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ABSTRACT

The term ‘active galactic nuclei’ (AGN) is applied to a huge variety of objects, classified on the basis of their properties at different
wavelengths. Peaked sources (PSs) represent a class of AGN at the first stage of evolution, characterised by a peaked radio spectrum.
Among these radio sources, low-luminosity compact (LLC) sources can be identified as PSs accreting with a high Eddington rate,
harbouring low-power jets, and hosting low-mass black holes. These properties are also shared by narrow-line Seyfert 1 galaxies
(NLS1s). In 2016, LLCs were hypothesised to be the parent population of NLS1s with a flat radio spectrum (F-NLS1s), suggesting
that the former may be the same objects as the latter but, instead, seen at a higher inclination. Based on radio luminosity functions
and optical spectra analysis, ten LLCs were identified as valid F-NLS1s candidates. To account for the missing piece to the puzzle
and verifying whether these LLCs could be hosted in late-type galaxies as NLS1s, we performed a photometric decomposition of
their Pan-STARRSI1 images in all five filters. We used the 2D fitting algorithm GALFIT for the single-band analysis and its extension
GALFITM for the multi-band analysis. Considering that the morphological type and the structural parameters of the host may be
dependent on the wavelength, we found six out of ten LLCs hosted in late-type galaxies, probably with pseudo-bulges, along with
three point-like sources and one object of an uncertain classification. Although this study is based on a small sample, it represents
the first morphological analysis of LLC host galaxies. These results confirm the trend observed in NLS1s, indicating late-type and

disc-like host galaxies for LLCs and supporting the validity of the parent population scenario.
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1. Introduction

Among jetted active galactic nuclei (AGN), peaked sources
(PSs) are compact and powerful radio sources, often consid-
ered to be at an early stage of radio galaxy (RG) evolution
(O’Dea 1998); namely, sources that will eventually grow into
the giant RGs that are often labelled as Fanaroff—Riley (FR) I/IL
(Fanaroff & Riley 1974). PSs are typically characterised by a
convex radio spectrum, whose peak position anticorrelates with
their linear size (O’Dea & Baum 1997) that is, by definition,
smaller than 15kpc (O’Dea 1998). This means that their rela-
tivistic jets are usually confined within their host galaxy and may
often interact with the interstellar medium (Orienti 2016). The
peaked spectrum is a byproduct of the small jet size, either due
to synchrotron self-absorption or free-free absorption. However,
above the peak, the jet emission is optically thin and the spectral
slope is that of a typical synchrotron radiation.

* Corresponding author; amelia.vietri@phd.unipd.it
** Dodge Family Prize Fellow in The University of Oklahoma.

The label PS, however, is a broad umbrella that covers a
variety of different objects. Some of them may not be gen-
uinely young, since PSs can include also frustrated sources or
AGN with intermittent jet activity (O’Dea & Saikia 2021). Fur-
thermore, different classifications exist for PSs, depending on
the position of the peak in the radio spectrum. Compact steep-
spectrum (CSS) sources peak in the MHz range, gigahertz-
peaked sources (GPSs) in the GHz range, while high-frequency
peakers above ~5GHz. Among all the subclass of PSs, low-
luminosity compact (LLC) sources, characterised by a lumi-
nosity L < 10 WHz™! at 1.4 GHz (Kunert-Bajraszewska et al.
2010), are one of the most interesting. As for other RGs, LLCs
can be divided into high-excitation (HE) and low-excitation (LE)
sources, based on the ionisation degree measured in the optical
spectrum (Kunert-Bajraszewska & Labiano 2010). Many LLCs
may be short-lived objects that will evolve into RGs only after
several activity episodes (Kunert-Bajraszewska et al. 2010), of
about 10°—10* yr, separated by periods of 10*~10° yr when the
jet is switched off (Czerny et al. 2009). On the other hand, recent
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findings also indicate that some compact sources keep their small
size during their whole life cycle and do not evolve into larger
jetted objects (Readhead et al. 2024; Kiehlmann et al. 2024).

An explanation for the low luminosity of LLCs could
be their black hole mass. Indeed, it is known that the jet
power scales non-linearly with the mass of the central engine
(Heinz & Sunyaev 2003) and, according to recent studies, also
with the magnetic flux via a relation that is yet to be explored
(Chamani et al. 2021). Nevertheless, the jet formation mecha-
nism can be the same in all astrophysical sources, with black
hole mass and spin as the main driving parameters (Foschini
2014). From this point of view, LLCs' have something in
common with the other class of AGN known as narrow-line
Seyfert 1 galaxies (NLS1s). NLS1s are characterised by a small
full-width at half maximum (FWHM) of their permitted lines
(FWHM <2000 km s~! by definition, Osterbrock & Pogge 1985;
Goodrich 1989). The physical interpretation for this observa-
tional property is that the low FWHM corresponds to a low rota-
tional velocity of the broad-line region (BLR) gas surrounding a
relatively less massive central black hole (Mpy ~ 10°—10% M,
e.g., Craccoetal. 2016; Chenetal. 2018; Dalla Bonta et al.
2020). In comparison, other types of AGN, such as broad-line
Seyfert 1 galaxies, usually host black holes with higher masses
(Mgy > 103 M,). Since BLS1s and NLS1s should not be con-
sidered as a completely disjoint class of AGN (Sulentic et al.
2000; Laor 2000; Cracco et al. 2016), following the quasar main
sequence scenario (Marziani et al. 2018), according to which
there is a smooth transitions within the two classes, the dif-
ference in the size of the black hole mass could also be due
to the HB line threshold used to define each class (Paliya et al.
2024). Moreover, the difference within the two classes could also
reside in the shape of the HB line profile (Cracco et al. 2016),
Lorentzian profile for NLS1s, and Gaussian profile for BLS1s
instead. While the former corresponds to the turbulent motion of
the clouds, the latter can be associated with Keplerian motion of
the line-emitting clouds, and this can be explained by the differ-
ent geometry and/or dynamics of the BLR for the two categories
of Seyfert galaxies (Kollatschny & Zetzl 2011).

Regarding the radio emission, some NLS1s do harbour rela-
tivistic jets of relatively low power, as expected from their low-
mass black holes (Foschini et al. 2015). In radio, their spectrum
can be as flat as in classical blazars («, < 0.5, where F,, oc v™®),
indicating that their jets are oriented toward us; otherwise, their
spectrum may be steep (@, > 0.5), suggesting that the rela-
tivistic jet is misaligned (Berton et al. 2015). Radio variability
can affect the measurements of the radio spectral index in a
short period, leading to mis-identification of the jetted sources
as PSs (Torniainen et al. 2005). Long-term radio observations
are necessary to precisely constrain the value of the spectral
index and, even in a single frequency, they can help weed out
the jetted sources from PS samples based on their variability.
Flat-spectrum NLS1s (F-NLS1) additionally constitute the low-
luminosity tail of the radio luminosity function of flat-spectrum
radio quasars (Berton et al. 2016), suggesting that they could
represent an early evolutionary stage of this class of blazars
(Berton et al. 2017).

Given their similarities, it was suggested that LL.Cs and jet-
ted F-NLS1s may be the same class of objects seen from differ-
ent orientations. Overall, LLCs are predominantly observed at
high inclination, whereas NLS1s, similar to other Type 1 AGN,
are mostly seen pole-on (Antonucci 1993; Komossa et al. 2006).

! Henceforth, unless otherwise specified, the acronym LLC refers only
to high-excitation sources.

A123, page 2 of 15

Based on a sample of LLCs from Kunert-Bajraszewska et al.
(2010), Berton et al. (2016) built the radio luminosity function
at 1.4 GHz. By adding to it a model of relativistic beaming
(Padovani & Urry 1992), these authors concluded that LLCs
could be F-NLS1s observed at high inclination. This was sub-
sequently confirmed by Berton et al. (2018).

However, a major issue for the model may come from
the host galaxies of LLCs. Jetted NLS1s are overwhelmingly
hosted by disc galaxies (Antén et al. 2008; Kotilainen et al.
2016; Olguin-Iglesias et al. 2017, 2020; Jarveld et al. 2018;
Berton et al. 2019; Vietri et al. 2022; Varglund et al. 2022), as
expected from AGN with relatively low-mass black holes. On
the contrary, the host galaxies of the general PS population
tend to be large, bright ellipticals (de Vries et al. 1998, 2000;
Snellen et al. 1998; Labiano et al. 2007; Kosmaczewski et al.
2020). If LLCs share the same host galaxy characteristics as
the PS population, it becomes evident that unification with
NLSI1s is not feasible. However, some exceptions do exist,
with PS disc hosts reported in the literature (Orienti et al. 2010;
Johnston et al. 2010; Morganti et al. 2011). In light of these con-
siderations, we decided to study the host galaxy morphology of
the sample of LLCs used in the luminosity function study by
Berton et al. (2016). Our goal is to verify whether LLCs reside
in elliptical galaxies, as the majority of PSs do, or whether they
are hosted by disc galaxies as NLS1s.

In Sect. 2, we describe the sample selection and the data anal-
ysis method we used, while in Sect. 3, we present the results
for single sources. In Sect. 4 we discuss the results and give
our conclusions. Section 5 presents a summary of our find-
ings. Throughout this work, we adopted a standard ACDM cos-
mology with a Hubble constant Hy = 67.8kms~! Mpc™', con-
sidering a flat Universe with the matter density parameter of
Yy = 0.308 and the vacuum density parameter of X,,. = 0.692
(Planck Collaboration XIII 2016).

2. Sample selection and data analysis

The sample of LLCs we chose for this analysis is the same
that was tested by Berton et al. (2016) as the parent popula-
tion of the F-NLS1 sample and used to build the radio lumi-
nosity function. In turn, this sample of LLCs was derived from
the study conducted by Kunert-Bajraszewska et al. (2010) on 44
LLCs, which show a steep radio spectral index with @, > 0.7
between 1.4 and 4.85 GHz. The steepness of the radio spectral
index was verified based on multiple available datasets from Low
Frequency Array, Westerbork Northern Sky Survey, Texas Sur-
vey of Radio Sources at 365 MHz, Faint Images of the Radio
Sky at Twenty-centimeters, as well as 87GB and Effelsberg
(single dish) measurements. Kunert-Bajraszewska & Labiano
(2010) cross-matched this sample of 44 LLCs with the Sloan
Digital Sky Survey (SDSS) DR7 spectroscopic archive, identify-
ing 29 sources between HERG, LERG, and unclassified objects
at z < 0.9. On these 29 sources, Berton et al. (2016) applied
the same completeness criterion used to select F-NLS1s (limited
in magnitude to i < 19.1 and in redshift to z < 0.6, following
Richards et al. 2002), resulting in a final sample of 10 HE LLCs.
This final sample is shown in Table 1, where we also display
the main physical parameters characterising the sources. As dis-
cussed in Berton et al. (2016), the distribution of the black hole
masses of LLCs is similar to that of F-NLS1s, showing a median
value between 107> and 108 Mg, in both samples (Table 1). The
two black hole mass distributions have been compared with a
Kolmogorov—Smirnov test, confirming that they can be drawn
from the same population. The distribution of the luminosity
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Table 1. Sample sources from Berton et al. (2016).

SDSS Name RA Dec z Scale  Mpy > logl;s AGN type
(J2000.0) (J2000.0) (kpe/’)  (My) WHz!

SDSS J002833.42+005510.9 00:28:33.423 +00:55:10.98 0.10429 1.975 8.94 24.77 2
SDSS J075756.71+395936.0  07:57:56.693  +39:59:36.00 0.06578 1.303 7.13 24.00 2
SDSS J084856.57+013647.8  08:48:56.574 +01:36:47.82 0.34987 5.088 7.05 25.54 Int
SDSS J092607.99+074526.6  09:26:08.003  +07:45:26.64 0.44169 5.868 7.28 26.05 Int
SDSS J094525.90+352103.5 09:45:25.888 +35:21:03.48 0.20777 3.505 7.23 25.24 Int
SDSS J114311.01+053516.1  11:43:11.030 +05:35:16.09 0.49694 6.264 8.84 26.26 Int
SDSS J115727.61+431806.3  11:57:27.605 +43:18:06.33 0.23012 3.790 7.68 25.58 Int
SDSS J140416.35+411748.7  14:04:16.366 +41:17:48.83 0.36042 5.187 7.96 25.96 2
SDSS J140942.44+360415.8  14:09:42.461 +36:04:15.98 0.14864 2.676 8.24 24.91 Int
SDSS J164311.34+315618.4 16:43:11.343  +31:56:18.40 0.58668 6.808 7.44 26.20 Int

Notes. Columns: (1) Complete name; (2) Right ascension in h:m:s; (3) Declination in d:m:s; (4) Redshift; (5) Scale calculated considering the

Hubble constant to 67.8kms~' Mpc~!, a flat Universe with the matter density parameter X =

0.308 and the vacuum density parameter

Ye = 0.692; (6) Logarithm of the black hole mass in My from Berton et al. (2016); (7) Log of the radio luminosity at 1.4 GHz from
Kunert-Bajraszewska et al. (2010); and (8) AGN type visually determined from the SDSS spectra: type 2 or intermediate (Int).

functions for the sample of LLCs and F-NLSs1, based on the
measurements of the radio luminosity at 1.4 GHz, shows a sim-
ilar scenario. The only difference between the two distributions
lies in the slope of the luminosity function, being steeper for
the LLCs with respect to the F-NLS1s. According to our knowl-
edge, the biggest sample of NLS1s with enhanced kpc-scale
radio emission is the one studied by Singh & Chand (2018).
The authors of this paper analysed the kpc-scale radio proper-
ties of almost five hundred of optically selected NLS1s, using
several radio catalogues, with the aim to study the nature of their
radio jets. Within their sample of NLS1s, they found both steep
and flat radio spectra, with 1.4 GHz radio luminosities of these
sources spanning a wide range, between 10?> and 10> W Hz™!.
The range of radio luminosity at 1.4 GHz of our LLCs, going
from 10** to 10 WHz™, lies in the broader range found in
Singh & Chand (2018).

To determine the morphological type of the host galaxies, we
used optical images obtained with the 37 Steradian Survey of
Pan-STARRST1 (PS1, Chambers et al. 2016) in five different fil-
ters (gp1, rp1, ip1, Zp1, Yp1)- The stacked images from this survey
have a mean 5o point-source sensitivity of 23.3, 23.2, 23.1, 22.3,
and 21.4 mag (AB) and a median seeing of 1”731, 1719, 1"/11,
1707, and 1702 for grizyp; respectively. Furthermore, the median
50% completeness for the PS1 grizyp; filters is 23.2, 23.2, 23.1,
22.3, and 21.2, respectively. From the second data release (DR2;
Flewelling et al. 2020) of the PS1 37 survey, we used stacked
images, combined in each of the five bands. We downloaded the
cut-out images, each one centred on the NASA/IPAC Extragalac-
tic Database position of the AGN. The size of each image, going
from a minimum of 400 pixels to a maximum of 1000 pixels,
was chosen based of the number of stars available in the field of
view for point spread function (PSF) modelling.

When data in multiple filters are available, it is customary to
minimise parameter degeneracy by extracting the galaxy struc-
ture from the band with the best host-to-AGN contrast ratio and
resolution (Matsuoka et al. 2014). Since the host galaxy should
be brighter in the closest band to the IR, we chose the y-band
images as a reference. The yp; filter, with 98% completeness,
also offers the best coverage. The host galaxy profile in the
y-band was modelled with a 2D decomposition using the algo-
rithm GALFIT version 3.0.5 (Peng et al. 2010), which allows
us to simultaneously fit the multiple components that contribute
to the sources’ light profile. The procedure we followed is

described in detail in Vietri et al. (2022). In brief, we proceeded
as follows. The AGN emission must be modelled together with
its host galaxy since it strongly contributes to the total profile.
This approach is usually applied to Type 1 AGN observed at low
inclination, for which the contribution from the active nucleus
may overshine the one coming from the host galaxy. Since the
AGN can be considered a point-like source, it is possible to
model it with a stellar PSF. GALFIT can directly extract a PSF
using profiles of isolated stars in the same field of view as the
AGN and far from the image edges, modelled with several Sérsic
functions. In the case of Type 2 AGN, observed at higher incli-
nation instead, a PSF could no longer be needed to model the
AGN contribution. In general, when a single PSF is not enough
to reproduce the whole profile, the host galaxy is modelled by
adding Sérsic functions until a satisfactory result is obtained in
terms of the reduced chi-square 2.

For this work, we proceeded as follows. First, we built a
PSF for the y-band image of every source and then we checked
whether a PSF was needed (depending on the AGN type) and
whether it was enough to model the total light profile. If it was
not, we added a Sérsic function, a single one was enough at this
level of resolution to model, in turn, the bulge or the disc compo-
nent. Then, we measured a mean value of the background near
each of the targets and fixed its value in the fitting procedure. We
also estimated o g, by measuring the standard deviation of the
sky values in several empty regions of the image and taking the
average of those. The o, value was used to estimate the errors
of the parameters related to the GALFIT procedure. To verify
the reliability of the model produced by GALFIT and to ensure
that the output parameters were independent of the initial values
fed to the algorithm, we also repeated the procedure by changing
the input parameters (Dewsnap et al. 2023). The details of each
model are reported in the next section.

Moreover, variations in stellar population and the dust atten-
uation can affect the morphology and the structural parameters
of a galaxy, letting them vary with the wavelength. For example,
in disc-like galaxies, the bluer bands will be dominated by the
emission from the disc, while in the redder bands, the emission
from the bulge becomes the dominant component (Hdufler et al.
2013; Zhuang & Ho 2022). This difference can be reflected in
the value of the Sérsic index, which Kelvin et al. (2012) demon-
strated to be lower for the smaller wavelength and higher for the
longer ones, showing an increase with the wavelengths itself.
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Due to this dependence of the morphology on the wavelengths,
we decided to conduct an additional multi-filter analysis to com-
pare (and possibly confirm) the results between different filters.
We particularly aimed to verify whether the Sérsic index remains
constant in different bands. To our knowledge, only a few mor-
phological studies of the AGN host galaxy have been conducted
to date by taking into account the wavelength dependency in the
analysis (Martorano et al. 2023; Zhuang & Ho 2022).

For this purpose, we used an extended version of GALFIT,
GALFITM (HéuBler et al. 2013; Vika et al. 2013), to perform
the 2D photometric decomposition of the light profile simul-
taneously in different filters. GALFITM is capable of process-
ing a flexible number of images of the same sky region in var-
ious bands by applying a single, wavelength-dependent model
to these images. Similarly to GALFIT, this model may consist
of one or more component functions, each of them with sev-
eral parameters. The multi-wavelength approach involves replac-
ing the free parameters with functions of wavelength, such as
Chebyshev polynomials, and replacing the standard parameters
with the coefficients of these polynomials. The user can also
specify the maximum order of each polynomial function, choos-
ing whether the standard parameter needs to be constant with
the wavelength with a zero-order Chebyshev polynomial, for
example, whether it has to vary as a constant function of the
wavelength, or whether the function may have the freedom to
interpolate the data (HauBler et al. 2013; Vika et al. 2013).

We chose to use GALFITM on the bluest and reddest
bands (gp; and yp;, respectively), since the Sérsic index has
been observed to vary at the shorter and longer wavelengths
(Kelvin et al. 2012). We also extended the analysis to a central
band between the reddest and the bluest ones, chosen as the one
containing He in each source, as a tracer of star formation activ-
ity, which can affect the morphology of the galaxy, as explained
earlier in this work. We remark that our main goal was to under-
stand whether the host galaxies were early or late types. From
this point of view, the Sérsic index, n, of the galactic bulge is an
important indicator. For this reason, we also used a multiwave-
length approach to better constrain the value of the Sérsic index.
Small values of n, typically less than two, indicate the presence
of a pseudobulge and are associated with late-type morpholo-
gies and other features such as bars, spiral arms, or rings. Clas-
sical bulges, on the other hand, are normally found in early-type
galaxies and show a higher Sérsic index (n > 4).

3. Single source analysis

As mentioned in the introduction, since LLCs are typically
observed at a high inclination, they should predominantly be
Type 2 AGN. Consequently, the PSF may no longer be nec-
essary in the model to fit the host galaxy profile. Our sample
of LLCs comprises Type 2 AGN and Intermediate type AGN
(Berton et al. 2016). For three sources, the PSF was indeed not
needed to model the host galaxy. In three more cases, only a
PSF was needed to model the brightness profile. For the remain-
ing sources, a combination of PSFs and Sérsic functions had to
be used to properly model the host profile. The sky value was
held constant throughout all the fitting procedures. Some sources
exhibited a nearby companion within the fitting region and, in
these cases, a PSF model was employed to simultaneously fit
the objects close to our target. The morphological classification
of each object was also confirmed by varying the input param-
eters, and GALFIT consistently converged to the same result.
The multi-band analysis yielded results that are consistent with
those obtained from the single-band analysis; except in one case,

A123, page 4 of 15

which is discussed later. Further details of the GALFITM analy-
sis are described in the following subsections.

To estimate all parameter errors related to the GALFIT pro-
cedure, we fit the source by adding and then subtracting o g,
from the sky value. For each parameter, the positive and nega-
tive errors were determined as the differences between the result-
ing values and the best-fit values, respectively. Furthermore, we
searched the literature to determine whether our sources had
been previously analysed in other morphological studies for
comparison and possible confirmation of our results. We found
that most of the LLCs in our sample had been previously clas-
sified by Nascimento et al. (2022). The authors only made a
visual classification of a sample of CSS and GPS sources using
Sloan Digital Sky Survey (SDSS) images. Three distinct clas-
sifiers worked in this sense, and the morphological class was
established when at least two of them agreed. For this reason,
we need to consider that visual analysis can also bring mislead-
ing classification. Only one source was found to be analysed
also by Urbano-Mayorgas et al. (2018), which conducted a mor-
phological study of hosts Type 2 AGN with images from the
Hubble Space Telescope (HST), using GALFIT. In the next sub-
sections, we present the analysis procedure followed and the
results obtained for each source individually.

3.1. SDSS J002833.42+005510.9

We performed the host galaxy photometric decomposition of
the y-band image of J002833.42+005510.9 <4C +00.03>, (z =
0.104, Type 2 AGN), to determine its morphological type. As
explained in the previous section, since this is a Type 2 AGN,
a PSF model was not needed to remove the AGN contamina-
tion. The best fit for this galaxy was achieved with two Sérsic
functions: one for the bulge and one for the disc (S1 and S2,
respectively). The parameters of the best fit, related to the y-band
images, for all the sources, are listed in Table 2. Although the
bulge is only marginally resolved, as shown by the very small
effective radius, R., the low bulge Sérsic index indicates the
presence of a pseudo-bulge. From this analysis, we can affirm
that this LLC source is hosted in a late-type galaxy. The nega-
tive errors, related to several parameters, appear to be very high,
especially for the R, of the disc. The reason could lie in GAL-
FIT itself, which tries to fit the sky instead of the galaxy when
the fixed value of the sky parameter is very low (as in the case
of the sky — o, fit). This may also explain why it happens only
with the disc component. We adopted the definition of ‘not appli-
cable’ (N/A) in cases of large errors. For this source, we applied
GALFITM to the gpi, ip; (containing Ha) and yp; bands. We
left the total magnitude, the effective radius, R., and the Sérsic
index free to vary for both Sérsic functions and fit them with a
2nd-order Chebyshev polynomial to give the freedom to inter-
polate data precisely. We found consistent results for S1 and S2
to the one obtained for the y-band, confirming that this AGN is
hosted in a late-type galaxy with a pseudo-bulge. From the lit-
erature, we found that this galaxy has been visually classified
as a spiral by Nascimento et al. (2022). Since the galaxy fea-
tures should be more prominent in the optical band, we decided
to show all i-band image from the PS1 for each source. The i-
band image of this source is shown in Fig. 1, where it is possi-
ble to notice that this object is surrounded by a diffuse emission
that can resemble a disc. The radial surface brightness profile is
shown in Fig. 2, where it is possible to notice that the galaxy
profile is well represented by the model made up of the bulge
component at smaller radii and the disc component at larger
radii.
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Table 2. Best fit parameters of the ten LLC sources.

Source Function mag R. (kpc) n Axial ratio PA (°) Notes X2
J0028+0055 Sl 16294039 1357090 0.6070%  0.85'0%  —60.57*]73,  bulge 105745797
S2 14.89%068 4498060 1.0270%°  0.8870%% 3455 disc
J0757+3959 S 13.897095  2,02%012 2721962 0857092 334+30 bulge 1.004+0:053
expdisc  13.37:9%0 46117 1 086100  —44.38 1077 disc
J0848+0136 S 16.09 107 1421509 179 U 076700 —66.69 107 disc 1.106*5733
J0926+0745 PSF 15.77+5% AGN 1.179 *5:000
J0945+3521 PSF 16.670:18 AGN 1.093*977%
S1 15377980 524371 196714 0913907 —153171%2"  bulge or disc
J1143+0535 PSF 16.97+0:% AGN 1.13671-988
N/A N/A
J1157+4318 PSF 1623, AGN 1.108Y 100
N/A NA N/A NA NA
S1 15437, 463y, 4470 0565, -5.87y, bulge
0.18 0.039
J1404+4117 PSF 18.167918 AGN 1.13870.9%9
S1 16,1908 6.06554 226138 088709 -19.43 0% bulge or disc
J1409+3604  PSF 17044921 AGN 0.786*99%2
S1 15087990 5.8937% 2320 0667000 0.66 90 bulge or disc
J1643+3156  PSF 16.59*913 AGN 11514052

Notes. Columns: (1) short name (2) function used in the model: Sérsic function (S, if more than one S1 and S2), PSF, exponential disc (exp disc);
(3) magnitude of the component in y-band; (4) effective radius; (5) Sérsic index; (6) axial ratio; (7) position angle; (8) physical interpretation; and

(9) reduced chi-square.
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Fig. 1. PS1 i-band image of J002833.42+005510.9.

3.2. SDSS J075756.71+395936.0

In the case of J075756.71+395936.0 <B3 0754+401>, (z
0.065, Type 2 AGN), the PSF was not needed to properly model
the source. The best fit was achieved with a Sérsic function for
the bulge, plus an exponential disc (parameters listed in Table 2).
The Sérsic index of the bulge, being around 2, confirms the pres-
ence of a pseudo-bulge. We used GALFITM with the gpi, ip
(containing Ha), and yp; band. Again, we left the total magni-
tude, the effective radius, R, and the Sérsic index free to vary,
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Fig. 2. Radial surface brightness profiles of J0028+0055: the observed
profile and the model. Legend is given in the plot. The shaded area

around each profile describes the associated errors. The low panel shows
the variation in magnitude.

for both Sérsic functions. We found consistent results for the
bulge and the exponential disc with the one obtained for the y-
band, confirming that this AGN is hosted in a late-type galaxy
with a pseudo-bulge. The galaxy has been visually classified as
a spiral by Nascimento et al. (2022). The i-band image of this
source is shown in Fig. 3, where the galaxy can be clearly iden-
tified as a disc galaxy, showing a prominent disc and outer halo,
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Fig. 3. PS1 i-band image of J075756.714+395936.0.
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Fig. 4. Radial surface brightness profiles of J0757+3959: the observed
profile and the model. Legend is given in the plot. The shaded area
around each profile describes the associated errors. The lower panel
shows the variation in magnitude.

with another external feature that may be the relic of a past
merger. The radial surface brightness profile is shown in Fig. 4.
The model deviates a bit from the galaxy profile at large radii,
possibly due to the presence of an outer halo, which has not been
included in the model.

3.3. SDSS J084856.57+013647.8

The third object, J084856.57+013647.8 (an Intermediate AGN,
z = 0.349), shows a possible second source very close to the tar-
get, as seen in the i-band image shown in Fig. 5. It is not straight-
forward to recognise this second feature as another object or as
an external part of the outer halo or disc, due to the redshift and
subsequent high scale. Only the source itself has been considered
in the fit, and the best model was achieved with a single Sérsic
function, without a PSF. Intermediate AGN, which are galaxies
showing spectral properties that fall between Types 1 and 2, can
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Fig. 5. PS1 i-band image of J084856.57+013647.8.

be divided into several categories depending on the prominence
of the broad component with respect to the narrow one. For this
reason, AGN of Type 1.9 or Type 1.8, for example, share several
properties in common with Type 2, such as a significant obscu-
ration. This source can be classified as a type 1.8 AGN, which
explains the absence of the PSF in the fit. The parameters can be
found in Table 2. The Sérsic function exhibits a low Sérsic index,
close to 1, and an high R,, which can be identified with an outer
disc or with GALFIT trying to fit the second source. This allows
us to classify this host galaxy as a late-type one. We also used
GALFITM on the gp;, zp; (Which contains Ha) and yp; bands.
We allowed the total magnitude, the effective radius, R., and the
Sérsic index to vary as a constant function of the wavelength, for
both Sérsic functions. Although we obtained consistent results
between the single- and the multi-band analysis, in the literature
we found that Urbano-Mayorgas et al. (2018) measured a Sérsic
index of 5 for the bulge of this galaxy, using HST data, indicating
an elliptical galaxy. In first instance, we thought that the discrep-
ancy between the two different classifications could have been
due to the different resolution of the used data and the presence
of a second source very close to the target. To verify this assump-
tion, we smoothed the HST image of this source, obtained with
the Advanced Camera for Surveys (ACS) by convolving it with
a Gaussian kernel with a FWHM equal to the quadrature dif-
ference of the two former FWHM. The first thing we noticed
from the HST smoothed image is a faint halo surrounding the
galaxy and resembling the rest of a past merger. We tried to
decompose the light profile, using GALFIT, but it was not pos-
sible to obtain a reliable result. We started fitting the host galaxy
with different Sérsic functions, without a PSF, and then we also
tried with Gaussian and exponential disc functions. Each time
we obtained a high effective radius, R., or disc scale length, Rq,
meaning that it was trying to fit the outer halo within the model.
Also, the )(%, was incredibly low, on the order of 0.01. When we
took a look at the residual, we understood why our attempts at
modelling the galaxy were not successful: the galaxy showed a
lopsided symmetry, which can be a sign of a past merger. We
also tried using Fourier modes to model this galaxy, but we
did not obtain a satisfying result in terms of x2 and in terms
of the residuals. It should be noted that Urbano-Mayorgas et al.
(2018) did not report the values of 2 — nor the residuals. After
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Fig. 6. Radial surface brightness profiles of J0848+0136: the observed
profile and the model. Legend is given in the plot. The discrepancy
between the galaxy profile and the model could be due to the presence
of another source very close to the target. The shaded area around each
profile describes the associated errors. The lower panel shows the vari-
ation in magnitude.

visually analysing the HST image and the residuals from the sev-
eral attempts we made to model this source, we can affirm that it
is almost impossible for this AGN to have hosted in an elliptical
galaxy. It is more likely that this galaxy went through a recent
merger, whose signs are clearly visible in the outer halo and its
lopsided symmetry; furthermore, we can see that it can be mor-
phological classified as an irregular galaxy, rather than an ellipti-
cal. Finally, the surface brightness profile, represented in Fig. 6,
shows that the model deviates slightly from the galaxy profile,
probably due to the presence of the outer component that is not
involved in the model.

3.4. SDSS J092607.99+074526.6

Also, in the case of J092607.99+074526.6 (Intermediate AGN,
z = 0.441), it seems that the galaxy has a companion, as shown
in Fig. 7. No results have been found in the literature on the clas-
sification of the companion. We decided to model the sources
together with only two PSFs, each one for each source, and no
more details were needed to obtain the best fit. The resulting

reduced chi-square is y; = 1.179*)%0. The PSF magnitude of

the main source is PSF; mag=15.77*000, while for the other

source, PSF, mag=16.1970(0. The errors related to the fit for
the PSF magnitudes and the reduced chi-square are equal to zero.
Analyses made with GALFITM on the gp; and yp; band (con-
taining He) confirms that only two PSFs are needed to properly
model this system. Also, no results in the literature have been
found about the morphological type of this peculiar object. For
this reason, nothing can be said regarding the morphology of
this galaxy. The surface brightness profile (Fig. 8) shows a good
agreement between the galaxy profile and the model itself.

3.5. SDSS J094525.90+3521083.5

For J094525.90+352103.5 <B2 0942+35A>, (z = 0.207, Inter-
mediate AGN), the PSF model was obtained with two Sérsic
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Fig. 7. PS1 i-band image of J092607.99+074526.6.
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Fig. 8. Radial surface brightness profiles of J0926+0745: the observed
profile and the model. Legend is given in the plot. The shaded area
around each profile describes the associated errors. The lower panel
shows the variation in magnitude.

functions and the best galaxy fit was achieved with the PSF
plus a Sérsic function. This source can be classified as Type
1.5 or 1.2, displaying a grade of obscuration closer to Type 1
AGN than Type 2, justifying the presence of the PSF in the fit.
The best fit parameters can be found in Table 2. The low Sér-
sic index of the second component and the R, extending outside
the bulge region could indicate that GALFIT is attempting to fit
something between a bulge and a disc. This may happen with
late-type galaxy hosting pseudo-bulges when the Sérsic index is
lower than two and so close to the Sérsic index of the disc. To
confirm this result, we also used GALFITM with the gp;, ip
(containing He) and yp; bands. We left the total magnitude free
to vary, for both the PSF and the Sérsic function, whereas we
allowed the effective radius, R., and the Sérsic index to vary as
a constant function of the wavelength. We obtained consistent
results for the single band analysis, confirming that this source
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Fig. 9. PS1 i-band image of J094525.90+352103.5.
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Fig. 10. Radial surface brightness profiles of J0945+3521: the observed
profile and the model. Legend is given in the plot. The shaded area

around each profile describes the associated errors. The lower panel
shows the variation in magnitude.

is hosted in a late-type galaxy. This galaxy has also been visually
classified as an irregular galaxy or merger by Nascimento et al.
(2022). The i-band image (Fig. 9) indeed shows a halo with irreg-
ular features surrounding the source. The surface brightness pro-
file (Fig. 10) shows good agreement between the model and the
galaxy profile.

3.6. SDSS J114311.01+053516.1

For SDSS J114311.01+053516.1 (z = 0.496, Intermediate
AGN), it was not possible to determine the host morphologi-
cal type. Building a model with Sérsic functions only brought
to non-physical parameters. The best fit for the y-band image, in
this case, was achieved with a single PSF and a reduced y2 of
1.13671988 The best PSF model was obtained with two Sérsic

-1.125°
functions. The magnitude of the PSF component is magpsp =
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Fig. 11. PS1 i-band image of J114311.01+053516.1.
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Fig. 12. Radial surface brightness profiles of J1143+0535: the observed
profile and the model. Legend in the plot. The shaded area around each
profile describes the associated errors. The low panel shows the varia-
tion in magnitude.

16.97*95. We used GALFITM on the gp; and yp; bands (con-
taining Ha), leaving the magnitude of the PSF free to vary, which
confirms that a single PSF was sufficient to fit the light profile
of this source. In this case, nothing can be said about the mor-
phology of this object. This source has been visually classified as
irregular or merger by Nascimento et al. (2022), while the i-band
image (Fig. 11) does not show particular features. The radial sur-
face brightness profile (Fig. 12) shows that the model is quite in
agreement with the galaxy profile, but it deviates a bit from it at
large radii.

3.7. SDSS J115727.61+431806.3

J115727.61+431806.3 <B3 1154+435>, (z = 0.230, Interme-
diate AGN) is the only case for which there is no agreement
between the single and the multi-band analysis. First of all, it
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Fig. 13. PS1 i-band image of J115727.61+431806.3.

was challenging to retrieve a PSF for the y-band image, since
the only star close enough to the target was very bright. To prop-
erly model the PSF, seven Sérsic functions were needed. The
host galaxy was then fitted with a PSF and a single Sérsic func-
tion for the bulge (parameters given in Table 2). The bulge was
barely resolved, and its Sérsic index was higher than 4, meaning
that this AGN could be hosted in an early-type galaxy. Freez-
ing the coordinates of the Sérsic function instead brought a low
Sérsic index, indicating a disc-like host galaxy. For this source,
it was not possible to calculate the positive errors since GALFIT
did not converge trying to fit the model plus o, and so those
values were reported as N/A in Table 2. A multiband analysis on
the gp1, zp1 (which contains Ha) and yp; bands provided a dif-
ferent result for the morphology of the host galaxy, finding it to
be a late-type. We left the total magnitude, for both PSF and the
bulge, and the R, of the bulge free to vary, while the Sérsic index
of the bulge was allowed to vary as a constant function of the
wavelength. No results were found in the literature on this object,
nor could we confirm any kind of morphology from the i-band
image either (Fig. 13). Thus, it was not possible to retrieve any
information about the morphology of this galaxy. Despite the
inconsistency between the single- and multi-band analysis, the
radial surface brightness profile (Fig. 14) shows that the model
of the early-type galaxy well represents the galaxy profile.

3.8. SDSS J140416.35+411748.7

Although J140416.35+411748.7 <B3 1402+415>, (z = 0.360)
is a Type 2 AGN, it was modelled with a PSF plus a Sérsic
function. The PSF model was obtained by fitting three Sérsic
functions. The parameters of the best fit are shown in Table 2.
Again, the low Sérsic index and the R. extending outside the
bulge region can be explained by a hybrid component between
the bulge and the disc, suggesting a disc-like morphology in any
case. The multi-band analysis made with GALFITM on the gpy,
zp) (containing Her) and yp; band, leaving the total magnitude,
effective radius, R., and the Sérsic index free to vary, confirms
the classification found with the single-band analysis. No mor-
phological classification has been found in the literature on this
object and, in this case, it is also not possible to retrieve more
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Fig. 14. Radial surface brightness profiles of J1157+4318: the observed
profile and the model. Legend in the plot. The shaded area around each
profile describes the associated errors. The low panel shows the varia-
tion in magnitude.
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Fig. 15. PS1 i-band image of J140416.35+411748.7.

information from the i-band image Fig. 15, apart from a shal-
low feature surrounding the galaxy centre resembling a disc. In
Fig. 16, it is possible to see how the model reproduces the light
profile of the host galaxy of J1404+4117 quite well, showing a
shallow deviation at large radii.

3.9. SDSS J140942.44+360415.8

The best fit of J140942.44+360415.8 (z = 0.148, Intermedi-
ate AGN) was obtained with a PSF (modelled with three Sérsic
functions) and a Sérsic function representing the hybrid com-
ponent between the bulge and disc (as explained in the previ-
ous subsections; parameters in Table 2). The low value of the
Sérsic index leads to the classification of a late-type galaxy for
this host galaxy. The GALFITM analysis, for the gp;, ip; (Which
contains He), and yp; bands, with all parameters free to vary,
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Fig. 16. Radial surface brightness profiles of J1404+4117: Observed
profile and the model. Legend is given in the plot. The shaded area
around each profile describes the associated errors. The lower panel
shows the variation in magnitude.
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Fig. 17. PS1 i-band image of J140942.44+360415.8.

converges to a Sérsic index of almost 2 for all three bands.
The i-band image of the source, shown in Fig. 17, confirms the
late-type features for this galaxy, showing a disc morphology.
Despite this, the source has been visually classified as an ellipti-
cal by Nascimento et al. (2022). Figure 18 shows the radial sur-
face brightness profile of the source and the galaxy profile is well
represented by the model made up of the PSF plus the Sérsic
function.

3.10. SDSS J164311.34+315618.4

J164311.34+315618.4 (z = 0.586, Intermediate AGN) is
part of an interacting system, a merging of two AGN, as
shown in Fig. 19, the i-band image of the source. The
binary quasar associated with this radio source has been clas-
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Fig. 18. Radial surface brightness profiles of J1409+3604: the observed
profile and the model. Legend is given in the plot. The shaded area
around each profile describes the associated errors. The lower panel
shows the variation in magnitude.

sified by Brotherton et al. (1999) based on optical observa-
tions. Its disturbed radio morphology has been discussed by
Kunert-Bajraszewska & Janiuk (2011), where the HST images
Martel et al. (2005) are shown. From the HST image (Fig. 20,
a zoom-in of the entire image on the binary quasar) it appears
clear that this source is not hosted in an elliptical galaxy, but
rather in an irregular or spiral galaxy. The best fit for the entire
system was obtained instead with two PSFs, one for each object,
and the best PSF model of the y-band image was obtained with
a single Sérsic function. The goodness of fit was based on the
reduced y? = 1.151’:}:8‘2%. The PSF magnitude of the fit was

PSF;: mag = 16.59f8:3. PSF,: mag = 17.42f83‘5‘, respectively. In
this case, nothing can be said about the morphology of this
galaxy, and nothing has been found in the literature. We used
GALFITM on the gp; and yp; bands (containing He), leaving all
parameters free to vary, confirming that a single PSF was enough
to fit the light profile of this source. The radial surface brightness
profile model (Fig. 21) deviates a bit from the galaxy profile,
probably due to the presence of the second source; indeed, this
effect is more prominent at large radii.

4. Discussion
4.1. Host galaxy of LLCs

In this work, we perform an analysis of the host galaxy mor-
phology of the LLCs sample used to study the parent popula-
tion of jetted F-NLS1s (Berton et al. 2016). Our morphological
classification is based on the 2D analysis carried out with GAL-
FIT as well as with GALFITM and, in turn, when possible, on
the light profile of the galaxy bulge. The bulge is of paramount
importance to understand the formation and evolutionary pro-
cesses that occurred throughout the history of the galaxy. Gen-
erally, large bulge Sérsic indexes are associated with massive
galaxies; indeed, the galaxy’ size and luminosity are correlated
with its value. In elliptical galaxies, light typically follows a de
Vaucouleurs profile with Sérsic index n, = 4. Classical bulges
are usually associated with past violent events such as merg-
ing (Gadotti 2009; Gadotti & Kauffmann 2009). This can lead
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Fig. 19. PS1 i-band image of J164311.34+315618.4.

1//

.|

Fig. 20. Image of J1643+3156 and its companion, taken with the wide-
field channel of the ACS of HST in the F814W filter. It is clear that the
host galaxy of this LLC (the object at the centre of the image) does not
resemble an elliptical galaxy, showing an halo and features of a possible
past interaction.

to the disruption of discs in general (Toomre & Toomre 1972;
Barnes & Hernquist 1996) as well as of pseudo-bulges, which
are instead formed via secular evolution processes or minor
mergers (Orban de Xivry et al. 2011; Jackson et al. 2022). It is
only in the last 20 years that the importance of secular pro-
cesses, minor mergers, and gas accretion from disc and bar
instability have been recognised (Kormendy & Kennicutt 2004;
Steinborn et al. 2018) as fuel for AGN activity (e.g. Ho 2009;
Cisternas et al. 2011; Villforth et al. 2017) and their role in the
co-evolution between host galaxies and their supermassive black
holes (Parry etal. 2009; Martin et al. 2018; McAlpine et al.

radius [arcsec]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

—
181 o .
~ : A_\:—"'\\__/
L 20 ==
(]
g
© 22
(o)}
©
E
3241 — Galaxy
---- Model
26 - PSF
2‘ -
e
-2 . T T T T
2 4 6 8 10 12

radius [kpc]

Fig. 21. Radial surface brightness profiles of J1643+3156: the observed
profile and the model. Legend is given in the plot. The shaded area
around each profile describes the associated errors. The lower panel
shows the variation in magnitude.

2020). For our purposes, we classify as late-type those galaxies
hosting a pseudobulge, namely, with n, ~ 2. Conversely, early-
type galaxies have n, > 4. In between, the morphology can be
somewhat mixed and it is not wise to draw clear conclusions
about the host without additional deeper observations.

It is known that precise morphological classification of
galaxies requires well-resolved images, regardless of redshift
(Davari et al. 2017; Zhuang & Ho 2022). At these distances (the
farthest source is almost at z = 0.6), the physical scale can reach
the value of 6kpc arcsec™! in radius, and considering the reso-
lution of the PS1 images (0.258 arcsec/pix), a reliable bulge-to-
disc decomposition can be hard to obtain. Following these con-
siderations, we decided to proceed with a single Sérsic compo-
nent model (in addition to the PSF when needed) to decompose
the galaxy light profile under the PS1 survey conditions. It is
only in two cases (indeed, for the closest sources) that another
Sérsic function is needed to obtain the best fit. The results from
our morphological analysis and those found in the literature are
listed in Table 3.

We found that six out of ten sources from our sample are
definitely hosted in late-type galaxies. The presence of pseudo-
bulges is verified for two sources (J0028+0055, J0757+3959),
which have been decomposed with two components. For the
other late-type galaxies, as previously explained, the boundary
of the single component model brought to an hybrid component
with a high R, and a low Sérsic index, subtending the presence
of pseudo-bulges. For three of the ten sources (J0926+0745,
J1143+0535, J1643+3156) it was not possible to retrieve any
morphological classification since their light profiles were fit
only with a PSF; for one (J1643+3156) of these three, the HST
image clearly shows the presence of a disc in the host galaxy. In
the end, only in one case (J1157+4318 ) there was no agreement
between the single- and the multi-band analysis, so we cannot
confirm a unique morphological type for its host galaxy. The
early-type classification, provided by the single-band analysis,
is consistent with the radial surface brightness profile shown in
the plot.

A123, page 11 of 15



Vietri, A., etal.: A&A, 689, A123 (2024)

Table 3. Morphological classification from this analysis and comparison with results found in literature.

Source Morphology Literature
J0028+0055  Late-type with pseudo-bulge Spiral @
J0757+3959  Late-type with pseudo-bulge Spiral @
J0848+0136  Late-type Early-type
J0926+0745 No classification No result
J0945+3521  Late-type with possible pseudo-bulge  Irregular or merger ¥
J1143+0535 No classification Irregular or merger )
J1157+4318 Uncertain classification No result
J1404+4117 Late-type with possible pseudo-bulge  No result
J1409+3604  Late-type with possible pseudo-bulge  Elliptical ¥
J1643+3156  No classification No result

Notes. Columns: (1) Short name; (2) Result from this analysis; (3) Morphological classification found in the literature: references

@ Nascimento et al. (2022), ® Urbano-Mayorgas et al. (2018).

When it was possible to compare our results with the lit-
erature, we found the same morphological classification in the
half of the cases Table 3. This comparison cannot be used as
a confirmation or denial of the validity of our results, since it
is only applied to a few sources. Also, the methodology used
by Nascimento et al. (2022) for morphological analysis is visual
inspection, which could lead to misleading results. Overall, our
results confirm the main idea that CSS sources (in general) and
LLCs (in particular) can be found to be hosted not only in
large elliptical galaxies but also in late-type galaxies, even with
pseudo-bulges.

4.2. Multi-band approach

As far as we know, only three studies (Zhuang & Ho 2022;
Martorano et al. 2023; Acharya et al. 2024) focussed on the
host galaxy morphology of AGN, obtained with a multi-band
approach using GALFITM, can be found in the literature.
Despite the well-known wavelength dependence of the galaxy
structure, until a few years ago, this aspect had not been taken
into account in the AGN host galaxy decomposition studies.
As previously discussed, the parameters defining the galaxy can
vary with wavelength since they are affected by the different stel-
lar populations, the presence of dust, and the metallicity gradi-
ent (which, in turn, are wavelength-dependent). The same kind
of dependence can be exhibited by the Sérsic index. As a con-
sequence, the morphology of a galaxy can also depend on the
band in which it is defined. For example, late-type galaxies tend
to be brighter at shorter wavelengths because of the disc emis-
sion and at longer wavelengths because of the prominence of
the bulge. Kelvin et al. (2012) found that in both early- and late-
type galaxies, the half-light radius and the Sérsic index show a
smooth and systematic variation with the wavelength: from the
ultraviolet (UV) to the near-infrared (NIR), the former decreases
while the latter increases. This can be explained by the longer
wavelengths being more able to trace older stars, while the
shorter ones are more sensitive to younger stellar populations.
We decided to search for this kind of relation and, at the same
time, to use the multi-band approach as proof of the validity of
the results, especially since the limitation due to the single com-
ponent model. We found a unique classification for all of our
sources, except for one. The mild difference in the Sérsic index
and in R, along with the smooth increase and decrease mov-
ing from the gp; to the yp; filter, respectively, confirm the trend
shown in the work of Kelvin et al. (2012). This kind of variation
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had never been so extreme as to completely change the morpho-
logical type defined with the single-band analysis. This also con-
firms the results of Martorano et al. (2023), where the authors
claimed a weak change in the Sérsic index with wavelength. It is
also worth noticing that the wavelength range covered by the PS1
filters goes from optical to NIR, without reaching the UV. This
can also affect the kind of variation we see in the Sérsic index.
Furthermore, in the case of J1157+4318, we did not link the dif-
ferent morphological classification obtained from the single- and
the multi-band analysis with the wavelength dependence of the
Sérsic index. This inconsistency can be instead attributed to the
difficulty in creating the galaxy model itself from the single-band
image.

4.3. Link with NLS1s

By definition, GPS and CSS sources are constrained by a thresh-
old in terms of their radio power (logP;4 > 25 WHz !, O’Dea
1998); therefore, they are rather bright objects. It is known that
the power of relativistic jets correlates nonlinearly with the black
hole mass (Heinz & Sunyaev 2003; Foschini 2014). Due to the
presence of well-known scaling relations between the galaxy and
the mass of its central black hole (Ferrarese & Merritt 2000),
any study focussed on the host galaxy of these objects will be
skewed toward large ellipticals. On the other hand, LLCs do not
have such power thresholds and they can be powered by low-
mass black holes, as shown by Berton et al. (2016), also similar
to those harboured by jetted NLS1s.

The main finding of this paper is that the host galaxies of
LLCs can have a late-type morphology. This has robust implica-
tions on the nature of the parent population of y-ray emitting (or,
simply, relativistically beamed) NLS1s.

There are also other kinds of low-luminosity sources, such as
the FR type O (see Baldi 2023 for a recent review), which have
been observed in the y-rays (e.g. Pannikkote et al. 2023); at the
same time, they show a flat radio spectrum instead, as they are
likely inclined at small angles. This underlines the importance of
the precise measurements of the radio spectral index.

In the model proposed by Berton et al. (2016, 2017), the
radio luminosity function of LLCs was compared with that of
beamed F-NLS1s, finding that LLCs may be jetted F-NLS1s
observed at high inclination, often with Type 2 optical spectra.
One of the potential issues with that model (Berton et al. 2016)
was, in fact, the potentially different types of host galaxy mor-
phologies. For jetted NLS1s, the overwhelming majority of hosts
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are late-type, as demonstrated by a number of works in the liter-
ature (e.g., Olguin-Iglesias et al. 2020). Our results indicate that
LLCs share similar characteristics with NLS1s, since at least six
of their hosts are late-type as well, with only one source for
which the morphological classification was unclear. Therefore,
the orientation-based unification model seems to be supported by
our findings. Also, the radio luminosity range (1.4 GHz) of this
sample of LLCs lies in the wider range of radio luminosity for
F-NLS1s (and steep spectrum NLS1s), found by Singh & Chand
(2018) for the biggest sample of NLS1s with enhanced radio
emission, confirming the parent population scenario.

The general conclusion we can draw about the parent pop-
ulation of beamed NLSIs is that it can be made up of sev-
eral diverse objects, including LLCs. In general, when observed
at large angles, beamed NLS1s may, alternatively, resemble
NLS1s with an extended radio jet, although this seems to be a
rare occurrence; they may also appear as relatively weak and
young radio sources, such as LLCs, with a Type 2 or Interme-
diate optical spectrum. At the same time, several misaligned jet-
ted NLS1s are definitely hidden among objects with no known
radio emission. This was proven by the discovery of extremely
variable radio emission (Jiarveld et al. 2023) in this class of
AGN (Lihteenmiki et al. 2018; Berton et al. 2020; Jarveli et al.
2021), but it is also worth noting that the lack of relativis-
tic beaming would make even y-ray NLS1s barely detectable
at radio frequencies (Berton etal. 2018; Jarveld et al. 2022).
Additional studies, especially using optical spectropolarimetry
(Antonucci & Miller 1985), are needed to fully understand this
issue and identify the high-inclination counterparts of jetted
NLSTs.

4.4. Issues in the literature

As amply explained in the recent review on CSSs and GPSs
(O’Dea & Saikia 2021), it is known that generally PS and CSS
sources are found to be hosted in bright elliptical galaxies popu-
lated by old stellar populations. Indeed, very recent works (e.g.
Gordon et al. 2023) strongly support this statement. However,
O’Dea & Saikia (2021) also underlined that several sources have
also been found in late-type galaxies with strong disc compo-
nents, which still appears to be an exception from the general
rule. Our concern, which also explains the reason behind this
kind of analysis, is to step back from this statement, validating
the scenario by which early-type galaxies are not the only ones
capable of hosting these radio sources; in addition, they may not
make up the majority of them either.

In the past, several studies were dedicated to PS sources
host galaxy. One of the larger samples is that of de Vries et al.
(2000), who found that the hosts of GPS, CSS, and FR II radio
galaxies are consistent with each other. Their results often show
Sérsic indexes well below 4 and, in some cases, even <2, sug-
gesting that CSS can be found to be hosted in giant ellipticals
as well as in spiral galaxies. This may appear contradictory to
what the authors claimed at the end their paper, namely, that the
host galaxies of their radio sources are found to be regular giant
elliptical galaxies, as demonstrated by the absolute magnitudes
and surface brightness profiles. Later studies started to notice
that previous works, suggesting the host galaxies of CSS and
GPS sources as passive elliptical galaxies, had included objects
hosting young stellar populations or showing evidence for recent
mergers or interactions (Holt 2009; Stockton & McGrath 2007,
Emonts et al. 2016). Sadler (2016), for example, who focussed
their analysis on Wide-field Infrared Survey Explorer (WISE)
survey data of GPS and CSS sources, found a heterogeneous

populations in terms of host galaxy type (67% early-type galax-
ies, 33% late-type systems). KuZmicz et al. (2017), instead,
showed that from the WISE colour-colour diagram the 67% of
radio galaxies with recurrent jet activity reside in the region
typical for late-type galaxies with ongoing star formation or
spiral galaxies. Nascimento et al. (2022), instead, from a sam-
ple of 58 CSSs and GPSs, classified 15 as ellipticals, 18 as
spirals, 12 as irregular or mergers, and 13 as point sources,
underlining that PS sources do not show a preferred morpho-
logical type of host galaxies. We also need to keep in mind,
as underlined by O’Dea & Saikia (2021), that galaxies with a
lower bulge/disc ratios (Pierce et al. 2019) and/or with less lumi-
nous stellar bulges (Vaddi et al. 2016) tend to host AGN with
lower radio power, such as LLC sources. Those features are
indeed usually found in late-type galaxies. Finally, last year
Duggal et al. (2024) found three out of seven CSSs of their sam-
ple to be hosted in strong spiral or disc-like galaxies, again
claiming this as an interesting result, since very few known
sources have been found in late type hosts (Heckman et al. 1982;
Johnston et al. 2010; Anderson et al. 2013). Our analysis, the
first to be focussed on LLC hosts, can be set within this frame-
work, thereby validating the role of late-type galaxies as hosts
of PS sources. Coming back to what we were discussing at the
beginning of this paragraph, it is clear how despite the multi-
ple pieces of evidence to support the notion of spiral galaxies
hosting PS sources; nowadays, this is still considered to be an
interesting result. In reporting on all those studies, our aim is not
to point out their claims as incorrect; rather, we aim to underline
how certain kinds of assumptions can strongly affect forthcom-
ing studies, even when several proofs against the validity of those
statements have been published. General rules can be changed
thanks to experimental evidence.

A common theme of all these works is the necessity of
expanding the sample, which can bring us closer to a reliable
statistic on the host galaxy population of radio sources. It would
ultimately help to define a possible new scenario in the literature.

5. Summary and conclusions

Here, we present a pilot study with a relatively small sample
and with constraints given by the use of PS1 images, which
confirms that LLCs are hosted in disc-like galaxies, as NLS1s.
Starting from the LLC sample of Berton et al. (2016), we per-
formed the photometric decomposition of their PS1 images in
all grizyp; filters, using the 2D fitting algorithm for single- and
multi-band analysis, GALFIT and GALFITM. We found six out
of ten sources to be hosted in late-type galaxies, probably with
pseudo-bulges, three point sources, and one of an undefined clas-
sification. Except for one case, the morphological classification
does not vary with wavelength, and the Sérsic indices only show
mild changes within the different bands, as expected. This find-
ing adds an important piece to the puzzle of NLS1s, recognis-
ing LLCs as their parent population, confirming the hypothe-
sis made in Berton et al. (2016). To our knowledge, this is the
only statistically complete sample (following the criterion in
Berton et al. 2016) of LLCs available in the literature and the
only one for which a morphological analysis of the host galax-
ies has been conducted. Several works have been focussed on
the classification of the morphological type of CSS host galax-
ies in general, but none have looked at LLCs in particular. As a
next step, a new and larger complete sample of LLCs has to be
defined. Then, facilities providing high-resolution data will be
needed to conduct a comprehensive analysis of the black hole
masses, the Eddington ratio distributions, and the morphology
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of the host galaxies of LLCs and F-NLSIs to definitely confirm
the parent population. This can be achieved using ground-based
facilities, such as the ones provided by the European Southern
Observatory (ESO) and the Very Large Telescope in particular.
These telescopes, working in the optical range, can simultane-
ously offer high signal-to-noise spectra and images with enough
resolution for the bulge-to-disc decomposition. Additionally,
space facilities, as the state-of-the-art instruments aboard the
James Webb Space Telescope and the HST, are well-suited
for this purpose, providing unique spatially resolved structural
information on galaxies in the near-infrared and optical bands,
respectively.
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