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Preface

Active Galactic Nuclei (AGN) are among the high luminosity (10! 10 L ) sources in the
observable Universe, believed to be powered by the accretion of matter onto supermassive
black holes (SMBHs; 10°  10' M ) at the centres of galaxies. The energy released from
AGN could affect their host galaxies and their large-scale environment through a process called
feedback. AGN feedback is generally invoked in galaxy formation models and simulations
to explain the observed correlation between the mass of SMBHs and various host galaxy
properties. A viable feedback mechanism in AGN is outflows. The driving force behind such
outflows, though debated, can have an impact on the interstellar medium (ISM) of their hosts by
inhibiting (negative feedback) or enhancing (positive feedback) star formation (SF). In massive
galaxies, there are evidences that AGN regulate SF in their hosts via the jets, injecting energy
into the gaseous halos and regulating the cooling of gas onto the galaxies. Recent observations
available from a limited number of sources point to AGN having both positive and negative
impacts on the SF characteristics of their hosts. However, the nature and details of the impact
AGN have on the evolution of their host galaxies remain controversial and uncertain. Also,
AGN affecting SF was not known in dwarf galaxies before a couple of years ago. But, only very
recently, there are observational evidences of dwarf galaxies hosting AGN, thereby challenging
theoretical models that generally invoke supernovae feedback in dwarf galaxies. In this thesis,
we carried out a systematic investigation on a sample of AGN to find clues to (a) what triggers
outflows in AGN, (b) the impact of AGN on the SF of their hosts and (c) the nature of AGN
feedback in a dwarf AGN hosted by an intermediate-mass black hole IMBH; 10* 10° M ).
Towards this, we utilized imaging data from the Chandra X-ray Observatory, the Ultra-Violet
Imaging Telescope (UVIT) aboard AstroSat, the Hubble Space Telescope (HST), the Himalayan
Chandra Telescope (HCT), and the Very Large Array (VLA). Additionally, we incorporated
spatially resolved spectroscopic data in the optical and infrared bands from Gemini and SDSS
(MaNGA), as well as millimetre data from ALMA. The findings of this thesis are summarized in

four chapters, as described below.
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Chapters 1 and 2 detail the motivation of the research problem and the data and analysis
methods adopted in the thesis. In Chapter 3, we tried to find the driver of ionized outflows in
AGN. For this, we carried out a systematic investigation of the [O III]1 5007 emission line on
a sample of AGN, consisting of radio-detected and radio-undetected sources using MaNGA
and Faint Images of the Radio Sky at Twenty cm (FIRST) survey data. We found radio-detected
sources to show an increased outflow detection rate compared to radio-undetected sources.
We noticed a strong correlation between outflow characteristics and bolometric luminosity in
both samples, except that the correlation is steeper for the radio-detected sample. Our findings
suggest (a) ionized gas outflows are prevalent in all types of AGN, (b) radiation from AGN is
the primary driver of ionized gas outflows, (c¢) radio jets play a secondary role in enhancing
the gas kinematics over and above that caused by radiation and (d) SF is quenched in the very
central regions of the galaxies in the sample studied due to AGN activity (Nandi et al. 2025,
Apl, 984, 20).

In Chapter 4, we investigated the impact of AGN on the SF characteristics of their hosts.
This was done by mapping the star-forming regions in galaxies hosting AGN and looking for
any correlations between the deduced SF and AGN properties. It is natural to expect that the
influence of the central AGN on their hosts could decrease from the centre to the outskirts
of the galaxies. In the nearby Universe, Seyfert and LINER type AGN are ideal targets to
investigate this connection as the resolution offered by ground-based imaging observations
will enable one to probe SF on scales from a few hundred parsecs to a few tens of kpc. Most
studies of SF in Seyfert galaxies have been conducted in the optical, IR, or radio wavelengths
using ground and space-based observatories. While there have been a few studies in the UV
band using Galaxy Evolution Explorer (GALEX), the resolution provided by GALEX is often
insufficient to resolve SF on parsec scales. A limited number of studies have used the HST,
which offers the capability to resolve parsec-scale structures, but it has a restricted field of
view, making it observationally expensive to study a large number of sources comprehensively.
To address this gap, we undertook a systematic investigation of the SF properties of Seyfert
galaxies using UVIT. From an investigation of the SF characteristics on a sample of eight AGN,
using UVIT observations, we found a positive correlation between the total surface density of
SF and extinction. For five sources, we found a gradual decline of both the surface density of
SF and extinction from the centre to the outer regions. We found the ratio of the star formation
rate (SFR) in the nuclear region to the total SFR to be positively correlated with the Eddington
ratio. This points to the influence of AGN in enhancing the SF characteristics of the hosts. This
impact is found to be dominant only in the central few kpc regions with lesser effect on the
larger scales probed in this thesis (Nandi et al. 2024, ApJ, 973,7).


https://iopscience.iop.org/article/10.3847/1538-4357/adc110
https://iopscience.iop.org/article/10.3847/1538-4357/adc110
https://iopscience.iop.org/article/10.3847/1538-4357/ad5da9
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In Chapter 5, we investigated the nature of AGN feedback on a dwarf AGN, NGC 4395.
This is important, as dwarf AGN are believed to be powered by the lower mass end of SMBHs.
In the literature, theoretical studies on the regulation of SF in dwarf galaxies have been
attributed to radiation from young stars and supernova explosions. However, recent theoretical
studies do indicate that AGN could play a significant role in regulating SF in dwarf galaxies.
Observationally, there is evidence of AGN feedback operating in dwarf galaxies covering
angular sizes smaller than about an arcmin. Therefore, detailed studies on SF characteristics of
dwarf galaxies hosting AGN are needed, firstly, to characterize their SF properties and secondly,
to find evidence of the feedback process, if any, in them. Using data from UVIT, we identified
a total of 284 star-forming regions extending up to a distance of 9 kpc. Of those, 120 regions
were also identified in the Ha continuum subtracted image. The detection of fewer star-forming
regions in Ha is attributed to the lower spatial resolution as well as the shallowness of the Ha
image relative to UV. On inspection of the spatial distribution of the surface density of SFR in
the UV, we found three star-forming regions near the AGN that have a high surface density of
SFR. One out of the three star-forming regions in the UV is also found to have a high surface
density of SFR in Ha and younger age. This could possibly hint at positive feedback from
the AGN. At 1.4 GHz, we found a few complexes having enhanced radio emission. These
complexes contain a larger number of star-forming regions, with the majority of them having
higher SFR. These complexes are known to host supernova (SN) remnants. The star-forming
regions in these complexes have higher SFR in Ha and 24 mm, compared to other star-forming
regions, arguing for SN-induced SF (Nandi et al. 2023, ApJ, 950, 81).

In Chapter 6, we aimed to understand the effect of jets on the ISM. There is hardly any
observational evidence of jet ISM interaction and its impact on the host galaxies of AGN on
parsec scales. This was investigated on the dwarf AGN, NGC 4395, powered by an IMBH.
Using high-resolution observations at 15 GHz from the VLA and the HST, we found evidence
of radio jet ISM interaction on the scale of an asymmetric triple radio structure of 10 pc
size. The high-resolution radio image and the extended [O III]1 5007 emission, indicative of
an outflow, are spatially coincident and are consistent with the interpretation of a low-power
radio jet interacting with the ISM. The spatial coincidence of molecular H, 12.4085 along
the jet direction, the morphology of ionized [O III]1 5007, and displacement of the CO(2 1)
emission argues for conditions less favourable for SF in the central 10 pc region (Nandi et al.
2023, ApJ, 959, 116).

Finally, in Chapter 7, we provide a summary of the thesis work, highlighting its key findings
and significance. Additionally, we discuss the unique contributions of this research and outline

potential future directions that could further enhance our understanding of the topic.


https://doi.org/10.3847/1538-4357/accf1e
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AGN
QSO

LINER
FR1
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NLRG
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BLR
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IMBH
UFO
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IFU
BPT
PSF
MS
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ISSDC
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MaNGA
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2MASS
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Active Galactic Nucleus/Nuclei
Quasi Stellar Object

Seyfert

Low-ionization nuclear emission-line region
Fanaroff-Riley type I
Fanaroff-Riley type 11

Broad Line Radio Galaxy

Narrow Line Radio Galaxy

Steep Spectrum Radio Quasar
Flat Spectrum Radio Quasar

BL Lacertae

Broad Line Region

Narrow Line Region
SuperMassive Black Hole
Intermediate Mass Black Hole
Ultra-fast Outflows

Interstellar Medium

Integral Field Unit
Baldwin-Phillips-Terlevich

Point Spread Function

Main Sequence

Field of View

Star Formation Rate

Indian Space Science Data Cente
Very Large Array

Faint Images of the Radio Sky at Twenty-Centimeters
Atacama Large Millimeter Array
Mapping Nearby Galaxies at APO
Himalayan Chandra Telescope
UltraViolet Imaging Telescope
Hubble Space Telescope

Two Micron All Sky Survey
Wide-field Infrared Survey Explorer
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Introduction

1.1 Active Galactic Nucleli

We are all captivated by the mesmerizing night sky, dotted with twinkling stars and distant
galaxies. Many of these galaxies, including our own Milky Way, contain an active region at their
core known as an Active Galactic Nucleus (AGN). These AGN are among the most luminous
objects in the Universe, with luminosities ranging fronfa@ 10" erg s ! (Filippenko &
Sargent, 1989; Onken et al., 2020). These powerful sources are thought to be fueled by the
accretion of material onto supermassive black holes (SMBHSs) located at the centres of galaxies.
These black holes span a wide mass range fromtd@0'° M (Peterson, 2014; Dullo et al.,
2021). They are known to show ux variations on a range of time scales from minutes to days
in all observed bands from radio ¢p ray (see Ulrich et al. 1997 for review).

In 1909, Edward Fath, and later in 1917, V. M. Slipher, observed the spectrum of the galaxy
NGC 1068 and identi ed strong emission lines that were highly unusual compared to the
spectra of galaxies dominated by starlight (Fath, 1909; Slipher, 1917). These early observations
hinted at the presence of energetic processes in galactic nuclei that could not be explained by
stellar activity alone.
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In 1943, Carl Seyfert expanded on these ndings by studying six "extragalactic nebulae”
and noted that they exhibited exceptionally bright nuclei and prominent broad emission lines
(Seyfert, 1943). This class of galaxies was later named Seyfert Galaxies in his honor, marking
a signi cant step in the recognition of what we now call AGN.

Interest in AGN surged during the 1950s with the detection of bright, point-like objects
at radio wavelengths (Bolton & Stanley, 1948; Bolton, 1948; Smith, 1951). These early
discoveries led to systematic radio surveys, such as the Third Cambridge (3C) (Edge et al.,
1959) and 3CR surveys (Bennett, 1962, 1963), which revealed a broader population of quasars
and radio-loud AGN.

The discovery of optical counterparts to radio sources, such as 3C 48 (Greenstein, 1963) and
3C 273 (Schmidt, 1963; Hazard et al., 1963; Oke, 1963), demonstrated that these objects were
not stars but extremely luminous extragalactic sources with signi cant redshifts, con rming
their vast distances. This revelation marked the recognition of quasars as a subclass of AGN.
Radio galaxy 3C 295 was also identi ed as a distant, highly energetic source, further linking
radio emissions to AGN (Minkowski, 1960).

In 1959, Woltjer (1959) proposed that the immense energy output of these extragalactic
sources could be explained by the concentration of a massi#l 1@bject within the central
100 pc of the galaxy. By 1963, Hoyle & Fowler (1963) introduced the concept of accretion,
suggesting that gas surrounding this massive object, moving at high velocities, could release
enormous energy as it fell inward.

The theoretical breakthrough came when the enormous luminosities observed in AGN
were linked to the presence of supermassive black holes (SMBHSs) at their centres. Salpeter
(1964) and Zel'dovich & Novikov (1964) proposed that accretion onto SMBHs, where matter
is heated to extreme temperatures as it spirals inward, could explain the observed energy output.
These ideas laid the foundation for the modern understanding of AGN as systems powered by
accretion onto SMBHSs.

This theoretical hypothesis gained further support in the late 1960s with the detection of
X-ray emission from known radio sources. The rst sources, M87 and 3C 273, were identi ed
as X-ray emitters, followed by NGC 5128 (Friedman & Byram, 1967; Bowyer et al., 1970),
detected using a Geiger counter aboard Aerobee sounding rockets (Giacconi et al., 1962).
The launch of the rst dedicated X-ray astronomy satellite, Uhuru, facilitated the discovery
of many more AGN emitting X-rays, paving the way for the understanding of non-thermal
emission from galactic centres (Gursky et al., 1971; Tucker et al., 1973). The rst gamma-ray
detection from an AGN, 3C 273, was made G S-Bsatellite (Swanenburg et al., 1978).
Later, with the launch of thEGRET(Energetic Gamma-Ray Experiment Teles¢@tmard
the Compton Gamma Ray Observatg@GRO in 1991, many more extragalactic gamma-ray
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sources, dominated by the blazar category of AGN, were identi ed (von Montigny et al., 1995).
These gamma rays are from AGN and are mostly beamed and nonthermal.

1.2 AGN Taxonomy: Different types and their characteris-
tics

Historically, AGN were classi ed as radio-loud or radio-quiet based on their radio-to-optical
ux density ratios. A vast majority of about 85% of AGN are radio-quiet, with only a minority

of about 15% being radio-loud. Radio-loud AGN are abotittifies brighter in the radio band
compared to radio-quiet AGN. This apparent radio-loud/radio-quiet dichotomy is still debated,
though it was proposed about ve decades ago. It has been recently proposed that AGN may be
better classi ed as jetted and non-jetted AGN (Padovani, 2017).

1.2.1 Radio-quiet AGN

Among the radio-quiet AGN are Seyfert galaxies and radio-quiet quasars. Radio-quiet quasars
are the high luminosity counterparts of Seyfert galaxies with the dividing line set with an
absolute B-band brightness o023 mag. Seyfert galaxies are low luminous sources with
Mg > 23 and quasars are high luminosity sources wigh<dM 23 (Schmidt & Green, 1983).

1.2.1.1 Seyfert galaxies

These sources exhibit strong emission lines in their spectra, rstidenti ed by Carl Seyfert in
1943. They are categorized into Seyfert 1 and Seyfert 2 galaxies based on the optical emission
lines observed in their spectra. Seyfert 1 galaxies display both broad permitted lines and narrow
forbidden lines, while Seyfert 2 galaxies show only narrow emission lines. The broad lines in
Seyfert 1 galaxies are caused by photoionization of clouds in the Broad Line Region (BLR; see
section 1.3), whereas the narrow emission lines originate from photoionized gas clouds located
farther from the central engine in the Narrow Line Region (NLR; see section 1.3; Khachikian
& Weedman 1974a; Koski 1978).

A subclass within Seyfert 1 galaxies, called narrow-line Seyfert 1 galaxies, was rst identi-
ed by Osterbrock and collaborators about forty years ago. These galaxies are distinguished by
their narrow Hb emission lines with a full width at half maximum of less than 2000 krh s
weak [Ol11]l 5007lines relative to b with an [O111]l 5007=HDb ratio less than 3, strong Fe
Il emission, and a relatively low black hole mass in the rangeddf 10° M (Osterbrock &
Pogge, 1985; Mathur, 2000).
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1.2.1.2 Radio-quiet quasars

They are the luminous counterparts to Seyfert galaxies with bolometric luminosities of the
order of 1d* 10%*" erg s 1. They have a strong continuum in the optical and X-ray bands,
along with broad and narrow emission lines in their optical spectra. Based on the optical lines,
they are also classi ed as Type 1 quasars (analogous to Seyfert 1 galaxies) and Type 2 quasars
(analogous to Seyfert 2 galaxies).

1.2.1.3 LINERs

Low-ionization nuclear emission-line regions (LINERS) are sources that show strong low-
ionization emission lines, with the emission of higher ionization lines being relatively weaker.
They are very common, with about one-third of the galaxies in the local Universe being LINERS
(Heckman, 1980).

1.2.2 Radio-loud AGN

Among the radio-loud category, AGN are broadly classi ed as radio galaxies and blazars based
on their morphology and spectral features.

1.2.2.1 Radio galaxies

Radio galaxies are a type of AGN that emit large amounts of energy in the radio wavelengths of
the electromagnetic spectrum. This emission primarily comes from jets of charged particles and
extensive radio lobes that can stretch millions of light-years beyond the host galaxy, making
radio galaxies some of the largest structures in the Universe.

Radio galaxies are classi ed based on morphology, radio luminosity, and spectral character-
istics. Based on radio morphology and brightness distribution in their lobes, they are divided
into FR | and FR Il classes (Fanaroff & Riley, 1974). FR | galaxies have a bright, compact
core with diffuse radio lobes, while FR Il galaxies are more powerful than FR | galaxies; they
have brighter radio lobes with prominent hotspots where the jets terminate. Based on spectral
line features, they are classi ed as Broad Line Radio Galaxies (BLRGs) when broad lines are
present and Narrow Line Radio Galaxies (NLRGs) when only narrow lines appear.

Some radio galaxies exhibit very steep radio spectra (spectral #nde@.5) and are known
as Steep Spectrum Radio Quasars (SSRQs), and some are relatively at (typically close to zero
ora & 0:5)and are known as at spectrum radio quasars (FSRQs).
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1.2.2.2 Blazars

They are a peculiar category of radio-loud AGN. They emit over the entire range of the
electromagnetic spectrum, with the emission from them dominated by the boosted non-thermal
emission from their relativistic jets oriented at small angles to the line of sight to the observer.
However, sub-dominant emission from the accretion disk, as well as emission lines from the
BLR, are also visible (Cerruti, 2020). They are further divided into at spectrum radio quasars
(FSRQs) and BL Lac objects. While FSRQs have emission lines in their spectra, BL lacs either
have weak or no emission lines.
The classi cation of sources is given in Fig.1.1.

Fig. 1.1 An illustration of AGN taxonomy. Credit: Dermer & Giebels (2016)

1.3 Fundamental Constituents of an AGN

The uni cation model of AGN posits that the observed differences in the spectrum between dif-
ferent classes of AGN are due to orientation effects. According to the uni cation scheme (Urry
& Padovani, 1995), all AGN either in the radio-loud or radio-quiet category are fundamentally
the same, but their appearance varies based on our line of sight, leading to their classi cation
into different types. The constituents of AGN are shown in Fig. 1.2.

They consist of a central black hole, a hot corona, an accretion disk, and a dusty torus, which
together produce the observed continuum emission. The hot corona, which is much hotter
than the accretion disk, emits predominantly in X-rays. The accretion disk, with temperatures
around 18 10° K, emits UV-optical photons and follows a multi-temperature blackbody
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Fig. 1.2 Schematics of different regions of an AGN according to Urry & Padovani (1995).

distribution, appearing as an excess in the U band (3@000 A), often referred to as the

"big blue bump" (Abramowicz & Fragile, 2013). The torus, cooler than the accretion disk,

is composed of dust and particles arranged in a doughnut-shaped structure around the disk.
UV-optical photons from the accretion disk are reprocessed by the dusty torus and re-emitted
in the infrared, creating the "infrared hump" in the spectrum (Edge et al., 1959; Peterson,
1997). AGN also contain clumpy regions called BLR and NLR, responsible for the broad and
narrow emission lines observed in the UV, optical, and infrared parts of the spectrum. The
BLR, located close to the accretion disk, has a high electron density ( 10’cm 3) and
produces broad lines in the optical and infrared due to the dynamic behaviour of a gas under the
strong gravitational effect of the central black hole. In contrast, the NLR, located farther from
the central engine, has a temperature of around 10,000 K and an electron density afot0

cm 3. The NLR is responsible for strong forbidden emission lines, in addition to hydrogen
lines, and can extend over kpc scales (Edge et al., 1959; Peterson, 1997). AGN also consists of
highly collimated beamed radiation, which is called a jet. This jet, composed of relativistic
charged particles, produces synchrotron emission observed mainly in the radio band; however,
itis also observed in optical, UV, X-ray amgray bands for some objects. These jets can extend
from parsec scales to well beyond the host galaxy. The broad-band emission from AGN with
contribution from different regions is shown in Fig. 1.3.
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Fig. 1.3 Schematic diagram of the total spectral energy distribution of AGN. Here, emission
from different regions of AGN are shown with different lines and colours. Credit: Harrison
(2014)

1.4 AGN versus host galaxy evolution

The concept of black holes as astrophysical objects was popularized in the 1960s following
theoretical work by John Wheeler, Roger Penrose, and Stephen Hawking, among others. At
rst, black holes were thought to be relatively isolated phenomena, not directly connected
to galaxy formation or evolution. The discovery of quasars in 1963, which are powered by
accretion onto SMBHSs, hinted at the possibility that black holes could reside in galaxy centres,

but their connection to host galaxy properties remained unclear at that time.

A major turning point came in 1998, Magorrian et al. (1998) found that black hole mass
(Mgn) is correlated with the mass of the bulgegjyye) of the host galaxy by analyzing a sample
of 36 nearby AGN using observations from the Hubble Space Telescope (HST). Later, Gebhardt
et al. (2000) discovered a strong correlation betwegp Isind the stellar velocity dispersion
(se) within a half-light radius (My 1 s 37 93) in a study of 26 AGN host galaxies. Following
this, Marconi & Hunt (2003) identi ed a tight relationship betweeMand bulge luminosity
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Fig. 1.4 Corelation between g4 and bulge properties. Credit: Kormendy & Ho (2013)

(LBuige): MBuige and stellar velocity dispersion within effective radius. In 2013, Kormendy

& Ho (Kormendy & Ho 2013) further re ned these relations and the established correlations
between My and various properties of bulges, includinglve Lsuige 2nd stellar velocity
dispersion within the bulges(. The relations are I i M3 jle”%% Man 1 Lijice"%° and

Mgn u s 438 029 These scaling relations are fundamental in understanding the co-evolution
of black holes and their host galaxies, as can be seen in Fig. 1.4 (see Kormendy & Ho 2013 for
a review).

The Mgy s relation is often seen as the tightest correlation, implying that dynamical
processes, like the central bulge's velocity dispersion, play a key role in regulating black
hole growth. On the other hand, thesM Mpygeand Msy  Lpuige relations emphasize the
connection between the bulge of the galaxy and its central black hole. These scaling relations
suggest that the growth of SMBHs and the stellar bulge are co-evolutionary processes, likely

regulated by common mechanisms such as AGN feedback, mergers, and gas accretion.

1.5 AGN interact with their host galaxies: Role of out owing
materials

The process of accretion in AGN which leads to the release of enormous amounts of energy in
the form of radiation (Lynden-Bell, 1969) as well as particles via relativistic jets (Cattaneo &
Best, 2009), though, in a small fraction of AGN, is believed to affect their host galaxies via a
process called feedback. AGN feedback is invoked to explain the observed correlation between
Mgy and various host galaxy properties (Zhuang & Ho 2023 and references therein). Such
feedback processes are also found to be operative in dwarf galaxies (Schutte & Reines, 2022).
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A viable feedback mechanism in AGN is out ows. These out ows are dynamic phenomena,
representing the expulsion of vast amounts of matter and energy from the vicinity of SMBHSs at
the centres of galaxies. They play a critical role in shaping the surrounding environment and
in uencing the evolution of galaxies (Guo et al., 2023).

They are multifaceted, seen in molecular, neutral and ionized gas (Riffel et al., 2023; Su
et al., 2023) and can occur on various scales, spanning from relatively small-scale winds to
colossal jets extending over intergalactic distances (Harrison et al., 2014; Izumi et al., 2023).
Ultra-fast out ows (UFOs), the hottest phase, reach velocities exceeding 10,000%and are
detected in X-ray spectra, mainly through blue-shifted BeilKemission or strong blue-shifted
absorption in high ionization lines such asXXV or FeXXVI. They are thought to originate
very close to the central black hole, likely from the inner accretion disk. Warm ionized out ows
are found through mainly forbidden lines in optical and infrared observations, such as [O
[11]l 5007 and coronal lines, such as [Fé ] and [FeX] in the infrared. They are slower
(500 2000 km s 1) and extend up to several kpc. The molecular phase represents the coldest
component of AGN out ows. These out ows are traced primarily by asymmetric absorption in
molecular lines such as CO or OH for cold phases and for warm phases via roto-vibrational H
lines in the infrared. They are typically slower than their ionized counterparts, originate near
the torus and have velocities ranging from a few 100 to 1000 khaad extend beyond the
nucleus. Neutral out ows are observed in 21 cm absorption lines in radio, sometimes through
Nal D absorption lines in the optical (Davies et al., 2024).

These out owing materials introduce turbulence into the galaxy's ISM during their propa-
gation through the galaxy, which can disrupt the orderly motion of gas clouds, altering SFR
and potentially in uencing the galaxy's future development. These out ows can deplete a
galaxy's reservoir of cold molecular gas, the raw material for star formation, either by expelling
it or heating it so that it no longer forms stars ef ciently, a process called negative feedback
(Maiolino et al., 2012). This is one of the main reasons for the existence of "red and dead"
galaxies in the Universe, where AGN activity has halted the process of star formation, leaving
behind only older stars. Alternatively, out ows can also compress the gas, leading to enhanced
star formation, especially in the galaxy's central regions, a process called positive feedback
(Nesvadba et al., 2020; Maiolino et al., 2017). The feedback process can be understood in Fig.
1.5.

This feedback can also affect the overall structure of their host galaxies. For example, AGN
jets or large-scale, powerful winds can create cavities in the hot gas halo of a galaxy, which
may in uence the dynamics of gas accretion and the morphology of the galaxy over time.
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Fig. 1.5 A schematic representation illustrating how AGN (depicted within the blue dotted box)
interact with their host galaxies through out owing gas, in uencing them via positive feedback
(represented by the yellowish cloud) and negative feedback (represented by the bluish cloud).
The blue dotted box encompasses the AGN components, including radiation from the accretion
disk and jets, which collectively drive the out owing gas. Note: The orientation of the jets and
out owing gas in this diagram is purely illustrative and does not convey speci ¢ information
about the angle between them. Credit: Payel Nandi

1.6 Star formation in AGN host galaxies

The activity of AGN can have an effect on the star formation characteristics of their host galaxies.
There are a few parameters through which star formation activities have been understood, such
as star formation rate (SFR), age of the stellar population, metallicity, etc. The SFR of a
galaxy is an important parameter. Several SFR measures are available in the literature (Calzetti,
2013b; Kennicutt & Evans, 2012). Observationally, the star formation nature of a galaxy can
be characterized by measuring its luminosity, which can then be used to nd the number of O
and B stars. Because of their high luminosity and temperature, Ultra-Violet (UV) observations
are the most straightforward SFR indicator. Alternativelg, ébservations in the optical are
generally used to estimate SFR (Kennicutt, 1998). As UV photons, and to a lesser extent
optical photons, are affected by dust attenuation, observations at other wavelengths are also
used to estimate SFR. Other estimators of SFR are via the radio and infrared (IR) emission
emitted from the star-forming regions (Kennicutt & Evans, 2012; Calzetti, 2013b). The radio
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emission from such regions can be due to thermal free-free (bremsstrahlung) and non-thermal
(synchrotron) processes (Condon, 1992). An advantage of using radio emission to trace SFR is
that it is free from dust extinction, unlike the observations in the UV and optical bands that are
sensitive to dust.

Star formation in AGN host galaxies is in uenced by a variety of factors, including the
type of AGN, the strength of feedback mechanisms, and the presence of molecular gas. While
powerful AGN like quasars and FR Il radio galaxies tend to suppress star formation, lower-
luminosity AGN like Seyferts and LINERs can coexist with star-forming regions. In cases like
ultraluminous infrared galaxies, intense star formation and AGN activity can occur simultane-
ously, often as part of galaxy mergers. The net effect of AGN on star formation is a balance
between negative feedback (quenching) and positive feedback (triggering), and it varies across
different AGN types.

Seyferts and LINERs are sources ideally suited to study star formation in galaxies hosting
AGN. But LINERS typically show lower-luminosity AGN activity with weaker out ows, leading
to less signi cant feedback compared to quasars or Seyferts. In the Seyfert category of AGN,
circumnuclear star formation is commonly observed (Davies et al., 1998; Alvarez-Alvarez
et al., 2015; Hennig et al., 2018; Diniz et al., 2019). However, works to clarify the relationships
between the central AGN and star formation in their surroundings are still ongoing. There
are suggestions for causal and evolutionary connections. The dif culty in establishing the
connection is due to differences in the spatial and temporal scales between AGN and starburst
activities. Available studies on AGN hosts probe star formation on scales of kpc to a few
hundreds of pc (Riffel et al., 2022; Venturi et al., 2021). However, accretion processes that feed
the AGN occur on scales of the order of pc. The in uence AGN have on their host galaxies
is expected to decrease with an increase in the distance of the regions from the central AGN
(Tsai & Hwang, 2015). Therefore, to establish the connection between AGN and star formation
activities, one needs to probe different spatial scales in the hosts of AGN.

1.7 Our current understanding on star formation and out-
ows in AGN

There are a number of studies in the literature that focus on star formation properties of Seyfert
type AGN using optical observations (Davies et al., 1998; Gu et al., 2001; Hennig et al., 2018).
They have also been studied for star formation for more than three decades in different spatial
scales as well as at different wavelengths (Cid Fernandes et al., 2004; Davies et al., 2007; Bing
et al., 2019; Riffel et al., 2022; Zhang & Ho, 2023). Despite years of research, the nature of star
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formation in AGN host galaxies versus normal galaxies is not settled and is highly debated. For
example, in a dwarf galaxy, He 2.0 with a central SMBH, Schutte & Reines (2022) found
AGN-driven out ows triggering star formation at the central region, causing positive feedback.
Considering the far-infrared emission to be due to star formation, Rodriguez Espinosa et al.
(1987) found that the far-infrared luminosities of Seyfert galaxies and star-burst galaxies are
indistinguishable arguing for the bulk of the far-infrared emission in Seyfert galaxies to be
due to star formation. Alternatively, Garcia-Gonzélez et al. (2016) found that in a few of the
Seyfert galaxies studied by them, the bulk of the nuclear far-infrared luminosity is contributed
by the dust heated by the AGN. Cid Fernandes et al. (2004) studied star formation history
extensively in Seyfert 2 galaxies and found that they are heterogeneous and hosts a mixture of
young, intermediate and old stellar populations.

Studies are available in the literature aimed at identifying the main driving mechanism
for out ows. They are focused on individual systems as well as on samples of sources. For
example, the correlation noticed between the ionizedl [} 5007 gas out ow and the radio
jetin NGC 1068 seems to favour a jet-driven out ow (Garcia-Burillo et al., 2014; Venturi et al.,
2021). In IC 5063, Morganti et al. (2015) found evidence of molecular, atomic and ionized
out ows and concluded that both the radiation and jet could drive the out ow, however, the
jet being the dominant driver. Other studies that nd favour of jets triggering out ows include
that of NGC 1337 (Aalto et al., 2016), a sample of 10 quasazsad.2 (Jarvis et al., 2019),
3C 273 (Husemann et al., 2019), ESO 4ZB13 (Fernandez-Ontiveros et al., 2020), NGC
5643 (Venturi et al., 2021) and NGC 1386 (Venturi et al., 2021). However, observations of
Mrk 231 support radiation from accretion driving the out ow (Feruglio et al., 2015). While the
above studies are focused on using high-resolution observations, low spatial resolution studies
do exist. Mullaney et al. (2013) from analysis of a larger sample of quasars using the Sloan
Digital Sky Survey (SDSS) spectra, found that sources more luminous in radio band tend to
have broader [Q11]l 5007 line pro le, while, Zakamska & Greene (2014) found favour of
out ows being driven via radiative output from quasars. From an analysis of SDSS spectra of
Type 2 AGN, Woo et al. (2016) found that while out ows are prevalent in them, they are not
directly related to radio activity. Alternatively, from an analysis of the SDSS spectra of radio
AGN, Kukreti et al. (2023) found that radio jets are more effective in driving out ows when
they are young. Molyneux et al. (2019) too found that the chance of nding out ows is more in
compact radio sources possibly hosting young radio jets. Recently, from an analysis of a large
sample of AGN, Liao et al. (2024) found the out ow velocity to correlate with radio power.
However, Ayubinia et al. (2023) conclude that both accretion and radio activity can have a role
in driving out ows.
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Thus, observations available from a limited number of sources in the literature as of now,
point to AGN having both positive and negative impacts on the star formation characteristics of
their hosts. However, the nature and details of the impact AGN have on the evolution of their
host galaxies remain controversial and uncertain. Also, AGN affecting star formation was not
known in dwarf galaxies a couple of years ago. But, only very recently, there are observational
evidences of dwarf galaxies hosting AGN, thereby challenging theoretical models that generally
invoke supernovae feedback in dwarf galaxies. Similarly, studies in the literature aimed at
nding the driver of out ows, whether radiation or jet, have focussed on the comparison
between radio-loud and radio-quiet quasars. But radio-quiet quasars are found to have radio jets
that could impact the out ow. Also, the separation of quasars into radio-loud and radio-quiet is
guestioned, and an alternative division of AGN into jetted and non-jetted sources is proposed
(Padovani, 2017). Thus, the driver for out ows in AGN also remains unsettled.

1.8 Scienti c objectives and outline of the thesis

To overcome the limitations, as outlined earlier, in our understanding of the complex interplay
between AGN and their host galaxies through star formation, out ows as well akSist
interaction and motivated by the availability of multi-wavelength data and spatially resolved
spectroscopic data, in this thesis, | aimed to address the following

1. What drives out ows in AGNThis is addressed in Chapter 3. For this, | carried out a sys-
tematic investigation of the [@1 ]| 5007 emission line on a sample of AGN, consisting of
radio-detected and radio-undetected sources Wdaqgping Nearby Galaxies at Apache
Point Observatory (MaNGAgndFaint Images of the Radio Sky at Twenty-Centimeters
(FIRST)survey data.

2. What is the impact of AGN on the star formation of their host galaxiEe® this, |
undertook a systematic investigation of the star formation properties of Seyfert galaxies
using theUltra Violet Imaging Telescope (UVIBNd ground-basedadobservations.

My sample consists of seven Seyferts and one LINER. | present the results of this in
Chapter 4, which aims to understand the complex connection between AGN activity and
star formation characteristics of their host galaxies.

3. What is the nature of feedback in a dwarf AGR& this, in Chapter 5, | carried out
detailed studies on the star formation characteristics of a dwarf AGN, NGC 4395, rstly
to characterise its star formation characteristics and secondly to nd evidence of feedback
processes in it, if any. For this, data from a range of wavelengths were used.
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4. What is the effect of low-power radio jets in the ISM of their ho3ts@re is hardly any
observational evidence of jetSM interaction and its impact on the host galaxies of
AGN on pc scales. Towards addressing this issue in Chapter 6, | carried out a detailed
analysis of the dwarf AGN, NGC 4395, that is powered by an intermediate-mass black
hole. For this, | used data from low-energy ragium to high-energy X-rays.



Data Acquisition and Processing

This thesis used multi-band data in X-ray, UV, optical, infrared, radio and millimetre wave-
lengths acquired using both ground and space-based telescopes. In X-ray, we used the high-
resolution imaging data acquired from tBaandra Observatorgperated by NASA. For UV,

we used the data from tH8VIT onboardAstrosat India's multi-wavelength astronomical
observatory. In the optical band, we used imaging observations carried out wittsthand

the ground-baseHimalayan Chandra Telescope (HGDwned and operated by the Indian
Institute of Astrophysics, Bangalore. For spatially resolved spectroscopic data, in the optical
band, we used the observations acquired with@kenini Multi-Object Spectrograph (GMOS)
instrument inGemini-North telescopand theMaNGAsurvey data fronsDSSIn the infrared,

we used the Near-infrared spectroscopic instrument in the integral eld unit (IFU) mode at the
Gemini-North telescopén the radio band, we used the data acquired withvrg Large Array

(VLA) operated byNational Radio Astronomical Observatory (NRA@hile for the millimetre

band, we used the high-resolution data frAtacama Large Millimeter Array (ALMADetails

of the observations and/or data and the procedures adopted to reduce the observations acquired
at different wavelengths are described in the subsequent sections.
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2.1 X-ray data

We used the archival X-ray data in the energy range of @.EeV, acquired with théddvanced

CCD Imaging Spectrometer (ACI8h theChandraX-ray Observatory (Weisskopf et al., 2002).

We reduced the data using the Chandra Interactive Analysis of Observati#, {sersion

4.14) software and calibration le<OALDB version 4.9.8). We reprocessed the data by
running the taskchandra repro to generate the cleaned and calibrated event les. We then
combined the event les, computed the exposure maps and generated the exposure-corrected
image at different energy bands (broad-band: @.keV; soft band: 0.51.2 keV, medium

band: 1.2 2.0 keV and hard band: 2.(0.0 keV) using the taskerge_obs

2.2 Ultraviolet

The UV observations for the sample studied in this thesis were BdiT. UVIT observes
simultaneously in the far UV (FUV; 13001800 A) and the near UV (NUV: 200(B000A)

over a 28 diameter eld with a spatial resolution better than %i6 multiple lters. The

FUV and NUV channels operate in the photon counting mode, while the visual channel (VIS;
3200 5500 A) operates in the integration mode. Images from the VIS channel are used to
monitor the drift of the satellite. We used the science-ready data available in the archives of the
Indian Space Science Data Center (ISSRChese science-ready images were generated by
theUVIT Payload Operations Cent&dVIT-POC) using th&JVIT-L2 pipeline (Ghosh et al.,
2022) and transferred 1&SDCfor archival and dissemination.

For most of the sources, the Iter-wise combined images taken f&BDChave exposure
time smaller than the sum of the individual orbit-wise images. Also, the nal astrometry has
large errors. Therefore, we rst aligned the individual images usindrtage Reduction and
Analysis Facility(IRAF; Tody 1986) and combined those aligned individual images to create
the combined image Iter-wise. Astrometry on the combined images was carried out using
stars available on the image frames with thair §) positions taken fronaia-DR3(Gaia
Collaboration et al., 2022) through custom developgthonscripts. These astrometrically
corrected combined image frames were used for further analysis. The measured counts/sec of
the sources of interest were converted to physical units using the calibrations given in Tandon
et al. (2020). For objects observed multiple times, to generate the nal combined images, we
used only those orbit-wise images that had suf cient signal.

Yhttps://cxc.cfa.harvard.edu/ciao/threads/
2https://astrobrowse.issdc.gov.in/astro_archive/archive/Search.jsp
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2.3 Optical

23.1 HCT

Narrow-band . imaging observations for some of the sources studied in this thesis were
carried out using thelimalayan Faint Object Spectrograph and Camera (HFO8®unted on

the 2mHCT, situated at the Indian Astronomical Observatory, Hanle, India (Prabhu, 2014).
For our study, we used two narrow-band lIters centred at 6563 A and 6724 A each with a
bandwidth of 100 A. In addition to the two narrow-band lters, we also acquired data through
one broad R- Iter whose central wavelength is 6020 A and bandwidth is 1000 A. The detector
is a 2k 2k CCD with a pixel scale of 0.288thereby covering 10 10° For our observations,

we used Ampli er A in high gain mode. The gain and readout noise for this con guration is
1.22 e =ADU and 4.8 e. The typical seeing observed through this telescope 1.5

We reduced the data fromMCT using the standard proceduredRAF (Tody, 1986). In
the rst step, we trimmed each frame, including bias, at and science frames. For at, we
used twilight during the start and end of the observation. Then we followed median combined
method usingZerocombinetask innoacimred:ccdred in IRAF and got a master-bias for
each day of observation. After getting the master-bias, we subtracted it from all the frames,
including science and at frames. Then, we combined (median) all the at frames and created
a master- at for corresponding lters each day using fladcombine task of the previous
package in IRAF, followed by normalising the master at and getting a normalised master- at.
Then, we corrected each science frame for the pixel-to-pixel sensitivity using the normalised
master- at. Finally, after correcting all the detector and electronic noise, we aligned frames
and stacked them for each target. And we got the corrected combined frame for each target.
Then, nally, we performed astrometry usimgmapandccsetwcs and coordinates from Gaia
DR3 catalogue (Gaia Collaboration et al., 2022). Now, we have science-ready images for
each lter. For calibrating the narrow-bandarbbservations, we also observed one standard
spectrophotometric star, Feige 66. We convolved the observed spectrum of Feige 66 from Oke
(1990) with the H Iter response and estimated the magnitude. The derived magnitude in
the Ha observation was converted to a standard magnitude using the difference between the
instrumental and standard magnitude of Feige 66. To get the standard magnitude in the R band,
we used the technique of differential photometry in conjunction with the relations$086
The transformation equations froBDSSwvere used to get the standard R-band magnitude of a
few stars in the acquired R-band image based on 82834, g, r, i, and z magnitudes.
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2.3.2 HST

We also used the archivdFC3-UVIS2lter image from HST 2 for our study. We mainly used
the data in two Iters, one F502N, which is centreds@0987 A and the other F547M, which
is centred around the nearby continuum at 5956

2.3.3 GMOS/Gemini-North

We used the archival data fro@MOS(Hook et al., 2004) inGemini-North GMOSwith

a eld of view (FoV) of 5.0 3.5°%covers the spectral range from 4500800 A. The data
cubes inGMOSobservations have a spatial sampling of 8%8el. The spectral resolution

is 90 km s and the angular resolution is 8%Ve processed th&MOSdata using the
GEMINI.GMOSpackage inRAF (refer to Brum et al. 2019 for details). The reduction steps
included trimming the frames, applying bias corrections, and performing at- eld corrections,
following a procedure similar to that described in Section 2.3.1. Wavelength calibration was
carried out using the arc lamp, and ux calibration was performed using a standard star.

2.3.4 MaNGA/SDSS

We also used optical IFU data frolmlaNGA(Bundy et al., 2015) survey. It uses a bre-based
IFU spectroscopic techniguMaNGAhas observed 10,010 unique sources with redshift 0.01
to 0.15 (Wake et al., 2017), in different IFU con gurations. The FoV varies frofa232°0
depending upon its IFU con gurations. The spatial resolution is betw8&n 2.8%ith a
pixel scale of 0.8° 0.5% It covers the wavelength range of 36000000 A with a spectral
resolution [ =DI ) of 2000.

2.4 Infrared

In the infrared band, we used archival data in J, H and Ks bands frofiwtbé/icron All Sky
Survey (2MASSSkrutskie et al. 2006) and the W1(3mn), W2(4.6mm), W3(12nm) and
W4(22 mm) bands from th&Vide- eld Infrared Survey Explorer (WISEVright et al. 2010).

Also, in the far-IR, we used data ati@h, 70nm, and 160mm from theMultiband Imaging
Photometer for Spitzer (MIP®)strument (Rieke et al., 2004) @pitzer The measurements
obtained at these wavelengths were converted to ux units using known scaling factors. For
example, in the case of the images fr@aMASSto convert from instrumental measurements to

ux units, we used the factors given in the respective image header$VFE we used the

3https://archive.stsci.edu/
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factors available online. Similarly, faMIPS we followed the procedure given in th&lPS
instrument handbook

We used the archival data from the adaptive optics assisted K-band observations acquired
with the Near-Infrared Integral Field Spectrometer (NIFRBcGregor et al. 2003). The K-band
centered at 2.2m covers a FoV of 3% 3.4°° The data cubes in tHéIFS observations have a
spatial sampling of 0.8%pixel. The spectral resolution is 45 kmsand the angular resolution
is 0.2%see Lemoine-Busserolle et al. 2019 and Brum et al. 2019 for details).

2.5 Millimetre

We used the archival data observed with the high-resol®&ldviA with 12 m antennas in band

6. We reduced the data using tGemmon Astronomy Software Application (CASA v5with)

the standard data reduction pipeline of the ALMA observatory. To generate the spectral data
cubes, we used the ta3ICLEAN

2.6 Radio

In the radio band, we used observations from YHeA carried out at 1.4 GHz in its C-

con guration, at 4.8 GHz in B-con guration and at 15 GHz in A-con guration. The 4.8
GHz observations were reduced after agging bad data sets, followed by phase and ux cali-
brations inAstronomical Image Processing System (AIR%) reduced the 15 GHz data using
standard procedures that include agging bad data uSIA§A(see Saikia et al. 2018 for
details). We also used 21 cm HI emission line data fromWesterbork Synthesis Radio
Telescope (WSRT3ee Heald & Oosterloo 2008 for more details).

“https://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/mipsinstrumenthandbook/41/






What Fuels Warm lonized Gas Out ows In
Active Galactic Nuclel?

A viable feedback mechanism in AGN is out ows. These out ows are dynamic phenomena,
representing the expulsion of vast amounts of matter and energy from the vicinity of SMBHs
at the centres of galaxies. However, what drives these out ows is debated. They play a
crucial role in shaping the surrounding environment and in uencing the evolution of galaxies
(Guo et al., 2023). They are multifaceted, seen in molecular, neutral and ionized gas (Nandi
et al., 2023b; Riffel et al., 2023; Su et al., 2023; Izumi et al., 2023) and can occur on various
scales, spanning from relatively small-scale winds to colossal jets extending over intergalactic
distances (Harrison et al., 2014; Izumi et al., 2023; Guo et al., 2023). They can profoundly
impact the galaxy's evolution by regulating the rate of star formation, distributing elements
crucial for planetary systems, and even in uencing the growth of SMBHs (Nandi et al., 2023a;
Venturi et al., 2023). Irrespective of out ows being prevalent in AGN, questions such as (a)
what drives these out ows and (b) at what scales they operate are not conclusively known

This Chapter is based on Nandi et al. (2025)
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and are highly debated. The potential mechanisms that could drive these out ows could be
radiation and/or radio jets (Wylezalek & Morganti, 2018).

Studies are available in the literature aimed at identifying the main driving mechanism
for out ows. They are focused on individual systems as well as on a sample of sources. For
example, jet-driven out ows have been suggested in NGC 1068 and IC 5063, where both
radiation and jets may contribute, but jets dominate (Garcia-Burillo et al., 2014; Venturi et al.,
2021; Morganti et al., 2015). In contrast, radiation-driven out ows are evident in Mrk 231
(Feruglio et al., 2015). Some low-resolution statistical studies indicate that radio-luminous
sources tend to have broader out ow features (Mullaney et al., 2013), while others suggest
radiative outputs are the primary drivers (Zakamska & Greene, 2014). Compact radio sources,
possibly hosting young jets, are more likely to drive out ows, with some studies nding
correlations between out ow velocity and radio power (Liao et al., 2024). The debate persists
regarding whether out ows are driven by accretion or radio activity.

3.1 Sample

Our initial sample of sources is derived from the MaNGA (Mapping Nearby Galaxies at
Apache Point Observatory; Bundy et al. 2015) survey, a spectroscopic program under SDSS-IV.
MaNGA employs a ber-based integral eld unit (IFU) spectroscopic technique, utilizing the
two BOSS spectrographs mounted on the 2.5-meter Sloan Foundation Telescope at Apache
Point Observatory. MaNGA has observed 10,010 unique galaxies with redshifts ranging from
0.01 to 0.15 (Wake et al., 2017), using different IFU con gurations. The spatial resolution
achieved is betweef®and 2:5° with a spectral resolution of approximately 2000. The
program's eld of view varies fron.2°%o 32°0 depending on the IFU con guration, covering

a spatial range of 1.5 to 2.5 effective radii of the observed galaxies. We cross-correlated the
sources in the MaNGA catalogue (Wake et al., 2017) with the latest version of the Million
Quasars Catalogue (MILLIQUAS; Flesch 2023) to identify genuine AGN in the MaNGA
catalogue, using a search radius 8 RIILLIQUAS is a collection of all published AGN and
guasars till 30 June 2023, amounting to a total of 1,021,800 sources. Our cross-correlation
of MaNGA sources with MILLIQUAS led to a sample of 1,142 AGN. As these sources
were pulled from various surveys in MILLIQUAS, we checked the position of these 1142
sources in the Baldwin-Phillips-Terlevich diagram (BPT; Baldwin et al. 1981) for homogeneity.
We took an aperture of 50600 square pc box centred on the source and calculated the
ux values of [Olll]l 5007, H, Ha, [NII]| 6584, [SII] 6718 and [SIl] 6732 lines from

the Data Analysis Pipeline (DAP) products (Westfall et al., 2019) of MaNGA. Then, we
plotted the ux ratio between [Olll] 5007 and W, [SII]l (6717+6732) and B and also
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the ux ratio between [OIlll] 5007 and H, [NII]| 6584 and H in for the sources in the

BPT diagrams. Then, Out of these 1142 sources, 718 are above the star-forming line in
the [SII]l (6717+6732)/K vs [Olll]l 5007/Hb diagram and 740 sources lie above the star
formation line in the [NIl] 6584/Ha vs [OIlll]l 5007/Ho diagram with 688 common sources

in both the BPT diagrams. We considered these 688 AGN for our analysis out of which 252 are
Seyferts, and 436 are LINERs.

Fig. 3.1 Position of the sources in the [N/Ha BPT diagram (left) and [81]/Ha BPT diagram
(right). The black and green solid lines separate the region occupied by AGN and star-forming
galaxies according to Kewley et al. (2001) and Kauffmann et al. (2003a), respectively. The
cyan solid line separates Seyfert galaxies and LINERs (Kewley et al., 2001). Filled blue and
red circles refer to radio-detected and radio-undetected sources.

We cross-matched these 688 AGN with the VLA Faint Images of the Radio Sky at Twenty-
Centimeters (FIRST) survey (Becker et al., 1995) using an angular separati§hidfe8FIRST
survey, conducted with the NRAO Very Large Array in its B-con guration, provides radio
maps of the sky at 20 cm (1.4 GHz) with a beam size of approximate{ &.pical root
mean square (rms) noise level of 0.14 mJy be&anThrough this cross-matching process, we
identi ed 217 AGN with radio counterparts in the FIRST catalogue, exhibiting ux densities
greater than 0.5 mJy, classifying them as radio-detected. The remaining 471 AGN, lacking
radio counterparts in the FIRST survey, were categorized as radio-undetected. Out of these
471 sources, 18 sources are not covered by the FIRST survey. Not considering those 18
sources, our nal radio-undetected sample consists of 453 sources. Of the 217 radio-detected
sample 95 sources are Seyfert type AGN while 122 are LINERs. Similarly, among the 453
radio-undetected sample, 149 sources are Seyfert type AGN while 304 sources are LINERSs.
The positions of these sources in the BPT diagrams are shown in Figure 3.1. Both the radio-
detected and the radio-undetected samples have similar distributions in the redshift and optical
B-band brightness plane (see Fig. 3.2). A Kolmogorov-Smirnov (KS) test carried out on
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Fig. 3.2 Distribution of sources in the redshift versus B-band brightness plane. Here, the lled
blue and red circles refer to the radio-detected and radio-undetected sources, respectively.

their distributions of redshift and B-band brightness indicates that the two samples are indeed
indistinguishable with statistics of 0.07 and a p-value of 0.12.

3.2 Analysis

We focussed our analysis on a total of 217 AGN with radio detection and 453 AGN without
radio detection in the FIRST survey. For this, we used the data reduction pipeline (DRP)
products (Law et al., 2016) LOGCUBE of SDSS DR17. The DRP products contain the
processed, and calibrated spectra for each spaxel in the eld of view in form of cube for each
source.

For each of the sources studied in this work, we generated summed spectra in the rest frame
of the sources over a square with the length of the side of 500 pc. The choice of 500 pc is due
to our requirement of having at least one spaxel to generate the spectra for most of the sources.

We tted the [OIlIlI]l 5007 pro le with multiple Gaussian components along with a rst
order polynomial for the continuum using the nonlinear least square tting algorithm within the
curvefit module in theScipy library. We tted [OIlIll]|1 5007 because we are only interested
in the warm ionised phase of out ow that is traced by the forbidden bright line [IOBI0D7.

During the t, we kept the width, peak and amplitude of each of the components as free
parameters. Also, we restricted the tting to those sources for which the signal-to-noise ratio
(SNR) of the line is more than 3.0. Here, SNR refers to the ratio of the ux at the peak of the
line to the standard deviation of continuum uxes on either side of the line. We used a total of
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80 A width for the spectral region (497B057A) during the tting. For some sources, the
[Oll] I 5007 line pro le was adequately modelled with a single Gaussian component. However,
in cases where the residual, de ned as (data - model)/data, exceeded 10%, additional Gaussian
components were considered. The residual was reassessed after each addition and compared
to the previous t. If including an additional Gaussian reduced the residual and smoothed
uctuations in both the surrounding continuum and the line region, the extra component was
adopted. Otherwise, the t was restricted to the minimum number of Gaussian components
required. For cases where more than one Gaussian component was necessary, an additional
criterion was applied: the peak of the second and third components have to exceed three times
the standard deviation of the continuum uxes to con rm their statistical signi cance. In the
radio-detected sample, the SNR of the rst out ow component ranges from 10 to 306, while the
SNR of the second out ow component ranges from 8 to 331. In the radio-undetected sample,
the SNR of the rst out ow component ranges from 4 to 199, and the SNR of the second
out ow component ranges from 3 to 122. We show in Fig. 3.3, that spectral ts to three sources,
one requiring a single Gaussian component, while the others requiring two and three Gaussian
components, respectively. We also manually inspected each of the tted spectra to ensure their
tting was correct.

After the tting, we corrected the measured out ow uxes for galactic extinction using
Cardelli et al. (1989) and the E(BV) values given in the header of DRP les. The uxes were
also corrected for internal extinction using tha ldnd Ho ratio taken from DAP products and
following Miller & Mathews (1972); Veilleux et al. (1995) and Calzetti et al. (2000). Under the
theoretical assumption of case B recombination, the intringidHh ratio was taken as 3.1
(Osterbrock & Ferland, 2006).

Fig. 3.3 Example line ts to the [QI1]l 5007 line for an out ow undetected (left panel) and an

out ow detected (middle and right panels) source. A single Gaussian pro le nicely describes
the observed line pro le (left panel), while two and three Gaussian components (two phases of
out ow) were required for the observed line pro le in the middle and right panels. The broad
Gaussian components in the middle and right panels showed the presence of out ow.
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3.3 Results and Discussion

3.3.1 Detection of out ows

For both the radio-detected and the radio-undetected samples, we searched for the signature of
out ows over a region of 500 500 square pc centered on each of the sources. Thel[GDQ7

line was detected at thes3imit for 197 sources in the radio-detected category and 341 sources

in the radio-undetected category. Our nal sample thus consists of a total of 538 sources with
strong [OIII]l 5007 for further analysis.

For the radio-detected sample, out of 197 sources, for 86 sources, a single Gaussian
component proved suf cient for tting the [OIIl] 5007 line, for 77 sources, two Gaussian
components were needed to t the line, while for 34 sources three Gaussian components were
needed to model the line. Considering sources that require more than one Gaussian component
to well represent the [OIIl]5007 line, in the radio-detected category, a total of 111 out of 197
sources (56 7%), prominently showed discernible signatures indicative of out ows.

Similarly, in the radio-undetected sample, out of the 341 sources, 257 sources required a
single Gaussian component to well represent the [D8007 line, while 69 sources required
two Gaussian components and 15 sources needed three Gaussian components to well model
the line. Thus, in the radio-undetected sample, we detected out ows for 84 sources 22025
of the sources showed signatures of out ows. This clearly indicates that the out ow detection
rate is higher in the radio-detected sample compared to the radio-undetected sample.

We also classi ed our sample into Seyferts and LINERs based on their location in the BPT
diagram to investigate their prevalence of out ows. In the radio-detected sample, we have
92 Seyferts and 105 LINERs for which [OIlIE007 was signi cantly detected. Of these, we
detected out ows in 81 Seyferts and 30 LINERs. Similarly, in the radio-undetected sample, we
detected [OIlIl] 5007 line in 131 Seyferts and 210 LINERs. Of these, we detected out ows in
66 Seyferts and 18 LINERSs. The results of the analysis are summarised in Table 3.1 and in Fig.
3.4.

Considering the total sample, we found that @846 of Seyferts show out ows, compared to
only 15 2% LINERSs. In radio-detected Seyferts, out ows are detecte@iin 13% sources,
while in radio-detected LINERS, it is 2%6%. In the case of the radio-undetected sample, we
detected out ows fob0 8% Seyferts an@ 2% LINERs. Thus Seyferts consistently show
more frequent out ows than LINERSs, both in radio-detected and radio-undetected samples.
This is in agreement with a recent study by Torres-Papaqui et al. (2024) who, too, from a
systematic analysis of the SDSS spectra of a large sample of Seyferts and LINERSs, found that
the probability of detecting out ows in LINERSs is lower compared to that of Seyferts.
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Fig. 3.4 Bar chart of the different types of AGN (Seyferts and LINERS) used in this study. Here,
the large blue bar refers to the total radio-detected sources, and the large red bar refers to the
total radio-undetected sources. Dark shaded regions refer to out ow detected sources.

Total Sample radio-detected radio-undetected
Seyferts LINERs Total Seyferts LINERs Total Seyferts LINERs

Total number of sources 223 315 197 92 105 341 131 210
Number of source with 76 267 86 11 75 257 65 192
one Gaussian component
Number of sources with 99 47 77 47 30 69 52 17
two Gaussian components
Number of sources with 48 1 34 34 0 15 14 1
three Gaussian components
Number of sources with 147 48 111 81 30 84 66 18
out ow
Out ow detection rate 667 152 56 7 88 13 296 253 508 8 2

in percentage

Table 3.1 Summary of the sources analysed for ionised out ows in the [(B0OD7 line.
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3.3.2 A comparison of the kinematics properties of the out ow

In the following sections, we compared the kinematic properties of out ow in our sample of
sources. In cases where two out owing components were detected, we initially consider only
the brightest of the two in the analysis of the kinematic properties of the out ow. We later also
considered the out owing component of lower brightness, and also the one with the higher
velocity. The values for the brighter component are tabulated in Table 3.2 for the total sample,
the Seyferts and LINERs and among them separately into radio-detected and radio-undetected
samples. Similar Tables for the other two cases are presented in Tables 3.3 and 3.4, respectively.

3.3.2.1 Velocity shift

We measured the velocity shift {\{t;) of the out owing component relative to the narrow
component of the [OIIl] 5007 emission line. In this de nition, a negative value @i+
corresponds to the broad blueshifted component and a positive valiggiptorresponds to

the broad redshifted component. The distribution gf;i¥ for both the radio-detected and
radio-undetected sample of sources is shown in the upper left panel of Fig. 3.5. The KS test
reveals that the distributions of the two samples are not statistically different, with a p-value
of 0.4. For the radio-detected sampleny; ranges from 782 km s 1 to 463 km s 1, with a

mean of 178 km s ! and a median of 163 km s ! with median uncertainty of 46 km 3.
Similarly for the radio-undetected samplesn\; ranges from 628 km s to 108 km s,

with a mean of 234 km s ! and a median of 167 km s 1 with median uncertainty of 70 km

s L. In both our samples, we found more sources80%) to show blue asymmetries of their
[OllI] 1 5007 line relative to red asymmetry. This could be because of the redshifted part of
the bipolar out ow being obscured by dust and/or seen at a lower S/N than the blue-shifted
component and thus undetected (Belli et al., 2024).

3.3.2.2 \Velocity dispersion

We parameterise the emission line pro le of the out owing component using the dispersion of
the line parametes(neasured Obtained from the tting of the [Olll] 5007line. This measured
velocity dispersion of the out owing componerst2 . ...~ S& + S 2g, Wheres oyt andsinst

are the intrinsic velocity dispersion of the out owing component and the dispersion of the
instrumental line spread function. For MaNGA, tre Wwidth of the instrumental line spread
funcitonis 70 kms 1 (Law et al., 2022). To estimagey,, we subtractednst from s measured

in quadrature. From the estimatgegl;;, we calculated the full width at half maximum (FWHM)

of the out owing componentaBBWHMyy: = 2 2In2 Syt = 2:35S out, Which is valid for a true
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Gaussian pro le. The distribution &#W HMy; is shown in the upper middle panel of Fig. 3.5
for both the radio-detected and radio-undetected samples.

For the radio-detected category, FWiranges from 169 km & to 1398 km s, with a
mean value of 646 km 8 and a median of 626 km $ with median uncertainty of 59 km 8.
For the radio-undetected category, FWEManges from 140 km & to 1171 km st and it is
lower compared to radio-detected sample, with a mean of 526 Rrarsd a median of 518 km
s 1 along with median uncertainty of 82 km Therefore, this larger range and higher values
of FWHM,,; for radio-detected sources indicate that the out owing material in them is more
kinematically disturbed compared to radio-undetected sources.

3.3.2.3 Out ow velocity

We de ne the out ow velocity,Vout, as the sum of the velocity differenc®/4,i:j) between
the out owing component and the narrow component, plus two times the standard deviation
of the out owing componentgoy), i.€., Vout = jVshif + 2Sout (Parlanti et al., 2024). The
distribution ofVt is shown in the upper right panel of Fig. 3.5 for both the radio-detected and
radio-undetected samples. The KS test indicates that the distributions of the radio-detected
and radio-undetected populations are statistically distinct, with a p-value b &. This
low p-value suggests that the likelihood of these two distributions being drawn from the same
parent population is very low.

For the radio-detected sample, the out ow velodity; spans from 271 km & to 1970
km s 1, with an average velocity of 788 km $and a median velocity of 705 km $with
median uncertainty of 74 km $. In contrast, the radio-undetected sources exhibit a range
of Vout from 118 km s to 1387 km s?, with a lower mean velocity of 691 km $ and a
median of 610 km s! along with median uncertainty of 98 kms The higher velocities
in the radio-detected sample may imply that radio emission is linked to more powerful or
sustained out ows, possibly associated with jet-driven mechanisms or enhanced AGN activity.
The contrast in median and mean velocities between the two samples supports the idea of a
signi cant difference in out ow dynamics related to the presence of radio emission.

3.3.2.4 Asymmetric index

To evaluate the asymmetry of the total [OIIB007 line pro le, we utilize the asymmetry index
(Al). Following Zakamska & Greene (2014), the Al is de ned as

_ (V95 V50 (V50 V0Y)

Al V95 V05

(3.1)
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Here V95, V50 and V05 are the velocities at which 95%, 50% and 5% of the emission line ux
is found. A value of zero indicates a symmetric pro le, a positive value suggests redshifted
wings, and a negative value indicates blueshifted wings. The middle left panel of Fig. 3.5
displays the distribution of asymmetry index (Al) values for both the radio-detected and radio-
undetected samples. Statistically, these distributions differ, with a KS test statistic of 0.32 and a
p-value of 0.04, suggesting a signi cant but moderate distinction between the two groups.

For the radio-detected sample, Al values range frodm46 to 0.12, with an average of
0.15 and a median of 0.16 with median uncertainty of 0.05. In contrast, the radio-undetected
sample has a wider range fron0.51 to 0.16, with a mean value 0f0.18 and a median of
0.17 with median uncertainty of 0.10. The consistently negative Al in both the samples
suggests the dominance of the blueshifted component of the bipolar out ow relative to the
redshifted component of the out ow, as discussed in section 3.3.2.1.

3.3.2.5 Out ow mass

We determined the mass of the out owing gasgM following Carniani et al. (2024) as

Lioinjout 50cm 3 Z
Moyt = 0:8 106 —1| 2w 3.2
out 10%ergs 1 Ne Z (3.2)

here,Lioi1110ut IS the luminosity of the out owing component calculated from the ux of the
out owing component of [Olll] 5007and corrected for dust extinction following the procedure
given in Section 3.2. The out ow mass also depends on both the electron denrsignth
the gas phase metallicity of the medium. We calculatedsing the ratio of [Sll] 6718 to
[SH]I 6732, assuming an electron temperature of 10,000 K, ysingb(Luridiana et al., 2015).
We also determined the gas phase metallicity using [(DII959,5007, [NIIll 6548,6584,
and the Balmer lines (& and Hb), as described by do Nascimento et al. (2022).

The distribution of My for both the radio-detected and radio-undetected samples is illus-
trated in the middle panel of Fig. 3.5. A KS test shows that the two distributions are statistically
distinct, with a p-value of 610 4. For the radio-detected sampleglylranges from 181 M
to 2.4 10° M , with a mean of 1.110®° M and a median of 3.510* M with median
uncertainty of 1.4 10° M . In contrast, the radio-undetected sample, shows Malues
ranging from30 M to 1.5 10° M , with a mean of 2.510* M and a median of 9.610°
M along with median uncertainty of 8.6.0° M . This nding suggests that out ow masses
are notably higher in radio-detected sources than in radio-undetected sources.
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3.3.2.6 Mass out ow rate

We calculated the mass out ow ratkl;), which represents the mass of gas out owing per

unit time as

Mo = VoutMout
out R

We considered R as 500 pc. The distributioriVi; for both the radio-detected and radio-

undetected samples is illustrated in the middle right panel of Fig. 3.5. According to the KS test,

the distributions differ signi cantly, with a p-value of 510 °.

(3.3)

For the radio-detected sampM,,: ranges fron2:3 10 #t0 5.1 M yr 1, with a mean
of 0.17 M yr ! and a median of 0.04 Myr ! with median uncertainty of 0.004 Myr 1.
For the radio-undetected sampiy; ranges fron8:0 10 °to 0.2 M yr 1, with a mean
of 0.03 M yr !and amedian of 0.01 Myr ! with median uncertainty of 0.002 Myr 1.
These results indicate thisl,; is consistently higher in radio-detected sources compared to
radio-undetected ones.

3.3.2.7 Power of out ows

The kinetic power of out ows (KBy) is de ned as

1
K Pout = EMoutvc?ut (3.4)

The distribution of KRBy for our sample of sources is shown in the bottom left panel of
Fig. 3.5. The gure shows that radio-detected sources exhibit more powerful out ows than
radio-undetected sources. From KS test, we found that the distributions gf #dPthe
radio-detected and radio-undetected samples are indeed different with a p-valud 0f 2

For the radio-detected sample, &Pranges fron2:0 10°/to 1:8 10*2erg s 1, with
amean o#:6 10°°ergs ! and a median 04:8 10%° erg s 1 with median uncertainty of
1.8 10®¥ergs L. In the radio-undetected sample, &Pvaries from3:3 10°"to7:0 10%
erg s 1, with a mean o#:2 10°° erg s ! and a median of:3 10°° erg s ! with median
uncertainty of 5.9 10%8ergs 1.

This indicates that radio-detected sources consistently exhibit higher out ow power com-
pared to radio-undetected sources. This difference could suggest that radio emission is likely
associated with more energetic out ows, possibly jets, potentially amplifying the AGN's feed-
back impact on the surrounding gas. Higher out ow power in radio-detected galaxies may be a
sign of more ef cient energy transfer from the AGN to the host galaxy's interstellar medium,
possibly affecting star formation and the overall galactic environment (King & Pounds, 2015).
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3.3.2.8 Momentum rate of out ows

The momentum rate of out owsPy) is de ned asPoyt = MoutVout- The distribution of

Pout (out ow momentum rate) for the sample is shown in the bottom middle panel of Fig.
3.5. According to the KS tesEy is signi cantly higher in radio-detected sources than in
radio-undetected ones, with a p-value of 20 /.

For radio-detected sourceBy, spans from8:3 10°°to 3:4 10%* g cm s 2, with a
mean 0f9:2 10%2gcm s 2 and a median of:7 10%2 g cm s 2 with median uncertainty of
3.0 10%1gcm s 2. For the radio-undetected sourcBs; ranges fron5:8 10°°to1:2 1033
g cm s 2, with a mean ofl:1 10°? g cm s 2 and a median 06:1 10°' g cm s 2 and
with median uncertainty of 1.510%! g cm s 2. This indicates thal, is nearly an order of
magnitude higher in radio-detected sources compared to radio-undetected sources.

The elevatedP,; in radio-detected sources suggests a stronger coupling between the AGN
energy and the out ow momentum, enhancing feedback effects on the host galaxy. Given
the higher out ow power (KB and mass out ow ratedMoyt) in these sources, it appears
that radio activity is correlated with more ef cient AGN feedback. This combination of
higher momentum, power, and mass ow may drive larger-scale gas movements, which could
potentially lead to star formation suppression or triggering in the host galaxy more effectively
than in radio-undetected sources (Fabian, 2012; King & Pounds, 2015; Tadhunter, 2016).
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Fig. 3.5 Histograms of different kinematics properties of out ows. The parameters are labelled
in the respective plots. The blue and red histograms are for the radio-detected and radio-
undetected samples, respectively.
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Parameter Total Seyferts LINERs
Range Mean Median Range Mean Median Range Mean Median
Venist(km s 1) 782 to 463 178 163 782 to 463 106 89 695t0258 376 449
FWHMgue(km s 1) 169 to 1398 646 626 169 to 1398 635 611 257 to 1018 678 737
Vou(kms 1) 271 t0 1970 788 705 271t0 1970 720 642 378 to 1400 973 1084.0
Al 0.46t00.12 0.15 0.16 0.34t00.12 0.14 0.15 0.46t00.11 0.18 0.16
Mouw(10P M ) 1.811023681.85 1069.71 348.47 1.891023681.85 1362.98 507.71 1.81t02120.98 273.70 41.16
Mout(10 M yr 1) 0.23t05112.32 166.56 43.28 0.23t05112.32 212.13 59.45 0.33t0424.39 42.87 8.02
KPout(10®%ergs 1) 0.20t018166.25 461.92  48.25 0.24t018166.25 591.12 55.63 0.20t01425.12 111.26  34.40
Pout (10°g cms?)  0.83t034222.09 923.43 165.39 0.83t034222.09 1177.20 198.87 0.91t02761.69 234.64  60.19
(a) Radio-detected
Parameter Total Seyferts LINERs
Range Mean Median Range Mean Median Range Mean Median
Vshist(km s 1) 62810108 234 167 628t0 108 173 134  624to 211 526 585
FWHMgui(km s 1) 140 t0 1171 526 518 140 to 865 485 443 580t0 1171 720 672
Vou(kms 1) 118 to 1387 691 610 188 to 1274 598 487 849t0 1387 1137 1136
Al 0.51t00.16 0.18  0.17 0.51t00.16 0.15 0.13 044to 0.01 033 0.37
Mout(10P M ) 0.30t0 1488.24 252.60 96.10 4.70to 1488.25 288.80 114.74 0.30t0616.59 79.95 33.35
Mout(10 *M yr 1) 0.080t0173.53 26.34 11.34 0.95t0173.53 27.85 12.61 0.08t0151.93 19.11 7.42
KPout(10®ergs 1)  0.33t0696.00 42.20 12.92 0.33t0296.34 33.46 12.88 0.36t0696.00 83.90 22.41
Pout (10°gcms?) 0.58t01154.74 106.05 50.95 1.99t0793.52 98.54 4945 0.58t01154.74 141.85 50.95

(b) Radio-undetected

Table 3.2 Kinematic properties of the brightest out ow
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We have so far focused on the brightest out owing component in this Section 3.3.2 when
multiple components were detected. This approach may lead to an over representation of
highly ionized out ows while potentially underestimating those with higher velocities but lower
ionization. To assess this potential bias, we conducted two additional analyses: one considering
the less luminous out ows and another focusing on the out ows with higher velocities. The
results of these analyses are provided in Tables 3.3 and 3.4, respectively. Across all cases, we
observe that radio-detected sources consistently exhibit higher velocities, mass out ow rates,
out ow powers, and out ow momentum rates compared to their radio-undetected counterparts.
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Parameter Total Seyferts LINERs

Range  Mean Median Range Mean Median Range  Mean Median
Vshist(km s 1) 695.0t0882.0 1940 198.0 583.0t0882.0 127.0 163.0 695.0t0258.0 376.0 449.0
FWHMgui(km s 1) 156.0t0 1401.0 653.0 635.0 156.0t01401.0 644.0 619.0 257.0t01018.0 678.0 737.0
Vou(kms 1) 308.0t01503.0 823.0 818.0 308.0t01503.0 768.0 733.0 378.0t01400.0 973.0 1084.0
Al 0.46t00.12 0.15 0.16 0.34t00.12 0.14  0.15 0.46t00.11 0.18 0.16
Mout(10P M ) 1.11t023558.28 775.31 235.03 1.11t023558.28 960.12 348.17 1.81t02120.98 273.7 41.16
Mout(10 M yr 1) 0.07t05112.32 14564 33.95 0.07t05112.32  183.5 43.07 0.33t0424.39 42.87 8.02
KPout(10®®ergs 1) 0.02t018166.25 489.61 47.73 0.02t018166.25  629.0 62.1 0.21t0697.58 124.27 57.6
Pout (10°gcms?) 0.14t034222.09 922.0 134.0 0.14t034222.09 117524 181.62 0.91t02761.69 234.64  60.19

(a) Radio-detected

Parameter Total Seyferts LINERs

Range Mean Median Range  Mean Median Range  Mean Median
Vehist(km s 1) 657.0t0227.0 277.0 2350 657.0t0227.0 2250 -186.0 624.0to 211.0 526.0 585.0
FWHMoy(kms 1)  152.0t01171.0 560.0 577.0 152.0t01151.0 527.0 5050 580.0t01171.0 720.0 672.0
Vou(kms 1) 237.0t01387.0 769.0 733.0 237.0t01343.0 692.0 643.0 849.0t01387.0 1137.0 1136.0
Al 0.51t00.16 0.18 0.17 0.51t00.16 0.15 0.13 0.44t0 0.01 0.33 037
Mouwt(10? M ) 0.3t01481.81 202.86 78.37 4.7t01481.81 228.63 91.57 0.3t0616.59 79.95 33.35
Mowt(10 M yr 1)  0.08t0247.09 24.88 9.87 1.08t0247.09 26.1 11.58 0.08t0151.93  19.11 7.42
KPout(10® erg s 1) 0.36t01053.8  59.27 14.97 0.461t01053.8 54.11 14.42 0.36 t0 696.0 839 2241
Pout (10°gcms?) 0.58t01812.07 123.71 52.05 2.63t01812.07 119.91 55.32 0.581154.74 141.85 50.95

(b) Radio-undetected

Table 3.3 Kinematic properties of the low luminous out ow
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3.3.3 Out ows in Seyferts vs LINERs

From Tables 3.2, 3.3 and 3.4 it is evident that the F\WJ@Mnd Vot are signi cantly greater

in LINERSs relative to Seyferts, suggesting higher out ow velocities in them. Additionally, a
comparison of \if; reveals that the out ows are more blueshifted in LINERs than Seyferts.
This larger velocity structure in LINERs may be linked to shock-dominated emission, as
suggested by Dopita & Sutherland (1995). However, when considering the mass out ow rate,
out ow power and out ow momentum rate, Seyferts exhibit notably higher values, along with

a greater out ow detection rate, as discussed in Section 3.3.1. This contrast is likely due to
LINERs being at the low luminosity end of AGN, with ionizing power and accretion rate
lower than that of Seyferts (Heckman, 1980; Ho, 2008; Marquez et al., 2017), producing less
out owing material, thereby resulting in lower detection rates and less powerful out ows.

3.3.4 Infrared properties of out ows

Of the sources analysed in this work, more than half of them are found to show out ows as
evidenced by the presence of shifted broad asymmetric wings in theirl[G0Q7 line. Such
observed line pro le could be the result of gas out ows from the central region of these sources
(Zamanov et al., 2002). Such out ows can also be from the inner narrow line region (NLR)
related to the winds from AGN (Elvis, 2000). Alternatively, out ows can also be driven by star
formation processes via winds from massive stars and/or Type 2 supernova explosions (Parlanti
et al., 2024). Studies available in the literature point to infrared observations being an effective
tool to distinguish between these two processes, namely AGN driven and star formation driven
out ows. Therefore, to investigate the infrared properties of the sources with out ows, we
cross-correlated our sources with ¥ede- eld Infrared Survey ExplorefWISE;Wright et al.
2010) catalog using a search radius of 3 arcsec for both our samples. To ensure reliable
data for analysis, we only included sources with a signal-to-noise ratio (SNR) greater than
3.0 in the W3 band. Since the WISE catalogue provides magnitudes in the Vega system by
default, we converted them to the AB magnitude system following the guidelines provided at
https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html.

We generated a colour-colour diagram using W23 and W1 W2 in the AB system
for both the radio-detected and radio-undetected samples, and this is depicted in the left and
middle panels of Fig. 3.6. Sources in this plot are classi ed into star formation and AGN, with
a division at W2 W3 =0.8 According to this division (Sabater et al., 2019), sources to the
left are AGN dominated, and sources to the right are star formation dominated. Thus, in our
radio-detected and radio-undetected sample, a large fraction of sources with out ows lie in

thttps://irsa.ipac.caltech.edu/Missions/wise.html
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Parameter Total Seyferts LINERs

Range Mean Median Range Mean Median Range  Mean Median
Vshist(km s 1) 782.0t0882.0 198.0 193.0 782.0t0882.0 133.0 133.0 695.0t0258.0 376.0 449.0
FWHMgui(km s 1) 176.0t0 1401.0 728.0 6820 176.0t01401.0 731.0 679.0 257.0t01018.0 678.0 737.0
Vout(kms 1) 337.0t01970.0 879.0 864.0 337.0t01970.0 8440 826.0 378.0t01400.0 973.0 1084.0
Al 0.46t00.12 0.15 0.16 0.34t00.12 0.14  0.15 0.46t00.11 0.18 0.16
Mout(10P M ) 1.81t023558.28 831.92 239.35 1.89t023558.28 1037.58 384.92 1.811t02120.98 273.7 41.16
Mout(10 *M yr 1) 0.23t05112.32 163.81 42.14 0.23t05112.32 208.36 56.62 0.33t0424.39  42.87 8.02
KPout(10®ergs 1)  0.2t018166.25 602.86 62.1 0.24t018166.25 783.98 101.5 0.2t01425.12 111.26 34.4
Pout (10°gcm s ?)  0.83t034222.09 1079.06 180.65 0.83t034222.09 1390.16 267.04 0.91t02761.69 234.64 60.19

(a) Radio-detected

Parameter Total Seyferts LINERs

Range Mean Median Range  Mean Median Range  Mean Median
Vehist(km s 1) 657.0t0177.0 278.0 2350 657.0t0177.0 225.0 185.0 624.0to 211.0 526.0 585.0
FWHMoy(kms 1)  172.0t01171.0 575.0 580.0 172.0t01151.0 5450 536.0 580.0t01171.0 720.0 672.0
Vou(kms 1) 312.0t01387.0 777.0 733.0 312.0t01343.0 701.0 657.0 849.0t01387.0 1137.0 1136.0
Al 0.51t00.16 0.18  0.17 0.51t00.16 0.15 0.13 0.44t0 0.01 0.33 037
Mout(10? M ) 0.3t01488.25 207.14 84.41 4.7t01488.25 233.8 94.93 0.3t0616.59 79.95 33.35
Mowt(10 M yr 1)  0.08t0247.09  26.72 9.97 1.08t0247.09 28.32 11.58 0.08t0151.93 19.11 7.42
KPout(10* erg s 1) 0.36t01053.8  63.07 1499 0.46t01053.8 58.71 14.98 0.36 t0 696.0 839 2241
Pout (10°gcms?) 0.58t01812.07 133.73 52.05 2.63t01812.07 132.02 55.32 0.58t01154.74 141.85 50.95

(b) Radio-undetected

Table 3.4 Kinematic properties of the high speed out ow
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the region occupied by star-forming galaxies. Recently, Salem et al. (2024) found that sources
withW2 W3< 0.16 in the AB system have very low speci ¢ star formation rate (sSFR) of
10 WSy 1

We also investigated the W3N4 colour, of our sample of sources with detected out ows,
the distribution of which is shown in the right panel of Fig. 3.6 in the Vega system. Here,
too, sources with W3W4 < 2.5 are AGN dominated, while sources with W8/4 > 2.5 are
star formation dominated (Caccianiga et al., 2015). The infrared colour-colour diagram and
the W3 W4 colour indicate that a signi cant fraction of sources with detected out ows falls
within the region typically associated with star-forming galaxies, despite all our sources being
classi ed as AGN based on the BPT diagram. This suggests that infrared colour is not a reliable
metric for distinguishing between AGN-dominated and star-formation dominated sources.

Our analysis indicates that sources exhibiting out ows tend to have redder infrared (IR)
colours, as illustrated in Fig. 3.6. We also examined the IR colours W2 and W3 W4 in
relation to the luminosity of the out owing component and found a positive correlation in both
cases. Interestingly, the correlation is stronger for the W3l colour compared to W1IW?2.

This pattern is consistent across both the radio-detected and radio-undetected samples. These
correlations suggest that dust in the vicinity of the out ows is likely the dominant contributor
to the observed mid-infrared (MIR) emission.

Furthermore, the AGN in our sample, classi ed based on their BPT diagnostics, display
increased redness in out owing sources, which can be attributed to polar dust scattering. Dust
grains absorb ultraviolet (UV) and optical radiation, re-emitting it in the IR and thus producing
the observed redder colors. This process not only affects the IR emission but also alters the
ionization conditions of the surrounding gas, potentially in uencing the chemical composition
of the out ows and aiding the formation of various molecules (Jarveld et al., 2022).

Our results are in agreement with Zhang et al. (2013) who found that the MIR covering
factor (the ratio of MIR luminosity to bolometric luminosity) correlates with the out ow
component of [Olll] 5007, with the correlation strengthening at longer wavelengths. This
was interpreted as evidence for IR emission produced by dust embedded within the out ows.
Observations of several Seyfert galaxies also reveal that a signi cant fraction of their MIR
emission originates along their polar directions, extending from a few parsecs to several hundred
parsecs from the central engine. This emission is likely due to dust in the narrow-line region
and/or dust driven by out ows (HOnig et al., 2013; Stalevski et al., 2019; Haidar et al., 2024).

3.3.5 Contribution of star formation to the out ows

In the previous section, it was observed that the infrared properties of out ows reveal a redder
colour similar to that of star-forming galaxies. This raises the need to assess the contribution of
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Fig. 3.6 Infrared colour-colour diagram for the sources with out ows in the radio-detected
sample (left panel) and radio-undetected sample (middle panel). Black crosses refer to sources
with two out ow components. The colour bar on the right indicates the total luminosity of
the out owing gas, and the vertical dashed line is the dividing line between AGN (left) and
star-forming (right) according to Sabater et al. (2019). The right panel shows the distribution
of W3 W4 colour. Here too, the vertical line at W3V4 in 2.5 is the dividing line between

AGN (left of the line) and star-forming (right of the line) sources (Caccianiga et al., 2015).

star formation to the out ows in our sample of sources, where out ows were detected. Though
the sources are classi ed as AGN according to the BPT diagrams, the in uence of nuclear
star formation could still be present in them. We aimed to assess the role of star formation in
in uencing out ows in the central 500 500 square pc region, which necessitates investigation

of the star formation characteristics. Numerous well-established tracers of star formation exist,
such as strong emission lines in optical and infrared bands, as well as continuum emission
from ultraviolet to radio wavelengths (Kennicutt & Evans, 2012). However, these tracers are
often contaminated by AGN emission. Recently, Spindler et al. (2018) demonstrated that the
SSFR derived from the Balmer 4000 A break strength4@O0) is less impacted by AGN
emission lines and thus can be a better diagnostic to constrain star formation (Wilkins et al.,
2024). Consequently, we employed this method to examine the sSFR in our sample of sources.

We calculated 4000 by taking the ratio of the average of the ux density measurements
in the blue spectral range (3528625 A ) to the average of the ux density measurements in
the red spectral range (415@250 A). This is de ned as

R4250 R4250
_ a150 1 dl = 4i50dl
Dn4000= R3gz5 _R3625
3525 11 dl = 3555dl

(3.5)

The chosen spectral window is slightly different from the one originally de ned by Bruzual

A. (1983), however, captures the break cleanly and does not cover the metal absorption lines
(see also Wilkins et al. 2024 for the use of alternate wavelength windows). This wavelength
window covers both the Balmer limit of 3645 A which is sensitive to young galaxies and
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Fig. 3.7 Variation of infrared colours with out ow luminosity for radio-detected sample (upper
panel) and for radio-undetected sample (lower panel). The correlation coef cient and p-value
from the KS test are displayed in the upper-left corner of each plot, while the slope is indicated
in the upper-right corner.
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Fig. 3.8 Position of the sources with out ows in W3V4 vs D,4000 plane for radio-detected

(left panel) and radio-undetected (right panel) samples. The colour denotes the total luminosity
of out ows. The black crosses are sources with two out owing components. The vertical
dashed line i§W3 W4)yeqga= 2:5, the separation line between pure star-forming sources and
AGN. The horizontal line is foD,4000= 1:45.

the 4000 A break. The lower bound of the blue region for the break is determined by taking
into account the instrument's shortest wavelength coverage that corresponds to the redshifted
wavelengths of all observed sources.

The value of 34000 parameter for our sample of radio-detected and radio-undetected
sources ranges from 0.8 to 2.8,,4D00is close to unity for the galaxies dominated by O
and B-type stars (Wilkins et al., 2024), whereagl000higher than 1.51 is for an old stellar
population with age more than 1.1 Gyr (Paulino-Afonso et al., 2020).

A recent study by Bluck et al. (2020) on MaNGA sources found that regions of galaxies
with Dp,4000 larger than 1.45 are quenched with very low star formation, though the exact
values of SSFR are not known but are less thart¥®r 1. About 94% of the sources in the
radio-detected sample and 99% of sources in the radio-undetected samplg,#4808IBrger
than 1.45, which suggests substantially low or no star formation in this central region in our
sample of sources. This may possibly be due to the negative feedback effect from AGN activity.

3.3.6 Origin of out ows: AGN v/s star formation

In Sections 3.3.4, we observed that infrared diagnostics alone are insuf cient to distinguish
whether strong out ows originate from AGN activity or purely from star formation. However,

in Section 3.3.5, using optical diagnostics such as the Balmer break, we found that in sources
with out ows, the star formation is very low or negligible. By combining these two diagnostic
methods and analyzing the position of the sources with out ows in t#00v/s W3 W4
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plane, it would be possible to identify if the detected out ows are due to star formation and/or
AGN activity. We show in Fig. 3.8 the infrared colour versus the Balmer break plot. From
this gure, it is evident that most of our sources are situated in the AGN-dominated region.
This new diagnostic diagram clearly indicates that the out ows found in sources with and
without radio emission are due to processes related to AGN. About 5% of the radio-detected
sources with out ows lie in the region occupied by star formation with redder colours. In all
these sources, both blueshifted (approaching component of out ows) and red-shifted (receding
component of out ows) were detected. The redshifted component of the out ow, being located
below the plane of the galaxy, is likely to be obscured by dust, and the observations of such
sources to be redder in colour is not unexpected (Belli et al., 2024). Irrespective of that, the
contribution from both AGN and star formation to the observed out ows in these minority of
sources could not be ruled out. Also, a large fraction of sources wild@D> 1:45 (thus
negligible star formation) have redder colours, and this is likely due to the interaction of the
out owing gas with dust (Jarvela et al., 2022).

3.3.7 Cause of radio emission

From Section 3.3.6, it is clear that the observed out ows are due to AGN in both the samples
of radio-detected and radio-undetected sources. Therefore, the observed radio emission in our
radio-detected sample is unlikely to be due to star formation activities in their host galaxies,
however, attributed to processes related to AGN such as the presence of low power radio jets,
accretion disk corona as well as shocks due to out ows (Panessa et al., 2019; Liao et al., 2024).
In this section, we aim to understand the origin of radio emission in our radio-detected sample
making use of diagnostic plots available in the literature. We show in Fig. 3.9 the location of
sources with out ows in the radio-detected sample in thg #/s F.4 GHz plane. For this

plot, the radio ux density values were taken from the FIRST survey, while the ux density
corresponding to the W3 band of WISE was taken from the WISE catalogue. Also shown in
the same plot is thBy3 = F1.4 line. According to Kozie -Wierzbowska et al. (2021) sources
below the line are radio AGN, while those above the line are star burst dominated AGN. We
also checked the g22 parameter de ned as

g22= log(F22=F1.4) (3.6)

Here, By and F.4 are the ux densities in the W4 band of the WISE and 1.4 GHz from FIRST
respectively. The histogram of the 22 parameter is shown in Fig. 3.10. Here, too, about
40% of the sources have 22 greater than unity, favouring star formation processes to be the
cause of radio emission in them. In summary, although the q22 parameter angstins 1.4
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Fig. 3.9 Location of the sources with out ows in the radio-detected sample in the F(W3) v/s
F(1.4GHz) plane. The solid black solid line is th@gd= F1.4 line. The black crosses are
sources with two components of out ows. The colour denotes the luminosity of out ows.

diagnostics indicate that in a large fraction of the sources, the observed radio emission is likely
to be associated with star formation activity, the plot g#D00against 22 (Fig. 3.10) shows

that all sources barring six sources, lie in the AGN dominated region. This reddening could
be due to dust scattering of AGN radiation. This reinforces that the observed radio emission
in our radio-detected sample is indeed AGN dominated. High resolution radio observations
are the only direct way to identify which among the processes related to AGN are the cause
of the observed radio emission in our sample. Though the detection of core jet structure is
an unambiguous evidence of jet that produces the observed radio emission, the resolution of
FIRST images used in this work is insuf cient. In the absence of this, in all further discussion,
we assume that the observed radio emission is due to jet emission.

3.3.8 Correlation of out ow properties with physical properties of AGN

From various diagnostics, it is clear that the detected out ows are due to AGN. In this scenario,
the driving force of out ows could be either from the radiation energy or the radio jets from
AGN. To explore this, we analyzed the out ow properties alongside AGN properties such as
the Mgy, bolometric luminosity [(go)and Eddington ratiol (z4q) for both the radio-detected

and radio-undetected samples as well as the radio jet powg) idt the radio-detected sample.

We determined My adopting the dynamical method, using thgdM s- relation, where

S, represents the stellar velocity dispersion. Bhevalues were obtained from thi&pe3d
catalogue (Sanchez et al., 2022), derived through stellar synthesis population modelling within
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Fig. 3.10 Position of out ow detected sources in the radio-detected sample in q2208®
plane. The vertical line ig22= 1:0, and the horizontal dashed lineDdg4000= 1:45.

one effective radius. Following the relation provided in Baron & Ménard (2019), which has
been validated for both Type 1 and Type 2 AGN, by Baron & Ménard (2019), we calculated
Mgy for all the sources in our sample as

log(Mgy=M )=(3:94 0:12)log(s»=200km s )+ (8:13 0:07) (3.7)
We calculated kg as (Greene & Ho, 2007; Greene & Ho, 2005)
Lgol = 2:34 10%(Lya=10*%)%8%rgs 1 (3.8)

Here, the luminosity of the &l line was determined from theaHd ux taken from DAP and
corrected for extinction effects as described in Section 5.2.

We calculated gq4g, from Eddington luminosity kqq, the maximum luminosity emitted if
the source is in hydrodynamical equilibrium anghL. as the ratio of ko to Legg. The Legq
de ned as

MgH

Legg= 1:26 107 Vi ergs ! (3.9)

For the sample of radio-detected sources, we estimajgaéhsidering that the radio
emission in these sources is jet emission. For this, we used the 1.4 GHz luminasgjjy (L
calculated using the integrated ux densities from FIRST survey and corrected for redshift
effect assuming a spectral inde, (U n 2) of 0:7 (Condon et al., 2002). The distribution of
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Fig. 3.11 Distribution of k.4 for the radio detetected sample (blue color). The shaded red
region shows the upper limit ofql4 for the radio-undetected by considering the detection limit
of the FIRST survey, which is 0.5 mJy.

L1.4 for our sample of radio-detected and radio-undetected sources is shown in Fig. 3.11. For
radio-undetected sources, thgjvalues are the upper limits that were calculated using the
detection limit of the FIRST survey, which is 0.5 mJy.

We calculated Rt as Cavagnolo et al. (2010)

0:7

Lia ergs ! (3.10)

Piet= 58 108 — =%
o= 58 10° 10%%rgs 1

After calculating these physical parameters of AGN, we compared them with out ow
properties to explore potential correlations. In cases where two out owing components were
detected, for the total out ow rate or the total kinetic power of out ows, we used the sum of
the quantities deduced from both components. We performed a statistical linear correlation
test, the Pearson test, to identify signi cant correlations in terms of correlation coef cients
and p-values. For parameters exhibiting signi cant correlations, we employed the Bayesian
linear regression method using thiNMIX_ERR(?) to t a power-law relationship between
the variables in log-log space. This method takes account of errors in both axes. If the AGN
parameter is Xgn and out ow parameter is ¥;: then the tted function has the form

Yout = A(Xagn)® (3.11)

or
log(Yout) = logA+ alog(Xacn) (3.12)
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Parameter
Y out VIS XaGN

Radio-detected
(R.p) a

Radio-undetected
(R.p) a

KPOUt v/s LBO|

Mout V/S Lol

KPout V/s Pret

Mout V/S Pret

KPout VIS Pyet [log(72)> 0:4]

(0.72,7 10 8 1.18 0.14
(0.74,3 10 19 1.07 0.12
(0.36,2 10 %) 0.56 0.14

(0.28,0.004) 0.430.12
(0.64,1 10 Y 0.99 0.14

(0.52,2 10 % 0.81 0.20
(0.60,9 10 ° 0.97 0.17

Mout V/S Pret [log(F22)> 0:4]  (0.58,5 10 %) 0.79 0.12 - -

Table 3.5 Results of the ts to the observed data. Here, R and p are the correlation coef cient
and probability for no correlation, respectively for the Pearson correlation test. The quoted
values ofa, the power law exponent are the mean and thesthndard deviation.

whereA is the multiplication constant aral is the power-law exponent. The best- t values
for a and the correlation coef cients for different parameters are summarized in Table 3.5.

From Table 3.5, it is evident that bol,; andK P, are signi cantly correlated witt.gg,
for both radio-detected and radio-undetected sources. This nding aligns with previous studies
in the literature (Fiore et al., 2017; Bischetti et al., 2019; Musiimenta et al., 2023). While our
results con rm the correlation betwedt,; andLgg noted in earlier works, we also emphasize
the differences in the correlations between the two samples. Notably, the higher correlation
coef cient and lower p-values for radio-detected sources suggest that this correlation is stronger
in radio-detected sources than in their radio-undetected counterparts.

Examining the relationship of these out ow parameters with AGN luminosity, we nd
that for the radio-detected sample, we obsévigg: 1 L5O" %2, In contrast, for the radio-
undetected sampl@oy 1 LSS %17, Though the slopes are consistent withis, KPoy
demonstrates a more pronounced difference: weKmy p Lo %24 for radio-detected
sources, while for the radio-undetected sample, we fotRgh p L3St %20, This indicates a
steeper slope bysl for the radio-detected sources compared to their undetected counterparts.
This trend is illustrated in Fig. 3.12, where we plgf, againsK Py andMgyt, color-coded by
| eqq- IN the radio-detected category of sources, those with larggypreferentially occupy
the region with larger KRy. This suggests a relationship between out ow power laagh for
these sources. Conversely, this trend is not as clear for radio-undetected sources, as depicted on
the right side of Fig. 3.12.

The correlations observed in Fig. 3.12, suggest multiple mechanisms are at play in driving
out ows for radio-detected sources. While radiation from AGN is likely the primary driver
of out ows in both radio-detected and radio-undetected sources, radio jets may serve as an
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Fig. 3.12 Upper panel: Variation of total kinetic power of warm ionized out ow withLfor

radio detected (left panel) and radiaindetected sources (right panel). Lower panel: Variation
of total out ow rate with Lgo for the radio-detected sources (left panel) and radio-undetected
sources (right panel). In each plot, the scatter points represent our dataswattidk bars,
while the solid line and shaded region indicate the tted line wittsacbn dence band. The
color in each plot correspondslt@ygq.
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additional mechanism that enhances out ow kinematics in radio-detected sources. This could
explain the steeper correlation betwd€r, ;: andLgg in the radio-detected sample and the
stronger correlation df Pyt with | gq44. Although there is a general upward trend of out ow
properties with_g, the scatter in the plots (see Fig. 3.12) may be attributed to the complex
interplay between out ows and the quantity or geometry of dense gas in the nuclear regions
of these sources (Ramos Almeida et al., 2022). Moreover, the colour coding in Fig. 3.12
indicates that sources with higlx4q tend to have elevated valueslgfy;, Mout, andKPyy.
This interpretation highlights the nuanced role of AGN radiation and radio jets in in uencing
out ow characteristics, suggesting a more complex feedback mechanism that merits further
investigation.

For the radio-detected sample of sources, we found a at relation between the out ow

properties and jet power. We obtained the best t scaling relation of#PP?>° %14 and
Mout 1 P82 912, The results of the ts are given in Table 3.5. We also found the ratio of

Iog(%) to have a bimodal behaviour with a dividing limit at 0.4. We noticed beyond this
limit, Pt IS very strongly correlated withdg with a slope 0f0:96 0:06 which can be seen

in the upper panel of Fig. 3.13. In the lower panel of Fig. 3.13, we show the correlation
between KByt and Bet. Here, the sources are colour coded with @QQ- We found that
beyond the limit of Iog{‘?r;'):OA l.e. for Iog%p 0:4 the correlation between KR and

PJet is signi cantly strong and steep with kg p P9° %14 Below this limit, i.e. for higher

Pjet With similar Lgg), KPoyt is lower. This may be due to high power jet encountering lower
interaction with the cloud where [OIlI]5007 originates, reducing the out ow luminosity and
leading to low out ow characteristics such as PandMg ;. Alternatively, a high-power jet

can ionize the gas to its higher ionization state, leading to low luminous out ow. Thus at any jet
power, signi cant dominance of the jet power over bolometric luminosity can lead to weaker
out ows.

3.4 Summary

In this study, we conducted a comparative analysis of out ow properties in radio-detected
and radio-undetected sources in their central region of 500 square pc. Our total sample
consists of 538 AGN with detected [OIIF007 line, mainly Seyfert and LINER type, of
which 197 are radio-detected and 341 are radio-undetected. The objective was to identify
out ows, study their properties, and constrain the role of AGN radiation and/or jets in driving
out ows. For this, we used spatially resolved optical spectroscopic data from MaNGA and radio
observations from FIRST surveys. We studied the properties of out ows and then compared
them with AGN properties. Additionally, we explored the relationship between radio properties
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Fig. 3.13 Left panel: Jet power vs bolometric luminosity. The sources witl%?gg:é 0:4 are

shown with crosses. The tted line is for the sources with j §> 0:4. Right panel: The
variation of kinetic power of out ow with jet power. The solid line with the shaded region is
the tted line with 1s uncertainty for the given condition. The color in each plot corresponds
to % in log scale.

and out ow characteristics within the radio-detected sources. We summarize our main ndings
below.

1. To detect out ows, we carried out multiple Gaussian ts to the observed [OB0O07

line. In the radio-detected sample, 5% of sources showed evidence of out ows.
However, in the radio-undetected sample, 3%6 of sources showed out ows. Thus, in

our sample, the out ow detection rate is higher in radio-detected sources compared to
radio-undetected sources

. On separating our sample of sources into Seyferts and LINERS, out ows are detected
more in Seyferts (667%) relative to LINERs (15 2%). This is true for both the radio-
detected and radio-undetected samples. The mass out ow rate and out ow power are
higher for Seyferts than LINERs, but the velocity structures are higher for LINERs
compared to Seyferts.

. In both the radio-detected and radio-undetected sample, for a majority of sources (
80%), we found the [OIll] 5007 line to have a blue asymmetry in addition to the narrow
component. Also, in a minority of sources, in addition to the blueshifted component,
we also observed the redshifted component. The blueshifted component could be the
approaching side of the out ow located above the plane of the galaxy, and the redshifted
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component could be the receding side of the out ow, located below the plane of the
galaxy.

4. We observed distinct differences in the kinematics of the out owing gas between the
radio-detected and radio-undetected samples. The radio-detected sources exhibit higher
velocity, larger velocity dispersion, greater asymmetry, larger out ow mass, and stronger
kinematic power compared to the radio-undetected sources.

5. We found that in the infrared bands, more luminous out ows appear redder in colour
compared to weaker out ows. Infrared colours show a positive correlation with out ow
luminosity, with this dependence becoming more pronounced in the mid-infrared band.
This trend is primarily attributed to the presence of larger amounts of polar dust in the
more powerful out ows.

6. We found a strong correlation between the out ow characteristics, such dghand
KPoyt of the out ow with the Lgg. Such a correlation points to radiation from AGN
being the primary driver for out ows in both radio-detected and radio-undetected samples.
However, this correlation between the out ow characteristics with the bolometric lumi-
nosity is mildly steeper for the radio-detected sample compared to the radio-undetected
sample. This suggests that in the radio-detected sample, radio jets could play an addi-
tional modest secondary role over and above the dominant role played by radiation in
enhancing out ow kinematics.

7. Out ow characteristics are also found to show a correlation Wihy. Sources with
higherl gqq appear to have higherglk;, Mgyt and KRy This is true for both the
radio-detected and radio-undetected samples.

8. For the radio-detected sample, we observed a bi-modality in the distribution dﬁgg (
with the dividing line at Iog’%‘) = 0.4. From, the correlation between the kinetic power
of out ows and jet power, we found that at any jet power, signi cant dominance of the
jet power over the bolometric luminosity can lead to weaker out ows.

9. We found the value of the f2000parameter for our sample of radio-detected and radio-
undetected sources to range between 0.8 and 2.8. About 94% of the sources in the
radio-detected sample and 99% of sources in the radio-undetected samplg,4608 D
larger than 1.45, pointing to sSFR lesser than't8 yr 1, which may possibly be due
to negative AGN feedback.

Our ndings suggest that ionized gas out ows, driven by the interaction between AGN
radiation/winds and the ISM, are common across all AGN. However, the presence of radio
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jets appears to affect gas kinematics further, leading to a higher rate of out ow detection in
radio-detected sources, as evidenced by our study.



How do AGN affect the star formation of
their host galaxies ?

There is observational evidence of a close correlation between supermassive black holes
that power AGN and their host galaxies (Gebhardt et al., 2000), which indicates that AGN and
star formation are closely linked. This connection is believed to be via AGN feedback, which
plays an important role in the star formation characteristics of their hosts from nuclear scales to
larger galactic scales (Harrison 2017 and references therein). One possibility for studying the
impact of AGN on the star formation characteristics of their hosts is to map the star-forming
regions in galaxies hosting AGN and look for correlations, if any, between the deduced star
formation and AGN properties. It is natural to expect that the in uence of the central AGN
on their hosts could decrease from the centre to the outskirts of the galaxy (Tsai & Hwang,
2015). While simulations (Bollati et al., 2023) and observations (Lammers et al., 2023) favour
feedback processes to operate in the central kpc scale region, its effect on the kpc galaxy scale
is uncertain (Fiore et al., 2017). In the nearby Universe, Seyferts are ideal targets to investigate

This Chapter is based on Nandi et al. (2024)
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this connection as the resolution offered by ground-based imaging observations will enable one
to probe star formation on scales of a few hundred pc to a few tens of kpc.

Until now, most studies of star formation in Seyfert galaxies have been conducted in the
optical, IR, or radio wavelengths using ground-based and space-based observatories. While
there have been a few studies in the UV band using@A&EX (Martin et al., 2005), the
resolution provided bYGALEX s often insuf cient to resolve star formation on pc scales.

A limited number of studies have used the HST, which offers the capability to resolve pc
scale structures, but it has a restricted FoV, making it observationally expensive to study a
large number of sources comprehensively. To address this gap, we carried out a systematic
investigation of the star formation properties of Seyfert galaxies Uswig.

4.1 Our Sample

Our sample of sources was selected primarily from the catalogue of Véron-Cetty & Véron
(2006). Our initial criteria involved the identi cation of objects classi ed as Seyferts in the
Veéron-Cetty & Véron (2006) catalogue with redsta& 0.02. This redshift cut was imposed

so that at the resolution of théVIT, the minimum spatial scale that could be probed is about a
few tens of pc. We manually inspected our sample of Seyferts iGkieEX database to assess
their UV emission. Additionally, we imposed a size constraint, requiring that the selected
objects have an angular size exceedifig less than 12 We also considered some nearby
LINERSs for whichUVIT observations are already available and satisfy the above criteria. This
resulted in the identi cation of 30 objects. In this Chapter, we report results from eight sources
in our sample. The details of the sources are given in Table 4.1.

4.2 Observations and data analysis

The observations of our sample of sources were made UBith@. The details of the observa-

tions are given in Table 4.2. The data acquisition and the reduction processes are described in
Chapter 2. The RGB images of these eight sources were made using the nal FUV and NUV
images fromUJVIT, along with archival optical images, which are shown in Fig. 4.1.

4.3 Analysis

The motivation of this work is to understand the star formation characteristics of the host
galaxies of AGN. This involves the detection of star-forming regions in the galaxies. For this,
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Name Observation ID (OBSID) Pl Date Filter Exposure time(sec)
FUV NUV  FUV NUV
NGC 1365 A02_006T01_9000000776 Dewangan 08/11/2016 F169M N279N 24905 37833
A02_006T01_9000000802 Dewangan 17/11/2016
A02_006T01_9000000934 Dewangan 28/12/2016

NGC 4051 GO05_248T01_9000000486 Stalin  11/02/2018 F172M N219M 26444 35336
G08_071T01_9000001888 Singh 11/02/2018
NGC 4151 GO06_117T01_9000001012 Singh 08/02/2017 F154W N219M 67547 73548
G06_117T01_9000001046 Singh 22/02/2017
G06_117T01_9000001086 Singh 17/03/2017
G08_064T01_9000001814 Singh  04/01/2018
G08_064T01_9000002070 Singh 02/05/2018
NGC 4321 AO08_003T05_9000003426 Hutchings 11/01/2020 F154W - 6296 -
NGC 4388 A02_024T01_9000001044 Mallick 21/02/2017 F154W N245M 13520 13621
NGC 5033 G06_087T04_9000001028 Stalin  14/02/2017 F148W N279N 2930 2948
NGC 6814 AO05_037T01_9000003140 Pranoti 02/09/2019 F154W — 46782 -
NGC 7469 GO08_071T02_9000001620 Singh 18/10/2017 F172M N245M 34493 50032

Table 4.2 Summary of observations

we used th&Extractor module (Bertin & Arnouts, 1996) in Python. To identify star-forming
regions within each galaxy, we adopted the following criteria: DETECT_THRESH =5
DETECT_MINAREA = 11 and DEBLEND_THRESHOLD = 32, wheseis the background
noise. These identi ed star-forming regions might be contaminated by foreground objects. To
remove such foreground objects, we cross-matched the identi ed regions wiiaiheDR3

(Gaia Collaboration et al., 2022) catalogue setting a cutoff in the proper motion of the regions at
10 mas yr L. If a detected star-forming region had a counterpart witffim2he Gaia catalogue

with a proper motion exceeding 10 ma8%we excluded that star-forming region from our
analysis. Thus, in total we identi ed 418 regions in NGC 1365, 131 regions in NGC 4051,
161 regions in NGC 4151, 340 regions in NGC 4321, 20 regions in NGC 4388, 557 regions in
NGC 5033, 89 regions in NGC 6814 and 26 regions in NGC 7469. These identi ed regions for
all the galaxies are marked and are shown in Fig. 4.2.

The sizes of the identi ed star-forming regions varied, ranging from the point spread
function (PSF) of the instrument to approximately3itimes its size. We then corrected for
their respective instrumental resolutions by assuming elliptical light distribution within the
apertures. These corrected apertures were subsequently utilized for further analysis. The
distribution of the area of the identi ed star-forming regions in each of the galaxies are shown
in Fig. 4.3. We determined the ux of each of the star-forming regions via aperture photometry,
usingphotutils package (Bradley et al., 2020). We corrected these ux measurements for
extinction. For the Milky Way extinction correction, we relied on the prescription from Cardelli
et al. (1989) and to correct for internal extinction, we used the UV slbpengthod (Calzetti
et al., 2000). For measurements in two UV lters, one in FUV and the other in NlUNMas



4.4 Notes on Individual sources 57

calculated as
MFyv  MNuv 20

4.1
2:5log(l Fuv= NUV) @

Here,mgyy andmyyy are the magnitudes in FUV and NUV Iters with wavelengthsyv
andl nyv respectively. The values f give an idea of the dust obscuration in the star-forming
regions. Using the calculatdd we estimated the colour excess, E(8) using the following
relation

E(B V)=(b+ 2:616=4:684 (4.2)

The distribution of the E(B V) values for the identi ed star-forming regions are given in Fig.
4.4. We estimated the internal extinction at any particular wavelehgds

A =044 EB V) KlI) (4.3)

where k{1 ) is from Calzetti et al. (2000).

In cases where NUV data frobVIT were unavailable, we calculated the UV slope using
two FUV lters. For regions where neither FUV and NUV lIters nor two FUV lters were
available fromUVIT, we utilized theGALEX FUV and NUV images. In such instances,
we convolved the instrument-corrected aperture withGi#e.EX PSF and employed those
apertures to determine the extinction correction. The spatial and radial variations of internal
extinction for our sample of galaxies are shown in Fig. 4.5.

After getting the extinction value for each star-forming region, we calculated the intrinsic
luminosities of the star-forming regions and used them to estimate the SFR in FUV and NUV
wavelengths as follows (Salim et al., 2007).

log(SFReuv(M yr 1) = log[lLruv(WHz 1)) 21:16 (4.4a)
log(SFRyuv(M yr 1)) = log[lLnuv(WHz 1) 21:14 (4.4b)

We calculated the surface density of the SIEBHR) by taking the ratio of the SFR to the area
of the star-forming regions. The spatial and radial variatiorSspk values for our sample of
sources are shown in Fig. 4.6.

4.4 Notes on Individual sources

The details of the star-forming regions of individual sources are given in Nandi et al. (2024).
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