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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 H
and H 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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Introdtiction

Black Holes (BHs) are one of the most mysterious objects in our Universe. The
concept of BHs (calleddark stars or frozen starsback 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 holeg Mgy

5 10sM ), which are created at the end stage of the evolution of massive
stars; ii. intermediate-mass Black Holes (IMBH§Mgy 100s 10°M ), found in
the centers of globular clusters; iii. Supermassive Black Holes (SMBHEWgH
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-
ows/jets. In the following chapter, | 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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2 CHAPTER 1. INTRODUCTION

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/STScl

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, | will discuss some of the important components of the GC that
are relevant to this thesis (especially Paper Il). 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 SMBHSs, which
in most cases are less active (or inactive) than in QSOs. This led to the rst
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 rst 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 ux density of 0.6 Jy at
3.7 cm with indications of variability. The rst successful IR observations of the
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Figure 1.2: The very rst 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 2.2 m. 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 rst 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 = 1.3mm The mass of SMBH associated with the Sgr A* is
estimated to be about Mgy 4 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 pro le 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 (upto 40 mas) and the sensitivity
by 3 to 5 magnitudes(to Ks 16) (Fig. 1.3).

There is a signi cantly 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 (30-100M ) 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 00 ° 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 in uence 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 in uence, extending from 1.5 7pc.
The CND is estimated to have a mass of a fewd®®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 2 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 in ow rate of 10 3M (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. Vollimer 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 1] line ( 128 m).
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 H92 and H30 lines,
Zhao et al. (2009, 2010) con rmed 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 lamentsorbiting 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, Pei3ker et al. (2019, 2020)). There are also
indications for a central, partially collimated out ow that would explain the
motions of some of the thin laments in the region (Mui ¢ et al., 2007). The
discussions on the out ows and dynamics of mini-spiral are dealt with in more
detail in Paper I
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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 rst 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 rst 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 calledSeyfert galaxiesn 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 (calledquasi-stellar ra-
dio sourcer QSOs, Schmidt (1963)) with strong and high-redshifted emission
lines. It was only with Khachikian and Weedman (1974), that Seyferts were
rst 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 classi ed as AGN if it satis es 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 at 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 de nition and observational criteria, a wide variety
of objects fall under the classi cation 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 Unied model of the AGN. Image credit:
https://fermi.gsfc.nasa.gov/science/eteu/agn

classi cation.

1.2.1 AGN geometry and Uni cation Scheme

The AGN uni cation 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 simpli ed geometric

uni cation 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 to1C°K resulting
in thermal emission mainly in the UV and Optical regions, giving rise to the
blue bumpin 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 lled
with high density ( 10'%m 3), dust-free gas clouds that are moving roughly
in Keplerian orbits and are called Broad Line Regions (BLRs utside 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
et al. (2017)

velocity ionized gas and are calledNarrow 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 Il 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-
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sion (ultra-relativistic electrons in a magnetic eld) coming from the radio jets.
This non-thermal radiation is well represented by a single power law, F /
where F is the ux density at frequency and is the spectral index used to
classify the sources into at-spectrum radio sourcey < 0:5) and steep-spectrum
radio sources( > 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 simpli ed expression to calculate the temperature of the annulus at a
distance R is given by Peterson (1997) as,

! Iy
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T(R) =35 10°( )3 e 1M

where Mgy is the mass of the central black hole accreting at the rate ofm,
Meqq iS its Eddington accretion rate, and Rs = 2GMgy=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-1 AGNs is usually lled with strong narrow absorption lines
along with a strong X-ray continuum. Type-ll 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 / oxwhere ox 0:7 0:9isusedto tthe 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 Il 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 (\VLTI)).
VISIR is mounted on UT-3 and provides diffraction-limited imaging at high sen-
sitivity in two MIR wavelength bands: the N-band (8 13 m)and the Q-band
(165 245 m).

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 callecchopping/noddingis 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.

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 Il 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" eld 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 at-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 ux calibration
spectra were also obtained alongside the scienti ¢ observations, calibrated us-
ing Ne, Hg, Kr, Xe, and Ar lamps. Each observational run included spectroscopic
standard stars for ux 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 | - Observational diagnostiCs of
Hypermassive Bldekskioles

Recent discoveries of bright QSOs at z 6, powered by accretion onto BHs with
massesl®® 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 (HMBHSs). 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 forMgy = 1¢° 10'2M to see how
these line strengths evolve as we move from the usually observed mass range to
the hyper-massive ones. We nd that the emission lines are intrinsically weaker
because of the very different SEDs of the HMBHs 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.

13



14



15



16



17



18



19



20



21



22



	Abstract
	Contents
	Introduction
	The Galactic Center
	The Supermassive Black Hole in the Galactic Center
	Nuclear Stellar Cluster
	The Interstellar Medium

	Active Galactic Nuclei
	AGN geometry and Unification Scheme
	Spectral Energy Distribution

	Observational Techniques
	VISIR at Very Large Telescope
	MODS at Large Binocular Telescope


	Paper I - Observational diagnostics of Hypermassive Black Holes
	Paper II - Mid-Infrared observations of Galactic Centre 
	Paper III - Influence of Jets on [OIII] Extensions in Green Pea/Bean Galaxies
	Summary and Conclusions
	Bibliography
	List of Figures
	List of Acronyms
	Acknowledgements
	Declaration
	Eingebundene Manuskripte in Vorbereitung:

	Curriculum Vitae

