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ABSTRACT

The dominant radio emission mechanism in radio-quiet quasars (RQQs) is an open question. Primary contenders
include: low-power radio jets, winds, star-formation and coronal emission. Our work suggests that radio polarization
and emission-line studies can help to distinguish between these scenarios and determine the primary contributor. Our
multi-frequency, multi-scale radio polarization study has revealed a composite jet and “wind” radio outflow in the
radio-intermediate quasar, III Zw 2, as well as in the BALQSO, Mrk 231. Our radio polarization study in conjunction
with the [O III] emission-line study of five type 2 RQQs have provided insights on the interplay of jets/winds and
emission-line gas. These sources reveal an anti-correlation between polarized radio emission and [O III] emission. This
is similar to that observed in some radio-loud active galactic nuclei (AGN) in the literature and suggests that the radio
emission could be depolarized by the emission-line gas. Overall, our work suggests that a close interaction between the
radio outflow and the surrounding gaseous environment is likely to be responsible for their stunted form in RQ and RI

AGN.

Key words: quasars, jets, radio continuum, polarimetry

1 Introduction

The radio-loud/radio-quiet dichotomy has been one of the
long-standing problems in AGN physics, which was first
identified by Kellermann et al. (1989) in the optically-
selected Palomar Green (PG) quasar sample (Boroson and
Green, 1992). They observed that the radio-loudness param-
eter (R), defined by the ratio of the 5 GHz flux density to the
optical B-band flux density, followed a bimodal distribution.
While only 10-20% of the AGN population were found to
be radio-loud (RL; R > 10), i.e., those that launch power-
ful radio jets extending to 100s of kpc to Mpc scales, the
vast majority of AGN are radio-quiet (RQ; R < 10), hosting
small-scale radio jets and/or diffuse and wind-like outflows.
The existence of this sharp division has been questioned in
the literature. Falcke et al. (1996) proposed another class of
AGN, namely radio-intermediate (RI) AGN, which had in-
termediate R values (10 < R < 250) and were identified to
be the relativistically boosted counterparts of RQ AGN.

2 Key questions

We discuss below some of the key questions pertaining to the
RL/RQ division:

(1) What is the origin of the RL/RQ dichotomy?
(ii)) Whatis the origin of radio emission in RQ and R AGN?

(iii) What causes stunted radio outflows in RQ and RT AGN?

There is a general consensus about the origin of radio
emission in RL AGN, which is often attributed to the Bland-
ford and Znajek (1977) mechanism (hereafter referred to as
BZ77) where the relativistic jets are produced by the elec-
tromagnetic extraction of rotational energy from spinning
black holes (BHs). However, the origin of radio emission in
RQ and RI AGN is still a matter of debate. It is not clear
if their emission mechanism is that of BZ77 or Blandford
and Payne (1982) or a combination of both. In the Bland-
ford and Payne (1982) mechanism (hereafter referred to as
BP82), the angular momentum and energy are magnetically
extracted from the accretion disk to power AGN winds. Pos-
sible origins of radio emission in RQ AGN as proposed in the
literature include low-power jets, winds, star-formation and
coronal emission (e.g., Panessa et al., 2019). Recent works
have demonstrated the ability of radio polarization studies,
in conjunction with spatially resolved emission-line studies,
to address fundamental questions related to the nature of ra-
dio outflows in AGN (Sebastian et al., 2019b, a, 2020; Silpa
et al., 2021a, b).

3 The nature of the radio outflow in II1 Zw 2

Il Zw 2, at a redshift of 0.089, was the first Seyfert galaxy
where a superluminal radio jet was discovered (Brunthaler
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Fig. 1. The uGMRT 685 MHz total intensity contours in green with inferred B-fields as red ticks and EVLA 5 GHz B-array in blue with
inferred B-fields as black ticks, for III Zw 2 (Silpa et al., 2021a). The length of these vectors is proportional to polarized intensity. NEL refers
to the north-eastern lobe, SWL refers to the south-western lobe and ML refers to the misaligned lobe in III Zw 2.

et al., 2000). It is also a RI quasar (R=200; Kellermann et al.,
1994) and belongs to the PG quasar sample (PG 0007+106;
Schmidt and Green, 1983). In Figure 1, we show the uGMRT
685 MHz total intensity contours in green with inferred mag-
netic (B-) fields as red ticks and VLA 5 GHz B-array total in-
tensity contours in blue with inferred B-fields as black ticks,
for IIT Zw 2 (Silpa et al., 2021a). The polarization electric
(x) vectors have been rotated by 90° to obtain the inferred B-
fields, assuming optically thin emission (Pacholczyk, 1970).
We note that this assumption is not valid for the optically thick
core. However, the vectors have been rotated for illustrative
purposes.

We clearly see a triple radio structure comprising of a
‘hotspot-core-hotspot’ in both the uGMRT and VLA images.
The curved jet in the VLA image terminates in ‘bow-shock-
like’ radio features, instead of compact hotspots typically
seen in FRII radio galaxies. The resemblance of this fea-
ture with the restarted jet simulations of Clarke and Burns
(1991) (essentially, their Fig. 1e) suggests restarted jet activ-
ity in IIl Zw 2. The uGMRT image also detects a kpc-scale
lobe emission in the south that is misaligned with the pri-
mary lobes (annotated as ML in Figure 1). The misaligned
lobe has similar spectral indices and electron lifetimes as the
primary lobes, suggesting that it is not a relic lobe. This is
reminiscent of the large and ‘alive’ lobes observed in M87
at 330 MHz with the VLA (Owen et al., 2000). Moreover,
the primary and the misaligned lobes reveal characteristics
similar to those seen in the ‘sputtering’ AGN, NGC 3998

(Sridhar et al., 2020), such as a mean spectral index between
—0.6 and —0.7 and a lack of clear spectral steepening with
distance from the core. This suggests that the AGN is simi-
larly ‘sputtering’ in III Zw 2.

For optically thin regions like jets and lobes, the inferred
B-fields are perpendicular to the y vectors, whereas for op-
tically thick regions like the core, the inferred B-fields are
parallel to the y vectors (Pacholczyk, 1970). In the uGMRT
image, we find that the inferred B-fields are transverse to
the jet direction and aligned with the edges of the south-
western lobe. This could either symbolize a series of trans-
verse shocks (e.g., Gabuzda et al., 1994; Lister et al., 1998),
or a toroidal component of a large-scale helical B-field asso-
ciated with the jet (e.g., Pushkarev et al., 2017). The inferred
B-fields in the VLA image are aligned with the lobe edges,
as in the uGMRT image, suggesting shock compression. The
inferred B-fields in the VLA core are roughly transverse to
the local jet direction as well as the VLBA jet direction (since
the position angle for the VLBA jetis ~74°; Brunthaler et al.,
2000, 2005). The inferred B-fields in the VLA jet compo-
nent J1 are parallel to the local jet direction, and hence could
represent the poloidal component of the helical jet B-field.

Alternately, the transverse B-fields in the uGMRT im-
age may connote toroidal B-fields threading an AGN wind
(e.g., Miller et al., 2012; Mehdipour and Costantini, 2019),
sampled on larger spatial scales than sampled by the VLA
observations. This wind component could either be an accre-
tion disk wind (e.g., Blandford and Payne, 1982) or the outer
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Fig. 2. Top: VLA 1.4 GHz total intensity contours for C-array in green with inferred B-fields as red ticks and for A-array in blue with inferred
B-fields as black ticks, for Mrk 231. Bottom: VLA 4.9 GHz total intensity contours for D-array in green with inferred B-fields as red ticks
and for C-array in blue with inferred B-fields as black ticks, for Mrk 231 (Silpa et al., 2021b). The length of these vectors is proportional to
the fractional polarization (i.e., ratio of polarized intensity to total intensity).
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layers of a broadened jet (like a jet sheath, e.g., Mukherjee
et al., 2018) or a mixture of both. In keeping with this model,
the parallel B-fields in the VLA component J1 may represent
poloidal B-fields threading the spine of a jet, since poloidal
fields are easier to anchor in thick disks which are essential
for launching jets (Miller et al., 2012).

Overall, we find a coalescent radio outflow in III Zw 2
comprising of a jet with poloidal B-fields immersed inside
a magnetized wind with toroidal B-fields. The transverse B-
fields in the core could suggest a toroidal component at the
base of this composite outflow. Our findings demonstrate
the ability of radio polarimetry to probe different layers of
the outflow like the jet spine or the jet sheath/wind sampled
at different spatial scales and having characteristic B-field
structures.

4 The multi-component outflow in Mrk 231

Mrk 231, at a redshift of 0.04217, is a well-studied Seyfert
type 1 galaxy (Sanders et al., 1988; Surace et al., 1998) and
a Broad Absorption Line Quasi-Stellar Object (BALQSO;
Boksenberg et al., 1977; Smith et al., 1995; Gallagher et al.,
2002). It is also known to be transitioning from the RQ to
RL state (Reynolds et al., 2017). The top and bottom panels
of Figure 2 show the historical VLA images of Mrk 231 at
1.4 GHz and 4.9 GHz, respectively. Both panels present total
intensity contours at lower resolution (~10" scale) in green
and higher resolution (~1-4"" scale) in blue (Silpa et al.,
2021b). The vectors in both panels represent inferred B-fields
obtained by rotating y vectors by 90° assuming optically thin
emission. Again, this assumption is not valid for the core, but
the rotated vectors have been shown for illustrative purposes.

The ~10” scale images detect a diffuse lobe-like emis-
sion to the south that extends to ~55 kpc, whereas the ~1-4"
scale images detect a poorly collimated jet extending ~25-30
kpc to the south. The higher resolution images detect a region
close to the core with inferred B-fields parallel to the local
jet direction. The lower resolution images detect a transverse
B-field all the way from the core to the edges of the south-
ern lobe. This is similar to the case of III Zw 2, in that the
poloidal inferred B-fields thread the spine of the weakly col-
limated jet sampled at higher resolution and toroidal inferred
B-fields thread the AGN wind sampled at lower resolution.
Thus, Mrk 231 also seems to host a composite jet and wind
radio outflow.

We also find, based on a rotation measure (RM) analy-
sis, that the radio outflow in Mrk 231 becomes increasingly
matter-dominated away from the core. Essentially, the mag-
netization parameter (), which is the ratio of gas pressure
to magnetic pressure, is found to increase with distance from
the core. This is consistent with the mixing of synchrotron
plasma with the entrained gas as the radio outflow (jet/lobe
and/or wind) propagates through the ambient medium. Thus,
one cannot neglect the role of the local environment while
studying AGN outflows.

We note that the inferred B-field vectors have not been
corrected for Faraday rotation. Given an average RM of about
5-10 rad m~2 in the southern lobes of III Zw 2 and Mrk 231,
the expected change in the electric vector polarization angle
(EVPA) is < 15 degrees. However, the RM values in certain
regions of the lobes are higher, which makes the expected
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changes in the EVPA also higher. Hence, it is difficult to
obtain an unambiguous interpretation of the B-field direction
w.r.t to the local radio outflow direction in these sources.

5 An interplay of jet/wind & emission-line gas

In a study carried out on a small sample of type 2 RQ
quasars with EVLA polarization and HST [O III] emission-
line imaging, we have found a correlation between radio
emission (from jets or winds) and [O III] emission but an
anti-correlation between radio polarized emission and [O III]
emission in these sources. This is similar to that observed in
some RL AGN in the literature (van Breugel et al., 1984;
Heckman et al., 1984; van Breugel et al., 1985) and suggests
that the radio emission is depolarized by the emission-line
gas. Furthermore, we have found evidence for the mixing of
entrained thermal gas and synchrotron plasma in the lobes
of these sources. This results in the internal depolarization
of the lobe emission in them (Silpa et al. 2022, MNRAS,
submitted). Thus, both external and internal depolarization
seem to be operational in these RQ quasars.

6 Implications for the RL-RQ dichotomy

Overall, two important conclusions can be drawn from our
work: (i) a spatial stratification of B-fields is observed in our
sources which signify the presence of more than one mode
of radio outflow, (ii) the interaction between various outflow
components, as well as the surrounding gaseous environment,
is likely to be responsible for the stunted outflows in RQ and
RI AGN. We present a cartoon model in Figure 3 to summa-
rize a connection between possible spectral state changes of
the accretion disk and the multi-component outflow in AGN
(Silpa et al., 2021a).

<+——— et spine
(BZ77 process)

“——— Jet sheath

<+— AGN wind
(BP82 process)

Hard state
Soft state

BH

Fig. 3. A cartoon to illustrate the relation between the possible
changing spectral states of the accretion disk and the multi-compo-
nent outflow in AGN, as inferred from our work on RQ and RI AGN
(Silpa et al., 2021a). The white ticks represent the B-field vectors.
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Drawing analogies from X-ray binaries, we propose that
the outer regions of the accretion disk in soft state, charac-
terized by the Shakura and Sunyaev (1973) disk, launches
wind (either driven by the BP82 mechanism or it could be
a jet sheath), and the inner regions of the accretion disk in
hard state, characterized by an advection-dominated accre-
tion flow (Narayan and Yi, 1994), launches jet (or a jet spine,
driven by the BZ77 mechanism). Such a co-axial outflow
would appear co-spatial in projection, as seen in our sources.
The interaction of the jet with the wind plasma (possibly oc-
curring in the intervening region between BZ77- and BP82-
driven components) may disrupt the jet. Alternately, most
of the mass and energy may be carried away by the wind,
rather than by the jet. This could explain why the jets are
low-powered and small-scaled in RI AGN, as compared to
those in RL AGN.

In regular RL and RQ AGN, the transition between the
hard and soft spectral states typically occurs on time scales
of 10°-108 yr (Alexander and Leahy, 1987; Enflin and
Gopal-Krishna, 2001; Shabala et al., 2008). However, this
may occur on much shorter time scales, such as decades, in
sources showing intermittent/sputtering AGN activity. Such
rapid transitions may explain why one finds a combination
of a jet with moderate radio luminosity and an accretion
disk wind in such sources. Furthermore, this model favours
the idea of radio-loudness being a function of the epoch at
which a source is observed (e.g., Nipoti et al., 2005; Kunert-
Bajraszewska et al., 2020; Nyland et al., 2020). Its implica-
tions are that the RQ AGN are the ones in their soft state,
hosting strong winds and suppressed jets, and RL AGN are
the ones in their hard state, launching powerful jets, at the
time of the observations.
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