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Abstract

The NGC 1366 is a lenticular and bright galaxy at a distance offMpc in the
Fornax cluster. It is a challenging case in the panorama of lgaies hosting
counter-rotating stellar components. Surprisingly, unke most of the counter-
rotating galaxies, the ionized gas detected in NGC 1366 is nassociated
with any of its stellar components nor with the main galaxy bdy, but it
has a chaotic distribution and convulsed kinematics with mitiple velocity
components observed along the minor axis of the galaxy.

The aim of this thesis work is to study the ionized gas in NGC 186with
the Multi Unit Spectroscopic Explorer (MUSE) data. To study the gas and its
characteristics, | have used Python programming and examéd the 2D maps
of emission line ux, relative velocity and velocity dispesion of the ionized
gas and the properties of the gas.

Results: The ionized gas has irregular motion at the center of the gadp
The emission lines appear to be in an irregular spiral patterin the whole
galaxy. Furthermore, The [NII] and [OIlll] are brighter than the H and
H indicating that there is no star formation in the galaxy. Ths conrms
the peculiarities of NGC 1366 in comparison with the other cater-rotating
galaxies.
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Chapter 1

Introduction

The mechanisms which lead to the formation and evolution obanter-rotating
galaxies are still a topic of debate in the astronomic commiupn In this
thesis, | have studied the gas kinematics of NGC1366which is a counter-
rotating galaxy. | have studied the 2D map of the ionized-gassing the
data from the Multi Unit Spectroscopic Explorer (MUSE) on the \éry Large
Telescope (VLT). Moreover, | have examined the gas propersiof NGC 1366
and improve our understanding of galaxy formation and evolwn on the
smallest scales.

1.1 The main ingredients of a galaxy

A galaxy is a complex system constrained by gravity. Accordinto our cur-
rent theory, dark matter, whose distribution is signi cantly wider than that
of visible matter and creates a spheroidal halo, dominateféd gravitational
potential. Ordinary "baryonic matter" is primarily composed of hydrogen
and helium and takes the form of stars, di use and clumpy gaslust, planets,
and other objects. Baryons are the only particles that emitadiation in the
electromagnetic spectrum, whereas dark matter particlesedi cult to nd
since they do not absorb or emit light and only interact with edinary mat-
ter through gravity. Dark matter dominates the mass budgetaccounting for
about 85% of the total matter content. As a result, in galaxieghe relationship
between mass and light is very di erent. Star formation usethe gaseous com-
ponent as fuel. The physics of star formation involves a velptricate set of
interactions involving gas infall, turbulence, radiativetransfer, feedback from
star formation, and magnetic elds. Additionally, because dst is frequently
found in gas-rich star-forming environments, it serves as sgni cant tracer
of star formation. This element plays a crucial role in the termodynamics
of star formation due to the scattering, absorption, and emssion of radiation
by dust. The details of the interstellar medium, such as gasmperature,
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density, and composition, de ne the rate at which moleculaclouds can form
stars. Galaxies with starbursts, or extremely high rates dftar formation, are
frequently shrouded in dust; the most active regions exhibstrong infrared
emission by high temperature dust and are almost opaque to taal radia-

tion, which is the case of submillimetre galaxies (SMGs) or tdh-Luminous
Infrared Galaxies (ULIRGS). Along with these elements, it ismportant to

note that galaxies have supermassive black holes (SMBHSs) &kir centers. It
has a mass ranging from a few million to several billion sunkét can regulate
the formation of their host galaxy. An Active Galactic Nucleus AGN), which

is extremely bright, forms as gas accretes onto the SMBHs. Tlemergetic
output of the AGN in the form of jets may have e ects on star fomation

throughout the entire galaxy, but this is still mysterious.

1.2 The Kinematics of Galaxies

In the middle of the 1970s and earlier, spiral galaxies werbe only ones for
which progress had been made in measuring the kinematics gfegnal galax-
ies. Strong emission lines were used for the measuremenithee the 21-cm
line for atomic hydrogen or the emission lines from ionizedg in star-forming
regions throughout the disk. The simple expectation that th rotation in
the outer disk should exhibit the Keplerian decline V R ™ signature was
quickly disprovedVan de Hulst et al.[1957, but the potential consequences of
this realization were not recognized immediately. This eméually resulted in
the discovery of dark halos, starting astrophysics' sear¢ar dark matter. The
kinematics of elliptical galaxies were largely unexploredntil the mid-1970s.
The rst measurementsBertola and Capaccioli[1974, which were based on
stellar absorption lines, showed dramatically that the atening of elliptical
galaxies is statistically contrary to rotation. The fact that kinematical tracers
similar to those available in spiral galaxies are not systeatically present in
su cient amounts in ellipticals leads to a new understandilg of their struc-
ture.

The kinematical study of galaxies reveals their evolutionand in particular,
analysing the gas kinematics of stellar and gaseous compuatseallows us to
infer the galaxies' dynamical structure. The advent of wideeld, high reso-
lution integral eld spectroscopy (IFS) has revolutionisedour understanding
of galaxies and its evolution. Instead of obtaining one spteem of light per
galaxy, integral eld units (IFUs) allow a galaxy to be viewed n three dimen-
sions (3D), where every spatial pixel (spaxel) across therface of a galaxy
contains a full spectrum of light. The stellar and gas kinentes from each
spaxel of IFS data provides a wealth of information that can based to un-
derstand a galaxy's inherent properties and evolution in gater depth. IFU
made it possible to get two-dimensional kinematics of gas @rstars for the
rst time, overcoming the limitations associated with onedimensional velocity



curve interpretation.

1.2.1 Optical Determinations Methods

With the emission lines, we can study the distribution of iorded gases in the
galaxies. Whereas absorption lines, which are dominated ihg spectrum of
a galaxy, are used to get information about the stellar conte (the lines come
from the atmospheres of the stars). The absorption lines awery di cult to
obtain and never extend over the entire disc. However, they arextremely
useful, especially for comparing the rotation velocitiesf stars and gas. By
observation It can be seen that from the galaxy's center to astance of about
20kpc, the velocities of the stars and gas in the disc of sdsaloes not change
by more than the measurement errors (about &Mns 1). With the aid of
this fundamental nding, we are better able to extrapolate he dynamics of
galaxies from the rotation curves observed for gas. But in ¢hcentral bulge,
the rotational velocity of the stars is only half that of the @s because the stars
rotational velocity there is greatly reduced by the large Jecity dispersion of
the gas, which is a cold component that traces the mass didtution like test
particles. The comparison is di cult, however, because sig cant noncircular
velocities are also present in the stellar and gaseous coments (di erent
perturbations, absorptions, bars, and so on); ionized gasrely orbits the
galactic center circularly, and its rotational velocity isfrequently lower than
that predicted from the visible mass. The rotation curves &im the emission
lines of ionized gas (mainlyH and [NII]) can be found by the method of
long-slit spectroscopy: especially for distant galaxiedt is facile to arrange
numerous HIl regions along a single slit, normally along theataxy's major
axis. To make the velocity eld complete (including nonciralar velocities,
orientation parameters, and so on), it is important to obsete numerous slits
spread out across the disc, and the integration time neededaynsometimes
be long. On the other hand, the Fabry-Perot method of interfemetry helps
us nd large elds at a single time and is being improved furtier. However,
compared to slit spectroscopy, the data reduction is morentie-consuming and
challenging. The velocity elds of a galaxy from the ionizedas lines are very
useful and assist in the HI radio determination. A very high sgtial resolution
is needed in the central regions, and atomic hydrogen is alsitten missing from
these areas.The HI component is more evenly distributed in ¢hdisc regions
than it is in the HIl regions, but it is pivotal for theories of gar formation to
take into account all systematic di erences between the twoomponents (for
instance, those due to the spiral structure).



1.2.2 lonized gas study

After getting the spectrum of a point in the galaxy, whether itbe a point
along a slit or a point in a two-dimensional IFU matrix. The ionzed gas's
kinematics are measured using the procedures listed below:

" Derive the wavelength of the emission and then the redshift.
Convert redshift into velocity

By guring out the precise location of the galaxy's kinematt center and
its radial velocity, we can "symmetrize" the rotation curve

Adjust the galaxy's velocity for the earth's rotation aroundthe sun and
the sun's motion in relation to the cosmic background.

Find the galaxy's distance from us and the scale (pc/arcsec).

Deproject the observed quantities (velocities and galaatentric dis-
tances) and transform them into physical units.

The redshift z is de ned as:

observed lab observed
Y = = =1 (1.1)

Z= = =

lab

To transform the redshift into velocity the following relativistic formula is
used which link Z and velocity V of a target:

(z+1)2? 1
=c— 7 = 1.2
C(z +1)2+1 (1.2)
Where (c = speed of light in the vacuum = 299792.458 km/s) or ats
S
1+V=c
= 1 1.3
2T 1 V= (1.3)

Often the approximation for V << c (or z<< 1) is used. In this case V=cz.

To nd the scale and distance of a galaxy we used the Hubble laun the
case of small speeds we can use the approximate formula

V .
D = =S Ho = 73km=s=Mpc (1.4)
0

For example, a galaxy withVesmologica = 2000 km/s is located at a distance
of 27.4 Mpc. By measuring V in km/s we get the distance diregtlin Mpc.
With the distance we can derive the spatial scale on the galaxy

scale = D(pc)/206264.8 = D(Mpc)/.2062648
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1.3 Kinematic pro le

The most used method to determine the kinematics of galaxiesto study its
velocity distribution and dispersion through its spectrum When the source
of light is in movement with respect to the observer, it eithestretches the
wavelength or squeezes it, depending on the direction of soels movements.
Conversely,the redshift or blueshift of light tells us wheter the source is com-
ing near or going far. Emission lines are the best mappers ofspectrum
as comparison to precise laboratory detections easily rglthe whole story.
Change in the location of emission line tells us the group wality of a partic-
ular cloud while width of the line tells us the individual digribution of velocity
within the cloud. Both of which are imperical to study the kirematic pro le
of the galaxy.

1.3.1 Rotational Curves of Spiral Galaxies

Spiral galaxies are de ned by Newtonian rotation, as in it féws the equa-
tion of Newtonian Mechanics. As such, the velocity at a certain radius
r is given by V = r ( r), which is in the tangential direction. Here, is

the di erential rotation velocity given determined by the gravitational poten-

tial. Usually, perturbations from circular orbits are small i.e, small pressure
gradients. Thus, the rotation equation gives:

2
V() @ _ GM(r) where _  GM(@)
r @r r2 r

whereG and M (r) are gravitational constant and galactic mass; is galacto-
centric radius andV is rotational velocity.
Equation 1.5 can be distributed in two regions of the galaxies, leading two
di erent types of velocity curves. Near the center of the gakdes, mass of the
galaxy is a function of radius given byM (r) = ‘5‘ r 3 (considering constant
density of the galaxy). This gives us a relation/ / r, which is linear. Far
from the center, stars and gas are only a ected by the mass ide their radius,
which makes them feel mass of the galaxy as a constant. As a amsence,
1.5can be written asV / r ¥, which is the Keplerian rotation curve.
Observations of curves follows these expressions to a certadius after which,
they defect. One does not observe the Keplerian fall curvenstead, the curve
becomes at with a constantV. This can only be satis ed when mass of the
galaxy is directly proportional to the radius. There is addional mass outside
the galaxy that behaves di erently than normal matter, whid we term "Dark
Matter". For the observed rotational curves, large amount®f Dark Matter
must exist in a more or less spherically symmetric halo, rdang far beyond
the visible matter. Considering the spherically symmetri@istribution, the
mass inside the sphere of radius R would bd (r) / r, so that we obtain a

(1.5)



rst rough model of Dark matter density distribution:

dM Vv

— — 2
= (L= )dr ~ 4Gr?2

(1.6)
Equation 1.6 gives / r 2, for distance outside the visible radius. As we
shall see, this model is undoubtedly oversimpli ed, yet it @rresponds to the
so-called "nonsingular isothermal” pro le which is the mascommon types of
halos: .
= —— 1.7

T+ () &0
with andr, are constants.
What are the best components to map the kinematics in spiral gaxy? Molec-
ular gas has the coldest temperature, leading to very smallirbulent speed.
Stars have elliptical movements and lack strong emissiomés. Atomic hy-
drogen emission is ideal since it is cold (their own movemenivon't dampen
the motion due to gravitation potential, giving us the prope gradient) and
it extends beyond what the optical light can capture while miataining its
disk-like shape.
Measuring a given rotation curve, we see the e ects of the nmsontributed
by all the components of the galaxy (gas, bulge, halo). We cativide the
velocity equation into its components by writing,

@i,
It is easy to determine the mass of disk and bulge given a phatetric pro le.

Similarly, under acceptable assumptions, we can nd the gasass. Then, the
above equation becomes

(1.8)

V2= Vi+ 2+ V2 + r%hr; (1.9)

giving us the potential due to dark matter halo.

1.3.2 Elliptical Galaxies

The radial velocity or line-of-sight velocity distribution (LOSVD) curves are
obtained from the spectroscopic study of absorption linesnd are typically
represented byV (r), in km=s. whereas the velocity dispersion pro les repre-
sented by (r) in km=s are found by measuring the line shifts and linewidths.

The conversion of LOSVD to kinematic pro le is dependent on t model
we choose, unlike spiral galaxiesV(r) does not relate to local gravitation
eld at radius, while its meaning is also di erent from the rdational curve.
The general trend we observe for elliptical galaxies is itsdh velocity disper-
sion ( 2 V?) and velocity-dispersion pro les have di erent slopes. Irmost
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Figure 1.1: Kinematics of the elliptical galaxy NGC 2663 (arollo and
Danziger[1994 The measurements extend out to 1:8Re.
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bulges, open circles are cD and brightest-cluster galaxigés Zeeuw and Franx
[199]

cases, there is no correlation between velocity and dispierspro les. We also
see no e ect of rotation on the pro les, leading us to believthat bright,boxy
galaxies' shape results from pressure anisotropy.



1.3.3 Lenticular Galaxies

In terms of galaxy morphological classi cation schemes, riecular galaxies
fall somewhere between elliptical and spiral galaxies. Tée galaxies are also
called as disc galaxies, which have very little ongoing stéwrmation because
almost all of their interstellar matter has been consumed dost. However,
they might keep a lot of dust in their disks. As a result, much ke ellipti-
cal galaxies, they are primarily made up of old stars. Desgittheir di erent
morphologies, lenticular and elliptical galaxies have sitar spectral charac-
teristics and scaling relations. Both galaxies, at least ithe region where they
are located, can be regarded as early-type galaxies that gr@&ssively evolving.

The kinematic characteristics of spiral and elliptical galxies are both
shared by lenticular galaxies. This is because lenticulangave a sizable bulge
and are disk-shaped. Because the bulge component is presssupported by
a central velocity dispersion, it shares characteristicsith elliptical galax-
ies. The rotationally supported disk, however, dominateshe kinematics of
lenticular galaxies. The stability of the galaxy is said to b caused by the
average circular motion of stars in the disk, according to tational theory.
Thus, lenticular galaxies and elliptical galaxies can be stinguished from one
another using kinematics. The kinematics of disk galaxiegeausually de-
termined by H or 21-cm emission lines, which are typically not featured
in lenticular galaxies due to their general lack of cool gasThere is also a
considerable amount of di culty in deriving accurate rotational velocities for
lenticular galaxies. This is a combined issue from lenticuis having unoriented
inclination measurements, projection e ects in the bulgelisk interface region,
and the random motions of stars a ecting the true rotationalelocities. These
e ects make kinematic measurements of lenticular galaxie®nsiderably more
di cult compared to normal disk galaxies. The kinematic joining between
spiral and lenticular galaxies is most clear when analyzinpe Tully{Fisher
representation for spiral and lenticular samples. If lentular galaxies are an
evolved stage of spiral galaxies, then they should have a gan Tully{Fisher
description to spirals but with an o set in the luminosity/a bsolute magnitude
axis.



Chapter 2

Counter Rotating Galaxies

The galaxies in which two components rotate opposite to eadther are known
as counter-rotating galaxies. In this chapter, | have explaed the kinematic
and morphological characteristics of lenticulars and sgils galaxies which host
counter-rotating components.

2.1 Overview

Generally, the kinematics of a galaxy are determined by therluts of the
stellar body and ionized gas. However, the description may dmme more
complex if several coexisting stellar disks co-rotate or water-rotate with re-
spect to each other, with respect to the others, or with respeto the gas disk.
In particular, galaxies that exhibit counter-rotation fall into the category of
multi-spin galaxies, in which two components are observeadtating in direc-
tions that are opposite to each other. The detailed discussi on this topic is
given by Rubin [1994 explaining the study of galactic kinematics.Galletta
[1987 shows the rst evidence of counter-rotation in the earlyytpe barred
galaxy NGC 4564, where they measured the kinematics of ionizgas and
stellar components rotating in opposite directions arounthe same rotation
axis. At the same time, similar results from other studies we published like
Bertola and Bettoni [1989, Bettoni [1984 in NGC 5898 elliptical. With more
available data, numerous galaxies are found hosting countetating compo-
nents. Still, a lot of interesting results are coming out alhd these galaxies.
The apparentand intrinsic are two kinds of counter-rotating components that
occur in galaxies. In the former case, the line of sight is laied between the
two kinematically separated components as they rotate abbskewed rotation
axes, causing the vectors of angular momentum to be projedtantiparallel
onto the sky plane. In the latter type, the two kinematicallydetached compo-
nents rotate counterclockwise around the same rotation axiand as a result,
their angular momentum vectors are antiparallel.



According to the galactic components impacted by the counteptation,
the phenomenon can manifest itself in three di erent ways.

" Gas counter-rotation against stars (gaseous counter-rotation)If the
gaseous disc rotates against the stellar body of the gala®&g in the case
of NGC 4546, galaxy SBO/SBa where ionized, molecular, and ate
gas ( 1C°M ) counter-rotate with respect to the stars (Galletta [1987,
which historically was the rst article in which the phenomeon was
highlighted).

Counter-rotation of gas against gasin this system, two gaseous disks
counter-rotate with respect to each other. For instance, # gaseous
content (  1PM ) in SO NGC 7332Plana and Boulesteix{1994,Fisher
et al. [1994 shows non-circular motions, implying that equilibrium has
not been reached.

Counter-rotation of stars against stars (stellar counter-rotation) In
this phenomenon, two stellar components counter-rotate. e E7/S0
NGC 4550 consists of two counter-rotating stellar disks, onaf which
rotates alongside the gaseous disk sBebin et al. [199];Johnston et al.
[2013;Coccato et al.[2013 others a few examples are NGC 524&atkov

et al. [201], NGC 2950;Corsini et al. [20031; Maciejewski[2009. This
episode is also observed in the NGC 1366 (s&ection 2.5 by Morelli

et al. [2017 and examine the kinematics of the ionized gas in this galaxy
is my current thesis work.

The counter-rotation is observed in the di erent regions otlisk galaxies.
The Sa NGC 3593 (seé&igure 2.1) has counter-rotation in the inner region
of the galaxy, and it has a main stellar disk with  80% of the stars (12
10'°M ) and a secondary counter-rotating diskBertola et al. [1994;Coccato
et al. [2013, which corotates with the disk of ionized and molecular gaand
dominates the kinematics in the inner kpc, according t&arca-Burillo et al.
[200Q. The Sab NGC 4286 (M64) contains stellar counter-rotationni the
outer part of the galaxy Braun et al. [199];Walterbos et al. [1994. They
have the same masses and are both coplanar to the stellar didkost of the
stars corotate with the inner gas while only 5% corotate with the outer gas
Rix et al. [1995. The gaseous component of the Sa NGC 3626 is the rst
spiral galaxy where counter-rotation of the gaseous compamt ( 10°M )
with respect to the stars was observed at all radiCiri et al. [1999;Garcia-
Burillo et al. [1998;Haynes et al.[2000.
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Figure 2.1: The kinematics of NGC 3593: radial velocity pro Ig (top) and
velocity dispersion (bottom) pro les for counter-rotation; empty circles rep-
resent the stars, the circles are lled with ionized gas.

2.2 Observation

Generally the observation of counter-rotation of gaseousmponents in galax-
ies is very easy. One can tell by examine the position velocitiagrams (as
shown inFigure 2.2 or scrutinizing at the the contrary direction of the stella
absorption and ionized gas emission lines in two-dimensaoptical spectrum
(as shownFigure 2.3. The standard methods are used to calculate the kine-
matics of stars and gas, which allows measuring variation$ the rotational
velocities in a few km/s. However, exploitation of a counteretatation of stel-
lar and gaseous component is very arduous job. As the countetating stellar
kinematics of two components are determined by the alike atrption lines.
and thus thorough data analysis is necessary. If the two compents have the
same photometric properties, we can observe the x-shapedsaiption lines.
However, The presence of two counter-rotating componentsinglicated by the
presence of a dualmode line-of-sight velocity distributio(LOSVD). The in-
strumentation used for the spectroscopic observation antde properties of the
galaxies a ect the measurement of LOSVD bimodality. Throughexamining
arti cial spectra with various percentages of counter-rating starsKuijken
et al. [1999 & Pizzella et al. [2004 gave a maximum limit of 10% for the
retrograde stars that can be seen in spectra with long slitsxd medium res-
olution ( ' 50Kms 1) having a spatial resolution of FWHM 1" with
a signal-to-noise ratio,S=N  30A !. Coccato et al.[2013, have shown the
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Figure 2.2: Shows the Kinematics of stellar and ionized gas BGC 128
(upper) and NGC 1596 (lower). Each image describe the greyase of the
galaxy with contours from the DSS, where white dots representhe plotting
of stellar rotation curve on a stellar absorption line. Sinkarly, the black dots
depict the information of stellar rotation curve and emissin line. ( Bureau

and Chung[2009)

Figure 2.3: Opposite orientation of the emission lines of thenized gas [OllI]
and those in absorption related to the stellar body in a two-dhensional op-
tical spectrum along the major axis of the galaxy NGC 4546, hbef gaseous
counter-rotation. (Galletta [1987)
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same results for the integral- eld spectra. The Gauss-Herieai expansion {/an
Der Marel and Franx[1993) does a poor job of recreating a galaxy's LOSVD
if it has secondary kinematic componentsatkov et al. [2013;Fabricius et al.
[2017) . Additionally, the LOSVD's variation and noise characteistics can
simulate what might be seen as a counter-rotating componentherefore, it is
necessary to carried out with care when recovering and degoosing paramet-
ric LOSVDs. In fact, Bottema [1999 demonstrated that the counter-rotating
bulge of the Sb NGC 7331 discovered yrada et al. [19949 was a relic of the
technigue used to measure the stellar kinematics. Evidenseggests that two
counter-rotating disks exist when there are two askew and ifarm apexes in
the stellar velocity and stellar velocity dispersion and ze velocity rotation
measured along the galaxy's major axis. Also, If we observedvecounter-
rotating components along the radial range, their LOSVDs arenresolved,
and their luminosity are almost equal. Krajnovt et al. [201] discovered 11
galaxies, such as NGC 4550, in the restricted volume sample2&0 nearby
early-type galaxies collected through the ATLAS-3D projectTo understand
the percentage of their counter-rotating stars, they are tnguing candidates
for further study.

2.3 Morphological Statistics and Environment

Most of the galaxies that host counter-rotating componentlave undisturbed
morphologies. There is no proof of recent connection with arsimilar size
body, satellites or any events. In fact their environment sitistically does not
seem to di er from that of typical galaxies, as explain byBettoni et al. [2001.
They examined extensively environments of 43 companion gales having
no counter-rotation and 49 with the counter-rotation. Theystudy the quan-
tity, size and dispersion of bright companions (inside theedshift di erence
<600 Km/s and radius< 0.6 Mpc) and faint satellites (of limiting magnitude
<21.5). These results impose limits on the origin of counteotation since the
formation activity must preserve the host galaxies' currenmorphology and
their surrounding density. As a result, retrogressive gas @etion must be a
straightforward process. Major mergers should only occuasy in the host
galaxy's existence. Whilst minor mergers could have happehmore recently,
the remnants of the major events, such as tidal tails and calonal debris
are typically eeting and inconspicuous objects. Their typcal remaining ages
are between a few Myr and a few hundred Gyr with the surface lghtness
less than 27 B-magarcsec 2 while getting old and 25 B-magarcsec 2 when
they are young. A profound optical survey is necessary for éhdiagnosis of
these minute structures, However, the period and mechanisnf the second
event may be constrained by comparing kinematic and morphagy with the
numerical simulations (e.gDuc et al. [2011;Corsini et al. [2003).

When it comes to the morphology of the host galaxy, no counteotating
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components are found in late-type spiral galaxies. The gaias NGC 3593,
NGC 3626, and NGC 4138 fall into the category of early-type spils (S0/a{Sa)

with smooth arms that contain counter-rotating gaseous andtellar disks.
Their dust lanes either completely de ne or predominate the spiral pat-

tern. In fact, they are included in the same chapter of The Caegie Atlas of
GalaxiesGandage and Bedk§l1994). High-resolution N-body simulations of
multi-armed spiral features have revealed the suppressioharms in counter-
rotating spirals. There were kinematically decoupled ga®mponents found in
early SO/a and Sa spirals, but there were no new instances ouater rotation

(Corsini et al.[20033). The N-body simulations Comins et al.[1997;Lovelace
et al. [1997) have shown that galaxies with a signi cant percentage ofotinter-

rotating stars may have a stationary and persisting one-arrfeading spiral
wave. Previous simulations have failed to detect such a wadeie to high
inclination and a lack of kinematic data for low inclined spals.

The counter-rotating gaseous components in the 17/53 galasi were dis-
covered by looking through the archive data for SO galaxie®igzella et al.
[2004). The kinematics of stellar and ionized gas were measureahd the
study was conducted along their major axis. The nal percemige of 32%%)
is nearly in line with previous research (seBertola et al. [1997, 35% percent
and Kannappan and Fabricant[2001,24%%). These results support a hy-
pothesis that the acquisition processes in SO galaxies at@quitous Bertola
et al. [1997, similar to ellipticals Bertola and Bettoni [1989, and not re-
stricted to some peculiar objects. With the observation of o and integral
eld spectroscopy, Davis et al. [201] got the same results, which supported
the same scenario. They discovered that gas is kinematigatiut of alignment
with the stars in their sample 40/111 (36 5% ) of fast-rotating early-type
galaxies. Additionally, the kinematics of molecular, atonti and ionized gas
observed in these galaxies were aligned even when their mtigent with the
stars is 0 . This highlights the signi cance of external acqisition and suggests
that the source of all these interstellar medium phases ismwiar. Considering
the common occurrence of counter-rotating gas in SO galaxjé&uijken et al.
[1999 measured that only 10 percent of SO galaxies contain a rerkable
fraction (>5 percent) of counter-rotating stars. Whereas, with the dataf 50
S0/a-Scd galaxiesPizzella et al.[2004 examined the occurrence of counter-
rotation in spiral galaxies. For each of the galaxies, the kématics of the
stellar and ionized gas were measured along the major axeingsthe same
analysis technique, spectral resolution, and spatial rdstion. It is found
that in these sample of counter-rotating galaxies 12 and 8 ment contains
counter-rotating gaseous and stellar diskKannappan and Fabricant[200]
set the proportion of spirals containing counter-rotatinggas to a maximum of
8% by examining at a sample of 38 Sa-Sbc galaxies.
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2.4 Stellar Populations and Formation scenar-
l0S

To understand the competing theories for the origin of the cmter-rotation
in disk galaxies, it is expected that the retrograde and pragde have di erent
characteristics like their age di erence and -enhancement. The accumulated
gas followed by star formation always predicts a younger a@ar the counter-
rotating components. However, the counter-rotating compamt created by
the retrograde capture of stars through minor or major merge can be ei-
ther younger or older than the pre-existing stellar disk. Adidionally, two
counter-rotating members can have various alpha-enhancents and metal-
licities owing to the external source. On the other hand, théormation of mas-
sive counter-rotating stellar disks as a result of bar diskdion implies that
both the retrograde and prograde components could have themnse age, mass,
and chemical composition. A spectroscopic disintegratidhat segregates the
proportionate patronage of each component to the observedlgxy spectrum
is necessary to separate the stellar populations of the caerrotating stellar
components from one another. NGC 5719, NGC 4550 and NGC 3593 wahic
are studied for the counter-rotating stellar disk byCoccato et al.[201],Coc-
cato et al. [2013;Johnston et al.[2013 and Coccato et al.[2013 respectively.
They found that the counter-rotating stellar disk is younge less massive,
guite metal poor, and more enhanced and rotates the same way that the
ionized gas is moving. These results support the premise ttsecondary stel-
lar components were formed from gas coalesced on retrogradeits from the
surroundings, allowing a rapid star formation in place fronthe outside in.
Figure 2.4 depicts the splendid continuous face on interaction of the NG
5179 Sab and NGC 5713 Shc spiral galaxiesgefgani et al. [2007). This
interaction is reproduced by the tidal span of HI (neutral hydogen), which
supplies the oppositely rotating gaseous and stellar compants. Moreover,
NGC 5719 (sed-igure 2.5 is the rst interacting disk galaxy where counter-
rotation has been found. Its counter-rotating and main stédr components
have an age of 2 to 13.5 Gyr and 0.7 to 2.0 Gyr respectively. Theetallicity
range is from supersolar (4=H] "' 0:3 dex) in the center to the subsolar (
[Z=H]' 1.0 dex) in the vicinity.
Figure 2.6shows the star formation history by the timescale of 2 Gyr and

-enhancement of the counter-rotating component. Howevem the case of
NGC 4550 and NGC 3593, the formation via a major galaxy merger raaot
be completely ruled out, and these galaxies are relativelyndisturbed and
isolated (Coccato et al.[201];Coccato et al.[2013). More data required to
determine whether merger or accretion is the most e ectiveay to assemble
the counter-rotating spirals.

The formation of counter rotating galaxies is still a great mstery to us.
Continuous research on these galaxies is needed to undemsgtdahe various
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Figure 2.4: The contour map for the interaction of NGC 5179/13which ex-
amine through neutral hydrogen (HI) column density. The mimnum contour
level is 70 10"atomscm 2 and the growth is 24 10P°atomscm 2. (Vergani
et al. [2007)
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Figure 2.5: Shows the 2-D map of the velocity eld for ionizedag and stellar
components in NGC 5179. Qoccato et al.[2011)

phenomena like merging and accretion events in the surrounds of counter-
rotating galaxies and the vast measurement of the stellar palations of their
retrograde and prograde components. By numerical simulatis, merging with
a gas-rich dwarf companion Thakar et al. [1997) and episodic or prolonged
accretion of gas from the environmentThakar and Ryden[1999) are both po-
tential mechanisms for the retrograde acquisition of smadimounts of external
gas. They only produce counter-rotating gaseous disks in §8laxies because
the acquired gas is swept away by the pre-existing gas in sgdigalaxies. Due
to the gas-poor nature of SO galaxies, the establishment adunter-rotating
gas disks is preferred in SO galaxies. Whereas the spiral diglontain abun-
dant gas that rotates in unison with the stellar componentsKettoni et al.
[2003). If the system obtains the extra gas in its retrograde orks, then the
clouds of gas from the newly added retrograde and anteced@nbgrade struc-
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Figure 2.6: The line strengths of the Lick indices measure adigFe] versus
< Fe > (right side) and H versus Mg b (Left side). The blue and red
diamonds are for the counter-rotating and main stellar congnents. (Coccato
et al. [2011)

tures collide. As a result end up losing their centrifugal aiénd coalescing
toward the galactic center. To observe the counter-rotatop gaseous disk, it
is important to see that the mass of the antecedent is less thahe newly
supplied gas in the systeml(ovelace and ChoJ1994). The reason why there
is a small observation of gaseous counter-rotation disks $pirals other than
SO0 is that the nal product of star formation in the counter-rotating gas com-
ponent is a counter-rotating stellar disk Pizzella et al.[2004). Additionally,
this explains why the mass of the counter-rotating gas is typally less than
that of the stellar counter-rotating components in most SO aaxies Kuijken
et al. [1994). Pizzella et al.[2004 examined that both counter-rotating stel-
lar and gaseous disks of spirals, which are frequently seane caused by the
retrograde acquisition of signi cant gas. In this model, str formation in a
gaseous disk that is rotating counterclockwise leads to 88 counter-rotation.
Algorry et al. [2014 has discussed the cosmological simulations of materiat ac
creted from two di erent lamentary structures lead to the formation of two
counter-rotating stellar disks.

Generally, the mergers of disk galaxies with similar massase excluded
because they frequently result in ellipticals. However, mbsf the mergings
are successful in creating a strikingly axisymmetric diskhat contains two
similarly massive and sized counter rotating stellar compents for a limited
range of initial conditions (seePuerari and Pfenniger[2001). Additionally,
the observation in NGC 4550 demonstrates that the two countaotating pri-
mogenitors coalesce more rapidly and heat up the progradekar disk more
rapidly than the retrograde stellar disk, causing the gas talign with the
prograde stellar disk and the total angular momentum@rocker et al.[2009).

After examining NGC 4550, a di erent approach with potential eternal
origins has been put forth Evans and Collett[1994), which includes the dis-
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sipation of a bar or a triaxial stellar halo. For this systemthe moving stars
in the box orbits are able to leave the restricting azimuthapotential well and
transition to tube orbits. For non-rotating disks, both clackwise and coun-
terclockwise azimuthal motions have the same number of boxbits. There-
fore, box-orbit stars are dispersed on both clockwise anduwterclockwise
streaming tube orbits, which leads to the formation of two idistinguishable
counter-rotating stellar disks.

Taking into account the barred galaxies' nearly circular rieograde orbits,
the counter-rotating stellar components can develop as aswt of internal
dynamical processes in barred galaxieg/pzniak and Pfennigef{1997;Bettoni
[1989;Bettoni and Galletta [1997). However, gas accreted in this category
of retrograde orbits eventually forms new stellar formatios. These counter-
rotating materials could result in the development of a seadary bar rotating
counterclockwise to the primary one$ellwood and Merritt[1994). The origin
of secondary bars that rotate against the direction of the pmary bar can be
determined through observation. In fact, the theory that ga instabilities
owing along the main bar cause secondary bars to form is thene that is
generally accepted as to how secondary bars foriBhjosman et al.[1989).
A prograde disk, however, is unlikely to support a retrograa bar. The two
counter-rotating recursive bars that were created in two @rlapping, counter-
rotating stellar disks appear to be stable and long-lastingystems, according
to numerical simulations riedli [1994). This suggests that secondary bars,
like those seen in the centers of several disk galaxies, maywelop from inner
stellar disks (Pizzella et al.[2003;Ledo et al.[201Q). So far, only elliptical
galaxies have counter-rotating nuclear disks\(orelli et al. [2004).

2.5 NGC 1366

NGC 1366 is a lenticular and bright galaxy at a distance of 17Mpin the For-
nax cluster. According to the classi cation of De Vaucoulew (RC3), It has
S0,(7)/E7 classi cation because of its highly inclined thin dsk. Despite being
a member of the LGG 96 grougGarcia et al. [1993, this galaxy exhibits an
undisturbed morphology and lacks any nearby bright compaois. For observ-
ing this galaxy, The total absolute B magnitude isMJ_ = 1830 mag and at
a surface brightness level ofg = 25mag arcsec ? the apparent isophotal di-
ameter are 2.00.9 arcmin corresponding to 10@4.5 kpc. Morelli et al. [2009
discovered that an exponential disk and a Sersic bulge with bulge-to-total
luminosity ratio of B/T=0.2 are good ts for the object's surface-brightness
distribution. Moreover, they found a stellar component thais kinematically
decoupled and is younger than the host bulge and likely formiérom enriched
material that was acquired through interaction or minor meging.
Furthermore, NGC 1366 galaxy is studied byMorelli et al. [2017 and
discovered that it consists of two counter-rotating stellacomponents. Ta-
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ble 2.1 shows the relative luminosity and properties of the two couder and
co-rotating stellar components based on the averaged lisgength indices on
the two galaxy sides. Figure 2.7 shows the properties of the stellar popula-
tion of both components from the line-strength indices avaged on the two
galaxy sides, whileTable 2.2 shows the errors on the equivalent widths of the
line line-strength indices. From theTable 2.1, we can see that compared to
the co-rotating stellar component, the counter-rotating tellar component is
younger, has almost the same metallicity, and is lessenhanced. The age
and metallicity of counter-rotate are 2.6 Gyr and [Z/H]=-0.18 dex, and of
co-rotate are 5.6 Gyr and [Z/H]=-0.16 dex.

Components L/Lt Age [Gyr] | [Z/H][dex] | =Fe[dex]
Counter rotating | 0.55 2.6 05 -0.16 0.11 | -0.07 0.08
Corotating 0.45 5.6 2.7 -0.18 0.16 | 0.08 0.13

Table 2.1: Shows the characteristics of counter-rotatingnd corotating stellar
components of NGC 1366.(Table taken fronviorelli et al. [2017)

r "] ‘ H [A] ‘ Mgp [A] ‘ F es270[A] ‘ F €5335[A]
Counter-rotating components)
-20.9 2.40 0.32 | 257 0.32 | 2.70 0.38 | 2.54 0.35
-12.6 2.85 0.26 | 2.22 0.26 | 2.42 0.27 | 2.32 0.27
11.4 2.35 0.22 | 2.44 0.21 | 2.35 0.25 | 2.23 0.29
19.9 2.59 0.26 |1.87 0.33 |1.84 0.39 | 1.83 0.38
Corotating components

-20.9 1.72 0.71 | 2.32 0.79 |2.11 0.89 | 1.32 0.80
-12.6 1.43 0.48 | 2.51 0.48 | 2.16 0.47 | 1.392 0.49
11.4 2.27 0.36 | 3.03 0.33 | 2.94 0.39 | 252 0.44
19.9 257 0.51 | 2.76 0.60 | 2.47 0.68 | 2.02 0.68

Table 2.2: Shows the line-strength indices of the counteotating and coro-
tating stellar components of NGC.(Table taken fromMorelli et al. [2017)

Moreover, the stellar kinematics of NGC 1366 were studied alg the mi-
nor and major axis. They couldn't detect any kinematic evidece of stellar
decoupling along the minor axis of NGC 1366 as shown kgure 2.8 The
velocity curve is de ned byjvj' 0 km/s at all radii, demonstrating that the
galaxy's photometric and kinematic minor axes are in alignent. The ve-
locity dispersion pro le is smoothly decreasing radiallyrbm ' 150 km/s
in the center to' 60 km/s at the last measured radius (f 14"). Figure
Figure 2.9 shows the anomalous stellar kinematics along the galaxytsajor
axis. The spectral absorption lines fojrj 11" clearly show a double peak
that is caused by the velocity di erence of the two counteratating compo-
nents. For the innermost radius ofrj 11", the velocity curve is symmetric
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around the center. Furthermore, it is depicted by a steep asot with a peak
of jvj' 50 km/s at jvj' 2" and decreasing farther out tgjvj © 0 km/s at
6. jrj. 11" The counter-rotating and co-rotating components are retad
to the velocities measured at large positive and negativedi respectively.
The velocity dispersion is maximum at 150 km/s and decreases externally.
It increased again at' 140 km/s atjrj' 9" and decreases to a value of
100 km/s atjrj ' 25°. Two counter-rotating components are suggested by
the stellar component's velocity dispersion, which has zewvelocity and two
0 -centered, symmetric peaks measured along the galaxy'sajor axis. By
comparing the ionized-gas and stellar velocity curve, It ilear that the gas is
disturbed and not connected to either of the two counter-r@iting components.
Additionally, this galaxy exhibits an undisturbed morpholagy and shows no
evidence of recent interactions with small satellites or ogpanion galaxies of a
similar size, nor does it show any signs of dissolved bar reamts. The ionized
gas found in this galaxy is not connected to either the main &y body or
the younger counter-rotating stellar component. Howevertd distribution is
disorganized, and its convulsed kinematics, which are seg&long the galaxy's
minor axis, have multiple velocity components. As a resulthieoretical models
nd this galaxy to be very mysterious. The goal of this thesiss to examine
the kinematics of the ionized gas in the galaxy.
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Figure 2.7: Line strength indices for the Values of Hand [MgFe] and< Fe >
and Mg, (right side) for the counter-rotating stellar component (sall blue
squares) and corotating (small red diamonds) measured afpthe major axis
of NGC 1366.
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Figure 2.9: Upper panel: line-of-sight velocity dispersior;ower panel: ra-
dial velocity pro le; calculated along the major axis of NGC B66 for the
co-rotating (red lled diamonds), counter-rotating (blue lled square), to-
tal (black lled circles) stellar components and for the iorzed gas component
(green open triangles). The counter-rotating and co-rotaig components were
measured using radial bins, which are indicated by the bluend red horizon-
tal lines in the top panel, respectively. The counter-rotahg and co-rotating
components' velocity rotation curves are roughly depicteldy the blue and red
dashed lines in the bottom panel, respectivelyNiorelli et al. [2017)
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Chapter 3

Instrumentation

Astrophysicists are currently working on the scienti ¢ disovery of many un-
expected things in the Universe (e.g. dark matter and dark ergy). These
discoveries are often made by pushing the boundaries of @nt theories and
by using powerful telescopes and/or opening new areas oftmsnental tech-
nology in order to view the cosmos at di erent wavelengths. MSE is designed
to extend the VLT to its limit and to open a new parameter spaceni terms of
sensitivity, spatial resolution, eld of view and simultareous spectral coverage.

3.1 \Very Large Telescope

The ESO's Very Large Telescope (VLT) is a ground based astramical ob-
servatory which is the world's most advanced optical telespes, which con-
sists of four individual telescopes with main mirrors of 88 in diameter
and four movable 1.8m in diameter auxiliary telescopes. Tke four di er-
ent optical telescopes are known as Antu (UT1;The Sun),Kuey@oT2;The
Moon),Melipal(UT3;The Southern Cross), and Yepun (UT4; Vens- as evening
star), which are all words for astronomical objects in the Mauche language.
Figure 3.1 shows the bird's eye view of the Very Large Telescope. The

telescopes can work together, to form a giant “interferonest, the ESO Very
Large Telescope Interferometer, allowing astronomers tack up much ner
details of the cosmos than would be possible with the auxitya telescopes
(ATs) or the unit telescopes (UTs) alone.A at tertiary mirror either tilts
aside to allow light to pass through the primary mirror cental hole to a third
instrument at the Cassegrain focus, or it diverts the lightd one of two instru-
ments at the /15 Nasmyth foci on either side with a system fot¢dength of
120 m. This enables quick switching between any of the thremstruments to
suit the observing conditions within 5 minutes. Tunnels camecting additional
mirrors and the central VLTI beam-combiners can be used to tresmit light.
Although most instruments view a narrower eld, the maximum eld-of-view
(at Nasmyth foci) is about 27 arcminutes in diameter, slighyl smaller than
the full moon.
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The VLT operates at visible and infrared wavelengths.The andar resolu-
tion for a single telescope is approximately 0.05 arc-sedsn The facility

can achieve an angular resolution of about 0.002 arc-secomtien all the
telescopes are combined, and each telescope can detectaibjethat are ap-
proximately four billion times fainter than what can be seenvith the unaided

eye. The instrumentation program designed for VLT is the mospowerful
for a single observatory. Wide- eld imagers, spectrographadaptive-optics-
corrected cameras, multi-object spectrographs, high réstion spectrographs,
and spectrographs covering a wide spectral range from ulaalet (300 nm)
to mid-infrared (20 m) wavelengths are all included in it.

The 8.2-metre telescopes are protected in compact, therryatontrolled struc-

ture, that rotate synchronously with the telescopes.The blding are outlined
in such a way that it minimizes any negative e ects on the obseing condi-

tions like air turbulence in the telescope tube, which mighbccur due to the
change in temperature and wind ow. The VLT has had a great e econ

observational astronomy. It is the most powerful single gumd-based facility,
and results from the VLT have led to the publication of an averge of more
than one peer-reviewed scienti ¢ paper being published eyeday. The VLT

has sparked a new era of scienti ¢ discovery, which includéilse rst image

of an exoplanet, tracing the motion of individual stars arond the supermas-
sive black hole at the center of the Milky Way, and observinghe gamma-ray
burst's afterglow at its farthest known location.

The four 8.2-meter Unit Telescopes are capable of being comdxd in the
VLTI, but they are primarily used for individual observations and are only
accessible for interferometric observations on a limitecumber of nights each
year. But the VLTI is able to run every night thanks to the four gnaller,

specialized Auxiliary Telescopes (ATs). The ATs are set up amack in such
a way that they can move accurately with the observing posiins from which
the light beams collected by the telescope are combined inethV/LTl.The

ATs are very unique telescopes because they move with thewroelectronics,
ventilation, hydraulics, and cooling systems and are saibntained in their
incredibly small protective domes. A transporter on each ATifts and moves
the telescope from one place to another.

3.2 MUSE Spectrograph

The Multi Unit Spectroscopic Explorer (MUSEBacon et al.[2004) is a second-
generation instrument installed on the Nasmyth focus of UT4 athe Very
Large Telescope (VLT) of the European Southern Observato(iSO) in Paranal,
Chile. It has alarge eld-of-view (FOV:1'01') panchromatic optical (4600
9300A instrument with a Wide Field Mode (WFM) resolving power ranging
R = 1770 3590 and a pixel scale of 0.2"Figure 3.2 shows the image of
MUSE. It has 24 Integral Field unit (IFU) models and each of them igro-
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Figure 3.1: Bird's eye view of the Very Large Telescope. Cré&diJ.L. Dau-
vergne & G. Hadepohl

vided with a 4KO4K CCD. Moreover, the spectral range of MUSE is between
4500 and 9308, and data sampled per pixel is 1.2, with a spectral reso-
lution of 2.6A. Therefore, each data cube of MUSE has 10° spectra. The
NGC1366 data were observed with the wide eld mode of MUSE whidias a
1'01' eld of view and without using adaptive optics, it producel data sam-
pled at 0.2" pixels when seeing naturally.

The 3D data cube of MUSE is made up of spaxels, also known as salat
pixels, each of which contains spectral information abouthe galaxy. Each
layer of the datacube represents the image of the observedagg at each
wavelength in the spectral range of 4500 to 9308, as can be seen from the
Figure 3.3 creating up to 1¢ 10° spectra in every datacube.

Figure 3.2: MUSE and UT4 in focus, image by R. Bacon
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Figure 3.3: The conceptual approach of a MUSE 3D spectroscopgtdcube
shows the spatial axes along the x and y-axis and the spectfal) axis along
the z-axis.

MUSE has three operating modes: a wide eld mode (WFM) with and wilout
adaptive optics correction and a narrow eld mode (NFM) with adptive
optics. The observational parameters are given in tablg.1 In contrast to
the wide eld mode, narrow- eld mode science is mainly uselffior the study
of single objects at extremely high spatial resolution. Fanstance, the study
of the environment around supermassive black holes in negralaxies, the
sphere of in uence of the black holes in the most massive geies in the
Virgo cluster, and in the coma cluster of galaxies. Additiongl, MUSE NFM
enables us to investigate the various solar system bodiesaagpatial resolution
that is comparable to more expensive space missions. Its sisaclude the
spectroscopic study of Titan's atmosphere, the atmospheref Uranus and
Neptune, and the internal structure and composition of comstand asteroids.

The data reduction of MUSE involves several steps, which arestcribed below.
In particular, the MUSE pipeline is used to initially processthe raw data
Weilbacher et al.[2019, and following this, two di erent packages are used to
post-process each individual exposure: CUBEXTRACTORGantalupo et al.
[2019 for a description) and MPDAF Piqueras et al.[2017 to enhance the
quality of nal data cubes.Over the past few years, scientis have widely used
this software on a large scale (examplégarino et al. [201g, Feruglio et al.
[2019, Nanayakkara et al.[2019, Lusso et al.[2019).
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Spectral range(simultaneous) 0:465 0:93 m
Resolving power 20000 @ @6 m
P 40000 @ ®3 m

Wide Field Mode(WFM)

Field of View

1 Zlarcmin?

Spatial sampling

0:2 0:2arcmin?

Spatial resolution(FWHM)

0:3 0:4arcmin?

AO condition of operation

70%-ile

Sky coverage with AO

70% at galactic pole
99% at galactic equator

Limiting Flux in 80h

39 10 Pergs cm ?

Narrow Field Mod

e(WFM)

Field of View

7.5 T7:5arcsec

Spatial sampling

0:025 0:025arcsec

Spatial resolution(FWHM)

0:030 0:050arcsec

Strehl ratio

10-30%

Limiting Flux in 1h

23 10 Bergs 'cm 2

Limiting magnitude in 1h

Rag = 22:3

Limiting surface brightness 1h

Rag = 17:3arcsed

Table 3.1: MUSE: Observational Parameters.

3.3 Spectroscopy

One of the most useful and favorite methods for understandgrthe cosmos is
spectroscopy. Itis very di cult to understand the planets, stars, galaxies, and
other astronomical objects as they are very far away from ugortunately, the
light we can see through a telescope contains a lot of crucialormation about
these far-o bodies. To understand the light message, it mugass through
a split into di erent colours (or wavelengths), similar to how raindrops scat-
ter light to create a rainbow. In the beginning, everyone wafamiliar with
the rainbow, which is the white light of the sun dispersed it the spectrum.
It was Isaac Newton (1643{1727) who made the rst discovery tha prism
could disperse sunlight into a continuous spectrum of colouThis research
was furthered by Joseph von Fraunhofer (1787-1826), who idiesd and de-
scribed the dark bands that, when su ciently dispersed, carbe seen in the
sun's spectrum. These dark bands were completely understbthrough the
work of Gustav Kirchho (1824-1887) and Robert Bunsen (18311899), which
resulted from the cooler gases at the surface of the sun's fage selectively
absorbing a continuous spectrum produced by the sun's hottarior. Fraun-
hofer and Angelo Secchi (1818{1878), who can both be creditih founding
the science of astronomical spectroscopy, made the rst u&l observations of
the spectra of stars.Figure 3.4shows the absorption, continuum and emission
spectrum.
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Figure 3.4: A star emits light across the spectrum | a continuum. When
white light goes through a prism, it forms a rainbow, its spgmum. In the

same way, as light from a star goes through the gas of a nebuladr even just
the atmosphere of the star | speci c colours (or wavelength$ are absorbed
by the elements contained in the gas, producing dark linesenthe continuum.
This is an absorption spectrum. The energy that is absorbedylthe gas is
then re-emitted in all directions, also at the speci c colots characteristic of
the elements present in the gas, producing bright lines atrtain wavelengths;
this is known as an emission spectrum. Credit: ESO

The next two section 3.3.1 and 3.3.2 explains the main spectroscopy tech-
niques used to study the kinematic measurements of the stglland ionized
gas components.

3.3.1 Long-Slit Spectroscopy

Long-slit spectroscopy (one-dimensional) was the most etve observational
technique in the past, and even today its use has not stoppea astronomy.
Generally, a spectrograph consists of four main componenta slit, a colli-
mator, a dispersing element (prism, diraction grating, gism), and a CCD
camera. Figure 3.5shows the optical diagram of the working of a long-slit
spectrograph. The slit is placed in the focal plane and is gaendicular to the
direction that the grism will direct light in. Basically, it w orks as a mask that
only allows a thin strip of light to pass through. The strip oflight that is
fed into the spectrograph is what will be examined. The dispging element
"widens" the light after it passes through the collimator, vhich converts it
into a parallel beam by de ecting the di erent photons at andes that depend
on their wavelength. The light strip now transforms into an mage that the
CCD camera focuses on and records. Additionally, the slit mube smaller
than the seeing disk for e ective radial velocity work (so tht the entire slit
width is lled with starlight), but for faint stars, one may w ant to use a wider
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Figure 3.5: From top to bottom, in the gure, the focal plane wih the galaxy's
image; the slit that allows only a galaxy's light streak to pas through; The col-
limator, the grism, which deviates light according to wavelngth (each wave-
length will be deviated by a speci ¢ angle); the collimatoryhich concentrates
the grism's output spectrum on the CCD; and the CCD.

slit (to get more starlight into the system). In practice, casider the slit as
a collection of small adjacent openings uniformly distribied along the slit.

The resultant spectrum can be thought of as a series of one¥ginsional spec-
tra, each of which is connected to the light passing through @articular small

opening. We can therefore obtain spectroscopic dataland awsequently kine-
matic information|along a galaxy's axis using long slit spectra. | can claim

to only have one-dimensional knowledge. Generally, a spegraph is ori-

ented in such a way that the slit is at the center of the target glaxy, aligned
with its major axis. The main function of the collimator is to generate a
parallel light ray for the di raction grating. It is very imp ortant to match the

collimator and telescope optics. The collimator can be craled, which would
cause a clear loss of light, or under- lled, causing a reduch in resolution.

The preferred dispersing element is typically a grating orisbersor. The re-
sultant spectrum is focused by the camera onto the detectoMost often, a
Schmidt or Maksutov type of camera is used. The detector is ually a CCD

(or CCDs).
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3.3.2 Integral Field Spectroscopy

Integral- eld spectroscopy is a technique used in opticalstronomy to create
a 3D data cube of a galaxy with two spatial dimensions (x, y),re spectral
dimension () also known as 3D spectroscopy Nowadays, IFS has become
an important tool in observational astronomy to study exteded objects. It
has has numerous bene ts over the normal long-slit technigu For instance,
minimal slit losses, no requirement for precise target acigition, and ease of
removing atmospheric dispersion e ects. As a result of all #se advantages,
IFS has created many new opportunities for astronomical reameh, like the
2D spectroscopic study of various types of galaxies, nudl@agions of active
galactic nuclei (AGN), stellar clusters, supernova remnast planetary nebu-
lae, star-formation regions, and so onfigure 3.6shows the principle of IFS.

Figure 3.6: The schematic diagram of Integral eld spectrospy, Credit: ESO

In the last two decades, the instrumentation for IFS has evobd signi cantly,
and although several methods for using this technique havedén developed,
the most popular one is to use an integral- eld spectrographAn appropri-
ate optical interface is used to connect two conceptually stinct entities that
make up a general integral- eld spectrograph. The rst is a @atial unit,
called an Integral Field Unit (IFU), which receives the signal iom each cell or
pixel in the eld and produces a spectrum for each individuapixel. All the
spectra that are produced are structured into a datacube thancludes the
entire 2D eld of view in addition to the third dimension obtained from the
spectrograph, which separates the light into its various éars or wavelengths.

LObviously, it should be either 2D spectroscopy or possibly 3D imaging.
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Figure 3.7shows the function of IFU. The second device is a spectrograph,
which separates and records the spectra of each spatial edgmseparately,
that is, without any overlap.

Figure 3.7: Working of IFU: Each IFU has a microlens that directsight from

a small area of the sky that is typically focused on a celestiabject (such as
a far-o galaxy) and sends it to the spectrograph's entry (sbwn within the

the dotted box), Credit: ESO

Several existing and upcoming integral eld spectrographsse one of the two
most common IFU con gurations as shown irFigure 3.8 namely:

(i) Image-slicer methodRichardson et al.[1984 pioneered by Max Planck In-
stitute for extraterrestrial Physics (MPE) with the instrument "3D" Krabbe
et al. [1997 e.g: MUSE on the Very Large Telescope (VLBacon et al.
[2004),Mid-Infrared Instrument(MIRI) on the James Webb Space Téescope
Krause et al.[200§, An Image Slicer-IFU installed in the Penn State near-IR
imager and spectrograph (PIRISRen and Ge[2003).

(i) Optical ber array: e.g; PMAS on the Calar Alto TelescopeRoth et al.
[2009, GMOS-IFU on the Gemini-North TelescopeAllington-Smith et al.
[2009, and SPIRAL IFU on the Anglo-Australian Telescope (AAT, Kenwor-
thy et al. [2001).

Integral eld units (IFUs) made with ber optics o er a great deal of
exibility in terms of both their design and where they are paced in relation
to the spectrographs they feed. In order to minimize the gapsetween the
spaxels caused by the cladding of the ber optics, a ber aryalFU typically
has a microlens array as the fore-optics (KOALAEIlis et al. [2017). but it
iS not necessary in any way (e.g. PPakKelz et al. [200G). The CALIFA
Survey Sanchez et al.[2017, which used the PPak instrument to observe 600
galaxies over 250 nights, is one of the largest integral-celgalaxy surveys
to date. One of the constraints on the advancement of studiesn galaxy
evolution is the typical survey speed of integral eld specbgraphs, which is
less than two galaxies per night. The use of ber optics enhaas the ability to
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perform precise sky subtraction by designating some of théers in the slit as
dedicated sky bers dispersed from the IFU on the focal plané.he other IFU

designs are unable to accomplish this, despite the fact thsfUSE and other
similar instruments have a su ciently wide elds of view to guarantee that a
sizable portion of their spaxels are always devoted to sky sdrvation Streicher
et al. [201]. Integral- eld spectroscopy has provided deeper paran@atspaces

Figure 3.8: The gure explains the integral- eld spectrograh designs: 2D slit
at the top, image slicer in the middle, and ber array at the bétom. The
integral- eld unit is projected in the rst column on the sky, the spectrograph's
entrance slit is formatted in the second column, and the digpsed spectra are
projected in the third column on the detector Allington-Smith and Content
[1999 Oswalt and McLean[2013).

for probing the physics of galaxies by providing spatial isfmation about a
galaxy's ionization, stellar characteristics, and velotyi eld. Edge-on galaxies'
discs are seen being dramatically pushed o by AGN/starburstvinds Sharp
and Bland-Hawthorn [2010,Ho et al. [2014. The merging history of a galaxy
can be investigated using gradients revealed by stellar pdption analysis
Rawle et al.[200gPracy et al.[2013.Along with probing a galaxy's local dark
matter content, the velocity elds exhibit dynamic traces d its interaction

history Krajnovt et al. [201],Khochfar et al. [201],Cecil et al. [2019].
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Chapter 4

Results and Discussions

In this chapter, | have explained my thesis work and resultssection 4.1
presents the observation details of the NGC 1366 galaxsgction 4.2explains
the data reduction and binning methods. The emission line sptra of the
galaxy in section 4.3 The investigated kinematics and ux 2D maps of the
emission-line gases in the galaxy are wection 4.4 The measured ux ra-
tio maps and their variation from the center of the galaxy aren section 4.5
Finally, in section 4.6the conclusion of the results are discussed.

4.1 Observation of NGC 1366

The spectroscopic observational data of NGC 1366 were takenAugust 2019
using the MUSE, the optical integral eld unit (IFU) on the Very L arge Tele-
scope (VLT). The reduced data is also available in the ESO Saige Archive at
http://archive.eso.org/cms.html and can be accessed with program ID 0103.B-
0331(A) (P.I: Lorenzo Morelli). The wide- eld mode ensured aeld of view
of 1 1arcmin? with a spatial sampling of 02 0:2 arcse@. The wavelength
range from 4650 to 930@ was covered with a spectral sampling of 1.25 per
slice and a nominal spectral resolution #F#WHM i, = 2:5A at 7000A. The
measured spectral resolution was on averageV HM s = 2:8A with little
variation (< 0.2 A) with wavelength and position over the eld of view. With
the help of MUSE's high-quality spectroscopic data, it is paible to make a
huge number of measurements about the characteristics oftlgas and stellar
components. In order to cover the whole galaxy we needed a migsof four
single MUSE pointings. Each single pointing was about 40 mites on-target
integration time covering one of the four quadrants of the daxy. There was
an overlap of 10" between nearby quadrants so that the resirg eld of view
of the MUSE observations was (110" 110") (seeFigure 4.1). We measured
the kinematics of the ionized gas across the galaxy's surfaasing the spec-
tra in the MUSE data cubes in order to comprehend the three-diemsional
structure of the galaxy.
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Figure 4.1: Reconstructed image of NGC 1366 (Size=110"110").

4.2 Data Reduction and Binning Method

The data reduction was performed with the MUSE pipeline versn 2.2 \Weil-
bacher et al. [20149 under the ESOREFLEX environment Freudling et al.
[2013. The main steps included bias and overscan subtraction, taelding to
correct the pixel-to-pixel response variation, wavelenitcalibration, determi-
nation of the line spread function, and illumination corretion (using a twilight
exposure). By using the dedicated sky frames, the sky subttéon was done
by tting and subtracting a sky model spectrum on each spaxedf the eld
of view. The ux calibration and the rst-order correction of the atmospheric
telluric features were obtained using the spectro-photortree standard star
observed at twilight. The continuum spectrum of NGC1366 wasedived by
applying a pPXF Cappellari[201] tting. It was used the Library of Empiri-
cal Spectra library (MILES) with the canonical base models BaeFeVazdekis
et al. [20173, with instrumental FWHM = 2.54 A. All emission lines have been
masked by the tting algorithm. The spectrum of each spaxel ith su cient
S/N of the MUSE eld of view has been tted deriving the stellarkinematics
and the best stellar template spectrum. For each position otihe galaxy we
have therefore a stellar continuum constructed with the apppriate shift and
broadening and with the best stellar spectra composition. His was possible
only in the region of the galaxy where the S/N allowed such msarements.
Figure 4.2shows the stellar continuum subtraction.
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Figure 4.2: Upper image is the original spectrum of the galaxiliddle image
is the continuum spectrum which is the result of a pPXF spectiatting
that used the MILES stellar libraries Cappellari [2017, Bottom image is the
emission line spectrum which is the result of stellar contium subtraction.

The term "binning" refers to the average of observations tan at di er-
ent positions on the sky (i.e., di erent pixels), rather than along the spectral
direction. It is performed to increase the SNR and easy to exct the infor-
mation from the data with less computational power. The binmng method in
1D is simple to use: one only needs to ensure that every bin Iese to every
other one and that their S/N reaches a minimum value. While in 2 (and
higher dimensions), as the shape of the bin must then be taka&mto consid-
eration, which is quite a complex process. For the binning dhe 2D data,
Cappellari and Copin[2003 describes in detail the methods and algorithms
called the voronoi binning method, which adaptively bins da into regions of
constant signal-to-noise ratio per bin. This method is veruseful to examine
the spectra from the MUSE data because the quality and sign&d-noise ratio
varied across the data cube.

In order to study the stellar continuum in the galaxy, Vorono binning is
primarily employed due to the constant or comparable signdb-noise through-
out the entire eld. In our case, we were interested in studyg the gas of the
galaxy and in a region where there is no continuum signal. WeaVe a sig-
nal outside the galaxy, so we cannot apply the voronoi binngnmethod in
the NGC 1366. We have used the normal binning, The rst binnedata we
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started to work had 121 spectra of each has 50x50 spaxel siZd.the end,
we realised that with 50 spaxel the information was not revéed therefore
we again binned the data with 10x10 spaxel. The results for ihthesis are
studied by using the 10x10 spaxel binning.

4.3 Emission line spectra

The emission lines are bright lines or lines of increased emisity on a continu-
ous spectrum. The main processes for the emission of radiatiare from the
discrete processes, generated only by bound-bound tramsiis, and contin-
uous processes, which arises from free-free, free-bound bBound-free tran-
sitions. Thermal (Doppler) broadening, intrinsic broademg, and collision
broadening are the physical processes that broaden the spaklines. To ex-
amine the ionized gas in the NGC 1366, | have used mainly H = 6562:80),
H ( =486131), [Olll]( =5006:83) and [NI]( = 6583:41) emission lines
because these lines are the only dominated lines as comparedathers like
[Ol( = 4958.92), [SIl]( = 6716:47,673085) and so on. To analyse the
emission line ux, relative velocity and velocity dispersin | got 3364 spectra
which corresponds to the 3364 bins of 10x10 spaxels. For thesb tting of
the emission lines, | have used gaussian line pro le and léagjuare tting
methods. Out of 3364 spectral best ttingsFigure 4.3and Figure 4.4 shows
the best t for the emission line of H , H and [OIlll], [NIl]. The value | got
from analysing the spectra were put back into the pixels to &in the 2D
maps.

Figure 4.3: The H ( =4861.31) (Left) and H ( = 6562:80) (Right) emis-
sion line of the NGC 1366 galaxy, The Muse spectra (blue) anddlbest t
(orange).
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Figure 4.4. The [NHI]( = 6583:41) (Left) and [OIlll]( = 5006:83) (Right)
emission line of the NGC 1366 galaxy, The Muse spectra (blueddathe best
t (orange).

4.4 Flux Distribution and Kinematical Fields

The kinematic and ux maps of the emission-line gasses thatea spatially
resolved are given in theFigure 4.5and Figure 4.6 Only those bins with a
signal-to-noise ratio (SNR)» 3 are plotted.

The rst, second and third column represent the emission lm ux, relative
velocity and velocity dispersion respectively. At the cemtr of the galaxy
velocity dispersion is dominated which is also true for at aistance of 1.64
kpc right to the center. The emission line ux for the [NII] is maximum, and
all the uxes have some sort of erratic spiral structure. Thed ux are the
weakest and least abundant emission lines, and they appearexist mostly in
the very center of the galaxy. The detection of these weakenés is relatively
limited by the short exposure of the MUSE cube, poor seeing alihons and
high illumination from the Moon during the observations.

At larger radii the gas has a lamentary structure and less Jecity dis-
persion. In the relative velocity maps, there is no uniform otion around the
center of the galaxy. In the blue shifted part of the galaxy, @ see the small
red shifted blobs, while in the red shifted part of the galaxywe see the small
blue shifted blobs. Moreover, relative velocity along the ajor axis is the
same as observed bylorelli et al. [2017(seeFigure 2.9. Through maps, It is
clear that at the center of the galaxy the gas has irregular nion. This may
imply the existence of a second gas component that rotates apposition to
the major gas components or that the gas components rotateoagside the
original stellar components. If this is the case, there miglbe two counter-
rotating gaseous components. If so, it might be the cause dfet gas's high
velocity dispersion at a radius of approximately 1.64 kpc ithe upper left
corner of the maps.
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Figure 4.5: The maps of emission-line ux, relative velocityand velocity dis-
persion for H (First column) and H (Second Column).
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Figure 4.6: The maps of emission-line ux, relative velocitand velocity dis-
persion for [Olll] (First column) and [NII] (Second Column).
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4.5 lonization Mechanism of Nebular Gas

It is important to understand the characteristics of the iozed gas along with
ux analysis and kinematic data of the gas. The "Baldwin, Phiips & Ter-
levich" (BPT) diagram, which is the study of the ux ratios of log([Olll}/H )
and log([NII]/H ), is the most common method for determining the mecha-
nism of gas ionization.

The ux ratio maps of the NGC 1366 are shown in the gureFigure 4.7
From the analysis of Log([NII}/H ) (left panel map), It is clear that [NII]
and H are almost uniformly distributed at the center of the galaxy From
the analysis of Log([Olll}/H ) (right panel map), It is obvious that [Olll]
dominates the galaxy more than H and is maximum at the center. Moreover,
H has more negative value than H in the maps.

Figure 4.7: log([NI]/H ) (left panel) and log([Olll}/H ) (right panel) maps
of NGC 1366.

The Figure 4.8depicts the ux ratio plotted against the distance from the
center of the galaxy. The measured ux ratio of log([NIl}/H ) is almost con-
stantabout 3 kpcandH has negative value which is true in correspondence
to the map of log([NII}/H ) ratio. The measured ux ratio of log([Oll]/H )
is heavily distributed and gradually decreasing from the otral regionto 2
kpc and H has almost positive value which is true in correspondence tioe
map of log([Olll)/H ) ratio. At larger radii, the ux has not uniform distri-
bution, where the S/N ratio is lower. Moreover, It concludeshatH and H
ux are lower than compared to the nitrogen ([NII]) and oxygen[Olll].

39



Figure 4.8: log([NIl]/H ) (left panel) and log([Olll}/H ) (right panel) plotted
against the distance from the center of the galaxy.

To classify ionization mechannism of gas in NGC 1366, we haveed
log([NHI}/H ) and log([Oll}/H ) line ratios, which is called (BPT) diagram
as shown inFigure 4.9 It shows how to distinguish LINERs from typical H I
regions and AGNs (Seyferts and QSOs). The categories, we &spiation 4.1
derived fromKau mann et al. [2003 which implies that the star-forming sys-
tems are located belowEquation 4.1 while above this are called LINERSs.
Therefore, It is clearly seen that there is no sign of star foration in the NGC
1366.

0:61

log([Olll ]=H ) = 0N 1=H ) o:05+1:30 (4.2)

Figure 4.9: Diagnostic diagrams of NGC 1366, log([NII]/H)(Horizontal) and
log([Ol)/H )(vertical).
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4.6 Discussion and conclusions

In this work we have investigated the ionized gas in the NGC 186 We
used IFU data from MUSE to study spatially resolved structure,ux, and
kinematics of the gas emission lines. We extracted the gagarmation from
the MUSE data cube and make the 2D maps for the emission line uxelative
velocity and velocity dispersion. Moreover, we used ux ras to understand
how the ionized gas is distributed in the galaxy. Our key ndigs are outlined
below.

Our analysis con rms the main results about the gas bworelli et al.
[2017; the relative velocity along the major axis has same valuesd irregular
motion at the center of the NGC 1366. Also, outside the center tiie galaxy
the gas has irregular motion with velocity similar to the prgious results.

The most prominent lines in the optical region of NGC 1366 arél
[Olll]( =5006:83), [NIl]( =658341) andH . The structure of these ux
lines are appears to be in a spiral-like structure or elongad features along
the galaxy's major axis.

By analysing the ionization mechanism irsection 4.5We determined that
the nitrogen [NII] and oxygen [Olll] are stronger than theH andH , which
means there is no star formation in this galaxy. This give anxplanation of
the failed detection of CO lines. Indeed, we observed in 20RGC 1366 by
the Atacama Path nder Experiment (APEX) telescope to nd the signature
of carbon monoxide (CO) which are often related to star formen, but we
didn't nd anything. Therefore, it is clear that there is no star formation in
the NGC 1366.

Figure 4.10which is the collection of well studied published data of coer-
rotating galaxy. The morphology of counter-rotating galaies with their stel-
lar population and of star formation. Morelli et al. [2017 found the age of
counter-rotating and corotating stellar component are 2.€&yr and 5.6 Gyr.
Therefore, it is con rmed that NGC 1366 is a galaxy with no staformation.

e L I B
e primary component
e secondary component

roe nge4550

s0/a| —ette—i nge3593  SFring

0 5 10 15
Stellar Pop. age [Gy]

Figure 4.10: Study of the counter-rotating galaxy with theirstellar population.
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