but its shift is
larger by almost 500 kms™!. The broadest component is around
800km s~ narrower with respect to the broadest H8 Gaussian
and its shift is consistent within the error range.

The [O III] 15007 A line was fitted with FWHMs of
199.8 + 8.3 and 503 + 12kms™! and shifts of —78.7 +3.3, and
~407 +13kms™!, where W, is 2.30+0.16 and 5.12+0.19A.
The narrowest component of this forbidden line is wider by
30kms~! and is more blueshifted by 75kms™!. The broadest
[O III] component on the other hand is narrower by 219 kms~!
and is also blueshifted by 70kms~!. The two-component fit
does not fully address the flux excess in the long blue tail of
the line, which could be achieved with a third Gaussian. This
would require decreasing the broader component FWHM by
100kms~! and introducing a broader component with a width
of around 600 km s~! with a similar blueshift.

The FWHMs of the HB components of the M2 spectrum

are 454*33, 718 £ 17, 2155.533, and 477010 km s™! with fitted

shifts of 825723, —251.3*2¢, 26*1¢, and —654*3) kms™!, where

Wy is 1.18 + 0.15, 8.88703%, 34.7+19, and 29.26*08 A, respec-
tively (Table 4). The narrowest peak was not fitted in this case,
but rather a small component of 454kms~! in width appeared
to account for the more prominent red-wing asymmetry with
the shift reaching a high value of 825kms~!. The component
with an FWHM of 718 kms~! is very similar to the correspond-
ing M1 HpB component with roughly consistent blueshifts, that
is, different by 50 km s~!. The third component, with a width of
2155.5km s~ !, does not have a direct analog in the M1 fit, but is
rather found in between the intermediate and broad components
of M1 and its shift is also intermediate with respect to those com-
ponents in M 1. The decomposition is different from the M1 case

as well, given the appearance of the very broad component found
significantly above 4000 kms~! with a high blueshift of above
650km s~!. It is particularly worth noting that the residuals after
the Hg fit subtraction from the M2 spectrum are larger on the line
blue part — considerably larger than in the M1 case, as we can see
in Fig. 6 (gray line). This is also the case with the SALT spec-
trum, which is strongly affected by the atmospheric absorption.
We therefore think that M2 is also affected by the O, absorption
as we can see in Fig. 2. As a result, the HB profile is distorted
and it is difficult to see whether it has changed intrinsically.

The [O II] components in the M2 have FWHMs of
195.1+7.5 and 475f}§ kms~!, where shifts are —=79.5 + 3.6 and

—412 +13kms~!, respectively. This is fully consistent with the
MI model B fit.

A closer look at the differences in the spectra level between
M1 and M2 as seen on Fig. 2 leads us to the conclusion that
M2 suffers from a similar effect to the S spectrum. Differences
are visible mostly in the 35004200 A and 4900-5500 A win-
dows (5500-6100 A and 7000-7200 A in observed frame) with
up to 10% in flux level, while differences in the other parts are
an order of magnitude smaller. In particular, atmospheric absorp-
tion, although not as severe as in the SALT data, is stronger in
the second VLT spectrum. The historical weather log for Paranal
on the ESO website® shows the presence of precipitable water
vapor, which may explain stronger and very broad absorption
in the M2 spectrum. Broad absorption due to intrinsic obscu-
ration in the source is rather excluded as it does not appear
directly on the blue side of the prominent emission lines beside
the known atmospheric O, feature. The O, may be responsible
for the less smooth profile and larger residuals on the blue side of
the HB line in the M2 spectrum. If indeed flux in the wavelength
window around 4630-4640 A rest frame was absorbed in M2,
this may lead to the apparent increase in broadening of the broad-
est component.

The most severe atmospheric effects manifest themselves in
the SALT spectrum. We therefore consider the fit to this data
set to be the least accurate. Additionally, we do not have pho-
tometry from the same observing period, and so instead use

> https://www.eso.org/asm/ui/publicLog
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Table 5. Line fluxes of the most prominent lines visible in the optical spectrum of SALT as fitted in the narrower window with the best coverage

of the Fe II templates (model B).

A&A 660, A90 (2022)

Line Wavelength ~ Shift FWHM Flux W),

[A] [kms™']  [kms™!] [107ergs™! em™]  [A]
Fell ~ 4434-4684 108.3'32  1750+250 1966 +22 61.9570%%
Fell — 44344684 470.473%0  10000+250 1117%3§ 35197084
HB 4861.3 8311 431*3 59+13 1.89 £0.41
HB 4861.3 -496*42 84937 159+1 5.09+2
HB 4861.3 93+13 203518 1076 +23 34.36+0.71
HB 4861.3 —694.737 4535+120 463417 14.763:80
Hy 4340.4 326.87)%0 982 1574037 0.0489*+00120
Hy 4340.4 2189+1200 6488 18.9%32 0.59+0.17
Hy 43404 2862210 g32+110 319773 1007024
Hy 4340.4 70313 171073 490.3+60 15.30%029
[OII] 5006.843  —81.6733  227.1*%9 54.8+38 1.76*312
[OII] 5006.843  —38871%  402.3*79 93.533 3.00+0.12

Notes. Flux of the narrowest [O III] component was used to normalize the SALT spectrum to the corresponding flux of the MUSE fit.

photometry from SAAO from two years earlier. As a result, the
flux calibration is uncertain, which prevents us from making any
firm conclusions or referring to the flux values here. Rather, we
try to rely on the W,. Fitting Fe II was difficult and less accu-
rate because of our exclusion of the spectral windows with the
most drastic absorption. We obtained a fit with broadenings of
1750 £250 and 10000 +250kms~!, which is vastly different
from the M1 and M2 fits. The fitted model is presented in Fig. 8
and Table 5. This can impact the emission lines, although HS
should be rather moderately impacted because of the mostly flat
flux profile under the line in the template of Boroson & Green
(1992), with the exception of the red tail of the broad com-
ponent. Generally, the shape of Fe II is well addressed by the
fit outside of atmospheric absorption windows with the excep-
tion of blends around 4500 10\, where the fit has a lower ampli-
tude than the spectrum. This happened on the red end of the
blue CCD chip, and therefore the flux is more uncertain. The
FWHMs of the HB components are 431”_’435, 849 + 37, 2035t}g,
and 4535*70kms™! with shift values of —83 %11, —496",
93 +13, and —694.7"37kms™'. The widths are very similar to
the M2 fit, but deviations in the shifts are significant, especially
in the two narrower components.

4.2.2. Model W

The whole fitting procedure was repeated in a broader spectral
window between 3544 and 6020 A to account for all emission
lines. This fit is considered less accurate because the iron tem-
plates do not fully cover such a broad spectral range. Fits for HB
A4861.3 A, Hy 14340.4 A, and H5 14102.89 A, and forbidden
lines [O TIT] 15006.84 A, [O TIT] 14959 A, [O T1] 3727.3 A, [Ne
I11] 23869 A, and [Ne V] 13425 A are presented in Table 6 for
M1 and Table 7 for M2. Hé, [O II], [Ne III], and [Ne V] fits are
presented in Fig. 7. If not stated otherwise in the text, we use the
most accurate, narrower fit for HB, Hy, and [O III] lines for fur-
ther investigations, while we use broader spectral range fits for
Hé, [O II], [Ne III], and [Ne V].

The continuum fit was achieved with the power index of
—2.04930:992% and —1.966370.903%, where the amplitudes, Fs 4.
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are 1.7008:8{2g and 1.6218:8% x 107 ergs™ cm™2 A~ for M1
and M2 respectively. The theoretical template by Bruhweiler &
Verner (2008) in this broadest spectral range fit underestimates
the Fe II blends in 3550-3750 A and 4434-4684 A wavelength
ranges. Also, in the case of M2, this latter template overestimates
the region of 3800—-4050 A. These ranges are therefore not used
further except for [O II]-based relations. We give fitted values of
the W model for the emission lines of M1 and M2 in Tables 6
and 7, and the example of M2 fit is presented in Fig. 9.

In the M1 case, the fitted narrow Fe II template uses simu-
lation parameters, hydrogen number density, log (ny [cm™]) =
11.5, hydrogen ionizing photon flux, log (®(H) [cm2s7!]) =
20.5, and microturbulence, & =20 km s~! with FWHM = 1500 +
200kms~!. While the broad component log (ny [cm™3]) = 11,
log (®(H) [em2s7']) = 20 and & = 20kms™! is broadened to
FWHM = 2500 +200km . In the case of M2, the parameters
were log (ng [cm™3]) = 11 and log (®(H) [cm2s7!]) = 21, & =
20 km s~! with broadening of 1500 + 200 km s~!. For the broader
component, the template with log (ng [ecm™3]) = 11, log (O(H)
[em™2s7!]) = 20.5, and £ = 50km s~ was used with broaden-
ing of 2900 + 200 km s~!. As the iron blend fit was not accurate,
we do not interpret those parameters as physically meaningful.
However, the fit provides a rough idea of the Fe II contamina-
tion of the forbidden lines outside the model B fitting window,
namely [O II], [Ne III], [Ne V], and the Balmer H¢ line, and
enables qualitative inspection of the profiles.

In comparison to model B, model W results in a higher level
of continuum but with a similar power index. This resulted in a
lower amplitude of the Fe II emission, especially under the HS
line profile. As a consequence of a weaker iron fit, and the fact
that the theoretical template does not fully predict the feature
around 4916 A between Hgp and the [O III] complex, an addi-

tional component of He I 4921 A was fitted. Overall, HB com-
ponents became weaker and narrower in comparison with model
B. As the model W fits are much more accurate due to the strong
limitations of the Fe II fit, as is clearly visible in Fig. 9, we do
not refer to this model any further, except to discuss [O II], [Ne
III], [Ne V], and Balmer Hé.



K. Hryniewicz et al.: AGN ULIRG HE 0435-5304

Table 6. Line fluxes of the most prominent lines visible in the optical spectrum of M1 as fitted in the broad window covering most of the spectrum

(model W).
Line Wavelength  Shift FWHM Flux Wi
[A] [kms™!] [kms™!] (1077 ergs™ em™]  [A]

Fell — 44344684 —499.10703% 1500+200 415.4*37 13.6279%
Fell =~ 44344684 -998.63%0% 2500+200 925.74*32 30.22670.9%
HB 4861.3 -5.1%%3 15543, 20.2%12 0.755+0:941
Hp 4861.3 —321*4, 723.4+4830 1919, 7.12#035
HB 4861.3 502+5% 12742 217%59 8.14%90

4 29 21 E
HB 4861.3 —265+3 3009+2 104273} 38.8108
Hy 4340.4 -351*7, 6612 58.7+140 1.73+041
Hy 4340.4 652*119 127920 106*% 3.157970

4200 9 19 0.6
Hy 4340.4 —696* i 4121%% 446j25270 i 13.1t;_éO
Hy 43404 3393j412400 413 1té§ 206.9j?g : 6.27t8;(1)§
Ho 4101.73 -197+13 1851+58 146.8*13 3.8610%4
Hel 5875.6 213.178¢ 254343, 2435721 1341012

4. . . .06!
[OII]  5006.843  —85.8%3% 211.288  58.6%17 2.325+0:062
[OI]  5006.843  —41027}0 562+ 143.1746 5.66670.1%9
[om 37273 11.4%23 35447180 43.81%051 0.9488+0:-0130
[NeIl] 3869 ~617+2) 1150410 114.8+3 2.67+098
[Ne V] 3425 -1619*3 1874*8¢ 86.8"34 1.564%00%

Table 7. Line fluxes of the most prominent lines visible in the optical spectrum of M2 as fitted in the broad window covering most of the spectrum

(model W).

Line Wavelength  Shift FWHM Flux Wi
[A] [kms™!] [kms™!] (1077 ergs™ em™2] [A]

Fell — 4434-4684 —497.86'0% 1500200 469.9*31 163003
Fell 44344684 —-97173 2900720 814.75+0.16 28.226+0.040
HB 48613 _131+19 36747, 83.5'24 3.2959
HB 4861.3 —655+2 45319, 91+, 3.565%
HB 4861.3 281+32 1246+36  342%)] 13.5*09
HB 48613 2303 3450180 1194719 46901045
Hy 4340.4 ~357.7+130 681+7, 69.637 2.189%0452
Hy 4340.4 709+4 123279 91789 2,907
Hy 4340.4 3415%1, 4125+, 177.1472 5701033
Hy 4340.4 ~713.073% 41417799 576,198 18.068%0-100
Hs 4101.73 -134*18 133339 103.6*37 2.9170%
Hel 5875.6 197.1:240 254538 287.9+39 16.44510230
[O1]  5006.843  —-91.3+30 222+14 62.8+16 2.6270%
[OT]  5006.843  —428.57280 642+ 164.1733 6.83+014
[01] 37273 ~0.9+110 286.786 3590710 0.838+0.036
[Nelll] 3869 —457+2, 737477 46.5%13 11630083
[NeV] 3425 ~921+23 2616.6'83  230.01%9 4527002

4.3. Global parameters

Here we derive global parameters like SMBH mass, bolomet-
ric luminosity, Eddington ratio, and position on the quasar main
sequence (QMS) diagram using optical spectra. We rely mostly

on M1 as the best-quality spectra with which to derive those

parameters and use model B because it is closest to what is used
in the literature. While referring to the [O II] line fits we use
model W as it incorporates this line.
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Fig. 7. Fitted emission lines (from top lefr): H3 14861.3 A, Hy 14340.4 A, [0 1II] 15006.84 A from model B and H6 14101.73 A, [0 1] 13727.3 A,
[Ne III] 13869 A from model W. The M1 spectrum is plotted in blue, while the model is presented as a yellow line for the sum of all components
(Fe II and Gaussians) in the model. The sum of Gaussian components is shown in orange, and the separate Gaussian components are shown in
green, red, violet, and brown. The Fe I template is shown in gray. Hy 14340.4 A is contaminated by the [O III] line, which is potentially the
source of the most redshifted component (violet line in the upper right panel).

To characterize the sources within the AGNs population, we
use eigen vector 1 (EV1) parameters defined by Boroson & Green
(1992) and Sulentic et al. (2000). These contain the ratio of iron to
HpB W,, the FWHM of HB, and the [O III] W,. The ratio between
the emission strengths of Fe II and Hp is defined as
Rews = W, (Fell, 4434-4684 A) , @)

Wa(HB)
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where W,(Fell, 4434-4684 A) is the equivalent width of Fe II
integrated over 4434—4684 A wavelength range and W,(Hp) is
the equivalent width of the HB line broad component. Although
Boroson & Green (1992) and Sulentic et al. (2000) mention a
broad component of HB, these authors effectively account for
the total profile in type A sources defined as a single Lorentzian.

We obtained a total W,;(HB) of 59.55f8§; A, and for Fe I
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integrated over 4434-4684 A W, is 76.88 +0.48 A, giving Rpey
= 1.291070:997%, which is above the average.

Our Fe II fit consists of two components, one narrower and
one broader. The broad component is fitted with FWHM =
2250kms~' and a shift of 197.3kms™! with the template
by Boroson & Green (1992) in model B. In general, the pre-
ferred broadening is in good agreement with HB components if
we compare the narrower components, but for broader Fe II, the
value is in between intermediate and broad HB components in
M1, but consistent with the intermediate component width of
M2. The shifts are different, but as already noted in the litera-
ture, both outflow and inflow are present in the emitting region
(Czerny & Hryniewicz 2011) and generally Fe II emission can
be shifted with respect to prominent emission lines.

To compute H8 BC FWHM in line with the original EV1
parameter definition, we used model B continuum + Fe II and
refitted HB with a single Lorentzian profile. We obtained a value
of 2275f}g kms™! (24193411 kms~! for M2 and 2158.8?:2 for
SALT).

Using the virial black hole (BH) mass formula by

Vestergaard & Peterson (2006) we get 1. 17*8 1(3) %108 M, for the

derived Lg;op 3 = 1.515 = 0.065 X 104 ergs™! A" of the contin-
uum luminosity and FWHM(HB) = 2275*}3 kms™" for the broad
component of HB. We then estimate bolometric luminosity to be
Lot = 7.98 +£0.34 x 10% erg s7! using the Richards et al. (2006)
relation with Ls;, 5. From the above parameters, we compute
the Eddington ratio which is Lyoi/Lgaa = 0.54*)37. The uncer-
tainties on the BH mass value are adopted from the work of
Mejia-Restrepo et al. (2016) (0.2 dex). The log-normal distribu-
tion of masses was then used in computations of the Eddington
luminosity and ratio.

Using HB, [O II1I], and [O II] fits, we may estimate bolomet-
ric luminosity based on relations by Punsly & Zhang (2011). The
Hg line-luminosity-based bolometric luminosity value is equal
to 5.370%0052 x 10* ergs™' and thus Lye/Lgaa = 0.193%00%,.
The shape of the [O III] spectral profile agrees with the one
shown in Fig. 2 in the paper by Shen & Ho (2014) with log
5100 L, 4 = 44.9. From the relation with [O III] 15007 A, the
bolometric luminosity is 7.100 +0.038 x10% ergs™! and thus
the Eddington ratio is 0. 48*8 %g This latter is possibly under-
estimated because of overestimated Fe II, but is overalcl consis-
tent with the estimate from the continuum at 5100 A. While
incorporating the relation with [O II] and using model W we
get Lpyy = 9 x 10¥ergs™ and an Eddington ratio of 0.6,
which is higher. One caveat is the much more uncertain Fe II
fit in the [O II] spectral window of model W and a second
is the contribution from star formation, which is strong in this
source.

Given errors are purely fit errors derived from the solution
probability distribution corresponding to a one-sigma confidence
level. However, taking into account differences between spectra
and fits, the realistic uncertainty on the global parameters would
be an order of magnitude larger.

The Eddington ratio values are moderate. Many authors have
suggested that most of the continuum slope of a type 1 AGNs
deviates from the accretion disk model prediction (Shankar et al.
2016a), which is due to intrinsic reddening (Baron et al. 2016).
We performed additional checks to evaluate whether or not our
Ly, is affected by instrinsic redenning. Although HST spectra
do not show signs of distortion caused by intrinsic extinction,
we further test this possibility. To look for possible attenua-

tion, we investigated the He I A 5875.6 A emission line in the
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Table 8. Main physical properties of HE 0435-5304 based on CIGALE
SED fitting.

Parameter Estimated value
logLgust [Lo] 11.79+0.23
logLig torar [Lo] 12.14+ 0.11
logM g, [Mo] 10.12 £0.62
SFR (100 Myrs) [Moyr~']  48.90+12.78
SFR (10 Myrs) [Moyr™']  60.56 + 15.76
AGN frac 0.56 +0.06
AGN viewing angle [deg] 14.26 +10.48
1og(AGNyyo). lum 12.57+0.05
log(AGNgyst). lum 11.89 +0.06

Hg 8.24x107% +1.87 x 107"

Ou 433 %107 £1.19x 107"
0111495.9 1.08 x 1070 +2.41 x 107"
0111500.7 3.29 x 107" £7.33 x10 7"

search for possible Na I D absorption (as suggested e.g. by
Baron et al. 2016). Besides the sky residual features present over
the He I spectral profile there is no obvious absorption. If any
is present, it is very mild, suggesting very little if any intrin-
sic extinction affecting the AGN. Additionally, Ly, estimations
based on the continuum at 5100 A or [O III] are not expected to
be noticeably affected by mild extinction.

4.4. Host galaxy

The main physical properties of HE 0435-5304 based on the
CIGALE SED fitting procedure are listed in Table 8, while Fig. 4
shows the final fit of the SED. We find that HE 0435-5304 is an
ULIRG with total dust luminosity (L, ...) calculated as the sum
of the dust luminosity (Lgys) and the AGN luminosity emitted at
IR wavelengths (Lgus agn) equal to 1012142011 7

The galaxy is relatively massive (1010 12:052 Mg) and is
actively star forming at a rate of SFR = 4890 =+ 12.78
My yr~!, with a specific SFR (defined as SFR over M,) of
log SSFR = —8.44Myr~!. Based on Eq. (9) from Schreiber
et al. (2015) we calculate the SFRys, the average SFR of the
main sequence (MS) galaxies at the same redshift and the same
stellar mass as the HE 0435-5304. We find that the SFR of
HE 0435-5304 is more than seven times higher than the aver-
age SFR of MS galaxies (SFRZ:O_42’7JOg M,=10.12 = 6.533 Moyr‘l),
which implies that HE 0435-5304 is significantly more active
in star formation than the majority of star forming galaxies at
the same redshift, albeit not as active as for example starburst
galaxies.

The AGN contribution to the total dust luminosity for
HE 0435-5304 was estimated as a 56 + 6%. The viewing angle
of the AGN is found to be 14.26 + 10.48° which is consistent
with HE 0435-5304 being a type 1 AGN. In spite of the fact
that LIRGs and ULIRGs are known to be large dust reservoirs,
the AGN in this object does not appear to be significantly atten-
uated and dominates not only the optical but also the IR part of
the spectrum.

5. Discussion

Generally, HE 0435-5304 is a quasar with prominent lines of
moderate width. Its H3 FWHM is of the order of 2300 kms™!
which makes it a type A source on the QMS. Its very prominent
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Fig. 10. QMS diagram with the position of HE 0435-5304 according to
the fitted parameters overplotted. The blue shaded area shows the AGNs
population (based on the Shen et al. 2011, catalog), while orange, green,
and red points show the position of HE 0435-5304 as derived from M1,
M2, and SALT spectra, respectively. The points were computed assum-
ing a single Lorentzian component fit in HG and continuum + Fe II from
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type A (bottom) and type B (top), while the vertical dashed line divides
AGNs into normal (left) and extreme (right). The dotted horizontal line
divides population A into NLSyl (FWHM < 2000kms™") and sources
with broader lines.

Fe II emission makes it a member of the extreme population A
(xA). Population A is known to have narrower Lorentzian-like
lines with systematically higher accretion rates, while popula-
tion B is characterized by broader overall Gaussian-like HS line
profiles and lower accretion rates (Sulentic et al. 2000; Marziani
et al. 2018). Although the overall HB profile is only roughly
Lorentzian-like, excellent VLT spectra reveal asymmetries: blue
excess near the core, an intermediate red tail, and a far blue
tail. These asymmetries can be fully addressed by four Gaussian
components with shifts in the range —300-300 km s~!. When we
consider the [O III] 45007 A line strength and the Rpe; value, our
source is located in the type A region. The general appearance
of the line profiles with their asymmetry and luminosity is also
consistent with a Population A source (Shen & Ho 2014). When
we place our source on the EV1 plane parameters, FWHM(Hp),
Ryerr, and log W, ([O 1III]), all values are consistent with the pop-
ulation presented in Fig. 1 in the article by Shen & Ho (2014).
As noted by Shen & Ho (2014), Rg. correlates with the hot dust
luminosity at IR. HE 0435-5304 is IR-bright as it belongs to
the ULIRG group, and therefore its relatively strong iron emis-
sion is not surprising. It is worth noting that with an SMBH

mass of 1.17*079 x10® My, we get a relatively high Edding-

ton ratio of 0.54*03% which is consistent with the population
A sources as derived from the M1 B fit. However, considering
its Rrer1 , which is well above 1, HE 0435-5304 resides in the
extreme type A region (Marziani et al. 2018) on the QMS dia-
gram, as presented on Fig. 10 (similar to Zamfir et al. 2010).
The QMS is plotted in Fig. 10 based on the SDSS DR7 spec-
tral catalog by Shen et al. (2011). The CIGALE fit of the SED
gives us an estimated AGN luminosity of between 4.6 x 10* and
7.1 x 10 erg s~! with its strong IR emission which is consistent
with values obtained from the spectra. The result based on the

full IR-to-UV range is roughly consistent with the value inferred
from spectral fit alone (Lpo = 7.98 +0.34 x10% ergs™! from the
5100 A continuum luminosity or 5.370*098% x10% ergs™" from
the Hg line luminosity).

The M2 spectrum was taken on a night with over 80% higher
relative humidity in comparison to M1 and precipitable water
vapor present in the air. The effect of this manifests itself mostly
in similar windows to those of the SALT spectrum (see Fig. 2),
namely distortion blueward of Hy and redward of [O III] 5007 A
lines. The consequence is not surprising: poorer weather condi-
tions give higher true uncertainties. Fit parameters are influenced
as a result, although not as severely as in the SALT spectrum.
The resulting parameters have larger uncertainties in continuum
and Fe II components (probably over an order of magnitude
larger) than those given by the fit statistics itself. This may influ-
ence the emission line fits, although in the case of the M2 spec-
trum, we do not expect this to impact the conclusions presented
here. However, in the case of the SALT spectrum, in spite of
observational problems, the intrinsic physical effect may still
be significant. Over time, the broadest component increases in
width together with the decline in source luminosity, as we can
see in the photometric light curves. Also, we know that lower
luminosity means lower radiation pressure on the inner face of
broad line region (BLR), which results in it moving inward,
closer to the SMBH. Therefore, the intrinsic change to the HB
profile is possible, considering the difference in the observation
dates between M1 and M2 of 3 months, at least in the broad and
possibly in the intermediate components, but probably not in the
narrowest one.

Considering population A, we expect a lower variability
amplitude in comparison to objects with broader lines and lower
accretion rates. This is the case for HE 0435-5304. Figure 1
shows that the variability of the amplitude on a timescale of tens
of days is low. Instead, in the Catalina light curve, we see a rather
steady long-term decline over the years which seems to be sim-
ilar to for example the case of HE 0413-4031 (Zajacek et al.
2020). The level of the UV flux visible in the HST spectra from
2003 and 2010 is roughly similar (Fig. 3, left panel). Although
photometry in the FUV filter derived from HST data shows a
trend consistent with the overall decline over time with GALEX
FUV point in between.

HE 0435-5304 demands a two-component fit of the Fe II
blended emission with clearly visible narrow peaks. This is con-
sistent with the theoretical radial emissivities for Fe II, where
we expect prominent emission from both broad and intermediate
line regions (Adhikari et al. 2018). With broadening of the iron
emission at 900 and 2250 kms~! the fit is in full agreement with
the previous statement. The fact that intermediate components
of Fe II and HB have different FWHMs — specifically Fe II with
900km s~! is greater than hydrogen broadening of 722 kms~! —
is fully consistent with the results of Adhikari et al. (2018). The
ILR from which Hp is emitted consists of both an inward region
of possibly dust-free medium and an outward region placed
inside the dusty torus, as this Balmer line can be effectively pro-
duced in both of those. Therefore, the effective width seems to be
lower because of higher mean Keplerian orbit. At the same time,
Fe II is emitted exclusively inwards with respect to the face of
the dusty torus, because dust heavily suppresses iron emission
and the iron itself is depleted from the gas phase due to being
trapped in grains. This results in emission from lower orbits and
an effectively broader component. This may explain why the nar-
row component of Fe II is so weak in the M1 B fit (see also
He et al. 2021, for appearance and disappearence of Fe II on
the torus face). This simple kinematic interpretation holds as the
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Keplerian component is predominant because of BLR and ILR
coupling with the accretion disk (Czerny & Hryniewicz 2011,
and references therein).

A global trend in the light curve is visible on timescales
greater than 10 yr. We see a decades-long steady decline in lumi-
nosity in the FUV, NUYV, and optical bands with small-amplitude
variations over a much shorter timescale of months in the CRTS
light curve. This can be interpreted as a decrease in accretion
rate, which would make the disk luminosity gradually lower.
Lower ionizing flux would allow BLR to move inward (if it
was pushed out by strong radiation, as is the case in highly
accreting AGNSs; see e.g., Naddaf et al. 2021), which would
cause the broad component to increase its width and possibly
change its shift, which is consistent with our analysis. On longer
timescales, emitting regions from higher radii should react to the
change by a change in the intermediate components, with the
torus face shifting inward and suppressing narrower iron emis-
sion (compared to the radial emissivity study or variability anal-
ysis by Adhikari et al. 2018; He et al. 2021). Placing HE 0435 in
the evolutionary context of a merger stage towards ULIRG and
a quasar (Sanders et al. 1988) is therefore interesting, although
the timescale of the reported flux changes is very short in com-
parison to the merging episode of the hierarchical SMBH growth
model.

Parameters of HE 0435-5304 as fitted with CIGALE give
an interesting overview of the host. The derived stellar mass of
logMar [Mp] = 10.12£0.62 at a redshift of about 0.4 places
the source well inside the host regime of the AGNs (Yang
et al. 2018). Taking into account SMBH mass (logMgy [M]
= 8.3+0.2) in comparison to M., the source lies within the
typical population of AGNSs, such as those in the samples pre-
sented by Hiring & Rix (2004), Ding et al. (2020). However, as
presented in Fig. 11, in a similar way to Yang et al. (2018), HE
0435-5304 is above M.—Mpy relations for active galaxy pop-
ulations; it hosts a rather massive SMBH in comparison to its
stellar mass. This could possibly be explained by the fact that
it undergoes a merger, which is not a stationary phase of rapid
growth, while for example Yang et al. (2018) assumed an accre-
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tion mode in their study. We speculate that maybe SMBH mass
derivation is already affected by the new mass of a merging
SMBH binary, while the stellar mass has not yet settled down
to its final value. If we consider the SFR — M, relation of a pop-
ulation of AGNs in the corresponding redshift bin, at its stellar
mass our source shows a far higher rate of star formation than
average Type 1 AGN (log SFR = 0.5, Tomczak et al. 2016;
Speagle et al. 2014; Suh et al. 2019). However, the studied popu-
lations consist mostly of bright AGNs with broad lines and mod-
erate X-ray luminosities. Does HE 0435—-5304 therefore consti-
tute an uncommon example of active SF in an AGN? Apparently
not. The most striking examples are the “cold quasars”, which
are very bright and massive X-ray emitters categorized as unob-
scured sources but showing a very prominent cold dust signature
at 250 um, where SFR easily goes beyond 100 M, yr~!, and in
particular for log Ly, = 45.8 corresponding to log SFR > 3
(Stanley et al. 2017; Kirkpatrick et al. 2020).

In summary, HE 0435-5304 is an AGN and an ULIRG, and
its improved redshift is equal to 0.42788 +0.00027. The source is
most probably going through a merger phase with active star for-
mation. Its host mass is close to typical considering the error bar,
although the SMBH mass is higher than the average for the given
stellar mass. HE 0435-5304 hosts a SMBH in the moderate to
high accretion mode, its place on the QMS is in the extreme
type A population in light of its strong Fe II emission, and it
may depart from the border with the NLSy1 group within pop-
ulation A towards broader line sources. This may be interpreted
as the BLR rebuilding in response to the preceding long-term
drop in the UV-optical luminosity, possibly due to the decrease
in accretion rate. Decreases in radiation pressure and the ion-
ization parameter allow BLRs to move inward, which may also
be supported by the drop in the accretion rate of the disk itself
as the wind zone in the accretion disk atmosphere could move
inward as well. HE 0435-5304 may have some form of freshly
launched strong outflow at the inner radius of the BLR, which
is our interpretation to explain the prominently shifted broad-
est line components in the AGN spectra (as in the blue or very
broad component in studies of Marziani et al. 2018, and oth-
ers). However, the presence of this effect is made uncertain by
spectral distortion from atmospheric absorption influencing the
spectra. As an ULIRG, it may host a binary SMBH or a warped
or precessing accretion disk which modulates parameters of the
spectra over time. It would be interesting to follow up the source
and verify our claims with higher confidence in the future.
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