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Abstract: We review the mechanisms driving the ionized gas outflows in radio-quiet (RQ) AGN.
Although it constitutes ~90% of the AGN population, what drives these outflows in these AGNs
remains an open question. High-resolution imaging and integral field unit (IFU) observation is key
to spatially resolving these outflows, whereas radio observations are important to comprehend the
underlying radiative processes. Radio interferometric observations have detected linear, collimated
structures on the hundreds of pc scale in RQ AGN, which may be very similar to the extended
radio jets in powerful galaxies. Proper motions measured in some objects are sub-relativistic. Other
processes, such as synchrotron radiation from shock-accelerated gas around the outflows could give
rise to radio emissions as well. Near the launching region, these outflows may be driven by the
thermal energy of the accretion disk and exhibit free—free emission. IFU observations on the other
hand have detected evidence of both winds and jets and the outflows driven by them in radio-quiet
AGN. Some examples include nearby AGN such as Mrk 1044 and HE 1353-1917. An IFU study of
nearby (z < 0.06) RQ AGN has found that these outflows may be related to their radio properties
on <100 pc scale, rather than their accretion properties. Recent JWST observations of RQ AGN
XID 2028 have revealed that radio jets and wind could inflate bubbles, create cavities, and trigger star
formation. Future high-resolution multi-wavelength observations and numerical simulations taking
account of both jets and winds are hence essential to understand the complex interaction between
radio-quiet AGN and the host from sub-pc to kpc scales.

Keywords: active galactic nuclei; black hole feedback; radio observations; jets

1. Introduction
1.1. The Need for AGN Feedback

Over the last roughly 2 decades, the enormous amount of energy released from Active
Galactic Nuclei (AGN) and their coupling with the host galaxies (AGN feedback) have
become key areas of study. For reviews of AGN feedback, see (e.g., [1-7]). There are three
phenomena that seem to require AGN Feedback. AGN Feedback is thought to play a critical
role in (1) establishing the relationship between the mass of the central supermassive black
hole (SMBH) and the mass of the host galaxy (stellar velocity dispersion or luminosity)
(e.g., [8-12]), (2) explaining the bright end cutoff in the luminosity function of galaxies
(e.g., [13-15]), and (3) the balance of heating and cooling in the ICM of cool-core clusters
(e.g., [3,4,16-18]). Because AGNs produce photons, winds, and jets, the feedback comes in
two forms—radiative and kinetic. Several successful theoretical models of galaxy formation
and evolution require AGN to (i) drive galactic-scale outflows that expel gas from the host
galaxies reservoir [19,20], (ii) launch relativistic jets that keep the cool core of clusters of
galaxies from overcooling [4,18,21].
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Outflows that are apparently AGN-driven have been detected across all wavelengths,
from X-ray to radio wavelengths, where the velocities of these outflows are
~100-100,000 km s~!. The outflows with the highest velocities are called ultra-fast out-
flows or UFO [22-24]. These UFOs are usually manifested as K-shell absorption lines and
are detected in X-rays. The fast outflows emitting UV radiation reach velocities up to
10,000 km s ! [25-27], which are detected in the ultra-violet (UV) with the Cosmic Origin
Spectrograph on the Hubble Space Telescope (HST/COS). Warm, ionized outflows have
been detected through the [O III] emission lines in the visible wavelength range through 1D
and integral field unit (IFU) spectroscopy (e.g., [28-30]). There are outflows of molecular
gas with velocities of hundreds to thousands of km s~! seen in mm and sub-mm lines
(e.g., [31-34]).

However, the powering mechanism of these outflows is a highly debated topic and
an ongoing area of research. In radio-loud (RL) AGN, there is evidence for the ionized
gas outflows to be driven both by the radio jets [35-37], and also by the AGN radiation
field (e.g., [20,38]). Similarly, there is evidence for ionized gas outflows in RQ AGN to be
driven both by radio sources (e.g., [39,40]) and by the AGN radiation field (e.g., [41-44]).
The acceleration mechanism of these outflows in Radio Quiet (RQ) AGN remains unclear
and complex. The observational studies of ionized gas outflows have been interpreted in
several different ways, i.e., (i) radiatively driven winds from the accretion disk [41,45,46],
(ii) radiation pressure from the accretion disk photons [47,48], and (iii) compact radio
jets [49,50].

1.2. What Is the Difference between Radio-Loud and Radio-Quiet AGN?

Kellermann et al. [51] noticed that AGN seems to belong to two different populations
of radio sources. Kellermann et al. [51] used the radio loudness parameter (R), which is
defined as R = f(4400)/ f(5 GHz), where f(4400) is the optical flux from the accretion
disk at 4400 A and f(5 GHz) is the radio flux density at 5 GHz to distinguish between
RL and RQ AGN. Kellermann et al. [51] suggested that the RL and RQ AGN boundary
occurs at R = 10. Radio luminosity and radio source size can also be used to separate
the two radio source populations [52]. The RQ AGN are fainter and smaller with radio
luminosities at 6 cm 102 < Lg < 10832 W Hz ! and radio sizes < 10 kpc, while the RL
AGN are brighter and larger with Ls > 10232 W Hz ! and sizes > 10 kpc [53]. The limits
on radio luminosity allow Type 2 AGN (where the view to the accretion disk is blocked) to
be classified as RQ/RL. Note, these are general trends with some exceptions. In particular,
there is a population of powerful, compact radio sources with sizes < 10 kpc (e.g., [54]).

Evidence has been accumulating that the radio sources in the RL AGN are powered by
a relativistic jet (e.g., [55,56]); while a relativistic jet is lacking in the RQ AGN (e.g., [57-59]).
Of course, absence of evidence is not evidence of absence. See Padovani [60] for a helpful
discussion of this issue. The question of why a minority (~10%) of AGN are able to launch
relativistic jets is beyond the scope of this review. However, even if RQ AGN does not
launch relativistic jets, there is evidence for non-relativistic jets in some RQ AGN (see
Section 2 below).

We expect low-power, non-relativistic jets to interact with their environments much
differently than high power, relativistic jets (e.g., [61-63]). Thus, the effects of radio jet
feedback need to be considered separately in RL and RQ AGN. The RQ AGN are about
90% of the AGN population; thus, it is important that we understand how AGN Feedback
occurs in this dominant population. In this review we consider the effects of radiation,
winds, and non-relativistic jets on the host galaxies of RQ AGN.

1.3. Outline of the Review

This paper is organized as follows: in Section 1. We briefly discuss the observational
evidence of non-relativistic radio jets in RQ AGN; Section 2 focuses on the jet-driven
outflows. In Section 3, we review the radio emission from AGN winds and their role in
driving the outflows. Section 4 highlights a systematic IFU study to characterize the spatial
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location and its relationship to accretion properties. Finally, in Section 5, we briefly discuss
the recent results from JWST observations where both jets and wind could both participate
in driving the ionized gas outflows.

We adopt the standard flat ACDM cosmology with Hy = 70 km g1 Mpc‘l, Qmn =03,
and Oy = 0.7. We assume S, ~ v™%, where S, is the flux density (expressed in Jy, mJy, etc.)
at a given frequency v, and « is the spectral index.

2. Observational Evidence for Jets in RQ AGN

We note that the radio properties of RQ AGN are also discussed in this Special Issue
by Kharb and Silpa [64].

2.1. Observations of Linear Radio Structures

Early VLA observations were used to classify the radio morphology of nearby RQ
AGN on scales of 100 s of pc into one of five categories: linear, diffuse, ambiguous, slightly
resolved, and unresolved [65]. About 30-40% of the radio sources were classified as
linear [65,66]. These linear radio sources are strong candidates for jets (See Figure 1). The
diffuse sources are likely to be produced by star formation [67]. Subsequent imaging with
the VLA found similar results for the fraction of linear sources [68-74]. In high resolution
MERLIN observations of CfA Seyferts, the fraction of linear sources was 53% [75]. It is
interesting that linear radio morphologies are common but do not dominate the population.
It would be interesting to determine whether the incidence of linear radio sources is higher
at cosmic noon.

VLBI observations of pc-scale structure tend to find high brightness temperature
compact cores Tg > 108 (e.g., [57,76-80]) and sometimes pc-scale linear radio sources
(e.g., [76,78,81-85]). The high brightness temperatures and pc-scale linear radio sources
support the AGN nature of the radio emission.
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Figure 1. Cont.
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(b) NGC 4151
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Figure 1. Observational evidence of radio jets in RQ AGN. (a) 6 cm continuum images of NGC
1068, taken from Gallimore et al. [86]. Left panel: VLA 6 cm radio continuum image of NGC 1068.
The restoring beam size is 0”.49 x 0”.38 (1" ~ 100 pc), with a position angle (PA) of 47°. Right panel:
MERLIN 6 cm image of NGC 1068. The restoring beam is circular with a beam size of 0”.65. The main
components of the image are labeled. The bright, central ad compact component is labeled as C.
The northeastern component (NE) is ~0".3 away from C. The southern radio knots are marked as S1
and S2, which are along PA ~ 190°. (b) eMERLIN image of NGC 4151, corresponding to the central
4" x 2" (1" ~ 90 pc) region, taken from Williams et al. [87]. The FWHM of the restoring beam is
0".15 x 0".15.

2.2. Evidence That the Linear Radio Structures Are Jets

Here, we discuss the evidence that the linear radio structures seen in about 50% of RQ
AGN represent jets, i.e., collimated outflows of radio-emitting plasma.

1.  Jet-fed radio sources are expected to propagate in a self-similar way (e.g., [88-93]).
When the linear radio sources are studied in detail they sometimes resemble scaled-
down versions of the jets (and sometimes lobes) in RL AGN [82,86,87] (See Figure 1).
The similarity to the RL AGN suggests that the linear radio sources in RQ AGN are
also jets.

2. Proper motions are observed in a few objects [57,83,94]. The apparent speed in units
of ¢ is Mrk 348 (Bapp = 0.074 4 0.035) and Mrk 231 (Bapp = 0.14 £ 0.052) [57], NGC
7674 (Bapp = 0.92 4 0.07) [83]. NGC 3079 (initially Bapp = 0.12 4 0.02, but then decel-
erating) [94]. These proper motions confirm outflow, i.e., these are jets. The proper
motions are sub-relativistic confirming that the jets are non-relativistic. Caveat—the
proper motions may refer to some feature, e.g., a shock or the jet working surface,
which does not represent the actual jet flow. There are also subluminal upper limits
on proper motion—NGC 5506 (Bapp = 0.21 4 0.17) [83], NGC 1068 (Bapp < 0.07) [95],
and NGC 4151 (Bapp < 0.14 and < 0.25 for different components) [96].

Examination of side-to-side brightness ratios [57] and comparison of the radio proper-
ties of Seyfert Is and Ils [58] argue against Doppler boosting of the radio emission. The radio
morphologies and proper motions of some of the RQ AGN are thus reminiscent of another
class of compact radio sources, the Compact Symmetric Objects as noted previously [57,83].
Interestingly, the proper motions seem too high for these radio jets to be produced by
shocks in winds (See Section 4.2).

3. There are signs of jet interaction with the NLR (discussed further in Section 3). There is
evidence that the kinematics and ionization of gas in the NLR is strongly influenced by
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the linear radio sources [87,94,97-101]. This requires the radio source to be expanding
into the ambient medium. In particular, the radio source in NGC 1068 (shown in
Figure 1) and the central disk/torus are associated with outflows of ionized and
molecular gas (e.g., [102-107]) and an X-ray emitting wind [108-111].

We note that the three arguments given here each apply to a relatively small number of
sources; however, they paint a consistent picture that the linear radio sources are indeed jets.

2.3. Kpc-Scale Radio Structures (KSRs)

In addition to the radio jets seen on ~10-100 pc scales, there is sometimes kpc-scale
diffuse emission which is oriented out of the plane of the disk of the galaxy [112-118].
The radio emission is co-spatial with outflowing warm and hot gas [119,120]. The outflows
are more consistent with being AGN-driven rather than starburst-driven based on ener-
getics, polarization, and correlation of the radio and [OIII] A5007 luminosity [115-118,121].
The outflows could be powered by radio jets that dissipate their energy in the ISM on
sub-kpc scales [116] or by radiation from the AGN disk [41,118]. There is some evidence
that the kpc-scale outflows are associated with the suppression of star formation in the host
galaxy [118].

3. Evidence for Jet-Driven Outflows

Theoretical studies such as Gaspari et al. [122], Bourne and Sijacki [123], have predicted
that mechanical feedback from AGN through jets can cause turbulence within 5-15 kpc of
the center with a velocity dispersion in the outflowing gas of ~200-400 km s~!. In recent
years, numerous studies utilizing 1D-3D spectroscopic observations have reported possible
jet connections to these warm, ionized outflows.

3.1. Jet Interaction in the Emission Line Gas

Compact radio jets could strongly perturb the emission line gas along their axes [40,124].
Low z (z < 0.6) sources allow leveraging the high spatial resolution of radio interferometers
and IFU to dissect the central a few kpc regions in 100 s of pc scales, where the compact jets
strongly interact with their ambient medium. This is where studies at low z are useful for
understanding the connection between the jets and outflows.

3.2. Kinematic Disturbance to the Emission Line Gas

Mullaney et al. [125] utilized 1D SDSS spectroscopic observations to investigate the
primary process that shapes the kpc scale [O III[JA5007 emitting ionized gas kinematics. They
fitted the optical emission lines in the wavelength range 4000-9000 A with a multi-Gaussian
model. They found that >30% of the AGN in their sample showed asymmetric line features
in the [O III] emission line spectra and the line widths of the corresponding ionized gas
clouds (FWH Mayg) peak between the radio luminosity range, L 4GH, = 1023-10% W Hz L.
Mullaney et al. [125] stated that compact radio cores could induce turbulence in warm
ionized gas, which manifests itself in large values of FWH Mayg > 1000 km s~ 1. However,
they were unable to comment on the physical origin of the compact core due to the lack
of spatial information. Other studies such as Heckman et al. [126], Whittle [127], Blundell
and Beasley [128] have also concluded that compact radio sources could launch these
ionized outflows, as the kinematically perturbed region in the ionized and molecular gas
phases overlap with the radio emission, which often resembles a jet-like morphology [50].
Spectral studies of AGN have also proposed compact jet-driven outflows in AGN [129-131].
The study by Mullaney et al. [125] involved both RL and RQ AGN. Therefore, the narrow
line region (NLR) gas clouds could experience kinematic disturbances in the RQ sources,
not just in the RL AGN.

3.3. H I Absorption

In RL AGN the outflows are detected through asymmetric H I absorption profiles with
velocities reaching up to ~1500 km s~ ! [132,133]. Strikingly, such high-velocity outflows
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are rare in RQ AGN and have been detected in only a small number of sources. However,
a number of low radio luminosity AGN are now known to also exhibit high-velocity H 1
outflows [134,135], indicating that H I outflows may originate in various conditions. These
low luminosity sources represent a variety of circumstances, some of which obviously
include radio jets [134,136], while others are likely the result of additional processes.

One such source is Mrk 231 where recent VLA observations by Morganti et al. [137]
have confirmed the presence of a broad, blueshifted outflowing component in the H I
absorption profile of Mrk 231, with veyut ~ 1300 km s~! and FWHM < 900 km s ! [137].
The maximum spatial extension of this outflow is <1 kpc. Morganti et al. [137] suspected
that either (1) the outflowing gas could be part of a flow distributed over a large opening
angle, and located in front of the circumnuclear disk; or (2) the outflow relates to gas pushed
out by the interaction with the radio bubble, in which case the absorption might occur
against the southern radio bubble (or against the bubble and the core). The detection of H I
in absorption requires a bright radio continuum source behind the atomic hydrogen. Since
the RQ AGN has faint radio sources, it will be hard to detect H I in absorption. Therefore,
there is a selection effect against the detection of H I in absorption in RQ AGN.

3.4. IFU Observations of Jet-Driven Outflows

Our understanding of the driving mechanism of the outflows and their coupling
with the ISM in unresolved sources are benefited by spatially resolved studies of nearby
galaxies which allow a detailed view of how jet/wind drive outflow or interact with the
ISM. Numerous recent studies have included radio jets in RQ AGN and the kinematics
of the multi-phase gas (observed in the ionized and molecular gas phases), where the
common conclusion was that compact radio jets cause large disturbances in the ISM of host
galaxies [39,49,50].

3.4.1. The Case of HE 1353-1917

Husemann et al. [49] recently observed a multi-phase kpc scale outflow in the edge-on
galaxy HE 1353-1917. Despite the galaxy hosting an RQ AGN, we detected the radio
emission to be co-spatial with the surface brightness profile for the H, [1-0 S(1)] A21218A,
Brvy, PaB and [Fe II] A12570A emission lines in Gemini-NIFS NIR observations. The ve-
locity gradient along with the non-rotation of the ionized gas along the axis of the radio
emission made the authors postulate that a radio jet could be connected to the outflow.
The 10 GHz radio luminosity of the source is Lig g, = 2 X 102! WHz . Assuming a
range of possible radio spectral index (x), —1.2 < & < —0.5, the corresponding 1.4 GHz
radio luminosity (see Figure 2), L1 4G, = 5.3 X 102! — 2.5 x 102 W Hz!. The radio power
vs. jet power scaling relation suggested by Cavagnolo et al. [138], estimates a jet power,
Dt = 3.3 x 10% erg s~1. Spatially resolved observations of HE 1353-1917 suggested that
the morphology of the multi-phase gas closely resembles an expanding shell-like shock
front, rather than a homogeneously filled cone. Therefore, a thin-shell model could be much
more appropriate to describe the geometry of the outflowing gas. The authors reported
that the geometric shape of the shell with uniform thickness, AR = 5 — 500 pc, returns a
momentum injection rate, pour = 103 — 2 x 103 dyne, and a kinetic energy injection rate,
Eout = 3 x 10%0 — 6 x 104 erg s~1. The authors found that the injection of AGN momentum
could only produce pout for high shell thickness, AR > 300 pc. On the other hand, 10% of
the jet power is sufficient to produce the observed pou: and Eout. The spatial coincidence
together with the outflow energetics suggests that the mechanical energy released from
the radio jet could drive the outflows. However, 1% of the AGN bolometric luminosity
(Lo > 10% erg s~1) can describe Eqyt. Husemann et al. [49] suggested that the ambient
gas shocked by the jet could face a secondary acceleration from the AGN-radiation field
following a two-stage acceleration mechanism [139].
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HE 1353-1917
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Figure 2. AGN-driven outflows in the RQ AGN HE 1353-1917, taken from Husemann et al. [49].
The 2D velocity dispersion maps of the multi-phase (a) ionized, (b) warm molecular, and (c) cold
molecular gas overlaid with the VLA 10 GHz radio contour (in cyan). (d) llustration of the proposed
gas acceleration mechanism, in which the mechanical energy of the radio jet shock accelerates the
ambient gas, which experiences a secondary re-acceleration by AGN radiation. However, only part
of the gas receives the AGN radiation, as the rest is shadowed by the disk of the host galaxy. These
findings suggest that more than one physical mechanism contributes to the multiple accelerations
experienced by the outflowing gas.

3.4.2. Other Studies

In the Circinus galaxy, Elmouttie et al. [140] found that the radio jets are likely perturb-
ing the gas above the core of Circinus and driving outflows with velocities <200 km s ™'
A study by Cecil et al. [141] reported five different streams with high-velocity dispersions
(oout ~ 200 km sfl) of the ionized gas filaments emerge from the CO ring in NGC 3079.
The brightest stream is extended ~250 pc along the axis of the VLBI radio jet to one corner
of the superbubble’s base and emits 10% of the Ha flux from the superbubble. GMRT
observations by Hota and Saikia [142] detected H I gas co-spatial with the VLA radio
continuum emission and H I absorption against the central radio peak at the systemic
velocity of the galaxy in NGC 6764. The H I-absorption spectrum is suggestive of a possible
weak absorption feature blueshifted by ~120 km s, indicating gas outflow. Chandra and
XMM-Newton observations of Mrk 6 found hot X-ray emitting shocked gas around radio
bubbles [143]. The temperature of the internal medium close to the bubbles was estimated
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to be ~0.9 keV, whereas the outer medium remains at ~0.2 keV. This is consistent with
a scenario where the gas in the shells is strongly shocking the interstellar medium (ISM)
in the area. Alatalo et al. [144] reported molecular gas being driven out of NGC 1266 by
a radio jet with velocities ~ 180 kms ™!, causing net mass outflow rate of ~2 M, yr—! in
the host galaxy. GMOS IFU observations Finlez et al. [145] detected ionized gas emission
with two outflowing components (0oyut > 115 km s_l). The first component resides near
the north-eastern and south-western radio lobes and is redshifted (voyt ~ 150 km 571),
and the second component is highly blueshifted (vour ~ 250 km s~ ') and is perpendicular
to the axis of the radio jets. The authors suggested the redshifted component to be the
jet-driven outflow, whereas the blueshifted component is an outflow originating from the
accretion disk.

Jarvis et al. [39] found that the highly perturbed ionized gas spatially coincides with
the radio jets in 10 z < 0.2 AGN with Lj4gH, ~ 2 x 102 — 2.5 x 10%* W Hz . They
estimated the velocity width of the [O III] that contains 80% of the total [O III] emission
line flux (Wgp) and observed an extremely high-value Wgy (~900-1200 km sfl) in the
vicinity of the radio jets, although most of the highest Wgg regions in their observations are
perpendicular to the jet axes. Girdhar et al. [50] focused on an RQ AGN at z ~ 0.15 and
LiagHy ~ 6 X 1022 W Hz . To estimate the emission line kinematics due to the jet-ISM
interaction, the authors subtracted the stellar velocity dispersion (o) contribution from
the total emission line gas line width (Wgg). They reported that the Wgy — 2.6 0. value is
the highest (<1300 km s ') on the perpendicular to the axis of the radio jet. On the axis of
the jet Wy — 2.6 0 decreases to ~400 km s~ 1. The region of the highest Wgy — 2.6 0 also
coincides with the AGN ionization cone. Studies by Venturi et al. [40], Morganti et al. [136]
on Seyfert 2 galaxies such as NGC 1068 and IC 5063 have also found that AGN with lower
radio luminosity (Lsgp, ~ 7 x 1022-9 x 102 W Hz ') could harbor radio jets, which could
drive multi-phase gas outflows. The jet origin of the radio emission was based on the core
and lobe morphology seen in VLA 5 GHz radio observations.

4. AGN Winds
4.1. Thermal Free—Free Emission

Blundell and Kuncic [45] proposed a model where the thermal energy of the accretion
disk drives the outflows and the free—free emission mainly contributes to the observed
radio emission on sub-pc scale. The authors stated that the flat spectrum of compact radio
cores in RQ AGN is due to the AGN wind. The wind is launched at a radius (), called
the launch radius of the AGN wind. Within this radius, the outflows could be dominated
by the Poynting flux and form jets. The electron density (Ne) could be related to the mass

outflow rate by the AGN wind (My):
M
Ne =1x10%g10f5 01 (o ——
e 810f(), 0.1 (M@yr_l ) "

(500 12;‘; g1 ) B (1ofgvcm) B cm ™

where g9 = g¢/10, and g being the gaunt factor, fo 01 = fa/10, fq is the geometric
covering factor that could be written as (2/47 (€} is the solid angle), v, is the speed of the
AGN wind. We assume g¢ = 1, vy, = 1000 km s~ as per King [146], Zubovas and King [147].

M 2
B 205 T-1/2¢-2 =
Ly, =3x107g1T, fQ, 0.1(W>

<500 1::1 51 ) - (03prl;c) T WHzsr !

@)
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where Ty = T./107K and Tph is the photospheric radius, the radius at which the outflow
becomes transparent [148]. Blundell and Kuncic [45] suggested that the value of rpj, ranges
between 0.1-1 pc in general.

4.2. Synchrotron Emission from the Winds

Zakamska and Greene [41] proposed that the AGN-driven wind can shock accelerate
the relativistic electrons in the plasma and cause radio emission—see the discussion of
diffuse kpc-scale radio emission in Section 2.3. In their model, the AGN wind flows in all
directions, but it takes the path of least resistance and escapes. In their model, the radio
emission will be diffuse and extended on kpc-scales. The authors argued that the 12 um
infrared radiation originates from the dust heating by the photons from the AGN accretion
disk. The correlation between the 12 pm luminosity, radio luminosity, and the line width of
the emission line gas is suggestive of the outflows to be driven by AGN winds. In their
model, the wind shock accelerates the ambient medium and results in synchrotron emission
on kpc scales. Low-resolution radio interferometric observations may detect extended
radio emissions on kpc scales. However, zooming into that radio emission on sub-kpc
scales with higher resolution will provide non-detection of compact knots, if the radio
emission is truly diffuse. Liu et al. [149] used VLBA observations to zoom in the central
1”7 x 1" region of a z = 5 AGN ]2242+0334. which could not be resolved by previous VLA
observations. Previous 1.5 and 3 GHz VLA observations by Liu et al. [150], estimated a
minimum resolvable size ~2.3 kpc; however, the VLBA observation did not show any
detection of radio emission. One interpretation of this finding is the existence of an AGN-
driven wind that is extended on kpc scales. Star formation processes cannot describe this
radio emission, as the radio-derived SFR is >20 times higher than the maximum IR-derived
SFR. Liu et al. [149] left the possibility of radio emission being produced by the interaction
between a weak jet and its ambient medium. Accretion disk winds are thought to play a key
role in launching the outflows in low luminosity (Lsgh, < 10228 W Hz_l), RQ AGN [46].

4.3. Relation to the Outflows

Woo et al. [38] investigated a large sample (~39,000), local (z < 0.3), and obscured
AGN. They found that ~45% of type 2 AGN at z < 0.3 exhibit asymmetry in the [O III]
emission lines, thereby suggesting observational evidence of warm, ionized gas outflows.
The authors reported that the ionized gas velocity dispersion increases with the AGN bolo-
metric luminosity and Eddington ratio. Woo et al. [151], Rakshit and Woo [152] have also
reported a similar trend in a sample of >110,000 z < 0.3 AGN, where the authors concluded
that radiation pressure or winds could power the outflows. However, the winds could be
either the radiatively driven [153,154], thermally driven [155] or magnetically driven [156],
implying that winds cannot be synonymous with radiation pressure. These winds could
also be either energy or momentum-conserving. A theoretical study by Faucher-Giguére
and Quataert [157] suggested that AGN would power ultra-fast outflows (UFOs) with
velocities, vout ~ 0.1c. Recent studies of PG 1211+143 and PDS 456 have found that
magnetohydrodynamic (MHD) winds are the key driver of UFOs. The slower winds of
Uout < 1000 km s ! are likely to be driven by the radiation pressure on dust [157]. This
great diversity in accretion disk-driven winds can only be explored by combining multi-
wavelength high-resolution IFU and imaging observations, which may put observational
constraints on theoretical predictions.

4.4. Observational Evidence of Wind-Driven Outflows in Mrk 1044

The nearby (z = 0.016), narrow-line Seyfert galaxy Mrk 1044 hosts a luminous
(Lpol = 1.4 x 10* erg s~ 1), super-Eddington (Eddington ratio, Aggqq > 2), and RQ AGN [158].
A recent study using MUSE WEM observation [159] found that the ionized gas outflow
in [O III] is unresolved, with the outflow contained within the central 600 pc radius.
The velocity of the outflowing gas, vout = —452 £+ 5 km s_l, and the velocity dispersion,
Oout = 287 £5 km s~ ! indicate a kinematic disturbance in the ambient medium due to
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AGN-driven outflows. Winkel et al. [160] used the UV Space Telescope Imaging Spec-
trograph (STIS) at the Hubble Space Telescope (HST) and the optical MUSE Narrow
Field Mode (NFM) observations to understand the ionized gas outflow properties at
UV and optical wavelengths in greater detail. The Ly a absorption lines in the UV re-
veal two outflowing components L1 and L2, with vy being voyt11 = —278 £ 36 km g1
and voyt 12 = —1118 £2 km s7! respectively. On the other hand, the optical data show
three outflowing components HO, O1, and O2, which are all visible in Hp, [O III], and
Ha. Whereas the Balmer emission lines are more prominent in the HO component, the for-
bidden [O III] is the brightest in the O1 and O2 components. The HO outflow is spa-
tially resolved with an extension Ryt o = 4.6 &= 0.6 pc, with moderate outflow veloci-
ties (Vout o = —211 £22 km sfl). O1 and O2 on the other hand are spatially unresolved
Rout,01-02 < 1.7 pe. Similarly to HO, O1 is slightly blueshifted (v 01 = —211 422 km sfl);
while O2 shows a significant blue shift (vyut0p = —560 & 20 km sfl). The VLA 6 and
10 GHz radio observations show compact radio structures extended on <50 pc scales (see
Figure 3), with a spectral index of &« = —0.61 & 0.16. Winkel et al. [160] mentioned that star
formation processes could in principle power the ionized outflow; however, the observed
outflow could also be driven by the AGN, as 0.2% of Ly, is sufficient to reproduce the
observed Eqy = 7.3 x 104 erg s—1.

This is where multi-wavelength studies of AGN-driven outflows are so important.
X-ray wavelengths could provide us with information that is not available from optical
and UV. Ultra-fast outflows (UFOs) with voyt > 10,000 km s lin X-rays trace the highest
ionization gas experiencing AGN activity on the accretion disk scales. Krongold et al. [161]
used XMM-Newton EPIC-pn camera and the RGS instrument. EPIC-pn observation re-
veals highly ionized absorption lines, such as Fe XXII, Ni XXII+, etc., and three different
UFO components (UFO1-3). Spectroscopic analysis of the RGS spectra demonstrates
that different UFO components are in different ionization states. For example, the ion-
ization parameter U [162] in UFO1 is substantially higher (log Uypo; = 2.4 &+ 0.1) than
UFO3 (log Uypos = —2.9 £0.1). The velocity of the X-ray emitting gas clouds in UFO1
(vouturo1 = 44,790 km sfl) is about twice those of UFO3 (voyt Uros = 23,610 km sfl). How-
ever, the hydrogen column densities of (Np) these two outflowing components differ by
three orders of magnitude (Ny yro1 ~ 108 ecm~2 and NH UFO3 ~ 1020 cm—2). Krongold
et al. [161] stated that such discrepancies in ionization states, kinematics, and column
densities strongly suggest a multi-phase structure of the gas. Longinotti et al. [163] showed
that plums of gas with velocities similar to UFOs are formed due to instabilities in the
UFOs. The highly ionized component (UFOL1) is the shocked outflow due to accretion disk
winds, whereas the outflowing gas in lower ionization states (UFO3) forms due to the
instabilities in the UFO during the entrainment of cold materials. If a similar mechanism
drives the multi-phase gas outflows from hot X-ray emission to cold molecular gas phases,
then the accretion disk wind in Mrk 1044 drives the ionized gas outflows at optical and
UV wavelengths.
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Figure 3. Multi-phase outflow in Mrk 1044, where the optical and UV results are taken
from Winkel et al. [160] and the X-ray counterpart is taken from Krongold et al. [161] (© AAS. Repro-
duced with permission). Optical: (a) Ha surface brightness map overlaid with the MUSE WFM PSF
(white contour). The 0”.35 and 0.5 diameter regions are indicated by the yellow and green circles,
respectively. In the right panels, we can observe the HB+[OIII] and Ha+[NII] spectra extracted from
the central 0”.35 (top right panel) and 0”.5 (bottom right panel) diameter regions, as denoted by the
circles. The HO outflow is spatially resolved and has a spatial extension of 4.6 pc. O1 and O2 outflows
on the other hand are spatially unresolved with predicted spatial extensions <1.7 pc. (b) VLA 6 GHz
radio continuum image overlaid with the MUSE PSF (black contour). (c) Modelling the UV-spectrum
of Mrk 1044 (top panel), along with the normalized residuals (bottom panel). The fact that the
residuals fall within the 3¢ uncertainty range indicates that the spectral model (in red) accurately
represents the observed spectrum (in black). Aside from the Ly « forest, two outflowing systems L1
and L2 are seen. LO corresponds to the rest frame of the host galaxy. The boundary of the MUSE
PSF corresponds to the circumnuclear ellipse (CNE). XMM-Newton RGS spectra within (c) 8-13.5 A,
and (d) 13.5-19 A showing high ionization absorption lines which is a signature of the UFO.

4.5. Other Studies

A study by Liu et al. [164] studied 11 z ~ 0.5 and luminous (Lp > 10%* erg s~!) RQ
quasars using GMOS IFU reported ionized outflows with a median outflow velocity of
760 km s~ !, which are either very similar to or above the escape velocities from the host
galaxies. The authors suggested that these outflows are likely driven by quasar winds
and they correspond to mass outflow rates Moyt = 2000-20,000 Mg, and kinetic energy
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injection rates Eyj, = 4 x 10 — 3 x 10%° erg s~1. Such large values of Moyt and Ey, could
significantly affect their host galaxies’ evolution. A study of 7 Ly, > 10* ergs™1, z ~ 0.1
type I AGN by McElroy et al. [29] found spatially resolved outflows, where the mean
Wgo = 790 + 90 km s~ 1, with Wgo values reaching a maximum of 1600 km s '. MUSE
observations of background quasars by [165] found 6 Mg II host galaxies at z = 0.8-1.4
where outflow velocities only reach up to 150 km s~ !, which is smaller than the escape
velocities from their host galaxies. In this case, the outflows may not be powerful enough
to quench star formation over kpc scales.

5. A Systematic Statistical IFU Study

Singha et al. [159] analyzed the IFU observations (VLT /MUSE and VIMOS) of 36 nearby
(0.01 < z < 0.06), luminous (1043erg sl < Lpg < 1046erg s~ 1), and RQ AGN from the
Close AGN Reference Survey (CARS) AGN sample [166,167]. The authors performed
a spectro-astrometric analysis and found that most (~63%) of the AGN in their sample
exhibit compact/unresolved outflows (see Figure 4), where the maximum [O III] wing
emitting region is located at <100 pc (S|o yyj) from the nucleus. These offsets could imply
that the outflow has been extended to a distance of (Sjo iy < 100 pc) from the nucleus
or the warm, ionized gas phase of the multi-phase outflow starts emitting in [O III] at
(Sjo 1y < 100 pc). Additionally, Singha et al. [159] reported that the AGN with compact
outflows has a very similar Ly, compared to the AGN with extended outflows (possibly
extended on several kpc scales). This means that other parameters, such as the AGN duty
cycle time scale or radio properties, could dictate whether the outflows will be confined to
the central 1 kpc region or extended over several kpc scales.
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Figure 4. Results from the work of Singha et al. [159]. (a) A bar chart showing the percentages
of compact/unresolved and extended/resolved outflows, along with the 2D flux distributions of
representative AGN. (b) Histograms of the BLR H B luminosities for AGN with compact and extended
outflows. The vertical lines denote their mean broad line region (BLR) Hf luminosities, which appear
similar. These results suggest that the AGN accretion properties may not solely drive the outflows.

6. Recent JWST Observations: The Case of XID 2028

Spatially resolved observations at infrared (IR) wavelengths provide an invaluable
opportunity to dissect regions dominated by star formation, shocks, and AGN photoioniza-
tion. With the introduction of JWST, the superior sensitivity together with the high angular
resolution, we can now explore the plethora of information studying the emission features
in the 1-27 um wavelength regime. It also enables us to investigate the feedback process
of AGN at cosmic noon. The Near-Infrared Spectrograph [168] on the James Webb Space
Telescope (JWST/NIRSpec) has recently observed an RQ AGN XID 2028 (PI: D. Wylezalek).
The 3" x 3" FoV of NIRSpec combined with a PSF FWHM of 0.045” provides an angular



Galaxies 2023, 11, 85

13 of 22

resolution of ~300 pc to study the AGN feedback from sub-kpc to several kpc scales at
its redshift, z = 1.59. The near-infrared wavelength covers the [O III]A5007 crucial around
1.3 um at this redshift.

A 3D spectroscopic analysis by Cresci et al. [169] revealed numerous kinematically
distinct regions—(i) highly blueshifted outflowing gas with velocity (v), —1000 km s~ < v,
(ii) filamentary structures that seemingly connect the AGN to the blueshifted outflow
(—1000 kms™' < v < —600 km s~ 1), (iii) red-shifted outflow (—600 kms™! < v <
—250 km s ). The bluest part of the outflow (approaching side) reaches a velocity of
—1000 km s, where the redshifted outflowing gas (receding side) exhibits a similar ve-
locity (~+800 km s~ !). The similarity of velocities on the approaching and the receding
sides and their locations on the opposite sides of the AGN suggest a biconical outflow
geometry. Such geometrical structures of the outflowing ionized gas are not totally unprece-
dented. Over the last two decades numerous studies have reported bi-conical geometry
in outflowing multi-phase gas in many sources such as NGC 2992 [170], Mrk 573 [171],
NGC 252 [172], and NGC 5728 [173], etc.

The velocity gradient from the filaments towards the outflow, on the other hand, is
suggestive of a physical connection between them. The ionized outflowing [O IIIJA5007
gas shows a high line width, oyt ~ 450 km s !, indicating kinematic disturbance in the
narrow line gas clouds.

Although categorized as an RQ AGN by Perna et al. [174], 3 GHz Very Large Array
(VLA) observations [175] have revealed two radio blobs. Vardoulaki et al. [175] categorized
XID 2028 as a star-forming galaxy. Cresci et al. [169] pointed out that the peak of radio
emission is offset from the AGN, which is not consistent with a star-forming origin of
radio emission. The spatial coincidence of the radio blobs with both the approaching
and receding sides of the outflow hints towards the jet origin of the blobs and therefore
a jet connection to the AGN-driven outflow. The filamentary structures could be a hot
expanding bubble filled with low-surface-brightness emission that is edge-brightened. The
MOKA3P model by Cresci et al. [169] suggests that the geometry of the observed ionized gas
could be easily reproduced by an expanding bubble, which is dragged by the jets and winds
(see Figure 5), and a collimated outflow towards the direction of the jet propagation, where
the jets could break out from its host galaxy. Their model is consistent with the simulations
of Gaibler et al. [176], where the expanding bubbles and jets could excavate cavities in the
disk of the galaxy and trigger star formation at the edges of the shell. At a 6 kpc radius,
the jets penetrate the bubble and traverse through the low-density ISM together with the
AGN wind, eventually creating a collimated outflow. Veilleux et al. [177] performed an
independent analysis of the ionized gas outflows and found similar results. However, they
left the possibility open that the radio emission could entirely be non-thermal synchrotron
emission due to the fast-moving plasma as a result of the shocked ionized gas by the
AGN wind.
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Figure 5. JWST /NIRSpec results from the work of Cresci et al. [169]. Upper panel: [O III]A5007 map of
the sector where the filamentary structures are the most prominent, overlaid with VLA 3 GHz radio

contours (in white). Lower panel: MOKAP

model showing the expanding bubble and the collimated jet.
The clouds are weighted based on the fluxes and kinematics at their locations. These results show

that outflows are accelerated by both winds and jets, rather than just one of them.

7. Summary and Conclusions

We review the potential driving mechanism of the ionized gas outflows in the RQ
AGN, paying special attention to the processes connected to radio emission. From sub-pc to
sub-kpc scales, the gas outflows propagate through a multi-phase medium. Among those,
the warm, ionized gas outflows are the most energetic gas phase that could be spatially
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resolved with the current high-resolution imaging and IFU capabilities. The fundamental
nature of radio emissions and their connections to these outflows are currently strongly
debated. Two leading hypotheses of driving outflows are (i) AGN winds and (ii) radio jets.
The key takeaway points are as follows.

*  Radio-interferometric observations have detected both jets and winds in RQ AGN.
The evidence for jets consists of (1) structures which are self-similar with those of
sources in RL AGN, (2) proper motions in some sources, and (3) disturbances in the
ambient gas due to the propagating radio sources. Jets are collimated and exhibit
linear structures with cores and sometimes lobes. The radio mission due to AGN
winds are expected to be extended and diffuse in VLA images; in addition, because the
emission is diffuse, no compact structure should be detected in VLBA images of winds
(Section 2).

*  Low-power radio jets have been believed to strongly perturb ambient gas and drive
outflows, as seen in different spectroscopic studies. In the nearby RQ AGN HE 1353-
1917, a collimated radio jet-like structure not only spatially coincides with the multi-
phase gas outflows, but also it is powerful enough to drive the outflows. However,
the acceleration mechanism of the outflow is likely a two-step process in which both
the radio jet and the AGN-radiation field participate (Section 3).

*  The winds from AGN could propagate on the kpc scales and generate shocks which
give rise to non-thermal emission. In this case, the radio continuum emission is
expected to be diffuse. An example of a multi-phase outflow could be found in a
z < 0.02 AGN Mrk 1044. Multiple outflowing gas components with velocities ranging
from 100-40,000 km s}, show a great diversity in their ionization states and column
densities. The outflows are contained within the central 5 pc region. Theoretical
models suggest that AGN-driven winds give rise to highly ionized outflowing gas.
Outflowing ionized gas clouds which are at a lower ionization state, originate from
various instabilities developed on the boundaries of the shocked outflow (Section 4).

*  Ionized gas outflows in local (0.01 < z < 0.06) RQ AGN are mostly spatially un-
resolved, and the brightest part of the ionized gas outflows have projected offsets
<100 pc from the AGN. Furthermore, the unresolved and resolved (extended outflows)
have very similar Ly, suggesting that the luminous AGN may not launch large-scale
outflows. Their radio properties and AGN duty cycles can affect the spatial extension
of the outflows (Section 5).

*  The high angular resolution and the sensitivity of JWST enable one to resolve the
ionized gas outflows at cosmic noon spatially. Recent JWST/NIRSpec observation of
RQ AGN XID 2028 has revealed a biconical outflow with velocities reaching about
1000 km s ™!, where the AGN connects to the approaching and receding sides through
edge-brightened filaments. The spatial coincidence of radio jets with the outflow could
be explained by an expanding bubble and the jets creating cavities and triggering star
formation on the bubble edge. On the kpc scales, the jet penetrates the bubble and
escapes the host galaxy.

In this review, we show that it is not just radio jets or winds that could drive the
ionized gas outflows but that both jets and winds could play a role. It is now imperative
to study the central 1 kpc region of the RQ AGN with high-resolution interferometric
observation to understand the morphology of the observed radio emission, and the ionized
gas kinematics across the electromagnetic spectrum utilizing the high-resolution imaging
and IFU capabilities of HST and JWST. Furthermore, numerical simulations taking account
of multiple outflow driving mechanisms are key to understanding the complex ionized gas
kinematics from sub-pc to kpc scales, on which future observations could place constraints.
Concluding whether a radio emission blob represents a relic of a past jet/lobe or diffuse
emission from the AGN wind is not trivial. Only through investigations of the jet-ISM
interaction across radio continuum, X-ray, optical IFU spectroscopy, and molecular gas
kinematics can unveil the role and the effect of their interplay. Sources such as Minkowski’s
object, the death star galaxy, or RAD12 are essential to guide the numerical simulations.



Galaxies 2023, 11, 85 16 of 22

Detailed studies at high redshifts, facilitated by the recent launch of JWST, are already
unraveling intricacies that once reached solely for nearby galaxies two decades past.
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Abbreviations

The following abbreviations are used in this manuscript:

ACDM Lambda Cold Dark Matter

AGN Active Galactic Nuclei

BLR Broad Line Region

CARS Close AGN Reference Survey
CNE Circumnuclear Ellipse

FWHM Full Width to Half Maximum
GMOS Gemini (South) Multi-Object Spectrograph

HST Hubble Space Telescope

IFU Integral Field Unit

IGM Intergalactic Medium

ISM Interstellar Medium

JWST James Webb Space Telescope
Iy Jansky

MERLIN  Multi-Element Radio-Linked Interferometer Network
MUSE Multi-Unit Spectroscopic Explorer

NFM Narrow Field Mode

NIRSpec  Near-Infrared Spectrograph
NLR Narrow Line Region

PSF Point Spread Function

RGS Reflection Grating Spectrometer
RL Radio Loud

RQ Radio Quiet

SDSS Sloan Digitized Sky Survey
SMBH Super-Massive Black Hole

UFO Ultra-Fast Outflow

uv Ultra-violet

VIMOS Visible Multi Object Spectrograph
VLA Very Large Array

VLBA Very Long Baseline Array

VLT Very Large Telescope

WEM Wide Field Mode
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