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Abstract

Supermassive Black Holes (SMBHs) located at the center of the galaxies and
their activities in their immediate surroundings impact the properties and evo-
lution of their host galaxy. This influence can be attributed to various factors,
including radiation pressure, the interaction of radio plasma with Interstellar
Medium (ISM), Active Galactic Nucleus outflows, and/or relativistic jets that
inject energy and transport gas from the center to the other regions of the ga-
laxy. In my thesis, I explore the physical processes and interactions in three
different black hole environments: AGNs with HMBHs, the Galactic Centre,
and Green Pea/Bean galaxies with fading AGNs.

Black holes with masses over 10'°M, have ionizing UV spectra that create
broad and narrow emission lines in quasars by interacting with the surrounding
medium. We examined if this phenomenon introduces a statistical bias against
detecting Hypermassive black holes (HMBH). We used a correlation between
Lx/Lyy to create spectral energy distributions for black holes with masses 10% —
10'>M,, This set of SEDs was then used in the photoionization code CLOUDY to
predict emission line strengths of numerous clouds using the ‘locally optimally
emitting cloud’ model. We discovered that the commonly used optical lines HB
and He decline rapidly at higher BH masses. Instead, the UV lines O VI 1034 A
and C IV 1549 A are better suited to detect HMBH. Using the ratio of the narrow
emission lines in BPT diagrams, we found that HMBH may be misclassified as
star-forming galaxies instead of AGN.

We studied the Galactic Center using MIR emission, observing dust features
along the mini-spiral and detecting several resolved filaments and clumps. We
report the proper motions, temperatures, spectral indices, and flux densities of
these sources. We also identified stream-like motion of extended clumps along
the mini-spiral, and MIR counterparts of the radio tail components of the IRS7
source. Additionally, we analyzed the shape and orientation of the extended
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ii ABSTRACT

late-type IRS3 star, which is consistent with the ALMA sub-mm detection of the
source.

We studied *Green Peas’ or ‘Green Beans’ galaxies with strong [OIII] 5007A
emissions. We selected high [OIII] emitting galaxies from a larger sample and
conducted LBT-MODS long-slit spectroscopy on the 12 closest sources. We
found that there is no preferential direction for NLR extension, indicating no
impact of jets on the EELR. The extension in [OII] is extended much further
along the galactic plane when compared to [OIII].
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Introduction

Black Holes (BHs) are one of the most mysterious objects in our Universe. The
concept of BHs (called dark stars or frozen stars back then) and its theoretical
speculations existed long before we knew them as real astrophysical objects.
There are three main categories of BHs: i. stellar mass black holes (Mgy ~
5 — 10sM,), which are created at the end stage of the evolution of massive
stars; ii. intermediate-mass Black Holes (IMBHs) (Mgy ~ 100s—10° M), found in
the centers of globular clusters; iii. Supermassive Black Holes (SMBHs) (Mpy >
10°M,), found in the centers of galaxies.

We now know that most of the galaxies harbor a SMBH at their center (in-
cluding the Milky Way) and studying the SMBH environment is crucial in un-
derstanding the current galaxy evolution schemes. The SMBH grows by feed-
ing onto the Interstellar Medium (ISM) of the host galaxy but the process is
inhibited by the feedback from galactic nuclei in the form of radiation and out-
flows/jets. In the following chapter, I will give a short overview of the two
different cases of BH environment; the Galactic center (GC) and the Active
Galactic Nuclei (AGNs) along with the observational techniques used in obtain-
ing the data for this thesis.

1.1 The Galactic Center

At the distance of ~8 kpc, the SMBH at the center of our Galaxy is the only
one that has been studied with such extensive detail. Our closest neighbour,
the Andromeda galaxy (M31) is at a distance of 780 kpc i.e., 100 times further.
Therefore, the GC is the highest spatially resolvable galactic nucleus in the uni-
verse and proves to be a unique laboratory to study physical processes such as
star formation & dynamics, physics of the interstellar medium, accretion emis-
sions, etc. In the optical and ultraviolet (UV) domain, the GC is obscured by
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Figure 1.1: Composite image of the Galactic Centre using images from the Spitzer Space
Telescope, the Hubble Space Telescope, and the Chandra X-ray observatory. The bright
spot in the middle of the image is where the SMBH is situated. Image credit: NASA/JPL-
Caltech/ESA/CXC/STScI

large gas and dust lanes along the line of sight. Therefore, central regions are
only observable in the radio, Infrared (IR), and X-ray regimes (Fig. 1.1).

In this section, I will discuss some of the important components of the GC that
are relevant to this thesis (especially Paper II). The GC is discussed extensively
in various textbooks and review articles, the information here relies on Eckart
et al. (2005); Genzel et al. (2010).

1.1.1 The Supermassive Black Hole in the Galactic Center

In the early 1960s, many distant luminous Quasars (QSOs) were discovered
with the advent of radio astronomy. To account for their enormous energy
outputs, Lynden-Bell (1969); Lynden-Bell and Rees (1971) predicted that most
galactic nuclei, including the centre of Milky Way, might harbor SMBHs, which
in most cases are less active (or inactive) than in QSOs. This led to the first
detection of a non-thermal compact radio source, Sgr A* at the centre of our
Galaxy (Balick and Brown (1974); see Goss et al. (2003) for historical details).
The first detection of Sgr A* using Very Long Baseline Interferometry (VLBI)
came from Lo et al. (1975), who derived an upper limit for the source size to be
0.02" at 3.7cm using 242 km baseline. They reported a flux density of 0.6 Jy at
3.7 cm with indications of variability. The first successful IR observations of the
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Figure 1.2: The very first image of the SMBH ‘shadow’ at the center of Milky Way produced by
Event Horizon Telescope Collaboration. Image credit: EHT collaboration

Galactic centre came from Becklin and Kleinmann (1968) who could resolve
the compact Nuclear stellar cluster (NSC) at 2.2um. Even though the vari-
ability of Sgr A* indicated the scaled-down quasar activity, the strongest proof
for the existence of SMBH came from studying the Keplerian stellar motions
around Sgr A* (Eckart and Genzel, 1996, 1997; Ghez et al., 1998; Gillessen
et al., 2017; Parsa et al., 2017). In 2022, Event Horizon Telescope Collabora-
tion et al. (2022) provided the first direct evidence for the presence of SMBH
by publishing an image of the SMBH ‘shadow’ at the centre of the Milky Way
(Fig. 1.2), using a global interferometric array of eight telescopes operating at
a wavelength of 4 = 1.3mm. The mass of SMBH associated with the Sgr A* is
estimated to be about My ~ 4 x 10°M,, and is at a distance of about ~ 8kpc
from us.

1.1.2 Nuclear Stellar Cluster

For decades, Near Infrared (NIR) observations have shown a high density of
bright sources very close to Sgr A*, revealing the photospheric emission of the
stars. Their density profile is consistent with the scenario of an extremely dense
cluster with SMBH at its centre. However, resolving and tracing their individual
orbits only became possible with technical advancements like Speckle imaging
and Adaptive Optics (AO) on large telescopes. The angular resolution has im-
proved by more than an order of magnitude (up to ~ 40 mas) and the sensitivity
by 3 to 5 magnitudes(to K, ~ 16) (Fig. 1.3).

There is a significantly low number of late-type stars and a large number of
early-type stars in the NSC. Early NIR spectroscopy of NSC had suggested that
the bright stars such as IRS 7, 13, 16, etc. are late-type giants, supergiants and
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Figure 1.3: Multi-wavelength image (using H, K, L’ bands) of the central parsec of GC observed
at NACO/ESO VLT. Image credit: University of Cologne

Asymptotic Giant Branch (AGB) stars (Becklin and Neugebauer, 1975). This
was typical for a stellar cluster like NSC. However, spectroscopic observations
in the 1990s revealed that some of these bright stars are indeed hot early-type
stars (Krabbe et al., 1995; Genzel et al., 1996; Tanner et al., 2006). Modeling
their stellar atmosphere showed that these ‘Hel-stars’ are post-main-sequence,
blue super-giants and Wolf-Rayet (WR) stars (2-8 Myrs old) and Zero-Age Main-
Sequence (ZAMS) stars (30-100 M) and are able to ionize surrounding Helium
due to their high surface temperatures of around 20,000~30,000 K (Najarro
et al., 1997; Martins et al., 2007). They produce strong interstellar winds with
velocities up to 1000 kms~! and heavy mass losses of 107 — 10™*M,/yr. Many of
these stars interact with the ISM and the radiation in the GC to form bow-shock
sources (Tanner et al., 2005). In Paper II, we discuss some of the interesting
consequences of such stars in a dynamical environment like GC.

1.1.3 The Interstellar Medium

The gravitational influence of the central SMBH is up to 3~5 pc (Alexander,
2005). High angular resolution observations show the presence of a ring of
dense clumpy molecular and neutral gas and warm dust called the Circum-
nuclear disc (CND) at the border of the influence, extending from ~ 1.5 — 7pc.
The CND is estimated to have a mass of a few 10°M, (Becklin et al., 1982;
Herrnstein and Ho, 2002) and consists of dense clouds of molecular gas (up
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Figure 1.4: Multi-wavelength image of the inner few pc of the Galactic centre. Integrated line
emission in HCN 4-3 (green: SMA, Montero-Castafio et al. (2009)) and HCN 1-0 (blue: OVRO,
Christopher et al. (2005)), highlight the neutral gas in CND whereas the 6 cm radio continuum
emission (red: Lo and Claussen (1983)) highlights the ionised gas in the mini-spiral. Image
credit: Genzel et al. (2010)

to 10’cm™ Guesten et al. (1987); Wright et al. (2001)). It encloses an ionized
central cavity which has a much lower mean gas density within ~ 1 — 1.5pc
radius with a total mass of ~ 60M, (Lo and Claussen, 1983; Blank et al., 2016).

At the inner edge of the CND, there is a system of orbiting ionised clumpy
streamers extending inwards (called mini-spiral) (Highlighted by 6cm radio
continuum emission (red) in Fig. 1.4). Mini-spiral consists of 3 distinct arms
called western, eastern, and northern arms. The western arm has a near-
circular orbit similar to the neutral gas in CND, whereas the eastern and north-
ern arms penetrate deep into the ionised cavity and reach up to a few arcsec-
onds from Sgr A*. The streamers are estimated to transfer material into central
few arcseconds at the inflow rate of ~ 107M, (Genzel et al., 1994) and are
photoionized by the UV radiation coming from the young massive stars present
in the central parsec of the GC (Martins et al., 2007).

There have been several studies on the kinematics of mini-spiral. Vollmer and
Duschl (2000) derived the 3D model to describe the bulk motion of the mini-
spiral in three different planes using the data cube of [Ne II] line (12.8um).
Paumard et al. (2004) showed that the Northern arm is a weak continuous
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Figure 1.5: The 3-D view of the kinematics and structure of the mini-spiral around the Sgr A*
(black sphere) as discussed in Zhao et al. (2010). The arrows indicate the direction of the
streamers along the orbits and the colour represents the radial velocity and the grey shadow
indicates their projection onto the sky plane.

surface that is drawn into a narrow stream as it reaches Sgr A*. With multi-
epoch Very Large Array (VLA) observations using the H92a and H30« lines,
Zhao et al. (2009, 2010) confirmed that the streamers can be modeled as a
system of three bundles of quasi-Keplerian orbits in the potential dominated by
the Sgr A* (Fig. 1.5). The orbital planes of the northern arm and the western
arc are nearly co-planar, while the eastern arm plane is perpendicular to them.

While the model of tidally stretched gas filaments orbiting the central SMBH
describes most of the dynamics of the mini-spiral, there are notable exceptions
(Yusef-Zadeh et al., 1998; Paumard et al., 2004). These peculiar motions could
be the results of cloud-cloud collisions or ionised gas interactions with the stel-
lar winds (called bow-shocks, Peilsker et al. (2019, 2020)). There are also
indications for a central, partially collimated outflow that would explain the
motions of some of the thin filaments in the region (Muzic¢ et al., 2007). The
discussions on the outflows and dynamics of mini-spiral are dealt with in more
detail in Paper II.
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1.2 Active Galactic Nuclei

A galactic nucleus is considered to be active (or AGN) if the radiation from the
compact nuclear region far outshines the stellar radiation coming from the rest
of the galaxy. The study of AGNs has a rich and century-long history. They
were first detected when Fath (1909) studied the optical spectra of a few spiral
‘nebulae’ including NGC1068 (now known as M77). NGC1068 showed very
prominent emission lines and had a diffuse nucleus. In the next decades, more
such sources were discovered. Slipher (1917) studied the source later along
with other similar sources like NGC4151 and found unusually strong and broad
high-excitation emission lines.

Seyfert (1943) was the first to study these sources systematically using their
optical spectra and showed that some of the galaxies (or ‘extragalactic nebulae’
as they were called then) had very broad nuclear emission lines. As a result, a
certain class of AGNs are called Seyfert galaxies in his honor. The major break-
through, however, came from the advancements in radio astronomy as it led to
the discoveries of discrete bright radio sources (Bolton et al., 1949) and they
were soon associated with star-like optical counterparts (called quasi-stellar ra-
dio sources or QSOs, Schmidt (1963)) with strong and high-redshifted emission
lines. It was only with Khachikian and Weedman (1974), that Seyferts were
first suspected to be related with QSOs.

It is now believed that the enormous energy released in an AGN is a result of
the accretion of surrounding matter onto the SMBH at the centre of the galaxy.
Even though a SMBH exists at the core of all galaxies, it is the present rate
of accretion that distinguishes between a normal galaxy and an active galaxy.
During the episodes of activity in SMBH’s lifetime, the gravitational potential of
the accreting gas is converted into radiative (radiative mode) or kinetic energy
(jet mode). Observationally, an object is classified as AGN if it satisfies one or
more of the following criteria:

1. It emits enormous amounts of energy from the compact nuclear regions
beyond what is expected through stellar processes for that particular type
of galaxy:.

2. Its centre shows a distinct signature of non-stellar flat Sepctral Energy
Distribution (SED) throughout the spectrum

3. Its spectrum exhibits strong high-excitation emission lines, whose line ra-
tios indicate the presence of hard ionizing radiation.

4. 1t shows variations in line and/or continuum emission in short time scales

Due to this broad physical definition and observational criteria, a wide variety
of objects fall under the classification of AGN and would require further sub-

This section largely follows from Peterson (1997); Netzer (2013)
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Figure 1.6: A schematic representation of the Unified model of the AGN. Image credit:
https://fermi.gsfc.nasa.gov/science/eteu/agn

classification.

1.2.1 AGN geometry and Unification Scheme

The AGN unification model argues that all AGNs are similar in their intrinsic
properties and the large diversity in the observed properties is due to different
orientations/viewing angles. A schematic diagram of the simplified geometric
unification model is presented in Fig. 1.6.

According to the model, a SMBH is at the centre accreting material from
an optically thick geometrically thin accretion disc. The infalling matter loses
energy and angular momentum through friction as it reaches the inner parts of
the disc. The inner parts of the disc reach temperatures up to 10°K resulting
in thermal emission mainly in the UV and Optical regions, giving rise to the
blue bump in the SED. These photons are further re-emitted in X-rays through
inverse Compton scattering in the hot corona that surrounds the disc.

At a distance of about 10-100 light days from the centre, the region is filled
with high density (~ 10°%m™), dust-free gas clouds that are moving roughly
in Keplerian orbits and are called Broad Line Regions (BLRs). Outside the BLRs
up to a few hundred parsecs away, there are regions with lower-density lower-
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Figure 1.7: A schematic representation of AGN SED along with individual components that
correspond to different physical processes. Image credit: Panda (2021), adapted from Padovani
etal. (2017)

velocity ionized gas and are called Narrow Line Regions (NLRs). Due to their low
densities, NLRs are where most of the forbidden emission lines are produced.

There is a dusty torus surrounding the entire central region extending up to
0.1-10 pc. It is one of the most important structures for describing the dif-
ferences between the different types of AGN. When the BLRs are obscured by
the torus, an AGN appears to be Type II whereas, when viewed at a greater
inclination it appears to be Type I.

1.2.2 Spectral Energy Distribution

The characteristic spectral signatures of AGNs, are easily observed in several
wavelength regimes. This is partially the reason for the very large number of
classes and sub-classes in AGN. Fig. 1.7 is a schematic representation of an
AGN SED covering the entire range from radio to X-ray frequencies. Various
physical processes at different distances are responsible for the observed broad
band SED and relative contributions of these components can vary drastically
for different classes of AGN.

Radio observations: The radio regime is dominated by the synchrotron emis-



10 CHAPTER 1. INTRODUCTION

sion (ultra-relativistic electrons in a magnetic field) coming from the radio jets.
This non-thermal radiation is well represented by a single power law, F, oc v?,
where F, is the flux density at frequency v and « is the spectral index used to
classify the sources into flat-spectrum radio sources (a < 0.5) and steep-spectrum
radio sources. (a > 0.5).

Infrared observations: The Infrared emission in an AGN is dominated by
the reprocessed radiation by the ‘dusty torus’. This emission dominates the AGN
SED from ~1 micron to up to a few 10s of microns. Mid-Infrared (MIR)luminosities
are tightly correlated with X-ray luminosities and hence can be used as AGN sig-
nature when X-rays are obscured.

Optical and UV observations: The UV-Optical emission of AGNs (or the
‘big blue bump’) is the thermal radiation from the accretion disc. According to
the standard theory of accretion discs (geometrically thin optically thick discs,
Shakura and Sunyaev (1973)), this radiation can be modeled as the sum of
continuous local blackbodies of different temperatures along the annuli of the
disc. A simplified expression to calculate the temperature of the annulus at a
distance R is given by Peterson (1997) as,

1

o a7 R
T(R) = 3.5 x 10° (n)} | -2 BH 2) K
(R) =35 x o<n>4(mEdd) (mgM@ 2

where Mpy is the mass of the central black hole accreting at the rate of s,
rigqq is its Eddington accretion rate, and R, = 2GMjgy/c? is the Schwarzschild
radius. G is the gravitational constant and c is the velocity of light.

X-ray observations: Most AGNs are very powerful X-ray emitters covering
the energy range from about 0.5 keV to 10 keV. The X-ray emission is mostly
the result of inverse Compton scattering of UV-Optical photons by hot corona
surrounding the accretion disc (Haardt and Maraschi, 1991). The soft X-ray
spectrum of type-I AGNs is usually filled with strong narrow absorption lines
along with a strong X-ray continuum. Type-II AGNs on the other hand has an
obscured X-ray continuum and shows narrow emission lines. Usually, a single
power-law of the form L, o v~#% where apyx ~ 0.7-0.9 is used to fit the spectrum
over the range of 0.2-20 keV (Beckmann et al., 2009).

1.3 Observational Techniques

1.3.1 VISIR at Very Large Telescope

MIR data for Paper II was obtained at the European Southern Observatory
(ESO)’s Very Large Telescope (VLT) using VLT Imager and Spectrometer for
the mid-InfraRed (VISIR). VLT is situated on top of Cerro Paranal at an altitude
of 2635m in the Chilean Atacama desert and is ideal for optical and infrared
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observations as it is one of the driest places on earth. It is also the most suit-
able ground-based telescope to observe the Galactic Centre as it is visible from
the southern hemisphere. The telescope consists of four Unit Telescopes (UTs)
(Antu, Kueyen, Melipal, and Yepun) with primary mirrors of 8.2 m diameter
and four movable 1.8 m diameter Auxiliary Telescopes and can be combined
to form a large interferometer (Very Large Telescope Interferometer (VLTT)).
VISIR is mounted on UT-3 and provides diffraction-limited imaging at high sen-
sitivity in two MIR wavelength bands: the N-band (8 — 13um)and the Q-band
(16.5 — 24.5um).

The main drawback in using ground-based telescopes for MIR observations is
the bright thermal background from both the atmosphere and the telescope. To
avoid internal background contamination, the VISIR detectors are cooled down
to a few Kelvins. To account for the external thermal background from the tele-
scope and the sky, a technique called chopping/nodding is performed (Fig. 1.8).
Chopping is when the images are taken at two positions, i.e. on-source image
and off-source image by rapidly moving the secondary mirror of the telescope.
The sky and telescope background can be removed by subtracting both images.
However, there is an additional optical path difference introduced due to the
change in the position of the secondary mirror. This additional background
is suppressed by moving the entire telescope to an off-source position called
nod-position where again the same chopping cycle is repeated.

Staring images Staring images

A chopper position A chopper position

Chopped images

Nodding A beam Noddi

B chopper position

mage
egistrgtion

Chopped-nodded image

B chopper position

Sketch of mid—infrared

chopping and nodding

technique of observation

Flnal Image (zoomed)
{He2-10 blue compact galaxy)

Figure 1.8: Chopping and nodding technique on observations. Image credit:ESO VISIR user
manual.
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1.3.2 MODS at Large Binocular Telescope

The optical long-slit spectroscopic data for Paper III was carried out at the Large
Binocular Telescope (LBT) located at Mt. Graham International Observatory
in Arizona, USA at an altitude of 3221 m. As the name suggests, LBT is a
binocular telescope with two identical circular 8.4 m wide mirrors, resulting
in the combined collecting area equivalent to a single circular 11.8 m mirror.
The mirrors are mounted on a common altitude-azimuth mounting and are
separated by 14.4 m, enabling interferometric observations (22.8 m baseline).
In addition to the binocular design, AO is implemented in LBT using adaptive
Gregorian secondary mirrors, providing wide Field of View (FoV), high angular
resolution observations with high sensitivity.

The Multi-Object Double Spectrograph (MODS) was utilized for the long-
slit observations. MODS is a set of identical low- to medium-resolution spec-
trographs spanning wavelengths from UV to near-IR (320nm-1100nm). Each
spectrograph has a 6" x 6" field of view, with a dichroic element located below
the slit dividing the beam at 565nm into optimized red and blue channels.

The resulting spectral frames underwent flat-correction, and bias-correction,
and were combined utilizing the MODS CCD Reduction pipeline. Pyraf scripts
were utilized for calibrations, background subtraction, and 1-D spectra extrac-
tion, adapted from standard IRAF routines. Wavelength and flux calibration
spectra were also obtained alongside the scientific observations, calibrated us-
ing Ne, Hg, Kr, Xe, and Ar lamps. Each observational run included spectroscopic
standard stars for flux calibration, with all calibration spectra undergoing the
same reduction process. Finally, MODS1 and MODS2 channels and different
dithered positions were reduced and combined to obtain the spectra



Paper I - Observational diagne@$tics of
Hypermassive BlackiHoles

Recent discoveries of bright QSOs at z > 6, powered by accretion onto BHs with
masses 10® — 10'°M,, have challenged our understanding of the formation and
evolution of SMBHs. The discovery of more such SMBHs would put serious
constraints on the current models for seed black holes. Finding even one BH
with Mgy > 10'' M, at high red-shift (z>6) would pose serious challenges for the
current black hole evolution theories, requiring either highly super-Eddington
accretion or supermassive seed black holes.

In this work, we simulated the observational diagnostics of such Hypermassive
Black Holes (HMBHs). We predict observable emission line ratios and/or their
detection limits for AGNs with Mgy > 10°M,. We use the photo-ionization code
CLOUDY (Ferland et al., 1998) to look for the line strengths of the prominent
UV-Optical Broad and Narrow Emission Lines for Mgy = 10°—10'>M, to see how
these line strengths evolve as we move from the usually observed mass range to
the hyper-massive ones. We find that the emission lines are intrinsically weaker
because of the very different SEDs of the HVMIBHs and hence affected the obser-
vational diagnostics.

The results are reported in the following peer-reviewed article published in
the Monthly Notices of the Royal Astronomical Society.

Credit: H. K. Bhat, S. Chakravorty, D. Sengupta, M. Elvis et. al., MNRAS 497,
2992B (2020). Reproduced with the permission of ©Oxford University Press.
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ABSTRACT

The extreme ultraviolet region (EUV) provides most of the ionization that creates the high equivalent width (EW) broad and
narrow emission lines (BELs and NELs) of quasars. Spectra of hypermassive Schwarzschild black holes (HMBHs; Mgy > 10'°
M) with a-discs, decline rapidly in the EUV suggesting much lower EWs. Model spectra for BHs of mass 10°~10'> M, and
accretion rates 0.03 < Lyo/Lggg < 1.0 were input to the CLOUDY photoionization code. BELs become ~100 times weaker in EW
from Mgy ~ 10° Mg to Mgy ~ 10'° M. The high-ionization BELs (O Vi 1034 A, C1v 1549 A, and He 11 1640 A) decline in EW
from Mgy > 10° Mg, reproducing the Baldwin effect, but regain EW for My > 10'0 M. The low-ionization lines (Mg 11 2798
A, Hp 4861 A, and Ha 6563 A) remain weak. Lines for maximally spinning HMBHs behave similarly. Line ratio diagrams
for the BELs show that high O VI/H 8 and low C1v/H o may pick out HMBH, although O VI is often hard to observe. In NEL
BPT diagrams, HMBHsS lie among star-forming regions, except for highly spinning, high accretion rate HMBHS. In summary,
the BELs expected from HMBHs would be hard to detect using the current optical facilities. From 100 to 10'> M, the emission
lines used to detect active galactic nuclei (AGNs) only have high EW in the 10°~10° M, window, where most AGNs are found.
This selection effect may be distorting reported distributions of Mpy.

Key words: accretion, accretion discs—black hole physics—line: formation—galaxies: active—quasars: emission lines—

quasars: supermassive black holes.

1 INTRODUCTION

Active galactic nuclei (AGNs) are the central regions of galaxies that
host supermassive black holes (SMBHs) that are actively accreting
surrounding material. They have been an exciting field of research
in Astrophysics for a long time now (Netzer 2015, and references
therein). The gravitational potential energy of the infalling matter
is converted into radiation that photoionizes both the unresolvable
nearby (<0.1 pc, to the BH) and more distant (<100 pe, partially
resolvable in near AGNs) gas that then re-emit as broad and narrow
emission lines (BELs and NELs), respectively, in the optical and
UV regions. The NELs usually have Doppler widths <500 km s~!
and arise in relatively low density (~10° cm™3) gas. BELs have
Doppler widths ~1000-10000 km s~! and arise in higher density
gas (~10° cm™3) as determined by absence of certain forbidden lines.
Such large Doppler widths in the BELs suggest that the broad-line
regions (BLRs) are in deep gravitational potential where Keplerian
velocities are often > 1 per cent ¢, which makes BELs very important

* E-mail: harshikikkeri @ gmail.com

in understanding the central source. Furthermore, the presence of
BELs is an indicator of AGN activity.

Studying the BELs and NELs in AGNs and using them to under-
stand fundamental properties, particularly the mass, of the associated
black holes (BHs) is a well-established method. New data from more
and more sensitive multiwavelength campaigns suggest the presence
of hypermassive black holes (HMBHs; Mgy > 10'0 Mg) that are
extreme and/or unusual for AGNs (e.g. Fan et al. 2001; Mortlock
etal. 2011; Wuetal. 2015). King (2015) gives a maximum theoretical
limit for Mgy through luminous accretion as ~5 x 1010 Mg for
typical parameters. Of the >10° quasars known, only a few tens
have BH masses >10'° M, (Natarajan & Treister 2009; Ichikawa &
Inayoshi 2017). This scarcity may be because they are rare, or perhaps
cannot grow any larger. Discovery of more HMBH will put serious
constraints on the current models for seed BHs. (Volonteri 2012;
Johnson et al. 2013; Natarajan 2014; Latif & Ferrara 2016). Finding
even one BH with Mgy > 10" M, at high redshift (z > 6) would pose
serious challenges for the existing BH evolution theories, requiring
either highly super-Eddington accretion or supermassive seed BHs.

Here, we investigate whether this paucity of HMBH could be a
selection effect due to the cooler temperatures of alpha-disc accretion
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discs at high masses. We were motivated by the striking results for
low-mass (<10° Mg) BHs by Chakravorty, Elvis & Ferland (2014),
who found that BLR emission is drastically (factor >10 for H B
4861 A) and quite suddenly (in <1 dex in mass from 107 to 10* M)
reduced as the discs become too hot and overionize gas moving at
Keplerian speeds >1000 km s~'. A complementary effect is expected
as the discs become too cool (in case of HMBHs) to photoionize the
gas to produce the typical BLR emission lines. That cooler accretion
discs would result in weaker line emission, was first investigated
analytically by Laor & Davis (2011). Hence, we can expect that the
emission lines will be weaker for HMBHSs. Here, we make a detailed
investigation of the predicted BLR and narrow-line region (NLR)
equivalent widths (EWs) as a function of HMBH mass.

As the mass estimates for AGNs come from the detection of BELs
in the UV and optical region of the AGN spectra, we wanted to
know if the same methods of detection are possible for HMBHs.
Therefore, we investigate the predicted EWs of few prominent BELs
over a wide range of BH masses (Mgy = 10°~10'?> M) and accretion
rates (Lypo/Lgqq = 0.03—1), to see if there is a decrease in intrinsic line
strengths among these BELs, making such BHs very hard to be dis-
covered with our current standard detection methods. See Section 5.

The strengths of the BELs and NELs depend on the ionizing
spectral energy distribution (SED), which in turn depends on the
fundamental properties of the BH: its mass and the rate at which it
is accreting matter. Larger BHs have cooler maximum temperatures.
At some mass the ionizing photons they emit will drop, potentially
weakening their BELs and NELs to the point of undetectability.
Investigating whether this happens for HMBHs is the purpose of this
paper. The mass accretion rate (72) can be related to the ratio between
the bolometric luminosity (Ly,) of the accretion disc of accreted
matter around the BH, to the classical Eddington luminosity Lggq
of the BH. In Section 2, we shall show the details of how we have
related the accretion rate with Lyy/z,,- Thus, throughout the paper,
the accretion rate will be represented by Lyoi/Leqd-

Since we are interested in the higher end of the BH masses, we
could not rely on the conventional method of assuming broken power
laws to construct the broad-band SEDs of the BHs (Tananbaum
etal. 1979; Lusso & Risaliti 2016). In Section 2, we elaborate on the
methods adopted to properly link the different components of the
AGN SED, while being careful about the mass evolution of these
inter-relations.

Unlike BELs, NELs are not necessarily signatures of AGN activity.
Dynamically (velocity widths), NELs are very similar to the emission
lines of star-forming regions (SFRs), planetary nebulae, and even
supernova remnants, as the photoionization equilibrium in all these
regions is achieved at around same temperatures (7 ~ 10* K). To
distinguish between NELs from all these different astrophysical
objects, BPT diagrams (Baldwin, Phillips & Terlevich 1981) were
made as an attempt to have diagnostic diagrams for NELs in SMBH.
Using our predicted strengths of NELs, we also investigate the line
ratios of HMBHs on BPT diagrams. See Section 6. Since the BPT
diagrams are well-tested tools to find NELs, in AGNs, we extend the
same logic to look at BELs. Since now we are looking at a much
wider range of physical parameters of the BHs, we do not expect the
broad lines to show intensity variations within a standard small range
anymore. See Section 7.2 for the interesting consequences of mass
and accretion rate variation on the line ratios of different BELs.

In this study, we have used the photoionization code called
cLouDY! (Ferland et al. 2017), to predict the emission line strengths

Uhttp://www.nublado.org/

Faint BEL and NEL for HMBH 2993

as a function of Mgy and Ly /Lgaa. The physical parameters used
for the CLOUDY calculations are mentioned in detai]l 5n Section 3.
To model the gas/clouds that produce the BELs and NELs, we use
the ‘locally optimally emitting cloud (LOC)’ model (Baldwin et al.
1995), which suggests that the emission lines are produced optimally
— that each line is produced most efficiently within a narrow range
of density and incident light flux. The history of this model and how
we use it in this paper have been detailed in Section 4.

2 SPECTRAL ENERGY DISTRIBUTION

2.1 The radiation from the accretion disc

The main source of energy in AGNs is the conversion of gravitational
potential energy of the accreting matter into radiation. This radiation
from the accretion disc around the BH, peaks in the extreme
ultraviolet region (EUV, 10-100 eV). The SED of AGNs is broad-
band, extending from radio wavelengths to gamma rays. However,
for the study of photoionized gas, the range from optical UV to soft
X-rays matters most, because these photons ionize the gas present in
the central ~100 pc of the AGN. Observationally there is uncertainty
in the shape of the SED of the radiation from the accretion disc near
its peak, due to absorption of EUV radiation by Galactic neutral gas
and dust. Therefore, observations below 10 eV and above 100 eV
have to be used to reconstruct the unobserved part of SEDs.
According to standard theory of accretion discs (Shakura &
Sunyaev 1973; Frank, King & Raine 2002), radiation from the
accretion disc can be modelled as the sum of all the local blackbodies
emitted by different annuli of the disc. By knowing the temperature
of the innermost stable annulus of the disc, temperature of all
the subsequent rings can be estimated. A simplified form of the
temperature of the annulus at radius R is given by equation (3.19)
of Peterson (1997) (also see the ‘larger’ approximation of equation
(5.43) of Frank et al. 2002). The same equation can be rewritten as

s 1 [ m 1 Mpu “H R\
TR =35 10° 7+ (7 T =) K
© s
(1)

My is the mass of the central BH, 1 is its mass accretion rate, while
tigqq is the Eddington mass accretion rate. R, = 2GMpy/c? is the
Schwarzschild radius, G being the gravitational constant, and ¢ the
velocity of light. 1 is the accretion efficiency factor, which relates

L = nic?, 2)

L being the luminosity emitted from the disc (both surfaces, top and
bottom).

A standard model for the spectral component of a non-spinning
accretion disc is available as a package called DISKBB in
XSPEC*(Mitsuda et al. 1984; Makishima et al. 1986). The two inputs
required by DISKBB are 7(R;,) (which can be derived from 1) and
the normalization Agpp, given by

Rp/km )?

Adbb =N "~ cos 6
D /(10 kpc)
for a BH observed at a distance D (=100 Mpc throughout this paper)
whose line of sight makes an angle 6 (=30° throughout this paper,
unless otherwise mentioned) to the normal to the plane of the disc.
R;, is the distance of the innermost stable annulus of the accretion
disc from the central BH.

3

Zhttps://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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Figure 1. Left-hand panel: The SEDs of the radiation from the accretion disc around the super to hypermassive black holes. The SEDs are calculated using
the package DISKBB within XSPEC. All the BHs here, are accreting at the rate Lapn/Lggq = 0.1 and the different lines correspond to different BH masses from
Mgy = 10° to 10'?M, at steps of 1 dex. The grey thicker lines highlight the region of the SED where f, ~ v%. Note that the traditionally (since Tananbaum
et al. 1979) important wavelength 2500 A does not fall in the grey part of the SED, unless Mgy < 108 M. We have also marked the positions of the centres of
the five filters of SDSS, namely u, g, r, i, and z. Right-hand panel: The complete AGN SED from optical to X-rays (red dotted and dashed lines), but consisting
of only the components from the central regions — the DISKBB component, and the power-law component. The procedure of appropriately adding these two
components to get the complete SED is elaborately described in Section 2. Note that the solid black curves still correspond to Lgp/Lgqqa = 0.1, whereas the
dotted and dashed red curves correspond to Lyo1/Leda = 0.1. For details of this distinction, refer to Sections 2.1 and 2.3.

To decide the value of T(R;,) for a BH of mass Mgy, we have to
consider the value of 7 carefully. Zimmerman et al. (2005) discuss
that the DISKBB assumes a non-zero torque at the inner boundary
of the accretion disc (also see Gierlinski et al. 1999), which they
refer to as the ‘standard torque’ scenario. In this scenario, the total
luminosity of the disc is

_ 3GrmMgy
T 2R

L 4)
(equation 10 of Zimmerman et al. 2005). Thus, using equations (2)
and (4), we see that 1 is dependent on the choice of R;, that we make

3G Mgy

= 2¢2R;, ©)

For this paper, we adopt, Ry, = 3 Ry, = 6GMgy/c?, for the non-
spinning BH. Hence, n = 0.25.

With the above-mentioned definitions and assumptions, we have
used the DISKBB in version 11.3 of XSPEC to generate the SED
(in flux — f,|qpp) of the radiation from one surface of the accretion
disc. We can then obtain the luminosity from one surface of the
disc, by multiplying with a factor of 77 D? and integrating over v. We
have verified using 6 = 0, in equation (3), that the ratio of 2 times
this luminosity, to the Eddington luminosity is = r/riggq used in
equation (1). The factor 2 is to account for emission from both sides
of the disc.

After understanding this method of generating models for accre-
tion disc radiation, we proceed to produce SEDs for the accretion
disc, for a wide range of BH masses — Mgy = 10— 10'> M, —at steps
of 0.25 dex. For demonstration, in the left-hand panel of Fig. 1, we
plot the SEDs for the different masses (as labelled), but all of them
for Lawy/Lega = 0.1 (solid black lines), where Lgpp, is the luminosity
obtained by integrating the accretion disc SED (from DISKBB in
XSPEC) through the entire energy range of 1 pm—-200 keV, and then

MNRAS 497, 2992-3010 (2020)

converting from flux to luminosity through a factor of 7 D?. The drop
in ionizing photons between the H ionization edge (912 A) and the
He ionization edge (228 A) is large towards high masses. Note that
the peak of the SEDs shifts towards the lower energies (or larger
wavelengths) for heavier BHs. Even the SDSS filters (marked at the
bottom of Fig. 1, left-hand panel) will probe a different part of the
accretion disc for Mgy > 10° Mg, than that for standard mass BHs.
Even for BHs with Mgy = 10% Mg, at redshift z > 3, these SDSS
filters slide away from the f, ~ v'’ region (which for each SED is
highlighted by the thicker grey lines).

For most of the paper, we avoid the additional complication of the
spin of the BH. However, a spinning BH will have a harder SED
shape in the photoionizing energy bands than a non-spinning BH of
the same mass. Hence, after deriving the results for non-spinning
SMBH, we perform an initial comparison of Schwarzschild and
spinning BHs in Section 8.

2.2 The non-thermal radiation

In the energy range of 2—10 keV, AGNs have a non-thermal spectral
component that is ascribed to inverse Comptonization of some of
the disc photons by the hot coronal plasma surrounding the BH
(Czerny & Elvis 1987; Lightman & Zdziarski 1987; Coppi 1992;
Haardt & Maraschi 1993; Beloborodov 1999; Coppi 1999). This
spectral component can be modelled using a power-law f{v) ~ v™¢,
where « is the spectral index (Arnaud 1996; Zdziarski, Johnson &
Magdziarz 1996; Zycki, Done & Smith 1999).

The power law becomes a significant component in photoionizing
the BEL ions, especially for HMBH SEDs, because the HMBH
DISKBB moves to lower energies.

Empirically o depends on Ly, (Lu & Yu 1999; Wang, Watarai &
Mineshige 2004; Shemmer et al. 2006), though there is not complete
consensus (Trakhtenbrot et al. 2017). Brightman et al. (2013) give a
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Table 1. Maximum Mgy for which 2500 A falls on the

linear part of their SED.

Lig M
Traa log (%!)
0.03 7.75
0.1 8.25
0.3 9.00
1.0 9.25

phenomenological relation between the spectral index and Ly as

Lo

'=a+1=(0.324+0.05) x log ( ) +(2.27£0.06), (6)

Lgaq
where Ly, is the total ‘observed’ luminosity between 1 p and hard
X-rays (200 keV). Note that the entire 1 p to 200 keV range cannot be
observed — sometimes because of the natural extinction (by Galactic
dust and neutral hydrogen) in the ~10-200 eV; and sometimes
because of bad data in other wavelengths, for the samples that
Brightman et al. (2013) considered. Hence, they had made judicious
extrapolations and modelling, where required. We then define Ly,
as the sum of the luminosities from both the SED components —
the accretion disc and the power law, in the same energy range.
Using equation (6), we see that the spectral indices for power-law
components will be 0.78, 0.95, 1.10, and 1.27, respectively, for the
different Lyo/Lgga = 0.03, 0.1, 0.3, and 1.0 ratios that we plan to
investigate in this paper. Note that, in this paper, we shall use Lyo1/Lgda
as proxy for the accretion rate. Using these spectral energy indices,
we construct power-law component and introduce exponential cut-
offs at both the ends

. a —10eV _
f(v) ~ P X e v X e 200keV (7)

Once the power-law component is constructed, we need to devise
a scheme for its relative normalization with respect to the DISKBB
component.

2.3 The multicomponent broad-band AGN SED

Conventionally, the nominal UV to X-ray slope, ¢ox = —0.384
log (Lyxev/Lysg 4.) (Tananbaum et al. 1979) is used to relate the
luminosities at 2500 A and 2 keV, where the accretion disc radiation
predominantly determines the luminosity at 2500 A, while the X-rays
at 2 keV mostly comes from the power-law component. For the BHs
in the ‘standard AGN mass range’, Mgy < 10 Mg, and Lyoi/Liaq
> 0.1, 2500 A falls on the part of the DISKBB SED, where f, ~
v!” (thick highlighted grey lines in the left-hand panel of Fig. 1).
However, for HMBHs the peak of the DISKBB emission moves to
lower energies and f, ~ v' may not be satisfied at 2500 A, as
demonstrated in the left-hand panel of Fig. 1. The highest possible
BH mass, for which 2500 A deviates from f, ~ v'3, is also a function
of the accretion rate, Lyo/Lgqq. For the different Ly, /Lggq ratios, used
in this paper, in Table 1, we have listed the values of the highest
mass for which 2500 A, in the corresponding SEDs, falls on the f, ~
'3 part of the DISKBB SED. Thus, for HMBHs, 2500 A represents
a physically different part of the accretion disc than in case of the
standard mass BHs. The reason we pay due attention to the nature
of the SED at 2500 A, is because this wavelength has been used
as a reference wavelength in many multiwavelength AGN SEDs,
even for the more recent, robust, SED investigations, where UV and
optical luminosities are related to each other. Lusso & Risaliti (2016)
examined a large sample of 159 AGNs and found a tight relationship

Faint BEL and NEL for HMBH 2995
Lbcl/#edd =0.1
0.25 1
0.20 1
éi 0.15
0.10 1
0.05 1
6 7 8 9 10 1 12

log (Mgn/Mo)

Figure 2. Lyi/Layp ratios as a function of mass ratios for Lyo1/Lgaa = 0.1.
Red circles are the ratios obtained by using equation (8) to derive L ev. The
red circle with the highest mass represents the highest mass BH for which
2500 A falls within the f, ~ v'/3 part of the SED. Black line represents the
best-fitting curve through the red circles and is further extrapolated to find
the Lpi/Lap ratios for higher masses, using the fit function equation (9).

between the luminosities at 2500 A and 2 keV.
log(Lakev) = 0.638 x log(L,sga) + 7.074. 8)

While they use the same wavelengths, as used by the definition of
aox, this form of the relationship directly relates the observables,
namely the fluxes.

For each Lyo/Lgqq, We first choose the range of Mgy for which
the 2500 A falls on the part of the DISKBB SED, where f, ~ v'3.
For example, as seen from Fig. 1 (left-hand panel) and Table 1,
for Lgyp/Lgga = 0.1 this mass range corresponds to Mpy = 10°—
1082 Mg. For each of these SEDs, we then scale the power-law
component relative to the DISKBB as follows. For each value of
Mgy, we start with Lyy,/Legg = desired Lyg/Lggg = 0.1 (say). The
XSPEC generated DISKBB spectra give us the value of L, 5. Thus,
we can use that value in equation (8) to derive L; 4y, which gives
us the required normalization for the power-law component. We add
the luminosity Lay, in the DISKBB and the luminosity Ly in the
normalized power-law component and check if Lyo/Lggg = 0.1. If
Lioi/Lggq # 0.1, then we iterate by changing Lgp,/Lpgq slightly, and
repeating the process. The iteration continues, until, for the given
Mgy, we achieve Lygi/Lgaa = (Lavy + Lpi)/Lgad = 0.1. At this stage,
we calculate the luminosity (L) in the power-law component and
the luminosity in the (Lgpp) in the DISKBB component, whence we
can derive the ratio Ly /Layy,. In Fig. 2, the red circles correspond to
the mass range for which the ratio Ly/Lay, was derived using the
aforementioned method. The solid black line joining the red circles
is then extrapolated using a smooth, power series extrapolation

L a a
T T ©)
o w (Y- py)

where the values of constants are provided in Table 2. Thus, for
the higher mass BHs, as well, we get the scaling of the power-law
component relative to the DISKBB component, which can then be
used to construct the corresponding SEDs. We have thus, built a suite
of SEDs (100 of them) for Lyy/Lgqgq = 0.03, 0.1, 0.3, 1.0 with the
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Table 2. Constants of the log(MBH) Lot best-fitting

. Mo /T Lavy
equation.
L%;L ay as by
0.03 —8.21633 165.093 —3.58592
0.1 —1.35708 21.282 —0.523004
0.3 — 1.30806 23.599 —2.24452
1.0 —0.674781 12.5449 —2.31223

Table 3. BEL parameter ranges.

Min Max A
log ®(H) 18 24 0.5
log ny 8 14 0.5
log Nu 21 23 0.5

range of mass varying from Mgy = 10° to 10'> My, in intervals of
0.25 dex. The right-hand panel of Fig. 1 shows the optical to X-rays
SEDs (red dotted and dashed lines) obtained thus, for Lo /Lggg = 0.1,
where the steeply falling (relative to the power law) higher energy
tails of the DISKBB are shown in solid black lines. Above Mgy
~ 10° Mg, the power law dominates the main ionizing continuum
relevant for the BEL ions. For lower accretion rate (Lyo/Lgqq <0.1)
this statement is true for even lower BH mass.

One might argue that equation (8) does not distinguish between
SMBHs and HMBHs and so this equation should be used directly,
even for the HMBHSs and we should not extrapolate. However, these
extrapolations, which become important only for the HMBHsS, are
based on the physics of accretion discs. Further, in Appendix, we
show that if we had directly used equation (8) for the highest masses,
the differences in the results would be minor, and effectively has no
difference in the qualitative inferences.

3 PHOTOIONIZATION CALCULATION

For each of 100 SEDs (25 masses X 4 Ly, /Lgqq values), we use the
C17.00 version of cLouDY? (Ferland et al. 2017), to calculate the
EWs of many emission lines for a wide range of the parameters
®(H), ny, and Ny. ®(H) is the ionizing incident photon flux
®(H) = Q(H)/47 r*, where Q(H) is the number of hydrogen ionizing
photons.

Though CLOUDY gives EW of each line as a function of ®(H), ny,
the parameter ®(H) can easily be interchanged by r. Hence, we can
express (following Hazy 2) that the flux of the emission line from a
cloud of density ny and at a distance r is

c

VF
F(r,ny) ~ EW(r,nH)T”, (10)

where A is the central wavelength of the line and v F{ is the incident
continuum at A. F(r, ny) can then be used in equation (12) to calculate
the total line luminosity Ly, as described in the next section.

For the calculation of BELs, the parameters are stepped over a
grid of values as shown in Table 3, a total of 845 CLOUDY runs (for
each SED). These ranges are based on Baldwin et al. (1995), Korista
et al. (1997a), and the range of Ny on Chakravorty et al. (2014). We
have calculated the EWs of all the 42 prominent quasar emission
lines listed in Korista et al. (1997a), out of which only 5 strongest
lines are demonstrated here.

3http://www.nublado.org/
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Table 4. NEL parameter ranges.

18

Min Max A

log ®(H) 10 20 0.5
log ny 2 10 0.5
log Ny 21 23 0.5

For the calculation of NELs, the ranges in Table 4 were used.
We adopted these ranges based on Ferguson et al. (1997). We
have calculated the EWs of all the 23 prominent NELs listed in
Ferguson et al. (1997), out of which only 6 strongest lines are
demonstrated here. For NELs, the presence of dust can play some role
in determining the gas composition and hence the strength of lines.
Ferguson et al. (1997) demonstrate the effect of the presence of dust
in detail. However, they also find a combination of parameters, where
the dust-free gas produces very similar line strengths (matching
observations) as a dusty gas. For the sake of simplicity, we adopt
those parameters and work with dust-free gas for the NELs. The
appropriate parameters are discussed in more detail in Section 6.

Thus for the total number of SEDs explored in this paper,
along with the calculations for each of the physical parameters of
the gas properties ®(H), ny, and Ny, we ran a total of 256240
CLoUDY models. For SEDs with low accretion rate, we have done
CLOUDY calculations only up to Mgy = 10" M, due to numerical
convenience. This huge theoretical data set was then used to calculate
the optimal line strengths as discussed in Section 4.

4 LOCALLY OPTIMALLY EMITTING CLOUDS

Strong BELSs are the identifying feature of AGNs and study of them
gives information on their central engine. The BELs are also used
to estimate the chemical composition of the hosting galaxy and their
EWs are even used in estimating the BH mass.

Photoionization models of the BLR are extremely relevant to the
study of AGNs (Netzer, Laor & Gondhalekar 1992). Early BLR
models were quite limited and used to assume the lines were emitted
by the single gas cloud, one with a single ionization parameter,
column density, and gas density (Kwan & Krolik 1981). These
models became untenable when reverberation mapping observations
showed the presence of a wide distribution of emission-line cloud
properties with distance from the ionizing continuum. This develop-
ment prompted a multicloud model with a wide range of spatial and
density distributions (Baldwin et al. 1995).

The LOC model was introduced by Baldwin et al. (1995). This
model established that any given BEL is most intensely emitted
by gas with a particularly narrow range of ionization parameter
and density and thus a weighted average over spatial and density
distribution includes the gas with optimal parameters for each of the
observed lines. Ferguson et al. (1997) further extended this model to
predict the line strengths of NELs.

The total line luminosity emitted by the entire set of clouds at
various radial distances and densities is given by

Line / / P F(r, mig) £ (F)g (g dnpdr, (11

where f(r) and g(ny) are the spatial and density distribution functions,
respectively. For simplicity, we assume them to be power laws as in
Ferguson et al. (1997). We have further normalized the Lj;,. over the
entire spatial and density distribution functions.

ffrzF(r,nH)rVnﬁdanr

Line = 0.24
" [ [ r7nbdnudr

(12)
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Figure 3. Contour plot for EW of C1v (1549 A) in the ny—®(H) plane (left-hand panel) and ng—Rcjoud plane (right-hand panel). The solid black lines are
contours at steps of 1 dex and dotted red lines are at the steps of 0.25 dex, for logNy = 23. The dashed blue lines are contours at steps of 1 dex, for logNy = 21.
Originally, Baldwin et al. (1995) and Korista et al. (1997) presented the efficiency of line emission for different BELs as a function of ny and @ (as in the
left-hand panel). Ferguson et al. (1997) made a similar study on NELs; efficiency was presented as a function of ny and Rjoud (as in the right-hand panel)
instead. For the sake of consistency, between the BEL and NEL analysis we stick to R¢joud instead of @, throughout the rest of this paper. Here, we represent
both planes, to demonstrate that it is a mere inversion of the contours, when the y-parameter of the plane is changed from @ to R.

Similarly, the weighted average of the EWs (W) of each line
emitted by the entire set of clouds at various radial distances and
densities is calculated using

J [EW(, nH)r”nﬁdanr

EW =0.24
ffr?’nﬁdanr

13)

The successes and the limitations of LOC model are discussed
in detail by Leighly & Casebeer (2007). Limitations of LOC model
include that (i) some parameters, like the spatial and density indices
cannot be physically interpreted and (ii) a number of physical effects
are not included in the model, a significant one being self-shielding.
However, for the purpose of this paper, the LOC model is sufficient.

The factor 0.24 in equations (12) and (13) represents a nominal
constant covering factor for the broad-line emitting clouds (following
Leighly & Casebeer 2007, see Fig. 1). Covering fraction is a very
complex issue, varying from source to source. Hence its theoretical
generalization over a wide range of mass and accretion rates of BHs
is difficult and beyond the scope of this paper. Hence we maintain
this value of 0.24 throughout the paper, even for narrow-line emitting
clouds. Please note that any different constant covering factor would
simply scale the log(£)V)s in the vertical direction, in our subsequent
Figures, altering none of the trends demonstrated. Further, a constant
covering factor will absolutely have no effect of the line ratios,
presented later.

5 BROAD EMISSION LINES

From the CLOUDY photoionization calculations, we derive EWs for
all the prominent BELs. The EWs are measured relative to the
incident continuum at 1215 A which is then normalized to the central
wavelength of each line. In Fig. 3, we represent the isocontours of
calculated EWs (in log) for C1v 1549 A, one of the strongest known
BELs on the logny—log® (H) (left-hand panel) and logny—logr (right-

hand panel) planes for Mgy = 103° Mg and Lyg/Lgag = 0.1. We see
that our (solid black and dotted red) contour plots match closely
with the contours presented in Baldwin et al. (1995) and Korista
etal. (1997a), for logNy = 23. The slight quantitative differences are
expected because the earlier authors used a slightly different SED
compared to the one that is used to get Fig. 3. The diagonal lines in
the contours with a slope of 45° are of constant ionization parameter
U = ®(H)/cny, which is a measure of the recombination rate at
the face of the cloud. C1v being a collisionally excited line shows a
band of constant U lines where there is efficient emission. At high
ny and ®(H), contours start to turn over indicating thermal heating
of the gas instead of photoionization. To understand the effects of
column density, we point to the isocontours for logNyg = 21 in dashed
blue line, in Fig. 3. When compared to the solid black logNy = 23
contours (at same 1 dex separation), the ones with lower Ny show
that for highly ionized gas, we need high column density gas to yield
emission lines of any reasonable strength. In Fig. 4, we represent
the contour for Mgy = 10'"' Mg, to compare the efficiency of line
emission at higher masses. While the highest EW achieved for the
Mgy = 108 Mg SED is 103, that for the Mgy = 10'' My, SED is
10'23, Thus, everything else remaining the same, the line becomes
fainter by 1.25 dex.

To assess the contribution from all the clouds spread across a
range of distance and having a range of density, we apply the
LOC model mentioned in Section 4 for our calculations. We use
equation (12) and equation (13) over the entire range of r and ny.
Baldwin (1997) suggested that the Lj;,. is only weakly sensitive to the
radial and column density distributions as long as y in equation (12)
is >—1. Baldwin (1997) further shows that 8 = —1 is strongly
suggested by observations which is further confirmed by Hamann
et al. (2002). Therefore, we use a constant power index of —1 for
both, ny and r in our calculations to get Ly, and EWV. Fig. 5 shows
the resultant log(€W) as a function of Mgy for the BEL C1v 1549
A, for Lyoi/Lraq = 0.1 (red dotted line).

MNRAS 497, 2992-3010 (2020)
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Figure 5. £V of C1v (1549 A) as a function of Mpn/Mg. Dashed line
represents £VV calculated using LOC integration (equation 13). The black
solid line represents EWV after limiting the outermost radius of cloud with
Umin = 1000 kms 1.

At 10* K, thermal widths are only about 10 km s~!. The observed
widths in BELs (=10 km s~") should therefore be due to organized
high velocity flows of clouds with Keplerian, or at least, virialized
velocities. This allows us to define maximum radius for BLR as
RKeplerian = GMBH/U2 (14)

min®

where vy, 1s the lowest observed velocity of the cloud. Introducing
Rxeplerian cut-off within CLOUDY calculated line strengths, results in
a significant change in £V at the lower mass end as in Chakravorty
et al. (2014). In Fig. 5, the black solid line corresponds to EW
after imposing a lower limit at vy, > 1000 km s~!. For the rest
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of the paper, we will always calculate EW and Ly;,e for (all) BELs,
maintaining this lower limit of v y,. 20

In the different panels of Fig. 6, we extend the calculation and
show how the line strength £W of six of the prominent BELs such
as O VI 1034 A, C1v 1549 A, He11 1640 A, Mg11 2798 A, H 8 4861
A, and Ho 6563 A vary when accretion rate is varied over the range
0.03 < Lyoi/Lggq < 1.0.

For C1v 1549 A (top middle panel of Fig. 6) at Ly /Lggq = 0.1,
the EW = 26 for the 10® M, BH, which is in excellent agreement
with what fig. 1 of Leighly & Casebeer (2007) predicts for the same
emission line, for the nominal model (with Cy = 0.24). The EW of
this line remains quite constant for 10° My < BH < 10® My and
then drops quickly to 1 per cent of the peak by ~10'" M. O vi 1034
A, He1 1640 A, and Mg 11 2798 A all show similar ~2 dex decrease
in EW from 10° to 10'° M. HB 4861 A and Ha 6563 A show
similar behaviour from 10° to 10'' M.

In Fig. 6, notice the distinction between the £VV profiles of the
high-ionization O VI, C1v, and Hell (top panels) to those of the
low-ionization Mg 11, H B, and H« lines (bottom panels). The low-
ionization lines maintain quite constant £V up to ~10'© M, while
the high-ionization lines begin to drop in EW by ~10% M, for the
BHs with accretion rate Ly /Lgqqg = 0.1. The aforementioned mass
ranges mentioned for the £WV profiles vary when the accretion rate
changes, but the qualitative behaviour of the different lines remains
the same. Also, the high ionization profiles decrease with increase of
mass, up to a critical value of BH mass, hit a minimum and then invert
the trend and start increasing with mass. On the other hand, the low-
ionization lines profiles show increase (or almost constant values)
of £V with mass increase, hit a maximum and then drops with
increase in mass. Such differing evolution of the £)Vs will also have
consequences on how the luminosities of these lines would evolve
as a function of the BH mass, particularly at the high-mass end.

We take C1v 1549 A as a representative of the high-ionization lines
and Ha 6563 A as a representative of the low-ionization lines and
plot their luminosities as a function of mass in Fig. 7. At the high-
mass end, while the luminosity of the C1Vv line remains constant,
the luminosity of Ha line drops, sometimes by even an order of
magnitude. Thus, the low-ionization lines are not the best tracers to
look for while searching for the HMBH using the current optical
telescopes. This result has implications for the most commonly done
BH searches that rely on optical surveys like SDSS, which in their
turn, rely heavily on the H 8 4861 A and H 6563 A lines. However,
the results presented here may serve as a benchmark for emission-line
studies, using the next-generation 30 m class optical telescopes.

The distinction between the behaviour of the high- and the low-
ionization lines is readily understood from Fig. 8. The ionization
potentials (IP) of O v and C 111, which would result in the formation
of O viand C1V ions, are the highest, among the BEL ions/elements
discussed. Note that the IP of these ions are at an interesting energy
range — one where the accretion disc is more dominant for the SEDs
of the lower mass (Mpy < 108 M) BHs, but the power-law radiation
component is more dominant for the higher mass BHs. For each ion
(high-ionization lines), the narrow mass range, where the transition
of the relative dominance happens, is where the £V turns over. For
ions (low-ionization lines), where there is no significant switch of
the dominating SED component, the EW simply declines with an
increase in BH mass. In fact, for the Ho and H g lines from neutral,
but excited Hydrogen, of course IP is not the deciding factor. Hence,
they follow the simple rationale that the £V increases with the mass
(and hence the luminosity) of the BH until their line energies go
above the f(v) ~ v'”3 part of the BH SED — which happens because
the accretion disc peak and hence the v'? (part of the SED) recedes to
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Figure 7. Lijne of C1v 1549 A and He 6563 A as a function of Mgu/Mg calculated using equation (13).

lower energies with an increase in BH mass. Thus, at the correspond-
ing BH mass, the Ha and H 8 EWs start dropping. This discussion
thus illustrates the fine sensitivity that line strengths have on the shape
of the illuminating SED. Further, this sensitivity becomes evident in
our study because we are probing a mass range of BHs where the
SEDs transition through the energy range of the relevant IPs and line
energies — a very fortunate natural coincidence indeed!

Fig. 6 further shows that the turnaround of log(€W) in O VI
1034 A, C1v 1549 A for higher masses makes it impossible to
determine the mass of the HMBH accurately using just log(EWV)
of these strong BELs. For the other emission lines, similar de-
generacy exists at the lower mass end. Hence, to remove this
degeneracy we have calculated line ratios which we discuss in
Section 7.2.
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Figure 9. Demonstration of the Baldwin effect using the C1v 1549 A
emission line. The left-most thick solid magenta line is the predicted Baldwin
effect relationship EW ~ L;z/ 3(14501&), with arbitrary normalization. The
rest of the lines are the (EW) profiles of the C1v line, having the same
line-colour description as in Fig. 6 — from accretion rate of 0.03 to 1.0, from
left to right. The numbers on each profile indicate the mass of the BH, in

log(MBH/M@).

We are in a position to investigate if the Baldwin Effect (Baldwin
1977; Zheng & Malkan 1993; Shemmer & Lieber 2015) holds true
for the HMBHs and gain some insight on the mass range or range
of accretion rates for which this effect remains valid. Hence, we plot
the EW of C1v 1549 A as a function of L, (1450 A) in Fig. 9. The
left-most thick solid magenta line in Fig. 9 shows the relationship,
EW ~ L‘jz/ 3(1450A), predicted by Baldwin (1977) between the C 1v
line strength and the luminosity at 1450 A. Clearly, the low-mass
BHs (Mpy < 107 M) do not obey this relationship. However, for
higher masses (108 < Mg < 10'"), the match with the slope of —2/3

MNRAS 497, 2992-3010 (2020)

(= —0.66) is good and improves for higher accretion rates; albeit the
mass range where the match is better, also shifts to the Righer values
with the increase in accretion rate. For Ly, /Lggg = 0.03, the slope
is —0.51 for mass range 10’-10'" Mg, for 0.1, the slope is —0.53
for 108-10"", for 0.3, the slope is —0.66 for 10°~10'" and finally, for
1.0, the slope is —0.63 for 10°-10'2. Beyond 10'' M, the Baldwin
effect disappears as the EW of the C 1V line starts to strengthen again,
especially, at low accretion rates. Thus, we show that the Baldwin
effect is a natural result of the changing accretion disc SED with BH
mass over 2—4 orders of magnitude.

Note that the discussion of the behaviour of emission-line strengths
in this section is for non-spinning BHs. To understand how BH spin
may play a role (particularly for the O vI and the C1V lines) in this
discussion, refer to Section 8.

6 NARROW EMISSION LINES

We want to know if the NELs will have different observable
properties as mass of the BH rises. Hence, we conducted CLOUDY
simulations of the NELs, as well. In the left-hand panel of Fig. 10, we
show the isocontours of calculated EWs (in log) for the [O 111] 5700
A line in the log ny—log r plane for Mgy = 10890 Mg and Lyoi/Lgga =
0.1. As mentioned in Section 3 (Table 4), we are using a different
range of ® and ny for NELs (as opposed to the right-hand panel
of Fig. 3). As NLRs are situated further away from the BLRs, the
range of ®(H) = Q(H)/47 > for which NELs are efficiently produced
is lesser than that of BELs (Peterson 1997). The EWs are measured
relative to the incident continuum at 4860 A which is then normalized
to the central wavelength of each line. We see that our contour plots
match closely with the contours presented in Ferguson et al. (1997)
for logNy = 23. The small differences are because of the slightly
different SED that we use. In the right-hand panel of Fig. 10, we
represent the contour for Mgy = 10'! Mg, to compare the efficiency
of line emission at higher masses. While the highest EW achieved
for the Mpy = 10® Mg SED is 10°7°, that for the Mpy = 10'! Mg
SED is 10", Thus, everything else remaining the same, the line
becomes fainter by 2.5 dex.

Over the entire range of parameter space, we used CLOUDY to
calculate the line strengths for almost all of the lines discussed in
Ferguson et al. (1997). However, for the scope of this paper, we use
results of six of them, namely H 8 4861 A, [O11] 5007 A, [O1] 6300
A, Ha 6563 A, [N11] 6584 A, and [S1] 6720 A. The individual
EWs were then used in equations (12) and (13) to calculate Ly,
and EW. The sensitivity of y and B of equation (12) in case of
NELs are presented in detail in Ferguson et al. (1997) and shows
that for dust-free models like ours, y = —1.25 and g = —1.4 fits
the observational spectra the best. Hence, we use these indices for
our calculations. In the case of BELs, we had used an upper limit
for (= Rkeplerian) corresponding to v, = 1000 km s~!. To make a
clear distinction between BLR and NLR, we use a similar idea, but
this time for lower limit of 7(= Rieplerian) cOrresponding to vmax =
500 kms~!. The results are shown in Fig. 11 (main panel). Note that
unlike some of the BELs (O v 1036 A, C1v 1549 A, and He 1640
A), the EW of [O111] 5007 A line decreases monotonically with the
increase in the mass of the BH. EW of [Om] 5007 A drops by ~
1.5 dex from Mgy = 10% to 10'© M. This amplitude is similar to
those seen for most of the BELs. The same behaviour holds for all
six NELs that we are discussing in this paper.

To understand the evolution of the [O 1] 5007 A line EW, we
again refer to Fig. 8. The ionization potential of O II is similar to that
of He1, but the corresponding [O 111] line does not exhibit a turnover
in EW, similar to that of He 1 1640 A BEL. The EW profile is rather
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Figure 11. log€W of [Om] 5007 A as a function of logMpp/Mg for
different Lyo1/LEqq. In the inset panel, we have compared, for accretion rate
0.1, modified £Ws where the LOC integration was done up to = 1000, 500,
100, 50 pc (dashed black lines, from top to bottom, respectively).

similar to that of the Hydrogen lines H « and H g, indicating that it is
the shape of the SED at the energy range of the [O111] line’s central
wavelength, that determines the strength of the line. Because [O 111]
5007 A, is a forbidden line, it is the energy (of the illuminating SED)
at the central wavelength of the line, that is of more importance than
the energy at the IP of O11, as explained by the Stoy energy balance
temperature indicator (see section 5.10 of Osterbrock & Ferland
2006). The evolution of the EWV of all the other five NELs would be
similar to that of [O 111] 5007 A, because they too are forbidden lines.

The EWSs of O 5007 A EWs are higher from that usually
observed for the O 11 line (<100 —fig. 1 of Risaliti, Salvati & Marconi

2011 shows a distribution; also see Shen et al. 2011). One reason for
the discrepancy is because we did not put any constraint on the
upper limit of r in the LOC integration of NELs. We demonstrate the
effect of incorporating this constrain in the inset of Fig. 11. Notice
the comparison, with the solid red curve, of the modified EWs as
the upper limit on r is varied from 1000 to 50 pc, through 500 and
100 pe. For the ryqex = 100 pe profile, we see that for the 108 Mg, BH,
log(EW) ~ 2.5, which yields a value about 0.5-1 dex higher from
the predictions of Risaliti et al. (2011). While we understand that
the sample in Risaliti et al. (2011) can have BHs with higher mass
and/or lower accretion rate, the second reason for the discrepancy
is the use of the uniform/constant covering factor of 0.24, a value
that is motivated by the study of broad lines and satisfies the BEL
EWVs, as we have seen in Section 5. Baskin & Laor (2005) show that
this value for covering factor for [O 111] 5007 A line ranges between
0.02 and 0.2. If we account for this additional factor of 10 (drop in
EW), we reach a good agreement with the observed values reported
in Risaliti et al. (2011). That we rely on ryax to be 100 pc, or lower,
is an indication, that we usually observe more compact NLRs. This
initial analysis shows here, that there is scope of discerning the nature
of NLRs (and also BLRs) if a rigorous, systematic analysis of the
variations of the LOC parameters are conducted for NLRs, a study
beyond the scope of this paper.

7 LINE RATIOS

7.1 Narrow lines and BPT diagrams

Unlike BELs, NELs are not direct signatures of AGN activity.
For example, SFRs also emit NELs (of the order of 100 km
s~!). So, making the distinction between the two becomes very
important. That is where the BPT diagrams become very useful.
BPT diagrams were first plotted by Baldwin et al. (1981) to classify
galaxies based on their excitation mechanisms. They found an
empirical method of separating AGNs from SFRs based on line
ratios.

MNRAS 497, 2992-3010 (2020)
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only for Mgy = 108 Mg, is marked in red triangles. We have plotted a black square corresponding to the AGN whose total luminosity is 10*’ergecm=2s~! to

indicate the position of brightest known quasars on our plot.

Kewley et al. (2001) used theoretical pure star photoionization
models to give a maximum starburst line for some of the important
BPT line ratios to distinguish AGNs from SFRs more cleanly. We
use the same line ratio planes as Kewley et al. (2001). The maximum
starburst lines given by Kewley et al. (2001) are plotted as the solid
red lines in each panel of the Fig. 12.

The equations for these lines were as follows:

log([O m/HB) > 0.61/[log(IN11[/He) — 0.47] + 1.19, (15)
log([Om)/H B) > 0.72/[log([Sul/He) — 0.32] + 1.30, (16)
log([O m/H B) > 0.73/[log([O1/Ha) + 0.59] + 1.33. 17

There have been other schemes of demarcation as well. For
example, the semi-empirical line given by Kauffmann et al. (2003)
is marked as a dotted and dashed blue line in the left-hand panel of
Fig. 12. As predicted by Kewley et al. (2001), the region below the
solid red lines is expected to be the part of the plane populated by SFR
line ratios, while the region above represents the AGN activity. As
such, these line ratios have also become a method to look for AGNs.
Our theoretical predictions as a function of Mgy in the line ratio
planes are traced by the dashed black lines in Fig. 12, for Lyo/Lgad =
0.1. We see that for the higher mass BHs (10%° My < Mgy <
10'°75 My,), the line ratios of NELs move into the SFRs of Kewley
et al. (2001) plots. Hence these higher mass BHs will be incorrectly
detected as SFR using these diagrams. We have further plotted the
line luminosity ratios for different accretion rates Ly/Lgqq (but only,
for Mgy = 108 M) with red triangles in Fig. 12. Note that, the less
luminous BHs (even for lesser mass ~10% M) also start to seep into
the SFR. This change is due to the disc SED being cooler, comparable
to O-star temperatures, and so produce similar emission lines to H1
regions. Therefore, by using this method to distinguish AGNs from
SFRs, we are losing low accretion rate and high-mass BHs.

7.2 Line ratios for BELs

As seen in Fig. 6, for some emission lines a particular log(EW)
corresponds to two different BH masses. O vI 1034 A, C1v 1549
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A, and to some extent Hell 1640 A show degeneracy at the high-
mass end whereas Mg 112798 A, H § 4861 A, and Ha 6563 A show
degeneracy at the low-mass end. Therefore, if we try to estimate the
BH mass using just the observed line strengths, we might end up with
two very different values for BH masses agreeing to the observed
line strengths. To remove this degeneracy, we plot the line luminosity
ratios on a multiline plane as a counterpart to the BPT diagrams for
NELs (Fig. 13). Blue circles in Fig. 13 are line luminosity ratios for
different masses for accretion rate Ly /Lggg = 0.1 traced by a black
dashed line. The red triangles are line luminosity ratios for different
accretion rates Lyo/Lgqq, but only for Mgy = 108 M. Such plots will
be of use to determine the BH mass just by using the observed line
ratios. This may be a new tool for selecting HMBHs.

8 SPINNING BLACK HOLES

BHs are known to have spin associated with them (Reynolds 2014,
2019). Our analysis in the previous sections was motivated to
look at the influence of mass variation on the changes in the line
emission strengths. Just as the change in mass varies the SED,
so does the variation in the spin of the BH (see Bertemes et al.
2016 for a detailed discussion). Hence, in this section, we look
into the effect of the spin of the BHs. We do the same rigorous
analysis of emission-line strengths, as in previous sections, but
comparing, only, the ‘maximally spinning’ BHs to the zero spin
ones (analysed in the previous sections), because they will show
the maximum deviation from the spin zero case. Results for any
intermediate spin is beyond the scope of this paper — it is expected
that results for the intermediate spin BHs will simply, lie in between.
The more quantitative rigorous analysis will be conducted in future
publications where we intend to compare theoretical predictions with
observations.

DISKBB is a SED package that does not have spin as an explicit
input parameter. However, since all SED generation in the previous
sections relied on DISKBB, we find a way to tweak and use the
same package, for BHs with spin, for the sake of uniformity. We
know that the innermost stable circular orbit of the accretion disc
of a spinning BH moves relatively closer (compared to that of a
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Figure 13. Line luminosity ratios of few observable prominent BELs as a function of BH mass for Ly1/Lgdg = 0.1 is marked in blue circles and are labelled
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of BELs. We see that the degeneracy is lost when we plot the ratios on multiline plane. Line luminosity ratios as a function of accretion rates, but only for

Mgy = 10% Mg, is marked in red triangles. We have plotted a black square corresponding to the AGN whose total luminosity is 1

the position of brightest known quasars on our plot.

non-spinning or less spinning one) to the BH. Thus, in equations (1)
and (3), if we opt for a smaller value of R;,, while correctly adjusting
for 1, then we can mimic the SED of a spinning BH, even while using
the package DISKBB. To understand what will be a reasonable Ry,
modification to assume, we compare with an SED generated by the
package OPTXAGN (Done et al. 2012), from XSPEC version 12.10.
In OPTXAGN, we generated the accretion disc SED of a maximally
spinning (a* = 0.998) BH of mass 108 Mg, accreting at Lgise =
0.1Lgqq. Keeping the mass and the accretion rate constant for the
BH, when we used DISKBB input parameters, we found a very good
match of the SED, for Ry, = Ry = 2R (resulting in n = 0.75), while
comparing L, (2500 A) and the energy where the SED peaks (two
important aspects relevant to the analysis in this paper). Hence, we
proceed to make this a norm for SEDs in this section (and the paper)
for BHs with spin — we use DISKBB, with R;, set to Ry = 2Rs. We
understand that for a non-spinning BH, R;, = R, (or n = 0.75) is
less than the allowed limit of 3 R,. Thus, for DISKBB, which is a
package for spin zero BHs, using Rj, = R; is unphysical — we made
this choice as an artificial fix in the package which cannot include
the effects of spin, in any other way. Fig. 14 shows the comparisons
of the resultant SEDs for 10% Mg, accreting at Ly = 0.1Lgqq (6 =
30°). Compared to the Schwarzschild SED (red, dotted and dashed
line), the peak of the SED for the maximally spinning BH is shifted
by 0.25 dex (and 0.15 dex), higher in frequency, for the DISKBB
(and the OPTXAGN) SED. At the He I ionization edge (at 228 A),
the maximally spinning DISKBB (and OPTXAGN) SED is 0.2 dex
(and 0.16 dex) higher in normalization than the Schwarzschild SED.
We generate SEDs corresponding to a range of 10° < Mpy < 10,
but, this time, with an interval of 1.0 dex. These SEDs are then used
through CLOUDY to predict emission-line strengths for both BELs
and NELs, in the same way that have been discussed in the previous
sections, for the Schwarzschild BHs. The results of this analysis is
presented in Figs 15 through 17.

We see that in the case of spinning BHs (of same mass Mpy = 10*
Mg), EW for C1v 1549 A is higher (by 0.45 dex) than that for the
Schwarzschild BHs and this factor decreases for HMBHs (Fig. 15).
However, the overall trend of declining £V, for all the lines, as
a function of mass, still remains true even in the extreme case of
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Figure 14. Comparison of SEDs of maximally spinning and non-spinning
BH for Mgy = 108 Mg. Note that the peak of DISKBB is more energetic
and power-law component is less prominent for spinning BHs.

maximum spin. We had noted earlier that for the O vi and C1V lines,
the EW turns over at the high-mass end, for Schwarzschild BHs
with Lyo/Leag < 0.1. However, we do not see such turnover for the
spinning BHs. This is not surprising, because, for the same mass, the
SED of the spinning BH has the same effect as the SED of BH with
a higher accretion rate (see Fig. 6). On the other hand, the £V for
H « drops much less, for spinning BHs!

Fig. 16 demonstrates that the Baldwin effect, for the C1v line holds
fort, for spinning BHs; in fact, higher the spin, better would be the
match of the slope of the profile with the value —2/3 (—0.66), since
the Baldwin effect is EW ~ L;2/3(1450A). For the non-spinning
BH, the slope is —0.53 for the mass range 103—10"! M, and for the
spinning BH, the slope is —0.67, for the mass range 10°—10'2.

Fig. 17 shows the line ratios for the BELs (top panels) and
NELs (bottom panels). There are clearly quantitative differences
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Figure 16. The Baldwin effect demonstrated for the zero spin and highly
spinning BH.

in the line ratios, but the overall trend remains the same even for
the spinning BHs. Even though higher mass spinning BHs fall
into H1I region of Kewley plots, it happens only for Mgy > 10'°
Mg (as opposed to Mgy > 10° My, in the case of non-spinning
BHs).

9 EMISSION-LINE STRENGTHS IN LOWER
MASS SCHWARZSCHILD BLACK HOLES

We have mainly focused in this paper on the super to hyper massive
BHs, with the motivation to see how emission-line strengths evolve
as this transition is made. In Chakravorty et al. (2014), on the other
hand, the authors had concentrated their efforts on the low-mass
BHs. Since, accretion discs of lower mass (<10° My) peak at EUV,
the part of the SED which ionizes the line emitting gas, is entirely
dominated by the disc SED. Hence, in Chakravorty et al. (2014) had
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ignored the power-law component. Reconstructing a disc plus power-
law SED for the low-mass BHs would require involved analysis of
observations, and such an exercise is beyond the scope of this paper.
However, following the cue of Chakravorty et al. (2014), we can
rely on ‘approximate’ SEDs for the lower mass Schwarzschild BHs,
where the disc is the only component. After construction of these
SEDs, for Lyo/Lgga = 0.1, and 10> < Mgu/Mg < 10° (at steps of
1.0 dex) we run them through CLOUDY to calculate the emission-line
strengths. Following the same methods, on the line emissions, as for
the higher mass BHs, we try to build a ‘continuum’ of emission-
line properties across the entire mass range 10> < Mgu/Mg < 10'2.
While, the SEDs for the lower masses, may not be accurate, we get
a few interesting insights.

Fig. 18 shows that there is a ‘sweet spot’ in BH mass range
10°—10° My, where the strong emission lines like C1v and H o peak
and their £V drop sharply, on both sides of this mass range! This
is a striking result, because this gives us an insight into the resultant
selection bias that all emission-line surveys must have in favour of
109—10° My, BHs. This is in fact where most AGN BH masses are
found (e.g. in Shen et al. 2011, and references therein). Given this
bias, it could be that the true range of BH masses is much broader
than has been supposed. O VI seems to have a constant strength down
to masses, as low as 10* Mg . So, in the search for intermediate-mass
BHs, this would be the best emission line to target. O VI is hard to
detect, however, as it requires far-UV spectroscopy at low redshifts,
as from FUSE (Kriss 2004), while at high redshifts it is almost always
absorbed by the Lyman alpha forest.

Fig. 19 shows the line ratios for the entire mass range, for BELs
(top panels) and NELs (bottom panels). The BPT diagrams of
the ratios of the different NELs is a common tool, now, not only
to distinguish AGNs from SFRs but even to distinguish Seyfert-
like AGNs from LINER-like AGNs. Note that Chakravorty et al.
(2014) had presented some results about how the £V of BELs will
look like, albeit with much less rigour than has been used in this
paper. However, there has been no investigation of the evolution of
the BPT diagrams, concentrating on the low-mass end. In Kewley
et al. (2006), the authors had introduced a dividing line between
Seyferts and LINERS, shown as the dotted red line on the (middle)
log([O 11]/H B) versus log([S 11]/H &) and the (right) log([O 11]/H B)
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Figure 19. As an extension from Fig. 12, we have calculated the line ratios for lower mass BHs, 10> Mg < Mpy < 10® Mg (extended black dashed line,
studded with magenta star symbols) at a steps of 1 dex. We have used just the DISKBB component of the SED.

versus log([OT1]/H ) line ratio planes. In Fig. 19, bottom panels,
while in the middle panel even the low-mass BHs are consistent with
Seyfert-like line ratios (except for log(Mpu/Mg) < 2), in the right-
hand panel, BH with masses lower than 10*° M, are consistent with
being LINERS.

A more rigorous calculation about the low-mass BH NELs is
beyond the scope of this paper, because this paper deals with HMBHs.

10 DISCUSSION

10.1 On truncated discs and radiatively inefficient accretion
flows

To model the radiation from the accretion disc, we have used the ‘thin
disc paradigm’ and used the Shakura—Sunyaev model (Shakura &
Sunyaev 1973; Frank et al. 2002) where L~ 1, however, when the
accretion rate decreases below m < 0.01, L~ m?. The accretion
flow close to the BH becomes very different, the disc becomes
optically thin and geometrically thick and radiatively inefficient.
We are pursuing the calculations for such radiatively inefficient
accretion flow (RIAF) in a separate analysis. In such cases, there
are often signatures that the innermost parts of the accretion disc
are truncated, where the radiatively inefficient flow dominates, and
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there is an outer thin disc. SEDs, corresponding to such scenarios
are different flavours of the may be similar to the RIAF SEDs. We
will address such SEDs, also, in the RIAF paper. Since these SEDs
are predicted to be ‘dim’ in UV and optical but bright in X-rays,
in addition to looking at the emission-line properties, we will also
look into the properties of the X-ray warm absorbers for SMBH
harbouring RIAFs.

10.2 On the 150 eV soft excess component of AGN SEDs

X-ray observations from ROSAT and XMM—-Newton show the pres-
ence of unaccounted excess intensity at £ < 1keV known as the
soft excess component, in the observes spectra of typel AGNS.
(Elvis, Wilkes & Tananbaum 1985; Brinkmann 1992; Buehler et al.
1995; Pounds & Reeves 2002). This component is usually by a
blackbody with temperature 7, ~ 100 —200eV (i.e. peaking at
~ 282 — 564 eV) (Matsumoto, Leighly & Marshall 2004; Porquet
et al. 2004; Vignali et al. 2004; Piconcelli et al. 2005; , and
references therein). The ratio of the soft excess luminosity to power-
law luminosity (between 0.1 and 10 keV) is independent for each
object, for e.g. it is 0.04 in Mkn 304 (Piconcelli et al. 2005) and
21.0 in Ark 564 (Vignali et al. 2004). The DISKBB model, though
represents UV SED of the observed AGN spectra satisfactorily,
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cannot model the soft excess component because centres of SMBHs
are too cold to reach the peak temperature at ~ 0.5 keV. Soft excess
component can be explained only by making modifications to the
DISKBB model (Czerny & Elvis 1987; Korista, Ferland & Baldwin
1997) or by introducing an additional spectral component.

In this paper, we have ignored the soft excess as a component of the
AGN SED. Because the physical origin of the soft excess component
is not certain, hence it is not easy to relate it, in a systematic way,
to either the accretion disc component or the power law. There is
no empirical relation that will guide us to find the evolution of the
soft excess component as a function of the BH mass. The task of
finding the correct prescription to relate these components is beyond
the scope of this paper. In our future attempts at deriving more
physically motivated SED, we can use (for example) OPTXAGN to
generate the soft excess as a function of the disc component (which
will have a dependence on the mass of the BH).

The soft excess component could be further ignored, for this paper,
because of the energy range where it dominates. As mentioned above,
soft excess peaks at ~ 282 — 564 eV. The ions emitting the BELs
and NELs, discussed in this paper, are unlikely to be influenced by
photons with such high energies — for example, the IP of O V is
~114 eV and the central wavelengths of all the lines are in the UV
range. So, for the purpose of this paper, the soft excess would have
been a redundant component.

11 CONCLUSIONS

(i) The motivation of this paper was to test, for Schwarzschild
BHs, (i) if there is a higher mass cut-off above which BHs cannot
efficiently produce typical BELs such as OvI 1034 A, C1v 1549
A, He 1640 A, Mg 2798 A, H8 4861 A, and Ha 6563 A used
to detect AGNss, (ii) how would ratios of the NELs evolve for the
HMBH (>10° My,), in the standard BPT diagrams involving H
4861 A, [0 111] 5007 A, [O1] 6300 A, Her 6563 A, [N11] 6584 A, and
[Su] 6720 A.

(ii) We wanted to probe the HMBHs with mass >10% M. The
first step in the analysis was to build a method of producing
systematic mass-dependent AGN SEDs for the range 10°—10'2 M.
For HMBHs, the peak of the disc component moves to lower energies
and hence the important conventional wavelength of 2500 A sees
a different part of the disc radiation in case of the most massive
HMBHs. We used the latest empirical results known, for the SMBHs
and used judicious extrapolations to form a suite of SEDs for all BHs
in the aforementioned mass range.

(iii) These suites of SEDs were used in CLOUDY to calculate
emission-line strength for gas clouds with a wide range of densities
and placed over a wide range of distance from the BH. This exercise
was done for both the (popularly known) BEL and NELs. The
CLOUDY calculated EWs of the individual clouds were then suitably
added and averaged using the ‘LOC’ model to predict the final
effective EW €W and luminosity of the emission lines. These
emission-line strengths and their ratios were then used to predict
observables for the HMBHs.

(iv) We found that the optical BELs, like H 8 4861 A and Ho
6563 A are not the best tracers to look for HMBHs because these
lines” EW drop by about a factor of ~100 as mass increases from
10% to 10'® Mg, This is a very important point to note because large
optical surveys like SDSS use these optical broad lines to look for
AGN activity. If we want to look for HMBHs, the UV line O Vi
1034 A would be the most useful because its strength undergoes a
significant and interesting turnover, from their drop, in intensity, for
the highest mass BHs.
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(v) The Baldwin effect is clearly reproduced by the changing
SEDs in our calculations. C1v £V scales as ~ LﬁQMSOA) for
the super to hypermassive BHs (~10%—10'" My,). It approximately
holds for accretion rate, as low as 0.03, but the relationship matches
better for higher accretion rate (or higher spin of the BH), and also
spans a larger mass range (up to ~10'! Mo).

(vi) Studying the BPT diagrams for the NELs, reveals that BHs
with the highest mass with/or low accretion rate may have line ratios
consistent with SFRs, thus making it very difficult to find them in
this way. This, further, implies that the number of actively SFRs
are being overestimated in large survey samples like SDSS and the
number of massive BHs are being underestimated. This effect adds
to the above-mentioned bias against HMBHs in broad-line detection.
Such a realization should have a profound effect on the luminosity
functions of both these classes of objects, namely AGNs and normal
(but actively star-forming) galaxies.

(vii) Following the principles of BPT diagrams, we have proposed
line ratio diagrams for the BELs, too. The log(€W) profile is often
degenerate in mass, which can be broken, by using the line ratio plots
for BELs. Note that above-mentioned degeneracy is pronounced and
noticeable because we are dealing with a much wider mass range
here.

(viii) After considering mass and accretion rates as two main BH
parameters which alter the SED of the accretion disc, we also paid
attention to the spin of the BH. Since maximally spinning BHs will
have the most different SEDs, compared to Schwarzschild ones, we
compared these two, for the super to hyper massive BH mass range,
while holding the accretion rate constant at 0.1. The effect of the
spin turned out to be similar to the effect of the accretion rate, for
the BH of same mass. Both of these parameters tend to increase the
peak energy E.x where the SED has a maxima. The drastic fall off
of the line £V with increasing mass cannot be arrested, for even
the spinning BHs, they also satisfy the Baldwin effect. The spinning
HMBHs also plunge into the SFR region of the BPT diagram, only
for relatively higher masses. Only, if we have a maximally spinning
high accretion rate (~1.0), HMBHs, then they may be populating the
AGN region of the BPT diagrams.

(ix) We have further, investigated the change of £V for lower
masses (<10® Mg). We find that the strong observable emission
lines like the C1v and Ha favour a mass range 10°—10° My and
drop off sharply, in EW, on both sides of this mass range! This is
a striking result, because this gives us an insight into the resultant
selection bias that all emission line surveys must have in favour of
10°—10° My, BHs. This is in fact where most AGN BH masses
are found. Given this bias, it could be that the true range of BH
masses is much broader than has been supposed. O VI is the best
emission line to look for intermediate-mass BHs as it maintains
a constant £V down to 10* Mg. The BPT diagrams for lower
masses show that for some line ratios, they tend to behave like
LINERS.

(x) Ourresults show that weak emission lines from HMBHs would
be very difficult to detect using the current optical facilities. However,
these same results establish a benchmark which can be used by future
30 m class optical telescopes to look for HMBHs.
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APPENDIX A: ADDING DISC AND POWER LAW
WITHOUT EXTRAPOLATION RELATION FOR
HMBHS

In Section 2.3, we have described that to build our SEDs, we use a
method of extrapolation to scale the Ly /Ly, for HMBH, while using
equation (8) for the SMBHs. This is the method, which has been
used throughout the paper and we call this method as ‘extrapolated
ratio” in this section. One might argue that equation (8) does not
distinguish between SMBHs and HMBHs and so this equation should
be used directly, even for the HMBHs and should not be extrapolated.
However, these extrapolations, which become important only for the
HMBHs, are based on the physics of accretion discs. However, in this
section, we show that if we directly used equation (8) for the highest
masses, to scale the power law with respect to the disc, and add the
two components, the differences in the results would be minor, and
effectively has no difference in the qualitative inferences. We call
this second method of creating the SED (relevant in the context of
the HMBHs, only) as ‘Lusso ratio’, in this section.
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Figure A1. Comparison of SED (called ‘Lusso ratio’) constructed using ‘just’ equation (5) (Lusso & Risaliti 2016) versus SED (called ‘extrapolated ratio”)
using our more rigorous method using Fig. 2 and equation (6), for black hole of mass 10'© Mg and Lyoi/Lggq = 0.1.
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Figure A2. Comparison of some of the £V as an extension from Fig. 6. The SED generation schemes are marked in the Figure.

(i) In Fig. Al, we show the SEDs of BHs of same mass 10'°
Mg and Lyo/Lgsa = 0.1, but different schemes of SED gener-
ation, as labelled. We demonstrate that the variation in SED is
minor. Such SEDs were generated for Ly, /Lgga = 0.1, but only
for BHs whose SEDs were generated using ‘extrapolated ratio’
method, namely the mass range >10%% Mg. Note that BHs

with lower mass, the ‘Lusso ratio’ method was anyway, used.
So whatever differences arise because of the variation of scheme
of SED creation, will affect the results for only the higher mass

BHs.

(i1) Referring to Figs A2 and A3 we see that there is absolutely no

qualitative difference to the results.
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Paper II - Mid-Infrared observati@ns of
Galactia€entre

The GC is an exciting region to study star formation as the environmental fac-
tors there are quite extreme. High-angular resolution observations close to the
SMBH (Sgr A*) at the GC have shown the presence of a ring (~1.5-7 pc) of
clumpy molecular gas and warm dust called CND. A system of three ionized
clumpy streamers called mini-spiral extends from the inner edge of CND up to
a few arcseconds from the Sgr A*. There are several pieces of observational
evidence for outflows in this region e.g. mini-cavity, several bow-shock sources,
etc and this lets only a small fraction of the available material reach and accrete
onto the SMBH. The dynamics, as well as the physical properties of gaseous-
dusty structures within the sphere of the gravitational influence of Sgr A*, are
crucial for the understanding of the mass and the momentum transport from
larger to smaller scales ultimately leading to Sgr A*.

In this work, we have looked into the physical processes in this turbulent
region of GC. We present the proper motions of the largest consistent set of
resolved and reliably determined dusty sources. In addition to stellar orbital
motions, we identify a stream-like motion of extended clumps along the mini-
spiral. We also delve into the structures and origins of the dusty sources.

The results are reported in the following peer-reviewed article published in
The Astrophysical Journal.

Credit: H. K. Bhat, N. B. Sabha, M Zajacek et. al., ApJ 929, 178 (2022).
Reproduced with the permission of © American Astronomical Society.
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Abstract

Mid-infrared (MIR) images of the Galactic center show extended gas and dust features along with bright infrared
sources (IRS). Some of these dust features are a part of ionized clumpy streamers orbiting Sgr A*, known as the
mini-spiral. We present their proper motions over a 12 yr time period and report their flux densities in N-band
filters and derive their spectral indices. The observations were carried out by VISIR at the ESO’s Very Large
Telescope. High-pass filtering led to the detection of several resolved filaments and clumps along the mini-spiral.
Each source was fit by a 2D Gaussian profile to determine the offsets and aperture sizes. We perform aperture
photometry to extract fluxes in two different bands. We present the proper motions of the largest consistent set of
resolved and reliably determined sources. In addition to stellar orbital motions, we identify a stream-like motion of
extended clumps along the mini-spiral. We also detect MIR counterparts of the radio tail components of the IRS 7
source. They show a clear kinematical deviation with respect to the star. They likely represent Kelvin—Helmbholtz
instabilities formed downstream in the shocked stellar wind. We also analyze the shape and orientation of the
extended late-type IRS 3 star that is consistent with the Atacama Large Millimeter/submillimeter Array
submillimeter detection of the source. Its puffed-up envelope with a radius of ~2 x 10° R, could be the result of
the red-giant collision with a nuclear jet, which was followed by tidal prolongation along the orbit.

Unified Astronomy Thesaurus concepts: Galactic center (565); Infrared photometry (792); Galaxy kinematics (602)

CrossMark

1. Introduction

High-angular-resolution observations of the vicinity of the
compact radio source Sgr A™ in the Galactic center (GC), which
is associated with the supermassive black hole (SMBH; Eckart
et al. 2002; Genzel et al. 2010; Falcke & Markoff 2013; Eckart
et al. 2017), showed the presence of a ring of dense clumpy
molecular and neutral gas and warm dust, called the circum-
nuclear disk (CND), extending from ~1.5 to ~7 pc (Vollmer
et al. 2004; Christopher et al. 2005; Mills et al. 2013; Hsieh et al.
2021). The CND surrounds an ionized central cavity which has a
much lower mean gas density within ~1-1.5 pc radius with a
total mass of ~60 M, (Lo & Claussen 1983; Blank et al. 2016).
At the Bondi radius, rg ~ 0.14(kgT /1.3 keV) !pc, the mean
electron number density is n, = 26 f,, 172 ¢m—3 (Baganoff et al.
2003), where fy is the filling factor of 1.3 keV plasma, while the
CND density reaches ~10°-10®cm™ in molecular cores
(Jackson et al. 1993; Shukla et al. 2004; Christopher et al.
2005). Mossoux & Eckart (2018) found a depression in the
X-ray surface brightness at the position of the CND, which could
be attributed to the CND acting as a barrier for the hot and
diluted plasma in the central cavity. A system of orbiting ionized
clumpy streamers and gas filaments extending inwards from the
inner edge of the CND is denoted as the mini-spiral (Lo &
Claussen 1983; Nitschai et al. 2020, and references therein). The
western arc of the mini-spiral appears to have a circular orbit
similar to the neutral gas in the CND. However, the northern and

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

the eastern arms penetrate deep into the ionized cavity on
eccentric orbits and reach up to a few arcseconds from Sgr A,
possibly colliding in the Bar region (Becklin et al. 1982; Jackson
et al. 1993; Christopher et al. 2005; Zhao et al. 2009).

There have been several studies on the kinematics of the
mini-spiral. Vollmer & Duschl (2000) derived a 3D kinematic
model of gas streams that describes the bulk motion of the
mini-spiral in three different planes based on a data cube of the
[Ne11] line (12.8 pm), with the main plane coinciding with the
inner rim of the CND. Paumard et al. (2006) performed a
kinematic study and showed that the northern arm consists of a
weak continuous surface that is drawn into a narrow stream
near Sgr A*. Using L’-band data (3.8 um), MuZié et al. (2007)
provided proper motions of a number of thin dusty filaments
along the mini-spiral and considered a central, partially
collimated outflow as the possible explanation for their
formation and motion along the mini-spiral, with some
deviations from a purely Keplerian rotation. Based on radio
observations using the H92a and H30« lines, Zhao et al.
(2009) and Zhao et al. (2010) determined the 3D velocity field
of the mini-spiral. The ionized streamers can dynamically be
modeled as a system of three bundles of quasi-Keplerian orbits
in the potential dominated by the central mass of <10’ M., i.e.,
dominated by SgrA* (Zhao et al. 2009, 2010). The orbital
planes of the northern arm and the western arc are nearly
coplanar, while the eastern arm plane is perpendicular to them.

In the central parsec, there is a nuclear stellar cluster (NSC) that
consists predominantly of the nearly spherical old cluster of late-
type stars as well as the cusp of ~100 massive young OB /Wolf-
Rayet (WR) stars that supply about 3 x 10> M, yr™ " in the form
of stellar winds (Najarro et al. 1997; Moultaka et al. 2004;
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Schodel et al. 2014). However, less than 1% of the Bondi
accretion rate is accreted by Sgr A* (Bower et al. 2003; Marrone
et al. 2006; Wang et al. 2013). Blandford & Begelman (1999)
proposed a solution for the low accretion rate with the adiabatic
inflow-outflow model, in which most of the gas that is accreted
has positive energy and is lost through winds and only a small
fraction is accreted onto the SMBH. Observational evidence for
the outflow first emerged with the detection of the “mini-cavity”
region on radio maps by Yusef-Zadeh et al. (1990). The detection
of a strong [Fe III] bubble surrounding Sgr A* (Eckart et al. 1992;
Lutz et al. 1993) has led to the conclusion that the fast wind
originating within the central few arcseconds blows into the
orbiting streamers creating an expanding gas bubble. This has also
been supported by Pei3ker et al. (2020b), who found that some
identified dusty sources located to the west within the S cluster
exhibit Doppler-shifted [Felll] multiplet lines that could be
excited by the collimated wind outflowing in their direction
toward the mini-cavity. The extended region of low excitation
centered on Sgr A* (Schodel et al. 2007) and the mass-losing
envelope, along with the extended tail of IRS 7 (Yusef-Zadeh &
Melia 1992), could also be influenced by a strong central wind
coming from the central few arcseconds. Closer to SgrA*, the
orientation of infrared-excess, comet-shaped sources X7, X3, and
X8 suggests the presence of a fast, collimated outflow that
originates in the Sgr A* accretion flow or in the collective wind of
OB/WR stars (Muzi¢ et al. 2010; Peilker et al. 2019; Yusef-
Zadeh et al. 2020; PeiBker et al. 2021). The nuclear outflow that
nearly balances the inflow is also consistent with the flat number
density profile of hot plasma, n, < 793 inside the Bondi radius,
as inferred from the analysis of the X-ray bremsstrahlung surface-
density profile (Wang et al. 2013). In a broader context, the past
active jet of Sgr A* could have contributed to the depletion of
bright red giants in the GC due to the intense stripping and
truncation of their extended envelopes (Zajacek et al.
2020a, 2020b; Karas et al. 2021).

To fully understand the dynamics of these processes, it
becomes important to get proper motions or tangential
velocities of the various parts of the CND as well as the
mini-spiral. The dynamics as well as the physical properties of
gaseous-dusty structures within the sphere of the gravitational
influence of SgrA* are crucial for the understanding of the
mass and the momentum transport from larger to smaller scales
all the way to Sgr A™.

In this work, we analyze mid-infrared (MIR) images of the
central parsec at two wavelengths in the N band, the 8.59
(PAH1 filter) and the 13.04 um (Ne II_2 filter), over the course
of 12 yr. This allows us to study the proper motions of infrared-
excess sources of the NSC as well as of identified extended
objects in the mini-spiral region. The photometric information
at two wavelengths enables us to infer the spectral indices that
in turn shed light on the properties of the identified sources. We
manage to identify MIR components associated with the
circumstellar material of two late-type stars, IRS 7 and IRS 3,
which manifest their interaction with the -circumnuclear
medium.

The paper is structured as follows. In Section 2, we describe
the data set used and the imaging tools that were applied.
Subsequently, in Section 3, we describe the main results of the
analysis, including the MIR differential map, tangential
velocities, and the photometry, including spectral indices. In
particular, we focus on the identification of the MIR
components of IRS 7, the extended circumstellar structure of

Bhat et al.

Table 1
Details of the Observed VISIR Images at Eagl,'._\; Epoch

Year Pixel Scale FOV of a Single Image
2006 07075 1972 x 1972
2007 07075 1972 x 1972
2010 07127 3275 x 32”5
2016 07045 38”70 x 38”0
2018 07045 38”0 x 38”0

IRS 3, and the general characteristics of the identified dusty
sources. We discuss the results in Section 4, and subsequently
conclude with Section 5.

2. Data and Observations
2.1. VISIR

Observations were carried out at the ESO’s Very Large
Telescope (VLT, UT3) using the VLT Imager and Spectro-
meter for the mid-InfraRed (VISIR) at five different epochs
covering a total time from 2006 to 2018 in the N-band PAH1
(8.59 um) and Nell_2 (13.04 um). Depending on the atmo-
spheric conditions, VISIR provides 0”25-0”74 angular resolu-
tion imaging with high sensitivity. The data used here were
obtained as a part of a larger survey (N. B. Sabha et al. 2022, in
preparation). The field of view (FOV) and spatial pixel size at
each epoch is listed in Table 1. To increase the signal-to-noise
ratio (S/N), jittered images with different offsets were added to
create a mosaic with a slightly larger FOV. To reduce the bright
and varying MIR background, differential observations with
the chop/nod mode were executed.

2.2. High-pass Filter

MIR images generally show dusty structures, dust-embedded
sources, stellar sources, and even emission from the mini-
spiral. Overlapping wings of point-spread functions (PSFs) can
create artificial sources and together with noise can complicate
the identification of extended objects of interest, especially in a
crowded FOV as in the central few arcseconds of the GC. In
order to obtain high-angular-resolution information and to
highlight the structures of the extended sources, we produce
high-pass filter maps. High-pass filters can be used as a
sharpener and to resolve the objects that are close to the
detection limit while preserving the shape of the extended
objects. This filtering technique and its significance are
described in detail in Muzi¢ et al. (2007); see also Peil3ker
et al. (2020a, 2021).

First, the Gaussian-smoothed (3-9 pixel Gaussian, corresp-
onding to 07375-0”405) version of the input image is
subtracted from itself. After removing the negatives, the
resulted image is smoothed again using a Gaussian whose size
is adjusted depending on the required angular resolution and
sensitivity. In Figure 1, we show the effectiveness of this
technique for isolating the signals and thereby reducing the
chance of confusion between nearby objects.

3. Results

3.1. Differential Map

To get a general idea of the direction of the bulk motion, we
produce a differential map using the smooth-subtracted images
from the 2006 and 2018 epochs. As illustrated in Figure 2,
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Figure 1. Central 24" x 24" region of the Milky Way in the PAH] filter (8.59 pum) in the top panel and in the Ne I1_2 filter (13.04 pm) in the bottom panel. The north
is up and the east is to the left. The right panel displays the high-pass-filtered version of the left image. All the dusty-filament-like structures and infrared-excess stars

are resolved and enhanced through the high-pass filter.

subtracting the images separated by large timescales essentially
represents the subtraction of two slightly shifted Gaussian
profiles. The result is a crude but clear indication of the
direction of the bulk motion. We first scaled (rebinned) and
transformed all PAH1 image frames into the common
coordinate system of the 2018 epoch using the positions of
IRS 10EE, IRS 9, and IRS 7 (and Ne II_2 image frames using
the positions of IRS 10EE, IRS 7, IRS 12N, IRS 15NE, and
IRS 17) to calculate the transformation matrix. These positions
were corrected for stellar velocities, as reported in the K band
by Schodel et al. (2009) and Genzel et al. (2000). The resulting
image (differential map) is presented in Figure 3 along with the
derived proper motions of the stellar sources, which are
discussed in subsequent subsections.

3.2. Proper Motions

We first identified the infrared sources (IRS) in N-band
images by comparing them with the K and L’ bands. To make
sure the proper motions that we calculate are reliable, we make

e
Direction of
motion

®-®-@

Figure 2. Difference of shifted Gaussian profiles as an indicator of the direction
of motion.
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Figure 3. Differential map produced by subtracting the PAHI 2006 image
from the PAH1 2018 image. The arrows correspond to velocities obtained by
measuring offset positions and velocities w.r.t. IRS 10EE, 9, and 7.

similar calculations for IRS sources in the K band and compare
them both with the velocities reported by Schodel et al. (2009)
and Genzel et al. (2000). We chose IRS 10EE, IRS 9, IRS 12N,
and IRS 7 as calibrators for PAH1 images (and IRS 10EE, IRS
7, IRS 12N, IRS 15NE, and IRS 17 for Ne II_2 images) as they
were unambiguously identifiable in both N and K bands and
had velocities, v, and vs, from Schodel et al. (2009). We
measure the offsets of each source of interest from these IRS
sources. We calculate relative velocities w.r.t. each of them and
then add their respective velocities (as given by Schodel et al.
2009), before averaging them to get the proper motions w.r.t.
Sgr A*. By doing so, we are minimizing the errors introduced
during the process of offset measurements. As an example, we
show in Figure 4 the v, and vs plots for the source IRS 1W.
Multiplying the proper motions with the distance to the GC,
Dgc=38.1kpc, gives the tangential velocity. We compare
tangential velocities in the N band and K band with Schodel
et al. (2009) and Genzel et al. (2000) in Appendix A. Table 5 in
Appendix A contains the calculated velocities in various bands
along with the literature values. Figures 12 and 13 in
Appendix A depict the deviations from Schodel et al. (2009).
It is important to note that the uncertainties in the fainter
sources could be larger than in the bright sources due to the
possibility of unresolved background sources blending with our
target sources. While the uncertainties of the Gaussian fits for
the positions is typically of the order of a few hundredth of a
pixel, we conservatively assume an uncertainty of 0.25 pixels
for that quantity. The mean absolute difference between the
velocities in the two filters is about 100 km s~ and standard
deviation of the angle difference is about 40°.

We then move on to calculate the tangential velocities of all
the extended sources in the FOV, concentrating especially on
the inner edge of the northern arm. We determine the positions
of each resolved source by fitting an elliptical Gaussian using
the data visualization tool QFitsView (Ott 2012). We derive
tangential velocities as described above and tabulate them in
Table 2. We only report velocities of those sources that are free
from confusion in at least three epochs. The uncertainties in the
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combined R.A./decl. velocities are about +120 km s~ ' and the
uncertainties in the flight direction are aboub~-30°. Figure 5
shows the source labels and the apertures used in the left panel
and their derived proper motion vectors in the right panel. We
have removed the velocity vectors belonging to the IRS sources
to get a clear indication of any bulk motion. We see a clear
stream-like motion along the inner edge of the northern arm
toward the southwest direction, which changes direction
sharply as it crosses the SgrA* to move in the northwest
direction (blue dashed arrow in Figure 6).

We assume that within the area of the mini-spiral’s northern
arm we find Ny, sources that truly belong to the northern arm.
The number of sources in that region which belong to the
underlying cluster is Nc. We assume that N¢ is a fraction of
N, NA> i.e.,

Nc = f X Nna. (D

The total number of sources detected within the area of the
mini-spiral’s northern arm is then given by

Nt = Nc + Nya = Nna X (1 + /) . 2

Therefore, even if all the Ny, sources move downstream one
would not expect that all sources observed in that region follow
that trend. While we assume that all the Ny, sources in the
northern arm will be headed downstream along the mini-spiral
arm, we also assume in a very simplistic way that half of the
cluster sources, N¢, in that area will be moving downstream
and half of them upstream. This implies that the ratio, R,
between the sources moving up- and downstream is

R— Nna +05Nc _ Nc/f+05Nc _ 2 L 3)
0.5 N¢ 0.5 N¢ f

As can be seen in Figure 5, we find that in the mini-spiral
region 11 sources move downstream and four sources move
upstream, implying R = 11/4 =2.75. Hence, we find that

2
R=241=275. @)
f

Therefore, that fraction, f, turns out to be just above unity,
with
f= 2 1.14, (5)
275 -1
just as expected for an additional contribution of dusty infrared-
excess sources due to the northern arm on top of a cluster
contribution with conceivably almost the same number density
in dusty, stellar infrared-excess sources. For an equal
contribution from the northern arm and the cluster in the
region of the northern arm, we would have expected R = 3.

3.3. Photometry

Even though there have been many photometric studies on
stars in the GC in various other wavelengths, they are limited in
the MIR (e.g., Blum et al. 1996; Ott et al. 1999; Tanner et al.
2002; Viehmann et al. 2005, 2006). We carry on these studies
on the extended dusty sources that we have identified.

Viehmann et al. (2006) report flux densities in various filters
including the N band. In the MIR regime, they performed
relative aperture photometry while relying on Tanner et al.
(2002) for flux calibration. Contrary to what is mentioned in
Viehmann et al. (2006), it appears that the reported N-band
flux densities are not extinction-corrected. For example,
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Figure 4. Proper motion, v,, and vs, of an example source IRS 1W. Relative velocities w.r.t. IRS 10EE, 7, 12N, and 9 were determined using offset measurements.

Error bars correspond to 0.25 pixels.

Viehmann et al. (2006) report IRS 21°s flux density as 4.56 Jy at
8.6 um, which is consistent with 3.6 Jy by Stolovy et al. (1996)
at 8.7 ym and 3.6 by Tanner et al. (2002) at 8.8 um. Stolovy
et al.’s (1996) results are based on the zero-point measurements
made with SpectroCam-10 on the 200 inch Hale telescope. As
both of these previous studies did not report dereddened fluxes,
if Viehmann et al.’s (2006) values were, in fact, extinction-
corrected we would expect it to be about 5 times higher. This
finding is further confirmed by two other independent studies by
N. B. Sabha et al. (2022, in preparation) and R. Schodel et al.
(2022, in preparation; through private communication), both
based on zero-point measurements provided by the ESO.

The flux densities were extracted via aperture photometry
using elliptical apertures to match the shape of extended or
filamentary sources (see Figure 5). Aperture sizes were
determined by fitting a 2D Gaussian along the semimajor and
semiminor axes of the source. We selected IRS SNE, IRS 10W,
IRS 7, and IRS 1W as calibrators using a source aperture and
background similar to Viehmann et al. (2006). As all the
elliptical apertures we use do not have the same area, we
measured the surface density of background contribution at
various apertures in the uncrowded regions of the image and
multiplied it by the area of each ellipse to get their background
contributions. An extinction correction of A, ~ 2.04 for PAH1
and A, ~ 1.34 for Ne II (Fritz et al. 2011) was applied to obtain
dereddened flux densities.

Table 6 in Appendix B lists the flux density values by
Viehmann et al. (2006), our results when we use similar
apertures and background as Viehmann et al. (2006), and our
results when we use aperture sizes determined by the FWHM
of the 2D Gaussian that we fit (our results in the table are
before extinction correction). The table shows that our
calibration approach results in source flux densities that are
in good agreement with the results from Viehmann et al.
(2006). It is to be noted that the central wavelength of the
Ne II_2 filter used for our images is 13.04 ym (Ne I_2), while
that of Viehmann et al.’s (2006) images is 12.81 um (Ne II).
For a; & 1 this difference corresponds to a 2% variation in flux
densities.

Table 3 lists both the reddened (F) and dereddened (F") flux
densities of all the reliable sources at both PAH1 (8.59 pm) and
Nell_2 (13.04 pm), along with their spectral indices, which
were calculated using

o — log(F'13.04/F's 59)
10g(8.59/13.04)

(6)

i.e., using the convention F & v'% or F o X%, In particular,
hotter sources (nonembedded stars) are characterized by a
positive spectral index in this convention, while dust-
enshrouded stars, colder dusty filaments, or potential compact
objects powered by nonthermal synchrotron emission (neutron
stars) exhibit a steep power-law spectrum with a negative
spectral index in the MIR domain.

In Figure 7, we depict the spectral indices of each source.
The color and the size of each source indicate the spectral index
and the flux density at the PAHI band, respectively. In
Figure 7, it is apparent that the brightest infrared-excess sources
are also warm and blue, while the fainter and colder dust
sources are along the mini-spiral.

3.4. Cometary Tail of IRS 7

IRS 7 (about 575 north of Sgr A™) is one of the brightest IR
sources in the region and is classified as a pulsating M1/M2
red supergiant (Carr et al. 2000; Paumard et al. 2014; Gravity
Collaboration et al. 2021). Radio (Yusef-Zadeh & Morris 1991;
Yusef-Zadeh & Melia 1992) and MIR (Serabyn et al. 1991)
observations of IRS 7 have revealed a bow-shock feature
toward the north and a cometary-tail-like structure pointed
directly away from Sgr A*. Recently, Tsuboi et al. (2020) also
reported the shell-like structure surrounding IRS 7 and its
northern extension in the H30a recombination line. They
measured line-of-sight velocities and concluded that the tail is
the gas stream flowing from the shell around IRS 7. As IRS 7
moves southward, the pulsating release of gas as a stellar wind
(Paumard et al. 2014) is left behind and is ionized by far-UV
radiation coming from the NSC.
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Table 2
List of Tangential Velocities 20
PAHI1 Ne1_2
Source Name Aa Ab Ve Vs Vo Vs
(arcsec) (arcsec) (all velocities are in km s™)
1 IRS S5NE 12.71 10.55 —374 243 —167 —167
2 IRS 5E 10.87 9.27 —232 155 -216 —211
3 IRS 5S 9.07 7.97 —218 268 —75 97
4 IRS 5 8.53 9.67 —-303 167 —71 —145
5 10.60 6.87 —223 286 —226 1
6 IRS 17 12.97 5.45 —-351 198 —238 —83
7 6.75 12.08 —151 —345 —187 -279
8 6.68 9.95 —350 —472 -55 -52
9 5.00 8.10 -210 —96
10 IRS 15NE 1.17 11.04 —67 —133 -6 —308
11 IRS 10EE 7.60 4.07 —157 54 —186 142
12 IRS 10W 6.45 5.08 —118 331 120 148
13 IRS 7 0.03 5.34 27 —125 232 —250
14 IRS 3 —2.26 3.70 282 -2 412 —13
15 4.90 441 -77 -3 -7 —182
16 4.69 2.97 —180 —132 -215 —215
17 6.10 0.24 159 178 20 —51
18 IRS 1W 5.21 0.57 —113 307 53 275
19 3.67 0.22 —-221 —337 301 —218
20 2.34 —0.40 —360 —-330 163 —205
21 3.54 —1.67 —136 —162 -25 -303
22 IRS 21 2.29 —2.78 —137 8 —65 3
23 1.47 —-2.07 38 -93 196 17
24 —1.57 —0.53 —116 218 —170 39
25 —0.78 —1.61 —108 207 —180 255
26 —-0.33 —2.44 —61 —225 —395 -33
27 10.00 —8.83 -21 —181 —62 —159
28 7.10 —7.83 —184 —80 173 —277
29 5.70 —7.86 —74 —120 —259 —455
30 5.60 —5.89 —16 —138 63 —175
31 4.82 —6.39 -89 —228 316 37
32 14.38 —5.71 —128 61 -72 —161
33 11.07 —541 —191 —160 —44 —267
34 10.47 —-5.97 103 -313 —135 -7
35 6.61 —1.80 —142 —126 —141 —195
36 6.35 —2.96 20 —157 64 —193
37 2.84 —5.14 —126 63 —185 7
38 3.66 -5.29 -53 -70 55 -3
39 0.26 —3.57 —51 —209 —189 —198
40 —1.14 —4.07 —98 —-52 -57 —353
41 —1.41 —3.06 —139 166 6 —209
42 —2.47 —2.42 86 180 76 175
43 0.58 —1.94 -50 5 —295 -7
44 IRS 29 —1.50 1.22 256 —186 585 —205
45 —3.54 2.05 =71 374 —89 502
46 -3.19 —1.67 41 144 93 122
47 IRS 2L —3.39 —3.94 173 -2 293 191
48 —5.44 2.50 198 92 362 74
49 —5.39 1.39 36 138 699 92
50 —5.90 0.33 —74 104 418 92
51 —6.00 —1.03 202 —87 100 185
52 —4.34 —1.70 —-61 —-21 185 180
53 —5.24 —0.11 —27 45 546 -85
54 —7.12 —1.73 329 206 368 -79
55 —7.75 —0.19 203 —81 273 158
56 —8.30 1.38 —297 20 98 181
57 -9.82 0.67 -32 438 123 179
58 —17.36 1.28 96 234 15 160
59 2.66 —4.41 —46 93 —84 357
60 IRS 2S —3.78 -5.59 180 —124 82 —230
61 —2.81 —5.53 27 —168 —255 —15
62 —2.23 —5.60 —230 —137 168 —139
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Table 2

(Continued) 40
63 -3.10 —4.81 -79 —13 331 36
64 —2.45 —4.47 30 166 =71 287
65 —1.63 —5.04 —49 —149 —366 145
66 —4.24 —7.01 —222 132 —100 —24
67 IRS 12N —3.24 —6.99 80 —133 -5 —106
68 —3.01 —6.11 -39 -50 —127 123
69 —1.97 —6.56 91 -310 —326 —66
70 —4.52 —-5.99 —191 —52 1 343
71 4.42 1.53 351 259 132 —271
72 3.55 1.47 -72 —68 —150 —244
73 3.85 3.01 —373 —419 334 —-96
74 3.26 3.35 43 220 -21 —593
75 3.77 7.10 —16 188
76 3.60 6.23 —-22 261 —146 —338
77 3.24 5.16 47 105 108 173
78 0.02 8.46 302 231
79 —0.09 7.73 297 211 516 126
80 —0.27 7.16 268 —-301 990 250
81 —2.30 8.38 —193 340 970 —-529
82 10.44 1.18 —-90 189
83 8.87 0.49 -27 207
84 4.25 1.91 41 —273
85 IRS 16NE 2.87 0.81 —83 —224
86 1.27 0.85 —289 -79
87 IRS 16C 0.93 0.51 —513 358
88 IRS 16NW 0.12 1.13 351 54
89 IRS 29NE —1.15 1.93 —435 7
90 IRS 9 5.66 —6.40 97 -22
91 1.59 —0.53 —227 —289
92 1.13 —1.39 88 102
93 —1.89 —2.02 -95 42
94 —2.53 —1.41 150 220
95 -2.92 —0.88 114 247
96 IRS 34 —3.91 1.56 119 166
97 —6.37 2.97 -36 112
98 —6.98 2.90 237 —133
99 —6.72 242 —60 118
100 1.69 —4.39 —88 —190 —100 -91
101 0.87 -3.12 —335 —538
102 —0.39 —3.15 —258 81 —105 —43
103 —0.69 —3.69 —342 —47
104 —1.90 —-3.22 24 166 —205 13
105 1.35 —6.69 80 —113 112 100
106 1.30 —7.13 —65 —157
107 IRS 14NE 0.95 —8.22 223 —130 153 -91
108 —1.25 —8.69 —47 —546
109 3.66 —1141 -3 —456
110 4.24 —8.74 5 —164
111 4.28 —7.38 -20 —195
112 3.75 —7.31 82 -316
113 3.00 —7.70 —213 —235
114 2.68 —7.26 —-367 -5
115 3.07 —6.62 —24 —84 —458 338
116 3.08 —-5.82 77 18
117 IRS 30E —5.52 5.53 435 -59
118 IRS 30W —6.50 5.94 —125 384
119 IRS 6E —-5.07 0.76 294 234 398 181
120 AF/AHH —6.46 —6.93 152 -85
121 IRS 14SW —0.18 —8.88 —162 -80

Note. The positions are offsets from Sgr A* (in 2018) in arcsecs and all the velocities are in km s~ '. We chose a conservative 0.25 pixel uncertainty for proper motion

calculations, which corresponds to about 45 km sl
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Figure 5. Left: the PAH1 image with the identification for each source and the apertures used to perform photometry. Right: proper motion of all the labeled sources.
Arrows corresponding to IRS sources are removed for a better visualization of the stream-like motion.
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Figure 6. Presence of a stream-like motion along the inner edge of the northern
arm toward the southwest direction, which changes direction sharply as it
crosses the Sgr A* to move in the northwest direction (blue dashed arrow).

In the right panel of Figure 8, we show the PAH1 (8.59 ym)
image of IRS 7 and its extended tail in comparison with
the A=2cm contour map from Yusef-Zadeh & Melia (1992),
which is on the left. Contours of individual substructures of the
tail in both wavelengths seem to match well with each other,
which is an indication of the quality of our data and filtering
techniques. The tail extends from 1” to 3”6 north of IRS 7 and has
threee major substructures. Blue arrows mark the proper motions
and gray lines mark their error boundaries. The slight discrepancy
in the direction of the transverse velocity in the MIR/near-IR
bands (see Appendix A), and by using SiO maser astrometry

(Reid et al. 2003; Borkar et al. 2020), could be caused by the fact
that they probe different layers of the star. The proper-motion
measurements of the substructures of the tail reveal the dominant
influences on each of them. The northern two, which have
detached from IRS 7 earliest, have almost similar velocities. This
could mean that they are driven by a nuclear outflow coming from
the inner few arcseconds.

In addition, the proper-motion distribution of the three
components reflects the combination of the downstream fluid
motion in the IRS 7 tail and the development of hydrodynamic
instabilities, such as Kelvin—Helmholtz (KH) instabilities, which
are manifested as propagating waves moving transverse along the
south—north direction of the flow, i.e., they introduce an additional
turbulent velocity field to the predominant south-north down-
stream bow-shock flow. The development of the KH instability is
expected due to the velocity shear between the shocked stellar
wind of IRS 7 and the surrounding hot medium. Assuming that
the MIR-radio tail clumps formed due to the KH instability, we
adopt their typical length scale, Ay~ 075~0.02pc, from
Figure 8. The density and the temperature of the tail components,
N ~ 6 X 100 em™ and Ty ~ 4650 K, respectively, can be
inferred from H30« recombination-line observations (Tsuboi
et al. 2020). These tail components are approximately in pressure
equilibrium with the surrounding hot medium, under the
assumption of the extrapolation of the Bondi-radius values,
T,~10"K and n,~26cm > (Baganoff et al. 2003), ie.,
Neait Tt ~ 12 T,. This implies a density ratio between the ambient
medium and the IRS 7 tail of r=n,/ng; ~4.3 x 10~*. For the
shear velocity, we take the mean of the IRS 7 stellar motions,
Vshear == Vi ™~ 180kms !, according to Table 5. The growth
timescale of KH instabilities of the size Ay can be estimated as

Awit 1 +7
Nl - T
Vshear VT

Since the crossing timescale of the IRS 7 for the total length of
the tail, Ly~ 3", S Teoss ~ lait/ Vs ~ 652 yr 2 T, the KH

TKH ~ 111 yr. (7)
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Table 3
List of Reliable Flux Densities in PAH1 and Ne II_2 Filters 49
Source Name F8.59 AFS.SQ F/3_59 AF’g_jg Fl3.04 A1713,()4 F’13_04 AF’13V()4 Qs AO/A
dy) dy) dy) dy) dy) dy) dy) dy)
1 IRS S5NE 0.57 0.09 3.75 0.58 1 0.09 343 0.3 0.21 0.43
2 IRS 5E 0.49 0.08 322 0.50 1.99 0.17 6.84 0.58 —1.80 0.42
3 IRS 5S 0.61 0.09 4.01 0.62 2.35 0.2 8.07 0.69 —1.68 0.42
4 IRS 5 3.92 0.60 25.64 3.90 4.54 0.38 15.58 1.32 1.19 0.42
5 0.54 0.08 3.50 0.54 1.83 0.16 6.3 0.54 —1.41 0.42
6 IRS 17 0.02 0.01 0.11 0.02 0.27 0.02 0.94 0.09 —-5.14 0.49
7 0.33 0.05 2.18 0.34 347 0.29 11.91 1.01 —4.07 0.43
8 1.38 0.21 9.02 1.39 6.33 0.54 21.73 1.84 —2.11 0.42
9 0.21 0.03 1.38 0.22 5.36 0.46 18.43 1.56 —6.21 0.43
10 IRS 15NE 0.04 0.01 0.26 0.05 0.09 0.01 0.3 0.03 —0.34 0.52
11 IRS 10EE 0.46 0.07 3.02 0.47 1.22 0.1 4.19 0.36 —0.78 0.43
12 IRS 10W 8.33 1.27 54.51 8.28 11.61 0.98 39.87 3.36 0.75 0.42
13 IRS 7 1.15 0.18 7.54 1.15 2.04 0.17 7 0.6 0.18 0.42
14 IRS 3 8.65 1.31 56.59 8.60 11.75 0.99 40.37 34 0.81 0.42
15 4.00 0.61 26.17 3.99 9.39 0.79 32.26 2.72 —0.50 0.42
16 1.64 0.25 10.73 1.64 9.27 0.78 31.83 2.69 —2.60 0.42
17 6.67 1.01 43.64 6.63 11.87 1 40.76 3.44 0.16 0.42
18 IRS 1W 16.14 245 105.66 16.05 21.97 1.85 75.47 6.36 0.81 0.42
19 3.99 0.61 26.15 3.98 12.64 1.07 43.44 3.67 —1.22 0.42
20 3.03 0.46 19.85 3.02 5.28 0.45 18.14 1.53 0.22 0.42
21 3.54 0.54 23.19 3.53 12.48 1.05 42.86 3.62 —1.47 0.42
22 IRS 21 4.79 0.73 31.39 4.77 6.92 0.58 23.77 2.01 0.67 0.42
23 2.37 0.36 15.52 2.36 11.58 0.98 39.79 3.36 —2.26 0.42
24 0.49 0.08 3.24 0.50 1.49 0.13 5.11 0.44 —1.09 0.42
25 0.81 0.12 5.28 0.81 2.34 0.2 8.02 0.68 —1.00 0.42
26 1.86 0.28 12.18 1.86 6.16 0.52 21.15 1.79 —1.32 0.42
27 0.42 0.07 2.74 0.43 2.78 0.24 9.54 0.81 —2.99 0.43
28 0.33 0.05 2.13 0.33 1.78 0.15 6.12 0.52 —2.53 0.42
29 0.74 0.11 4.82 0.74 3.61 0.31 12.39 1.05 —2.26 0.42
30 1.10 0.17 7.18 1.10 2.95 0.25 10.14 0.86 —0.83 0.42
31 2.26 0.35 14.81 2.26 6.09 0.52 20.92 1.77 —0.83 0.42
32 0.60 0.09 391 0.61 4.45 0.38 15.28 1.3 —3.27 0.43
33 0.49 0.08 3.19 0.50 3.44 0.29 11.83 1.01 —-3.14 0.43
34 0.18 0.03 1.15 0.18 1.89 0.16 6.48 0.55 —4.14 0.43
35 0.59 0.09 3.87 0.60 2.99 0.25 10.28 0.87 —2.34 0.42
36 0.59 0.09 3.86 0.60 2.65 0.23 9.11 0.78 —2.06 0.43
37 1.32 0.20 8.65 1.32 3.72 0.32 12.79 1.08 —0.94 0.42
38 3.05 0.47 19.98 3.04 8.05 0.68 27.67 2.34 —0.78 0.42
39 0.96 0.15 6.29 0.96 4.24 0.36 14.56 1.23 —2.01 0.42
40 0.58 0.09 3.78 0.58 2.25 0.19 7.72 0.66 —1.71 0.42
41 0.81 0.12 5.30 0.81 2.05 0.17 7.04 0.6 —0.68 0.42
42 1.06 0.16 6.92 1.06 2.26 0.19 7.77 0.66 —0.28 0.42
43 2.33 0.36 15.24 2.33 6.6 0.56 22.68 1.92 —0.95 0.42
44 IRS 29 0.13 0.02 0.85 0.14 0.14 0.01 0.48 0.05 1.37 0.47
45 0.14 0.02 0.94 0.15 0.61 0.05 2.09 0.18 —1.91 0.43
46 241 0.37 15.80 2.41 4.08 0.35 14 1.19 0.29 0.42
47 IRS 2L 3.28 0.50 21.49 3.27 5.52 0.47 18.98 1.6 0.30 0.42
48 0.64 0.10 4.20 0.65 1.48 0.13 5.09 0.44 —0.46 0.42
49 0.57 0.09 3.72 0.57 2.5 0.21 8.6 0.73 —2.01 0.42
50 1.33 0.20 8.71 1.33 4.11 0.35 14.14 1.2 —1.16 0.42
51 1.60 0.25 10.49 1.61 5.88 0.5 20.21 1.71 —1.57 0.42
52 0.97 0.15 6.34 0.97 7.58 0.64 26.04 2.21 —3.38 0.42
53 0.46 0.07 3.01 0.46 1.51 0.13 5.17 0.44 —1.30 0.42
54 0.34 0.05 2.24 0.35 1.39 0.12 4.79 0.41 —1.82 0.43
55 0.55 0.09 3.61 0.56 2.09 0.18 7.19 0.61 —1.65 0.42
56 0.82 0.13 5.38 0.83 3.65 0.31 12.55 1.07 —2.03 0.42
57 0.03 0.01 0.22 0.04 0.47 0.04 1.61 0.14 —4.77 0.48
58 4.07 0.62 26.65 4.06 7.26 0.61 24.95 2.11 0.16 0.42
59 0.66 0.10 4.34 0.67 2.77 0.23 9.5 0.81 —1.88 0.42
60 IRS 2S 1.93 0.29 12.64 1.93 3.67 0.31 12.61 1.07 0.01 0.42
61 1.68 0.26 11.00 1.68 4.4 0.37 15.1 1.28 —0.76 0.42
62 1.37 0.21 8.97 1.37 5.63 0.48 19.36 1.64 —1.84 0.42
63 1.73 0.26 11.36 1.73 3.83 0.32 13.17 1.12 —-0.35 0.42
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Table 3
(Continued) 43

Source Name Fg.s0 AFgso Fs59 AF'g 59 Fisoa AF 1304 F'i304 AF 1304 ay Ao

dy) dy) dy) dy) dy) dy) dy) dy)
64 2.34 0.36 15.34 2.34 7.67 0.65 26.37 2.23 —1.30 0.42
65 3.86 0.59 25.27 3.85 9.92 0.84 34.1 2.88 —-0.72 0.42
66 0.73 0.11 4.75 0.73 1.03 0.09 3.54 0.31 0.70 0.42
67 IRS 12N 0.16 0.03 1.05 0.17 0.42 0.04 1.46 0.13 —-0.79 0.44
68 0.42 0.07 2.77 0.43 1.03 0.09 3.55 0.3 —0.59 0.42
69 0.80 0.12 5.21 0.80 5.9 0.5 20.28 1.72 —3.26 0.42
70 0.36 0.06 2.36 0.37 1 0.09 3.44 0.3 —0.90 0.43
71 2.02 0.31 13.20 2.01 5.43 0.46 18.64 1.58 —0.83 0.42
72 1.04 0.16 6.82 1.04 1.94 0.17 6.68 0.57 0.05 0.42
73 1.08 0.17 7.09 1.08 1.98 0.17 6.82 0.58 0.09 0.42
74 0.64 0.10 4.18 0.65 2.09 0.18 7.18 0.61 —1.30 0.42
75 0.39 0.06 2.56 0.40 1.12 0.1 3.85 0.33 —0.98 0.43
76 0.50 0.08 3.27 0.51 1.22 0.11 4.2 0.36 —0.60 0.43
77 0.30 0.05 1.98 0.31 0.78 0.07 2.69 0.23 —-0.73 0.43
78 0.01 0.01 0.05 0.02 0.08 0.01 0.27 0.03 —4.04 0.99
79 0.02 0.01 0.14 0.03 0.1 0.01 0.35 0.04 —2.20 0.58
80 0.02 0.01 0.16 0.03 0.09 0.01 0.3 0.03 —1.51 0.51
81 0.01 0.01 0.03 0.01
82 0.01 0.01 0.09 0.02
83 0.30 0.05 1.96 0.31
84 1.69 0.26 11.05 1.69
85 IRS 16NE 0.50 0.08 3.26 0.50
86 0.02 0.01 0.12 0.02
87 IRS 16C 0.01 0.01 0.05 0.01
88 IRS 16NW
89 IRS 29NE 0.01 0.01 0.04 0.02
90 IRS 9 0.78 0.12 5.14 0.79
91 3.73 0.57 24.39 3.72 9.83 0.83 33.77 2.86 —0.78 0.42
92 1.15 0.18 7.54 1.15
93 0.19 0.03 1.22 0.19 1.24 0.11 4.27 0.37 —3.00 0.43
94 0.85 0.13 5.55 0.85 3.28 0.28 11.26 0.96 —1.69 0.42
95 1.15 0.18 7.50 1.15 4.24 0.36 14.58 1.24 —1.59 0.42
96 IRS 34 0.44 0.07 2.86 0.45
97 0.50 0.08 3.25 0.50 0.97 0.08 3.33 0.29 —0.06 0.42
98 0.57 0.09 3.74 0.58 2.29 0.2 7.87 0.67 —1.78 0.42
99 0.85 0.13 5.57 0.85 2.43 0.21 8.34 0.71 —0.97 0.42
100 0.88 0.13 5.76 0.88 6.17 0.52 21.19 1.79 —-3.12 0.42
101 1.94 0.30 12.67 1.93 6.48 0.55 22.26 1.88 —1.35 0.42
102 0.72 0.11 4.72 0.72 3.14 0.27 10.8 0.92 —1.98 0.42
103 0.56 0.09 3.68 0.57 2.03 0.17 6.98 0.59 —1.53 0.42
104 0.52 0.08 342 0.53 1.61 0.14 5.52 0.47 —1.15 0.42
105 0.46 0.07 3.01 0.47 3.54 0.3 12.15 1.03 —3.34 0.43
106 0.29 0.05 1.92 0.30 1.5 0.13 5.14 0.44 —2.36 0.43
107 IRS 14NE 0.01 0.01 0.07 0.02
108 0.14 0.01 0.47 0.05
109
110 0.43 0.07 2.80 0.43 1.84 0.16 6.31 0.54 —1.95 0.42
111 2.18 0.33 14.24 2.17 5.94 0.5 20.41 1.73 —0.86 0.42
112 3.85 0.59 25.22 3.84
113 0.15 0.02 1.00 0.16 0.76 0.07 2.6 0.22 —2.29 0.43
114 0.24 0.04 1.54 0.24 0.96 0.08 3.28 0.28 —1.81 0.43
115 0.88 0.14 5.78 0.89 2.45 0.21 8.41 0.72 —0.90 0.42
116 0.76 0.12 4.96 0.76 1.13 0.1 3.87 0.33 0.59 0.42
117 IRS 30E
118 IRS 30W
119 IRS 6E 0.39 0.06 2.53 0.39 1.22 0.1 4.19 0.36 —1.21 0.42
120 AF/AHH
121 IRS 14SW
instabilities of the length scale of the observed clumps could long enough in the surrounding hot medium to be observed.
have developed as IRS 7 plows through the hot medium. The For the pressure-confined colder clumps of the constant mass
KH instabilities of the radius R, ~ 0.5\ can also survive density pg; that have a mass of my; = 4/ 37TR[2H Pri» the

10
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Figure 7. Spectral indices using the dereddened flux density measurements in
the PAHI and Ne 11_2 filters. The positions are offsets from Sgr A* and the
sizes correspond to the flux density in the PAHI filter. The figure also shows
the positive correlation between the PAHI1 flux density and the spectral index
(a): the larger the PAHI1 flux density (larger circles), the greater the spectral
index (bluer colors).

evaporation timescale is given by Cowie & McKee (1977) and
Karas et al. (2021):

25](]3 I’LtaﬂRéﬂ

Tevap —
8 KH

. R\
~ 4067( Ntail ) tail yr,
6 x 10* cm=3/\ 0.02 pc

where ry is the conductivity of the hot ambient medium, and its
value can be calculated as ry=1.92 x 10" ergs™ 'K 'em™".
Since Ty < Teross < Tevap» the KH instabilities can properly explain

the tail components of IRS 7.

®)

3.5. Extended Emission of IRS 3

IRS 3 is the brightest and the most extended stellar source at
the GC. Although it is a stellar core, the extended source is not
circularly symmetric, which has been a topic of interest.
Viehmann et al. (2005) suggests that this morphology is due to
a bow shock generated by winds from the massive central
stellar cluster or an outflow from SgrA*. However, Yusef-
Zadeh et al. (2017) suggests a tidal distortion scenario as IRS 3
orbits around SgrA*. In Figure 9, we compare the contour
maps around IRS 3 with a 226 GHz image from Yusef-Zadeh
et al. (2017).

By comparing the 226 GHz emission and the PAH1 image in
Figure 9, the IRS3 circumstellar envelope exhibits similar
structures at both wavelengths, in particular the extension in the
northeast/southwest direction as well as another brighter
extension to the southeast. Since the circumstellar material of
IRS 3 has an enormous radius of Rggz~ 1"~ 0.04 pc~2 x
10°R., i.e., a thousand times bigger than a red supergiant or an
asymptotic giant branch (AGB) star, it could be a signature of
tidal elongation along the proper-motion direction as suggested
by Yusef-Zadeh et al. (2017). The question arises: What could
have caused the expansion of the IRS 3 envelope beyond its tidal
(Hill) radius? If we consider the upper limit on the distance of
IRS 3 from SgrA* based on its mean stellar velocity of

Bhat et al.

v, ~266kms ! (see Table 5), we obtain

44

dIRS3 5 0.24 pc. (9)

Then we can estimate the upper limit on the tidal radius of IRS
3:

1/3
MIRS3
Rida S leSS( )

3M.
1/3 ~1/3
~10° drs3 MIRS3 / M. / R.
0.24 pc J\ 10 M, 4 x 10° M, “

(10)

Hence, even the largest red supergiants or AGB stars should
have photospheres well inside their tidal radii at the distance of
IRS 3; see Equation (9). One possibility of the perturbation of
the atmosphere of IRS 3 is its ongoing or recent past interaction
with the fast nuclear outflow or the jet, which led to shock
propagation inside the red supergiant’s envelope. This could
effectively lead to atmosphere ablation by the jet (Zajacek et al.
2020a). As a consequence, after one jet crossing, the IRS 3
envelope adiabatically puffed up beyond the tidal (Hill) radius
of the host star. The shocked envelope would expand
adiabatically up to the tidal radius on the timescale given by
the sound speed,

Rijgal
Texp ~ ——

Cs

Rijgal ( Tym )_l/ :
~ 172 T,
(IOSR@) 0'k) 7

where T, is the temperature of the shocked red-giant envelope
or the temperature of the red-giant photosphere after the jet
ablation.

Subsequently, after the short envelope expansion up to the
tidal radius, the red-giant circumstellar material further under-
goes tidal prolongation along the orbital direction. The tidal
stretching generally takes place on a timescale that is a fraction
of the orbital timescale. The prolongation of an envelope of a
radius Rqq by a factor of m = 10 is expected to occur in

(1)

d3/2

Tiidal = W%,
1/2 3/2 -1/2
- zm(ﬂ) dies: ( M. ) yr.
10 0.24 pc 4 x 10° M.

12)

Hence, the current extended state of IRS 3 is likely the result of
its atmosphere’s perturbation by the fast outflow or the jet,
which led to a propagating shock inside the red-giant envelope.
This was followed by fast envelope expansion up to the tidal
radius, and subsequently tidal prolongation along IRS 3’s
orbital motion took place. Both processes are characterized by
timescales shorter than the orbital timescale, Prs3z ~
5508(dirs3/0.24 pc)*/? yr. Hence, the current extended state
of IRS 3 is the result of a recent interaction a few thousand
years ago.
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Figure 8. On the left is an image of IRS 7 and its extended tail at 2 cm from Yusef-Zadeh & Melia (1992), and on the right is a smooth-subtracted image with the same
FOV in the PAHI filter. The tail has three prominent substructures and their proper motions are indicated by blue arrows with gray lines as their error boundaries.

3.6. Nature of Dusty Sources

To get a better understanding of the nature of the dusty
sources in the GC, it becomes important to perform statistical
analysis of all their physical properties. We fit a 2D Gaussian
on each source to determine its length and width (major and
minor axes of the elliptical aperture). In the top-left image of
Figure 10, we show a histogram of these measurements.

The distribution of position angles, measured anticlockwise
from the west, is plotted in the top-right image of Figure 10.
The sources along the northern arm have a smaller dispersion,
which is expected given the fact they form a streamer-like
structure.

The ellipticity, defined as (a — b)/a, where a and b are the
major and minor axes (length and width here), is plotted in the
bottom-left image of Figure 10. Lastly, the bottom-right image
is a distribution of spectral indices. A large number of sources
with negative indices reiterates the fact that the MIR region is
dominated by dust-covered stars and colder dusty filaments.

In Figure 11, we try to find correlations between several
fundamental physical properties of the dusty sources. In
Table 4, we list the Spearman correlation coefficient, s, as
well as the corresponding p-value for all possible combinations
of parameters, in 21 pairs total. We find five significant positive
correlations with sufficiently low p-values (p < 10°): length—
ellipticity, flux (Ne II_2)-length, flux (Ne II_2)—ellipticity, flux
(PAHI1)-flux (Nell_2), and flux (PAHI)-spectral index. The
positive correlation between the length and the ellipticity is
expected due to the definition of ellipticity, while no significant

correlation between the width and the ellipticity is caused by
the narrow width distribution, which is caused by the lower
cutoff due to the angular resolution, while the higher cutoff is
likely determined rather by the physical process of the clump
formation and evolution. The positive correlation between the
flux densities at both wavelengths is also expected based on the
spectral energy distribution for most of the dusty sources: with
increasing wavelength, the flux density increases in the MIR
domain. The positive correlation between the flux (PAH1) and
the spectral index indicates that the differences among spectral
energy distributions are mainly due to the flux density at
8.59 um (PAH1) rather than due to the flux density at 13.04 ;m
(NeI_2). The flatter spectrum is caused by the higher PAH1
flux density, while the Nell_2 filter flux density is not
significantly correlated with the spectral index. This is also
visible in Figure 7, where the most luminous sources in the
PAHI filter have a clear tendency toward the positive spectral
index (the bigger the symbol, the bluer the color). This is also
in line with the last two significant positive correlations: flux
density (Ne I_2) and the length of the filaments, i.e., the longer
the filament, the larger the flux density in the Ne I_2 filter. On
the other hand, the correlation between the PAHI1 flux density
and the length is weaker and less significant. The positive
correlation between the NeII_2 flux density and the filament
ellipticity then stems from the definition of the ellipticity that
includes the length.

The origin of the elongated blobs and filaments in the mini-
spiral is uncertain. They could have arisen due to several
processes, which we list below:
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Arc seconds

Arc seconds

(a) Compression by the ram pressure produced by the collective

stellar wind of the cluster of OB/WR stars within the NSC.
For a simple estimate, we assume the mass range of the
clumps to be Mgymp ~ 102-10"* M. We further assume
an ambient number density of n, ~ 10 cm , 1.e., close to the
Bondi-sphere value, and an outflow stellar wind velocity of
Ve ~ 1000 km s ™ (Najarro et al. 1997). For the stationary
setup, in which the MIR filaments are pressure-confined by
the wind pressure acting on the mini-spiral clumps moving
with the orbital velocity of Vejymp ~ 100 km s ! (Zhao et al.
2009), we can obtain their characteristic length scale using
mclumpkB Tclump

1/3
Actump ~ NCE)
o (umH[umeéump + ) — BZ/Sw])

where the ram pressure is balanced by the thermal pressure as
well as the magnetic field inside the filaments. For a clump
temperature Of Tjymp ~ 10* K (Zhao et al. 2010) and a
negligible magnetic field, the characteristic length scale is
Actump ~ 10,500-2300 au, which captures the range for the
inferred length and the width of the MIR filaments; see
Figure 10 (top-left panel). An aligned magnetic field in the
northern arm (see, e.g., Aitken et al. 1998; Roche et al. 2018),
has a tendency to increase the length scale of the clumps.

(b) The blobs are the manifestation of the KH instability that

arises due to the streaming motion of the mini-spiral in the
surrounding hot plasma. This is especially the case for the
northern and the eastern arms, which have more radial,
elliptical orbits in comparison with the western arm (Zhao
et al. 2009). For the estimate of the characteristic growth
timescale of the KH instabilities of a certain size,
Actump ~ 1000-10,000 au ~ 1.5 x 10" — 1.5 x 10" cm, we
will assume a shearing velocity given by the terminal stellar
wind velocity that is approximately perpendicular to the
mini-spiral orbital motion, ie., vy~ 1000kms ' and
Vimini ~ 100km s ™!, which gives Vgear ~ \VE + Vi ~
1000 km s~!. The density of the ionized component of the
mini-spiral was inferred to be nym ~3 —21 x 10*cm ™
(Zhao et al. 2010), which sets the ratio with respect to the
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100 kmy/S
N

Figure 9. On the left is a 226 GHz emission of IRS 3 and its surroundings from Yusef-Zadeh et al. (2017) and on the right is an untreated PAHI (8.6 pm) image.

ambient hot plasma to 7= /My~ 4.8 x 107> —3.3 x
10~*, assuming n, ~ 10 cm . Using Equation (7), we get a
KH growth timescale of 7xy»(1000 au) ~ 262-686 yr and
Tku(10,000 au) ~ 26206860 yr. Since the lifetime of the
mini-spiral is ~6 x 10* yr, as given by the mean orbital
timescale of the arms (Zhao et al. 2009), the clumps of
Acump ~ 1000 au  are continually forming as well as
disappearing along the arms since their lifetime is comparable
to the formation time as given by the evaporation timescale,
see Equation (8), which gives 7ey,, ~480-3360 yr for the
clump size of Agymp~ 1000au, the density range of
Aeump ~ 3 — 21 X 10*cm ™3, and the conductivity of the hot
medium kg ~ 1.9 x 10”T75/2 erg s~ K'em™!, where T,
is in units of 10’K. This is consistent with the early
considerations of the transient nature of ionized clouds in
Sgr A West; see Lacy et al. (1980).

(c) The denser clumps could have formed as a result of

thermal instability during past states of a higher activity
of SgrA* when its bolometric luminosity reached
~10¥-10" ergs~'. This was proposed by Rézariska
et al. (2014), who studied the conditions for the thermal
instability in the mini-spiral region. They concluded that
the thermal instability does not operate in the current low-
luminous state of Sgr A*, but during the past periods of
enhanced activity the thermal instability likely operated
up to ~1.4 pc from Sgr A*, which led to the formation of
a two-phase medium. This increased the clumpiness of
the mini-spiral by creating clumps of ~1-100 Earth
masses, i.e., 3 X 1073 x 107 M_,. Based on the mini-
spiral clump mass estimate presented in Section 4, the
thermal instability clump mass appears to be lower by at
least two orders magnitude. In case the thermal instability
operated a few hundred years ago and clumps with the
radius of Rgjump ~ 10— 10" cm and the mass of
Mejump ~ 3 X 1077 M., formed, then the evaporation
timescale according to Equation (8) is long enough
(~10°-10* yr) so that they could in principle survive until
nowadays. However, by including the mechanical heating
of the NSC, Roézariska et al. (2017) concluded that cold
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Figure 10. Histograms of the physical properties of the extended dusty sources. Most sources are about 3500-4000 au long and 2000 — 2500 au wide. Most sources
are elliptic with various position angles. The sources on the northern arm seem to have a relatively tight spread of position angles compared to the rest of the sources.

clumps are not expected to form in the vicinity of Sgr A*
since stellar winds induce an outflow of the hot ambient
plasma. This fact, in combination with the small clump
mass, renders the instability scenario less plausible to
explain the formation of the elongated MIR sources,
unless each MIR filament would consist of at least 100
clumps formed via the thermal instability. However, since
the models of Roézariska et al. (2014) and Roézariska et al.
(2017) assume a spherical symmetry it is difficult to
explain the filamentary structure of the instability clumps
in this framework.

Regardless of the way the denser and brighter MIR clumps
formed, their shape and orientation are the result of tidal
prolongation along the streaming motion of the northern arm.
This stems from the tidal radius estimated for a mini-spiral
clump of radius Rgjymp 2 1000 au and mass mejymp < 0.1 Me;:

1/3
2M.
n= Rclump( )
Mclump
~2 1( Rclump ) Mclump e M. 1/3pC
1000 au J\ 0.1 M, 4 x 108 M, '

(14)

Since the mini-spiral arms are closer than 2 pc, any clump
inside them is susceptible to tidal forces and prolongation
parallel to the streaming (orbital) motion of the arms.

4. Discussion

Here we present, to our knowledge, the largest consistent
number of individual source identifications, proper motions,
and thus tangential velocities, and MIR spectral indices in
the central parsec of the galaxy, covering the central stellar
cluster and the immediate Sgr A* SMBH region. The MIR
sources can clearly be divided into two groups: one
associated with the flow along the extended mini-spiral,
and one associated with dust-enshrouded stars and infrared-
excess sources of the central stellar cluster.

Based on the color—temperature map derived from 12.5 to
20.3 pm maps by Cotera et al. (1999), the overall temperature
in the mini-spiral is of the order of ~200 K. We assume that
this is a good estimate of, or at least a lower limit to, the
temperatures of the infrared-excess sources within the mini-
spiral. A more exact estimate of the temperatures has to await
multifrequency MIR data at a high angular resolution, as will
be obtained, for example, with the METIS instrument at the
extremely large telescope (Brandl et al. 2021).

For the sources not associated with stars, we estimate their
dust masses based on PAH1 and Ne II_2 flux densities. We use
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Figure 11. Correlation (or lack of it) among a few physical properties of the extended dusty sources. The spectral index («, using the convention F o< ¥"%) does not
show a correlation with the length of the sources. Unsurprisingly, longer sources seem to be more elliptic. The flux densities at both the filters do correlate; however,
the spectral index has a tighter correlation with flux at PAHI1 than with flux at Ne II_2. Although flux does not correlate with ellipticity or length, a few noticeable
outliers are those associated with bright IRS sources.
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Table 4
Spearman Correlation Coefficients between Quantities that Characterize Compact MIR Dusty Sources
Length Width Angle Flux (PAH1) Flux (NeII_2) Ellipticity

Length 0.064 (0.524) —0.098 (0.326) 0.260 (0.008) 0.404 (2.310 x 107°) 0.715 (2.04 x 107"7)
Width 0.064 (0.524) —0.091(0.361) 0.146(0.140) 0.235(0.017) 0.048(0.630)
Angle —0.098 (0.326) —0.091(0.361) —0.074(0.457) —0.180(0.069) —0.106(0.287)
Flux (PAHI) 0.260 (0.008) 0.146(0.140) —0.074(0.457) 0.850(7.36 x 10739 0.510(3.65 x 10°%) 0.307(0.0016)
Flux (Ne I_2) 0.404 (2.310 x 107%) 0.235(0.017) —0.180(0.069) 0.850(7.36 x 10739 0.382(6.70 x 107°)
Spectral Index —0.136 (0.171) —0.078(0.432) 0.089 (0.372) 0.5103.65 x 10~%) 0.081(0.419) —0.073(0.466)
Ellipticity 0.715 (2.04 x 107"7) 0.048(0.630) —0.106(0.287) 0.307(0.0016) 0.382(6.70 x 10)

Note. In parentheses, we include the p-value. Five significant positive correlations were found: length flux (Ne 11_2), length—ellipticity, flux (PAH1)-flux (Ne 11_2), flux (PAHI)-spectral index, and flux (Ne II_2)—

ellipticity.

0z 11dy zzoz (dd17) 8L1:676 “IYNINO[ TVOISAHIOVISY dH],
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the relation based on Rieke et al. (1978) and Kunneriath et al.
(2012),

2
_ F@W)Dgc 4a Do (15)
B(v, Ty) 3Q0(v)

where F(v) is the measured flux density and B(v, Ty) is the
Planck function calculated for a dust temperature of
Tq~200K (Cotera et al. 1999). The dust is characterized
by the mean values of the radius, a =0.1 um, the mass
density, pg=2gcm >, and the emissivity, Q~ 10 °~1072
close to 10 um (Aannestad 1975; Rieke et al. 1978). The
distance to the GC is set to Dgc = 8.1 kpc. Assuming a gas-
to-dust ratio of ~100, we obtain a mean gas mass of the mini-
spiral clump, M, (PAH1) ~ 0.046-0.46 M, and M,(Ne ii_2)~
0.015-0.15 M., as based on 85 dusty filaments that are not
associated with stellar sources. These values are consistent
within a factor of 3. Considering the peak width of the
clumps, w~ 2000 au, and the peak length, [/~ 3000 au, we
obtain the characteristic clump volume of Vjmp~ 3.2 X
10* cm?, which yields a filament number density in the range
of nepymp ~ 1.1 X 10° — 3.4 x 10" cm >, which is at least one
order of magnitude more than the electron number density of
the ionized component, n. = (3-21) x 10*cm ™ (Zhao et al.
2010). The filaments could thus be overdense regions that are
either pressure-confined by the stellar winds of OB /WR stars
or they could stand for KH instabilities that got denser due to
radiative cooling. This supports the multiphase nature of the
mini-spiral streamers, with denser filaments embedded within
a more diluted ionized gas (Roézariska et al. 2014). Denser
dusty filaments could also be the sites of the water- and CO-
ice features and hydrocarbons detected within the central
parsec (Moultaka et al. 2015a, 2015b). If the mean clump gas
mass is in the range of ~0.01-0.1 M., and we have ~100
filaments, then their total gas mass of ~1-10 M, is consistent
with the total ionized gas mass of ~60 M, within the central
cavity (Lo & Claussen 1983). The denser filaments are
currently not massive and dense enough to form stellar and
substellar objects. As discussed in the previous section, they
are transient features formed via the KH instability along the
streaming motion and they evaporate on a timescale of
~100-1000 yr. The filaments are also expected to be tidally
elongated along the streaming motion of the mini-spiral
during their lifetime.

Muzi€ et al. (2007) show that the shape and motion of the
mini-spiral filaments do not agree with a purely Keplerian
motion of gas in the potential of the SMBH at the position of
Sgr A*. The authors involve additional mechanisms that are
responsible for the formation and the motion of these filaments.
They assume that the filaments are affected by an outflow from
the disk of young mass-losing stars around Sgr A*. In addition,
an outflow from the Sgr A* black hole region itself may be
responsible for the elongated shape and the motion of the
filaments.

Bhat et al.

5. Summary

We studied MIR images of the central paB€c of the GC in
the N band (8.6 and 13.04 ym). As the MIR emission is
dominated by dust and extended regions around the central
SMBH, we applied a high-pass filter on the images to resolve
and identify the sources. We present the proper motions of
these extended objects over a 12 yr time period. There are two
distinct types of the observed motion: one related to infrared-
excess sources of the central stellar cluster and the other a
stream-like motion of extended objects along the mini-spiral
streamer. We also present the flux densities of all the sources
using elliptical apertures. Using the spectral indices, we infer
that the MIR region is dominated by dust-enshrouded stars or
colder dusty filaments and the temperature of ~200 K (Cotera
et al. 1999) is at least the lower limit of infrared-excess sources
within the mini-spiral. We detect a bow-shock feature and tail
components of IRS 7 that are pointed away from Sgr A*. The
proper-motion distribution of the individual tail components
can be interpreted with a combination of downstream fluid
motion and the development of KH instabilities. We detect and
resolve the brightest MIR source in the region, IRS 3. The
extended structure of the star is likely a result of its
atmosphere’s perturbation followed by tidal prolongation. We
also report on the nature of all the dusty sources and delve into
their possible origins.
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Appendix A
Tangential Velocity Comparisons between MIR and K-
band Velocities

A comparison between the K-band tangential velocity
(Schodel et al. 2009; Genzel et al. 2000) and our MIR
velocities for the point sources (see Table 5) looks favorable.
The mean absolute difference of around £100km s~ ' is most
likely affected by the larger PSF in the MIR, the limited
baseline in time, and the fact that even the point sources may
show some IR excess/extension or they are located on
background emission that is spatially structured/variable on
the scales of the PSF. Figures 12 and 13 in depict the deviations
from Schodel et al. (2009).
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Figure 12. Comparison velocities from the K band and from Schodel et al. (2009) and Genzel et al. (2000).
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Figure 13. Angle deviations from Schodel et al. (2009) and Genzel et al. (2000) values in all the wavelengths. Mean absolute deviation in velocity (R.A.) is about
102 km s’l, in velocity (decl.) is about 76 km s’l, and the standard deviation of the angle difference is about 40°.
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Table 5
Comparison of Stellar Tangential Velocities in PAH1 and Ne II_2 Bands with those in the K Band 59
PAH1 Ne I K S09 G00

Source Vo Vs Vo Vs Vo Av, Vs Avs Vo Av, Vs Avg Vo Av, Vs Avs
IRS 5 —303 167 —71 —145 —267 6 84 12

IRS 10W —118 331 120 148 —29 6 115 10

IRS 10EE* —157 54 —186 142 —44 6 —16 10 —15 7 —60 7

IRS 1W —113 307 53 275 -9 6 131 10

IRS 16NE —83 -224 104 6 —281 10 199 65 —279 21
IRS 16C —513 358 —211 6 108 10 —330 39 353 34
IRS 21 —138 8 —65 3 -1 6 —43 10 —159 65 64 38
IRS 9" 97 —22 176 6 90 10 127 10 116 10

IRS 2S 180 —124 82 —230 352 8 —368 14

IRS 2L 173 -2 293 191 174 8 —273 10

IRS 29 256 —186 585 —205 165 6 —261 10

IRS 29NE —435 7 —215 6 —151 10

IRS 34 119 166 —24 8 —335 10

IRS 6E 294 234 398 —206 141 6 -39 10

IRS 3 282 -2 412 —13 84 8 —137 10 170 40 115 45
IRS 7* 27 —125 232 —250 -23 8 —193 12 -2 9 —-176 9 100 67 —118 35
IRS 12N* 80 —133 =5 —106 —62 8 —107 8

IRS 15NE* —-67 —133 —6 —308 —58 6 —223 6

IRS 17* —351 198 —238 —83 —65 5 —40 5

Note. All velocities are in kilometers per second. S09 is the data from Schodel et al. (2009). GOO is the data from Genzel et al. (2000). Sources used as calibrators are

marked with *. We chose a conservative 0.25 pixel uncertainty for PAH1 and Ne II_2 proper motions, which corresponds to about 45 km s

Appendix B

N-band Flux Density Comparison

Table 6 presents a comparison of our measured flux densities
with Viehmann et al. (2006), using both circular apertures and
elliptic apertures determined by their FWHM.

-1
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Table 6
Comparison of Measured Flux Densities (Reddened) with N-band Fluxes of Viehmann et al. (2006) 53
PAH1 Ne11_2
Source F (Jy) F (Jy) F (y) +F (Jy) F (y) F (y) F (Jy) +F (Jy)
(V+06) (Circular) (FWHM) (V+06) (Circular) (FWHM)
IRS 5NE* 0.51 0.59 0.57 0.09 0.56 0.50 1.00 0.09
IRS 5E 0.59 0.38 0.49 0.08 1.54 0.57 1.99 0.17
IRS 58 0.63 0.25 0.61 0.09 0.38 0.29 2.35 0.20
IRS 5 5.11 5.44 3.92 0.60 5.85 4.78 4.54 0.38
IRS 10W* 11.06 10.18 8.33 1.27 11.85 10.94 11.61 0.98
IRS 7* 1.47 1.26 1.15 0.18 1.75 1.95 2.04 0.17
IRS 3 13.42 16.35 8.65 1.31 12.85 11.17 11.75 0.99
IRS 1W* 20.42 22.96 16.14 2.45 22.93 25.40 21.97 1.85
IRS 21 4.56 4.95 4.79 0.73 5.44 6.27 6.92 0.58
IRS 29 0.15 0.07 0.13 0.02
IRS 2L 5.26 4.25 3.28 0.50 7.49 6.45 5.52 0.47
IRS 9 0.21 0.58 0.39 0.06

Note. Uncertainties in V + 06 flux densities are £30%. Sources used as flux calibrators are marked with *.
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Paper III - Influence of Jetsf@a LOIII]
Extensions in Green Pea/Bean Galaxies

Galaxies with strong [OIII]15007 emission have been associated in the litera-
ture with extreme star formation and/or AGN activity. Those located at interme-
diate red-shifts (z ~ 0.1) have been called ‘Green Peas’ and ‘Green beans’ due to
their appearance in gri images, where their [OIII] lines (that fall in the r-band)
dominate the emission. The [OIII] line emission is associated with powerful
outflows and can serve as a clock for the starburst or AGN activity. It is also
known that Green Beans exhibit ionization echoes (luminous extended narrow
line regions with fading AGN activity) and act as fossils for rapid shutdown of
the central AGN engine.

In this work, I observe 12 radio-selected Green Beans using long-slit spec-
troscopy and study their Extended Emission Line Regions (EELRs) using [OIII]15007
and their associations with radio jets.

The results are submitted in the form of an article to The Astrophysical Journal
which is currently under review.
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ABSTRACT

We present a study investigating the influence of jets on galaxies exhibiting strong [OII[]15007 emission, known as
‘Green Peas’ and ‘Green Beans.” Our sample comprised 12 nearby sources (z ~ 0.04 — 0.1, 6 with jets and 6 without
jets) with high [OIII] luminosity (L ~ 10 erg/s), selected from a radio-selected galaxy sample observed with SDSS-
FIRST surveys. We perform LBT-MODS long-slit spectroscopy at two position angles for each galaxy: one aligned
with the jet direction and another perpendicular to it. By tracing the [OIII] emission along these slits, our aim was
to assess the extension of the Narrow Line Region (NLR) and examine the impact of jets. Surprisingly, our analysis
revealed no preferred direction for the extension of the [OIII] emission, indicating that jets have a limited influence
on the Extended Emission Line Regions (EELRs). This also suggests the possibility of missed detection of conical-
shaped EELRs aligned with the jets, attributable to our slit orientations. Furthermore, we compared the extension
of [OII] emission, which traces star-forming regions, with that of [OIII]. We observed a significant difference, with
[OII] exhibiting a considerably greater extension along the galactic plane. This suggests a stronger association of [OII]

emission with stellar processes.

1. INTRODUCTION

Extended warm ionized gas, called narrow line regions
(NLRs) surrounds radio-loud quasars and is primarily pho-
toionized by the hard ionizing radiation of the Active Galac-
tic Nuclei (AGN) (Netzer 2015). NLRs can reach up to
kiloparsecs and are excited by energetic outflows. In the
case of luminous, highly accreting AGNs these outflows can
be driven by the radiation pressure (Alexander et al. 2010)
whereas, in the case of radio-loud sources, they can be ini-
tiated by radio cores/jets (Rosario et al. 2010). In some
cases, the AGN can ionize gas at larger distances forming
extended emission-line regions (EELRs) and the strongest
narrow emission lines (NELs, e.g., [OIII]A5007 can trace
up to > 10 kpc (Stockton & MacKenty 1987; Schmitt et al.
2003; Stockton et al. 2006). EELRs are usually observed
in Seyfert-2 galaxies and are characterized by conical or bi-
conical shapes (referred to as ionization cones). The shape
of EELRs depends on the luminosity and orientation of the
AGN as well as the gas distribution throughout the galaxy
(Mulchaey et al. 1996). The gas in the region could be the in-
terstellar medium (ISM) of the host galaxy or gas provided by
the mergers or outflows. The ionization cone is often aligned
with the radio jet suggesting a strong interaction between

bhat@ph1.uni-koeln.de

ISM and jet, and may even directly enhance their brightness
(McCarthy et al. 1987; Wilson & Tsvetanov 1994).

Cardamone et al. (2009) reported a new class of rapidly
growing emission line galaxies first noticed by volunteers in
the Galaxy Zoo project and called them ‘Green Peas’ (GPs),
due to their appearance in gri images, where their [OIII] lines
(that fall in the r-band) dominate the emission. Amongst
the 112 confirmed GPs, they find 80 star-forming galaxies
with high star formation rates(SFR) and low-metallicities,
9 Seyfert-1s, 10 Seyfert-2s and 13 composite galaxies with
both AGN and star-formation signatures.

Green Beans (GBs) are the galaxies first discovered by
Schirmer et al. (2013) with GP colors but much larger and
more luminous NLRs than GPs. They exhibit EELRs (20-
40 kpc) that are ionized by radio-weak type-2 quasars (Sun
et al. 2018). Even though over 98 percent of type-2 AGNs
have radio luminosities larger than 102 WHz !, it is less
than 50 percent in the case of GBs (Mullaney et al. 2013),
suggesting the significance of radiation pressure in exciting
the EELRs. The current observed AGN activity is much
lower than expected from the large angular extent and high
[OII] luminosities. This leads to the conclusion that GBs
host recently faded AGNs whose activity has declined over
timescales less than the light-crossing time of the NLR, re-
sulting in strong light echoes/ionization echoes (Lintott et al.
2009; Knese et al. 2020; Saade et al. 2022). This was further
confirmed using X-ray luminosities by Davies et al. (2015);
Schirmer et al. (2016).
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Figure 1. SDSS r-band images of all the galaxies in our sample overplotted with FIRST (1.4 GHz) contours. The contour levels are chosen
arbitrarily. Observations were made at two perpendicular slit positions (marked A & B) using a 17 slit.




It is believed that the radio jets can compress the circum-
nuclear ISM, which leads to enhanced emissions in the NLR.
This idea is supported by studies such as Schmitt et al. (2003)
and Riffel et al. (2006), where a correlation between radio
emissions and NLR distributions was observed. However,
other studies such as Kaiser et al. (2000) have not found
this correlation. Barbosa et al. (2009) report that only a sub-
set of their sample shows signatures of this interaction, and
they acknowledge the possibility of other mechanisms for
NLR outflows such as accretion disc winds. Leipski et al.
(2006) found a correlation between radio and NLR sizes
but suggested that this could also be due to the influence of
the central engine on both parameters. Jarvis et al. (2019)
demonstrate a strong relationship between radio emissions
and ionized gas kinematics in the 1-25 kpc scales using high-
resolution VLA observations. Our research aims to build on
these findings to examine the influence of jets on NLRs and
EELRs in GB/GPs, providing insights into a distinct phase of
fading AGNss.

In the sample of SDSS narrow emission-line galaxies
which are also detected in the FIRST radio survey, we chose
objects with high [OIII] luminosity (L ~ 10* erg/s) and
equivalent width (EW ~ 10 — 30 A). From these, we se-
lected the 12 galaxies (6 jetted and 6 non-jetted) within the
redshift range 0.04 < z < 0.1, and studied the extension of
[OIII] and [OII]. We aim to determine the extension of the
[OII] emission and the role of radio jets on the EELRs in
these sources.

2. DATA & OBSERVATIONS
2.1. Source selection

Vitale et al. (2012) studied a large sample of optical-radio
galaxy population by cross-identifying Sloan Digital Sky
Survey (SDSS) galaxies with Faint Images of the Radio Sky
at Twenty-centimeters (FIRST) survey. From this sample,
a subsample of 119 high-radio flux galaxies (integrated flux
density at 1.4 GHz F;4 > 100 mJy) was collected and ob-
served at Effelsberg 100-m radio telescope at two frequencies
(4.8 GHz and 10.45 GHz) by Vitale et al. (2015)). Addition-
ally, Zajacek et al. (2019) observed low-radio flux galaxies
(F14 > 50 mly; 298 sources at 4.85 GHz, 90 sources at
10.45 GHz) at Effelsberg and studied the radio spectral in-
dex distribution of the combined subsample. The redshifts of
the Effelsberg sample were restricted to 0.04 < z < 0.4, to
avoid aperture effects. In Table 1, we present the radio fluxes
and the spectral indices calculated between 1.4 GHz(FIRST)
and 4.85 GHz(and 10.45 GHz). Here the radio loudness (R)
is defined as L4 35/Lo where Ly gs is the integrated radio flux
density at 4.85 GHz and L, is the flux density in SDSS r-
band in Jy. Sources with log(R) > 2.4 are considered radio
loud whereas log(R) < 2.4 is considered radio quiet (Panessa
et al. 2007).

In this SDSS-FIRST-Effelsberg sample, we have encoun-
tered objects with characteristically high [OIII] luminosity
(L ~ 10% erg/s) and equivalent width (EW ~ 10 — 30 A).
We chose 12 such galaxies, 6 with jets and 6 without jets, and
Fig. 1 shows the SDSS r-band images of the galaxies with
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Figure 2. Redshift distribution of the selected GB galaxy sample.
The selected GB galaxy sample shows a redshift distribution that
mostly falls at the lower end of the range. However, there is no
noticeable difference in the distribution between the jetted and non-
jetted sets of galaxies.

FIRST contours. The sample galaxies are located within the
redshift range 0.04 < z < 0.1 (Fig. 2) to ensure resolving
spatial scales of < 200 pc on the source and performed opti-
cal long-slit spectroscopy.

2.2. Observations

Optical long-slit spectrometry was carried out at the Large
Binocular Telescope (LBT) located at Mt. Graham Inter-
national Observatory in Arizona, USA. LBT has a binoc-
ular design with two circular 8.4 m wide mirrors, making
the combined collecting area equivalent to a single circular
mirror with a diameter of 11.8 m. Observations were made
from 09-02-2019 to 27-04-2022 using the Multi-Object Dou-
ble Spectrograph (MODS) mounted at the direct Gregorian
foci of the mirrors. MODS are a pair of low- to medium-
resolution, identical spectrographs covering the UV to near-
IR wavelengths (320 nm-1100 nm), with a field-of-view of
6”x6”. A dichroic placed below each slit splits the beam at a
wavelength of 565 nm into red and blue optimized channels.

We used the grating spectroscopy mode with a long 17
wide slit, which provides a spectral resolution of about
150 kms~! and spatial resolution of 0.12 arcsec.

Each source was observed at two perpendicular slit posi-
tions, one along the jet and another perpendicular to it (or
along and perpendicular to the galactic plane in the case of
non-jetted sources; A & B respectively in Fig. 1). At each
position, we took two exposures, one with the source at the
center of the slit and another with 10” dithering along the slit
direction. Whenever additional telescope time was available,
we made multiple exposures at these angles and positions.
All the observational details are provided in Table 2.

2.3. Reduction



Table 1. Radio fluxes and indices. Radio loud galaxies (log(R) = log(Lsss/Lo) > 2.4) are highlighted.

BHAT ET AL.

Source SiacH:  Sagser: S 10456H: @(14/485)  ((1.4/10.45) log(R)
L030 0.099 0.023 0.014 -1.176 -0.700 2.61
L048 0.012 0.136 0.008 1.983 -3.700 3.40
L054 0.021 0.009 -0.727 2.19
L070 0.011 0.006 -0.496 2.03
L123 0.068 0.026 -0.792 2.66
L206 0.010 0.006 -0.362 2.07

JO752 /L181 0.050 0.276 0.094 1.373 -1.400 3.72
JO806 /HO68  0.113 0.077 0.051 -0.312 -0.525 3.13
J1147 /HO70  0.615 0.223 0.225 -0.816 0.011 3.62
J1352 /H074  3.709 1.853 1.067 -0.558 -0.719 4.56
J1440/HO059  0.134 0.135 0.114 0.008 -0.219 341
J1516 /H119  0.756 1.191 1.034 0.366 -0.184 4.35

59

Table 2. Observational details. Project PI Name: Andreas Eckart

Source Proposal ID R.A. Dec Redshift Date Exposure time Position Angle
(@) (%) (2) s A B
L030 LBT-2020A-10002-0  07:57:56.71  39:59:36.13  0.0657 20-01-2020 4800 19 289
MPIA-2021B-099 27/28-02.2022 4800
L048 MPIA-2020B-099  01:25:16.38 -08:52:25.23  0.0490 20-10-2020 4800 9 99
L054 MPIA-2020B-099  01:37:06.95 -09:08:57.46  0.0697 20-10-2020 6000 25 295
L070 MPIA-2021A-099  11:47:21.61  52:26:58.50  0.0488 20-04-2021 4800 159 69
L123 MPIA-2021B-099  09:50:58.69  37:57:58.87  0.0414 27/29-01-2022 4800 85 175
L206 MPIA-2020B-099  07:52:38.95  18:19:17.75  0.0451 20-10-2020 5400 27 117
JO752/L181 LBT-2018A-10062-0 07:52:44.19  45:56:57.41 0.0518 09-02-2019 3200 234 144
MPIA-2021B-099 28-01-2022 4800
JO806 /HO68  MPIA-2021B-099  08:06:01.51  19:06:14.71 0.0976 08-11-2021 4800 192 282
J1147/HO070 LBT-2018A-10062-0 11:47:22.13  35:01:07.56  0.0631 09-02-2019 3200 210 300
J1352/H074 LBT-2018A-10062-0 13:52:17.88  31:26:46.49  0.0452 09-02-2019 4800 218 308
J1440 /HO59  MPIA-2021A-099  14:40:17.98  05:56:34.03  0.0613  15/16-05-2021 4800 26 116
J1516 /H119 RDS-2022A-011 15:16:40.21  00:15:01.89  0.0527 27-04-2022 4800 56 326

Notes: 1. Nomenclature by Vitale et al. (2015); Zajacek et al. (2019) is followed here. 2. Redshifts were estimated using the observed Ha line.

3. Whenever a galaxy was observed on more than one day, each spectrum was reduced separately and then combined accordingly.

Observed spectral frames were flat-corrected, bias-
corrected, and combined using MODS CCD Reduction
pipeline (Pogge 2019). Calibrations, background subtrac-
tion, and 1-D spectra extraction were done using Pyraf scripts
adapted from IRAF routines based on ‘A User’s Guide to Re-
ducing Slit Spectra with IRAF’ by Massey, Valdes & Barnes.
Along with science observations, wavelength and flux cal-
ibration spectra were also observed. The wavelength was
calibrated using Ne, Hg, Kr, Xe, and Ar lamps. Spectro-
scopic standard stars were observed for each observational
run and used for flux calibration. All calibration spectra un-
derwent similar reduction processes. Spectra from MODS1

and MODS?2 channels and different dithered positions were
reduced and then combined accordingly.

3. SPECTRA

We extract 1-D spectra for the central 17 aperture from
both the position angles and average them to get the spectral
lines (Fig. 3) at the galactic nuclei. The prominent spectral
emission lines are marked in each of the spectra.

We derive flux densities and Full Width at Half Maximum
(FWHM) by fitting one or more Gaussian functions for each
emission line using the Levenberg- Markwardt algorithm,
non-linear least-squares minimization and curve-fitting for
Python (LMFIT; Markwardt (2009); Newville et al. (2016)).



LO30 60
-+
€I
4 — e +
" > - E = = o L L oz
— 7} = o= = = e — B = ==
7 2 oS Zw?2 zo L) = 8 = b oz
=T
= 30
o
o
Wi
S
q 20+
o
=]
fuu?
x
= 10+
[V
I‘hh-l'
0 T T T T T T
4000 5000 6000 7000 8000 9000

Wavelength A

Figure 3. The averaged one-dimensional optical spectrum of the central arcsec of L030. The prominent observed emission lines are marked by

dashed lines. The complete figure set for all the galaxies (12 images) is available in the online journal.
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We cross-identify L030 as B3 0754+401, WISEA
JO75756.714395936.1, 2MASX J075756704+3959363,

40 1 T \ 1 2MASXiJ0757567+395936 and 2MASS J07575671+3959361

o 35t [ON]A4959 + [01As007 using NASA/IPAC Extragalactic Database !. It has been pre-
f;‘ 0k i viously classified as Seyfert 2 by Toba et al. (2014). L030 is
E ! one of the non-jetted sources with compact radio emission.
i Br ! The nucleus exhibits several strong emission lines, and the
; 20 - ! emission in [OIIT]A 5007 is particularly very high. Flux den-
; 15} ! sities and FWHM of the strong emission lines are presented
E 10 L in Table 3. The striking feature of L0O30 spectrum is the
X M\ blue-ward asymmetries in narrow, high-ionization emission
T 3 A lines, [OII1]14959 and [OIII]]A5007 as shown in Fig. 4. As
0— = , these forbidden lines trace the low-density ionized gas, the
025 ‘ ' ' ' blueshift in the emission line indicates the Doppler effect
0.00 caused by the gas moving towards us and hence widely used
-0.25 'V ‘ . . as the outflow signatures in AGNs (Whittle 1985; Leighly &

Restframe wavelength [A] Restframe wavelength [A]

Figure 4. [O 111]14959,5007 region from the central 1” spectrum of
L030. Black dashed line: Continuum with emission lines around [O
111]24959,5007. Grey solid line: Gaussian fit at the line center. Blue
solid line: Gaussian fit to account the blue wing in the emission
line. Red solid line: Model spectra produced by combining both
the Gaussians at each emission line. The lower panel shows the
observed minus model residuals.

The derived flux densities, FWHM, and the wavelength at
which the lines were observed are all presented in Tables. 3.
We have calculated and reported the redshifts in Table. 2 us-
ing the observed central wavelengths of the He line and the
formula z = (4, — 4;)/4;), where A, refers to the observed
central wavelength, while A; is the laboratory wavelength of
He, 6562.81 A. In the following subsections, we give a brief
introduction to each galaxy in the sample.

3.1. LO30

1 1 1 1 1
4940 4950 4960 4970 4980 4990 5000 5010 5020 5030

Moore 2004; Crenshaw et al. 2015). By fitting the blue wing
with a separate Gaussian, we find that the outflow velocities
are 318 km/s and 232 km/s when derived from [OIII]24959
and [OIII]]45007, respectively. L0O30 also has [Ne V]13427
and [N IIT]A3869, which suggests a hard ionizing spectrum.

3.2. L048

LO80 was cross-identified as MCG -02-04-045, WISEA
J012516.37-085225.0, 2MASX  J01251637-0852250,
2MASS J01251638-0852251 and SDSS J012516.37-
085225.2 using NASA/IPAC Extragalactic Database®. It
has been classified as Low-power Radio Galaxy by Lin et al.
(2018) and as an AGN by Ge et al. (2012); Toba et al. (2014).
We see several strong emission lines, with broad components
in both Ho 16563 and H 8 14861. The blue-wing component
is present in high-ionization emission lines, [OIII]14959 and

Uhttps://ned.ipac.caltech.edu/byname?0bjname=B3+0754%2B401&
hconst=67.8&omegam=0.308&omegav=0.692&wmap=4&corr_z=1

2 https://ned.ipac.caltech.edu/byname?objname=MCG+-02-04-045&
hconst=67.8&omegam=0.308&omegav=0.692&wmap=4&corr_z=1



6 BHAT ET AL.

Table 3. Central Emission Lines of L030. Tables for all 12 galaxies are published in its entirety in the machine-readable forgt. An example

for L030 is shown here for guidance regarding its form and content.

Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A (10%ergs'em™)  (10'%ergs~'em™)  (kms™))  (kms™")

[Ne V]a3426 3652.7 0.19 6.31 0.41 466.0 34.0
[O 11]A3729 3973.09 0.02 66.35 0.44 489.0 4.0
[Ne II1]13869 4124.31 0.2 8.6 3.97 276.0 44.0
Hy 14340 4626.36 0.25 5.52 0.5 340.0 36.0
[O I11]14363 4651.22 0.39 4.93 0.57 427.0 56.0
Hp 14861 5181.62 0.04 20.32 0.32 321.0 6.0
[O II1]24959,., 5280.64 0.45 12.55 1.46 401.0 85.0
[O 111]14959 5286.25 0.05 68.14 1.69 303.0 4.0
[O III]A5007 e 5333.3 0.96 43.21 13.12 397.0 90.0
[O II1]A5007 5337.43 0.06 184.02 13.01 291.0 4.0
He 115876 6260.77 0.74 2.65 0.59 306.0 79.0
[O 11246300 6714.75 0.26 13.57 0.72 423.0 26.0
[N I1]16548 6978.25 0.22 19.97 2.79 333.0 26.0
Ha 16563 6994.16 0.05 78.76 3.45 329.0 7.0
Ha 165634,0041 6992.25 1.27 42.96 8.77 1102.0 157.0
Ha 465634,0042 6994.23 1.46 70.42 6.8 3129.0 237.0
[N II]16583 7016.22 0.04 87.69 1.34 368.0 4.0
[S I1]A6716 7158.18 0.11 37.3 0.85 412.0 11.0
[S 11]16731 7173.37 0.11 32.35 0.81 365.0 11.0
[O 11]A7320 7801.61 0.37 1.34 0.28 262.0 40.0
[O I1]A7331 7811.62 0.64 8.7 0.46 13.0 0.0
[Ni I1]A7378 7861.51 0.45 2.79 0.2 514.0 39.0

[OII1]]A5007 as well as [OII]43729 and [SII]16716. The out-
flow velocity corresponding to the blue-winged [OIII]15007
line is around 450 kmy/s.

3.3. LO54

We cross-identify 1054 as GIN 086, WISEA J013706.94-
090857.3, 2MASX  J01370694-0908575, 2MASS
J01370694-0908575 and SDSS J013706.94-090857.5 using
NASA/IPAC Extragalactic Database®. It has been classified
as Seyfert 1 by Oh et al. (2015) and as Seyfert 2 by Toba
et al. (2014). Upon analyzing the central spectrum of L054,
we observed strong emission lines with broad components
in both Hoe and HB. Additionally, there are strong outflow
signatures in Nell[]13869, [OIIl]14959 and [OIII]A5007,
with respective outflow velocities of 214 km/s, 111 km/s,
and 248 km/s.

3.4. LO70

LO70 can be cross-identified as MRK 1457, MRK 1456
GROUP NEDO02, SBS 1144+527B, KUG 1144+527B and

3 https://ned.ipac.caltech.edu/byname?objname=GIN+086&hconst=67.8&
omegam=0.308&omegav=0.692&wmap=4&corr_z=1

CGCG 268-083 using NASA/IPAC Extragalactic Database
4. L070 is a compact radio galaxy. Its spectrum shows
extremely high [OII[]A5007 along with [OIIl]24959 emis-
sion with blue-winged components indicating outflow veloc-
ities reaching upto 200 kmy/s. Even though it is classified as
Seyfert 2 (Toba et al. 2014), we see broad Ha components. It
also shows [NeV]13426 and [ArlII]A7136 indicating a hard
ionizing spectrum.

3.5. Li23

We cross-identified L123 as FGC 0955, RFGC 1643,
2MFGC 07622, WISEA J095058.73+375758.3 and 2MASX
J09505867+3757584 using NASA/IPAC Extragalactic
Database °. It is an edge-on galaxy with an elongated mor-
phology. L123 is classified as Seyfert 1 (Toba et al. 2014)
and shows a broad Hao component. We see that [OI1]3729 is
greatly extended along the galactic plane upto 2 kpc from
the center, as it can be produced by star formation re-
gions in the galaxy. L123 also shows outflow signatures

4 https://ned.ipac.caltech.edu/byname?objname=MRK+1457&hconst=67.
8&omegam=0.308&omegav=0.692&wmap=4&corr_z=1

3 https://ned.ipac.caltech.edu/byname?objname=FGC+0955&hconst=67.
8&omegam=0.308&omegav=0.692&wmap=4&corr_z=1



in [OIII]14959,5007 with respective outflow velocities of
185 kmy/s and 135 kmy/s.

3.6. L206

We cross-identified L206 as WISEA J075238.95+181917.7,

2MASX J07523897+1819180, 2MASXi J0752389+181918,
2MASS J07523895+1819178 and SDSS J075238.95+181917.7
6 It is also classified as Seyfert 2 by Toba et al. (2014).
It shows several strong narrow lines and has blue-winged
outflow signature in [OIII]14959 line and by fitting a blue-
winged component we derive the outflow velocity to be
267 km/s. It is a compact low energy radio source and shows
extension in [OIII] and [OII] along the galactic plane.

3.7. JO752
JO752 can be cross-identified as B3 0749+460A, WISEA
J075244.20+455657.4, 2MASX J07524421+4556576,

2MASXiJ0752442+455657 and 2MASS J07524421+4556575
7. Tt is a BL Lac object (D’Abrusco et al. 2019) with
high X-ray emission (Cusumano et al. 2010). Its spec-
trum shows several strong narrow emission lines, and is
dominated by [OIII]25007 emission in the blue channel and
[NII]26583 emission in the red channel. It has a radio jet on
one direction extending upto 3’. The outflow signatures in
[OI11]14959,5007 indicate respective velocities of 225 km/s
and 94 km/s.

3.8. J0S06

We cross-identified J0806 as WISEA J080601.54+190614.6,
2MASX J08060148+1906142, 2MASS J08060153+1906148,
SDSS J080601.51+190614.7 and SDSS J080601.52+190614.7
8, It is a Seyfert 2 (Toba et al. 2014) with compact
high energy radio emission. Its spectrum is dominated by
[OIIT]A5007 emission, and has weaker Ha and HB emission
but no outflow signatures.

39. J1147

J1147 was cross-identified as CGCG 186-048, CGCG
1144.7+3518, B2 1144+435B, 2MASX J11472209+3501071
and 2MASXi J1147220+350107 °. It has been classified as
a BL Lac object by D’ Abrusco et al. (2019), as Seyfert 1 by
Oh et al. (2015) and as Seyfert 2 by Toba et al. (2014). It
is a compact radio source with relatively smaller jets extend-
ing upto 30” on either side. Its spectrum is dominated by ex-
tremely high [OIII]A5007 emission with an outflow signature
whose velocities reach up to 178 km/s. It is known to have

6 https://ned.ipac.caltech.edu/byname?objname=WISEA +J075238.95%
2B181917.7&hconst=67.8&omegam=0.308 &omegav=0.692&wmap=4&
corr_z=1

7 https://ned.ipac.caltech.edu/byname?objname=B3+0749%2B460A &
hconst=67.8&omegam=0.308 &omegav=0.692&wmap=4&corr_z=1

8 https://ned.ipac.caltech.edu/byname?objname=WISEA+J080601.54%
2B190614.6&hconst=67.8&omegam=0.308 &omegav=0.692&wmap=4&
corr_z=1

9 https://ned.ipac.caltech.edu/byname?objname=CGCG+186-048&hconst=
67.8&omegam=0.308&omegav=0.692& wmap=4&corr_z=1
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high X-ray emission (Malizia et al. 2016) whgh confirms the
presence of AGN.

3.10. J1352

We cross-identified J1352 as UGC 08782, VV 369, CGCG
162-021, CGCG 1350.0+3142 and MCG +05-33-012'°. 1t
has been classified as a BL. Lac object by D’ Abrusco et al.
(2019). TIts 1-D spectrum shows several emission lines in-
cluding a broad He line. Interestingly, [OIIJA3729 emis-
sion dominates the blue channel, indicating softer ionizing
spectra. Blue-winged components are evident in [OI[]13729,
[OI11]44959, [OII]A5007 and [SI[]A6716 indicates strong
outflows upto 278 km/s in the central regions of the galaxy.
J1352 also has X-ray emission (Ueda et al. 2005). FIRST
radio contours show highly extended jets in both the direc-
tion, however, the one pointing North-West (Fig. 1)is much
brighter.

3.11. J1440

We cross-identified J1440 as 2MASX J14401795+0556341,
GALEXASC J144017.93+055633.9, GALEXMSC
J144018.03+055634.6, SPIDER J220.07493+05.94279 and
SDSS J144017.98+055634.0 '!. It has been classified as
Seyfert 2 by Toba et al. (2014). We see several narrow emis-
sion lines, however, Ha is very weak and HES could not be
detected. We also see a blue-winged outflow signature in
[OII1]A5007 with outflow velocity of around 590 km/s. Ra-
dio contours show a jet-like morphology on one side of the
galaxy.

3.12. Ji516

J1516 was cross-identified with several other objects such
as CGCG 021-063, CGCG 1514.1+0025, 4C +00.56, PKS
1514+00 and WISEA J151640.21+001501.9'2.  Accord-
ing to Oh et al. (2015), it is classified as a Seyfert 1 ob-
ject, while D’Abrusco et al. (2019) classify it as a BL
Lac object. J1516 also shows X-ray emission (Nisbet &
Best 2016). The 1-Dimensional spectrum of central 17
shows strong emission lines including [OI11]24959,5007 and
[NII]16548,6583+Ha 16563 complex, but no noticeable out-
flow signatures in [OI11]14959,5007 lines. The spectrum also
reveals a stellar continuum. The FIRST images (green con-
tours in FIg. 1) show the jets in both directions extending
over 4’.

4. RESULTS

4.1. Diagnostic diagrams

10 https://ned.ipac.caltech.edu/byname?objname=UGC+08782&hconst=67.
8&omegam=0.308&omegav=0.692&wmap=4&corr_z=1

1 https://ned.ipac.caltech.edu/byname?objname=2MASX+J14401795%
2B0556341&hconst=67.8&omegam=0.308 &omegav=0.692&wmap=4&
corr_z=1

12 https://ned.ipac.caltech.edu/byname?0bjname=CGCG %2002 1-063&
hconst=67.8&omegam=0.308 &omegav=0.692&wmap=4&corr_z=1
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Figure 5. BPT diagram using the flux ratios of central 1”. All the galaxies fall at the higher end of log([OIII]/Hp) ratio, indicating the presence

of AGN.

Unlike BLRs, NLRs do not directly indicate nuclear ac-
tivity. As our spectra consist of dominant NELs, we use the
diagnostic diagrams devised by Baldwin et al. (1981) to cat-
egorize our sources based on their primary ionizing source.
The BPT diagram along with the diagnostic diagrams in-
troduced by Veilleux & Osterbrock (1987), use emission
line ratios ([OIII]/HB, [NII]/He, [SI]/He and [OIl/He) to
classify galaxies into star-burst galaxies or active galaxies.
Kewley et al. (2001) proposed theoretical models to predict
the maximum star-formation contribution, represented by red
solid lines in Fig. 5 and Kauffmann et al. (2003) empirically
moved this line (blue dot-dashed line) based on extensive
observational data. The objects that fall between the two
lines are considered transition objects, with both ongoing
star formation and AGN. Fig. 5 shows that all the sources
in our sample have AGNs as their dominant ionizing source
and some may even be classified as LINERs (Low-Ionization
Nuclear Emission-Line Regions).

4.2. Mid-IR vs. [OIII]A5007 Luminosities

Low-luminosity AGNs are believed to represent the initial
or final stages of the galaxies’ active phases. Thermal emis-
sion from the warm dusty torus is strongest in MIR, and the
observed MIR luminosities represent the re-processed UV/X-
ray radiation from the dusty clouds inside the torus. MIR
emission also correlates with the X-ray brightness over a
wide range of luminosities and hence can be used as a proxy
for AGN activity (Lutz et al. 2004; Horst et al. 2009; Asmus
et al. 2011).

Schirmer et al. (2013) compared MIR-[OIII] relation of
a set of Green Beans with a larger sample of type-2 galax-
ies from Reyes et al. (2008); Greene et al. (2011). They
plot the WISE luminosities at 24 um (W4 filter, as it is not
affected by dust absorption) against [OIII]JA5007 luminosi-
ties and conclude that the 24 ym luminosities of GBs are in
the same range as of other obscured type-2 galaxies however
their [OIII] emission was 5-50 times greater. This could be
explained by the light echo scenario where the NLR is re-

log Lo (erg s71)

41 -
id

40 -

* \itale+Zajacek
#® Our sample

42 43 44 45 46
log Lygum (erg s71)

Figure 6. WISE 24 ym vs. [OIII]A5007 luminosities from Schirmer
et al. (2013) overplotted with Vitale et al. (2015); Zajacek et al.
(2019) sources in the range 0.04 < z < 0.1. Due to the difference in
selection processes, VZ sources exhibit both lower Ljo;;; and lower
Lip4,m values. However, among these radio-selcted VZ sources, our
GB sample (blue crosses) stands out with higher [OIII] luminosities.

flecting an earlier active state of AGN which has declined
significantly in less than the light crossing time.

We overplot MIR and [OIII] luminosities of Vitale et al.
(2015); Zajacek et al. (2019) sources over Schirmer et al.
(2013) plot in Fig. 6. It is to be noted that the redshift range
of radio-selected galaxies was constrained to 0.04 < z < 0.1
to match the galaxy sample considered in this paper. We
see a general trend of lower [OIII] luminosities in radio-



selected galaxies, compared to the type-2 galaxies covered
in Reyes et al. (2008); Greene et al. (2011). However, among
the radio-selected galaxies, our GB sample stands out with
higher [OIII] luminosities even though the two are indistin-
guishable in MIR.

When compared with Schirmer et al. (2013), we find that
the radio selection does not particularly increase the number
of sources with strong [OIII] line emission. Only two out of
twelve sources in our sample fell within the [OIII] luminosity
range of Schirmer et al. (2013).

Strong radio emission can indicate recent activity (by feed-
ing the central black hole) or enhanced high-mass star forma-
tion. We find that despite stronger non-thermal radio emis-
sion, there was no significant decline in line emission during
bulge crossing time scales. This may be obvious in jetted
sources, as the presence of a jet with expansion speeds less
than the speed of light suggests prolonged ongoing quasi-
continuous activity. However, in non-jetted sources, such
an argument is less obvious but indicates nuclear activity on
time scales that exceed bulge crossing time scales.

4.3. Extended emission

To examine the relationship between NELs and the dis-
tance from the galactic center, we made a cut across the 2D
spectrum at the line position. Our cut was carefully chosen to
encompass the velocity dispersion of the galaxy while ensur-
ing no overlap from neighboring lines. The resulting plot in
Fig. 7 illustrates the normalized flux of [OIII]JA5007 across
the galaxy, alongside the continuum fluxes. This representa-
tion allows for a fair comparison of line extensions along and
perpendicular to the radio jets. A similar plot for [OI1]13729
is presented in Fig. 8.

To investigate whether there is a preferred direction for
the extended [OIII] emission, we measured the full widths
at 50% and 90% of the maximum flux in both directions, as
shown in Fig. 9. We conducted a two Kolmogorov-Smirnov
test (KS-Test) between the distributions in either direction (i.
50% of maximum flux - || plane vs L plane; ii. 90% of max-
imum flux - || plane vs L plane) to compare the extended
widths along the parallel and perpendicular planes. The re-
sulting p-values of 0.249 and 0.518, respectively, indicate no
significant systematic difference between the samples, sug-
gesting the absence of a preferred direction for the [OIII]
emission.

In contrast, when comparing the extended [OII] emission,
we observed a distinct pattern. The p-value of approximately
0.034 obtained from FWHM along the parallel plane versus
the perpendicular plane suggests two different distributions
between the samples. Specifically, [OII] exhibits systematic
extensions primarily along the galactic plane. This behavior
can be attributed to the lower ionizing potential of [OII] and
its production by stellar photons.

To estimate the impact of jet presence on the observed
extensions, we conducted separate tests for jetted and non-
jetted sources. The corresponding p-values are presented in
Table 4, indicating no significant difference in the extensions
between the two groups. However, it is worth noting that the
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conical shape of the ionized NLR implies §4otential mis-
alignment between the slit position and the EELR associated
with the jets. Therefore, the observed lack of extended [OIII]
emission in those regions could be attributed to this misalign-
ment.

In summary, our study examined the extensions of NELs
about the galactic center. The analysis revealed no preferred
direction for the extended [OIII] emission while demonstrat-
ing the systematic extensions of [OII] predominantly along
the galactic plane. Furthermore, the lack of significant dif-
ferences in extensions between jetted and non-jetted sources
suggests the need for careful consideration of the alignment
between the slit position and the EELR in future studies.

5. SUMMARY

In this study, we focused on galaxies exhibiting strong
[OIII]A5007 emission, which has been associated with ex-
treme star formation and/or active galactic nuclei in the liter-
ature. These galaxies, often referred to as ‘Green Peas’ and
‘Green Beans, display a prominent appearance in gri images
due to the dominance of their [OIII] lines (which fall in the r-
band). From a larger radio-selected galaxy sample observed
with SDSS-FIRST, we selected 12 nearby sources (with red-
shifts approximately ranging from 0.04 to 0.1), characterized
by high [OIII] luminosity (L ~ 10 erg/s).

To investigate the potential impact of jets on the EELRs,
we conducted LBT-MODS long-slit spectroscopy at two dif-
ferent position angles for each selected galaxy. One slit was
aligned along the direction of the jet, while the other was
oriented perpendicular to it. By tracing the [OII] emission
along both slit positions, we aimed to estimate the extension
of the Narrow Line Region (NLR).

Our analysis revealed that there is no preferential direction
for the extension of the [OIII] emission, suggesting that the
presence of jets does not significantly affect the EELRs. This
finding implies that if the EELRs are conical in shape with
their axes aligned with the jets, we may have missed their
detection by placing the slits parallel or perpendicular to the
jet directions.

Furthermore, we also plotted the extension of [OII] emis-
sion, which traces the star-forming regions within the galaxy.
Interestingly, we observed that [OII] exhibits a much greater
extension along the galactic plane compared to [OIII]. This
disparity could be due to the lower ionization potential of
[OI1] and its association with stellar processes.

In summary, our study of high [OIII] emitting galaxies se-
lected from a radio-selected sample demonstrated no prefer-
ential direction for the extension of [OIII] emission, suggest-
ing a limited impact of jets on the EELRs. We highlighted the
possibility of missing conical-shaped EELRs aligned with
the jets by using slits along or perpendicular to the jet direc-
tions. Moreover, the significant extension of [OII] emission
along the galactic plane emphasized its association with star-
forming regions within the galaxies.
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along the galactic plane were significantly more compared to the perpendicular plane. The K-S test confirmed this finding.

Table 4. The p-values from the KS-test for comparison between different categories of extension widths.

[o1]  [oH]

FWHM (entire sample) - || plane vs L plane 0.249 0.034

90% of maxima (entire sample) - || plane vs L plane 0.518 0.100
FWHM || plane - non-jetted vs jetted 0.139 0.893

FWHM 1 plane - non-jetted vs jetted 0.441 0.441

FWHM || plane / FWHM L plane - non-jetted vs jetted 1.000 0.893
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Table 5. Emission Lines L048
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
(A) A (10 %ergs'em™) (10 '%ergs™'em™)  (kms™))  (kms™")
[O I]A3729 e 3905.98 2.98 7.46 4.7 739.0 281.0
[0 11]23729 3911.87 0.09 38.87 4.54 441.0 16.0
Hy 44340 4554.33 0.14 6.27 0.4 281.0 21.0
HB 14861004 5098.56 1.08 14.22 5.35 371.0 57.0
Hp 14861 5101.44 0.11 11.7 5.14 214.0 29.0
[O 111449591, 5199.97 0.55 22.49 1.14 1359.0 72.0
[O 111124959 5203.23 0.45 1.99 0.67 250.0 70.0
[O TIT]A5007 e 5245.66 0.98 19.16 1.83 1157.0 74.0
[O 11115007 5253.03 0.11 18.43 1.43 393.0 19.0
[0 1126300 6609.71 0.31 17.27 0.87 576.0 32.0
[N II]16548 6866.15 0.18 19.24 2.58 415.0 28.0
Ha 16563 6884.28 0.12 25.58 3.74 266.0 14.0
Ha 165630041 6884.43 0.7 106.69 10.41 2234.0 116.0
Ha 16563, 0042 6886.42 0.11 116.29 6.94 525.0 16.0
[N 11726583 6907.49 0.04 115.39 2.62 471.0 5.0
[S I1]A67164,. 7043.93 2.69 35.1 8.7 1068.0 94.0
[S II]A6716 7047.05 0.08 34.17 3.64 426.0 12.0
[S IM]A6731 7061.79 0.21 42.78 4.93 526.0 17.0
[Ni 11147378 7740.02 0.44 3.09 0.28 417.0 40.0
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Table 6. Emission Lines L054

Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) (A (107%ergs'em™?) (10 %ergs™'em™)  (kms™)  (kms™)

[O 11]23729 3989.32 0.05 12.2 0.23 413.0 9.0
[Ne IT] 23869 4136.77 0.61 11.17 0.77 1574.0 105.0
[Ne IIT]23869 4139.72 0.14 6.57 0.69 470.0 32.0
Hé 14102 4389.57 0.18 1.4 0.17 201.0 28.0
Hy 14340 4644.93 0.08 6.58 0.21 297.0 11.0
[O 111]24363 4668.51 0.39 2.44 0.26 454.0 56.0
HpB 24861004 5197.12 0.53 10.14 0.84 753.0 38.0
Hp 14861 5202.67 0.03 21.89 0.67 291.0 5.0
[O TI1]24959,.¢ 5304.87 0.73 42.14 4.05 1332.0 208.0
[O 111]24959 5306.83 0.15 29.46 3.35 401.0 27.0
[O I]A5007 e 5354.31 0.25 118.81 5.11 914.0 23.0
[O II1]A5007 5358.74 0.06 71.73 3.58 355.0 10.0
He 115876 6284.95 0.21 547 0.26 425.0 22.0
[O 1]16300 6740.35 0.25 14.14 0.41 838.0 26.0
[N I1]16548 7005.4 0.13 28.26 1.29 433.0 13.0
Ha 16563 7020.42 0.09 129.78 2.95 473.0 5.0
Ha 16563, 0041 7016.95 0.39 118.98 3.26 2290.0 40.0
Ha 16563002 7023.21 0.23 5.84 2.33 236.0 33.0
[N 11126583 7042.94 0.03 89.12 1.02 467.0 3.0
[S 1]A6716 7185.95 0.1 15.62 0.28 461.0 9.0
[S 1T]26731 7201.22 0.1 13.34 0.27 424.0 9.0
[O 11127320 7834.42 0.19 10.51 0.18 1054.0 18.0
[Ni I1]A7378 7891.56 0.39 2.19 0.12 601.0 34.0
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Table 7. Emission Lines L0O70
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) (A (107%ergs'em™) (10 %ergs™'em™)  (kms™)  (kms™")

[Ne V]43426 3594.82 0.16 32.77 1.51 603.0 31.0
[O 11]23729 3909.58 0.06 58.12 1.27 428.0 11.0
[Ne ] 43869 4055.25 0.5 68.5 3.56 1602.0 81.0
[Ne 1I1]23869 4059.41 0.1 30.47 2.14 350.0 20.0
Hy 14340 4552.37 0.1 8.53 0.64 165.0 14.0
[O 111]24363 45717.35 0.28 13.92 1.09 463.0 164.0
Hp 14861 5098.58 0.04 59.66 1.12 236.0 5.0
[O TI1]24959, 5199.64 0.19 161.24 3.27 1163.0 24.0
[O 111]24959 5203.04 0.02 133.67 2.06 245.0 3.0
[O TI]A5007 e 5249.84 0.06 417.41 3.38 995.0 8.0
[O I1]A5007 5253.36 0.01 398.92 2.27 243.0 1.0
He 115876 6161.04 0.29 19.42 1.32 528.0 35.0
[O 1126300 6609.12 0.08 47.94 0.69 558.0 8.0
[O 1]16364 6677.23 0.25 13.07 0.69 500.0 27.0
[N 11126548 6865.98 0.1 76.94 4.94 420.0 15.0
Ha 16563 6882.84 0.11 347.54 43.54 370.0 10.0
Ha 165630041 6891.31 5.83 38.28 52.83 582.0 608.0
Ha 265630002 6880.89 1.03 156.59 14.62 2360.0 147.0
[N 11116583 6865.98 0.1 76.94 4.94 420.0 15.0
[S 11116716 7044.17 0.04 75.05 0.69 436.0 5.0
[S 11]A6731 7059.46 0.04 70.57 0.66 402.0 4.0
[Ar IIT]A7136 7486.33 0.09 17.04 0.39 411.0 9.0




Flux [J10" % erg s~ cm~2 4-1]

L123

72

17

= —_ = = =
¢ ofs2zo g0
e JJ ,{
4000 5000 6000 7000 8000 9000
Wavelength A
Figure 13.
Table 8. Emission Lines L.123
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A (10%ergs'em™) (10 '%ergs™'em™)  (kms™))  (kms™")
[Ne V]13426 3567.45 0.24 0.89 0.14 290.0 47.0
[O 11]23729 3881.26 0.05 4.92 0.1 424.0 9.0
[Ne I11]23869 4027.78 0.12 1.79 0.09 376.0 22.0
Hp 14861 5060.79 0.14 0.39 0.03 205.0 19.0
[O 1124959 e 5159.23 0.58 1.56 0.1 1145.0 79.0
[O I11]24959 5162.41 0.04 1.88 0.07 255.0 7.0
[O TI]A5007 e 5209.93 0.24 2.53 0.12 737.0 29.0
[O 1145007 5212.28 0.02 5.26 0.11 249.0 3.0
[O 1]46300 6560.45 0.12 1.64 0.06 324.0 13.0
[N I1]26548 6818.96 0.1 5.38 0.26 315.0 12.0
Ha 16563 6834.53 0.07 5.54 0.26 270.0 10.0
Ha 165630441 6836.03 0.9 16.05 0.76 1888.0 72.0
[N 1126583 6855.93 0.03 21.01 0.26 348.0 4.0
[S 11126716 6994.72 0.1 3.59 0.09 359.0 11.0
[S IT1]26731 7009.27 0.11 3.56 0.1 381.0 12.0
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Table 9. Emission Lines L206
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A (10%ergs'em™) (10 '%ergs™'em™)  (kms™")  (kms™")

[O 11]A3729 3895.3 0.02 45.83 0.26 443.0 3.0
[Ne I11]13869 4042.71 0.09 5.33 0.22 310.0 14.0
[S 11]24069 4251.89 0.17 0.92 0.08 301.0 28.0
Hé 14102 4286.25 0.13 0.75 0.07 214.0 21.0
Hy 24340 4535.61 0.07 3.25 0.11 306.0 11.0
[O I1I]24363 4559.32 0.21 1.96 0.15 460.0 35.0
HpB 14861 5079.96 0.06 9.29 0.21 308.0 8.0
[O 1124959 1e 5177.48 1.48 3.39 0.75 819.0 114.0
[O 111144959 5182.09 0.04 14.92 0.59 289.0 7.0
[O 1I1]A5007 5232.06 0.01 50.91 0.23 307.0 1.0
[O 1]16300 6583.77 0.05 21.32 0.18 585.0 5.0
[O I]16364 6650.74 0.16 6.61 0.17 602.0 17.0
[N I1]26548 6843.83 0.7 24.63 2.31 691.0 58.0
Ha 16563 6858.71 0.15 59.87 2.13 495.0 11.0
[N 11126583 6880.47 0.08 42.63 0.9 476.0 10.0
[S 11126716 7019.16 0.1 36.71 0.57 564.0 8.0
[S I1]26731 7034.45 0.12 26.97 0.56 526.0 9.0
[Ar 1I1]A7136 7457.43 0.2 1.72 0.08 393.0 19.0
[Ni I1]A7378 7708.24 0.44 1.65 0.21 528.0 50.0
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Table 10. Emission Lines J0752
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A (10%ergs'em™) (10 '%ergs™'em™)  (kms™))  (kms™")
[Ne V]13426 3603.94 0.53 3.93 0.46 801.0 101.0
[O 11]23729 3920.74 0.07 13.08 0.32 427.0 12.0
[Ne I11]23869 4069.4 0.2 7.07 0.39 556.0 34.0
Hp 14861 5113.23 0.23 1.54 0.2 209.0 31.0
[O 1124959 e 5212.05 0.55 20.89 0.76 1979.0 82.0
[O I11]24959 5215.96 0.07 9.73 0.37 308.0 10.0
[O TI]A5007 e 5264.7 0.17 28.27 0.69 1026.0 28.0
[O 1145007 5266.35 0.02 25.86 0.59 277.0 4.0
[O 1]46300 6625.92 0.13 14.97 0.33 592.0 14.0
[O I]16364 6694.76 0.54 2.54 0.27 469.0 55.0
[N 11126548 6885.58 0.27 14.99 0.98 385.0 28.0
Ha 16563 6902.72 0.3 18.63 1.08 485.0 33.0
[N 1126583 6923.7 0.09 52.28 0.96 430.0 9.0
[S 11126716 7063.88 0.03 9.7 0.1 327.0 3.0
[S IT1]26731 7078.94 0.03 11.14 0.1 340.0 3.0
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Table 11. Emission Lines JO806
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
(1&) (A) (107 "%ergs~'em™)  (107"%ergs™'em™)  (kms™") (kms™")
[0 11]A3729 4092.56 0.07 23.45 0.46 489.0 11.0
[Ne 111123869 4246.53 0.25 5.22 0.45 414.0 39.0
HpB 14861 5335.95 0.19 5.11 0.47 235.0 23.0
[O 111124959 5442.94 0.07 21.06 0.52 307.0 8.0
[O III]A5007 5495.62 0.02 64.83 0.54 290.0 3.0
[0 1126300 6915.53 0.57 10.3 1.46 341.0 54.0
[N 11126548 7187.08 0.09 18.69 1.17 318.0 13.0
Ha 16563 7203.05 0.05 37.79 1.05 296.0 5.0
Ha 165630041 7209.97 1.75 30.88 2.7 1470.0 165.0
[N 11126583 7225.97 0.03 74.96 0.85 331.0 3.0
[SIM]A6716 7372.16 0.04 28.42 0.41 342.0 4.0
[S 1116731 7387.8 0.05 26.43 0.37 372.0 5.0
[Ar III]A7136 7832.08 0.28 3.11 0.29 295.0 26.0
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Table 12. Emission Lines J1147
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A) (107 "%ergs™'em™?)  (107"%ergs™'em™)  (kms™")  (kms™")

[Ne V]A3426 3642.11 0.13 22.62 0.78 607.0 24.0
[O 11]A3729 3962.56 0.03 81.97 0.76 532.0 6.0
[Ne 111123869 4112.99 0.06 43.52 0.77 506.0 10.0
[S 11]24069 4326.28 0.19 9.05 0.53 497.0 31.0
Hy 44340 4614.83 0.31 21.23 2.13 918.0 66.0
[O 111]24363 4638.9 0.15 32.64 1.3 799.0 26.0
Hp 14861 5168.12 0.05 23.03 0.46 357.0 7.0
[O 111124959, 5270.27 0.3 59.3 3.05 1307.0 72.0
[O 111]24959 5271.95 0.01 95.84 1.65 347.0 4.0
[O III]A5007 e 5319.78 0.15 110.33 3.06 1099.0 25.0
[O II1]A5007 5322.97 0.01 301.33 1.73 353.0 1.0
[O 1]46300 6697.5 0.08 47.99 0.89 549.0 9.0
[O I]16364 6768.04 0.37 13.62 0.88 635.0 40.0
[N II]16548 6960.94 0.14 56.95 2.96 407.0 16.0
Ha 16563 6976.76 0.1 79.83 3.32 397.0 12.0
Ha 165634,0041 6970.5 0.63 361.47 8.88 3040.0 120.0
[N II]A6583 6998.58 0.04 198.17 2.87 419.0 5.0
[S I1]A6716 7139.99 0.1 45.29 0.95 436.0 10.0
[S 11]A6731 7155.16 0.09 47.59 0.92 408.0 9.0
[0 11]A7331 7786.4 0.21 33.1 0.8 39.0 1.0
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Table 13. Emission Lines J1352
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A (10 %ergs'em™)  (10'%ergs™'em™)  (kms™")  (kms™")

[O IT]A3729,, 3887.78 24 5.59 2.12 979.0 275.0
[O 11]A3729 3896.25 0.1 23.57 1.99 546.0 18.0
[Ne II1]23869 4043.05 0.54 1.48 0.28 435.0 92.0
Hp 24861 5081.86 0.06 5.23 0.13 339.0 9.0
[O II1]24959% e 5178.47 0.76 5.63 0.39 1656.0 109.0
[O I11]24959 5183.27 0.2 1.48 0.17 298.0 30.0
[O HI]A5007 e 5220.11 0.68 1.78 0.24 660.0 99.0
[O MI]A5007 5233.21 0.07 8.44 0.2 412.0 9.0
[O 1]16300 6582.65 0.1 11.27 0.22 561.0 11.0
[O I1]16364 6650.75 0.35 2.95 0.21 504.0 38.0
[N I1]16548 6842.91 0.27 24.84 2.34 661.0 34.0
Ha 16563 6859.23 0.09 49.96 1.92 478.0 10.0
Ha 16563p,0441 6853.34 2.31 22.06 4.53 2533.0 366.0
[N 11126583 6879.94 0.06 42.41 1.18 437.0 8.0
[S 111267164, 7013.49 1.29 15.53 1.45 1330.0 59.0
[S 11126716 7018.44 0.04 24.04 0.66 469.0 6.0
[S 11126731 7033.28 0.06 20.21 0.79 492.0 8.0
[Ni I1]A7378 7706.48 0.52 2.27 0.25 620.0 56.0
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Table 14. Emission Lines J1440
Emission line Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A (10%ergs'em™) (10 '%ergs~'em™)  (kms™)  (kms™")

[O 11]A3729 3955.94 0.15 2.79 0.16 446.0 26.0
[Ne I11]23869 4104.87 0.32 1.4 0.15 541.0 58.0
[O I11]24959 5259.04 0.39 12.51 0.69 1614.0 68.0
[O HI]A5007 e 5303.86 1.05 3.6 0.65 666.0 103.0
[O II]A5007 5314.32 0.17 9.57 0.61 452.0 16.0
[O 1]26300 6685.49 0.18 3.6 0.15 602.0 21.0
[N I1]16548 6947.93 0.27 9.03 0.54 463.0 27.0
Ha 16563 6965.21 0.37 8.36 0.58 556.0 46.0
[N 11126583 6985.94 0.08 30.72 0.48 520.0 8.0
[S I1]26716 7125.05 0.92 4.71 0.9 517.0 70.0
[S 11126731 7142.88 0.92 9.5 0.99 758.0 78.0




24

Flux [/10 % erg sl em=2.4-1]

BHAT ET AL.
J1516 79
251
&
T
= = +
> EoT = E — - = = ==
07 2 ozZwg o 29 C S z m oz
15
10 ~
5 4
4000 5000 6000 7000 8000 9000
Wavelength A
Figure 20.
Table 15. Emission Lines J1516
Emission line  Observed wavelength (1,) A4, Flux (F) AF FWHM AFWHM
A) A) (107 "%ergs~'em™) (107 "%ergs™'em™?) (kms™')  (kms™")
[O 11]13729 3924.21 0.07 42.99 0.7 665.0 12.0
[Ne II1]23869 4072.24 0.29 23.12 0.91 1115.0 49.0
[S 11124069 4284.11 0.42 11.22 0.86 824.0 65.0
Hy 14340 4567.93 0.54 49.32 3.13 2435.0 125.0
[O 1I1]24363 4595.2 0.45 8.91 1.32 947.0 82.0
Hp 24861 5117.27 0.21 24.11 0.94 742.0 30.0
[O 111]14959 5217.95 0.24 53.31 1.35 1333.0 34.0
[O 111]25007 5268.05 0.08 128.19 1.37 1112.0 11.0
[O 1]26300 6630.51 0.08 66.29 0.62 843.0 8.0
[O 1]16364 6697.61 0.27 19.27 0.63 852.0 29.0
[N I1]16548 6890.51 1.36 39.35 9.72 620.0 83.0
Ha 16563 6908.69 0.47 1304 14.68 785.0 84.0
[N 11716583 6930.25 0.37 137.51 7.17 699.0 27.0
[S I1]A6716 7072.28 0.23 50.01 1.39 702.0 15.0
[S 11]A6731 7086.99 0.22 26.96 1.34 522.0 13.0
[O 11]A7331 7707.45 0.19 29.22 1.16 38.0 1.0







Summary and Concl@sions

In my thesis, I conducted a study on the physical processes and interactions
within three unique black hole environments. These environments include
AGNs with Hypermassive Black Holes, the Galactic Center, and the Green Bean
galaxies with fading AGNs. Each of these projects focused on different physical
processes due to the varying scales of the environments. To provide a compre-
hensive summary of my work, I have prepared a chapter-wise summary in the
following section.

Chapter-wise Summary

Paper I: Observational Diagnostics for HVIBHs

In this paper, we try to test if there is a higher mass cut-off above which our
current methods of detecting AGNs become less effective. We predicted the ob-
servable emission line ratios and/or their detection limits for AGNs with HMBHs
(Mg > 10° M) to see how these line strengths evolve as we move from the usu-
ally observed mass range to the hyper-massive ones.

Since we wanted to probe the BH with mass > 10*M,, we first built a sys-
tematic method to build mass-dependant AGN SEDs for the range 10° — 10'2M,,.
We use the classical disc-blackbody model from XSPEC to simulate the radiation
from the accretion disc. However, there is an additional power-law compo-
nent in the X-ray regime (due to inverse Compton scattering) that can photo-
ionize the BLR and NLR and produce high-excitation emission lines. As the
conventional methods of adding the disk and the power-law component(e.g.
using standard scaling relation aoy =-0.384log (Lakev/Lysgoi), Tananbaum et al.
(1979)) proved inadequate, we used the latest empirical results known, for the
SMBHs and used suitable extrapolations to form a range of SEDs for all BHs in
the aforementioned mass range and over a range of accretion rates and spins
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of the BHs.

The constructed SEDs were then used as inputs for the photo-ionization code
CLOUDY. We calculate emission line strength for a grid of gas cloud parameters;
a wide range of gas densities and placed over a wide range of distances from the
black hole. The estimated equivalent widths of the individual clouds were then
integrated and averaged using the ‘Locally Optimally Emitting Cloud’ model to
predict the final effective equivalent width &W and the observable luminosity
of each of the emission lines.

We found that the typical optical Broad Emission Lines (BELs) that are used
to identify AGNs, like HB 4861 A and He 6563 A are not the best tracers to
look for HVMIBHs. The &W of these lines decrease by a factor of ~ 100 as the
mass increases from 108 to 101°M,. Instead, the UV lines O VI 1034 A, C IV
1549 A would be the most suited as they undergo a significant and interesting
turnover from their drop in intensity and regain strength for the highest mass
black holes.

Estimated Narrow Emission Line (NEL) ratios reveal an interesting fact that
BHs with the highest mass with/or low accretion rate may have line ratios con-
sistent with star-forming regions on the BPT diagnostic diagrams. This further
suggests that the number of massive black holes in large survey samples like
SDSS is being underestimated.

Paper II: MIR studies of Galactic Centre

Through this project, we tried to make a comprehensive study of all the dusty
sources along the mini-spiral. We analyzed the MIR images of the central par-
sec in detail and examined the motion and physical properties of the extended
gas and dust features along with bright Infrared Sources (IRS). The GC is illu-
minated in MIR due to the presence of dust, dominated by Polycyclic Aromatic
Hydrocarbons (PAH) emission and Nell emission from ionized gas. We stud-
ied the MIR images at two wavelengths in the N-band — 8.59um (PAH1 filter)
and 13.04 um (Nell 2 filter) observed at VLT/VISIR — over 12 years. We pro-
duced high-pass filter maps to resolve and highlight the structures of extended
sources by removing the effects of overlapping Point Spread Functions (PSFs).
We performed astrometry and photometry to present the proper motions and
flux densities of the largest set of resolved and reliably determined sources.

We have looked into the physical processes in this turbulent region of GC. We
detect a bow-shock feature and tail components of IRS 7 (a pulsating red giant)
that are pointed away from Sgr A*. The proper motion distribution of the indi-
vidual tail components can be interpreted with a combination of downstream
fluid motion and the development of Kelvin-Helmholtz (KH) instabilities. We
detect and resolve the brightest MIR source in the region, IRS 3. The extended
(puffed-up) structure of the star is likely a result of its atmosphere’s perturba-
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tion followed by tidal prolongation. We also deduce that the structures and
origins of the dusty sources in the region can be explained in combination with
ram-pressure compression due to radiation from the NSC and KH instabilities,
making the clumps form and fragment as they move along the mini-spiral.

Paper III: Influence of Jets on [OIII] Extensions in Green Pea/Bean
Galaxies

In this paper, we study the impact of relativistic jets on the EELRs in a particular
sample of high [OIII] 5007A emitting galaxies. From the larger sample of SDSS
narrow emission-line galaxies cross-identified with FIRST radio galaxies, we
chose objects with characteristically high [OIII] luminosity (L ~ 10*%erg/s) and
equivalent width (EW~10-30 A). Among these, we chose the 12 closest sources
(z ~ 0.04-0.1, 6 with jets and 6 without jets) in order to ensure resolving spatial
scales < 200pc on the source. We carried out MODS long-slit spectroscopy at
LBT at two position angles for each source, one along the jet direction and one
orthogonal to the jet direction.

We extracted the [OIII] 5007A flux densities along both the slit direction and
compare their normalised fluxes. We observed no significant disparity between
extension among jetted and non-jetted sources. In the cases of jetted sources,
we observed no preferential direction for [OIII] extension. For comparison, we
also extracted [OII]13729 as a function of distance from the centre. [OI[]13729
has a much lower ionizing potential than [OIII]15007 and therefore probes the
star-forming regions of the galaxy. As a result, we see [OII]13729 being much
more extended especially along the galactic plane, confirming our validity of
data, reduction and analysis methods. Lack of extended [OIII]15007 could also
mean that the ionised NLR region is conical in shape and the slit positioned
along the jets did not align with the possible EELR.

Estimating the line flux densities and line ratios, shows that the sample is
mostly populated by low-luminosity AGNs which are believed to represent the
initial or final stages of the galaxies’ active phases. In dust-obscured galaxies,
X-ray brightness is severely diminished and cannot be used as an indicator of
nuclear activity. However, the thermal emission from the warm dusty torus
is strongest in MIR and represents the re-processed UV/X-ray radiation from
inner regions. MIR emission also correlates with the X-ray brightness over a
wide range of luminosities and can be used as a proxy to estimate the AGN
activity.

The plot of MIR vs [OIII]A5007 luminosities Schirmer et al. (2013) show that
the Green Beans are less luminous in MIR compared to the larger sample of
dust-obscured galaxies of similar [OIII[]JA5007 fluxes. This leads to the conclu-
sion that Green Beans host recently faded AGNs whose activity has declined
over timescales less than the light-crossing time of the NLR, resulting in strong
ionisation echoes. In addition, our radio-selected galaxies did not entirely coin-
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cide with the brightest [OIII]15007 emitting galaxies. Radio detections can act
as signatures of recently enhanced activity leading to jet emission or bursts of
star formation and hence no pronounced line emission decay on bulge crossing
time scales.
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