UV Studies of Star Formation in Different
Extragalactic Environments

A thesis
submitted for the degree of

Hortor of Philosophy
in
The Department of Physics,

Pondicherry University,

Puducherry - 605 014, India

Amrutha S

Indian Institute of Astrophysics,
Bangalore - 560 034, India

January 2026






UV Studies of Star Formation in Different
Extragalactic Environments

Amrutha S

Indian Institute of Astrophysics

Indian Institute of Astrophysics
Bangalore - 560 034, India






Title of the thesis

Name of the author

Address

Email

Name of the supervisor

Address

Email

Name of the co-supervisor

Address

Email

UV Studies of Star Formation in
Different Extragalactic Environ-
ments

Amrutha S

Indian Institute of Astrophysics
Il Block, Koramangala
Bangalore - 560 034, India

amrutha.s@iiap.res.in

Prof. Pravabati Chingangbam

Indian Institute of Astrophysics
Il Block, Koramangala
Bangalore - 560 034, India

prava@iiap.res.in

Prof. Mousumi Das

Indian Institute of Astrophysics
[l Block, Koramangala
Bangalore - 560 034, India

mousumi@iiap.res.in







Declaration of Authorship

I hereby declare that the matter contained in this thesis is the result of the in-
vestigations carried out by me at the Indian Institute of Astrophysics, Bangalore,
under the supervision of Prof. Pravabati Chingangbam and Prof. Mousumi Das.
This work has not been submitted for the award of any other degree, diploma,
associateship, fellowship, etc., of any other university or institute.

Signed: . ét“ .

Date: 20/08/2026







Certificate

This is to certify that the thesis entitled ‘UV Studies of Star Formation in
Different Extragalactic Environments’ submitted to Pondicherry University
by Ms. Amrutha S for the award of the degree of Doctor of Philosophy is based
on the results of the investigations carried out by her under my supervision and
guidance, at the Indian Institute of Astrophysics. This thesis has not been sub-
mitted for the award of any other degree, diploma, associateship, fellowship, etc.,

of any other university or institute.

Signed: EYM/*‘L '\[; L

Date:  20/08/2026







List of Publications

1. S. Amrutha; Mousumi Das; Jyoti Yadav, 2024, “A comparative study of
star-forming dwarf galaxies using the UVIT”, Monthly Notices of the Royal
Astronomical Society, 530, 2, 2199-2231. *

2. S. Amrutha; Mousumi Das, 2025, “A Pilot Method to Determine the High
Mass End of the Stellar Initial Mass Function in Galaxies Using UVIT, Ha-
MUSE Observations and Applied to NGC 628, The Astrophysical Journal,
987,11 1

3. S Amrutha; Dimitra Rigopoulou; Mousumi Das; Jyoti Yadav, 2026, “Spa-
tial correlations of PAH, UV, and Ha emission and IMF-PAH variations
in the star-forming complexes of NGC 6287, Monthly Notices of the Royal
Astronomical Society, 551, 1, 1410. *

4. Athokpam Langlen Chanu; S Amrutha; Pravabati Chingangbam; Chang-
bom Park; 2026, “Morphological Complexity of NGC 628—A Multiwave-
length Multiscale Analysis Using the Ordinal Pattern Framework”, The As-
trophysical Journal, 1003, 50. 8

5. S Amrutha; Mousumi Das; Daniel Vaz; Jarle Brinchmann, 2026, “Ultravi-
olet Properties of the Ultra-Faint Dwarf Galaxy Leo T: Insights from UVIT

Observations”, Astronomy and Astrophysics, under revision. 1

6. Rakshit Chauhan; S Subramanian; Deepak A. Kudari; S Amrutha; Mousumi
Das, 2025, “Dwarf-dwarf interactions and their influence on star formation:

Insights from post-merger galaxies”, Astronomy and Astrophysics,702, A222.

7. Jyoti Yadav; Mousumi Das; S Amrutha; Dimitra Rigopoulou, 2026, “Star
formation beyond the optical disk: The low-density outskirts of NGC 20907,
Astronomy and Astrophysics, 709 A172.

*presented in Chapter 6
tpresented in Chapter 3
fpresented in Chapter 4
$presented in Chapter 5
Ipresented in Chapter 7


https://doi.org/10.1093/mnras/stae907
https://doi.org/10.1093/mnras/stae907
https://doi.org/10.3847/1538-4357/add68d
https://doi.org/10.3847/1538-4357/add68d
https://doi.org/10.3847/1538-4357/add68d
https://doi.org/10.1093/mnras/stag1410
https://doi.org/10.1093/mnras/stag1410
https://doi.org/10.1093/mnras/stag1410
https://doi.org/10.3847/1538-4357/ae5c98
https://doi.org/10.3847/1538-4357/ae5c98
https://doi.org/10.1051/0004-6361/202554437
https://doi.org/10.1051/0004-6361/202554437
https://doi.org/10.1051/0004-6361/202659471
https://doi.org/10.1051/0004-6361/202659471

Presentations

. Presented online talk titled “Probing Star Formation and the High
Mass Stellar IMF with UVIT ” at the conference Instrumentation and

Scientific Frontiers in Ultraviolet Astronomy, Marseille, France.

. Presented a short talk titled “Constraining the High-Mass Stellar IMF
in Galaxies: A Pilot Method Using UVIT and Ho—MUSE Obser-
vations Applied to NGC 628 ” at the conference Star Formation in
Different Environments 2025, ICISE, Quy Nhon, Vietnam.

. Presented a poster titled “Understanding stellar initial mass function
in the different regions of NGC 628 using MUSE and UVIT obser-
vations” in National conference Astronomical Society of India (ASI) 2025,
NIT Rourkela, India.

. Presented a talk titled “A pilot study of High mass end Initial Mass
Function of NGC 628 using UV and Ha emission ” at the conference
The Network for UltraViolet Astrophysics (NUVA) (e-meeting), 2024.

. Presented a poster titled “A Comparative UVIT analysis of Star Form-
ing Dwarf Galaxy types” in Small Galazies, Cosmic Questions - 11 202/,
Durham University, UK.

. Presented a poster titled “An Ha and UVIT study of the star-forming
complexes in the inner disk of NGC 628’ in National conference
Astronomical Society of India (ASI) 2024, IISc Bengaluru, India.

. Presented a talk titled “Comparing Properties of Star-Forming Dwarf
Galaxy Types using UVIT Data” at the conference The Network for
UltraViolet Astrophysics (NUVA) (e-meeting), 2023.

. Presented a poster titled “A comparative UV study of Star-Forming
Dwarf Galaxy types using UVIT” at Indo-French CEFIPRA Astronomy
meeting-I1I1 on SKA and multi-wavelength synergies 2023, 1IA Bangalore,

India.



9. Presented a talk titled “A comparative UV study of Star-Forming

10.

Dwarf Galaxy types using UVIT” in National conference Astronomical
Society of India (ASI) 2023, II'T Indore, India.

Presented a poster titled “A UV study of Star Forming Dwarf Galaxies

using UVIT observations” at Two-day conference to celebrate seven years
of AstroSat, , ISRO, Bangalore, India.



Acknowledgements

I extend my heartfelt thanks to my “Super’visors, Prof. Mousumi Das and Prof.
Pravabati Chingangbam, for their constant support, encouragement, and guid-
ance. Both of them have been incredibly cool, approachable, and supportive
throughout my research journey. Prof. Mousumi has always encouraged me to
think independently and explore projects with just the right amount of guidance.
Their combined mentorship has helped me grow as a researcher, both in working

independently and in collaborating effectively with others.

I thank my collaborators, Prof. Dimitra Rigopoulou, Dr. Langlen Chanu, Dr.
Daniel Vaz, Prof. Jarle Brinchmann and Dr. Jyoti Yadav for their insightful
discussions and valuable inputs. I also appreciate the support of Dr. Smitha
Subramanian, Dr. Ravi Joshi, Rakshit, Prajna, and Vikranth for their confidence
in me and for providing opportunities to collaborate. I am grateful to the members
of my Doctoral Committee, Dr. Sudhanshu Barway and Prof. Alok Sharan, for

their helpful feedback and constructive suggestions.

I would like to thank the Director and the Dean of the Faculty of Sciences, ITA, as
well as all the academic and administrative staff for providing a research-friendly
environment. I am especially grateful to the staff of the Board of Graduate Studies
(BGS)—Shankar Sir, Vijaylakshmi, and Sandhya for their timely assistance with
administrative processes. I also thank the Data Centre staff for their technical
support with computer- and internet-related matters. I appreciate the IIA library
team for helping me access the necessary books essential for my research. I am

grateful to the University of Pondicherry administration for their ongoing support.

I express my sincere gratitude to the instructors of the PhD coursework. The
remarkable dedication with which they taught during the COVID pandemic played
an important role in helping me choose my PhD research topic and carry out my

n



studies effectively. 1 would also like to thank the entire extragalactic group for

arranging timely talks and discussions.

Bhaskara has become a second home to me, where I have spent most of my PhD
life. T am grateful to the Bhaskara supervisors for their care and attention, and
to all the cooks and cleaning staff for providing delicious food and ensuring a

comfortable, hassle-free stay.

I would like to thank my batchmates, Soumya, Sipra, Neeraj, Judhajeet, Payel,
Anisha, and Amlan—and my other close friends, including Dhanush, Parvathy,
Manju, and many more juniors, seniors, and friends at ITA for making this PhD
journey truly memorable. I will surely miss the treks, yoga, birthday parties, and
festival celebrations, where we all came together despite our busy schedules, and

also cherish the time we spent together over food and small walks every day.

I would also like to remember all the teachers and friends I have had throughout
my life. Many relatives and cousins have encouraged me and expressed pride in
the path I chose. Their guidance, support, and even criticism have shaped me into

the person I am today, and for that, I am truly grateful.

Finally, my deepest gratitude goes to my entire family for their unwavering support
throughout my pursuit of a PhD. Despite social pressures, they always encouraged
me to excel and trusted me wholeheartedly. I cannot thank enough the divine love
and strength that have guided me at every step. This acknowledgement is surely
not enough to express all the love and support I have received throughout this

wonderful journey.

Amrutha






Data and software usage

We have utilised data from ground and space-based telescopes for the study pre-
sented in this thesis. I would like to express my sincere gratitude to the members

and affiliates of the facility for providing this dataset.

We have obtained Far-Ultraviolet (FUV) and Near-Ultraviolet (NUV) archival
data, as well as our own observational data, from the Ultra-Violet Imaging Tele-
scope onboard the ASTROSAT mission of the Indian Space Research Organisation
(ISRO). We have also used FUV and NUV archival data from Galaxy Evolution

Explorer.

We used archival optical data from the Multi-Unit Spectroscopic Explorer (MUSE)
on the Very Large Telescope, which provides high-resolution three-dimensional

spectroscopic data cubes.

For our Infrared (IR) data, we utilised the Multiband Imaging Photometer for
Spitzer (MIPS) and the Infrared Array Camera (IRAC), both of which are com-
ponents of the Spitzer Space Telescope operated by the Jet Propulsion Laboratory
at the California Institute of Technology under a contract with NASA. Addition-
ally, we incorporated high-resolution archival data from the Mid-IR instrument
and a Near-IR camera of the NASA/ESA/CSA James Webb Space Telescope.
The data were downloaded from the Mikulski Archive for Space Telescopes at the
Space Telescope Science Institute. The molecular data used in this study were

obtained from the Atacama Large Millimeter Array.

This work made use of different softwares, such as astropy (Astropy Collaboration
et al. 2013, 2018), Source Extractor (Bertin & Arnouts 1996) TOPCAT (Taylor
2005), IRAF (Tody 1993), matplotlib (Hunter 2007), Photutils (Bradley et al.
2022), numpy (Harris et al. 2020).






Dedzicated to
my famaly

for their love and support.






Abstract

Star formation is crucial for galaxy evolution and can be driven by both internal pro-
cesses and external interactions with neighboring galaxies. By studying the properties
of star formation, we can infer the potential causes behind it. This complex process
also depends on the surrounding environment, which influences the physical properties
of both the stellar and gaseous components that support star formation. Therefore, it
is essential to understand how the environment impacts star formation and how this

process, in turn, affects the environment.

Within galaxies, star-forming environments can vary from their nuclei to their outer
disks. It also varies over different galaxy types, from dwarfs to massive spirals. Analyz-

ing these variations offers insights into both local and global star formation processes.

Our thesis focuses on UV studies of star formation in various extragalactic environments
and its impact on the interstellar medium (ISM) and structural complexity of a galaxy.
We primarily utilize observations from the Ultra-Violet Imaging Telescope (UVIT),
along with multiwavelength data, for a comprehensive analysis. Using UVIT and other
high-resolution observations, we conducted a spatially resolved study. We detected
star-forming complexes (SFCs) ranging from a few parsecs to hundreds of parsecs in
size. Our studies include a nearby massive galaxy (NGC 628), a sample of 16 star-

forming dwarf galaxies (SFDGs), and an ultra-faint dwarf galaxy (UFDG; Leo T).

In our study, we estimated an approximate high-mass Initial Mass Function (IMF) for
the SFCs across NGC 628 using Ha: and UV emissions. Our results indicate that the
IMF derived from B-type stars is steeper and more reliable. We observed little variation
in the high-mass IMF between arms and spurs within NGC 628. Additionally, we ana-
lyzed the properties of polyaromatic hydrocarbons (PAHSs), noting an increase in small

i



PAH molecules as SFCs become top-heavy and blue. We also examined emissions in
bubble and superbubble regions, highlighted in James Webb Space Telescope (JWST)

images.

To quantify the morphological complexity, we conducted a multiwavelength multiscale
analysis of NGC 628, employing statistical measures such as permutation entropy, dis-
equilibrium, and statistical complexity. This analysis yielded a characteristic smoothing
scale of about 196 parsecs, which marks a transition from star formation-driven scales

to those influenced by galaxy dynamics.

Dwarf galaxies have completely different star-forming environments; they are charac-
terized by low mass, small size, and a metal-poor composition, and are very different
compared to the massive galaxy discussed above. We studied SFDGs and one UFDG
using UVIT observations. We classified the SFDGs in our sample into dwarf spirals,
irregulars, and blue compact dwarfs (BCDs), and found that their properties, including
star formation rate and SFC sizes, depend on morphology. We also examined the FUV
emission in Leo T, a UFDG, to gain insight into star formation in extreme environ-
ments. By comparing FUV SFCs with high-resolution optical data, we also identified

UV-emitting stars.

Thus, this thesis provides a comprehensive study of star formation across diverse envi-
ronments within galaxies and over different galaxy types, utilizing our own UV obser-

vations and multiwavelength archival data.
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Chapter 1

Introduction

1.1 Galaxies

Galaxies are fundamental units of the universe on a large scale. They are systems
of baryonic and dark matter that are gravitationally bound, with baryonic matter
consisting of stars, the interstellar medium (ISM), and stellar remnants. Our
Earth is a part of the Milky Way (MW) Galaxy, and the MW is one among the
billions of galaxies in our observable universe. Earlier in 1920, there was a debate
between the scientists Harlow Shapley and Heber Curtis regarding the nature
of the nebulae (or galaxies) outside the MW; this was called the Shapley-Curtis
debate. Shapley proposed that these nebulae are part of our MW, whereas Curtis
contended that these constitute separate galaxies and do not belong to the MW. In
1926, Hubble (1926) confirmed that they are ’extragalactic nebulae’ by studying
Cepheid variable stars in one of the galaxies. Now, the study of objects outside

the MW comes under the branch of Extragalactic astronomy.
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FiGURE 1.1: The first JWST NIRCam’s deep field view of galaxy cluster
SMACS 0723. Credit: NASA, ESA, CSA, and STScl; composite by E. Siegel.

Figure 1.1 is the first James Webb Space Telescope (JWST) Near-InfraRed (NIR)
deep field image of a galaxy cluster, SMACS 0723. This field covers an angular
area of 2.4 arcminutes and was observed with 12.5 hours of exposure time. There
are nearly 40000 galaxies in this small field. Hence, it is crucial to understand
how these galaxies form and evolve to comprehend the formation of large-scale
structures in the universe, and also to understand the distribution of invisible
dark matter. We discuss the formation, classification, and composition of the

galaxies in the sections below.
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1.1.1 Galaxy formation theories

There are different theories to explain the formation of galaxies (Mo et al. 2010).
The two important theories are the Top-down or Monolithic Collapse Model and
the Bottom-up or Hierarchical Clustering Model. The top-down model was first
proposed by Eggen et al. (1962). The theory posits that disk galaxies formed
rapidly from the collapse of a single, massive primordial gas cloud shortly after
the Big Bang. During this collapse, the very first stars form. As the collapse accel-
erates, the nascent stars and globular clusters that formed early on are ejected into
the outer regions of the collapsing cloud. They are left with random, highly ellip-
tical orbits and do not settle into a flattened structure. These older, metal-poor
stars form the galactic halo and the central bulge. The remaining gas, which has
dissipated energy through radiation (cooling), settles into a much flatter, rotation-
ally supported disk due to the conservation of angular momentum. Stars continue
to form in this disk, creating younger, more metal-rich stellar populations. While
the luminous, baryonic matter (the gas) dissipates energy and collapses, the dark
matter, which only interacts gravitationally, does not. It is assumed to remain
in a large, diffuse halo surrounding the disk. Although the theory explains some
of the concepts observed in the universe, it fails to explain the age spread in the
stellar halo (Searle & Zinn 1978), the lack of early massive galaxies, and predicts

a lower angular momentum for galaxies than is observed.

The recent and well-accepted galaxy formation theory is the Bottom-up or Hierar-
chical Clustering Model (Blumenthal et al. 1984; Bromm et al. 2009). This theory
is a core component of the standard Lambda-cold dark matter (CDM) cosmolog-
ical model, and is supported by a large body of evidence from both observational
astronomy and large-scale computer simulations. It describes a gradual process in
which smaller structures merge and accrete matter over billions of years to build
the large galaxies and clusters seen today. The gravitational influence of dark mat-

ter drives the entire process. In the aftermath of the Big Bang, the distribution of
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matter was nearly uniform, with only tiny quantum fluctuations in density. The
CDM model proposes that dark matter, being cold (moving slowly) and dissipa-
tionless, gravitates and clumps much more easily than usual, or baryonic matter.
These early, small fluctuations in the dark matter density grew through gravity,
forming a cosmic web of filaments and nodes. The densest regions collapsed first
to create small, self-gravitating dark matter structures known as "dark matter
halos". Gravity pulls the baryonic matter into these dark matter halos. The cool
and dense gas forms the first stars and small dwarf galaxies. These dwarf galax-
ies and dark matter halos merge, forming increasingly larger and more massive
structures. This hierarchical merging of galaxies is an important characteristic of
the model. Through mergers and mass accretion processes, galaxies continue to
grow, evolving into the varied and complex structures observed in the present-day

universe, which is predominantly composed of spiral and elliptical galaxies.

However, recent JWST observations have revealed ultra-massive galaxies at red-
shifts (z > 7), including some with well-developed spiral arms (Xiao et al. 2024;
Carnall et al. 2024; Xiao et al. 2025; Jain & Wadadekar 2025). The existence of
such massive and morphologically evolved systems within the first billion years af-
ter the Big Bang poses a challenge to the standard hierarchical clustering paradigm,
in which galaxies are expected to assemble progressively through the merger and
accretion of smaller systems. These discoveries suggest that massive galaxy assem-
bly and structural evolution may have proceeded more rapidly than predicted by
current models, motivating refinements to our understanding of galaxy formation

and evolution.
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Hubble's Galaxy Classification Scheme

FI1GURE 1.2: Hubble tuning fork diagram. Credit: Karen Masters, galaxies are
from the Sloan Digital Sky Survey gri colour image as used in Galaxy Zoo.

1.1.2 Classification of galaxies

Morphological classification

With the advent of photography, the study of galaxy structure and morphology
began. One of the most notable and popular schemes is "Hubble Tuning Fork’ by
Hubble (Hubble 1926, 1936). Hubble classified the galaxies into four major types
based on their morphology: Elliptical, Spiral, Lenticular, and Irregular galaxies,

as shown in Figure 1.2.

Elliptical galaxies are morphologically elongated galaxies that appear elliptical or
spheroidal in shape. They are denoted as En, where n can take values from 0 to 6.
EO means that the galaxy is nearly spheroidal. The n increases as the ellipticity
of the galaxy increases. These galaxies are at the left of the bifurcation in the
tuning fork, or at the beginning of the tuning fork (See Figure 1.2), so they are

also called early-type galaxies.
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In contrast, spiral galaxies are characterized by their visible spiral arms. They
consist of flat, rotating disks containing stars, gas, and dust, surrounded by an
extended stellar halo. Some of the spirals also have a central spheroidal structure,
known as a bulge. Spiral galaxies are again classified based on the presence (SB)
or absence (S) of an elongated structure called a bar at the centre. Additionally,
these galaxies are further categorized by the tightness of their spiral arms, which
results in classifications of Sa/SBa (tightly wound), Sb/SBb (moderately wound),
Sc/SBe, and Sd/SBd (loosely wound). These latter types of spirals are often
referred to as late-type galaxies. There are also lenticular galaxies (S0), which fall
between elliptical and spiral galaxies. They have a large disk but lack spiral arms.

Lastly, there are irregular galaxies (Irr/Im) with no distinct shape.

Subsequently, new methods were developed for classification based on visual in-
spection. de Vaucouleurs (1959) highlighted prominent internal features such as
bars and rings. Several studies, including those by Sandage (1961), van den Bergh
(1976), and Elmegreen & Elmegreen (1987), have extended these classification

schemes.

These morphological classifications were reasoned with physics to understand the
origin and evolution of these galaxies. Elliptical galaxies are found to be massive
and red in color (Holmberg 1958), and show minimal star formation (SF). In
comparison, spirals are generally less massive than elliptical galaxies. They are
often blue in color and have evidence for ongoing SF. The ellipticals and lenticulars
are generally found towards the centres of galaxy clusters, where the galaxy density
is very high. Hence, the rate of galaxy mergers/interactions is high, and galaxies
grow in mass via mergers over time (Dressler 1980; Bekki 1998). These mergers
will trigger intense SF' activity, which consumes the available gas, and transforms
the galaxies into passive, red galaxies (Larson 1975). However, studies suggest that
lenticulars could also be spiral galaxies with faded arms (Aguerri 2012; Marquez-

Lugo et al. 2025).
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Studies suggest that the spiral arms in disk galaxies are density waves that prop-
agate with a velocity called the pattern speed in the disk (Lindblad 1959; Lin &
Shu 1964). Galaxies also exhibit differential rotation, hence their inner disk moves
faster than the pattern speed of the spiral arm. As a result, gas and dust in the
inner disk pass through the spiral arms, undergoing shocks that heat up the gas.
The compression of gas leads to SF, giving the galaxy a blue color. The spiral
arms can be formed due to secular evolution, ie, due to excitation by a bar in the
galaxy center. Or by the tidal force of fly-by interaction that triggers the forma-
tion of spiral arms. The grand design galaxies have two well-defined spiral arms
(Lin & Shu 1966), whereas flocculent galaxies have patchy, discontinuous spiral
arms (Elmegreen 1981). Most galaxies without central concentration are found to
have multiple spiral arms, whereas the bulge-dominated galaxies generally have

two spiral arms (Diaz-Garcia, S. et al. 2019; Yu & Ho 2020).

Quantitative methods of classification

Given the large number of galaxies, it is impractical to classify them visually. A
wide range of quantitative parameters and methods are now used to classify galax-
ies. Modern extragalactic astronomy has moved toward multi-parameter, quantita-
tive classification schemes that capture structure, stellar populations, kinematics,

and spectral properties.

The galaxy color is indicated by broadband indices such as (B - V) or (U - B), which
trace stellar population age and metallicity. Bluer colors in late-type systems rep-
resent younger stars and active SF, while redder colors in ellipticals indicate older,
metal-rich stars. This is formalized in the color-magnitude relation (CMR), which
categorizes galaxies into "red sequence" and the "blue cloud", with transitional
"green valley" objects in between (Strateva et al. (2001); Baldry et al. (2004)).

The red sequence comprises quiescent galaxies, whereas the blue cloud consists of
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FIGURE 1.3: The reddening-corrected u - r colour-mass diagram from Schaw-
inski et al. (2014).

star-forming galaxies. The HI gas mass-to-light (My;/Lg) ratio can also be used
to classify galaxies, as it increases from elliptical to spiral. This trend indicates
that late-type galaxies are relatively more gas-rich and have higher fractions of

neutral hydrogen available for SF (Cornett et al. (1994); Catinella et al. (2010)).

There are other Structural (Morphometric) Quantitative Classifications, non para-
metric techniques describing the shape and light distribution of galaxies, such as
Concentration, Asymmetry, and Clumpiness (CAS) System, which distinguishes
ellipticals (high C, low A, low S), spirals (moderate A, S), and irregulars (high A, S)
(Conselice 2006). The Gini Coefficient quantifies how light is distributed among
pixels (Lotz et al. 2004), and the Sérsic Index, derived from surface brightness

profiles, serves as a quantitative substitute for the Hubble sequence classification
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(Graham & Driver 2005). The Bulge-to-Total Ratio (B/T), derived from two-
dimensional light profile decompositions using GALFIT, GIM2D, can also be used
to classify galaxies (Simard et al. 2011).

There are many automatic morphological classifications using machine learning
and statistical methods, which can classify a large number of galaxies together

(Huertas-Company et al. 2011; Dieleman et al. 2015).

1.1.3 Dwarf galaxy

Studies have shown that the properties of galaxies also depend on their mass.
Galaxies which have stellar mass (M,) > 10 M, are massive and galaxies below
that M, are considered as dwarf galaxies. Dwarf galaxies are an important part
of this thesis. Hence, we discuss dwarf galaxies and their different morphologies

in detail in this section.

Dwarf galaxies are low mass (M, < 10 M) galaxies that have smaller sizes and
lower dynamical masses compared to normal galaxies on the Hubble sequence (Lelli
2022). Due to their low stellar masses, they usually have shallower gravitational
potential wells. Hence, dwarfs often lose a significant amount of metal content via
ejection by stellar winds, and supernova bursts (Bergvall 2011), making them often
metal-poor and gas-poor (Mac Low & Ferrara 1999). Most dwarfs do not appear to
have molecular hydrogen (Hy) gas as they are not detected in CO emission (Leroy
et al. 2005; Das et al. 2006; Schruba et al. 2012). They also have thick/flared

disks, resulting in a low mid-plane pressure in the disk gas.

It is well known that dwarf galaxies dominate the galaxy population in the uni-
verse (Loveday 1997). The ACDM models and cosmological simulations of the

large-scale structure show that they are important for the hierarchical growth of
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galaxies through SF and mergers (White & Rees 1978; Deason et al. 2014; Wheeler
et al. 2019). Due to their abundance, most mergers at all redshifts are between
dwarf galaxies (De Lucia et al. 2006). The nearest example of such a merger
is the infall of the Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC) into our Galaxy (Nidever et al. 2017). The two galaxies are connected
by a gaseous bridge composed of HI complexes, and the entire structure is called
the Magellanic Stream (D’Onghia & Fox 2016). Such studies of nearby dwarfs
in our Local Group, combined with simulations (as in the TiNy Titans (TNT)
program), help to understand the redistribution of stellar and gaseous material in

interacting/merging dwarf galaxies (Besla et al. 2010; Stierwalt et al. 2015).

Surveys over the past two decades show that dwarf galaxies are not only abundant,
but they also span a wide variety of galaxy types. Broadly speaking, dwarfs can
be classified into gas-poor and gas-rich based on the presence of gas, as shown in
Figure 1.4. The gas-poor dwarf galaxies consist of early-type dwarf spheroidals,
dwarf ellipticals, and gas-free ultra-diffuse or ultra-faint galaxies (UDGs). Most
of these dwarf galaxies are satellites of giant host galaxies and are very faint.
Their low luminosity makes them hard to detect, and it is only recently that they
have been detected in large numbers (Koda et al. 2015). There are many theories
explaining why satellite galaxies are gas-poor, but the most probable explanation

is gas stripping due to interaction with massive galaxies (Putman et al. 2021).

A large fraction of the gas-rich dwarfs are low surface brightness (LSB) galaxies.
Such galaxies have low luminosities, diffuse stellar disks, and high dark matter
content (Honey et al. 2018). LSB dwarfs include both disky and irregular dwarfs.
Their HI masses are very high, and some of them have HI gas mass fractions that
are close to 100% of their dynamical mass (Begum et al. 2008; Schombert et al.
2001). They have very low star formation rates (SFRs) and consume gas at a very
slow pace (Lee et al. 2009). However, studies show that a significant fraction of

LSB dwarfs have some SF and follow a star-forming main sequence (Thilker et al.
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F1GURE 1.4: Classification of dwarf galaxies based on the presence of gas and
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2007; McGaugh et al. 2017).

Although dwarfs present extreme environments for SF, about 70% of them are
star-forming (Karachentsev et al. 2004) and are called star-forming dwarf galaxies
(SEDGs). Their small sizes, slow rotational velocities, and hence low shear, as well
as overall low metallicities, result in SF being very distinct from that observed in
regular disk galaxies (Bergvall 2011). Feedback and the environment of SFDGs
also contribute to the differences (Meurer et al. 1995). The properties of SFDGs

are studied and discussed in the Chapter 6.

Ultra faint Dwarf Galaxies

The ultra-faint dwarf galaxies (UFDGs) are faintest in the galaxy luminosity func-
tion (L< 10° Lg). These galaxies are dark matter-dominated, extremely metal-
poor, and perhaps the least chemically evolved stellar systems in our local universe
(Simon 2019). They provide a laboratory for understanding the formation of the

first galaxies and can be used to constrain the nature of dark matter. UFDGs have
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the smallest dark matter halos, with the mass concentrated at the center of the
halo. UFDGs are systems with the absolute magnitudes fainter than M, = —7.7
(Bullock & Boylan-Kolchin 2017). UFDGs were first discovered in 2005 (Will-
man et al. 2005, 2011). Subsequently, using wide-field image surveys, astronomers

confirmed about 30 UFDGs and found 40 more as candidates.

Dark matter-dominated systems, such as UFDGs, can provide insights into the
core-cusp problem (see, for example, Bullock & Boylan-Kolchin (2017)). Dark
matter-only simulations predict a cusp profile at its center (Navarro et al. 1996).
However, observations indicate that dwarf galaxies have a core profile with con-
stant density (Brooks & Zolotov 2014; Di Cintio et al. 2014). This discrepancy
may result from supernova feedback or can be attributed to self-interacting dark
matter, with or without baryonic feedback (Fitts et al. 2017). UFDGs are ex-
pected to have a cusp profile if the former explanation is valid, as they generally

lack sufficient stars to produce effective feedback (Penarrubia et al. 2014).

Due to their low luminosity, most of the UFDGs detected are MW satellite galax-
ies. A few UFDGs are discovered around the nearby massive galaxies. LSB dwarfs
can be identified by their diffuse light in the Local Volume; however, it will be chal-
lenging to perform stellar population analysis. It is seen that SF in massive dwarf
galaxies is generally shut off due to environmental effects (Geha 2012). However,
some recently accreted UFDGs have also stopped forming stars long ago (Fritz,
T. K. et al. 2018; Simon 2018). In addition to these, reionisation is also suggested
as a reason for shutting down the SF in such extremely low-mass systems (Brown
et al. 2014; Fitts et al. 2017; Rodriguez Wimberly et al. 2018), indicating that
UFDGs need not be formed only closer to massive galaxies. We discuss more on

SF in one of the MW UFDGs, Leo-T, in our thesis chapter 7.
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FIGURE 1.5: Sculptor Dwarf Galaxy. Credit: NASA, ESA /Hubble, DSS2.

1.1.4 Galaxy and ISM Composition

Baryons in galaxies determine how galaxies appear. In the early stages of galaxy
formation, most of the baryonic mass was in the ISM gas. As galaxies evolved,
this gas transformed into stars, while some may have been expelled as galactic
winds or stripped by the ram pressure of the intergalactic medium. Gas can also
flow into the ISM from the intergalactic medium, adding to its mass. This flow of

baryons, especially in the MW is shown in Figure 1.6.

The ISM is made up of approximately 99% gas and 1% dust by mass, with the
gas dominated by hydrogen (about 75%) in atomic, ionized, and molecular forms
(Draine 2011). Interstellar dust grains are small ( < 1 um), but play a crucial role
in extinction, scattering, and regulating the thermal balance of the ISM. However,

highly energetic charged particles in galaxies known as cosmic rays influence the
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FIGURE 1.6: Baryonic cycle in MW from Draine (2011).

heating, ionization, and magnetic coupling of the ISM (Ferriére 2001; Draine 2011).
The ISM is a multiphase system and consists of several components that are in

approximate pressure equilibrium.

The hot ionized medium (HIM), or coronal gas, is produced by supernova
heating and exhibits temperatures above 10°° K and densities of ~ 0.004 cm™3.
The coronal gas needs a Myr to cool down. HII regions, created by ultraviolet
(UV) radiation from massive O-type stars, contain ionized hydrogen with char-
acteristic temperatures of 10* K and densities between 0.3 and 10*cm™3. warm
ionized medium or WIM are low-density photoionized regions that contain
more total mass than the high-density regions. Neutral atomic hydrogen ex-
ists in both the warm neutral medium (WNM), with temperatures around
5 x 10® K and densities of ~ 0.6 cm™3, and the cool neutral medium (CNM),

which is colder (~ 100 K) and denser (~ 30cm™). Molecular gas forms in
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regions with sufficient shielding from UV radiation, beginning as diffuse molec-
ular gas at densities of ~ 100 cm ™2, and transitioning into dense molecular gas
within gravitationally bound molecular clouds and giant molecular clouds (GMCs),
which have densities of 103-10° cm ™2 and temperatures of 10-50 K. These GMCs

dominate the cold ISM and act as the primary sites for SF.

The interplay of these phases, along with stellar feedback, cosmic rays, and mag-
netic fields, regulates SF and governs the cycling of matter and energy within
galaxies, making the ISM a key driver of galactic evolution (Ferriére 2001; Kenni-

cutt & Evans 2012).

1.1.5 Multiwavelength view of Galaxies

To understand the different components of a galaxy and the ISM, it is essential
to use multiwavelength observations. As illustrated in Figure 1.7, each region of
the electromagnetic spectrum traces a distinct physical component, allowing us to

build a comprehensive picture of galactic structure, SF, and energetic processes.

Neutral atomic hydrogen (HT1) is traced by the 21- cm hyperfine transition, re-
vealing the large-scale distribution of cold and warm diffuse gas (Walter et al.
2008). Radio continuum emission originates from both thermal free-free radiation
from ionized gas and non-thermal synchrotron emission produced by cosmic-ray
electrons accelerated in supernova remnants; it also highlights compact nuclear
sources such as active galactic nuclei (AGN) (Condon 1992). Molecular gas is
the raw material for star formation, and its distribution and physical properties
regulate where and how efficiently stars form within galaxies (Bigiel et al. 2008,;
Leroy et al. 2009). It is typically traced using CO rotational transitions (e.g., CO:

J =1 —0), which serve as proxies for cold, dense Hy clouds.
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At mid-IR (MIR) and far-IR (MIR) wavelengths, dust grains re-radiate absorbed
starlight, providing direct insight into dust mass, temperature, and obscured SF
(Draine 2003; Calzetti et al. 2007). NIR emission is dominated by old, low-mass
stellar populations, which contribute significantly to the total stellar mass and
trace the underlying stellar structure of galaxies (Jarrett et al. 2003). Optical
wavelengths trace intermediate-age stars and nebular emission lines (e.g., Ha),
which reveal warm ionized gas associated with ongoing SF (Kennicutt & Evans

2012).

UV emission arises from short-lived, massive O and B-type stars, making it a
sensitive tracer of unobscured and very recent SF on timescales of ~ 10 to 200 Myr
(Gil de Paz et al. 2007; Salim et al. 2007). At higher energies, X-ray observations
probe hot gas heated by supernova feedback, stellar winds, and AGN activity
(Fabbiano 1989). Gamma rays are produced by the most energetic processes in
the universe, including gamma-ray bursts, relativistic jets from AGN, pulsars, and

interactions of cosmic rays with the ISM (Ackermann et al. 2012).

Because the Earth’s atmosphere is transparent only to specific wavelength ranges,
many of these observations require specialized facilities. Radio and optical /NIR
wavelengths can be observed from the ground, whereas MIR, FIR, UV, X-ray, and
gamma-ray emissions require space-based observatories. Each wavelength provides
complementary information and, together, they enable a complete multiphase view

of galactic evolution and the physical processes governing the ISM.

1.2 Star formation

Stars are the basic units of visible matter; Hence, they trace the structure of

the universe, as well as its contents. The formation of stars is one of the crucial
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FIGURE 1.7: Multiwavelength View of MW. Credit: NASA.

questions of astrophysics.

SF occurs due to the interplay between gravity and opposing forces across various
scales, with different mechanisms becoming significant at each level. This concept

is thoroughly explained in the work of Larson (2003).

At the scale of each prestellar cloud core, thermal pressure is necessary for resist-
ing gravitational collapse. This establishes a minimum mass required for a cloud
to collapse and form stars. Once a cloud core begins to collapse, the centrifugal
force generated by its angular momentum can potentially halt its contraction and
lead to the formation of multiple star systems. In the final stages of star for-
mation, magnetic fields become crucial as they mediate gas accretion and assist
in launching bipolar jets from newly formed stars. On the intermediate scale of
GMCs, turbulence and magnetic fields predominantly counteract gravity. On a
larger galactic scale, ISM collapses under the influence of gravity, forming star-

forming clouds that are resisted by the tidal forces of galaxies. SF can occur in
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regions where the gas surface density is sufficient for its own gravity to overcome

these tidal forces, such as in the spiral arms of galaxies.

Turbulance and Magnetic field

The internal motion in molecular clouds can be supersonic and subsonic in diffuse
gas, causing them to be highly turbulent. Supersonic turbulent motions inject
kinetic pressure that can counteract gravity and prevent the immediate collapse
of GMCs. But turbulence can also trigger the collapse by generating density fluc-
tuations (shocks, filaments, clumps), which can make high-density regions grav-
itationally unstable (Mac Low & Klessen 2004). In this way, turbulence simul-
taneously supports clouds globally and initiates collapse locally. The sources of
turbulence include gravitationally driven large-scale motions, and, at the smaller
scales, stellar feedback and supernova explosions are the sources. Different star-
forming regions indeed exhibit varying levels of turbulence (Larson 1981). At the
same time, Magnetic fields are dynamically significant in the ISM. Magnetic pres-
sures oppose gravitational collapse (McKee & Ostriker 2007; Pattle et al. 2022).
They channel gas flows along field lines, making collapse anisotropic and leading
to filamentary structures aligned with the magnetic fields. They also regulate an-
gular momentum from the collapsing core. Thus, both turbulence and magnetic

fields play important roles in the formation and evolution of molecular clouds and,

hence, SF.

Grayvitational instability

A small density fluctuation in a uniform medium is amplified by gravity through a

mechanism known as ‘gravitational instability’. This is where the SF starts. Jeans
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(1902, 1929) investigated how plane density perturbations behave in an infinite,
uniform medium that possesses finite pressure. However, he did not consider the
rotation, magnetic fields, or turbulence. He demonstrated that short-wavelength
perturbations are dominated by pressure propagating as sound waves. Pertur-
bations with wavelengths longer than a specific threshold, known as the ’Jeans
length’ (\;), are dominated by gravity. These longer-wavelength perturbations do
not propagate; instead, they grow exponentially over time. The minimum mass
for gravitationally unstable density fluctuations is the ‘Jeans mass’ (M;). This

criterion is Jeans’ instability criterion.

Ay = m/2c(Gp) Y2 (1.1)
5.57¢

In reality, galaxies rotate differentially, which leads to the shearing of any over-
density in the disk. In this context, both thermal pressure and rotation work
together to prevent clouds from collapsing. To address this, the Toomre criteria
were introduced (Toomre 1964). The Toomre () parameter measures the stability
of a differentially rotating disk. The condition Q < 1 indicates instability. This
instability refers to the tendency of regions with higher density to form SF.

¢k
- 1GY

Q (1.3)

The condition Q > 1 is known as Toomre’s stability criterion, which accounts for
a disk’s rotation and its self-gravity. In the context of molecular clouds, a value

greater than 1 indicates no SF, implying a stable disk.
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Spontaneous and triggered star formation

SF in molecular clouds can occur through both spontaneous and triggered pro-
cesses (Shu et al. 1987). Spontaneous SF takes place when internal conditions
within a molecular cloud naturally lead to gravitational collapse by exceeding
either Jeans or Toomre criteria without any external perturbation. This mode
of SF reflects the intrinsic evolution of molecular clouds and generally produces

filamentary or distributed star-forming structures.

In contrast, triggered SF is initiated by an external agent that compresses or
destabilizes the cloud, pushing it past the threshold for gravitational collapse.
Typical triggers include shock waves from supernova explosions, expanding H 11
regions around massive stars, strong stellar winds, cloud-cloud collisions, and spi-
ral density waves in galactic disks. These mechanisms enhance local gas densities,
promote sequential or propagating SF, and can produce characteristic age gradi-

ents across star-forming complexes.

In many environments, both spontaneous and triggered mechanisms may operate
together, with internal turbulence creating density fluctuations, while external

feedback further compresses the gas, thereby accelerating the onset of SF.

1.3 Initial Mass Function

Stars in galaxies are generally found in star clusters and stellar associations (Scalo
1986a). The masses of the stars formed in a cluster vary over a wide range and
depend on several factors, such as the environment, metallicity, and density of
the parent molecular cloud. This distribution of stellar masses formed during the

star-formation event in a given volume is called the initial mass function (IMF)
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(Kroupa 2002). The IMF is a crucial ingredient for the stellar evolution models of
star-forming galaxies (e.g., Leitherer et al. (1999); Maraston (2005)) and is thus
essential for understanding SF as well as galaxy formation and evolution (Bastian

et al. 2010).

Over the past few decades, many studies have tried to understand the IMF using
resolved populations of stellar clusters in the solar neighbourhood, within the MW,
and in nearby galaxies lying in the Local Group (Weisz et al. 2015; Wainer et al.
2024). The IMF is commonly described by a power-law, dN/dm= Am~%, where
A is a constant, and dN/dm represents the number of stars formed in a mass
range dm, and the index a =2.35 (Salpeter 1955). More recently, the canonical
stellar IMF' has been derived from observations of field stars and nearby star-
forming regions of sizes approximately equal to one parsec and has an index value
close to a=2.3 for stars with M, > 0.5 My (Jefabkova et al. 2018). In general
« is observed to be shallower for low mass stars (M. < 0.5 Mg) (Kroupa 2001;
Chabrier 2003). Determining the uniformity of the IMF for all stellar populations
involves combining IMF estimates for different resolved populations. However, the

estimation of IMF in different mass ranges has its own challenges (Kroupa 2002).

Several studies have tried to understand the universality of the IMF (e.g., Hover-
sten & Glazebrook 2008; Meurer et al. 2009; Dib 2014). Recent studies have shown
that the IMF is non-universal and depends on environmental and statistical ef-
fects (Pflamm-Altenburg & Kroupa 2008; Krumholz 2014; Tanvir et al. 2022). The
denser starburst galaxies have a top-heavy IMF, i.e., a large number of massive
stars and hence an IMF that is flatter than the canonical IMF. In comparison, the
less dense, LSB galaxies show a bottom-heavy IMF (i.e., steeper than the canonical
IMF) (Scalo 1990; Weidner et al. 2011; Meurer et al. 2009). Even within galaxies,
there are regions with low stellar surface mass densities, such as the outer disks
of extended UV (XUV) galaxies or the inter-arm regions of spiral galaxies, where

the IMF can be different compared to that of the spiral arms (Thilker et al. 2007,



Chapter 1: Introduction 22

Kroupa et al. 2024).

1.4 Star formation in nearby galaxies

The structure of galaxies is highly dependent upon the conditions under which
stars form and the rate of SF. The evolution of galaxies, in turn, depends on the
IMF. Faint low-mass stars evolve slowly, while massive stars burn quickly and
release significant amounts of matter and energy, which can heat and ionize the

ISM, enriching it with heavy elements (Larson 2003).

SF' in nearby galaxies helps us understand processes that convert gas into stars
across diverse galactic environments. Here we have the advantage of spatially re-
solving star-forming regions in these galaxies on scales of sub-kiloparsecs or even
parsecs. They are ideal laboratories for studying the interplay between gas dy-
namics, feedback, metallicity, and galactic structure. Multiwavelength observa-
tions from the far-UV (FUV) to the radio, with state-of-the-art facilities such
as the Hubble Space Telescope (HST), JWST, and ALMA, have advanced our
understanding of how the ISM cycles through phases and fuels SF in the local

Universe.

As explained in previous sections, SF is associated with cold molecular gas, which is
traced by CO emission or dust continuum. High-resolution surveys such as HER-
ACLES and PHANGS-ALMA, JWST reveal that the molecular ISM in nearby
galaxies is highly structured, consisting of filaments, clumps, and gravitationally
bound clouds with properties that vary with environment (Sun et al. 2018; Leroy

et al. 2021).
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It is seen that the ISM and SF in galaxies exhibit a hierarchical structure. Turbu-
lence, gravity, and feedback together create a fractal-like distribution of structures,
from large-scale atomic gas flows and GMCs to smaller clumps, dense cores, and
ultimately, individual star-forming systems (Elmegreen & Falgarone 1996; Grasha
et al. 2017). Understanding this hierarchical organization is essential for linking
galaxy-scale processes such as spiral structure, disk instability, and gas accretion
to the small-scale physics that governs the formation of stars and stellar clusters

(Menon et al. 2021).

Star Formation Laws and Scaling Relations

Schmidt (1959) first proposed that the SFR scales with gas density (3g.s) as a
power law. Building on this, Kennicutt (1998) established the empirical Kennicutt-

Schmidt law for disk galaxies and starbursts:
ESFR X Zé;s (14)

Modern spatially resolved studies indicate that SF is more strongly correlated with
molecular gas than with total gas. Observations by Bigiel et al. (2008) and Leroy
et al. (2008) demonstrate that the star formation efficiency (SFE) and gas depletion
times are relatively constant for the normal spiral galaxies, but vary significantly
with environment, pressure, and metallicity. Dwarf galaxies have low molecular
fractions and bursty SF due to inefficient Hy formation in their low-metallicity

ISM.

There is also an established relationship between stellar mass and SFR observed
in star-forming galaxies across cosmic time. This is referred to as the star-forming

main sequence (SFMS) (Brinchmann et al. 2004). Galaxies on the SFMS form

stars in a steady and regulated manner, with a slope that evolves with redshift
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(Speagle et al. 2014). This scaling relation suggests that most star-forming galax-
ies grow through self-regulated processes in which gas accretion, feedback, and
internal dynamics maintain a balance between fuel supply and SFE. Galaxies that
lie significantly above the main sequence are typically undergoing starbursts, of-
ten triggered by mergers or compaction events. At the same time, those below
it experience quenching due to environmental effects, AGN feedback, or declin-
ing gas fractions. The SFMS, therefore, provides a fundamental framework for

understanding galaxy growth and its stage of evolution.

Feedback and the Regulation of Star Formation

Massive stars inject large amounts of energy and momentum into their surround-
ings through stellar winds, ionizing radiation, and supernova explosions (Maeder &
Conti 1994). This stellar feedback disrupts GMCs, drives turbulence, and can cre-
ate large ionized bubbles and superbubbles observable in nearby galaxies (Watkins
et al. 2023). Feedback regulates SF by reducing cloud lifetimes and preventing
unchecked gravitational collapse. Multiwavelength studies, especially using Ha,
FUV, and infrared emission, reveal evidence for expanding HII regions and hot
gas in galactic disks. In some cases, positive feedback can trigger new SF by com-
pressing surrounding gas, such as in the collect-and-collapse scenario or during

cloud-cloud collisions (Mayya et al. 2023).

Environmental Dependence

SF' in nearby galaxies varies strongly with galactic environment. Spiral arms or-
ganize gas into dense ridges through density-wave compression, enhancing cloud

formation and subsequent SF (Elmegreen 2011). Bars can efficiently funnel gas
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into the central kiloparsec regions, often leading to nuclear starbursts. We also
detect SF at the bar ends, where usually stellar orbits collide (Diaz-Garcia et al.
2020). In contrast, the outer disks of galaxies (e.g., XUV disks) and low-mass
dwarf galaxies typically show low SFEs and display a more stochastic SF dis-
tributed in localized regions. Dynamical factors such as shear, tidal forces, and
mid-plane pressure in the disks play a significant role in shaping cloud stability

and collapse in dwarf galaxies(Elmegreen 2015).

Resolved Star Formation Histories

Nearby galaxies also allow us to create their star formation histories (SFHs) us-
ing resolved stellar populations. Colour-magnitude diagrams (CMDs) from high-
resolution data enable the measurement of SFHs over Gyr timescales. These stud-
ies show that SF in dwarf galaxies is highly episodic, while massive spirals form
stars more steadily (Weisz et al. 2014). This approach links present-day SF to

long-term evolutionary pathways.

1.5 Star formation rate tracers

Recent SF can be traced across a wide range of wavelengths. Most commonly
used tracers are UV and Ha regions, each sensitive to different stages of stars and
physical conditions in the ISM. UV continuum emission directly comes from
young, massive O and B stars, making it a tracer of recent (< 100 Myr) SF. How-
ever, hydrogen recombination lines such as Ha trace ionizing photon production
from the most massive and short-lived stars (< 10 Myr), providing a nearly in-
stantaneous measure of SF activity (Calzetti 2013). Both of these tracers should

be corrected for extinction. In the IR, dust absorbs UV /optical light from young
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stars and re-emits it thermally; thus, MIR and FIR emission serve as robust tracers
of embedded SF, especially in dusty star-forming regions and starburst galaxies
(Kennicutt 1998). There are also polyaromatic hydrocarbons (PAHs) that
vibrationally excite upon the absorption of UV and high-energy visible photons
and emit at discrete wavelengths in IR, indirectly tracing SF (Peeters et al. 2004).
Radio continuum emission, arising from synchrotron radiation of cosmic-ray
electrons, is accelerated in denser cores of supernova remmnants. This emission
trace SF on longer timescales (~100 Myr) and is unaffected by dust, making it
a powerful tracer in highly obscured systems (Condon 1992). Combined multi-
wavelength indicators provide the most reliable measurements by capturing both

obscured and unobscured SF across diverse galactic environments.

1.6 Motivation and goals of the thesis

As mentioned earlier, understanding SF is very important for understanding galaxy
evolution. The environments within galaxies can vary over different parts of galax-
ies, such as spiral arms, interarm regions, spurs, and extended disk regions (Kreckel
et al. 2016; Yadav et al. 2021). Additionally, variations also exist among different
types of galaxies, including massive galaxies, dwarf galaxies, ultra-faint dwarfs,
interacting galaxies, and accreting galaxies (Melena et al. 2009; Vaz, Daniel et al.
2023; Yadav et al. 2023). This variation in star-forming environment within a
galaxy primarily affects the local SF properties of the galaxy. However, varia-
tion among different galaxy types can help us understand both local and global

variations in SF properties.

Multiwavelength studies have tried to understand the SF process both locally and
globally. Ha and UV emission are most commonly used tracers of SF in galaxies.

The UV emission can trace recent SF for a longer time than the Ha emission. The
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Ha emission also depends on the availability of gas around the stars to undergo
recombination (Hunter et al. 2010). Whereas UV emission comes directly from
the star. Hence, a thorough UV study of galaxies, along with multiwavelength

observations, is crucial for observational studies of SF.

The Galaxy Evolution Explorer (GALEX) and HST have greatly enhanced our
understanding of nearby galaxies. In particular, GALEX’s UV images of star-
forming galaxies have made a remarkable contribution over the past decade (Gil
de Paz et al. 2007; Thilker et al. 2007). Although GALEX has good sensitivity, it
offers spatial resolution of 4.5” to 5.3”, which is very poor compared to the reso-
lution of complementary existing optical, IR, and even submillimeter telescopes.
HST, on the other hand, has an excellent resolution which has helped to identify
stars in nearby galaxies (McQuinn et al. 2010; Weisz et al. 2014). There are HST
UV surveys, such as the HST Legacy ExtraGalactic UV Survey (LEGUS, Calzetti
et al. (2015)), that have studied resolved SF in nearly 50 nearby galaxies. How-
ever, HST has a very narrow field of view (FOV), which can cover only a small
part of a galaxy. Hence, Ultraviolet Imaging Telescope (UVIT) provides a very
good alternative to these two with better resolution 1.2-1.5” and FOV (28') to

understand the SF in nearby galaxies on sub-kiloparsec scales.

The main goals of our thesis are:

(i) Understanding the SF process at the smaller scale (< 100 pc).

(ii) Understanding SF in different galactic environments within a galaxy.

(ii) Understanding SF among different types of galaxies, such as dwarfs, low lumi-

nosity metal-poor galaxies, and massive galaxies (such as NGC628).
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1.7 Overview of the thesis

e Chapter 1: In this chapter, we introduce the galaxies, their formation
theories, morphological types, and also their compositions. We then explain
the SF, SF in the galaxies, including environmental effects. We present
important SF relationships, and discuss the recent SF tracers. The aim and

motivation of the thesis are also outlined.

e Chapter 2: In this chapter, we discuss the multiwavelength datasets used
in our studies. This chapter also provides details of the common research

methodologies employed for data analysis.

e Chapter 3: This chapter presents the pilot study, which aims to assess
the universality of high-mass IMF across different star-forming environments
within the galaxy NGC 628 and its variation with the star-forming properties
of star-forming complexes (SFCs). We used UV and Ha data from UVIT and
the Multi-Unit Spectroscopic Explorer (MUSE) instrument. By extracting
SFCs and comparing UV and Ha luminosities, we estimated the high-mass

IMF values.

e Chapter 4: Here, we discuss the PAH correlation with UV and Ha emission
in the different regions of NGC 628 and also obtain the PAH trend with the
IMF we estimated in our previous study. We even explored bubble regions
(mainly the Phantom void), which are more evident in JWST imaging, to

understand the distinct stellar populations within and around them.

e Chapter 5: In this chapter, we explore ordinal patterns, permutation en-
tropy, statistical complexity, and ordinal network node entropy to under-
stand the structures in the galaxy NGC 628 with high-resolution, multiwave-
length data suitable for two-dimensional analysis. We assess its morphologi-
cal complexity across these wavelengths using near-ultraviolet (NUV), NIR,

MIR, and millimeter (mm) images.
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e Chapter 6: In this chapter, we investigated recent SF in 16 nearby SFDGs
and compare properties in different morphological types (Dwarf spirals, Dwarf
irregulars, and Blue Compact Dwarfs (BCDs)) at the global and at the scale
of SFCs.

e Chapter 7: This chapter is dedicated to understanding the UV populations
of the UFDG galaxy Leo T (409 kpc), one of the faintest known gas-rich
satellites of the MW. We extract SFCs from UVIT data and compare them
to those from the HST and MUSE star catalogs.

e Chapter 8: We summarize the key findings as the conclusions of the thesis

and outline the potential directions for future research.






Chapter 2

Data and Methodologies

Observing galaxies at various wavelengths provides unique insights into their prop-
erties. Hence, multiwavelength observations of galaxies are essential for under-
standing their nature. In this chapter, we describe the details of these observations,
the resulting data products, and the procedures used to analyze the information

obtained at different wavelengths.

2.1 Ultraviolet

2.1.1 UltraViolet Imaging Telescope (UVIT)

The UVIT is one of the instruments aboard AstroSat, a multiwavelength space
observatory developed by the Indian Space Research Organisation (ISRO). This
instrument has twin telescopes equipped with co-aligned Ritchey-Chrétien (RC)

31
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optics. One telescope operates in the FUV range (1300-1800 A), while the other
covers the NUV (2000-3000 A) and visible (VIS) bands. UVIT can simultaneously
observe across all three bands with a FOV of 28'.

During observations, the instrument can experience slight drifts in its pointing for
a few seconds. We use the VIS channel or the NUV imager to correct for these
drifts. The FUV and NUV telescopes operate in photon-counting mode, whereas
the VIS channel functions in integrated mode. The complementary metal-oxide-
semiconductor (CMOS) imagers have 512 x 512 pixels, with each pixel mapped to
8 x 8 subpixels in the final image, resulting in a plate scale of 0.416” per subpixel.
The FUV and NUYV telescopes have resolutions < 1.5”, which is three times better
than the GALEX (Martin et al. 2005).

Additionally, the FUV and NUV telescopes have filter wheels that allow for the se-
lection of multiple narrow-band photometric filters (Tandon et al. 2020). However,
since 2018, the UVIT NUYV filter has been non-operational due to issues related to

the payload, resulting in limited availability of NUV images for certain galaxies.

We downloaded Level 1 data from the Indian Space Science Data Centre (ISSDC)
website*. This data consists of photon count centroids that must be stacked to
form an image. Before doing so, the centroids require corrections for drift, as
well as other instrumental and calibration adjustments, to produce science-ready

images.

By knowing the precise timing of the FUV/NUV detector clocks in relation to
the VIS detector clock and the spacecraft clock, we can do the required drift
correction. Subsequently, specialized software is used to perform drift tracking

and shift-and-stack operations. In addition to these corrections, flat-fielding and

*
https://astrobrowse.issdc.gov.in/astro_archive/archive/Home. jsp
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FIGURE 2.1: Schematic representation of the UVIT instrument from Kathiravan
et al. (2021).

distortion mitigation are also performed. We utilised CCDLAB (Postma & Leahy
2017, 2021), the graphical user interface to reduce the raw UVIT data.

After processing the data, we combined the orbit-wise UVIT images to create a
final composite image. We used the same interface to perform astrometry and
conducted background subtraction on these images with the Image Reduction and
Analysis Facility (IRAF; Tody 1993). This process involved measuring the counts
in several regions surrounding the galaxy and then subtracting the mean of these
counts from the scientific image. To determine the resolution of the UV images,
we analyzed the mean point spread function (PSF) using approximately 5 to 6

stars in the FUV and NUV image fields.
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2.1.2 Galaxy Evolution Explorer (GALEX)

We utilized archival GALEX data obtained from the Mikulski Archive for the
Space Telescopes (MAST) portal T. GALEX is a National Aeronautics and Space
Administration (NASA) Small Explorer mission that conducts an all-sky UV sur-
vey in the FUV band (134.4-178.6 nm) and the NUV band (177.1-283.1 nm)
(Martin et al. 2005). It offers a resolution of 4-6” and features an effective area
of 50cm?. The instrument has a wide FOV measuring 1.2° and is sensitive to an
apparent magnitude of myp = 21 in the All-Sky Imaging Survey (AIS). In the
Deep Imaging Survey (DIS), its sensitivity extends to map = 25. Several survey

programs conducted with GALEX together cover about two-thirds of the sky.

The primary data consist of the lists of photon positions on the detector and their
corresponding arrival times. This is because the detector operates in photon-
counting mode. These data are corrected for satellite motion and other detector-
related effects. Following this, they are flat-fielded and background-subtracted
using a ground-based pipeline to create science-ready images (Morrissey et al.

2007).

2.2 Optical

2.2.1 Multi-Unit Spectroscopic Explorer (MUSE)

MUSE is a second-generation instrument on the Very Large Telescope (VLT of
the European Southern Observatory (ESO) (Bacon et al. 2010). It is an integral-

field spectrograph (IFS) operating in the visible wavelength range. MUSE features

¥

https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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FIGURE 2.2: Splitting and slicing of the MUSE FOV (Credit: ESO).

a Wide Field Mode (WFM) with a FOV covering 1’ x 1" and a Narrow Field Mode
(NFM) with a FOV of 7.5x7.5”. MUSE has a spatial resolution of 0.3-0.4 ” in
WFM, with each pixel covering 0.2” of sky. As shown in Figure 2.2, MUSE splits
the FOV into 24 channels, which are each split further into 48 slices or “mini slits”,
resulting in a total of 1,152 mini slits. Each set of 48 mini slits is directed into a
spectrograph, which functions as a disperser. Hence, it has a spectral range from
465 nm to 930 nm. The resolving power is ~ 1800 at 465 nm and ~ 3600 at 930

nm. We used publicly available data for our analysis.

2.2.2 Hubble Space Telescope (HST)

HST is a 2.4 m space-based observatory, providing high-angular-resolution imaging
over wavelengths ranging from UV to NIR. Owing to its diffraction-limited optics,
HST achieves an angular resolution of ~ 0.05” in the optical, with a typical imaging

FWHM of ~ 0.07”, depending on the instrument and wavelength. Currently, HST
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has five main instruments, including the Advanced Camera for Surveys (ACS;
Sirianni et al. 2005) and the Wide Field Camera 3 (WFC3; Kimble et al. 2008),
which are widely used for high-resolution imaging of resolved stellar populations

and galactic structures.

For this work, we used the HST/WFPC2 stellar photometric catalogue of Leo T
observed in the F606W (wide V) and F814W (I) filters. The catalogue provides
the positions and calibrated F606W and F814W magnitudes of resolved stars and
was obtained from Weisz et al. (2009).

2.3 Infrared

2.3.1 James Webb Space Telescope (JWST)

We used archival science-ready imaging data from JWST for our work. JWST pro-
vides three imaging modes: broadband imaging in the Mid-IR instrument (MIRI;
Argyriou, Toannis et al. (2023)), Near-IR Camera (NIRCam; Rieke et al. (2023))
imaging, and Near-Infrared Imager and Slitless Spectrograph (NIRISS). We use
MIRI and NIRCam observations. MIRI imaging observes in nine filters from 5.6
(resolution ~ 0.2 ") to 25.5 um (resolution ~ 0.8 ”). It has a FOV of 74"x113",
with a pixel scale of 0.11”. NIRcam imaging observes 0.6-2.3 pm (0.031 ”/pix)
and 2.4-5.0 um (0.063 ”/pix) simultaneously over a 9.7 arcmin? FOV. The spatial
resolution is around 2 pixels. Apart from the imaging modes discussed, JWST has

other instruments, as shown in Figure 2.3.
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FIGURE 2.3: Observing Modes with JWST (Credit: STSci).

2.3.2 Spitzer Space Telescope

We used archival broadband imaging data from the Spitzer Space Telescope, which
has three primary instruments: the Infrared Array Camera (IRAC; Fazio et al.
(2004)), the Infrared Spectrograph (IRS), and the Multiband Imaging Photometer
for Spitzer (MIPS; Rieke et al. (2004)). IRAC has four broadband filters: IRAC
1, 2, 3, and 4, which operate at wavelengths 3.6, 4.5, 5.8, and 8.0 um, respectively.
Meanwhile, MIPS detects signals in the FIR at the wavelengths 24, 70, and 160
pm. For our analysis, we utilized IRAC 1 and MIPS-24 pm observations. IRAC 1
has 5.2 x 5.2" FOV, with 1.22” pixel size, and 2" spatial resolution. MIPS-24 has
a spatial resolution of 6”. The pipeline-processed archival images were retrieved

from the Spitzer Heritage Archive’.

¥

https://irsa.ipac.caltech.edu/Missions/spitzer.html
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2.4 Millimetre

2.4.1 Atacama Large Millimeter /submillimeter Array

We used archival ALMA 12CO(2-1) mapped over a large array. ALMA is an
interferometer consisting of an array of 12-m antennas, with baselines extending
up to 16 km (Wootten & Thompson 2009). It also has an additional compact
array of 7-m and 12-m antennas to enhance the ability to image extended targets.
With compact 12-m array configurations resolutions range from 0.5” at 950 GHz
to 4.3” at 110 GHz. It is around 1.3"” at 230 GHz, which is also the frequency for
the CO(2-1) transition.

2.5 Research methodologies

For our study, we employed various techniques and models to analyze the data.
The following subsections provide a detailed explanation of these standard tech-

niques and models.

2.5.1 Source Extraction

The closest galaxy in our study is located at a distance of 400 kpc. Using the UVIT,
we were able to resolve SFCs only when they were larger than 2 pc. To extract
these SFCs, we utilized Source Extractor (SExtractor, Bertin & Arnouts (1996)), a
widely-used command-line Program that performs multiple tasks, including back-

ground estimation, source detection, deblending, and aperture photometry.
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SExtractor estimates the background and identifies which pixels belong to the
background versus those that belong to objects. It then segregates the non-
background area into distinct objects and determines the properties of each, com-
piling the results into a catalog. We set the detection threshold to a few times
the global background noise (¢), ensuring that pixels with values exceeding this
threshold are classified as objects. If two peaks in the light distribution are suffi-

ciently distinct, SExtractor separates them into different entries in the catalog.

Input parameters include the deblending threshold and deblending ratio, which
allow for the identification of detected objects as separate sources. Additionally,

we specify a minimum area requirement for source detection.

Given that our galaxies are extended, we conducted background subtraction using
IRAF (Tody 1993). The process involves measuring the counts in several regions
around the galaxy and subtracting the average of these counts from the scientific
image. Following this subtraction, we estimated o from the image. We adjust
detection threshold and minimum area parameters to ensure clean and confident
detection, varying according to different observations, the extent of the galaxy,

and the spatial resolution of the observed data.

For the UVIT images, we typically adopt a minimum area of 10 pixels (for 1.2 ")
and a detection threshold of 3-8 o, depending on the strength and spatial distri-
bution of the galaxy emission. The default value of 32 is used for the deblend-
ing threshold, while the deblending contrast parameter is varied based on source

crowding to minimise overlap between neighbouring detections.

SExtractor fits an ellipse around each source, providing us with the position, posi-
tion angle, and size parameters of the SFCs. For photometry, we utilize Photutils,

which will be discussed in the next section.
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FIGURE 2.4: A schematic diagram of the method used to deblend a source in
SExtractor from Bertin & Arnouts (1996).

2.5.2 Photutils

Photutils is an Astropy package for Photometry (Bradley et al. 2022). This tool
provides background estimation, star finding, source detection and extraction,
aperture photometry, PSF photometry, image segmentation, centroids, radial pro-
files, and elliptical isophote fitting. We mainly use this tool for aperture pho-
tometry. We provide input parameters, such as position, position angle, and size,
derived from SExtractor. As an output, we extract the aperture sum, which is
the sum of the values within the aperture. We use this parameter (total flux or

counts) for our further analysis.

2.5.3 Starburst99 Stellar Populations Model

We utilised the Starburst99, a spectrophotometric Simple Stellar Populations
(SSP) model, to estimate the age and mass of the extracted SFCs in actively
star-forming galaxies (Leitherer et al. 1999). This model provides a synthetic stel-
lar spectrum for star clusters of various ages, covering a wavelength range from 91

A to 160 um. The critical parameters that can be adjusted to generate the desired
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model spectrum are the SF law, total cluster mass, IMF, mass boundaries for the
IMF, metallicity, and the type of stellar evolutionary tracks, such as Padova and

Geneva.

We use the Starburst99 SSP models to estimate the masses of the SFCs. Since the
galaxies in our sample exhibit recent star formation, we adopt an instantaneous
burst star formation history. Model spectra are generated for a grid of SFC masses
ranging from 103 to 10 Mg, assuming solar metallicity (Z = 0.020) for the inner
disks of massive galaxies and a Kroupa initial mass function (Kroupa 2001) with
stellar mass limits of 0.1-100 M. The model spectra are then convolved with the
UVIT filter transmission curves to obtain synthetic FUV and NUV magnitudes
and colours. The observed extinction-corrected FUV magnitudes and FUV-NUV
colours of the SFCs are compared with the resulting model predictions on the
CMD. Since the models are computed only for discrete masses, interpolation be-
tween adjacent model grid points is performed to estimate the mass corresponding
to the observed colour and magnitude of each SFC. Similar model grids are gen-

erated for different metallicities while keeping the SFC mass range unchanged.

2.5.4 Other Theoretical Models

We used the ATLAS9 stellar atmosphere model Castelli & Kurucz (2004) to obtain
the synthetic spectrum of a specific type of star. This atlas comprises approxi-
mately 4,300 stellar atmosphere models that span a wide range of metallicities,
effective temperatures, and gravities. These local thermal equilibrium models do
not incorporate convective overshooting and have enhanced opacities and abun-
dances. The ATLAS9 models cover metal abundances [M/H| ranging from —2.5
to +0.5, with increments of 0.5. The gravity range extends from log g = 0.0 to
+5.0, also in steps of 0.5. Additionally, the effective temperature range stretches
from 3,500 K to 50,000 K, and the model spectra cover the UV (1000 A) to IR
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FIGURE 2.5: Synthetic spectrum of massive star generated using ATLAS9 stellar
atmosphere model Castelli & Kurucz (2004).

(10 pum). However, the temperature and spectral range have an uneven grid and

non-uniform wavelength spacing.

For the work presented in Chapter 3, we selected the ATLAS9 model spectra with
the closest effective temperature (T.¢) and surface gravity (log g) corresponding to
representative O, B0, and B1 stars. The selected spectra were convolved with the
UVIT filter transmission curves to obtain synthetic FUV and NUV luminosities
for each stellar type. These synthetic luminosities served as templates to estimate
the numbers of O, B0, and B1 stars within each SFC from the observed UV lu-
minosities (see Section 3.3.4). The resulting stellar populations were subsequently

used to derive the high-mass end slope of the stellar IMF.
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Study of the high-mass Stellar
Initial Mass Function in star

forming complexes of NGC 628

3.1 Introduction

Massive stars significantly impact the chemical enrichment of the ISM due to their
strong stellar winds and feedback process (Chappell & Scalo 2001; Freyer et al.
2003). Hence, it is essential to understand the upper or high-mass end of the IMF,
even though the low-mass stars contribute more to cluster masses, as well as the
overall mass of a galaxy. Young massive stars emit most of their energy at FUV
wavelengths and have a short main sequence. However, it is difficult to distinguish
between the two main types of massive stars (O and B, M, > 20M)) based on

just magnitude alone (Kroupa 2002). Even with UV colors, it is challenging to

43
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distinguish massive B stars from O stars (Koda et al. 2012). Massive O-type stars
give out FUV, NUV, and Ha emission. The Ha emission from O and massive B
stars is a well-known tracer of SF in galaxies (Kennicutt et al. 2009; Lee et al.
2009). But Ha can trace SF for only 10 Myr, since O star lifetimes vary from 1 to
10 Myr. However, UV traces O, B, and even some red and cold stars, which makes
them trace SF for around 200 Myr (Thilker et al. 2005). Therefore, recent studies
have used both UV and Ha measurements to understand the universality of the
high-mass end of the IMF by considering the relative strength of their emission in

external galaxies (Meurer et al. 2009; Lee et al. 2009; Koda et al. 2012).

Previous studies have used GALEX data to show that there is a correlation be-
tween the SFR and the Ha to UV flux ratios in galaxies (Meurer et al. 2009; Lee
et al. 2009; Hunter et al. 2010). They also show that the galaxies with low SFRs
have a deficit of O stars and hence have a bottom-heavy IMF due to stochastic
sampling. Boselli et al. (2009) used Ha to UV ratios to show that the high-mass
end of late-type normal galaxies follows the standard IMF. Calzetti et al. (2010)
showed that a universal IMF exists by comparing the Ha flux with the cluster
mass. Some studies have investigated the high end of the IMF in the outskirts
of XUV galaxies and find that the bottom-heavy IMF dominates (Gogarten et al.
2009; Bruzzese et al. 2019). In contrast, some studies show that it follows the
standard IMF (Koda et al. 2012). A few studies analyzed the IMF in XUV disks
by assuming that the Ha to UV flux ratios are approximately equal to the ratios
between the lifetime of the stars that can produce Ha to those that produce UV
emission (i.e., mainly O and B types stars) (Zaritsky & Christlein 2007). Bruzzese
et al. (2019) have used HST measurements and compared them with the simula-

tions to obtain the high-mass end of the IMF.

This paper presents a new method to determine the slope « of the high-mass end
of the IMF using observations of individual SFCs. We leverage the high sensitivity
and spatial resolution of UVIT and MUSE to extract the SFCs of a nearby galaxy
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to determine the ratio of O and B stars to derive . We investigate whether « varies
with regions, i.e., spiral arms, spurs, and interarm regions, since the mechanisms
leading to SF in these regions are different. Spiral arms are global disk instabilities,
whereas SF in the spurs or feathers is due to local gas instabilities, where diffuse
gas is transformed into dense gas when it flows into the spiral arm. The inflow
shocks the gas near the arm and causes SF in these spur regions (Kim & Ostriker
2002; Shetty & Ostriker 2006). The interarm regions have isolated SFCs, and
the star-forming mechanism may be more local. Many studies have attempted
to understand SF in both the spiral arm and interarm regions, but our analysis
focuses on the IMF (Stedman & Knapen 2001; Foyle et al. 2010; Eden et al. 2013).
Studying the IMF over different regions of a galaxy will also help us understand
the universality of the IMF within a galaxy.

3.2 NGC 628 and Observations

NGC 628, also known as M74 or the Phantom Galaxy, is a grand design spiral
galaxy of Hubble type SA(s)c (de Vaucouleurs et al. 1991), and is at a distance
of 9.84 Mpc (Anand et al. 2020). This massive galaxy (log(M./Mg)=10.34; Leroy
et al. (2019)) is nearly face-on (i=8.9°; Lang et al. (2020) ) with a position angle of
20.7°(Lang et al. 2020). Hence, it is the perfect target for studying SF properties
in different regions of a galaxy. The SF in NGC 628 is well studied (Kreckel
et al. 2016, 2018; Lomaeva et al. 2022) and the SFCs on kpc scales have also been
characterized (Yadav et al. 2021; Ujjwal et al. 2022). We used archival, deep UV
imaging observations obtained using the UVIT on board the AstroSat telescope
(Kumar et al. 2012) to understand IMF. The UVIT observed NGC 628 in multiple
filters, but we used the CaF2 F148W FUYV image with an exposure time of 1810 s
and a bandwidth of 500 A, and the NUVB4 N263M image, which has an exposure
time of 2086 s and a bandwidth of 275 A, for our analysis. We also used two close
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filters, F172M (bandwidth and exposure time are 125 A and 5881 s respectively)
and N219M (bandwidth and exposure time are 270 A and 1365 s respectively), to

correct internal extinction using the Beta slope as described in Section 3.3.2.

We obtained archival MUSE (Emsellem, Eric et al. 2022) Ha and HS maps,
archival ALMA (Leroy et al. 2021a,b) CO(J=2 - 1) moment 0 map, and also
the JWST (Lee et al. 2023) F2100W map, from the Physics at High Angular Res-
olution in Nearby GalaxieS (PHANGS Treasury Program*). The specifications of

instruments are discussed in Chapter 2.

UVIT F148W LR  MUSE Halpha

Declination

1"36M50° 45° 40° 35°
Right Ascension Right Ascension Right Ascension

1"36M50°  45° 40°

1"36M50%  45° 40° 35°

Ficure 3.1: UVIT FUV, NUV, and MUSE Ha images of galaxy NGC 628
tracing recent SF.

3.3 Data Analysis

3.3.1 Source extraction and classification

We reduced the raw UVIT data using the CCDLAB graphical user interface
(Postma & Leahy 2017). We then did the astrometry using the same interface. We
did background subtraction of these images using IRAF as outlined in Chapter 2.
Using around 5-6 stars in the FUV and NUV image fields, we found that the mean

PSF of the field stars is around 1.2”. Hence, this is assumed to be the resolution

*
https://sites.google.com/view/phangs/home
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of the UV images. This resolution corresponds to a physical scale of 57 pc at the
distance of NGC 628, which is moderately high resolution and cannot resolve star
clusters, because clusters have radii of a few parsec (Ryon et al. 2015). However,
we can resolve OB associations and SFCs with this resolution, because they cor-
respond to a scale of a few hundred parsec (Elmegreen et al. 2014; Amrutha et al.

2024).

Since we are interested in comparing the Ha and UV emission, we made cutouts
of the UVIT FUV and NUV images that match the size of the MUSE Ha map.
The cutout images of the FUV, NUV, and Ha maps are shown in Figure 3.1. We
convolved the Ha map to the UV resolution of 1.2”. We extracted SFCs in all three
images using the command line program SExtractor (Bertin & Arnouts 1996). We
set the detection threshold to five times the estimated global background noise for
confident detection. Then, we masked the foreground sources (with high parallax
and high proper motion) by comparing the extracted SFCs with the bright sources
in the Gaia catalog using TOPCAT (Taylor 2005). We also convolved the HS and
JWST map to the UVIT resolution.

We determined the total counts from the extracted SFCs using the Photutils mod-
ule (Astropy Collaboration et al. 2018). The UV fluxes were derived using the
conversion relation Flux = UC x CPS,, as mentioned in Tandon et al. (2017),
where UC is unit conversion factor in ergs *em2 A~! and CPS,,,, is the counts
per second corrected for MW extinction (Schlafly & Finkbeiner 2011) for the FUV
and NUV filters (Bayo et al. 2008). We determined the UV and Ha luminosities in
ergs~! units using the distance of the galaxy and the bandwidth of the UV filters.

We matched the UV and Ha images and found the SFCs that are present in all
three filters. We also determined the SFCs that are detected only in the FUV
and Ha filters, the SFCs detected only in the NUV and Ha filters, and finally, the
SFCs detected in only the FUV and NUYV filters. We also found the SFCs that
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are visible only in FUV, only in NUV, and also only in Ha. This classification was
necessary because we needed emissions from all three bands to estimate the IMF

value.

We noted the SExtractor parameters of the SFCs with larger areas present in at
least two filters. We also classified them as arm, interarm, and spur SFCs based on
location. This classification helps us understand the universality of the IMF within
the galaxy. Hence, we first classified the SFCs as arms and interarm sources based
on their location in the NUV image (see Figure 3.2a). Then, we again checked
which SFCs lie in and around the spur regions of the ALMA observations (Figure
3.2b).
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F1GURE 3.2: The above images show the classification of SFCs based on their
region(different colors) and their emission in different filters (different markers).
Image (a): The locations of the arm (black markers) and interarm (green mark-
ers) SFCs overplotted on the UVIT NUV image. Image (b): The locations of
spurs(red markers) SFCs overplotted on the ALMA CO(J=2-1) image.

3.3.2 Internal extinction correction

An accurate extinction correction of observed Ha and UV luminosities is crucial

for IMF analysis. Since there are different methods to correct the galaxy’s internal
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FIGURE 3.3: Figures on the left (a, b, and ¢) and on the right (d, e, and f)
illustrate the correlation of Ha luminosity with FUV and NUV luminosities,
respectively, for the SFCs. Figures a and d: Luminosities presented without
any correction for internal dust attenuation. Figures b and e: Luminosities are
corrected for internal dust attenuation using different methods indicated with
different symbols and colors. Figures ¢ and f: Luminosities corrected for internal
dust attenuation using the Balmer decrement method for the SFCs with Ha
emission, and the scaling relation is used to find the FUV extinction coefficient.
The fitted relations related to these plots are given in Section 3.4.2.

extinction, we corrected SFC luminosities for internal extinction using the Balmer

decrement, Beta slope, and JWST 21 pum methods to see which method gives a

better correlation for Ha and UV luminosities. We used Ha and HS maps of MUSE

to find the Balmer decrement, which is one of the most successful techniques for

determining dust extinction. It uses the ratio of two nebular Balmer emission lines

such as Ho and Hf at low redshifts (Kennicutt 1992; Moustakas et al. 2006; Garn &
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Best 2010). The intrinsic ratio of the two lines remains roughly constant for typical
gas conditions in star-forming galaxies and (g—g)mt = 2.86, at the temperature 10*
K and an electron density n, = 10%cm™ for Case B recombination (Osterbrock

1989). Hence, the corresponding color excess E(B — V) is given by,

E(B - V) = 19710 (373 )
0810 175 %6

and using the Calzetti et al. (2000) reddening curve, we find the Ha extinction to
be, Apa = (3.33 £ 0.80) x E(B — V).

For the SFCs with FUV and Ha emission, we found FUV extinction using the
relation, Apyy = 3.6Ap,, assuming that the FUV emission arises mainly from the
young stellar population as mentioned in Leroy et al. (2008), and we corrected for
the extinction in NUV band using the relation Axyyy = 0.8Apyy (Calzetti et al.

2000). The extinction-corrected Ha and UV luminosity is given by

L(N)eorr = 1073 L(N) o (3.2)

where L(A)qps is observed luminosity at the wavelength A\. The correlation of
extinction-corrected Ha and UV luminosity for SFCs using the Balmer decrement

method is shown in Figure 3.3c and 3.3f.

The Beta slope method can be used for the SFCs with FUV and NUV emission to
correct the internal extinction (Calzetti et al. 1994). The extinction curve in the
UV band (1300-2600 A) can be fitted by a power law with the slope 8 (fy oc A?).
The UV spectral slope is filter-dependent, and we can get a better estimate for

[ when we consider the two close filters. Hence, # for UVIT filters mgi720s and
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my2190 1s given by,
8= mpi2M — MN219M
—2.5log ({12 )

AN219M

9 (3.3)

where mpi790 and mpyoi9p are the Galactic extinction-corrected magnitudes of
SFCs in the F172M and N219M filters with Api720s and An219ps as their central
wavelengths respectively. Then, we used filters F148W and N263M and found
the SFC’s extinction Ay = (0.44 £ 0.03)E(B — V)k()\) as given by Calzetti et al.
(2000). The color excess E(B-V) is then found using 5 = —2.616 + 4.594E(B — V)
as given by Reddy et al. (2018) and k(\) as given in Calzetti et al. (2000) for
filters F148W and N263M, and for SFCs with Ha emission. We again calculated

extinction-corrected Ha and UV luminosities for this method using equation 3.2.

Apart from the two methods mentioned above, we use 24 pm to measure the em-
bedded Ha and UV luminosities, as mid-IR peaks around 24 pm and trace the
hot dust component that is due to the young stellar population. Also, Jang, In
Sung et al. (2020) showed that the F2100W filter of JWST is better for extinction
correction than any of the other mid-IR bands in JWST. Hence, here we cor-
rected for extinction using a convolved JWST 21um map. We used the extinction
correction relation for Ha as given in Kennicutt et al. (2009) and for FUV and
NUV as in Hao et al. (2011). The relation for finding the extinction-corrected
luminosity is L(A)eorr = L(A)ops +cL(24pm). Here L(A)cor and L(A)qps are the cor-
1

rected luminosity and observed luminosity in ergs™

¢ is 3.89, 2.26, and 0.0024 when we correct the FUV, NUV, and Ha luminosities,

respectively. The parameter

respectively. L(24um) is the Spitzer MIPS 24 pm luminosity in ergs™'. Since we
are using the JWST 21 um map, we took the ratio of JWST 21 pum and MIPS
24 pm luminosity for some of the SFCs on both maps. We find that the ratio is
approximately equal to 4.54. We multiplied this value by L(21um) to obtain the
L(24pm).

We plotted the extinction-corrected Ha and UV luminosity correlation for all three

methods in Figure 3.3b and 3.3e. The extinction-corrected luminosities strongly
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correlate for SFCs corrected with the Balmer decrement and JWST methods.
However, we see the clear difference between the three methods in Figure 3.3, which
reveals that each method uniquely compensates for extinction at varying depths.
Hence, it is necessary to use a single method to correct extinction. The SFC lu-
minosities corrected with the Beta slope method show more scatter (opyy=0.38
and oxyyv=0.37), making it less preferable. Although the JWST 21 pm method
showed a tight Ha and UV luminosity correlation (opyy=0.17 and onyy=0.17),
due to its limited field of view, very few SFCs had 21 pm emission. Hence, we
mainly used the Balmer decrement method (opyyv=0.21 and onyy=0.25) for the
extinction correction for SFCs with Ha luminosity; the SFCs without Ha lumi-
nosity were not used for further analysis, wherever Ha and UV luminosities are
involved. However, we have shown the extinction-corrected Ha and UV luminosity
correlation for the Balmer decrement method and also the SFR correlations for

the Balmer decrement and JWST methods in Section 3.4.2.

3.3.3 Characterization of the SFCs

We calculated the FUV SFR for the SFCs using Salim et al. (2007). The FUV
SFR in Mgyr—! is given by SFRpyy = 0.68 X 1072 X L(FUV)cor,. Similarly, we
calculated the Ha SFR using SFRy, = 5.3 X 107% X L(H)corr (Calzetti et al.
2007) . Here L(FUV)opr and L(Ha)opr are the extinction-corrected luminosities in
ergs—!. As mentioned in Section 3.3.2, we only derived both FUV and Ha SFRs for
SFCs with associated Ha luminosity. We calculated the SFR density 3 (SFR) by
dividing the SFRs by their respective areas. Yspg is used to characterise the local
intensity of star formation within an SFC. Normalising the SFR by the physical
area of the SFC enables a more meaningful comparison among star-forming regions

of different physical sizes and across different galactic environments.

We also derived the corresponding stellar masses of the SFCs using Starburst99,
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Distribution of properties of SFCs for full sample
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FIGURE 3.4: The distribution of SF properties across different regions (arms,
spurs, and interarm) for all available SFCs (first two rows) and specifically for
the SFCs used in the IMF analysis.

an SSP model (Leitherer et al. 1999). We ran starburst99 assuming Padova tracks
with asymptotic giant branch stars and standard Salpeter IMF (Salpeter 1955)
with the lower cutoff mass set to m; = 0.1M, and the upper cutoff mass to be
m, = 100My. We adopted a solar metallicity (Z=0.02; Leitherer et al. (1999)),
which is closer to the value mentioned in Calzetti et al. (2015). We evolved the
model from 1 Myr to 200 Myr, as UV can trace up to 200 Myr. We plotted the
observed extinction-corrected UV colour and FUV magnitudes of the SFCs on the
theoretically predicted values from Starburst99. We then interpolated the values
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for each SFC to find the mass.

We estimated the molecular hydrogen mass using the ALMA CO(J=2-1) map.
We converted the CO flux to Hy mass using the conversion factor aco =4.35M4

pc?(Kkms™!)~! and Ry; = 0.62 (Sandstrom et al. 2013; Kreckel et al. 2018).

We plotted the distribution of different properties of SFCs, like the area (from
SExtractor), molecular hydrogen mass (My, ), extinction-corrected FUV and NUV
color (FUV-NUV), stellar mass (M., ), and X(SFR) for both Ha and FUV emission
for all the possible SFCs (For area and My, distribution, we included even the
SFCs which did not have emission in all three bands) and also for the SFCs used
for IMF analysis as shown in the Figure 3.4. We also observed that the median
estimated values of properties like (M,) and area of SFCs are more than what we
see in resolved studies of stellar clusters in NGC 628 with HST in LEGUS (Adamo
et al. 2017), as SFCs contain multiple individual star-forming clusters and smaller

OB associations.

3.3.4 The number of high-mass stars and their ratios in the

SFCs

This section describes how we estimated the approximate number of O and B stars
in the SFCs. It depends crucially on the difference in time scales over which Ho
and UV emission trace SF. The Ha and FUV emission arises from O stars and
massive B stars. But since Ha comes from recombination in the ionisation region
around massive stars, it lasts for a few Myr. Even if we consider that there is a
contribution from B stars in the Ha emission, we may not get the total count of
massive B stars. Hence, for this study, we assume that the Hoa emission arises
mainly from O stars. The FUV emission arises from O (M > 21Mg), and also

massive B0 stars (M > 10M). We also see that with a 5o photometric limit of



Chapter 3: Study of the high-mass IMF in SFCs of NGC' 628 55

FUV and NUYV filters, we can only detect individual stars after O7 stars. But,
since low-mass stars are more numerous, and studies have shown that NUV can
significantly detect emission from even low-mass B stars (Das et al. 2021), we
assume that the NUV emission arises from O, B0, and B1 stars (M < 10M). All
of this information can be used to estimate the number of O, B0, and B1 stars as

described below.

As we do not know what kind of O stars produce the Ha emission from the SFCs,
we randomly populate O stars in the SFCs by assigning a fraction of the Ha
luminosity for each type of O star we are considering. Here, we present the three
cases. (i) First, we consider that Ha arises from only O8V-type stars (31 My).
(ii) Secondly, we consider that Ha comes from only O7V, O8V and O9V stars.
We included these types of O stars because previous studies show that the median
Ha luminosity of the SFCs in NGC 628 corresponds to the luminosity of a single
O8V star (Kreckel et al. 2016). (iii) Apart from these two combinations, we tried
a third case in which we populate the SFCs with a combination of O9V (23 M) to
O3V stars (88 Mg). In this way, we include different combinations of O-type stars
to estimate how the IMF varies. We used the Ha Lyman photon flux Qg for each
stellar type from Sternberg et al. (2003). We consider Case-B recombination with
electron temperature 10* K (Gavazzi et al. 2002). The Ha luminosity in ergs™" is
given by 1.37x 107'2Qg[s™!]. The Castelli & Kurucz (2004) model was used to find
the FUV and NUV luminosities for these stars. We chose the closest parameters,
such as effective temperature (Teg), surface gravity (g), and radius (R) from the
grid of all types of O, B0, and Bl star models from Sternberg et al. (2003) and
Leitherer et al. (2010), where the Bl stars parameter are from the second paper
and the rest from the first paper. The parameters (Teq, log(g), R), along with the

UV luminosities for the solar metallicity, are given in Table 3.1.

Initially, the algorithm carried out 10,000 iterations for each SFC, drawing a ran-

dom H« luminosity probability for each type of O star from a uniform distribution
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between 0 and 1. For the third case, we ensured that there should be at least one
of each type of O star in a SFC. Then, the total number of O stars present in a
SFC for each of the three cases is,

N(O) = 29: P(On) x Lia (3.4)

where, Ly, is the Ha luminosity of a SFC and Ly, (On) is the Ha luminosity
of single On star, where n is the class (e.g. n=3, O3 type star). P(On) is the
randomly generated probability for an On-type star, such that 23:3 P(On) = 1.
For the second case, we generated the P(On) only for the combination of O7, O8,
and O9 stars. And for the first case, the P(O8)=1. The number of B0 stars in the
SFC derived from the FUV luminosity is,

N(B0) = Lruv — Zn:igi(()]rgl?))x Lruv(On))

(3.5)
where Lpyy and Lpyy(On) are the FUV luminosity of a SFC and a single On-
type star, respectively. The Lpyy(B0) is the FUV luminosity of the B0 star, and
N(On) is the number of On-type stars. The total number of O stars is N(O) =
S°?_,N(On). The number of B1 stars (N(B1)) in a SFC will then be

Lyuy — (N(BO) x Lyuv(B0)) = 370 5(N(On) x Lyuy(On))

N(B1) = Lyuv(B1)

(3.6)

where Lyyy and Lyyyv(On) are the NUV luminosity of a SFC and single On stars,
respectively. Also, Lyyv(B0) and Lyyv(B1) are the NUV luminosities of the B0

and Bl stars, respectively.
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It should be noted that this method does not distinguish the O, B0, and B1-
type populations based on their FUV/NUV luminosity ratios. Instead, we use
the absolute FUV and NUV luminosities derived from the ATLAS9 models and
sequentially account for the contribution of the previously estimated higher-mass
stellar populations. B0 and B1 stars are adopted as representative populations of
the massive and relatively lower-mass B stars contributing to the UV emission,
respectively. Therefore, the derived numbers represent approximate estimates of
these stellar populations rather than a unique spectral classification of individual

stars.

Further, we took the ratio of N(O) to N(BO) (§(§303)

N(B1) (EEE?;) to obtain the IMF indices o and ay respectively. We assume that

) and the ratio of N(BO0) to

the IMF can be represented as a distribution function in linear mass units as,

dN

dm

Am™ (3.7)

where « is the power law index of the IMF. The number of stars N in the mass
range m, to m; is

N = A/ " m*dm (3.8)

my

and ]IVV((O)

N(BO) is given by,

N(O) _ my(0)' —my(0)
N(BO) ~ m(BO)= — my(BO)I— (39)

where m, (O) and m,(B0) are the upper mass limit for O and B0 stars. Similarly,
the lower mass limits for O and BO stars are m;(O), my(B0). m, and my for the
SFCs that are fully populated with O9 to O3 type stars is 21 Mg to 100 M
respectively. And for BO stars, it is 21 Mg and 10 M. When we took O7, O8
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o8

TABLE 3.1: FUV and NUV luminosities of massive stars

OV star Tex  log(g) Lruv Lyuv
Type (kK) (cms™2) (ergs™')  (ergs™!)
03 50 ) 4.6x10%  3.96x103%7
04 475 5 3.5 x10%  3.1x10%7
05 45 4.5 2.75x10%8  2.48x10%"
06 425 4.5 2.18x10% 2x10%7
o7 40 4.5 1.67x10%  1.65%x10%7
08 385 4.5 1.27x10%  1.29x10%7
09 355 4 9.13x10%"  1.01x10%
BO 33.3 4 7.26x10%7  8.17x103%¢
B1 25 3.9 6.2x10%¢  8.02x10%

Note: Tog and log(g) are the effective temperature and surface gravity param-

eters given to the Castelli & Kurucz (2004) model to get FUV luminosities
(Lpyv) and NUV luminosities (Lyyy). We took the distance 9.84 Mpc, and

the star’s radius as mentioned in Sternberg et al. (2003).

and O9Y stars, the m, and m; is 38 Mg and 21 M. When considering only the O8

star, the limits are 31 My and 21 M. All these values are adopted from Sternberg

et al. (2003).

We also found NEY along with the IMF index as.

N(B1)

m, (B0)!~*2 — m(B0)' 2

m, (B1)=®2 — m(B1)1—e2

(3.10)

The m, and m, for B1 stars is 10 M and 3 M, respectively. Using the IMF index

for all the SFCs, we obtained the distribution of

N(0)

BO)

N(
N(BO) and N(

BI)"
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3.4 Results

3.4.1 Distribution of SFCs in NGC 628 in Ha, FUV and

NUYV emission.

Although NGC 628 has been observed over the whole spectrum, we focus on the
bands that trace SF in this study, i.e., FUV, NUV, and Ha. We can interpret the
SF distribution and its propagation by studying the emission at these wavelengths
as they trace different timescales. Here, these emissions are characterized as SFCs,
which we detected separately from each band. But the number of SFCs detected
in each band depends on the threshold we have taken in SExtractor. Although
taking a 5o threshold for all bands gives us a confident bright source detection,
the different sensitivity of each band may affect the number of SFCs detected and
sometimes even the area of the SFCs. However, taking SFCs that are detected in
all three bands and taking the same area for all SFCs (the largest area of SFCs of

the three bands) for IMF estimation makes us confident of our analysis.

The 30 flux sensitivity of MUSE Ha is around 4 —7 x 1037 ergs 'kpc=2 (Emsellem,
Eric et al. 2022). With a 50 threshold, we could detect around 560 SFCs in this
band. The Ha emission is more prominent in the arm and interarm regions. More
than 200 SFCs are detected in the Ha map, but have no associated UV emission.
Some of the Ha emission could be associated with diffuse ionized gas (DIG), as

indicated in previous studies (Kreckel et al. 2016).

The 50 photometric limit of the UVIT F148W filter is 22.78. The FUV SFCs
detected are the least numerous (around 190 SFCs) compared to the other two
bands with a 5o threshold. As mentioned above, one of the reasons could be the
difference in sensitivity, which might have made us lose some faint SFCs. We

see that more than 96% of the FUV SFCs are associated with SFCs in the other
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two bands, where only six SFCs are associated with FUV in the interarm region
(out of 100 interarm SFCs). The reasons for the other 4% of FUV SFCs not
having associated emissions in other bands could be due to the way SFCs are
detected, such that associated SFCs could have a center that is a bit farther than
the FUV SFCs. Besides this, the shock-excited accretion disk around extremely
eruptive young stars emits mainly in FUV and might lack in the other two bands
(Carvalho et al. 2024). Additionally, the enhancement in Ha emission from the
interarm regions indicates that there could be young SFCs embedded in dust,
which obscures the FUV emission. The FUV bright SFCs are also associated with

the spurs along the spiral arms, which are prominent in the ALMA images.

The NUV image has brighter SFCs and a smooth diffuse emission over the entire
field. The galaxy center is especially bright in NUV, which we do not see in
the other two bands. More NUV emission indicates that the galaxy center has
older and cooler stellar populations and fewer massive O and B stars. The 5o
photometric limit of the UVIT N263M filter is 23.36. Of the 650 SFCs with
NUV emission, more than 200 SFCs emit only NUV emission. These could be
associated with evolved SFCs. The other SFCs are associated with either FUV or

Ha emission or both.

3.4.2 UV and Ha luminosity correlation

Any IMF study involving UV and Ha luminosities is susceptible to extinction
correction (Boselli et al. 2009). Hence, choosing a method for the extinction
correction is critical. When we compared the correlation of extinction-corrected
luminosities using different methods, we found more scatter for luminosities cor-
rected for extinction using the Beta slope method as seen in Figure 3.3b and 3.3e.
Previous studies such as Lee et al. (2009); Hao et al. (2011) have shown that

extinction-corrected UV and Ha luminosities have a strong correlation. Hence, we
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obtained the least square fit for UV (FUV and NUV) and Ha luminosities, which
is corrected for extinction using the Balmer decrement method. This correlation
is shown in Figure 3.3c and 3.3f for FUV and NUV, respectively. The equations

we get by fitting a regression are

log(L(FUV)) = (0.933 & 0.034)log(L(Ha)) + (—0.684 + 1.409) (3.11)

log(L(NUV)) = (0.980 + 0.028)log(L(Ha)) + (—0.551 + 1.096) (3.12)

Here, equations 3.11 and 3.12 correspond to the correlation of FUV and NUV
luminosities with Ha. All luminosities in equations are in ergs—'. We also found
a correlation for FUV and Ha SFRs for the Balmer decrement and also for JWST

21 pum method as shown in Figure 3.5. The linear fit for the Balmer decrement is

log(SFRpyv) = (0.934 + 0.035)log(SFRu,) + (—0.455 4 0.09) (3.13)

and the linear fit for the JWST 21 pm method is,

log(SFRpuy) = (0.849 = 0.043)log(SFRya) + (—1.081 4 0.101) (3.14)

From Figure 3.5 and equations 3.13 and 3.14, we can see that the Ha SFR esti-
mated for the Balmer decrement is higher than the JWST method. This again
indicates that the different extinction methods correct for extinction at different

depths.
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F1GURE 3.5: Observed Ha and FUV SFR correlation for SFCs corrected for
extinction with the Balmer decrement and JWST 21pm method. The linear fit

for the Balmer decrement and JWST 21um method are given as equations 3.13
and 3.14, respectively.

We also see that the SFCs in the interarm region do not have higher luminosities
than those in the arms and spurs (see Figure 3.3c and d). This could be because
interarm SFCs have smaller areas, as seen in Figure 3.4. The luminosity of SFCs

in the arm and spurs spans a wide range of values.

The estimated extinction-corrected Ha luminosity of SFCs is between 1037 <
(Lpa/ergs™) < 10%°) which is ten times greater than the values in Kreckel et al.
(2016). This increase in luminosity could be because we have convolved the Hao
image to a lower resolution, which can cause some clusters to blend into larger

ones and potentially increase the contribution of DIGs.
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represent the median value of the distribution, which is mentioned in Table 3.2.

3.4.3 Determing the IMF of the SFCs

. N(O) BO)
We estimate N(B0) B1)

3.3.4. The distribution of the stellar ratios and IMF indices for the three choices of

and EE and their respective IMF indices a; and a in Section
O-type stars is shown in Figure 3.6, and the median ratios and IMF index for all
the cases are given in Table 3.2. We used the bootstrapping method to determine

the standard error associated with the median ratios and median IMF indices.

When we consider that Ha arises from only the O8V stars, we find that a; = 2.32
for the arms and spurs, which is closer to the canonical stellar IMF (o = 2.3)
(Kroupa et al. 2024). But when we populate with more types of O stars, such
as O7V, O8V, and O9V, and calculate the median ratio for each SFC, we find

that the median «; becomes steeper (o; = 3.66) than the canonical IMF, and
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for the arms and spurs, again it is nearly the same. We also noticed that only
2% of SFCs decreased when populated with three types of O stars (O7V, O8V,
O9V), but when we considered the range of O stars (O3V to O9V), we observed
a significant decrease in the number of SFCs (69%). Also, the number of SFCs
reduced to 34% in the arms and 27% in the spurs, giving the slope a much steeper
value of (o = 4.35), with no contribution from interarm SFCs. The decrease in
the number of SFCs is because not all SFCs have luminosities large enough to
accommodate the different types of massive stars. It should be noted that the
observed number of SFCs remains unchanged; only the number of SFCs that can

be modelled under the adopted assumptions changes.

N(B0)

NBD and as do not vary much with

However, in contrast to a;, we find that

different populations of O-type stars. The variation in as is significantly less for
the first two cases. But, we see that as is steeper for the arms compared to the
interarm SFCs, which is contradictory to what is expected. However, this result
is statistically insignificant as we have only three SF'Cs for the first two cases, and
the error is also very high for interarm SFCs. When we populate SFCs with O3V
to O9V stars, we find that the SFCs in the arms have IMF slopes that are flatter
than the spurs. The arms show a more significant variation in «s for the third
case compared to the first two cases (which can be up to 0.74). But variation in
iy is lesser for spurs (up to 0.16). Nonetheless, the reduced variation and smaller
uncertainties associated with it make a5 a more reliable indicator of the IMF index.

We have discussed more on this topic in Section 3.5.

It is also important to note that the different evolutionary timescales of O and
B-type stars can affect the stellar number ratios used in Equations 3.10 and 3.15.
The Ha emission used to estimate the O-star population primarily traces very
recent star formation (< 10 Myr), owing to the short lifetimes of the massive
ionising stars. In comparison, the UV emission traces stellar populations over

longer timescales, with FUV emission remaining sensitive to young stars over
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~ 100 Myr and NUV emission extending to somewhat older stellar populations.
Therefore, the currently observed N(O)/N(B0) and N(B0)/N(B1) ratios may be
affected by the different evolutionary timescales of these stellar populations and
may not exactly represent their initially formed relative numbers. This age effect

should therefore be considered when interpreting the derived IMF indices.

TABLE 3.2: IMF parameters in different regions

O star Region ~ No of SFCs Median % Median a;  No of SFCs  Median ggg?; Median (o)
Type
Arm 84 0.12 +£ 0.01 230 £ 012 71 0.09 £ 0.01 2.81 + 0.09
08 Spurs 44 0.12 £ 0.01 233 £ 0.18 42 0.11 £ 0.01 2.64 + 0.10
Interarm 3 0.09 £0.04 269+£088 3 0.16 £ 0.07 234 £ 0.44
(Weighted Mean) 0.12 £ 0.00 2.32 £ 0.06 0.10 = 0.01 2.74 £ 0.10
Arm 80 0.13 £ 0.01 3.60 £ 0.12 67 0.10 = 0.01 2.72 + 0.10
07, 08, 09 Spurs 44 0.12 +£0.02  3.69 &£ 0.19 42 0.12 £ 0.01 2.62 + 0.10
Interarm 3 0.06 £0.05 473+£0.94 3 0.17 £ 0.08  2.26 & 0.44
(Weighted Mean) 0.12 £ 0.01 3.66 &+ 0.18 0.11 £ 0.01 2.67 + 0.08
Arm 28 0.09 &+ 0.01 438 £0.19 24 0.21 £0.04  2.07 £ 0.20
03 to 09 Spurs 12 0.09 £ 0.02 429 &£ 0.24 12 0.14 £ 0.05 248 £ 0.27
Interarm 0 - - 0
(Weighted Mean) 0.09 + 0.00  4.35 £ 0.05 0.19 £ 0.04 2.21 £0.21

Note: The weighted mean «; and as for all three cases combined is 3.16 +

0.62 and 2.64 £ 0.14 respectively.

3.4.4 IMF trends with the properties of the SFCs

We plotted the variation of our calculated IMF indices (o and ay) with the prop-
erties of the SFCs as shown in Figure 3.7. For the first case (SFCs with only O8
stars), the correlation of with ay with SFC properties such as FUV-NUV color,
logo(X(M.)), logio(X(Mp,)), and log;o(X(SFR)) are given by the Spearman cor-
relation coefficient of -0.2, -0.1, -0.1 and -0.3 respectively, which are weak negative
correlations. Only with logyo(2(SFR)), does a; show a slightly better correla-
tion. We observed that for the second case (SFCs with O9, O8, and O7 stars),
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the log1o(X(SFR)) correlation with o became stronger with the correlation coeffi-
cient -0.5, which indicates that as the SFR increases, the IMF becomes flatter, i.e.,
the number of massive stars increases. The other three properties show similar

correlations with oy for the second case as for the first one.

In contrast, as shows strong correlations with the properties of the SFCs, the most
prominent being the correlation with FUV-NUV color. It has a high Spearman
correlation coefficient value of nearly +1 for all the cases. We fitted a quadratic
equation to it as shown below (equation 3.15), and the fitting parameters are given

in Table 3.3 for the different cases.

ag = a(FUV — NUV)? + b(FUV — NUV) + ¢ (3.15)

TABLE 3.3: Fitting parameters for as and FUV-NUV plot (equation 3.15) and
az and log1o(X(SFR)) plot (equation 3.16)

O star a b c d e
Type (M 'yrkpc?)
OF] -1.57 £0.15 2.71 £0.07 242 +0.02 -0.78 =£0.11 1.40 £ 0.18

07,08,09 -1.89 +0.18 2.80 + 0.08 2.41 £ 0.02 -0.74 + 0.12 1.43 £ 0.19
03 to 09 -3.75 £ 0.52 262 £0.11 242 £0.02 - -

Note: a, b and c are fitting parameters for ay and FUV-NUV plot. Whereas,
d and e are fitting parameters for ay and log;o(X(SFR)) plot. The first row or
only O8 stars gives the best fit for the ay and (FUV-NUV) relation.

The correlation coefficients of X(SFR) with s are found to be -0.5 and -0.4 for
the first two cases. We also fitted a linear regression for the oy and X (SFR)

correlations. The equation is given by,

Oy = d x lOglo(E(SFR)) +e (316)
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where the fitting parameters d and e are given in Table 3.3.

As the canonical IMF is considered a universal probability density distribution
function (Jerabkova et al. 2018), we found the corresponding parameters of the
SFCs associated with this IMF index so that we can compare it with our estimated
IMF. We determined the color and logio(X(SFR)) for the canonical stellar IMF
value (o = 2.3) from equations 3.15 and 3.16 along with Table 3.3 for all three
cases. The color, FUV—-NUV & —0.04 and log;o(X(SFR)/Mayr~'kpc™2) ~ —1.16
was estimated for the canonical IMF value. The values are similar for all three
cases. Since our median IMF indices are steeper than the canonical value for
arms and spurs, we obtain FUV — NUV > —0.04 and log;o(X(SFR)) < —1.16

Moyr~tkpc™ for our values.

Apart from FUV-NUV and logio(X(SFR)), the log;o(X(Mpy,)) also has a weak
negative correlation with «s, with a correlation coefficient of -0.4. However, this
is stronger than the correlation with «;. Hence, as 3(My,) increases a decreases
i.e. the IMF becomes flatter. This indicates that the larger the molecular surface
mass density in the galaxy disk, the larger are the fraction of high-mass stars.
We also see that this correlation generally holds for dense molecular clouds of

mass density > 10% Mgkpc ™2

. For less dense clouds, a nearly becomes constant.
In Figure 3.7, in ay and X(Mp,) correlation, there is a fairly sharp cutoff at
log1o(X(Hs)/Mokpe™2) = 9.5 for third case. But when it comes to X(M,), we
observed the increase in ay with increasing (M., ), which means that the IMF
becomes steeper as stellar mass density increases, which is contrary to X (Mpy,).
This may indicate that the more massive SFCs (i.e., larger ¥(M,)) have evolved

stellar populations, and the massive stars have evolved away. We discuss the

significance of these trends in Section 3.5.
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FIGURE 3.7: Variation of IMF index («; and ag) with the different properties
of IMF like FUV and NUV color, stellar mass density, molecular mass density,
and SF rate density (from left).

3.5 Discussion

Our study assumes that the Ha emission mainly arises from O-type stars. But,
since we have no information on what kind of O stars populate each SFC, we pop-

ulated the SFCs with the following combinations: (i) O8V star whose luminosity
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corresponds to the median luminosity of the SFCs in NGC 628; (ii) a combination
of O7V, O8V, and O9V stars; and (iii) a combination of OV stars with a mass

limit of 100 Mg (O3V to O9V stars). Then we generated different possible stellar

N(O)
m and

N(B0)

N(B1) for each SFC and noted the median values for each SFC.

ratios

Hence, there is a range of possibilities for the high-mass IMF, which depends on
how we populate O stars in the SFCs. Apart from O stars, there can also be some
contribution from very massive B stars in Ha, and we are aware of the degeneracy
present in considering the type of the population. But for this study, we will go
with the above assumption to see if we can get some estimate of the IMF. Even
if we consider the contribution from B stars in Ha emission, we might see a vari-
ation in the result for option (iii), where we consider populating with all types of

O stars.

When we populated the SFCs with different types of O stars, we ensured that all
types were present in each SFC. But in reality, this may not be the case. However,
it does help us to understand how steep the IMF can go. Studies show that massive
O-type stars of mass more than 100 M, are detected in nearby galaxies (Kalari
et al. 2022). Koda et al. (2012) have shown that, statistically, for the cluster to
have a star as massive as 100 M, it should have a cluster of mass at least 10°

M.

But stochastically, massive stars can form in less massive clusters; alternatively,
massive stars might not form in massive clusters. With high stellar density, the
inner disk may host clusters with one or more massive stars. In addition, it must
be noted that although we see in Figure 3.4 that the SFC stellar masses are above
10° Mg, the SFCs may be hosting multiple clusters that cannot be individually
resolved. However, low-mass O stars are more likely to form rather than high-mass
stars. We also find that the number of SFCs decreases when we try to populate
with higher masses of O stars. So, we conclude that the existence of SFCs with very

massive O-type stars in NGC 628 is less probable than the existence of low-mass
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O-type stars such as 09 to O7 stars.

When considering fully populated SFCs (option (iii)), the IMF becomes top-heavy
(i.e., @ > 2.3, so a steeper IMF') compared to only for O8V stars (option (i)), which
is nearly canonical. Hence, the IMF index is steeper than the canonical value at
the high-mass end of stellar populations (O stars and massive B stars). But we
know that the more massive the stars are, the shorter is their lifetime. Hence,
many massive stars must have already passed their main sequence, which could be
why the present-day IMF that we observe in NGC 628 appears to be a top-light
IMF.

We have derived two IMF indices, a; and as. Since «y is derived from O-type
stars that have short lifetimes (< 107 yr), it represents the present-day IMF index.
On the other hand, «y is more dependent on the B-type stars, which have longer
lifetimes (< 10%yr) and hence represent the general high-mass IMF index. How-
ever, some emissions from NUV might come from the evolved stellar populations.
But as the contribution from main sequence stars will be higher, and since we are
taking the SFCs that have emission in other bands too, we can say that the SFCs
we have considered have massive stars in them. The a4 values in Table 3.2 show a
significant variation for different populations of O stars (cases (i), (ii), and (iii)).

In contrast, the ratio of high-mass to low-mass B stars, i.e., N(B0)/N(B1), gives

N(BO)
N(B1)

a consistent value for all the scenarios. This shows that does not depend
strongly on what kind of O stars are present in the SFCs. This suggests that
the average of ay could be a better indicator of the high-mass stellar IMF than
the present-day IMF index «;. The mean value for the IMF index we obtain is

g = 2.64 £+ 0.14, which is a steeper or top-light IMF compared to the canonical
IMF.

Various studies have obtained a top-light IMF compared to the canonical IMF for
the massive stars (Kroupa 2002). The Miller & Scalo (1979) and Kennicutt (1983)
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predicted o = 2.5 for masses above 1M. Scalo (1986b) predicted « is between
2.3 and 3.3 for the high-mass end. Apart from these, Weisz et al. (2015) found
a = 2.45 for 85 clusters in M31 and Wainer et al. (2024) found o = 2.5 for the 34
clusters in M33. These studies used the resolved population in clusters to find the

high-mass IMF. Most of these studies have the low-mass cutoff for the high-mass

N(O)
N(BO)

N(B0)
N(BI)

IMF as 1Mg. In our study, there is an overlap in the mass for both and
ratios, and we see that both a; and s have an average value within the range

predicted in Scalo (1986b).

Studying the stellar IMF in external galaxies is crucial because it allows us to
investigate the universality of the IMF within the galaxy as well. Klessen et al.
(2007) showed that the IMF in the star-forming regions of the MW’s bulge differs
from the IMF in the disk. Multiple studies utilize the complete field of the galaxy
and try to understand if there is any IMF variation in the XUV disk of the galaxy
compared to the inner disk (Koda et al. 2012; Bruzzese et al. 2019). This is because
the IMF can be inferred from galaxy properties such as stellar and gas densities

and metallicity.

The MUSE observations of NGC 628 cover only the inner region. Hence, we try
to understand the properties of SFCs in the arm, interarm, and spurs, which are
expected to have different environments and star-forming conditions. Unfortu-
nately, only three interarm SFCs have FUV, NUV, and the Ha emission, which
is necessary to obtain the IMF index. Hence, the IMF index values we estimated
for the interarm region in this study are statistically insignificant. However, as

discussed below, our results agree with those of the previous studies.

The SFCs in the interarm regions have smaller areas and mass densities compared
to the arms and spurs. Hence, it is expected that the IMF in the interarms will
not have enough cluster mass to have more massive stars, making it top-light IMF

(Kroupa et al. 2024). However, several studies, including Kreckel et al. (2016), have
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shown that there is little difference in SF properties between arm and interarm

SFCs. Our studies show that the IMF value for the interarm region is steeper

N(0)
N(BO)’

N(BO)
N(B1)’

and for it is flatter. However,

than the arm and spur regions for
fewer SFCs in the interarm regions make the error bars prominent. Scalo (1986b)
showed that the variation in the IMF with region to region is smaller than +0.5.
Here, the variation of the IMF index «; in the interarm compared to the arm
and spurs is less than 0.5 for case one, but it becomes more significant for case
two. Apart from the three SFCs in the interarm for which we found the high-
mass stars ratio, there are more SFCs with only Ha and only NUV emission and
no counterparts in the two wavelengths. This shows that there could be stars
in the very early stage surrounded by gas and dust, causing extinction in lower
wavelengths, and the presence of only NUV in some SFCs indicates that there are

even older populations in this region.

There is no statistically significant difference between «; in the spurs and the
arms for any three cases. The present-day IMF «; of the SFCs in the spurs is
slightly steeper than the IMF in the arms. The variation is between 0.03 and 0.09.
It becomes flatter for oy, making the arms top-light compared to the spurs and
interarms. The spurs have nearly the same IMF index for the third case as the first
two, but the arms become much flatter, making it top-heavy, contrary to what we
see for 1. So «y might be the right indicator to check for the universality and
compare the nature of high-mass IMF across the region. Meanwhile, how steep or
flat ay can get might depend on how we populate the O stars, though variation in

values for different cases is lesser in .

The variation of high-mass IMF indices with the properties of SFCs such as SFR,
metallicity, and mass of the clusters or galaxies, helps us understand the massive
SF in different environments. The (X(SFR)) variation with the IMF is commonly
discussed (Gunawardhana et al. 2011; Jerabkova et al. 2018; Kroupa et al. 2024).

Studies have shown that the higher the galaxy or cluster SFR, the more likely it
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will form high-mass stars because they will have enough mass to produce them
(Larson 2006; Gunawardhana et al. 2011). We see that our SFCs also follow a
similar trend. Even a4, which does not show much trend with any other properties,
shows the trend with logio(X(SFR)). We fitted a linear regression to the oy and
log10(X(SFR)), and found the relation as in equation 3.16 with the parameters
mentioned in Table 3.3. Gunawardhana et al. (2011) also fitted a linear fit for «
and log;o(3X(SFR)) for galaxies, which is

a = —0.3 x logio(S(SFR)) + 1.7 (3.17)

where « is the IMF index as mentioned in the introduction (Section 4.1). We
find that this relation gives logio(X(SFR)) because for the « corresponding to the

canonical IMF is equal to -2Mgyr—tkpc=2

, which is lower than what we obtain
for our SFCs for high-mass «. This implies that the log;o(3(SFR)) for the SFCs
to produce the canonical IMF is greater than what we see for galaxies. The
log10(X(SFR)/Mgyr—'kpc™2) of the inner regions of the MW varies between 0 and
-3 (Elia et al. 2022). The log;o(X(SFR)/Mgyr—'kpc™2) corresponding to canonical
IMF found using relation from Gunawardhana et al. (2011) and even our values

fall within this range. However, in this study, we estimate for SFCs and not for

the whole galaxy.

We find a strong correlation between s and the extinction-corrected UV color,
FUV-NUV. We see in our distribution in Figure 3.4 that the SFCs have a wide
range of colors from -0.6 to 0.8. The median color for the SFC distribution in
the arms is 0.14, and 0.08 in spurs. Koda et al. (2012) discussed that if a cluster
has FUV-NUV < 0.2 — 0.3, ie, is blue in color, it must contain O and/or B stars.
However, it is difficult to differentiate clusters with and without O stars just by
looking at the UV colors. Even SFCs with FUV-NUV> 0.3 might have O and B
stars. Hence, we took blue SFCs with FUV-NUV < 0.3. We found the median O
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to BO and B0 to B1 stellar ratios, along with median a; and ay values as seen in

Table 3.4. We found that it significantly affects the arm SFC numbers. For the

first two cases, the number of SFCs is the same. We also found that taking only

blue SFCs does not affect a; much. However, s values became less steep, making

ap closer to the canonical value. For the first two cases, the arms and spurs have

nearly the same s values. We also find that spurs become steeper than arms for

as. We found that the IMF index and FUV-NUV correlations are strong only for

ay. One of the reasons for this could be because we obtain the number of B stars

from the FUV and NUV emissions.

TABLE 3.4: IMF parameters in different regions for SFCs with FUV-NUV <

0.3.

O star Region  No of SFCs Median % Median a;  No of SFCs  Median % Median (as)

Type
Arm 51 0.12£0.00 227+£0.15 48 0.14 +£0.02 247 £0.10

08 Spurs 37 0.11 £0.02 236 £0.18 37 0.12£0.01  2.54 £0.09
Interarm 3 0.094+£0.04 2694088 3 0.16 £0.08  2.34 £ 0.44

(Weighted Mean) 0.12 £ 0.01 2.32 £ 0.08 0.13 £ 0.01 2.49 + 0.04
Arm o1 0.14 + 0.01 3.55 £ 0.13 48 0.14 + 0.02 243 + 0.11

07, 08, 09 Spurs 37 0.12+0.02 3.68+£022 37 0.12 4+ 0.01  2.54 £ 0.09
Interarm 3 0.06 £0.05 473 £0.94 3 0.17 £ 0.08  2.26 £ 0.44

(Weighted Mean) 0.13+£0.02 3.64 £0.20 0.13 £0.01 247 £ 0.06
Arm 27 0.09 £0.01 433 +£018 24 0.21 £0.04 2.07 £0.20

03 to 09 Spurs 12 0.09 £0.02 429 +024 12 0.14 £0.05 248 £0.27
Interarm 0 0

(Weighted Mean) 0.09 + 0.00  4.32 £ 0.05 0.19 £ 0.04 2.21 £0.21

Note: The weighted mean a; and ap for all three cases combined is 3.22 + 0.6

and 2.43 4 0.06 respectively.

The color FUV —NUV > 0 implies that the NUV emission is more than the FUV.

That is, there are fewer massive stars. NUV also comes from some evolved stars

that can contribute and make SFCs redder. This can also be seen in the trend. The

IMF gets steeper as the SFCs become redder, again showing the bottom heaviness.

And for the cases, it starts getting bottom heavy at FUV —NUV > —0.04. Hence,

color can also indicate the nature of the IMF.
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From our results, we also find that the weak correlation of ay with X(My,) is
as expected, i.e., as molecular hydrogen mass density increases, the IMF index
increases. The more massive and dense the clouds, the higher the probability of
forming high-mass stars. The reason for the scatter in the correlation could be that
a single conversion factor was considered to obtain the molecular hydrogen mass
for all the SFCs. It also seems like the less dense clouds cannot fully populate the O
stars. In Figure 3.7, for case three, molecular clouds barely form massive O stars for
log(X(Mpy,)/Mgkpe™2) < 9.5 and none below log(3(My,)/Mokpce2) = 8.5. We
also see that most of the data points in all three runs are still clumped between
as =2 to 3, as expected from canonical or Salpeter, and some region-to-region
variation. The tail to a; only appears at the highest ¥ (My,) measured. This

shows the importance of molecular cloud surface density in forming massive stars.

The correlation of ap with 3(M.,) in our plot seems contradictory to the previous
studies. As the SFC X(M,) increases, the IMF steepens, implying fewer massive
stars are produced. However, we estimated SFC masses from the starburst99
model, and the redder the SFCs, the more massive the complexes are, i.e., they
are composed of cooler and older stars. But this does not mean that there were no
massive stars before. As said before, the more massive the stars are, the shorter
their time in the main sequence will be. Even if these SFCs had very massive
stars, they might already be exhausted. Hence, this trend is quite understandable.
However, a more accurate estimation of stellar mass might help us understand it

better.

We find very few FUV excess young SFCs with low stellar mass that show top-
heavy IMF (see a correlation with FUV-NUV in Figure 3.7.) There are very few
in arms and spurs. Some even show nearly Salpeter IMF. These SFCs have large

Y (SFR). This could be an indication of recent starbursts in these SFCs.
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Apart from these factors, the IMF also depends upon the metallicity and temper-
ature of the molecular clouds. As we look at the inner disk of a massive galaxy, we
expect solar metallicity to be a reasonable assumption, and we do not expect it to
vary much. Although not knowing the exact population is a major drawback, this
study gives an idea of the IMF in galaxies where the Ho mainly comes only from
O stars. This result is specific to the galaxy NGC 628, which is a massive grand
design spiral galaxy. In future studies, we will apply the same method to explore

the IMF in galaxies in different environments and check its universality.

3.6 Conclusions

In this project, we used Ha from MUSE and FUV and NUV emission from UVIT
to determine the IMF of the SFCs in the inner disk of the galaxy NGC 628 by
estimating the approximate number of O stars and B stars from each SFC. We
also derived some important trends of the IMF index with the properties of the

SFCs. The main results of this study are summarized below:

1. There is less FUV emission in the inner disk of NGC 628 compared to Ha
and NUV emission, indicating strong extinction and/or more dust-embedded SF,

mainly in the interarm regions.

2. We see a strong correlation between the extinction-corrected UV and Ha lumi-
nosities for the Balmer decrement method and 21 ym JWST correction compared

to the extinction correction done by the Beta slope method.

3. The properties of SFCs in the arm, spurs, and interarms do not vary much
and are consistent with previous studies. However, the area of the SFCs in the

interarms is smaller compared to the distribution of SFC areas in arms and spurs.
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N(O)

N(B0) stellar ratio becomes

4. The present-day IMF index «a; corresponding to

steeper (a1 = 4.35+0.05) as we populate the SFCs with O-type stars up to stellar
masses of 100 Mg (option 3, Table 3.2), which is much steeper than the values

found in the previous studies. The mean «; is around 3.16 + 0.52. However,

BO)
BIl)

the general high-mass IMF index as corresponding to the EE ratio has mean
slope of ag = 2.64 +0.14. The a5 values are consistent for different O-type stellar
populations. However, «; for the case where SFCs were populated with only O8

stars has a mean value closer to the canonical stellar IMF'.

5. The present-day IMF index a4 from massive stars (M > 10M) is steeper than
high-mass IMF index «s, which we estimated from stars of mass, 10M, > M >
3Mg. This is because the more massive the star is, the shorter is its lifetime in

the main sequence.

6. The IMF index in the arms and spurs are similar, showing a variation < 4 0.2.
The IMF index «; is steeper for the interarm than the IMF index for the arm and

spurs. Whereas o gets steeper for the arm than spurs and interarm.

7. The extinction-corrected UV color (FUV-NUV) strongly correlates with as.
But for FUV-NUV> —0.04, the IMF becomes steeper. Hence, the UV color can
also indicate the nature of the IMF.

8. The median value of «;, when considered SFCs with FUV-NUV < 0.3 is
consistent with the value when considered all the SFCs. But the median value of

a9 becomes less steeper with median value as = 2.43 + 0.06.

9. The log1o(X(SFR)) versus ay shows a similar trend as previous studies for
galaxies. But the value log;o(2(SFR)) for galaxies corresponding to the Salpeter
IMF is smaller than what we see for SFCs.
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10. In our study, as shows a cutoff at My, ~ 10%°My. On closer inspection, s
increases with the increase in the density of molecular gas with a weak correlation,
suggesting that low-density clouds cannot support high-mass stars, and most of

the SFCs clump around the canonical IMF value.

11. The ay and X(M,) trend shows that massive and old SFCs must have gone
through episodes of SF. Hence, some high-mass stars must already be in the main

sequence turn-off.

12. Young SFCs (FUV-NUV < —0.04) with less stellar mass densities show the top-
heavy IMF. They also show the high log;o(X(SFR)), which suggests the starburst
in these SFCs.



Chapter 4

Spatial Correlations of PAH, UV,
and Ha Emission and IMF- PAH

Variations in Star-Forming

Complexes of NGC 628

4.1 Introduction

PAHs are organic molecules with multiple aromatic rings containing 20-1000 car-
bon atoms (Allamandola et al. 1989; Rigopoulou et al. 2024). These molecules are
an essential part of the ISM, and up to 20% of the total IR emission in star-forming
galaxies comes from these molecules (Smith et al. 2007; Li 2020). They emit in
distinctive IR bands at 3.3, 6.2, 7.7, 11.3, 12.7, and 17 pum (Leger & Puget 1984;

79
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Allamandola et al. 1989). These molecules can be vibrationally excited with a sin-
gle UV photon, and they de-excite, emitting the distinctive PAH features (Tielens
2008). Both stretching and bending vibrational modes contribute to these fea-
tures. The 3.3 pm feature is seen when C-H bonds stretch, whereas C-C bending
and C-H out-of-plane bending contribute to the features at 6-9 pm and features

beyond 11 pm, respectively (Leger & Puget 1984; Allamandola et al. 1989).

The UV and visible photons from massive stars excite the PAH molecules in star-
forming regions. Their emission traces the front of the photodissociation regions
(PDRs) around stars, which separates the ionised gas from the surrounding molec-
ular gas (Tielens et al. 1993). Hence, their emission is associated with recent SF.
Their band ratios can be used to investigate the properties of the molecules, such
as size and charge, which in turn helps us understand the source of UV photons
(Draine et al. 2021; Rigopoulou et al. 2021; Maragkoudakis et al. 2022; Chastenet
et al. 2023). Small PAH molecules emit strongly at 3.3 um. Larger molecules
emit at longer wavelengths, specifically around 11.3 and 17 pum. Ionised PAHs
are associated with C-C vibrational modes, leading to 6.2 and 7.7 pm emissions.
Meanwhile, neutral PAHs emit at 3.3, 11.3, and 17 pm, which are primarily linked
to C-H vibrational modes. This is why the combination of the bands’ trace size

and charge (or degree of ionisation) of PAH molecules (Allamandola et al. 1999).

PAHs have been deeply studied in various astrophysical regions, from planetary,
protoplanetary, and reflection nebulae to the H II regions and ISM of galaxies
(Tielens 2008). The 6.2, 7.7, and 11.3 pm features have been mostly used to
study the PAH properties in galaxies (Rigopoulou et al. 1999; Peeters et al. 2004;
Draine et al. 2021; Rigopoulou et al. 2024). Early-type and active galaxies show
an abundance of neutral larger molecules, whereas star-forming galaxies have more
ionised molecules (Kaneda et al. 2008; Vega et al. 2010; Garcia-Bernete, 1. et al.
2022, 2024). Smaller molecules might undergo preferential destruction from a

harsh environment (Smith et al. 2007) or, due to the shattering of large grains,
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their abundance could also increase(Yamagishi et al. 2012). There can also be the
destruction of PAHs in starbursts and regions with strong emission from AGNs.
But some studies have also shown that there is no preferential destruction of
smaller molecules (Rigopoulou et al. 2024) and shown that PAHs are also present
in the close vicinity of AGNs (Garcia-Bernete, I. et al. 2022; Armus et al. 2023). In
addition to this, properties such as metallicity affect the production and emission
of PAH molecules (Madden, S. C. et al. 2006). With the JWST, there are several
large surveys dedicated to understanding PAH molecules and emissions in detail.
These include spectroscopic (Lai et al. 2023; Donnan et al. 2022; Garcia-Bernete,
I. et al. 2022, 2024) and photometric studies of nearby galaxies (Sandstrom et al.
2023; Egorov et al. 2023; Pedrini et al. 2024; Rodriguez et al. 2025) and also those
focusing on high redshift (z) galaxies (Shen et al. 2023; Shivaei et al. 2024; Shivaei
& Boogaard 2024).

Our study uses JWST PAH maps (F335M, F770W, and F1130W) of NGC 628
to compare the spatial distribution of PAH with UV, using observations from the
UVIT as well as the Ha distribution obtained from the MUSE instrument. Our
aim is to understand how the physical properties of the smaller dust constituents,
the PAHs in SFCs, vary with different stellar IMFs. The latter have been obtained
using the catalogue of SF properties of NGC 628 from Amrutha & Das (2025),
which is described in Chapter 3. We investigated how the PAH properties vary
over the different regions (arms and spurs). We also closely examined the PAH
distribution around the phantom void, which is prominent in the PAH bands of

NGC 628 (also known as the Phantom galaxy).

NGC 628 is a well-known grand design spiral galaxy that is nearly face-on (i=8°.9;
Lang et al. (2020)) and shows young and massive SF (Yadav et al. 2021), and
thus widely used for studying SF, including PAH emission, using the broadband
filters of JWST. Most studies have focused on understanding the PAH fraction

as a function of the properties of the ISM and PAH molecules, along with their



Chapter 4: PAH-SF correlations and IMF-PAH variations in NGC 628 82

UVIT FUV(F148W)

MUSE (Ha)

UVIT NUV (N263M)

5000

15°49' 15°49' 15°49"

4000

IS
@

48'
3000

N
o
Counts
MJy/sr

47 |

IS
S
Declination

Declination

2000

1000

46' 46'

o =2 N W B O O N ®
Counts
Declination

.
y ) -
45' a g 4s' 1 . 45 -
1"36M48° 45° 42 39° 36° 1"36m48° 45°% 42° 39° 36° 1"36M48° 45° 42° 39° 36°
Right Ascension Right Ascension Right Ascension

JWST MIR(F2100W)

JWST MIR(F770W) ALMA (CO(J=2-1))

15°49" 12

10

N
@

IS
MJy/sr
Declination

Declination
MJy/sr
Declination

26' [

45'
1h36mags 45°  42°  39°  36° 1h36m48 45°  42° 395 36° 1"36mags 455 42° 395 36°
Right Ascension Right Ascension Right Ascension

FIGURE 4.1: Multiwavelength images of NGC 628.

variation with properties such as SFR, stellar age, and metallicity (Chastenet et al.
2023; Dale et al. 2023; Ujjwal, Krishnan et al. 2024; Sutter et al. 2024). Thilker
et al. (2023) examined the diffuse and filamentary emissions seen in PAH emissions
and their relationship to SF. One of the striking features seen in the JWST MIRI
(Argyriou, loannis et al. 2023) is bubbles and superbubbles formed due to feedback
from massive stars and supernovae (SNe) explosions, which has also been the key
research topic in galaxies like NGC 628 (Mayya et al. 2023; Barnes et al. 2023;
Watkins et al. 2023).

4.2 Data

We used archival JWST MIRI F770W, F1130W images, and NIRCAM F300M,
F335M, F360M images to study the PAH emission in NGC 628. We also used
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MIRI F2100W for extinction correction. These images are part of PHANGS-
JWST (Lee et al. 2023) treasury survey. The F770W and F1130W images have
an angular resolution of 0”7.269 and 0”.375, respectively. The NIRCAM filters
F300M, F335M, and F360M have an approximate angular resolution of 0”.11. We
use F7T70W (AX = 1.95um), F1130W (AX = 0.73um), and continuum-subtracted
F335M (AX = 0.38um) images for the PAH analysis. Filters F300M and F360M
are used to remove the starlight continuum from F335M by linearly interpolating
between F300M and F360M with a varying slope as mentioned in Lai et al. (2020)

and as given below.

F335Mpap = F335M — (A x F300M + B x F360M) (4.1)

The coefficients A and B in equation 4.1 are 0.35 and 0.65, respectively, as men-
tioned in Lai et al. (2020). However, it is observed that the F335M continuum
is oversubtracted in the regions where PAH emission is dominant. This is due to
the presence of PAH contribution in the F360M band in such regions (Sandstrom
et al. 2023).

We used MUSE and UVIT observations of NGC 628 as discussed in the Chapter 3,
Section 3.2. All the JWST and MUSE images have been convolved to match the
UVIT resolution, with a Full Width at Half Maximum (FWHM) of approximately
1”7.2. We utilise these convolved images for further analysis. With this resolution,

we are able to resolve OB associations that are approximately 57 parsecs in size.
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4.3 Analysis and Results

4.3.1 PAH correlation with the UV and Ha emission

PAHs have been used as SFR tracers (e.g. Rigopoulou et al. (1999); Peeters et al.
(2004)), hence we expect that there should be some correlation with the other
SFR tracers like UV and Ha emission. The correlation of PAH with SFR has been
established in previous studies (Calzetti et al. 2007; Shipley et al. 2016). Earlier
studies have used the Infrared Space Observatory (ISO) and Spitzer low-resolution
data and broadband MIR emission to establish the relation (Calzetti et al. 2007;
Battisti et al. 2015). Apart from this, they have used integrated luminosities of
galaxies to obtain this correlation. Therefore, it is important to verify whether
this correlation also applies to local SFCs. With the capabilities of the JWST, we
can now examine whether the correlations hold in spatially resolved regions such

as SFCs.

Here we investigate how the PAH emission from JWST filters correlates with
Ha, FUV, and NUV emission. For this purpose, we used a catalogue of SFCs
from Chapter 3, which lists the SF properties of SFCs in NGC 628, including
UV and Ha luminosities. The method of extraction and classification of SFCs
based on emission and location is also outlined in Chapter 3. We overlaid the
SFCs on convolved PAH images (F770W, F1130W, and F335M) and obtained the
luminosity from each band. We plotted the correlation of different PAH bands with
Ha, FUV, and NUV emission as shown in Figure 4.2. We fitted linear regression

as given below,

log(L(PAH)) = Alog(L(K)) + B (4.2)
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FI1GURE 4.2: Correlation of Ha, FUV and NUV luminosities with different PAH
luminosities (7.7 pm, 11.3 pm and 3.3 wm). This correlation is for extracted
SFCs, whose UV and Ha luminosities are corrected for extinction with (i) the
Balmer decrement method and (ii) MIRI 21 pm.

where L(PAH) is PAH luminosity (7.7 um, 11.3 pm, 3.3 pm) and the term L(K)
corresponds to the extinction-corrected luminosity for Ha, FUV, or NUV, with K
denoting any of these SF tracers. Both L(PAH) and L(K) are in ergs™'. A and B

are fitting parameters as mentioned in Table 4.1.

Shipley et al. (2016) derived the calibration relation between the extinction cor-
rected Ha luminosity and the individual PAH luminosities. The slopes of the linear
relation for 7.7 um and 11.3 pm PAH luminosities are 1 and 0.94 with intercepts
of 1.12 and 2.87, respectively. Certainly, there is a clear difference between the pa-
rameters of Shipley et al. (2016) calibration relation and those mentioned in Table
4.1. However, the relations mentioned in Shipley et al. (2016) are found for inte-
grated emission from the whole galaxy with very diverse samples, and therefore,

there is a lot more scatter in their correlations.
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TABLE 4.1: Fitting parameters for equation 4.2.

SF PAH bands Balmer decrement method 21 pm method
Tracer pm A B o p A B o P
3.3 0.89 £0.02 311+0.89 0.29 0.89|0.99 £0.02 -0.01 £0.80 0.23 0.93
Ha 7.7 0.76 £ 0.02 10.12 £0.86 0.26 0.87 | 0.86 £0.02 6.43 £0.69 0.19 0.93
11.3 0.73 £0.02 10.58 £0.89 0.26 0.87 | 0.84 £0.02 6.80 £0.72 0.21 0.92
3.3 0.77 £0.04 6.36 +£1.83 0.27 0.86|0.95£0.04 -023 £1.59 022 091
FUV 7.7 0.55 £ 0.07 17.09 £2.78 0.37 0.76 | 0.98 £0.04 -0.36 £1.5 0.23 0.95
11.3 0.54 £0.06 16.75 £2.56 0.34 0.74 | 0.99 £0.04 -1.25+148 034 0.95
3.3 0.88 £0.03 291 +1.27 0.28 0.88|0.96 £0.02 -0.69 £ 0.87 0.24 0.92
NUV .7 0.72£0.03 10.73 £1.36 0.29 0.85|091£0.01 295+041 0.14 0.98
11.3 0.70 £ 0.04 11.02 4+ 139 029 084|091 +0.01 247 +045 0.15 0.98

Note: A and B are the fitting parameters for the equation 4.2, which represents
the correlation between PAH bands and SF tracers as shown in the Figure 4.2.
o and p represent the standard deviation and Spearman’s correlation coefficient

of these fits, respectively.

There are very few calibration relations connecting L(PAH) with UV luminosities.
Zhang et al. (2021) derived calibration relations for integrated PAH luminosity
with both Ha and UV luminosities, and found slopes ranging from 0.865 to 0.842.
However, when we examine our correlations for individual PAH bands against
Ha and UV luminosities corrected for extinction using the Balmer decrement,
we observe significant variations for each PAH band. This variation is primarily
driven by the correlation of PAHs with FUV data, as indicated in Table 4.1. FUV
shows a shallower slope compared to the other two. One possible reason for this
discrepancy is that FUV data exhibit the least sensitivity, which means that, under
the same threshold, faint FUV sources may not be included, potentially explaining
the limited number of FUV SFCs. We also corrected SFCs for extinction using
21 pm using the MIRI F2100W band as outlined in the previous chapter and
found the correlations. We observe that the correlation strengthens and the slope
gets steeper than the correlations found for SFCs corrected for extinction using the

Balmer decrement as seen in Figure 4.2(ii) and Table 4.1. Despite the discrepancies
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FIGURE 4.3: (i) Association of 3.3 ym PAH emission with arm (a), interarm
(b), and spur (c) SFCs. We also plotted the association of 3.3 ym PAH with
NUV-only SFCs(d), Ha-only SFCs(e), and FUV emitting SFCs detected with
a 3o threshold (f). The SFCs are overlaid on the continuum-subtracted JWST
F335M image. Yellow rectangles in Figure (b) show an example of the spurs,
and the brown rectangle indicates the position of the phantom void in NGC 628.

in the correlations, we find that the 7.7 and 11.3 gm PAH luminosity exhibits a
flatter linear fit compared to the 3.3 pm luminosity. This indicates that the PAH
emitting 3.3 pm is steeply increasing with an increase in UV and Ha luminosity

compared to PAH emitting 7.7 and 11.3 pm.
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4.3.2 PAH emission across the different regions of NGC
628

In this Section, we investigate the association of arm, spur, and interarm SFCs
with PAH emission. For that reason, we overplotted the SFCs on all three PAH
images. The association of 3.3 yum PAH emissions with SFCs across the regions,
along with NUV-only, Ha-only, and FUV-emitting (3¢ threshold) SFCs on the
F335M image as shown in Figure 4.3. The association with other PAHs emissions

(7.7 and 11.3 pm) is similar to what we see with 3.3 pm.

We find that most of the arm and spur SFCs have associated PAH emissions.
The SFCs common in all three wavelengths (Ha, FUV, and NUV), and Ha shows
strong PAH emission. However, those that fall on bubbles and superbubbles lack
PAH emission as seen in Figure 4.3(d). Most of these SFCs show only NUV
emission and are present in the southern arm, which also hosts the phantom void.
Very few are FUV-only, and SFCs with both FUV and NUV emissions are also
seen in these regions. In Figure 4.3(e), we plotted Ha-only emitting SFCs on the
F335M image to see if they also have negligible PAH emission. We found that
most of the Ha-only SFCs have a PAH emission. Only some SFCs in the interarm

region do not have strong PAH emissions.

As described in Section 4.3.1, SFCs were extracted by applying a constant thresh-
old (5¢0) in all three bands. However, SFCs are derived from observations with
different sensitivities. The NUV band has a better sensitivity (myyy=23.36, 690
SFCs) compared to FUV (mpyy=22.78, 195 SFCs). Hence, to see if there are any
faint FUV and Ha emitting SFCs in bubble and superbubble regions, we applied
a 3o threshold, which resulted in a FUV sensitivity of mpyy = 23.4. We identified
463 SFCs, which is significantly higher than the number we found earlier when
the 50 cut was applied. This sensitivity is comparable to that observed in NUV,

where SFCs were detected using a 50 threshold. However, even by decreasing the
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FI1GURE 4.5: The phantom void region of NGC 628. The blue superbubble is the
phantom void, and the two green ellipses represent the connecting bubbles. The
red markers represent the position of SFCs emitting at different wavelengths.
The SFCs with both UV and Ha emission are numbered.

threshold, we found that only a few FUV-emitting SFCs are associated with NUV-

emitting SFCs in the phantom void. This suggests that the remaining NUV-only

emitting SFCs may lack massive stars. A few FUV SFCs are located between the

phantom void and two connecting bubbles, as shown in Figure 4.3(f).

We also plotted PAH and NUV luminosity correlations for SFCs with NUV emis-

sion, as shown in Figure 4.4. We found that NUV-only emitting SFCs lie at the

lower luminosity end of both NUV and PAH luminosity. Since NUV-only emitting

SFCs lack Ha emission, we used the MIRI F2100W band for extinction correction
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for this correlation. We also checked the correlation for NUV-only emitting SFCs
within the void (See Figure 4.5). These also lie in the lower end of both PAH and

NUV luminosities.

Only a few interarm SFCs show PAH emission. Many SFCs in the interarm region,
especially SFCs with emission in only NUV, only He, and SFCs with NUV and
Ha emission, do not have much PAH emission (see Figure 4.3(e)). We also find
that the region around the galaxy centre is devoid of PAH emission, especially in
3.3 pm. This indicates a dearth of small PAHs in the centre of this galaxy. We
found that the SFCs around the centre are either only NUV or with NUV and Ha
emission. The presence of Ha emission indicates some recent SF, or it could be

emission from diffuse ionised gas.

4.3.3 The variation of PAH band ratios with the IMF for
the SFCs

The determination of the IMF indices follows Chapter 3. In this section, we use
these IMF values to see how properties of PAH molecules change under different

IMF conditions (like when SFCs are top-light or top-heavy).

As explained in Section 4.1, the relative strength of the PAH band ratios gives us
information about the size and charge of the PAH molecules in that environment.
An increase in the F335M /F1130W ratio indicates that the fraction of small PAH
molecules is increasing. Similarly, the fraction of ionised molecules increases with
an increase in F770W /F1130W. Recent studies, such as Rigopoulou et al. (2021)
and Rigopoulou et al. (2024), use diagnostic grids of PAH band ratios derived using
theoretically computed PAH spectra by varying the numbers of carbon atoms,
charge, and intensity of exposed radiation fields. These studies reveal the number

of carbon atoms in the PAH molecule, the charge composition of the ISM, and
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information on what kind of radiation field the molecules are exposed to. Our
study uses some of these results to explore the IMF variation with PAH band

ratios.

We plotted a; and s as a function of PAH band ratios (see Figure 4.6). We found
that there is no trend with «;. It is primarily flat. However, ay shows a trend
with PAH band ratios. For arms, F335M/F1130W and F770W /F1130W increase
as the IMF gets top-heavy, as shown in Figure 4.6. However, the slope is flat for
spurs over a range of ratios, and as clumps around values 2.5-3.5. There are a few
spur SFCs with a high fraction of smaller and ionised PAH, as seen for arms. This

could be the reason for the flattening trend.

For the case where we populated SFCs with O3 to O9 type stars, we retained only
SFCs with larger values of PAH ratios. Here again we found that the spurs do not

extend to larger values of PAH ratios and are more clumped for as.

Besides the correlation of IMF with PAH ratios, we tried to understand the IMF
of SFCs in the shell region around the phantom void. Unfortunately, we have only
three SFCs with Ha, FUV, and NUV emission. We named these SFCs SFC 1, 2,
and 3, as shown in Figure 4.5. The SFCs 1 and 2 have ay values of 1.96 and 1.29,
respectively, indicating that they are top-heavy. Whereas SFC 3, which is near
the connecting elongated bubble, is top-light with a ay value of 3.07. We discuss
more on the IMF variation with PAH band ratios and the IMF of SFCs in the

shell region around the phantom void in Section 4.4.
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4.3.4 The variation of PAH band ratios with the colour for
the SFCs

A prominent correlation was observed for as with UV colour FUV-NUV in Chapter
3 (Figure 3.7). It followed a quadratic fit, and FUV-NUV was red for the SFCs
with top-light IMF and blue for SFCs with top-heavy IMF, indicating more recent
SF in the latter. Therefore, we plotted FUV-NUV as a function of PAH band
ratios (see Figure 4.7) for the case with a larger number of SFCs. We fitted linear

regression for each ratio as given below.

(FUV = NUV) = Ck+ D (4.3)

Where C and D are fitting parameters given in the Table 4.2. k is the PAH band
flux ratio. As expected, we observe the general trend of the fraction of small
and ionised PAH molecules increasing as SFCs get bluer. However, in Figure 4.7,
especially for ratios F335M/F1130W and F335M/F770W, we found that more
spur SFCs are below the fit than arm in the range 0.1 > FUV-NUV> —1. This
indicates that for the same colour, the fraction of smaller molecules is higher for

arms SFCs than for spurs.

4.4 Discussion

Although PAH emission is used to trace SF, the emission depends on several fac-
tors, including the nature of the source exciting the molecules and the surrounding
environment. For example, there is less PAH emission from the inter-arm regions.

These regions have molecular hydrogen, but SFE is low compared to the spiral
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TABLE 4.2: Fitting parameters for equation 4.3.

k C D o p
F330M/F1130W | -10.23 +£ 1.29 0.75 £ 0.08 0.20 0.66
F770W/F1130W | -3.41 £ 0.51 2.73 £0.36 0.20 -0.55
F330M/F770W | -7.69 + 1.15 0.75 £ 0.09 0.20 -0.61

Note: C and D are the fitting parameters for the equation 4.3, which repre-
sents the correlation between FUV-NUV and PAH band ratios as shown in the
Figure 4.7. ¢ and p represent the standard deviation and Spearman’s correla-

tion coefficient, respectively.

arm (Foyle et al. 2010; Kreckel et al. 2016). Besides the inter-arms regions, stud-
ies show that there is a central hole in PAH emission in unbarred galaxies (Regan
et al. 2006). This absence of PAH emission is attributed to the lack of continuous
inflow of gas, which is usually funnelled by a bar. Similarly, in NGC 628, we found
that the PAH emission is strong in the compact nuclear region, but is absent in
the surroundings 0.1 kpc radius. This could be due to a lack of continuous gas
inflow to the central region, which affects the recent SF. Hence, we detect NUV
emission from an evolved population, but no FUV emission from recent SF as seen

in Figure 4.1.

Apart from the inter-arm and nuclear regions of NGC 628, we also find that the
bubbles and super bubbles lack PAH emission. We detected several NUV-only
emitting SFCs located within bubble and superbubble regions. A few FUV and
NUV-emitting SFCs were also observed in areas lacking PAH emissions. When
we lowered the FUV emission threshold, we detected more FUV-emitting SFCs,
but very few were found in the PAH-devoid regions (bubbles, superbubbles, and
interarm regions). We also found that the FUV-emitting SFCs in such regions have
minimal overlap with only NUV-emitting SFCs. The presence of more NUV-only

emitting SFCs suggests the presence of stars such as low-mass B stars, A stars,
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and other evolved stars in this environment. A few massive stars, such as O-type
and massive B stars are found in these regions, potentially contributing to the
formation of those bubbles, while more massive ones may have already evolved.
This is because NUV emission can trace SF for a more extended period, which is
nearly 300 Myr, compared to FUV and Ha (nearly 100 and 10 Myr, respectively).
The absence of Ha in these regions may also be due to a lack of ionised gas, which
has been expelled by feedback from massive stars or SNe. Hence, the absence of
PAH emission and the presence of other SF tracers, such as NUV, can help us
understand the progression of SF in different parts of galaxies. However, detailed

spectroscopy is needed for understanding the stellar populations.

Interestingly, in the northern arm, some bubbles do not show much association
with any of the three emissions, and there are very few NUV-only emitting SFCs.
This indicates that these bubbles maybe even older than those in the southern
arm and do not show any recent SF. This suggests that the stellar feedback from
massive stars of the previous generation, which are now evolved, could have cleared
the cold gas necessary for SF. Studies such as Gusev & Efremov (2013); Gusev et al.
(2013) have also confirmed the drastic difference in the inner structures between
the spiral arms of NGC 628. They suggest that there is a shock wave along the
northern arm, which creates high pressure and affects the SF, whereas the regular
magnetic field stabilises SF along the southern arm. The other possibility could be
that the NGC 628 holes are formed by galactic dynamical processes that include
spurring or feathering, and galactic shear caused by the rotation of the galaxy

(Watkins et al. 2023).

The prominent super-bubble in the southern arm, the phantom void, has a radius
of around 600 pc (Watkins et al. 2023). Two additional bubbles appear to have
merged with the phantom void (green ellipses in Figure 4.5). The superbubbles
are formed due to the merging of bubbles and are powered by stellar feedback

from massive stars, as well as by a series of SNe explosions. They are expected to
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be short-lived; hence, low-mass massive stars should still be within them (Mayya
et al. 2023). Therefore, we examined SFCs within the phantom void. We find
low luminosity, NUV-only emitting SFCs in it (See Figure 4.4), and there are very
low luminosity FUV-only emitting SFCs (as we detected only after reducing the
threshold) in between the phantom void and the other two connecting bubbles.
There is no emission from any of these SF tracers in these connecting bubbles.
FUV-emitting SFCs must be much younger than the NUV-only emitting ones,
as NUV may come from less massive B and A stars. There is also a clear age-
dependent spatial segregation in the stellar population. The study by Mayya et al.
(2023) showed that the youngest population is at larger radii up to a radius of 450
pc and is moving away from the centre as the bubble expands. Similar to theirs,
we also see that FUV-emitting SFCs are far from the centre of the bubble and the
older population, which could be due to the SF triggered in the material swept
by the expanding bubble. However, a small number of O, B stars formed in the

bubble could explain why faint SFCs are detected.

There is clear evidence of SF in the shell of the phantom void due to positive
feedback consistent with Mayya et al. (2023). Figure 4.5 shows that most of the
SFCs in the shell having NUV and Ha emission, and very few FUV emitting SFCs.
However, we detected a few additional FUV SFCs when we lowered the thresh-
old. This indicates the presence of dust in the shell region, attenuating the FUV
emission. Hence, the stars must be very young and embedded in dust. However,
PAH is very bright throughout this region, indicating enough PAH molecules and
radiation sources to excite the PAHs. We detected only three SFCs with all three
emissions and got their IMF. The SFCs marked 1 and 2 show a top-heavy IMF, and
SFC 3 shows a bottom-heavy IMF. This could be due to how this structure formed
as a whole. We can clearly see in Figure 4.5 that the superbubble in the phantom
void is either formed by merging with at least one bubble and/or has been sheared
by galaxy rotation. However, bubbles are very short-lived as they are formed by

feedback from OB associations. But since we did not find any SFCs in them, the
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bubbles must be old and currently powered by massive stars present between them
and the phantom void. The elongated shape of bubbles clearly demonstrates the
significant impact of shear forces on them. In contrast, the shape of the phantom
void near SFC 1 and 2 (at the northeast of the superbubble) is nearly circular,
indicating less shear in that region. However, Barnes et al. (2023) have identified
the supernova remnants in the shell mainly in the northwest of the superbubble,
which might be causing the continued superbubble expansion. Hence, SFC 1 and
2 show top-heavy IMF, as gas here will be very dense, due to the collection of
gravitationally bound or unbound gas swept away due to the expansion of the su-
perbubble. The molecular gas near SFC 3, near the elongated bubble, must have
experienced some shear, which decreases the gas density and potential to form
enough massive stars, making it bottom-heavy. Even in the ALMA map shown in

Figure 4.1, we hardly find any molecular gas in that region.

To obtain information on the molecule size and the ionization state of the PAH
molecules in different environments, we compared PAH band ratios of NUV-only
emitting SFCs with NUV emitting SFCs that have counterparts in at least Ho or
FUYV to see if there is any difference in PAH molecule properties, as shown in Figure
4.8. We did not find any difference in the median F770W /F1130W ratio; therefore,
there is no difference in the charge of PAH molecules for NUV-emitting SFCs with
or without any counterparts. However, we find that the median F3350W /F1130W
and F335M/F770W ratio for the NUV emitting SFCs with counterparts is slightly



Chapter 4: PAH-SF correlations and IMF-PAH variations in NGC 628 98

higher than for the NUV-only emitting SFCs, implying a higher fraction of small
molecules in the NUV emitting SFCs with counterparts. If we say that NUV-
emitting SFCs with counterparts in other bands host massive stars and others do
not, then here we see that the presence of massive stars is just slightly influencing

the size of molecules present in the ISM, and not the charge.

We even checked the IMF and UV colour trend with the PAH band ratios for arms
and spurs. As seen in Chapter 3, only the IMF index ay obtained by considering
the ratio of B stars shows the trend with PAH band ratios. The trend for cases
where we populated Ha SFCs with O7, O8, and 09, and also with only OS,
shows a nearly similar trend. Hence, we show only for the former in Figure 4.6.
Though the previous chapter showed that there is not much variation between the
properties of the arm and spurs, we see that there is some difference in the trends.
We find that spurs have only a few SFCs with top-heavy IMF (a < 2.3) compared
to arm SFCs. As a result, the spurs show a flat trend, mostly clumped between 2
and 4. In contrast, we see decreasing trends in the IMF with the increasing PAH
ratios for arms. The lack of SFCs with a top-heavy IMF in the spurs could be due
to low molecular gas relative to the arm. Interestingly, we also found that for the
SFCs with the same UV colour, the fraction of small PAHs is higher in the arm
than in the spurs. However, Schinnerer et al. (2017) showed that the SF is biased
towards spurs rather than arms in galaxy M51 and says that the young clusters in
spurs are larger, massive, and younger than what we see in the arms. IMF index
(i is derived from the ratios of massive to less massive B stars, whereas a; is
from the ratios of the number of O stars to massive B stars. In Figure 4.6, we see
that many spur SFCs are top-heavy if we consider a;, in contrast to as. Hence,
there might be more young embedded stars in spurs than in arms, as mentioned in
Schinnerer et al. (2017). Schinnerer et al. (2017) has also shown that SF in spurs
is independent of the spiral arm. However, it is preferred towards the arm within

the spurs.
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Previous studies on NGC 628 with JWST have shown that star-forming regions
or an HII region with a high SFR density show a high value of F335M /F1130W,
F770W /F1130W, and F335M /F770W, favouring small and ionised molecules (Chas-
tenet et al. 2023; Egorov et al. 2023; Ujjwal, Krishnan et al. 2024). Even in our
study, we found that as the IMF for arm SFCs becomes top-heavy and blue (which
indicates recent SF), there is an increase in the fraction of small and ionised PAHs,
which is consistent with previous studies. The SFCs with top-heavy IMF will have
more massive stars and hence higher UV luminosity. The strong UV radiation
density from the compact PDRs of star-forming regions can dominate the par-
ticle density, affecting the recombination and ionisation rate. This increases the
charged particles in that region (McKinney et al. 2021; Rigopoulou et al. 2024).
There will also be an increase in the fraction of shocked gas to total gas in such
a high UV radiation region, which can also increase ionised PAHs (Egorov et al.
2023; Chastenet et al. 2023). In contrast, theoretically, small molecules will not
survive longer in such an extreme environment (Micelotta et al. 2010). However,
with numerical models, it is shown that the shock in dense clouds can cause gas-
grain collisions, grain-grain collisions, and also large grain fragmentation, which
in turn increases the fraction of small molecules (Jones et al. 1996; Guillet et al.
2011). It is also known that the high UV radiation increases the temperature, re-
sulting in more emissions at lower wavelengths by smaller molecules (Draine et al.

2021).

Chastenet et al. (2023) have shown that the inner disk of NGC 628 does not dis-
play much metallicity variation (8.45< 12+log(O/H)<8.6). Therefore, properties
of PAHs should not be affected by metallicity in different regions of the inner disk.
However, trends can vary if there is a contamination by continuum. Though the
F335M is continuum subtracted, as discussed in Section 4.2, due to oversubtrac-
tion, 3.3 um PAH might be underestimated. But Sandstrom et al. (2023) also
addressed that the aliphatic PAH at 3.4 um and plateau at 3.47 pm might also

contribute slightly to the detected 3.3 pm after continuum subtraction. However,
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their strength is very low (8%) compared to 3.3 ym PAH to make a significant
variation. Even with the F770W band, approximately 80% of the emissions are
from 7.7 pm PAHs, and 70% of the emission seen in the filter F1130W is due to
11.3 pm PAH molecules (Whitcomb et al. 2023). However, Ujjwal, Krishnan et al.
(2024) has shown that it doesn’t affect the trend.

By comparing PAH emissions with other SF indicators at a resolved scale of 57
pc, we aimed to gain insights into the properties of these star-forming complexes
(SFCs) and their surrounding environments. We also observed variations in SF
properties across different regions (arms and spurs) in NGC 628 at such small

scales. This highlights the significance of examining SF on a local level.

4.5 Summary

In this work, we used PAH maps (F335M, F770W, and F1130W) from JWST ob-
servations of NGC 628. We also utilised the catalogue of star formation properties
of SFCs of NGC 628 from A&D25, which includes Ha and UV (FUV and NUV)
luminosities from MUSE and UVIT, respectively. We used these luminosities to
get a correlation with PAH at a scale of 57 pc. We also analysed the PAH emission
at the different regions (arm, spurs, interarms, and bubbles) of NGC 628, and the
effect of the environment on PAH emission. From the A&D25 catalogue, we used
the IMF of the SFCs and derived some important trends with the PAH band ratios
(F335M/F1130W, F770W /F1130W, and F335M/F770W) to understand the PAH
size and ionised state in arms and spurs. We summarise the main results of our

study below,

1. The PAH luminosities show a strong correlation (Spearman’s correlation coef-

ficient, p > 0.73) with FUV, NUV, and Ha luminosities for the extracted SFCs,
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even at the scale of SFCs (size > 57 pc).

2. The 7.7 and 11.3 pm PAH luminosities exhibit a flat linear fit compared to
the linear fit with the 3.3 um luminosity. This could be due to a slightly lesser
fraction of PAH molecules emitting 7.7 pm and 11.3 pgm than the PAH molecules
emitting 3.3 pum in the high UV and Ha luminosity region.

3. The PAH emissions are qualitatively well associated with most of the arm
and spur SFCs. Most of the only NUV-emitting SFCs lack the PAH emission as
they are associated with bubbles and superbubbles. There are also a few FUV-
emitting SFCs in the bubbles, in addition to the only NUV-emitting SFCs. This
combination of emissions suggests the presence of low-mass B stars, A stars, and
a few evolved stars in this environment. Besides, some massive stars like O-type
and massive B stars are found in these regions, potentially contributing to the

continuous expansion of bubbles and superbubbles.

4. PAH molecules in only NUV-emitting SFCs and in NUV-emitting SFCs with
counterparts in at least Ha or FUV exhibit similar charge states, as indicated by
their comparable median F770W /F1130W ratios. However, the median F335M /F1130W
and F335M/F770W ratios are higher in NUV-emitting SFCs with counterparts
than in only NUV-emitting SFCs. This suggests either enhanced emission from
small PAH molecules or more efficient excitation of the 3.3 ym PAH feature in the
former population. Conversely, the lower ratios in only NUV-emitting SFCs may

be consistent with softer radiation fields that reduce PAH excitation.

5. There is a clear age-dependent spatial segregation in the stellar population in
the phantom void, consistent with the previous study. The youngest population
emitting FUV is at larger radii, far from the bubble’s centre, and the older pop-
ulation. This segregation suggests that the recent star formation must have been

triggered in the material swept by the expanding bubble.
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6. Two SFCs located in the shell region of the phantom void show flatter IMF
slopes compared to an SFC near the elongated bubble. This difference may arise
from gas accumulation driven by stellar feedback in the shell region, whereas shear

in the elongated bubble may hinder the formation of more massive stars.

7. IMF index ay derived from the ratio of B stars and UV colour (FUV-NUV),
shows a decreasing trend with PAH band ratios (F335M /F1130W, F770W /F1130W,
and F335M/F770W). These elevated ratios are commonly associated with en-
hanced contributions from small and ionised PAHs, although recent studies sug-
gest they may primarily reflect variations in the local radiation field. For a given
FUV-NUYV colour, arm SFCs exhibit systematically higher PAH band ratios than
spur SFCs, indicating stronger PAH excitation and/or different ISM environments

in the arm regions.

8. Spur SFCSs have a flat trend with PAH band ratios compared to the arm SFCs.

This is because of fewer spur SFCs with a top-heavy IMF.



Chapter 5

Morphological complexity of NGC
628 - a multiwavelength multiscale
analysis using the ordinal pattern

framework

5.1 Introduction

Complexity of statistical systems is a multifaceted concept, with numerous com-
plexity measures proposed across disciplines (Lloyd 2001; Friedrich et al. 2011; Roli
et al. 2019). Traditional complexity measures include Lyapunov exponents (Wolf
et al. 1985), entropy (Cover 1999), and fractal dimensions (Mandelbrot 1985),
each offering a distinct perspective on the underlying characteristics of complex

systems.

Lopez-Ruiz et al. (1995) introduced a statistical measure of complexity based on

103



Chapter 5: Morphological complexity of NGC 628 104

the distance of the probability distribution of ‘accessible states” of a given system
from an equiprobable distribution, multiplied with the Shannon entropy (Shannon
1948). This complexity measure and Shannon entropy encode complementary
information of order and disorder. The so-called complexity-entropy plane then
serves as a phase space on which different physical systems take values, allowing
for distinction by their degree of complexity. This characterization of physical
systems depends on the ‘scale of observations’ as the space of accessible states

varies with observation scale.

Bandt & Pompe (2002) introduced the so-called permutation entropy (H), as
an information-theoretic measure of the complexity of one-dimensional empirical
data, by constructing accessible states based on comparison of neighboring data
values and symbolic dynamics (Balasis et al. 2013). Rosso et al. (2007) extended
the formalism and proposed a statistical complexity measure (C') based on the no-
tion of complexity introduced in Lopez-Ruiz et al. (1995), and used the complexity-
entropy (C'H) plane to distinguish different systems. Ribeiro et al. (2012) and
Zunino & Ribeiro (2016) further extended the formalism to two-dimensional (2D)
data, which is used to investigate spatial structures (Zunino & Ribeiro 2016; Sigaki
et al. 2018, 2019; Morel & Humeau-Heurtier 2021) in image analysis. The formal-
ism of C'H-plane has been widely used to distinguish complex structures across
different physical domains (Mao et al. 2019; Chanu et al. 2024, 2025). Further,
one can construct the so-called ordinal networks from transitions among accessible
states (Pessa & Ribeiro 2019) that can extract additional distinguishing features
in different datasets (see e.g., Pessa & Ribeiro (2020, 2021)).

Astrophysical systems - ranging from sunspot cycles, turbulent plasmas, orbital
systems to galaxy morphologies and large-scale structure - exhibit rich complex-
ity shaped by nonlinear processes, feedback, and multiscale interactions (Shore &

Galli 2003; Regev 2006; Consolini et al. 2009; Aschwanden 2011; Fiore et al. 2024;
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Hyman et al. 2025). This paper is focused on the complexity of galaxy morpholo-
gies. Galaxies constitute an important dynamical component of our observable
universe. Various studies have shown that the morphology of galaxies correlates
with their physical properties, including mass, specific star formation rate (sSFR),
gas fraction, and integrated colors (e.g., (g-1), (B-V)), among others (Gott &
Thuan 1976; Poggianti et al. 2009; Cano-Diaz et al. 2019). For instance, elliptical
galaxies are generally more massive than spiral galaxies. Since elliptical galax-
ies have already consumed most of their gas to form stars, they exhibit low gas
fractions and show no recent SF, making them appear red compared to late-type
spirals. Thus, morphological classification is crucial for understanding galaxy for-

mation, evolution, and the underlying physical processes.

Existing classification methods primarily rely on visually distinguishing morpho-
logical features (Hubble 1936; De Vaucouleurs 1959). More recent approaches
use improved photometric and spectroscopic data (Kauffman et al. 1993; Con-
nolly et al. 1995; Yip et al. 2004), and automated intelligent techniques, including
machine learning, to classify large numbers of galaxies (Lintott et al. 2011; Zhu
et al. 2019; Robertson et al. 2023). There are other non-parametric techniques
describing the shape and light distribution of galaxies which are commonly used

to classify the galaxies (Lotz et al. 2004; Graham & Driver 2005; Conselice 2006).

The structural and dynamical features of galaxies make them ideal for analysis
using tools from the statistical physics of complex systems. In this pilot study, we
assess the use of ordinal patterns and associated measures - permutation entropy,
statistical complexity, and ordinal network node entropy - for classifying galaxy
morphology. We select NGC 628 (the Phantom Galaxy), a well-studied, face-on
spiral galaxy with high-resolution, multiwavelength data, meeting criteria for 2D-
analysis, emission diversity, and data accessibility. NGC 628 has been extensively

studied across a broad spectrum of wavelengths, from radio frequencies to X-rays

(see refs Kamphuis & Briggs (1992); Soria & Kong (2002); Kreckel et al. (2018);
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Lee et al. (2023)). In this study, we use NUV, NIR, MIR, and mm images to

quantify the morphological complexity across wavelengths.

The ordinal pattern framework and in particular the C'H-plane has been pre-
viously used to study magnetic flux ropes in the corona of the sun (Gekelman
et al. 2019), turbulence in the solar wind (Weck et al. 2015; Weygand & Kivelson
2019), electron plasma pressure filaments (Karbashewski et al. (2022)), charac-
terization of exoplanet systems (Gilbert & Fabrycky 2020; Bartlett et al. 2022),
x-ray (Lovallo & Telesca 2011) and radio astrophysical sources (Segal et al. 2019).
Applying information-theoretic metrics such as entropy and statistical complexity
has yielded valuable insights across astrophysical systems. For example, Bartlett
et al. (2022) demonstrates that these metrics effectively characterize planetary fea-
tures and can assist in detecting potential biospheres in exoplanet studies. Wey-
gand & Kivelson (2019) uses them to reveal the stochastic behavior of solar wind
structures, including interplanetary coronal mass ejections (ICMEs), co-rotating
interaction regions (CIRs), and turbulent magnetic fluctuation intervals. Like-
wise, Segal et al. (2019) shows their ability to distinguish simple and complex
radio galaxy morphologies in the data from the Australia Telescope Large Area

Survey.

5.2 Framework of ordinal patterns, permutation
entropy, statistical complexity, and ordinal net-

works

This section introduces the main concepts used in our analysis, namely, ordinal
patterns, permutation entropy, statistical complexity, complexity-entropy causal-

ity plane, and ordinal networks. This section follows Pessa & Ribeiro (2021).
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Consider an N, x N, data matrix Y whose elements are Y;-j, witht=1,2,..., N,,

j=1,2,...,N,. For a fixed (¢, j), let y be a sub-matrix of size d, X d:

vi yitl  ydtdD)]
v yitl yitdeD

y = z.—&-l z—.&-l . 7,+1. ‘ (51)
j i+1 +(dy—1)
_Yiﬁr(dzq) Yii(dzq) e Y;]Jr(dz?il) i

d.,d, are referred to as ‘embedding dimensions’. The smallest choice is d, =
2 = d,, in which case y is a 2 x 2 matrix. Moreover, they are chosen to satisfy
d, < N, d, < N, with (d,d,)! < N,N,. This condition is necessary to get
a reliable estimate of the ordinal probability distribution, which will be defined
shortly.

Let us denote n, = N, — (d, — 1) and n, = N, — (d, — 1). By varying ¢ from 1
to ng, and j from 1 to n, in steps of one, we can construct n,n, number of such
y matrices. In general, the steps for i and j can be arbitrary positive integers,

usually known as embedding delays. Here we restrict to unit embedding delays.

Permutation state or ordinal pattern: Every sub-matrix y can be mapped to

a ‘permutation state’ or ‘ordinal pattern’ by the following procedure.

1. Flatten the elements of y: Write the elements of y as a one-dimensional
sequence denoted by z = {21, 22,...,24,a,} (referred to as the ‘flattening’
step). There is no unique way to flatten y. We choose one way of doing it

consistently for all y.

2. Map z to a symbolic sequence A: We assign an integer sequentially to each

element of z as,

{zm} = {(m-1)}=A m=12,...,d.d,. (5.2)
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A is a symbolic sequence because its integer elements only serve as position

markers or indices for the elements of z.

3. Sorting and permutation: Next, the elements of z are sorted in ascending
order to get another sequence zg, resulting in the elements of A getting
shuffled or permuted to get another sequence Ag. The new sequence Ag is
referred to as a ‘permutation state’ or ‘ordinal pattern’. Other terms such
as ‘permutation pattern’, ‘ordinal state’, and ‘permutation symbol’ are also

used in the literature.

The steps 1-3 above map every sub-matrix y to a permutation state. We introduce
the symbol 7sz, i=1,2,...,n,,5 =1,3,...,ny, to denote a permutation state. The
sequence {7’ }5112232;‘ is referred to as the ordinal sequence. It is just the set
of all n,n, number of permutation states obtained from Y. An illustration of the

computation of permutation states for an example two-dimensional array is given

in below.
lllustration of the construction of ordinal patterns

Let us consider a trivial example where the data Y is a 3 x 3 matrix given by,

4 9 5
Y=10271]. (5.3)
2 6 5

For ease of writing, the data elements are taken to be integers. The actual galaxy

data we analyze is real-valued.

Let d, = 2 = d,, with unit embedding delay. Then n, = 2, n, = 2, which gives 4

sub-matrices. The steps of flattening each sub-matrix y to a sequence z, mapping
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z to a symbolic sequence A, sorting z to get zg, and then obtaining the permuted

symbolic sequence Ag, are explicitly demonstrated in the table below.

Sub-matrix Flatten and map to symbolic sequence Sort and permute

4 9 z2=1(4,9,0,2) zs = (0,2,4,9)

y= = =
2 A=1(0,1,2,3) =(2,3,0,1)
9 5 2=1(9,5,2,7) zs—(2579)

y= = =
27 A=1(0,1,2,3) =(2,1,3,0)
0 2 (0226) zs—(022,6)

Yy = = =
2 6 A=1(0,1,2,3) =(0,1,2,3)
27 z*(2765) 25*(2567)

y= = =
6 5 A=1(0,1,2,3) As =(0,3,2,1)

We get 4 permutation states (ordinal patterns), which are given by the symbolic
sequences Ag. These constitute the ordinal sequence {r7}. Note that (d,d,)! = 4!
gives 24 possible distinct basis states (13). The number of elements of {77} is less
than 24 because Y is 3 x 3, which violates the requirement d, < N,, d, < N,
with N, = 3 = N,.

Ordinal probability distribution: Given d,d, number of distinct non-negative
integers we have (d,d,)! distinct states. Under the condition N,N, ~ n,n, >
(d.dy,)!, not all states in the ordinal sequence will be distinct. Let us denote
each distinct state by 1y, where k =1,2,...,(d,d,)!. Let nj, denote the number of
occurrences of each 1, in the ordinal sequence. Then the probability of occurrence

of each 1, is given by:
n (V)

NaNy

pi(¥r) = (5.4)

The function P = {px(¢x)} is referred to as the ordinal probability distribution. It
satisfies the normalization condition:

(dzdy)!

(dady)!
. P=) mn)=1 (5:5)
k=1 k=1
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Having introduced the basic concepts of ordinal patterns, we now introduce the

statistical quantities that we will use to analyze the galaxy data.

5.2.1 Permutation Entropy, Statistical Complexity, and the
Complexity-Entropy (CH) causality plane

Permutation entropy, H[P]: The functional S[P] expressed by:

(dedy)!

S[Pl=— Z P () 1ogy p(Yr), (5.6)

is the entropy of the permutation states (Bandt & Pompe 2002). Then the nor-
malized permutation entropy, H[P] (Rosso et al. 2007), is defined as,

S[P]

N logy (dydy)!” oD

where the normalization factor log,(d,d,)! is the maximum entropy, thus H sat-
isfies 0 < H < 1. H (or S) provides a measure of the degree of disorder or

randomness of the data Y, with H — 1 indicating high disorder.

H is exactly one when Y consists of totally random elements and all distinct per-
mutation states are equiprobable, whereas when physical correlations are present
in the data across scales set by (d,,d,), some states have higher probabilities,

hence H < 1. The higher the correlation strength, the lower the value of H.

Statistical complexity, C|P,U]: Let U denote the uniform probability distri-
bution, U = {us}, with k = 1,2,...,(d,d,)!, where u, = 1/(d,d,)!. The Jensen-
Shannon divergence between the probability distributions P and U is given by,
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DR :S{(P+U)} S[P] S[U]

. - (5.8)

with permutation entropy of P, S[P] (eq. 5.6), and permutation entropy of U,
S[U] given by,

(ddy)!
SlU| = — Z uy logy ug (5.9)
k=1

P + U is the mixture distribution of P and U, and its corresponding permutation

entropy is

(dzdy)!
P+U P+ Uk Pr + Uk
= — 1 ) 1
s[5 = (e (1) 10

k=1

D of eq. (5.8) measures how different P is from U. It is non-zero when there exist

more likely states in the space of states constructed from Y.

The so-called disequilibrium (Martin et al. 2003), denoted by Dg, is defined as the

normalized Jensen-Shannon divergence,

Dg|P,U| = %, where Dy,ax denote the maximum possible value of D[P, U] ob-

tained when P is one and U vanishes as: D = —%{ [(iﬁz%;{ 1} log[(d,d,)! + 1]

—2log[2(d,d,)!] +log(d$dy)!}. Dg (or D) provides a measure of order and organi-
zation in the data Y since it measures how far the ordinal probability distribution

of Y is from an equiprobable distribution (representing equilibrium). By defini-

tion, 0 < Dg < 1. Finally, the statistical complexity, C, (Rosso et al. 2007) is
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defined to be:
C = Dg[P,U] H[P)]. (5.11)

Complezxity-Entropy (CH) plane: For a given data Y, and for chosen (d,,d,)
values, the computed values of H and C' occupy a point (H,C') on the C' H-plane
with H on the z-axis and C' on the y-axis. Datasets of different physical origins,
for example, stochastic processes such as white noise, colored noise, and fractional
Brownian motion or chaotic processes such as Lorenz, logistic map will typically
occupy distinct regions of the C'H-plane and hence can be distinguished (Rosso

et al. 2007).

The entropy and complexity measures defined above have various attractive prop-
erties (Bandt & Pompe 2002; Rosso et al. 2007). The permutation patterns natu-
rally emerge from the data without the need for any parametrization. Moreover,
the results are unaffected by the presence of low levels of noise, invariant un-
der monotonic transformations of the data values, and are also computationally

inexpensive.

It is useful to analyze a given 2D-data using different choices of (d,,d,) because
they probe spatial correlations at varying scales. For a given (N,, N,), as we
increase d, and d,, the total number of permutation states given by n,n, decreases,
while the number of distinct states (d,,d,)! grows factorially. This leads to a
decrease of H due to the normalization factor in Eq. 5.7, unless the data contains
unusual scale dependence. In comparison, the behavior of C'is not straightforward
to anticipate. Further, interchanging d, and d, is equivalent to rotating the data
by 90°, which can yield different H and C'if the system lacks rotational symmetry;,

making such analysis useful for probing anisotropy.
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5.2.2 Node Entropies from Ordinal Network

The ordinal patterns from the data matrix Y can be mapped into the nodes of an
ordinal network (Small et al. 2018; Pessa & Ribeiro 2019). Each basis state iy,
corresponds to a node, yielding k = 1,2, ..., (d,d,)! nodes. Directed edges connect
adjacent basis states (horizontal or vertical), representing transition between the
states. Suppose ny_,,, denotes the total number of occurrences of a transition

UV — Y. Then the weighted adjacency matriz is:

n
P = hom . (5.12)
NNy — Ny — Ny
The denominator represents the total number of horizontal and vertical transitions.

Then the normalized transition probability is:

Pkim (5.13)

Prm = m>

meQy

where Oy is the set of all outgoing edges from node k.

We focus on the entropy measures that take into account the probabilistic nature
of nodes and edges locally, and globally for the ordinal network. The local node
entropy (McCullough et al. 2017; Small et al. 2018; Pessa & Ribeiro 2020)

S = — Z Pt 10 P (5.14)

meQOg
measures determinism in the transitions at the node level (Pessa & Ribeiro 2020);
sr = 0 if only one edge exits k, and is maximum when all edges leaving £ have the

same weight (equiprobability).
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The global node entropy (Pessa & Ribeiro 2020)

dedy)!

(dedy)
Sen =" _ Prsk: (5.15)
k=1

is the weighted average of local entropies over all nodes of the network, with py

the probability of occurrence of each vy, [eq. (5.4)].

5.2.3 Ordinal pattern analysis for Gaussian random fields -

a toy example

Before analyzing the morphological complexity of NGC 628, we first evaluate per-
mutation entropy (H), statistical complexity (C'), C'H-plane, and global node
entropy (Sgn), as described in subsections 5.2.1 and 5.2.2, for realizations of Gaus-
sian random fields (GRFs), which provide benchmarks for interpreting the galaxy’s

results.

We simulate GRFs with zero mean and unit variance on a 500 x 500 pixel grid,
approximately comparable to the galaxy data. Uncorrelated, isotropic Gaussian
white noise is generated in Fourier space, smoothed using a Gaussian kernel with
standard deviation s (in pixel units), and then inverse-transformed. s introduces a
characteristic smoothing scale. Hereafter, we refer to this as Gaussian smoothing.
Larger s suppresses high-frequency (large k) modes, resulting in smoother, large-
scale fluctuations. Conversely, a smaller s retains high-frequency components,
producing finer, small-scale structures. We vary s to study how H, C, and Sg,

change as functions of spatial scale.

Figure A.1 shows realizations of the GRF for a fixed random seed with varying s
(top row). We compute H and C for these GRFs, using embedding dimensions:
(dg,dy) = (2,2), (2,3), and (2,4). For all (d,, d,) pairs, H decreases with increasing
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F1GURE A.1: Top row: One realization of a two-dimensional isotropic Gaussian
random field generated on a grid of 5002 pixels, with increasing smoothing scales
(left to right) given in units of pixel numbers. Middle row: Permutation entropy,
H, (left) and statistical complexity, C, (middle), as functions of the smoothing
scale, for the fields in the top row. The right panel shows the C'H-plane. The
arrows in the right panel indicate the direction of increasing s. Bottom row: Hor-
izontal, sggr, (dotted) and vertical, Sy, (dashed) global node entropies (left),
global node entropy difference, ASgy,, (middle), as functions of the smoothing
scale, for (dg,dy,) = (2,3). The log-log plot of the right panel shows an inverse
power law fit (solid line) to AS,y (triangles) as a function of smoothing scale.
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s. This can be visually inferred from the fact that for low s the GRFs contain more
modes (hence more information and disorder), while for large s the field becomes
smoother and more ordered. For fixed s, H have lower values for higher (d,,d,),

which is expected (see discussion in sec. 5.2.1).

C' exhibits a rapid increase at low s, reaches a maximum (seen for the higher
(dy, dy) values in Figure A.1, and then tends to decrease. The curves for different
embedding dimensions cross each other due to different rates of increase and sub-
sequent decrease with increasing s. For improved visual clarity, we show these H
and C results in semi-log plots in the left and middle panels of the second row of

Figure A.1.

The right panel presents the C'H-plane for the three embedding dimensions, with

the black arrows indicating the direction of increasing s.

Limit of perfect correlation: In the above discussion, we focus on smoothing scales s
that are in the ballpark range appropriate for the galaxy data in the next section.
In the limit s — oo (a completely uniform field), the field tends to a constant

function, and H — 0, C' — 0.

We now map the GRFs at each s to ordinal networks and calculate the horizontal

ver

an » respectively. In the bottom

and vertical global node entropies, Sggr and S
row of Figure A.1, we plot the variation of Sto" (dotted), and Sye" (dashed) with
s (left), along with their difference, AS,, (middle). AS,, decreases with s and
approaches zero, capturing directional asymmetries at small scales. Next, in the
right panel, we fit an inverse power-law function (solid green line) to AS,,(s) (green

118 with a goodness-of-fit

triangles) in a log-log plot, yielding AS,,(s)=18.58 xs~
value of R? =0.166, indicating not particularly good fit. Investigating similar
relations in the NGC 628 data may reveal signatures of self-organization arising

from multiscale physical interactions in the galaxy.
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5.3 NGC 628 Galaxy - multiwavelength view and

observed data

In this section, we describe the multiwavelength imaging data used in our study
and also overview physical features observed across the wavelengths of NUV, NIR,

MIR, and mm, as shown in Figure A.2(a).

5.3.1 Multiwavelength observed data of NGC 628

We use archival UV observations from the UVIT on board the AstroSat tele-
scope (Kumar et al. 2012). The raw UVIT data is reduced following Amrutha &
Das (2025). Multiple filter observations are available for NGC 628. We use only
the NUVB4 N263M filter (1365s exposure time).

We use reduced archival data from PHANGS-ALMA (Leroy et al. 2021a,b) CO
(J = 2 — 1) moment 0 map and PHANGS-JWST (Lee et al. 2023) MIRI
F2100W * and NIRCam F360M images, both obtained from the PHANGS Trea-

sury. Table 5.1 lists relevant image parameters for the data used in our study.

TABLE 5.1: Image parameters

Image Central Image Platescale Pixel unit

wavelength ~ PSF ("/pix)
(nm) (")

UVIT NUV 263 x 10> 1.2 0.417 counts
JWST NIR 3.6 x10%  0.12 0.063 MJysr—!
JWST MIR 2.1 x10*  0.67 0.11 MJysr—!

ALMA mm 1.3 x 10° 1 0.2 Kkms™!

*
https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-observing-modes/miri-imaging#gsc.tab=0


https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-observing-modes/miri-imaging#gsc.tab=0
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To ensure consistent spatial scales across all four images, we apply interpolation so
that the plate size would cover the same area of the galaxy (0.417" /pix). Each pixel
corresponds to a physical size of 19.89 pc. We convolve all images to a common
resolution of 1.2 (UVIT) (the poorest resolution among the maps), corresponding
to the physical scale of 57 pc. The final images, displayed in Figure A.2(a), consist
of 530 x 311 pixels, spanning 10.54 x 6.19 kpc?.

5.3.2 Multiwavelength view of NGC 628

NUV: This emission traces recent SF, predominantly from O, B, and massive A
stars over timescales of 200-300 Myr (Thilker et al. 2005). In NGC 628, large
NUV star-forming complexes are found in the wider arms and inter-arm regions.
A faint UV emission is observed across the disk, especially at the galaxy’s center,
indicating some evolved stellar populations and scattered dust. NGC 628 has
experienced self-regulated SF over the last 500 Myr (Cornett et al. 1994; Zaragoza-
Cardiel et al. 2019), owing to the lack of interactions in the past Gyr.

NIR (3.6 pm): This emission traces the bulk of low-mass stars and evolved giants
(which have moved off the main sequence), producing smoother, less clumpy arms.
The center is bright, with two prominent spiral arms and a visible bifurcation in

the top-right arm.

MIR: The emission in MIR is due to re-emission of UV and visible light absorbed
by the dust, tracing embedded SF. The MIRI F2100W band (includes 24,um)
reveals bright spiral arms, spurs (Williams et al. 2022), bubbles (Watkins et al.

2023), and web-like inter-arm structures.
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FIGURE A.2: Top row of (a): Images of the galaxy NGC 628 observed at NUV,
NIR, MIR, and mm wavelengths (left to right) obtained from UVIT, JWST
(NIR and MIR), and ALMA, respectively. All images cover identical fields of
view. The intensity values of each image has been normalized by the respective
standard deviation. All images are smoothed identically using a Gaussian kernel
with a smoothing scale o = 2 (in pixels). Bottom row of (a): Same as the top
row but for 0 = 10. Image parameters are provided in table 5.1. (b) PDFs of
the field values of the four images in (a) corresponding to the top row (blue),
and bottom row (yellow).
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Millimeter (mm): The mm emission of our data corresponds to the J =2 — 1
transition of carbon monoxide (CO) molecules, which indirectly traces cold molec-
ular hydrogen clouds that exhibit clumpy structures. With the ALMA strict map,
diffuse emission is filtered out (Leroy et al. 2021a). CO emission is bright through-

out the spiral arms and spurs.

5.3.3 Coarse graining images

To carry out a multiscale probe of the structural properties of NGC 628, we sys-
tematically perform coarse-graining (smoothening) of the multiwavelength images
using Gaussian kernels with different standard deviations o (in units of pixel num-
bers). Throughout this paper, we use ‘smoothing scale’ to mean the standard
deviation of the smoothing kernel. This process mimics telescope beam smooth-
ing and enables analysis at varying resolutions. By varying o, we study small and
large-scale morphological features arising from multiscale physical interactions.
Figure A.2(a) displays the images smoothed with ¢ = 2 (first row) and 10 (second

row).

Effective physical scale: The PSF values quoted in Table 5.1 are FWHM values.
The common smoothing of all images by FWHM 1.2" corresponds to 57 pc in
physical scale, and the corresponding smoothing scale is 24.2 pc. In pixel units,
this corresponds to a smoothing scale, denoted by o, of 1.22. Since the smoothing

by o discussed above is in addition to the common smoothing by o,, the effective

smoothing scale, in pixel units, is o = 01/1 + (0,/0)2.

For o > 0,, we have o, ~ 0. Then the physical length scales, which we denote

by Lgwmw, associated with the FWHM value corresponding to o.g is given by

LFWHM =2vV2In2 x Oeff X 1989pC (516)
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In section 5.4 we will primarily use the smoothing scale o for plotting and pre-
senting our results, unless stated otherwise. However, for interpretation in terms
of physical length scales we will use Lgpwpn which is the length corresponding to

the smoothing FWHM.

Probability distribution functions at multiwavelengths

The panels in Figure A.2 (b) show the probability density functions (PDFs) of the
emissions of NGC 628 at NUV, NIR, MIR, and mm wavelengths, for smoothing
scales 0 = 2 (blue) and o = 10 (yellow). We observe that all PDFs are right-
skewed. For the mm image, we observe a sharp drop in the PDF values for lower
field values. A precise modelling of the PDFs is not important for our discussion

here.

5.4 Results for NGC 628

In this section, we present the results obtained for permutation entropy H, dis-
equilibrium Dp, statistical complexity ', and network global node entropy S,
for the multiwavelength images of NGC 628. We probe the multiscale nature by
smoothing the galaxy field data at different scales o and using different choices of

embedding dimensions (d,, d,).

Choice of embedding dimensions: We use combinations of (d,,d,) = (2,2), (2,3),
and (2,4). These choices are constrained by the total number of available pixels in
the data, and the condition for statistical reliability: (d,d,)! < 164, 830. Different

embedding dimensions explore correlations for varying chunks of data, and this



Chapter 5: Morphological complexity of NGC 628 122

o NUV NIR MIR Amm

10—1 L @

>
i3
=2
[
£

102k 2 &

1073k

Ordinal probability pox(wi)

N o~ N s e s e e s s s e

FIGURE A.3: Ordinal probabilities {pr(¢r)} of the four NGC 628 images when
(dy,dy) = (2,2) at smoothing scale o = 2.

can potentially reveal distinct structural features that may not be apparent at a

single embedding dimension.

The numbers of distinct states, permutation states, and the physical sizes (each

pixel rounded off to 20 pc) associated with the three (d,,d,) choices are listed as:

(dy,d,) No. of No. of Physical

distinct permutation size

states states in pc?
(2,2) 24 163,990 40 x40
(2,3) 720 163,461 40 %60
(2,4) 40,320 162,932 40 % 80

As a demonstration, we present the ordinal probabilities {p (1)} for the four
images of NGC 628 at 0 = 2 for (d,,d,) = (2,2) in Figure A.3. The z-axis
shows the 24 distinct states 1. We see that some states are more probable than
others. The manner in which the ordinal probabilities deviate from equi-probable
distribution results in distinctive behavior of the statistical quantities (H, Dg, C,

and Sg,) introduced in section 5.2.

Estimation of errors: We estimate errors associated with the computed values of
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H, Dg and C values of NGC 628 as follows. We divide the data into 20 equal-sized
patches, each having an area roughly 2.11 x 1.53kpc®. Then treating each patch
as independent data, we compute H, D and C, and treat the standard deviations
from the 20 values as the statistical uncertainties. Note that this way of estimating
the errors will slightly underestimate the true errors since the different patches are

actually correlated.

The errors of H and Dg will propagate to give the error of C. To quantify this,

let oy, op, and o denote the standard deviations (errors). Then,
ot = Dpoyy + Ho}, 4+ 2HDpCov (H, D), (5.17)

where the bar indicates mean values, and Cov (H, D) is the covariance between H
and Dp. Intuitively, we expect H and D to be anti-correlated, with Cov (H, Dg)
being negative. We explicitly compute the covariance and confirm that this is so.
Then, o¢ will not be simply related to the quadrature sum of oy and op,. For

all results shown henceforth, we will use oy, 0p, and o¢ to show the error bars.

5.4.1 Entropy, Disequilibrium, and Complexity for different

wavelength images of NGG 628 across scales

Figure A.4 shows permutation entropy (H), disequilibrium (D), and statistical
complexity (C) as functions of smoothing scale o at (d,,d,) = (2,2), (2,3) and
(2,4). From the top row, at all embedding dimensions (d,, d,) and in all bands
except the mm band, H decreases with increasing o, consistent with the loss of
small-scale structures observed in the images. In the NUV, the emission primarily
traces the young and some evolved stellar populations, as well as scattered light
from dust. In the NIR, the emission is dominated by low-mass stellar light, with

additional contributions from dust continuum and scattered light. In the MIR, the
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FIGURE A.4: First, second and third rows: H,Dp and C computed using
(dg,dy) = (2,2) (red), (2,3) green and (2,4) (purple) for the four images of
NGC 628 shown in Figure A.2 smoothed at different scales o (in units of 10 pc).
The details of the images are provided in table 5.1. Bottom row: Values of C
and H shown on the C'H-causality plane for the three cases of (d,d,) of the
four NGC 628 images at different smoothing scales. The black arrows indicate
the direction of increasing o.

emission is dominated by bright, clumpy dust structures associated with the spiral
arms, together with diffuse web-like structures in the interarm regions. At mm
wavelength, however, H shows only mild variation with o, reflecting the cold and
clumpy nature of the emission and the lack of diffuse structures, as also evident
in the PDFs of Figure A.2(b), where mm and MIR have most of the field values
around 0. A mild non-monotonic behavior for (d,,d,) = (2,2) at small o is
further explained by the clumpy nature of regions that emit in mm wavelengths,
making them less disordered. The second row shows increasing D with o across

all wavelengths and (d,, d,), indicating greater structural order as fluctuations are
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washed out with smoothing. The third row shows the behaviour of C', encoding
information of both H and Dpg, with o at different (d,,d,), highlighting that
different embedding dimensions capture distinct aspects of the galaxy’s complexity

inherent in different spatial structures of the galaxy field at the given scale.

We observe that for H and Dg, (d,,d,) = (2,2) has the largest error bars, with a
drop towards higher embedding dimensions across all wavelengths. The errors tend
to increase with o, except for mm, which shows the opposite trend. Moreover, NIR
shows larger error bars relative to other wavelengths, indicating larger fluctuations
across the galaxy. MIR shows the smallest error bars, indicating relative uniformity
of the fluctuations across the galaxy. We also observe that for C' the sizes of error
bars do not follow the trends of H and Dpg, which is because of Cov (H, Dg) being

negative.

The bottom row of Figure A.4 shows the C'H-planes parametrised by o, with
the black arrows indicating increasing o. Across different embedding dimensions,
H consistently decreases with increasing smoothing for all images (except mm
at (dz,d,) = (2,2)). However, complexity C' exhibits interesting behaviors: for
(dg,dy) = (2,2), C shows increasing trends; for (d,,d,) = (2,4), C' decreases; and
for (d,,d,) = (2,3), C follows non-monotonic behaviors. Since C' (= D x H) re-
flects the interplay between order (organization) and disorder (randomness), these
variations of C' reflect distinct complexity inherent in different spatial structures
and scales of the galaxy. These results, therefore, highlight the morphological
complexity of NGC 628 at multiscales.
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regions. Black arrows indicate the direction of increasing o.
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5.4.2 Entropy, Disequilibrium, and Complexity of NGC 628

across observing wavelengths

We next examine how H, Dpg, and C' vary with observing wavelength \. Fig-
ure A.5 shows H, Dg, and C versus A for o = 1,2,...,6. The markers and colour
codes are the same as in Figure A.4. Figure A.5 reveals two different behaviors in
the variation of H, Dg, and C with o for all A. For scales 0 < 4, H decreases with
increasing wavelength for all embedding dimensions, as seen in panel (a). NUV has
the highest entropy, which is explained by the fluctuating nature of star-forming
regions across a wide range of spatial scales with diffuse emissions in the entire
disk. In comparison, there is a drop of diffuse emissions in NIR and further in
MIR, which results in lower values of H. The mm image has the lowest value of
H because the emissions primarily originate from cold clumpy regions, and diffuse
emissions are not present. Besides, UV emission from massive star associations
can photoionize the surrounding gas (Vacca et al. 1996), making fluctuations par-
ticularly prominent in the NUV band. Previous studies have also indicated that
these associations drive large-scale motions, contributing to turbulence and struc-
ture in ISM (Elmegreen & Scalo 2004; Kim & Park 2007). Through stellar winds
and supernova explosions, these stars inject energy (Maeder & Conti 1994), and
create bubbles and superbubbles, ranging from a few parsecs to several kiloparsecs,
which are evident in the JWST MIR observations of NGC 628 (Barnes et al. 2023;
Watkins et al. 2023). However, for scales o > 4, H does not significantly vary with
the variation of wavelength as both small-scale structures and diffuse emissions get
washed out due to the effect of larger smoothing. Further examination of Dg and

C' also shows similar constant behavior as H for o > 4.

Emergence of a transition scale: In Figure A.6(a) and (b), we present the DgH-
and C'H-planes, where data points corresponding to all four wavelengths (distin-

guished by different markers) are plotted together for each value of o. We observe
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that, for all embedding dimensions, the values across the four wavelengths con-
verge for ¢ > 4. This observation reinforces the conclusion drawn earlier from
Figure A.5. Hence, based on visual inspection, o = (9 ~ 4 emerges as a critical
transition scale beyond which the degrees of order and disorder in NGC 628 ex-
hibit universal behavior across all four wavelengths. Converting ¢(® to a physical
scale which we denote by L%C\)NHM using Eq. 5.16, we get L%C\)NHM ~ 196 pc as the
effective transition length scale.

Physical significance of the transition scale: At scales below L(Fc\)szM7 NUYV has the
highest H and lowest Dg, with decrease/increase of H/Dp towards higher wave-
lengths. This trend supports the physical expectation that UV photons generated
by stars transfer energy to the ISM, and have a cascading (but delayed in terms of
a shift in the values of H and Dp) effect. There exists a hierarchy of scales related
to star clusters such as OB associations and stellar aggregates (see e.g. Gusev
(2014)); and characteristic scales associated with distinct features of the ISM such
as clumps and holes related to stellar winds, supernova bubbles and super-bubbles
(arising from multiple supernova explosions) (Kim & Park 2007). The hierarchy of
these scales is revealed as the increasing/decreasing part of the plots of H/Dpg ver-
sus 0. At LE?C\))VHM and higher, all wavelengths share the same values of H and Dg,
implying that they trace the same structural features. Therefore, Lg\),VHM ~ 196 pc
captures the transition from scales affected by SF and stellar feedback, to larger

scales where the galaxy’s morphology is shaped by global gravitational dynamics.

Attractor curves: An attractor curve refers to a locus in the complexity-entropy
(C'H)-plane traced by the (H, C') values, where H denotes normalized permutation
entropy and C denotes statistical complexity, as a control or observational param-
eter is varied. Systems with similar underlying dynamical or spatial organization
can trace similar loci. Rosso et al. (2007) showed that varying the correlation or

control parameters of stochastic processes, such as fractional Brownian motion and



Chapter 5: Morphological complezity of NGC' 628 131

(1/f%-noise), and deterministic systems, such as the chaotic Schuster map, pro-
duces characteristic C'H-curves occupying distinct regions of the C'H-plane. In the
context of NGC628, the attractor curve is traced by the (H,C') values obtained
as the observational wavelength or spatial scale is varied. Therefore, it represents
an empirical statistical signature of how disorder and structural organization vary

within the galaxy.

The existence of an attractor curve across multiple wavelengths and spatial scales
in NGC 628 implies that observations tracing different physical processes, includ-
ing molecular gas, stars, and dust, share a common multiscale statistical orga-
nization despite their different emission mechanisms. This common organization
is consistent with the physical coupling of these components through processes
governing the interstellar medium and star formation, such as turbulence, gravi-
tational collapse, and stellar feedback. The significance of this attractor curve is
that it provides a quantitative statistical signature of NGC 628 that can be used

to compare with other galaxies.

Emergence of attractor curves: FigureA.6(c) shows the values of C' and H for
all wavelengths (distinguished by markers) across smoothing scales, plotted on
a common C'H-plane. The progression toward lighter colors indicates increasing
smoothing scales, as shown by the color bars at the bottom. We see that C' and H
values tend to align along the same curve at each (d,,d,), except the mm image
towards small o. This suggests the existence of an attractor curve for NGC 628,
for each (d,d,). It is noteworthy that for the smallest embedding dimension H
and C' span relatively smaller region of the phase space, indicating that larger
embedding dimensions are necessary to better probe the structural components of

the galaxy.

Further, we generate GRFs with power spectra of the form P(k) o< k=", where n =
0,1,2, and 3. The three light-colored C'H-curves on each panel of Figure A.7(a)
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represent the (H,C') values of smoothed GRFs (parametrised by s and increasing
in the same direction as o) for fixed seeds corresponding to the three embedding
dimensions. In each panel, we use the same markers and colors (indicated by
the color bar) as in Figure A.6(c) for the four wavelength images. We do not
make a comparison between s and o since the GRF is not a physical field, and
we cannot compare the pixel sizes directly. What is of interest to observe is that
the C'H-trajectories of the GRFs with n = 1 align most closely with those of the
NGC 628 galaxy field, indicating that the galaxy field shares similar correlation
properties with a pink-noise (1/f) spectrum. It further suggests an underlying
universality of the attractor curves, despite the differing physical processes traced

by each wavelength.

Robustness of our results: To test the effect of rotation of the data, we repeat all
calculations for the four image data, as well as the GRFs, after interchanging d,
and d, (except (2,2), which is symmetric). We find negligible effect of the rotations
on all the results. We note that the results would remain invariant under any order-
preserving transformation of the data due to the ordinal distributions being the

Same.

5.4.3 Surrogate analysis as a control study to quantitatively

determine the transition scale

Next, to test whether the galaxy’s C'H-curve is determined solely by its power
spectrum, we construct realizations of phase-randomized surrogate Gaussian ran-
dom fields for each wavelength and smoothing scale . These surrogates preserve
the exact power spectrum of the galaxy but have randomized Fourier phases,
thereby destroying nonlinear correlations while retaining all linear correlations.
In Figure A.7(b), we show the mean (H,C) results (indicated by markers and

colors at the top of the panel) obtained from 60 realizations of surrogate fields
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(with error bars) along with the galaxy results. The three panels in the bottom
row show the zoomed-in views of the boxed regions. Black arrows indicate the
direction of increasing o. For (d,, d,) = (2,2) (right panel), the phase-randomized
surrogates track the galaxy data reasonably well, indicating that low-dimensional
embeddings are dominated by linear correlations, which the power spectrum cap-
tures. However, for (d,,d,) = (2,3) (middle panel) and (2,4) (left panel), the
(H, C) values of the surrogate fields begin deviating from the galaxy curve already
at small o, and the deviation becomes particularly strong around o ~ 4. This
further demonstrates that o = ¢(® ~ 4 marks a critical transition scale, where
nonlinear, phase-dependent correlations present in the galaxy data are no longer
reproduced by Gaussian surrogates that match the power spectrum. We interpret
the results as follows. Below o < ¢(©, surrogates lie close to the galaxy curve,
and much of the small-scale structure is consistent with what the power spectrum
captures for small (d,,d,). Nonlinear correlations (turbulence, fractal hierarchy)
exist to cause significant deviations for larger (d,,d,). Around o = (9, surro-
gates begin to deviate significantly, marking the emergence of nonlinear, phase-
dependent correlations that cannot be captured by the power spectrum alone. For
o > o9, deviations grow substantially. These scales reflect coherent galactic mor-
phology, requiring a phase-organized structure that Gaussian surrogates cannot
reproduce. We note that for NIR, ¢(® ~ 5 and its C'H-curve appears different
as compared to the other wavelengths that trace younger stellar populations and
molecular gas. Older populations are, in general, more dispersed and form larger
complexes (Elmegreen et al. 2006). An additional bright, large structure at the
center for NIR might be the reason behind the observed difference.

The transition scale o(9) ~ 4 is consistent with the correlation length, lsoyr, inferred
using the two-point correlation function for NGC 628 (Grasha et al. 2017; Menon
et al. 2021). These studies interpret l.o, as the maximum separation over which
star clusters remain correlated in the scale-free, turbulent fractal hierarchy gener-

ated by SF and stellar feedback. Beyond this scale, the fractal hierarchy breaks
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down, and large-scale gravitational dynamics begin to shape global morphology.
For a spiral galaxy like NGC 628, l.,, marks the shift from a fractal distribu-
tion influenced by turbulence to larger scales, where galactic dynamics dominate.
Thus, below ~196 pc, the galaxy contains strong turbulent, fractal, nonlinear cor-
relations, whereas above ~196 pc, the structure transitions to large-scale, phase-
organized morphology that cannot be reproduced by Gaussian fields. The close
agreement between Lg:\),VHM and [.o;r supports the interpretation that ~196 pc rep-
resents a fundamental physical transition scale in NGC 628: the boundary between

turbulence-driven small-scale structure and large-scale galactic organization.

5.4.4 Disorder to order transition for individual wavelength
images of NGC 628 and high resolution JWST NIR

and MIR images

The value of o(® quoted in the previous subsection is inferred from the comparative
behavior of H, Dg, and C across wavelengths as a function of o. Since the scale
dependence varies across individual wavelengths, we further analyze the slopes of
H and Dpg with respect to log o for each wavelength, as shown versus Lgpwpgy in
Figure A.8(a). These plots reveal significant variation among the wavelengths,
indicating that the observed emissions arise from a mix of physical processes, each

dominating at different spatial scales.

The original JWST NIRCam F360M and MIRI F2100W images have plate scales
3pc and 5.2 pc, respectively, compared to the 19.89 pc used previously. We recom-
pute H and Dpg using full-resolution data (see Table 5.1 for angular resolution)
over a broader range of smoothing scales than in FigureA.8(a), enabling finer-

scale fluctuation detection. With pixel number of the order of ~ 10%, we now use
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FIGURE A.8: (a) dH/d(logo) and dDg/d(logo) versus Lpwnm for the four
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(c)

196 pc.

(b) Similar plots as in (a) but for high-resolution JWST NIR and MIR images.
Insets display the corresponding plots with error bars shown as colored shaded
regions. Embedding dimensions are indicated in the legend.



Chapter 5: Morphological complexity of NGC 628 136

(dy,dy) = (2,3),(2,4) and (2,5). The resulting slopes are shown in FigureA.8(b),

with uncertainties indicated by the shaded regions in the insets.

While the plots in panel (b) are qualitatively similar to the corresponding NIR and
MIR results in Figure A.8(a), they also reveal notable differences that reflect the
added sensitivity to small-scale structures. Interestingly, in both NIR and MIR,
the slopes of H and Dy flatten and show oscillations on scales larger than 196 pc.
This behavior at high ¢ may reflect statistical fluctuations induced by large-scale
galactic structures. Additionally, the associated uncertainties increase with o,
due to the reduced number of independent regions at larger smoothing scales.
An important thing to notice is that the embedding dimensions cover a much
smaller scale in Figure A.8(b) compared to Figure A.8(a). Hence, small embedding
dimensions show more fluctuations at the same large smoothing scales. These
fluctuations may also stem from variations in structure size with galactocentric
distance, as some large features appear in the galaxy’s outskirts. However, this

study is limited to the inner disk of NGC 628.

5.4.5 Ordinal Network Global Node entropy S,

We map the multiwavelength NGC 628 images at different ¢ (in pixel units)
into horizontal and vertical ordinal networks. We compute the corresponding
horizontal (SES") and vertical (Sy") global node entropies, and their difference
(ASgy =Spy—Syer) using (dg,d,) = (2,3) (Figure A.9). The decrease of SE", Sy
and ASg, with o indicates progressive loss of the overall structural information
of the galaxy field with smoothing. We again fit inverse power-law functions:
ASg,(0) = ao™® to the data (dashed lines), with exponents: b = 0.8705 (NUV),
0.6730 (MIR), and 0.4854 (mm) [R2-values indicated in the legend|. Entropy de-

cays quickly in NUV (as the structures in this emission seem relatively even with-

out strong clustering), slowly in mm (structures persist across scales with strong
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FIGURE A.9: Variation of global node entropy Sg, with smoothing scale o for
embedding dimension (d,,d,) = (2,3): Horizontal global node entropy, Sgﬁr
(Top), vertical global node entropy, Sgy" (Middle), global node entropy differ-

ence, ASgy, :Sgﬁr—Sgﬁr, (Bottom) versus o on log-log plots. In the bottom

panel, dashed lines represent inverse power-law fits (ASgn(0) = ac ) with cor-
responding R2-values for the goodness of fit (indicated in the legend). Values
of power-law exponents b are: 0.8705 (NUV), 0.6730 (MIR), and 0.4854 (mm).
For NIR, we have fitted in two regimes with b = 0.6650 & 1.2920.

clustering), and moderately in MIR (some clustering exists, but not as pronounced
as in mm). For NIR, two o regimes emerge: b = 0.6650 for o < 4, and b = 1.2920
for 0 > 4, suggesting a transition from a relatively uniform distribution of low-
mass stars at small scales to central bulk emission at larger scales. This result
from node entropies further supports the critical transition scale o(® observed in

the preceding subsections.

The observed negative power-law decay of AS,,(0) in NGC 628 indicates a scale-
free reduction of structural information, pointing to a hierarchical organization
(Barabasi & Albert 1999) in the distribution of structures across scales. This
hierarchical organization likely emerges from the self-organization (Bak et al. 1988)

of various physical processes at multiple scales of the galaxy NGC 628, reflecting
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its multiscale complexity.

5.5 Conclusions

This study presents a novel approach to understanding the morphological com-
plexity of the galaxy NGC 628 through the lens of statistical physics of complex
systems. We demonstrate how the structural features of NGC 628 can be char-
acterized within the framework of complexity analysis applied to empirical data.
Using publicly available multiwavelength imaging data, we systematically analyze
NGC 628’s morphology across UV, NIR, MIR, and mm wavelengths, probing mul-
tiple physical scales. Our analysis employs the framework of ordinal patterns -
permutation entropy, disequilibrium, statistical complexity, and ordinal network-
based metrics. Taking into account a common field of view - set by the JWST
MIR image - and the lowest resolution determined by the UVIT image - for the
four images of NGC 628, our analysis probes smoothing scales ranging from 20 to

200 pc, corresponding to a physical extent of approximately 10 kpc.

Our first key finding is the emergence of a characteristic scale near 196 pc, where
all structural complexity measures - permutation entropy, disequilibrium, statisti-
cal complexity, and global node entropy - show a clear transition. Surrogate field
analysis (Figure A.7(b)) further confirms the emergence of this transition scale,
marking a shift in the ISM from fluctuations caused by the turbulence acting at the
smaller scale to more self-organized structures influenced by galaxy dynamics and
global gravitational instability, consistently across all embedding dimensions. The
196 pc scale aligns with the [.,,, indicating a physical connection and also lends
support to the robustness of our method. Our approach quantitatively captures
the impact of SF, traced by UV emission, in driving ISM turbulence and enhanc-

ing spatial randomness. This effect is weaker in colder, clumpier CO-dominated
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regions. Beyond 196 pc, morphological differences across wavelengths become neg-

ligible.

Our second main conclusion is that the values of C' and H for the four NGC 628
wavelengths trace a single smooth curve on the complexity-entropy plane, which
asymptotes towards an ‘attractor’ trajectory associated with isotropic Gaussian
random fields. This suggests a statistically isotropic spatial distribution of the

structures in NGC628.

This pilot study demonstrates the effectiveness of ordinal patterns in probing the
internal structure of galaxies and linking it to their non-equilibrium statistical
states. A natural next step is to extend this analysis to a larger, morphologically
diverse galaxy sample. Such a study could identify both distinguishing features
for galaxy classification and underlying universal properties. This approach may
also be combined with established geometrical and topological methods to uncover
finer structural details, e.g., a topological analysis of HI in the Large Magellanic
Cloud (Kim & Park 2007) revealed four characteristic scales, each associated with
distinct features, clumps, or holes, arising from different physical processes. While
our ordinal pattern framework captures structural transition scales, it does not
yet differentiate between topological types like holes or clumps or even structures
from the SF hierarchy (Gusev 2014). Incorporating such distinctions is a direction

we plan to pursue in future work.






Chapter 6

Comparative FUV Study of Star
Forming Complexes in Star Forming

Dwarf Galaxy Types

6.1 Introduction

Star-forming dwarf galaxies (SFDGs) are abundant in the local universe. They
can be classified into dwarf spirals, dwarf irregulars, and BCDs. The dwarf spirals
often have spiral arms and small bars or oval bulges (e.g. NGC4136), which are
common in normal disk galaxies and are important for triggering SF (Das et al.
2019). However, the spiral arms are not as well-defined as in regular spirals,
probably because the stellar disk is not dense enough. Or, as in some cases, the
spiral arms can be due to tidal interactions (Stierwalt et al. 2015). On the other

hand, dwarf irregulars have a sub-threshold environment for SF, as they generally

141
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NGC 5474 NGC 1427A UGC 11411

-

FIGURE A.1: Types of SFDGs. From left: Dwarf Spiral (NGC 5474), Dwarf
irregular (NGC 1427A), and a BCD (UGC 11411). Credit: GALEX and ESA /-
NASA.

do not have bars or spiral arms nor the critical gas density to form stars (Melena
et al. 2009). SF is distributed over their disks and is due to local disk instabilities
(Hunter et al. 2010). The third class of SFDGs is the BCDs, which have small,
compact star-forming inner disks and diffuse LSB outer disks. The BCDs tend to
form superclusters (Adamo et al. 2010; Meurer et al. 1995). Although the origin of
the starbursts in BCDs is unknown, one of the main possibilities is that they are
merger-driven (Stierwalt et al. 2015). These galaxies are very metal-poor, which

gives them a blue appearance.

The main tracers of star formation in galaxies are Ha and Ultraviolet (UV) emis-
sion. The Ha is emitted by hot O-type stars, and the emission lasts for 1 to 10
Myr. Far UV (FUV) and near UV (NUV) emission arises from O and B type stars,
and the emission lasts for a longer timescale (< 100 — 200 Myr) compared to Ha
(Boissier et al. 2007; Koda et al. 2012). In many galaxies, the UV emission extends
far beyond the Ha disk emission (Das et al. 2019), the extreme examples being
the extended UV (XUV galaxies) (Thilker et al. 2007). Sensitive observations can
trace the Hoa and UV emission from the star-forming XUV disks of massive galax-
ies (Das et al. 2021; Yadav et al. 2021), as well as from nearby dwarf galaxies (Lee
et al. 2009a).
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In this study, we use UV to trace recent massive SF in nearby SFDGs. We use
the UVIT observations of 16 nearby SFDGs to extract and characterize their star-
forming regions. The UVIT has a spatial resolution advantage over the previous
space UV telescope, GALEX. Previously, Melena et al. (2009) has used GALEX
images to characterize the star-forming regions of nearby dwarf irregulars. But as
shown by Mondal et al. (2021), the UVIT can extract many more regions than
GALEX, giving a better and more accurate idea of the size and distribution of
SFCs. Our study uses FUV filters and NUYV filters for only a few galaxies, as NUV

has not been in operation since 2018.

6.2 Sample Selection

Our study aims to understand SF in dwarf galaxies by resolving their SFCs. Our
definition of dwarf galaxies is derived from the study of Leroy et al. (2005), where
dwarfs have a stellar mass of M, < 10'° M, a typical physical diameter of ap-
proximately 10kpe, and flat rotation velocities of Vo < 100 kms™!. To resolve the
SFCs, we need high-resolution UV observations of nearby galaxies. For example,
galaxies at distances < 20 Mpc are suitable because SFCs of sizes ~ 100 pc in
their disks can be resolved. All our sample dwarf galaxies are star-forming and
have UVIT data. The sample includes both isolated and interacting galaxies. We
proposed some of the UVIT observations, and some were obtained from archival
data. In the following paragraphs, we describe our sample, which was mainly
derived from the surveys of Leroy et al. (2005) and Hunter et al. (2012). All of
them follow the chosen criteria, and the distribution of their properties is shown

in Figure A.2.
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FIGURE A.2: Properties of the sample galaxies. The grey colour with ‘*‘ as a

pattern represents dwarf spirals, the teal with the pattern ‘o‘ represents dwarf
irregulars, and the orange with pattern dots represents BCDs. In these his-
tograms, we see that the dwarf spirals have relatively higher mass and metallic-
ity compared to other types, But they all have similar rotational velocities. All
galaxies have subsolar metallicities.
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TABLE 6.1: Properties of the sample galaxies.

Galaxy Type D Method Vrot i PA 1 EB-V) log(SFRpyy) log(Mmu)
(Mpc) ks () () () (mag  Mayr! M,
NGC 4136 SAB(r)c 10.9  virgo infall 93.3 0 179 1.17 0.016 -0.80 8.98
NGC 4618 SB(rs)m 9.43 TRGB 67.6 39 25 1.74 0.018 -0.51 9.11
NGC 4625 SAB(rs)m pec  9.43 TRGB 474 21 90 0.79 0.016 -1.19 8.68
NGC 5474  SA(s)cd pec 6.8 TGRB 22.1 35 90 1.2 0.01 -0.67 8.96
NGC 5832 SB(rs)b 11 Virgo infall 74.5 47 45 093  0.022 -0.96 8.88
NGC 4395 SA(s)m 441 TGRB 57.4 35.6 147 6.7 0.015 -0.49 -
NGC 2541 SA(s)cd 12 Cepheids 93.1 644 169 1.51 0.043 0.09 9.39
UGC 7608 Im 10.64  virgo infall 46.6 289 90 1.73 0.015 -1.22 -
WLM IB(s)m 0.98 TGRB 26.2 70 1 575 0.031 -2.24 7.85
UGC 4305 Im 3.37 TGRB 35.1 52.6 15 395 0.027 -1.06 8.85
NGC 6822 IB(s)m 0.5 TGRB 92.4 68 10 774  0.203 -1.82 8.11
1C 2574 Irregular 3.9 TRGB 46.9 53.1 50 6.44 0.031 -0.78 9.12
NGC 3738 BCD 5.1 TGRB 52.3 31 155 1.3 0.009 -1.33 8.06
VIIZw403 BCD 4.35 TGRB 148 558 14 0.75 0.032 -1.94 7.69
Haro 36 BCD 10.53  virgo infall 51.7 43.7 105 0.65 0.013 -1.41 8.16
UGCA 130 BCD 14.9  Virgo infall 35.2 47 8 0.3 0.074 -1.65 7.86

Note: Distance (D), Method and 195 (radius of galaxy at 25 B-mag arcsec™2) are
from Hyperleda * and NED T,

Rotational velocities (Vrot) are from Leroy et al. (2005) and Hyperleda.

Inclination (i) and Position angle (P.A.) are from NED and Hyperleda, respectively.
Galactic reddening E(B-V) is calibrated using Schlafly & Finkbeiner (2011) and
taken from IRSA ¥.

log(SFRruv) is FUV star formation rate as listed in Karachentsev & Kaisina (2013)
for all galaxies, except NGC 5832 and UGCA130, for which it is taken from Lee et al.
(2009b), and Lopez-Sanchez (2010) respectively.

My is neutral hydrogen mass taken from Thilker et al. (2007) for spirals and Hunter
et al. (2012) for the irregulars and BCDs except NGC 6822 and UGCA 130, for which
it is taken from de Blok & Walter (2000) and Lopez-Sanchez (2010) respectively.
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6.2.1 Dwarf Spirals

We have seven star-forming dwarf spirals in our sample, and they are all selected
from Leroy et al. (2005). These are the most massive dwarfs with a mass range
of 10°Mg < M, < 10'°M,, the most massive being NGC 4618 with a mass of
M, = 10%5¢ M, (see Table 6.6). Most of these dwarfs are late-type spiral galaxies,
and their metallicity is higher than the other two classes. Some are fairly extended.
NGC 4395 has the largest diameter (Dy5 = 16.9kpc) in our sample. Also, most
of our dwarf spirals are classified as Extended Ultraviolet galaxies (Thilker et al.
2007). Some of them are also interacting, such as NGC 4625 and NGC 4618, which
are interacting with each other, and with NGC 4625A that lies between them (Gil
de Paz et al. 2007). The galaxy NGC 5474 is probably interacting with the giant
spiral M101 (Mihos et al. 2013; Bellazzini et al. 2020). For the other 4 spirals, we

do not find any sign of interaction.

6.2.2 Dwarf Irregulars

We have 5-star-forming dwarf irregulars in our sample. Most of these are from the
Local Irregulars That Trace Luminosity Extremes, The HI Nearby Galaxy Survey
(LITTLE THINGS; Hunter et al. 2012). Besides this, we also included UGC 7608
from Smith et al. (2021). Dwarf irregulars have stellar masses < 10° M, and are
generally smaller than dwarf spirals. The largest in this group is IC 2574, which
has a diameter of Dos = 14.61 kpc; this is high compared to the typical sizes of
dwarf galaxies. The irregulars are at closer distances compared to the other two
types of dwarfs. For example, NGC 6822 and WLM are at distances of 0.5 Mpc
and 0.98 Mpc, respectively. NGC 6822 is one of the nearest dwarf galaxies around
the MW, and it may have interacted with the MW as well as with other dwarf
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galaxies (Zhang et al. 2021). The irregular galaxy UGC 4305 is part of the M81
group and is infalling towards M81 (Bureau & Carignan 2002).

6.2.3 Blue Compact Dwarfs

We have 4 BCDs. NGC 3738, VIIZw403, and Haro 36 are from LITTLE THINGS.
We included UGCA 130 from Leroy et al. (2005). BCDs have smaller diameters
compared to dwarf spirals and irregulars. In our sample, their diameters are less
than 1.5'. Hence, they appear to be very compact and very bright in UV. The
BCD UGCA 130 is the farthest galaxy in our sample. We do not see any sign of

interactions in the BCD sample.

6.3 Observations

We performed deep UV imaging observations of the galaxies NGC 7608, NGC
4136, NGC 4625, NGC 4618, NGC 2541, and NGC 5832 using the UVIT on board
the AstroSat telescope (Kumar et al. 2012). For all other galaxies, we used archival
UVIT data. The details of the UVIT filter and exposure time of galaxies are given
in Table 4.2.

The UV radiation emitted by the young stars is absorbed by interstellar dust and
re-emitted in the IR band, mainly around 24 pm. Hence, we used 24 pum images
from the MIPS instrument in our study (Rieke et al. 2004). The resolution of this
24 pm image is 6”. The data reduction procedure of the MIPS image is mentioned
in Gordon et al. (2005). All the images we used here are reduced archival images.

We used background-subtracted images for our analysis.
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TABLE 6.2: UVIT Filter and Image Information.
No Galaxy Other names FUV filter Exptime PSF NUV filter Exptime PSF
(s) (s)
1 NGC 4136 UGCT134 CaF2 3640.447 1 - - -
2 NGC 4618 1C3667; UGC7853 CaF2 5893.002 1 Silicals  1576.123 1.2
ARP23; VVT73
3  NGC 4625 1C3675; UGC7861 CaF2 5893.002 1 Silicals  1576.123 1.2
4 NGC 5474 UGC 09013; VV 344b BaF2 1500.408 1 NUVB4 763.004 1.1
5 NGC 5832 UGC 09649 CaF2 1976.753 1.1 NUVB13 1691.195 1.3
6 NGC 4395 UGC 07524 CaF2 709.967 1.1 NUVBI15 638625 1.2
7 NGC 2541 UGC 04284 BaF2 2660.16 1.1 NUVB15 1759.857 1.2
8 UGC 7608 DDO 129 CaF2 7543.797 1 - - -
9 WLM UGCA 444, DDO 221 CaF2 5078.986 1.2 Silicalb 2706.837 1.1
10 UGC 4305 Holmberg 11 CaF2 18229.966 1.1 NUVB13 9607.65 1.1
ARP 268; DDO 050
11 NGC 6822 1C 4895; DDO 209 CaF2 4085.606 1.1 Silicalb 315 0.9
12 IC 2574 UGC 05666 CaF2 9871.635 1.1 - - -
DDO 081; VII Zw 330

13 NGC 3738 UGC 06565; ARP 234 BaF2 2659.343 1 - - -
14 VIIZw403 UGC 06456; VV 574 BaF2 2649.006 1 Silicalb 2792.765 1
15 haro 36 UGC 07950 BaF2 1584.729 1 - - -
16 UGCA130 MRK 0005 CaF2 4617.873 1

Note: Other names are as listed in NED. Only few galaxies

filter information as it has stopped working since 2018.

have UVIT NUV

Emission from older stellar photospheres is studied using 3.6 ym wavelength im-

ages. As the stellar mass of a galaxy is mainly due to an older population, we

used the 3.6 pm luminosity to calculate the stellar mass density of the galaxies.

The 3.6-micron images were from one of the four cameras, the IRAC cameras on

Spitzer (Fazio et al. 2004). It has an angular resolution of 2” and has a FOV of 5'.

It has a good sensitivity compared to the other three cameras in the instrument.

*https://leda.univ-lyonl.fr/
Thttps://ned.ipac.caltech.edu/
thttps://irsa.ipac.caltech.edu/applications/DUST/
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6.4 Data Analysis

6.4.1 Data Reduction and Source Extraction

We downloaded UVIT L1 data (raw) from the ISSDC website for all the sam-
ple galaxies. We reduced the raw data as outlined in Section 2.1.1 and used
a background-subtracted science-ready image for our further analysis. Using
Python, we cut out the image of the galaxies from the entire field of view of
UVIT. Then we used the SExtractor (Bertin & Arnouts 1996; Barbary 2016) to
extract the SFCs from the cutout image. We had set the detection threshold to
8 o and minimum area to 10 pixels as recommended by Bertin & Arnouts (1996)

for clean and confident detection.

While detecting sources, we may even detect some foreground sources. To elimi-
nate such sources, we found bright sources around a galaxy centre in Gaia, within
a radius comparable to the field of view of the cutout image. These foreground
sources have parallax and high proper motion. We matched the RA and Dec of
the SFCs detected with SExtractor with the RA and Dec of the sources obtained
from the Gaia catalogue using TOPCAT (Taylor 2005). If the matched sources

had high parallax and high proper motion, we masked those sources using Python.

We found the deprojected area of the remaining SFCs, which is given by

area = La,Xb (6.1)
cos(i)

with a and b as the semi-major and semi-minor axes of an ellipse fitted to the
SFCs, respectively, and ‘i‘ is the angle of inclination of the galaxy. We found the

approximate size or radius of the SFCs by equating this area to the area of a circle.



Chapter 6: Comparative FUV Study of SFDG Types 150

41°14'  Dwarf Spiral: NGC4625

15

16'

Dec (J2000)

17

18'

19

“TRpc
12h42m06° 00° 41M545 48° 423
RA (J2000)

FIGURE A.3: UVIT image of NGC 4625. The red ellipses are fitted to sources
using SExtractor (Bertin & Arnouts 1996). The detection threshold is 8 o. Black
circles have a radius of rgs, which is mentioned for this galaxy in Table 6.1.

6.4.2 UV Photometry

We performed elliptical aperture photometry on the SFCs using the Python as-
tropy package Photutils (Astropy Collaboration et al. 2013, 2018) and obtained
the counts per second CPS from the SFCs. We found the Galactic extinction

corrected apparent AB magnitude myg for each SFC using the formula,

Where ZP is zero point magnitude, and Apyy is FUV Extinction, which is calcu-

lated using Galactic reddening E(B — V) (Schlafly & Finkbeiner 2011) from IRSA



Chapter 6: Comparative FUV Study of SFDG Types 151

and using extinction laws (Rodrigo et al. 2012). We found the corrected CPS
with this corrected magnitude. We calculated Flux (ergs~'cm™2Hz™!) from the

corrected CPS using the formula,

2

F, = /\? X UC x CPScorr (6.3)

where A is the mean wavelength of the FUV filter, ¢ is the speed of light, UC is
the unit conversion factor in ergstem=2A~! for the filter used as given in Tandon

et al. (2017), and CPS,,;, is corrected CPS for the source.

We calculated the extinction-corrected SFR using the FUV luminosities in ergs ™t Hz
and the ratio of 24 ym Flux to FUV flux, using the formula from Leroy et al.
(2008). This is explained in detail in the next section. For most galaxies, we
obtained the FUV fluxes using the CaF2 filter, which is similar to GALEX. The
SFR calculations apply to the CaF2 filter. However, for five galaxies, the filter
used is BaF2. We mentioned filter information in Table 6.2. Hence, we calibrated
the Flux in the BaF2 filter with the GALEX observations using five stars in the

field of the galaxy:.

6.4.3 The Host galaxy extinction and Total Star Formation
Rate

We calculated the extinction corrected total SFR using 24 pm MIPS observations.
As the UVIT resolution is almost five times greater than 24 pym MIPS, we con-
volved the UVIT image to 24 um MIPS image resolution. Then we fitted elliptical
annuli to the galaxy’s 24 pym MIPS image and convolved the UVIT image, such
that the annular regions’ area should be the same as the inner ellipse, as shown in

Figure A.4. The outermost ellipse has a semimajor axis value equal to the distance
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FIGURE A.4: Elliptical annuli of equal area are fitted to the convolved UVIT
image of NGC 4618, with the position angle as listed in Table 6.1.

of the farthest SFC, as seen in the UVIT image. We performed aperture photom-
etry on the 24 pum images using Photutils. Since the images are calibrated in
units of MJysr~! (surface brightness), the aperture photometry integrates the sur-
face brightness over the aperture. The integrated values were then converted to
flux densities in Jy using the pixel solid angle. Similarly, we performed aperture
photometry on the convolved UVIT images and followed the same procedure as
we followed on 24 pm images to obtain the CPS. As mentioned in the previous

section, we calculated the UV Flux in Jy from the CPS.

We calculated the IR flux corresponding to one Jy of UV flux for each annulus
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FiGURE A.5: The radial variation of the sSFR is represented as a blue solid
line. Whereas 24 pm and convolved UV flux ratio (« as in subsection 6.4.3) is
represented as a red dashed line. The black dotted line represents the average «
calculated for each galaxy, taking the integrated 24 pm and convolved UV flux
within the outer ellipse. The galaxy UGCA 130 is not included.

by dividing the integrated 24 pum flux by the integrated UV flux obtained from
that annulus. We denote the ratio as «, and we plotted the variation of a(r)
for each galaxy (see Figure A.5). Since we know the deprojected galactocentric
distance of the SFCs from the galaxy centre in the UVIT image, we assumed the
corresponding radial distance from the plot to determine a(r). In this way, we

associated o with all the SFCs in the galaxy.
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We found the total SFR for each SFC using the formula mentioned in Leroy
et al. (2008), where the FUV SFR is taken from Salim et al. (2007) for sub-solar
metallicities (0.8 Zy) and considered the Chabrier IMF (Chabrier 2003).

SFR 1yt = (0.68 x 1072 + a142.14 x 107*%) Lpyy (6.4)

We thus obtain the SFR in Myyr~!, where Lpyy is the Galactic extinction cor-
rected FUV luminosity in ergs ™ 'Hz ™!, and 15y = 1.25 x 10 Hz. We calculated
the SFR density X(SFR) by dividing SFRrea by the deprojected area.

In previous studies like Belfiore, Francesco et al. (2023); Leroy et al. (2023), it
is mentioned that the MIR flux also comes from the local conditions in a galaxy
disk, like reflection heating due to sources other than SF. However, Leroy et al.
(2023) showed that 22 pm or 24 pm is more associated with star-forming regions
than any other MIR bands. But the conversion factor (Cay), which converts UV
or Ha flux to 24 pm flux, is higher for the whole galaxy when compared to intense
star-forming regions. Hence, the equation 6.4 slightly overestimates the total SFR
for the SFCs as it averages the dust from molecular gas, diffuse emissions and

emission from star-forming regions.

Figure A.5 shows that the radial variation of a(r) is significant (Red dashed line).
For most of the dwarf spirals, «(r) is radially decreasing, with some showing higher
values at the end. For irregulars, there is no particular trend. Surprisingly, BCDs
show a radially increasing trend. The « considered for the whole galaxy (black
dashed line) is in the range of varying «(r). For most of the galaxies, it falls almost
at the mean value. But for some, it is either at the high or low end of varying
a(r) (See NGC 6822). We used convolved UV and IR images to plot the variation
of a(r), which has a resolution of 6". Hence, there is a resolution difference as
SFCs have UVIT resolution (=~ 1.2"”), which is another factor that adds to the

uncertainty. Although considering «a(r) for SFCs by this method may not be
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accurate, it shows how «a(r) varies for each type of SFDG and gives approximate

« values.

To find the global extinction-free SFR of the galaxies, we took integrated FUV flux
and integrated the 24 pym flux from the convolved UVIT images and 24 pm MIPS
images, respectively, within the outermost ellipse around the galaxies. Then, we
obtained the a value from those fluxes. We have tabulated the fluxes along with

a for each galaxy in Table 6.3.

We compared our global SFRs from Table 6.6 with the tabulated global SFRs and
stellar masses of Leroy et al. (2019). Although our methods overlap, there is a
significant difference in total SFR values. We see that our values are much higher
than Leroy et al. (2019). The main reason is the differences in the aperture sizes to
obtain the integrated luminosities. Leroy et al. (2019) have considered the optical
radius ro5 as the semimajor axis for the elliptical aperture around galaxies, which
is much less than ours. Since there are galaxies with extended disks (and XUV
disks), considering ry5 as the semimajor axis will significantly decrease the total
SFR of the galaxies. Also, it should be noted that for some galaxies, the distances
considered are slightly different.

6.4.4 Mean Disk Mass of the SFCs

We found the underlying disk masses in the areas covered by the SFCs using 3.6
microns IRAC images. We masked all foreground sources using GAIA data. We
used the same method of fitting elliptical annuli to the galaxy as in the subsection

6.4.3.

We determined the 3.6 ym flux from each annulus. We converted the flux to AB

absolute magnitude using the distance and then to luminosity. We calculated disk
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TABLE 6.3: Calculated parameters for extinction-free SFR

Galaxy Fruv Fo4 «
mJy mJy
NGC 4136  10.764+0.10  215.88+2.44 20.06+0.29
NGC 4618  24.754+0.23  384.47+1.74 15.53£0.16
NGC 4625  6.814+0.06 146.46£1.08 21.5040.26
NGC 5474  27.554+0.31  166.14+1.15  6.0340.08
NGC 5832  6.49+0.06 49.16+0.62  7.57+0.12
NGC 4395  73.96£0.69  486.02+ 1.9  6.57£0.07
NGC 2541  14.36%0.16 0.1419+ 21.87£0.29
UGC 7608  4.87£0.04 27.88+0.47  5.7240.11
WLM 36.15+0.34  112.594+1.12  3.11£0.04
UGC 4305  40.1840.38  198.184+ 1.25  4.93+0.06
NGC 6822 201.414+13.48 2223.49+ 4.2 11.04+0.74
IC 2574 53.3£0.5 343.89£1.65  6.4540.08
NGC 3738  11.31+0.13 96.7£0.88 8.55+0.12
VI1Zw403 3.16+0.04 24.43+0.44  7.73£0.17
Haro 36 2.52+0.00 7.7+0.24 3.05+0.05
Mrk 5 1.12+0.01 4.59240.5 4.140.07

Note: Fpyy and Foy are the FUV and 24 microns integrated flux in mJy
estimated within the outer ellipse of the elliptical fitting (see Figure A.4) to
the SFDGs. « is ratio of Fpyy and Fay.

mass M, using mean 3.6 pgm luminosity L, in Ls, with mass to light ratio T34 in
MgLg' using relation,

Mass to light ratio T3¢ is the relationship between the mass and luminosity of
a disk galaxy. It depends on the FUV-NUV colour for dwarf galaxies. We took
approximately T3¢ from Schombert et al. (2022) based on the colour of the galaxy.
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We took T3¢ =0.4 M@L51 for galaxies with 0.15 < FUV — NUV < 0.4 and T34 =
0.35 Mg L' for galaxies with FUV — NUV < 0.15.

We derived the stellar mass density ¥(M,) by dividing the stellar disk mass by
the area of the bounding ellipse. Then, we plotted the radial variation of 3(M,)
for each galaxy as shown in Figure A.6. Then we associated »(M,) with all the
SFCs in the galaxy, as explained in the previous section. To find the mean disk
mass, we multiplied 3(M,) with its area. We used the total 3.6-micron luminosity

within the outermost ellipse to calculate the total stellar mass of the galaxies.

We compared the total stellar mass of the galaxies from Table 6.6 with the corre-
sponding values in Leroy et al. (2019). Our estimated mass is higher than theirs.
Some of the reasons are mentioned in subsection 6.4.3 where we compare the global
SFRs. Another important reason is Leroy et al. (2019) have considered the value
of T34 from 0.2 to 0.5 M®L51, and some of our sample galaxies have T34 value
lesser than 0.35 ML and the least value we have taken is 0.35 Mg L' Hence,

this also affects the estimated mass value.

6.5 Results

6.5.1 Morphology of Dwarfs in UV emissions

To understand SF in dwarfs, it is important to compare their UV morphology with
the stellar disk at other wavelengths, such as NIR, which traces the old stellar
population and hence the main stellar mass distribution, and the optical B band,
which traces the overall stellar light distribution from SF. As mentioned earlier,
young massive stars emit in the UV band, which can be traced even in distant

galaxies (Bianchi 2011). So, by comparing the FUV and NUV emission with the
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FIGURE A.6: Radial variation of Stellar mass density for galaxy NGC 4618.
From this, we associated the stellar mass density with the SFCs by looking at
their galactocentric distance.

older stellar population traced in NIR and the intermediate stellar population
traced in the optical band, we can understand how SF has propagated in these

galaxies.

Duwarf Spirals: We see strong UV emission from the spiral arms of the dwarf
spirals, which appear to be very flocculent in nature. However, disk emission in
the 3.6 pm NIR band images is poor for most of them, and no well-defined spiral
arms are detected. We can see some emission in the optical B or g band images,
but it is generally not as extended or bright as the FUV and NUV emission. Hence,
these galaxies are forming stars in regions where the stellar density is low (Thilker
et al. 2007). Overall, the NIR emission is strong only in the central disk, bar, and

bulge regions for some dwarf spirals.

NGC 4136: This galaxy is nearly face-on and has multiple flocculent arms seen in

the UV and B band images. The arms are more extended and clearer in the UV
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images, especially the southern arm. The galaxy also has a compact oval-shaped
bulge (Eskridge et al. 2002). There is no UV emission associated with the short,
strong bar, which can be seen in the NIR image. But there is UV emission at the
bar ends, and it is loosely associated with the spiral arms since not all the arms
are exactly coming from the ends of the bar. This galaxy has a strong inner ring
visible in UV emission and a co-rotation ring around a weak bar that is visible in
both the B and UV band images. The spiral arms appear to be arising from this

ring. There is a bright star-forming nucleus at the centre.

NGC 4618: This galaxy appears very compact in UV. It shows strong UV emission
from the bar and has a single spiral arm extending towards the south. The bar
is brighter in the NIR and B band images compared to UV, but the spiral arm
appears surprisingly faint. The optical centre is slightly offset from the kinematical
centre due to the presence of the strong southern spiral arm (Epinat et al. 2008).
Although NGC 4618 is classified as a single-armed galaxy, there is a small arm-like
structure that can be seen as faint FUV emission extended towards the north and
perhaps associated with the bar end. This arm also appears as a faint emission
in NUV. The interaction with NGC 4625 could be the reason for the high star
formation rate in the bar and the southern arm, and the arm probably formed due

to the tidal interaction.

NGC 4625: NGC 4625 shows very bright FUV and NUV emission concentrated
towards its centre. This region is also brighter in the NIR and B bands, indicating
that the stellar mass is also concentrated in the centre. We see a ring structure in
the centre due to the tightly wound spiral arms and also a small bar. The most
striking feature in this galaxy is the very extended spiral arms that are bright in
FUV and NUV emission and can be traced well beyond the central bright disk.
The multiple faint arms extend out to several kiloparsecs around the galaxy but
are surprisingly not visible in the NIR image and barely detected in the g band
image. The ry5 of this galaxy is 0.79" as per literature. But the UV extends out to
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3.2', which is 4 times more than the ro5 radius of the galaxy. This was first noted
in the GALEX survey by Gil de Paz et al. (2007), which classified it as a Type 1
XUV galaxy. We see some bright regions in the faint arm of this galaxy, and the
extended arms seen in UV could be due to the interaction with NGC 4618 and
NGC 4625A.

NGC 5474: This galaxy has a peculiar shape due to its highly asymmetric struc-
ture. It has a bright central region, which can be seen in UV and the other bands.
There are multiple spiral arms arising from the centre, and they all appear dis-
torted in UV emission. To the west and southeast of the galaxy centre, some arms
in UV are not connected to the centre and appear to be arising from the other
arms. Such bifurcation in spiral arms has been observed in grand design spiral
structures (Rahna et al. 2018). In the northern region, we see an arc-like struc-
ture. All these peculiar structures are due to interaction with NGC 5457, which
may have caused the formation of flocculent spiral arms. We also observe bright
star-forming regions or SFCs along these arms. However, in the NIR image, which
traces the old stellar population, we can see only one southern arm, and in the B
band, only two arms can be detected. This galaxy is classified as a mixed type

XUV galaxy (Thilker et al. 2007).

NGC 5832: In this galaxy, there is significant bright UV emission along the bar,
but the spiral arms appear flocculent and poorly defined. The multiple arms show
diffuse FUV, NUV emission, and a few bright regions with compact UV emission.
Some of the spiral arms are connected to the ends of the bar, and some are clearly
not. In this galaxy, there are more compact, bright star forming regions in FUV
than in NUV. However, the NUV is more extended and smoother. In NIR, we
can detect a weak bar with a bright bulge in the centre. The outer disk is barely
visible. Hence, this galaxy is classified as a mixed XUV galaxy. In the B band, the
galaxy has an S shape with a bright bar and bulge. There are two prominent arms

arising from the ends of the bar, but they become fainter at larger radii. There
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are also more fainter arms in the southwestern part of the galaxy.

NGC 4395: This is the largest galaxy in our sample, with several bright regions in
UV emission. The UV-bright spiral arms are extended but very distorted in shape
and do not follow the traditional spiral arm structure. There are multiple arms, at
least 3 major ones, all supporting UV bright SFCs. The arm extending southeast
of the centre is the brightest in UV emission. We can detect its counterpart in
both the NIR and B-band images. There is an oval bulge that is prominent in
NIR and hosts a Seyfert 1 type AGN (Epinat et al. 2008). There is an association
of bright UV regions around it, and it also appears bright in the B band. This
galaxy is brighter in the B band than the other galaxies, but some arms appear

fainter than what we observe in UV.

NGC 2541: This galaxy has a flocculent multi-armed structure that is bright in
UV emission but does not appear to be connected to the inner disk. At least 3
arms are extended into the outer LSB disk and support many SFCs. The galaxy
has a prominent bulge that is bright in the NIR image, but the outer disk is faint
and similar to an LSB disk. This galaxy has been classified as a Type 2 XUV

galaxy.

Dwarf irrequlars: They have very faint and diffuse NIR disks, but show very
extended UV emission. We find that some irregulars have spiral arm-like features
that are relatively bright in FUV and NUV emission but are not detected or are
faint in NIR and B or g band images. Hence, SF is very recent in almost all of

these irregular galaxies, as their old stellar population is so faint.

UGC 7608: A bar-like elongated structure is visible in the FUV, NUV, and B
bands, but there is no sign of a bar in the NIR image. There are some distinct
spiral arm-like structures in the disk that have FUV, NUV bright SFCs distributed

along them. The NUV emission appears smoother and has comparatively fewer
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bright star forming regions compared to FUV.

UGC 4305: This galaxy is bright in FUV and NUV emission, but the star forming
regions are irregularly spread over the galaxy disk. There are four ill-defined arm-
like structures in the north and west regions that could be due to clumpy local
SF' resulting from the effect of some interaction in the M81 group. There is an
extended distribution of faint FUV and NUV emission over the galaxy in addition
to bright, compact UV arising from the SFCs. Surprisingly, there is hardly any
emission in the B and NIR images, suggesting that the old stellar population is

very low.

WLM: This is the most inclined galaxy in the sample with an inclination of 70 °.
As it is nearby, we can detect many small UV-bright SFCs in this galaxy. The FUV
and NUV emission is spread over the disk. The galaxy is classified as barred, but
we do not detect a bar in any band (FUV, NUV, B, NIR). However, we detected
some disk emission in the NIR, which is also bright in the B band.

NGC 6822: This is the nearest galaxy in the sample; hence, we can detect a larger
number of small, UV-bright regions. The tidal features in the southeast region, as
well as both northeast and northwest regions, are very prominent in UV, which
clearly shows that there have been episodes of interactions associated with this

galaxy. This galaxy also shows strong IR and B-band emissions from the central

disk.

IC 2574: The galaxy has a very irregular structure. We detect more emission in
the UV and B bands. The bright bar in the northeastern region is not visible in
the NIR image. A tail-like structure in the southeastern region suggests that the
galaxy is tidally interacting with another galaxy. However, we do not detect any

close companions.
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BCDs: All the BCDs are compact and show strong central emission in all four
bands (FUV, NUV, NIR, B). We find a clear UV emission gradient from the centre
to the outside BCD, as they are UV bright in the centre but not in the outer LSB
disks. The BCDs do not have many SFCs, and we detect no complexes in their

outer disks.

6.5.2 FUV and NUV SFCs

The number of FUV and NUV SFCs detected depends on the parameters given in
the source extractor, such as exposure time, distance of the galaxy, and the size
of the galaxy. We have taken an 8 o threshold for all our galaxies. The other pa-
rameters in the source extractor were chosen to deblend the sources. The galaxies
with higher exposure time are brighter, and we are likely to detect more SFCs
from them. Also, due to the blending effect, we detect more complexes in nearby
galaxies than farther ones. We have summarized the number and parameters of
FUV and NUV sources that are detected in Table 6.4. The high resolution of
UVIT enables us to detect relatively small SFCs present in the low gas threshold
outer regions. For example, NGC 6822, WLM, and UGC 4305 were studied by
Melena et al. (2009) using GALEX data, and they detected only 713, 165, and
139 complexes, respectively, which is approximately 78%, 30%, and 7.5% of regions
detected using the UVIT.

The optical radius (ry5) differentiates most of the stellar disk from the outer disk.
After this radius, the stellar disk surface density, and usually the gas surface
density both fall rapidly in both massive galaxies and dwarfs (Das et al. 2020).
Hence, we expect low SFRs in these regions and the properties of SFCs in the outer
and inner regions to be different (Yadav et al. 2021). All the sample galaxies except
some BCDs have complexes outside the optical radius. The outer complexes are

more than the inner ones in the XUV dwarf spiral NGC 5474 and in NGC 2541.
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Other than these dwarfs, NGC 6822 has almost the same number of complexes in
both the inner and outer regions. These galaxies must have interacted recently
or undergone rapid gas accretion to support such high SF outside the optical
radius. The number of outer complexes are much less than the inner ones for all
other galaxies. We even find that for most of the galaxies with UVIT NUV data,
the number of FUV complexes detected in these galaxies is more than the NUV
complexes in both inner and outer regions, while we expect the reverse as NUV
can detect complexes till 200 Myrs, whereas FUV only till 100 Myrs. This could
be due to the narrower UVIT NUV bands in some cases, or because the SFCs
contain stars that are very young and emit more FUV flux than NUV flux in
these galaxies. It could also be a combination of both reasons. We have detected
more NUV complexes than FUV ones in only the nearby galaxies WLM and UGC
4305. We have detected similar numbers of FUV and NUV complexes in the
dwarf irregular UGC 4305. It has 1842 FUV complexes and 1860 NUV complexes.
We should note that this galaxy has the highest exposure time (18.23 ks) in our

sample.

When we compared the number of complexes in NGC 5474 with the number of
complexes in massive galaxies such as NGC 5457 and NGC 0628 from (Yadav
et al. 2021), which are at almost similar distances, both NGC 5457 and NGC
0628 have more complexes (1425 and 706 complexes respectively) than NGC 5474
(98 complexes). But NGC 5474 has more outer complexes than inner complexes,

whereas the other two have more inner complexes than outer.

In contrast to dwarf spirals and irregulars, BCDs have only one or no complexes
outside their optical radius. Even the number of inner complexes is much lower
than the other two types. UGCA 130 is the farthest BCD in our sample, which

has only two complexes.
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TABLE 6.4: Number of FUV and NUV bright SFCs inside and outside optical

radius ros.

Galaxy FUVi, FUVy, NUVy, NUV

NGC 4136 122 24 - -
NGC 4618 500 12 227 7
NGC 4625 81 11 52 0
NGC 5474 40 58 39 46
NGC 5832 24 8 23 9
NGC 4395 473 3 369 4
NGC 2541 43 49 14 17
UGC 7608 56 2 - -

WLM 533 10 041 14

UGC 4305 1536 306 1613 247
NGC 6822 207 411 311 348

IC 2574 780 56 - -
NGC 3738 28 1 - -
VIIZw403 38 0 29 0

Haro 36 39 0 - -
UGCA 130 1 1 - -

Note: FUV,, and FUV,, are inner and outer FUV bright SFCs respectively.
NUV;, and NUV, are inner and outer NUV bright SFCs respectively.

6.5.3 Observed Radial trends of SFCs

The radial trends of SFC properties are very important for understanding how a
galaxy grows via SF. Hence, we plotted the quantities like SFC area, star formation
rate density (X(SFR)), and corresponding disk stellar disk masses of SFCs with

respect to the deprojected galactocentric radius scaled with the optical size of the
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FIGURE A.8: The above figures show the scatter plot of log(X(SFR)) for dwarf
spiral (NGC 4618) (left), dwarf irregular (UGC 4305) (middle), and a BCD
(NGC 3738) (right).

galaxy. The deprojected galactocentric distance R is

RIobs

R —
V/cos2(¢) + sin?(¢) cos?(i)

(6.6)

Where Rgps is the observed galactocentric distance, and i is the inclination of the
galaxy. ¢ is the angle between the radial distance to the SFC and the semi-major

axis in the galaxy’s plane.

tan(¢') = tan(¢) cos(i) (6.7)

where ¢’ is the angle between the radius vector to the SFC and the semi-major

axis projected on the sky (Arnaboldi et al. 1995).

The area or the size of the complexes detected depends on the distance of the
galaxy. The minimum resolvable area will be smaller for the nearby galaxies
and increases with the galaxy distance due to the blending effect. The minimum
resolvable radius of SFCs in our sample is for the galaxy NGC 6822, and the value
is 2 pc. Whereas for UGCA 130, which is much farther away, it is 87 pc. Hence,
the number of complexes detected will decrease with increasing galaxy distance.
And we cannot compare the area of the complexes for the galaxies at different

distances. This effect is tested in Melena et al. (2009), and it is observed that the
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FIGURE A.9: Radial variation of the star formation rate density of SFCs for all
the sample galaxies, except NGC 6822.

general trend remains.

Figure A.7 shows the radial variation of the area of the SFCs for the sample. In
general, the SFCs have a smaller area beyond the optical radius for most galaxies,
except for some galaxies that are either interacting (for example, NGC 4618 and
NGC 6822) or are highly extended (NGC 2541), whereas, within the optical radius,
both small and relatively larger complexes can be seen. The large SFCs in dwarf
spirals, away from the centre, must be associated with structures due to global
instabilities such as spiral arms, bars, and bar ends for spiral galaxies. The larger
complexes are irregularly spread within the optical radius or associated with ill-

defined arms in dwarf irregulars. The distribution of BCDs is entirely irregular.

Unlike the area of the complexes, extinction-corrected ¥ (SFR) can be compared
between galaxies at different distances. However, differences in physical sensitivity

across the sample may introduce selection biases in the detection of faint SFCs.



Chapter 6: Comparative FUV Study of SFDG Types

172

. " — 2.6
241 . P b Median size in NGC4136 PR Median size in NGC4395
ot s Median size in UGC7608 24! e Median size in IC2574
Tk *; + — Mediansizein Haro36 _ % +* " —— Median size in VIIZw403
22 x « . "7 + NGC4136(D=10.9 Mpc) 22{ G+, L, et .. NGC4395 (D=4.41 Mpc)
X g F¥ * + 4
= B .+ UGC7608 (D = 10.64 Mpc) | — e et Ic2574 (0=3.9 Mpo)
k2 < e . x Haro36 (D=10.53 Mpc) 82.0) g ivs. c[WRER L VIZwaO3 (D=4.35 Mpo)
ol ol SRS SRS ~ *hh+ 1S s A
=210 X, ¥ 3 T AR —_ tax ¢ ‘; % Ft xy FF TR "
8 i O I i B8] Bl sE. RS W)
[ O L e -7 S ) 1 i, o
> x %X . “ i WA a % D160 )k’ By “{3* ;#;gg%&* 2 c:‘t*‘+ B
* * ok * . + 4 R w3 2 £ i +
~18 * %L ay ook & = i it e 2SO A
3 Fa % + * =-- o * o " s =
S R T A e 14 ,QQ;M R L E AR T
X s * A :&; :{r’&ﬁ:‘,,ﬁ: UL, ,,; ;.:; o, o+
LR %, SN AR e R T i +
1.6 5, 1.2 - : *
. "
0 1 2 3 4 5 6 0 2 4 6 8 10

Galactic radius(kpc)

G

alactic radius(kpc)

FIGURE A.10: Radial variation of the log(size) of SFCs for some galaxies with
approximately equal distances. The median size value for dwarf spiral (NGC
4136, NGC 4395), irregular (UGC 7608, IC 2574), and BCDs (Haro 36, VI-
[Zw403) at a distance D &~ 10.5 Mpc is 85.11 pc, 96.96 pc, and 104 pc, respec-
tively. And at distance D ~ 4.1 Mpc, it is 27.9 pc, 43.54 pc, and 51.29 pc,
respectively.

-7.0

—7.51

—8.0;

—8.5;

—9.0;

log(sSFR) (yr—1)

—9.5;

%

Spiral SFC
Irregular SFC
BCD SFC

—10.0

05 1.0

1.5

2.0

R/R3>5

25 3.0 3.5

FiGURE A.11: Radial variation of the specific star formation rate of SFCs for
all the sample galaxies.



Chapter 6: Comparative FUV Study of SFDG Types 173

Although normalised quantities such as Ygpg and sSFR are more suitable for
comparisons among galaxies than the physical sizes of the detected SFCs, they
may still be indirectly affected by distance-dependent source blending, sensitivity,

and source identification.

The radial trend here is either oscillatory or radially decreasing. Dwarf spirals show
a prominent radially decreasing trend along with some SFCs with high ¥(SFR)
values at some radius, primarily associated with spiral arms ends of the bars. In
some galaxies, SFCs associated with bar have higher ¥(SFR) (See NGC 4618 in
Figure A.8). Even for irregulars, the clumpiness is more only at a certain radii.
Hence, they also show the oscillatory trend. Most SFCs with higher 3(SFR) are
associated with larger complexes. The radial trend of ¥(SFR) for SFCs in BCDs
mainly drops with increasing galaxy radius. We have shown for each SFDG type
an example (log X(SFR)) scatter plot over the galaxy disk in Figure A.8. This
plot shows how the ¥(SFR) distribution differs for the three types of SFDGs.

The stellar disk mass of the SFCs is distance-dependent, and the blending effect
is prominent because of it. The larger the complex, the more disk stellar mass it
will correspond to. Even the mass radial trend is mainly similar to (log(X(SFR))
for some galaxies, but the radially decreasing trend is clearly evident for all the
galaxies. However, this could also be due to the radial profile of the stellar mass
density, which falls off with radius. Hence, we do not find any massive complex in

the outer region.

We also plotted the ¥(SFR) for SFCs of all types in a single plot, as shown in
Figure A.9, and found that the ¥(SFR) of the dwarf spirals is much higher than
the other two types. We have not included data from NGC 6822 as it shows
unusually high 3(SFR) values compared to other dwarf irregulars, and the reason
for it is discussed in section 6.6.1. The lowest 3(SFR) measured for SFC in dwarf
spirals is 0.0078 Mgoyr—tkpc=2. 0.0008 Myyr~tkpc=2, and 0.0036 Moyr~tkpc=2 for
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dwarf irregulars and BCDs respectively. There is minimal overlap exists between

the dwarf spirals and the dwarf irregulars £(SFR)s.

Figure A.10 shows the comparison of the sizes of the SFCs in three different types
of SFDGs, which are at roughly the same distance. The left and right panels show
the comparison at 10 Mpc and 4 Mpc distances, respectively. The solid, dotted,
and dashed lines show the median size of the SFCs in BCDs, irregulars, and spirals.
The median sizes of the SFCs are the largest in BCDS. The irregulars host larger
SFCs than spirals. One reason for this could be that irregular galaxies lack spiral
density waves, and their kinematics are dominated by random gas motions. The
discussion on the difference in size and ¥(SFR) of SFDGs is discussed in section

6.6.1.

We even plotted variations of specific star formation rates (sSFRs) of SFCs along
the galaxy radius. We plotted the SFCs of all the sample galaxies in the same plot
as shown in Figure A.11. The trend is radially increasing till a little beyond ras,

and later it becomes nearly constant.

6.5.4 Star forming main sequence for SFCs

The star-forming main sequence (SFMS) is a relation between the SFR and mass
of the galaxy, and has important implications for understanding the age and evo-
lutionary states of star-forming galaxies (McGaugh et al. 2017). The equation of
the SFMS has a form

log(SFR) = alog(M,) + (6.8)

with a and (3 likely to be functions of the time (Speagle et al. 2014). Slope « is
measured between 0 to 1 (Chen et al. 2009) .
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FIGURE A.12: SFMS of SFCs for all the sample galaxies.

In section 6.4, we have extracted SFCs and derived their properties, including
the corresponding stellar disk mass for each SFC. We used them to construct the
SFMS but on the scale of SFCs for SFDGs. So, we plotted the log of SFR versus
the log of corresponding stellar disk mass for the SFCs. We find that they are
very well co-related. This tells us that galaxies follow the SFMS globally and even
at the level of SFCs, which is on scales well below a kpc. The parameters of the
SEFMS for the SFCs are given in Table 6.5. However, the slopes of the three types
of dwart galaxies are slightly different. It is clear that the dwarf spirals have a
slightly shallower slope than the other two types. The slope of SFMS for dwarf
spiral SFCs has a wide range from 0.93 to 0.59, and the mean of the slope is
around 0.74. NGC 4136 has the lowest slope of 0.59. The mean slope of the dwarf
irregulars is 0.87, and for BCDs, it is 0.8.

From Figure A.11, the sSFR (i.e. SFR/mass) of the SFCs is increasing with
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galactic radius for some galaxies and becomes nearly constant at the outer radius.
To understand how it varies for each galaxy, we divided the SFCs for all the sample
galaxies into inner SFCs ( r< ry5/2), middle SFCs ( r95/2<r < ry5), and outer SFCs
(r > r95), where 195 is the optical radius. For a given galaxy at any fixed log(M.,),
the log(SFR) increases from the inner to outer SFCs for some galaxies. Hence, the
sSFR increases as well. This is very clear in Figure A.13 and is more prominent
in dwarf spirals, although some irregulars also show this trend. The BCDs do
not follow any trend. It is important to note that most of the outer complexes
correspond to low stellar mass, and the inner complexes generally correspond to
higher stellar mass. But the outer disks have lower stellar surface densities, so for
SFCs at outer radii, the sSFR will naturally appear higher. The possible reasons

for this gradient is discussed further in subsection 6.6.4.

6.5.5 Other results of SFDGs

6.5.5.1 The Global Star forming main sequence for SFDGs

We took the global SFR and total mass of the SFDGs from Table 6.6. We plotted
the SFMS for our sample galaxies and determined the slope of the linear regression
fit to our sample. We found that it is shallower than the dwarf LSBs and steeper

than that for the massive galaxies, which will be discussed in section 6.6.3. The

fit for SFDGs,

log(SFR) = (0.899 =+ 0.087)log(M,) + (—8.59 + 0.75) (6.9)

with slope a = 0.8989. We see very little deviation of our sample from the fit. The
internal scatter of the relation is ¢ = 0.25. As the sample has only 16 galaxies,

we do not see much deviation between the dwarf types in Figure A.14. But most
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FIGURE A.13: Star forming the main sequence of SFCs for all of our sample
galaxies except UGCA 130, as it has only 2 complexes. We see that the inner
SFCs with yellow circles ( r< rs5/2), middle SFCs with purple plus ( ras/2<r
< r95), and outer SFCs with blue stars (r > ro5) have different SFMS for many
galaxies. Outer SFCs have higher specific star formation rates, indicating the
inside-out evolution of the galaxies.
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TABLE 6.5: Star forming main sequence parameters for sample galaxies.

Galaxy « Omean 6] o
NGC 4136 0.59+ 0.05 -6.55+ 0.29  0.32
NGC 4618 0.73+£ 0.03 -7.53£ 0.16 0.32
NGC 4625 0.71+£ 0.03 -7.244 0.19 0.23
NGC 5474 0.75+£ 0.04 0.74+ 0.13 -74+£ 024 0.26
NGC 5832 0.61+£ 0.05 -6.544+ 0.29 0.17
NGC 4395 0.93+ 0.02 -8.224+ 0.08 0.2
NGC 2541 0.88+ 0.04 -7.984+ 0.25 0.25
UGC 7608 1.16+ 0.07 -10.07£ 0.39 0.2

WLM 0.78+ 0.03 -8.25+ 0.1  0.29
UGC 4305 0.84+ 0.01 0.87+ 0.16 -8.66+ 0.06 0.32
NGC 6822 0.73+ 0.03 -7.5+ 0.1 0.38

IC 2574 0.84+ 0.02 -8.35£ 0.1  0.37
NGC 3738 0.86 0.1 -8.34+ 0.71  0.26
VIIZw403 0.96+ 0.07 0.80%+ 0.19 -85+ 0.38 0.2

Haro 36 0.59+ 0.12 -7.01+& 0.74 0.31

Note: « and [ represent as mentioned in SEMS equation 6.8. @ean 18 the
mean of slope for each type of SFDGs, and o is the Standard deviation of the

data points.

of the irregulars lie below the fit as they have lower SFRs. Some high-mass dwarf
spirals and BCDs are above the fit.

6.5.5.2 Mass Metallicity relation for SFDGs

It is found that for dwarf galaxies with known metallicity, the metallicity strongly

correlates with the B-band luminosity (Richer & McCall 1995). Hence, B-band
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TABLE 6.6: Calculated parameters of Sample galaxies.

Galaxy mg 12 +log (O/H) FUV —NUV log(M,) log(SFR)
(mag) (mag) Mg Myr™!
NGC 4136 11.6940.17 8.384+0.02 0.2610.01 9.38 -0.04
NGC 4618 11.3140.16 8.391+0.02 0.2540.01 9.56 0.1
NGC 4625 12.8540.18 8.17+0.03 0.3£0.01 9.15 0.01
NGC 5474 11.4940.17 8.27+0.02 0.1240.01 9.12 -0.46
NGC 5832 12.940.3 8.214+0.04 0.39+0.01 9.2 -0.6
NGC 4395 10.3+0.54 8.214+0.08 0.1240.01 9.14 -0.38
NGC 2541 12.024+0.22 8.37+0.03 0.0940.01 9.49 0.2
UGC 7608  13.6%0.19 8.1£0.03 0.1140.01 9 -0.84
WLM 1140.08 7.7240.01 0.1240.01 7.34 -2.2
UGC 4305  10.94+0.2 8.13+0.03 040.01 8.64 -0.96
NGC 6822 7+0.3 8.0940.04 0.4+0.08 8.03 -1.66
IC 2574 10.840.3 8.1940.04 0.0340.01 9 -0.63
NGC 3738 11.7940.19 8.13+0.03 0.37+0.01 8.31 -0.98
VIIZw403  14.54+0.19 7.68+0.03 -0.05+0.01 7.13 -1.71
Haro 36 1440.18 84+0.03 0.2740.01 8.26 -1.26
UGCA 130 15.1£0.04 7.9940.01 0.214+0.06 8.1 -1.49

Note: Apparent B magnitude mpg is taken from NED.

luminosity is considered a better predictor of metallicity for dwarf galaxies (Skill-
man et al. 2003). We found the metallicity for our sample galaxies using a fit

derived by Richer & McCall (1995) from local group dwarf irregulars.

12 + log(O/H) = (5.67 % 0.48) + (—0.147 4 0.029)Mg (6.10)

We took apparent B magnitudes from NED, and using distances as listed in Table
6.1, we calculated the absolute B magnitude Mg. The Mg and metallicity of our

sample galaxies are listed in Table 6.6.
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FIGURE A.14: Blue squares are our sample SFDGs, and red stars are dwarf
LSBs from McGaugh et al. (2017). The black solid line is a linear fit for SEMS
of SFDGs with the slope of @ = 0.8989. The dashed line is the linear fit for
dwarf LSBs with the slope of a = 1.05.

We plotted the independently calculated metallicity and mass for SFDGs in Figure
A.15. We find that the linear fit for metallicity and mass is given by,

12 + log(O/H) = (5.85 4 0.208) + (0.26 == 0.024)log (M, ) (6.11)

This mass-metallicity relation matches very well with the previous study by Berg
et al. (2012), where they found a similar relation for low luminosity galaxies. Our
relation lies within its error bars. The B magnitude of his sample has a range
(—10.8 > Mp > —18.8). We find that our galaxies also have a B-magnitude in
that range. This indicates that our galaxies have low luminosity in the B band.
The intrinsic scatter of the data points from our fit is ¢ = 0.07, which is very
small. We see that all our sample SFDGs follow this relation irrespective of their

type. This supports our mass and metallicity calculations.
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FIGURE A.15: Metallicity-mass plot for SFDGs. Values of errors associated
with metallicity can be found in Table 6.6.

6.5.5.3 (FUV-NUYV) Colour - Metallicity plot for SFDGs

The (FUV — NUV) colour traces the age of the star-forming galaxies up to a
few hundred Myrs. As they get older, the colour reddens (Mondal et al. 2021).
The redder galaxies are expected to be comparatively metal-rich as they are more
evolved than the bluer ones (Hogg et al. 2004; Pasquali et al. 2010).

We plotted the metallicity against (FUV — NUV) colour, as shown in Figure A.16.
We calculated the (FUV — NUV) colour for GALEX data from NED. We neglected
the host galaxy extinction as we are calculating the colour, and the difference in
the extinction for FUV and NUV bands is negligible. We see a proper co-relation
only for BCDs, where we find bluer galaxies are more metal-poor, and as they get
redder, they turn metal-rich. The other two types, i.e. dwarf spirals and irregulars,

do not show any kind of co-relation.

In Figure A.16, the dwarf spirals have [12 +log (O/H)| >8.1, and their colour is
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spread between 0.1 to 0.4. For the galaxies with the same colour, galaxies with
higher stellar mass have higher metallicity than those with lower stellar mass.
The irregulars and BCDs have 12 +log (O/H) < 8.2, where all dwarf irregulars
except NGC 6822 have a colour lesser than 0.2, and BCDS except VIIZw403 have
a colour greater than 0.2. This indicates that although they are redder than
dwart irregulars, the BCDs are metal-poor compared to dwarf spirals and dwarf
irregulars (Kunth & Ostlin 2000). The BCD VIIZw403 has a colour less than 0.

This indicates that the galaxy is very young and could be a starburst galaxy.

6.5.5.4 The radial variation of sSFR measured over annuli

We calculated the X(SFR) from each fitted elliptical annulus of the UVIT image
as explained in subsection 6.4.3. Similarly, we estimated 3(M,) from each fitted

elliptical annulus of the 3.6 um image. We plotted the radial variation of sSFR
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for each galaxy by dividing the estimated ¥(SFR) by 3(M,). We have shown this

variation in Figure A.5.

We find that the variation is different for each galaxy, and except for BCDs, we
don’t see any particular trend for types of SFDG. For BCDs, it clearly decreases
radially. However, for dwarf spirals and irregulars, we see a lot of variation in
the plots. Galaxies like NGC 4618, NGC 2541, and NGC 6822 show a kind of
opposite trend to what we see in their SFCs, which will be briefly discussed in the
subsection 6.6.4.

6.6 Discussion

6.6.1 Difference in Sizes and Star formation rate densities

of SFCs in the different SFDG types

In previous studies, it has been shown that galaxies show hierarchical SF, and
in general, the SFCs correspond to the largest stellar groups with sizes on the
scales of 100 s of parsec (Efremov 1995; Elmegreen & Salzer 1999; Elmegreen
et al. 2014). But with UVIT resolution, our study resolves smaller star forming
units like SFCs and OB associations in nearby galaxies on the scales of a few tens
of parsec (Rahna et al. 2018). In section 6.5.3, we find that although the sizes
of SFCs are fairly similar over the SFDG types, the SFCs in dwarf irregulars are
slightly larger than the SFCs in dwarf spirals. The BCDs have the largest SFCs
compared to the dwarf spirals and irregulars. As previously mentioned, random
gas motions can significantly contribute to the pressure in irregulars, and in some
cases, rotation can be insignificant compared to the gas velocity dispersion. As

a result, for effective SF' to occur within irregular galaxies, a higher gas surface
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density is required to overcome the pressure. This leads to the formation of larger

SFCs within irregular galaxies compared to spirals.

However, in general, many factors play a role in the variation of SFC size across
different morphological galaxy types, such as the interplay between their inherent
kinematic characteristics, feedback from massive stars, the presence of spiral arms
and the gas pressure in the disk. A previous study by Elmegreen et al. (1996)
mentions that the late-type galaxies (mostly dwarf spirals) and dwarf irregulars
have almost similar sizes. And since we have compared galaxies at only two

distances, the result is statistically insignificant.

Figure A.7 shows the distribution of the properties of the SFCs, including the
radial variation of the ¥(SFR) for the SFDG sample. Although we do not see
much difference between the radial trends in dwarf spirals and dwarf irregulars,
there is a marked difference in their 3(SFR) lower cutoff as shown in Figure A.9.
The SFCs of dwarf spirals show a higher 3(SFR) than dwarf irregulars. For BCDs,

it varies over a wide range.

To understand this further, we plotted the histogram of ¥(SFR) for the SFCs
of the three classes of SFDGs separately, as shown in Figure A.18. The mode of
log(3(SFR)) for dwarf spirals, dwarf irregulars, and BCDs is -1.84 Moyr~'kpc ™2, -
2.09 Moyr—tkpe=2, and -1.50 Mg yr~tkpc=2 respectively. Hence, most of the SFCs
of dwarf irregulars have a lower X(SFR) compared to dwarf spirals and BCDs.
However, the SFCs with higher ¥(SFR) means that they either have a higher star
formation rate than other SFCs in the galaxies or have a smaller area. Hence,
the high ¥(SFR) for SFCs in the outer disk could be due to the comparable star
formation rate to the inner complexes with minimal areas. But in Figure A.7, we
can see that the SFCs in the outer disk, which have higher 3(SFR), have larger

areas, implying a higher star formation rate in the outer disk.
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FIGURE A.17: Top panel: UVIT FUV and UVIT NUV images. Bottom panel:
Siptzer IRAC 3.6 um, and Optical CTIO b band images of NGC 6822.

It must be noted that the Y(SFR) of NGC 6822 is not included as it has an
unusually high ¥(SFR) compared to the other dwarf irregulars (See Figure A.7).
This could be due to a recent interaction that it has undergone, which is evident
from its tidal features that can be seen in FUV and NUV images, as shown in
Figure A.17. Another reason could be that the NGC 6822 is very nearby. The
SFCs detected in it are very small, which could be smaller unit-like clusters, and

bound clusters are densest in the star groups (Elmegreen et al. 2014).

The ¥(SFR) distribution and lower cutoff are clearly connected to a variation in
stellar disk surface densities and mean stellar masses in the three types of SFDGs
(see Table 6.6). The mean stellar disk surface density is the largest for the BCDs,
followed by the dwarf spirals and the irregulars. Also, the mode of ¥(SFR) is the
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FIGURE A.18: Distribution of log(X(SFR)) for SFCs of all sample galaxies (ex-
cept NGC 6822). The mode of log(3(SFR)) for dwarf spirals, dwarf irregulars,
and BCDs is -1.84 Moyr—tkpce=2, -2.09 Mgoyr—'kpc=2, and -1.5 Moyr~'kpc—2
respectively.

highest for the BCDs and is the least for dwarf irregulars. This confirms that the
stellar mass is the main factor influencing the SFRs, as shown in earlier studies of

the SFMS (Rodrigo et al. 2012; Speagle et al. 2014).

We have also listed log(Mpy) in Table 5.1. From those values, we can see that the
dwarf irregulars have log(Myy) greater than log(M, ), whereas, for dwarf spirals and
BCDs, the stellar mass is greater. Hence, dwarf spirals and BCDs must have used
gas to form stars at a higher rate, whereas dwarf irregular do not have stellar disk
potentials strong enough to convert My to stellar mass at such a rate (Finlator

& Daveé 2008; Rodrigo et al. 2012).
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6.6.2 Effect of interaction on star formation in SFDGs

As our samples have both interacting dwarf galaxies and isolated dwarf galaxies,
we could examine the effect of interactions on their SFRs. However, due to their
low masses, the effect of interactions on their morphology or SFRs is not very clear
(Stierwalt et al. 2015). Some of the signatures of galaxy interaction are starburst
activity, gaseous bridges, Magellanic-type streams, and extended tidal arms or

tails. In this section, we describe some of these features in our sample.

As discussed in section 6.5.1, in the interacting dwarf galaxies NGC 4625, NGC
4618, and NGC 4625A, the galaxy NGC 4618 is more massive compared to the
others. Hence, the extended arm in NGC 4625 could be due to the mass pulled
out from the lower mass galaxy NGC 4625. We have even extracted some SFCs
from those regions, as shown in Figure A.3. The central disk in NGC 4618 is very
bright. This could be due to the funnelling of gas into the central disk, causing it
to have enhanced SF. In NGC 4618, the interaction has triggered SF all over the

galaxy, including along the bar.

In NGC 5474, the interaction is with the very massive galaxy NGC 5457, with
mass 4.141.2 x 10'° My, (Jang, In Sung et al. 2020). Hence, the galaxy NGC 5474
is completely distorted and extended. The galaxy UGC 4305 also has an extended
distorted arm-like structure in UV. NGC 6822 is thought to have undergone inter-
action twice with a companion galaxy and once with the MW. We can distinguish
tidal tails northeast and southwest of the galaxy centre. The southwestern tail
looks like a stellar stream and is entirely absent in the IR image. Hence, its UV
emission is probably due to a very recent SF triggered by a recent interaction. It
is suggested by De Blok & Walter (2003) and Komiyama et al. (2003) that NGC
6822 could be merged system, and the large cloud of gas at northwest could be
the location of the other galaxy. It has also been mentioned that the interaction

with the MW in the southwestern region has a kinematic age of 100 Myr, and the
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NGC 4625A
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Ficure A.19: UVIT FUV image of interacting galaxies NGC 4625, NGC
4625A, and NGC 4618 from left .

merger in the Northeast region is 300 Myr.

Using the New Horizon cosmological hydrodynamical simulation, Martin et al.
(2020) showed that interactions between dwarf galaxies enhance their overall star
formation rates (SFRs) at low redshifts. Observational studies have also found
that interacting dwarf galaxy pairs exhibit significantly enhanced SFRs, with the
level of enhancement depending on the projected separation between the galaxies
(Stierwalt et al. 2015). Since we have very few galaxies that are interacting, and
as we have a wide mass distribution for these galaxies, it is difficult to compare
and confirm this result. But we do see clear differences in their radial trends
compared to non-interacting dwarf galaxies as mentioned in 6.5.3. In NGC 4625,
there are small SFCs in the tidal arms, but for NGC 4618, even outer SFCs are
relatively large and have larger 3 (SFR). We also see this trend in NGC 5474 and
NGC 6822. Hence, interaction affects the size and X(SFR) of SFCs of star-forming
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dwarf galaxies.

In Figure A.7 and as mentioned in sections 6.5.3 and 6.6.1, SFCs of NGC 6822 has
very high ¥(SFR) compared to other dwarf irregulars. The 3(SFR) is comparable
to dwarf spirals. It could be due to the recent interaction of the galaxy. It is
believed that mergers can also drive starbursts in these galaxies (Pustilnik et al.
2001; Koleva et al. 2014; Stierwalt et al. 2015). Even in the SFMS parameters of
this galaxy (Table 6.5), we can see that it has a shallower SFMS slope a compared
to other dwarf irregular galaxies. However, some outer complexes are showing a
sudden increase in star formation rate after 103 Mg. Hence, in some cases, this
galaxy’s SFC SFRs are not included when we have made overall conclusions about

dwarf irregulars.

6.6.3 The Global and local SFMS of SFDGs

Studies show that the SFMS slope a in equation 6.8 depends on time (Speagle
et al. 2014). This suggests that the galaxies where SF appears quenched could
have been actively forming stars back in time.(Daddi et al. 2007; Elbaz, D. et al.
2007; Speagle et al. 2014). Hence the Massive galaxies (log(M./My) > 10) at
lower redshifts have a shallower slope of o = 0.5 as SF is slowing in them, which
explains the main sequence turnoff (Speagle et al. 2014; McGaugh et al. 2017).
As mentioned in Leroy et al. (2019), the time to form the stellar disk in galaxies
of mass log(M,/My) = 10 is approximately 13-14 Gyr, which was also seen in
Speagle et al. (2014). The galaxies with a slope of unity imply that they are
formed at an early age in the universe and are forming stars at a constant rate.
This has been observed in dwarf low surface brightness galaxies. They also take

around 13 Gyr to build their entire stellar disk (McGaugh et al. 2017).

The star-forming main sequence of SFDGs has a slope o = 0.899 as seen in
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equation 6.9. When we calculated the approximate age for SFDGs using global
SFMS equation 6.9, as mentioned in McGaugh et al. (2017), we found the age to
be 2-4 Gyr. This implies that the SFDGs are recently formed (McGaugh et al.
2017) or must be forming stars at a very high rate in recent times compared to

dwarf LSBs.

The higher sSFRs compared to LSB galaxies (LSBGs), as seen in Figure A.14,
could be due to a higher stellar density in SFDGs compared to LSB disks. The
sudden bursts of SF can also contribute to the stellar disk formation at a higher
rate, leading to a higher gas consumption rate. Due to this, SFDGs may get
quenched earlier than LSBGs but not as fast as massive galaxies. Gas can also
be lost due to supernova explosions as the dwarfs do not have enough potential to

retain the gas.

When we consider the local SFMS in Figure A.12, it is remarkable that over a
range of a factor of 10° in stellar disk mass, the SFR within a complex is strongly
correlated with the local stellar disk mass. We know from Toomre’s theory of local
disk instability that stellar mass density provides the self-gravity for cloud collapse
and SF. We see that SFCs in dwarf irregular have a mean log(M,/My) around
4-4.5, whereas dwarf spirals and BCDs have around mean log(M,/Mg) around
5.5-6. We used these masses to calculate SF age collectively for SFCs of different
SFDG types using the mean equation from Table 6.5. We got an approximate age
of 1 Gyr for all the types, which is a little less than the global SFMS of SFDGs
but is still comparable. This can also be seen in Figure A.12, where 1/(sSFR) is

approximately equal to 1Gyr for the entire sample.

In addition to Figure A.12, we plotted the sSFR with the SFC stellar disk mass
as shown in Figure A.20 to further understand the importance of the local stellar
disk density for SF in SFDGs. The equation of SFCs for dwarf spirals and dwarf

irregulars is very similar to the equation in Leroy et al. (2019) where the mass
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FI1GURE A.20: sSFR and stellar disk mass correlation for SFCs. The black
dash-dotted line is the fit from Leroy et al. 2019. The blue dash-dotted line is
its extrapolated fit for lower mass.

range considered for the fit is 10%% My to 10! M. So, when we substitute the
average mass of the SFCs, we see the difference that the age of local SF in SFDGs
is much smaller than the global stellar disk formation time for massive galaxies. It
will be interesting to compare the local SFMS of massive galaxies with the global

SFMS of massive galaxies.

6.6.4 Difference in SFMS of the different SFDGs and inside-

out Evolution of Galaxies

The SFCs following the SFMS give us an idea of how each of our sample galaxies is
evolving differently. We see in section 6.5.4, where each SFDG type has a different
average value of the SFMS slope, which indicates that the SF process is slightly
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different for each type. For dwarf spirals, the slope value is closer to the slope of
massive spirals, in which SF quenches and evolves to lower SFRs as gas is depleted
(Oemler et al. 2017). But most of the irregulars have a slope closer to or a little
less than unity. Galaxies with slope @ = 1 are expected to evolve at a constant
rate, whereas lower « signifies that the galaxies are forming stars at a higher rate
in recent times (McGaugh et al. 2017). The BCDs have an « lying somewhere
between dwarf spirals and irregulars.However, the approximate time for stellar disk

formation is almost the same for all three types, as seen in the previous section.

These galaxies’ inner, middle, and outer SFCs, as categorized in section 6.5.4,
follow a separate trend. Outer complexes are mostly above the fit, and the inner
ones are below. Hence, we find that outer complexes have higher sSFRs than the
inner ones, indicating that the star-forming mechanism or evolution of the inner
and outer regions of the galaxies are different and depend strongly on the stellar

surface density.

Several studies have been conducted to understand the star-forming mechanisms
in dwarf galaxies. Previous studies have shown that the spirals mostly have the
inside-out SF mechanism (White & Frenk 1991; Bell & de Jong 2000; Brook et al.
2006). The extended UV emission discovered in outer disks by Thilker et al. (2007);
Boissier et al. (2007) clearly indicated inside-out disk formation in those galaxies.
Some studies have even shown that the late-type spirals, which are less massive,
also follow this trend (Dale et al. 2020; Smith et al. 2022). A recent study by
Mondal et al. (2021) using UVIT on a dwarf spiral also confirmed it. But studies
on dwarf irregulars, like Zhang et al. (2012) studied 34 nearby dwarf irregulars and
concluded that the radial profiles of 80% of his samples at shorter wavelengths have
shorter disk scale lengths than those at longer wavelengths, indicating the outside-
in disk evolution by disk shrinking. Even Dale et al. (2020) showed that irregulars

show the opposite evolution trend to the spirals.
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In our sample, we have galaxies evolving via ex-situ SF (via gas accretion or
interactions)(Chamba et al. 2022). These are expected to grow inside-out, as
indicated by previous studies, which is also seen in our results. The galaxies
(NGC 5474, NGC 2541, NGC 6822, etc.) have higher sSFR in the outer disk than
the inner, and in Figure A.13, we can see a clear distinction between the three
regions. Some SFDGs classified as isolated, like NGC 4136 and WLM, have outer
complexes with relatively higher sSFR. But in NGC 4625, NGC 4395 and in most
dwarf irregulars like UGC 7608, IC 2574, and even in the galaxy UGC 4305, where
the SF in the outskirts might have been triggered by external influence, doesn’t
show much gradient. Although most dwarf spirals and irregulars show inside-out
evolution, we find stronger evolution in galaxies where ex-situ SF is observed.
The gradient in some galaxies might also depend on how strong the interaction or
accretion is. Dwarf irregulars in the sample generally show a moderate gradient
or no gradient. Other than accretion and interaction, the local SF in the outer

disk of dwarfs can also be supported by dark matter halo (Das et al. 2023).

Unlike the strong gradient observed in SFCs supporting inside-out evolution in
Figure A.13 (like in NGC 2541, NGC 4618, and NGC 6822), the radial variation
of sSFR over annuli shows a radially decreasing or no specific trend as seen in
Figure A.5. One of the reasons is that some galaxies are highly extended, and
their tidal tails are spread in a very irregular fashion (NGC 6822). These regions
in the outer radius are challenging to consider in elliptical annuli, which results
in an underestimation of sSFR. The other reason is that the SFCs depend on the

local stellar mass. This does not clearly come out on a radial average.
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6.6.5 Correlation between dust obscuration and specific star

formation rate

The different trends between sSFR and « seen in Figure A.5, indicate that the
relationship between star formation activity and dust attenuation is not uniform
across the dwarf sample. Since « is defined as the ratio of the 24 ym luminos-
ity to the UV luminosity, it traces the relative contribution of dust-obscured to

unobscured star formation.

A positive correlation between sSFR and a suggests that regions with higher
specific star formation rates are also more dust-obscured. In massive galaxies, the
central regions generally exhibit both enhanced star formation and higher dust
attenuation. Such behaviour is expected when star formation occurs in dense,
dust-rich molecular clouds, where a significant fraction of the UV radiation from
young stars is absorbed by dust and re-emitted in the infrared. A similar trend is

observed in more than 50% of the dwarf spiral galaxies in our sample.

In contrast, dwarf spiral galaxies with extended XUV disks, such as NGC 5474
and NGC 5832, exhibit an anti-correlation between sSFR and «, with higher sSFR
values in the outer disk where the dust attenuation is lower. This behaviour is
consistent with the resolved star-forming complex analysis presented in this work,
which provides strong evidence for inside-out star formation. Dwarf irregular
galaxies also show a positive correlation between sSFR and «, although the radius

at which the peak sSFR and dust attenuation occur differs from galaxy to galaxy.

On the other hand, a negative correlation implies that regions with higher sSFR are
relatively UV-bright and less dust-obscured. In our study, we see this behaviour in
all BCD. A possible explanation is that stellar feedback from the central starburst
has dispersed or cleared part of the surrounding dust, allowing a larger fraction

of the UV photons to escape and thereby lowering the 24 pm-to-UV luminosity
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ratio. In contrast, the outer regions, where star formation activity is weaker,
exhibit relatively higher dust attenuation, resulting in larger values of a despite

their lower sSFR.

Therefore, the presence of both positive and negative correlations reflects the di-
versity of dust content, metallicity, and local interstellar medium conditions among
the galaxies, rather than indicating a universal relation between sSFR and dust

attenuation.

6.6.6 The nature of star formation in SFDGs compared to

massive galaxies

One of the main differences between massive star forming galaxies and SFDGs
is their gravitational potential and metallicity. These are necessary for retaining
the cold gas and supporting SF. Dwarf galaxies have shallower potentials and
are metal-poor compared to massive galaxies. As a result, many of them lack
prominent spiral arms and bars, which are the main global disk instabilities. These
instabilities can make dense molecular clouds settle in either the spiral arms or
bar ends. The lack of such instabilities makes SF spread all over the galaxies
(Elmegreen et al. 1996). Hence, we expect different star forming properties in
low-mass systems than in massive galaxies. The only dwarfs that have prominent
spiral arms are the dwarf spirals, but they are at most Sd and Sm types. They

lack grand spirals and instead have flocculent spiral arms.

In this subsection, We will compare our properties with previous studies of the
massive galaxies studied using UVIT so that there should not be any instrumental
bias. We are comparing with galaxies studied by Yadav et al. (2021), where mas-
sive XUV galaxies are analysed with a UVIT telescope. The SFCs are extracted

to compare their properties in the inner and outer regions. However, to compare
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the sizes of SFCs in the massive and dwarf galaxies, the galaxies should be at
comparable distances. Hence, we compared the sizes of SFCs of NGC 5474 with
NGC 628 and NGC 5457.

While comparing with NGC 628 and NGC 5457, we find that the smallest SFC
detected in NGC 5474 is of the order of 107° kpc?. And most of the SFCs are
between 10725 kpc? to 107! kpc?. The larger SFCs that we find in NGC 5474 are
of size 107%™ kpc?, whereas in massive galaxies, there are SFCs with sizes larger
than 10° kpc?. Hence, massive galaxies have SFCs with a larger range than dwarf
galaxies such as NGC 5474. They are generally larger in the centre, and they
become smaller as we go radially outwards. Some of our samples are farther than
these massive galaxies; still, we see that they have SFCs with sizes less than 1
kpc?. This result is consistent with previous studies. Elmegreen et al. (1996) that
had shown that large galaxies form large star-forming complexes that form OB
associations for a longer time, whereas dwarf galaxies form small complexes which,
in turn, form dense, bright associations for short periods. The reason for the small
SFC sizes in dwarfs could be low stellar density and shallower potential, which
does not support the formation of larger complexes, although the shear is more
for massive galaxies than dwarfs. The smallest complex detected in our sample is

from the nearest galaxy, NGC 6822, with an area of around 10=%5 kpc?.

We can also compare the found ¥(SFR) in our galaxy with that of massive spiral
galaxies. We see that dwarf spirals have a higher value of ¥(SFR) than massive
spirals from Yadav et al. (2021). Hence, the dwarf spirals have much more compact
SFCs. Another reason is that the SFR is not corrected for host galaxy extinction
in massive galaxies. Hence, the range of ¥(SFR) is similar to dwarf irregulars

where the environment for SF is completely different.

There are some studies, such as Elmegreen & Salzer (1999); Elmegreen et al.

(2014), which discuss the hierarchical structure of these complexes. According to
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them, large galaxies and LSB dwarfs have a tendency to form uniformly spread-
out complexes. The hierarchical structure is seen within these complexes, whereas
bright starburst dwarfs have very few large complexes with well-resolved hierar-

chical SF inside.

6.7 Conclusions

In this project, we used UVIT to study 16 star-forming dwarf galaxies and compare
the SF properties of the three SFDG types. This is done by extracting UV-bright
star-forming complexes and by analyzing their properties. Our main results are
summarised below:

1. Most of the sample dwarf spirals have flocculent spiral arms and extended UV
disks. Dwarf irregulars have clumpy SF and some ill-defined arms, whereas BCDs
have very compact star forming inner disks and outer LSB disks. This result is

consistent with the previous studies.

2. For most of the SFDGs in our sample, we have detected more FUV SFCs than
NUV SFCs. This could be due to the recent SF in these galaxies. Some Extended
UV galaxies (XUV) like NGC 5474 and NGC 2541 show high SF in sub-threshold
environments, and they have more outer disk complexes (beyond optical radius)

than inner disks where the stellar surface density is comparatively high.

3. Dwarf spirals have complexes with a higher area, ¥(SFR), and mass in the
inner arms, rings, and at the ends of the bars compared to other SFCs. In some
galaxies, it is higher even along the bar. The radial trends of these properties show
that the SFR decreases as we go radially outwards. Irregulars and BCDs have no
regular pattern in their radial trends. However, in general, outer complexes have

smaller sizes, lower X(SFR), and mass.



Chapter 6: Comparative FUV Study of SFDG Types 198

4. We find that interacting galaxies such as NGC 4618, NGC 5474, and NGC
6822 show an overall high ¥(SFR); they also show SF in their outer regions that
are triggered by interaction. These galaxies show radial trends different from non-

interacting galaxies.

5. We see that the lower limit for ¥(SFR) for SFCs of each type is different. Dwarf
spirals have a higher threshold or limit for 3(SFR) (0.0078 Moyr—!), and dwarf
irregulars have the least (0.0008 Myyr—!). But the mode of log(X(SFR)) for SFCs
is higher for BCD with the value -1.50 Mgyr~!. The mode of log(3(SFR)) for

1

SFCs of dwarf irregulars is lower than dwarf spirals, which are -2.09 Moyr—, and

-1.84 Moyr~! respectively.

6. SFDGs follow the SFMS with the slope and intercept as o = 0.899 4+ 0.087 and
B = —8.5940.75. This fit is shallower than LSB dwarfs and steeper than massive
galaxies, indicating recent high SF in them. The age of stellar disk formation is

found to be around 2-4 Gyr.

7. We find that the SFCs of SFDGs also follow the SFMS, but the slope « is
different for the different types. The mean slope of the SFMS for dwarf spirals
is 0.74. In comparison, dwarf irregulars and BCD have slopes of 0.87 and 0.8,

respectively. However, the age of SFCs approximately corresponds to 1 Gyr.

8. In the SFMS plots of mainly dwarf spirals, we find that the outer complexes
have higher specific star formation rates compared to the inner ones. This is
prominent in the interacting irregular galaxy NGC 6822. This implies that the SF
mechanisms in the inner and outer regions of galaxies are different, which supports

the inside-out evolution of galaxies. It is also different in different types of SFDGs.

9. Dwarf spirals have compact SFCs compared to massive galaxies. However, the

SFCs of massive galaxies have a larger range of sizes and X (SFR).
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Ultraviolet Properties of the
Ultra-Faint Dwarft Galaxy Leo T:
Insights from UVIT Observations

7.1 Introduction

UFDGs are generally composed of older stellar populations and exhibit a CMD
that is similar to that of globular clusters. Many of the satellite galaxies around
our own Galaxy are UFDGs and do not show signs of recent SF. However, Leo
T, which is a nearby satellite galaxy, is an exception as it shows signatures of
intermediate and even recent SF. Hence, Leo T is located at the bright end of the
MW UFDG galaxy distribution, with a brightness of M, = —8. It is considered
to be a transitional galaxy, having properties of both dwarf spheroidal galaxies

(dSph) and UFDGs. Leo T is at a distance of 407732 kpc (Clementini et al. 2012),

199
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and has a stellar mass of 2 x 10° My, (de Jong et al. 2008). However, deep HI
observation has revealed that the galaxy is gas-dominated, with a gas mass that
is twice that of the stellar mass, and is 4 x 10° My (Adams & Oosterloo 2018).
Hence, Leo T is one of the faintest star-forming, gas-rich galaxies. Such features

are more commonly associated with dwarf irregular galaxies (Amrutha et al. 2024;

Hunter et al. 2012).

Several studies have investigated the SFH of Leo T (Irwin et al. 2007; de Jong
et al. 2008; Weisz et al. 2012; Clementini et al. 2012). Investigations using optical
photometry from HST (Weisz et al. 2012; Clementini et al. 2012) have identified
multiple episodes of SF in this galaxy. Overall, there is a marked absence of
ongoing massive SF in Leo T. While 50% of the stellar population formed before
7 Gyr and forms a relatively old population, there is also a younger population
that has an age of less than 500 Myr. Some SF activity at early epochs between
10 to 13 Gyr has also been detected, but with lesser SF rates than later episodes.

HI studies in Leo T have decomposed neutral gas as cold-neutral medium (CNM)
and warm neutral medium (WNM) (Ryan-Weber et al. 2008; Adams & Oost-
erloo 2018). MUSE IFU studies show that the low velocity dispersion (o =
2.31 1% kms™!; Vaz, Daniel et al. 2023) of younger stars is in good agreement
with a CNM. A recent study by Villanueva et al. (2025) revealed the presence of
molecular hydrogen near the center of Leo T with 1.4 4 0.4 x 10* M, which is 3%

of the total gas mass of this galaxy.

The inner region exhibits very minimal Ha emission (Vaz, Daniel et al. 2023) and
some UV emission (Donovan Meyer et al. 2015), both of which usually originate
from massive stars. However, MUSE observations confirm that the Ha-emitting
stars are associated with fast-rotating Be stars rather than massive stars, such as
O or early B type stars (Vaz, Daniel et al. 2023). Thus, the mechanism of SF in

Leo T is very different from that in typical disk galaxies. Given its exceptionally
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low stellar surface density and correspondingly weak self-gravity, understanding
the origin of the observed UV emission in such an extreme, faint system presents

a compelling astrophysical puzzle.

In this study, we utilize UVIT FUV observations to extract UV SFCs and char-
acterize them. We also utilize the MUSE IFU from (Vaz, Daniel et al. 2023) and
the publicly available HST photometric catalog from (Weisz et al. 2012) to gain
insights into the UV-emitting population in such extreme environments. We then

compare our findings with those of previous studies.

7.2 Observations

Leo T is part of the MUSE Faint survey (Zoutendijk, Sebastiaan L. et al. 2020),
a MUSE GTO survey of UFDGs galaxies (PI Brinchmann). The details of the

MUSE observations and the data reduction of this galaxy are described in Vaz,
Daniel et al. (2023).

We observed Leo T in the FUV band using the UVIT on board ASTROSAT
(Kumar et al. 2012). This galaxy is observed in filter F148W Apean—1481 A,
AX=500 A). The exposure time of this data is around 13.8 ks. We downloaded
the raw level 1 data from ISSDC and reduced it using the graphical user interface,
CCDLAB (Postma & Leahy 2017, 2021). We also used archival FUV and NUV
data from GALEX (Martin et al. 2005), which has a spatial resolution around 5”.

We use an archival Dark Energy Camera Legacy Survey (DECaLS) r-band image.
The Dark Energy Camera (DECam; Flaugher et al. (2015)) is mounted on the

Blanco 4-meter telescope, located at the Cerro Tololo Inter-American Observatory
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FiGURE A.1: The background image is the UVIT FUV image of Leo T. The
optical center is marked as a black cross. The red ellipses are the extracted FUV
SFCs. The black contours represent HI intensity contours from deep Westerbork
Synthesis Radio Telescope observations (Adams & Oosterloo 2018), ranging from
5%, 10% to 90% of the peak flux with a step size of 10%. The peak HI column
density is 4.2 x1072%cm=2. The green polygon is an HST FOV (Weisz et al.
2012), and the blue one is MUSE FOV (Vaz, Daniel et al. 2023). The black
dashed circle is the FOV of Atacama Compact Array, and brown circles are the
molecular cloud locations as mentioned in Villanueva et al. (2025).

(CTIO). It has a FOV of 3.2 square degrees and a median resolution of around
1.27.

The HI emission extent and the confinement of UV clusters can be seen in Figure
A.1. The plotted HI intensity contours are from deep Westerbork Synthesis Radio
Telescope observations (Adams & Oosterloo 2018). This figure also compares the
HST and MUSE FOV with the total HI and FUV extent of Leo T.
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7.3 UV Star forming Clusters

We performed background subtraction of the science-ready UVIT-FUV image us-
ing IRAF (Tody 1993), as mentioned in Amrutha et al. (2024). We used SExtrac-
tor (Bertin & Arnouts 1996) to extract the UV Star-forming Clusters (SFCs) from
the FUV image with a detection threshold of 2 o, where o is the estimated global
background noise of the FUV image. We set a low threshold as there is no faint
diffuse UV emission associated with this galaxy. We had set the minimum area to
10 pixels. We masked the foreground sources by comparing the extracted SFCs
with the Gaia sources using TOPCAT (Taylor 2005). We also masked background
extended sources by comparing the UVIT field with the optical SDSS field. We
extracted 30 FUV SFCs in Leo T. Extracted SFCs are shown with red ellipses
in Figure A.1. We get the position and the ellipse parameters of SFCs from the
SExtractor.

7.3.1 Extent of UV SFCs in Leo T

We examined the distribution of UV SFCs with respect to HI extent. In Figure
A.1, we can clearly see that most of the UV SFCs are clustered near the optical
center (R.A. = 143.722500 deg, Dec. = 17.051389). 70% of SFCs are within the
half light radius Ry /=115 pc (Wolf et al. 2010). HI extent of the galaxy is around
400pc, which is nearly 4 times Ry /5 (Adams & Oosterloo 2018). The SFCs, which
are far from the center, lie generally to the south or east of the optical and HI

centers. The distribution can be seen in the Figure A.2.
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FIGURE A.2: Distribution of SFCs along the galactocentric radius. Vertical
blue and red lines are half light radius R;/,=115 pc (Wolf et al. 2010) and HI
extent of the galaxy (400pc; Adams & Oosterloo (2018)).

7.3.2 Properties of UV Star forming Clusters

Radius: We can resolve star clusters above the size of 2.37 pc (blue dashed line in
Figure A.3), which corresponds to UVIT resolution 1.2” at the distance of 409 kpc.
The radii of SFCs in Leo T are above this limit. This scale corresponds to the scale
of bound star clusters (Elmegreen et al. 2014). Hence, the SFCs may have more
than one star that emits in FUV. We see in Figure A.3 that the median radius of
SFCs is approximately 4.4 pc (black solid line). There is not much difference in

size as we go from the inner region to the outer region of the galaxy:.

Luminosity: We found the total counts within the SFCs and corrected for Milky
Way extinction (Schlafly & Finkbeiner 2011) for the FUV image. Based on de-
tection in WISE imaging, the galaxy shows negligible dust (Donovan Meyer et al.
2015). Hence, we did not correct for internal extinction. We converted counts per
second to flux using the conversion factor from Tandon et al. (2020). The FUV
luminosity of these SFCs is distributed between 10%* ergs™! to 103¢ ergs~!. By
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FIGURE A.3: The background image is the UVIT FUV image of Leo T. The
black contours are the HI intensity contours (Adams & Oosterloo 2018). The
image shows how X(SFR) and the radius of SFCs are distributed in the galaxy.
The image also shows the SFC radii and ¥(SFR) histograms. The black solid
lines are the median values. The dashed blue line in the SFC radii histogram is
the resolution limit, and in the ¥(SFR) histogram, it is the lower ¥(SFR) limit
for dwarf irregular galaxies in Amrutha et al. (2024).
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FIGURE A.4: Histogram of FUV luminosity of SFCs. The black solid line is the
median value.

using Castelli & Kurucz (2004) model, Amrutha & Das (2025) found the FUV
and NUV luminosities for massive O and B stars. UV luminosity corresponding

1

to a massive B star is above 10%¢ ergs™'. Hence, we can confirm that there are

no massive OB stars in Leo T. The median luminosity corresponding to the SFCs
is around 10%>16 ergs=!. The distribution of FUV luminosity of SFCs is shown in

Figure A 4.

Star formation rate density: We calculated the FUV star formation rate (SFR)

for the SFCs using the relation,
SFRpyv = 0.68 x 107 x Lgyy (7.1)

where Lpyy is the extinction corrected FUV luminosity in ergs *Hz=!. This
relation is from Salim et al. (2007) for sub-solar metallicity and Chabrier IMF
(Chabrier 2003).

The SFR density 3(SFR) of these SFCs is between 10729 to 1073Mgyr~tkpc=2.



Chapter 7: UV Properties of the Ultra-Faint Dwarf Galaxy Leo T 207

We compare these values with the ¥(SFR) of SFCs in SFDGs, primarily dwarf
irregulars. In Amrutha et al. (2024), it is shown that the ¥(SFR) of dwarf irreg-
ulars is very much lower than dwarf spirals and BCDs, with 107%% Mgyr~tkpc—2
as the lowest value of ¥(SFR). Even the highest 3(SFR) measured for the Leo
T SFCs falls below this value, highlighting the exceptionally inefficient star for-

mation occurring in this low-mass satellite galaxy. Such low values are consistent

with the stellar surface densities of Leo T compared to that of SFDGs.

7.4 Possible UV-emitting stars in Leo T

7.4.1 Cross-matching with HST catalog

Weisz et al. (2012) catalog provides the HST photometric properties of well-
measured stars. The catalog provides information on the positions of stars, as
well as their magnitudes in the F814W and F606W filters, along with their as-
sociated errors. We cross-matched our FUV clusters with the HST stars. The
catalogue of UV clusters, associated HST stars, and their age is given in the Table
7.1. We had 22 out of 30 UV SFCs in the HST FOV, but we only identified pos-
sible UV stars for 19 SFCs. This is because of the few UV clusters located in the
HST region, with incomplete HST coverage associated with the combination of
the two HST fields used to construct the mosaic. One of three SFCs has a bright
MUSE counterpart (UV source 15 in Table 7.1), but not HST.

We plotted all the associated HST stars in a CMD to find the possible FUV-
emitting stars. We fitted isochrones of different ages from 10 Gyr to 150 Myr.
We used Padova’s set of stellar evolution models and took parameters from Weisz
et al. (2012). However, we fixed the metallicity value as [M/H|=-1.6 (Vaz, Daniel
et al. 2023). We removed all the stars with F814W > 25.5 and F606W-F814W >
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0.5, as these are the faintest and reddest stars, which are the least likely to emit

UV. The CMD with possible UV-emitting HST stars is shown in Figure A.5.

We compared the associated HST stars with Weisz et al. (2012) and Clementini
et al. (2012) to classify them. We identified that the UV-emitting clusters contain
Blue loop (BL) stars, Upper and lower Main sequence (MS) stars, and some Hor-
izontal Branch (HB) stars. We find that 79% (15 out of 19) of FUV clusters have
a single UV-emitting star. There are 5 BL stars and 9 SFCs that have upper-MS
stars (including 3 emission line stars, discussed in the next section). Also, 7 SFCs
have low-MS stars. However, 3 of them are accompanied by upper-MS stars. We
find that 95% of the SFCs have ages less than 1 Gyr, out of which 11 SFCs have
stars younger than 500 Myr, out of which only 2 SFCs have stars of age less than
200 Myr. The UV SFCs at the HI centre have 2 HB stars, which have an age of
around 2 Gyr.

7.4.2 Cross-matching with MUSE sources

From MUSE IFU analysis, Vaz, Daniel et al. (2023) identified 58 stars. Out of
which, 20 stars were identified with age <1 Gyr. We cross-matched UV SFCs with
58 stars and again with the HST catalog. Only 6 stars have the UV emission. Four
out of 6 stars are classified as upper MS stars when compared with HST. Three of
the FUV-emitting MUSE sources are Ha-emitting stars, also known as emission
line stars (EL stars). These three stars are Be stars (Vaz, Daniel et al. 2023).
There is one BL and one lower MS star that has an associated MUSE star. The
upper age limit for 1 MUSE star is around a Gyr, and 4 stars have 500 Myr, and
only one is younger than 150 Myr.
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TABLE 7.1: Properties of UV Star-forming Complexes
Index UV RA UV Dec Area S(SFRruv) HST RA HST Dec  Color F814W Age MUSE RA  MUSE Dec Star
fdeg] [egl  [107kpe?] (107 [deg] [deg] mag] [Gy]  [deg] g Type
[Meyr~'kpe~?]
1 143.7170179  17.05982212 4.66 0.22 £0.003  143.7167917 17.05961111 -0.016 23.637 <0.5 Up MS
2 143.7280098  17.05983809 8.17 0.32 £ 0.003 143.72775  17.05963889 -0.01 22,965 <0.5 143.7279075 17.05968746 EL
3 143.7210927 17.05832311 8.38 0.21 + 0.002 143.72125  17.05883333 -0.041 24.484 <0.5 Low MS
3 143.7207083  17.05805556 -0.008 23.587 <0.5 Up MS
4 143.7212312  17.05740724 4.39 0.24 £0.003  143.7210833 17.05727778 0.001 24.638 <1 Low MS
5 143.721749  17.05654516 5.59 0.46 £ 0.005  143.7214167 17.05633333 0.051  21.45 <0.5 BL
6 143.7213978  17.05599662 6.3 0.45 £ 0.004 143.721125  17.05572222 -0.047 22.7 <0.5 143.7212683 17.05580793 EL
7 143.7181246 17.05682249 12.53 0.45 £ 0.004
8 143.7183826 17.05591634 8.75 0.38 + 0.004 143.718125  17.05577778 0.048  25.257 <0.2 Low MS
8 143.7179167 17.05658333 -0.117 23.459 <0.2 Up MS
8 143.7182083 17.05547222 -0.058 23.994 <0.5 Up MS
9 143.7169908  17.05652612 5.24 0.25 £ 0.003
10 143.7224884 17.05460462 6.47 0.23 £ 0.003 143.722875  17.05427778 0.076  23.97 <1 Up MS
11 143.714962  17.05349263 6.55 0.22 £0.002  143.7147917 17.05333333 -0.01  23.539 <0.5 143.7148875 17.05338229 Up MS
12 143.7112194  17.05275168 1.83 0.28 £ 0.005  143.7109167 17.05266667 0.008  23.93 <1 Up MS
13 143.728043  17.05263533 3.02 0.26 £ 0.003 143.727875  17.05233333 -0.004 24.699 <1 Low MS
13 143.7277917 17.0525 -0.096 2347  <0.2 143.7280032 17.0524698  Up MS
14 143.7183057  17.05225203 10.21 0.34 £ 0.003  143.7180417 17.05219444 0.102 21.101 <0.5 143.7181491 17.05218401 BL
15 143.7195777 17.05195244 10.5 0.46 £ 0.004  143.7202083 17.05186111 0.037  25.288 <1 Low MS
15 143.719469  17.05177861 EL
16 143.7236156  17.04707352 5.26 0.27 £ 0.003 143.7235 17.04752778  0.092  25.517 <1 Low MS
17 143.716462  17.04451533 2.8 0.23 £ 0.003
18 143.7174775  17.04187339 6.14 0.13 £ 0.002 143.717375  17.04166667  0.09 24.81 <1 Low MS
19 143.7364467 17.04155411 10.41 0.25 £ 0.002  143.7361667 17.04138889 0.037 21.506 <0.5 BL
20 143.7238222 17.04037914 5.85 0.22 £ 0.002 143.723625 17.04033333  0.12  23.562 <2 HB
20 143.723875  17.04022222 0.219  22.655 <2 HB
21 143.7149312  17.03878537 11.32 0.3 £ 0.003  143.7146667 17.03872222 0.024 20.901 <0.5 BL
22 143.7162566 17.03417653 9.86 0.41 £0.004  143.7159583 17.03405556 0.037 21.336 <0.5 BL
23 143.7280064  17.018557 2.79 0.25 £ 0.004
24 143.7431595 17.01691507 1.53 0.27 &£ 0.006
25 143.7097425  17.0235024 6.52 0.46 £ 0.004
26 143.7035042 17.01977132 7.68 0.27 £ 0.003
27 143.7682088 17.03541104 4.12 0.20 £ 0.003
28 143.7434459  17.04014448 4.37 0.20 £ 0.003
29 143.7564737 17.04766672 2.76 0.20 &£ 0.003
30 143.7186868  17.05293903 4.15 0.34 £ 0.004

Note: UV RA, UV Dec, and Area are SFC parameters obtained using SExtractor for the FUV SFCs. X(SFRpyv)
is estimated FUV star formation rate density. HST RA, HST Dec, color (F606W-F814W), and magnitude

F814W are the stellar parameters from the HST catalog Weisz et al. (2012) for cross-matched stars. Age is the
age of HST stars. Age and Star types are inferred from the CMD (See Figure A.5). MUSE RA and MUSE dec

are stellar parameters of cross-matched stars from Vaz, Daniel et al. (2023).
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FIGURE A.5: The deep HST/WFPC2 CMD of Leo T with select Padova
isochrones for UV sources. Isochrones of different colors represent different ages,
and markers of different colors represent different populations.

7.4.3 Distribution of UV-emitting stars in Leo T

We can infer the propagation of SF by examining the distribution of stellar popu-
lations of different ages. We examined how different types of stars are distributed
in Leo T with respect to the optical and HI centers. As seen in Figure A.2, most of
the UV SFCs are present near the optical center. When we examined the type of
stars we have identified, we found that all the upper-MS and EL stars lie near the
optical center. There is one BL and a few lower-MS stars present in that region.

However, as we move south, around the HI center, we find HB, BL, and a few
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lower-MS stars. This indicates the recent episodes of SF are mainly localized to

areas that lie towards the optical center. This distribution is shown in Figure A.6.

Next, we examined the physical properties of the UV-selected SFCs hosting differ-
ent stellar populations. We find that the SFCs containing both EL stars and lower
MS stars, as well as SFCs hosting BL stars, generally exhibit the largest areas and
highest UV luminosities. The SFCs containing only EL stars show slightly lower

luminosities and smaller areas compared to those with BL stars. Interestingly,
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SFCs containing only lower-MS stars and those containing upper-MS stars dis-
play comparable areas and luminosities. Nevertheless, one SFC containing only
upper-MS stars and another containing both upper- and lower-MS stars exhibit
exceptionally low luminosities and small areas; this is puzzling and requires more
attention. The SFCs containing two HB stars exhibit area and luminosity distri-
butions similar to those of upper- and lower-MS SFCs. The distribution of these

properties as a function of stellar content is shown in Figure A.7.

The larger sizes and higher UV luminosities of BLL and EL containing SFCs are
consistent with relatively recent or prolonged SF activity. The similarity in prop-
erties between upper- and lower-MS SFCs suggests that UV emission in these
systems is not dominated by a single evolutionary phase. The mild UV excess ob-
served within some UVIT apertures containing lower-MS stars may also arise from
additional unresolved stellar populations, particularly in regions that fall within
gaps in the HST mosaic coverage. Although we consider UV SFCs detected as
the extended sources, as their radius is of the order of a few pc. When compared
with HST or MUSE, we see that most of the UV SFCs have a single possible
UV-emitting star. However, additional lower-mass or older stellar members may
be present within the UVIT aperture but contribute little to the FUV emission
or remain below the HST detection threshold for young UV-bright stars. This
uncertainty of whether the UV source is a star or a cluster of stars may arise from
instrumental and analysis-related effects, including UVIT-HST resolution mis-
match, spatial variations in UV depth, astrometric uncertainties, and CMD-based
stellar classification. In particular, unresolved UV blends and incompleteness in
the resolved stellar catalog may lead to UV excess in SFCs classified as lower-MS
dominated, while background subtraction and aperture definition can suppress UV
luminosities in compact SFCs. This also creates a large scatter in the properties

of UV SFCs containing a specific type of star, as shown in Fig. A.7.

This scatter in properties of UV SFCs makes it difficult to characterize the other



Chapter 7: UV Properties of the Ultra-Faint Dwarf Galaxy Leo T 213

L 2
35.6 a
+ ]
w
5 35.4 a
>
L +
53221 % A
:“.j [
935.0( * A
A +
34.8
*
Up MS low MS low+Up BL EM low+EM HB
a0/ ] .
¥
&
O —4.21 ® A
£ A . ¢
E,.* A
I 44
(@)
o +*
-4.61
®*
Up MS low MS low+Up BL EM low+EM HB
Stars in SFC

FIGURE A.7: FUV Luminosity (Top panel) and Area distribution of SFCs with
respect to the type of star present in it. The star and triangular markers rep-
resent SFC with Upper MS and Lower MS, respectively. '+’ marker represents
SFC containing both lower and upper MS. BL. and HB have square and circular

markers, respectively. Whereas SFCs with cross and diamond markers have EL
and both EL and lower MS stars.

outer SFCs. However, by comparing the properties of SFCs without UV Star
information with those that are characterized, we can give an idea of what these
sources might be. In the Table. 7.1, most of the outer SFCs have luminosities
similar to those of MS or HB stars. Only two SFCs have high luminosity similar to

BL and EL. This again indicates that most outer SFCs are likely low-mass stars.
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7.5 Radial Profiles of Young and Old Stellar Pop-

ulation Tracers

We plotted the radial variation of GALEX FUV, NUV, and DECaLS r-band mag-
nitudes to investigate the spatial distribution of the younger and older stellar
populations in Leo T. This is shown in Fig. A.8. We used GALEX FUV and
NUV data, as UVIT does not have NUV observations for Leo T. Both the FUV
and NUV surface brightness profiles exhibit a strong decline with increasing galac-
tocentric radius, fading by approximately 5 mag between 100 and 270 pc. The
FUV profile shows larger fluctuations and a slightly steeper decline than the NUV
profile, suggesting that the youngest stellar populations are more centrally con-
centrated and that the FUV emission is spatially patchier. The r-band profile
follows a similar overall trend but declines by only ~ 2 mag. This shallower gra-
dient indicates that the older stellar population is more extended than the young
UV-emitting component. The slight upturn is seen in the outermost radial bin of
both the FUV and r bands is likely due to low signal-to-noise measurements at

large radii.

FUV emission can come from both the younger and evolved populations. It is
important to see what kind of population dominates the FUV emission, for a galaxy
whose 50 % of stars formed 7 Gyr before. Therefore, we examined radial variation
of NUV —r over the galaxy. This is shown in the bottom panel of Fig. A.8. A
NUV —r < 4 indicates that most of the FUV emission are generally dominated by
stellar populations younger than ~1 Gyr (Salim et al. 2005; Kaviraj et al. 2007;
Renu et al. 2025). Our radial trend also falls within this value till 189 pc, indicating
that FUV emission over Leo T is dominated by a younger population. (Kaviraj
et al. 2007) also shows that for NUV — r > 5.5, the emission traces the UV upturn
from older populations. Beyond a radius of 225 pc, we observed that NUV —r

> 5.5, suggesting a transition to an older stellar population and a diminishing
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contribution from recent star formation.

Although the NUV —r color has been extensively used to distinguish between
young and old stellar populations in more massive galaxies, its interpretation in
an extremely low-mass galaxy such as Leo T should be treated with caution owing
to its low metallicity, stochastic star formation history, and low stellar mass. Con-
sequently, the radii identified using these empirical NUV — r thresholds should be
regarded as approximate indicators of changes in the dominant stellar population,

rather than definitive boundaries.

7.6 Indications of Leo T infall into the MW from
uv

Leo T is the lowest-mass galaxy known to have retained its gas. This may be
explained if the galaxy is undergoing its first infall into the MW (Rocha et al.
2013), or if it is a wide-orbit backsplash dwarf that has experienced only minimal
interaction with the MW in the past (Blana et al. 2020, 2024). Leo T exhibits
offsets between its gas and stellar components (Adams & Oosterloo 2018), as well
as evidence of recent star formation in an extremely low-density and low-metallicity
environment (de Jong et al. 2008; Weisz et al. 2012; Vaz, Daniel et al. 2023). In
addition to possible environmental interactions, Blana et al. (2024) showed that the
observed offsets may also be influenced by the internal dynamical evolution of an
initially displaced young stellar population oscillating within an extended cored
dark-matter halo. This younger stellar population, which also includes evolved
stars, emits in the UV, allowing us to constrain and characterise the UV-emitting

stellar populations of Leo T.
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The FUV observations cover the full extent of the galaxy’s H I distribution, en-
abling us to examine the spatial relationship between FUV-bright stars or clusters
and the neutral gas. The presence of an extended H I disk, together with a faint
gaseous feature to the north, may be consistent with the effects of ram pressure,
with the northern feature potentially representing trailing or displaced gas (Blana
et al. 2024). Although most SFCs are located close to the optical centre and slightly
north of it, the southern distribution extends to larger galactocentric distances.
Previous studies have also reported asymmetric H I morphology, with enhanced
gas density towards the south and a compressed edge towards the west (Adams &
Oosterloo 2018; Blana et al. 2020). These complex gas and stellar morphologies
may reflect a combination of environmental effects, such as ram pressure, and in-
ternal dynamical processes (Blana et al. 2024). The faint northern H I extension
may trace stripped or displaced material where the gas density is insufficient to
sustain star formation. However, the absence of O- and B-type stars may indicate
that recent star formation has been suppressed (Vaz, Daniel et al. 2023). Alterna-
tively, the deficit of massive stars could reflect a truncated high-mass initial mass

function (IMF) or stochastic sampling of the IMF (Weisz et al. 2012).

7.7 The Star Formation Rate and Star Formation

Efficiency in Leo T

7.7.1 Leo T Star Formation Rate

Ha and UV emission trace star formation over different timescales. Ha primar-
ily traces the instantaneous star formation rate over the past ~10 Myr, whereas
UV emission is sensitive to star formation over longer timescales of up to a few

hundred Myr (Bell & Kennicutt 2001; Iglesias-Paramo et al. 2004; Salim et al.
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2007). From the analysis presented in Section 7.4.1 and Table 7.1, we find that
several UV-emitting stellar populations in Leo T have ages exceeding 500 Myr.
Consequently, the UV luminosity may contain contributions from stars that are
significantly older than those responsible for the Ha emission, leading to system-
atically higher UV-derived SFRs. This discrepancy is expected to be particularly
pronounced in low-mass galaxies such as Leo T. At very low star formation rates,
stochastic sampling of the upper end of the initial mass function can result in a
deficit of massive O stars, suppressing the Ha luminosity while leaving the UV
emission relatively unaffected. In addition, leakage of Lyman continuum photons
can further reduce the observed Ha flux and lead to an underestimate of the Ha-
derived SFR (Lee et al. 2009). Therefore, direct comparisons between UV- and
Ha-based SFRs should be interpreted with caution, as the two tracers probe dif-
ferent stellar populations and timescales. In this section, we estimate the upper
limit of UV-derived SFR of Leo T and compare it with previous measurements
based on other star formation tracers. Any differences between these estimates
provide insight into the recent star formation history and the stochastic nature of

star formation in this extremely low-mass galaxy.

Leo T shows very minimal Ha emission. Using the small MUSE FOV, the up-
per limit of Ha 3X(SFR) is less than 10°Mgyr~'kpc™2 (Vaz, Daniel et al. 2023).
We derived 3(SFR) within the effective radius (115 pc; Wolf et al. (2010)) and
also until the radius of the last UV-detected SFC (at 325 pc). The values are
5x10°Mgyr tkpe2 and 1.3x 10 *Myyr~tkpc =2 respectively. The X (SFR) within
the effective radius is 5 times larger than the MUSE study (Vaz, Daniel et al. 2023).
However, ¥(SFR) for the full extent is larger than the ¥(SFR) within the effec-
tive radius, which indicates that there is significant SF in the outer disk, since
the X(SFR) is larger. Still, this value is less than X(SFR) = 107Myyr'kpc~2,
which was derived using the SFHs obtained from stellar population models (Weisz
et al. 2012). The observational £(SFR) for Leo T is at the lower end of X(SFR)
of extremely metal-poor dwarfs (Filho et al. 2016). The UV SFCs have larger
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Y (SFR) compared to the integrated 3(SFR); but this is due to the compact size
of the SFCs.

Although there is no gradient in the sizes of the SFCs as we go from a high-
density to lower-density regions, the 3(SFR) is larger for the SFCs lying close to
the optical center and generally lower towards the outer radius. This shows that
to form stars efficiently (even if there is a SF trigger), both the stellar and gas

surface densities must be high.

7.7.2 Correlation with molecular hydrogen and star forma-

tion efficiency

Villanueva et al. (2025) reported the first detection of CO(1-0) emission in Leo
T and identified three regions with high signal-to-noise ratios. The locations of
these regions are shown as brown circles in Figure A.1. No UV SFCs are de-
tected within these CO-bright regions. However, diffuse UV emission arising from
unresolved stellar populations can contribute to the UV emission within the aper-
ture, but may not be associated with any compact SFCs. We measured the UV
emission within the CO apertures and derived the corresponding upper limit of
SFRs. The SFRs, molecular gas masses, and resulting SFEs are listed in Table 7.2.
The mean values of log(SFR/Mg, yr™') and log(SFE/yr=!) are -8.76 and -12.48,
respectively, indicating extremely low SF activity and low efficiency in all three
regions. Alternatively, the SF may have already faded below UV detectability.
Another possibility is that the CO-bright region is expected to have significant
internal extinction, rendering any UV emission invisible. Therefore, the absence
of detected UV SFCs within the CO-bright regions should not be interpreted as
evidence for the absence of recent star formation. These low SFRs and SFEs are
also consistent with stochastic SF, where gas can remain molecular for long pe-

riods without forming stars in UFDGs. Hence, longer gas depletion times and
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TABLE 7.2: Physical quantities of the CO clouds in Leo T.

Cloud I'co Mmol SFRFUV SFE
position  [arcsec]  [10° Mg] [1072 Mgyr~!] [107Byr™!|

N 5.7+ 025 4614 096 £0.08 2.08 £ 0.66
W 6.2+08 H50x16 1.53=£0.08 3.06=x0.99
S 71+£023 49£15 274008 559 +1.71

Note: Parameters- cloud radius rco, mass of molecular gas M, are from
Villanueva et al. (2025). SFRpyy and SFE are estimated FUV star formation

rate and star formation efficiency.

inefficient collapse of molecular clouds. Among the three clouds, the southern CO
region exhibits a higher SFE compared to the other two regions. This region is
also located farther from the UV SFCs and the optical centre of the galaxy. This
region could be influenced by external processes, making it slightly distinct from

the central regions.

7.8 Summary

In this work, we present UVIT FUV observations of the MW satellite galaxy Leo
T, which is a gas-rich UFDG showing signs of recent SF. Utilizing high resolution
and larger FOV of UVIT, we extracted and examined the properties of UV SFCs
from this galaxy and compared them with HST and MUSE to know the possible
UV emitting stellar populations. Our study offers new insights into the process of
SF in extremely low-mass and low-metallicity environments. Our main results of

this work are summarised below:
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1. The UV-emitting SFCs in Leo T are distributed out to a radius of 300 pc.
However, 70 % of the SFCs are within the half-light radius (R;/,=115pc).

2. The UV luminosity of the UV-emitting SFCs is less than the UV luminosity of
massive O and B stars. This confirms previous results in the literature that there
are no massive O and B stars in Leo T. This constrains the recent SF to at least

30 Myr ago.

3. The 3(SFR) of the SFCs of Leo T is less than the ¥(SFR) of the SFCs in
SFDGs.

4. We cross-matched the FUV-emitting SFCs with the HST and MUSE stellar pop-
ulation catalogs and identified the possible UV-emitting stars. The UV-emitting
stars in Leo T are Upper-MS, Lower-MS, BL, HB, and EL stars.

5. The Upper-MS and EL stars are concentrated within the optical radius. Whereas
the lower-MS and BL stars have a larger distribution within the disk of Leo T.

6. We find that the SFCs with BL and EL stars are generally distributed, have
larger radii, and have luminosities comparable to the other SFCs. Interestingly,
the SFCs with upper and lower MS have similar properties, suggesting some un-
certainty due to UVIT-HST resolution mismatch, spatial variations in UV depth,

astrometric uncertainties, and CMD-based stellar classification.

7. Leo T has an (NUV —r) colour profile that indicates that the UV emission is
dominated by stellar populations younger than 1 Gyr out to a radius of ~ 189 pc,

beyond which emission is dominated by older populations.

8. The UV SFCs are concentrated around the optical center and have extended

south of the optical radius, suggesting a directional interaction with the MW’s
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halo.

9. Leo T has very low X(SFR), which is below 10™*Mgyr~'pc=2. When compared
with CO clouds from Villanueva et al. (2025), we do not detect any FUV emission
associated with it. Hence, the SFE is also very low. The southern CO region
exhibits a higher SFE compared to the other regions, which indicates that it could

be influenced by external processes.



Chapter 8

Conclusions & Future Work

8.1 Summary and Conclusions

This thesis is aimed at understanding how star formation varies across different
galactic environments, which is a fundamental question in galaxy evolution. We
investigated the physical processes that regulate extragalactic star formation and
how local interstellar conditions, including the radiation field and gas properties,
influence it. Additionally, we examined how star formation influences the ISM of
the galaxy. This chapter summarises our main results from the thesis and presents

conclusions. We also outline the future plans that require investigation.

223
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Constraining the High-Mass End of the IMF in Star-forming

Regions of a Massive Galaxy

Chapter 3 highlights a new observational approach to probe the high-mass end of
the IMF at sub-kiloparsec resolution using UVIT-UV and MUSE-Ha observations
in the inner disk of NGC 628. We classified the SFCs as arms, spur, and interarm
SFCs and investigated whether there is any variation in their properties across the
different regions of the galaxy. Assuming that the Ha emission primarily comes
from O stars, whereas FUV emission arises from O (M > 21Mg) and massive B0
stars (M > 10M), and NUV emission arises from O, B0, and low mass B1 stars
(M < 10Mg), we estimated the approximate numbers of O, B0 and Bl stars for
each SFC. We obtained the high mass end of the IMF slopes or index, o and as,

from the ratios of O stars to BO stars and B0 to B1 stars, respectively.

Our study shows that the IMF is top-light even in the inner regions of a massive
galaxy. The high-mass IMF index as has a mean slope of 2.64 + 0.14, consistent
across various combinations of O-type populations considered. Hence, ay is the
reliable IMF index. We consider the IMF index of the arms and spurs SFCs shows
minimal variation (< £0.2). We also found evidence that the high-mass IMF index
ag correlates with the local star-formation rate surface density, UV colour, and
even gas density obtained from ALMA. This suggests that massive star formation
is not strictly universal but may depend on the ambient conditions of the inter-
stellar medium. This pilot method provides a foundation for applying consistent

IMF diagnostics to a larger sample of galaxies that have multiwavelength data.
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PAH Emission and Star Formation

Chapter 4 examines PAH molecules as tracers of star formation using PHANGS-
JWST imaging of NGC 628. We analyzed the relationship between PAH emission
features (F335M, F770W, F1130W) and classical star-formation indicators, such
as FUV, NUV, and Ha. By calculating PAH ratios, we explored how PAH proper-
ties, such as size and charge, vary with the local IMF slope. Our findings indicate
that smaller and ionized PAH fractions increase with a top-heavy IMF and younger
stellar populations. We also investigated bubble regions, particularly the Phantom
void, finding that NUV-only emissions are concentrated there. Two SFCs in this
region displayed a top-heavy IMF due to gas accumulation from feedback mecha-
nisms. At the same time, an SFC near an elongated bubble exhibited a top-light

IMF, indicating a gas shear influence.

Quantifying Galaxy Structure Across Scales

Chapter 5 discusses the development of a methodology using ordinal pattern
analysis to quantify multiscale complexity in galaxy morphology. Applied to a
multi-wavelength data set, including UVIT, JWST, and ALMA images of NGC
628, this statistical framework establishes a new quantitative connection between
the observed morphological structure and underlying physical processes, includ-
ing turbulence and galactic dynamics. This technique offers a promising avenue
for systematically comparing galactic environments using a statistical framework,
complementing more traditional photometric or spectral diagnostics. Our results
reveal a characteristic scale of approximately 196 parsecs, indicating the tran-
sition from small-scale structures influenced by turbulence to larger-scale mor-

phology governed by the galaxy dynamics. This convergence suggests a universal
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statistical behavior in large-scale galactic structure, despite the differing physical

processes at each wavelength.

Star Formation in Dwarf Galaxies

Chapter 6 focuses on the study of star formation in 16 SFDGs using UVIT FUV
imaging. In this project, we classified SFDGs morphologically - Dwarf spirals,
Dwarf irregulars, and BCDs. We derived spatially resolved SFRs, stellar masses,
and SFMS relations, revealing environmental and morphological dependencies in
the low-mass regime. We found that the lower ¥ (SFR) for each type is distinct,
with dwarf irregulars exhibiting the lowest ¥(SFR). We find that although all
SFDGs approximately follow the global SFMS relation, i.e. SFR oc M., on
the scale of SFCs, the « value for each type is different. Notably, the age of
SFCs averaged around 1 Gyr, and outer SFCs in most galaxies had high sSFR,

supporting the inside-out model of galaxy growth.

The UV Emission from an Ultra-faint Dwarf Galaxy: Leo T

In chapter 7, we study UV-emitting SFCs in a UFDG, the MW satellite galaxy Leo
T ( D=400 kpc). It shows recent star formation in a low-metallicity environment,
similar to the early Universe. We extracted the UV SFCs and cross-matched
them with resolved stellar populations from optical IFU and HST-based catalog,
in order to characterize their young stellar populations and the physical conditions
for star formation at low masses. This study showed that most of the recent and
massive star formation is concentrated near the optical center, with UV-emitting
populations like upper-MS and EL stars. In contrast, the southern region primarily

contains BL. and HB stars. However, the UV SFCs are extended mostly south of
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the optical radius, suggesting a directional interaction with the MW’s halo. There
was also no UV association observed with molecular hydrogen, suggesting low star

formation efficiency in those regions.

Each chapter of the thesis emphasizes the importance of studying star formation in
various environments at different scales, spanning from parsec to kiloparsec scales.
It demonstrates that both massive and ultra-faint galaxies adhere to the estab-
lished laws of star formation at each of these scales. This thesis clearly captures
the interplay between the star formation and the surrounding ISM. However, there
is much more to explore with the amount of data we have. The methods utilized
in this research can be enhanced and applied to larger datasets. Therefore, in the
following section, I will discuss potential projects that can be undertaken in the

future to gain a deeper understanding of extragalactic star formation.

8.2 Future work

The long-term objective is to develop a physically motivated, multiwavelength
framework that links dust, gas, massive stars, feedback, and star formation across
the diverse environments of nearby galaxies. For that, we plan to carry out a few

projects such as,

e Building upon the framework developed in Amrutha & Das (2025), which
links spatially resolved IMF slopes to local physical conditions using IFU
and UV data—this project aims to expand that analysis to a diverse sample
of nearby galaxies observed with VLT/MUSE, ALMA, and JWST, along
with UVIT observations. Although Amrutha & Das (2025) presents a novel
method for estimating the high-mass IMF, the method has limitations that

need to be addressed. Some of them are considering contamination in the
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FIGURE A.1: The GALEX FUV image of the interacting galaxies -Mrk 1508 (Left)
and Mrk 691. We see interaction features and associated star formation in both galaxies.

Ha and UV bands and correcting them to get an accurate estimate of the
IMF. Another reason to extend the previous work is to validate the method

with a large sample of galaxies.

e JWST imaging has revealed striking PAH-dominated bubbles and superbub-
bles, characterising the ISM conditions and massive-star populations associ-

ated with these features.

¢ Understanding Star Formation in Closely Interacting Markarian
Galaxies: We have observed a few nearby, closely interacting Markarian
galaxies, which are UV-bright both in their inner disks and tidal tails in
UVIT. Two UV-bright interacting galaxies are shown in the Figure. A.l.
Wet interactions or mergers typically lead to increased star formation. The
gas that is driven into the central regions causes starburst and AGN activity.
Additionally, these interactions result in the formation of tidal tails, leading
to star formation in the outer disk and, in some cases, the creation of tidal
dwarf galaxies. In this study, we will focus on the evolution of galaxies

through both minor and major mergers.

e Detecting star formation associated with gas accretion: We plan to
study star formation in accreting galaxies that have vertically extended neu-
tral hydrogen (HI) gas filaments and diffuse HI gas in their halos lying above

their stellar disks. Galaxies accrete gas, which can lead to star formation
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FIGURE A.2: The UVIT images of type II XUV disk galaxies from Das et al. (2021)
- NGC 2541 (left), and ESO406-042. We can see resolved star-forming knots in these
UVIT images of type two XUV galaxies.

in their outer disks, resulting in the inside-out growth of galaxies. Cold gas
accretion is the cause of a large number of galaxies that have extended HI
filaments and tails. We plan to correlate the SFCs with these filaments and
put constraints on the SFRs and SFEs in these extraplanar regions. This
study can enhance our understanding of star formation in low stellar density

environments and contribute to research on galaxy evolution.

¢ Understanding Star Formation in the Type II XUV Spiral Galax-
ies: We have deep observations of Type II XUV spiral galaxies. Type II
XUV disks exhibit filamentary star formation, typically associated with low-
luminosity stellar disks, and are often truncated near the optical radius of
the galaxy, as shown in the Figure. A.2. Hence, it is expected that they have
different inner and outer disk properties. In this study, we aim to investigate
the nature of star formation in the low-luminosity stellar disk regions of type
IT XUV disk galaxies and to determine the factors that lead to rapid star
formation in these extreme environments. We will also image the diffuse UV
emission, determine the extent of the XUV disks, and search for signatures

of gas accretion by comparing it with HI data.

e Exploring Star Formation in Dwarf Galaxies with MUSE Obser-
vations: We have proposed a deep FUV study of nearby dwarf galaxies
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with existing high-quality MUSE IFU data. Despite their shallow gravi-
tational potential, which makes it difficult for them to form stars, a large
population of dwarfs is still star-forming. LSB, diffuse stellar disks, and high
dark matter fraction make detecting and studying them challenging in some
optical and IR bands, which is why most studies of star-forming galaxies
focus on more massive systems. The IFU, alongside UVIT data, can also
help us understand metallicity, star formation history, and even shed light

on kinematics, making it a more comprehensive study of dwarfs.
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