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ABSTRACT

Strong evidence has been found in the past decades that dwarf galaxies have evolved
over time. There are a few unanswered questions regarding the role of dwarf-dwarf
interaction and merger in the evolution of a galaxy. This thesis focuses mainly on
providing a new understanding of the evolution of dwarf galaxies by merger interactions.
We studied 25 merging dwarf galaxies of different morphology: 15 compact (labeled
Cd-X, X =1,...,15) and 10 extended (labeled Ed-X, X =1, ..., 10) morphologies. Out
of them, 21 are located in field environment and rest are in group environment. In this
work, we extensively utilized photometric and spectroscopic database from the Sloan
Digital Sky Survey (SDSS) to measure galaxies’ structural and star-formation properties.
These compact dwarf galaxies are: LEDA3111971, LEDA3093079, PGC1653806,
LEDA4207520, LEDA3461301, PGC0029004, PGC030055, PGC030133, MRK0631,
UM454, MRKO0750, UGC06850, LEDA2793637, LEDA2214957 and LEDA1129746.
Similary, the extended dwarf galaxies are: UGC00993, NGC2604, UGC06433, NGC4765,
NGC5058, MRK 1481, UGCA375, UGC09588, MRK0689 and PGC057169. The redshift
(z) of these candidate dwarf galaxies lies in the range 0.0024 to 0.0197. We performed
ellipse fitting in the SDSS g-band images and measured galaxies’ size and mean surface
brightness by using both parametric and non-parametric methods. For the parametric
method, we used Sérsic function modeling of a one-dimensional light profile along
the major axis obtained from the ellipse fit. On the other hand, we adopted the
Petrosian method to calculate the overall galaxy size, magnitude and mean surface
brightness. The SDSS optical spectrum is used to calculate star formation rate (SFR) and
metallicity by analyzing emission lines. The SFR is found to vary from 0.0004 Mgyr~! to
0.4755 Mgyr~! for the 15 merging compact dwarf galaxies. For the 10 extended merging
dwarf galaxies, the values of SFR are found in the range 0.0022 Moyr~! t0 0.1913 Mgyr~!.
It increases from 0.0008 Muyr~! to 0.9048 Myyr~! for Cd-galaxies and 0.0035 Myyr~!
to 0.2647 Mgyyr~! for Ed-galaxies when taking into account extinction correction. As
expected, the SFR is found to be more (almost 2 times in Cd galaxies and 1.5 times in
Ed galaxies) after the extinction correction. The SFR is found to increase with redshift.
This reveals the fact that the distant merging dwarf galaxies are gas-rich and metal-rich.
Additionally, a weak correlation between redshift and the extinction coefficient is noticed
in the merging dwarf galaxies. The abundance of metals is found to be quite different in
these two types of dwarf galaxies. From the spectroscopic calculations, the metallicity of
the compact merging galaxies is found to be in the range 8.11 dex to 9.19 dex while this

value is 8.32 dex to 8.90 dex in the case of extended merging dwarf galaxies. This result
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indicates that the merging compact dwarf galaxies show a wider variety of metal-rich
environments than that of the extended dwarf field. As a whole, the metallicity is found
to increase slowly with the redshift. The effective radius, half-light radius and the Sérsic
index of dwarf galaxies are found to lie in the range (1.56 to 81.09) arcsec, (0.47 to 4.39)
arcsec and (0.4 to 2.9) respectively. It is noticed that the compact dwarf is located below
the main sequence defined by the local star-forming dwarf galaxies on average. The
mass-metallicity relation reveals that the compact galaxy shows different behaviors than
the extended merging dwarf being significantly metal-rich compared to the comparison
sample. On the other hand, extended dwarf galaxies well follow the mass metallicity
relation provided by normal star-forming dwarf galaxies with a bit higher scattering. It is
found that more evolved merging dwarfs are expected to have low star-formation activity
and higher metal contents than less evolved extended merging dwarfs. Additionally, we

verified that the merging dwarfs form compact elliptical structures.
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CHAPTER 1

1. INTRODUCTION

1.1 Dwarf Galaxy

The universe is full of dwarf galaxies, which are small, low-mass galaxies. Typically,
their combined mass is less than 10'© Mg, or roughly one-hundredth of the mass of
the Milk-Way (Binggeli et al., 1987). Dwarf galaxies, despite their diminutive size, are
among the most significant types of celestial objects because they can shed light on the
earliest phases of galaxy formation and evolution and are assumed to be the building

blocks of the universe.

Dwarf elliptical, spheroidal, and irregular galaxies are only a few of the several forms of
dwarf galaxies. These various kinds of dwarf galaxies can display a variety of physical
properties, including their form, size, mass, luminosity and chemical composition. An
example of dwarf galaxies of the local group is shown in Figure 1. In this figure, we show
a typical sample of merging dwarf galaxies. The galaxies are in a decreasing mass order
and the first Large Magellanic Cloud (LMC) is our nearest dwarf galaxy. The outskirts
of larger galaxies in galaxy clusters and in the field are just a few places where dwarf

galaxies can be found (i.e., isolated from other galaxies).

The first dwarf galaxy was discovered in the middle of the 19" century (Binggeli et
al., 1985). Since then, astronomers have made enormous strides in their understanding
of the features and evolution of these celestial objects. For instance, researches have
demonstrated that dwarf galaxies can have complicated star formation histories, with
some undergoing intense star formation bursts while others have very moderate star
formation rates (e.g., Weisz et al., 2011). Additionally, they can have a variety of chemical
properties, some of which have high metallicities and others having low metallicities
(Lanfranchi & Matteucci, 2003). Dwarf galaxies are significant and fascinating type of

astronomical objects that are still the focus of ongoing investigation.

1.2 Classification

The morphology of a dwarf galaxy refers to its overall shape and structure. Dwarf
galaxies are classified into several different types depending on their morphology such as

size, shape and other properties. Some of them are discussed briefly:

(a) Dwarf irregular galaxies: These are small, irregularly shaped galaxies that do not
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Figure 1: Various examples of dwarf galaxies in local group (Image credit: Crnojevi¢ & Mutlu-Pakdil,
2021).

have a lot of structure and tend to have low mass. They often have a lot of gas and

dust and are actively forming new stars.

(b) Dwarf elliptical galaxies: These are small galaxies that are shaped like an ellipse.
They are similar to dwarf spheroidal galaxies in that they have little gas and dust and

are not actively forming new stars.

(c) Spiral dwarf galaxies: These are dwarf galaxies that have a spiral structure, with a
central bulge surrounded by a disk of gas, dust and stars. They may have one or more

spiral arms and can resemble larger spiral galaxies, but are much smaller in size.

(d) Blue compact dwarf galaxies (BCDs): These are small, irregular galaxies that contain
a high concentration of young, hot stars and are actively forming new stars. They are

often blue in color due to the presence of these young and hot stars.



(e) Ultra-compact dwarf galaxies (UCDs): These are very small, dense galaxies that
have high mass-to-light ratios. They are thought to be the remnants of larger galaxies

that have been stripped of their outer layers.

Sandage & Binggeli (1984) classification system highlighted the diversity and complexity
within the population of dwarf galaxies. The authors also pointed out that there is
no fundamental difference between normal and dwarf galaxies. Due to this lack of
distinction, there was no widely accepted definition for dwarf galaxies at the time, and
different research groups used their own criteria for defining these systems. Binggeli
& Jerjen (1998) attempted to address this issue, but to this day, there is still no widely
accepted definition of dwarf galaxies, and different authors continue to use their own

definitions.

1.3 Unsolved Issues in Dwarf Galaxy Morphology

There remain a number of unresolved issues in the study of dwarf galaxy morphology,

some of which are briefly introduced here.

(a) Itis not fully understood how and why dwarf galaxies take on different shapes and

structures.

(b) The role of environment in shaping dwarf galaxy morphology: The galaxie’s
surrounding environment can affect its morphology, but it is not fully understood

about its details.

(c) The relationship between dwarf galaxy morphology and other dwarf galaxy properties:
It is not clear how the morphology of a dwarf galaxy is related to other properties

such as its mass, star formation rate, and central black hole mass.

(d) The role of dwarf galaxies in the evolution of larger galaxies: Dwarf galaxies are
believed to be involved in the development of larger galaxies, though the details of

this process remain unclear.

(e) The formation and evolution of ultra-compact dwarf galaxies: The process by which

the formation of very small and dense UCDs occurs is not well understood.

1.4 Merging Dwarfs

The merging dwarf galaxies are a group of two or more dwarf galaxies that are combining
to form a single galaxy. This process can occur when two dwarf galaxies travel close to

one another and are pulled together by their gravitational attraction.

Since the merging dwarf galaxies are faint and small in size and less frequently found

in dense areas of the universe, the galaxies can be challenging to study. However, the



merging dwarf galaxies are worth researching because they can provide us the knowledge
of the early process of formation and evolution of galaxies. A newly identified merging

dwarf galaxy NGC 4998 situated at the vicinity of MilkyWay is shown in Figure 2

Figure 2: The first merging dwarf galaxy, NGC4998 was reported by Rich et al. (2012). It has B-band
magnitude of -17.83 mag and distance 8.3 Mpc, (Source: SDSS Legacy Survey, Accessed: 2019-09-30).

Dwarf galaxies can face a variety of effects as a result of merging. For example, it can
trigger bursts of star formation, a in falling gas and other material can be compressed
and pushed into the galaxy’s center, causing the formation of new stars (Elmegreen
et al., 2002). Another effect of galaxy merger is change in the chemical composition
of the emerging galaxy. The two merging galaxies, after merger, may have different
metallicities and other chemical properties, which can be mixed together during the
merger process (Lanfranchi & Matteucci, 2003). During a merger, the gravitational
attraction between the two galaxies causes them to accelerate towards each other. As
they approach, the differential gravitational forces exerted by each galaxy on the other
become significant. These tidal forces lead to the deformation of the galaxies, stretching
them along the direction of the gravitational pull called gravitational shearing effect.
The gravitational shearing effect plays a crucial role in shaping the morphology and
structure of the resulting merged galaxy. It can trigger star formation by compressing
gas and dust, leading to the formation of new stars. The tidal force can have severe
impact on kinematic and structural properties of affected galaxies where morphologies
of these galaxies can be severely disturbed or even completely destroyed. The force of

the tidal pull caused by a difference in gravitational shear initially impacts the dynamical
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behavior of small satellites as they move around their primary host. The disk galaxies are
particularly sensitive to the tidal forces. As a result, gas rich disk of a satellite galaxy
gets stretched beyond the tidal radius and forms stellar stream along its orbital path, then
finally effected galaxy can lose its entire disk structure. The remain stellar core can
become a new low mass early-type dwarf galaxy. On the other hand, a dwarf galaxy can
merge with even smaller/similar mass dwarf and, as we have seen in many examples of
massive galaxies, such merger process also completely changes the morphological and
kinematical properties. Dwarf galaxies are, however, not expected to have experienced
any major mergers since their first major star-forming period. Overall, galaxy merger is a
crucial event that can impact dwarf galaxy evolution and contribute to the formation of

bigger galaxies.

1.5 Star-Formation Rate

The rate at which a galaxy is currently transforming its gases into stars is referred to as the
Star Formation Rate (SFR). It measures how much gas and other matter are transformed
into stars over a specific period of time and, therefore, is commonly represented in solar

masses per year.

The SFR is an important property of a galaxy because it gives an idea about how the
galaxy is now forming in terms of star formation and can shed light on its evolution
and its future. The SFR can vary greatly amongst galaxies, from extremely low rates in
some galaxies to powerful bursts of star formation in others. Within a single galaxy, the
SFR can also be changed over time, depending on things like the availability of gas, the
presence of an active galactic nucleus (AGN) and the galaxy’s environment (Kennicutt &
Evans, 2012a).

Among many ways of measuring the SFR of a galaxy, detection of the spectral lines
produced by the ionized gas surrounding the young and hot stars and the detection of
infrared radiation emitted by the dust that is heated during star formation process are

important (Kennicutt & Evans, 2012a).

1.6 SFR in Milky-Way

The SFR of the Milky-Way (MW) is estimated to be in the range of (1 to 3) Mpyr~!.
(Chomiuk & Povich, 2011). Compared to the other galaxies, this is relatively low,
primarily the ones that undergo extreme bursts of star formation. However, the Milky-
Way has not had a constant SFR over time and is thought to have significantly varied over
its long history of 13.5 billion years (Calzetti et al., 2010).

Observing the emissions from young and hot stars that are forming actively is one of the



ways to measure the SFR of the Milky-Way. Strong ultraviolet (UV) radiation emitted
by these stars can be detected by a telescope. The SFR can be estimated by using the
intensity of UV radiation (Robitaille, 2010).

In general, the SFR of the Milk-Way is a significantly important property that can provide

some idea about the evolution and future of our galaxy.

1.7 SFR of Dwarf Galaxies

It is estimated that the star-forming dwarf galaxies have an approximate SFR of a few
solar masses per year. The SFR of some larger, more actively star-forming galaxies
is somehow higher: hundreds or thousands of solar masses per year. The SFR in a
dwarf galaxy can vary depending on a number of factors, such as the galaxy’s mass,
metallicity, gas content, and interactions with neighboring galaxies. Dwarf galaxies are
generally characterized by their low masses and small sizes, which can lead to lower

SFRs compared to more massive galaxies.

However, some dwarf galaxies have been found to have relatively high SFRs, especially
those undergoing a burst of star formation triggered by galaxy interactions and the gas
inflow from the intergalactic medium. In general, the SFR in a dwarf galaxy is determined

by the availability of gas and the efficiency with which that gas is converted into stars.

1.8 Importance of SFR in Dwarf Galaxies

The SFR is a key property of a galaxy. It provides a clear understanding of the evolution
and future of a galaxy. It also shows their role in the larger cosmic context, making it
an important asset. Dwarf galaxies are the foundational components of larger galaxies
and they can also provide some knowledge about the early stages of galaxy formation as
well as evolution. Dwarf galaxies are also assumed to be an important site of chemical
enrichment since evolution of the universe through their star formation and supernova
activity contribute to the chemical evolution. Because of this, SFR is a very important

property in case of dwarf galaxies (Lanfranchi & Matteucci, 2003).

1.9 Role of Metallicity in SFR

The rate of star formation inside a galaxy can be affected by the metallicity of the galaxy,
which is a measurement of the quantity of elements heavier than hydrogen and helium in
the interstellar medium (ISM). Studies have revealed that a galaxy’s metallicity and SFR
are frequently connected (Tremonti et al., 2004). Normally, SFRs are typically higher for
galaxies with lower metallicities and lower for galaxies with higher metallicities. This is

known as "mass-metallicity" relation.



Although the cause of this association is not entirely understood, it is believed that the
metallicity of the ISM may have an impact on the star forming efficiency in the galaxies.
For example, higher metallicities, for instance, may result in the generation of more dust
grains, which can absorb and block the UV light required for the formation of new stars
(Dwek, 1998). Additionally, higher metallicities might result in the formation of more
complex molecules in the ISM, which could cool the gas and make it harder for it to
collapse and generate stars (Omukai et al., 2005). Thus, the metallicity of a galaxy also

can affect its SFR and plays a role in its evolution.

1.10 Galaxy Spectroscopy

We can examine the physical properties, kinematics and chemical composition of
galaxies by making spectroscopic observations of them. Astronomers can determine
the temperatures, densities and velocities of the gas, stars, and other components that
make up a galaxy, by analyzing the light emitted by the galaxy and breaking it down
into its different wavelengths. From the spectroscopic analysis, we can find the chemical
composition of galaxies. By the analysis of emission and absorption lines in the galaxy
spectrum, we will be able to determine the abundance of elements heavier than hydrogen
and helium such as oxygen, nitrogen and so on. This can shed light on the galaxy’s
history of star formation as well as the mechanisms that lead to the interstellar medium’s

enrichment with heavier elements.

1.11 Galaxy Spectrum

A graphical relation between the intensity of a galaxy’s light and its wavelength is called
a galaxy spectrum, as shown in Figure 3. It is derived by measuring the amount of
light at each wavelength after breaking down the spectrum of a galaxy’s light into its
constituent wavelengths. The resulting spectrum can offer a multitude of details regarding
the kinematics, chemical composition and physical properties of the galaxy. We can
see the spectral lines in a galaxy spectrum, which are produced due to the absorption
and emission of light by atoms or ions. Then we can find the temperature, density and
velocity of the gas and other materials inside the galaxy from the analysis of spectral
lines (Baldwin et al., 1981).

In addition to the spectral lines, the overall shape of the curve and its slope is also equally
important. The slope of the spectrum of a galaxy refers to the rate at which the intensity
of the galaxy’s emission changes with wavelength. The slope of a galaxy’s spectrum can
offer useful insights into the physical conditions of the galaxy, such as the temperature
of the stars within the galaxy (Baldwin et al., 1981) and composition of the gas and

dust, as well as the presence of any dust that may be absorbing and scattering light. In
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Figure 3: An example spectrum of a star-forming galaxy VCC 145, located at 16.5 Mpc. It has B-band
absolute magnitude of -16.4 mag. All prominent emission and absorption lines are marked (Source:
(Source: SDSS Legacy Survey, Accessed: 2019-09-30).

general, a steep slope may indicate the presence of cool, dense gas, while a shallower
slope may suggest a lower density of gas or the presence of hot, diffuse gas. The slope of
a galaxy’s spectrum can be measured employing multiple methods, such as spectroscopy,
which involves analyzing the wavelengths of light emitted by the galaxy to determine
its composition and physical properties. However, the existence of features like a "red
bump" or a "blue bump" can indicate the presence of specific star types or the rate of star

formation inside the galaxy (Kauffmann et al., 2003).

1.12 SFR from the Spectrum

Out of many methods of calculating SFR by using a galaxy spectrum, the emission lines
at particular wavelengths produced by the ionized gases in hot and young stars can also
be used. The gases in the ISM are ionized by the UV radiations produced by the hot
stars. The most popularly used line is H,, line that is produced due to the ionization of
hydrogen atoms in ISM by UV radiation and then recombination with electrons. As the
intensity of Hy line is directly related with the amount of UV radiation produced, we
can measure the rate at which hot and young stars are undergoing formation within the

galaxy by measuring the strength of H,, line.



1.13 Problem of SFR Measurement

There are so many issues and problems that may challenge to the calculation of SFR of
a galaxy. Some of them found in the literature are included here. To find the SFR in a
galaxy, we need to observe the hot and young stars that are being formed in galaxies. It is
difficult to observe the stars directly because the stars are deeply engulfed in thick clouds
of gas and dust. Between galaxies as well as inside a single galaxy, the SFR can change
considerably over time. This can make it challenging to measure the SFR accurately,
especially for galaxies that are experiencing bursts of star formation (Calzetti et al.,
2010). Utilizing several SFR indicators such as, spectral lines, infrared emission, and
radio emission, which can provide complementary information regarding the rate of star
formation, is one strategy to address these problems. It might be challenging to interpret
the data because these indications can be influenced by other physical phenomena such
as the presence of AGN or dust. The SFR can also be affected by the amount of gas,
metallicity and density of ISM. The impact of these factors on star formation efficiency
and on the properties of the stars makes it challenging to compare the SFRs of different
galaxies (Kennicutt & Evans, 2012b).

1.14 Merging Dwarf and SFR

The phenomenon in which two or more interacting dwarf galaxies approach each other
and finally coalesce to form a single galaxy is called a galaxy merger. The SFR of the
resulting galaxy may be affected by the merger. Elmegreen et al. (2002) studied that
merging can trigger bursts of intense star formation in dwarf galaxies because of the
compression and funneling of infalling gas and other materials from the merging galaxies
into the center of the new galaxy formed. Normally, the SFR of a merging dwarf galaxy
is expected to increase as the merger proceeds (Lanfranchi & Matteucci, 2003). However,
it is a matter of study to understand better the precise connection between the merging
and the SFR of dwarf galaxies. Since the process of merging can also result in the
consumption or ejection of gas and other materials required for star formation, several
studies have suggested that the SFR may not necessarily increase in all merging dwarf
galaxies (Bekki & Couch, 2011).

1.15 Rationale of the Study

Dwarf galaxies are characterized as small, low-mass galaxies believed to be the founda-
tional constituents of larger galaxies. Understanding the process by which dwarf galaxies
merge and contribute to the growth of larger galaxies can help us better understand the

evolution of the universe and the formation of galaxies.



Merging dwarf galaxies can also provide insight into the dark matter content of the
universe. Dwarf galaxies are believed to be some of the most dark matter-dominated
objects in the universe and study of the merger of dwarf galaxies can help us better

understand the nature of dark matter and its role in galaxy formation and evolution.

Additionally, the study of merging dwarf galaxies can help us understand the role that
these small objects play in the overall cosmic ecosystem. For example, dwarf galaxies
are believed to be important sites of star formation and the merger of these objects could
potentially trigger bursts of star formation that could have significant impacts on their

host galaxies.

Overall, research on merging dwarf galaxies can provide important insights into a wide
range of fundamental astrophysical questions, including the nature of dark matter contents,

the galaxy formation and evolution and the role of small objects in the universe.

1.16 Objectives

1.16.1 General Objective

To examine a selected sample of nearby interacting dwarf galaxies with regards to their
star-formation activity and morphological characteristics, and compare their positions in
galaxies’ fundamental relations such as relationships between star-formation rate and

B-band absolute magnitude, as well as metal content and r-band absolute magnitude.

1.16.2 Specific Objectives

1. To analyze optical emission lines ( Hg, OIllso0s, Hy, and Nllgsgs) and derive star-
formation rate and gas-phase metallicity (12 + log(O/H)) of a sample of merging
dwarf galaxies.

2. To fit the ellipse on the optical imaging of a sample of merging dwarf galaxies
and analyze a major axis profile of ellipse parameters such as position angle and

ellipticity.

3. To construct a one-dimensional light profile model of a sample of merging dwarf
galaxies, determine their sizes, and extract structural parameters including Sérsic

indices and mean surface brightness.

4. T examine the correlation between SFR and B-band absolute magnitude and
determine the trend exhibited by compact and extended merging dwarf galaxies in

this correlation.

5. To investigate the correlation between metal content and r-band absolute magnitude

and examine positions of compact and extended merging dwarf galaxies in this

10



relation.

1.17 Organization of the Thesis

this thesis aims to put new and more robust constraints on our understanding of the
compact dwarf galaxy formation process, by studying the physical and stellar population
properties of a sample of merging dwarf galaxies. We try to search for a connection
between the observed stellar population properties and the structural properties and
discuss their possible consequences. We study in detail the structural properties of a
sample merging dwarf galaxies of both field and group environments. We have used
publicly available data sets from various archives, such as the SDSS and Legacy survey.
This makes this study broader and aims that it will have a significant contribution to

dwarf galaxy research.
The organization of the thesis is as follows:
CHAPTER 1: INTRODUCTION

In Chapter 1, we present a brief introduction on dwarf galaxy, galaxy merger,
star formation rate and galaxy morphology. We also present the rationale of

the study and the objectives of our work.
CHAPTER 2: LITERATURE REVIEW

In Chapter 2, we briefly introduce the galaxy’s environment and physical
properties. Furthermore, we detailed the theory of galaxy surface photometry

and described how the structural properties of galaxies could be measured.

We then introduce galaxy spectroscopic properties and show the spectra of
different morphological galaxies. We then review the theory of star formation
and describe how star formation can be measured from H,, flux. We introduce
the SDSS survey telescope with its importance and data acquisition technique.
Both spectroscopic and imaging surveys are described with a brief overview

of technical detail.

We, finally, present a review of dwarf galaxy research at the end of the
chapter. We describe the catalog in section 2.8.1 and introduce merging
dwarf galaxies in section 2.8.2. A research gap in dwarf galaxy research is

presented in section 2.9.
CHAPTER 3: MATERIALS AND METHODS

In Chapter 3, we provide a short description of the sample selection and
data acquisition, which is used to study the structural parameter and star-

formation properties of merging dwarf galaxies. We introduce our galaxy
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sample providing basic physical properties such as sky position, redshift,
and magnitude for all. We describe the selection criteria of our sample in
section 3.1.1 and list a tabulated value of physical properties in Table 1. The
method of analysis is presented in section 3.4. In this section, we describe
data acquisition (3.4.1), spectroscopic calculations (3.4.2) and photometric
calculations (3.4.3).

CHAPTER 4: RESULTS AND DISCUSSION

The final results obtained from the analysis of imaging and spectroscopic
data analysis are presented in Chapter 4. In this chapter, we also discuss our

result to make a better interpretation of measured parameters.
CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

In this chapter, we give the conclusion of our work and recommendations for

further study.
CHAPTER 6: SUMMARY
In this chapter, we summarize our thesis.

Finally, the references, appendices, published articles and certificates of various confer-

ences/seminars etc. are provided before closing this document.
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CHAPTER 2

2. LITERATURE REVIEW

2.1 Dwarf Galaxies in Different Environment

According to the local observable density of galaxy distribution, the immediate environ-

ments are defined in three categories: Field, Group and the Cluster.

2.1.1 Field Galaxy

A field galaxy is a galaxy that does not belong to a larger cluster of galaxies and thus
1s gravitationally isolated (Muldrew et al., 2012). Most of the low-surface brightness
galaxies are field galaxies. These are mostly star-forming and most of their baryonic
matter consists of neutral gaseous hydrogen. Their stellar population is young compared
to other environment galaxies (Gu et al., 2006; Pustilnik & Tepliakova, 2011; Makarov et
al., 2013).

Figure 4: NGC 2188, a field dwarf galaxy. It has a B-band absolute magnitude of —18.93 mag and a
distance 7.6 Mpc. (Source: Sloan Digital Sky Survey, Accessed: 2019-09-30a).

NGC 2188 is a prime example of a field dwarf galaxy (Figure 4). It is a spiral galaxy
located in isolation in southern sky. With orientation of 90 degree position angle it is a

highly edge-on galaxy.
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2.1.2 Group Galaxy

A group of a galaxy is a system of galaxies that have 2 to 100 members galaxies and
their total dynamical mass is approximately 10'3 Myyr~' (Makarov & Karachentsev,
2011). The spread of velocities across individual galaxies is approximately 150 km s~!.
Groups are the most common structures of galaxies in the universe, comprising at least
50 Y% of the galaxies in the local universe. Observations have shown that the majority of
galaxies in the universe are located in the group environment. Because of high galaxy
density and low-velocity dispersion, galaxy-galaxy interaction is also common in a group
environment (B. C. Lee et al., 2004). Group member galaxies are both star-forming
and non-star-forming but their gas mass fraction is lower compared to the field galaxies
(Griitzbauch et al., 2005). We show a well known example of a visual group of five
galaxies called "Stephan’s Quintet" in Figure 5. This is the most studied group of all the

compact galaxy groups.

Figure 5: Stephan’s Quintet: a visual grouping of five galaxies inside the galaxy group. It is located at 90
Mpc from us. (Source: Webb Space Telescope, Accessed: 2019-09-30).

Our home galaxy, Milky-Way, is also a part of the local group. It hosts two giant
galaxies: Milky-Way and Andromeda and their satellite dwarf galaxies. Large and
small Magellanic clouds are the brightest star-forming dwarf galaxies in the local group.
Karachentsev (2005) examined the main features of the Local Group and other closest,
most thoroughly studied groups of galaxies. Given their abundance, groups of galaxies
make up a significant portion of the average matter density in the universe. Depending on
their mass, some groups also emit X-ray, which show the presence of a hot intra-cluster

medium. This type of group mainly possesses early-type member galaxies (Mulchaey,
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2000).

2.1.3 Cluster Galaxy

Clusters and groups are two distinct categories in astronomy, but there is no precise
boundary between them (Bautz & Morgan, 1970). Visually, clusters can be recognized
as assemblages of galaxies that are bound together by mutual gravitational attraction
(Solanes & Stein, 1998; Struble & Rood, 1999). However, their velocities are too high for
them to be held together by gravity alone, suggesting the existence of either an additional
unseen mass component or an extra attractive force beyond gravity. The presence of a
vast quantity of intergalactic gas known as the intracluster medium has been discovered
through X-ray analysis (Seigar et al., 2007; Mihos et al., 2017). This gas is incredibly hot,
ranging from 107K and 103K degrees Kelvin and generates X-rays via bremsstrahlung
and atomic line emission (Hashimoto et al., 2007; Jensen & Pimbblet, 2012). Figure 6
depicts the inner core of the Virgo cluster where we can see many bright galaxies both

elliptical and spiral grouped together.

Figure 6: Inner core of Virgo cluster. The Virgo cluster is located 16.5 Mpc from us.(Source: Sloan
Digital Sky Survey, Accessed: 2019-09-30a)

The overall mass of the gas is nearly two times bigger than the entire mass of the
galaxies. The galaxies in the cluster still can’t be maintained by this amount of matter,
though. Since this gas and the total gravitational field of the cluster are roughly in
hydrostatic equilibrium, the distribution of total mass can be calculated (Diaferio, 1999;
Geller et al., 1999; Falco et al., 2014). The overall mass that may be deduced from this
measurement is about six times greater than the galaxies’ mass or hot gas (Buote & Tsai,
1995; Buote et al., 2007). The nature of the missing element, known as dark matter,

remains unknown. In a typical cluster, galaxies make up only about 5% of the entire
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mass, hot X-ray producing gas makes up about another 10% and the remaining mass is
dark matter (Tucker et al., 1998; Hou et al., 2009).

2.2 Galaxy Imaging

Present days galaxy imaging is done with a charge coupled device (CCD) sensor mounted
in a telescope. The CCD collects light provided by telescope optics and stores it as
a matrix which then computer graphics shows us as a picture. While taking pictures,
a monochrome filter of certain bandwidth is also used, which produces specific band
images. U-ultraviolet, B-blue and V-visible are classically well-known filters. The
color images we see are a combination of three different filter images. Figure 7 shows a
difference between mono-color gray image and tri-color combined image reproduced
from fits images. In astronomy, these images are typically stored in "Flexible Image
Transport System" (FITS) file format (Wells et al., 1981).

Figure 7: Left: g-band mono-color gray scale image of star-forming galaxy, NGC 3198 taken by the 2.5
m Apache Point telescope. NGC 3198 is located at a distance of 13.75 Mpc from us and it has B-band
absolute magnitude of —19.13 mag. Right: ¢ — r — z combined tri-color image of the galaxy (R. Lupton et
al., 2004).

2.2.1 Photometry

For the measurement of the surface brightness of a galaxy, we measure its flux density.
Flux is defined as the counts in each pixel which is converted to flux density (F) in
Janskys by using the calibration: 1 Jy = 1072 W m~2 Hz~!'. The angle, a subtended
by a small patch of a galaxy of side D at some distance d is given by @ = D/d. The

luminosity (L) is the total energy output of a galaxy while the flux is the energy received
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by unit area. Therefore,

L

The amount of light per square arcsecond area in the sky is what we refer to as the surface

brightness of the galaxy. It is given by:

D

I(r):£ ~

2.2
a?  arcsec? (2.2)

Ty o 1) = L (d)2: L

4rd? 4 D?
It is often measured in solar luminosity per square parsec (Lo pc™2). The surface
brightness in visual and infrared astronomy is frequently expressed on a magnitude scale,
measured in magnitudes per square arcsec in a certain filter band or photometric system.
Let us recall the relation that relates the apparent magnitudes m and mg of two stars

corresponding to the fluxes F and Fj, respectively:

F
m —mo = —2.5log (Fo) (2.3)

So the surface brightness in magnitudes per square arcsec is

F/az)

- po =-2.51

1
=-2.5log (1—) (in mag arcsec™?) (2.4)
0

If we take Iy = 1 Lo pc™2 for g = 26.4 mag arcsec?, for the Sun in the optical V-band,

we get
u=-2.5log(I)+26.4 (in mag arcsec™>)

We cannot measure the surface brightness of individual stars of a galaxy. Therefore, the
surface brightness is taken as an average of all stars located in a particular region of

galaxy. Since we cannot find the sharp edge of a galaxy, we need to model it.

2.2.2 Surface Photometry

From surface photometry, we can describe the distribution of light quantitatively on the
surface of extended objects like galaxies. We obtain radial profiles of various quantities

and the morphological type of a galaxy from its image.

The Sérsic Profile

The de Vaucouleurs introduced R'/* law to fit surface brightness profile of massive

early-type galaxies (de Vaucouleurs, 1948). However, all galaxies do not follow this law.
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Later, Sérsic generalized this law with varying exponential terms n (Sersic, 1968), which
relatively better fits to different types of galaxies with different n (Schombert, 1986).
Sérsic Profile that describes the surface brightness (in intensity unit) at a distance R from

the center of a galaxy is given by
I(R) = Ie bn[(RIR)"-1] 2.5)

where R, is the effective radius that encloses half of the total light. /. is the intensity in
flux per square arcsec at the effective radius R.. 7 is the Sérsic index which gives the
shape of the light profile. b, is a constant which depends on # and is chosen such that R,
encloses half of the total luminosity. It is approximated as b,, ~ 2n — 0.327 (Capaccioli,
1989). If n = 1 the Sérsic function reduces to the exponential function, while it reduces

to de Vaucouleurs functions if n = 4.
The de Vaucouleurs Profile: Substituting for n = 4 and b,, = 7.67 in equation 2.5, we
get the de Vaucouleurs profile:

laev(r) = I 7L R/R) ] (2.6)
The Expontial Profile: For n = 1 in equation and b, = 1.68

Iowp = I e~ 1-68[(R/Re)-1] 2.7)
Plotting the total luminosity with radius, in arbitrary units, shows that half of the total
luminosity is at R, and 84.8 % of the total luminosity is within 2R..

The Petrosian Profile

The Petrosian ratio used by the SDSS is defined at a radius r from the center of an object
(Petrosian, 1976). It is calculated from the integral of the ratio of the local surface
brightness average over an annulus at r to the total surface brightness within . The

averaging is just the total surface brightness within the annulus divided by the area of the

annulus.
1.25r
/ 2’ I(r") dr’
(total surface brightness within annulus ) 0.8r
area within annulus (0.8r—1.25r) 7(1.252-0.82)r2
R(r) = - ) (2.8)

(total surface brightness within r )

-
’ ’ ’
area within r 0/ 2ar'1(r') dr

nr?

The radius at which this fraction is one is formally defined as the Petrosian Radius. In

practice, however, the Petrosian radius turns out to be quite small, we define it as when
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the integrated flux is some fraction of the annular flux, n, and take n = 0.2.
I(Rp) =R (2.9

The total Petrosian flux is defined as the sum of all the flux within k& times the Petrosian
Radius. The factor k is used to enhance the signal-to-light ratio by including more of
the galaxies’ light than falls within Rp. The SDSS takes k = 2 and defines the other
Petrosian Radii as: Rp 50 = radius containing half the total Petrosian Flux. Rp o = radius
containing 90 % of the total Petrosian flux. The Petrosian concentration index is the ratio
of these two radii (Graham & Driver, 2005).

_ Rpoo

Cp (2.10)

Rp 50

2.3 Galaxy Spectroscopy

The combined spectrum of all the stars and other radiating matter within a galaxy is
known as the galaxy’s overall spectrum. The spectra differ from galaxy to galaxy because
of their variation in structure and relative composition of stellar type and gas (Veilleux
& Osterbrock, 1987; Sodré & Cuevas, 1994; Zaritsky et al., 1995). Figure 8 shows a

comparison between spectrum of early-type (red) and late-type (blue) galaxies.

Early-type

L Late-type | |
=1 |
-]
Py
o
5 ] l J _
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Wavelength A

Figure 8: Example spectrum of two different types: early-type (VCC 200) and late-type (NGC 3198)
dwarf galaxies. VCC 200 is located at 16.5 Mpc from us and NGC 3198 is located at 13.75 Mpc from us.
They have B-band absolute magnitude of —16.4 mag and —19.13 mag respectively.

The combination of a variety of blackbody emitters with a variance in temperature results

in galaxy spectra with a high continuous component. This results in a generally flat

19



spectrum. The strong break at 4000 A, which results from the blanket absorption of high
energy radiation from metals in stellar atmospheres and a lack of bright, blue stars, is one
of the main features (Barbaro & Olivi, 1989). It is simple to fit spectra with a smoothly
changing function that exhibits a clear break in intensity at 4000 A. Due to the absence
of metal lines and a significant blue/UV component, some stellar type spectra clearly
display the 4000 A break, while others do not (Poggianti & Barbaro, 1997).

2.3.1 Emission Line

When an excited atom, element or molecule returns to lower energy state, it emits a
radiation of energy equal to the difference between initial and final energy levels at a
particular wavelength called an emission line (Sodré & Stasinska, 1999). HII regions of
ionized gas surrounding young star clusters that still include OB stars (spectral categories
B and hotter), are characterized by emission lines which are also known as recombination
lines in astronomy. If internal extinction is not too high, it is possible to find HII regions
in their entirety via narrow-band imaging at H, (Ho et al., 1997; Alonso-Herrero &
Knapen, 2001; Couto da Silva & de Souza, 2006). The line radiation that we observe
results from the recombination of the electrons so liberated with a second proton and a

cascade toward the ground state.

In a Bohr atom, there is a center comprised of protons and neutrons which is orbited
by one or more electrons moving in circular paths. Please refer to Figure 9 for a
visual representation. Electrons have wave functions with de Broglie wavelengths. The
wavelengths are determined by a specific relation

h h

A=—=
p  mev

(2.11)

where v and p are speed and momentum of the electron. Only those orbits that match an
integer number n of wavelengths corresponding to standing waves are allowed. Thus the

Bohr radius a,, of the n™ permitted electron orbit satisfies the quantization rule

nh

2na, =nd = (2.12)
MeV
Here, the number 7 is principal quantum number. The Bohr’s radius is given by
h h
ay= = = 2.13)

2AMeV MeV

The orbital angular momentum L = meva, = nh, where i = h/(2r). Again, for a
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hydrogen atom,

2 2
5= (2.14)
ay an

The numerical value of the Bohr radius of a hydrogen atom with an electron in the n™®

energy level is given by,

2

ay = n* ~0.53 x 1078 n? cm. (2.15)

mee?
Similarly, in its ground state (n =1), a; ~ 0.53x 1078 cm=0.53 A, but at the highly excited
state (n ~ 100), the diameter of the atom is very high i.e., 2a190 ~ 107 cm = 1 um. At
this state, the hydrogen atom emits radio waves in the ISM.
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Figure 9: Different orbits of the Bohr atom. As a,, o« n?, radio-emitting hydrogen atoms (n ~ 100) are
~ 10* times larger than ordinary hydrogen atoms (n = 1).

When an electron in an atom falls from the level (n + An) — n, where An and n are
any natural integers, Bohr theorizes that it emits a photon, whose energy is equal to the
energy difference AE between the initial and final states. Since recombination is the
process by which an atom in a high excitation stage absorbs an electron with a lower
energy and then descends into a lower excitation stage by emitting photons, these spectral

lines are known as recombination lines.

The name of the element, the final level number n and subsequent Greek letters are used
by astronomers to identify each recombination line to indicate the level change An: «
for An =1, g for An = 2, v for An = 3, etc. For an example, the recombination line
produced by the transition between the n = 8 and n = 7 levels of a hydrogen atom is
called the H7, line.

From Bohr’s theory, the energy of an electron in an energy level n is given by

2 4
B o[ mee”)  [mee™) 1
E,=T+V=-e (2n2h2) ——( 2 ); (216)
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The change in energy AE going from level (n + An) to level n is

_mee4[ 1 1

AE = —————\|=h 2.17
2h? | n? (n+An)2] Y @.17)

So, the frequency of the emitted photon is

2 4
. (MHL ;] 2.18)

h3c n2  (n+An)?

Additionally, one will observe emission features as a result of heated gas that then
emits energy at particular wavelengths. Within gas clouds, young stars form and ionize
them. Four prominent O stars, for instance, produce the majority of the ionizing photons
(E > 13.6 €V) that energize the nearby HII region and drive the emission from the Orion
nebula. Thus, emission characteristics indicate the presence of very hot gas and OB-type
stars in the spiral and irregular galaxies’ disks. The [OII] doublet (3737 A), [O111]
(4959 A and 5007 A), and the Balmer series (6563 A, 4861 A, 4340 A, 4103 A) are

important features.

2.3.2 Absorption Line

If an absorbent substance is positioned between a source and an observer, an absorption line
will be visible in the spectrum (Fan et al., 2016). The outer layers of a star, an interstellar
gas cloud or a cloud of dust might all constitute this substance (Worthey et al., 1994).
Due to the absorption of radiation by atoms (metals), molecules in stellar atmospheres
and interstellar gas clouds, absorption characteristics lines are overlaid on the continuum.
This suggests the presence of aging star populations, which are typically observed in
spiral and elliptical galaxies’ bulges. The Calcium H and K lines (located at 3934 A and
3969 A), the G-band (4304 A), the Magnesium (5175 A), and the Sodium (5894 A) lines

are important characteristics (Zhu & Ménard, 2013).

2.4 Dust Extinction

In astronomy, the absorption and scattering of electromagnetic radiation by dust and gas
between an emitting object and the observer are called extinction. In other words, the
dimming of a distant object due to the presence of dust and gas in ISM along the line of
sight is called extinction (Duc & Renaud, 2013). It is because the typical size of the dust
grain is of the order of blue light wavelength and hence, it is either absorbed or scattered
effectively, which disappears from the light approaching us. As a result, the object
appears dimmer and redder than the object actually is, called interstellar reddening. The
absorption and scattering of light are directly proportional to the amount of dust along

the line of sight. Extinction due to dust is not equally effective in all wavelengths. As we
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move to red (longer wavelength) light, the photons do not interact with dust strongly and
hence some fraction of light reaches the detector. Interstellar reddening is quantified by

the extinction coefficient A, defined by
A,1 =-2.5 log(l,l/loﬂ) =m—mg (219)

where I and I, are observed flux and intrinsic flux respectively. Similarly, m and m
are observed and intrinsic magnitudes respectively. Let us select two stars a and b of
same spectral type and luminosity class. Star a is not reddened (it will be the reference),

star b is reddened. One can write

mp(A) = =2.5log Fp(1) + ¢ + A(Q) (2.20)
and

Am(A) = mp(A) —my(A) = =2.51log Fp(A)/F,(42) + A(Q) (2.21)

For two wavelengths A1 and A>: Am(Ay)—Am(A2) = A(11)—A(Ay) = E(41, A2), defined
as the colour excess. The color excess of an object is defined as the difference of the
observed color index and intrinsic color excess. i.e., E(B—-V) = (B-V)— (B -YV)j.
The standard color excess is: E(B,V) = E(B — V) which usually measures the amount
of dust extinction. It depends on both differences of extinction between B and V band
and the total optical depth E(B — V) = 1.086(7p — 7). Where 7 is the optical depth. If
the extinction curve remains constant between B and V, E(B — V) measures the amount

of extinction.

Hydrogen emission (recombination) lines are also affected from extinction. The Balmer
decrement is the ratio of the fluxes in Hy, and Hg lines. The theoretical value of this ratio
is 2.86 (case B of recombination and T = 10*K) (Osterbrock & Ferland, 2006).

Now, we have

_ F(HO()ObS
A(Hy,) = -2.51og (—F(Hoc)em ) (2.22)
and
A(Hp) = -2.51 % 2.23
p) = ~23log F(Hg)em (2:23)

From the above two equations, we get

A(Hg) - A(H,) = E(B — @) = 2.5log(F (Hu)obs/ F (Hp)obs) — 2.510g(2.86)
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where F(Hy)em/F(Hg)em = 2.86. E(B — @) can be measured from the observed fluxes
at Hy and Hg, A(Hg)/E(B — V) and A(H,)/E(B — V) are given by the extinction curve:
E(B—a)/E(B-V) =1.07 for a standard MW extinction curve. Then we can deduce
E(B — V) and finally, we get

A(H,) = 2.45E(B - V) (2.24)

2.5 Star Formation

Understanding the evolution of galaxies and the cosmos from the earliest moments
after the big bang to the current period of cosmic history requires knowledge of the
fundamental mechanisms for the production of stars. Stars are formed due to the collapse
of dense regions of molecular clouds of gas formed in interstellar space (Stahler & Palla,
2004).

The basic equation that connects the intrinsic luminosity emitted by stars at wavelength A

and time ¢ is given by
t My
L(A,t) = / / Fy(m, 0)SFR(t — 0)y(m)dm d6 (2.25)
0 Miow

where F;(m,0) are the evolutionary stellar tracks, ¥ (m) is the initial mass function and
SFR(?) is the star formation rate function. There are two approaches to calculate SFRs
using this fundamental equation. To fit a huge set of data at multiple wavelengths, one
can utilize stellar population synthesis models with different SFR(?); the current SFR
is an output parameter of the fit (White & Rees, 1978; Kennicutt, 1989). A different,
extremely common method is to create straightforward recipes. When an SFR over a
period T is assumed to be constant, it is just proportional to the luminosity integrated
over T. To ensure that the luminosity at wavelength A approaches a steady state, the
timescale 7 is selected:

t My -1
SFR = ( / / Fa(m, 0)SFR(t — 0)y (m)dm d6| x L(Q) (2.26)
0 Miow

A spectral synthesis code calculates the conversion factor’s value, C = SFR/L(A). If the
real SFR varies significantly throughout this time, the SFR determined using a conversion
factor may diverge from the average of the star formation activity during 7. On short
timescales, the assumption of a constant SFR is probably true, especially in the UV for
recombination lines of ionizing photons. With increasing wavelength, it takes longer to
reach a steady state 100 Myr in the UV versus 1Gyr in the optical-near IR. The timescale
for ionizing photons is of the order of a few Myr (Kennicutt & Evans, 2012b). At least in
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the local universe, there is some evidence for a SFR constant over a few hundred Myr

that can be calculated by using Kennicutt (1998).

According to the present paradigm, massive molecular clouds are necessary for star
formation. When molecular clouds form, a portion of them quickly becomes stars
in comparison to the age of the universe. Gas is the main driver of SFR which is
found to depend on neutral gas content. Schmidt (1959) first proposed a power-law
relationship between SFR and gas surface densities as shown in Figure 10. In this updated
representation of the global Schmidt law in galaxies, the surface density is determined by
the total gas mass (molecular and atomic) or SFR normalized to the radius of the primary
star-forming disk, as determined from H,, Pac, or IR maps, and each point is a distinct
galaxy. In addition to including individual (IR-based) corrections for dust attenuation
and [N,] contamination, the sample of galaxies analyzed has been expanded from that in
Kennicutt (1998).

3-a Galaxy type
e Normal/irregular
x Low surface brightness
® Infrared-selected
[' Circumnuclear
© Metal-poor

N
I
Starburst

log [Zggp (M, year-' kpc2)]

-2

log [£, (Mg, pc2)]

Figure 10: Schmidt-Kennicutt relation between SFR surface density and gas surface density for different
classes of star-forming galaxies. Each point represents an individual galaxy, with the SFRs and gas masses
normalized to the radius of the main star-forming disk. The light blue line shows a fiducial relation with
slope N = 1.4 (not intended as a fit to these data). (Source: Schmidt (1959)).

Assuming that the SFR is proportional to the gas density and inversely proportional to a

characteristic period for star formation, one can easily comprehend this relationship.

ZsFR ¢ (Zgas)” (2.27)
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Usually, the SFR surface density (Xsgg) is in the unit (Mg yr~'pc™2) and the gas surface
density (Zgp) isin (g pc™2). Schmidt proposed a figure of n = 2 based on an investigation
of gaseous helium and young stars in the solar neighborhood, the local density of white

dwarfs and their luminosity function and the local helium density.

2.6 Stellar Population

One way to conceptualize a galaxy is as a collection of stars. A stellar population is
a collection of stars in the galaxy that are similar in terms of their spatial distribution,
chemical composition or age. Stellar populations exhibit a continuum of attributes
rather than discrete ones, representing variations in star formation through time. The
Hertzsprung-Russell (HR) diagram can be used to visualize the distribution of stars as
shown in Figure 11, (Baade, 1944; Tinsley & Gunn, 1976).
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Figure 11: The Hertzsprung-Russell diagram: See text for the description. (Source: Sciencebydegrees
(Accessed: 2019-09-30))

Every star goes through several developmental stages that are determined by its internal
structure and method of energy production depending on its initial mass. The temperature
and luminosity of the star fluctuate with each of these stages and as the star develops, it
may be seen moving to various locations on the HR diagram. A set of stars are depicted
in this HR diagram at various phases of development. The main sequence, which spans

the diagram’s upper left (hot, brilliant stars) and bottom right (cool, dim stars), is by far
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its most noticeable component. Additionally, densely packed and full of white dwarfs is

the gigantic branch.

* The HR diagram is dominated by the main sequence, which extends from the upper
left (hot, brilliant stars) to the bottom right (cold, dim stars). In their cores, stars
spend about 90% of their lives converting hydrogen to helium. Main sequence

stars have a Morgan-Keenan luminosity class labeled V.

* Red giant and supergiant stars (luminosity classes I through III) occupy the region
above the main sequence. They have low surface temperatures and high luminosities
which, according to the Stefan-Boltzmann law, means they also have large radii.
Stars enter this evolutionary stage once they have exhausted the hydrogen fuel in

their cores and have started to burn helium and other heavier elements.

* White dwarf stars (luminosity class D) are the final evolutionary stage of low to
intermediate-mass stars and are found in the bottom left of the HR diagram. These

stars are very hot but have low luminosities due to their small size.

The Sun is found on the main sequence with a luminosity of 1 and a temperature of
around 5,400 K. HR diagram is used to either summarize the evolution of stars or to
investigate the properties of a collection of stars. In particular, by plotting a HR diagram
for a stellar system, the stellar population properties like age and metallicities of the
system can be calculated(Mould & Kristian, 1986; Soria et al., 1996).

2.7 SDSS Survey

The Sloan Digital Sky Survey (SDSS) has produced the most comprehensive three-
dimensional maps of the universe to date, along with the multi-color images of one-third
of the sky and spectra of about three million astronomical objects. Measuring the
positions and properties of hundreds of millions of objects in the universe is called
mapping. From the high-resolution images of the sky obtained in five different SDSS
colors u, g, 1, 1, z, advanced image processing software has measured the brightness,
shape and color of millions of the objects detected (Fukugita et al., 1996). SDSS is one of
the most successful sky surveys. It was designed and constructed in the 1990s and began
its regular survey operations since 2000 only (Gunn et al., 2006; York et al., 2000). The
data, both as images and as accurate catalogs of the discovered objects is freely accessible
in electronic versions for the general public and scientific communities. The SDSS has an
outstanding influence in the study of astronomical objects covering diverse fields such as
the origin and evolution of galaxies, the large-scale structure of the universe, the structure
of the MW, the relation between dark matter and luminous matter, the formations of stars
from the dust. The 2.5 m telescope with imager and spectrographs is placed at Apache

Point Observatory (APO) about 9000 feet above sea level in the Sacramento Mountains
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of south-central New Mexico (Latitude 32° 46’ 49.30" N, Longitude 105° 49’ 13.50"
W, Elevation 2788 m). The telescope used in SDSS is a 2.5 m f/5, wide-angle optical
telescope. A picture of the SDSS telescope is shown in Figure 12.

Figure 12: Sloan Foundation 2.5 m SDSS Camera. (Source: Sloan Digital Sky Survey (Accessed:
2019-09-30b)

This telescope was used in both imaging and spectroscopic modes from 2000 to 2009
and since then it has been used completely in spectroscopic mode. Two telescopes are
employed in SDSS. One is the big telescope of the wide field of view having a big 2.5 m
reflector that measures the light from remote galaxies and quasars. The other is the
photometric telescope having a small 0.4 m reflector that is used to measure brighter

stars in our MW.

2.7.1 SDSS Imaging Survey

The primary job of the SDSS big camera is to map about one-fourth of the sky. So,
the big telescope has a wide field of view of 2.5 degree on one side and covers about
six square degrees. The SDSS camera instead of using a large photographic plate as
a detector in earlier surveys use small electronic devices called charge-coupled device
(CCD) to measure light. It is because the CCDs are linear devices (measure photons
according to brightness) and are more efficient. The CCDs can reflect its high efficiency
by catching even the faint objects in a short exposure time which is crucial for a survey.
Similarly, CCDs can measure the brightness and color of the luminous objects more
accurately reflecting their linearity. CCD cameras are made up of light-sensitive silicon
chips that change the detected photons of light into electronic signals and make the images
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of astronomical objects to analyze the amount of light received from the celestial objects.
A CCD is electrically divided into a large number of independent pieces called pixels.
we use the CCD as a device to measure how much light falls on each pixel. CCDs can
detect much fainter objects than those detected by photographs but it requires computers
for data reduction (R. H. Lupton et al., 1999; R. Lupton et al., 2001). The arrangement
of CCD chips in the SDSS camera is shown in the Figure 13.

SDSS CAMERA

Figure 13: 30 CCD chips arranged in 5 rows and 6 columns in SDSS Camera (Source: Sloan Digital Sky
Survey (Accessed: 2019-09-30b)

SDSS imaging camera uses an array of 30 CCD chips, each with a resolution of
2048 x 2048 pixels arranged in 5 rows and 6 columns (Figure 13) to collect photometric
images. Each CCD chip in each column is covered by the SDSS filters in the order r, i, u,
Z, g. This means that each chip in each column is covered by a different filter. r, i, u, z, g
represents the magnitudes (light fluxes through UV to IR wavelength range measured in
logarithmic units) of the objects in the SDSS. The sky is examined by the telescope such
that the stars advance across the camera in straight lines alongside the CCD columns.
The CCD chips used in SDSS cameras are operated in drift scan mode (Rabinowitz et
al., 2005). In this mode, the shutter is open all the time to gather light and the telescope
allows the luminous objects in the sky to drift across the camera. The telescope is moved
along great circles in the sky so that the image is continued to read out by moving the
image along the CCD columns at the same rate as the object drifts across it. An object
drifts from one CCD to the immediate next CCD turn by turn along the column and it
takes about one minute (54 seconds) time, called exposure time to drift over one of the
CCDs. When the images cross the CCDs in a column, the charges collected in the CCD

pixels are shifted along the direction of drifting of the image. In this way, each of the

29



objects will be exposed through five different SDSS filters and produces five different
images of the same object. Finally, combining different filters gives a new color image of

the sky. A detailed description of the imager can be found in Gunn et al. (1998).

2.7.2 Spectroscopic Survey

The color image of one quarter of the sky thus produced by SDSS camera will be
processed to detect and identify the objects in the sky (Smee et al., 2013). Then the
computers at Fermi laboratory execute the calculations of each object in detail to measure
and classify the objects as stars galaxies, quasars and so on and the information is stored
in a big database on computers. The spectroscopic study of the millions of galaxies
detected in the survey region of the sky is more important to get information like the types
of stars a galaxy contains, the amount of gas scattered throughout it and the dynamics of
the galaxy. Moreover, using redshift, the distance to the galaxy can be estimated from
Hubble law,

velocity

Hy (2.28)

Distance =

Where Hj is the Hubble’s constant. The spectrograph is used to find the distance of
celestial objects because the distance is an important parameter in the study of the origin
and the structure of the universe. The spectra of many (about 640) objects are taken
simultaneously in SDSS, which would take a very long time. To minimize the time, the
spectrographs are connected to an thin aluminum plate in the focal plane of the telescope
by optical fiber (Strauss et al., 2002). The plate is drilled with about 500 holes, each of
which is plugged with an optical fiber (Figure 14) to carry light from one galaxy to the

spectrograph. i.e., each hole corresponds to one object (star or galaxy) in the sky.

The light from each fiber is split up into a spectrum by the spectrograph and all the spectra
are measured at a time. Therefore, the telescope can take the spectra of 500 galaxies in
one observation. The plates and fibers used also have their unique identification number.
So, each spectrum is assigned with a number of the fiber (called fiber ID) with which
it was collected. Likewise, the plates used in specific dates are assigned by Modified
Julian Date (MJD) of the night when the observation was taken. If a plate is reused more
than once, the observations will have different MJD values and the optical fibers will be
re-plunged in each use. Therefore, the given fiber ID on various MJDs will correspond to

different objects.
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Figure 14: : Fibers plugged into pre-drilled holes in a plate. Different colored fibers represent faint,
medium and bright targets (Source: J. Wilson, Accessed: 2020-04-25).

2.8 Review of Dwarf Galaxy Research

2.8.1 Cataloging

Several attempts have been made earlier to prepare a catalog of dwarf galaxies. Some
of them are discussed briefly. Deeg et al. (1997) prepared a catalog of dwarf galaxies
entitled "A catalog of dwarf galaxy candidates around interacting galaxies". They
compiled the potential dwarf galaxies lying very close to the twelve strongly interacting
galaxies selected from the Infrared Astronomical Satellite (IRAS) bright galaxy sample
(Soifer et al., 1989) and from Condon & Broderick (1991) found inside a field size
of 11.4" x 10.5’ centered at the main galaxy within which, 100 to 200 non-stellar low
brightness, extended objects were found. The number of extended objects varies greatly
with the sample. Out of 12 sample interacting galaxies, NGC 1023 has the lowest number
of extended objects around it. Only 21 dwarf galaxies are identified. The major physical
properties of the galaxies they have listed in the catalog are the central galaxy’s name,
reference coordinates, morphological type, heliocentric velocity, size field, exposure
time, magnitude limits, numbers of expected background galaxies, etc. Karachentsev
et al. (2004) prepared a catalog of neighboring galaxies including dwarf galaxies of
luminosity 10* times less than that of the MW galaxy and other local groups at distance
D < 10 Mpc. Arp (1966) published a catalog of unusual galaxies (interacting and active
galactic nuclei) containing a photograph of 338 nearby galaxies, which is now known as
a good compilation of interacting and merging galaxies (Chincarini & Rood, 1972). The
main goal of the catalog was to compile the galaxies with peculiar structures among all

galaxies.
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2.8.2 Merging Dwarf Galaxies

Interaction/merging of galaxies is a major process of evolution of galaxy that influences
the morphology, growth and star formation activities of the galaxies. Moreover, it leads
to the dilution of metallicityand the highest star formation rates are linked incredibly with
strong interactions and mergers of the galaxies (Kennicutt, 1998). During the merger of
galaxies, stars, planets, dust and gas of the interacting galaxies combine to form a single
galaxy. At first, Amorisco et al. (2014) gave concrete confirmation of the dwarf-dwarf

merger in the dwarf spheroidal galaxy Andromeda II.

The ability of galaxies to form stars within interstellar gas clouds is influenced by a
multitude of factors including gas and dust composition, temperature, gravitational
forces, interactions between matter and radiation, hydrodynamics, thermodynamics, and
chemical processes. (Krumholz & Dekel, 2012). After the merger, huge gas clouds will
be formed that form stars at higher rates. The dwarf galaxies are vulnerable to their
surroundings because of their swallow potential well as compared to the massive galaxies.
The evolution and growth of dwarf galaxies via merging are to be explored in detail.
It has been possible to better detect different features of the galaxies with the advent
of low surface brightness imaging techniques and dedicated data reduction procedures
(Abraham et al., 2012; Duc et al., 2014; Mihos et al., 2017).

In Stierwalt et al. (2015) work they examined interacting pairs of dwarf galaxies and
determined that the star formation rate in gas-rich, isolated pairs with separations < 50
kpc 1s approximately twice that of unpaired dwarfs with similar gas fractions and stellar
masses. This contrasts with findings from studies of large galaxy pairs, such as those
conducted by Ellison et al. (2013). Dwarfs, which are typically found in low-density
environments, are more gas-rich than giant galaxies and have lower star formation
efficiency. While a few recent observational studies have reported on merging features in
some dwarf galaxies, little is currently known about their evolution through mergers, as
documented by Annibali et al. (2016); Rich et al. (2012); Pearson et al. (2016).

2.9 Research Gap in Dwarf Galaxy Research

Recently, Paudel et al. (2017) discovered a MW twin where they identified Large and
Small Magellanic clouds (LMC/SMC) like systems around an isolated spiral galaxy NGC
2718. The common belief is that low-mass dwarf satellites should be more affected by
tidal potential of parent halos due to their shallower potential wells, and thus would be
less affected by merging events. However, recent evidence indicates that minor galaxy
merging may be more common than initially thought. Aside from the now-famous
LMC-SMC merger, numerous potential merging dwarfs have been identified in recent
studies (Coleman et al., 2004; Sengupta et al., 2012; Amorisco et al., 2014; Chengalur et
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al., 2015; Annibali et al., 2016; Privon et al., 2017). It shows that dwarf galaxy enhances
the star-formation activity by tidally interacting with another similar or lower mass galaxy
(Springel et al., 2005). They are certainly smoking gun examples of not only how dwarf
galaxies may evolve in a hierarchical fashion merging with a smaller companion, but
also they show how tidal interaction between dwarf galaxies affects their star-formation
history. In fact, cosmology is scale-free and there is nothing surprising about these results.
But, hierarchical fashion also means that smaller objects are the first to form and grow by

merging as time passes (Naab & Burkert, 2003).

v

Stream

Figure 15: Top: Interaction of dwarf galaxies (LMC and SMC) near to MW (D’Onghia & Fox, 2016).
Bottom: Interaction of UGC 5703 near NGC 2718. MW twin (Paudel et al., 2017). Both galaxies are
located at a distance of 54.5 Mpc and they have a B-band absolute magnitude of —18.25 and —19.93 mag
respectively.
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A complex velocity structures are found in the nearby interacting dwarf galaxy NGC
3077 (Walter et al., 2002). This study uses a high-resolution Very Large Array (VLA) H1
observations and it is found that most of the atomic gas (about 90%) around NGC 3077
is situated in a prominent tidal arm with a complex velocity structure. Little is associated
with NGC 3077 itself. They found a surprising result for a dwarf galaxy that the CO-to-H;
conversion factor in NGC 3077 is lower than the galactic value. A large number of
work has been ongoing in dwarf galaxies. Sengupta et al. (2015) studied the interactions
between pairs of galaxies (NGC 90 and NGC 93) resulting in the displacement of large
amounts of gas and stars as debris which then evolves, sometimes forming stars and
occasionally forming dwarf galaxies. They conclude that high HI column densities may

be a necessary but not sufficient criterion for star formation.

2.9.1 A Chronological Study of Merging Dwarf Galaxy

One of the prime examples of a dwarf-dwarf merger in our vicinity is the interaction
between LMC and SMC. There are a plethora of studies in the system explaining the
origin of interaction and future evolution of participating galaxies. The system is also
particularly important to know how the interacting system affects the evolution of our

own galaxy MW. We show the system in Figure 15.

In the early 2000s, Coleman et al. (2004) discovered a shell-like feature in the Fornax
dwarf galaxy; this was also interpreted as a merger origin. A major progress in the study
of merging dwarf exhaled after the discovery of a small elongated dwarf galaxy in the
vicinity of NGC 4449 since then, the candidate of merging dwarf has been growing
continuously. A tidally distorted dwarf galaxy near Magellanic irregular starburst NGC
4449 was discovered by Rich et al. (2012). Paudel et al. (2015) studied a system of
interacting dwarf galaxies in UGC 6741, where they identified that both the interacting
galaxies have similar metallicity and suggest that UGC 6741 appears as a promising
system for studying the possible transformation of BCDs into dEs, possibly through a

merger episode.

Amorisco et al. (2014) suggested that Andromeda II dwarf galaxy could be a remnant of
a merger between two dwarf galaxies. In a study of CGCG 036-042, Paudel et al. (2014)
reported the formation of compact elliptical through the merger, where the host galaxy
CGCG 036-042 was significantly compact and is located in an isolated environment.
Metallicity of CGCG 036-042 was higher than most normal dwarf galaxies. In local
volume TiNy Titans (TNT), a survey of merging dwarf galaxies, (Stierwalt et al., 2015)
found merging dwarf galaxies likely to have higher SFR than normal dwarf galaxies
when their separations are less than a few 100 kpc. Annibali et al. (2016) identified a
merging dwarf galaxy in the local void and their radio data shows that these void merging

dwarf galaxies are gas-rich and extremely metal-poor.
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Pearson et al. (2016) studied a sample of interacting dwarf galaxies from TNT using radio
observation and found that the neutral gas was more extended in the interacting pairs
when compared to non-paired analogs, providing evidence of tide-driven pre-processing
of the gas. The first analog of the Magellanic pair was discovered by Paudel et al. (2017)
[Figure 15], where they studied star formation and gas mass distribution using the Giant
Metrewave Radio Telescope (GMRT) 21 cm emission line observation. The largest
catalog of merging dwarf galaxies in the local universe was published by Paudel et al.
(2018a). KUG 0200-096 was studied by Paudel et al. (2018a), where they identified an
antennae galaxies like system forming tidal dwarf galaxies at the tip of antennae. Paudel
et al. (2020) studied an interacting pair of dwarf galaxies in a group environment using
GMRT radio observation, where they compared the system with the previously identified
system UGC 6741. Below, we try to summarize these events chronologically. Above

description is summarised in the Table 1.
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Table 1: Chronological study of merging dwarf galaxies.

Galaxy

Title

Reference

Fornax Dwarf galaxy

Discovery of Shell feature

(Coleman et al., 2004)

NGC4449

A tidally distorted dwarf galaxy near
NGC 4449

(Rich et al., 2012)

Andromeda II

The remnant of a merger between
two dwarf galaxies in Andromeda II

(Amorisco et al., 2014)

CGCG 036-042

An isolated, compact early-type
galaxy with a diffuse stellar com-
ponent: merger origin?

(Paudel et al., 2014)

UGC 6741 A Case Study for a Tidal Inter- | (Paudel et al., 2015)
action between Dwarf Galaxies in
UGC 6741

UGC 4722 Study of the Lynx-Cancer void galax- | (Chengalur et al., 2015)

ies. - V. The extremely isolated
galaxy UGC 4722

Local survey

TiNy Titans (TNT) a survey merging
dwarf in the nearby universe

(Stierwalt et al., 2015)

DDO 68

Interacting dwarf in Void

(Annibali et al., 2016)

NGC 3448, UGC 6016,
NGC 672, IC 1727,

Local Volume TiNy Titans: gaseous
dwarf—dwarf interactions in the Lo-

(Pearson et al., 2016)

UGC 9560 and cal Universe

UGC 9562

UGC 4703 UGC 4703 Interacting Pair Near the | (Paudel et al., 2017)
Isolated Spiral Galaxy NGC 2718: A
Milky Way Magellanic Cloud Ana-
log

Catalog A Catalog of Merging Dwarf Galax- | (Paudel et al., 2018a)

ies in the Local Universe

KUG 0200-096

KUG 0200-096: Dwarf Antennae
Hosting a Tidal Dwarf Galaxy

(Paudel et al., 2018a)

MCG+07-20-052

MCG+07-20-052: Interacting
Dwarf Pair in a Group Environment

(Paudel et al., 2020)

36



CHAPTER 3

3. MATERIALS AND METHODS

3.1 Dwarf Galaxy

In this work, we aim to understand how merging dwarf galaxies are formed and evolved in
a variety of environments. We define a sample of merging dwarfs taken from the catalog
prepared by Paudel et al. (2018a). In this chapter, we introduce the basic properties of
these galaxies. We explain our selection criteria and statistics used. In addition, we
describe the basic data acquisition steps that are used to obtain imaging and spectroscopic
data from the SDSS to perform a study of spectroscopic and morphological properties of

a representative sample of merging dwarfs of various environments.

3.1.1 Selection Criteria
Compactness and Surrounding Environment

To make a representative sample of merging dwarf galaxies, we selected 25 merging
dwarf galaxies of two different morphology: compact and extended. Because, these
two different morphology represent two different types of interaction of dwarf galaxies.
Compact merging dwarf galaxies represent more evolved final stage of merging whereas,
the extended merging dwarf galaxies represent early stage of merging. Their unique
physical conditions, enhanced starburst activity, morphological transformations, and
relevance to galaxy scaling relations make them valuable targets for investigating the
fundamental processes that shape galaxies throughout the universe.This sample list
comprises 15 compact and 10 extended merging dwarf galaxies. The visual appearance
of compact merging galaxies is of almost solid shape somewhat spherical and elliptical.
In most of all galaxies, a halo appears around it while in some other galaxies, the still
extended tail-like structure is observed because of ejected matter from the galaxy. In the
case of the extended merging galaxies, we can still see the merging galaxies very close
to each other connected by a bridge and even appear as a single galaxy but having no
regular shape. Some of them appear elongated with their halo around them, whereas,

some are forming a tail-like shape.

The galaxy merger plays a major role in the evolution of galaxy (White & Frenk, 1991)
and it would increase the size of the galaxy (van Dokkum et al., 2010). The sample
galaxies are all blue star-forming dwarf galaxies and have the g — r color of less than

0.46 mag. A significant majority of them are located in an isolated environment as
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Paudel et al. (2018a) noted that dwarf-dwarf merger mainly happens in the less dense
region. Out of the 25 merging dwarfs, only 4 are located in a group environment and
the rest are located in an isolated environment. We adopted a criterion for the search of
neighboring giant galaxies of absolute magnitude M < —20 mag, with the stellar mass
of < 10'% Mg, not outside of 700 kpc radial distance and a relative line of sight radial
velocity of < +700 km s~

Redshift

Redshift is the phenomenon in which the electromagnetic radiation emitted from a source
undergoes an increase in its wavelength (decrease in frequency). It is the relative change
in observed and emitted wavelength of the radiation from the source. But in the case
of blue shift (negative redshift), the wavelength is shortened. The main three types of
redshifts are gravitational, cosmological and Doppler’s redshifts. An object that has
high redshift means that it is receding away with a very high velocity. So, the value of
redshift gives an idea of how far and how fast an object is moving. The universe’s earliest
epochs lie at a redshift of around 100. But these days’ people are equally working in low
redshift regions. Since dwarf galaxies are of small size having low luminosity, it is hard
to detect them. Therefore, only less number of dwarf galaxies have been surveyed to date
as compared to normal brighter galaxies and hence we have selected the dwarf galaxies
in the low redshift of range 0.0024 to 0.0197. H, emission-line flux is a very good star

formation indicative e.g., Kennicutt (1983) for nearby galaxies.

Figure 16 shows the redshift and stellar mass distribution of the galaxies we have selected.
The redshift range of our sample galaxies gives a Hubble flow distance in the range
10 Mpc to 70 Mpc. As we can see, the redshift distribution peak is at the lowest bin. This
allows us higher spatial resolution for the majority of our data. The median value of the
redshift distribution is 0.007, with a standard deviation of 0.0053. In the next plot, we
show the stellar mass distribution of our sample of merging dwarfs. The stellar mass
ranges from 108 Mg, to 4 x 10° My, with a median value of 7.2 x 108 My, which means
that the faintest galaxy is similar to Fornax dwarf galaxy and the brightest galaxy is of
LMC stellar mass.

Morphology

Another criterion of our galaxy selection is their morphology. The main morphology of
selection criteria is their tidal feature: interacting, merging, shell, stellar streams, loop,
antenna and tidal tail. The morphology of galaxies gives an idea of their development and
evolution. According to Hubble’s tuning fork model, the major classes of galaxies based
on their visual appearance are ellipticals, lenticulars and spirals. Galaxy morphology
gives the idea of star formation history, nuclear activity, merger or interaction history and

gas accretion from other galaxies (Kormendy & Kennicutt, 2004).
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Figure 16: The redshift and stellar-mass distribution of our candidate merging dwarf galaxies.

In Table 3, we list the physical properties of our sample galaxies: both compact merging
and extended merging dwarf galaxies. They are taken from Paudel et al. (2018a). In
the first and second columns, we provide the catalog number and galaxy id respectively
according to the main catalog. The third column represents the galaxy name we assigned
(Cd for compact and Ed for extended merging dwarfs) respectively. Columns 4 and 5 list
sky-position (RA and Dec.) in h:m:s and d:m:s format respectively. Columns 6, 7, 8 and
9 lists spectroscopic redshift, adopted distance in megaparsec, the SDSS (g — r) color
index and stellar mass of the galaxy respectively. Likewise, columns 10, 11, 12 and 13
lists the logarithmic value of SFR derived from the FUV fluxes, the logarithmic value
of HI mass, Satellite code (1 for group environment or O for field environment) and the
feature (morphology) of the galaxy respectively. The morphological class of the galaxies

is shown in Table 2.

Table 2: Morphological classification of merging dwarfs.

I Interacting: two dwarf galaxies visibly distinct
IM Interacting merged: two dwarf galaxies overlap-
ping or the progenitor is not distinct

IMSh | Interacting merged having Shell

TS Tidal tail and stellar stream

A Antenna

Sh Presence of shell features
T Tidal tail

S Stellar stream

SL stellar stream and Loop

E Extended tail
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Table 3: The Physical Properties of 15 Compact and 10 Extended Merging Dwarf Galaxies Taken from the Catalog by Paudel et al. (2018a)

Catalog No. Galaxy ID Galaxy R.A. Dec. Redshift D g-r M* SFR My | Satellite | Feature
Name (h:m:s) (d:m:s) z (Mpc) | (mag) | log(Mp) | log(Mp)
Compact Merging Dwarf Galaxies
004 1d0155-0011 | Cd-01 | 01:55:59.74 | —-00:11:07.80 | 0.0121 | 51.57 | 0.46 9.09 -0.91 8.43 0 Sh
010 1d0222-0830 | Cd-02 | 02:22:11.95 | -08:30:36.36 | 0.0156 | 66.66 | 0.35 9.63 -0.44 NA 0 TS
016 1d08092137 | Cd-03 | 08:09:47.38 | +21:37:17.40 | 0.0111 | 47.27 | 0.23 8.86 -0.44 NA 0 T
036 1d09381942 | Cd-04 | 09:38:14.59 | +19:42:39.96 | 0.0144 | 61.48 | 0.20 8.56 NA 8.87 1 Sh
040 1d09514419 | Cd-05 | 09:51:39.29 | +44:19:08.40 | 0.0150 | 64.07 | 0.19 8.99 -0.42 NA 0 I
047 1d10013704 | Cd-06 | 10:01:14.38 | +37:04:15.24 | 0.0048 | 20.34 | 0.14 8.26 -1.29 NA 0 Sh
052 1d10174308 | Cd-07 | 10:17:32.98 | +43:08:41.28 | 0.0037 | 15.67 | 0.34 8.01 NA 9.15 0 Sh
053 1d10192117 | Cd-08 | 10:19:01.49 | +21:17:00.96 | 0.0036 | 24.80 | 0.22 8.86 -092 | 8.72 0 TS
055 1d10291610 | Cd-09 | 10:29:49.27 | +16:10:51.24 | 0.0108 | 45.98 | 0.23 9.18 —-0.68 8.19 0 SL
076 1d1148-0138 | Cd-10 | 11:48:18.17 | —01:38:23.64 | 0.0130 | 5544 | 0.22 9.03 -0.51 9.94 0 Sh
077 Id11501501 | Cd-11 | 11:50:02.71 | +15:01:23.16 | 0.0024 | 11.90 | 0.09 7.92 -34.95 | 8.40 1 Sh
079 1d1152-0228 | Cd-12 | 11:52:37.18 | —02:28:09.84 | 0.0034 | 14.39 | 0.08 8.33 -0.96 | 8.52 0 E
111 1d13433644 | Cd-13 | 13:43:13.13 | +36:44:57.48 | 0.0197 | 84.44 | 0.36 9.70 -0.07 | 9.34 0 TS
112 1d13434311 | Cd-14 | 13:43:26.98 | +43:11:18.60 | 0.0083 | 3527 | 0.20 8.49 -1.26 | 941 0 Sh
168 1d2319-0059 | Cd-15 | 23:19:58.01 | —00:59:07.80 | 0.0121 | 51.57 | 0.31 9.00 -1.01 9.83 0 TS
Extended Merging Dwarf Galaxies

002 1d01250759 | Ed-01 | 01:25:34.97 | +07:59:26.88 | 0.0097 | 41.26 | 0.04 8.78 -0.35 9.3 0 ™M
021 1d08332932 | Ed-02 | 08:33:22.97 | +29:32:18.96 | 0.0069 | 29.29 | 0.33 9.76 -0.15 8.9 0 I
067 1d11253803 | Ed-03 | 11:25:31.80 | +38:03:37.80 | 0.0070 | 29.72 | 0.23 9.16 -0.60 8.8 0 IMSh
100 1d12530427 | Ed-04 | 12:53:13.99 | +04:27:54.00 | 0.0024 9.68 0.30 8.82 -0.93 NA 1 Sh
104 1d13161232 | Ed-05 | 13:16:52.32 | +12:32:53.52 | 0.0032 | 13.55 | 0.30 8.74 -1.13 10.0 0 Sh
110 1d13425241 | Ed-06 | 13:42:59.40 | +52:41:17.88 | 0.0059 | 25.03 | 0.31 8.35 NA NA 0 I
114 1d13516422 | Ed-07 | 13:51:53.57 | +64:22:22.08 | 0.0058 | 28.40 | 0.18 8.69 -0.83 NA 1 ™M
134 1d14543012 | Ed-08 | 14:54:11.71 | +30:12:34.20 | 0.0094 | 3998 | 0.12 9.06 0.37 NA 0 A
147 1d15363040 | Ed-09 | 15:36:19.34 | +30:40:51.96 | 0.0058 | 28.50 | 0.25 8.91 NA NA 0 I
153 1d16060634 | Ed-10 | 16:06:40.99 | +06:34:50.88 | 0.0058 | 20.40 | 0.36 8.84 -1.05 9.2 0 Sh




Now, we introduce each dwarf galaxy of our sample briefly based on the catalog prepared
by Paudel et al. (2018a). The galaxies are mainly divided into two groups, i.e., compact
merging and extended merging dwarf galaxies. We show the optical image of the galaxy

and its spectrum in the wavelength range 4000 A to 7000 A in each case.

3.2 Compact Merging Dwarf Galaxies

Below we briefly discuss the compact merging dwarf galaxies used in our study. Figures
17 to 31 show their (g — r — i) combined tri-color optical image and the spectrum obtained
from the SDSS sky server. The X-axis is the rest frame wavelength and the Y-axis shows
the flux.

3.2.1 Cd-01

Cd-01 has a sky-position of RA (J2000) = 01" 55™ 59.74% and Dec. (J2000) =
—00° 11’ 07.80” with a line-of-sight radial velocity 3642 km s~!. It is a shell-featured
galaxy located in a field environment, surrounded by 3 neighboring galaxies around it.
The (g — r) color of the galaxy is 0.46 mag and is located at a distance of 51.57 Mpc from
us. It has a stellar mass of 1 x 10° M, and HI gas mass 2.6 X 10° Mg. The (g—r—i
combined tri-color image of the galaxy Cd-01 is shown in the left panel of Figure 17.
The galaxy has compact morphology with a bright center compared to the outer part.
A reddish, extended tail-like structure can be seen along its major axis. The optical
spectrum of the galaxy Cd-01 is shown in the right panel of Figure 17. We can see both
the emission and the absorption lines in the spectrum but most of the lines are prominent
emission lines. There is strong emission in H, and OIII lines and we can also see strong

absorption features in the higher order Balmer lines.

3.2.2 Cd-02

Cd-02 has sky-position of RA (J2000) = 02" 22™ 11.95% and Dec. (J2000) = — 08° 30’ 36.36”
with a line-of-sight radial velocity of 4695 km s~!. It is a stellar stream feature merging
dwarf located in the field environment and there are three neighboring galaxies within a
sky-projected distance of 700 kpc. It is a blue star-forming galaxy with a (g — r) color
of 0.35 mag. The g, r and b-band absolute magnitudes of the galaxy are 15.25 mag,
14.90 mag and —18.53 mag respectively. The distance to the galaxy taken from Nasa
Extragalactic Database (NED) is 66.66 Mpc. The optical image and the spectrum of the
galaxy Cd-02 are shown in Figure 18. The central region of the galaxy is brighter as
compared to the outer region. A reddish, extended tail-like structure can be seen along
its major axis. The spectrum shows strong emission in H, and OIII lines and we can also

see strong absorption features in higher-order Balmer lines.
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Figure 17: Optical image and spectrum of compact merging dwarf galaxy Cd-01. Both the image and

spectrum are obtained from the SDSS skyServer. The X-axis is rest-frame wavelength and Y-axis shows
the flux.
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Figure 18: Optical image and spectrum of Cd-02

3.23 Cd-03

Cd-03 has sky-position: RA (J2000) = 08" 09™ 47.38% and Dec. (J2000) = +21° 37’ 17.40".
It is a field galaxy having only one neighboring galaxy around it. It is a blue star-forming
galaxy with a (g — r) color of 0.23 mag. The g, r and b-band absolute magnitudes of
the galaxy are 15.98 mag, 15.75 mag and —17.09 mag respectively. The galaxy lies at a
distance of 47.27 Mpc. The line-of-sight radial velocity of the galaxy is 3330.6 km s~!.
The (g — r — i) combined tri-color optical image of the galaxy and its optical spectrum
is shown in Figure 19. We can see the tidal tail and boxy morphology of the galaxy.
The central region of the galaxy is brighter as compared to the outer region. The galaxy
seems to be almost merged with each other. We can distinctly see two blue regions inside

the galaxy in which star-forming activities are going on. A reddish, extended tail-like
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structure can be seen in its southeast direction and appears as a tadpole galaxy. This
galaxy has a stellar mass of 3.6 X 108 Mg, and the main catalog does not list the total HI

mass of the system. The spectrum shows strong emission in H, and OIII lines.
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Figure 19: Optical image and spectrum of Cd-03.

3.24 Cd-04

Cd-04 has sky-position: RA (J2000) = 09" 38™ 14.59% and Dec. (J2000) = + 19° 42’ 39.96”
and redshift z = 0.0144. Figure 20 shows the optical image and the spectrum of the
galaxy Cd-04. Although the galaxy is very compact, it has a small tidal tail elongated
toward the north direction. It is a shell-featured galaxy located in a group environment
and the nearest giant galaxy is NGC 4283. It is a blue star-forming galaxy with a (g —r)
color of 0.20 mag. The g, r and b-band absolute magnitudes of the galaxy are 17.19 mag,
16.99 mag and —17.19 mag respectively. The galaxy is situated at a distance of 61.48 Mpc
and has 26 neighboring objects within a sky-projected distance of less than 700 kpc.
The mass ratio of the interacting galaxies is 1. The line-of-sight radial velocity of the
galaxy is 4329 km s~!. The spectrum has a bit low signal-to-noise ratio but shows strong

emission in H, and OIII lines.

3.2.5 Cd-05

Cd-05 has sky-position RA (J2000) = 09" 51™ 39.29% and Dec. (J2000) = +44° 19" 08.40"
with a spectroscopic redshift of 0.0151. Figure 21 shows the optical image and spectrum
of the galaxy Cd-05. We can see that a long elongated tidal tail is coming out of the host
galaxy. The galaxy is compact in nature whose central region seems to be bluish in color
and brighter than the outer region indicating that star-forming activities are going on. An

extended tail-like structure can be seen along the semi-major axis which indicates that the
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Figure 20: Optical image and spectrum of Cd-04.

galaxy is formed by the merger. The tidal tail is somewhat redder in color compared to
the compact host galaxy color. The g, r and b-band absolute magnitudes of the galaxy are
16.18 mag, 15.99 mag and —17.56 mag respectively. This galaxy is a field galaxy lying at
a distance of 64.07 Mpc. It has 3 neighboring objects within a sky-projected distance of
less than 700 kpc and a relative line-of-sight radial velocity of less than + 700 km s~!.
The line-of-sight radial velocity of the galaxy is 4519 km s~!. This galaxy has a stellar
mass of 9.7 x 108 M. The spectrum shows strong emission in H, and OIII lines. we

can also see strong absorption features in higher-order Balmer lines.
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Figure 21: Optical image and spectrum of compact dwarf galaxy Cd-05.

3.2.6 Cd-06

Cd-06 has sky-position: RA (J2000) = 10" 01™ 14.38% and Dec. (J2000) = +37° 04’ 15.24”
and redshift z = 0.0048. The g, r and b-band absolute magnitudes of the galaxy are
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15.33 mag, 15.19 mag and —15.94 mag respectively. The galaxy lying at an adopted
distance of 20.34 Mpc has 3 neighboring objects within a sky-projected distance of less
than 700 kpc. The line-of-sight radial velocity of the galaxy is 1467 km s~!. The optical
image and spectrum of the galaxy are shown in Figure 22. It is an elongated shell feature
merging compact dwarf galaxies. The whole body of the galaxy seems to be bluish in
color and a low surface brightness blue color halo is seen in the outer surrounding. It is
located in a field environment. It is a blue star-forming galaxy with a (g — r) color of

0.14 mag. The spectrum shows a strong emission line with absorption in higher-order

Balmer lines.
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Figure 22: Optical image and the spectrum of compact dwarf galaxy Cd-06.

3.2.7 Cd-07

Cd-07 has sky-position RA (J2000) = 10" 17™ 32.98° and Dec. (J2000) = +43° 08’ 41.28”
with a spectroscopic redshift of 0.0038. Figure 23 shows the image and the spectrum
of this galaxy. It is a star-forming galaxy having a compact shell feature with tidal tail
morphology. The central core is bluish in color and an extended tail-like structure is
observed along its semi-major axis. The outer region is reddish as compared to its core.
It is located in a field environment surrounded by 3 neighboring galaxies. The g, r and
b-band absolute magnitudes of the galaxy are 16.14 mag, 15.80 mag and —14.51 mag
respectively. The line-of-sight radial velocity of the galaxy is 1132 km s~!. This galaxy
has a stellar mass of 1.0 x 10 M, and total HI mass of the system is 1.4 X 10° Mo.
The spectrum shows strong emission in H, and OIII lines, but the spectrum has low

signal-to-noise ratio (SNR).
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Figure 23: Optical image and the spectrum of compact merging dwarf galaxy Cd-07.

3.2.8 Cd-08

Cd-08 has sky-position RA (J2000) = 10" 19™ 01.49° and Dec. (J2000) = +21° 17° 00.96"”
and redshift z = 0.0036. The g, r and b-band absolute magnitudes of the galaxy are
14.56 mag, 14.34 mag and —17.11 mag, respectively. The galaxy lying at a distance
of 24.80 Mpc is a star-forming field galaxy having 2 neighboring objects within the
search criteria. Morphologically, it is a galaxy having a tidal tail and stellar stream (TS).
The line-of-sight radial velocity of the galaxy is 1083 km s~!. The optical image and
spectrum of the galaxy are shown in Figure 24. It has a strong tidal tail extended toward
a north direction and we can also see a faint low-surface brightness blue tail extension
diametrically opposite to the first one. The overall color of the galaxy is g —r = 0.22
mag. It has stellar mass and gass mass 7.2 x 108 Mg and 5.2 x 10% M, respectively.
It is located in a field environment. The spectrum shows a strong emission line with

absorption in higher-order Balmer lines.

3.2.9 Cd-09

Cd-09 has sky-position RA (J2000) = 10" 29™ 49.27% and Dec. (J2000) = + 16° 10" 51.24”.
The g, r and b-band absolute magnitudes of the galaxy are 15.12 mag, 14.89 mag and —
17.89 mag respectively. The galaxy is located at a distance of 45.98 Mpc. The optical
image and spectrum of Cd-07 are displayed in Figure 25. The central region of the galaxy
is spherical and blue in color whose outer region is reddish. It is a starburst compact
galaxy having stellar stream and loop (SL) features as its morphology. This galaxy has
no neighbors within a sky-projected distance of less than 700 kpc. The radial velocity of
the galaxy is 3265 km s~!. This galaxy has a stellar mass of 1.5 x 10° My, and total HI
mass of 1.5 x 108 M. The SDSS spectrum shows strong emission in H,, and OIII lines.
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Figure 24: Optical image and the spectrum of compact dwarf galaxy Cd-08.
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Figure 25: Optical image and the spectrum of Cd-09.

3.2.10 Cd-10

Cd-10 is a starburst compact dwarf galaxy having RA (J2000) = 11" 48™ 18.19% and
Dec. (J2000) = —01° 38" 23.64"” with a spectroscopic redshift of 0.0130. The g, » and
b-band absolute magnitudes of the galaxy are 15.88 mag, 15.66 mag and —17.54 mag
respectively. It is a starburst field galaxy located at a distance of 55.44 Mpc and has
5 neighboring objects within the search criteria. Figure 26 shows the optical image
and the spectrum of Cd-10. The central region of the galaxy is spherical and blue in
color. It has a strong tidal tail extended toward a north direction and we can also see
a faint low-surface brightness blue tail extended diametrically opposite to the first one.
Morphologically, it is a shell-featured (Sh) galaxy. The line-of-sight radial velocity of
the galaxy is 3907 km s~!. The overall color of the galaxy is (g — r) = 0.22 mag. It has
stellar mass and gass-mass of 1.0 x 10° Mg and 8.7 x 10° My, respectively. The SDSS
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spectrum shows a strong emission line with absorption in higher-order Balmer lines.
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Figure 26: Optical image and the spectrum of Cd-10.

3.2.11 Cd-11

Cd-11 is a compact dwarf galaxy having RA (J2000) = 11" 50™ 02.72° and Dec.
(J2000) = + 15° 01’ 23.16” with a spectroscopic redshift of 0.0024. The g, r and b-band
absolute magnitudes of the galaxy are 14.81 mag, 14.72 mag and —15.29 mag respectively.
The galaxy is located at a distance of 11.90 Mpc and has 52 neighboring objects within
a sky-projected distance of less than 700 kpc. Figure 27 shows the optical image and
the spectrum of the galaxy Cd-11. The central region of the galaxy is tadpole-like in
shape and blue in color. The outer shell is relatively reddish in color. Morphologically, it
is a shell-featured (Sh) galaxy. The line-of-sight radial velocity of the galaxy obtained
from the Extragalactic Database (NED) is 751 km s~!. This galaxy has a stellar mass of
8.3 x 107 My, and total HI of the system is 2.5 x 108 M. The SDSS spectrum shows

strong emission in H, and OIII lines.

3.2.12 Cd-12

Cd-12 is a starburst compact dwarf galaxy having sky position RA (J2000) = 11" 52™
37.18% and Dec. (J2000) = — 02° 28’ 09.84” at a redshift of 0.0034. The g, r, and b-band
absolute magnitudes of the galaxy are 14.18 mag, 14.10 mag and —16.36 mag respectively.
The galaxy is located a distance of 14.39 Mpc and has 6 neighboring objects within the
search criteria. The line-of-sight radial velocity of the galaxy is 1040 km s~!. Figure 28
shows the optical image and the spectrum of the galaxy Cd-12 which is taken from the
Legacy survey. The elongated central region is deep blue in color. It has a strong tidal tail

extended toward a north direction and we can also see a faint low-surface brightness blue
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Figure 27: Optical image and the spectrum of compact dwarf galaxy Cd-11.

tail extension diametrically opposite to the first one. Morphologically, it is an extended
tail-featured galaxy. The overall color of the galaxy is (g — r) = 0.08 mag. It has stellar
mass and gass-mass of 2.1 x 108 Mg and 3.3 x 108 My respectively. It is located in a

field environment. The spectrum shows strong emission lines.

12000 Cd-12
Z=

0.0134

10000

8000

6000

4000

2000

Flux (1072 erg st cm=2 A1)

l I Y
O 1 1 1 1 1 1 1 1 1 1 1
4000 4500 5000 5500 6000 6500 7000
Wavelength (A)

Figure 28: Optical image and the spectrum of Cd-12.

3.2.13 Cd-13

Figure 29 shows the image and spectrum of the starburst compact merging dwarf galaxy
Cd-13 having RA (J2000) = 13" 43 ™ 13.13° and Dec. (J2000) = + 36° 44’ 57.48” with a
spectroscopic redshift of 0.0197. The g, r and b-band absolute magnitudes of the galaxy
are 15.64 mag, 15.28 mag and —18.65 mag respectively. Cd-13 is a field galaxy located at
a distance of 84.44 Mpc and has 6 neighboring objects. The line-of-sight radial velocity

49



NO

d-

=
w

21400

o

.0197
1200
1000
800
600

400

II'I'I'I'I'I'I'

Flux (107 ergs ' cm2 A~

200

I|. |

e At 2 4 e A\ b

-

1 1 1 1 1 1 1 1 1 1 1
4%00 4500 5000 5500 6000 6500 7000
Wavelength (A)

Figure 29: Optical image and the spectrum of Cd-13.

of the galaxy is 5930 km s~!. The galaxy is spherical in shape, with a tidal tail and stellar
stream (TS) along its major axis. The central region of the galaxy is saturated and the
outer region is blue in color. There are 6 neighboring galaxies around it. This galaxy has
a stellar mass of 5.0 x 10° Mg, and total HI mass of 2.1 x 10° My. The spectrum shows
strong emission in H, and OIII lines as well as strong absorption lines in the Balmer

region.

3.2.14 Cd-14

Cd-14 is a starburst compact dwarf galaxy having RA (J2000) = 13" 43™ 26.98% and
Dec. (J2000) = +43° 11’ 18.60” with a spectroscopic redshift of 0.0083. The g, r and
b-band absolute magnitudes of the galaxy are 16.18 mag, 15.98 mag and —16.27 mag
respectively. The galaxy is located at a distance of 35.27 Mpc and has 5 neighboring
objects within a sky-projected distance of less than 700 kpc. The line-of-sight radial
velocity of the galaxy is 2510 km s~!. Figure 30 displays the optical image and the
spectrum of Cd-14. The galaxy is elongated in shape having a shell feature. It has a
strong tidal tail extended toward a north direction and we can also see a faint low-surface
brightness blue tail extension diametrically opposite to the first one. The overall color
of the galaxy is (g — r) = 0.20 mag. It has stellar mass and gass-mass of 3.1 x 10% Mg
and 2.5 x 10° M, respectively. It is located in a field environment. Its spectrum shows a

strong emission line.
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Figure 30: Optical image and the spectrum of Cd-14.

3.2.15 Cd-15

Cd-15 is a star-forming compact dwarf galaxy having RA (J2000) = 23" 19™ 58.01° and
Dec. (J2000) = —00° 59" 07.80” with a redshift of 0.0121. The g, r and b-band absolute
magnitudes of the galaxy are 16.12 mag, 15.81 mag and —17.12 mag respectively. The
galaxy is located at a distance of 51.57 Mpc in a field environment and has 3 neighboring
objects within a sky-projected distance of less than 700 kpc and a relative line-of-sight
radial velocity of less than +700 km s~!. The line-of-sight radial velocity of the galaxy
is 3634 km s~!. Figure 31 shows the optical image and the spectrum of the galaxy Cd-15.
The central region is blue and the outer region is reddish in color. Morphologically, the
galaxy has a tidal tail and stellar stream along a north direction. This galaxy has a stellar
mass of 1.0 x 10° Mg, and total HI mass of 6.7 X 10° M. The spectrum shows strong

emission in H, and OIII lines and strong absorption in Balmer lines.
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Figure 31: Optical image and the spectrum of Cd-15.
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3.3 Extended Merging Dwarf Galaxies

Below we briefly discuss the extended merging dwarf galaxies in our study. Figures 32
to 41 show their (g — r — i) combined tri-color optical image and the spectrum obtained
from the SDSS sky server. The X-axis is the rest frame wavelength and the Y-axis shows
the flux.

3.3.1 Ed-01

Ed-01 is an extended merging dwarf galaxy of starburst subclass having sky position RA
(J2000) = 01" 25™ 34.97% and Dec. (J2000) = +07° 59’ 26.88” and redshift of 0.0097.
The g, r and b-band absolute magnitudes of the galaxy are 15.18 mag, 15.14 mag and
—17.66 mag respectively. The (g — ) color of Ed-01 is 0.04 mag. The galaxy is located
at a distance of 41.26 Mpc and has 9 neighboring objects within the search criteria.
Figure 32 shows the optical image and the spectrum of the galaxy Ed-O1. As we can see,
it is not a fully merged system and the two prominently disturbed dwarf galaxies are also
visible. Both interacting galaxies are blue and star-forming. Morphologically, the galaxy
is interacting and merged (IM). It has stellar mass and gass-mass of 6.0 x 103 M and
1.9 x 10° M, respectively. It is located in a field environment. The spectrum in the right

panel of Figure 32 shows that the galaxy is pure of emission type and OIII and H,, lines

are the strong emission lines.
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Figure 32: Optical image and the spectrum of Ed-01.

3.3.2 Ed-02

Ed-02 is an extended merging dwarf galaxy of starburst subclass with RA (J2000) = 08"
33™ 22.97° and Dec. (J2000) = +29° 32/ 18.96” at a spectroscopic redshift of 0.0069.
The g, r and b-band absolute magnitudes of the galaxy are 13.06 mag, 12.73 mag and —
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18.94 mag respectively. The SDSS (g — r) color of Ed-02 is 0.33 mag. The galaxy is
located at a distance of 29.29 Mpc in a field environment and has 3 neighboring objects.
The line-of-sight radial velocity of the galaxy is 2082 km s~!. Figure 33 shows the optical
image and the spectrum of the galaxy Ed-02. It is not a fully merged system and the
bar-like structure is also visible. The interacting galaxies are blue and star-forming. It

has stellar mass and gass-mass of 5.7 X 10° M, and 8.1 x 10® M, respectively.
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Figure 33: The (g — r — i) tricolor optical image and the spectrum of extended merging dwarf galaxy
Ed-02.

3.3.3 Ed-03

Ed-03 is a starburst galaxy located at RA (J2000) = 11" 25m 31.80% and Dec. (J2000) =
+38°03"37.80” with a spectroscopic redshift of 0.0070 (Figure 34). The g, » and b-band
absolute magnitudes of the galaxy are 14.24 mag, 14.01 mag and —17.83 mag respectively.
It is a field galaxy located at a distance of 29.72 Mpc and has 12 neighboring objects
within the search criteria. The line-of-sight radial velocity of the galaxy obtained from
NED is 2110 km s~!. It is not a fully merged system and the two prominently disturbed
dwarf galaxies connected by a bridge are also visible. Both the interacting galaxies
are blue and star-forming. Morphologically, the galaxy is interacting merged and shell
featured (IMSh) in which progenitor is visibly distinct. The shell is reddish in color as
compared to its blue colored elongated main body. The overall color of the galaxy is
(g —r) = 0.23 mag. It has stellar mass and gass-mass of 1.4 x 10° Mg and 6.1 x 108 Mg

respectively. The spectrum shows that the galaxy is purely emission type.
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Figure 34: Optical image and the spectrum of extended merging dwarf galaxy Ed-03.

3.34 Ed-04

Ed-04 is a starburst galaxy. It has sky-position RA (J2000) = 12" 53™ 14.00° and
Dec. (J2000) = +04° 27" 54.00” and has redshift of 0.0024. The galaxy is at a distance
of 9.68 Mpc surrounded by 26 neighboring objects within the search criteria. The
line-of-sight radial velocity of the galaxy is 716 km s~!. As we can see in Figure 35,
the galaxy is a shell featured (Sh) in which a reddish color shell can be seen outside the
blue color main body. It is not a fully merged system. The overall color of the galaxy is
0.30 mag. It has stellar mass of 6.6 x 108 M. It is located in a dense environment. The

spectrum shows a strong emission line with absorption in higher-order Balmer lines.
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Figure 35: Optical image and the spectrum of extended merging dwarf galaxy Ed-04.
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3.3.5 Ed-05

Ed-05 is a star-forming extended merging dwarf galaxy with sky-position RA (J2000)
= 13" 16™ 52.32% and Dec. (J2000)= + 12° 32’ 53.52” at a spectroscopic redshift of
z = 0.0032. The g, r and b-band absolute magnitudes of the galaxy are 13.85 mag,
13.55 mag and —16.49 mag respectively. The (g — r) color of Ed-05 is 0.30 mag. It is
located at a distance of 13.55 Mpc and has 9 neighboring objects within a sky-projected
distance of less than 700 kpc. The line-of-sight radial velocity of the galaxy is 958 km s~!.
Figure 36 shows the (g — r — i) combined tri-color optical image of the galaxy and its
spectrum. Morphologically, the galaxy is a shell featured (Sh) whose central region is
bright. It has stellar mass and gass-mass of 5.4 x 108 Mg, and 9.1 x 10° M, respectively.
It is located in a field environment. The SDSS spectrum shows a strong emission line

with absorption in higher-order Balmer lines.
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Figure 36: Optical image and the spectrum of extended merging dwarf galaxy Ed-05.

3.3.6 Ed-06

Ed-06 is a starburst extended merging dwarf galaxy having sky position of RA (J2000) =
13" 42™ 59.40° and Dec. (J2000) = +52° 41’ 17.88"” and redshift z = 0.0059. The g, r
and b-band absolute magnitudes of the galaxy are 16.18 mag, 15.87 mag and —15.49 mag
respectively. The (g — r) color of Ed-06 is 0.31 mag. The galaxy is located at a distance
of 25.03 Mpc and has 9 neighboring objects within a sky-projected distance of less than
700 kpc. The line-of-sight radial velocity of the galaxy is 1803 km s~!. Figure 37 shows
the optical image of the galaxy Ed-06 and its spectrum. The galaxy is interacting (I)
whose central region is blue. Its body is elongated to the N-S direction. It has stellar
mass of 2.2 x 108 M, and is located in a field environment. The spectrum shows a strong

emission line with absorption in higher-order Balmer lines.
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Figure 37: Optical image and the spectrum of extended merging dwarf galaxy Ed-06.

3.3.7 Ed-07

Ed-07 is a starburst galaxy with RA (J2000) = 13" 51™ 53.57° and Dec. (J2000)=
+64°2222.08” and redshift z = 0.0058. The g, r and b-band absolute magnitudes of
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Figure 38: Optical image and the spectrum of extended merging dwarf galaxy Ed-07.

the galaxy are 15.11 mag, 14.93 mag and — 16.87 mag respectively. The SDSS (g —r)
color of Ed-07 is 0.18 mag. The galaxy is located at a distance of 28.40 Mpc and has 5
neighboring objects within the search criteria. The line-of-sight radial velocity of the
galaxy is 1763 km s~!. Figure 38 shows the optical image of the galaxy Ed-07 and its
spectrum. Morphologically, the galaxy is interacting merged (IM) which is blue in color
and is elongated in shape in the N-S direction. it is not a fully merged system. A stellar
tail-like structure is observed along its length. It has stellar mass of 4.9 x 10° M, and is

located in a dense environment. The spectrum shows that the galaxy is an emission type.
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3.3.8 Ed-08

Ed-08 is a starburst subclass of galaxy having RA (J2000) = 14" 54™ 11.71%, Dec.
(J2000)= +30° 12’ 34.20” and redshift z = 0.0094. The g, r and b-band absolute
magnitudes of the galaxy are 14.72 mag, 14.60 mag and — 18.03 mag respectively. The
(g —r) color of Ed-08 is 0.12 mag. The galaxy is located at a distance of 39.98 Mpc and
has 3 neighboring objects. The line-of-sight radial velocity of the galaxy is 2809 km s~!.
Figure 39 shows the optical image of the galaxy Ed-08 and its spectrum. It is also not
a fully merged system. The galaxy is a guitar galaxy having an antenna (A) along the
N-E direction. The main body of the galaxy is blue in color but the antenna is reddish as
compared to its main body. It has a stellar mass of 1.1 x 10° M. It is located in a field

environment. The spectrum shows a strong emitting feature of the galaxy.
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Figure 39: Optical image and the spectrum of extended merging dwarf galaxy Ed-08.

3.3.9 Ed-09

Ed-09 is a starburst extended merging dwarf galaxy having RA (J2000) = 15" 36™
19.34% and Dec. (J2000) = +30° 40" 51.96” at a spectroscopic redshift of 0.0058. The
g, r and b-band absolute magnitudes of the galaxy are 14.84 mag, 14.59 mag and —
17.12 mag respectively. The (g — r) color of Ed-09 is 0.25 mag. The distance of the
galaxy is 28.50 Mpc. The line-of-sight radial velocity of the galaxy is 1756 km s~!.
Figure 40 shows the (g — r — i) combined tri-color optical image of the galaxy Ed-09 and
its spectrum. The galaxy is an interacting galaxy having an elongated shape with a stellar
tail-like structure along its major axis (N-S direction). The stellar mass of the galaxy is
8.1 x 108 M. It is located in a field environment and has 2 neighboring galaxies. The

SDSS spectrum shows that the galaxy is purely emission type.
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Figure 40: Optical image and the spectrum of extended merging dwarf galaxy Ed-09.

3.3.10 Ed-10

Ed-10 is galaxy located at the sky position of RA (J2000) = 16" 06™ 40.99%, Dec.(J2000)
= +6° 34’ 50.88” and redshift z = 0.0058. It is a star-forming shell-featured galaxy with
g and r band absolute magnitudes of 14.69 mag and 14.33 mag respectively. The SDSS
(g — r) color of E-10 is 0.36 mag and its b-band absolute magnitude is — 16.52 mag. It
is a field galaxy situated at a distance of 20.40 Mpc. The line-of-sight radial velocity
of the galaxy obtained from NED is 1749 km s~!. The optical image of the galaxy and
its optical spectrum is shown in Figure 41. In this image, we see that the central region
is blue and dense as compared to the outer region of the galaxy. There is an extended
tail-like structure along the major axis of the galaxy that is reddish in color. It has stellar
mass and gass-mass of 6.9 x 108 My, and 1.4 x 10° M, respectively. The spectrum shows

a strong emission line with absorption in higher-order Balmer lines.
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Figure 41: Optical image and the spectrum of extended merging dwarf galaxy Ed-10.
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3.4 Method

3.4.1 Data Acquisition

In this work, we extensively use the SDSS DR 12 archival data to measure the morpholog-
ical and chemical parameters of the galaxy (Aihara et al., 2011). We obtained the SDSS
g— and r—band images and optical fiber spectrum from the SDSS Data Archive Server
(DAS). The images and spectrum are already well-calibrated and we do not perform
any operation in this regard. Both the image and the spectrum data are in the FITS file
format. FITS stands for Flexible Image Transport System and is a digital file format used
in astronomy for long-term storage, transmission and processing of astronomical data
such as 2-D images, 2-D tables, spectra, data cubes, etc. FITS files contain both the
images and the binary data in a specific format and many programming languages can
read and write such files. Moreover, such files store other information like time and date
of observation, place of the telescope and weather at observation time. The SDSS fiber
has a diameter of 3 arcsecs. Hence, the observed spectrum only covers a small portion
of the galaxy area (Abazaj ian et al., 2003). In Figure 42, we show the data acquisition
process from the SDSS data server. For a given coordinate of the galaxy, we first use the
SDSS navigate tool to identify the galaxy’s position. Once the object is identified, we
then use explore tool. The Explore tab provides a link to the FITS file of both spectrum

and imaging data which we download for our analysis.
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Figure 42: Process of data acquisition using the SDSS graphical interface. The four positions A, B, C,
and D are highlighted, where RA and Dec. are interred in A and click the search button. When the object
of interest appears in the main navigation window, we use explore button (B) to go to explore tab. From
the explore tab, we can download fits files of imaging and spectroscopic data by clicking at C and D
respectively.
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3.4.2 Spectroscopic Calculations

For the spectroscopic analysis of the galaxies, their FITS files are downloaded and the
SDSS DR12 spectral data is extracted with the help of a software called ALADIN of
version 11. Then we obtain the flux of the galaxy in erg s~! cm2A-! corresponding to
the logarithmic value of the wavelength in the extracted data. The wavelength is now
expressed on a linear scale. The data were plotted by using the software ORIGIN 8.0 to
obtain the spectra of the galaxies. We show an example spectrum of LEDA 2793637
plotted from the extracted data in Figure 43. The spectrum ranges from wavelength
4000 A to 9000 A. It shows a strong signature of the star-forming galaxies with prominent
emission lines produced by different elements like OI, OII, NII, SII, H,, Hg, Hy, Hs as
shown in the Table 4.

Table 4: Emission line list that is widely found in galaxy spectrum. The first and second columns represent
the wavelength and name of the emission lines respectively. The third column represents orbital transition

configurations and the fourth column represents the elements responsible for emission lines. (source
Sharpee et al. (2003)).

Wavelength | Line name | Transition Element
A

4102.89 | Hj ny — ng Hydrogen
4341.68 H, ny — ns Hydrogen
4364.43 | OIII 1D 2s%2p? — 1S 25?2p®> | Oxygen
4862.68 | Hg n —n4 Hydrogen
4960.29 | OIII 3P 2s?2p® — 1D 2s?2p? | Oxygen
5008.24 | OIII 3P 2s2.2p? — 1D 2s%.2p? | Oxygen
6549.86 | NII 3P 2s?2p® — 1D 2s?2p?> | Nitrogen
6564.61 H, ny —n3 Hydrogen
6585.27 | NII 3P 25?2p® — 1D 2s?2p? | Nitrogen
671829 | SII 48 3s%3p — 2D 3s?3p® | Sulphur
6732.67 | SII 48 3s%3p* — 2D 3s?3p® | Sulphur

If we magnify the spectrum, the small lines which are barely seen or even not seen in the
spectrum will be seen in the broadened form (Figure 43). The magnified form of a small
portion around H,, line of the spectrum of LEDA 2793637 is also shown in the inset in

which broad NII lines can be seen on either side of Hy, line.

Once the emission lines were identified, we fit a Gaussian profile to them. For the redshift
correction, the wavelength of all data is divided by (1 + z), z being the redshift of the
galaxy. This is applied in the x-axis (wavelength) for each Gaussian fit. On the other
hand, the continuum correction of the flux has been done by subtracting the median of
two separate regions on either side of the emission line. As we have shown in Figure 44,
we calculate the median value from the flat regions in the tails of wavelength range from
X1 to X, and from X3 to X4 respectively.
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Figure 43: A detailed view of SDSS DR 12 Optical Spectrum of LEDA 2793637, a star-forming galaxy.
The emission lines above the continuum are due to different elements Hydrogen, Oxygen, Sulphur and
Helium. In the inset, we have a zoom-in version of H, and NII-doublet emission lines.

The redshift-corrected data of flux and wavelength is plotted and the Gaussian fit of the
emission line is obtained. The sample Gaussian fit of the H, line of an example spectrum
is shown in Figure 44, where the red-colored solid line curve is the best-fitted Gaussian

curve and black dots represent the observed data. The error bars are also shown.

The emission line profile of the extragalactic object is dominated by Doppler broadening.
The atoms/molecules in a gas, which emit the radiation, will have a distribution of
velocities. The photon emitted by transition will be either red or blue-shifted by the
Doppler effect, depending on the atom’s velocity relative to the observer. Since the
spectral line is a combination of all of the emitted radiation, the line profile is considered
Gaussian in nature. The center is zero shift or an average shift of the system. It was
assumed that the characteristic lines get broadened because of Doppler broadening,
permitted line cooling and fine structure cooling. These are natural processes; therefore,
the Gaussian distribution was expected. Mathematically, a Gaussian distribution is
defined as (Squires, 2001);

—(x-p)?

e (3.1)

fo(x) =

2no

where x is a normal random variable, u is the mean and o is the standard deviation of the
distribution. If the number of events is very large, then the Gaussian distribution function
may be used to describe physical events. The Gaussian distribution is a continuous

function that approximates the exact binomial distribution of events.

Once we fit the Gaussian curve, we obtain Gaussian parameters such as the height of the
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Figure 44: An example of Gaussian fit in H, emission line. We also marked the two flat regions of the
tails by X, X», X3 and X4, where we sample the continuum flux to make continuum correction. The black
dots represent observed data points and the red solid line represents the best-fitted Gaussian profile.

Gaussian curve, its area, peak intensity, the wavelength corresponding to peak intensity
and Full Width Half Maximum (FWHM). The Gaussian parameters will be enlisted in a
separate table and the corresponding elements will be identified. For our analysis, we
have fitted four well-known emission lines, Hy, Hg, OIIIl and NII to get their emission

line parameters, such as flux, FWHM and peak intensity.

3.4.2.1 Star Formation Rate (SFR)

The H,, luminosity is the main estimator of the galaxies’ instantaneous SFR in this study.
When the ionized hydrogen present in the gas and dust clouds surrounding the recently
formed stars undergo into the recombination process, H, line is produced. Massive stars
of type O and B generate a powerful radiation field that has the power to ionize hydrogen
atoms. At equilibrium condition, the free electrons combine with the ionized hydrogen
atoms and produce several emission lines like Hel3ggo, Hs, Hy, Olll4363, Hg, Olllg960,
OIIISOO& HeI5g77, OI6366» NII6550, Ha, NII6535, SH6720, SII6732 and NeIII3869. The star
formation rate is calculated by adopting the empirical formula proposed by Kennicutt
(1998) as follows:

SFR(M, yr™') = 7.9 x 1074 Z L(H,)(ergs™). (3.2)

Here, ) L(H,) is the total luminosity of Hy line calculated by using Gaussian fits. H,

makes out SFR directly and depends very little on the metallicity or the ionization levels
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of the gas cloud. Extinction plays a significant effect to SFR among many other factors
which is common to optical indicators. Here, we calculate extinction coefficient and
calculate SFR after extinction correction. However, SFR can be calculated by using
fluxes of X-rays, UV, forbidden recombination lines (Olls757), far infrared, radio etc.

which lie in a broad scale of electromagnetic spectrum.

3.4.2.2 Maetallicity Measurement

Our understanding of the formation and development of galaxies depends on measuring
the chemical histories of galaxies. Metals accumulate over time via each generation
of star formation in a simple closed-box model of chemical evolution. Typically, the
evolution of a galaxy’s metallicity is described in terms of star mass. The stellar mass
and galaxy bolometric luminosity both exhibit high correlations with the metallicity
of the gas-phase stars. If low mass galaxies contain higher gas fractions than higher
mass galaxies, as seen in nearby galaxies, then there will naturally be a correlation
between mass and metallicity (McGaugh & de Blok, 1997; Bell & de Jong, 2000; Boselli
& Gavazzi, 2006). For measuring metallicities in HII regions without auroral lines,
metallicity calibrations based on optical strong-line ratios were originally created. These
calibrations, often referred to as empirical methods, are obtained by fitting the observed
relationship between Auroral metallicities and strong-line ratios. From the calibration
provided by Marino et al. (2013), the emission line metallicity using a line ratio between
NII and H, is calculated as

12 + log(O/H) = 8.743 + 0.462 x log(NII/H,) (3.3)

The gas-phase metallicity should be expressed in terms of log(O/H) + 12 rather than
units of solar abundance because solar abundances are not a good indicator of the local
present-day galactic abundances. The current solar value of oxygen abundance, log(O/H)
+ 12 is 8.69 (Allende Prieto et al., 2001; Asplund et al., 2009).

3.4.3 Photometric Calculations

We use the SDSS r-band optical image to perform surface photometry because this band
has higher signal-to-noise ratio as compared to other bands. The signal-to-noise ratio
(SNR) is a measure of the quality of an image and is defined as the ratio of the signal
level (i.e., the brightness of the object) to the noise level (i.e., the random fluctuations in
the image). A high SNR image has a strong signal with relatively low noise. In surface
photometry, accurate measurements of the brightness distribution of an object require
high SNR images because they enable the detection of faint structures and small intensity
variations in the object. Moreover, high SNR images also allow for better removal of

the background sky brightness and other sources of noise, which is crucial for accurate
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surface photometry. Additionally, high SNR images provide better spatial resolution,

allowing for the detection of finer structures in the object’s light distribution.

The variation of intensity, surface brightness, position angle and ellipticity with radius can
be studied by using the quantities derived from surface photometry. Structural parameters
like size, concentration and ellipticity are important tools to study galaxy formation and
evolution. A curve connecting the points of equal brightness in the image is called an
isophote and it determines the smoothness of the surface brightness on the image. The
colors of the galaxies derived from surface photometry provide the knowledge of ages
and the metallicity of the galaxies. On the other hand, the galaxy morphology is found
out by the visual examination of the optical image. As we cannot measure the magnitude
of an individual star in a galaxy, we use the integrated light profile of the galaxy along the
major axis to quantify its structure. First of all, we take the optical image of the galaxy.
Before doing surface photometry, both foreground and background unrelated objects
in the image of the galaxy like other galaxies, stars and cosmic ray events are visually
identified and are masked manually. In the optical image, the centre of the galaxy is
derived by using "imcentric task centroid" in Image Reduction and Analysis Facility
(IRAF) for the calculation of the centroid of the image. Centroid is the geometric centre
of a plane image; it is the arithmetic mean position of all points in the image. To extract
the integrated light profile along the semi-major axis, the IRAF task ellipse is used (Tody,
1986). IRAF is a freely available software. It is a collection of softwares used in the
images that read two-dimensional optical image of a galaxy and reduces the isophots into

one-dimensional digital output in tabulated form.

The "ellipse task" in IRAF is used to fit elliptical isophotes (as shown in the first panel of
Figure 45) at discrete radii in the optical image by using an iterative method described
in (Jedrzejewski, 1987). The discrete radii of ellipses are specified by the rule that the
different semimajor axis lengths are spaced by a factor of 1.1. For each pre-defined
length of the semimajor axis, an isophote is fitted with an initial guess for the isophote’s
center (X, Y), ellipticity and the position angle. While fitting the ellipses, the center and
the shape (ellipticity and position angle) of the ellipse are set as free parameters and
the semi-major axis is increased logarithmically. The optical image of the galaxy can
be reduced to surface photometry by approximating isophotes closely by ellipses and
these elliptical isophotes reflect the condition of Keplerian steller orbits in galaxies. The
fitting produces different ellipse parameters like radial distance from the center, ellipticity,
position angle, intensity and so on. It is assumed that the isophotes are represented by the
ellipses but practically, it is departed from the pure ellipse shape. Therefore, the intensity
changes along the elliptical path. For each length of the semimajor axis of the ellipse, the
intensity /(¢) is averaged azimuthally along the ellipse. Intensity is expanded to quantify

the deviation of intensity from being constant along the fitted elliptical path. Therefore,
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Figure 45: Ellipse fits on the SDSS g-band images of the compact merging dwarf galaxy, Cd-07. (a)
best-fitted ellipse overlaid on g-band image. (b) variation of ellipse parameters (ellipticity and position
angle) along the major axis (c) g-band image and (d) the residual after subtracting the model produced
from the best-fitted ellipse.

the intensity is expanded in the following Fourier series (Milvang-Jensen & Jgrgensen,
1999).

1(6) = Ip + Z [Ag sin(ke) + By cos(ko)] (3.4)
k

where [ is the intensity averaged over the ellipses and ¢ is the azimuthal angle. A; and
By, are the Fourier coeflicients which will be small for correct fitting of the ellipses. If an
isophot is a perfect ellipse, Ax and By will be exactly zero. The ellipse can be described
by the Fourier coefficients. We have used a pre-built program in python program called
"ellipse fit" in "photutils" package of Astropy, which is a part of IRAF integrated in
python. From the ellipse fitting, the radial profiles of a number of quantities such as
intensity, surface brightness, position angle and ellipticity can be obtained. An example

of the radial profiles of position angle (PA) and ellipticity along the major axis is shown
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Figure 46: An example of Sérsic fitting of surface brightness profile. The black dot represents observed
data points and the blue line represents best fitted line.

in the second panel of Figure 45. The third panel shows the original image and fourth
panel shows the residual image of the galaxy in the same figure. The residual image is

the difference of original image and the fitted image.

3.4.3.1 Measurement of Galaxy Size

Galaxies never have an endpoint; therefore, a measurement of galaxy size is not a trivial
task. In general, we use two different approaches to derive galaxy size, i.e., parametric
and non-parametric. In the parametric approach, we first approximate the galaxy light
profile into a parametric function such as exponential or de Vaucouleurs. In general, both
the exponential and the de Vaucouleurs are special cases of the Sérsic function defined

by equation 2.5.

In general, as special case of Sérsic model, we use n = 4 for the early-type galaxy called
de Vaucouleursand for late type galaxy, we use n = 1, which is exponential. The higher
value of n indicates that there is higher concentration of light in the central region of the
galaxy. These analytic functions have free parameters such as effective radius R., Sérsic
index and effective brightness p.. We finally model the observed light profile with these
functions and find the best-fit parameters, see Figure 46. We do not need to know where

the galaxy ends in this approach and we simply use the best fit effective radius as a galaxy
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Figure 47: Galaxy photometry using a non-parametric method where we utilize Petrosian method to
calculate total flux of the galaxy and hence measure the half-light radius. Upper panel: variation of the
Petrosian index along the major axis of the galaxy. The Petortian radius (ap) is marked at the position
n = 0.2. Upper panel: Cumulative flux along the major axis and we marked the positions of 2ap and
half-flux radius, which covers 99% of the flux and half of that respectively.

size.

On the other hand, non-parametric methods measure the galaxy size without the use
of any analytic function. One simple method is called the Petrosian method; we first
define an empirical radius from the observed intensity profile, called Petrosian radius
ap (Blanton et al., 2001). To calculate this, we first derive the Petrosian index, which is

the ratio of the surface brightness at R (u(R)) to the mean surface brightness within R
(u(R)) ie.,

n(R) = u(R)

= wR) 5-2)

Petrosian radius is defined at n = 0.2. The Petrosian radius ap is defined as radius where
the local surface brightness in an annulus equals to 20 percent of the mean surface
brightness interior to this annulus. Then it is assumed that the galaxy extension is at
most out to 2ap and the total flux in it is measured within a 2ap aperture. Once we
know the total flux, we can measure the distance where the flux becomes half and this
galactocentric distance is called half-light radius (4;). A schematic diagram is shown in

Figure 47.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 Results

If the gravitational fields of the galaxies produce disturbances to each other, they are said
to be interacting galaxies. During the course of interaction, the galaxies come closer to
each other due to their gravitational attraction and ultimately, they coalesce to each other
to form a single galaxy after billions of billion years. The galaxies which are just at the
verge of merging and are connected by the tidal tail like structure, are called extended
merging galaxies. The morphology of such galaxies is not stable, rather, it keeps on
changing. On the other hand, the galaxies after merging, settle down and form a single
galaxy having compact, fixed shape is called a compact merging galaxy. In this section,
15 compact merging galaxies (Cd) and 10 extended merging galaxies (Ed) are discussed
individually based on their spectroscopic and photometric calculations and are compared

them in different perspectives.

Table 5 enlists the Gaussian parameters of 15 compact merging and 10 extended merging
dwarf galaxies. First column represents the galaxy name. The flux of Hg, Olll49e0,
Olllsppg and Nllgss0 emission lines along with their systematic (measurement) error are
listed in columns 2, 3, 4 and 5 respectively. Columns 6, 7 and 8 register the H, flux, full
width half maxima (FWHM) of H,, line and coefficient of determination respectively.
The last column records the Nllgsg5 line flux. We have noticed the maximum flux in case
of H, and Olll5gog lines. The value of H, FWHM is around the standard value 3.9 A and
even more than that. The FWHM of the sample compact galaxies like Cd-04, Cd-05,
Cd-07, Cd-11, Cd-12, Cd-13 and extended galaxies like Ed-02, Ed-04, Ed-07 is more than
39A. 1t signifies that the galaxies could have turbulence or overflow, as the molecules
and atoms have high speed. There will be abrupt change in SFR. In other galaxies, there
is no or less turbulence and going on normal (smooth) star forming activities. Thus,
FWHM is related to gas velocity. Many workers use EW(H,,) as a measure of starburst
in the galaxies which undergoing an exceptionally high rate of star formation and have
EW(H,,) equivalent width larger than 100 A. More than 99% coefficient of determination
of H,, line except in case of Cd-12 (96%) signifies that the observed data resembles with

the Gaussian distribution.
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Table 5: Gaussian parameters of compact merging dwarf galaxies (abbreviated by Cd-X, X = 1, ...., 15) and extended merging dwarf galaxies (abbreviated by Ed-X, X =1, ...., 10)
obtained after performing Gaussian fitting procedure on the selected prominent emission lines. The values of flux are a multiple of 10 ~'7 in erg s™! em™2 A~!. The + o error of
respective parameters is also shown. Zero value is shown in some cases where we obtained insignificant errors after round-figuring it. The absence of Nllgssq line in Ed-01, Ed-05,

Ed-06 and Ed-07 galaxies is indicated by NA.

Galaxy HB flux OIH4960 flux OHISOOB flux NH(,550 flux Ho( flux HO( FWHM HO( R2 Nnﬁsgs flux
Name (erg sThem 2 A1 (erg sTlem™2 A1) (erg sTlem™2 A1 (erg stem™2 A1) ¢ erg sTlem™2 A1) A (ergs‘lcm‘zA")
Comapct Merging Dwarf Galaxies (Cd-X)
Cd-01 117 + 4 71 +4 224 + 6 18+2 359+3 3.8+0.0 0.999 45+4
Cd-02 253+ 6 152+5 514 +4 53+4 879+ 9 39+0.0 0.999 189 £5
Cd-03 306 + 4 408 + 6 1218 + 20 18+2 1142 £ 15 39+0.0 0.999 60 +5
Cd-04 50+4 27+3 87+6 21+2 166 £ 3 4.1+0.0 0.996 21+2
Cd-05 640 + 6 543 +4 1638 + 9 61 +4 2066 + 15 4.1+£0.0 1.000 201 £ 6
Cd-06 168 +7 149 + 4 439 + 11 27 +4 550 £ 11 3.9+00 0.997 27+4
Cd-07 49+3 5+1 64 +2 5+1 188 +4 4.0+0.1 0.997 9+2
Cd-08 163 +6 154 £ 8 457 £ 11 19+6 502+9 3.9+0.1 0.998 63+6
Cd-09 1354 + 9 1507 + 30 4524 + 47 113+7 4820 + 64 39+0.1 0.999 380+5
Cd-10 1261 + 29 1928 + 37 6028 + 116 180 + 5 3757 £ 75 3.9+0.1 0.998 180+ 5
Cd-11 10811 + 162 19116 + 365 56954 + 1174 259 £ 19 35342 + 1450 43+0.2 0.991 834 + 19
Cd-12 5964 + 141 11346 + 97 34880 + 947 422 + 11 24552 + 2466 45+04 0.957 422 + 11
Cd-13 1774 £ 17 1123 £ 16 3497 + 38 518 £ 15 7081 + 78 47 +0.1 0.999 1535+ 13
Cd-14 602 + 18 998 + 23 2958 + 46 17+5 1647 + 18 3.8+0.0 0.999 53+2
Cd-15 197 +5 176 £ 9 547 +9 19+5 721 +£9 3.8+0.1 0.999 66 +4
Extended Merging Dwarf Galaxies (Ed-X)
Ed-01 2524 + 45 3930 + 35 13963 + 758 NA 8234 + 122 3.7+0.1 0.999 54+3
Ed-02 1921 + 18 4397 + 6 1350 + 10 492 + 10 7048 + 94 4.1+0.1 0.999 492 + 10
Ed-03 1843 + 20 3008 + 13 8811 + 48 153+ 6 6454 + 84 3.7+0.1 0.999 153+ 6
Ed-04 1545 + 26 1376 + 23 4231 £ 92 160 £ 9 4981 + 101 42 +0.1 0.998 160 £ 9
Ed-05 352+9 227 +7 669 + 14 NA 1278 + 27 3.8+0.1 0.997 162 + 8
Ed-06 247 +7 240+ 5 712 + 15 NA 775 + 20 3.8+0.1 0.997 27+3
Ed-07 1440 + 21 2017 £ 20 6095 + 62 NA 4007 = 59 4.1+0.1 0.999 133+ 9
Ed-08 3756+ 57 7277 £ 72 21263 + 331 126 + 8 12710 + 58 3.8+0.1 1.000 126 £ 8
Ed-09 3241 +43 5422 + 55 15979 + 230 122+6 11574 £ 104 38+0.0 1.000 122+ 6

Ed-10 151+6 119+ 7 376 + 5 21 +4 686 + 15 39+0.1 0.997 21+4




We calculated the SFR of the galaxies by using H, emission line flux and line metallicity
by using the line ratio of Nllgs550 and H,, fluxes from Table 5. We have used Nllgsgs line
flux to calculate metallicity in some cases where Nllgss0 line is absent. The calculated
values of SFR, metallicity, Balmer decrement and extinction coefficient are recorded
in Table 6. The first column represents the name of the galaxy. The second column
enlists the star formation rate of the galaxy. Columns 3, 4, 5 and 6 represent Balmer
decrement, line metallicity, the color excess between B and V bands, and extinction
coeflicient respectively. The last column represents the SFR calculated after extinction
correction. We can see that the SFR after extinction correction is almost double of
that before extinction correction. The SFR varies from galaxy to galaxy because the
formation of stars in the interstellar gas clouds are influenced by various factors like
gravity, matter-radiation interaction, hydrodynamics, thermodynamics, and chemical
processes (Krumholz & Dekel, 2012). The star-forming dwarf galaxies are characterized
by low mass, low metallicity, high gas and high dark matter content. The SFR in low
mass galaxies can be determined by using different methods: the ultraviolet (UV) flux,
the far infrared (FIR) dust emission, the radio continuum or the H,, luminosity, (Kennicutt,
1998). But, we used H,, flux because Hydrogen is the most abundant element in the
galaxies. Moreover, H,, line lies in the Balmer series and Balmer series radiations are less
affected by the dust extinction as it lies in red color in visible light. The value of Balmer

decrement is more than the solar value (2.86) in all galaxies except for Cd-14 and Ed-07.

The ratio of oxygen to hydrogen atoms in a galaxy’s gas component is normalized to
the dimensionless quantity Z = 12 + log(O/H) to measure metallicity. Z = 8.69 is the
current estimate of the solar oxygen abundance in these units (Allende Prieto et al., 2001;
Asplund et al., 2009). The calculated value of metallicity of our sample galaxies is around
solar value. Interestingly, the oxygen abundance of both Cd and Ed dwarfs are found to
lie in the range of (8.11 to 9.19) dex and (8.32 to 8.90) dex respectively. Therefore, the
evolution scheme of the chemical composition in these dwarf galaxies might be similar.
The extinction coefficient quantifies the amount of extinction or attenuation experienced
by light at a specific wavelength, such as the H-alpha emission line. It is commonly used
to estimate the amount of interstellar dust or other intervening material along the line of
sight, which reduces the observed intensity of the light. Positive values of the extinction
coeflicient indicate that the light is being attenuated or absorbed as it passes through the
medium. Higher positive values correspond to stronger attenuation meaning that the
galaxy is fainter. A value of zero for the extinction coefficient implies that there is no
attenuation or extinction of light at that wavelength. The value of extinction coefficient
can’t be negative. But the galaxies Cd 14 and Ed 07 have negative values of extinction
coefficient. Despite a few instances where the calculated Balmer decrement falls slightly

below the expected value of 2.88, these variations remain within the data’s margin of
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error. However, as a consequence of these cases yielding unphysically negative values for
the extinction correction coefficient, we have chosen to exclude them and refrain from

implementing any correction for extinction.

The range of SFR in the Cd galaxies is found to be 0.0008 Moyr~! to 0.9048 Myyr~!,
whereas this range is 0.0035 Moyr~! to 0.2647 Myyr~! in the Ed galaxies. Similarly, the
ratio of H, to Hg is found to lie in the range of 2.74 to 4.12 for Cd and 2.78 to 4.54 for Ed
galaxies. Therefore, the flux values of H, are found to be at least 2.5 times larger than
that of the Hg. This might be because of the presence of interstellar dust in the region,
which absorbs the emission from fine-structure cooling. This indicates the fact that the
Cd and Ed dwarfs are emission-type.

Table 6: Star formation rate and metallicity of the compact merging dwarf galaxies (abbreviated by Cd-X,
X =01,....,15) and extended merging dwarf galaxies (abbreviated by Ed-X, X = 01, ...., 10) obtained

from spectroscopic calculations. The first column lists the name of the galaxy. The descriptions of the
second to last columns are given in the text.

Galaxy Name | SFR ¢ =Hy/Hg | Metallicity | E(B—V) | Ext. Coefficient ‘ SFRex¢
Mg yr~! (dex) (mag) AH,) [(mag) Mo yr!
Cd-01 0.0090 3.08 9.03 0.4103 0.1534 0.0104
Cd-02 0.0368 347 8.85 0.1654 0.4061 0.0534
Cd-03 0.0240 3.73 8.80 0.2272 0.5553 0.0401
Cd-04 0.0059 3.34 9.19 0.1327 0.3277 0.0080
Cd-05 0.0799 3.23 8.68 0.1041 0.2554 0.1010
Cd-06 0.0021 3.27 8.95 0.1146 0.2804 0.0028
Cd-07 0.0004 3.83 9.16 0.2499 0.6108 0.0008
Cd-08 0.0029 3.07 8.97 0.0610 0.1510 0.0033
Cd-09 0.0960 3.56 8.51 0.1870 0.4582 0.1463
Cd-10 0.1087 2.98 8.56 0.0352 0.0854 0.1176
Cd-11 0.0471 3.27 8.11 0.1120 0.2801 0.0610
Cd-12 0.0479 4.12 8.19 0.3123 0.7635 0.0967
Cd-13 0.4755 3.99 8.44 0.2850 0.6985 0.9048
Cd-14 0.0193 2.74 8.73 -0.0367 -0.0923 0.0193
Cd-15 0.0180 3.66 8.89 0.2110 0.5150 0.0290
Ed-01 0.1320 3.26 8.41 0.1120 0.2757 0.1702
Ed-02 0.0569 3.67 8.44 0.2134 0.5222 0.0921
Ed-03 0.0537 3.50 8.45 0.1728 0.4250 0.0794
Ed-04 0.0044 3.23 8.51 0.1040 0.2512 0.0055
Ed-05 0.0022 3.63 8.78 0.2040 0.5002 0.0035
Ed-06 0.0046 3.15 8.88 0.0826 0.1997 0.0055
Ed-07 0.0304 2.78 8.55 -0.0242 -0.0593 0.0308
Ed-08 0.1913 3.38 8.32 0.1430 0.3526 0.2647
Ed-09 0.0885 3.57 8.34 0.1900 0.4653 0.1359
Ed-10 0.0027 4.54 8.90 0.3950 0.9695 0.0066

Table 7 enlists the morphological parameters of 15 Cd galaxies and 10 Ed galaxies which
are obtained from photometric calculations. We have used Sérsic approach (Chapter 2,
Equation 2.5) and Petrosian approach (Chapter 3, Equation 3.5 ) for this calculation.
The first column represents the name of galaxies. The second and third columns enlist
the Right Ascension (RA) and Declination (Dec.) in J2000 coordinates respectively.

J2000 stands for "Julian year 2000" and is a reference system used to define celestial
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coordinates based on the International Celestial Reference System (ICRS), which defines
the positions of celestial objects with respect to a fixed frame of reference. Columns 4,
5 and 6 show the mean surface brightness measured in mag arcsec2, effective radius
(R.) measured in arcsec and Sérsic index (n) respectively. Finally, the columns 7 and 8
give g-band magnitude measured in mag and half-light radius (4.) measured in arcsec
respectively. We can see that the value of effective radius (R.), half-light radius (4;,)
and Sérsic index (n) vary in the range of (1.56 to 11.52) arcsec, (0.47 to 3.38) arcsec
and (0.4 to 2.2) respectively for Cd galaxies in our sample. Likewise, the respective
variables change in the range of (3.21 to 81.09) arcsec, (1.41 to 4.39) arcsec, and (0.7 to
2.9) correspondingly for Ed galaxies. In the majority of the galaxies, the value of n is
nearly equal to 1 which signifies that the surface brightness profile is exponential type.

Table 7: Structural parameters of compact merging dwarf galaxies (abbreviated by Cd-X, X =1, ....,15)
and extended merging dwarf galaxies (abbreviated by Ed-X, X = 1, ...., 10) obtained from Sérsic and

Petrosian methods. These methods are described in Chapter 3, Section 3.4.3.1 First three columns list the
name and positions of dwarf galaxies. Columns 4th to 8th are described in the text.

Galaxy RA Dec. MS Brightness E Radius (R¢) Sérsic g-band Mag.  HL Radius (h;)
Name (degree)  (degree)  (mag. arcsec_z) (arcsec) Index (n) (mag.) (arcsec)
Cd-01 028.999  -00.186 20.87 02.20 0.7 16.08 0.82
Cd-02 035.550  -08.510 20.04 03.41 0.4 15.24 1.53
Cd-03 122.445 21.622 21.33 03.72 0.5 16.39 1.52
Cd-04 144.561 19.711 22.08 02.42 0.7 17.13 1.16
Cd-05 147914 44319 21.14 02.44 0.7 16.17 0.97
Cd-06 150.310 37.071 22.93 11.52 2.2 15.55 1.09
Cd-07 154.387 43.145 22.00 04.39 0.8 16.21 1.61
Cd-08 154.756 21.284 21.89 09.56 1.0 15.55 3.38
Cd-09 157.455 16.181 21.22 05.02 1.2 15.20 1.08
Cd-10 177.076  -01.640 20.32 01.88 0.9 15.48 0.59
Cd-11 177.511 15.023 19.08 01.56 0.9 14.35 0.47
Cd-12 178.155  -02.469 20.96 07.52 1.0 14.68 2.03
Cd-13 205.805 36.749 19.34 01.79 0.6 14.77 0.63
Cd-14 205.862 43.189 22.78 08.21 1.3 16.41 1.57
Cd-15 349.992  -00.986 21.21 03.82 0.6 16.04 1.40
Ed-01 021.396 07.991 25.14 29.03 2.9 16.37 1.55
Ed-02 128.346 29.539 22.27 11.07 2.1 14.63 2.37
Ed-03 171.383 38.061 24.62 81.09 2.3 15.56 4.39
Ed-04 193.308 04.465 19.63 06.88 0.9 13.57 2.21
Ed-05 199.218 12.548 20.99 06.56 0.9 14.89 2.84
Ed-06 205.748 52.688 22.84 06.62 0.8 16.84 2.73
Ed-07 207.973 64.373 21.34 03.92 0.9 15.60 1.49
Ed-08 223.549 30.210 21.27 03.21 0.7 15.81 1.91
Ed-09 234.081 30.681 21.14 05.57 1.1 15.18 1.41
Ed-10 241.671 06.581 21.29 06.42 0.8 15.52 2.75

In the following, we first present the results of photometric and spectroscopic data analysis
of each dwarf galaxy and finally discuss and interpret the findings.

4.1.1 Merging Compact Dwarf Galaxies

4.1.1.1 Cd-01

By using the ELLIPSE task in IRAF, the best-fitted ellipses are drawn at a number of
discrete radii to the isophotes in the optical image as shown in Figure 48 (a). The radial

profiles of position angle (PA) and ellipticity along the major axis of dwarf galaxy Cd-01
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Figure 48: (a) Dwarf Galaxy Cd-01 with best fitted ellipse. (b) Radial profiles of position angle and
ellipticity. Error bar is the observational error. (c) Residual image of galaxy. (d) Sérsic modeling of the
observed light profile. The solid circle represents the observed data and the solid line represents the Sérsic
model fitting. (e, f, g and h) Four major emission lines: Hg, Olllsnog, Nllgsso and Hy, fitted with Gaussian

profile. The statistical error bars (+0-) are shown.
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are shown in the upper panel and lower panel of Figure 48 (b). We can see that the
position angle and ellipticity seem to be free parameters and vary randomly along the
major axis in the inner regions and become almost flat at the outer region. It signifies
that the galaxy has an elongated tidal tail. The g-band image and residual image of the
galaxy are shown in the left and right panel of Figure 48 (c) respectively. There is almost
no sign of the galaxy in the residual image suggesting that our ellipse-fitting model is
appropriate. Figure 48 (d) shows the observed light profile modeled with the Sérsic
function. It shows that the observed light profile is almost well fitted with Sérsic function
with Sérsic index of 0.7 (Table 7). The mean surface brightness of the galaxy is obtained
to be 20.87 mag arcsec™? and the effective radius of the galaxy is obtained to be 2.20
arcsec as free parameters. The half-life radius (4;) obtained from the Petrosian method is

0.82 arcsec which better represents the overall size of the galaxy.

The fits of the four prominent emission lines, Hg, Olll5p0s, Nllgsso and Hy in the
wavelength range 4856 A to 6575 A are shown in Figure 48 (e, f, g and h). From Table 5,
it is clear that the value of the coefficient determination of H,, line is more than 99%,
which suggests the agreement of the observed data with the Gaussian distribution. We
calculated the SFR of the galaxy Cd-01 by using H,, flux in Equation 3.2 which is found to
be 0.0090 Mpyr~! and 0.0104 Mgyr~! before and after extinction correction respectively.
Moreover, this value of SFR is low as compared to its catalog value (0.1230 Mgyr™!). It
is because of the large area coverage of Far Ultraviolet (FUV) flux as compared to H,
flux taken in our calculations. It shows that only a small fraction of star formation takes
place in the middle region of the galaxy. The line ratio, ¢ = 3.08, which is greater than
its normal value of 2.86 (Osterbrock & Ferland, 2006). It is, therefore, the intensity of
the first Balmer line is found to be three times stronger than that of the second line in the
middle region of the galaxy. The line metallicity calculated from Equation 3.3 is 9.03
dex. We will discuss the variations of oxygen abundance in the Cd galaxies in the general

discussion section.

4.1.1.2 Cd-02

The isophotes drawn on the grayscale image and the radial profiles of position angle (PA)
and ellipticity of the galaxy are shown in Figure 49 (a) and (b) respectively. The PA is
almost constant in the inner region, which indicates that the galaxy is face-on. It flips by
about 180° from about 15 arcsec distance that can be realized from the ellipse orientation
as well. The galaxy has a bar-like feature at center. The ellipticity of the galaxy varies
quite randomly in the inner region. The g-band image and its residual image are shown in
Figure 49 (c). The residual image suggests that our model is appropriate. The observed
light profile of the galaxy modeled with the Sérsic function is shown in Figure 49 (d).
The observed data points are shown by dotted points, and the best-fitted Sérsic modeled
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line is shown by the blue solid line. This model is found to be perfect up to 4 arcsecs
from the center of the galaxy. The surface brightness of the galaxies is maximum and
constant around the central region and then it goes on decreasing in the outer region.
The observed light profile is best fitted with Sérsic function with Sérsic index of 0.4.
The mean surface brightness of the galaxy is obtained to be 20.04 mag arcsec™> and the
effective radius of the galaxy is 3.41 arcsec. The half-life radius (/4.) obtained from the
Petrosian method is 1.53 arcsec which represents the size of the galaxy.

Among of many observed emission lines, only four strong lines, Hg, OIlls00s, NIlgss0
and H,, are shown in Figure 49 (e, f, g, and h) respectively. The solid line represents
the Gaussian fits and the dots represent the observed data points. The Balmer lines
Hg and H, are sensitive to the galaxies’ gas mass and star-formation rate. The H,
line flux is used to calculate the star-formation rate of the gas-rich galaxies while,
Nllgss0 and H, line fluxes are used to calculate line metallicity. We can see from
Table 5 that the maximum flux is (879 +9) x 107 erg s™! cm™2 A~!, for the H, line
corresponding to the central wavelength 6564 A. The second maximum flux is OlIlls5q0s
line is (514 +4) x 1077 erg s™' cm™2 A~! corresponding to wavelength 5008 A. The
coefficient determination for H, line 99.9 %. This suggests an almost perfect agreement
of the observed data with the Gaussian distribution. The positive offset of Nllgs59 and H,
lines means that the right-hand tail is longer than the left-hand tail. The negative value of
the offset of the Gaussian distribution of Hg and Olllsog shows that the left-hand tail
of the Gaussian profile is longer than the right-hand tail. The SFR calculated by using
H,, flux in Equation 3.2 is found to be 0.0368 Mgyr~! and 0.0534 Myyr~! before and
after extinction correction respectively. The extinction coefficient is calculated to be
0.4061. The SFR after extinction correction is more than before correction. Moreover,
this value of SFR is low as compared to its catalog value (0.3631 Myyr~!). The line
ratio, ¢ = 3.47 is greater than its normal value of 2.86 (Osterbrock & Ferland, 2006). The
oxygen abundance calculated from Equation 3.3 is 8.85 dex which is less than the Cd-1

dwarf galaxy.
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Figure 49: Results of Cd-2 galaxy. We show surface photometry in sub-figures (a) to (d) and spectroscopy
in (e) to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.1.3 Cd-03

The best-fitted ellipses at different radii on the g-band optical image and the radial
profiles of PA and ellipticity of the dwarf galaxy Cd-03 are shown in Figure 50 (a and b)
respectively. We can see different orientations of the ellipses extended outside and they
are almost constant in the outer region of the galaxy, which indicates that the galaxy is
almost stable in that region. There is multiple flips of PA and increasing and decreasing
ellipticity. This is the signature of spiral arms in the galaxy. The g-band image and its
residual image after modeling are shown in Figure 50 (c). As in the previous galaxies,
the residual image is clean, except for the central region, which means the derived ellipse
model well represents the observed galaxy. Figure 50 (d) shows the brightness profile
of the galaxy modeled with the Sérsic function. The surface brightness of the galaxy
is optimum and constant around the central region and then gradually decrement in the
outer area. Thus the observed light profile is best fitted with Sérsic function with Sérsic
index of 0.5. The mean surface brightness of the galaxy is obtained to be 21.33 mag
arcsec™2 and the effective radius of the galaxy is 3.72 arcsec. The half-life radius (/,)

obtained from the Petrosian method is 1.52 arcsec which represents the size of the galaxy.

From the spectrum, Hel, SII, Hs, Hy, OIll4365, Hg, Olll49s0, Ollls00s, Hel, Olgz02, Nllsss0,
H,, Nllgsgs, Sllg720, and Sllg737 lines were detected. Among of them, we analyzed H,, ,
Hg, Olll500g and NIlgsso emission lines in the wavelength range 4855 A to 6575 A. They
are presented in Figure 50 (e, f, g, and h) respectively. The dots in the curve represent
observed points and the solid red line represents Gaussian fits. The probable error is
shown by the error bars. The Hg and Olllspgg lines have positive offsets, which indicates
that the right-hand tail is longer than the left-hand tail. Likewise, the negative offsets of
Nllgs50 and H,, lines mean their longer left-hand tail than the right-hand tail. In addition,
more than 99.9% coefficient determination and less than 4 A FWHM of the lines means
that the observed data act in accordance with Gaussian distribution almost accurately.
We used H,, line optical flux in Equation 3.2 to calculate SFR which is found to be 0.0240
Moyr~! and 0.0401 Mgyr~! before and after extinction correction respectively. The
latter is almost double because of extinction correction which obviously means a higher
value of actual flux than the observed flux. The catalog value of SFR is 0.3631 Mgyr~!
which is equal to that of the galaxy Cd-02. The Balmer decrement, ¢ = 3.73. The higher
value of ¢ suggests the presence of dust at the center which effectively absorbs lower
wavelength light. The presence of dust advocates the higher values of oxygen abundance.

The oxygen abundance calculated from Equation 3.3 is 8.80 dex.
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Figure 50: Results of Cd-3 galaxy. We show surface photometry in sub-figures (a) to (d) and spectroscopy
in (e) to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.14 Cd-04

The best-fitted ellipses drawn on the optical image of the dwarf galaxy Cd-04 by using the
ELLIPSE task in IRAF are shown in Figure 51 (a). We can see different orientations of
the ellipses and large areas covered by them outside the observed galaxy size. The radial
profiles of position angle (PA) and ellipticity of the galaxy Cd-04 are shown in Figure 51
(b). Both PA and ellipticity vary randomly in the central region and are constant in the
outer area of the galaxy, indicating a rather complicated core region. The g-band image
and its residual image are shown in Figure 51 (c). The image of the galaxy completely
disappeared in the residual image. The modeling of the observed light profile of the
galaxy with the Sérsic function shown in Figure 51 (d) suggests that the observed data
points (shown by dotted points) agree well with the best-fitted Sérsic model (blue color
solid line). The maximum value of surface brightness of the galaxy observed in the
central region goes on decreasing exponentially in the outer region. In this way, the
observed light profile is best fitted with Sérsic function with Sérsic index of 0.7 (Table 7).
The larger the value of Sérsic index, the slower the merger. The mean surface brightness
and half-life radius (k) of the galaxy are obtained to be 22.08 mag arcsec™2 and 1.16

arcsec respectively.

From the spectrum of the compact dwarf galaxy Cd-04, Hs, H,, Olll4365, Hg, Olll49s0,
OlIll5008, Olg302, Nllgsss, Hy, Nllssgs, Sllg720, and Sllg73, lines were detected. We
analyzed H,, Olllsoog, Nllgs50 and H,, lines in the wavelength range 4855 A to 6575
A and are presented in the Figure (e, f, g, h) respectively. In the Gaussian curve, the
observed points are shown along with probable errors (error bars). The Hg and OlIll5os
lines have positive offsets and hence they have longer right-hand tail. Likewise, the
negative offsets of Nllgs550 and H,, lines means their longer left-hand tail. In addition,
more than 99.9% coefficient determination and FWHM of 4.1 A of the H,, line means that
the observed points follow Gaussian distribution almost accurately. The calculated value
of SFR before extinction correction 0.0059 Myyr~! and after doing that is 0.0080 Myyr~!
respectively. The latter is slightly less than its double value because of the higher value of
the actual flux than the observed flux. The higher value of line ratio, (¢) = Hy/Hg = 3.34
suggests the presence of dust at the center, which effectively absorbs lower wavelength
light. The oxygen abundance calculated from Equation 3.3 is 12 + log(O/H) = 9.19 dex,

which is the relatively highest value of all sample dwarf galaxies.

80



200

150
5 100

50

(b)

0.754

ity

= 0.50

Elliptic

0.254

0.00

T
10

20
SMA (arcsec)

T
30

40

SFB (mag/arcsec?)

30 . .
o 10° 10t
¢ : ; - e SMA (arcsec)
175FF 1T 1T 1T T ¢+ 1T 71T T T T 3§ [T T T T T T T T T T T T T T T ]
I Cd-04, Hg /. ® Observed Data - Cd-04, Olllsgos ® Observed Data
o 15.0F “—— GaussianFit 4 525 —— Gaussian Fit
I |
oL F (e) < T
% 1251 " 20 i
N ;
~ 10.0F - B T
'w - w15k i
o 75 S J
o L ]
T osof S 10f i
= | =) | ]
— —
x 25F x 5 .
x r x
L *
Z oo =
L P A d i oF Y .
-25F IR AN T NN R T I TR T TR E T I | M| ’I 1 1 | | 'l 1
© > Q ‘2 D © o) Q L 0 © X Q 1 Y ©
b‘%‘) b‘%‘) &%6 &%6 &%6 &%6 &%6 &%1 ‘)00 600 ‘)00 ‘)QQ 60’\ 6)0\' 60'\ 60’\
Wavelength (&) Wavelength (A)
40 T T T T T T T T T 1 v 1 1771 111 © 1T 7T 7
I Cd-04, Hq ® Observed Data - [ Cd-04, Nllgsgs ® Observed Data -
T~ 351 —— GaussianFit 1 & — Gaussian Fit
°|< - (g) T °|<( -
o 30r 71
§ a5l 16 |
T L 1 4
> 20 15s ]
5 | 19 1
n 15 1% |
o r . o
=
< 101 1 x *
- r k °
5 s| J 3 . _
o L 1 o= | & i
ol A d * . -
1 1 1 1 1 1 1 1 1 -1 | ITU (N SN NN T (N SR NN T (N S MU MR |
& & & &° & o & & P P P &

Figure 51: Results of Cd-4. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
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to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.1.5 Cd-05

The best fitted ellipses drawn on the optical image of the dwarf galaxy Cd-05 by using
ELLIPSE task in IRAF, after masking both foreground and background objects, are
shown in Figure 52 (a). We can see different orientations of the ellipses and large areas
covered by them outside the observed galaxy size. The radial profiles of the position angle
(PA) and ellipticity of Cd-05 are shown in Figure 52 (b). Both quantities vary rapidly
in the central region and they remain constant in the outer part of the galaxy indicating
a rather complicated core area. The g-band image and its residual image are shown in
Figure 52 (c). The image of the galaxy completely disappeared in the residual image.
The modeling of the observed light profile of the galaxy with Sérsic function is shown
in Figure 52 (d). It shows that the observed data points (shown by dotted points) agree
well with the best-fitted Sérsic modeled line (blue color solid line). The maximum value
of surface brightness of the galaxy observed in the central region goes on decreasing
exponentially in the outer region. We find that the observed light profile is best fitted
with Sérsic function with Sérsic index of 0.7 (Table 7). The mean surface brightness and
half-life radius (4,) of the galaxy are obtained to be 21.14 mag arcsec™2 and 0.97 arcsecs

respectively.

We fit Gaussian line profiles with Hg, Ollls00s, Nllgss0, and Hy lines in the wavelength
range 4855 A to 6575 A. They are presented in Figures (e, f, g and h) respectively. In
the Gaussian curve, the observed points are shown by the dots and the probable error
is shown by the error bars. The positive offset of Hg and OIll5gpg lines reveals a longer
right-hand tail than their left-hand tail. Likewise, the negative offsets of Nllgss59 and
H, lines mean their longer left-hand tail than the right-hand tail. In addition, 100 %
coeflicient determination of the Gaussian fit of H, line manifests to go along with the
Gaussian distribution exactly. The calculated values of SFR are 0.0799 Myyr~! and
0.1010 Mgyr~! before and after extinction correction (A (H,) = 0.2554 mag) respectively.
The latter is almost double because of extinction correction. This means there is radiation
losses on the way because of the foreground field. The catalog value of SFR derived from
the FUV fluxes after foreground extinction correction is 0.3802 Myyr~'. The higher
value of SFR is because of the large area coverage of FUV flux as compared to H, flux
taken in our calculations. It shows that only a small fraction of star formation takes
place in the middle region of the galaxy. The line ratio, (¢) = Hy/Hg = 3.23 which is
greater than its normal value of 2.86 (Osterbrock & Ferland, 2006). The ratio of oxygen
to hydrogen atoms in a galaxy’s gas component is used to measure oxygen abundance.
This ratio is normalized to a quantity 12 + log(O/H) = 8.68 dex which is nearly equal to
the solar value Zg = 8.69 (Allende Prieto et al., 2001; Asplund et al., 2009).
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Figure 52: Results of Cd-5. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.1.6 Cd-06

The best-fitted ellipses drawn on the optical image of the compact dwarf galaxy Cd-06 are
as shown in Figure 53 (a). The ellipses are oriented in different directions. The ellipses
at the center of the galaxy vary rapidly, which signifies that the flux is not smoothly
distributed. The radial profiles of PA and ellipticity are shown in the upper panel and
lower panel of Figure 53 (b) respectively. Both quantities are fairly constant in the outer
region. It signifies that the light profile of the galaxy is regular in the outer region. The
g-band image and its residual image of the galaxy Cd-06 are shown in Figure 53 (c).
The residual image suggests that our ellipse-fitting model is appropriate. The observed
light profile of the galaxy modeled with the Sérsic function is shown in Figure 53 (d).
The observed data (dotted poits) is close to the modelled best-fitted Sérsic line which is
shown by the blue color solid line. This reveals that the observed light profile is best
fitted with Sérsic function with Sérsic index of 2.2 which is the maximum value of all
compact group galaxies in our sample. The mean surface brightness of the galaxy is
obtained to be 22.93 mag arcsec™> which is also the maximum value of the compact
group. This means this galaxy is the brightest of all. From the Petrosian method, the
half-life radius (4,) obtained is 1.09 arcsec.

From the spectrum, Hs, HY’ OlIll4365, Hg, OlIll4932, Olll4960, Ollls00s, Hy, Nllgsgs, SIlg720
and Sllg73; lines were detected. We selected only (Hg, OlIlls0s, Hy, and Olllgsgs lines
in the wavelength range 4855 A to 6594 A which are shown in Figure (e, f, g and h)
respectively. These lines are important to calculate SFR and emission line metallicity.
The Gaussian curve points represent the observed points, whereas the continuous red line
represents the Gaussian adjustments. The probable error appears on the error bars. The
Hg and Olllsgpg lines have positive offsets, which indicate the right tail is longer than the
left tail. Likewise, the negative offsets of H, and Nllgsgs lines mean their longer left-hand
tail than the right-hand tail. In addition, more than 99.7% coefficient determination and
less than 3.90 A FWHM of the lines means that the observed points follow Gaussian
distribution almost accurately. From Table 6, we can see that the calculated values
of SFR of the galaxy Cd-06 are 0.0021 Myyr~! and 0.0028 Myyr~! before and after
extinction correction (A(H,) = 0.2804 mag) respectively. The catalog value of SFR
derived from the FUV fluxes after foreground extinction correction is 0.0513 Mgyr~!.
The line ratio, (c¢) = 3.27 is greater than its normal value of 2.86 (Osterbrock & Ferland,
2006). The higher value of the Balmer decrement suggests the presence of dust at
the center which effectively absorbs lower wavelength light. The oxygen abundance
calculated from equation (3) is 12 + log(O/H) = 8.95 dex which is nearly equal to the
solar value Zg = 8.69 Allende Prieto et al. (2001); Asplund et al. (2009).
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Figure 53: Results of Cd-6. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.1.7 Cd-07

The appearance of the compact dwarf galaxy Cd-07’s best-fitting ellipses on its optical
image is depicted in Figure 54 (a). The ellipses are oriented almost in the same direction
in the outside area of the central core. The radial profiles of PA and ellipticity are shown
in Figure 54 (b). The PA flips by more than 150 ° at about 3 arcsec distance and then it
remains constant. It signifies that the light profile of the galaxy is not regular in the inner
region and the galaxy is stable in the outer region. This is, indeed, a sign of star-formation
activity. The g-band image and its residual image of the galaxy Cd-07 are shown in
Figure 54 (c). The absence of the galaxy in the residual image suggests that our model
is suitable. Figure 54 (d) displays the galaxy’s observed light profile that was modeled
using the Sérsic function. The blue solid line indicates how closely the observed data
(dotted points) resembles the model’s best-fit Sérsic line. This demonstrates that the
observed light profile resembles with Sérsic function with a Sérsic index of 0.8. The

2

galaxy’s average surface brightness is calculated to be 22.00 mag arcsec™  as recorded in

Table 7. The Petrosian approach yielded a half-life radius (4;) of 1.61 arcsec.

From the optical spectrum of Cd-07, Hs,H, Hg, Olll4932, Olll4960, OIlls00s, NIlss50, He
,N1lgsgs, Sllg720 and Nllg73, lines were detected but Figure 54 (e, f, g and h) respectively
displays Hg, OIllsp08, Nllgsso and Hy lines only covering the wavelength range 4858
A to 6574 A. The solid red line depicts the Gaussian fits, the dots show the observed
data and the error bars display the probable error. In Hg, OlIllsps, NIllgss50 and Hy,
lines with negative offset, the left tail is longer than the right tail. In addition, more
than 99.9% coefficient of determination and less than (4.0 = 0.1) A FWHM of the
lines means that the observed points follow the Gaussian distribution in an almost exact
manner. The calculated value of SFR by using H,, line flux is found to be 0.0004 Myyr~!
and 0.0008 Myyr~! before and when extinction correction (A(Hy) = 0.6108 mag)
respectively. The latter is simply double attributable to extinction correction and it
implies that the actual flux of the galaxy is over the perceived flux. Moreover, this value
of SFR is least of all 25 galaxies in the sample. The Balmer decrement, (¢) = 3.83
which is greater than its normal value of 2.86 (Osterbrock & Ferland, 2006). The oxygen
abundance calculated from Equation 3.3 is 12 + log(O/H) = 9.16 dex which is nearly
equal to the solar value Zg = 8.69 Allende Prieto et al. (2001); Asplund et al. (2009).
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Figure 54: Results of Cd-7. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
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4.1.1.8 Cd-08

Figure 55 (a) depicts the best-fitted ellipses on the grayscale optical image of merging
compact dwarf galaxy Cd-08. The elliptical isophotes are aligned arbitrarily. The radial
profiles of position angle (PA) and ellipticity are shown in Figure 55 (b). The trend of
variation of PA and ellipticity seems to be similar: quite irregular at the center, almost
constant and finally increasing in the exterior part. This suggests that the galaxy has a
tidal tail along its semi-major axis. The g-band image and its residual image of the galaxy
Cd-08 are shown in Figure 55 (c). Only a small residual part of the galaxy suggests that
our model is almost appropriate. Figure 55 (d) displays the galaxy’s observed surface
brightness profile modeled using the Sérsic function. The solid circles represent the
observed data while the solid line represents the best-fitted line for surface brightness
obtained after modeling the observed surface brightness with Sérsic function. The
values of some photometric parameters obtained from Sérsic and Petrosian methods are
listed in Table 7. The best fit Sérsic function has index of 1.0. There is a very good
agreement between the observed value and the model. The average surface brightness
and effective radius are 21.89 mag arcsec™2 and 9.56 arcsec respectively. The half-life
radius (h;) measured by the Petrosian approach is 3.38 arcsec which is the brightest of all

Cd galaxies.

The analyzed emission lines Hg, Olll500s, NIlgss0 and Hy, are shown in the Figure 55 (e, f,
g and h) respectively. The red color solid lines represent Gaussian fits and the solid circles
represent the observed data. From Table 5, we see H, line has the maximum flux of value,
(502 +£9) x 1077 erg s~ cm™2 A~1. The coefficient determination of H, line is 99.8 %.
Similarly, from Table 6, we have the calculated values of SFR are 0.0029 Mer‘1 and
0.0033 Muyr~! before and after extinction correction (A(H,) = 0.1510 mag) respectively.
The higher value of SFR after extinction correction signifies that the actual flux of the
galaxy is more than the observed flux. The Balmer decrement is 3.07 and the line
metallicity calculated from Equation 3.3 is 12 + log(O/H) = 8.97 dex.

88



200

(b

150
& 100

50

0.754

Ellipticity

o ©
N w
w o
! !

o
o
S

SFB (mag/arcsec?)

18

20 30

SMA (arcsec)

T
10

o

20 A

N
N
L

N
IS
1

N
o
L

28 A

30

10° 10t

SMA (arcsec)

o
S g

N w B w
o o o o

=
o

Flux (x 10717 erg s~ cm=2 A-1)

*
E | 1 | 1 | 1 | 1 |

Observed Data ]|
—— Gaussian Fit

Flux (x 10717 erg s~ cm~2 A~1)

funy
(o2}
o

u
S
o

)
N
o

=
o
o

(o]
o

(2]
o

Ey
o

N
o

o

| Cd-08, Olllsgos

- ()

T T T T T T T T T T T
® Observed Data |
—— Gaussian Fit

m‘bﬁ% &%60 b‘%@' bﬁ"bb‘

Wavelength (A)

bﬁﬁ’%

u%e’%

B S

Wavelength (A)

T T T T T T T T T
[ Cd-08, Nllgsso L4

ES

w

= N
T T
[ ]

o

Flux (x 10717 erg s~ cm=2 A-1)

T T
Observed
—— Gaussian Fit

*
|

T
Data 7

Flux (x 1077 erg s~ cm~2 A1)

=
N
o

100

o]
o

=)}
o

Ey
o

N
o

Cd-08, Hy ® Observed Data

(h) —— Gaussian Fit 4

o & &
Wavelength (A)

Figure 55: Results of Cd-8. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
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4.1.1.9 Cd-09

Using ELLIPSE task in IRAF, the ellipses fitted to the intensities in the image of merging
compact dwarf galaxy Cd-09, are shown in Figure 56 (a). The ellipses are oriented in
different directions. The inner ellipses are varying rapidly and are densely packed. The
radial profiles of PA and ellipticity are shown in Figure 56 (b). The PA and ellipticity
vary in the same manner. Another type of output of ellipse fit is the residual image,
which is the difference between the original image and the model image connected with
the best-fitting ellipses. The g-band optical image and its residual image of the galaxy
Cd-09 are shown in Figure 56 (c). A very small structure of the galaxy is seen in the
residual image suggesting that our model is almost appropriate. Figure 56 (d) displays
the galaxy’s observed surface brightness profile modeled using the Sérsic function. The
blue solid line indicates how closely the observed data (dotted points) resembles the
model’s best-fit Sérsic line. This demonstrates that the observed light profile best fits
with Sérsic function with a Sérsic index of 1.2 (Table 7). The galaxy’s average surface
brightness is calculated to be 21.22 mag arcsec™. The Petrosian approach yielded a
half-life radius (h;) of 1.08 arcsec.

From the spectrum, Hs, Hy, OIlly364, Hp, Olll4960, OIlls008, NIlgss0, He, Nllgsgs, SHg720
and Nllg73> lines were detected but only Hg, Olllsoos, Nllgsso and H, lines in the
wavelength range 4856 A to 6573 A are shown in the Figure 56 (e, f, g and h) respectively.
The dotted points, solid red line and error bars represent the observed points, Gaussian
fits, and the probable error respectively. The positive offset of the lines Hg and OlIllsoog
means that their right-hand tail is longer than the left-hand tail and the negative offset
of Nllgs550 and H,, lines means that their left-hand tail is longer than the right-hand tail.
In addition, referring to Table 5, more than 99.9 % coeflicient determination and less
than (3.9 +0.1) A FWHM of the lines means that the observed points follow Gaussian
distribution significantly. We calculated SFR which are 0.0960 Myyr~! and 0.1463
Moyr~! before and after extinction correction respectively. The catalog value of SFR
derived from the FUV fluxes after foreground extinction correction is 0.2089 Mgyr~!.
The Balmer decrement is 3.56 which is greater than its normal value of 2.86 (Osterbrock
& Ferland, 2006). The oxygen abundance calculated from Equation 3.3 is Z = 8.51 dex
which is more than the solar value Zg = 8.69 (Allende Prieto et al., 2001; Asplund et al.,
2009).
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Figure 56: Results of Cd-9. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.1.10 Cd-10

Figure 57 (a) displays the ellipses that were created by fitting the intensities in the image
of merging compact dwarf galaxy Cd-10 using the IRAF ELLIPSE task. The ellipses
are oriented in different directions. The ellipses are regular and densely packed in the
central region. Figure 57 (b) displays the radial profiles of position angle (PA) and
ellipticity. The PA and ellipticity vary quite randomly within 14 arcsec and then are
constant. The residual picture, which is the difference between the original image and the
model image is shown in Figure 57 (c). A small part of the galaxy seen in the residual
image suggests that our model is proper. Figure 57 (d) displays the galaxy’s observed
surface brightness profile modeled using the Sérsic function. The blue solid line indicates
how closely the observed data (dotted points) resembles the model’s best-fit Sérsic line.
This demonstrates that the observed light profile best fits with Sérsic function with a
Sérsic index of 0.9. The galaxy’s average surface brightness is calculated to be 20.32

mag arcsec”2. The Petrosian approach yielded a half-life radius (/) of 0.59 arcsec.

From the optical spectrum of merging compact dwarf galaxy Cd-10, Helzggo, Hs, Hy,
Hg, Olll4960, OMIs008, Ole366, Has N1l6sgs, and SIlg71g lines were detected but only Hg,
Ollls008, Hy, and Nllgsgs lines in the wavelength range 4855 A to 6596 A are shown
in the Figure 57 (e, f, g and h) respectively. The positive offset of the line Hg means
that its right-hand tail is longer than left-hand tail and the negative offset of Olll5qosg,
H, and Nllgsgs lines means that their left-hand tail is longer than right-hand tail. In
addition, more than 99.8% coefficient determination and less than (3.9 + 0.1) A FWHM
of the lines means that the observed points follow Gaussian distribution almost accurately.
We used H,, line flux in Equation (3.2) to calculate SFR which is found to be 0.1087
Moyr~! and 0.1176 Mgyr~! before and after extinction correction (A(H,) = 0.0854 mag)
respectively. The catalog value of SFR derived from the FUV fluxes after foreground
extinction correction is 0.3090 Myyr~!. The line ratio is calculated to be 2.98 which is
slightly greater than its normal value of 2.86 (Osterbrock & Ferland, 2006). The oxygen
abundance is calculated to be 8.56 dex which is more than the solar value of 8.69 dex
(Allende Prieto et al., 2001; Asplund et al., 2009).
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Figure 57: Results of Cd-10. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 48.
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4.1.1.11 Cd-11

Figure 58 (a) shows the green contour map on the grayscale SDSS original image of the
merging compact dwarf galaxy Cd-11. The ellipses are oriented in different directions.
The ellipses are random and closely packed at the central region. The radial profiles of
PA and ellipticity are shown in Figure 58 (b). The PA and ellipticity are varying in the
same manner: random in central part and almost constant in the outer area of the galaxy.
More or less constant value of PA beyond 6 arcsec indicates that the galaxy has the tidal
feature. The error bars in PA and ellipticity are the observational error bars of data that
show the uncertainty in the measurement of these quantities. Another type of output of
ellipse fit is the residual image, which is the difference between the original image and
the model image connected with the best-fitting ellipses. The g-band optical image and
its residual image of the galaxy are shown in Figure 58 (c). Only a small residue of the
galaxy seen in the image suggests that Sérsic model is appropriate. Figure 58 (d) displays
the galaxy’s observed surface brightness profile modeled using the Sérsic function. We
find that the best fit Sérsic function in the inner region with a Sérsic index of 0.9. The
break takes place at about 10 arcsec which is about 21 times of half-light radius of the
galaxy. The main body of the galaxy ends at this point and the tidal feature starts beyond
this. The effective radius and half-life radius of the galaxy is calculated to be 1.56 arcsec
and 0.47 arcsec respectively Which are the minimum values of all compact galaxies in

the sample. The mean surface brightness of the galaxy is 19.08 mag arcsec™2.

Analyzed H,, Hg, OlIll500g and Nllgssp lines in the wavelength range 4856 A to 6573
A are shown in the Figure 58 (e, f, g and h) respectively. They are all fitted with a
Gaussian profile. The dots represent the observed points and the solid red lines represent
the Gaussian fits. The probable error is shown by the error bars. The lines Hg and
Olllsgpg have positive offsets means that their right-hand tail is longer than the left-hand
tail. Similarly, the negative offsets of Nllgs50 and H, lines means that their left-hand tail
is longer than the right-hand tail. In addition, more than 98% coefficient determination
and less than (4.3 = 0.2) A FWHM of the lines means that the observed points follow
Gaussian distribution. We used H,, line flux in Equation 3.2 to calculate SFR which is
found to be 0.0471 Myyr~! and 0.0610 Moyr~! before and after extinction correction
(A(H,) = 0.2801 mag) respectively. The line ratio c¢ is calculated to be 3.27 which is
greater than its normal value of 2.86 (Osterbrock & Ferland, 2006). The higher value
of the Balmer decrement suggests the presence of dust at the center which effectively
absorbs lower wavelength light. The abundance of oxygen is calculated to be 8.11 dex

which is minimum of all our sample galaxies.
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Figure 58: Results of Cd-11. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
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4.1.1.12 Cd-12

The green color ellipses are drawn on the grayscale image of the galaxy Cd-12 is shown in
Figure 59 (a). The ellipses cover the main body of the galaxy and are oriented randomly.
Variation of PA and ellipticity is shown in Figure 59 (b). The PA is rapidly changing
and it flips by 180° in the central region and then remains constant beyond 14 arcsec
suggesting the tidal feature in the outer region of the galaxy. A residual image ellipse
modeling is shown in Figure 59 (c). Figure 59 (d) displays the Sérsic modeling of the
surface brightness profile of the galaxy. This shows that the observed data (dotted points)
resembles the model’s best-fit Sérsic line (blue color). The best fit with Sérsic function
has a Sérsic index of 1.0. The bumps observed in the observed light profile suggest that
the galaxy has shells that have higher surface brightness. The galaxy’s average surface
brightness is calculated to be 20.96 mag arcsec™2. The Petrosian approach yielded a
half-life radius (4,) of 2.03 arcsec which is the maximum value in a compact group. The
effective radius of the galaxy is 7.52 arcsec which is about three times of its half-light

radius.

In a spectroscopic analysis of the compact galaxy Cd-12, we fitted four selected emission
lines Hg, Olllsp08, Hy and Nllgsgs in the wavelength range 4857 A to 6591 A with
Gaussian profiles which are shown in the Figure 59 (e, f, g and h) respectively. The dots
represent the observed points and the solid red line represents the Gaussian fits. The
probable error is shown by the error bars. The line Hg has a positive offset means that its
right-hand tail is longer than the left-hand tail. Similarly, the negative offset of Olllsgog,
H,, and Nllgsgs lines means that their left-hand tail is longer than the right-hand tail. We
find a relatively higher value of FWHM (4.5 +0.4) A than the instrumental value (3.9 A)
which suggests the higher dispersion velocity of the galaxy. The SFR calculated without
extinction correction is 0.0479 Myyr~! and that after correction is 0.0967 Mgyr~!. The
value of SFR after extinction correction is more than double its value before extinction
correction. It means that the actual flux of the galaxy is more (almost double) than the
observed flux. The value of the extinction coeflicient is obtained to be 0.7635 mag. The
line ratio is 4.12 which is the highest value of all compact galaxies and is also higher
than its normal value of 2.86 (Osterbrock & Ferland, 2006). The abundance of oxygen is
calculated to be 8.97 dex.
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Figure 59: Results of Cd-12. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, please refer to Figure 48.
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4.1.1.13 Cd-13

For the study of imaging part of merging compact dwarf galaxy Cd-13, we draw green
color ellipses on the grayscale image by using IRAF ELLIPSE task as shown in Figure
60 (a). The ellipse density is highest and random at the inner core and it seems almost
uniform in the outer region covering the main body of the galaxy. We can see a similar
trend of the radial profiles of PA and ellipticity in Figure 60 (b) as in previous cases, in
which, both parameters vary rapidly within around 17 arcsecs. They are unchanged at
the outer distance. The constancy of PA in the outer region suggests the presence of
elongated tidal features. The observational error bars in PA and ellipticity that measures
the uncertainty in the measurement of these quantities are also shown in the figure. The
error bars are longer due to the noise of the foreground and background objects. The
g-band optical image of the galaxy and its residual image are shown in the left and right
panels of 60 (c) respectively. Only a very small residue of the galaxy is seen in the image
and some signature of tidal features remained, suggesting that the Sérsic model is best
fitted for the main body of the galaxy. The observed surface brightness is modeled with
Sérsic function, as shown in Figure 60 (d). This shows that the observed data (dotted
points) resembles the model’s best-fit Sérsic line (blue color) in the main body of the
galaxy but there is an outer break at about 10 arcsecs. The humps in observed data also
resemble the shell feature of the galaxy. Thus the galaxy has both a tidal tail and shell.
The observed data is best fitted with a Sérsic function and the Sérsic index is 0.6. The
galaxy’s average surface brightness is calculated to be 19.34 mag arcsec™2. The Petrosian
approach yielded a half-life radius (4,) of 0.63 arcsecs. An effective radius of the galaxy

of 1.79 arcsecs is three times its half-light radius.

For the spectroscopic analysis, only Hg, OIllsp08, NIl6ss0, and Hy lines are used and
they are shown in Figure 60 (e, f, g and h) respectively. The dots are observed values
plotted against the Gaussian fitting curve and quoted so as to make the point plain and
the line of fit obvious. The probable error is shown by the error bars. The lines Hg,
OIllsgps, N1lgsso, and Hy have positive offsets means that its right-hand tail is longer than
the left-hand tail. In addition, more than 99.9% coefficient determination of Gaussian
fits of H, means that the observed points follow Gaussian distribution accurately. The
FWHM of the curve is (4.7 £ 0.1) A which is more than the instrumental value 3.9 A).
This suggests the higher dispersion velocity of the galaxy. The estimated values of SFR
form the H,, emission line flux are 0.4755 Mgyr~! and 0.9048 Myyr~! before and after
extinction correction respectively. This galaxy has the highest value of SFR of all 25
sample galaxies. The line ratio, (c¢) = 3.99, which is greater than its theoretical value of
2.86 (Osterbrock & Ferland, 2006). The abundance of oxygen calculated from equation
(3)is 12 +1log(O/H) = 8.44 dex.
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Figure 60: Results of Cd-13. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
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4.1.1.14 Cd-14

As explained in other galaxies earlier, the green color ellipses drawn on the grayscale
image of merging compact dwarf galaxy Cd-14 are as shown in Figure 61 (a). The
bundle of ellipses appears such that we are looking at the galaxy laterally. In Figure
61 (b), we can see the radial profiles of PA and ellipticity in which both quantities go
randomly within around 7 arcsec distance and are almost constant in the outer region.
The constancy of PA in the outer region suggests that the galaxy has a tidal feature. The
observational error bars in PA and ellipticity are also shown in the figure. In the right
panel of Figure 61 (c), we can see only a small fraction of the image of the galaxy is the
residue after ellipse fitting. It suggests that our model of ellipse fitting is appropriate.
Figure 61 (d) shows the best-fitted Sérsic line on the observed surface brightness data.
This shows that the observed data (dotted points) resembles the model’s best-fitted Sérsic
line (blue solid line) in the main body but there is an outer break at above 10 arcsecs.
The humps in observed data signify that the galaxy has a shell feature. So, the observed
data best fits with Sérsic’s function with an index of 1.3. The galaxy’s average surface
brightness is calculated to be 22.78 mag arcsec™. The Petrosian approach yielded a
half-life radius (h;) of 1.57 arcsec. The effective radius of the galaxy obtained from the

Sérsic method is 8.21 arcsec which is more than five times of its half-light radius.

From the optical spectrum of compact galaxy Cd-14, Helsggo, Hs, Hy, Ollls363, Hg,
Olll4g60, Olls003, Helsg77, Ols3e6, Nllgsso, Ho, Nllgsgs, SIlg720, SIlg732 and Nelllsgeo
lines were detected but only Hg, Olllsgog, NIlgsso, and Hy, lines in the wavelength range
4857 A to 6573 A are shown in the Figure 61(e, f, g and h) respectively. The best-fitted
Gaussian curve is shown in red color with probable error bars. The positive offsets of
Hg and Nlless lines signify their longer right-hand tail than the left-hand tail. On the
other hand, the negative offset of the lines OlIll500g and H,, indicates the longer left-hand
tail than the right-hand tail of the Gaussian curve. The resemblance of observed points
with the Gaussian distribution is indicated by more than 99.9% coeflicient determination.
FWHM of Hy, line is (3.8 +0.0) A . SFR computed by utilizing H,, line flux in Equation 3.2
came out to be 0.0193 Mgyr~! and 0.0193 Myyr~! before and after extinction correction
respectively. The SFR is found to be unchanged as there is no extinction. The catalog
value of SFR derived from the FUV fluxes after foreground extinction correction is
0.0550 Moyr~!. The line ratio, (c) = 2.74 which is slightly less than its normal value of
2.86 (Osterbrock & Ferland, 2006). This value of ¢ is the lowest value of all 25 galaxies.

The abundance of oxygen is calculated to be 8.73 dex.
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Figure 61: Results of Cd-14. surface photometry is shown in sub-figures (a) to (d) and spectroscopy is
shown in (e) to (h). For a detailed description of each sub-figure and symbol identification, refer to Figure



4.1.1.15 Cd-15

To analyze the imaging part of the merging compact dwarf galaxy Cd-15, the green color
ellipses drawn on the grayscale image are as shown in Figure 62 (a). The ellipses cover
the main body of the galaxy, but it doesn’t cover the tidal tail. In Figure 62 (b), the radial
profiles of PA and ellipticity are presented in which both quantities go randomly within
around 4 arcsec distance, then are almost constant and finally remain constant beyond
23 arcsecs in the outer region. The constancy of PA in the outer region suggests the
tidal feature. The PA flips by about 180° at the central core of the galaxy. The long
observational error bars in PA and ellipticity are due to noise coming from the foreground
and background objects. In Figure 62 (c), we can see only a small fraction of the original
image of the galaxy after subtraction of the modeled image. It suggests that our model of
ellipse fitting is suitable, but the tidal feature is clearly seen. Figure 62 (d) shows the
best-fitted model of the Sérsic function on the observed surface brightness profile. This
shows that the observed data (dotted points) resembles the model’s best-fitted Sérsic line
(blue solid line) within 10 arcsecs and then the break occurs above 10 arcsecs. This
signifies that the main body of the galaxy ends at about 10 arcsecs and then its tidal
feature starts. The hump in observed data beyond 10 arcsec signifies the shell feature as
well. The Sérsic index and effective radius of the galaxy obtained after modeling the
observed surface brightness with the Sérsic function are 0.6 and 3.82 arcsecs respectively.
Likewise, the half-life radius (/) and average surface brightness of the galaxy obtained
by the Petrosian approach are 1.40 arcsec and 21.21 mag arcsec™2 respectively. The

effective radius is almost three times its half-light radius.

For the spectroscopic study of the merging compact dwarf galaxy Cd-15, we have displayed
only four important emission lines: Hy, Hg, Olllsoos and NIlgssoin the wavelength range
4856 A to 6576 A among the observed lines, Hs, Hy, Olll4363, Hg, Olll4960, Ollls00s,
Nllgs50, Hy, Nllgsgs, SIlg720, and Sllg73, obtained after Gaussian fitting procedure, as
shown in the Figure 62 (e, f, g and h) respectively. We can see that the observed points
perfectly fit with the Gaussian distribution along with the coeflicient determination of
99.9% and FWHM of (3.8 + 0.1) A for H,, line. The probable error is shown by the
error bars. The positive offsets of Hg and Nllgsso lines signifies that their right-hand
tail is longer than the left-hand tail. On the other hand, the negative offset of the lines
Olllsgps and H, indicates the longer left-hand tail than the right-hand tail of the Gaussian
curve. We used H,, line flux to calculate SFR which is found to be 0.0180 Myyr~! and
0.0290 Moyr~! before and after extinction correction respectively. The value of SFR
after extinction correction is higher than that before extinction correction. The line ratio

is calculated to be 3.66. The abundance of oxygen is calculated to be 8.89 dex.
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4.1.2 [Extended Merging Dwarf Galaxy
4.1.2.1 Ed-01

To analyze the photometric database of the extended merging dwarf galaxy Ed-01, the
green color ellipses are drawn on the grayscale image, which is shown in Figure 63 (a).
The ellipses cover the main galaxy but it doesn’t cover another galaxy. The ellipses in the
central area are very much randomly oriented. In Figure 63 (b), the radial profiles of PA
and ellipticity are presented. PA flips by more than 180°, goes randomly within around 3
arcsec distance, then is almost constant and finally flips by around 180°, remains constant
beyond around 10 arcsecs in the outer region. The sudden change of PA signifies that
a new structure is forming and its random variation signifies the non-uniform density
profile. The ellipticity initially decreases then increases randomly and finally goes
constant beyond around 12 arcsec. The region of constancy in both quantities signifies
the smooth galaxy surface. The uncertainty in the measurement of PA and ellipticity is
shown by error bars. In Figure 63 (c), we see the g-band optical image (left panel) and its
residual image (right panel). In the residual image, we can see a significant area of the
original image that was not covered by the ellipses. It suggests that our model of ellipse
fitting may not be so appropriate in this galaxy. The observed light profile modeled with
Sérsic function is shown in Figure 63 (d). This plot shows that the observed data (dotted
points) resembles the model’s best-fitted Sérsic line for the main galaxy. The hump in
the outside region signifies the shell feature. The Sérsic index and effective radius of
the galaxy obtained as free parameters after modeling the observed surface brightness
with the Sérsic function are 2.9 and 29.03 arcsecs respectively. Besides, the half-life
radius (h;) and average surface brightness of the galaxy obtained by the Petrosian method
are 1.55 arcsec and 25.14 mag arcsec™2 respectively. This galaxy has the highest mean

surface brightness of all 25 sample galaxies.

Out of many, only Hg, OIllsnos, Hy, and Nllgsgs lines in the wavelength range 4857 Ato
6595 A appear in the Figure 63 (e, f, g and h) respectively after Gaussian fitting procedure.
The observed fluxes are shown by black dots and the solid red lines represent the Gaussian
fits. This shows that the observed data perfectly resemble in the company of Gaussian
distribution with coefficient determination of 99.9% and FWHM (3.7 +0.1) A for H, line.
The probable error is shown by the error bars on Gaussian curve. The positive values
of offset in lines Hg and Olllsgg signifies their longer right-hand tail than left-hand tail.
Similarly, the negative offset of H, and Nllgsg5 lines signifies their longer left-hand tail.
The value of SFR calculated without extinction correction is 0.1320 Myyr~! and after
correction is 0.1702 Mgyr~!. The catalog value of SFR derived from the FUV fluxes
after foreground extinction correction is 0.4467 Mgyr~!'. The Balmer decrement and the

abundance of oxygen are calculated to be 3.26 and 8.41 dex respectively.
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4.1.2.2 Ed-02

We model the grayscale image of the extended merging dwarf galaxy Ed-02, with the
green color ellipse fitting on the isophotes as shown in Figure 64 (a). The ellipses cover
up to the outer region but it doesn’t cover all body parts of the galaxy. The ellipses in the
central area are very much randomly oriented and densely packed, but another bundle of
ellipses appears in very few numbers in the perpendicular direction. In Figure 64 (b),
the radial profiles of PA and ellipticity are presented. PA seems to be varying randomly,
indicating that the galaxy is not uniform and is changing its shape in different regions.
The ellipticity is also changing randomly. After modeling with ellipse fitting, we can see
the g-band optical image (left panel) and its residual image (right panel) in Figure 64 (c).
In the residual image, we can see a remarkable part of the original image. It shows that
in this galaxy, our elliptical fitting model may not be as accurate. The observed light
profile modeled with the Sérsic function is shown in Figure 64 (d). The blue color solid
line is the best-fitted line modeled with Sérsic function. We can see two breaks on the
surface brightness profile of the observed light: one at around 10 arcsec and the other
above that. This reveals that there are different components of the galaxy. The hump in
outside region signifies the shell feature. The Sérsic index and effective radius of the
galaxy obtained from the Sérsic method are 2.1 and 11.07 arcsec respectively. Apart
from this, the half-life radius (/) and average surface brightness of the galaxy obtained
from the Petrosian method are 2.37 arcsec and 22.27 mag arcsec™> respectively. The

effective radius is almost 9 times of its half-light radius.

From the spectrum of extended merging dwarf galaxy Ed-02, Helzgoo, H5, Hy, Hg,
Olll4960, Ollsgps, N1lgs50, Hy, Nllgsgs, Sllg720, and Sllg73, lines were detected. Among
them, Hg, OlIlls5p08, NIlgsso and Hy, lines in the wavelength range 4855 A to 6574 A are
shown in Figure 64 (e, f, g and h) respectively. The dots, solid red lines, and error bars
have the usual meaning. The H, line has more than 99.9% coeflicient determination and
FWHM of (4.1 +0.1) A , showing that the observed points follow Gaussian distribution
almost appropriately. The lines Hg, Olllsoos and Nllgsso, have positive offset signifies
that their right-hand tail is longer than the left-hand tail. Likewise, the negative offset
of the H, line signifies its longer left-hand tail. After utilizing the value of H,, line flux,
the computed value of SFR came out to be 0.0569 Myyr~! and 0.0921 Myyr~! before
and after extinction correction respectively. The catalog value of SFR derived from the
FUV fluxes after foreground extinction correction is 0.7079 Myr~!. The flux ratio of
two Balmer lines is calculated as (¢) = 3.67, which is greater than its normal value of
2.86 (Osterbrock & Ferland, 2006). This value helps to determine dust extinction. The
abundance of oxygen calculated from Equation 3.3 is 12 + log(O/H) = 8.41.
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4.1.2.3 Ed-03

The gray scale image of the galaxy is shown in Figure 65 (a), in which the isophotes
are closely approximated by green color best-fitted ellipses. We can see two bundles of
ellipses: one is a dense inner bundle and the other is countable outer bundle. A gap can
be clearly seen between them. The variation of PA and ellipticity with galactocentric
distance is shown in Figure 65 (b). PA flips by more than 150° at the center and then it
seems almost constant. The ellipticity decreases sharply first, then increases, becomes
constant, again decreases and finally rises slowly. In Figure 65 (c), the left panel shows
the g-band image of the galaxy, and the right panel shows the residual image obtained
after subtraction of the ellipse-fitted model image from the original image. A notable
residue of the image suggests that our elliptical fitting model may not be appropriate
in this galaxy. The observed light profile modeled with the Sérsic function is shown in
Figure 65 (d). The blue color solid line is the best-fitted line modeled with the Sérsic
function. A break is seen above 10 arcsec on the surface brightness profile, indicating
the different components in the galaxy. The bump in outside region signifies the shell
feature. The Sérsic index and effective radius of the galaxy obtained from the Sérsic
method are 2.3 and 81.09 arcsec respectively. Apart from this, the half-life radius (4;)
and average surface brightness of the galaxy obtained from the Petrosian method are 4.39

arcsec and 24.62 mag arcsec™>

respectively. The effective radius is almost 5 times its
half-light radius. The values of effective radius and the half-light radius of this galaxy

are the highest of all 25 galaxies in the sample.

From the spectrum, Helsgoo, Hs, HY’ OlIll4365, H@, OlIll4960,0I1I5008, Olg302, Nllgs50, Hy,
NIl6sgs, SIle720, and Sllg73; lines were detected. However only Hg, Olllsoog, N1lsss0,
and H,, lines in the wavelength range 4854 A to 6575 A are shown in the Figure 65 (e,
f, g and h) respectively. The lines Hg and Olllsgog have positive offset means that their
right-hand tail is longer. Similarly, the negative offset of Nllgs50 and H, lines means
that their left-hand tail is longer. In addition, more than 99.9% coeflicient determination
and less than (3.7 £ 0.1) A FWHM of the lines suggests that the observed points
follow Gaussian distribution almost accurately. We used H,, line flux in Equation 3.2
to calculate SFR which is found to be 0.0537 Mgyr~! and 0.0794 Myyr~! before and
after extinction correction (A(H,) = 0.4250 mag) respectively. The value of SFR after
extinction correction is more than before extinction correction. The catalog value of SFR
derived from the FUV fluxes after foreground extinction correction is 0.2512 Mgyr~!.
The line ratio, (¢) = Hy/Hg = 3.50, which is greater than its normal value of 2.86
(Osterbrock & Ferland, 2006). The abundance of oxygen calculated from Equation 3.3 is
12 + log(O/H) = 8.45 dex.
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Figure 65: Results of Ed-03. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, please refer to Figure 63.
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4.1.24 Ed-04

The galaxy’s grayscale image can be seen in Figure 66 (a), where the green color ellipses
are drawn. Figure (b) illustrates the variation of PA and ellipticity with galactocentric
distance. PA flips by about 180° at the center many times, then is constant at a very small
angle and it seems almost unchanged after increasing by more than 150° beyond around
6 arcsecs. The small values of ellipticity in the outer region mean that the galaxy is
less elliptical in this region. The g-band image and model subtracted residual image are
displayed in Figure 66 (c). The small residue of the galaxy signifies that the best-fitting
model may be appropriate. The observed surface brightness profile modeled with a Sérsic
function is presented in Figure 66 (d). The bump and break in the observed data signify
that the galaxy is shell featured and has changed its structure. The best-fitted Sérsic index
and effective radius of the galaxy are 0.9 and 6.88 arcsec respectively. Apart from this,
the half-life radius (4,) and average surface brightness of the galaxy obtained from the

non-parametric (Petrosian) method are 2.21 arcsec and 19.63 mag arcsec™? respectively.

Out of many, analyzed emission lines in the spectrum, Hg, OIllsg0s, NIlgsso, and Hy, are
presented in the Figure 66 (e, f, g and h) respectively. The dots represent the observed
points and the solid red line represents the Gaussian fits. The probable error is shown by
the error bars. The lines Hg and Nllgss50 have positive offset means that their right-hand
tail is longer than left-hand tail. Similarly, the negative offset of OlIllsogg and H,, lines
means that their left-hand tail is longer than right-hand tail. Fitting with Gaussian profile,
we find FWHM of H,, line is (4.2+0.1) A. The SFR calculated by using H,, flux is found to
be 0.0044 Moyr~! and 0.0055 Myyr~! before and after extinction correction, respectively.
The line ratio, (c¢) = 3.23 is greater than its normal value of 2.86 (Osterbrock & Ferland,
2006). The abundance of oxygen is 12 + log(O/H) = 8.51 dex.
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4.1.2.5 Ed-05

We drew the best-fitted ellipses of the isophotes over the grayscale image, which is shown
in Figure 67 (a). The ellipses appear virtually homogeneous in the outer area but are
crowded and erratic in the center. Figure 67 (b) illustrates the radial profile of PA and
ellipticity. PA and ellipticity change randomly within 16 arcsecs and then both quantities
are almost constant in the outer region of the galaxy. Figure 67 (c) shows the galaxy’s
g-band picture in the left panel and its residual image in the right panel after the model
image has been subtracted from the original image. A small residue of the image left
over signifies that our ellipse-fitting model is nearly appropriate. The surface brightness
profile modeled with the Sérsic function is presented in Figure 67 (d). A clear deviation
of the observed data points from the model line implies the tidal feature. The bumps
on the observed light profile signify the shell feature of the galaxy. The Sérsic index
and effective radius of the galaxy obtained from the parametric (Sérsic) method are
0.9 and 6.56 arcsec respectively. Apart from this, the half-life radius (%;) and average
surface brightness of the galaxy obtained from the non-parametric (Petrosian) method
are 2.84 arcsec and 20.99 mag arcsec™2 respectively. This value of surface brightness is

the minimum of all extended groups of galaxies.

For the spectroscopic study of the extended merging dwarf galaxy Ed-05, the emission
lines Hg, OIlls00s, Hy and Nllgsgs are analyzed and their Gaussin profile fitting are shown
in the Figure 67 (e, f, g and h) respectively. The lines Hg, OlIll5003 and Nllgsgs have
positive offset indicating their longer right-hand tail. Similarly, the negative offset of H,,
line indicates their left-hand tail. We used H,, line flux to calculate SFR which is found to
be 0.0022 Myyr~! and 0.0035 Mgyr~! before and after extinction correction respectively.
The SFR of this galaxy is least of all members of our sample extended group. The value
of SFR after extinction correction is more than before extinction correction. The catalog
value of SFR derived from the FUV fluxes after foreground extinction correction is
0.0741 Mgyr~!. The line ratio, (c¢) = 3.63 which is greater than its normal value of 2.86
(Osterbrock & Ferland, 2006). The abundance of oxygen is 12 + log(O/H) = 8.78 dex.
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Figure 67: Results of Ed-05. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 63.
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4.1.2.6 Ed-06

To study the surface photometry of the extended merging dwarf galaxy Ed-06, we run the
IRAF ELLIPSE task to fit elliptical isophotes. We show the resultant ellipse overlaying
on the gray-scale image in Figure 68 (a) and measure the light profiles. The ellipses cover
almost all areas on the image of the galaxy and are randomly oriented. In Figure 68 (b),
the radial profiles of PA and ellipticity are presented. The PA seems to vary randomly
in the range O to 180°, but it is almost constant at the region of about 23-31 arcsec.
After removing the modeled image from the original image, we can only make out a tiny
portion of the galaxy’s original image as shown in Figure 68 (c). It suggests that our
model of ellipse fitting is applicable. Figure 68 (d) shows the observed surface brightness
profile modeled with the Sérsic function. The best fitting is performed at the central
region as the focused main galaxy is in that area. We can see that the observed data
(dotted points) resembles mostly the model’s best-fitted Sérsic line (blue solid line) in the
inner region and then the break occurs above 10 arcsec which is above three times the
half-light radius of the galaxy. At this distance, the main body of the galaxy ends and then
its tidal feature starts. We can see many bumps in observed data that identify the shell
feature. The Sérsic index and effective radius of the galaxy obtained after modeling the
observed surface brightness with the Sérsic function are 0.8 and 6.62 arcsec respectively.
Likewise, the half-life radius (/) and average surface brightness of the galaxy obtained
by the Petrosian approach are 2.73 arcsecs and 22.84 mag arcsec™2 respectively. The

effective radius is almost three times of its half-light radius.

From the spectrum, Helsg7, Hs, HY’ Hg, OlIll 960, Olllsgog, Hy, Nllgsss, SIlg720 and
Sllg732 lines were detected. We used Hg, Olllsoos, Hy and Nllgsgs lines for spectroscopic
analysis and they are shown in Figure 68 (e, f, g and h) respectively. The dots represent
observed points and the solid red lines represent the Gaussian fits. The probable error is
shown by the error bars. FWHM of H,, line is (3.8 + 0.1) A and its 99.7 % coefficient
determination signifies that the observed data follows Gaussian distribution. Other lines
also follow normal distribution except for slight deviation of the observed points in the
case of Nllgsgs line. The positive offset of lines Hg, Olllsoos and Nllgsgs means their
longer right-hand tail and the negative offset of H, line means its longer left-hand tail
in the Gaussian curve. SFR calculated before extinction correction is 0.0046 Mgyr™!
and that after rectification is 0.0055 Mgyr~!. The Balmer decrement (¢) = 3.15 which
is higher than its normal value of 2.86 (Osterbrock & Ferland, 2006). The abundance
of oxygen is 12 + log(O/H) = 8.88 dex that is higher than the solar value Z, = 8.44
Allende Prieto et al. (2001); Asplund et al. (2009).
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Figure 68: Results of Ed-06. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, refer to Figure 63.
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4.1.2.7 Ed-07

The best-fit ellipse overlaying in a grayscale image is shown in Figure 69 (a). Figure 69
(b) shows the variation of PA and ellipticity as a function of distance from the galaxy
center. The PA starts to increase from 150 °, reaches more than 125 °, decreases slightly
and remains constant beyond around 14 arcsec distance. It means there is a tidal feature in
the outer region of the galaxy. The ellipticity seems to change rapidly around 7 arcsec but
increases gradually outward. This means the galaxy is elongated in the outer region. In
Figure 69 (c), we can see the g-band image of the galaxy in the left panel and the residual
image in the right panel. Only a small section of the image is seen, which signifies
the ellipse-fitting model is proper. Figure 69 (d) shows the observed surface brightness
profile modeled with the Sérsic function. The main galaxy is located in the central region,
where the best fitting is done. We can see that in the inner region, the observed data
(dotted points) resembles the best-fitted Sérsic line (blue solid line) and the break occurs
above 10 arcsec, which is more than eight times the galaxy’s half-light radius. At this
distance, the galaxy’s main body ends and its tidal feature begins. We can see a break in
the observed data at around 9 arcsec distance indicating the change in structure of the
galaxy. The Sérsic index and effective radius of the galaxy from the Sérsic method are
obtained to be 0.9 and 3.92 arcsec respectively. Likewise, the half-life radius (4;) and
average surface brightness of the galaxy acquired by the Petrosian approach are 1.49
arcsec and 21.34 mag arcsec ™2 respectively. The effective radius is almost three times its
half-light radius.

In the visual inspection of the optical spectrum of the compact merging dwarf galaxy
Ed-07, we detected Helsgzo, Hs, Hy, Hg, Olll4960, OIlls008, Olg302, Hy, Nllgsss, SIg720
and Sllg73, emission lines. For our work, we use Hg, OIlls5g08, Hy and Nllgsgs lines in the
wavelength range 4854 A to 6592 A that are shown in Figure 69 (e, f, g and h) respectively.
Gaussian fitting is performed on the emission lines. The dots represent observed points
and the solid red lines represent the Gaussian fits. The probable error is shown by the
error bars. 99.9% coeflicient determination and less than (4.1 +=0.1) A FWHM of the H,
line means that the observed points follow Gaussian distribution almost accurately. The
lines Hg and H,, have positive offset means that their right-hand tail is longer than the
left-hand tail. Similarly, the negative offset of lines OlIll5ypg and Nllg535 means that their
left-hand tail is longer than the right-hand tail. We used H, line flux in equation 3.2 to
calculate SFR which is found to be 0.0304 Mpyr~! and 0.0308 Meyr~! before and after
extinction correction respectively. The value of SFR before and after extinction correction
is almost same because there is no extinction. The catalog value of SFR derived from
the FUV fluxes after foreground extinction correction is 0.0741 Mgyr~!. The line ratio
(¢) = 2.78 which is less than its normal value of 2.86 (Osterbrock & Ferland, 2006). The

abundance of oxygen of the galaxy is calculated to be 8.55 dex.
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Figure 69: Results of Ed-07. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 63.
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4.1.2.8 Ed-08

To study the surface photometry of the extended merging dwarf galaxy Ed-08, we run the
IRAF ELLIPSE task on the SDSS g-band image because of its higher SNR. We show
the resultant ellipse overlaying in the g-band image in Figure 70 (a). The image seems
like a guitar galaxy in which a clear stellar stream forms tail like structure oriented along
the N-E direction. The ellipses are regular and uniform but are more concentrated at the
center. The variation of PA and ellipticity as a function of galactocentric distance from
the galaxy center is shown in Figure 70 (b). The PA starts to increase randomly from the
center, then flips by about 140 °, and remains constant beyond around 5 arcsec distance,
signifying that there is a significant antenna outside the galaxy. The ellipticity decreases
randomly and remains constant beyond 3 arcsec distance. This means the ellipses are
almost circular and the galaxy body is nearly uniform i.e., there is no change in structure.
The long error bars are due to light coming from background and foreground objects. In
Figure 70 (c), we show the g-band image of the galaxy in the left panel and the residual
image in the right panel. A significant section of the image is seen as residue which
implies that the ellipse fitting model is not so fitted correctly. It might be because the
galaxy is still interacting. We can see a clear antenna structure. Figure 70 (d) shows
the observed surface brightness profile modeled with the Sérsic function. Unlike other
galaxies, the observed data (dotted points) resembles the best-fitted Sérsic line (blue
solid line) and the outer break occurs just above 10 arcsec which is more than five times
the galaxy’s half-light radius. At this distance, the galaxy’s main body ends and its
tidal feature begins. The Sérsic index and effective radius of the galaxy from the Sérsic
method are obtained to be 0.7 and 3.21 arcsec respectively. This value of Sérsic index is
the least in the extended galaxy group. Likewise, the half-life radius (4;) and average
surface brightness of the galaxy acquired by the Petrosian approach are 1.91 arcsec and

2

21.27 mag arcsec™ -, respectively. The effective radius is almost two times of its half-light

radius.

Out of many emission lines in the spectrum, only four lines Hg, Ollls00s, Nllsss0, and H,
are utilized and they are shown in the Figure 70 (e, f, g and h) respectively. The black
dots, solid red lines, and error bars have the usual meanings as in previous cases. The
positive ofsect of Olllsgog and Hy, lines and the negative offset of Hg and Nllgsso lines
means the same as in Ed-07. In addition, the 100% coeflicient determination and less
than (3.8 = 0.1) A FWHM of H, line means that the observed points follow Gaussian
distribution perfectly. We used H,, line flux in Equation 3.2 to calculate SFR which is
found to be 0.1913 Myyr~! and 0.2647 Mgyr~! before and after extinction correction
respectively. This SFR is the highest value in the extended group. The catalog value of
SFR is 0.4266 Moyr~'. The abundance of oxygen is calculated to be 8.32 dex.
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Figure 70: Results of Ed-08. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, see Figure 63.
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4.1.2.9 Ed-09

We show the best-fitted ellipse overlay on the grayscale SDSS image of the extended
merging dwarf galaxy Ed-09 as shown in Figure 71 (a) for the study of the photometric
database. The variation of PA and ellipticity as a function of galactocentric distance from
the galaxy center is shown in Figure 71 (b). Both PA and ellipticity change randomly in
the inner region and are roughly constant beyond around 8 arcsec radial distance from
the center. In Figure 71 (c), we show a g-band image of the galaxy Ed-09 and its residual
image. Only a small fraction of the image has remained as a residue after ellipse fitting.
It signifies that the ellipse-fitting model is appropriate. Figure 71 (d) shows the modeling
of the observed light profile with a Sérsic function. Unlike other galaxies, the observed
data (dotted points) resembles the best-fitted Sérsic line (blue solid line) and the outer
break occurs just above 10 arcsec. The break seen in the observed data resembles the
change in structure of the galaxy. Similarly, the hump signifies the shell feature. The
Sérsic index and effective radius of the galaxy from Sérsic method are obtained to be
1.1 and 5.57 arcsec respectively. Likewise, the half-life radius (A;) and average surface
brightness of the galaxy acquired by the Petrosian approach are 1.41 arcsec and 21.14
mag arcsec”> respectively. The half-light radius of this galaxy is the minimum of all

galaxies in the extended group.

We detected several emission lines in the spectrum of extended merging dwarf galaxy
Ed-9. Out of them, the Gaussin fitting on Hg, OlIll5p08, NIlgss50, and H,, lines in the
wavelength range 4855 A to 6574 A are shown in the Figure 71 (e, f, g and h) respectively.
The dots represent observed data and the solid red lines represent the Gaussian fits. The
probable error is shown by the error bars. We find 100 % coefficient determination of
the H, line which signifies that the observed points follow Gaussian distribution. The
FWHM is (3.8 = 0.0) A. Nllgss0 line has positive offset means that its right-hand tail
is longer than left-hand tail. Similarly, the negative offset of Hg, Olllsopg and Hy, lines
means that their left-hand tail is longer than right-hand tail. SFRs derived from H, line
flux are 0.0885 Mgyr~! and 0.1359 Mgyr~! before and after extinction correction. The
calculated values of abundance of oxygen and Balmer decrement are 8.34 dex and 3.57

respectively.
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Figure 71: Results of Ed-09. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, refer to Figure 63.
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4.1.2.10 Ed-10

As done in previous cases, we show the best-fitted ellipse of the Ed-10 overlay on the
grayscale image as shown in Figure 72 (a). The ellipses are dense and random at the
center but seem almost uniform in the outer region. Both variation of PA and ellipticity
as a function of radial distance from galaxy center is shown in Figure 72 (b). Beyond
around 8 arcsec radial distance from the center, both PA and ellipticity are essentially
constant. In Figure 72 (c), the g-band image and its residual image are shown. The
minimum leftover residue signifies that the fitting model is appropriate. The modeling of
the observed light profile using a Sérsic function is shown in Figure 72 (d). The outer
break occurs just over 10 arcsec, which is almost four times the galaxy’s half-light radius
and the main body separates at this distance. The observed curve has diverged after the
break and it means the shell feature of the galaxy. From the Sérsic fit, we obtained Sérsic
index and effective radius of the galaxy to be 0.8 and 6.42 arcsec respectively. Likewise,
the half-life radius (%;) and average surface brightness of the galaxy acquired by the
Petrosian approach are 2.75 arcsec and 21.29 mag arcsec™? respectively. Nearly eight

times as large as the half-light radius is the effective radius.

From the spectrum of extended galaxy Ed-10, H,,, Olll4365, Hg, Olll4960, Olll5008, Ol6302,
Nllgs50, Hy, Nllgsgs, Sllg720 and Sllg732 lines were detected but performed Gaussian
fitting on Hg, OlIlls508, Nll6ss0, and Hy lines only in the wavelength range 4857 A to
6576 A as shown in the Figure 72 (e, f, g and h) respectively. The solid red line depicts
the Gaussian fits and the dots show the observed positions. The error bars display the
probable error. The positive offset of the Hg and Nllgsso lines indicates their longer
right-hand tails than their left-hand tails. Similar to this, OIllsgpg and H, lines’ negative
offset indicates that their longer left-hand tails than their right-hand tails. More than 99%
coeflicient determination for the Hy, line signifies the perfect agreement of the observed
points with normal distribution. The value of FWHM is (3.9 + 0.1) A. By using H,, line
flux, SFR of the galaxy Ed-10 is calculated to be 0.0027 Myr~! and 0.0066 Moyr~!
before and after extinction correction, respectively. The Balmer decrement is calculated
to be 4.54 and the metallicity is, Z = 12+1og(O/H) = 8.90 dex. This value of abundance
of oxygen is the highest of all members of the extended group and the value of the Balmer

decrement of this galaxy is the highest of all 25 sample galaxies.
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Figure 72: Results of Ed-10. We show surface photometry in sub-figures (a) to (d) and spectroscopy in (e)
to (h). For a detailed description of each sub-figure and symbol identification, refer to Figure 63.
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4.2 General Discussion

In this chapter, we discuss the general trends shown by different parameters (redhift, star
formation rate, surface brightness, line ratios, extinction and metallicity) of 15 Compact
merging dwarf and 10 Extended merging dwarf galaxies. In all cases, the catalog value
of SFR is found to be greater than the calculated value by using H,, line flux. The catalog
value of SFR is calculated by using FUV flux in the equation SFR (Mg yr 1) =1.4x 10728
L,(UV) (erg sT' Hz™!). The higher value is because of many reasons. One of them is
due to the large area coverage of FUV flux in the galaxy as compared to H,, line flux.
This shows that only a small fraction of star formation takes place in the middle region of
the galaxy. Moreover, the SFR calculated after extinction correction is more (double or
even more than double in some cases) than before extinction correction in all cases. it

means that the actual flux of the galaxy is more than the observed flux.

Likewise, the higher value of the Balmer decrement than its normal value i.e., 2.86
(Osterbrock & Ferland, 2006) in all galaxies except for Cd-14 and Ed-07, suggests the
presence of micron-sized dust particles at the center which effectively absorbs shorter
wavelength bluer light more than the longer wavelength redder light. More dust particles
produce more disparity between the theoretical and observed values of Balmer decrement.
On the other hand, the low abundance of oxygen of Cd-14 and Ed-07 galaxies could be
due to several reasons. The galaxies may be older than the Sun. The galaxies may have
formed from gas that had a lower metallicity, to begin with, such as primordial gas left
over from the Big Bang. The galaxy may have undergone a period of gas expulsion or

gas stripping, which removed some of its metal-rich gas.

Figure 73 shows the all-sky distribution of compact and extended merging dwarf
galaxies. Red Solid circles represent 15 Cd galaxies and black triangles represent 10
Ed galaxies. It shows that most of the galaxies lie in RA (J2000) = (120° to 260°) and
Dec.(J2000) = (—15°to + 75°).
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Figure 73: All sky distribution of Cd-X galaxies and Ed-X galaxies.

Figure 74 shows the extinction distribution of dwarf galaxies. The black solid triangles
represent Ed galaxies while the red solid circles represent the Cd galaxies. The empirical

relation between extinction coefficient A(H,) and redshift (z) of 15 dwarf galaxies is

found to be
A(H,) =2.82+0.3 4.1)
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Figure 74: Redshift-extinction relation of Cd-X and Ed-X galaxies. The solid line shows the best fit line
whose equation is also shown. The error bars represent the standard error.
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Extinction is found to increase with redshift. The extended dwarf galaxies are confined
within the redshift of 0.010 while most of the compact dwarf galaxies are confined within
the redshift of 0.008 to 0.020. Therefore, extended dwarf galaxies are closer than compact
dwarf galaxies. The straight line represents the best-fitted linear line of all galaxies. The
value of the extinction varies with the line-of-sight. The general trend showed that the

extinction or radiation losses increase with the radial velocity (or distance to the galaxy).

Figure 75 shows the relationship between H, flux and surface brightness of Ed galaxies.
The error bars represent standard errors. We notice that the H,, flux of extended dwarf

galaxies increases with the surface brightness of the galaxies according to the relation:
Flux(H,) = 2.98 x 1071 — 7.99 x 1071 (4.2)

Because of low R? value, the relation 4.2 cannot be accepted as empirical relation. This
relation needs to be verified and improved by adding more data. The best-fitted line has a

positive slope of 2.9 x10~13 with a poor value of the coefficient of determination.

1.6E'13 T | T | T | T | T | T | T
i Ed-X Galaxies —4— 1
14E-13 Linear Fit ]
T 12E13[ } Flux (Hg) = 2.98E-15p - 7.99E-15
‘7'E 1.0E-13 R2 = 0.010 -
O B 4
- 8.0E-14 —
v - 4
(@)}
é 6.0E-14 _— —_
5 40E-14 } -
T  2.0E14 | } -
0.0E+00 - } { :
-2.0E-14 i L | L | L | L | L | L | L i
19 20 21 22 23 24 25 26

Surface Brightness, p (mag. arcsec2)

Figure 75: Variation of H, flux with a surface brightness of Ed-X galaxies. The solid red line represents
the linear fit of the data. The red solid circle represents Cd galaxies and the black solid triangle represents
Ed galaxies. The standard error of the deviation (+ 10) is represented by the error bars.

Figure 76 shows H, line flux versus redshift distribution for 10 extended merging dwarf
galaxies. Interestingly, H, flux is found to increase with the redshift according to the

empirical relation
Flux(H,) = 1.0x 10711z - 8.0 x 1071 (4.3)

Here, coefficient of determination is 32.7%.
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Figure 76: H,, versus redshift (z) distribution of Ed-X galaxies. The best-fit line and the equation are
shown. The symbols signify same meaning as the Figure 75. The error bars represent the standard error.

The distribution of SFR (before extinction correction) of 15 Cd and 10 Ed galaxies is

shown in Figure 77.
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Figure 77: SFR of Cd-X galaxies and Ed-X galaxies (before extinction correction) versus redshift. The
best-fit line and equation are shown. The symbols have the same meaning as in previous figures. The error
bars represent the standard error.

SFR is found to increase with respect to the redshift of the galaxies which is governed by
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the relation,

SFR =12.4z-0.06 4.4)

The SFR of the Cd and Ed galaxies is found to increase with the redshift. Moreover, the

SFR of Ed galaxies is more than that of Cd galaxies. This is an interesting result.

In Figure 78, redshift versus SFR after extinction correction for both Cd and Ed galaxies

is shown. These are found to be related as
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Figure 78: SFR versus Redshift of Cd-X galaxies and Ed-X galaxies after extinction correction.The
red color solid circles represent Cd galaxies and black color solid triangles represent Ed galaxies. The
best-fitted solid red line and its equation are shown. The error bars represent the standard error.

The SFR (after extinction correction) is found to increase with the redshift. At higher
redshifts, we are observing the galaxies that existed when the universe was younger.
During the early stages of the universe, there was a higher abundance of gas and dust,
which are the raw materials for star formation. As a result, galaxies in the early universe
had more material available for star formation, leading to higher SFRs. Moreover, in
the early universe, galaxies being closer to each other, got merged thereby triggering
intense bursts of star formation as the gravitational forces disrupt gas clouds and drive
their collapse, leading to increased SFRs. Therefore, we conclude that the SFR of dwarf
galaxies generally increases with the increase of redshift. It means that distant dwarf

galaxies show higher rate of star formation.

Figure 79 shows the Balmer decrement-redshift relation of 15 compacts (red solid circles)
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and 10 extended (black triangles) dwarf galaxies, which is given by
c=Hy/Hg =3.47+3.38 (4.6)

This relation suggests that the Balmer decrement is almost independent of redshift.
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Figure 79: Balmer decrement (C) versus redshift distribution of all 25 merging dwarf galaxies. The
symbols and line have the same meaning as in Figure 78. The error bars represent the standard error.

Figure 80 shows the change in the redenning of compact and extended merging dwarf
galaxies with the redshift.
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Figure 80: Reddening-Redshift plot of compact and extended merging galaxies. The symbols and error
bars have same meaning as in Figure 78
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This change is found to be governed by the equation,
E(B-V)=-12z+0.25 (4.7)

Here, the negative slope is insignificant. Therefore, the color index of dwarf galaxies are

found to be almost independent of redshift.

The variation of the abundance of oxygen of compact and extended dwarf galaxies with

redshift is shown in Figure 81. The linear fit gives the relation of oxygen abundance,
12 +1og(O/H) =727+ 8.7 (4.8)

Their relation suggests that the the abundance of oxygen increases with the redshift. In
principle, this is true. But the coeflicient of determination is not very good. Therefore,
more data is needed to verify the relation 4.8 and to use it as empirical relation for dwarf

galaxies.
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Figure 81: The abundance of oxygen versus redshift relation of all 25 merging dwarf galaxies. The
symbols and error bars have the same meaning as in Figure 78
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Star Formation Law and Galaxy Main Sequence

Star-forming galaxies follow a relation between their B-band absolute magnitude and
log(SFR) and this relation is called the main sequence of galaxies. A relation between the
B-band absolute magnitude and log(SFR) of star-forming galaxies is shown in Figure 82.
The star-formation rate of our galaxies is derived from the H, flux of the SDSS spectrum.
The B-band magnitude of our sample galaxies is calculated from the SDSS g—band
magnitude using the color transformation equation provided by the SDSS webpage [B =
g+ 0.39 X (g —r) + 0.21]. The comparison sample in gray dots is taken from J. C. Lee et
al. (2009), which provides a statistical study of star-formation activity in local volume
star-forming galaxies using a volume-limited sample. Interestingly, the compact dwarf
(shown in blue color solid circle) are located below the main sequence defined by the
local star-forming dwarf galaxies on average. On the other hand, extended merging dwarf
seems to follow the trend. However, the scattering is large and because of poor statistics,
we can not confirm the observed trend. The SFR in galaxies is influenced by a range of
internal and external factors, including the availability of gas, gravitational interactions,

and environmental effects.
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Figure 82: The main sequence relation of star-forming galaxies. Cd galaxies are shown in blue and Ed
galaxies are shown in red solid circles. We have taken a comparison sample from (J. C. Lee et al., 2009),
shown in the gray symbol.

The Kennicutt-Schmidt law is an empirical relationship that describes the relationship
between the galaxy’s star formation rate and galaxy’s physical properties such as gas mass
or B-band absolute magnitude. It states that the star formation rate is logarithmically
proportional to the surface density of the gas. This relationship has been observed in
a variety of galaxies and holds over a wide range of scales: from individual molecular

clouds to entire galaxies.
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The validity of the Kennicutt-Schmidt law has been supported by numerous studies,
although there is some scatter in the data and the relationship may not hold perfectly in
all cases. It is generally considered to be a useful tool for comprehending the correlation
between gas and star formation in galaxies, although more work is needed to fully

understand the physical processes that underlie this relationship.
Mass-Metallicity Relation

The mass-metallicity relation (also known as the "mass-metallicity" or "MZ" relation) is
a correlation observed in galaxies between the mass (also presented with magnitude) of a
galaxy and the metallicity of its stars. In Figure 83, we show a relation between B-band
absolute magnitude and emission line metallicities. We show Cd galaxies in blue and Ed
galaxies in red color solid circles. A comparison sample from (Paudel et al., 2017) is
also used where they compiled data from the SDSS database.
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Figure 83: Mass-metallicity relation of star-forming galaxies. Cd galaxies are shown in blue and Ed
galaxies are shown in blue solid circles. We have taken a comparison sample from (Paudel et al., 2017),
shown in the gray symbol.

Interestingly, the Cd galaxies show different behaviors than the Ed galaxies being
significantly metal-rich compared to the comparison sample. On the other hand, Ed
galaxies well follow the mass-metallicity relation provided by normal star-forming dwarf
galaxies, with a bit higher scattering. The difference can be well explained by comparing
with the previous star formation law relation, where the compact galaxies also show a
different trend. As the galaxy’s merger progress, the star-formation activity decreases
because of the depletion of star-forming gas. In the interaction progress in time, the
leftover gas will have sufficient time to intermix with metal-rich outflow, which intern

increases the metallicity content. It is also true that the gas depletion reduces the gas-mass
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fraction which also helps to increase the value of emission line metallicity in relatively

evolved galaxies, like compact galaxies in our sample.

4.3 Limitations

We have derived emission line metallicity and SFR of 25 compact and extended merging
dwarf galaxies in this work. Below we discuss the limitations of the method we have

used and what are the other alternatives.

In this work, we calculated metallicity using N, method which uses a flux ratio between
N, and Ha. Although this method is widely used in practice but this is not entirely
error free. N, method assumes a direct correlation between Nitrogen abundance and
Oxygen abundance. Traditionally, the emission line metallicity is derived from Oxygen
line abundance because Oxygen 4383 emission line better corelates with gas temperature
than Nitrogen emission line. But the Oxygen line is extremely weak and is difficult to
measure. Therefore, we used N, flux. This method has a systematic uncertainty of
0.2 dex which mainly comes from the scattering of data while calculating a correlation

coeflicient between the parameters.

To measure the star-formation rate, we have used H, emission line flux. Although this is
most accurate and widely used diagnostic but there are a few limitations on this method
too. First, H, SFR do not trace long term star-formation activity with a typical SFR
period of a few hundred Mega years. H,, is also highly prone to absorption and extinction.
Indeed, there are other methods to derive SFR, such as use of Infra-red flux or FUV flux.
The infra-red flux has less chance to get absorbed and it also traces significantly larger
SFR period, near a giga years. On the other hand, FUV fluxes is highly extinct and traces
very short period of SFR, a few Mega years.

This study is not designed to characterize the dark matter distribution of dwarf galaxies.
Indeed, the gravitational tidal force affects the dark matter as much as baryons. However,
to study the characteristics of dark matter in the galaxy, we need to explore internal
kinematics. For this, we need radio 21 cm observation data which we do not have now.
We plan to do in future. Dwarf galaxies are, however, not expected to have experienced
any major mergers since their first major star-forming period. They are instead expected to
have gained their shape in their early formation or through tidal interaction in high-density

environments.

Significant effort has been expended to comprehend the physical mechanisms that govern
galaxy evolution during the coalescence of massive galaxies. Many observational and
theoretical studies have demonstrated that during the intermediate phases of interactions,
large-scale tidal interactions can trigger the emergence of distinctive features such as

shells, streams, bridges, and tails including enhancement in star-formation rate. Formation
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of compact galaxies by central burst of star-formation after collision is also commonly
discussed in literatures. However, in the low mass regime, the mechanism that triggers
the burst of star formation in dwarf galaxies, particularly in BCDs, also remains a mystery.
Mergers, fly-by encounters, or gas turbulence have been proposed. But observations
have shown that interacting tidal forces acting on the gaseous disk could displace beyond
the optical discs. A little is known observationally and theoretically about interactions

between the gas-rich dwarf galaxies and consequences on the star-formation activities.

4.4 Comparison to the Previous Studies

Research on the merging of dwarf galaxies is a relatively recent area of study. In this
section, we will compare our findings with those of previous studies on merging dwarf
galaxies. In the local volume, the Tiny Titans (TNT) survey discovered that merging
dwarf galaxies tend to have a higher star formation rate than non-merging dwarf galaxies
when they are located within a few hundred kiloparsecs of each other (Stierwalt et al.,
2015) . Additionally, Annibali et al. (2016) identified a merging dwarf galaxy in a local
void and found that these void merging dwarf galaxies are particularly rich in gas and

extremely low in metal content through their radio data analysis.

Pearson et al. (2016) examined 12 interacting dwarf galaxy pairs (LMC/SMC, IC
2058/PGC 75125, NGC 4532/DDO 132, NGC 4618/NGC 4625, ESO 435-1G 16/IG 20,
NGC 4490/NGC 4485, NGC 3448/UGC 6016, UGC 9560/62, NGC 672/IC 1727 and
NGC 4449/DDO 125) from the Tiny Titans survey using radio observations and found
that the neutral gas in these interacting pairs is more extended than in non-interacting
analogs, suggesting that the gas is being tidally pre-processed. The first analog of
the Magellanic pair (UGC 6241) was discovered through a study of star formation
and gas-mass distribution using the Giant Metrewave Radio Telescope (GMRT) 21 cm

emission line observation.

Compared to these previous studies, our study reveals that more evolved merging dwarfs
are expected to have low star-formation activity and higher metal content than less evolved
extended merging dwarfs. Similar to a study in CGCG 036-042, by Paudel et al. (2014),
we find some of the merging dwarfs could form compact elliptical, which is the evidence
of a high star-formation rate and low gas mass fraction. On the other hand, Paudel et al.
(2015) found in UGC 6741 that the metallicity of compact and extended merging dwarfs

is significantly different.

Zhang et al. (2020) shows that a merger event between two dwarf galaxies and increased
star formation in a Virgo cluster BCD known as VCC 848. The researchers utilized both
optical imaging and a JVLA HI emission line map to investigate the effects of the merger
on both the gaseous and stellar distributions. The study found that although VCC 848
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experienced a burst of star formation in its center, the concentration of gas in the center
was less than 30%. The researchers compared the morphology of VCC 848 to the results
of N-body hydrodynamical simulations and suggested that the merger likely occurred
around one billion years ago. It should be noted that our merging BCDs are situated in

an environment with low density, unlike the environment of VCC 848.
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CHAPTER 5

5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In this work, we extensively studied a group of merging dwarf galaxies of low redshift
(0.0024 — 0.0197) selected from the catalogue of Paudel et al. (2018b). We selected 25
merging dwarf galaxies on the basis of selection criteria discussed in Chapter 3. Our
database includes 15 compact and 10 extended dwarf galaxies. We used a photometric
and spectroscopic database from the Sloan Digital Sky Survey (SDSS DR12) to study
structural and star-formation properties of the galaxies. We performed ellipse fitting on
the SDSS g-band images to measure galaxy size and mean surface brightness, using
both parametric and non-parametric methods. The parametric method employed Sérsic
function modeling (Sersic (1968)) of a one-dimensional light profile along the major axis
obtained from the ellipse fit, while the non-parametric method used the Petrosian method
(Petrosian (1976)). Additionally, SDSS optical spectrum has been used to determine the
star formation rate (SFR) and metallicity by analysing emission lines. From photometric
calculations, we found the morphological properties of the galaxies: the effective radius,

half-light radius and sersic index. We conclude our results as follows:

« The value of SFR is found to vary in the range of (0.0004 to 0.0960) Mgyr~! for 15
merging compact dwarf galaxies before extinction correction. As expected, SFR is
found to be more (almost two-times) after the correction of extinction: (0.0008 to
0.9048) Moyr~!. The maximum value of SFR in our 25 sample galaxies is found
to be 0.9048 Myyr~! in the compact dwarf galaxy Cd-13 (LEDA 2793637) and
the minimum value is 0.0008 M@yr‘1 for Cd-07 (PGC 030055) after extinction

correction.

* Among 10 extended merging galaxies, the values of SFR are found to range from
(0.0022 to0 0.1913) M@yr‘1 before extinction correction. It increases from 0.0035
Moyr~! to 0.2647 Myyr~! when taking into account extinction correction. Here,

the values of SFR are found to increase by ~ 50%.

* The star formation rate is found to increase with redshift (z) according to this

relation:

SFR=Az—-B S.D
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where A, B = 12.4, 0.06 (without extinction correction) and 22.5, 0.1 (with
extinction correction). This reveals the fact that the distant merging dwarf galaxies
are gas-rich and metal-rich galaxies. Additionally, a weak correlation between

redshift and the extinction coefficient is noticed in merging dwarf galaxies.

* The abundance of metals is found to be quite different in two types of dwarf
galaxies. From the spectroscopic calculations, the metallicity of the compact
merging galaxies is found to be in the range of (8.11 t0 9.19) dex while it is found in
the range of (8.32 to 8.90) dex in the case of extended merging galaxies. It suggests
that the merging compact dwarf galaxies showed a wider variety of metal-rich
environments than that of the extended dwarf field. As a whole, metallicity is

found to increase with the redshift, though the rate of increase is very low.

* Different quantities are found for compact and extended merging dwarf galaxies

respectively in the following range.

Balmer decrement: (2.74 to 4.12) and (2.78 to 4.54) from spectroscopic calculation.
Effective radius: (1.56 to 11.52) arcsec and (3.21 to 81.09) arcsec from photometric
calculation. Half-light radius: (0.47 to 2.03) arcsec and ( 1.41 to 4.39) arcsec
from photometric calculation. Sérsic index: ( 0.4 to 2.2) and (0.7 to 2.9) from
photometric calculation. Mean surface brightness: (20.04 to 22.93) mag arcsec™>
and (20.99 to 25.14) mag arcsec™? from potometric calculation. This calculation
improves the existing catalog of dwarf galaxies. These values are already reported

through our publications.

* We find that the compact dwarf is located below the main sequence defined by the
local star-forming dwarf galaxies on average. On the other hand, extended merging
dwarfs seem to follow the trend. The result has been published in Chhatkuli,
Paudel, Gautam, & Aryal (2021); Chhatkuli, Paudel, & Aryal (2021) .

* The mass-metallicity relation reveals that the Cd galaxies show different behaviors
than the Ed galaxies being significantly metal-rich compared to the comparison
sample. On the other hand, extended dwarf galaxies well follow the mass metallicity
relation provided by normal star-forming dwarf galaxies with a bit higher scattering
(Chhatkuli et al. (2022)).

* We noticed that more evolved merging dwarfs are expected to have low star-
formation activity and higher metal contents than less evolved extended merging
dwarfs. Additionally, we find some of the merging dwarfs could form compact

elliptical.
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5.2 Recommendations

Scientists do not fully understand the processes that shape the evolution of baryons,
which play a role in the formation of galaxies within dark matter halos. There are two
main theories about how galaxies gain mass over time: through violent merging events
when galaxies collide, or through the gradual inflow of gas. Determining the relative
importance of these two mechanisms is crucial for understanding galaxy evolution. One
way to study the role of galaxy mergers is to count the number of pairs of close galaxies.
However, it has been difficult to accurately detect such pairs, so the rate and prevalence
of major mergers (involving two galaxies of similar mass) has only been studied up to a
redshift of 3 using this method. The rate of minor mergers (involving two galaxies with

significantly different masses) has largely remained unconstrained.

There are several logical next steps that could be taken to extend our understanding
further about the properties of dwarf galaxies. One immediate extension would be to
incorporate radio data sets into the analysis as they provide more accurate estimates of
kinematic properties. With this information, we can calculate the total mass (including
both light and dark matter) of a galaxy. The mass of a galaxy plays a significant role in

its evolution and appearance.

It is clear that not all dwarf galaxies are alike, either in terms of appearance or kinematics.
Some exhibit kinematically decoupled cores, misaligned rotation axes and anisotropic
velocity distributions, which makes a detailed study of their kinematics essential for

understanding the formation and evolution of early-type galaxies.

This thesis has analyzed structural and star-formation properties under the assumption
that all stars are formed in a single event. However, recent research has demonstrated
that galaxies often have more complex star-formation histories, consisting of multiple
episodes or a continuous process. In light of this, it may be more useful to derive
evolutionary time scales using the Kennicutt-Schmidt law rather than relying on a single
age and metallicity. Deriving the star-formation history of a galaxy from its integrated
light is challenging, but an alternative approach has been proposed: decomposing the

integrated spectra of early-type galaxies into multiple simple stellar populations (SSPs).

The formation of dwarf galaxies is expected to be strongly linked to the environment in
which these objects reside. However, we found dwarfs in isolation, which must have
formed in the absence of any environmental transformation process. Therefore, to put
constraints over the various formation channels that followed by the merging dwarfs, We

further aim make study of dwarf galaxies using radio 21 cm observation data.

There are several theories that have been proposed to explain the origin of the mass-

metallicity relation. One possibility is that it arises due to the way in which galaxies form
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and evolve. More massive galaxies may be more efficient at retaining their gas and forming
new stars, which can lead to the production of more heavy elements. Alternatively, the
relation may be due to the way in which gas is removed from galaxies over time, with
more massive systems being better able to retain their gas and lower mass systems losing

gas more easily.

Other factors that may contribute to the mass-metallicity relation include the initial
conditions of the galaxy, such as its density and the amount of dark matter it contains and
its environment, including the presence of nearby galaxies or the impact of cosmic gas

flows. More research is needed to fully understand the origin of this relationship.

139



CHAPTER 6

6. SUMMARY

Our goal in this thesis is to strengthen our understanding of the process of forming dwarf
galaxies through the merger. The universe is full of dwarf galaxies, which are small,
low-mass galaxies. Dwarf galaxies are a significant and fascinating type of astronomical
objects that are still the focus of ongoing investigation. To do this, we will examine
the physical and stellar characteristics of a group of merging dwarf galaxies. We will
investigate whether there is a connection between the observed stellar properties and the
structural properties and consider the potential implications of this relationship. Our
study is focused specifically on the structural properties of merging dwarf galaxies in
both field and group environments. We utilized data from various public sources, such as
the SDSS and Legacy survey, to ensure the broadest possible scope for our research and

maximize its contribution to the field of dwarf galaxy studies.

In Chapter 2, we provided an overview of the environments and physical properties
of galaxies. A galaxy that does not belong to a larger cluster of galaxies and hence
is gravitationally alone is called a field galaxy and a group of a galaxy is a system of
galaxies that have 2 to 100 members of galaxies. We also discussed the theory of galaxy
surface photometry and explained how to measure the structural properties of galaxies.
We presented details of CCD photometry and described how we obtain radial profiles of
various quantities and the morphological type of a galaxy from its image. In addition,
we described the spectroscopic properties of galaxies and presented spectra for different
morphological types. We also reviewed the theory of star formation and described how it

could be measured using H,, flux.

We introduced the SDSS survey telescope, highlighting its importance and the techniques
used to acquire data. We also gave a brief overview of both spectroscopic and imaging
surveys, including technical details. The SDSS uses a 2.5-meter telescope located at
Apache point observatory, New Mexico, USA. It takes images of the sky in five different
bands u, g, 1, 1 and z, and using advanced image processing software will measure the

brightness, shape and color of millions of the objects detected.

We, finally, present a review of dwarf galaxy research at the end of the chapter. We
describe the catalog in section 2.8.1 and introduce merging dwarf galaxies in section

2.8.2. A research gap in dwarf galaxy research is presented in section 2.9.

In Chapter 3, we provided a short description of the sample selection and data acquisition,
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which is used to study the structural parameter and star-formation properties of merging
dwarf galaxies. We introduced our galaxy sample, providing basic physical properties
such as sky position, redshift and magnitude for all. These parameters are all obtained
from previous studies, mainly from a catalog of merging dwarf galaxies (Paudel et al.,
2018a). The method of analysis is presented in section 3.4. In this section, we described
how imaging and spectroscopic data are obtained from the SDSS archive server Data
Acquisition (3.4.1). For each galaxy, we have downloaded the fits file of imaging and
spectroscopic data from the SDSS archive server. For this, we use the SDSS explorer
tool to identify the galaxy in the SDSS data base which redirects to the source-specific
database.

The final results from the analysis of imaging and spectroscopic data analysis are presented
in Chapter 4. For each galaxy, we provided a detailed plot of ellipse fit and radial profile
of PA and ellipticity. In addition, we also provided a plot of Sérsic fit to measure structural
properties. Galaxy photometry using a non-parametric method utilizing the Petrosian
method to calculate the total flux of the galaxy and hence measure the half-light radius is

also discussed.

We, finally, presented statistics of measured structural and spectroscopic parameters
and how they are related to the redshift and sky position. We analyze the relationship
between extinction and galaxy redshift. We find a weak correlation between redshift and
the extinction coefficient, as our data shows that the extinction coefficient appears to be
more in low redshift galaxies. This is somewhat in agreement with the previous study
(Vladilo et al., 2006).

Our analysis of the flux-brightness relation for compact dwarfs shows that H, emission
line flux strongly correlates with the surface brightness of the galaxy. We also discussed
how star formation varies with the environment and sky position. The flux-redshift
relation of extended dwarfs shows that H, emission line flux strongly correlates with
redshift.
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Abstract

We present an extensive catalog of 5405 early-type dwarf (dE) galaxies located in the various environments, i.e.,
clusters, groups, and fields, of the local universe (z < 0.01). The dEs are selected through visual inspection of the
Legacy survey’s g—r—z combined tricolor images. The inspected area, covering a total sky area of 7643 deg”,
encompasses two local clusters (Virgo and Fornax), 265 groups, and the regions around 586 field galaxies of Mg
< —21 mag. The catalog aims to be one of the most extensive and publicly accessible collections of data on dEs,
despite its complex completeness limits, which may not accurately represent its statistical completeness. The
strength of the catalog lies in the morphological characteristics, including nucleated, tidal, and ultradiffuse dEs.
The two clusters contribute nearly half (2437 out of 5405) of the dEs, and the 265 groups contribute 2103 dEs.
There are 864 dEs in 586 fields, i.e., ~1.47 dEs per field. Using a standard definition commonly used in literature,
we identify 100 ultradiffuse galaxies (UDGs), which compose ~2% of the dE population. We find that 40% of our
sample dEs harbor a central nucleus, and among the UDG population, a majority (79%) are nonnucleated. About
1.3% of dEs suffer from ongoing tidal disturbance by nearby massive galaxies, and only 0.03% show a sign of
recent dwarf—dwarf mergers. The association between dEs and their nearest bright neighbor galaxies suggests that
dEs are more likely created where their neighbors are non-star-forming ones.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Early-type galaxies (429); Low surface brightness

galaxies (940); Galaxy nuclei (609); Galaxy groups (597); Galaxy clusters (584); Field galaxies (533)

Supporting material: machine-readable table

1. Introduction

Stated as a morphology—density relation, galaxy population
depends on the local environment (e.g., Dressler 1980;
Whitmore et al. 1993). Massive galaxy clusters are dominated
by red and dead early-type morphology galaxies, and low-
density groups and fields host a larger fraction of star-forming
late-type galaxies (Oemler 1974). In the dwarf galaxy regime
(commonly defined as less massive than the Large Magellanic
Cloud (LMC)), we can see an extreme form of the morph-
ology—density relation, with the nonexistence of early-type
dwarf galaxies (dEs) outside the group and cluster environ-
ments (Binggeli et al. 1987; Geha et al. 2012).

A natural explanation for the existence of an extreme form of
the morphology—density relation in the dwarf galaxy popula-
tion is that the environment-related mechanisms mainly cause
the quenching of dwarf galaxies and there are varieties of
candidates (Boselli et al. 2008; Kormendy et al. 2009). Ram
pressure stripping (RPS; a high-speed interaction between hot
cluster gas and the reservoir of star-forming gas of an infalling
galaxy introduces a viscous drag, which eventually removes the
star-forming gas; Gunn et al. 1972), tidal harassment/stripping

Original content from this work may be used under the terms

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

(removal of gas through tidal deformations; Moore et al. 1996;
Mayer et al. 2001; Smith et al. 2010), and starvation (a short
supply of star-forming gas in the cluster environment; Larson
et al. 1980) are the prime candidates that are frequently
discussed in the literature. Since the environments themselves
vary from the cluster and group to the field, a long-standing and
critical issue is which particular mechanism is more efficient in
which particular environment. The RPS is expected to be more
efficient in the cluster environment. Evidence of ongoing RPS
in the cluster environment, explicitly in the Virgo Cluster, has
been frequently presented in the recent literature (Kenney et al.
2004, 2014; Vollmer et al. 2001). The tidal stirring or
harassment is more frequent in the small group environments
(Mayer et al. 2001; Paudel & Ree 2014). It is also important to
note that the combination of time spent while undergoing a
given mechanism and its strength should be considered. It has
been suggested that only a combination of several different
processes can explain the diverse morphological properties of
cluster dEs (see, e.g., Lisker 2009, for an overview). On the
other hand, the importance of the environment relative to a
small-scale merger in the evolution of dwarf galaxies remains
poorly understood.

By definition, dEs are non-star-forming and gas-poor
objects, somewhat lower mass cousins of elliptical galaxies
(Ferguson & Binggeli 1994). Therefore, a smooth appearance
and red and dead (aka old stellar populations) are the prime
characteristics of these galaxies, but more notably, their low
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surface brightness nature makes them an outstanding class of
object compared with massive early-type galaxies. Due to their
low surface brightness and scarcity in the nearby universe,
particularly in low-dense environments like the field, a detailed
study of environmental effects on their observational properties
using a large sample of dEs has been lacking.

On the other hand, detailed studies on the morphological
properties of cluster dEs have revealed that dEs are not a
homogeneous class of objects. With the help of sophisticated
image analysis techniques, a great deal of complexity in dE
structure has been discovered. Fine structures such as tidal tails,
blue cores, spiral arms, or bars are frequent in the brighter dE
population (Jerjen et al. 2000; Lisker et al. 2007; Paudel &
Ree 2014), and, in general, cluster dE light profiles are not well
fitted by a single Sérsic function (Janz et al. 2014; Su et al.
2021). A careful analysis of these fine structures has shown that
they could contribute up to 10% of the total light of the dE
main body (Smith et al. 2021; Paudel & Ree 2014).

Very recent deep-imaging surveys have also revealed that
dEs of stellar mass as low as the Fornax dwarf galaxy are
hosting tidal features that are likely to have originated through
mergers (Crnojevi€ et al. 2014; Paudel et al. 2017). In addition,
a compact star cluster is also found in the center of many dEs,
called the nucleus. Many detailed observational studies have
shown that the central nucleus is almost universal in the
brighter dE population of the cluster environment (C6té et al.
2006) and that the nucleated fraction declines to as low as 30%
among the fainter (M, > —12 mag) dEs (Sdnchez-Janssen
et al. 2019). Interestingly, a few dedicated studies on these
substructural properties of dEs beyond the cluster environment,
particularly outside of the Virgo and Fornax Clusters, are
available to date, and it is not well understood that the cluster
environment is necessary for forming these substructural
properties.

There is a recent upsurge in the exploration of diffuse and
extended dEs called ultradiffuse galaxies (UDGs; van Dokkum
et al. 2015; Marleau et al. 2021), although their examples have
been known for decades (Thompson & Gregory 1993;
Caldwell & Bothun 1987; Impey et al. 1988; Jerjen et al.
2000; Conselice et al. 2002, 2003; Penny et al. 2011). A
multitude of recent literature has presented the UDGs as if they
were a newly discovered class of dwarf galaxies (Mihos et al.
2015; Martinez-Delgado et al. 2016; Merritt et al. 2016; Romén
& Trujillo 2017; Zaritsky et al. 2021), and there are reports of
discovering them in all environments—cluster, group, and
field, with a diverse color, morphology, and globular cluster
population (Beasley & Trujillo 2016; Lim et al. 2020; Miiller
et al. 2020). The diverse and complex UDG properties
essentially suggest that UGDs could also form a mixed bag
of populations, and there is no single origin for them, with
multiple possible evolutionary tracks at play (Duc et al. 2014;
Amorisco & Loeb 2016; Bennet et al. 2018; Chan et al. 2018;
Carleton et al. 2019; Jones et al. 2021).

With the advent of sophisticated observing techniques and
wide-aperture telescopes, there has been a growing interest in
low surface brightness galaxies like dEs. Some groups have
focused on building catalogs of dwarf galaxies with different
morphology, and others have focused on a more specific type,
like dEs or UDGs in the cluster or group environment.
For example, Habas et al. (2020) investigated the overall
dwarf galaxy population of different morphologies around
massive early-type galaxies, while Ferrarese et al. (2012),
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Venhola et al. (2017), Eigenthaler et al. (2018), Ferrarese
et al. (2020), and La Marca et al. (2022) are more focused on
the cluster environment. As a part of the Satellites Around
Galactic Analogs (SAGA) survey Geha et al. (2012) searched
dwarf galaxy populations around Milky Way analogs and
Carlsten et al. (2022) explored satellite populations in Local
Volume (D < 12 Mpc) host galaxies. In addition, Chiboucas
et al. (2013), Crnojevi¢ et al. (2016), Miiller et al. (2017), and
Bennet et al. (2019) searched member dwarf satellite galaxies
in nearby groups.

In this paper, we investigate the morphological properties of
dEs sampled from diverse environments in an attempt to
understand their relationship with the environment where they
are located and provide statistically homogeneous data sets of a
large sample of dEs and their morphological properties. This
paper is organized as follows: Section 2 briefly describes the dE
candidate identification procedure. In Section 3, we present a
measurement of photometric properties. Section 4 presents the
analysis of results of photometric and morphological proper-
ties. Finally, How our dEs are distributed in the cluster and
group environment and their association with massive galaxies
are described in Section 5. Our main findings are given in
Section 6.

2. Identification

A primary motivation of this work is to create a large sample
of dEs located in various environments, i.e., cluster, group, and
field, of the local universe z < 0.01. We first used the publicly
available imaging and spectroscopic data of the Sloan Digital
Sky Survey (SDSS; Aihara et al. 2011) to identify pure red and
dead dwarf galaxies, selecting all dwarf galaxies of M, > —18
mag and visually classifying them as dE. We classify a galaxy
as dE if the SDSS color image shows a red (color index
g —r > 0.5 mag; Lisker et al. 2006) and smooth appearance
and the presence of no significant Ha emission in the SDSS
optical spectrum. It is customary to use the first criteria to
classify galaxies as dE in case the optical spectrum is not
available. Since the SDSS also provides the optical spectrum,
we have added the second constraint to confirm that we are
selecting purely non-star-forming galaxies.

Within the area covered by the SDSS, there are 786 dEs in
the redshift range of less than 0.01. These spectroscopically
selected dEs served as a training sample to further extend the
dE sample from a wider sky coverage imaging database
provided by the Legacy survey (Dey et al. 2019). This training
is crucial, particularly for students who are starting to learn
galaxy evolution research. Since the Legacy survey does not
have spectroscopic observation, we only used visual inspection
to identify the dEs using g—r— tricolor images provided by the
Legacy survey visual tool. Contrary to the common practices,
which first determine the sources/objects from a prebuilt
catalog that is primarily produced by an algorithm and then
select the object of interest using specific criteria, we identified
the dEs directly in the field, taking advantage of experienced
knowledge of visual analysis of dEs selected from the SDSS.
Our method avoids the preselection of the sources detected by
some automated software like Source Extractor (Bertin &
Arnouts 1996). Given the heterogeneous morphology of dEs,
including extremely diffuse UDGs, the automated source
detection may miss the faint low surface brightness objects
owing to their low signal. Even when detected, specific criteria
may not cover all dE-like objects.
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Figure 1. All-sky map of our visually inspected area. We show the visually inspected areas of groups (shown in green) and fields (shown in blue) with circles of radius
225 and 1°0, respectively. We also mark the Virgo and Fornax regions by the red circles of radius 15° and 10°, respectively. The small black circles represent bright

(Mg < —21 mag) galaxies at z < 0.01.

To minimize the contamination from the compact, high
surface brightness interlopers (such as foreground stars,
globular clusters, and high-redshift galaxies), we explicitly
select low surface brightness and extended galaxies, the prime
characteristics of dE. This selection may be biased against the
compact early-type dwarf galaxies, such as M32. Nevertheless,
there are a handful of cE-like compact non-star-forming dwarf
galaxies, while there are more than 500 normal dEs in the
Virgo Cluster Catalog (VCC) of the Virgo Cluster (Janz &
Lisker 2008; Chilingarian et al. 2009).

To select a variety of environments that host dE, we have
chosen all three essential aspects, i.e., cluster, group, and field.
For the cluster, we have chosen two local clusters, Virgo and
Fornax, and for the group, we have selected groups from a
group catalog provided by Makarov & Karachentsev (2011).
For the field, we define an area around bright galaxies of
magnitude M; < —21 mag that are not members of any cluster
or group according to the Makarov & Karachentsev (2011)
group catalog. We select the host environment to avoid the
distance uncertainty of newly detected dEs. Since, by design,
most newly identified dEs will not have radial velocity
information, we assume that they are located at line-of-sight
distances of the hosts. Note that the definition used here for the
field dE could be inconsistent with that commonly used in the
literature. Since we deliberately searched dEs around giant
galaxies, they are indeed members of the satellite system of that
host galaxy, assuming that their distances are similar to the
host. The selected environment represents the environment of
host galaxies, not those detected dEs. However, we use the
terminology “field dE” for those detected around the field host
to simplify environment classification. In total, we selected two
clusters, 265 groups, and 586 fields within a redshift range
between —0.0013 and <0.01.

Indeed, there is a large body of dE surveys in cluster
environments, particularly for Virgo and Fornax (Binggeli
et al. 1985; Venhola et al. 2017; Ordenes-Bricefo et al. 2018;
Ferrarese et al. 2020), which can be found in the literature.

However, this study aims to provide a more homogeneous
sampling of dEs in diverse environments ranging from cluster
to field.

Finally, we visually inspected a 1 Mpc area around the group
center, typically a 2°5 sky-projected radius for a group located
at a distance of 25 Mpc. This distance corresponds to the
median distance of our selected groups. We inspected a 15°
radius around the Virgo and a 10° radius around the Fornax
Cluster. We inspected a 450 kpc area from the host center for
the field; this corresponds to a 1° angular radius for the field
located at 25 Mpc, which is the median distance of our field
sample.

The motivation for selecting areas around the cluster, group,
and area around bright field galaxies is the finding of Geha
et al. (2012) that it is uncommon to find non-star-forming dwarf
galaxies outside of group or cluster environments, or they may
not exist at all. In addition, from our spectroscopy sample, we
noticed that very few dEs were located beyond 500 kpc of giant
galaxies with a relative velocity larger than 500 km s~

We show an all-sky view of the inspected area covered by
the Legacy survey DR9® in Figure 1, where each circle
represents a group area with a 2°5 radius. The two nearby
clusters, Virgo and Fornax, are defined by the red circles of 10°
and 7° radii, respectively. As we can see, the inspected areas
frequently overlap with one another; in total, we have inspected
7643 deg” of the Legacy survey images.

For visual inspection purposes, we extensively use tricolor
cutout images provided by the sky-viewer of the Legacy
survey.” By design, we will not have radial velocity
information for our dEs. Instead, based on their morphology
and surface brightness, we assessed their heliocentric distance,
less than 40 Mpc for z=0.01. The basic idea is that our dEs
have lower surface brightness than background sources for a
given apparent magnitude. Furthermore, morphologically our

S https://www.legacysurvey.org/dr9
7 .
https: //www.legacysurvey.org /viewer
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Table 1
Recovery Fraction as a Function of Magnitude and Mean Surface Brightness

magnitude (mg, mag)
<18 18-20

>20

<22

B

Note. Rows represent the (i) bins, and columns represent g-band magnitude
bins. We show an example dE of each particular bin, randomly drawn from the
sample. At each bin, the recovery fraction and the total number of dEs are
denoted at the top and bottom, respectively. This analysis provides a
representative sample of the recovery fraction but does not fully reflect the
statistical completeness of the study.

mean surface brightness (u,, mag arsec”?)

dEs are smooth and regular, and they follow a well-defined
relation between absolute magnitude versus radius and surface
brightness, which can also be used to constrain their
heliocentric distances.

The visual catalog is created by a simple visual inspection of
tricolor cutout images provided by the sky-viewer. At least two
persons visually check each field, and we find that there are
quite good agreements between them (>85%). Indeed, such a
visual scanning procedure is not 100% complete, and there
remains the possibility that some dEs in the field of view
(FOV) have been missed. In an effort to quantify the missing
frequency, we rescanned the field after placing the previously
identified dE in a randomly chosen position. The mock dEs
were selected based on binning of magnitude and mean surface
brightness, and we repeated this exercise 100 times for each
designated bin. In Table 1, we list the recovery fraction of dEs
in our identification method, where the results are binned with
the width of 2 mag in both surface brightness (y-axis) and
magnitude (x-axis). We also list the total number of dEs in each
bin and note that we ran our experiment only for those bins that
have more than 100 dEs. As we expected, the recovery fraction
depends on the magnitude and the mean surface brightness. We
find that the recovery fraction is 99% for the brightest dE
sample and decreases to 61% for the faintest sample. The
median g-band magnitude of our sample dE is 19 mag, and the
magnitude range 18-20 covers two-thirds of our dE sample
(see Section 3); thus, we can consider that our recovery fraction
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is over 80% on average. Our detection might also be influenced
by the fact that we have used the SDSS-confirmed dE (mostly
brighter one) for training purposes, and that may lead to a
memory bias toward these bright dEs compared to the faint
dEs, which is seen for the first time by the inspector.

An all-sky distribution of our dE sample is shown in
Figure 2. To assign a host for a dE, we used the minimum
radial separation between the host center and the dE; this is
particularly important for the overlapping groups. For the Virgo
Cluster member dEs we used a circle with a 10° radius
centering on M87, and for the Fornax Cluster we used a circle
with a 7° radius centering on NGC 3407. As we can see clearly,
a large majority of dEs are concentrated around the clusters and
large groups. The two clusters alone contribute nearly half
(2437 out of 5405) of the total dE sample, and 265 groups
contribute 2103 dEs. We have found 864 dEs in 586 fields.

We have identified a total of 5405 dEs in the clusters, groups,
and fields; among them, 1324 dEs have radial velocity
information (hereafter spectroscopic sample) obtained from the
NED and the SDSS. We show the redshift distribution of the
spectroscopic sample in Figure 3, and the peak of the distribution
matched with the mean radial velocity of the Fornax and Virgo
Clusters, and indeed, they dominate the spectroscopic sample
dEs. The two clusters constitute more than two-thirds of
spectroscopy sample dEs.

We list this main sample of dEs in Table 2. We consider the
distance to the dE similar to their host cluster, group, or field.
We consider 16.5 and 17.5 Mpc distance for the Virgo and
Fornax Clusters, and for the group we obtained it from
Makarov & Karachentsev (2011). For the field galaxies that do
not belong to any group or cluster we use Hubble flow distance,
using a standard cosmology with Ho=71 km s~' Mpc™ ',
Q,,=0.3, and Q, =0.7.

3. Image Analysis

Once we finalized the source catalog, we performed the
image analysis and measured the photometric and structural
parameters. For this purpose, we exclusively used the g-band
stacked images provided by the Legacy survey. We retrieved
stacked images from the Legacy survey archive. While the
Legacy image processing pipeline is optimized for relatively
small objects, the photometric measurement of the large
extended object is often inaccurate owing to imperfect sky
subtraction and deblending of multiple sources. Galaxies with
large angular sizes and irregular morphologies are often
shredded into multiple separate objects, and thus the total
derived fluxes for these galaxies are often unreliable.
Furthermore, the Legacy survey photometric pipeline system-
atically underestimates the luminosities of galaxies of large
sizes owing to the overestimation of the sky background. In
order to overcome these problems, we performed photometric
measurements for all dE. We retrieved 3’ x 3’ fits image cutout.
We subtracted the sky background preparing a background
map for each object. The background maps were constructed
after masking out all identified sources in the image, which
were defined by Source Extractor segmentation maps, and the
segmentation images were filled by the median values
calculated from surrounding all pixels. This method allows us
to eliminate any contribution of light from stars and back-
ground galaxies. Finally, the background map was subtracted
from the original fits file to remove the sky background
contribution to the observed flux.
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Figure 2. All-sky distribution of identified dEs in our sample. The sky coordinate is in the Aitoff projection. The blue and green circles represent the sky position of
dEs with and without radial velocity information, respectively. The black circles represent the sky positions of giant galaxies. We also highlight two cluster regions,

Virgo and Fornax, using the red circles of 10° and 7° radii, respectively.

Further image analysis was done largely in the same way as
in Paudel et al. (2015). All unrelated foreground and
background objects were masked, and the centers of galaxies
were calculated as the centroid of the flux distribution in the
masked image. The total magnitudes were calculated using the
Petrosian method (Petrosian 1976); for this, we derived an
azimuthally averaged light profile using a circular aperture. The
Petrosian radius is defined as the galactocentric radial position
where the ratio of surface brightness at the radius R to the
average surface brightness within the R reaches a certain value,
denoted by n, i.e.,

p(R)

R) = s
"R =)

ey

where p(R) is surface brightness at radius R and (u(R)) is the
average surface brightness. We determine the Petrosian radii,
R, ,—», and corresponding magnitudes, m,,—o>, by adopting
the most commonly used parameter ng = 0.2.

We finally calculated the total brightness (1,), summing up
all pixel flux within the two a,. The half-light radius is then
calculated where the total flux becomes half, and uncommon to
the usual practice, our derived half-light radius is circularized,
and it is not necessary to correct it by multiplying a scaling
factor (b/a)’.

If the Petrosian radius did not converge, due to the fact that
these galaxies sit within the light of nearby bright sources, or
they are highly deblended/overlapped with the nearby fore-
ground /background bright object, we performed manual
aperture photometry in g-band images only, after manually
masking those unrelated objects. In that case, we will not have
structural parameters derived for these galaxies.

250 1
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150 -

100 A

Number of galaxies

w
o
1
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z
Figure 3. Redshift distribution of dEs, for which radial velocity information is

available. We also highlight the position of two clusters, Virgo and Fornax, by
the vertical lines.

The mean surface brightness ({,)) was calculated using the
equation

(1172 = m + 2.510g(27RE ). (2)

The derived magnitudes were corrected for Galactic extinc-
tion using Schlafly & Finkbeiner (2011), but not K-correction.
As expected, however, the K-correction factors are negligible for
the distance range of our target galaxies. Therefore, no K-
correction has been performed in the derived magnitudes. Using
the g band as a reference, we followed the same procedure to
measure photometric parameters in the r-band images.

We show the distribution of g-band magnitude of our dE
sample in Figure 4, which has a peak of around 19 mag. The
median magnitude of our sample is 18.68 mag, immediately
reflecting that the majority of our dE sample galaxies are fainter
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Table 2
Catalog Table (a Representative Sample)

D R.A. Decl. my M, (1g) Ry, b4 Nuc Class Env. Type Host Name
(hhmmssddmmss) (deg) (deg) (mag) (mag) (mag arcsec2) (kpc)

1) 2) 3) (€] ) (6) @) ® ) (10) an (12)
0000334165423 000.1392 16.9065 18.58 —12.75 24.58 0.52(06.33) 0 ND 2 218
0000444152725 000.1855 15.4572 19.52 —11.81 26.10 0.68(08.25) 0 ND 2 218
0002224160140 000.5929 16.0279 19.56 —11.77 24.16 0.27(03.31) 0 ND 2 218
0002484163546 000.7041 16.5962 19.21 —12.12 25.41 0.57(06.94) 1 ND 2 218
0002504163742 000.7105 16.6284 19.38 —11.94 26.52 0.88(10.67) 1 ND 2 218
0003064161829 000.7791 16.3083 18.27 —13.06 26.30 1.34(16.13) 0 ND 2 218
0003244161111 000.8508 16.1865 18.54 —12.79 25.79 0.93(11.23) 0 ND 2 218
0004174204430 001.0715 20.7419 18.48 —14.50 24.24 0.99(05.66) 1 ND 3 279
0008444143529 002.1856 14.5916 16.65 —14.68 24.04 0.99(11.97) 1 ND 2 218
0017464113147 004.4420 11.5299 20.37 —11.45 26.57 0.65(06.95) 0 ND 3 1160
002922—-332302 007.3456 —33.3839 21.22 —10.07 26.47 0.38(04.48) 0 ND 2 1851
003102—331613 007.7622 —33.2705 15.97 —15.32 23.68 1.18(13.95) 1 SP 2 1851
003155—-331600 007.9815 —33.2668 16.65 —14.064 24.28 1.14(13.41) 0 TS 2 1851
003258—324548 008.2426 —32.7636 18.15 —13.14 24.61 0.66(07.82) 1 ND 2 1851
003351—-275024 008.4651 —27.8401 17.33 —14.52 25.77 2.16(19.46) 0 UD 3 2052
003414—081008 008.5585 —8.1691 16.66 —15.52 23.29 1.04(08.48) 0 ND 3 2081
003506—280306 008.7789 —28.0518 17.53 —14.31 25.11 1.45(13.09) 0 ND 3 2052
003637—082457 009.1542 —8.4160 20.12 —12.06 25.94 0.71(05.82) 0 ND 3 2081
004103—210808 010.2636 —21.1356 19.49 —12.38 24.17 0.38(03.44) 1 ND 3 2478
004434—314204 011.1453 —31.7013 21.12 —10.51 24.98 0.23(02.36) 0 ND 2 2778
004643—313058 011.6808 —31.5163 19.20 —12.44 25.14 0.61(06.15) 0 ND 2 2778
005124—065818 012.8526 —6.9719 20.90 —11.38 25.65 0.45(03.55) 0 ND 3 2980
005236—310921 013.1524 —31.1561 16.15 —15.22 22.68 0.71(08.09) 0 BC 2 3089
005249—-305753 013.2051 —30.9648 20.11 —11.25 24.95 0.32(03.70) 0 ND 2 3089
005733—040804 014.3901 —4.1345 19.64 —13.43 25.23 0.97(05.25) 0 ND 3 3429
005914—-075715 014.8103 —7.9544 19.73 —12.63 25.49 0.68(05.67) 0 ND 3 3572
005916—073511 014.8192 —7.5867 19.92 —12.44 24.77 0.45(03.72) 1 ND 3 3572
005949—071341 014.9559 —7.2281 20.37 —11.99 25.37 0.48(03.99) 1 ND 3 3572
010149—-073750 015.4583 —7.6308 18.69 —13.67 25.45 1.08(08.95) 1 ND 3 3572
010339—-061053 015.9145 —6.1814 18.81 —14.35 24.99 1.18(06.85) 1 ND 3 3768

Note. Column (1): ID in hhmmssddmmss format. Column (2): R.A. Column (3): decl. Column (4): g-band magnitude. Column (5): g-band absolute magnitude.
Column (6): mean surface brightness. Column (7): half-light radius in kiloparsecs (in arcseconds). Column (8): z. Column (9): nucleated or not; —1 for yes and 0 for
no. Column (10): dE morphological subclass (see Section 4.4). Column (11): environment (1 for cluster, 2 for group, and 3 for field). Column (12): host environment

name given in PGC number.

(This table is available in its entirety in machine-readable form.)

than the spectroscopic target selection limit of the SDSS, i.e.,
18 mag, as shown by a vertical line. We also overlay the
distribution of our spectroscopic sample dE (the blue
histogram), and as expected, it mainly overlaps in the brightest
part.

In Figure 5, we show the g — r color distribution of our dE
sample, and all three subsample dEs show a single peak
Gaussian distribution, with a peak around 0.6 mag. The overall
median value of the g — r color of our sample dE is 0.58 mag,
with a standard deviation of 0.14 mag.

To compare our measured g-band magnitudes with that of
the Legacy survey pipeline values, we obtained the Legacy
survey magnitudes using the SQL queries within a 6” radius of
the dE center. We used the primary source catalog provided by
the tractor. In Figure 6, we compare our g-band magnitudes and
the Legacy survey catalog values. We find that these two
magnitudes agree well with each other for the bright galaxies,
and for the fainter galaxies, it seems that the Legacy tractor
pipeline underestimates the flux.

We show the distribution of (11,) in Figure 7. It is very clear
that most dEs have mean surface brightness higher than 24.5

mag arcsec >, which has been frequently used as a cutoff

magnitude to define UDGs; see Section 4.2. Our dE sample has
a median value of (y,) = 25.97 mag arcsec 2. Although we do
not use any magnitude or surface brightness limit for the visual
selection while preparing the final catalog, we select dEs
brighter than m, = 22.5 mag and (u,) < 28 mag arcsec . We
introduced these limits based on the measurement error.

4. Morphology
4.1. Color-Magnitude Relation

Early-type galaxies follow a well-defined color-magnitude
relation (CMR), and it has been shown that they are astonish-
ingly similar for various environments (Visvanathan &
Sandage 1977; Sandage & Visvanathan 1978). However, as
noted by Janz & Lisker (2009), this relation is not linear in going
from higher-mass elliptical galaxies to lower-mass dEs. In
Figure 8, we show the CMR of our dE, and for comparison we
overplot an average CMR sequence of Virgo dEs derived by
Janz & Lisker (2009); see the black dashed line. Although our
dEs are located in diverse environments, they generally follow
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Figure 4. The g-band magnitude distributions of our dE sample (green) and a
subset having radial velocity information (blue). The vertical dashed line
represents the magnitude limit of the spectroscopic target selection of
the SDSS.
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Figure 5. The g — r color distribution of our sample dEs. The bin positions of
the group and field samples are shifted by +0.01 and —0.01 mag, respectively.

the CMR defined by Virgo dEs on average. As expected, the
scatter at fainter magnitude is larger; in the brighter magnitude
(M, < —14 mag) regime, however, the CMR is well constrained
within the g — r color scattering of 0.2 mag.

4.2. Scaling Relation and UDG

Early-type galaxies obey a scaling relation between their
structural parameters (such as R, and (ug)) and the total
luminosities (Kormendy 1977; Guzman et al. 1993). In
Figure 9, we show the relation between log(R;,) and the
magnitudes for the early-type galaxies. For comparison, we
used a sample of early-type galaxies studied in JLO8 (Janz &
Lisker 2008), shown by gray symbols. Our sample dEs are
shown in red, green, and blue for the cluster, group, and field
members, respectively. At first glance, our dE sequence is well
matched with the dE sequence of JLOS, and as was discussed in
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Figure 6. Comparison between our g-band magnitude and the Legacy survey’s
pipeline-based g-band magnitude. In the top panel, we show a median error in
our g-band photometry.
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Figure 7. The g-band mean surface brightness distribution of our sample dEs.
The vertical dashed line represents the surface brightness limit that is
customarily used to define UDGs.

JLOS, the dE follows a less steep scaling relation of magnitude
and log(R;,) compared to the scaling relation for Es.

Our sample includes many extended, low surface brightness
galaxies, which satisfy the definition of UDGs, i.e., dEs with
(1g) > 24.5 mag arcsec 2 and R, > 1.5kpc (Marleau et al.
2021). However, to select UDGs, there is no standard cutoff
limit on (4,). In the literature, we find a range of (f1,) from 24
to 25 mag arcsec > that has been used to select UDG
candidates (Habas et al. 2020; Lim et al. 2020). For this work,
we used 24.5 mag arcsec > in the g band. In our sample, we
find 100 dEs that can be classified as UDGs. Among them,
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Figure 8. The CMR of our sample dEs. We show cluster, group, and field dEs
with red, green, and blue circles, respectively. The dashed line represents an
average CMR measured by Janz & Lisker (2009) for the Virgo Cluster dEs
using the SDSS data. The SDSS magnitudes are converted to the Legacy
DECaLS filter system according to the transformation formula provided by the
Legacy web page. We show a typical error bar for each magnitude bin in black.

12 are in the cluster (10 in Virgo and 2 in Fornax), 59 in
groups, and 29 in the field environment. On average, we find
six UDGs per cluster and 0.22 per group, agreeing with the
trend found by van der Burg et al. (2017).

In Figure 10, we show the interdependence of the structural
parameters (Ry, (1), and M,) of our sample of dEs and try to
explore whether the UDG occupies a special position within it.
In the middle panel, we show the scaling relation between
log(R;) and M,, where the red symbol represents the median
value of log(R,) in each magnitude bin, with a standard
deviation shown as an error bar. In the top panel we show the
relation between (y,) and M,, and in the right panel we show
the relation between (y,) and log(R;,). The UDGs are shown in
black, and the green points represent dEs.

As per the definition, UDGs occupy the upper left corner of
the (1) and log(R),) relation defined by the crossing demarca-
tion lines. Given the large scatter of the data points, we find no
special clustering of UDGs distinct from the overall dE
population. They are, however, a lo outlier in the size
—magnitude relation. The middle panel reveals that the limit of
R;, > 1.5kpc may well separate UDGs from dEs in the fainter
regime but not in the brighter regime, as we can see that all dEs
fainter than —15.96 mag with R), larger than 1.5kpc can be
classified as UDGs. On the other hand, the top panel reveals that
the demarcation line of (i) =24.5 mag arcsec > cannot
uniquely separate UDGs from dEs, and many dEs have mean
surface brightness higher than (y1,) = 24.5 mag arcsec”%; in fact,

the majority our sample dEs have (u,) > 24.5 mag arcsec™ .
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Figure 9. The luminosity—size relation of early-type galaxies. Data for Es/dEs
(gray circles) are from Janz & Lisker (2008). The symbol color represents
cluster, group, and field dEs according to Figure 8.

Our analysis reinforces the conclusion noted by Conselice
(2018) and Danieli & van Dokkum (2019) that UDGs do not
occupy a special position in the parameter space of early-type
galaxies, defining them as a special class of objects, nor are
their structural parameters uniquely different from the overall
dE population, being only a 1o outlier on the log(R;,) and M,
relation. We show that the UDGs and dEs have a significant
overlap in parameter space that supports a conclusion that the
dEs and UDGs are essentially the same objects, where the latter
represents an extended subpopulation of the former.

4.3. Presence of Nucleus

There are a plethora of works on nuclei of dEs in the cluster
environments, particularly Virgo, Fornax, and Coma (Coté
et al. 2006; Paudel et al. 2011; den Brok et al. 2014; Ordenes-
Bricefio et al. 2018; Wittmann et al. 2019; Sanchez-Janssen
et al. 2019; Poulain et al. 2021). In this work, we
homogeneously investigate the presence of nuclei in dEs
located in diverse environments, i.e., cluster, field, and group.
Although there is no standard definition of the nucleus in dEs,
the nucleus is usually defined as the existence of a luminosity
excess over the main stellar distribution in the core region
(Sanchez-Janssen et al. 2019; Paudel & Yoon 2020). In this
work, we consider the presence of a compact point source of
point-spread function (PSF) size at the core region as a nucleus.
To identify a nucleus at the center of a dE, we carefully
examine the color image cutout of every dE with an FOV of
1" x 1'. We excluded certain dEs with central star formation
and high central surface brightness during the visual examina-
tion. This was due to the irregular blue core of the central star-
forming dEs, which created confusion in identifying the
nucleus (Lisker et al. 2006; Urich et al. 2017; Paudel &
Yoon 2020). High central surface brightness dEs are primarily
compact objects. It is impossible to visually identify the
presence of a separate PSF component at the center of these
compact galaxies. In any case, cEs, M32-like galaxies, rarely
host a central nucleus.

We can classify 4767 dEs as nucleated or nonnucleated, and
among them, 2065 dEs are nucleated. A few randomly selected
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Figure 10. The scaling relations between the structural parameters (R, and (s,)) and M, of our sample dEs. Green and black circles represent dEs and UDGs,
respectively. The thresholds on (yi,) and R), that are used to define UDGs are shown by the dashed lines. The red circles with a 1o standard deviation represent the

median values of the distribution.

example dEs of both nucleated and nonnucleated classes are
shown in Figure 11, where the top panel represents
nonnucleated dEs and the bottom panel represents nucleated
dEs. In Figure 12, we show the magnitude distribution of
nucleated and nonnucleated dEs. The magnitude distribution
shows that the nuclei are common in bright dEs, and they
become rare in the least luminous dEs, as we can see that the
red histogram dominates the brighter part while the blue
histogram dominates the faint end. We show the relation
between nucleated fraction and magnitude in the top panel. The
red line represents the nucleated fraction of the overall dE
population, and magenta, green, and blue lines represent the
nucleated fraction of cluster, group, and field subsample dEs,
respectively. The error bar denotes the fraction of dEs that we
were not able to classify into nucleated and nonnucleated. For
comparison, we also show the measurement of the nucleated
fraction by Sanchez-Janssen et al. (2019) for the Virgo Cluster
core region of 4 deg” (2° x 2°). Our overall nucleated fraction
reasonably agrees with the Sdnchez-Janssen et al. (2019) result.
A careful inspection of these results shows that the cluster
environment is likely to have a higher nucleated fraction than

the group. The field environment hosts a comparatively lower
nucleated fraction than both clusters and groups. However,
these differences are well within the measurement uncertainty.

We study a radial dependence of nucleated fractions inside
the Virgo and Fornax Clusters, where the nucleated fractions
are binned in the annular aperture of 1° width; see the bottom
panel of Figure 13. We show the result in the top panel and find
that the nucleated fraction mildly anticorrelates with cluster-
centric distance. Comparatively, the Fornax Cluster shows
slightly steeper anticorrelation than the Virgo Cluster. Within
the central 1° radius area, Virgo and Fornax host nucleated
fractions of 43% and 52%, respectively. At the outer region,
beyond a 5° cluster-centric distance, the nucleated fraction
reaches down to 30% for both clusters.

4.4. Morphological Feature

We carefully examine dE images and classify them
according to their low surface brightness and color character-
istics. The primary purpose of this classification scheme is to
recognize some unique dEs that are not frequent in observation.
Indeed, we excluded most of the normal dEs in this
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Figure 11. Examples of nonnucleated (top row) and nucleated (bottom row) dEs. All stamp images have an FOV of 1’ x 1.

classification, which host no special feature. Using a broad
scheme of classifiers, we try to identify six distinctive
morphological features present in dEs. Indeed, these features
are already well investigated in some individual cases of dEs,
particularly in the cluster environment. For example, the
presence of a spiral arm and blue center in dEs were studied by
Lisker et al. (2006, 2007), and tidal features, like a shell or the
stellar streams, were studied in Paudel & Ree (2014) and
Paudel et al. (2017). This sample aims to provide homogeneous
statistics of these features’ presence in dEs in various
environments. Below, we itemize these six general categories.

1. Blue core (BC): the presence of a blue core region as a
sign of recent star-forming activity (Lisker et al. 2006).
Spiral arm (SP): the presence of a spiral arm or bar
commonly called disk feature dEs (Lisker et al. 2007;
Smith et al. 2021).

. Tidal stream (TS): tidally stretched dE due to interaction
with a nearby massive galaxy (Paudel & Ree 2014).

. Merging dwarf (MD): the low surface brightness features
that are most likely to originate through the dwarf-dwarf
merger, e.g., shell or tidal tail (Paudel et al.
2014, 2017, 2018).

. UDG: ultradiffuse galaxies; see Section 4.2.

. Disk-halo (DH): we identify some dEs that possess a
prominent edge-on disk with a rounder and diffuse
stellar halo.

. Normal dEs (ND): rest of dEs, which are not classified by
any of the above classifiers.

2.

AN

We show examples of these subclasses in Figure 14. We find
that 288 dEs possess a central blue core that may reveal recent
star-forming activity at the center (Urich et al. 2017). These
blue core dEs are mostly located at the outskirts of cluster or
group environments. They could instead represent transition-
type dwarf galaxies that are in the process of being transformed
into the dEs after cessation of star formation activity (Koleva
et al. 2013).

We find that 17 dEs possess prominent spiral arms.
However, we note that this number could be higher because
we only selected them based on visual assessment, without
using unsharp masking to identify these features as done in
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Figure 12. Top: the nucleated dwarf fraction with respect to magnitude. The
black line represents the nucleated dE fraction measured by Sdnchez-Janssen
et al. (2019) for the Virgo Cluster, and the red line represents a nucleated
fraction of our entire dE population. The nucleated fractions of dEs for clusters,
groups, and fields are shown with magenta, green, and blue lines, respectively.
Bottom: magnitude distribution of nucleated (red histogram) and nonnucleated
(blue) dEs.

Lisker et al. (2007). As Michea et al. (2021) have shown, we
may need to use a more sophisticated image analysis procedure
to reveal the disk feature hidden inside the smooth stellar halo
of dEs.

Approximately 1.3% (71 out of 5405) of dEs are
experiencing tidal distortion due to the effect of the tidal



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 265:57 (14pp), 2023 April

Paudel et al.

c 06 1 <06} i
2 9
— —
g 3
= 04 = 04+
S S
P P
0.2 0.2
0 1 2 3 4 5 6 0 1 2 3 4 5 6
R,deg R,deg
T ] T o0 [ - - “a ]
-28 ! ’ 1 . . ; ;
. *  Masssive galaxies H ®  Masssive galaxies
Non-nucleated Non-nucleated
Nucleated Nucleated
-30 4
32 + d
15 B
.
34 + 4 .
> =)
@ o)
kel ©
3 36 - 1 8
3 -36 ] A .
38 | i 10 B
40 + d
42 + d
5r 4
1 | 1 1 1 1 1 1 1 1

54
RA,deg

52 50 48

180

RA,deg
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at NGC 1407, and Virgo is shown on the right, centering at M87. The positions of bright member galaxies of clusters are shown by black squares. The black
concentric rings represent the annular aperture of 1° width, where we measure the nucleated fraction. The results are shown in the top panels.

potential of nearby massive galaxies. Out of 71 tidally
disturbed dEs, only 13 are located inside the cluster
environment, and an overwhelming majority (58 out of 71)
of them are located in the group or field environment. This
result, in fact, agrees with the Paudel & Ree (2014) study,
which shows that the tidal harassment process is more
frequent in a low-density environment like a group and field
compared to a dense cluster. Only 0.3% of dEs show tidal
features that may have originated from merging even smaller
dwarf galaxies.

In this work, we introduce, for the first time, a unique class
of dE that possesses two distinct morphological features: an
edge-on disk and a round stellar halo. These two-component
systems may be a scaled-down version of the disk—halo system
(DH) of our Galaxy. These DH dEs could be an edge-on view
of spiral arm dEs viewed on the higher inclination angle of the
disk, where the diffuse halo remains hidden behind the
prominent spiral arm (Smith et al. 2021). In that case, dE
(SP) and dE (DH) could represent the same class but are
different in viewing angle. Nevertheless, we do not see the
underlying spiral arm owing to high inclination, and we keep
them in a separate class. To get a statistical estimate, we
calculate the probability of an edge-on view of a spiral arm
galaxy at a random viewing angle. Using an assumption of a
thin disk (intrinsic thickness go=0.2; Sdnchez-Janssen et al.
2010), we find that there isa ~30% chance that the thin disk
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can be viewed edge-on (b/a < 0.5). We have found only five
DH dEs, which is 29% of SP dEs.

5. Environment

As per our selection procedure, our dEs are either inside the
cluster/group or near bright field galaxies (hereafter the host).
In this subsection, we explore the dE positions with respect to
the host and morphology types of their companion bright
galaxies (BGs, M, < —21 mag).

In the bottom panel of Figure 15, we show a phase-space
position of our dEs within their respective host environment. In
the top panel, we show the distribution of sky-projected
separation of the dEs from the host center, where the host-
centric distance is normalized by viral radii of their respective
cluster, group, and field. We used 1.7 and 1.2 Mpc for the
Virgo and Fornax Clusters, respectively. For the group we used
800 pc, and for the field we used 300 pc.

Almost all dEs are located well within the 1.5 virial radii;
however, a few field dEs are significantly away from the host.
Although they are few, we noticed that these field outliers are a
spectroscopically selected sample of dEs from the SDSS. We
have used an all-sky catalog from the SDSS rather than
searching around predefined areas of the cluster, group, or field.

In terms of number count, the two clusters contribute nearly
half, 2437 (1837 and 864 in Virgo and Fornax, respectively)
out of 5405. We find that there are 7.9 dEs per group and 1.5
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Figure 14. Exemplary dEs of the different classes of dEs according to their
morphological feature and color (see text for detail).

dEs per field, on average. We noticed that there are many fields
that contain no dEs. Out of total of 586 fields we have
inspected, only 233 fields host one or more dEs. We further
classify the field host as an early-type (E) and star-forming (Sf)
and find that there are 437 Sps and 153 Es field hosts. We find
that out of 437 fields with a Sfs host, only 154 have one or
more dEs, and out of 153 field with an Es host, only 79 have
one or more dEs, which indicates a higher chance of hosting a
dE by an Es than Sfs. On average, we find that early-type fields
host a significantly higher number (2.8) of dEs per field
compared to star-forming field hosts, which have 1.0 dE per
field, on average.

Further, we explore the relationship between the location of
dEs and morphological types of neighbor BGs, regardless of
their environment. We counted BG frequency of each type
around each dE within a 300 kpc radius. The result of this
exercise is shown in Figure 16. We find a higher frequency of
dEs around Es than Sfs. On average dEs have a 2.5 times
higher chance to have an Es as a neighbor than Sfs.

Indeed, this result might have been heavily influenced by the
cluster environment, where E dominates by number. We
performed this exercise again, separating the cluster, group, and
field. We find a similar trend in the cluster and group dEs, but
in the field environment, where Sf dominates, we find an equal
chance to have both E and Sf as a neighbor of dE on average.
The results are listed in Figure 16.
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Figure 15. Top: the distribution of sky-projected separation of dEs from the
host center. The x-axis is normalized by the assumed viral radius of each
cluster, group, and field. Red, blue, and green histograms are for clusters,
groups, and fields, respectively. Bottom: phase-space distribution of our
spectroscopic dE sample. Red, blue, and green circles are for clusters, groups,
and fields, respectively.

6. Conclusion and Discussions

We have identified 5405 dEs located in the various
environments, i.e., cluster, group, and field, spanning the
luminosity range —18 < M, < —8 mag. They are selected via
visual inspection of the 7643 deg? area of the Legacy survey g—
r—z combined tricolor images, which include two clusters
(Virgo and Fornax), 265 groups, and around 586 field galaxies.
Our dE catalog provides several different metrics by which we
quantify morphological and environmental properties. The
salient feature of this catalog lies in their morphological
properties, as we identified morphological characters such as
nucleated, tidal, and UDGs.

Given the nature of the selection procedure, it is not trivial to
calculate the completeness limit of our sample. Although we
aim to search dEs of up to z=10.01, we should emphasize that
this is not a volume-limited sample in many regards. Indeed,
we have not explored all sky areas of this volume. In addition,
one of the main caveats of this work is the distance of candidate
dEs, and in most cases we do not have that information. There
may be a faction of dEs that are foreground or background
galaxies or at least not directly related to the host. To confirm
their distance and association with the host environment, we
need radial velocity information, which we do not have in most
cases.

This work is explicitly designed to find dEs in an extensive
database, and there are not many surveys of this kind for which
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we can make a direct comparison. We found that Carlsten et al.
(2022, hereafter C22) searched satellite dwarf galaxies (of all
types) in the Local Volume (D < 12 Mpc) in the Legacy survey
imaging.

Unfortunately, we found that only two areas around the
NGC 3379 group and NGC 3627 group broadly overlap with
our searched sky regions. In the case of NGC 3379, they have
found 36 dwarf galaxies, and among them, 33 can be classified
as dE from our visual inspection; see Figure 17. Our catalog
recovers 26 (78%) out of 33. Similarly, we recovered 16 (64%)
out of 25 dEs in the case of NGC 3627. We noticed that those
unrecovered 16 (9 + 7) dEs are mostly fainter dEs of m, 2 20
mag. In the C22 search area, we identified 8 additional dEs,
bringing the total number of identified dEs in two systems to
50. Calculating the recovery fraction of the C22 dE sample, we
have recovered 42 (72%) dEs, which is smaller compared to the
overall recovery fraction for m, < 20 mag (i.e., 87%). Multiple
factors may have contributed to this discrepancy, including
environmental differences. The cluster environment plays a
crucial role in shaping the brightness distribution of dEs, where
brighter dEs are more likely to be formed (Geha et al. 2012)
and they have higher recovery fractions. In this sample, a
substantial portion of dEs are found within the cluster
environment. In addition, a potential memory bias in our
calculation may have contributed to the high recovery fraction.

Based on this extensive data set, our results are summarized
as follows:

1. Systematic analysis of the derived structure parameters of
dEs reveals that the dEs generally follow a universal

13

Paudel et al.

164

163 162

RA, deg RA, deg

Figure 17. We compare dE detection in two groups, NGC 3379 and
NGC 3627, with detection of C22, where the circle represents our search area.
Giant galaxies are shown in green. C22-identified star-forming (dSf) and non-
star-forming (dEc) dwarf galaxies are shown in blue and red, respectively. Our
identified dEs (dE,) are shown in black. The solid and dashed circles represent
our and C22 search areas, respectively.

relation between magnitude, size, and mean surface
brightness regardless of their host environment.

. Using a standard definition, we identify 100 dEs in our
sample that can be classified as UDGs. However, we find
that UDGs do not occupy a special position in the
parameter space of dEs to define them as a special class
of objects. In addition, their structural parameters are not
uniquely different from the overall dE population, being
only 1o outlying from the log(R;) and M, relationship.

3. We identify that only 40% of our sample dEs host a
central nucleus, and among the UDG population, the vast
majority, 79 out of 100, are nonnucleated. We find a mild
radial dependence of nucleated fraction in both the Virgo
and Fornax Clusters, and overall, the nucleated fraction
declines as we go from the higher-density environment
cluster to the low-density environment.

. We find that about 1.3% of dEs suffer a tidal disturbance
from nearby massive galaxies and only 0.03% suffer
recent dwarf—dwarf merging.

. We find that dEs are found more frequently in environ-
ments where massive galaxies are already quenched.

We hope that this catalog will serve as a valuable resource
for follow-up studies on dEs. In particular, considering the
laborious nature of visual inspection and classification, this data
set will be useful for training and testing machine-learning
approaches. In future work, we plan to test the ability of
convolutional neural networks to detect and characterize dEs
with a view to applying them to a larger set of imaging data.
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ABSTRACT

It has long been speculated that blue compact dwarf galaxies (BCDs) are formed through the interaction between low-mass
gas-rich galaxies, but a few candidates of such systems have been studied in detail. We study a sample of compact star-forming
dwarf galaxies that are selected from a merging dwarf galaxy catalog. We present a detailed study of their spectroscopic and
structural properties. We find that these BCDs looking galaxies host extended stellar shells and thus are confirmed to be a
dwarf-dwarf merger. Their stellar masses range between 8 x 10’ M o and 2 x 10° M . Although the extended tail and shell
are prominent in the deep optical images, the overall major axis light profile is well modeled with a two-component Sérsic
function of inner compact and extended outer radii. We calculate the inner and outer component stellar-mass ratio using the
two-component modeling. We find an average ratio of 4:1 (with a range of 10:1 to 2:1) for our sample, indicating that the central
component dominates the stellar mass with an ongoing burst of star formation. From the measurement of H, equivalent width,
we derived the star-formation ages of these galaxies. The derived star-formation ages of these galaxies turn out to be in the order

of a few 10 Myr, suggesting the recent ignition of star formation due to events of satellite interaction.

Key words: galaxies: evolution — galaxies: irregular — galaxies: dwarf — galaxies: starburst— galaxies: interactions.

1 INTRODUCTION

A significant effort has been made to study the interaction of
massive galaxies, whereas mergers between dwarf galaxies (M,
< 10°) received little attention until very recently. Because dwarf
galaxies have shallow potential-well, their evolution is expected to
be more driven by the large-scale environment than by merging
events (Boselli & Gavazzi 2006; Kormendy et al. 2009; Lisker
2009). Indeed, both observations and numerical simulations have
extensively concluded that massive elliptical galaxies were likely
to be originated first major mergers, building a dense inner core at
high redshift, and grow through minor mergers, contributing to the
formation of extended outer stellar halos (Khochfar & Silk 2006;
Oser et al. 2010; Duc et al. 2011).

In contrast to their massive counterparts, star-forming dwarf
galaxies, and hence their merger, are often gas dominated.

Recent observations have revealed that sub-structures like a
stellar shell, kinematically decoupled core, or even tidal stream
around dwarf galaxies are common, which can be considered as
the signatures of past merger events (Geha, Guhathakurta & van
der Marel 2005; Rich et al. 2012; Penny et al. 2012; Toloba et al.
2014). Stierwalt et al. (2015) carried out the first systematic study
of gas-rich dwarf-dwarf interacting pairs and found that the star
formation rate (SFR) of relatively close pair is enhanced by a factor
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of ~2 on average. Pearson et al. (2016) further showed that gas-rich
dwarf pairs have more extended atomic gas distribution than unpaired
analogs. In addition, case studies of several star-forming dwarf
pairs have been carried out recently (Annibali et al. 2016; Privon
et al. 2017; Paudel & Sengupta 2017; Paudel, Sengupta & Yoon
2018a).

Structural parameters, such as size, concentration, and ellipticity
are important tools to study galaxy formation and evolution. Galaxies
follow a scaling relation between size and magnitude that is continu-
ous over the whole range of luminosities (Graham & Guzmén 2003;
Ferrarese et al. 2006; Janz & Lisker 2008). The universality of this
relation has been a subject of considerable debate because of the
presence of outliers and non-linearity of the relation (Kormendy
et al. 2009; Chen et al. 2010). In particular, early formed galaxies are
compact compared to the later formed galaxies, as we see that the high
redshift galaxies are significantly compact compared to the local (z <
0.1) galaxies. The size, evolution, and formation of compact galaxies
in the early universe are some of the mysteries of current cosmology.
Compact dwarf galaxies are prominent outliers of galaxies in the
conventional size-magnitude relation (Paudel et al. 2014). Their
formation and evolution have been poorly understood. Compact
early-type galaxies, like M32, are mainly found in the vicinity of large
galaxies, e.g. M31, and such proximity to the nearby giant has led to
an argument that the galaxies like M32 might have formed through
the tidal stripping (Faber & Lin 1983). On contrary, recent discoveries
are evidence that all compact dwarf galaxies are not located nearby
of giant galaxies. Huxor, Phillipps & Price (2013) found that a
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Table 1. Basic physical parameters of six BCDs.

Galaxy RA DEC z D g—r M, M, SFR M gas Feature
) ) (Mpc) (mag) [logM 0)] [logM @)l [logM o/yr)] [logM )]
D004 028.9989 —0.1855 0.0121 51.57 0.46 —16.72 9.09 —0.91 8.43 Sh
D036 144.5608 19.7111 0.0144 61.48 0.20 —16.46 8.56 - 8.87 Sh
D047 150.3099 37.0709 0.0048 20.34 0.14 —15.94 8.26 —1.29 - Sh
D055 157.4553 16.1809 0.0108 45.98 0.23 —17.89 9.18 —0.68 8.19 SL
D075 177.0757 —1.6399 0.0130 55.44 0.22 —17.54 9.03 —0.51 9.94 Sh
D076 177.5113 15.0231 0.0024 11.90 0.09 —15.29 7.92 - 8.40 Sh

Note. The first column is the name according to the Paudel et al. (2018b) catalog. Columns 2-10 represent RA, DEC, redshift, Hubble flow distance of the
galaxies, g — r colour, r-band magnitude, stellar mass, star-formation rate, HI gas mass, respectively. In last column we list the tidal feature of the galaxies as

noted in Paudel et al.

compact dwarf galaxy is located in an isolated environment. Such
discovery of isolated compact dwarf galaxies has put forward another
hypothesis that compact dwarf galaxies might have formed through
the merging of even smaller dwarfs. Indeed, Paudel & Ree (2014)
discovered a nearly isolated compact dwarf galaxy, CGCG 036-042,
with prominent evidence of merging features.

Blue compact dwarf galaxies (BCDs) are low-luminosity galaxies
(Mp > —18 mag) with a compact optical appearance and are blue
in colour (Papaderos et al. 1996). In particular, supercompact BCDs
are considered young objects which have accumulated most of their
stellar mass at late cosmic epochs (Drinkwater & Hardy 1991).
Various lines of thought have been presented for their origin and
future evolution. The mechanism that triggers the burst of star
formation in these compact dwarf galaxies remains a mystery.
Mergers, fly-by encounters, or gas turbulence have been proposed
to explain the recent burst star-formation activity in BCDs (Noeske
et al. 2001; Pustilnik et al. 2001; Bekki 2008).

Here, we present a study of a unique sample of BCDs that recently
underwent merging activity and hosts clear stellar shells and streams
as a signature of a recent merger.

2 SAMPLE AND DATA ANALYSIS

To study the formation and evolution of BCD-type galaxies, we
preferentially selected six compact merging dwarf candidates with a
clear tidal feature. Our sample galaxies are taken from the catalog of
merging dwarf galaxies prepared by Paudel et al. (2018a). The basic
properties of our sample galaxies are listed in Table 1 that we have
fetched from the parent catalog. These dwarf galaxies have a stellar-
mass range of 8 x 107 M  to 2 x 10° M o, which are comparable
to the large magellanic and small magellanic clouds of the local
group. By chance, we found a substantial amount of multiwavelength
data of these galaxies in public archives, which allowed us to
thoroughly analyse their morphology, chemical properties, and stellar
populations. Fig. 1 reveals the optical view of our galaxies, where we
can see an elongated low surface brightness tidal tail along the major
axis. The colour image is a cutout of the legacy sky-survey imaging
database (Dey et al. 2019), which is prepared by combining g —, r
—, and z —band images. The field-of-view of the image is 2 arcmin
x 2 arcmin. We can see that the inner part is quite round and bluish,
and the outer low surface-brightness extended tidal tail is relatively
reddish. We also show the size of the measured half-light radius with
a red circle and a blue circle representing the SDSS fibre position.
Given their compact nature, D036 and D075 are visually similar to
tadpole galaxies identified by Straughn et al. (2015) in Hubble Deep
Field. D036 has a short faint tail-like structure that shows one-side
elongation. On the contrary, DO76 seems to have a tail on both sides,
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with one side’s low-surface brightness tail quite prominent compared
to the other.

All, except D047, are located in a nearly isolated environment.
The D036 is located at the edge of small group CGCG 092-005 at a
445 kpc sky-projected distance from the group center.

2.1 Imaging and Photometry

We used the SDSS image to perform image analysis (Ahn et al.
2012). For this purpose, the SDSS r —band images have been used
extensively because they have a higher signal-to-noise ratio than the
other bands and we mainly used this band image to perform surface
photometry. The surface photometry of very low surface brightness
objects is notoriously difficult. There are several factors that are
crucial in making an accurate estimation of photometric parameters.
Sky background is among the most important ones. Although the sky
background subtraction in the latest version of the SDSS pipeline
processed images is relatively good, we additionally process the
SDSS images. We retrieved stacked images (3 arcmin x 3 arcmin
fits-image cutout) from the SDSS data archival service. We subtracted
the sky background preparing a background map for each object. The
background maps were constructed after masking out all identified
sources in the image, which were defined by source-extractor seg-
mentation maps, and the segmentation images were filled by the me-
dian values calculated from all the surrounding pixels. This method
allows us to eliminate any contribution of light from stars and back-
ground galaxies. Finally, the background map was subtracted from
the original fits file to remove the sky background contribution to the
observed flux.

To perform surface photometry, we exploit the image reduction
and analysis facility (IRAF) ellipse task, which outputs the major-
axis profile of average intensity and ellipse parameters, such as
position angle and ellipticity. The ellipse uses the methodology
presented in Jedrzejewski (1987), where for each semimajor axis
length, an azimuthally averaged intensity /(¢) is calculated within
the concentric ellipse area. The ellipse is defined with an initial guess
for the isophote’s centre (X, Y), ellipticity (¢), and semimajor axis
position angle (0). The best fit ellipse is obtained by minimizing the
sum of the squares deviation between the data while expanding the
1(¢) into a Fourier series as:

I(¢) = 1o+ Z[AkSin(k¢) + Bicos(ke)]. ey
k

and for a good approximation of the ellipse, the expansion should be
truncated to the first two terms.

All foreground and background unrelated objects were masked.
The masking was performed manually, where we visually identified
the unrelated objects. The centre of galaxies was derived by using
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© D055

Figure 1. Legacy survey colour images of our sample galaxies. The second and fourth rows represent grey-scale g-band images with a field of view of 2 inch
% 2 inch. In the second and fourth rows, we show tri-colour images of the respective galaxies, produced from a combination of g — r — z band images. We also
show the size of the measured half-light radius with a red circle and a blue circle representing the SDSS fibre position. In each grey scale image, we draw a
green contour representing a surface brightness level of 27 mag-arcsec™2 at the g —band.
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Figure 2. Multicomponent Sérsic modelling of observed one-dimensional light profile. The black dots represent the observed data points. We show the inner
and outer best fit Sérsic function in green and red lines, respectively. The blue line represents a combination of both the inner and outer best-fit model.

imcentre task in the IRAF, which calculates a centroid of the
provided image section. While fitting the ellipse, the position angle
and the ellipticity were allowed to vary freely, and the semimajor
axis was increased logarithmically. The ellipse centre was not
allowed to move by more than 3 pixels between the successive
isophotes.

The derived r —band major axis light profiles of our sample
galaxies are shown in Fig. 2. The light profile generally shows a
break which shows an abrupt change in gradient. We see that the
inner component’s light profile rises steeply compared to the outer
component. However, in the case of D047, we see a somewhat
irregular profile in the inner region. We then approximate the
observed galaxy light profile into a multicomponent Sérsic function,
namely, loveran = I + lou, Where the Sérsic (Sersic 1968) function

is defined as
R 1/n
— -1 , 2
() @

where /. is the intensity of the light—profile at the effective radius
R., and n defines the ‘shape’ of the profile. The term b, is simply a
function of n and chosen to ensure that the radius R. encloses half of
the profile’s total luminosity Graham et al. (2005).

In Fig. 2, we show the modeled inner and outer components
in green and red solid lines, respectively. The overall model two-
component function is shown in the blue line. To obtain the best
fit model, we used x2-minimization scheme. In doing so, we found
that the outer components generally have a near exponential (n = 1)

I(R) = I.exp {—bn
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Sérsic index, and we decided to fix n = 1 for the outer component in
the final fitting.

The two-component modeling is used to decompose merger
remanent in its progenitor, assuming that each component roughly
represents the individual progenitor. Finally, we performed inte-
grated photometry in each component model to calculate each
component’s total flux and magnitude. We estimated the stellar
masses by multiplying the SDSS-r-band fluxes with a mass-to-
light ratio obtained from Zhang, Puzia & Weisz (2017) for the
observed g — r colour. These values are most likely upper
limits.

The stellar mass ratio between the two components of our sample
BCDs varies between 0.1 and 0.5, where we calculate stellar mass
from their r-band flux and g — r colour. However, we warn that there
is a reasonable chance that both components’ stellar populations
are well mixed and therefore, the calculation may have a large
uncertainty.

Because of the complexity in the observed light profile of the
merging galaxies, no overall structural parameters can be derived
using a simple Sérsic function modeling. To measure the overall
photometric properties, we used a non-parametric approach, i.e. the
Petrosian method (Janz & Lisker 2008).

Using the Petrosian method, we estimated the value of total
luminosities and half-light radii. The global half-light radii of our
sample galaxies range from 0.23 kpc to 0.56 kpc which, indeed,
proves that our selected sample dwarf galaxies are compact dwarfs
in general.
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Table 2. Derived properties of the sample galaxies.

1D c z SFR R, R; n;

(dex)  logMo/yr) (1) ) O)
D004 4.62 8.33 0.022 2.841 2.490 0.8 17.1
D036 3.34 8.33 0.022 2.101 2751 0.8 19.4
D047 3.27 8.14 0.002 4234 1212 0.3 06.1
D055 3.56 8.23 0.148 3.162 2481 0.7 10.0
D075 2.98 8.13 0.118 2.659 2358 0.9 10.4
D076 3.26 7.99 0.061 1.998  2.067 1.2 10.5

Note. The first column is ID of the galaxies. The Balmer decrement, emission
line metallicity, and SFR derived from spectroscopic data are listed in columns
2, 3, and 4, respectively. In the columns 5, 6, 7, and 8, we list the overall
galaxy size (R,), inner size (R;), inner Sérsic index (n;), and the outer size
(R,), respectively.

2.2 Spectroscopy

All of our sample galaxies are targeted by the SDSS fibre spec-
troscopy observation. We retrieved the optical spectra of these
galaxies from the SDSS data archive. These optical spectra have
a reasonable signal-to-noise ratio. They are observed with the fibres
spectrograph of 3 arcsec diameter. The sample galaxies have a broad
range of distances; the central 3 arcsec represents a 50 pc to 100 pc
core region depending on their distance from us.

The SDSS spectra show strong emission lines, particularly Balmer
lines, and resemble a typical spectrum of a star-forming H II region.
The emission line fluxes were measured after subtracting the stellar
absorptions, which are particularly strong in the case of Hg. For this,
we used a publicly available code, the GANDLF (Sarzi et al. 2006)
of a version particularly designed for the SDSS spectra, which uses
a combination of stellar templet from Tremonti et al. (2004). The
emission line fluxes are measured by fitting a Gaussian profile which
allows us to measure total flux, full width at half maximum (FWHM),
and equivalent width simultaneously. For this purpose, we use IRAF
splot task.

We derived Oxygen abundances (12 + log[O/H]) using these
emission line fluxes. The extinction coefficient, E(B — V), was
derived from H,/Hg emission-line ratios using a calibration provided
by Cardelli, Clayton & Mathis (1989). The derived value of the
extinction coefficient varies between 0.12 mag to 0.21 mag. D004
shows the largest extinction and D075 shows the least extinction
(Table 2). We finally derived the SFR from the extinction corrected
emission line H, flux using the calibration of Kennicutt (1998).

3 RESULTS

3.1 Imaging

We have performed the surface photometry and the emission line
analysis on a sample of merger remanent dwarf galaxies that are
selected from a merging dwarf galaxy catalog. We used a publicly
available optical imaging and spectroscopic data from the SDSS data
server. The derived structural and spectroscopic parameters are listed
in Table 2. As expected, the inner component is in general five times
smaller than the outer component and has a smaller Sérsic index. The
measured photometric parameters show that the outer component is
significantly redder than the inner component. The difference in g —
7 colour index of two-components is 0.2 on average.

In Fig. 3, we show the relation between log (size) and r-band
absolute magnitude for our galaxies, and for the reference, we used
a sample of early-type dwarf galaxies from Janz & Lisker (2008).

Merging compact dwarf galaxies ~ 4957
0.8 ° dE i
BCD
° cE
o ® MBCD_a
0.4 o ®  MBCD_i
® MBCD_o
o)
o
X 0t 1
; \
e ° o’ ‘
g J
-0.4 | ?
-08 +
° o
-19 -18 17 -16 -15 -14
Mr, mag

Figure 3. Scaling relation between log (R.) and magnitude. The merging
BCDs (MBCD) data points are shown in green, red, and black colours
representing inner, outer, and overall sizes, respectively. For the reference,
we have used a sample of early-type dwarf galaxies (shown in grey dots)
from Janz & Lisker (2008). The yellow dots represent Virgo cluster BCD
studied by Meyer et al. (2014), and we show compact elliptical in a grey
square sample taken from Chilingarian et al. (2009).

In addition, we show a sample of BCDs of Virgo cluster in yellow
colour dot, they are taken from the study of Meyer et al. (2014)
and we show compact ellipticals in a grey square sample taken from
Chilingarian et al. (2009). Our sample merging BCDs are shown in
three different colours: green, red, and black for the inner, outer,
and overall components, respectively. As expected, the BCDs fall
well below the relation defined by the reference sample dE. They
are slightly larger than cE but significantly smaller in size than dEs.
We also notice that the inner component sizes are comparable to the
overall size of merging BCDs compared to their outer component
size implying that the inner component largely dominates the light
distribution. On the contrary, the cE population is the most compact
class of object in this diagram.

3.2 Spectroscopy

The SFRy, is lower compared to the cataloged SFR that is derived
from far-ultra-violet (FUV) flux. There are many reasons for this
discrepancy. The H, and FUV fluxes trace different time domains of
star formation, the former being significantly shorter than the latter.
However, they generally follow the relation between log (SFR) and
B-band absolute magnitude (Fig. 4 top panel). In addition, while
measuring the FUV flux, we considered the entire galaxy using a
larger aperture, and the H, fluxes were measured from a central
3 arcsec fibre spectroscopy. The B-band magnitude of our sample
galaxies is calculated from the SDSS g —band magnitude using the
colour transformation equation provided by the SDSS webpage.!
The comparison sample in grey dots is taken from Lee et al. (2009),
which provides a statistical study of star-formation activity in local
volume star-forming galaxies using volume-limited sample.

Uhttp://www.sdss3.org/dr8/algorithms/sdssUB VRITransform.php
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Figure 4. Top: Relation between B-band absolute magnitude and log (SFR).
The merging BCDs (MBCD) are shown in green and blue symbols, repre-
senting SFR derived from UV and H, emission line flux, respectively. We
can see only four galaxies for ultraviolet (UV) because there are no UV data
for galaxies D036 and D076. The comparison sample, shown in grey dots,
are taken from Lee et al. (2009). Bottom: Relation between emission line
metallicity and B-band absolute magnitude. MBCDs are shown in blue dots.
In this plot, we used a reference sample of star-forming dwarf galaxies that
are taken from (Paudel et al. 2014).

To derive oxygen abundances, we employed a method suggested
by Marino et al. (2013), where a line ratio between H, and [NII] is
used. Our sample galaxies have a range of 12 + log (O/H) between
7.99 dex and 8.33 dex. Being slightly sub-solar, these values are
typical of BCDs. In this sample, D076 is the most metal-poor galaxy,
and also has the highest gas mass fraction.

In the bottom panel of Fig. 4, we show a relation between B-
band absolute magnitude and emission line metallicities. Our BCDs
well follow the relation defined by a sample of star-forming dwarf
galaxies drawn from the SDSS, which we have taken from Paudel
et al. (2017).

To get a rough estimate of the star formation age, we used
H, equivalent width (EWy,). For the majority of our sample, the
measured values of EW, is larger than 100A , and using the
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Starburst99 model (Leitherer et al. 1999) assuming an instantaneous
burst of star formation and a half of solar metallicity, these values
indicate that the ages of star formation are estimated to be in the
order of a few 10 Myr.

3.3 Gas Content

Queering the CDS catalog service, we find neutral hydrogen (HI) 21-
cm radio data for five of our merging BCDs (except D047). They are
mainly observed by a single dish telescope (Arecibo observations)
with a typical beam size of 3 arcmin and we expect that the HI
flux measurement is for the overall galaxy. Using equation My =
2.356 x 10° d? f Sc(v) dv M@,2 we derived HI mass from the 21-
cm radio emission flux and we find that our merging BCDs possess
an My in the range 2.5 x 108 M ¢ to 8.7 x 10° M 4. The calculated
My to blue band luminosity ratio varies between 0.5 M /L o to
0.8 M /L  for our sample galaxies. This number is similar to
an average value of My /Ly for a typical sample of BCDs studied
in Huchtmeier, Gopal-Krishna & Petrosian (2005) but significantly
lower than an average value of low-surface brightness dwarf galaxies
found in the isolated environments (Pustilnik & Tepliakova 2011).
Note, however, the estimated stellar mass using a single optical colour
has uncertainty as large as 0.3 dex (Zhang et al. 2017). To make
a more accurate estimation of stellar mass, a detailed analysis of
spectral energy distribution with a longer baseline wavelength is
required.

4 DISCUSSION AND CONCLUSIONS

This work studies a sample of compact merging dwarf galaxies and
performs a detailed analysis of morphological parameters. These
compact star-forming dwarf galaxies are selected from a catalog
of merging dwarf galaxies prepared by Paudel et al. (2018b). Our
detailed image analysis shows that, although they are compact
systems, these dwarf galaxies’ light profiles are no better modeled
with one component Sérsic function. They are better represented
with two components: (i) inner compact and (ii) outer extended low-
surface brightness component. However, the overall sizes of these
galaxies are also significantly smaller compared to the normal dwarf
galaxies and the size of the inner component is comparable to the
compact early-type galaxies. On the contrary, the relation between
B-band magnitude and emission line metallicity and SFR show no
anomaly, being consistent with the relation defined by normal star-
forming dwarf galaxies. However, a typical 0.3 dex scatter is seen
in the relation between SFR and B-band magnitude, even for normal
galaxy samples.

4.1 Comparison to the Previous Study

It is well known that BCDs have two components — inner compact
star-forming core and outer low-surface brightness extended halo
(Sung et al. 1998; Loose & Thuan 1986). A detailed morphological
property of a complete sample of BCDs of the Virgo cluster was done
by Meyer et al. (2014). They decomposed these two components’
light profiles and studied their similarity with various morphology
dwarf galaxies, such as dwarf elliptical or dwarf irregular. The work,
however, makes no comment on the origin of starburst activity

2where d is the distance in Mpc and fSC(v) is expressed in Jy and v in km/s
(Roberts 1978)
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Figure 5. Comparison of physical and star-formation parameters between merging BCDs and Virgo cluster BCDs. For the Virgo cluster BCDs, we used Meyer

et al. (2014) photometric measurement.

and mainly focuses on the future evolution of BCDs in the cluster
environment.

In Fig. 5, we compare the physical properties of normal BCDs of
the Virgo cluster with that of merging BCDs of this study. For the
Virgo cluster, we used Meyer et al. (2014) photometric measurement.
In the leftmost panel, we show the size magnitude relation of BCDs,
and particularly we noticed that although the overall sizes of both
sample BCDs are similar, the outer component sizes of merging
BCDs are significantly larger than that of normal Virgo BCDs. Such
extended outer component, indeed, mainly shows the presence of
tidal components that may have built up by merging/accreting other
galaxies.

The middle panel of Fig. 5 displays a scaling relation between
gas mass fraction and stellar mass. The Virgo BCDs gas masses are
estimated from 21 cm neutral hydrogen emission line flux provided
by ALPHA-ALPHA survey (Haynes et al. 2018) and stellar masses
are derived similarly to that derived for merging BCDs from r —band
magnitude and g — r colour. It reveals that merging BCDs tends to
have a higher gas mass fraction than BCDs of the Virgo cluster.
The discrepancy in gas mass fraction can also be attributed to their
environmental differences. Our merging BCDs are primarily located
in field environments where galaxies are dominantly gas rich and
star forming. In the rightmost panel, we show a relation between
B-band absolute magnitude and Log(SFR), and similar to Fig. 4, we
added Lee et al. (2009) data for the reference. The star-formation
rates of Virgo BCDs are estimated from FUV flux provided by the
GALEX UV survey of Virgo cluster (Boselli et al. 2011). As we have
already noticed in Fig. 4, merging BCDs clearly shows enhanced star-
formation activity compared to the reference star-formation sequence
provided by Lee et al. (2009), and Virgo BCDs are located below the
sequence.

4.2 Formation of Blue Compact Dwarf Galaxies through the
Merger

Various observational and theoretical lines of evidence suggest that
the evolutionary pathways of BCDs have to be diverse, and mul-
titudes of starburst mechanisms are discussed. Particularly, dwarf—
dwarf mergers, interactions, or gas inflow may trigger the gas collapse
or strong dissipation, which ignites the burst of star formation in these
low-mass galaxies (Papaderos et al. 1996; Nusser 2005; Bournaud
& Elmegreen 2009; Elmegreen, Zhang & Hunter 2012; Zhang et al.
2020b; Nusser & Silk 2022).

Zhang et al. (2020b), Zhang et al. (2020a) studied a link between
a dwarf—dwarf merger event and enhanced star formation in a Virgo
cluster BCD, VCC 848. Using a combination of JVLA HI emission
line map and optical imaging, they examined the effect of the merger
on the stellar and the gaseous distributions and concluded that
although VCC 848 possesses a central burst of star-formation, it has
less than 30 per cent of gas concentration in the centre. Comparing
the general morphological feature with N-body hydrodynamical
simulations results, they suggested the timing of the merger about a
Giga year ago. On contrary to VCC 848 environments, our merging
BCDs are located in a low, dense environment.

While studying the HI morphology of a sample of starburst dwarfs
(selected from BCD-like galaxies), Lelli, Verheijen & Fraternali
(2014) found that the outer extended HI part was more asymmetric
in starburst dwarfs than normal star-forming galaxies, and the age
of starburst is correlated with the strength of asymmetric feature,
suggesting that some external mechanism triggered the starburst. In
a similar line, Ramya, Kantharia & Prabhu (2011) suggests that some
of the BCDs they studied might have a tidal origin.

Several physical properties of our sample merging dwarf galaxies,
i.e. colour, metal content, and star-formation rate are fairly similar to a
typical BCD and there is little doubt that the star formation activity is
affected by the interaction. The star-formation ages derived from H,,
equivalent width reveal that the burst of star-formation is a recent ac-
tivity and the event is very likely triggered by the interaction. Galaxy
merger efficiently supplies the gas towards the centre helping to ignite
a central starburst (Bekki 2008) and such merger-induced central
starburst builds a central blue core that dominates the optical light.

How would these compact BCDs evolve after ceasing the star-
formation activity? The sizes of star-forming galaxies are likely to
increase as the dynamic and stellar population evolution proceeds,
which leads to a decrease in the surface brightness (Wellons et al.
2015). These galaxies are significantly compact compared to the
normal galaxy. The current star-formation rate is not significantly
high and the SDSS spectrum reveals strong higher-order Balmer
absorption feature, indicating that the star-formation activity is a
temporal feature and it hosts a significant amount of old stellar
population. The presence of old stellar population could be due to
the effect of the accretion of a smaller satellite by these galaxies and
the event eventually perturbed the gaseous disk of the primary, which
leads to a burst of star formation at the centre.

A general prediction of early simulations is that galaxies mergers
develop substantial gas inflows and induce intense starbursts at the
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centre producing core-like structure (Mihos & Hernquist 1994). The
intense starburst at the centre of our merging compact dwarf galaxies
appears to align with these simulations’ results. It has also been
proposed that a pre-existing compact core, i.e. a dense central bulge,
may help to maintain an intense starburst activity (Mihos & Hernquist
1996).
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ABSTRACT

We report the discovery of a rare early-type dwarf galaxy (dE), SDSS J125651.47+163024.2 (hereafter, dE1256), possessing
a tidal feature that was likely built up by accretion of an even smaller dwarf galaxy. dE1256 is located in a nearly isolated
environment, at the outskirt of the Virgo cluster. A detailed morphological examination reveals that the accreted stellar population
is mainly deposited in the outer part of dE1256, where the tidal tail is most prominent. The inner part of dE1256 is perfectly
modelled with a simple Sérsic function of index n = 0.63 and half-light radius R, = 0.6 kpc, but in contrast, the entire galaxy
has a size of R, = 1.2kpc. The mass ratio between the host and the putative accreted dwarf galaxy is calculated to be 5:1,
assuming that the observed two components, inner Sérsic and outer tidal tail residual, represent the host’s and accreted galaxy’s
stellar populations, respectively. We suggest that while the accretion contributes only 20 per cent of the overall stellar population,
the size of dE1256 grew by a factor of two via the accretion event. Our results provide, for the first time, strong observational

evidence that a dE is undergoing a two-phase growth, a common phenomenon for massive galaxies.

Key words: galaxies: dwarf — galaxies: evolution — galaxies: interactions — galaxies: irregular — galaxies: starburst.

1 INTRODUCTION

The size of massive early-type galaxies (Es) has grown up dramati-
cally since z = 3 (Daddi et al. 2005; Trujillo et al. 2007). Detailed
theoretical studies have shown that Es have undergone a two-phase
formation process (Oser et al. 2010). In the first phase, an initial rapid
dissipative gas collapse produces a compact E which primarily hosts
in situ stars (Khochfar & Silk 2006; Barro et al. 2013; Wellons et al.
2016). In the second, the growth mainly occurs through the accretion
of satellite galaxies and the accreted satellite galaxies deposit their
stellar population in the outskirt of the primary host, eventually
making the host larger in overall size (Naab, Johansson & Ostriker
2009). The fraction of ex situ stars is as high as 80 per cent in the
case of high-mass Es. It is well established that Es are the products of
merged disc galaxies (Springel et al. 2005; Naab et al. 2007; Duc et al.
2015), and galaxy mergers and accretions are fundamental to shape
the observable properties of massive galaxies. On the other hand, the
lower mass systems, a.k.a., dwarf galaxies, are predominantly made
up of in situ stars (Cooper et al. 2013; Pillepich et al. 2018; Davison
et al. 2020). Thus, the evolution of dwarf galaxies is expected to
be influenced by the environment-related mechanism more than the
merger or accretion (Boselli & Gavazzi 2006; Kormendy et al. 2009;
Lisker 2009; Paudel & Ree 2014).

Large-scale observational studies reported that early-type dwarf
galaxies (dEs) are primarily found in cluster and group environments,
supporting their origin as the product of the environment (Binggeli,
Tammann & Sandage 1987; Geha et al. 2012). However, several

* E-mail: sjyoon0691@yonsei.ac.kr
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recent deep-imaging surveys revealed that some dEs might have
experienced recent merger or accretion (Paudel et al. (2017, 2018).
This work presents a detailed morphological study on a dE,
SDSS J125651.474+163024.2 (hereafter, dE1256), located in an al-
most isolated environment. dE1256 possesses a signature of ongoing
interaction with an even smaller satellite galaxy whose stellar mass
was once five times lower than that of dE1256. dE1256 has a
luminosity M, = —14.88 mag, which is similar to the luminosity of
previously discovered shell-feature merging dwarfs (VCC 1361 and
VCC 1668) in the Virgo cluster (Paudel et al. 2017, hereafter, P17).

2 ENVIRONMENT AND IDENTIFICATION

We have conducted a systematic search of low-mass early-type galax-
ies in diverse environments (clusters, groups, and fields) of the local
volume (z < 0.01). For this purpose, we visually inspected a large-
sky area observed by the SDSS and Legacy imaging surveys (Aihara
et al. 2011; Dey et al. 2019), and identified 5054 dEs which are
located in clusters, groups, and fields. The resultant main catalogue
will be published in Paudel et al. (2022, submitted). The strength of
the catalogue lies in detailing the morphological characteristics like
tidal, merger, diffuse, and nucleated or non-nucleated features. We
found that a very small fraction (~0.3 per cent) of dEs possess the
morphological features that could possibly originate from a merger.
Among them, dE1256 is unique, in that, it shows signs of ongoing
accretion of a smaller dwarf galaxy (Fig. 1).

dE1256 is located at z = 0.004 in the north-east of the Virgo
cluster at an angular distance of ~8° from MS87, and has no
significant massive neighbour (Fig. 3). Based on the NED, the
nearest companion galaxy is NGC 4758, which is located at a sky-
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Figure 1. dE1256 seen from the Legacy survey images. We show a g—r—
z combined colour image in the top panel, which we obtained from the
Legacy survey viewer tool. The bottom panel gray scale image is produced
from coadding g—r—z band images which have a field of view of 2.5 arcmin x
2.5 arcmin. The colour stretching is arbitrarily chosen to make the best view of
low-surface brightness features. We identify a possible disrupted companion
by a black circle of 7 arcsec radius.

projected distance of 370kpc from the centre of dE1256 in the
south-west direction. NGC 4758 is a star-forming low-mass galaxy
of Mg = —17.64 mag and has a radial velocity similar to that of
dE1256, i.e. 1245kms™". According to the main catalogue, dE1256
is a member of the Virgo cluster and has an assigned distance of
16.5 Mpc. Itis a non-nucleated galaxy with a mean surface brightness

of 22.3 mag arcsec 2.

MNRASL 520, L5-L10 (2023)

3 DATA ANALYSIS

A view of dE1256 in the optical band images is shown in Fig. 1.
We show a g—r—z combined colour image in the top panel, which we
obtained from the Legacy survey viewer tool. To get a higher signal
of the low-surface brightness component, we coadded the legacy g-,
r-, and z- band images, and show the resulting image in the lower
panel. The extension of low-surface brightness component toward
upper north-east direction is clear. After a careful inspection of the
asymmetric tidal feature, we spot a possible disrupted companion
located at an angular distance of 1arcmin (black circle) from the
centre of dE1256.

In Fig. 2, we show the comparative picture of the Legacy (middle)
and SDSS (right) images. To make a quantitate comparison, we
also show a coadded high-S/N image as a reference in left-most
panel, where we overlaid colour (green, red, magenta, blue, and
cyan) contours representing surface brightness levels of 28, 27, 26,
25, and 24 mag arcsec ™, respectively. It is clear that the low-surface
brightness component can be detected as low as 27 mag arcsec™>
level in the coadded image. While looking single filter g-band
image in the middle and right-hand panels, the legacy image is
comparatively deeper than the SDSS and indeed, the extended tidal
feature is much more evident in the Legacy image. However, the
similar appearance of the low-surface brightness feature around
dE1256 in the two images taken by two independent surveys, i.e.
the SDSS and the Legacy, confirms that the observed low-surface
brightness asymmetric tidal tail is not an artefact of image processing
or instrumental defect.

In order to perform a detailed analysis of the morphology and
structure of dE1256, we used the SDSS-III images (Aihara et al.
2011). Although the Legacy images are deeper than the SDSS,
we noticed that the sky-background subtraction is not as perfect
as the SDSS. In the stacked and mosaiced Legacy images, the
sky background seems over-subtracted, which creates an artificial
decrease of the count at the outer parts of galaxies. The effect is
severe for extended low-surface brightness objects. Therefore, we
only used the SDSS images for the surface photometry and derived
structural parameters.

With help of the IRAF ellipse task (Jedrzejewski 1987), we
performed surface photometry on the r-band image of dE1256.
Before running the ellipse task, we subtracted the sky-background
as described in Paudel, Duc & Ree (2015) and manually masked
background and foreground unrelated objects. Fitting ellipses to
the isophotes of the surface brightnesses, we extracted azimuthally
averaged radial surface brightness profiles along the major axis. In
doing so, the centre and position angle of the ellipse were held fixed.
The ellipticity was allowed to vary. The galaxy centre was calculated
using the task imcntr, and input ellipse parameters were determined
applying several iterative runs of the ellipse task.

In the lower panel of Fig. 4, we present the r-band major axis light
profile of dE1256, which clearly shows a break at ~15 arcsec (or
i, = 24.7 mag arcsec ™) attributing to the presence of a dominant
tidal tail at that region. We modelled the observed r-band major
axis light profile with a Sérsic function (Sérsic 1963). Since the
asymmetrical tidal feature dominates the outer part of dE1256, we
skipped this region during the modelling. We only used the inner part
(before the break) using a surface brightness cut of ©, < 23.7 mag
arcsec 2. With the help of y2-minimization scheme, we obtained
a best-fitting Sérsic function with an index n = 0.63 and a half-
light radius R, = 0.6kpc. These values are typically represen-
tative of normal dE of luminosity M, ~ —13.5mag (Janz et al.
2014).
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Figure 2. We show a coadded g—r—z high S/N image in the left-hand panel, where the colour (green, red, magenta, blue, and cyan) contours represent surface
brightness levels of 28, 27, 26, 25, and 24 mag arcsec ™2, respectively. In this image, all unrelated foreground and background sources are masked. To make a
comparison between Legacy and SDSS image, we show their g-band image in the middle and right-hand panel, respectively. We also show a colour contour
as a visual guidance, which was prepared in coadded image in the leftmost panel. It is clear that the Legacy survey image is deeper than the SDSS where the

low-surface brightness component is prominent.

20

200

Figure 3. Location of dE1256, next to the Virgo cluster. Green dots and
gray squares represent dEs and bright galaxies, respectively. The centre of
the Virgo cluster, position of M87, is marked with a large diamond symbol
and the two black concentric rings represent sky-projected radii of 1 and 2
Mpc from M87. We highlight an area of 300 kpc radius around dE1256 with
a red circle. The position of NGC 4758 is marked by a black-square symbol.
With two blue asterisks, we also mark the positions of the Virgo cluster’s
shell-featured dEs which were studied in P17.

We show the g — r colour profile along the major axis in the upper
panel of Fig. 4. The colour profile was derived from the azimuthally
averaged light profiles obtained from ellipse fitting in the g and r
bands. To increase the signal-to-noise ratio in derived colour indices,
we also calculated the colour profile along the major axis by selecting
the 5Sarcsec x 5arcsec box region along the major axis shown by
green dots. The horizontal dash line represents the colour index of
the putative disrupted companion. We find that g—r of dE1256, in
general, declines at large galactocentric radii, and it matches fairly
well with the colour of the disruptive companion.

From a morphological perspective, dE1256 is likely undergoing
a minor merger event. Although it is not trivial to calculate the
merger ratio from the remnant, we used a two-component model
— one is an undisturbed host at the centre and the other is a
destroyed tidal tail — to calculate the approximate stellar mass
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Figure 4. (Top panel) The g—r colour profile of dE1256 along its major
axis (blue dots with error bars). We also derived the colour profile (green
dots) by selecting 5 arcsec x 5 arcsec box region along the major axis. The
estimated error bar on these green points is in order of 0.02 mag which is
significantly low compared to that of the blue dots. The black dash horizontal
line represents the overall g—r colour of the putative disrupted companion.
(Bottom) The SDSS r-band surface brightness profile of dE1256 along its
major axis. We show best-fitting Sérsic profile for R < 15 arcsec in red (n
=0.63 and R, = 0.6 kpc).

in each component. The supposed primary galaxy, which has an
undisturbed inner component, is modelled with a Sérsic function,
and thus the best-fitting inner component model represents the host
galaxy. And then the leftover tidal feature (residual) is assumed to

MNRASL 520, L5-L10 (2023)
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be entirely built up by an accreted minor galaxy. The flux ratio
between the two components is 0.2, and considering their similar
stellar population properties suggested by their similar g—r colour, the
flux ratio directly corresponds to stellar mass ratio. However, there is
a reasonable chance that both components’ stellar populations mix
at any galactocentric distance. We might have underestimated the
contribution of dE1256’s stellar population as we used only its inner
part to calculate the mass.

Because of the complexity in the observed light profile of dE1256,
no overall structural parameters can be derived using a simple Sérsic
function modelling. To measure overall photometric properties, we
used a non-parametric approach, i.e. the Petrosian method (JO8;
Janz & Lisker 2008). Using the Petrosian method, the estimated
value of total luminosity and half-light radius are M, = —14.88 mag
and R, = 1.2kpc, respectively. It has g—r colour index of 0.66 mag, a
typical colour index of dEs of M, ~ —14.88 mag (Lisker, Grebel &
Binggeli 2008; Janz & Lisker 2009). The survived part of the possible
companion has a total luminosity of M, = —8.94mag, and it has
a g—r colour of 0.61 mag. We calculate the stellar masses using a
calibration provided by Zhang, Puzia & Weisz (2017) for the g—r
colour. The calculated stellar masses of dE1256 and the companion
are 1.3 x 10% and 4.8 x 10° Mg, respectively.

We find that the SDSS targeted the host galaxy dE1256 for spec-
troscopic observation. As expected, the SDSS fiber spectrum shows
no emission in the Balmer lines. We derived simple stellar population
(SSP) properties by fitting the SDSS spectrum with an SSP model.
To estimate the SSP parameters, we followed a similar procedure that
we employed in Paudel et al. (2014). The procedure uses a publicly
available full-spectrum fitting tool ULySS (Koleva et al. 2009), which
compares the observed spectrum with the SSP models of Vazdekis
et al. (2010). The SSP age and metallicity of dE1256, derived based
on the SDSS fiber spectroscopy, is 6.2 = 1.2 Gyr and log (Z/Zs)
= —0.26 £ 0.07 dex, respectively.

Indeed, the SDSS fiber spectroscopy observes only the central
3 arcsec region of a galaxy, and therefore the derived stellar popula-
tion properties pertain to the inner component. The typical survival
time of a tidal tail is at most a couple of Giga years (Mancillas
et al. 2019), and a significantly larger SSP age than the tidal tail
survival time suggests that dE1256 was already quenched before the
interaction.

4 SUMMARY AND DISCUSSION

We have presented a case of an interacting dwarf galaxy system in
a nearly isolated environment. From our primary catalogue of 5405
dEs, there are only 13 dEs that are classified as merger remnants,
and among them, only dE1256 exhibits a feature other than the
shell. Paudel et al. (2017) have shown that symmetric shell features
are more likely a product of an equal mass merger with a head-on
collision, where the stellar populations of both interacting galaxies
can redistribute homogeneously at any galactocentric radii. Indeed,
the tidal tail in dE1256 tells a different story presenting a unique
perspective on growth of a low-mass galaxy with the minor merger,
which mainly deposits the stellar populations at the outer parts.
The growth of galaxies through hierarchical merging is a natural
phenomenon of our well-known ACDM cosmology (e.g. Springel
et al. 2005). However, at the lower mass scale, it has been shown
through observation and theory, that the galaxy—galaxy merger is a
rare phenomenon (e.g. De Lucia et al. 2006).

Paudel et al. (2018) presented an extensive survey of merging
dwarf galaxies in the local universe and showed that the dry merger
between dwarf galaxies is a rare phenomenon. There are only three
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Figure 5. The size-magnitude relation of early-type galaxies. The large red
symbol represents the entire body of dE1256 and the same symbol with a
black dot is for its inner Sérsic-profiled component. The comparison sample
(small green symbols) is taken from JOS.

early-type merging dwarfs out of 177, and dE1256 is one of them.
On the other hand, there are three shell feature dEs in the Virgo
cluster and dE1256 is the fourth dE that possesses the tidal feature
originating from the dwarf—dwarf merger.

To quantify the merger parameter — namely merger ratio, we
have used a simple approach fitting the galaxy light profile into
two components model — one inner primary and another outer
secondary. We assume that the outer secondary component is entirely
built up by the accretion of another dwarf. We know that dEs
possess multicomponent surface brightness profile (Jerjen, Kalnajs &
Binggeli 2000; Janz et al. 2014; Lee et al. 2018), and there are as
high as 60 per cent dEs which have such multicomponent features at
the brighter end of their population (Lisker et al. 2007). The origin
of such a multicomponent light profile, in general, is attributed to the
presence of a disc feature, like a bar or a spiral arm, an indication of
the environmental transformation of a late-type galaxy to dE through
the mechanism such as ram-pressure stripping or tidal harassment
(Boselli & Gavazzi 2006; Smith et al. 2021). dE1256 inner core
looks rather regular and non-nucleated, and the outer extended tidal
tail is asymmetric. Therefore, we have interpreted that the observed
multicomponent light profile with outer tidal features originated from
the tidal disruption of a smaller dwarf galaxy.

In Fig. 5, we show the size-magnitude relation of dEs, where
the comparison sample is taken from Janz & Lisker (2008). We see
two different regimes of the relation; in the bright part, the relation is
steep, and in the faint part, the relation is nearly constant. As identified
by the red circle, dE1256 falls in the faint regime, where the data
point shows a large scatter. The red circle with a black dot represents
an inner component that is significantly smaller than the overall size
of dE1256 (shown as the red circle). We find that while the accretion
contributes only 20 per cent of the overall stellar population, the size
of dE1256 increases by a factor of two after the accretion.

Fig. 6 displays the derived ex situ stellar mass fraction of dE1256 as
a function of galactocentric radius. For the comparison, we overplot
the radial ex situ fraction derived from the TNGS50 simulation of
the ILLUSTRISTNG project (Nelson et al. 2019a, b; Pillepich et al.
2019). For this, we produced stacked profiles of the ex situ mass
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Figure 6. The radial profile of the ex situ stellar mass fraction for early-type
galaxies. The blue line represents dE1256. The error bar represents uncer-
tainty in photometric measurement which does not include the uncertainty
in the Sérsic modelling. We show the result of TNG50 simulation in red and
green, which represent binned sample of Mgellar = 107 ~ 108 Mg (7047
galaxies) and Mgeefjar = 108 ~10° Mo (2546 galaxies), respectively. The
shade regions show the 95 percent confidence intervals estimated by 1000
bootstrap resamplings of the simulated galaxies. See Section 4 for the detail.

fraction of all early-type subhaloes in stellar mass bins of Mgejar
= 10"~ 108 Mg and Mg = 108 ~10°Mg, respectively. The
subhaloes are classified as early-type subhaloes when their specific
star-formation rate (sSFR) is as low as log(sSFRyr~!') < —10. Ex
situ stars were defined as those formed outside the main progenitor,
following the method of Rodriguez-Gomez et al. (2016) and Davison
etal. (2020). We discarded a small fraction of stellar particles formed
at very early times when the main progenitor has not yet been
detected. We find that our estimated ex situ stellar-mass profile for
dE1256 agrees, in general, with the simulated galaxy ex sifu stellar
mass profiles. Compared to the TNG50 result, it seems that we have
slightly underestimated the ex sifu stellar mass fractions at the inner
region and overestimated at the outer region. Such deviation can be
a consequence of our simple assumption that the host dominates the
inner component and the disrupted dwarf satellite primarily deposits
its stellar population at the outer radii. Moreover, the simulation
estimates the ex situ fraction based on the actual merging history, yet
in observation, we use a simple assumption that the observed dual
component light profile is due to the different stellar populations of
the host and satellite. Compared to the simulation result, the high ex
situ fraction at the outer region of dE1256 is atypical, pointing to an
ongoing tidal accretion of a satellite.
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Abstract

We present an observational study of the interacting pair of dwarf galaxies, MCG+07-20-052, in the vicinity of
Milky Way mass spiral galaxy NGC 2998. MCG+07-20-052 is located at a sky-projected distance of 105 kpc from
NGC 2998 and the two have a relative line-of-sight velocity of 60 kms~'. We observed tidal tail-like extensions on
both members (D1 and D2) of the interacting pair MCG+-07-20-052. The interacting dwarf galaxies, D1 and D2,
have B-band absolute magnitudes of —17.17 and —17.14 mag, respectively, and D2 is significantly bluer than D1.
We obtained HI 21 cm line data of the NGC 2998 system using the Giant Metrewave Radio Telescope to get a
more detailed view of the neutral hydrogen (HI) emission in the interacting dwarf galaxies and in the galaxy
members of the NGC 2998 group. Evidence of a merger between the dwarf galaxies in the MCG+-07-20-052 is
also present in the H I kinematics and morphology where we find that H1 is mostly concentrated around D2, which
also shows a higher level of star-forming activity and a bluer g—r color index compared to D1. In addition, we
detect extended tenuous H I emission around another member galaxy, NGC 3006, located close to the MCG+07-
20-052 pair at a sky-projected distance of 41 kpc. We compare here our results from the MCG+07-20-052 pair
NGC 2998 system with other known Large Magellanic Cloud/Small Magellanic Cloud/Milky Way-type systems
and discuss the possible origin of the dwarf-dwarf interaction.

Unified Astronomy Thesaurus concepts: Draco dwarf galaxy (408); Interacting galaxies (802); Star formation
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1. Introduction

The theory of large-scale structure formation with A cold
dark matter cosmology predicts that a major mass assembly of
galaxies happens in a hierarchical way and in this hierarchy
low-mass galaxies play a crucial role. They are, indeed, the
dominant population at all redshifts and simulations predict that
dwarf galaxies experience on average three major mergers in
their lifetime (Fakhouri et al. 2010). While dwarf-dwarf
mergers were expected to be more common in the early
universe (Klimentowski et al. 2010; Fitts et al. 2018), recent
observations have shown that they are also present in current
epoch. The interaction between dwarf galaxies in isolated
environments are frequently reported, however they are rare
around a massive host (Stierwalt et al. 2015; Paudel et al.
2018a; Kado-Fong et al. 2020).

Massive galaxy mergers have been studied in great detail in
both observation and numerical simulations (Barnes 1992;
Naab & Ostriker 2009; Duc et al. 2011). The dwarf—-dwarf
interactions, on the other hand, are only starting to be explored
as a population (Stierwalt et al. 2015; Pearson et al. 2016; Besla
et al. 2018; Paudel et al. 2018a). This is partly because such
systems are possibly not common in the local universe or they
are fainter, which makes them harder to detect. The presence of
tidal tails, shells, and streams have been studied in great detail
around massive galaxies, which provides an unequivocal proof
of merger origin of these galaxies (Duc et al. 2015). However
for dwarf galaxies, such observations are few. The small shell-
like feature at the Fornax dwarf galaxy detected by Coleman
et al. (2004) indicated merger and recently Paudel et al. (2017)
presented a detailed analysis of shell feature early-type dwarf
galaxies in the Virgo cluster suggesting merger origin.

Gas-rich mergers of massive galaxies leading to the bursts
of star formation play an important role in the stellar mass

growth and morphological evolution (Mihos & Hernquist 1994;
Wilman et al. 2013). However, the physical processes that
trigger enhanced star formation activity in the low-mass
galaxies are still not well understood. Often to explain starburst
activity in blue compact dwarf galaxies (BCDs), similar
processes of massive galaxies, e.g., the mergers and interac-
tions, have been proposed (Noeske et al. 2001; Bekki 2008;
Lee et al. 2009; Privon et al. 2017). For the Large and Small
Magellanic clouds (LMC and SMC), interaction is a frequently
mentioned reason in the literature to explain the enhanced star
formation activity (Harris & Zaritsky 2009; Glatt et al. 2010).
The LMC-SMC system is located in the group environment in
vicinity of the Milky Way (MW). A number of studies have
shown that such interaction in the group environment is not
common and the pair can be quickly disrupted by the host tidal
potential (Robotham et al. 2012; Deason et al. 2014). In this
paper, we present yet another dwarf-dwarf interacting system
(MCG+07-20-052), located in the vicinity of NGC 2998.

2. Interacting Dwarf

As our primary interest is to find low-mass interacting
galaxies in the nearby universe, we carried out a systematic
search for such objects in the local volume (z < 0.02). We
published the most extended catalog of interacting dwarf
galaxies (Paudel et al. 2018b), which comprises 177 interacting
dwarf galaxies. These galaxies are selected by the visual
inspection of color images of the two wide-field optical surveys
(SDSS-IIT and the Legacy Survey). We select them according
to their observed low surface brightness features that are likely
the result of an interaction between dwarf galaxies. The parent
sample of the dwarf galaxies is selected from NASA
Extragalactic Database (NED) with a magnitude cut of
M, > —19 mag. We found that a significant majority of
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interacting dwarfs are located in the isolated environment and
less then 10% of them are located in the vicinity of giant, MW
mass, or more massive galaxies. Recently, Kado-Fong et al.
(2020) also published a sample of interacting dwarf galaxies
where they study the star formation and host properties. They
also found that dwarf galaxies that host tidal debris are
systematically blue, indicating merger-induced star formation,
which agrees with the findings of Paudel et al. (2018b) where
an overwhelming majority of interacting dwarf galaxies are star
forming and blue.

To maximize the number of systems where the interacting
galaxies are in spatial and kinematic proximity similar to the
LMC-SMC-MW, we defined an LMC-SMC-MW analog as
the interacting dwarf located within a 300 kpc sky-projected
distance from the MW mass galaxy with a relative line-of-sight
velocity less than 300 km s~ Indeed this simple criteria does not
entirely reflect the actual LMC-SMC orbital and spatial proper-
ties. LMC and SMC are located relatively close, <60 kpc, to the
MW compared to our 300 kpc projected distance of an interacting
dwarf from the host. One of the main motivations for using this
criteria is that we do not have three-dimensional information of
our system whereas in the case of LMC and SMC, we know their
detailed spatial and orbital information in six dimensions.

Among the LMC-SMC-MW analogs found using our criteria,
we selected a few systems to study further in detail with HI
21 cm observations. MCG+-07-20-052 is the second object in this
series. Previously, we studied the UGC 4703 interacting pair near
the isolated spiral NGC 2718 (Paudel & Sengupta 2017), where
we discussed the similarity of UGC 4703 pair galaxies to the
LMC-SMC system.

2.1. MCG+07-20-052

MCG+07-20 is located at the sky position of R.A. =
09:49:06.46, decl. = +44:02:54.35 and a redshift of z =
0.01575. It is an interacting pair of star-forming dwarf galaxies
located in a group environment. The most massive galaxy in
the group, NGC 2998, is an MW mass spiral. The NGC 2998
group is a relatively dense group that has at least seven
member galaxies of stellar mass larger than 10® M, within the
300 kpc sky-projected radius and relative line-of-sight radial
velocity £300kms™" from the central galaxy. NGC 2998.
MCG+07-20-052 is the nearest neighbor to the spiral galaxy
NGC2998 at a sky-projected distance of 105kpc* and they
have a relative line-of-sight radial velocity of 60 kms '

3. Data Analysis
3.1. Analysis of Archival Data

Optical band photometric measurements were done in the
archival images available at the Sloan Digital Sky Survey
(SDSS)-III Data Archive Server (Abazajian et al. 2009).
Although deeper optical images are also available from the
Legacy survey (Blum et al. 2016), we did not use them for the
photometric measurement because their flux calibration and
sky-background subtraction are not as good as the SDSS
images. In this paper, we used the Legacy survey images only
for display purpose. The SDSS images were already bias-
subtracted, flat-field-corrected, sky-subtracted, and flux-

4 We use an NED quoted distance of 60 Mpc for the NGC 2998 group. The

distance is derived from the Tully—Fisher relation (Tully et al. 2016).
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calibrated. We used a tool provided by the SDSS-III to create
a mosaic image with a large field of view and no further effort
has been made on the image reduction part. However, we used
a simple and similar approach to subtract the sky-background
count as in our previous publications (Paudel et al. 2018b,
2018a).

In Figure 1, we show the Legacy g—r—z combined tri-color
image with a field of view of 14’ x 15’ around NGC 2998 that
covers all member galaxies of the group. MCG+07-20-052 is
located in between the NGC 3006 and NGC 2998 and two tidal
tail-like extensions can be seen emanating from the interacting
dwarf pair along the direction of NGC 2998. The sky-projected
separation between NGC 3006 and MCG+07-20-052 is 41 kpc
and the relative line-of-sight velocity between the two is
100 km s~ ". The relative line-of-sight velocities of D1 and D2
from NGC 2998 are 18 and 59 km s~ ', respectively.

In Figure 2, we show a zoomed-in region around MCG+-07-
20-052 and NGC 3006. We named the two interacting dwarf
galaxies in MCG+-07-20-052 pair as D1 and D2 located to the
east and west respectively. Their sky-projected separation is
7.5 kpe, which we measured calculating the centroid of each
individual, see the cross marks at Figure 2. Although both
galaxies look like typical blue star-forming galaxies, the
observed color distribution shows that the main body of D1
is slightly redder and smooth. On the other hand, the main body
of D2 is clumpy and its morphology mimics a typical tadpole
galaxy with a prominently blue star-forming head and a low
surface brightness tail (Elmegreen et al. 2012). A careful look
at NGC 3006 reveals a low surface brightness (slightly above
the detection limit) extension toward MCG-+07-20-052, which
is significantly blue compared to the main body of the galaxy.
The region has been marked with a dashed line in Figure 2.

To measure the photometric parameters of each individual
galaxy, we performed aperture photometry in the SDSS g- and
r—band filter images. We chose different aperture sizes for
each individual galaxy depending on their extension, but kept
them fixed for different filters. The sizes of apertures were
selected visually and they were wide enough to secure all the
flux in the region of interest. Before the doing aperture
photometry, we masked all unrelated foreground and back-
ground objects manually. Foreground Galactic extinction
correction was done by applying an extinction map of Schlafly
& Finkbeiner (2011) and no correction has been made for
internal extinction and cosmological deeming, the later being
actually insignificant.

The result of the photometric measurements are listed in Table 1.
We converted the SDSS g-band magnitudes to B-band magnitudes
using an equation, B = g + 0.227 x (g — r) — 0.337, pro-
vided by the SDSS color transformation tool.” To derive the stellar
mass, we used the —band magnitude with an appropriate mass-
to-light ratio (M/L). The M/L is obtained using log(M /L) =
—0.306 + 1.097 x (g — r). This assumes a simple stellar
population with a single burst of star formation to derive a
relation between the mass-to-light ratio and galaxy color. Indeed,
galaxy star formation histories are complex. However, it is shown
that scatter in the mass-to-light ratio derived from different star
formation history for a given color is ~0.2 dex, see Section 4.3 of
Zhang et al. (2017). Therefore, we consider 0.2 dex as a typical
conservative error on our stellar mass estimates.

5 http: / /www.sdss3.org/dr8 /algorithms /sdssUB VRITransform.php
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Figure 1. Optical view NGC 2998 seen from the SDSS g—r—z combined tri-color image. The field of view is 14’ x 15’. The center is adjusted to include all galaxies

in the field of view and they are marked.

The interacting dwarfs, D1 and D2, have a similar brightness
with B-band absolute magnitudes of —17.17 and —17.14 mag,
respectively, but D2 is significantly bluer. Their g — r color
indexes are 0.23 and 0.05 mag, respectively. Overall, a
combined (D1+D2, a.k.a, MCG+07-20-052) photometry, with
a large aperture that covers both, yields a B-band absolute
magnitude of —17.94 mag. NGC 3006 has a B-band absolute
magnitude of —18.28 mag and it turns out much redder than an
interacting dwarf pair with a g — r color index of 0.66 mag.
The estimated stellar mass of D1, D2, and NGC 3006 are
537 x 10%, 2.63 x 10, and 8.12 x 10° My, respectively.
That gives a stellar mass ratio between the interacting dwarfs
pair of ~2:1.

We measured the g — r color index of the tidal tail-like
extensions of D1 and D2, marked with the dashed line in
Figure 2. We found the tidal tails of both the dwarfs to have a
similar g — r color index of 0.22 mag. And for NGC 3006, we
found the low surface brightness eastern extension, also
marked with a dashed line in Figure 2, to be significantly
bluer compared to its main body, with a g — r color index of
0.14 mag.

To calculate ongoing star formation rates we used the Galaxy
Evolutionary Explorer (GALEX) images. The area around
NGC 2998 is covered by the GALEX all-sky survey (Martin
et al. 2005) and we downloaded the intensity map from the
archive. Although the all-sky survey images are not of deep
exposure, we still find a reasonable detection in far-UV (FUV)
band images for all galaxies in the NGC 2998 system. We
performed aperture photometry as done in the SDSS images in
both FUV images. We derived the star formation rates from the
FUV flux using a calibration provided by Kennicutt (1998).
The values are listed in Table 1.

The SDSS fiber spectroscopy has targeted the brighter
galaxy, DI, of the interacting pair and its measured optical
redshift is z = 0.0156. We obtain the optical spectrum from the
SDSS archives. The SDSS 3” diameter fiber is placed at a
relatively red part of central body and the spectrum continuum
does not have a high S/N. However, the emissions from early
Balmer lines (Ha, H6, Hvy, and HpB) are clear. The Ha
equivalent width measured in the SDSS fiber spectrum is 15 A
and this value is not high enough to consider the galaxy as a
starburst, which is typical for local blue compact dwarf galaxies
(BCDs; Meyer et al. 2014). Emission line metallicity derived
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Figure 2. Zoomed-in view of the region around MCG+07-20-052 and
NGC 3006. The upper panel image is reproduced same way as Figure 1, which
has a field of view of 4’5 x 3/. Here we marked the two interacting dwarf
galaxies (D1 and D2) in MCG+07-20-052. The supposed center, calculated as
the centroid, of D1 and D2 are also marked by black crosses and their
separation is 25”77. In lower panel image, we show further zoom-in of
NGC 3006 and this image is reproduced by co-adding legacy g—r—z band
images to gain signal at the low surface regions. The polygons, white in top
panel and red in the lower panel, represent the regions of stellar stream we have
chosen for the photometric measurement, see the text.

from a ration of Ho/[N 1] is 8.2 (Marino et al. 2013) and the
star formation rate derived from the Ho emission line flux is
0.001 Mgyr ', which is significantly lower than the star
formation rate derived from the FUV flux. However we note
that 3" diameter fiber spectroscopy only represents the central
part of the galaxy and the star formation rate derived from the
FUV flux is summed over the entire galaxy.

3.2. HI 21 cm Observations

HT observations of MCG+07-20-052 were carried out using
the Giant Metrewave Radio Telescope (GMRT(’) located at
Pune, India. The system was observed between 2019 January 30
and February 1 as a part of our observing proposal “GMRT H 1
mapping of LMC-SMC-MW analog.” A 16 MHz bandwidth
was used yielding a velocity resolution of ~7kms ', The
GMRT primary beam at the L band is 24’ and the synthesized
beams of the images presented in the paper are 3770 x 32”9
(low resolution) and 15”3 x 1179 (high resolution). At the
adopted distance of MCG+07-20-052, 60 Mpc, 37", and 15"
sample 11kpc and 4 kpc respectively. The data was analyzed
using the software ATPS.” After flagging bad data for radio

S http:/ /www.ncra.tiff.res.in/ncra/gmrt
7 http: //www.aips.nrao.edu
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frequency interference or from malfunctioning antennas, the UV
data was calibrated and continuum subtracted. Image cubes of
various resolutions were then made using the AIPS task IMAGR.
Finally the integrated H 1, velocity field, and velocity dispersion
maps were made from the HI cubes using the AIPS task
MOMNT. Further details of the observations are given in Table 2.

Figure 3 shows a low-resolution integrated H 1 map overlaid
on the SDSS g—r—z co-added image. Significant H1 emission
is detected in four galaxies NGC 2998, MCG+07-20-052,
NGC 3006, and KUG 0946+441. NGC 3005 and NGC 3008
show marginal detections. The HI masses of the interacting
dwarf pair MCG+-07-20-052 and its two significant neighbors,
NGC 3006 and NGC 2998, were estimated from our observa-
tions and are listed in Table 1. Lack of spatial resolution limited
us from estimating individual masses of D1 and D2. The H I disk
in NGC 2998 seem quite regular and unperturbed while both
MCG+07-20-052 and NGC 3006 show extended and irregular
H I morphologies. The high-resolution (15”3 x 1179) image of
a part of the field, with NGC 3006 and MCG+07-20-052, is
presented in the inbox. The outermost contour here is ~2.5 x
10% cm ™2 compared to the outermost contour of 0.4 x 10?° cm ™2
tracing the diffuse gas in the low-resolution image. In MCG+07-
20-052, the high-resolution image reveals that the H I peaks in the
merger system coincide mostly with D2. While it was not possible
to resolve emission from individual galaxies, two HT peaks were
detected. The stronger peak coincides with the head of the tadpole
D2, and the other one is seen in the region between D1 and D2,
see the inset of Figure 3. The HTI distribution in NGC 3006 is
extended significantly beyond the optical size of the galaxy. The
HT disk of NGC 3006 is almost U-shaped and extends toward
MCG+07-20-052, though no HT bridge was detected between
NGC 3006 and MCG+07-20-052.

Figure 4 shows the H 1 velocity field of NGC 2998, the MCG
407-20-052 pair, and NGC 3006. In top panel, we show the
velocity field obtained from the low-resolution HI cube. In
bottom panel, we show a zoomed-in view of the region
highlighted by a green box in the top panel and it shows the
high-resolution velocity field. As seen in the low-resolution
image, NGC 2998 does not seem to be kinematically affected
by any of the other galaxies. HI in the MCG+07-20-052 seem
to be merged with the bulk of the gas shifted toward D2. We
see no signs of rotation or clear velocity gradient in D1 and D2
and they are indistinguishable even in the high-resolution
image. The velocity field of NGC 3006 seems to be preserving
its rotation while showing an extended U-shaped morphology,
an asymmetry possibly caused by some past interactions. The
gas kinematic center seems to be coincident with the optical
center. The H I spectrum of NGC 3006 shows a regular rotating
feature as we can see the classic double-horn profile and its
center perfectly matches with the optical velocity of the galaxy
center, Figure 5 blue line. SDSS spectroscopy exists for two
pointings in NGC 3006: one at the center and another to its
west, which have been marked by the black crosses. We find
that the gradient in the optical velocity of NGC 3006 matches
with that of the HI velocity, suggesting that the gas and stellar
masses share the same sense of rotation. However, we note that
the spatial resolution of our observations, specially the H I data,
is not sufficient to make strong claims about the matching
gradient, nonetheless the matching spectral line width com-
bined with the velocity gradient information from the optical
and H I maps suggest an alignment of gas and stellar kinematics
in NGC 3006.
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Table 1
Physical Properties Galaxies in the NGC 2998 System
Galaxy R.A. Decl. Z Mp g—r D SFR M, My,
(deg) (deg) (mag) (mag) (kpc) log(Me yr™") log(Mo) log(Mo)
NGC 2998 147.1825 44.0815 0.01595 —20.94 0.43 000 0.39 10.58 10.67
NGC 3006 147.3221 44.0259 0.01600 —18.28 0.66 152 —1.03 9.91 9.43
NGC 3005 147.3125 44.1313 0.01515 —17.99 0.75 141 —1.49 9.95
NGC 3008 147.3927 44.1026 0.01579 —18.65 0.75 214 —1.66 10.21
KUG 0946+441 147.3383 43.9179 0.01585 —18.68 0.33 228 —0.86 9.51
1094944408 147.3849 44.1338 0.01512 —16.18 0.37 212 —1.29 8.58
D1 147.2771 44.0483 0.01575 —17.17 0.23 101 —0.78 8.73
D2 147.2870 44.0470 —17.14 0.05 111 —0.66 8.42
MCG+07-20-052 —17.94 0.18 105 —0.40 8.96 9.18

Note. We list the galaxies names and their position in sky (RA & Dec) in columns 1-3, respectively. In the last row MCG+-07-20-052 represents a combined value of
D1 and D2. The listed redshifts, in the fourth column, are obtained from the SDSS spectroscopy. The B-band magnitudes, in the fifth column, are converted from the
g-band magnitudes and corrected for foreground Galactic extinction. A typical error on the magnitudes is 0.01 mag in all optical band photometry. The star formation
rates are derived from FUV flux measured in the GALEX all-sky survey images. The stellar mass, listed in column 8, is derived from the SDSS r—band magnitudes in

which we expect a systematic uncertainty of 0.2 dex, see the text.

Table 2
GMRT Observation Details

1398.3949 MHz
2019, 30 Jan—1 Feb
0834555
15.0 hr
24" at 1420 MHz
3770 x 32”9 (PA = —12°3)
1573 x 1179 (PA = 20°3)
1.1 mJy beam™"

0.9 mJy beam™"

09" 49™ 0746
449 02™ 5230

Frequency

Observation date

Phase calibrator (flux density)
Observation time

Primary beam
Low-resolution beam
High-resolution beam

rms for low-resolution map
rms for high-resolution map
R.A. (pointing center)

decl. (pointing center)

This probably indicates that NGC 3006 has not undergone a
strong interaction with any of its neighbors. Being in the group,
interactions with its neighbors may have affected the outer
edges of its HI disk, but they were never strong enough to
disrupt its gas disk or disturb its rotation pattern. Additionally,
while the HI in NGC 3006 is asymmetric and somewhat shows
an extension toward MCG+07-20-052, in the velocity space
they seem to be separated by ~100kms™', suggesting that
they might have suffered a fast and weak interaction in the
recent past.

4. Discussion

4.1. Comparison with the LMC-SMC-MW System and
Interaction

The ongoing interaction between the LMC and SMC,
indeed, is happening in a group environment in the vicinity
of the MW, although a satellite pair of LMC-SMC mass
around the MW mass host is not commonly seen (Robotham
et al. 2012). Cosmological volume numerical simulations
predict that there is less than a 10% chance that the MW mass
halo would host two subhalos of the mass of the Magellanic
clouds (Boylan-Kolchin et al. 2010; Tollerud et al. 2011).
Similarly, analyzing the Galaxy And Mass Assembly Catalog
of Galaxies, Robotham et al. (2012) estimated the probability
of such systems is less than 5%. Following these statistics, the
merger probability of LMC-SMC morphology dwarf galaxy
satellites around the MW mass host maybe even smaller. While

analyzing the statistics, we have found ~10% (19 out of 177)
of interacting dwarfs are located within the 700 kpc sky-
projected radius from the MW mass halo and among them only
four are qualified as LMC-SMC-MW analogs located within
the 300kpc radius. Different authors have used different
criteria to search the LMC-SMC analog. Robotham et al.
(2012) selected a pair of dwarf galaxies located within the
spatial and velocity radius of 100 kpc + 400 kms™', respec-
tively, from the host and Liu et al. (2011) selected a pair of
dwarf galaxies located within the spatial and velocity radius of
100 kpc + 300 km s respectively, from the host. Whereas,
we selected the interacting dwarfs, not simply a pair, located
within the 300 kpc sky-projected radius and +300km s line-
of-sight radial velocity from the host. Given different selection
criteria for LMC-SMC analogs in the literature and this study,
we refrain from making any strong claims and only present a
qualitative comparison.

MCG+H07-20-052 is located at a sky-projected distance of
105 kpc from NGC 2998, which has a stellar mass similar to
the MW. We list a direct comparison of physical parameters
between the LMC-SMC-MW system and the NGC 2998-
MCG+07-20-052 in Table 3. In comparison to the MW and
NGC 2718, NGC2998 is located in a relatively dense
environment where we find several bright (brighter than
SMC) galaxies around it. There are at least seven galaxies
with confirmed redshift information within a sky-projected
radius of 300 kpc around NGC 2998. In addition to the galaxies
presented in Figure 1, we find that NGC 3009 is located at a
sky-projected distance of 442 kpc, which is a magnitude fainter
than NGC 2998.

In Figure 6, we show the immediate environment of NGC 2998
within an area of £500kpc in the sky. The position and radial
velocities of the galaxies are obtained from NED. We can see
many galaxies within our selected sky area and this certainly
makes the immediate environment of NGC 3009 significantly
different from the MW and NGC 2718. There are only two bright
star-forming galaxies located around the MW (LMC and SMC)
and NGC 2718 (UGC4703 and UGC4703B). This, indeed,
shows that NGC2998 is located in a significantly denser
environment than the MW and NGC 2718.

In NGC 2718, the interacting satellites were connected
through a stellar stream where we identified a blue star-
forming region, a possible candidate of the tidal dwarf galaxy
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Figure 3. Integrated H 1 contours from the GMRT low-resolution map overlaid on the Legacy co-added g—r—z band images. The field of view of the image is similar to
that in Figure 1. The H I column density levels are N(H1) = 10%° x 04,09,2.7,45,6.3,9.0,11.7, 13.5) cm 2. A black ellipse at the bottom left corner represents
beam size of the GMRT observation. In the inset we show a zoomed-in view of a region highlighted by black box with a field of view similar to Figure 2. The overlaid
HT contour is obtained from a high-resolution map that has a beam size of 15”3 x 11”9, see the bottom right corner. The H1 column density levels are

NHID = 10 x (2.5, 4.3, 6.1, 9.0, 12.0, 13.9, 15.1, 16.3, 18.1) cm™ 2.

and their sky-projected separation was 20 kpc. However in
MCG+07-20-052 we do not find such a stellar stream
connecting the interacting dwarfs D1 and D2, and also their
separation is quite small, almost overlapping each other. The
lack of spatial resolution prevented us from estimating the gas
loss in terms of individual H I deficiencies for D1 or D2, but we
do notice a hint of an HT shift toward D2. So we tried to
estimate the average gas content of the MCG pair, although we
acknowledge the uncertainties are large in such an estimate.
Assuming that the net HI content of 1.6 x 10° M, is shared
equally by D1 and D2, and the average optical diameter of the
galaxies is 0’5 (8.8 kpc), the H1 surface density (My I/D%)
value turns out to be ~7.0. Comparing this with the average H1
surface density value of an unperturbed field galaxy of similar
morphological type and taking into account the uncertainty on
that number (Haynes & Giovanelli 1984), we conclude that the
MCG pair shows no significant HI deficiency. Compared to the
reported cases of gas transfer to the outskirts in forms of
extended tails in dwarf-dwarf pairs (Pearson et al. 2016), the
MCG pair shows no major gas loss and seems to retain the
majority of its gas close to its optical extent. The two dwarfs
D1 and D2 seem to be interacting, leading to gas transfer or a
projected shift of the bulk of the gas from D1 to D2, but there

seems to be no massive gas loss from the pair into the
intergalactic medium.

Our HI data is fairly deep, with the lowest HI contour
tracing ~4 x 10" cm™. But unlike the Magellanic Stream
(MS) we do not detect any H I extension/emission connecting
NGC 2998 and the MCG+07-20-052. Instead, we find that the
H1 distribution around NGC 3006, another LMC mass dwarf
galaxy, to be asymmetric and stretched toward MCG+07-20-
052. The warped but unperturbed rotation pattern of NGC 3006,
as observed in the HI as well as optical data, suggests it may be
undergoing or may have undergone a flyby interaction with its
neighbor galaxy MCG+07-20-052. We derive a tidal index,
0,8 on the MCG+07-20-052 pair from the NGC 2998 and
NGC 3006, i.e., @NGC 2098 ™~ 2.4 and ®NGC 3006 " 3.07. WhiCh,
indeed, shows that the tidal influence of NGC 30006 is significantly
larger than that of NGC 2998. The LMC/SMC tidal index is
significantly larger than these values, which is 3.7 (Pearson et al.
2016).

The head—tail elongation seen in the optical in D1 and D2 as
well as the pushed U-shaped HI morphology seen in

8 1o MIx101Y

0=
D;p
projected distance from the dwarf (Karachentsev et al. 2013).

) where M, is the stellar mass of host and D,; is the
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Figure 4. Top: the H I velocity field from the GMRT low-resolution cube. The
black contour traces the lowest column density contour of the low-resolution
integrated HI image (N(HI) = 0.4 x 10 cm~?). Bottom: we show a
zoomed-in view of the region highlighted by a green box. This shows the
high-resolution velocity field. The white contours trace the optical g-band light
at the surface brightness levels of 25 and 26.5 mag arsec > for the inner and
outer, respectively. The black contour traces the lowest column density contour
of the low-resolution integrated H I image, same as the top panel. The black
crosses represent the SDSS fiber spectroscopy targeted position, where optical
velocities are available.
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Figure 6. Distribution of galaxies around NGC 2998 where we sampled all
galaxies available at the NED within the velocity range of £700 km s~ with
respect to the line-of-sight velocity of NGC 2998. The x-axis and y-axis are
offsets in R.A. and decl. from NGC 2998, respectively, and both are in units of
kiloparsecs. The symbol color represents their relative line-of-sight velocities
with respect to NGC 2998, according to the color bar at the top of the plot. We
highlight the immediate, 300 kpc sky-projected radius region around the
NGC 2998 by a dotted red circle.

Table 3
Comparison with LMC-SMC, UGC470, and MCG+07-20-052
Galaxy Mp D M, SFR H L
(mag)  (kpc) Mo Mo yr™! M,
MW

MW -21.17 0 5% 10" 0.68-1.45 8 x 10°
LMC —18.60 50 2.3 x 10° 0.2 44 x 108
SMC —17.20 60 53 x 10® 0.04 4 % 108

NGC 2718
NGC 2718 —21.01 0 7 x 10" 0.97 1.12 x 10"
UGC 4703 —~18.0 81 1.8 x 10° 0.2 1.4 x 10%
UGC 4703B  —16.5 104 5.4 x 10® 0.03

NGC 2998
NGC 2998 —20.94 0 3.8 x 10 245 8.7 x 10°
DI —17.17 105 53 x 10® 0.16 1.5 x 10%
D2 —17.14 112 26 x 10® 0.21
NGC 3006 —1828 157 8.1 x 10° 0.09 2.6 x 10°

Notes. The H I masses of the NGC 2998 system have been estimated from the
GMRT spectra. The table is reproduced from our previous study on UGC470 in
the NGC 2718 group (Paudel et al. 2018b).

* Combined H I mass of the interacting pair.

NGC 3006 could usually be seen as signs of ongoing ram
pressure stripping (RPS; Abramson et al. 2011) in the group.
Commonly known as jelly-fish galaxies, ongoing RPS galaxies
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also show compression of HI on the opposite side of an
elongated tail and depending on the strength of the ram pressure,
the HI distribution show signs of outer edge gas stripping, e.g.,
JO206 (see Ramatsoku et al. 2019). Also RPS mainly affects
the gas distribution before it affects the stellar disk. In MCG
+07-20-052, while the tadpole-like feature is visible in the
optical, we find no hint of compression or shrinking of the H 1
disk and the HI distribution is more extended than the
galaxy’s stellar distribution in both NGC 3006 and MCG+07-
20-052 (see the white contour in Figure 4). Therefore this
extended, merged, and asymmetric HI distribution in MCG
+07-20-052 suggests that the observed tidal features on both
HI gas and stellar population, including the tadpole-like
appearance of the dwarfs, may have originated mainly from
tidal interaction and not from RPS. Ram pressure alone could
not be responsible for the optical features of D1 and D2,
rather it could be tidal assisted ram pressure which is more
commonly found to influence galaxy evolution in group
environments (Davis et al. 1997; Sengupta et al. 2007; Besla
et al. 2012; Pearson et al. 2018). In contrast, in the LMC the
presence of stars well beyond the H1 distribution in the
leading edge suggests that RPS played a strong role and
Salem et al. (2015) concludes that the disk of the LMC was
truncated by the peak ram pressure at pericentric passage.

5. Conclusions

We present GMRT HT images and optical photometry data
of the galaxies in the NGC 2998 group. From the data analysis
and their discussion in the broader context, we draw the
following conclusions.

(1) We identity MCG+07-20-052, a pair of dwarf galaxies of
LMC-SMC mass, located in the vicinity of MW mass
spiral galaxy NGC 2998.

(2) H1is mostly concentrated around only one member of the
interacting pair, i.e., D2, which also shows a higher level
of star-forming activity and bluer g—r color index
compared to the other member of interacting pair, i.e., D1.

(3) We detect extended tenuous emission of HI around
another member galaxy, NGC 3006, located close to the
MCG+07-20-052 at a sky-projected distance of 41 kpc.

(4) We present a comparative analysis between LMC-SMC—
MW, NGC 2718-UGC 4703, and NGC 2998 -MCG-+07-
20-052. We found that NGC 2998 is located in a
relatively denser environment compared to the MW and
NGC 2718. In addition, unlike the MS we do not detect
any H 1 extension connecting MCG+07-20-052 and the
host NGC 2998.
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ABSTRACT
Structural parameters like size, Sersic index, total luminosity and ellipticity are important tools to study galaxy
formation and evolution. This work studies a compact dwarf galaxy CG 0315, originated from a merger, and performs
a detailed analysis of morphological parameters. The galaxy size is derived by using two different methods, i.e.,
parametric and non-parametric. The parametric uses the Sersic modeling, but it is found that the observed light profile
of CG 0315 cannot be modeled with a simple Sersic function. This is, however, common in merging feature galaxies.
Therefore, for further analysis, the half-light radius derived from the non-parametric method can be used as the size
of the galaxy. CG 0315 is far more compact than a typical galaxy. We measured its effective radius of 4.05 arcseconds
and half-light radius of 2.60 arcseconds that corresponds to a physical value of 221 parsec. Its ratio between the minor
and major axis is 0.82, and the position angle is 179 degrees to the North. The star formation rate of the galaxy is
0.051Mp year'. We conclude from these observational data that CG 0315 will continue to be a compact dwarf galaxy
when star formation stops and transforms into a well-known compact elliptical galaxy. Therefore, CG 0315 might be

a progenitor of an elliptical galaxy.

Keywords: Compact dwarf galaxy, Galaxy merger, Sersic index, half-light radius

INTRODUCTION

Structural parameters; size, concentration, and ellipticity
are important tools for studying galaxy formation and
evolution. Galaxies follow a scaling relation between size
and magnitudes that is continuous over the whole range
of luminosities (Graham & Guzman, 2003; Ferrarese ¢#
al., 2006; Janz & Lisker 2008). The universality of this
relation has been a subject of considerable debate
because of the presence of outliers and the non-linearity
of the relation (Kormendy 1985; Kormendy ef af., 2009;
Chen e al, 2010). The high redshift galaxies are
noticeably more compact than the local (z < 0.1) galaxies,
indicating that early formed galaxies are more compact
than later produced galaxies. One of the enigmas of
modern cosmology is the size, history, and formation of
compact galaxies in the early universe.

Galaxies are three-dimensional objects, and we observe
them in a projected plane of the sky. Their structures, in
general, are quantified through the use of integrated light
profiles along the major axis. These profiles are
measured by averaging the observed intensity of a galaxy
at a given radius in a concentric ellipse and then
determining how this intensity varies as a function of
radius. It was first formulated by de Vaucouleurs in 1948
(Buta, 1996), who used light measurements for elliptical
galaxies. Surface photometry is a process of quantifying
galaxy morphology. The colors of the galaxies derived
from surface photometry through different passbands
provide information about the ages and metallic
contents of the stellar population of the galaxies. The
measured light profile is called the surface brightness

profile, which reduces observed two-dimensional
isophotes to a 1D set of parameters. Galaxies' isophotes
are closely approximated by ellipses which simply reflect
the condition that underlying stellar orbits in galaxies are
Keplerian. From the surface photometry, we can find the
variation of intensity and ellipticity with a radius of the

ellipses.

In this work, we present an analysis of the structural
parameter of a compact merging dwarf galaxy CG 0315.
We derive its size, Sersic index and position angle. We
make comparative study between morphological and
star-formation properties.

MATERIALS AND METHODS

Sample Selection

CG 0315 is taken from a catalog (Paudel ¢ al., 2018) of
merging dwarf galaxies which shows compact visual
morphology. It has a sky position R.A. = 10" 01™ 14.38s,
Dec. = + 37° 04'15.24", and a redshift of 7 = 0.0048. In
the catalog, it is listed as a shell feature merging dwarf
galaxy. Itis located in an isolated environment where we
identify no nearby companion within the 500 kiloparsec
(kpc) sky projected radius with a line-of-sight relative
radial velocity range of = 500 km s

Figure 1 reveals the optical view of CG 0315, where we
can see elongated low surface brightness tidal tail along
the galaxy's major axis. The color image is a cutout of the
Legacy sky-server images (Dey ez al, 2019), which is
prepared by combining g-, -, and g-band images. The
field of view of the image is 1’X2’. For the distance of
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CG 0315, it corresponds to a physical value of 28 X 56
kpc. We can see that the inner part is quite round and
bluish, and the outer low surface brightness extended
tidal tail is relatively reddish.

Figure 1. Optical image of CG 0315. Field of view of image
is 1 X 2 arcmin, where the north is top and the east is left.
The image is obtained from Legacy sky viewer which is

prepared by combining the mono-color g-r-zfilter images.

The basic photometric properties; R. A., Dec., red shift,
b-band absolute magnitude, difference of g and » band

Table 1. Basic Physical Parameters of CG 0315

magnitudes and star formation rate of CG 0315 are listed
in Table 1. Located at 20.34 Megaparsec distance from
us, it has an /-band absolute magnitude My = —15.94
magnitude (mag) and an overall g — 7 color index of 0.14
mag, with a star-formation rate of 0.051 Mo year!. This
value of the star formation rate (SFR) is slightly less than
the star formation rate of a newly formed, less metallic
interacting dwarf galaxy NGC 2604 of value 0.057 Mo
year! obtained from the spectroscopic calculation using
Ha emission line flux (Chhatkuli ez 4/, 2020). The
line-of-sight radial velocity of the galaxy obtained from
NED is 1467 km s~

Imaging Analysis

To perform image analysis, the Sloan Digital Sky Survey
(SDSS) images are used which we obtained from the
SDSS archive database (Ahn ez a/, 2012). We primarily
employed the 7~band image from the SDSS to carry out
surface photometry because of its higher signal-to-noise
ratio. The Image Reduction and Analysis Facility IRAF)
task ellipse was used to extract the galaxy’s major-axis
light profile. IRAF is a collection of software, which is
used to fit elliptical isophotes in an optical image of
galaxies, and we can obtain several parameters like
intensity, radial distance, ellipticity, etc. The IRAF reads
the 2D image section and produces output in tabular
form. The ellipse uses the methodology described in
Jedrzejewski (1987), where for each semi-major axis
length, the intensity I(¢) is azimuthally averaged along
an elliptical path described by an initial guess for the
isophote’s center (X, Y), ellipticity (e), and semi-major
axis position angle (0). The intensity I(¢}) is expanded
into the following Fourier series to quantify how the
intensity deviates from being constant along the fitted
ellipse.

Parameters  R. A. (deg.) Dec. (deg.) Z M3 (mag) g-r (mag) SFR (Moyear)
Value 150.309990 37.0709423 0.0048 -15.94 0.14 0.051
I () =L, + Y[Awsin(k¢) + Brcos(kd)] 1) increased logarithmically. The discrete radii of ellipses
k are specified by the rule that the different semi-major

Where I is the intensity averaged over the ellipse and ¢
is azimuthal angle. Ay and By are the Fourier coefficients.
If an isophote is a perfect ellipse, Ax and By will be
exactly zero.

All foreground and background unrelated objects were
masked. The masking was performed manually, where
we visually identified the unrelated objects. The center
of galaxies was derived using the imcentre task in the
IRAF, which calculates a centroid of the provided image
section. The centroid of the image is the arithmetic mean
position of all points in the image. The upper panel of
Figure 2 shows the r—band grayscale image where the
green circled regions were masked before the fitting.
While fitting the ellipse, position angle and ellipticity
were allowed to vary freely, and the semi-major axis was
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axis lengths are spaced by a factor of 1.1. The ellipse
center was not allowed to wander by more than 3 pixels
between consecutive isophotes.We show the derived
surface brightness profile along the major axis in the
bottom panel of Figure 2. It is clear that the surface
brightness profile is not smooth, and we can see a steep
rise in the middle and nearly constant at the outer radius.
Figure 3 shows a variation of position (PA) angle and
ellipticity (e) along the major axis. The position angle
varies rapidly at the inner part, and it remains neatly
constant beyond a five arcsecond radius. The ellipticity
shows the same behavior in the central region. It
continuously increases at the outer radius, which we also
see in the overlay blue ellipse of Figure 2 at the top right
panel.
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Figure 2. In the top left panel, we show SDSS r-band
image, where we masked foreground and background
unrelated objects, see green circle. The center of the
galaxy is marked by a red cross. In top right, we overlay
best fitted ellipse obtained from IRAF ellipse task. In the
bottom panel, we show derived light profile along the
major axis. The y-axis is the surface brightness in the unit
of mag per arcsec?.
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Measurement of Galaxy Size

Galaxies never have an endpoint; therefore,
measurement of galaxy size is not a trivial task. In general,
we use two different approaches to derive galaxy size, i.c.,
parametric and non-parametric. In the parametric
approach, we first approximate the galaxy light profile
into a parametric function such as exponential or de
Vaucouleurs. In general, both exponential and de
Vaucouleurs are the special cases of Sersic function
(Sersic 1968) defined as

a
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I(R) =Lexp {— ba [(R%)l/n - 1}}

Where I. is the intensity of the light—profile at the
effective radius R. and n is called Sersic index, which
defines the ‘shape’ of the profile. The term by, is simply
a function of n and is chosen to ensure the radius R.
encloses half of the profile’s total luminosity. In general,
as a special case of the Sersic model, we use # = 4 for the
early-type galaxy called de Vaucouleurs, and for the late-
type galaxy, we use # = 1, which is exponential.
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Figure 4. Modeling of observed light profile with a Sersic

function. The black line represents a best fitted Sersic

function to the data

The exponential function is generally used for late-type
galaxies, and de Vaucouleurs functions are typically used
for eatly-type galaxies. These analytic functions have free
parameters such as effective radius R. and effective
surface brightness z.. We finally modeled the observed
light profile with these functions and found the best-fit
parameters. We do not need to know where the galaxy
ends in this approach, and we simply use the best fit
effective radius as a galaxy size.

On the other hand, non-parametric methods measure
the galaxy size without the use of any analytic function.
One simple method is called the Petrosian method; we
first define an empirical radius from the observed
intensity profile, called Petrosian radius a,,, (Blanton ez 4/,
2001; Petrosian 1976). To calculate this, we first derive
the Petrosian index, which is the ratio of the surface
brightness at R to the mean surface brightness within R,
ie.,

bR

2® = L®)

€)

Where #(R) is surface brightness at radius R, and (u(R))
is the average surface brightness within that radius, and
Petrosian radius is defined where » = 0.2. Then it is
assumed that the galaxy extension is at most out to 2ap,
and the total flux in it is measured within a 24, aperture.
Once we know the total flux, we can measure the
distance where the flux becomes half and this
galactocentric distance is called half-light radius (Rp).
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We calculate the galaxy size using the non-parametric
approach, i.e., the Petrosian method, as shown in Figure
5. We derive a half-light radius for the CG 0315 is 2.60
arcsec. We calculate the global value of PA and ellipticity
of galaxy by averaging these values beyond the 5

, | , , , arcsecond radius, which is well beyond the spatial
rn = 2.60 arcsec resolution of the SDSS imaging data. The calculated
i values of position angle, ellipticity, effective radius, half-
light radius and Sersic index are listed in second, third,
fourth, fifth and sixth columns respectively in Table 2.

|
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The position angle and ellipticity are 179° and 0.18
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Figure 5. Top: we show variation of Petrosian index n ~ In Figure 4, we have tried to model the galaxy light
along the major axis and the position of @, where n = 0.2, profile with a Sersic function. Itis clear that the modeled
is marked by dashed line. Bottom: we show cumulative ~ black line does not fit well with the data points. The
intensity profile along the major axis, and at r; = 2.60 derived Sersic index and effective radius are 1.57 and
arcsec marked by the black line represents the radius at 4.05 arcsec, respectively. However, it is normal for
which the flux is half of its total value galaxies like CG 0315, which possess tidal features like

long extended tails.

Table 2. Global Structural Parameters of CG 0315

Parameter Position Angle Ellipticity ~ Effective Radius Half-light Radius Sersic Index

Name (deg.) (arcsec) (arcsec)

Value 179 0.18 4.05 2.60 1.57
CONCLUSIONS and interpretation. AS contributed to proof reading of

In this work, we perform a detailed morphological study the manuscript. BA contributed to the interpretation.
of a compact dwarf galaxy, CG 0315. CG 0315 hosts a
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ABSTRACT

We present a detailed morphology and spectroscopic study of a merging dwarf galaxy PGC
030133. Using the publicly available fiber spectroscopic data from the Sloan Digital Sky Survey
(SDSS), we analyzed nine-strong emission lines of wavelength range 4336 A to 6739 A. We find
that the strongest emission line is Olllsy7, with an intensity of 146.32 x 10™ erg/sicm?/A. The
observed emission lines are well fitted with a Gaussian profile with a coefficient of regression
greater than 96%, and the derived full-width half maximum (FWHM) is less than 4.2 A. The
Balmer decrement, characterized by the line ratio between H, and Hy is 3.07, suggesting a
presence of dust at the center of PGC 030133. Using extinction corrected emission line fluxes, we
derived the star-formation rate and emission line metallicity of PGC 030133. SFR derived from
H, emission line flux is 0.0033 M,year™ and emission line metallicity derived from flux ratio
between NIl and H, is 8.13 dex. We derived morphological parameters using the SDSS, g, and z-
band imaging data. PGC 030133 has a half-light radius of 3.38 arc second and 3.05 arc second in
g-band and z-band respectively and observed one-dimensional light profile is well fitted with a
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Sersic function with near exponential Sersic index ~ 0.9.

Keywords: Compact dwarf galaxy, Galaxy merger, Half-light radius, H, line, Star Formation Rate.

1. INTRODUCTION

In a galaxy merger, the interacting galaxies
combine into a single galaxy that contains stars,
planets, dust, and gas. In the gas clouds, formed
after the merger, stars will be formed at higher
rates. From the observational studies in the last ten
years, it has been established that the rate of the
merger of galaxies increases steadily with redshift
up to z ~ 2-3 [1]. Galaxy merger in the local
universe is not common to those in the early
universe. Therefore, the galaxy merger in the local
universe gives an in-depth examination of the role
of the merger in the evolution of the galaxy. Due to
the limited existing surveys of the merger between
dwarf galaxies (M-<10° M,), most of the study of
galaxy mergers so far has been concentrated on
massive galaxies. It is because, the difficulty in
examining the dwarf galaxies is partly due to their
low luminosity, low brightness, and swallow
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potential. The galaxy merger enhances the
morphological transformations as well as the star
formation and enhances far infra-red emission [2].
The extreme enhancement of star formation can
produce a starburst ~1000 M, yr* [3, 4]. In the
starburst regime, the total gas budget is dominated
by H, gas. Star formation is one of the most
important processes in the formation and evolution
of the galaxy. In low redshift galaxies, star
formation in spiral galaxies occurs mainly in
molecular clouds. Starbursts occur in a special class
of galaxies called blue compact dwarf galaxies
(BCDs). Starburst galaxies are gas-rich and use
their gas much faster to form stars. It is anticipated
that the gas component in interacting systems is
frequently predicted to be more turbulent than an
isolated system.

A compact group of galaxies is a dense group of
galaxies that undergo into merger after the



interaction. Zwicky [5] reported that the collision of
the stars increases frequently when the compactness
of a galaxy increases and the matter is ejected in
different forms. When two galaxies with compact
nuclei collide, an isolated compact galaxy will be
formed [6]. Observationally, it is found that the
compact galaxies are related to normal galaxies,
compact galaxies, or even with both of them. Some
galaxies are highly compact, called Ultra Compact
Dwarf galaxies (UCDs) [7], the sizes, velocity
dispersion, and luminosities of which are similar to
the dwarf galaxy cores but they have a higher mass-
to-light ratio than even the largest globular clusters
[8]. The blue compact dwarf galaxies (BCDs) are
the blue colored galaxies having enormous starburst
activities and normally higher central surface
brightness in comparison to ordinary dwarf
irregular galaxies [9], which is explained to be
formed by the gas-rich dwarf-dwarf mergers [10,
11]. The BCDs may also be formed by the central
starburst supported by the natural gas accretion
from the local environment [12, 13].

In this work, the spectroscopic and photometric
analysis of a star-forming interacting dwarf galaxy
PGC 030133 is performed. The star formation rate
(SFR) and line metallicity are calculated by using

Flux (10" erg/s/em’/A%)
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H, line flux in spectroscopy while the structural
parameters like effective radius, half-light radius,
and ellipticity are calculated in photometry.

2. MATERIALS AND METHODS
2.1 Sample Selection

A star-forming class of interacting dwarf galaxies,
PGC 030133 is selected from the catalog prepared
by Paudel et al. [14] based on low redshift (z =
0.0036) and compactness. The galaxy PGC 030133
is located in the sky position R. A. (J2000 =
10:19:01.49) and Dec. (J2000 = +21:17:00.96) at an
adopted distance of 24.80 Mpc with a line-of-sight
radial velocity of 1080 km/s. Its g and r-band
magnitudes are 14.56 mag. and 14.34 mag.
respectively, and the total absolute B-band
magnitude is -17.11 mag. The logarithmic value of
the stellar mass of the galaxy is 8.86 M,. The g-r-i
combined tri-color image of the galaxy PGC
030133 obtained from the Legacy survey is shown
in Fig. 1(a). The galaxy has compact morphology
with its bright center as compared to the outer part.
A reddish, extended tail-like structure can be seen
towards the north direction emanated from the
galaxy.

T —T — —
180 Ol

(b) SDSS Optical Spectrum of PCG 030133
160 = b

Ha

140 NI N

120 |- E

100 - E

Hp

8]}

WWWWLE

ol
4140 4600 5060 5520 5980 6440 6900

Wavelength (A")

Fig. 1: (a) Optical image of PGC 030133. The image is obtained from the SDSS sky-server. (b) The optical spectrum
of the galaxy PGC 030133. Position of the emission lines H,, Hg, H, H; doublet Olll, Ol, SlI, and doublet NI are
identified and are shown in the spectrum. The X-axis is rest-frame wavelength and Y-axis is flux.

In Fig. 1(b), the SDSS optical spectrum of the
galaxy PGC 030133 obtained from the SDSS
archival data is shown in the wavelength range of
3800 A to 7000 A. Several prominent emission
lines such as H,, Hg H, H; doublet Olll, OI, SlI,
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and doublet NII in the spectrum can be seen along
with some small absorption lines and highlighted
some of the prominent emission lines, mainly
Balmer lines. The strongest emission line is
Olllsp97, and the second strong line is H,.
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2.2 Data Analysis

(a) Spectroscopic Analysis

In this work, we tend to largely use the Sloan
Digital Sky Survey (SDSS) archival data to
measure the  morphological and chemical
parameters of the galaxies. The SDSS Data Archive
Server (DAS) is used to get the SDSS g and r-band
images and fiber-spectrum which are already well-
calibrated. Both images and spectrum data are in
fits file format. The SDSS fiber has a diameter of
three arc seconds. Therefore, only a tiny fraction of
the galaxy area of the central region is covered by
the spectroscopic data. The spectral line profile is
considered to be gaussian in nature and the
Gaussian distribution function is defined by Squires
et al. [15] as

1 —(x—p)2
fG(x) = We 20% (1)

Where, X is a normal random variable, p is the
mean deviation and o is the standard deviation of
the distribution.

Some strongest emission lines will be presented in
this paper, along with their Gaussian parameters
enlisted in a separate table. Then the corresponding
elements will be identified. A median of the flux of
the spectrum range +100 from the center of the
emission line was taken and subtracted the
continuum flux before fitting each of the emission
lines. Furthermore, the star formation rate (SFR),
the hydrogen line ratio, metallicity, dust extinction
will be calculated. The Gaussian area of the H,
emission line will be used to calculate the star
formation rate of the galaxy. The SFR will be
calculated by adopting the empirical formula
proposed by Kennicutt [16] as follows:

SFR (M,year) =7.9 x 10 Y L (H,) (ergs s*) (2)

Where > L (H,) is the total luminosity of the H,
line which will be calculated by using the area of
the Gaussian fits. The calibration provided by
Marino et al. [17] will be used to calculate the
emission line metallicity by using a line ratio
between H, and NII which is given by

12 + log (O/H) = 8.743 + 0.462 x log (NII/ H,) (3)

The line ratio between H, and Hg fluxes is called
Blamer decrement c. The theoretical value of ¢y =
2.86 for an electron temperature of 10°K and
electron density of 10° cm® [18, 19]. Now
extinction coefficient E(B — V) = 1.97x log (c/co).
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Total extinction A(H,) = 2.45 E(B-V) in H, band.
Also, the emitted and observed fluxes of H, can be
related as A(H,) = -2.5 log [F(H,)ons/F(Ho)em]. Then
the emitted flux, F(H,)em can be calculated which
will be used to calculate the SFR after extinction
correction.

(b) Photometric Analysis

For photometric analysis, we do surface photometry
on the r-band optical image of the galaxy because
of its higher signal-to-noise ratio as compared to
other bands. The major axis light profile of the
galaxy is extracted by using the Image Reduction
and Analysis Facility (IRAF) task ellipse and the
best fitted elliptical isophotes are drawn on the
image as described by Jedrzejewski [20], thereby
producing several structural parameters of the
galaxy such as ellipticity, position angle, effective
radius, intensity and so on which are important
tools to know the morphology and evolution of the
galaxy.

To find the size of a galaxy, we use either a
parametric approach or a non-parametric approach.
In the former approach, the observed light profile of
the galaxy is approximated into parametric
functions such as exponential or de Vaucouleur
functions which are the special cases of Sersic
function [21] defined as

@ o[[8)" ]

Here, R is the effective radius of the galaxy at
which the intensity is l.. n is called Sersic index
which defines the ‘shape’ of the profile. b, is a
function of n which is selected to make sure that the
radius R, encloses half of the profile’s total
luminosity. The observed light profile is modeled
with the Sersic function and the best fitted effective
radius R, and surface brightness p, of the galaxy are
obtained as free parameters.

Out of many methods in the non-parametric
approach, the Petrosian method is used to find
the half-light radius Ry. At first, Petrosian radius
ap, [22, 23] is defined, which is the distance from
the center of the galaxy at which the surface
brightness at a radial distance R is 20 percent of
the average surface brightness within that radius.
It is assumed that the total flux of the galaxy is
covered within the distance of 2a,. Once we
know the total flux of the galaxy, the
galactocentric distance at which total flux is half
can be calculated, which is called half-light
radius hr.

(4)



3. RESULTS AND DISCUSSION

3.1 Spectroscopy

Nine main emission lines: H;, Hg Olllsgeo,
Olllsgo7, Hay Nllgsga, NlHgssi, Sllgzi7, and Sllgrss
are determined from the spectrum of the galaxy
PGC 030133 [Fig. 1(b)] and only six prominent
lines of them are shown in Fig. 2 along with their
Gaussian fits. The solid line represents the
Gaussian distribution and the dots represent the
observed data. The error bars are also shown in
the Gaussian curves. We can see that there is an
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excellent agreement of the observed data with the
normal distribution. The doublets Olll, NII, and
SIl have two different emission lines of each.
The Balmer lines, H,, H; and H; are sensitive to
the galaxies' gas-mass and star-formation rate.
The H,, principally, is a well-known tracer of
star-formation and is widely used to calculate the
star-formation rate of the gas-rich galaxies.
Heavier elements OIlll and NII emission fluxes
are used to calculate the star-forming galaxies'
emission line metallicity.
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Fig. 2: Six main emission lines (Hs, Hp, Olll4g60, Ollls007, Hy, and Nllgsgs) 0f Gaussian fitting procedure for the galaxy
PGC 030133 are shown. We show a conservative estimate of the flux error in the plot, i.e., 10 % of the observed flux
provided by the SDSS webpage (https://www.sdss.org/dr15/spectro/caveats/). The major cause of the broadening of the
characteristic line is the Doppler broadening. The wavelengths given in the X-axis are redshift corrected.

The Gaussian parameters of the nine strongest
emission lines of the galaxy PGC 030133 are
enlisted in Table 1. The wavelength (X;) in
angstrom corresponding to the peak intensity, the
value of peak intensity (10 erg/sicm?/A), area
of the Gaussian curve (10 erg/s/cm?/A), the
height of the Gaussian fits (10" erg/s/cm?/A), the
positional difference between Gaussian peak and
the observed peak (offset) and coefficient of
regression R? are recorded corresponding to
different elements: Hs, Hp, Olllyggo, Olllsgor,
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Nllgsgs, Hy, Nllgss1, Sllg717 and Sllgraz responSible
for the characteristic lines of the galaxy. We can
see from Table 1 that, Olllspp; has a maximum
intensity of 146.32 x 10" erg/sicm?/A,
corresponding to the central wavelength 5007 A.
The second strongest intensity is 116.84 x 10/
erg/sicm?/A corresponding to wavelength 6565
A, which is due to H, emission. The value of the
coefficient of regression is more than 96%
suggesting that the fitted curves almost agree
with the Gaussian distribution.
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Table 1: Preferred Gaussian parameters of the Gaussian fits are listed in this Table.

Elements Hs Hp Olllsgeo | Olllsge7 | Nlesga | H, NHgss: | Sllezaz | Slleras
Wavelength | 4341 | 4862 4960 5007 6584 6565 6551 6717 6733

Intensity 2391 |56.13 47.29 146.32 | 12.93 116.84 | 4.18 22.43 15.17
Area 68.18 | 163.25 | 153.58 | 457.05 | 62.57 501.81 | 19.28 101.20 | 68.00
Height 25.72 | 60.32 52.65 158.58 | 14.11 121.10 | 4.69 23.49 16.82
Offset +0.14 | -0.29 +0.44 -0.43 -0.70 +0.36 +1.32 | -0.47 +0.66
R? 0.97 0.99 0.99 9.99 0.96 0.99 0.96 0.99 0.97

The negative value of the offset of the Gaussian
distribution of Hy, Olllsge7, Nllgsgs, and Sllgzay
shows that the curves have negative skewness and
they have a long left-hand tail as compared to right-
hand tail. In the same way, the positive value of the
offset of the Gaussian distribution of Hgs, Olllsggo,
H., Nllgssi, and Sllgz33 shows that the curves have
positive skewness and they have a long right-hand
tail as compared to left-hand tail.

Star Formation Rate

Star Formation Rate (SFR) of the galaxy PGC
030133 calculated by using equation (2) is found to
be 0.0029 M, year™ before extinction correction and
0.0033 M, year after extinction correction. We can
see that the SFR of the galaxy calculated after
extinction correction is more than that before
correction indicating that the observed flux of the
galaxy is more than the actual flux. The calculated
value of SFR of the galaxy is remarkably low
(0.0033 M, year™) as compared to its catalog value
derived by using FUV flux. This is because of the
large area coverage of FUV as compared to the
SDSS 3” central region. It indicates that just a

fraction of star formation occurs in the central part
of the galaxy.

The line ratio (c) = 3.07. This shows that the line
ratio of the galaxies is slightly greater than its
theoretical value (2.8). The higher value of ¢
suggests the presence of dust at the center and the
dust absorbs lower wavelength light more
efficiently than higher wavelength light. The line
ratio Nllgsgs/ H, = 62.57/501.81 = 0.125. Line
metallicity calculated by using this line ratio from
equation (3) is 12 + log (O/H) = 8.13 dex which
suggests that the PGC 030133 overall has metal
content nearly three times lower than the sun.

3.2 Photometry

From the photometric calculations, several
structural parameters of the galaxy PGC 030133 are
obtained which are listed in Table 2. The first,
second, third, fourth, fifth, and sixth columns
represent the band of filter, mean surface
brightness, effective radius, Sersic index,
magnitude, and half-light radius respectively of g
and z bands.

Table 2: Global structural parameters of PGC 030133.

Band M. S. B.Mag/arc sec? R, (arcsec) n mg (mag.) hr (arcsec)
g 21.89 9.05 0.98 15.55 3.38
z 21.13 8.00 0.89 14.92 3.05

The angle made by the semi-major axis of the
galaxy with the north celestial pole is called
position angle and it gives the orientation of the
galaxy. The radial profiles of position angle (PA)
and ellipticity are shown in Fig. 3. From the figure,
it seems that the position angle and ellipticity vary
randomly as free parameters around the central
region and it is almost constant in outer regions
from the center of the galaxy both in g-band [Fig.
3(a)] and z-band [Fig. 3(b)].
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From the Sersic modeling of the observed light profile
in the parametric method, the effective radius of the
galaxy is obtained to be 21.89 arcsec and 21.13 arcsec
in g and z-bands respectively. The modeled major
axis light profiles at g-band [Fig. 4(a)] and z-band
[Fig. (b)] are shown in Fig. 4. It is found that the
modeled best-fitted line perfectly coincides with the
observed data and hence, the observed light profile
can be well modeled with a simple Sersic function
with a Sersic index of ~0.9 (near exponential).




The half-life radius (hr) is obtained from the non-
parametric approach that better represents the overall
size of the galaxy. At first, a Petrosian radius a, is
calculated at n = 0.2; as shown in Fig. 5(a) for g-band.
It is assumed that radius 2a, covers most of the
galactic light and calculates a half-light radius for that
total light as shown in Fig. 5(b). The same is done for

1501

1004

PA

50 4

elipticity

/|

15 20
SMA, arcsecond

(a) g-band.

=)

5 10 25 30 35

D. N. Chhatkuli, S. Paudel and B. Aryal

the z-band as shown in Fig. 5. The derived Petrosian
radius for this galaxy is 17.34 arcsec in g-band and
16.14 arcsec in z-band. Using the Petrosian method in
the parametric approach, the half-light radii obtained
are 3.38 arcsec and 3.05 arcsec respectively in g and
z-bands. Thus, we do not need to know the endpoint
of the galaxy to find its size.
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Comparison with previous work

We studied spectroscopic and morphological
properties of a merging dwarf galaxy PGC 030133.
It is a blue compact dwarf galaxy (BCD). Merging
features in BCD-type galaxies are rare. Recent
literature shows VCC 848 and UM 448 are the two
well-studied BCD galaxies. An optical color of
both VCC 848 and UM 448 is shown in Fig. 6.
Zhang et al. have identified a shell feature BCD
(VCC 848) in the Virgo cluster [24, 25]. Compare
to VCC 848, PGC 030133 is one magnitude fainter
and 0.2 dex bluer in g-r color. The color difference

can be well explained by comparing their
surrounding environment and gas mass fraction.
VCC 848 has 5 times lower gas-mass fraction
compared to PGC 030133. Both, VCC 848 and
PGC 030133 have a similar half-light radius of ~9”.
Another study of interacting BCD type galaxy is
UM 448, located in a field environment [26]. A
resolved spectroscopic study revealed that UM 448
is producing new stars at a staggering pace, i.e., 0.8
M,year™ and has overall emission line metallicity
12 + log(O/H) = 8.15 dex.

Fig. 6: Example of previously studied merging dwarf galaxies: VCC 848 and UM 448.
The images are obtained from the SDSS sky server.

4. CONCLUSION

From the spectroscopic and photometric analysis of
the compact dwarf galaxy, PGC 030133 which is
formed just after the merger, different conclusions
are drawn based on the observations and
calculations. The selected emission lines from the
optical spectrum of galaxy PGC 030133 have a
coefficient of regression, of more than 96% which
indicates almost perfect agreement with Gaussian
fits. The star formation rate and line metallicity are
calculated by using H, flux. The derived SFR after
extinction correction is 0.0033 M,year" and its
metallicity is 8.13 dex. This shows that the galaxy
is a normal star-forming galaxy with total metal
content three times lower than the Sun. A detailed
morphological study of a compact dwarf galaxy,
PGC 030133 is performed by using photometry and
found that the major axis light profile can be well
modeled with a simple Sersic function with near
exponential Sersic index. The effective radius is
calculated by modeling the observed light profile in
the Sersic function and the half-light radius is
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calculated by the Petrosian method. The derived
values of half-light radius are 3.38 arcsec and 3.05
arcsec in g-band and z-band respectively.
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ABSTRACT
We studied the spectroscopic properties of the low redshift (z = 0.0130) interacting dwarf
galaxy SDSS J114818.18-013823.7. It is a compact galaxy of half-light radius 521 parsec. It’s
r-band absolute magnitude is -16.71 mag. Using a publicly available optical spectrum from the
Sloan Sky Survey data archive, we calculated star-formation rate, emission line metallicity, and
dust extinction of the galaxy. Star formation rate (SFR) due to H, is found to be 0.118 M_ year™
after extinction correction. The emission-line metallicity, 12+log(O/H), is 8.13 dex. Placing
these values in the scaling relation of normal galaxies, we find that SDSS J114818.18-013823.7
is a significant outlier from both size-magnitude relation and SFR-B-band absolute relation.
Although SDSS J114818.18-013823.7 possess enhance rate of star-formation, the current star-
formation activity can persist several Giga years in the future at the current place and it remains

compact.

Keywords: Dwarf Galaxy, Emission line, Star Formation Rate, Metallicity, Extinction

1. INTRODUCTION

Dwarf galaxies are expected to be dark matter
dominated objects. They are the most common
galaxies in the universe. They have low surface
brightness and metal poor stellar population. Their
stellar masses are of the order of 10°to 10° M, . One
of the important question in understanding of
formation and evolution of dwarf galaxies is how
these various morphology dwarf galaxies come to
exist and are they transformed from each other
during the course of evolution? Dwarf galaxies are
low mass objects and therefore, the capacity of
binding their contents gravitationally is low as
compared to their massive counterparts.

According to [JCDM model of cosmology [1], the
large-scale structures are formed hierarchically, and
the evolution and growth of galaxies are due to
merging of other galaxies [2]. Radio 21-cm
observation of nearby interacting dwarf galaxies as
they evolved through the merging history is yet to
be explored in detail, although major mergers of
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galaxies are known to play an important role,
particularly in the formation of the massive
elliptical galaxies. In last few years, the
observational evidence for mergers between dwarf
galaxies has been growing. In recent years, people
are working on the evolution of dwarf galaxies by
dwarf-dwarf merger along with observational
evidences [3, 4, 5, 6, 7, 8, 9]. Early study of dwarf-
dwarf interacting pairs established that the star
formation rate in gas-rich isolated dwarf-dwarf pair
is enhanced by a factor ~ 2 over isolated unpaired
dwarfs having similar gas fractions and similar
stellar masses alike that has been found in case of
huge galaxy pairs [10, 11]. This enhancement of
SFR decreases on increasing the separation
between two interacting pairs and the lack of
enhancement in the SFR in unpaired dwarfs
suggests that the star formation is driven by
interaction. The star forming activities of the
galaxies in the interstellar gas clouds depend up on
various factors such as gas, dust, temperature,
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gravity,
hydrodynamics,
processes [12].

The galaxies with a smaller half-light radius are
called compact galaxies. Many compact galaxies
are found to be connected to ordinary massive
galaxies [13]. It is, therefore, believed that compact
galaxies are formed during the tidal interaction
between a giant galaxy and a normal dwarf galaxy
where the small galaxy loses its extended outer halo
and survived remanent become compact dwarf
galaxies. However compact dwarf galaxies are also
observed in isolation, where no giant galaxies are
found in the vicinity [14]. It is argued that, those
isolated compact dwarfs may have formed through
the merger, but this hypothesis has not been
confirmed by statistically strong evidences.
Therefore, a compact galaxy is selected in this work
as its study gives the idea of galaxy interactions and
merger. Many compact galaxies are found to be
connected to ordinary galaxies, other compact
galaxies, or even both of them. It is observed that
the spectrum and color of the compact galaxies are
wider than that of regular galaxies

Metallicity is the abundance of the heavier elements
like nitrogen, oxygen, neon, silicon etc. found in a
terrestrial object. Metallicity is an important
parameter to know the formation and evolution of
stars and galaxies. The metallicity is also related
with the luminosity, decrease in luminosity of a
galaxy means increase in metallicity, at fixed mass
and starburst age of the galaxy [15]. In the process
of merging of galaxies, the metallicity of interior
zones is diluted because of the infill of metal-poor
gas driven by gravity from the outskirts of the
galactic disc to central region [16].

In this work, a spectroscopic study of a compact
interacting dwarf SDSS J114818.18-013823.7
located in an isolated environment will be done and
explore its stellar population properties to provide
another unequivocal evidence of forming compact
dwarf through the merger.

matter-radiation interaction,
thermodynamics and chemical

2. SAMPLE SELECTION

A low red shift (z = 0.0130) galaxy, SDSS
J114818.18-013823.7 is selected from the catalog
of interacting dwarf galaxies [17]. It is a starburst
dwarf galaxy located in the sky position R.A.
(J2000) = 177.0757°, Dec. (J2000) = -1.6399° with
a line-of-sight radial velocity 3902 km/s. It has g
and r band magnitude 15.88 mag and 15.66 mag
respectively, and total absolute B-band magnitude
is -17.21 mag. The g-r-i combined tri-color image

obtained from the Legacy survey is shown in
Figure 1. An extended tail like structure can be seen
along the major axis of the galaxy. The bluest star-
burst region is misplaced from the center of the
galaxy. Interestingly, it can be noticed that outer
extended low-surface brightness part is also blue
and asymmetric morphology.

The SDSS J114818.18-013823.7 is overall a
compact galaxy, the derived half-light radius is 2.1
arcsecond, that corresponds a sky-projected
physical radius 530 parsec (pc). It is located in an
isolated environment where we find no galaxy
within a 500 kpc sky-projected radius.

The SDSS has targeted the central region of SDSS
J114818.18-013823.7 to take an optical spectrum.
The SDSS fiber has an aperture of 3 arcsecond
diameter, which covers a half of the SDSS
J114818.18-013823.7 area.

Fig. 1: Optical view of SDSS J114818.18-013823.7. The
image is obtained from the SDSS sky-server.
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Fig. 2: Optical spectrum of SDSS J114818.18-013823.7
which is plotted by using SDSS archival data. Position of
the emission lines H,, Hg, H,, Hs, Olll doublet, NII
doublet, Hel, Ol and Sl are identified. The X-axis is rest-
frame wavelength and Y-axis is flux.



The SDSS optical spectrum of the galaxy SDSS
J114818.18-013823.7 in the wavelength range of
(3757-9090) A is shown in the Figure 2. Several
characteristic lines can be seen in the spectrum and
some of the prominent emission lines, H,, Hg, H,,
H;, Ol doublet, NII doublet, Hel, Ol and SlI are
highlighted. The strongest emission line is Olll, and
H, is the strongest among the Balmer lines. From
this spectrum, it is clear that the galaxy is emission

type galaxy.

3. MATERIALS AND METHODS

To measure morphological and chemical
parameters of the galaxy, the SDSS archival
database (www.sdss.org/collaboration/credits.html)
is used. The SDSS DR12 data was extracted from
the FITS file format by using software ALADIN.
The galaxy spectra were obtained by plotting the
data using another software ORIGIN. Then the
gaussian fits were performed on the prominent
emission lines by inspection. The continuum flux is
subtracted by taking a median of flux value of
spectrum range + 100 from the center of the
emission line and then each line is modelled. The
gaussian curves so obtained are explained by a
mathematical ~ expression  called  Gaussian
distribution function [18] which is given by

-x-w2
1 22

V2mo2

fo(x) = (D)

Where, X is a normal random variable, p is the mean
and o is the standard deviation of the distribution.
The broadening of the emission lines is due to
Doppler’s broadening. In this work, 10 prominent
emission lines were selected and the gaussian
parameters like Full Width Half Maxima (FWHM),
area, height, peak intensity,  wavelength
corresponding to the peak intensity, regression
coefficient of each of the gaussian curves were noted
in a table and the corresponding responsible element
for the emission will be identified. Finally, the
emission line due to emission of H, will be identified
and using its area, the star formation rate (SFR) of
the galaxy will be calculated before and after
extinction correction. In this work, the Ho
luminosity is used as the main calculator of the
instantaneous Star Formation Rate of the galaxy. The
process of recombination of ionized hydrogen in gas
clouds and the dust produces Ha line flux. The O
and B type stars produce enormous radiation field
that ionizes the hydrogen and several emission lines
are produced due to recombination of the free
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electrons with the ionized hydrogen. Ha is one of the
most luminous line in visible region and Kennicutt—
Schmidt empirical relation can be used to calculate
SFR using the Ho emission line flux [19].

SFR (Mo year!)=7.9x10* Y L (H,) (ergs s™) ... (2)

Where, > L(H,) is the total luminosity of H, line
which will be calculated by using area of the
Gaussian fit of H,, line. Y L(H,) = Area of Gaussian
fit x 10" x 4nR? (ergs sV). R is the radius of the
sphere which is calculated as R = D x 3.08 x 10%
cm. Here, D is luminosity distance in Mpc. The Ha
emission line is one of the best estimators of SFR
because, it depends up on very young stars only,
and is independent of recent star formation history.
Moreover, Ha traces directly the SFR and has very
low dependence on metallicity or on ionization
conditions of the gas cloud.

The emission line metallicity of the galaxy can be
calculated using ratio of NII and Ho emission line
flux [20], using an equation

12+log (O/H) = 8.743 + 0.462 x log (NII/H,) ... (3)

The difference in extinction between B band and V
band is E (B — V) = 1.97x log (c/co). Where, ¢ =
H./Hyis Blamer decrement. The theoretical value of
Co is 2.86 [19] for an electron temperature of 10*K.
Extinction coefficient is now given by

A (Ha) = 2.45E (B-V) ... (4)

4, RESULTS AND DISCUSSION
4.1 Fitted Gaussian Curves

The Gaussian curves representing Gaussian fits of
ten selected emission lines Hel, Hs. H,, Hg, Olll4g60,
Olllsps, OI, H,, NII and SII are shown in the
Figures 3 and 4 below. The statistical error bars
(x1o) are shown in each curve. From the figure, it
can be seen that the observed data agrees almost
perfectly with the Gaussian distribution. The
Balmer lines i.e., H; H, Hg and H, that lie in the
wavelength range of (4096 to 6574) A are shown in
Figure 3. Balmer lines appear due to abundance of
hydrogen in the galaxy which appear relatively
stronger as compared to other elements and are
often used to identify the unknown objects, to
determine the radial wvelocity, distance, star
formation rate and so on. Specially, H, is used to
calculate SFR of the gas-rich galaxies.
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broadening. The wavelengths given in the X-axis are redshift corrected.

Figure 4 shows the emission lines due to Hel, OllI
doublet, OI, NII and SII in the wavelength range
(3883 to 6729) A. Olll doublet produces two lines
at wavelengths 4960.1 A and 50083 A
respectively. The emission line fluxes of heavier
elements OIlll and NII are used to calculate the
emission line metallicity.

4.2 Observation Table

All the ten emission spectral lines Hel, Hs. H,, Hg,
Olll4960, Olllsgeg, OI, H,. NII and SII of the galaxy
SDSS J114818.18-013823.7 are enlisted in the
Table 1 along with their Gaussian parameters. The
first, second, third and fourth columns represent
serial number, the elements responsible for the
emission of lines, the wavelength (A;)
corresponding to the peak intensity, the value of
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peak intensity (I,) in erg/sicm’/A respectively.
Similarly, fifth, sixth, seventh eighth and nineth
columns represent full width half maximum
(FWHM), area, height of Gaussian curve, offset
and coefficient of regression of the fitted data
respectively. We can see that the line due to Olllsgeg
seems to be the most intense (2036.4 erg/s/cm?’/A)
corresponding to the wavelength of 5008.3 A. H, is
the second strongest line (822.5 erg/sicm?/A) at
6564.3A. The weakest line is Ol (5.3 erg/sicm?’/A)
at 6366.4 A. The small values of FWHM (2.30 -
4.01) A of the Gaussian curves indicate the
characteristic peaks. The value of FWHM is
maximum (4.01 A), for N1l which indicates that the
observed data is in excellent agreement with the
Gaussian distribution.
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Table 1: This table enlists the Gaussian parameters of the selected characteristic emission lines of
spectra of interacting dwarf galaxy SDSS J114818.18-013823.7 shown in Figure 3 and 4.

S.N. Element A, (A) I, FWHM Area Height Offset R?
(A) (erg/sicm?A)  (erg/sicm?A)

1. Hel 3889.5 93.6 2.30 255.85 104.18 -0.379 0.986
2 Hs 4102.9 119.5 2.50 327.61 123.12 + 0.029 0.990
3. H, 4342.0 212.8 2.49 591.04 223.27 + 0.256 0.993
4, Hg 4862.8 430.4 2.70 1261.05 439.90 + 0.058 0.997
5. oMl 4960.1 631.9 2.62 1927.93 690.34 -0.384 0.998
6. Olll 5008.3 2036.4 2.70 6028.07 2098.08 —0.156 0.998
7. Ol 6366.4 5.3 3.87 21.65 5.26 + 0.100 0.949
8. H, 6564.3 822.5 3.86 3756.55 913.60 —0.655 0.998
9. NII 6585.5 40.7 4.01 180.35 42.23 —0.090 0.996
10. SlI 6718.8 64.3 3.78 264.10 65.70 +0.136 0.995

In the 8" column, we can see both positive and
negative values of the Gaussian offset which shows
the skewness of the data. The Gaussian
distributions of the selected lines of H;. H,, Hg, Ol
and SlI have positive value of the offset, thereby
showing that the curves have a positive skewness.
This indicates that the curves are not symmetric and
the right-hand tail is longer than the left-hand tail.
Likewise, the negative values of Gaussian offset of
Hel, Olll doublet, H, and NIl indicate the negative
skewness of the curves and the left-hand tail is
longer than the right-hand tail. The coefficient of
regression is represented by R?that measures how
close the data are to the fitted curve. From the 9"
column of table 1, it can be seen that the value of
R? is more than 98 % except for Ol suggesting that
the fitted data agrees almost perfectly with
Gaussian distribution.

4.3 Calculation

Star Formation Rate

Area of Gaussian curve for H, line = 3756.55 x (10°
7 erglslcm?/A). Using the adopted distance to the
galaxy D = 55.44 Mpc and H, line flux, Star
Formation Rate (SFR) of the galaxy can be
calculated by using equation (2). Therefore, SFR =
0.109 M, year ™.

Metallicity

Line ratio H,/H; = 2.98 indicating that there is
internal extinction. The line ratio NII/ H, = 0.048.
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Line metallicity can be calculated by using equation
3as 12 + log (O/H) = 8.13 dex.

SFR after Extinction Correction

From above calculation, Blamer decrement is given
by, ¢ = H.J/Hg; = 2.98. Now, using equation (4),
extinction coefficient is calculated to be, A (Ha) =
0.089408 mag.

Again, we have A (Ha) 25 log
(F(H&)obs/F(Ha)em). Using the value of observed
flux F(Ha)obs = 3756.55 erg/sicm?A, in this
equation the emitted flux is calculated to be
F(Ha)em = 4073.80 erg/s/cm?/A. Now, the star
formation rate after extinction correction is
calculated to be, SFR = 0.118 M, year 1 1t can be
seen clearly that the SFR of the Galaxy before
extinction is 0.108 M, year 1 and that after
extinction correction is 0.118 M, year 1 e the
SFR after extinction correction is more than its
previous value, which means that observed flux of
the galaxy is less than the actual value of the flux.
Similar work was done by Chhatkuli et al. [21] for
an interacting dwarf galaxy NGC 2604, and
calculated the SFR to be 0.0927 M, year , that
indicates that this galaxy has higher rate of star
formation. Blue compact dwarf galaxies are mostly
found in isolation but they rarely go through the
interaction. Recently, VCC 484 located in the Virgo
cluster has been identified as merging blue compact
dwarf, but detailed radio and optical imaging study



revealed that VCC 484 no longer become compact
dwarf after a few Mega year of evolution time [22].
NGC 4449 is a nearest interacting dwarf which
show burst of star-formation with an ongoing star-
formation rate of 0.5 M, year " [23]

4.4 Scaling Relation

Galaxy size-mass relation has been a standard tool
to study galaxy formation and evolution mechanism
[24]. In Figure 5, two scaling relations between size
and r-band magnitude, and SFR and B-band
magnitude are shown. It is clear from the left panel
plot that SDSS J114818.18-013823.7 is a compact
galaxy, where it is located significantly outside of
the main locus of size-magnitude relation defined
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by normal galaxy’s points. The right panel plot
shows a relation between B-band absolute
magnitude and log(SFR) of star-forming galaxies,
where our galaxy the SDSS J114818.18-013823.7
is identified with a blue symbol. The comparison
sample galaxies, gray symbol data point, are local
volume star-forming galaxies [25]. As compared to
the normal star-forming galaxies, SDSS
J114818.18-013823.7 has enhanced star-formation
activity. It has current SFR 0.118 M, year . The
catalog value of neutral hydrogen gas mass is 6.4 x
10® M, This implies that current star-formation
activity can persist several Giga years in the future
at the current pace.
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Fig. 5: Size-magnitude relation in Left and SFR-B-band magnitude relation in right. SDSS J114818.18-013823.7 is
shown in blue symbol. The gray symbol represents comparison sample taken from
Paudel et al., 2011 (left) and Lee et al., (2009) for the right.

5. CONCLUSION
In this work, we studied the spectroscopic
properties of the low redshift (z 0.0130)
interacting dwarf galaxy SDSS J114818.18-
013823.7 which provides another unequivocal
evidence of forming compact dwarf galaxy through
the merger. Ten prominent emission lines were
noticed from the optical spectra of the galaxy and
following conclusions are drawn.
1. The responsible elements for the observed
emission lines are Hel, Hs. H,, Hgs, Olllgg,
Olllsgg, OI, H,. NI and SII.
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2. Olllsgg is the most intense (2036.4 erg/s/cmzlA)
line corresponding to the wavelength of 5008.3
A, H, is the second strongest line (822.5
erg/sicm?/A) at 6564.3 A and the weakest is Ol
(5.3 erg/sicm?/A) at 6366.4 A.

. The emission lines are fitted with gaussian
profile and the coefficient of regression of all
the emission lines is greater than 98 % except
for Ol, indicating that the lines are in almost
perfect agreement with the  Gaussian
distribution. The FWHM is found to be less than
5 A. The broadening of the lines is due to
Doppler’s broadening.
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4.

Star formation rate (SFR) calculated from H,
emission line is found to be 0.118 M, year™
after extinction correction.

The galaxy SDSS J114818.18-013823.7 is a
compact galaxy having enhanced star formation
activities as compared to the normal star
forming galaxies and current SFR indicates that
current star-formation rate can be prolonged for
several Giga year in time and the galaxy remains
compact due to central star-formation.
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ABSTRACT

We present a spectroscopic study of an interacting emission-line dwarf galaxy
SDSS J134326.99+431118.7. We analyzed eight-strong emission lines of
wavelength in a range of 3902.1A to 6619.1A. Among them, the strongest
emission line is OIlll, with an intensity of 1043.6 x 10" erg/sicm?A. These
characteristic lines show a perfect Gaussian fit with a coefficient of regression
greater than 98%, where the derived full width half maximum (FWHM) is less
than 3.8 A. The line ratio between H. and Hg (Ho/ Hp), is 2.73. This suggests
that the galaxy is a starburst galaxy. Star Formation Rate (SFR) of the galaxy
derived from H. emission line flux is 0.019 Mgyear™" and emission line
metallicity derived from flux ratio between NII and Hqis 7.85 dex. These
morphological and physical properties of SDSSJ134326.99+431118.7 are very
similar to those of a typical Blue Compact Dwarf (BCD) galaxy. We conclude
that we have presented another evidence of forming a BCD-type galaxy through a
merger.
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1. Introduction

A galaxy whose gravitational fields interact with
another and produce a disturbance in their
morphological and dynamical properties are called
interacting galaxies [1]. There are many
observational pieces of evidence that link galaxies'

morphological and physical evolution with
interactions and mergers. Starburst activities are
frequent among the interacting  galaxies,
particularly in low mass cases where a vast amount
of gas reservoir is present. The gravitational tidal
force of the interacting system destroys the regular
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morphology of the participating galaxies and
produces bridges and tails between them [2]. This
also destabilizes gaseous disk leading to an inflow
of star-forming gas toward the central region,
which creates a nuclear starburst [3, 4].

According to Lambda Cold Dark Matter (ACDM)
cosmology, dwarf galaxies are the building blocks
of the universe, and all large-scale structures are
build up progressively later with the hierarchical
coalescence of these building blocks. They
dominate the number distribution at any epoch of
the universe, and there should be a more frequent
merger between dwarf galaxies than between
massive galaxies. However, the dwarf-dwarf
interactions are not explored in detail, as in the case
of massive galaxies' interactions. On the other
hand, dwarf galaxies are inherently low-surface
brightness in nature, and it is challenging to detect
them. Because of this, it is not trivial to detect tidal
features in dwarf galaxies, which are even fainter
than host galaxies.

There is a great deal of the study of the interacting
massive galaxies, but it is less known about the
interaction and mergers of the dwarf galaxies to
date [5]. It is also true that the merging probability
of dwarf galaxies is low at low redshift universe as
most of them are bound within the gravity of large
scale structures, where dispersion velocities are
high [6]. Because of this, dwarf-dwarf interactions
are more frequent in the field environment than in
the group environment where galaxies are more
gas-rich compare to dwarf galaxies located in the
group environment [7]. Furthermore, dwarf
galaxies merge frequently and assemble due to
collision to make bigger galaxies. The growth and
evolution of the galaxies is based on the merger of
dwarf galaxies [8]. Therefore, it is interesting to
study the dwarf-dwarf merger at a low redshift
regime and understand the effect of the merger in
gas removal and star-formation in these low-mass
systems. It is not conclusively understood how
important a merger is in dwarf galaxy evolution.

Stierwalt et al. (2015) [9] is the first to perform a
statistical study of interacting dwarf galaxy pairs

and found that star formation is more intensified in
paired dwarfs than that in unpaired galaxies. They
found that star-formation rates of interacting dwarf
galaxies are anti-correlated with their pair
separation.  Moreover, a significant fraction of
starburst in dwarf galaxies are contributed by the
interaction. Lelli et al. (2018) suggest that the
activity of the starburst galaxies such as blue
compact dwarfs (BCDs) strongly depends on the
inner shape of the potential well and the central gas
surface density [10].

In this work, we present the spectroscopic study of
a star-forming interacting dwarf galaxy SDSS
J134326.99+431118.7, a morphologically blue and
edge-on dwarf galaxy. This galaxy is located in a
nearly isolated environment where we find no
massive galaxies within a 500 kpc radius around it.

2. Sample selection

SDSS J134326.99+431118.7 is listed in the catalog
of interacting dwarf galaxies by Paudel et al. (2018)
[11]. It is located in the sky position RA= 13h 43m
26.9s and Dec = 43d 11m 18.78s with a line-of-
sight radial velocity 2511 (Z = 0.00837) km/s. It
has g and r band magnitude 16.18 mag and 15.98
mag respectively, and total absolute B-band
magnitude is -15.34 mag. In Figure 1, we show the
g-r-i combined tri-color image obtained from the
Legacy survey. We can see a shell feature
morphology at the lower side with an extended arc-
like feature at the sky projected distance of 5 kpc
from the center. The central part is significantly
blue compare to the outer extended low-surface
brightness region. A red cross mark identifies an
off-centered star-burst region, where the SDSS has
positioned its fiber to take the optical spectrum.

In Figure 2, we show the SDSS optical spectrum of
the wavelength range of 4000 to 6600 A. We can
see several characteristic lines in the spectrum and
highlighted some of the prominent emission lines,
mainly Balmer lines. The strongest emission line is
Olll, and H, is the strongest among the Balmer
lines.
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Fig. 1: Optical view of SDSS
J134326.99+431118.7. The image is obtained from
the SDSS sky-server.

! ! !
5500 6000 6500

Wavelength A
Fig. 2: Optical  spectrum of  SDSS
J134326.99+431118.7. Positon of the emission
lines Ha,, Hg, H,, Hs, OIll, Hel and NII are
identified. The X-axis is rest-frame wavelength and
Y-axis is flux.

! ! !
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3. Data analysis

In this work, we extensively use the SDSS archival
data to measure morphological and chemical
parameters of the galaxy. We obtained the SDSS g
and r band images and optical fiber-spectrum from
the SDSS Data Archive Server (DAS). The images
and spectrum are already well-calibrated, and we
further do not perform any operation in this regard.
Both images and spectrum data are in the fits file
format. The SDSS fiber has a diameter of 3 arc
seconds. Hence, the observed spectrum only covers
a small portion of the galaxy area. The SDSS
optical spectrum has coverage of 3650 to 10,400 A,

which includes primary emission and absorption
lines that are frequently used to investigate the
chemical properties of stars or galaxies. The
spectral resolution of the SDSS spectrum is 1500 at
3800 A.

The spectrum of the galaxy was analyzed by using
the Origin software of the 18th version. We first
identified 21 different emission lines in the
spectrum as shown in Figure 2. We performed
Gaussian fits in each emission line and measured
their parameters such as Full Width Half Maximum
(FWHM), total flux, and best-fit coefficient. Before
modeling each emission line, we subtracted the
continuum flux taking a median of flux value of
spectrum range * 100 from the center of the
emission line.

Emission line profile of the extragalactic object is
dominated by Doppler broadening. The
atoms/molecules in a gas, which emits the
radiation, will have a distribution of velocities. The
photon emitted by transition will be either red or
blue-shifted by the Doppler effect, depending on
the atom'’s velocity relative to the observer. Since
the spectral line is a combination of all of the
emitted radiation, the line profile is considered a
Gaussian in nature. The center is zero shift or an
average shift of the system. Mathematically
Gaussian distribution function is defined as [12]

—(x-w?
€Y

e 202

1
fe®) = 7o

Where, x is a normal random variable, pis the
mean deviation and o is the standard deviation of
the distribution. The FWHM is a width at which
maximum amplitude drops to the half. We selected
eight emission lines based on a higher intensity,
which will be presented in this paper, along with
their ~ Gaussian parameters. The  Gaussian
parameters will be enlisted in a separate table and
the corresponding elements will be identified.
Moreover, we calculate the star formation rate
(SFR) and the hydrogen line ratio. We will use the
Gaussian area of Ha emission line to calculate the
star formation rate of the galaxy. We calculate star
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formation rate adopting the empirical formula
proposed by Kennicutt (1998) [13] as follows:

SFR (Moyear?) =7.9x 10423 L (Hs) (ergss?)  (2)

where Y L(Ha) is the total luminosity of Ha line
which will be calculated by using Gaussian fits.
YL(Ha) = Area of Gaussian fit x 1017 X
4R%(ergs s). R is the radius of the sphere which
is calculated as R = D x 3.08 x 10%* cm. Here, D is
luminosity distance of the galaxy in Mpc.

We derive emission line metallicity using a line
ratio between H, and NII. We use a calibration
provided by Marino et al.(2013) [14].

12 + log(O/H) = 8.743 + 0.462 x log(NIl/ H,) (3)

4. Results

In this work we have analyzed eight main
emission lines, i.e., Hel, Hs, Hy, Hp, OlII, OllI,
Ho, and NII which are identified in Figure 2.
The OIIl is a doublet. Therefore, it has two
different emission lines. The Hs, H,, Hp, and
Hq are Balmer lines and they are sensitive to
the galaxies' gas-mass and star-formation rate.
The He, principally, is a well-known tracer of
star-formation and widely used to calculate the
star-formation rate of the gas-rich galaxies.
Heavier elements Olll and NII emission fluxes
are used to calculate the star-forming galaxies'
emission line metallicity.

In Figure 3, we show a few examples of the
Gaussian fitting procedure. Here, we selected four
main examples of emission lines of the spectra of
interacting dwarf galaxy SDSS
J134326.99+431118.7. We list peaks’ position and
the central wavelength value of all eight emission
lines in Table 1. The solid line represents the
Gaussian distribution. The error bars are also
shown in the Gaussian curves. We can see that
there is the almost perfect agreement of the
observed data with the Gaussian distribution.

We list all eight strongest emission lines in the
spectrum of the galaxy SDSS
J134326.99+431118.7 that we have studied in this
work in table 1. Their maximum intensity, the
wavelength corresponding to maximum intensity,
and corresponding elements are also provided.
From the table, we can see that the doubly ionized
oxygen OIlll has a maximum intensity of 1043.6 x
107 erg/sicm?A, which has a central wavelength
5050.1 A. The second strongest intensity (391.8 x
107 erg/slcm¥A) is found corresponding to the
wavelength 6619.1 A, which is H, line. The
weakest intensity (31.34 x 1017 erg/sicm¥A)
among the eight emission lines corresponds to the
wavelength 6634.23 A for the NII.

The Gaussian parameters of all eight Gaussian
distributions are listed in table 2. The Gaussian
height is given in the unit of intensity. Gaussian
offset is the positional difference between the
Gaussian peak and the observed peak in the spectra.
The coefficient of regression represented by R-
square is found to be more than 0.980. This
suggests a perfect Gaussian fit with the
characteristic lines.

Calculation

Star Formation Rate can be calculated by using
equation (2). Here, we take D = 35.27 Mpc from
the catalogue prepared by Paudel et al. (2018) for
this particular galaxy.

Now, R =D x 3.08 x 10% cm
=35.27 x 3.08 x 10%* cm
=108.63 x 10%*cm

Star formation rate due to Ha. line is

SFR(Mgyear™t) = 7.9 x 10742 x

Gaussian fit x 107 x 4R

=7.9x 10742 x 1661.01x 107 x 47 x(108.63 X

10?2 =0.019 Mgyear™*

Line ratio Ho/ Hg= 2.73. This is slightly lower

than the theoretical value of Ho/ Hy= 2.8. We

suspect that this discrepancy between the
theoretical and observed value is due to the
inaccurate subtraction of continuum in the region of

Area of
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Fig. 3: We show four main examples of Gaussian fitting procedure. They are four Balmer lines: Hq. Hs,
H,, and Hg. Solid curves represent Gaussian fits. We show a conservative estimate of the flux error in the
plot, i.e., 10 % of the observed flux  provided by SDSS  webpage
(https://www.sdss.org/dr15/spectro/caveats/). The major cause of broadening of characteristic line is
due to the Doppler broadening. The wavelengths given in the X-axis are not redshift corrected.

Table 1: The selected -characteristic emission lines of spectra of dwarf galaxy SDSS
J134326.99+431118.7 shown in Figure 3 are described along with their physical parameters listed in the
table. The first column represents the name of the selected emission lines. Second and third columns
represent the wavelength ((Ap) corresponding to the peak intensity, the value of peak intensity (Ip).

Responsible Wavelength Peak Intensity
Elements for Corresponding to I
Emission Lines Peak Intensity (107 erg/secicm?/A)
Ao (A)
Hel 3921.9 64.8
Hs 4137.1 76.8
H, 4378.2 114.6
Hs 4903.4 209.8
Olll 5001.5 349.7
Olll 5050.1 1043.6
Ho 6619.1 391.8
NIl 6634.23 31.34
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Table 2: Full width half maximum, area of the curve, height of the Gaussian curve, offset and coefficient
of regression of the data corresponding to each selected spectral lines are enlisted in the table in second,

third, fourth, fifth and sixth column respectively corresponding to the responsible elements.

Element FWHM Area Height Offset R-square
A (o (ot
erg/sicm¥A) | erglsicm?A)
Hel 2.23 117.49 49.39 -0.253 0.980
Hs 2.35 150.05 59.92 -0.008 0.984
H, 2.57 292.96 107.25 +0.376 0.995
Hp 2.82 606.93 202.38 +0.099 0.997
olll 2.69 1003.65 350.56 -0.252 0.998
olll 2.68 2982.67 1045.33 -0.001 0.999
Ho 3.80 1661.01 411.18 -0.558 0.999
NII 3.80 19.30 32.40 +0.023 0.999

Hg, where we can see absorption feature is also
present. The ratio between Ha and Hp are also used
to check the presence of internal dust reddening in
the galaxies. The observed line ratio is near to the
theoretical value or less. This imply that
SDSSJ134326.99+431118.7 is a nearly dust free
galaxy.

Line ratio NII/ H, = 0.011. We calculate emission
line metallicity for this galaxy using equation (3),
12 + log(O/H) = 7.85 dex. Logarithmic value is
represented by dex. It is especially suitable while
talking about metallicity. Metallicity is measured
logarithmically in connection with the plenty of
metals in the galaxy.

5. Discussion

Table 2 shows that the selected Gaussian
distributions of Hel, Hs, Olll doublet and Ha have
a negative value of the offset. These curves have
negative skewness. This means that the left-hand
tail is longer than that on the right-hand side, and
the mode is more than the mean. Similarly, the
distributions of H, Hgand NIl have a positive
offset. The curves have positive skewness. This
means that the right-hand tail is longer than that of
the left-hand

side, and the mode is less than the mean. The value
of FWHM is maximum (3.80 A), corresponding to
the curve of H,. This indicates that the observed
data is in excellent agreement with the Gaussian fit.
The Gaussian area is maximum (2982.67 x 10
erg/s/cm?A) for the line OlII.

Normal galaxies follow scaling relations of B-band
absolute magnitude (Mb) versus star-formation rate
and Mb versus emission-line metallicity. The
position of SDSSJ134326.99+431118.7 in these
relations is shown in Figure 4. In this figure, we
have taken the SDSS star-forming galaxies as a
comparative sample for the magnitude-metallicity
relationship and the Local volume star-forming
galaxies studied by Lee et al. (2009) [15] for the
magnitude-star-formation rate relation.
Interestingly, we find that
SDSSJ134326.99+431118.7 is a significant outlier.
It is significantly metal-poor compare to the normal
SDSS star-forming galaxies. Similarly, the star-
formation activity in this galaxies is notably higher
than that of normal star-forming galaxies of local
volume.

The catalog value of the star-formation rate of
SDSSJ134326.99+431118.7 is 0.0083M, year™?,

which is derived by using the Far-Ultraviolet
(FUV) flux of the galaxy. This shows that our
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Fig. 4: Magnitude-metallicity relation of star-forming galaxies, left, where the SDSS star-forming
galaxies as a comparative sample are shown in gray symbol. The Figure is reproduced from Paudel et al.
(2018). In right, we show a relation between star-formation rate and B-band absolute magnitude, where

the comparative sample galaxies taken from Lee et al.

derived value of the star-formation rate is
significantly lower than the FUV value. This is
because, area coverage of FUV is substantially
more extensive compared to the SDSS 3” central
region. This implies that, only a fraction of star-
formation happens in the center of the galaxy.

The emission line metallicity of
SDSSJ134326.99+431118.7 is 7.85 dex, which is a
typical for metal-poor the vigorously star-forming
galaxies, called Blue-Compact Dwarf galaxies
(BCDs) [15]. As their name indicates, they are
significantly blue and gas-rich compact galaxies,
mainly found in a very low-density environment.
Comparing morphological and physical properties
of SDSSJ134326.99+431118.7 with that of BCDs,
it is clear that SDSSJ134326.99+431118.7 is a
typical BCDs type galaxy formed by the merger in
an isolated environment.

6. Conclusion

The emission-line spectrum of a system of
interacting dwarf galaxy SDSS

J134326.99+431118.7 is studied. We noticed 21
spectral lines in the spectrum. Among them, only
eight most robust emission-lines are analyzed in
this work by using Gaussian fits. The following
results are concluded from the observations and
calculations.

a) We fitted the observed emission lines on the
optical spectrum of SDSS J134326.99+431118.7
and found that there is an excellent agreement of
all eight characteristic lines with Gaussian fits
with more than 98% coefficient of regression.

b) We derived star-formation rate and emission line
metallicity of SDSS J134326.99+431118.7, and
found that the galaxy does not follow the scaling
relation of Mb versus SFR and Mb versus 12 +
log(O/H).

¢) The morphological and physical properties of
SDSSJ134326.99+431118.7 are very similar to
those of a typical BCD galaxy. We conclude that
we have presented another evidence of forming a
BCD-type galaxy through a merger.
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ABSTRACT

We present a study of the Sloan Digital all Sky Survey Data Release 12 (SDSS DR12) optical spectra of an interacting
dwarf galaxy NGC 2604 that has redshift 0.0069. Thirteen characteristic emission lines were identified in the wavelength
range of 3885 A to 6742 A, the strongest line was due to H, emission with a value of emission-line flux 1538.8
erg/sicm?A. The other twelve emission lines were observed because of Ol doublet, H; H, H, OIIl doublet, Hel, S
doublet and NII doublet transitions. Eleven characteristic lines agreed perfectly with the Gaussian distribution with
greater than 99.9 % coefficient of regression. However, full-width half maximum (FWHM) was found to be less than 5
A. No absorption metallic lines were observed in the spectra which indicates that the galaxy was either newly formed.
The line metallicity of the galaxy was found to be 8.4 dex and the extinction coefficient was 0.2134. The star formation
rate due to H, emission after extinction correction was found to be 0.0927 M, year ™ which is almost double of the value

(0.057 Mg year ) before correction.

Keywords: Dwarf galaxy, Characteristic peaks, Extinction, H, line, Metallicity, Star formation rate.

INTRODUCTION

A small-sized galaxy, having low values of luminosity,
surface brightness, and metallicity is known as a dwarf
galaxy. According to Lambda Cold Dark Matter (ACDM)
cosmology, dwarf galaxies are expected to be the first
formed dark matter dominated objects and large scale
structures are built up by hierarchical merging of these
objects. Karachentsev et al. (2004), reported that dwarf
galaxies occupy more than 70 % of all galaxies in the
local Universe. Dwarf galaxies are the most abundant
galaxies in the Universe but hard to be detected. The
difficulties in detecting dwarf galaxies are mainly due to
their low absolute luminosity and low surface brightness.
Since only relatively brighter galaxies have been surveyed
on large scale, the true number density of dwarf galaxies
in the nearby Universe is poorly known. Davies and
Morgan (1994) interpreted that the actual number density
of dwarf galaxies in the nearby universe is poorly known
because of the limited survey of relatively brighter
galaxies only. The study of dwarf galaxies provides
knowledge on the early process of structure formation and
hence we can study the evolution of the Universe.

A dwarf galaxy is composed of as few as several thousand
up to as high as a few billion stars. These dwarf galaxies
often orbit around larger galaxies. For example, more than
20 dwarf galaxies are orbiting around our Milkyway
galaxy (Noyola et al., 2008). Dwarf galaxies in the local
universe are mainly classified into three categories. (i)
Dwarf elliptical (dEs): The dwarfs that are gas-poor and
have elliptical shapes are called dwarf elliptical galaxies.
No evidences of recent star formation were found in such

galaxies. Comparatively more spherical shaped dwarf
galaxies found at the faint end of the dwarf elliptical scale
are called spheroid (Sphs) (Web") (ii) dwarf irregulars
(Irrs). The galaxies containing a considerable quantity of
dust and gas which have clear evidence of star formation
are called dwarf irregulars. (iii) star bursting dwarfs: The
gas-rich galaxies having a high rate of star formation are
called star bursting dwarfs. The starburst activity occurs in
the galaxies having steeper gravitational potential. The
starburst galaxies are gas-rich dwarf galaxies with high
dark matter content, low mass, and low chemical
abundance. Most of the dwarf galaxies were formed by
the interaction of galaxies. Okazaki and Taniguchi (2000)
analyzed that gas-rich galaxies were formed by merger or
collision of the galaxies while gas-poor elliptical galaxies
was found at the center of galaxy clusters.

The galaxies with low mass, low chemical abundances,
high gas, and dark matter content were termed as star-
forming dwarf galaxies. Such galaxies mostly reside in the
field environment. The star formation rate (SFR) of a
galaxy can be obtained in various wavelength regions like
X-ray, ultraviolet, optical, far infrared etc. by making use
of the experimental/observational calculations obtained
from samples of the above-mentioned galaxy types:
elliptical, irregulars, or starbursts. The star formation rate
of a galaxy depends upon different factors like interstellar
gases, temperature, molecular cloud of neutral hydrogen
etc. (Thronson & Telesco, 1986). Similarly, metallicity is
also one of the factors. The star formation rates in the low
metallic dwarf galaxies were found to be overestimated by
a factor greater than or equal to 3 (Weilbacher et al.,
2001).
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In this paper, the spectroscopic analysis was performed on
SDSS DR12 spectra of low red-shifted dwarf galaxy NGC
2604. The characteristic peaks of the emission lines were
identified along with their responsible elements for the
emission. The star formation rate (SFR), extinction
coefficient and emission line metallicity were also
calculated using Gaussian fits.

Region of interest

We selected a system of interacting dwarf galaxy NGC
2604 having a low redshift of z = 0.0069 from the catalog
compiled by Poudel et al. (2018). The galaxy NGC 2604
is an interacting galaxy located at R.A. (J2000) =
128.3457°, Dec. (J2000) = 29.5386° (Fig. 1a). The SDSS
photometric u, g, r, i, and z color magnitudes are
respectively, 14.41 mag, 13.89 mag, 13.36 mag, 13.36 and
13.12 mag. (Web?). NGC 2604 is the barred-spiral galaxy
that can be observed from Kathmandu, Nepal if viewed
from a telescope, in the evening around 19:09 (+0545),
69° above the eastern horizon. It reaches its highest point
in the sky at 20:40, 88° above the northern horizon from
Kathmandu, and will continue to appear till around 02:00
(Web®).

An emerging concept regarding the barred galaxies is that
the bars play a controlling role in the comprehensive star
formation rate of the disk galaxies. Tubbs (1982)
proposed the probability of a decrease in total star-
forming rates due to bars in the galaxy. Kim et al. (2017)
showed that there is a significantly lower star-forming
activity of strongly-barred galaxies than their unbarred
counterparts. The SDSS optical image of the galaxy UGC
2604 is shown in Fig. 1(a) which is interacting with a
nearby companion NGC 2604B. We can see clearly from
the image that it is a barred type galaxy. The spectrum of
the galaxy is shown in Fig. 1(b). In the spectra, several
characteristic lines due to different elements are found.
The most prominent line is the H, line which corresponds
to 6564.4 A. Then the intensity goes on decreasing with
Hg, OlII, NI, H, lines, and so on. The characteristic lines
will be studied in this paper and the reason behind those
emissions in the dwarf galaxy will be investigated.

The main objective of this work is the spectroscopic
analysis of the galaxy UGC 2604. The specific objective
is to calculate the star formation rate of the galaxy from
the H, line, calculate line ratio, metallicity, extinction
coefficient and compare the star formation rate.

MATERIALS AND METHODS

This study was based on the Sloan Digital Sky Survey
(SDSS) database  (http://www:sdss.org/collaboration/
credits.html). The SDSS DR12 spectral data was extracted
from software called ALADIN. The data was plotted
using the software ORIGIN 8.0 to obtain spectra of the
galaxy. The peaks in emission lines were identified and
performed the Gaussian fits on the spectra of emission
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lines. It was assumed that the characteristic lines get
broaden because of Doppler broadening, permitted line
cooling, and fine structure cooling. These are natural
processes; therefore the Gaussian distribution was
expected.

NGC 2604

NGC 2604B ; @

T T T T T T
I (b) NGC 2604 H, i
SDSS DR12 Spectra
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1. (a) SDSS image of dwarf galaxy [Source: SDSS
DR12 Science Archive Server], (b) SDSS DR12
spectra of NGC 2604

Fig.

Mathematically Gaussian distribution (Squires, 2001) is
defined as;
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Where, X is a normal random variable, p is the mean and ¢
is the standard deviation of the distribution. If the number
of events is very large, then the Gaussian distribution
function may be used to describe physical events. The
Gaussian distribution is a continuous function that
approximates the exact binomial distribution of events.
Any deviation from the Gaussian distribution will be
analyzed critically. Jha et al. (2017) studied the variation
of flux density with density of a structure of size 4.46 pc x



2.36 pc and found a cavity structure at 100 um images in
interstellar medium. From the study of distribution of flux
density with distance along major diameter of the
structure, they found that the distribution strongly
deviated from the Gaussian distribution. This is due to the
pulsar wind during the formation of the cavity in
interstellar medium.

A table of Gaussian parameters for noticeable
characteristic peaks was presented. In the spectra (Fig.
1b), 81 peaks were noticed above the continuum. Out of
them, only 13 characteristic peaks having maximum
intensity were presented here along with the responsible
elements and their Gaussian parameters. Finally, H,-line
was identified, and using the Gaussian area for intensity
of the line, star formation rate (SFR) in the dwarf galaxy
NGC 2604 was calculated. The star formation rate was
calculated by adopting the empirical formula proposed by
Kennicutt (1998) as follows;

SFR (M year™) = 7.9x10* Y L (H,) (ergss™) 2)

Here, Y L(H,) is the total luminosity of H, which was
calculated by using Gaussian fits. > L(H,) = Area of
Gaussian fit x 10 x 47R? (ergs s). R is the radius of the
sphere which was calculated as R = D x 3.08 x 10 cm.
Here, D is luminosity distance in Mpc. From the
calibration provided by Marino et al. (2013), the emission
line metallicity using a line ratio between NII and H,, was
calculated by

12 + log (O/H) = 8.743 + 0.462 x log (NII/H,) 3)
RESULTS AND DISCUSSION

Out of thirteen emission lines selected, only twelve
characteristic emission lines are shown in Figs. 2 and
3.The Gaussian fits of the first six emission lines of Hel,
H; H, Hg Olll, and Olll are shown in Fig. 2. Solid curves
represent Gaussian fits. The statistical error bars (xlo)
were shown. The broadening of the characteristic line was
mainly because of the Doppler broadening. The
wavelengths given in the X-axis were redshift corrected.
A conservative estimate of the flux error is shown in the
plot, i.e., 10 % of the observed flux provided by the SDSS
webpage (https://www.sdss.org/dr15/spectro/caveats/).

Likewise, the Gaussian fits of the second six emission
lines of OI, NII, H, NII, Sl and SII are shown in Fig. 3.
Here also, solid curves represented Gaussian fits. The
statistical error bars (+1c) are shown. The broadening of
the characteristic line was mainly because of the Doppler
broadening.

A very good agreement between the observed distribution
and Gaussian fit was found, as shown in Figs. 2 and 3.
The lines H; H, Hy and H, are Balmer lines. The
corrected and calibrated Gaussian area was used to find
the values of the star formation rate. The Gaussian fits
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shown in Figs. 2 and 3 ranged from 3885 A to 6742 A in
the spectra.
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Fig. 2. First six characteristic peaks of the SDSS DR12
spectra of interacting dwarf galaxy NGC 2604 in the
range 3885 A to 5015 A
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Fig. 3. Second six characteristic peaks of the SDSS DR12
spectra of interacting dwarf galaxy NGC 2604 in the
range 6293 A to 6742 A. Error bars represent the
+1o statistical errors

Table 1 shows a list of Gaussian parameters of 13
strongest peaks (shown in Fig. 2 and 3) in the SDSS
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spectra of dwarf galaxy NGC 2604. The first, second,
third, and fourth columns respectively represent the name
of the responsible element for the emission, the peak
wavelength (&;), the value of peak intensity (Iy) in
erg/s/cm?/A corresponding to peak wavelength and full
width half maximum (FWHM). Similarly, the fifth, sixth,
seventh, and eighth columns represent area, height of
Gaussian curve, offset, and coefficient of regression of the
fitted data, respectively, as summarized in Table 1.

Gaussian offset which showed the skewness of the data is
the positional difference between the Gaussian peak and
the observed peak in the spectra. The coefficient of
regression is represented by R? which was found to be

more than 0.990 except for Ol, suggesting a very good
agreement with Gaussian distribution. The small values
(2.53 - 4.10) A of full-width half maxima (FWHM)
represent the characteristic peak. Interestingly, the
characteristic peaks showed Gaussian nature. The
intensity was found to be maximum (1538.8 erg/s/cm?/A)
at the wavelength of 6564.4 A. This line was because of
H, emission. The second strongest line was due to Hg
which was found at the wavelength of 4862.9A with peak
intensity 624.0 erg/s/cm?A. The weakest intensity among
the 13 strongest lines was observed at the wavelength of
6364.9A with peak intensity 5.3 erg/slcm?/A, which was
due to neutral oxygen Ol.

Table 1. Description of the selected characteristic emission lines of spectra of dwarf galaxy NGC 2604 shown in Fig. 1

Element 2, (A) I FWHM (A)  Area (erg/slem?A)  Height (erg/s/cm?/A)  Offset R
Hel 3889.5 107.5 2.53 300.60 111.53 +0.269 0.998
H;, 4102.9 151.9 2.54 428.33 158.49 +0.158 0.997
H, 4342.0 269.0 2.60 820.17 296.62 +0.465 0.999
Hp 4862.9 624.0 2.82 1920.98 638.95 +0.267 0.999
olll 4960.1 139.1 2.89 439.30 142.61 -0.149 0.999
ol 5008.3 423.5 2.95 1349.96 430.02 +0.109 0.999
Ol 6302.2 13.3 3.83 60.77 14.91 +0.109 0.973
ol 6364.9 5.3 3.76 23.65 5.91 -0.880 0.925
NII 6550.8 106.9 3.95 492.02 117.16 +0.709 0.998
H, 6564.4  1538.8 4.10 7048.21 1615.05 -0.431 0.999
NII 6585.6 359.7 3.99 1563.03 368.36 +0.151 0.999
Sl 6718.8 193.5 4.07 871.40 201.16 +0.404 0.999
Sl 6732.7 142.9 4.01 619.02 144.89 -0.082 0.998

It can be seen from Table 1 that all the selected thirteen
spectral Gaussian fits corresponding to the elements Hel,
H; H, Hz Olll, Ol, NII, NII, and Sl have positive values
of offset which indicates that they have positive skewness.
This means that the tail on the R.H.S. was longer than that
on the L.H.S. on the curve and the mode was less than the
mean. The rest of the Gaussian fits corresponding to Olll,
Ol, H,, and SII lines have negative values of offset,
indicating that they have negative skewness. It means that
the tail on the L.H.S. of the curve was longer than the tail
on the R.H.S. and the mode was more than the mean. The
line due to H, has maximum FWHM (i.e., 4.10 A),
indicating that it was in very good agreement with
Gaussian fit.

From Table 1, it can be seen that corresponding to the
wavelength 6564.4 A, maximum intensity of 1538.8
erg/sec/cm?/A was observed in the spectral line due to H,,.
The wavelength of the H, spectral line ranged from
6555.29 A to 6574.94 A. Therefore, the maximum
Gaussian area of the line with 7048.21 erg/s/cm%A in the
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unit of intensity was detected. This might affect the star
formation rate in the Galaxy. Statistically, R? measures
how close the data are to the fitted curve. The value of R?
in all the spectral lines was almost 100%. This fact also
suggests that the fitted data is Gaussian-like.

Star formation rate

Area of Gaussian curve for H, line = 7048.21 (10’
erg/s/cm?/A). For H, line, the intensity was maximum.
Using the adopted distance to the galaxy D = 29.29 Mpc
(Poudel et al., 2018), we calculated R = D x 3.08 x 10%
cm = 29.29 x 3.08 x 10* cm = 90.21 x 10** cm. Star
formation rate using H, line was calculated by using
equation (2).

SFR = 7.9x10**xarea of Gaussian fit x 10""x4xR?*=7.9x
10*x7048.21x10™""x47(90.21x10*)*=0.057 M, year ™

Line ratio H,/Hg = 7048.21/1920.98 = 3.67. This is
slightly greater than the theoretical value (2.8), which is
due to internal extinction.



The current star formation rate in our Milky Way galaxy
was 2.6, the average star formation rate was about 8.25
M, year (Kalberla & Kerp, 2009). GALEX mission
revealed that the star formation rate in the early-type
galaxies, dwarf galaxies, low surface brightness galaxies,
and the extreme outer disks of many normal galaxies was
rather low. Although star formation had been detected
occasionally in nearby elliptical and SO galaxies (e.g.,
Pogge & Eskridge, 1993), most of these galaxies have
historically been regarded as "dead" in terms of recent star
formation. Kennicutt et al. (2008) compiled H,
luminosities for galaxies within the local 11 Mpc, which
included ~ 300 dwarf galaxies (Mg > -17). Excluding a
handful of dwarf spheroidal galaxies that have no cold
gas, only 10 of these (~3 %) were not detected in H,,
meaning that star formation had taken place over the last
3-5 Myr in the other 97 % of the systems. Therefore, our
dwarf galaxy meets this criterion.

Metallicity

The line ratio of NII (Apex = 6585.6 A) with H, was
calculated as, NII/H, = 1563.03/7048.21 = 0.2218. Line
metallicity was 12 + log (O/H) = 8.743 + 0.462 x log
(NII/H,) = 8.743 + 0.462 % log (0.2218) = 8.44 dex which
is slightly lower than solar value.

Extinction correction

The line ratio H,/H; which is also called Blamer
decrement is given by, ¢ = 3.67. The theoretical value of
co = 2.86 for an electron temperature of 10* K. Now
extinction coefficient E (B — V) = 1.97x log (c/cp) = 1.97x
log (3.67/2.86) = 0.2134. Now, extinction A (Ha) = 2.45
E (B-V) =2.45 x 0.2134 = 0.5228.

Again, we have A (Ha) = — 2.5 log (F(Ha)obs/F(Ha)em).
Using the value of observed flux F(Ha)obs = 7048.21 in
this equation, the emitted flux was calculated to be
F(Ha)em = 1148154 erg/sicm’A. Thus, using this
value, the star formation rate was calculated as,

Star formation rate due to H, line = 7.9 x10™ x Area of
Gaussian fit x 107" x 47R? = 7.9 x10™*x 11481.54 x 10™
x 47 (90.21 x 10?2 = 0.0927 M, year ™

Thus the SFR of the Galaxy before extinction was 0.057
M, year ! and after extinction correction was 0.0927 Mo,
year . We can see that the SFR of the galaxy calculated
after extinction correction is more (almost double) than
that before correction indicating that the actual value of
the flux of the galaxy is almost double of the observed
value of the flux. This galaxy NGC 2604 has only three
low mass galaxies around it which means that the galaxy
is almost in the field environment.

CONCLUSION

We studied SDSS DR12 emission spectra of an
interacting dwarf galaxy NGC 2604 located at R.A.
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(J2000) = 128.3457°, Dec. (J2000) = 29.5386°, having
redshift 0.0069. We noticed thirteen significant peaks
from Gaussian fits. Present results conclude as follows:

1. The strongest emission line was found for H, with
intensity 1538.8 erg/s/cm?/A. The line ratio H./H;
was found to be 3.67

2. Other emission lines were observed because of
neutral Oxygen (OI), Balmer lines H; H, Hg, doubly
ionized oxygen (Olll) doublet, neutral Helium (Hel),
singly ionized Sulpher (SIl) doublet, and singly
ionized nitrogen (NI1) doublet.

3. All the eleven characteristic lines showed a very
good agreement with Gaussian fits greater than 99.9
% coefficient of regression. However, full width at
half maxima (FWHM) was found to be less than 5
A. These lines were broadened because of Doppler
broadening and permitted line cooling.

No metal absorption line was observed in the spectra
of interacting dwarf galaxy NGC 2604. This
suggests that the galaxy was either newly formed.

5.  Star formation rate (SFR) due to H, emission line
was found to be 0.057 Mg year™ which is considered
as a low star formation rate.
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