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ABSTRACT

Narrow-line Seyfert 1 (NLS1) galaxies are a class of active galactic nuclei (AGN) that, in some cases, can harbor powerful relativistic
jets. One of them, PKS 2004-447, shows y-ray emission, and underwent its first recorded multifrequency flare in 2019. However, past
studies revealed that in radio this source can be classified as a compact steep-spectrum source (CSS), suggesting that, unlike other
y-ray sources, the relativistic jets of PKS 2004-447 have a large inclination with respect to the line of sight. We present here a set
of spectroscopic observations of this object, aimed at carefully measuring its black hole mass and Eddington ratio, determining the
properties of its emission lines, and characterizing its long term variability. We find that the black hole mass is (1.5 + 0.2) x 107 Mo,
and the Eddington ratio is 0.08. Both values are within the typical range of NLS1s. The spectra also suggest that the 2019 flare was
caused mainly by the relativistic jet, while the accretion disk played a minor role during the event. In conclusion, we confirm that PKS
2004-447 is one of the rare examples of y-ray emitting CSS/NLS1s hybrid, and that these two classes of objects are likely connected

in the framework of AGN evolution.

Key words. Galaxies: active; Galaxies: jets; quasars: supermassive black holes;

1. Introduction

Since the launch of the Fermi Satellite, narrow-line Seyfert 1
galaxies (NLS1s) have been identified as the third class of ac-
tive galactic nuclei (AGN) that can harbor powerful beamed rel-
ativistic jets and produce y-ray emission beside the two well-
known classes of blazars, BL Lacertae objects (BL Lacs) and
flat-spectrum radio quasars (FSRQs, |Abdo et al.[2009alblic; [Fos-
chini et al[2010). NLS1s are characterized by a relatively low
full-width at half maximum (FWHM) of HB, which by definition
must be lower than 2000 km s~!, by a flux ratio [O III]/HB < 3,
and two bumps of Fe II multiplets, which indicate that these ob-
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jects are type 1 AGN with an unobscured view of their central
engine (Osterbrock & Pogge| 1985} |Goodrichl|[1989)).

The narrowness of the permitted lines observed in NLS1s is
typically interpreted as a sign of low rotational velocity around a
relatively low-mass black hole (10° — 108 M, Boller et al.[1996;
Peterson et al.|[2000; [Peterson|[2011}; |Cracco et al.|[2016; |Rakshit
et al.|2017|Chen et al[2018)). The black hole is accreting close to
or above the Eddington limit (Boroson & Green|1992; Sulentic
et al.|[2000), especially in the strongest Fe II emitters (Du et al.
2016). Non-jetted NLS1s are typically hosted by a spiral galaxy
with a pseudobulge (Crenshaw et al.[2003} |Deo et al.[2006}; |Or-
ban de Xivry et al.2011; [Mathur et al.|[2012)). This ensemble
of properties has led several authors to hypothesize that these
NLS1s may represent an early evolutionary stage in the life of
AGN, that will eventually grow into classical broad-line Seyfert
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1 galaxies (Grupe|2000; [Mathur 2000; [Sulentic et al.[[2000; |Ko-
mossa et al.|2006; Fraix-Burnet et al.|2017). Jetted NLS1s seem
to behave like their non-jetted counterparts. They are the low-
mass tail of the FSRQ distribution (Abdo et al.[[2009alc; [Fos-
chini et al.| 2015} Berton et al.|2016b), which in turn suggests
that they may be the progenitors of FSRQs (Berton et al.[2016c)).
NLS1s with misaligned relativistic jets may eventually evolve
to form the parent population of FSRQs, i.e. high-excitation ra-
dio galaxies (HERG, Berton et al.|[2016cl 2017; [Foschini|2017).
Several authors pointed out that a possible link between jetted
NLS1s and other classes of young radio galaxies (see |(O’Dea
& Saikial2021] for a review), such as compact steep-spectrum
sources (CSS) and gigahertz-peaked sources (GPS), may exist
(Oshlack et al.|[2001}; (Gallo et al.|[2006; [Komossa et al.|[2006;
Yuan et al.|2008} 'Wu[2009; |Caccianiga et al.|2014, 2017} [Schulz
et al.[2016;/Gu et al.|2015; Sulentic et al.[2015; [Liao & Guf2020;
Zhang et al.|2020;/0’Dea & Saikia|2021}Yao & Komossal2021)).
It is also worth noting that in the X-rays there is even evidence
that the corona in some non-jetted NLS1s exhibit jet-like prop-
erties like collimation and outflow. This behavior is remarkable,
as it could indicate potential jet-like behavior even among non-
jetted AGN (see|Gallo|2018, for a review).

NLS1s are located on the horizontal branch of the so-called
quasar main sequence (MS, Sulentic & Marziani|2015;[Marziani
et al.| 2018a). The MS is the locus on the plane defined by
the flux ratio between the Fe II multiplets and HB, known as
R4570, and the FWHM(Hp), where all type 1 AGN lie. This se-
quence was originally identified by means of principal compo-
nent analysis (Boroson & Green|[1992). The MS can be roughly
divided into two distinct populations of sources, called popula-
tion A and B. Population A forms a horizontal branch in the
MS, since its sources have different values of R4570 but they
all have FWHM<4000 km s~!. Population A can be binned into
four groups, from Al to A4, with values of R4570 increasing by
0.5 from group to group. Population B, instead, forms a vertical
branch, since all of them have R4570<0.5 but FWHM>4000 km
s~'(Sulentic et al.[2000). All NLS1s, because of their definition,
belong to population A.

The main driver of the MS may be a decreasing Eddington
ratio from population A to B (Boroson & Green|/1992). Some
authors even hypothesized that the MS could be an evolutionary
path for AGN (Fraix-Burnet et al.|[2017). However, also some
other factors seem to play a role in the MS, such as metallic-
ity and inclination with respect to the line of sight (Shen & Ho
2014; [Panda et al.|2019; Sniegowska et al.[2021). This last pa-
rameter can be particularly confusing, since in the presence of a
flattened broad-line region (BLR) observed pole-on, a low incli-
nation can produce narrow permitted lines even in the presence
of large black hole masses due to the lack of Doppler broaden-
ing (Decarli et al[2008)). Some authors suggested that this may
be the case for jetted NLS1s (e.g., |Calderone et al.|2013} [Baldi
et al.|[2016; D’ Ammando|[2019). However, recent observations
dedicated to the host galaxies of these objects showed that jet-
ted NLS1s are typically hosted in disk galaxies similarly to their
non-jetted counterparts, and confirmed that their black hole mass
is lower than that of FSRQs (Anton et al.[|2008}; |Orban de Xivry
et al.||2011; Mathur et al.[2012; [Ledn Tavares et al.|[2014; [Koti-
lainen et al.|2016;|Olguin-Iglesias et al.[2017; Jarveld et al.[2018;
Berton et al.|2019c; |Olguin-Iglesias et al.|2020; [Hamilton et al.
2020\, but seeD’ Ammando et al.|2017,[2018)).

The number of currently known y-ray emitting NLS1s is
rather limited, with approximately twenty sources classified to
date (e.g., [Romano et al.|2018} [Paliya2019; Jarvela et al.|[2020;
Rakshit et al.[[2021} see the review by [Komossa||2018)). Because
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of their relatively high redshift (all but 3 have z>0.2), y-NLS1s
are rather faint in optical bands, and very few studies have been
dedicated specifically to their optical spectra (e.g., [Komossal
et al||2018} [Kynoch et al.| 2018 2019} |Yao & Komossal2021).
Here we present new spectroscopic data for the southernmost
(to date) y-NLS1, PKS 2004-447. This NLS1 was identified as a
y-ray source soon after the launch of the Fermi Satellite (Abdo
et al.|2009c¢), and at the end of 2019 it underwent its first y-ray
flare ever recorded (Gokus|2019; |Gokus et al.|[2021]). The goal
of this work is to study its long-term behavior and the nature of
this flare by means of optical spectroscopy. We also accurately
measure some of its most important physical parameters such as
the black hole mass, the Eddington ratio, and the emission line
properties, and we determine its role in the family of y-ray emit-
ting NLS1s. In Sect. 2 we provide a brief review about the target
of this paper, in Sect. 3 we describe the process of data reduc-
tion, in Sect. 4 we analyze the profiles of the most prominent
emission lines, in Sect. 5 we determine its black hole mass, in
Sect. 6 we study its time variability, and finally in Sect. 7 we
provide a summary of our results. Although we are aware of the
tension in the value of the Hubble constant (Riess et al.|[2019),
which would require the use of Hy ~ 74 km s~! Mpc~! for the
sources in the nearby Universe, throughout this work we adopt
a standard ACDM cosmology, with a Hubble constant Hy = 70
km s™! Mpc’l, and Q = 0.73 (Komatsu et al.[2011) to allow an
easier comparison with previous works.

2. PKS 2004-447

The target of this study is the y-ray emitting NLS1 PKS 2004-
447 (R.A. 20h 07m 55s, Dec. -44d 34m 44s, z = 0.240). Like
most NLS1s, it is hosted in a spiral galaxy with a pseudobulge
(Kotilainen et al.[2016)). The source was noticed early on due to
its prominent radio emission, and it was originally included in
the Parkes Half-Jansky Flat-Spectrum Sample because of its flat
radio spectrunﬂ between 2.7 and 5.0 GHz (F>7 g, = 0.81 Jy, «,
=0.36, with F, oc v~ Drinkwater et al.[1997). However, this ra-
dio spectral measurement was carried out on non-simultaneous
data. Later observations revealed instead a steep spectral index
of @, = 0.67, suggestive of a radio classification as a CSS (Osh-
lack et al.[2001}; |Gallo et al.|2006). Such result was confirmed
more recently with new high-resolution observations in radio,
that additionally found a core-jet morphology, and a flattening in
the spectrum below 2 GHz (Schulz et al.|2016). This may be in-
terpreted as a turnover, which is a defining property of CSS and
GPS sources (O’Dea)[1998)). Also the linear projected jet size of
~2 kpc, derived from the turnover frequency, is consistent with
CSS sources (Schulz et al.|2016)). Its radio luminosity at 5 GHz
is ~ 3.8 x 10*? erg s71(7.4 x 10 W Hz"!, Schulz et al.|[2016),
which lies at the lower end of the CSS/GPS luminosity distribu-
tion (O’Deal[1998)), but within the typical range of jetted NLS1s
(Berton et al.[2018a)).

The history of its optical classification has been somewhat
troubled. The source was originally included in the NLS1 class
by [Oshlack et al.| (2001])), that estimated the black hole mass for
the first time as 5.4x10° M@ﬂ However, the spectrum they an-
alyzed was derived from [Drinkwater et al.| (1997), and it unfor-
tunately showed an issue in the y-axis of their Fig. 2, where the
flux was underestimated by a factor 200 with respect to the origi-

! Conventionally, a radio spectrum is defined as flat when a, < 0.5,
and steep when «, > 0.5.

2 Note that they used a different cosmology, with qy=0.5 and Hy = 100
km s~! Mpc'.
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Table 1. Observational details for spectra.

Obs. date Tel. Inst. Exp. time A/AA
1984-05-02  AAT RGO-FORS/250B ? 150
2015-10-17 VLT FORS2/Gris300V 4x150 440
2015-10-22 VLT FORS2/Gris300V 4x150 440
2015-11-09 VLT FORS2/Gris300V 4x150 440
2016-03-18 VLT FORS2/Gris300V 4x150 440
2016-03-29 VLT FORS2/Gris300V 4x150 440
2016-04-02 VLT FORS2/Gris300V 4x150 440
2019-04-16 CIT LDSS3/VPH-ALL 3x300 860
2019-10-31 NTT EFOSC2/Grism#5 3x400 435
2019-11-29 DuT  WFCCD/GrismB 4x1200 2350

Notes. Columns: (1) observation date; (2) Telescope. List of acronyms:
Anglo-Australian Telescope (AAT), Very Large Telescope (VLT), Clay
Telescope (CIT), New Technology Telescope (NTT), duPont Telescope
(DuT); (3) Instrument and dispersion element used for observations.
List of acronyms: Royal Greenwich Observatory spectrograph, Faint
Object Red Spectrograph (RGO-FORS), Focal Reducer/low disper-
sion Spectrograph 2 (FORS2), Low Dispersion Survey Spectrograph
3 (LDSS3), ESO Faint Object Spectrograph and Camera 2 (EFOSC2),
WFCCD (Wide-field CCD); (4) exposure time (in seconds); (5) spectral
resolution.

nal paper. This error propagated throughout their work and in the
subsequent literature based on it. The low signal-to-noise ratio of
the spectrum, furthermore, hampered a fully reliable classifica-
tion of the source as an NLS1. Indeed, due to its seemingly weak
Fe II emission, PKS 2004-447 was considered to be a possible
narrow-line radio galaxy (NLRG) or a Type 2 AGN (Zhou et al.
2003; Sulentic et al.[2003; [Komossa et al.|2006)), although (Gallo
et al.| (2006) noted that the presence of strong Fe II multiplets is
not always included in the definition of NLS1, and therefore pre-
ferred an NLS1 classification. More recently, a new estimate of
the black hole mass from optical spectroscopy is 7x10” M, (see
Foschini et al.[2015] arXiv:1409.3716v4, footnote 10), close to
the value 9x10” M,, derived from the K-band bulge luminosity
(Kotilainen et al.[2016). A significantly higher value, 6x108 M,
was instead derived using optical spectropolarimetry (Baldi et al.
2016).

PKS 2004-447 was eventually included in the NLSI1 class
due to its multiwavelength properties, which are similar to those
of other y-ray NLSIs. Its X-ray spectrum, in particular, is well
described by a single power law, likely due to the non-thermal
emission of the relativistic jet (Kreikenbohm et al.[2016). A soft
X-ray excess was detected in XMM-Newton observations (Gallo
et al.|2006; |[Foschini et al.|2009), although its presence is not
confirmed in all observations and is correlated to a high flux level
(Kreikenbohm et al.|[2016; |Gokus et al.|[2021)). It seems to be
the high-energy tail of the synchrotron emission (Foschini et al.
2009; [Foschini|2020). It is worth noting that, unlike what is seen
in other y-NLS1s (e.g., see PMN J0948+0022, Foschini|2012b),
PKS 2004-447 has a less prominent variability both in X-rays
and in radio (Schulz et al.[2016; [Kreikenbohm et al.[2016)).

3. Observations and data reduction

The calibrated spectrum observed with the Anglo-Australian
Telescope (AAT) on 1984-05-02 was extracted from the paper
by Drinkwater et al.| (1997). The spectra from the FOcal Re-
ducer and low dispersion Spectrograph 2 (FORS2) mounted on
the Very Large Telescope (VLT) were originally obtained to get a
reliable optical classification of the source, and study its optical
variability (program ESO/096.B-0256, PI. Kreikenbohm). The
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Fig. 1. Redshift-corrected optical spectrum of PKS 2004-447, observed
by FORS2. The most prominent emission lines are identified. The tel-
luric absorptions are marked with the @ symbol.

data from the Las Campanas Observatory (Clay and Dupont tele-
scopes) were collected to monitor the low state of the source and
its y-ray flare. Finally, the spectrum in the flaring state was ob-
served in the framework of a larger NLS1 study carried out with
the ESO Faint Object Spectrograph and Camera 2 (EFOSC2)
at the New Technology Telescope (NTT, program ESO/0104.B-
0587, P.I. Berton). The technical details of each spectrum are re-
ported in Table E} For all these new observations, we carried out
the standard data reduction with IRAF, with bias and flat-field
correction, and wavelength and flux calibration.

In all cases, we corrected the spectrum for Galactic absorp-
tion by using A(V)=0.091 (Schlafly & Finkbeiner(2011) and as-
suming a reddening law with R, = 3.1 (Cardelli et al.|/1989).
After this step we corrected the spectrum for redshift, z=0.240,
and subtracted the AGN continuum by fitting it with a power law.
We did not try to model the host galaxy contribution, because no
absorption lines from the host are visible in the spectra. Further-
more, at the relatively high redshift of PKS 2004-447 the host
contribution is expected to be negligible (Letawe et al.|2007)).

To account for the different observing facilities and condi-
tions among our spectra, we decided to use the total flux of the
[O III]A5007 line as a reference to rescale the spectra. Since this
line originates in the narrow-line region (NLR), which is sig-
nificantly larger than the BLR and much farther away from the
nucleus, its flux is expected to remain constant over several years
(Peterson et al.|2004). Since the VLT spectra are those with the
highest signal-to-noise ratio (S/N), we decided to use their me-
dian [O III] flux as a reference, excluding the noisiest spectra.
The first (2015-10-17) and the fifth observing nights (2016-03-
29), indeed, were likely affected by some passing clouds, so they
were not used. The reference flux we adopted is 4.84x1071° erg
s~'ecm™2, based on fitting the line profile with a double Gaussian.
The exact measurement procedures are described in Sect.[d.2]and
in Sect.

4. Line profiles

To carry out an analysis of the line profiles, it is crucial to have
a spectrum with a high S/N. Indeed, this parameter is crucial
to examine in detail the wings of profiles, and to obtain an ac-
curate decomposition (e.g., Jarveld et al.|2020). Therefore, we
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Fig. 2. Fit of the Fe II multiplets in the HB region. The original spec-
trum, redshift corrected and continuum subtracted, is represented by the
solid black line. The Fe II multiplets from Marziani et al.|(2009) are the
red dashed line. The spectrum was cut off for visual purposes.

combined together all the spectra obtained by the VLT, reaching
a S/N~90 in the continuum around 5100A. Although we may
lose some information on the variability in the continuum and
permitted lines over the six months of observations, this oper-
ation is necessary to ensure a good quality spectrum that can
be studied in detail. The combined spectrum is shown in Fig. [I]
All of the fitting procedures that follow have been performed
with our own Python code (Harris et al.|[2020). An analysis of
the variability will instead be carried out in Sect. [ In our line
profile analysis, we focused on the most prominent lines: HS,
[O 111]A24959,5007, the [S I1]A16716, 6731 doublet, and the
Ha+[N 11]A16548,6584 complex.

4.1. Fe Il multiplets

The HB+[O III] region of NLS1s, between 4000 and 55004, is
typically characterized by the presence of Fe II multiplets. These
lines lie very close to the other emission features, and they are
often blended with them. In particular, they can affect signif-
icantly the red wings of the [O III]A5007 line and of the HB
line. To reproduce the multiplets, we used the templates based
on photoionization models provided by [Marziani et al.| (2009),
adopting a FWHM for the Fe II of ~1500 km s~ (comparable
to that of HB broad, see Sect. @ and rescaling it to match the
observed spectrum. The best fit is shown in Fig. 2] The typical
errors produced by Fe II subtraction were already estimated by
Cracco et al.|(2016)), and they are of the order of 10% of the flux.
The template we used yields a flux of Fe II on the blue side of HB
of (3.1£0.3)x10™" erg s~'cm™2. This value will be later used to
calculate the R4570 parameter.

4.2. [0 ll] lines

After subtracting the Fe II multiplets, we modeled the [O
[I1]244959, 5007 lines. Usually these lines show two separate
components. The first one is a narrow core component, which is
associated with the gas of the NLR and typically has the same
redshift as the host galaxy. The second is a broad wing usu-
ally interpreted as a sign of outflowing gas. Therefore, the two
lines should be modeled with four Gaussian functions. To reduce
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Fig. 3. Fit of the [O III] lines after continuum and Fe II subtraction.
The spectrum is represented by the black solid line. The two Gaus-
sian components, represent the line core (orange dashed line) and wing
(green dashed line), respectively. The best fit is represented by the red
dot-dashed line, the residuals by the solid blue line, and the horizontal
dashed line represents the zero level of continuum. The restframe wave-
length of the two lines is indicated by the vertical dashed lines. Due to
the low spectral resolution, the core component is unresolved.

the number of free parameters, we introduced some constraints
on the 14959 line. The flux ratio between the components was
fixed to the theoretical value of 1/3 (Dimitrijevic¢ et al.[[2007),
the FWHM of the core and the wing were forced to be the same
in both lines, and the relative shift between the two components
was also fixed to be the same in both lines. The measurements
were performed by using a Monte Carlo method. We repeated
the fit one thousand times while adding every time to the line
profiles a different Gaussian noise proportional to the noise in
the continuum. The latter is also used to estimate the y2. We
finally used the median value for each parameter and its stan-
dard deviation. The result of the fit is shown in Fig. [3] where the
X2~ 6.7 is also reported. The total flux we obtained for the two
lines is 6.45x107"5 erg s~ cm™2, with one quarter of the flux in
the 44959 line and the rest in the 25007 line. The fit indicates
that the core component is unresolved. This result may not be
real, but only a product of the limited spectral resolution. There-
fore, no robust conclusion can be obtained on the [O III] line
components.

We also tried to reproduce the [O III] lines by modeling them
with a skewed Gaussian function. The function can be expressed
as

_ Ao (4= 29)? a (1= )
o el (N oy B

where Ay represents the central wavelength, o represents the
width of the skewed Gaussian, @ is the skewness parameter,
and Ap is a constant. Physically, this model seem to indicate
that the ionized gas producing the [O III] lines is distributed in
a bipolar outflow, with one of the outflows partially obscured
by an intervening medium (i.e., the central engine). We fixed
the parameters of the 14959 line as described for the previous
model. This new function provides a slightly worse representa-
tion of the line profile than the double Gaussian (y2> = 13.4,
Ax? = —6.7). However, it is worth noting that the skewness pa-
rameter is @ = —1.07 = 0.07, suggesting a slight asymmetry on
the blue side. This may indicate that the receding outflow could
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be partially obscured, as we would expect in a system observed
not too far from its symmetry axis as a type 1 AGN.

4.3. HB line

The modeling of HB, shown in Fig. ] was carried out after the
subtraction of the Fe II multiplets. At first we attempted simple
fits with a single Gaussian profile or a single Lorentzian profile.
The single Gaussian profile is the worst fit (y2>= 11.28), because
it cannot reproduce correctly neither the core nor the wings of
the line. A single Lorentzian provides a slight improvement (y2=
9.06), but it shows that the line profile is not perfectly symmetric,
since the Lorentzian function fits the red side of the line well, but
fails to reproduce the blue side and the peak.

Since neither function is good enough to fully reproduce the
whole profile, we first added to the Lorentzian function a single
Gaussian to represent the narrow component of HS (LG model).
Its flux was fixed at 1/10 of the total flux of the [O III]A5007 line,
that is 4.8x107"> erg s~'cm™2, since this ratio is often observed
in type 1 AGN (Véron-Cetty et al.|[2001). Its FWHM was in-
stead fixed to that of the [O I1]A3727 line (14.4A ~ 1158 km s},
936 km s~! when corrected for instrumental resolution), while
its central wavelength was left free to vary. We did not use the
FWHM of [O III] as reference because high-ionization lines are
significantly more perturbed than low-ionization lines such as
[O II] (Komossa et al.|2008)). The [O 1]A16300 line would also be
a good indicator but, as seen in Fig. [I] it is weaker than [O II]
and therefore less apt for this. Nevertheless, it is worth noting
that its FWHM~830 km s~! (corrected for instrumental resolu-
tion) is not very different from that of [O II]. The addition of the
narrow component leads to a significant statistical improvement
of the fit (y2= 5.34). However, the blue side of HS is still not
perfectly reproduced, and the same is true for the peak of the
line. We therefore tried to reproduce the line using three Gaus-
sians (3G model), two representing the broad component and
one the narrow component. The latter had the same characteris-
tics as before, while all the parameters of the two broad Gaus-
sians were left free to vary. Statistically this produces the best
fit for the line (y2= 0.5), since it can reproduce the asymme-
try of the profile by shifting the center of the very broad com-
ponent. It is worth noting that such shift is consistent with the
outflowing component that may be present in [O III]. Using this
model, we can derive the fundamental parameters of Hg, that
is FWHM(HgB) = 1617 + 8 km s7!, and total integrated flux F
=(3.17+0.01) x 1075 erg s7! cm™2.

Using the LG model, we find that the width of the HB broad
component is FWHM(HS,) = 1577 + 10 km s~', while the 3G
model provides a FWHM(HB,) = 1804 + 62 km s™', while the
second-order moment of the line, defined as

, [ @F@da [ [ /lF(/l)d/l)z o

7= [ F(da [ Fda

is o(HB,) = 1007 + 20 km s~'. The o of the LG model
cannot be estimated because the second-order moment of a
Lorentzian function is, by construction, infinite. The total flux
of the line broad component estimated by the LG model is
(2.76 £ 0.01) x 101> erg s~'cm =2, while the 3G model provides
(2.67 +£0.02) x 1071 erg s~'ecm™2. Using the mean of these two
values, we calculated R4570 = F (Fe II) / F (HB,,) = 1.14+0.14.
According to the classification by Marziani et al.| (2018b), PKS
2004-477 therefore belongs to population A3 of the quasar MS.

4.4. Ha region

We modeled the Ha profile by fixing it to the HB parameters.
Specifically, we fixed the flux ratio of the different components
in the LG and 3G model, the velocity shifts between the compo-
nents, and the velocity associated to the FWHM of each compo-
nent. This essentially leaves only one free parameter to be deter-
mined, that is the height of the narrow component. Finally, we
added two more Gaussians to reproduce the [N 11]116548,6584
lines, which are blended with Ha due to its width and to the
low resolution. Their FWHM is identical in both lines but free
to vary, their flux ratio was fixed to the theoretical value of 2.95,
and their positions were fixed to restframe. Therefore this leaves
two free parameters.

This lead to the results shown in Fig. [5] Both fits are not
perfect, because the HB profile used as reference seems to have a
more prominent red wing, which is not observed in He. Anyway,
the adoption of the double Gaussian instead of the Lorentzian to
reproduce the broad component leads to a very significant im-
provement in the y2, with A y?=25.55 (y2 values are reported in
Fig. [5). This seems to indicate that the double Gaussian is bet-
ter at reproducing the broad component of both He and HB. The
reason for the asymmetry observed in HB but not in Ha could
be some residual Fe II in the former that the template could not
account for, or a real physical difference due to a different kine-
matics of the emitting gas. Only better data will allow us to dis-
entangle between these two possibilities.

After fitting Ha, we estimated the internal reddening due to
the dust by studying the Balmer decrement. We calculated the
ratio R between the flux of the narrow component of Ha and
Hp, which is R ~ 4.86. Assuming a theoretical ratio of 2.86, and
following |Cardelli et al.| (1989)

A(V) = 7.21510g(£) , 3)

2.86

we found an internal extinction A(V) = 1.66 mag. This result
is in agreement with what was found by (Gallo et al. |2006),
who derived A(V) = 1.9 + 1.5 from the AAT spectru As they
already pointed out, this extinction is significantly higher than
what can be estimated from the X-ray spectra, which instead
show negligible absorption, as confirmed by more recent obser-
vations (Kreikenbohm et al.||[2016; [Berton et al.|[2019a; |(Gokus
et al.[2021). They also suggested that a possible explanation for
this is a very different gas/dust ratio than what is seen in the
Milky Way, and the jet may play a role in this by transferring
material from the nucleus into the NLR. However, given the sig-
nificant amount of uncertainty on the A(V) value, we decided
not to apply an additional correction for internal exctinction in
the calculations that will follow.

4.5. Electron density and temperature

To derive the physical parameters of the NLR, we reproduced
the [S II]A2 6716, 6731 doublet, in order to measure the electron
density. The lines are only partially resolved, therefore we fitted
them with two Gaussians with the same width as [O II] (in ve-
locity), with fluxes and positions free to vary. The flux ratio we
obtained is F(6716)/F(6731) ~ 1.03.

Furthermore, we measured the flux of the [O II1]14363 line,
that is detected blended with Hy in our spectrum. Given that both

3 Since this estimate involves a line ratio, the issue with the y-axis in
Oshlack et al.|(2001) is not important in this case, as it affects all lines
with a multiplicative factor.
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Fig. 4. Fit of the HB line with different functions. The original spectrum is the solid black line, the residuals of the model subtractions are the blue
solid line, the horizontal black dashed line represents the zero level of continuum, while the vertical dashed line represent the restframe wavelength
of HB. The values of x2 and degrees of freedom (d.o.f.) for each fit is shown in the top left corner of each figure. Top left: fit with a single Gaussian
function, represented by the red dot-dashed line. Top right: fit with a single Lorentzian function, indicated by the red dot-dashed line. Bottom left:
fit with a Lorentzian function, indicated by the green dashed line, and a narrow Gaussian function, represented by the orange dashed line. The best
fit is indicated by the red dot-dashed line. Bottom right: fit with three Gaussian functions, indicated by the green, purple, and orange dashed lines.
The narrow component is the orange function. The best fit is indicated by the red dot-dashed line.

lines are rather faint, we adopted a simple model to fit them,
using one Gaussian function for Hy and one for [O III]. This
yields a flux of 0.29x10~" erg s™' cm™2, and a ratio [F(4959) +
F(5007)]/F(4363)~23.0.

Using these ratios, we can provide an estimate of the elec-
tron density and temperature. We used the temden task of IRAF,
which is based on a 5-level atomic model described by De
Robertis et al.| (1987). The observed line ratios are reproduced
if the electron density is n, = 7.6 X 10> cm™, and the elec-
tron temperature is 7, = 3.1 x 10* K. While the density value
we derived is rather typical for AGN (Congiu et al.|2017b), it is
worth noting that, if some internal absorption is present as possi-
bly suggested in the previous section, the temperature value we
obtained should be treated as a lower limit.

5. Black hole mass

To estimate the black hole mass, we used different techniques.
All of them are based on the assumption that the gas orbiting the
black hole is virialized. In this case, the black hole mass can be
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calculated using the virial theorem,

2
Rprrv
G s

Mpy = f 4)
where Rpy is the radius of the BLR, v is the rotational velocity
of the gas, G is the gravitational constant, and finally f is the
so-called scaling factor. The weight of this factor is still largely
unknown, therefore we will for now fix f = 1, and later discuss
the results under different assumptions.

5.1. Dependence on line width and velocity

The two key parameters to determine are the radius of the BLR
and the rotational velocity. To obtain the former, we used two re-
lations calibrated in the literature. Both of them are based on the
assumption of photoionization equilibrium. The accretion disk
radiation is what causes the formation of BLR lines and pushes
away the clouds due to radiation pressure. If the ionizing con-
tinuum coming from the disk is strong, the BLR will have a
large radius. Indeed, there is a relation which seems to connect
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the BLR radius measured via reverberation mapping technique

and the luminosity of the continuum at 15100A. The coefficients
were estimated by [Bentz et al.|(2013),

AL(5 1002\))

R
log( lBéR) = (1.53 £ 0.03) + (0.53 £ 0.03) log (W
' erg s
(5)

where the BLR radius is expressed in light days. However, as
pointed out before, the ionizing continuum produced by the ac-
cretion disk is also responsible for the formation of the emission
lines. Therefore, the intensity of the lines is also proportional to
the accretion disk luminosity, and the BLR radius depends on the
luminosity. The relation between these quantities was derived by
Greene et al.| (2010),

L(Hp)

10%3erg s~!

BLR

lo (R
\1a

where L(Hp) is the integrated luminosity of the line. In principle,
this second method should be less contaminated by the jet contri-
bution, which is a non-negligible factor in the 45100 luminosity
(Berton et al.|[2015).

To derive the gas velocity, we used the HB line decomposi-
tion previously described. The best results were obtained when
the broad component was fitted by either two Gaussians or a
Lorentzian function. For both of the profiles, we adopted the
FWHM of the broad component as a proxy of the rotational ve-
locity of the gas. In the case of the double Gaussian, we also
estimated the second-order moment o of the broad component,
defined in[2] The use of o instead of FWHM provides generally
better results, especially in low-contrast lines, and it is less af-
fected by inclination effects and BLR geometry (Peterson et al.
2004; Peterson|201 1} |Peterson & Dalla Bonta|2018)). We did not
use this method for the Lorentzian profile because the o of a
Lorentzian function is, by definition, infinite.

In conclusion, we had six different combinations to use for
the calculation of this virial product, whose results are shown in
Table 2| The estimate of the errors on the mass was performed

)= (1.85+0.05)+(0.53+0.04) 10g( ) , (6)

in two ways. The first source of error is in the fitting procedure,
and we evaluated it using a Monte Carlo technique. We calcu-
lated the virial product one thousand times by varying the HB
profile adding a Gaussian noise proportional to the root mean
square measured in the 45100 continuum. This source of error
is relatively small, typically around 0.03 dex, likely because of
the high S/N of our spectrum. Another source of errors are the
uncertainties on equations [5 and [6] We estimated one thousand
times the BLR radius in both ways by applying to the coefficients
a Gaussian noise proportional to their errors, and used these dif-
ferent values in the final calculation. Finally, we applied the nor-
mal propagation of errors to the virial theorem of equation[d] We
calculated the weighted average of all the estimates obtained in
Table [2} and the resulting product is (6.0+0.4)x10° M. In con-
clusion, Table 2] shows that different methods can lead to statis-
tically significant differences in the black hole mass calculation.
Given the high S/N of the spectrum we used for the fitting pro-
cedure, the main source of error is not the fit itself, but instead
the propagation of the errors on all the uncertain quantities such
as the BLR radius.

5.2. Dependence on the f factor

To this point we neglected the scaling factor f which appears
in Equation ] which is another major source of uncertainty in
the black hole mass estimate. The scaling factor accounts for the
difference between the mass obtained with the product Rz zv?/G
and the actual black hole mass. This difference strongly depends
on the geometry and inclination of the BLR. If the BLR has a
flattened geometry, it is clear that when observed pole-on there
would be no velocity component parallel to the line of sight,
thus causing a severe underestimate of the gas rotational velocity
and, as a consequence, of the black hole mass (e.g.,|Decarli et al.
2008)). In case of a more sphere-like geometry this effect would
be less evident. Our knowledge of the structure of the BLR is
still relatively limited. While it is clear that Keplerian motion
of the clouds is present (Peterson & Wandel|[1999; |Gravity Col-
laboration et al.|[2018)), there may be some additional compo-
nents such as turbulent vertical motion, possibly originating in
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Table 2. Product Rv?/G calculated with different techniques.

Function Rpir Vyor log(sz/G)
3G L(5100) o(HB) 6.70+0.04+0.09
3G L(5100) FWHM(HB) 7.20+0.05+0.33
3G L(Hp) o(HB) 6.48+0.02+0.10
3G LHB) FWHM(HB) 7.00+£0.03+0.37
LG L(5100) FWHM@HB) 7.13+0.04+0.18
LG LHB) FWHM(HB) 6.93+0.01+0.21

Notes. Columns: (1) function used to reproduce the HS line. 3G stands
for three Gaussians (two for the broad component), and LG stands for
Lorentzian and Gaussian (the Lorentzian function represents the broad
component); (2) technique used to calculate the BLR radius, either
L(SIOOA) by means of equation |5 or L(HB) following equation@ 3)
proxy of the rotational velocity, either FWHM(Hp) or o-(HB) calculated
as in equation 2} (4) logarithm of the virial product, that is the black
hole mass assuming scaling factor f=1. The first error is due to the fit-
ting procedure, while the second is the statistical error.

a disk wind, that can significantly affect the value of f (Gaskell
2009; [Kollatschny & Zetzl|2013a). A perfectly thin BLR is in-
deed clearly unphysical. The BLR clouds must be illuminated
by the central engine ionizing photons. If the clouds were dis-
tributed on a thin disk, the outer clouds would not be reached
by the disk radiation (Collin et al.|[2006). Shen & Ho| (2014)
suggested that f is inversely proportional to the FWHM(Hg),
with larger values, up to ~100, corresponding to small FWHMs.
However, lower FWHM(Hp) typically correspond to different
line profiles, since type 1 AGN with narrow lines (e.g., NLS1s)
tend to show Lorentzian profiles instead of Gaussian ones (Su-
lentic et al.|2000; Marziani et al.|2001; [Komossal2008} [Cracco
et al.[[2016). Since Lorentzian profiles are possibly associated
with the presence of a significant vertical structure in the BLR
(Kollatschny & ZetzI[2011} 2013b), the effect of inclination may
not be so prominent in NLS1s and population A objects (Vietri
et al.[2018; |Berton et al.[[2020]).

Several estimates of the f factor, both f, and frwnam, €X-
ist in the literature, and they are mostly based on reverberation
mapping observations. Typical values can span between ~0.8-
5.0 (Mandal et al.|2021)). In the case of PKS 2004-447 this means
that its black hole mass, using the weighted average estimated
above, ranges between (4.8-30.0)x10° M,, within the typical
range of NLS1s (Peterson|2011). A weak dependence on the
FWHM(Hp), and also on the ratio between the FWHM of the
line and its dispersion, seem to be present. (Collin et al.| (2006)
calculated different values of f depending on how the rotational
velocity is estimated (FWHM, o), on the ratio between FWHM
and o, and on the FWHM(Hp) itself. In the case of PKS 2004-
447, we decided to use their values, that are f,, = 3.93 for o-
based measurements, and frwym = 2.12 for FWHM-based mea-
surements. By applying these values to the virial products calcu-
lated in Table[2] and taking the weighted average, we obtained a
mass value of (1.5+0.2)x10” My, In the following, we will use
this value for our calculations.

6. Time variability
6.1. Lines and continuum

Our goal is to study the long-term variability of PKS 2004-447
spectra. As previously mentioned, we accounted for the variabil-
ity induced by different observing conditions by rescaling our
spectra using the [O III]A5007 as a reference. The measurement
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Fig. 6. The variability measured in the continuum flux density and in
the Hp line flux. The blue circles represent the [O III]A5007 flux, which
was forced to be the same in all spectra. The black squares represent
the flux of HB, while the red circles in the bottom panel represent the
continuum flux.

of the [O III] flux density was carried out after redshift correc-
tion, continuum subtraction, and Fe II multiplets modeling and
subtraction. The exceptions to this are the spectra in which, be-
cause of the low S/N, we could not model the Fe II multiplets.
They are 1984-05-02,2015-10-17, 2016-03-29, and 2019-10-31.
All the spectra were rescaled to the value derived in Sect. [4.2]
that is 4.84x107!5 erg s™! cm™. The two parameters we mea-
sured are the continuum flux at 5100/0\, and the HS total flux.
The errors on the line fluxes were estimated as previously de-
scribed, while the uncertainty on the continuum at 1 o confi-
dence level is provided by the standard deviation of a spectral
region dominated by continuum emission with no (or very little)
contamination by strong emission lines between 5075 and 5125
A. The results are shown in Fig.

The most apparent result is the major flux increase that was
observed in the continuum on 2019-10-31, which is remark-
ably followed by the highest measured HS flux one month later
(2019-11-29). This is due to the flaring activity of PKS 2004-
447 measured in those days. The flare was detected in y-rays by
the Fermi Satellite on 2019-10-25 (Gokus|2019) and by AGILE
until 2019-10-27 (Verrecchia et al.|[2019), with enhanced activ-
ity measured at other frequencies as well (D’ Ammando et al.
2019; Berton et al.|2019b}; Blaufuss|2019). Even if PKS 2004-
447 has been included in the y-ray catalogs since its very first
detection soon after the launch of Fermi (Abdo et al. [2009c),
this was its first recorded major flare (Gokus|[2019). Indeed, our
long-term spectroscopy shows that the continuum flux has been
remarkably constant during the last forty years. The values we
measured at each epoch are reported in Table 3] Beside the flare,
the continuum has varied between minimum and maximum val-
ues (5.3+2.4) and (9.120.6)x107'7 erg s~'em™2 A~!, recorded
on 2016-03-29 and 2016-03-18, respectively. The HB flux is in-
stead more variable. A local maximum is seen in the 1984-05-02
spectrum. The HB flux seems to also be increased in the three
spectra following the maximum continuum value measured on
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linear fit.

2016-03-18. Furthermore, we investigated the presence of a cor-
relation between the continuum flux and the equivalent width
of HB (which we define as positive in emission lines). The re-
sult is shown in Fig.[/| A strong anticorrelation was found, with
Pearson coefficient of -0.81 and p-value of 0.008. This effect
is well known to depend on the jet activity (the higher the jet
flux, the lower the equivalent width), and has been observed in
other sources (Corbett et al.|[2000; Foschini|[2012a). In partic-
ular, it is interesting to compare what we observed with what
was seen during a flare of the the FSRQ 3C 345 in which the
emission lines reacted to a significant flux increase in the contin-
uum (Berton et al.[2018b)). In that case, the source was deviating
from the best-fit relation between the continuum flux and the
equivalent width, and that was interpreted as a sign of promi-
nent disk contribution to the typically jet-dominated continuum.
In this case, we do not observe any significant deviation during
the flare. Therefore, it seems like the jet emission is dominating
over the disk at all epochs.

The flux of HB may be responding to the continuum varia-
tion. The two spectra showing the maximum continuum flux and
Hp flux were observed 29 days apart. As reported in Table 4]
the BLR size is ~15.2 light days. Assuming that this distance
is akin to the light crossing time from the central engine to the
BLR clouds, it is reasonable to assume that the enhanced HB
flux we observe in the last spectrum is the echo of the enhanced
continuum produced in the nucleus during the flare. However,
while the continuum increased by a factor of ~4, the line flux
did so only by a factor of ~1.3. Due to the sparse sampling of
our observations, neither of these measurements probably reflect
the behavior of the source during the flare, but they can still pro-
vide some insights. |Cracco et al.| (2016)), in a large sample of
NLS1s, found that the continuum and HS luminosity are related
as L(HB) o AL(5100)'2%3_ If this relation applies to our source
as well, the ionizing continuum should have increased only by a
factor of 1.24 to account for the observed variation in HB, much
lower than what we actually observe. This may indicate that the
vast majority of the flux increase was due to an enhanced activ-
ity of the relativistic jet, while the accretion disk, which produces
most of the ionizing photons and later affects HB, played a signif-
icantly smaller, although non-negligible, role. This may reflect
what is seen in the X-ray spectrum of this source, which is dom-

Table 3. Spectral measurements at different epochs.

Date Feont Frp EQW
1984-05-02 6.70+051 3.94+0.15  70.1%7.0
2015-10-17  5.84+2.98 3.07+0.54  58.5+5.9
2015-10-22  5.68+0.87 3.14+0.14  69.8+7.0
2015-11-09  6.25+0.53  3.18+0.07  59.5+6.0
2016-03-18  9.14+0.57 3.92+0.13  47.8+4.8
2016-03-29  531+2.45 3.41+043 103.4+10.3
2016-04-02  7.16£0.51  3.85+0.08  69.7+7.0
2019-04-16  6.40+0.89 3.36+0.13  65.4+6.5
2019-10-31  29.85+2.92 3.59+0.53  20.0+2.0
2019-11-29  6.56+1.75 4.58+0.24  82.3+8.2

Notes. Columns: (1) Observation date; (2) continuum flux at 5 100A in
units of 10717 erg s'em™2 A~'; (3) HB integrated flux in units of 10~
erg s”'cm™2; (4) equivalent width of HB in A. We define it as positive
for emission lines.
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Fig. 8. Evolution of the Eddington ratio estimated by using the contin-
uum (red squares) and the HB line luminosity (black circles).

inated by a power-law component coming from the relativistic
jet, while the thermal Comptonization model coming from the
disk corona accounts for only 2% of the total flux (Gallo et al.
20006; [Kreikenbohm et al.|2016; Berton et al.[2019a)). It is worth
mentioning that |Gokus et al.| (2021) did not detect any compo-
nent associated with the accretion disk in their analysis of PKS
2004-447 X-ray spectrum observed after the flare, and this is in
good agreement with our conclusions. If the jet flux is strongly
enhanced, while the corona contribution does not change signif-
icantly, the latter will likely become too weak to be detected.
On the opposite, as the soft X-ray excess is associated to a high
X-ray flux, hence to high jet activity, it is likely to be the high-
energy tail of the synchrotron emission, as it happens for low-
frequency peaked BL Lac objects (Foschini et al.|2009; |[Foschini
2020).

6.2. Eddington ratio

The Eddington ratio is defined as

e Lol _ Lol
Lgqq 1.3 x 1038 MBH/M(D ’

(N
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that is the ratio between the bolometric luminosity Ly, and the
Eddington luminosity Lgqq. This parameter is often believed to
be the driver of the quasar MS. Sources with high Eddington
ratio show the most prominent Fe II multiplets and the narrow-
est HB, while low Eddington sources are characterized by large
FWHM(HpR) and little or no Fe II. In NLS1s, the Eddington
ratio is typically between 0.1 and 1 (Boroson & Green||1992;
Williams et al.||2002, 2004} (Grupe et al.[2010} Xu et al.[2012),
but even super-Eddington accretion can be observed in a hand-
ful of sources (Chen et al.|2018)). The bolometric luminosity is
usually roughly estimated by adopting a simple linear relation
that connects it to the continuum luminosity at 51004, Ly =
94AL,(5100 A) (Kaspi et al.|2000). However, in the light of what
was shown in Sect. [6.1] this approach can be misleading in jet-
ted sources, especially in those like PKS 2004-447 where the jet
component dominates the continuum emission. An alternative
way is using instead the emission lines luminosity as a proxy for
the disk luminosity. As shown in Equation [6] the HB luminosity
has a linear relation in the log-log plane with the BLR radius.
Assuming a photoionization regime, the latter directly depends
on the disk luminosity, as

_ Lisk
104 ergs=! ’

(Koratkar & Gaskelll|{1991}; |Ghisellini & Tavecchio|[2009). The
median disk luminosity we obtain from this relation is 2.0 x 10**
erg s~!. Under the reasonable hypothesis that the disk luminos-
ity is comparable to the bolometric luminosity without the jet
emission, we can use it to estimate the Eddington ratio.

The results of both techniques are shown in Fig.[8] On the y-
axis a logarithmic scale was adopted to enhance the visibility of
the variations. Regardless of the method we used, the Eddington
ratio lies within the typical range of NLS1s, with median values
0.29 and 0.09 for continuum- and Hp-based estimate, respec-
tively. While the continuum-based estimate varies from 0.22 on
2015-10-22 to 1.23 during the 2019 flare, the HB-based estimate
has a more limited range, going from 0.07 on 2015-10-17 t0 0.11
in the last spectrum. It is worth noting that the estimate based on
the HB luminosity allows us to measure the Eddington ratio as it
was 15.2 days ago, i.e. the BLR light crossing time, before the
observation date. Considering this, both estimates agree that the
Eddington ratio increased during the flare. This may suggest a
possible connection between the accretion disk and the jet, as
seen in other AGN flares (e.g.,|Grandi & Palumbo|[2004]).

Rpir
107 cm

®)

6.3. The 2019 flare

By using the lines and continuum luminosities of Fig. [I] we
tried to derive the scales involved in the inner structure of PKS
2004-447. The results are reported in Table 4] The BLR radius
was derived using Equation[6] and the disk luminosity following
Equation [§] For the dust sublimation radius and the outer radius
of the torus we used the scaling relations between these quan-
tities and the disk luminosity (Elitzur[2008)), while to estimate
the maximum extension of the NLR we used its correlation with
the [O III] luminosity (Fischer et al.|2018)). All the values we
found are comparable to those derived in the other y-ray emit-
ting NLS1 1H 0323+342 (Foschini et al.|2019), suggesting that
their inner structure is rather similar.

These values can provide us an idea of the region where the
vy-ray photons were produced during the 2019 flare. It is known
that the minimum Doppler factor needed to account for a source
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Table 4. Physical parameters of PKS 2004-447 derived from the spec-
trum of Fig.[T]

Parameter Value

Mgy 1.5 % 107 Mg
Iy 2.2 %102 cm
€(Ls100) 0.27
e(HB) 0.08

Lisk 1.6 x 10* erg s7!
Rgpir 15.21d.
Ry 0.2 pc

Rout 4.7 pc
RNLR 2450 pc

Notes. Columns: (1) Parameter measured. (2) Estimate and measure
units of each parameters.

variability is
r(l +z)

0> s
CcT

€))

where r is the radius of the emitting region, and 7 the observed
time scale. Using the 6-hour binned y-ray light curve derived by
Gokus et al| (2021)), the variability between adjacent points in-
dicated that the doubling time is of the order of ~ 2 — 4 hours,
consistent with the values observed at hard X-rays by |Berton
et al|(2019a). If we assume that the jet structure is self-similar,
and that its semi-opening angle is 0.1 radians, the size of the
emitting region depends on the distance of the dissipation region
from the central source. Therefore, if the production of y-rays
is located relatively close to the jet base at ~ 103rg (Ghisellini
et al.[2010), the minimum Doppler factor is 6 > 0.6 — 1.3, which
is a rather weak constraint that can be achieved also with a large
viewing angle (Schulz et al.|2016| estimated § < 50°). This is
consistent with what is typically observed high-energy emitting
radio galaxies (e.g. NGC 6251, 68 < 47°, 6 ~ 3.2, or Cen A,
6 < 80°, 6 ~ 1.2, see|Chiaberge et al.[2001} 2003} |Foschini et al.
2005). Furthermore, the y-ray spectrum they measured is rather
steep. If the production of y-rays had occurred close to the black
hole, we would indeed expect to see a rather steep spectrum,
because of absorption of the most energetic photons due to the
BLR gas (e.g.,[Romano et al.|2020). |Gokus et al.|(2021) argued
that the dissipation region is instead close to the molecular torus,
but to calculate its radius they assumed a disk luminosity which
is one order of magnitude lower than what we derived from Hp.
Using our estimate for the torus inner radius, that is the dust
sublimation radius and is based on the observed disk luminosity,
the minimum Doppler factor required would be § > 177 — 354,
which are clearly unrealistic. Therefore, we believe that a dissi-
pation region closer to the central source is, in this case, more
likely.

7. Discussion
7.1. Optical classification

Our new, high-quality spectral data can finally confirm with cer-
tainty the classification of PKS 2004-447 as an NLSI, as its
spectrum respects all the fundamental criteria. As calculated in
FWHM(HSB) = 1617 km s~!, lower than the 2000 km s™!
threshold. The ratio R5007 = F([O II])/F(HB) = 1.53, also com-
plies with the R5007<3 limit. Finally, Fe II multiplets are defi-
nitely present and rather strong. Specifically, the value of R4570
= 1.14 £ 0.14 we found is above the median value of 0.49 found
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for NLS1s (Cracco et al.|[2016)), but well in agreement with what
is often observed in these objects and, in general, in population
A sources. We remark here that the 2000 km s~! threshold is
an artificially imposed value that does not reflect any physical
difference between sources above and below it. As long as they
can be classified as type 1 AGN, all sources within population
A roughly share the same physical properties (Marziani et al.
2018a).

The HB profile of PKS 2004-447, when reproduced with a
single function, is better described by a Lorentzian profile. How-
ever, the best fit is obtained with three Gaussian functions, one
representing the narrow component, and two reproducing the
broad component. This result supports the view that the BLR is
not homogeneous, but rather stratified depending on its chemical
composition (Peterson & Wandel|[1999; |[Kovacevic et al.|2010).
This double Gaussian approach to model the BLR can also re-
produce the He profile better than a Lorentzian profile, possibly
indicating that the structure of the region where the Balmer lines
are produced is similar. As we already pointed out, H3 may have
a slight redward asymmetry that is not seen in He, but only bet-
ter data will allow us to determine whether this difference is real
or just a residual left after the Fe II multiplets subtraction.

Another noteworthy fact that can be derived from the optical
spectrum is the remarkable width of the forbidden lines. All of
them have FWHM of the order of 900 km s~! after correcting for
instrumental resolution, which is significantly broader than what
is typically seen in AGN (Peterson|1997). Assuming that, as hy-
pothesized by [Nelson & Whittle| (1996)), there is a correlation
between the forbidden lines width and the stellar velocity disper-
sion o, we can derive o, ~330 km s!, using its scaling relation
with the FWHM([O II]) derived by (Greene & Ho|(2005)). Such a
value would be high even for a large elliptical galaxy (Forbes &
Ponman|1999)), but the host galaxy of PKS 2004-447 is a spiral
galaxy with pseudobulge (Kotilainen et al.|2016)). This suggests
that, at least in our source, the forbidden lines width does not
obviously correlate with the stellar velocity dispersion. A possi-
ble alternative origin for the observed large width may instead
be interaction through shocks between the NLR gas and the rel-
ativistic jet. Shocks can indeed produce turbulent motion in the
gas, which in turn causes the lines to become broader (e.g., Whit-
tle| 1985; [Nesvadba et al.|2008}; Morganti|2017)). The presence of
jet/NLR interaction may also explain the rather high temperature
we have derived in Sect. 4.5 which is above the typical value
observed in AGN (Osterbrock & Ferland|[2006). Further inves-
tigation, especially by means of integral-field spectroscopy, can
clarify this aspect.

7.2. High mass or low mass?

We have verified that the black hole mass of PKS 2004-447 de-
rived from the optical spectrum is well within the typical range
of NLS1s (Peterson|[2011)). However, it is interesting to com-
pare our value with other results in the literature. In particular,
we tried to verify how the f factor changes if we use mass in-
dicators which are independent of the inclination. For instance,
Kotilainen et al.|(2016) used the bulge infrared magnitude to es-
timate a black hole mass of 9x107 M, higher than the value we
derived. If we assume that this host-based value is the correct
one, and using the weighted average of all our o- and FWHM-
based measurements, we get f, = 24.7 and frwam = 8.5. Both
these values are higher than the average correction needed for
type 1 AGN, and possibly suggest that inclination and BLR ge-
ometry do play a significant role in this source.

Another value that can be found in the literature is derived
from spectropolarimetric observations of PKS 2004-447 (Baldi
et al.[2016). These observations are based on the concept that
spectropolarimetry can offer a periscopic view of the nucleus,
that in this case should be seen edge-on in polarized light. The
mass they obtained is much higher than both our estimate and
that derived from the host galaxy, 6x10% M. In this case, the
scaling factors should be f, = 165.0 and frwpm = 56.7, which
are both extremely high. It is however worth noting that similar
observations of other sources revealed that PKS 2004-447 seems
to be a unique case among type 1 AGN (Capetti et al.[[2021).
Indeed, even among their sources, PKS 2004-447 is the only one
which would require an unrealistically high value for the scaling
factor. This could possibly indicate that the polarization results
obtained for PKS 2004-447 are not fully reliable, likely because
of the insufficient statistics. More observing time is required to
strengthen or to reject these hypotheses.

In fact, there are multiple powerful physics-based arguments
against such high mass values in the class of jetted NLS1s. First,
as argued by Komossa et al.| (2006)), if NLS1s as a class had the
highest inclination correction factors and therefore much higher
black hole masses, than they should show a much higher frac-
tion of beamed systems than comparison samples of broad-line
Seyfert 1s (BLS1s). However, the opposite is the case: beaming
and radio loudness is systematically less frequent in NLS1s as a
class, than in BLS1s. A second argument was given by |[Foschini
(2017). According to the theory of the blazar sequence (Fossati
et al.|1998;;|Ghisellini et al.|1998; |Ghisellini|2016), both classical
blazar classes FSRQs and BL Lacs have a double-humped spec-
tral energy distribution (SED). The first hump originates from
synchrotron radiation, while the second one from inverse Comp-
ton. Essentially, the blazar sequence can be interpreted in terms
of electron cooling and nuclear environments. FSRQs have a
photon- and gas-rich environment, and the electron cooling pro-
cess occurs efficiently via inverse Compton, in particular exter-
nal Compton, where the seed photons come from the accretion
disk, the torus, or the ISM. BL Lacs instead are the opposite.
Their environment is photon-starved, and the only cooling mech-
anism is synchrotron self-Compton. The SED of y-NLS1s has a
very similar shape to that of FSRQs, but the total emitted power
is much lower (cf Fig. 1 in [Foschini et al./[2010). This is the
case also for PKS 2004-447 (see Paliya et al.[2013] their Fig. 5,
left panel). This is in agreement with the findings of [Foschini
et al.| (2015), who calculated the jet power of NLS1s, FSRQs,
and BL Lacs. They found that jetted NLS1s have systematically
lower jet power than FSRQs, but comparable to BL Lacs. This
can be interpreted in terms of mass difference since, as predicted
theoretically by [Heinz & Sunyaev| (2003), the jet power scales
non linearly with the black hole mass. The physics behind jetted
NLS1s and FSRQs is exactly the same, hence the similar SED,
but NLS1s are scaled-down versions of FSRQs because of their
lower black hole mass. This result is confirmed by the observa-
tions of their radio luminosity function, that clearly showed how
jetted NLS1s are the low-luminosity tail of FSRQs (Berton et al.
2016a). Vice versa, in BL Lacs the mass is similar to FSRQs,
but the cooling mechanism is different because of the different
environment, and this translates into the lower jet power and the
different SED. It is worth noting that, if NLS1s had high-mass
black holes, they would have a low jet power in a high-density
environment. This would indicate that the relativistic electrons
of their jets are not cooling despite the photon-rich environment,
and this is clearly unphysical (Foschini|[2017). Therefore, the
only reasonable explanation for the different jet power in FS-
RQs and NLS1s is the black hole mass, and NLS1s do not fit in

Article number, page 11 of 14



A&A proofs: manuscript no. pks

the classical blazar sequence because their behavior is not regu-
lated only by electron cooling. The blazar sequence is missing an
ingredient, that is the black hole mass or, if NLS1s are the pro-
genitors of FSRQs, the evolution of AGN (Berton et al.|2017).

7.3. A rare y-ray NLS1/CSS hybrid

We confirmed that the optical spectrum of PKS 2004-447 is def-
initely that of a rather typical NLS1s. The spectral energy distri-
bution of PKS 2004-447, along with its y-ray emission, confirm
its blazar-like nature (Foschini et al.|[2009; |Abdo et al.|[2009c}
Paliya et al.[2013). Also the one-sided morphology of the rel-
ativistic jets and the high brightness temperature show that rel-
ativistic beaming in this source is not negligible (Schulz et al.
2016). Its radio properties, however, clearly indicate the source
is also a CSS of relatively low luminosity, with a turn over below
1 GHz (Schulz et al|2016)). This result is not new as, historically,
PKS 2004-447 was the first source identified as a potential link
between NLS1s and CSS (Oshlack et al.|[2001; |Gallo et al.[2006)).
The detection of y-ray emission from a CSS is instead quite rare,
as only five objects with this classification have been included in
the 4FGL catalog, along with six more classified as young radio
galaxies (Abdollahi et al.|[2020).

In the case of PKS 2004-447, possible emission from a
counter-jet has been found in VLBA observations at 1.5 GHz
(Schulz et al.[2016). If this is the case, the jet of PKS 2004-447
may have a non-negligible inclination with respect to the line
of sight (6 < 50°). The minimum Doppler factor we have es-
timated from the observed variability at X- and y rays (Berton
et al.|2019b; |Gokus et al.[2021) (see Sect. @, requires that the
dissipation occurs close to the black hole. This is also consis-
tent with what is observed in some y-ray emitting radio galaxies
(Foschini et al .|[2005)).

An alternative option is that the source of y-ray emission is
not located close to the black hole, but farther away from it. In
their VLBA map at 1.5 GHz, |Schulz et al.|(2016) found signs of
coherent emission coming from a hotspot ~45 mas away from
the nucleus (projected size ~170 pc), which corresponds to a
change in the jet position angle. This potentially indicates ongo-
ing interaction between the relativistic jet plasma and the ISM.
However, according to the jet model by Blandford & Konigl
(1979), to have a dominant contribution from curvature, ultra-
relativistic speed and small viewing angle are required. This is
not verified in the present case, as clearly shown by radio maps.

Another interesting possibility is that the inclination of the
relativistic jet in the core is different from that at larger scales.
If the jet axis has changed its position with time, it is possible
that in the past it had a large inclination with the line of sight,
while nowadays it is closely aligned with it. An episode of jet
realignment from radio galaxy to blazar has already been ob-
served directly (Hernandez-Garcia et al.|[2017)), and precession
of the jet axis was also invoked to explain the properties of the
jetted NLS1 Mrk 783 (Congiu et al.[2017al |2020).

PKS 2004-447 is not the only example of CSS/NLS1 with
y-ray emission, as the strong radio source 3C 286 can also be
classified as an NLS1 (Berton et al.|[2017} Liao & Gu[2020; |Yao
& Komossal2021)), and it is included in the Fermi catalog (Ab-
dollahi et al.[2020). For 3C 286, radio observations were able to
obtain a rather high inclination value of ~ 48°, and alternative
mechanisms to produce its y-ray emission such as jet/ISM inter-
action have been suggested (An et al.[2017). However, a num-
ber of jetted NLS1s do actually show a compact morphology
at kpc-scale and a steep radio spectrum (Berton et al.||[2018a).
Most of them, however, show lower luminosities when com-
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pared to typical CSS, and they mostly belong to the class of low-
luminosity compact sources (Kunert-Bajraszewska et al.[[2010).
Given all these similarities between NLS1s and CSS, it has been
suggested that some CSS, especially those of relatively low lu-
minosity and with high-excitation emission lines, may represent
the parent population of y-ray NLS1s (Berton et al.|[2016a)). In
other words, some of them may be the exact same kind of source
seen at different angles. This tentative unification has not been
fully confirmed yet, but the existence of hybrid sources as PKS
2004-447 may be an indication that this idea is at least in part
correct (see also Sec. 7.1.3 of |O’Dea & Saikial2021)).

It is also worth noting that at least a fraction of luminous
CSS are also characterised by moderate to high Eddington ra-
tios typical of Population A sources (Wul[2009). For instance,
the high R4570 and other properties of 3C 57 suggest that this
luminous CSS source is optically young (or more likely reju-
venated) in addition to being radio young, as CSS have been
suggested to be (e.g., |[Fanti et al|2011). Considering that lumi-
nous CSS have relatively large mass black holes, it seems at least
conceivable that they include already massive black holes and be
rather evolved sources, rejuvenated by a new accretion episode
yielding a moderate-to-high Eddington ratio. Conversely, low-
luminosity CSS may be their younger counterparts at their first
accretion episodes, and could be directly linked to NLST1s.

8. Summary

In this paper we analyzed a set of optical spectra of the y-ray
emitting source PKS 2004-447. Thanks to our new data, we can
confirm its classification as NLS1 galaxy, belonging to popula-
tion A3 of the quasar main sequence. From a detailed spectral
analysis, we found that the source probably has some absorption
along the line of sight, although this result is not consistent with
past X-ray observations. The temperature and density values we
derived, along with the width of the narrow lines, may suggest
that some interaction between the NLR gas and the relativistic
jet is present. The black hole mass we derived from the optical
spectrum using the HB line is (1.5 + 0.2) x 107 My, Despite the
uncertainties related to this estimate, several arguments allow us
to rule out that PKS 2004-447, and NLS1s in general, are pow-
ered by black holes with very large mass.

The long-term variability of the spectra indicates that the
source continuum emission is rather stable, with the notewor-
thy exception of the flare, seen also in y- and X-rays, of October
2019. We do not know how and if the H line has been respond-
ing to the flare, since the reverberation time is shorter than the
gap between our observations, but we can speculate that most of
the continuum variation is produced by the relativistic jet and not
by the accretion disk. The Eddington ratio is within the typical
range of NLS1s (0.09-0.29, depending on how it is measured),
and we found a significant increase during the 2019 flare.

We finally discussed the role of PKS 2004-447 in the uni-
fication between NLS1s and CSS. The radio properties of our
source clearly suggest that it belongs to both classes, and that its
relativistic jet may have a relatively high inclination with respect
to the line of sight, given the possible detection of its counter-
jet in past radio observations. PKS 2004-447 is then the second
hybrid CSS/NLS1 with y-ray emission, after 3C 286. Continu-
ous multiwavelength monitoring of this object, particularly by
means of optical spectroscopy, may help us to finally solve the
puzzle of NLS1s and find their link with CSS and other young
radio galaxies.
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