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Abstract

Narrow-line Seyfert 1 galaxies (NLS1s) are a class of active galactic nuclei that are known to be one of the few
sources of ~-rays, which originate in a relativistic beamed jet. Because of their relatively large distance, a poorly
investigated aspect of these jetted NLS1s is their environment, and in particular, their host galaxy. In this work, we
present the results of a morphological analysis of the host galaxy of the jetted NLS1 IRAS 20181-2244 observed
with the 6.5 m Baade Telescope of the Las Campanas Observatory. The GALFIT analysis run on the Ks image,
along with additional spectroscopic observations performed with the Nordic Optical Telescope, clearly revealed the
presence of an interacting system of two galaxies. The data suggest that this NLS1 is hosted by a late-type galaxy,
although the result is not conclusive. This analysis, along with other results in the literature, might suggest that two
populations of jetted NLS1 exist. Further morphological studies are needed to confirm or disprove this hypothesis.
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1. Introduction

For many years it was believed that radio-loud'® active
galactic nuclei (AGNs), and quasars in particular, were hosted
in giant elliptical galaxies (Laor 2000; Chiaberge & Mar-
coni 2011). Powerful relativistic jets were indeed observed in
systems hosting very massive black holes that, as shown by the
Mpy—0oy relation (Ferrarese & Merritt 2000), are found in
ellipticals. The jet power, however, directly scales with the
black hole mass (Heinz & Sunyaev 2003; Foschini 2011).
Relativistic jets launched by high-mass black holes are more
powerful and easier to detect. More recent studies, in fact,
detected relativistic jets in spiral galaxies (e.g., Mao et al.
2015). Furthermore, the high sensitivity of the Fermi/Large
Area Telescope (LAT) Satellite led to the discovery of
~-ray emission coming from narrow-line Seyfert 1 galaxies
(NLS1; Abdo et al. 2009a, 2009b), indicating the presence of
relativistic jets in a fraction of these AGN.

Classified according to their spectral properties (Osterbrock
& Pogge 1987; Goodrich 1989), NLS1s show narrow permitted
lines which, unlike in type 2 AGN, are not attributed to
obscuration. The presence of strong Fell multiplets in the

6 Radio loudness is defined as the ratio, R, between the 5 GHz and the optical
B-band flux densities (Kellermann et al. 1989). A source is considered radio
loud if R > 10. Otherwise, it is radio quiet. The significance of this parameter
is highly debated (e.g., see Padovani 2017; Lihteenmaiki et al. 2018).

spectrum, in fact, indicates that the broad-line region (BLR) is
directly visible. NLS1s are often considered young (i.e.,
galactic nuclei in their first activity phase; Mathur 2000;
Mathur et al. 2001; Kawakatu et al. 2007; Wang & Zhang 2007;
Foschini et al. 2015; Berton et al. 2017, 2018) or rejuvenated
AGN (Mathur et al. 2012). These objects harbor a relatively
low-mass black hole (10°~10® M, estimated via a single epoch
virial technique; Peterson 2011) accreting close to the
Eddington limit (Boroson & Green 1992) growing fast and
evolving toward high-mass objects (Mathur et al. 2001). This
relatively low gravitational potential induces a low rotational
velocity in the gas, which translates into the narrow lines.
However, a disk-like geometry of the BLR might also account
for the narrow lines if observed pole-on because of the lack of
Doppler broadening. If in some sources inclination plays a
major role, the virial technique may underestimate their black
hole mass. These low-inclination NLS1s then may not harbor a
low-mass black hole and, possibly, be different with respect to
other NLS1s (Sulentic et al. 2000; Decarli et al. 2008; Shen &
Ho 2014).

A way to distinguish between low-mass and low-inclination
NLS1s is by means of host galaxy studies. The host galaxy can
be an independent indicator of the black hole mass. While late-
type hosts can be associated with lower masses, in fact,
ellipticals typically harbor high-mass black holes (e.g., Salucci
et al. 2000; Kormendy & Ho 2013, and references therein). For
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this reason, an NLS1 with an elliptical host galaxy may have a
high-mass black hole, and possibly a different nature.

A number of very nearby radio-quiet (or non-jetted;
Padovani 2017) NLS1s are hosted by spiral galaxies (Deo
et al. 2006; Mathur et al. 2012) with a strong ongoing star
formation (Sani et al. 2010) and a pseudobulge due to secular
evolution (Orban de Xivry et al. 2011; Mathur et al. 2012). In
radio-loud (or jetted, namely harboring a relativistic jet)
NLS1s, instead, the host galaxy nature is still under debate
with controversial results supporting both elliptical and disk
hosts (Antén et al. 2008; Ledn Tavares et al. 2014; Kotilainen
et al. 2016; D’Ammando et al. 2017, 2018; Olguin-Iglesias
et al. 2017; Jarveld et al. 2018).

In this paper we present the results of a study carried out on
the radio-loud NLS1s (Komossa et al. 2006) IRAS 20181-2244
(z = 0.185) using the Magellan 6.5 m Walter Baade telescope
of the Las Campanas Observatory, and we will put them in the
framework of the previously described scenario. In Section 2
we describe the source, in Section 3 we describe the data
reduction and analysis, while in Section 4 we finally discuss the
results. Throughout this work, we adopt a standard ACDM
cosmology, with a Hubble constant of Hy = 70 km s~! Mpc ™",
and Q, = 0.73 (Komatsu et al. 2011).

2. IRAS 20181-2244

Initially classified as a Seyfert 2 (Elizalde & Steiner 1994), it
was reclassified as an NLS1 by Halpern & Moran (1998). Its
optical B-band magnitude derived from the USNO-B catalog
(Monet et al. 2003) is mg = 16.86, which provides an absolute
magnitude of Mg = —22.81. Hence, IRAS 20181-2244 could
formally be classified as a narrow-line type 1 quasar (Schmidt
& Green 1983). However, to avoid confusion with similar
sources in the literature, in the following we will stick to the
NLS1 classification. For many years it has been known as a
bright X-ray source from early ROSAT observations (Boller
et al. 1992), as many other NLS1s (Boller et al. 1996), but it
was recognized as a bright radio source only later (Komossa
et al. 2006) with a luminosity of 3.6 x 10*’erg s~! at 1.4 GHz.
According to Komossa et al. (2006) and Foschini et al. (2015),
this object has a radio spectral index of 0.50 + 0.07 (F,
v~ %) around 1.4 GHz. Therefore it lies at the divide between
flat- and steep-spectrum radio-loud NLS1s, with an estimated
radio loudness of ~45 (Chen et al. 2018). Its black hole mass
estimates span between 3 x 10° M, to 3.75 x 10’ M., using
single epoch spectroscopy (Komossa et al. 2006) and optical
magnitudes (Foschini et al. 2015), respectively. Both authors
provide an Eddington ratio estimate of 0.6, due to a different
calculation of the bolometric luminosity. Both mass and
Eddington ratio are in the typical range for NLS1s.

One of the most interesting characteristics of IRAS 20181-
2244 is its remarkably high star formation rate (SFR), up to
~300 M., yr—' (Caccianiga et al. 2015). This value is the
highest among known radio-loud NLSIs, and typical for
sources in the ultraluminous infrared galaxies regime (Sanders
et al. 1988). Despite this surprisingly high value, the SFR is not
enough to explain the totality of the radio emission. Indeed,
assuming an SFR of 300 Mgyr ' and using the relation
between the SFR and radio luminosity at 1.4 GHz of Condon
et al. (2002), we derive an expected radio luminosity due to star
formation that can explain at most ~30% of the observed
luminosity. Therefore, the presence of the nonthermal emission
of a relativistic jet is required. We note that even considering
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Figure 1. Finding chart of IRAS 20181-2244 (marked as A) and its putative
companion sources B and C. The red boxes represent the position of the slit
during the Nordic Optical Telescope observations. The two sources in the
southwest are stars.

the possible amount of radio emission due to star formation, the
radio-loudness parameter would be lower, but still above the
formal limit of radio-loud AGN. This makes IRAS 20181-2244
a unique source worth of a detailed investigation.

3. Data Reduction and Analysis

We observed IRAS 20181-2244 on 2016 October 13 with
the FourStar instrument of the Walter Baade 6.5 m telescope of
the Las Campanas Observatory. We acquired images in J, H,
and Ks bands, with a total exposure time of 256 s in Ks, 640 s
in H, and 640 s in the J band. The seeing was 0”67 in the Ks
band and 0772 in J and H bands. The detector scale is
0”159 px ', corresponding to 0.473 kpc px~'. We performed a
standard reduction using IRAF,17 with bias and flat field
correction, followed by the alignment, sky subtraction, fringing
removal, and a combination of the images in each filter. We
later estimated the zeropoint (zp) for photometric calibration of
each filter by comparing the instrumental magnitudes of
some of the stars in the field, measured with point-spread
function (PSF) photometry, with their 2MASS magnitudes. The
resulting zps were zpy = 25.64 + 0.29, zp; = 26.01 £ 0.14,
and zpg, = 25.12 £ 0.18.

The source has a rather complicated structure. In addition to
the AGN and its host galaxy (component A in Figure 1), we
observe a nearby galaxy at a position angle (P.A.) of 26°
(component B in Figure 1). We also identify an extended
emission at a P.A. of 119°, which might be a point-like source
distorted by seeing, and therefore another possible galaxy
(component C in Figure 1). All of the other objects surrounding
the system are instead confirmed stars. To investigate the nature
of the putative companions, we decided to carry out spectro-
scopic observations to determine their redshifts.

'7 http:/ /iraf.noao.edu/
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Figure 2. Spectra of IRAS 20181-2244 (black line) and its putative companion
B (gray line) at P.A. = 26° in the Ha region. The flux scale is logarithmic to
enhance the lines of the companion. The dashed vertical lines mark the most
prominent lines.

3.1. Spectroscopy

We observed IRAS 20181-2244 with the Nordic Optical
Telescope (NOT) on 2017 August 4 and 2017 August 11. To
this aim we acquired two spectra at two different P.A.s
(P.A. = 26° and P.A. = 119°) to include in each observation
of the nucleus of the AGN and one of the two putative
companion sources. The observations were performed using
the Andalucia Faint Object Spectrograph and Camera. We used
a 0”5 slit and the grism 20, covering a spectral range from
5650 to 10150 A with a resolution of R ~ 1540. For each P.A.
we acquired three spectra for a total exposure time of 1800 s
at P.A. =26° and 2700s at P.A. = 119°. A spectrum of
the standard star Feige 110 was acquired for flux calibration
while a ThAr lamp and standard flat fields were acquired for
wavelength calibration and flat field correction. A standard
calibration procedure has been carried out using IRAF tasks.

In the NLS1 spectrum all of the most prominent Balmer
lines, along with [OTII] AA959, 5007, Hel A5876, [O1]
A6300, [NII] AAN6548,6584, and [SI] AN6716,6731 are
detected. After correcting for telluric absorption, to measure
the width of the broad line we decomposed the Ho line profile
using three Gaussians. Two Gaussians are needed to represent
the broad component, because its complex profile is suggestive
of two different kinematic regions, as usually observed in
broad-line profiles (e.g., Popovi¢ et al. 2004). A third one is
instead used to represent the narrow component. We obtained
FWHMy,4aq ~ 1500 km s~ !, thus confirming the NLS1 nature
of this source.

At P.A. = 26° the AGN emission lines seem to be extended
up to a region where we clearly detect a faint continuum and
weak emission lines (Ha and [N II] A\6584 are detected; see
Figure 2). Both lines and continuum are located ~3”5 away
from the NLSI1 nucleus, in the same position as source B in
Figure 1. We tested the hypothesis that these lines originate in
the AGN and are extended over source B because of the seeing.
However, neither lines nor continuum were detected on the
opposite side of source A, thus ruling out the seeing origin.
Another possibility is that the observed lines are due to the
extended narrow-line region (ENLR) of the AGN. Never-
theless, no emission lines shifted with respect to those of the
putative ENLR were detected in the spectrum. Therefore, if this
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Table 1
Parameters Derived from the GALFIT Fitting

R.A. Decl. mag. R, n

PSF A (disk case)

20:21:04.4 —22:35:18.7 13.41

Sérsic A (disk case)

20:21:04.4 —22:35:19.0 14.22 5.56 1
(1.87)

PSF A (elliptical case)

20:21:04.4 —22:35:18.7 13.73

Sérsic A (elliptical case)

20:21:04.4 —22:35:18.7 13.71 7.44 4
(2.50)

Sérsic B (bulge)

20:21:04.5 —22:35:15.0 16.24 0.29 0.51
(0.10)

Sérsic B (host)

20:21:04.5 —22:35:15.0 14.82 5.81 1
(1.95)

Note. Each component is indicated in boldface. Columns: (1) R.A. (hh:mm:ss);
(2) decl. (dd:mm:ss); (3) Integrated Ks magnitude; (4) effective radius in kpc
(and arcsec); (5) Sérsic index.

is the case and source B emits some lines (a likely possibility
given its disk nature), they are blended with those of the ENLR
because of the vicinity of the two sources. The final option is
simply that the observed lines originate in source B, confirming
that both A and B are at the same z = 0.185.

In the spectrum at P.A. = 119° some emission lines from
IRAS 20181-2244 are instead projected onto source C. This
source, in fact, is much closer to the AGN with respect to the
previous case, and the observations were performed with a
seeing around 1”5. However, no emission or absorption lines
are detected from source C itself, implying that it is either an
inactive galaxy, or that it has faint emission lines at the same
redshift as the NLS1, which are not detectable. In conclusion,
nothing can be said about the nature of source C with our data.

3.2. Imaging

To investigate the morphology of our target we used
GALFIT (Peng et al. 2002, 2010). We carried out the
procedure only in the Ks band. Given the worse seeing
conditions during the observations (0”75 in H, J band versus
0”67 in Ks) and the lower quality of the H and J band due to
strong fringing, we could not obtain any additional information
in the other filters with respect to the Ks band. We initially
reproduced the AGN with a PSF described by a Moffat
function to find its exact position. The PSF profile was
estimated by measuring and averaging the PSFs of 20 non-
saturated stars in the field of view. As a second step we
reproduced source B, fitting it with a combination of two Sérsic
profiles, one for the bulge and one for the exponential disk.
After obtaining a suitable result, we added a Sérsic profile to
reproduce the host galaxy of the AGN. Finally, we also tried to
model component C using a Sérsic profile, but we could not
obtain any reliable result. The parameters derived from the
fitting procedure are summarized in Table 1. Given that the
nuclear PSF is dominating over the center of the galaxy
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Figure 3. Left: Ks band image of IRAS 20181-2244. Middle: GALFIT model of the NLS1 and its companion. Right: residuals of the GALFIT modeling. The top row
refers to the disk host model, and the bottom row to the elliptical host model. The color scale is shown below both rows. The spatial scale at the AGN redshift is
indicated in both images. The orientation is that same as that in Figure 1.
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Figure 4. Brightness profile of the IRAS 20181-2244 modeling. The input parameters are those derived by GALFIT. Left panel (top): the black squares represent the
isophotes of the galaxy, the red solid line represents the PSF, the green solid line represents the host galaxy model with a Sérsic index of n = 1 (exponential disk), and
the blue dashed line indicates the total model. Bottom left panel: residuals after model subtraction; the dashed black line represents the zero level and the dashed red
lines indicate the background noise level. Right panel: as in the left panel, but the host galaxy model has a Sérsic index of n = 4.
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Figure 5. J—Ks color of IRAS 20181-2244. The color scale is reported at the
bottom of the image. The contour levels represent 10, 20, 30, 45, 100, and 400
times the rms calculated on the Ks band image.

because of the seeing, we decided to avoid trying to reproduce
both the bulge and the host, but to focus only on the latter.

With no constraint, its Sérsic index converged to 0.29,
suggesting a late-type nature for the host. To derive the
physical parameters of the host properly, we re-fitted it with an
exgonential disk (Sérsic index n = 1), obtaining a reduced-y?>
(x;) = 1.567. The original Ks image, the model produced by
GALFIT, and the residual image are shown in the top row of
Figure 3. For further confirmation of the GALFIT results, we
also extracted the brightness profile of the AGN host galaxy
using the IRAF task el1lipse, while masking companion B.
The result is shown in the left panel of Figure 4. The
parameters used to reproduce the profile are those already
derived by GALFIT.

We also tried to reproduce the host galaxy profile with a
Sérsic with index of n = 4, which represents the brightness
profile of an elliptical galaxy, along with the nuclear PSF. This
attempt led to Xi = 1.739, higher than that obtained for the
disk model. The GALFIT modeling is shown in the bottom row
of Figure 3, while the brightness profile is displayed in the right
panel of Figure 4.

We also estimated the J—Ks color of the galaxy. Given that
the shape of the near-infrared spectrum is not known, we did
not K-correct the different bands. The resulting map is shown
in Figure 5.

4. Discussion

Because of the seeing, the nuclear region is dominated by the
PSF of the AGN. This prevented any modeling of a potential
bulge component. As shown in Figure 4, in fact, no additional
component is needed besides the host and the PSF to reproduce
the brightness profile of the inner regions of this galaxy.

Regarding the host, as shown in Table 1 and Figures 3 and 4,
the PSF + exponential disk model can reproduce quite well the
outer regions of the galaxy up to 8 kpc, but it fails at larger
radii, where a significant deviation is observed. However, this
flux excess may be due to the presence of component C, which
was not modeled and lies at ~8 kpc (~2”6) away from the
nucleus (assuming it is at the same redshift as the AGN).

Berton et al.

The elliptical host + PSF model instead seems to reproduce
the data only up to 4 kpc from the nucleus. At larger distances,
the data lie systematically above the model predictions, and
only at very large radii (>13 kpc) the model seems to be again
in agreement with the observations. Another weakness of this
model is that the brightness profile of the elliptical host is
significantly higher in the nuclear region with respect to the
disk, and its peak magnitude is almost comparable to that of the
AGN. If true, in the optical spectrum we would expect to
observe at least some absorption lines and the 4000 A break
that, instead, are not observed. Therefore, despite some data
limitations, we are inclined to believe that the disk model is a
better representation of the host galaxy.

As mentioned above, the significant deviation from the
exponential profile at large radii may be associated with
component C. Its nature is not certain yet. The optical spectrum
of this region, given its relatively small distance from the
nucleus, was dominated by the AGN, and therefore it was not
possible to fully determine whether it is a bright star-forming
region, a small galaxy interacting with the AGN host, or a tidal
tail produced by the interaction between components A and B.
Conversely, source B is a late-type galaxy, well reproduced by
a Sérsic profile for the bulge with the addition of an exponential
profile for the disk. This object also shows a luminosity excess
in the residuals, which is suggestive of a tidal tail produced by
its interaction with the AGN host.

The color index J—Ks provides some additional information.
In the NLSI nucleus its value is ~2.1. This result is not far
from typical colors observed in other AGN (Fischer et al. 2006;
Masci et al. 2010), even if this one seems to be slightly redder
when compared to other quasars (Leipski et al. 2007). A small
fraction of this very red color (around ~0.2) could be attributed
to the lack of K-correction in our data, but despite this the
nucleus is definitely very red. The reason for this could be a
combination of dust absorption and host dilution. The nucleus
of the companion galaxy is also fairly red (~1.6), showing that
dust might be very abundant in both of these interacting
galaxies. The colors could also be an indication that there is a
significant ongoing star formation activity in the reddest parts
of the system. The star formation indeed is responsible for a
significant Pac emission which, because of the redshift, falls in
the Ks band lowering its magnitude. In particular, the inner
3 kpc of the nucleus, source C, and the tidal tail of source B
might all possibly contribute to the extreme SFR observed in
this galaxy by Caccianiga et al. (2015).

The ongoing interaction that we observe might play a key
role in the relativistic jet production. In high-mass jetted AGN,
for example, merging and interaction are frequently observed
(Chiaberge et al. 2015). If jetted AGN are associated with
rapidly spinning black holes, merging can help to spin up the
black hole via several accretion episodes, thus triggering the
relativistic jet launching. If this is true, among NLSIs, non-
jetted sources might have a lower spin with respect to jetted
NLSIs (e.g., Chiaberge et al. 2017, and references therein),
since they tend not to show merging episodes (Krongold et al.
2001; Xu et al. 2012). This lack of frequent interactions found
among non-jetted NLS1s might be a consequence of their
large-scale environment, which is different with respect to that
of jetted NLSIs (Jarveld et al. 2017a, 2017b). Galaxies that
reside in a dense environment, on average, have a higher
probability to interact with other sources than galaxies located
in voids. Even if the relative velocity between galaxies and the
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position of each galaxy within its environment also play a role
in the process, we can conclude that a dense environment may
usually produce a higher fraction of jetted sources.

In conclusion, if the disk host hypothesis for IRAS 20181-
2244 is correct, this NLS1 (we remark that formally this object is
classifiable as a quasar) is hosted by a galaxy with a scale radius
of 3.3 kpc, slightly larger than that of the Milky Way in the same
band (Porcel et al. 1998). This source, then, may belong to the
class of disk-hosted jetted NLS1s, as some other similar objects
found in the literature (Antén et al. 2008; Kotilainen et al. 2016;
Olguin-Iglesias et al. 2017; Jarveld et al. 2018). The presence of
jetted NLS1s hosted also in elliptical galaxies (D’ Ammando
et al. 2017, 2018) suggests that both classes of jetted NLS1s
exist. In a similar fashion, evidence for two different classes of
NLS1s has already been discussed in the literature, based for
instance on the spread of X-ray slopes, on the range of
Eddington ratios, and the strength (or weakness) of Fell
emission (e.g., Xu et al. 1999; Sulentic et al. 2000; Williams
et al. 2004; Mathur & Grupe 2005a, 2005b, and references
therein). We speculate that, while disk-hosted sources are
characterized by young age and fast evolution (Foschini et al.
2015; Berton et al. 2016, 2017; Komossa 2018), the others may
be instead low-inclination, and possibly not young, sources that
mimic the behavior of genuine NLS1s. Further morphological
studies on jetted and non-jetted NLS1s are needed to confirm or
disprove this scenario, and to shed more light on the formation
of relativistic jets in this intriguing class of AGN.
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