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ABSTRACT

It has been often suggested that a tangible relation exists between relativistic jets in active galactic nuclei (AGN) and the morphology
of their host galaxies. In particular, relativistic jets may commonly be related to merging events. Here we present for the first time
a detailed spectroscopic and morphological analysis of a Seyfert galaxy, SDSS J211852.96—073227.5, at z = 0.26. This source has
previously been classified as a gamma-ray emitting narrow-line Seyfert 1 galaxy. We re-observed it with the 6.5 m Clay Telescope
and these new, high-quality spectroscopic data have revealed that it is actually an intermediate-type Seyfert galaxy. Furthermore, the
results of modelling the K s-band near-infrared images obtained with the 6.5 m Baade Telescope indicate that the AGN is hosted by a
late-type galaxy in an interacting system, strengthening the suggested connection between galaxy interactions and relativistic jets.
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1. Introduction

Relativistic jets, present in about 10% of active galactic nuclei
(AGN; Padovani 2017), were long believed to be an exclusive
property of giant elliptical galaxies that are host to the most mas-
sive supermassive black holes (Mpy > 10% My,) in their centres
(Laor 2000). The question of how the jets are triggered was, and
still remains, a subject of debate (Tadhunter 2016). Some authors
believe that galaxy interactions and mergers are connected to the
triggering of relativistic jets, but the physical mechanism behind
the triggering remains unclear. There are two main scenarios that
are typically considered in such discussions. In the first scenario,
the jet draws its energy from the spin of the black hole via a mag-
netised accretion disk (Blandford & Znajek 1977). A black hole
can be efficiently spun up in galaxy mergers when the central
black holes coalesce (e.g. Chiaberge et al. 2015) or this can hap-
pen via normal accretion over a longer time period. In the sec-
ond scenario, the jet gets its energy directly from the accretion
disk. Gas infall into the nucleus caused by galaxy interactions
can lead to super-Eddington accretion which, in turn, can trigger
the jet (Sadowski & Narayan 2015). However, there are also sev-
eral studies that have not found any connection between interac-
tion and jets (Corbin 2000; Cisternas et al. 2011; Kocevski et al.
2012).

Either way, we know that there is a prominent connec-
tion between the AGN and its host galaxy (Ferrarese & Merritt

* This paper includes data gathered with the 6.5m Magellan
Telescopes located at Las Campanas Observatory, Chile.
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2000). Especially with regard to galaxies with classical bulges,
the black hole mass is directly connected to the stellar veloc-
ity dispersion of the bulge and exhibits signs of co-evolution
(Kormendy & Ho 2013). At the same time, the central black hole
feeds on the gas reservoirs of its host galaxy and the nuclear
activity shapes the galaxy via the so-called AGN feedback (e.g.
winds, outflows, and jets; see Husemann & Harrison 2018).

The conventional jet paradigm was challenged when proof
of relativistic jets in a class of young AGN (Mathur 2000;
Jarveld et al. 2015) called narrow-line Seyfert 1 galaxies (NLS1;
Osterbrock & Pogge 1985), was found (Abdo etal. 2009).
Indeed, these sources generally reside in late-type galaxies and
host black holes of moderate masses (Mgy < 10% M). They
have since then been established as the newest class of gamma-
ray emitting AGN with relativistic jets (Foschini et al. 2015;
Berton et al. 2016, 2017). NLS1s reignited the discussion about
the role of interaction in triggering the relativistic jets since
a clear majority of the jetted NLS1s studied so far are found
in interacting systems (Anton et al. 2008; Jdrveld et al. 2018;
Berton et al. 2019; Olguin-Iglesias et al. 2020). This suggests
that, at least in these sources, interaction plays a major role.

While it is becoming evident that a connection between the
triggering of the jets and interaction exists, we still do not under-
stand the necessary conditions for an interaction to lead to the
launch of relativistic jets. If mere interaction would be suffi-
cient to achieve this result, we should be able to observe this
phenomenon in a variety of interacting galaxies. Instead, so far,
it seems that only blazars and NLS1s are capable of producing
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Fig. 1. HB and [O 1I1]414959,5007 of J2118-0732 at rest-frame, and
a zoom-in to the HB line. The black solid line represents the spectrum.
Other symbols and colours are explained in the figure.

fully developed gamma-ray emitting relativistic jets. This could
be partly due to the concentration of resources focussed on the
study of the most outstanding sources and partly due to observa-
tional biases (e.g. occasionally flaring sources are not included
in Fermi-LAT catalogues; see Lihteenméki et al. 2018). In this
paper, we report the discovery of the first non-local intermediate-
type Seyfert galaxy with prominent gamma-ray emission pro-
duced by relativistic jets. Throughout the paper, we assume
a cosmology with Hy=73km s Mpc‘l, Qmatter =0.27, and
Qyacuum = 0.73 (Komatsu et al. 2011).

2. Reclassification of SDSS J211852.96—-073227.5

SDSS J211852.96-073227.5 (henceforth, J2118-0732) is a
Seyfert galaxy at a redshift of 0.2601 (Albareti et al. 2017). It has
been previously classified as an NLS1 by several authors (e.g.
Rakshit et al. 2017; Yang et al. 2018; Paliya et al. 2018) and it
was identified as a gamma-ray emitter in the Fermi-LAT 8-year
Source Catalog (4FGL, The Fermi-LAT Collaboration 2020) as
well as in Paliya et al. (2018).

To confirm the spectral classification of J2118-0732, we
observed it on 2019-10-17 with the Low-Dispersion Survey
Spectrograph 3 (LDSS3) mounted on the 6.5 m Clay Telescope
of the Las Campanas Observatory. We used grism VPH-ALL,
with a spectral range of 4000—10 000 A and spectral resolution
of R ~ 650. We obtained three exposures of 900s, for a total
exposure of 2700s. The 1” slit was oriented along the parallac-
tic angle. We reduced the spectra following the standard IRAF!
procedure. The signal-to-noise ratio (S/N) of the final combined
spectrum is ~30 in the continuum. These new deep spectroscopic
observations show that this source is not a type 1 AGN but,
rather, it is an intermediate AGN. This class of often-neglected
AGN is characterised by the partial obscuration of the central

! IRAF is distributed by the National Optical Astronomy Observato-
ries, which is operated by the Association of Universities for Research
in Astronomy, Inc. under cooperative agreement with the National Sci-
ence Foundation.
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Fig. 2. Ha and [N I1]216548,6584 of J2118-0732 at rest-frame.
Colours are the same as in Fig. 1.

engine and by H I line profiles in which both the broad and the
narrow component can be easily recognised (Osterbrock 1977).

The strongest hydrogen lines of J2118—0732 are shown in
Figs. 1 and 2. Both H I line profiles are clearly asymmetric,
showing a prominent wing on the red side. Nonetheless, we
tried to reproduce the HB profile by using a single Lorentzian
component as is usually done for NLS1s (Sulentic & Marziani
1999; Cracco et al. 2016; Berton et al. 2020). Unlike what was
found by Yang et al. (2018), this function was not sufficient to
reproduce the observed profile in this case. A Lorentzian compo-
nent can reproduce only the wings of the profile or its core, but
not both. We then added a narrow component to the fit, which
significantly improved the result, but could not account for the
red asymmetry. Therefore, we decided to use only Gaussians in
the fitting procedure. We used two Gaussians to represent the
broad component and one Gaussian for the narrow component.
The result is shown in Fig. 1. The full-width at half maximum
(FWHM) of the broad components is ~4560 and ~1860kms~!,
respectively, in the restframe (not corrected for instrumental res-
olution). In the narrow component, the FWHM is ~490 km s7h
which corresponds to the instrumental resolution and is in agree-
ment with the values measured in the [O III] lines. The same
model was then successfully applied to the Ha+[N II] blend,
obtaining similar velocities as measured in HB (see Fig. 2). In
an NLSI1, the line profile is usually dominated by the broad
component(s), and the narrow component is almost negligible
(Sulentic & Marziani 1999), whereas in the case of 12118—-0732,
the narrow component significantly contributes to the line pro-
file and, thus, it cannot be ignored. For this reason, the NLS1
classification seems unlikely, while the intermediate-type classi-
fication is more apt for this source.

In their analysis, Yang et al. (2018) reported the presence of
Fe II multiplets, as often seen in NLS1s (e.g. Goodrich 1989).
They estimated the Fe II to HB ratio — which is known as
R4570 — to be 0.06, indicating that the iron emission is relatively
weak. Our spectrum appears to confirm their findings since the
Fe II emission is barely visible. We did not try to fit the Fe II
multiplets; its contribution can be seen as residuals below
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Fig. 3. Observed (left panel), modelled (middle panel), and residual (right panel) K s-band image of J2118—0732. The contours are at -3, 3, 6, 12,
24, 48, 96, 192, and 384X the noise level. The field of view is 19.36”/78.4 kpc for all images.

4800 A in Fig. 1. However, this does not contradict the classi-
fication of J2118-0732 as an intermediate Seyfert since Fe II
multiplets are also observed in intermediate-type AGN (e.g.
NGC 5548, Vestergaard & Peterson 2005).

The reason for the discrepancy between our analysis and
that of Yang et al. (2018) is due to the divergence in S/N. Their
results were based on the Sloan Digital Sky Survey (SDSS) spec-
trum, with an S /N ~ 10 in the continuum. Our spectrum, instead,
has a significantly better S/N of ~30, allowing us to study the line
profiles in more detail.

3. Host galaxy

To study the morphology of J2118—-0732, we observed it in J
and K's -bands using the FourStar instrument on the 6.5 m Baade
Telescope of the Las Campanas Observatory. The observations
were performed on 2019-10-10 and the seeing varied between
0.5 and 0.8”. The spatial scale of the images is 0.16” px~!,
which, at the redshift of the target, translates to 4.048 kpc/”. In
the J-band, we observed the target in 11 different positions on
the detector, combining eight images for each position, with a
14.555s exposure time of a single frame and a total exposure of
~1280s. In the Ks-band, we observed the target in 11 different
positions with 12 exposures per position. The single exposure
was 5.822s, and the total exposure time was ~768s. We reduced
the images with IRAF following the standard imaging proce-
dure. We flux-calibrated the final images, using the magnitudes
of the field stars derived from 2MASS as reference (Cutri et al.
2003).

It is clear from the Ks-band image of J2118-0732 (see
Fig. 3, left panel) that it resides in an interacting system. To
confirm this, we obtained the spectra of J2118—-0732 and its
companion with the Alhambra Faint Object Spectrograph and
Camera (ALFOSC) instrument of the Nordic Optical Telescope
(NOT) on 2019-09-04. We observed the system using the 1”
slit, grism#20 (spectral coverage 5650—-10 150 A, resolution R ~
770). We obtained three exposures of 900s each, for a total expo-
sure time of 2700s. The slit was oriented at a position angle
of 118° to observe both targets simultaneously. We reduced the
spectra following the standard procedure with IRAF. The result,
corrected for redshift, is shown in Fig. 4. It confirms that the
AGN and its companion are at the same redshift. The AGN
resides in the brighter galaxy on the left in Fig. 3.

We used the Ks-band image to model the system because
the weather conditions were better during these observations and
the Ks-band image is deeper than the J-band image. Details of
the modelling are given in Appendix A and the best-fit param-
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Fig. 4. Redshift-corrected spectra of J2118—0732 (in blue) and of its
companion (in orange).

eters of the morphology of the system are listed in Table 1.
In Ks-band the AGN nucleus is quite faint which is not sur-
prising since generally the host galaxy starts to dominate more
and more at longer wavelengths (Hernan-Caballero et al. 2017;
Caccianiga et al. 2015). The overall morphology of the system
is significantly disturbed by interaction, which makes modelling
individual components of the two galaxies challenging as their
light distributions are no longer intact. However, the galaxy
hosting the AGN can best be modelled with two Sérsic func-
tions, which are concentric with the point spread function (PSF).
Sérsic 1, with effective radius, r, = 21.25 kpc, and Sérsic index,
n = 0.79, resembles a disk component. The axial ratio is quite
small (0.31), possibly due in part to the inclination of the disk,
but also because this component includes most of the diffuse
light of the whole system, which extends to the companion.
Sérsic 2, with r, = 0.56 kpc, n = 1.90, and an axial ratio of 0.82,
fits the description of a pseudo-bulge (e.g. Fisher & Drory 2008),
confirming that prior to the interaction, the AGN host galaxy was
of a late type.

The companion can also be fit with two Sérsic functions,
however, based on visual inspection, it seems that its morphol-
ogy is already more perturbed than that of the galaxy hosting the
AGN. It is most probably due to this that the two Sérsic func-
tions are not concentric: trying to freeze the central coordinates
leads to non-physical parameter values, so we decided to keep
them free. Sérsic 3, with r, = 2.22kpc and n = 1.07, resembles
a pseudo-bulge. However, it is quite elongated, with axial ratio
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Table 1. Best fit parameters of J2118—0732 and its companion in K s-band.

Funct. Mag Te n Axial PA Notes
(kpc) ratio ©)

AGN
PSF 20.09*08 nucleus

A 0.06 0.8 0.08 0.00 00 4
Sérsic 1 16.05% 21.25j0_6g 0.79%50; 031750 —=752%, disk
Sérsic 2 16.44f8:88 0.56f8:8} 1.90j8:8§ 0.82j8i8i —75.8f8:} bulge
Companion
Sérsic 3 17.10f8:88 2.22f8:88 1.07f8:8(1) 0.40f8:88 —79.9fg:‘1) bulge
Sérsic 4 18274500 7.22%002 0.667090  0.357000  —-75.2*700  off-centre disk?

Notes. Reduced )(3 = 1.37’:8:8%. (1) Function used in the model; (2) magnitude of the component in K s-band; (3) effective radius; (4) Sérsic index;

(5) axial ratio; (6) position angle; (7) physical interpretation.

of 0.40, which is probably due to the interaction. The second
companion component, Sérsic 4, is off-centre by 9.02 kpc when
compared to the bulge, and clearly fits the elongated structure
extending to the right side of the companion bulge. Sérsic 4 has
r. = 7.22kpc and n = 0.66, which suggests that it is a disk-like
structure.

The projected separation of the two nuclei is 13.36 kpc,
which suggests that the system might be in a pre-merger stage
and not just experiencing interaction when passing each other
(Silva et al. 2018; Ventou et al. 2019). However, we do not know
the de-projected separation or the velocity difference of the
galaxies and, thus, we cannot be certain of the future evolution
of the system.

The observed image, the model, and the residuals are shown
in Fig. 3. The radial surface brightness distribution (centred at
the AGN) of the original image, the model, and the AGN compo-
nents are shown in Fig. 5. The companion galaxy is responsible
for the bump at » ~ 13 kpc, but we do not show its components
since they are not concentric with the AGN. At large radii the
disk component (Sérsic 1) seems, misleadingly, to have a higher
surface brightness than the whole profile, but this is due to it
being more elliptical than the total profile and due to the plotting
the surface brightness as a function of the semi-major axis.

Our model fits the inner parts of the system well, but residu-
als are left at larger radii. These structures probably result from
the interaction and we did not even try to fit them. Despite the
somewhat disturbed morphology of the outer parts of the inter-
acting galaxies, the best-fit indicates that both galaxies have
pseudo-bulges and were originally late-type galaxies.

The J — Ks colour-colour image of the system is shown
in Fig. 6. The colour of the companion nucleus is very red
(J — Ks ~ 2.3), which may indicate strong absorption due to
dust at that position. In the infrared, there may also be a con-
tribution of stellar populations at play since old stars can con-
tribute to the colours. However, using the Balmer decrement in
the NOT spectrum, we estimated Ha/HB =~ 8, which corresponds

to A(V) ~ 3.2. Therefore, dust is believed to be the main suspect
producing this feature (Dominguez et al. 2013).

4. Discussion

As we mention above, J2118-0732 is a gamma-ray source.
Given its relatively high redshift and variable gamma-ray
emission (Yang et al. 2018), the most likely source of the high-
energy emission is a beamed relativistic jet (Ackermann et al.
2012). Gamma-ray emission in galaxies can also originate from
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star formation processes, but the emission produced this way is
quite faint and, thus, it is difficult to detect in non-local galaxies;
furthermore, it is not variable. The host galaxy of J2118—-0732 is
clearly interacting with a nearby companion galaxy. The mor-
phology of the system is already quite disturbed, but based
on our modelling, both galaxies have pseudo-bulges, indicat-
ing that both of them had late-type morphologies before the
encounter. This result is in agreement with the postulated con-
nection between interaction and the presence of relativistic jets.
With these data, however, we can not assess the triggering mech-
anism of the jet since we do not know the accretion history of the
AGN.

Beside the ~20 gamma-ray emitting NLS1s we know so far
(full list in Romano et al. 2018), relativistic jets, or gamma-ray
emission have been very rarely observed in non-local Seyfert or
late-type galaxies. For example, Ackermann et al. (2012) inves-
tigated the gamma-ray properties of 120 hard X-ray-selected
Seyfert galaxies, but did not find any certain detections. More-
over, the two candidate gamma-sources are both nearby galax-
ies. The Seyfert 1.5 galaxy IIl Zw 2 has been found to host
a gamma-ray emitting relativistic jet (Brunthaler et al. 2000;
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Liao et al. 2016), but according to the detailed modelling of the
host galaxy it resides in an interacting elliptical (Veilleux et al.
2009). In addition, about a dozen late-type galaxies have been
found to host kpc- or even Mpc-scale jets (Hota et al. 2011;
Bagchi et al. 2014; Singh et al. 2015) but their physical proper-
ties (e.g. black hole and stellar masses) are similar to those of
blazars, BL Lac objects in particular, and the AGN hosted in
these late-type galaxies are believed to be accreting very ineffi-
ciently (Bagchi et al. 2014).

In addition to modelling its host galaxy, we re-classified
J2118-0732 as an intermediate-type AGN. This rather unex-
pected discovery properly demonstrates the dangers of not using
high S/N, good quality data, as intermediate AGN can be eas-
ily misclassified. It also raises a question about the robustness of
the optical classification of AGN in general since many of them
have been classified based on quite low S/N SDSS spectrum and
often using automated algorithms. Correct classification of AGN
is crucial for population-wide studies since misclassified sources
contaminate the samples, add noise to the results, and they can
even lead to misleading results.

In general gamma-ray emission from AGN classified as
intermediate is rare: in some local intermediate type AGN,
such as NGC 4151 or MGC 6-11-11 (Ulvestad & Wilson 1986),
gamma-ray emission was detected already with EGRET and
later confirmed with Fermi-LAT, but its origin may reside in
annihilation radiation from hot plasma instead of a relativis-
tic jet (Bassani & Dean 1983; Wojaczynski et al. 2015). High-
energy emission from misaligned, that is, intermediate and type
2, AGN is not common, with only a handful of sources (mostly
radio galaxies) detected by the Fermi-LAT (Abdo et al. 2010;
Rieger & Levinson 2018). However, in the case of J2118—-0732,
the relativistic jet does not seem to be misaligned with respect
to our line of sight since it has been identified as a flat-spectrum
radio source (Healey et al. 2007).

J2118-0732 is exceptional in many ways as it is the first
confirmed case of a non-local intermediate Seyfert nucleus,
hosted by an interacting late-type galaxy and capable of main-
taining powerful relativistic jets that are detectable at gamma-
ray energies. Its Eddington ratio, bolometric luminosity, and
black hole mass have been estimated by previous authors but
following the reclassification, we can not determine how accu-
rate these estimates are. The intermediate classification means
that the emission from the nucleus is partially obscured but we

do not know by how much. In addition, the previous authors
used FWHM(Hp) (for which they got values <2000kms™') to
estimate the black hole mass. This is clearly different from the
values we obtained; either way, estimating the black hole mass
from the line width of an intermediate AGN is not straightfor-
ward. Nonetheless, based on its prominent emission lines, we
can deduce that it accretes via cold gas accretion and is in a high-
excitation mode (Hardcastle et al. 2006), making it comparable
to NLS1s and flat-spectrum radio quasars (FSRQ). It has been
suggested that NLS1s will evolve into FSRQs with time and
J2118-0732 could represent the transitional evolutionary phase
(Berton et al. 2017).

Obscuration of the nucleus is an interesting feature of
J2118-0732 and there are two possible explanations for it:
obscuration by the dusty torus or by interstellar matter. In the
simplest model an AGN is an axisymmetric structure, in which
the dusty torus is the natural extension of the accretion disk
beyond the dust sublimation radius and the jets are perpendic-
ular to this system (Antonucci 1993; Urry & Padovani 1995;
Gaskell 2009). However, various works have shown that the
jets can get misaligned with respect to the obscuring material
(Reynolds et al. 2013; Greene et al. 2013). This is believed to
take place when the angular momentum vector of the accreted
matter is not aligned with the axis of the obscuring medium.
Such discrepancy may be due, for example, to galaxy interac-
tions, which can disturb the gas dynamics of the participating
galaxies. In general, in AGN, the half-opening angle of the torus
is between 15° and 55°, with a mean of 30° (Peterson 1997). This
means that the inclination of the jet relative to the dusty torus
should be at least 15° for us to observe the jet pointing toward us
but also for the broad-line region to be partially obscured.

The other possibility is that the light emitted from the broad-
line region is partially obscured by interstellar matter, especially
dust, in the galaxy. It has been found that the central structure is
often misaligned with the galaxy disk (e.g. Schmitt et al. 2002;
Hopkins et al. 2012) and this can be responsible for the partial
obscuring of the broad-line region. An alternative scenario is that
the interaction has perturbed the distribution of the interstellar
matter in J2118—-0732, so that there is now obscuring dust in our
line of sight to the nucleus. The current data are not sufficient to
determine the source of the obscuration.

For now J2118-0732 remains a curiosity, however, with
more careful data analysis in the advent of more sensitive instru-
ments and higher quality data, it should not remain a mystery for
much longer. Identifying more sources with properties that are
similar to J2118—-0732 is important in understanding their place
in the big picture of AGN unification and evolution schemes.
To achieve this and to investigate the nature of these sources,
new observations, such as a combination of high-resolution radio
imaging and integral field spectroscopy, will play a crucial role.
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Appendix A: Image modelling

To perform the photometric decomposition of the Ks-band
image, we used GALFIT version 3 (Peng et al. 2010), which
allows simultaneous fitting of several components that contribute
to the total 2D light distribution of the source. To properly model
the AGN, and remove its contamination, a good PSF model is
needed. For this purpose, we used a nearby field star — with as
similar a PSF as possible — that is more than two magnitudes
brighter than the AGN and with an S/N of several hundred. GAL-
FIT is capable of extracting the PSF directly from the PSF star
image once it is centred and sky-subtracted. This allows more
accurate PSF modelling since no analytical functions are needed
to model the PSF.

We estimated the zeropoint of the image and its associated
error by using stars in the field of view with 2MASS magnitudes
in Ks-band. The image was sky-subtracted to have a mean of
zero. The sky error was estimated by measuring the sky in sev-
eral separate regions of 100 x 100 px. In the fitting we froze the
sky to have a value of zero and estimated the sky error effect by
fitting with the +10 values. For magnitudes an additional zero-
point estimation error was added. The modelling was started by
fitting only the PSF and then adding more components one at
a time as required. The residuals were checked after every fit,
and the component parameters were varied to ensure the val-
ues that the fit converged to were stable. We fixed the central
coordinates of the AGN components but kept other parameters
free. After achieving a good fit, determined by the reduced y>
and the visual inspection of the model and the residuals, we also
visually checked all the subcomponents to confirm they looked
physically reasonable. The fitting region used was as large as
possible but a zoom-in in shown in Fig. 3 for easier inspection.

The Sérsic profile was used to model the various components
of our sources:

I(r) = Igexp[ - K,,((ri)l/n - 1)},

where I(r) is the surface brightness at radius r, «, is a param-
eter connected to the Sérsic index, n, so that I, is the surface
brightness at the half-light radius, r, (Graham & Driver 2005).
By changing the Sérsic index, n, the Sérsic profile can be used to
model varying light distributions in galaxies, for example, clas-
sical and pseudo-bulges, and early- and late-type morphologies.
Smaller values of n ($2) are associated with galaxies with late-
type morphology and pseudo-bulges, and larger values of n (>4)
with elliptical galaxies and classical bulges (Graham & Driver
2005).

After a good fit was achieved we extracted the radial surface
brightness profile from the observed image, the model image,
and the separate component images using IRAF task ELLIPSE,
which fits concentric elliptical isophotes to a 2D image. For the
original image and the model image we used similar ELLIPSE
parameters to get comparable fits. For the individual compo-
nents, we took the values for the central coordinates, the axial
ratio, and the position angle from the GALFIT best-fit parame-
ters. The error estimation takes into account the most important
error sources, the sky value error, and the zeropoint error.
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