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Abstract

Early-type galaxies hosting counter-rotating (CR) stellar and/or gaseous components
offer key insights into galaxy assembly. About 30% of SO galaxies display such CR
structures. The SO galaxy NGC 1366 was found via spectroscopic studies as hosting CR
stellar components. However, spectroscopy alone provide only a partial understanding
of the system’s dynamics. In this context, dynamical modelling serves as a powerful
and complementary tool to investigate the galaxy’s internal structure and dynamics.
The aim of this work is to compare models with the kinematic data, to constrain the
number of stellar components, their mass and mass-to-light ratio, and then the relative
contribution of the CR component.

The dynamical modelling is performed solving the Jeans equations for axisymmet-
ric, stationary, and collisionless multi-component systems with the JASMINE2 code. A
set of two-component models is explored by varying the Satoh parameters governing
the decomposition of azimuthal motions, the mass fractions regulating the relative
weight of each component or the mass-to-light ratios accounting for the stellar popula-
tion properties. The projected photometric and kinematic fields are generated through
a dedicated post-processing pipeline, extended with modules designed to complete the
model, implement the weighting scheme, convert dimensionless quantities into physical
units, and produce the final observables.

The modelling reveals a lower limit on the bulge mass fraction (R, > 0.336), im-
posed by constraints within the Satoh decomposition framework. The explored two-
component models successfully reproduce the observed line-of-sight velocity profile,
particularly in the inner (out to R ~ R.;) and the outer (1 + 2 kpc) observed regions.
None of the models though is able to reproduce the velocity dispersion profile, failing
to replicate the observed off-centre peaks. The outcome suggests that a more complex
dynamical configuration is required to fully account for the galaxy’s kinematics.
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Introduction

Early-Type Galaxies (ETGs), encompassing elliptical (E), lenticular (S0), and dwarf
systems, occupy a central and crucial role in advancing the understanding of galaxy
evolution. Constituting approximately 20-30% of nearby galaxies at redshift z ~ 0,
modern observations reveal a remarkable diversity in their internal structures and dy-
namics, often featuring kinematic peculiarities such as counter-rotating components.
Their relatively simple stellar populations, coupled with the availability of robust dy-
namical and photometric models, position ETGs as ideal laboratories for studying their
long-term build-up of stellar mass across cosmic time. To accurately derive their struc-
tural and dynamical properties is fundamental to reconstruct the physical processes
that have shaped these galaxies from the early Universe to the present epoch. In this
context, stellar counter-rotating (CR) galaxies represent a subclass of systems crucial
for probing the intricacies of assembly and angular momentum acquisition history of
ETGs. These systems, categorised as multi-spin galaxies, host large-scale stellar com-
ponents that rotate in opposite directions. A particularly informative subset of CR
systems is the class of 20 galaxies, defined by the presence of two symmetric off-centre
peaks in the velocity-dispersion map. This kinematic signature arises from the super-
position, in projection, of two large-scale CR stellar discs of comparable luminosity.
While stellar counter rotation is rather uncommon, representing approximately 1.7%
of all ETGs observed in the MaNGA survey and around 3.1% of S0/S0a galaxies, it
is notably prevalent among lenticular (S0) galaxies, with roughly 30% exhibiting CR
gaseous or stellar structures. The existence of CR galaxies highlights the importance of
external gas accretion and minor mergers in shaping galaxy kinematics. In SO galaxies,
the CR stellar disc generally contains a younger stellar population that is kinemati-
cally aligned with the ionised gas, reinforcing the view that these discs usually form
from acquired external material. The substantial diversity observed, including a spatial
bimodality (inner versus outer CR configurations), and a wide range of stellar metal-
licities, suggests that their formation mechanisms are diverse, driven by scenarios such
as accretion from cosmic filaments, wet mergers with gas-rich satellites, and tidal gas
exchange between neighbours.

This Master’s thesis investigates the lenticular galaxy NGC 1366, a spindle-shaped
S0 system located within the Fornax cluster. Previous spectroscopic analysis suggested
the presence of a counter-rotating stellar component. The disc component, which is
the more luminous structure, rotates in the opposite direction relative to the bulge and




Introduction

is therefore defined as the counter-rotating component throughout this work. Further-
more, a subsequent analysis of the spectrum at two positions centred at R = 1 kpc and
R = 2 kpc revealed two counter-rotating stellar components within the disc region, in-
dicating an even more complex configuration. However, relying solely on spectroscopic
observations can only provide a partial understanding of the system’s intricate internal
dynamics.

The methodology employed in this study is dynamical modelling, utilising an output
of the numerical code JASMINE2. This code solves the Jeans equations for axisymmet-
ric, stationary, and collisionless multi-component systems, generating the progenitor
model of a family of two-component systems sharing the same structural parameters.
The study then explores the family of models by varying the mass-to-light ratios T,;,
accounting for the stellar population properties, and the Satoh parameters k;, govern-
ing the decomposition of the azimuthal motion, ultimately producing the projected
kinematic fields. By comparing these predictions with observational data, this study
aims to constrain key physical properties of NGC 1366, including the number of com-
ponents producing the observed kinematic fields, their mass-to-light ratios T,;, their
mass fractions R; and the total stellar mass of the system.

The structure of this thesis is as follows: provides a background on ETGs
and describes the counter-rotation phenomenon. details the general properties,
observational data, and previous analyses of NGC 1366. describes the numer-
ical implementation of the multicomponent modelling approach using the JASMINE2
code. presents the specific two-component models constructed for NGC 1366,
including the parameter exploration tests and the final results.




Chapter 1

Early-type galaxies and the
counter-rotation phenomenon

This chapter provides an overview of early-type galaxies (ETGs) and introduces the
phenomenon of counter rotation. presents the general properties of ETGs, sum-
marising their main morphological, structural, and kinematical characteristics. The
section describes how the classical view of ETGs has evolved thanks to modern obser-
vations, which reveal a remarkable diversity in their internal structures and dynamics.
It further discusses the global light profiles of ETGs, tracing the transition from the
empirical de Vaucouleurs law to the more general Sérsic parametrisation, and reviews
the kinematical classification derived from integral-field spectroscopy surveys, which
distinguishes between regular and non-regular rotators. focuses on galaxies
hosting counter-rotating components, describing the different types of counter rotation
observed in gaseous and stellar discs and their main observational signatures. The
section also summarises the statistical occurrence of such systems in large surveys and
discusses the principal formation mechanisms proposed to explain their origins.

1.1 Early-type galaxies

Early-type galaxies, comprising elliptical (E), lenticular (S0), and dwarf systems,
constitute one of the two principal morphological families of the Hubble sequence (Hub-
ble |1936), located in the handle of the empirical tuning fork diagram.

In the Local Universe (i.e., at redshift z ~ 0), ETGs account for approximately
20-30% of the observed nearby galaxies and are less numerous than late-type galaxies
(LTGs), which occupy the right-hand side of the Hubble diagram and include spiral
(S) and irregular (Irr) systems.

Prior to the 1980s, ETGs were commonly regarded as dynamically simple, rota-
tionally flattened ellipsoids with smooth and featureless light distributions, no spiral
arms, generally lacking significant interstellar gas and dust, and exhibiting red optical
colours indicative of old, metal-rich, passively evolving stellar populations with minimal

+
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1. Early-type galaxies and the counter-rotation phenomenon

ongoing star formation.
Although these general characteristics remain broadly valid, modern observations
have shown that ETGs exhibit a wide structural and dynamical diversity:

e many ellipticals are not flattened by rotation but are intrinsically anisotropic
systems;

e they host an interstellar medium (ISM) predominantly in the hot phase (7 >
10° K), while in some cases cold ISM has been accreted from companion galaxies;

e low-mass ETGs frequently contain intermediate-age stellar populations;
e all harbor a central supermassive black hole (SMBH);

e a significant fraction of ETGs exhibit kinematic peculiarities, such as counter-
rotating structures, reflecting a complex and often disturbed assembly history.

1.1.1 Global galaxy profiles

For several decades, elliptical galaxies were believed to be well represented by the
de Vaucouleurs R'* law (Vaucouleurs 1948), introduced to describe the projected lu-
minosity density (or surface brightness) of ellipticals and of the spheroidal components
of disc galaxies.

Subsequent studies and modern photometry demonstrated that this parametrisation
does not adequately describe the full variety of observed light profiles: for a large
fraction of ETGs the RY* formula is only a first-order approximation. Michard (1985)
noted that systematic deviations from the R'/* trend are similar for elliptical galaxies
of similar luminosities and the results from Schombert (1986) and Binggeli et al. (1991))
suggested a correlation between the shape of the light profile and the total luminosity
of the galaxy. For bulges of SOs, Capaccioli (1987)) noted that the minor axis light
profiles of edge-on objects deviate systematically from the R4 law.

Caon et al. (1993)) showed that many ETGs are better fitted by the more general
Sérsic model (Sérsic|1968)), i.e. a power law in which the exponent is the free parameter
1/n. Introducing a scale radius, the R'/" law is defined as

) )

where R, is the effective radius, I, is the surface brightness at R,, and the parameter
b, often referred to as the Sérsic constant, is a normalisation factor that depends on
the Sérsic index n and is defined so as to ensure that the effective radius R, encloses half
of the total luminosity of the profile. The good correlation between n and the global
parameters of the galaxy, such as total luminosity and effective radius R., leads to the
approximated analytical expression for the Sérsic constant, given by b, ~ 2n — 0.327
for 0.5 < n < 10 (Capaccioli |1989).

I(R) = I.exp {—bn




1. Early-type galaxies and the counter-rotation phenomenon

Stellar disk

No rotation ~ Complex velocity KDC Counterrotation
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f Y
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Figure 1.1: Scheme of the morphological classifications based on stellar kinematics. The
kinematic features in large samples of ETGs can be qualitatively described by five classes: (a)
no clearly detectable rotation, (b) clear but non-regular rotation, (¢) kinematically distinct
cores (KDCs), (d) counter-rotating discs, and (e) regular, extended, disc-like rotation. Taken

from Cappellari (2016)).

A key result of these studies is that the Sérsic index n, which quantifies the concen-
tration of the light distribution (i.e. the ratio between the amount of light contained
within the central regions and the amount in the outskirts), increases systematically
with the total luminosity of the galaxy. This trend suggests that more luminous el-
lipticals have more centrally concentrated profiles (Cappellari . The observed
correlation has been interpreted as reflecting variations in the structural properties of
elliptical galaxies with luminosity (Cappellari 2016). Nonetheless, part of the trend
may also arise from systematic differences in the fraction of hidden discs within ETGs.
It is likely that both effects contribute, since the Sérsic indices of spirals and SO bulges
generally differ from those of massive ellipticals (Kormendy et al. [2009).

1.1.2 Kinematical classification

The advent of integral-field spectroscopy (IFS) has profoundly revised the classical
view of ETGs. Observations from surveys such as ATLAS?P, a volume-limited sample
of 260 nearby ETGs (Cappellari et al. 2011; Emsellem et al. 2011), have revealed
a clear kinematic dichotomy between two distinct classes of objects: fast and slow
rotators, also called regular (RR) and non-regular rotators (NRR) (Cappellari 2016]).
In the velocity maps, regular rotators exhibit a regular pattern of rotation projected
along the line of sight; non-regular rotators, instead, are characterised by more complex
structures (including cases where the rotation is not detectable).

The peculiar kinemetric features recognised by Krajnovi¢ et al. (2011)), through a

+
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1. Early-type galaxies and the counter-rotation phenomenon

Group Features Comment #
a - no rotation (NRR) NRR/LV low-level velocity 7
b - complex velocity (NRR) NRR/NF no feature 12
NRR/KDC kinematically distinct core 11
¢ - KDC (NRR) NRR/CRC counter-rotating core 7
RR/CRC counter-rotating core 1
d - counter rotation (NRR) NRR/20 double 7 !
RR/20 double o 4
RR/NF no feature 171
e - simple rotation (RR) RR/2M double maxima 36
RR/KT kinematic twist 2
f - unclassified (U) U unclassified 2

Table 1.1: Summary of kinematic groups and features in the ATLAS?P sample, with a
description of each feature and the number of galaxies identified. Adapted from Krajnovié

et al. (2011).




1. Early-type galaxies and the counter-rotation phenomenon

quantitative analysis of velocity maps using elliptical rings and Fourier expansion to
characterise rotational structure and deviations from simple rotation, are the following:

no-feature (NF): velocity maps where the kinematic position angle (i.e. the orienta-
tion of the rotation axis, defined as the angle of the line connecting the maximum
and minimum line-of-sight velocities) remains constant with radius;

double maxima (2M): velocity maps with a radial profile showing a rapid rise in
rotational velocity, followed by a decline and a subsequent additional rise, indi-
cating two local maxima in the rotation curve;

kinematic twist (KT): cases where the orientation of the galaxy’s rotation axis
changes smoothly across the velocity map, with a total variation of at least 10°;

kinematically distinct core (KDC): systems where there is an abrupt change in
the kinematic position angle larger than 30° between adjacent regions, accom-
panied by a drop of the rotation velocity amplitude to zero in the transition
Zone;

counter-rotating core (CRC): a special case of the KDC, where the change in kine-
matic position angle is approximately 180°, indicating two components rotating
in opposite directions;

low-level velocity (LV): maps characterised by very low stellar rotation amplitude
at all radii;

double sigma (20): galaxies showing two symmetric peaks in the velocity-dispersion
map, located on opposite sides of the centre along the major axis, consistent with
the presence of two counter-rotating stellar discs overlapping in projection.

Accordingly to the peculiar features found in the kinematical maps, blended in the
same group for likely similar origin, non-regular rotators are divided in four sub-classes:
not-rotating galaxies, galaxies with complex and irregular rotation pattern, galaxies
with kinematically decoupled core and galaxies with two counter-rotating components
(Krajnovié¢ et al.2011)). In principle, each map could be characterised by a combination
of a few of the above features. All features could occur both in NRR and in RR galaxies,
since, if the feature is small (relative to 1R,), it does not perturb the velocity map in
a significant way.

The kinematical classification in RR and NRR is presented in[Fig. 1.1 while a more
detailed summary is shown in [Tab. 1.1]

The distinction between regular and non-regular rotators is clearly evident in the
(V/o,e) diagram, which quantifies the relative importance of ordered rotation (traced
by the mean stellar velocity V') to random motions (traced by the velocity dispersion
o) as a function of the observed, i.e. apparent, ellipticity ¢ of a galaxy (Binney 1978]).
+
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Figure 1.2: The revised (V/o,¢) diagram. The symbols are the (V/o, €) values, where V/o
is the ratio between the ordered stellar rotation V' and the random motions o, and ¢ is
the galaxy observed ellipticity, for 260 ETGs in the ATLAS3P sample, using the symbols
introduced in [Fig. 1.1} The solid green line is the prediction for an edge-on isotropic rotator,
and the thin lines are separated by Ad = 0.1 in anisotropy. The magenta line is the edge-
on relation of § ~ B, = 0.7 X ejpy (Cappellari et al. , and the dotted lines indicate
how this relation transforms at different equally spaced inclinations. Regular rotators (blue
symbols) and non-regular rotators (red symbols) can be approximately separated by the line
(V/o)* =1/3 (dashed green line). Taken from Cappellari .




1. Early-type galaxies and the counter-rotation phenomenon

In the diagram, V' and o are luminosity-weighted quantities (within an ellipse that
encloses half of the projected total galaxy light) (Binney [2005; Cappellari et al. 2007)).

In [Fig. 1.2] regular rotators generally show a wide range of observed ellipticity
e =1—10b/a, where a and b are respectively the major and the minor axis. Non-regular
rotators, instead, are distributed only at ellipticity ¢ < 0.4 and tend to lie well below
the isotropic line in the diagram.

In other terms, regular rotators can be flatter and the flattening is more supported
by the rotation, since they often fall close to the edge-on isotropic line; non-regular
rotators are rounder and mainly supported by the anisotropy of the velocity dispersion
tensor. For a more refined quantitative classification, the explicit inclusion of the
roundness criterion allows the identification of ETGs with discs as fast (or regular)
rotators, while genuine disc-less slow (or non-regular) rotators are all rounder than
<04,

It is worth noting that galaxies with counter-rotating discs are structurally equiva-
lent to regular rotators and should not be classified as slow rotators. They can appear
quite flat, as expected because of their disc-like nature. However, unlike regular rota-
tors, the counter-rotating discs in the ATLAS3P sample all lie below the magenta line in
the (V/o,¢) diagram, because they are dominated by tangential anisotropy, as expected
given the fact that the two counter-rotating stellar discs strongly increase the random
motions in the tangential direction (Cappellari|2016). Moreover, there is no reason to
expect a sharp transition between the regular rotators and the counter-rotating discs,
because the classification of a galaxy will simply depend on the amount of externally
acquired counter-rotating gas (Bois et al. [2011)). In this sense, counter-rotating discs
are essentially misclassified slow rotators, which instead form a continuous sequence
with the rest of the fast rotators (Cappellari 2016).

1.2 Counter-rotating galaxies

Counter-rotation is a kinematical phenomenon that refers to the presence, within
a single galaxy, of two distinct components that rotate in opposite directions around
the same rotation axis. As a consequence, counter-rotating galaxies belong to the class
of multi-spin galaxies, i.e. systems with more than one axis of rotation (Rubin 1994).
Compared to other multi-spin galaxies, such as KDC galaxies, 20 systems are dynam-
ically simpler and generally less massive, typically M, < 5 x 10'° M (Krajnovi¢ et al.
2015; Cappellari et al. 2013)).

The counter-rotating components may coexist on different spatial scales or within
the same disc and they can be either gaseous or stellar. Consequently, the phenomenon
of counter rotation can be detected in (Corsini [2014]):

the inner regions of the galaxy as in the case of the Sa NGC 3593 (Bertola et al.
1996)), which is composed by a small bulge, a main stellar disc which contains &

+
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1. Early-type galaxies and the counter-rotation phenomenon

80% of the stars and a secondary counter-rotating stellar disc, that dominates the
kinematics in the inner kpc and corotates with the disc of ionised and molecular
gas;

the outer regions of the galaxy as for the Sab NGC 4826 (M64), that contains two
counter-rotating nested discs of ionised, molecular and neutral gas extending out
to 1 and 11 kpc, respectively (Brown et al.|1992));

overall the galaxy as in the case of the Sa NGC 3626, where the gaseous component
was observed to counter-rotate at all radii with respect to the stars (Ciri et al.
1995)).

It is also possible to distinguish different forms of counter rotation depending on
the involved components (Corsini 2014)):

gas-versus-stars counter rotation occurs when the gaseous disc counter-rotates
with respect to the stellar body of the galaxy, as in the case of the SBO galaxy
NGC 4546 (Galletta |1987));

stars-versus-stars counter rotation is observed when two stellar components counter-
rotate and, in particular, it can involve bulge (e.g. SAO NGC 524, Katkov et al.
(2011)), bars (e.g. SBO NGC 2950, Corsini et al. (2003)) or discs (e.g. SBO NGC
4550, Rubin et al. (1992)));

gas-versus-gas counter rotation represents the case where two gaseous discs counter-
rotate, as in the SO galaxy NGC 7332 (Fisher [1994)).

The stars-versus-stars counter-rotating systems, named double-sigma (20) galax-
ies in the ATLAS?P project (see , exhibit a distinctive double-peaked
structure in the line-of-sight velocity distribution (LOSVD) (Krajnovié¢ et al. [2011)).

Dynamical models based on orbit superposition confirm that these galaxies con-
sist of two counter-rotating stellar discs, each characterised by high specific angular
momentum (Cappellari et al. 2007). Given their pronounced flattening and the high
angular momentum of both stellar components, in many cases 20 galaxies are consis-
tent with being composed of two counter-rotating stellar discs of comparable mass. The
observed kinematic signatures, such as the degree of rotation in the velocity maps and
the shape and separation of the two velocity dispersion peaks, depend on the relative
mass and scale length of each disc.

1.2.1 Detection of counter rotation

The detection of a counter-rotating gaseous component is usually straightforward,
e.g. it may be addressed by looking at the opposite orientation of the ionised-gas emis-
sion lines and stellar absorption lines in 2-dimensional optical spectra (Galletta 1987)).
On the contrary, unveiling a counter-rotating stellar component requires a detailed
+
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Figure 1.3: Detection of counter-rotating stellar components through the presence of X-
shaped absorption lines in NGC 4550 major axis spectrum. Panel on the left: for [OIII]
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1. Early-type galaxies and the counter-rotation phenomenon

data analysis because the kinematics of two counter-rotating stellar populations are
measured from the same absorption lines.

When the two components are photometrically similar, as in the case study of NGC
4550 (Rubin et al. [1992)), in the 2-dimensional spectrum X-shaped absorption lines are
observed (see [Fig. 1.3)).

Moreover, for different galaxy properties (i.e. the fraction, dynamical status, and
velocity of the retrograde stars with respect to the prograde ones), the superposition
of the two components along the line of sight produces a characteristic double-peaked
(bimodal) line-of-sight velocity distribution (LOSVD).

More specifically, the presence of two off-centre and symmetric peaks in the stel-
lar velocity dispersion in combination with zero velocity rotation measured along the
galaxy major axis is indicative of two counter-rotating discs (Corsini |[2014]): this partic-
ular signature arises because, along the major axis, the mean velocity tends to cancel
out where the two counter-rotating components overlap, while the velocity disper-
sion increases due to the superposition of stars moving in opposite directions. These
kinematic features are observed in the radial range where the two counter-rotating
components have roughly the same luminosity and their LOSVDs are unresolved (see

Fig. L1).

1.2.2 Statistical properties of counter-rotating galaxies

Counter rotation is more frequently detected in the gaseous component than in
the stars. In the ATLAS3P survey, (36 & 5)% (corresponding to 40/111 objects) of
fast-rotating ETGs (ETGs with discs, as defined in present a ionised
gas component kinematically misaligned with respect to the stars. This fraction is
defined within the population of fast-rotating ETGs and restricted to those objects in
this class that have been mapped in molecular gas. The molecular, ionised and atomic
gas in all the detected galaxies are always kinematically aligned, even when they are
misaligned from the stars, suggesting that all these three phases of the ISM share a
common origin (Davis et al. 2011)). The occurrence of counter-rotation in the ATLAS3P
catalogue is consistent with statistics in previous works, such as (32+19)% (at 95% confi-
dence level), corresponding to 17/53 in a sample of SO galaxies, in Pizzella et al. (2004).

In contrast, stellar counter-rotation is a less frequent phenomenon with respect to
gaseous counter-rotation. In ETGs, the occurrence is relatively uncommon, but not
negligible.

From is clear that, within the ATLAS?P sample of 260 ETGs, the majority
of galaxies have velocity maps dominated by ordered rotation. Only 11 systems (= 4%)
have been identified as 20 galaxies (Krajnovi¢ et al. [2011), as detailed in [Tab. 1.1]

A preliminary estimate of the incidence of stellar counter-rotating galaxies was
provided by Kuijken (1996)), who found that less than 10% (at 95% confidence level)
of SO galaxies host a significant fraction of counter-rotating stars. This result has

+
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1. Early-type galaxies and the counter-rotation phenomenon
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Figure 1.5: Diagrams presenting the kinematic analysis of ATLAS?P galaxies. On the left:
the frequency of two types of rotators, RRs and NRRs. At the centre: the frequency of the
kinemetric features. On the right: the frequency of the five kinematic groups comprising
significant kinemetric features. Letters a—f are explained in Objects which were
not classified are represented by the green slice and marked with *U’. Taken from Krajnovié

et al. (2011).

been confirmed by more recent work by Gasymov et al. , who analysed a sample
of 3576 early-type galaxies from the SDSS-IV MaNGA survey (Bundy et al.
and found that, within the sub-class of S0/S0a galaxies, approximately 3.1% exhibit
counter-rotating stellar components.

Importantly, not all 20 galaxies are classified as non-regular rotators in the ATLAS3P
scheme. Four out of eleven exhibit remarkably regular velocity maps, with well-aligned
isovelocity contours, and are thus included among regular rotators, despite their dis-
tinctive 20 feature. This highlights that the 20 phenomenon is not directly tied to the
level of ordered rotation but rather to the superposition of two kinematically distinct,
dynamically cold components.

1.2.3 Formation scenarios of counter-rotating galaxies

The majority of galaxies hosting counter-rotating components exhibit undisturbed
morphologies, showing no clear signs of recent interactions with small satellites or
companions of comparable mass. Consequently, if they occur, major mergers take
place predominantly in the early stages of a galaxy’s evolution, whereas minor mergers
may be more recent.

Moreover, the 20 galaxies environments do not differ significantly from those of
normal galaxies, as shown by the statistical analysis of Bettoni et al. . In that
study, the authors examined the number, size, and spatial distribution of faint satellites
and bright companions, comparing the large-scale surroundings of 49 counter-rotating
galaxies with a control sample of 43 non-counter-rotating systems. These results sug-
gest that the mechanisms responsible for counter-rotation must preserve also the den-
sity of galaxies in its local environment (Corsini [2014)).

The application of spectral decomposition techniques (Coccato et al. ; Katkov

+
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1. Early-type galaxies and the counter-rotation phenomenon

et al. |2013) has enabled the detailed investigation of stellar population properties in
many 20 galaxies. These analyses reveal that the counter-rotating disc generally hosts
a younger stellar population that co-rotates with the ionised gas, while the main stellar
disc is typically older. This indicates that counter-rotating stellar discs likely form in
situ from externally accreted gas rather than through the accretion of stars during
mergers.

Accordingly, considering the environmental constraints and the stellar population
studies, the most widely supported formation scenario for 20 galaxies involves external
gas accretion as a smooth, non-disruptive process in which infalling material settles
onto the galactic disc with angular momentum opposite to that of the pre-existing
stellar component.

Numerical simulations show that such gas can be acquired from a gas-rich nearby
companion, through wet mergers with dwarf galaxies (Thakar et al.|1997)), via tidal gas
exchange between neighbouring galaxies (Khim et al. 2021; Sil¢henko et al. 2023)), or
from the intergalactic medium via cold accretion, either episodic or prolonged, along
cosmic filaments (Thakar et al. [1996; Algorry et al. [2014)).

The newly accreted gas settles into the same disc plane but rotates in the oppo-
site direction; subsequent star formation then builds a secondary stellar disc rotating
counter to the main one (Thakar et al. |1996). This process naturally explains the
observed differences in stellar populations between the two components.

Counter-rotating gaseous discs are found predominantly in SO galaxies, which are
relatively gas-poor systems (Bettoni et al. 2003), while in LTGs the acquired gas is
usually swept away by the pre-existing co-rotating gas component. When gas-rich sys-
tems, as spiral galaxies, acquire external gas on retrograde orbits, collisions between
the new retrograde and pre-existing prograde gas components lead to loss of angular
momentum and subsequent infall towards the galaxy centre. A stable counter-rotating
gaseous disc can form only if the mass of the accreted retrograde gas exceeds that of the
original component (Lovelace et al. [1996). Star formation within this counter-rotating
gas subsequently produces a secondary stellar disc. Consequently, a higher fraction of
counter-rotating gaseous discs is observed in SO galaxies than in spirals (Pizzella et al.
2004). The few spirals known to host counter-rotating gaseous and/or stellar discs are
all very early-type systems (S0/a—Sa) (Corsini [2014; Sandage et al. [1994]).

Although external gas accretion appears to be the dominant mechanism, other, but
less common, processes may also produce counter-rotating structures.

Usually, major mergers between disc galaxies with comparable masses are ruled
out because they tend to produce ellipticals. Anyway, for a narrow range of initial
conditions (finely tuned orbits that preserve the disc structure), major mergers are
successful in building a remarkably axisymmetric disc which hosts two counter-rotating
stellar components of similar mass and size (Puerari et al. 2001; Crocker et al. |2009).

+
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1. Early-type galaxies and the counter-rotation phenomenon

Internal dynamical phenomena such as bar dissolution, resonant orbit families, or
disc instabilities can generate localised counter-rotation without the need for external
accretion (Evans et al. [1994)). However, these internal processes generally give rise to
counter-rotating cores rather than large-scale discs, and therefore cannot account for
extended 20 systems. Moreover, they cannot explain the observed differences in stellar
populations, particularly the significant age differences between stellar components.
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Chapter 2

Properties and observational data
of NGC 1366

In this chapter we focus on the lenticular galaxy NGC 1366, providing a detailed
overview of its general properties and summarising previous analyses from Morelli et al.
(MO8, Morelli et al. (M15)), and Morelli et al. (M17). The chapter is organised as fol-
lows: summarises the main characteristics of the galaxy, describes the

photometric properties, presents the kinematic analysis, and discusses
the stellar population properties.

2.1 General properties

NGC 1366 (RA 03:33:53.69, Dec -31:11:38.87, z = 0.004, from the NASA/I-
PAC Extragalactic Database (2025))) is a bright spindle-shaped SO galaxy
in the Fornax cluster. Due to its high inclination, the disc of NGC 1366 is observed
nearly edge-on. Photometric observations reveal that the galaxy exhibits a regular and
undisturbed morphology. Although it is classified as a member of the LGG 96 group,
the absence of nearby bright companions suggests that it has not undergone any recent
significant interaction.

It is classified as S0° according to the classification of Vaucouleurs et al. (1991) and
as S0;/E7 by Sandage et al. (1994)), due to its highly inclined thin disc.

For consistency with the analyses by MO8, M 15 and M17, it is adopted D = 17 Mpc
(Ferguson [1989)). Consequently, the scale conversion 1arcsec = 0.0824 kpc is used
throughout this work.

The apparent total R-band magnitude of NGC 1366 is mr = 11.49 mag (Lauberts
et al. |1989), which at a distance of 17 Mpc corresponds to an absolute total R-band
magnitude M = —19.66 mag.

The main structural and photometric parameters of NGC 1366 are summarised in

Tab. 2.11
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2. Properties and observational data of NGC 1366

Figure 2.1: Optical R-band image of NGC 1366, acquired with the ESO 1.0 m telescope. The
field of view (FOV) is 7.94 x 7.94 arcmin? and the image resolution is 2arcsec. Taken from
NASA /IPAC Extragalactic Database (2025).

Galaxy Type T Dos X dys  mp D M},
(RC3) (RC3) [arcmin] [mag] [Mpc| [mag]

(1) 2) () (4) (5) (6 (7)

NGC 1366 S0° —-20 21x09 1149 170 —19.66

Table 2.1: Main properties of NGC 1366, adapted from Table 1 of Columns description:
(2) morphological classification from RC3; (3) numerical morphological type from RC3; (4)
apparent isophotal diameters measured at a surface brightness level of up = 25 mag arcsec™2
from RC3; (5) total observed R-band magnitude from RC3; (6) distance obtained as

luminosity-weighted mean radial velocity (Garcia [1993) divided by Hy = 75kms~! Mpc™1;
(7) absolute total R-band magnitude, adopting D.
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2. Properties and observational data of NGC' 1366

2.2 Photometry

The photometric properties of NGC 1366 were analysed in detail by M08, The anal-
ysis was performed on R-band (Bessel R-band centred at 6431 A) photometric images.
The observations were carried out in two runs at the European Southern Observatory
(ESO) in La Silla (Chile), with the ESO 3.6-m Telescope using the ESO Faint Object
Spectrograph and Camera 2 (EFOSC2).

The galaxy surface brightness distribution is well reproduced by the sum of the
contributions of a bulge and a disc component: it was fitted by means of a two-
component model consisting of a Sérsic bulge and an exponential disc. The adopted
decomposition yielded a good representation of the light distribution across the whole
image.

Let the (z,y) plane be the plane of the sky, with the z-axis parallel to direction
of right ascension (pointing westward), the y-axis parallel to direction of declination
(pointing northward) and the z-axis along the line-of-sight (pointing toward the ob-
server). Bulge and disc isophotes are ellipses centred on (xg,yo), with constant axial
ratio ¢; and constant position angle PA;. The galaxy inclination is derived as

i = arccos ¢q = 65.80°. (2.1)

The surface brightness distribution of the bulge is described by a Sérsic law (Sérsic

1968), given by
1/n
b
— —1 2.2
() ] } , 22)

where R, I., n, and b,, are respectively the effective radius, the surface brightness

at R, the Sérsic index and the Sérsic constant (see [Subsec. 1.1.1). The radius 7} is
given by

Iy(z,y) = I. exp {—bn

Tp :[(—(LIJ — .To) sin PAb + (y — yo) CcoS PAb)2_|_

(—(z — @0) cos PA, — (y — yo) sin PAy)?/gz] /2. (2.3)

The surface brightness distribution of the disc follows a standard exponential decline
(Freeman [1970)), with a relatively large scale length, typical of lenticular galaxies:

L(x,y) = Te™"/", (2.4)

where [ is the central surface brightness and h is the disc scale length. The radius
rq is given by:

rq =[(— (2 — z0) sin PAg + (y — o) cos PA4)*+
(—(x — xo) cos PAq — (y — o) sin PA4)% /22

+
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2. Properties and observational data of NGC' 1366

Component R, or h [arcsec] R, or h [kpc] n q PA [deg]
(1) (2) (3) (4) (5) (6)
Bulge 2.59 +£0.07 0.213+£0.006 1.5 0.80£0.01 5.38£2.40
Disc 12.81 £ 0.32 1.055 £0.026 1.0 0.41£0.01 2.084+2.32

Table 2.2: Structural parameters for bulge and disc of NGC 1366, adapted from Table 2 of
MO8, Columns description: (2) effective radius R, of the bulge and scale length h of the disc
in arcsec; (3) effective radius R. of the bulge and scale length h of the disc in kpc; (4) shape
parameter n; (5) axial ratio of the isophotes ¢; (6) position angle of the major axis PA.

The photometric parameters in M08 were derived fitting iteratively a model of the
surface brightness I,,,(z,y) = I(z,y) + I4(x,y) to the pixels of the galaxy image and

the results are reported in [Tab. 2.2

The result of the photometric decomposition of the surface brightness distribution

is shown in

Derivation of the luminosities for the two-component model

This study reproduce in the model for the observed surface brightness
distribution (left panel in [Fig. 2.2)), using the parameters in [Tab. 2.2| with a Sérsic

profile (n = 1.5) for the bulge and an exponential disc:

<R£;)l/n - 1] (2.6)

pa(R) = pio,q + 2.51og(e) (%) (2.7)

The values of effective surface brightness of the bulge . ;, and central surface bright-
ness of the disc ji ¢ have been measured from the modelled radial profile and they are

reported in [Tab. 2.3|

tp(R) = frep + 2.5, log(e)

Let us consider a system described by a Sérsic profile with index n; and apparent
axis ratio ¢;. The total luminosity of the system is derived as a generalisation of
the classical Sérsic profile integration (Ciotti 1991), where the projected light of an
axisymmetric ellipsoid is recovered as

bQ’I’Li )
n;
where R.; is the effective radius of the system, Iy, its central surface brightness

and ['(2n;) is the complete gamma function. In the limit ¢; = 1, the expression reduces
+
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Figure 2.2: Two-dimensional photometric decomposition of the galaxy in R-band. Upper
panels (from left to right): map of the observed, modelled and residual (observed-modelled)
surface brightness distribution, rotated to have the galaxy major axis parallel to rows. Lower
panels (from left to right): ellipse-averaged radial profile of surface brightness, ellipticity and
position angle measured in the observed (dots with error bars) and modelled image (solid
line). The dashed and dotted lines represent the surface brightness contribution of the bulge
and disc, respectively. The difference between the ellipse-averaged radial profiles extracted
from the observed and modelled images is also shown. Taken from
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2. Properties and observational data of NGC' 1366

Surface brightness profiles (M08)
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Figure 2.3: Two-component model for the radial profile of the surface brightness pug(R) of
NGC 1366, constructed from the surface brightness distribution observed in R-band and

reproduced in from MOS8,
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2. Properties and observational data of NGC' 1366

to the standard circular case.
A fundamental relation arises considering that for flattened systems it is convenient

to define the elliptical radius as
| R? 22

where R and z are the cylindrical coordinates and ¢ is the flattening of the system.
Then, the Sérsic law is written as

I(n) = Le br@"/"=1), (2.10)
By evaluating the profile at 7 = 0, one finds the relation between Iy and I, as
Iy = L.e". (2.11)

The luminosity of the bulge is derived from the effective surface brightness of the
bulge pep (in [Tab. 2.3)), starting from the surface brightness (in luminosity per unit
area):

Iy = 10704 kesmmr0) = 281 x 10° Ly okpe 2, (2.12)

where the photometric zero point ppe is the solar surface brightness in the R-
band, obtained from pupo = Mg + 2.510g(206265%) ~ 26.03 mag/arcsec?, where
Mp o = 4.458 mag is the absolute magnitude of the Sun in the R-band (Binney et
al. [1998), and the factor 2.51og(206265%) converts the flux from units of L /pc? to

magnitudes per arcsec?. Then, using using [Eq. 2.11,

Iop = Lpe’ = 4.06 x 10" Ly kpe™?, (2.13)
and finally, known the flattening g, and the effective radius R, (in[Tab. 2.2)),

F(an)

Ly = 2mqu RZ  Iopr =1.46 x 10° Lp o (2.14)

The luminosity of the disc is derived from the central surface brightness of the disc
o (in[Tab. 2.3)), starting from the surface brightness:

Ip.qg = 10704 koa=rre) =1 01 x 10° Ly okpe™ (2.15)
and then, known the flattening ¢4 and the disc scale length h (in {Tab. 2.2)), using
R. ~ 1.678h (for the case n = 1) (Graham et al. 2005),

['(2
Lg= 27rqdRidIO7dnd% =2.90 x 10° Lg (2.16)

ng
The parameters and derived luminosities of the modelled surface brightness profile

are collected in [Tab. 2.3
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2. Properties and observational data of NGC' 1366

Component  p, or o [mag/arcsec’] Lg [10°Le r] L/ Lot

Bulge 17.41 1.46 0.33
Disc 18.52 2.90 0.67

Table 2.3: Effective surface brightness of the bulge and central surface brightness of the disc,
luminosities and fraction of total luminosity for bulge and disc of NGC 1366, derived from
the photometric modelling of MOS8/

2.3 Kinematic analysis

The analysis in [M0O§| was performed on spectra acquired along the galaxy major axis.
The spectroscopic observations were carried out in three runs at ESO in La Silla (Chile),
where the ESO 3.6-m Telescope mounted the EFOSC2 spectrograph and the New
Technology Telescope (NTT) mounted the ESO Multi-Mode Instrument (EMMI) (see
MO08). From the spectrum, the line-of-sight velocity distribution (LOSVD) along the
slit was derived, then the radial velocity v and the velocity dispersion o were measured.
At each radius, they have been derived by fitting the LOSVD with a Gaussian. The
errors on the radial velocity v and the velocity dispersion o were derived from photon
statistics and CCD read-out noise, calibrating them by Monte Carlo simulations.

The measured stellar kinematics (in highlights the presence of a peculiar
behaviour, with an inversion of the sign of the rotational velocity in the inner region.
Thus MOS8 suggests the presence of two counter-rotating components: the bulge and
the disc of the galaxy.

2.3.1 Spectral decomposition of counter-rotating discs

M17|carried out a long-slit spectroscopic study of NGC 1366, extending the analysis
previously conducted by MOS8, Their spectroscopic observations were carried out at
ESO in La Silla (Chile), with the New Technology Telescope (NTT).

The analysis was performed on spectra acquired along the galaxy major and minor
axis and along both of them the stellar kinematics were derived with a single-component
and with a two-components analysis.

The single-component analysis confirms the results in M08, since the rotation curve
is consistent with the one in the previous work .

No kinematic signature of stellar decoupling was found along the minor axis of
NGC 1366, while a peculiar stellar kinematics is observed along the major axis: the
combination of zero velocity with two off-centred and symmetric peaks in the stellar
velocity dispersion is indicative, as discussed in [Subsec. 1.2.1] of the presence of two
counter-rotating components in the outer disc. In this thesis, discussing the disc de-
composition, the component rotating in the same direction as the bulge is defined as

+
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Figure 2.4: Line-of-sight velocity dispersion (top panel) and velocity (bottom panel) radial
profiles measured along the major axis of NGC 1366 for the total (black filled circles), counter-
rotating (blue filled square), and co-rotating (red filled diamonds) stellar components and for
the ionised gas component (green open triangles). Error bars smaller than symbols are not
shown. The blue and red horizontal lines in the top panel mark the radial bins adopted for
measuring the counter-rotating and corotating components, respectively. The blue and red
dashed lines in the bottom panel are a tentative indication of the velocity rotation curves for
the counter-rotating and corotating component, respectively. Taken from
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2. Properties and observational data of NGC' 1366

R [arcsec] V' [km/s] o [km/s]

-27.6 50.1 £41.3 141.6 £ 294
-16.5 6.4 £ 17.6 1984 £ 22.2
-9.5 -7.0 £10.0 186.9 £ 15.0
-5.3 -104 £ 7.7 170.8 £ 114
-3.0 -18.1 £ 10.5 168.2 £9.2
-1.8 -207 £ 74 1676 £9.1
-1.0 -177 £ 5.8 167.0 £8.1
-0.6 -7.5£9.0 1883 £ 125
-0.3 -6.1 £ 7.7 186.6 &+ 11.1
0.0 4.5 £ 8.0 195.7 £ 11.3
0.3 94+£90 2027 £ 119
0.6 14.3 £ 4.2 156.6 £ 6.6
0.9 223 £83 1959 £ 119
1.3 243 £6.7 179.7 £10.8
2.1 15.6 £9.3 171.1 + 11.7
3.3 13.3 £ 124 170.7 £ 14.0
5.6 -5.4 £83 164.9 £ 10.5
9.8 -24 £11.6 181.6 £ 22.1
16.8 3.9+£79 1772 £ 13.2
27.9 -60.8 £ 48.5 173.8 £ 35.8

Table 2.4: Stellar kinematic of NGC 1366 in M08. The columns show the radius along the
major axis, the rotation velocity along the major axis, and the velocity dispersion. Taken
from MOS|.

the co-rotating disc component, while the other, rotating in the opposite direction, is
defined as the counter-rotating disc component. In|M17, to investigate the presence of
counter rotation, the spectrum is analysed only in two radial bins centred at R ~ 1 kpc

+
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2. Properties and observational data of NGC' 1366

Component Age [Gyr] [Z/H] [dex]

Bulge 5117 0.39£0.08

Table 2.5: The central values of age and metallicity derived in MO8, Adapted from MOS8,

and R ~ 2 kpc. The spectroscopic decomposition returns the line-of-sight velocity v
and velocity dispersion o of the two stellar components only in these selected positions,
as shown in (blue and red points): the two counter-rotating stellar components
have high rotation velocity and low velocity dispersion (V/o ~ 2) and give almost the
same contribution to the galaxy luminosity. It is important to stress that no actual ro-
tation curve is derived here; the lines shown merely provide a tentative indication based
on the four available datapoints. As discussed in M17, the limited spatial sampling
prevents a robust reconstruction of the rotational behaviour of the stellar components,
and therefore the plotted trend should be interpreted only as a qualitative guide rather
than a physically constrained rotation curve.

Moreover, the constant slope of the exponential surface brightness radial profile
outside the bulge-dominated region suggests that the two counter-rotating components
in the disc have a similar scale length.

Therefore, kinematic and photometric properties support the disc nature of the two
counter-rotating components in the outskirts (M17).

2.4 Stellar population studies

2.4.1 Bulge and disc stellar populations

In MOS8| central values of line-strength indices were derived from the major-axis
spectrum. From these, age and metallicity of the stellar population of the bulge were
obtained, using the stellar population models by Thomas et al. (2003), that predict
the values of the line-strength indices for a single stellar population as function of the
age, metallicity and [ov/Fe] ratios. The values are listed in [Tab. 2.5

Moreover, M08 observes that NGC 1366 shows a steep positive age gradient (from
about 5 to 11 Gyr) and a strong negative metallicity gradient (from about 0.5 to 0
dex) within 5 arcsec from the centre (corresponding to R < 0.41 kpc). The peculiar
radial gradients observed for the stellar population of the inner region provided a first
hint of the presence of a sub-structure (MOS).

M15| investigates the properties of the stellar population in the disc of NGC 1366
using long-slit spectroscopy along the major axis, with the technical specifics already
mentioned in [IMOS.

Measuring the stellar populations of different galaxy components from integrated
spectra is affected by contamination: the properties inferred for one component can be

+

26




2. Properties and observational data of NGC' 1366

Component Age [Gyr]  [Z/H] [dex]
Disc 76+0.8 —0.26+0.03

Table 2.6: Values of age and metallicity in the disc-dominated region (at the radius where the
disc contributes more than 95% of the galaxy surface brightness) derived in |[M15, Adapted
from M 15[

biased by the others, depending on their relative contribution to the galaxy’s surface
brightness. This is particularly critical for bulges and bars, which are always embedded
in discs and overlap at small radii. Discs, however, can be reliably studied at larger
radii where they dominate the surface brightness. [M15 then studies the disc-dominated
region between rqg5, the radius where the disc contributes more than 95% of the galaxy’s
surface brightness, and 7,4, the outermost radius with sufficient signal-to-noise ratio
to measure stellar population properties. The corresponding spectrum was fitted using
MILES stellar population models (Sanchez-Blazquez et al. 2006), to derive luminosity-
weighted ages and metallicities for the stellar component of the disc. The values are
listed in [Tab. 2.6l

Moreover, [M15/found in the disc the presence of two stellar populations with distinct
ages. The stellar population of the disc is dominated by an old component (12.5 £ 1.1
Gyr), but in addition a younger sub-population (1.1+0.3 Gyr) was detected, especially
toward the outer regions, suggesting that the disc has experienced a recent episode of
star formation, possibly due to external gas accretion. The metallicity gradient of the
disc is slightly negative, in line with an inside-out growth scenario (M15)).

2.4.2 Disc counter-rotating components stellar populations

In order to better investigate the different stellar populations in the disc, M17
applied a two-components analysis to the major-axis spectrum of NGC 1366. The
measured Lick line-strength indices of the corotating and counter-rotating components
on the best-fitting synthetic templates were compared with single stellar population
(SSP) models, to infer luminosity-weighted ages, metallicities, and a-element abun-
dance ratios.

A striking difference emerges between the main and secondary discs, indicating
distinct formation epochs and chemical enrichment histories and suggesting a general
picture consistent with other examples of 20 galaxies (see . The comparison
of the age values suggests that the counter-rotating component is significantly younger
than the corotating component, which instead is characterised by an age consistent
with that of bulge. The subsolar metallicity and almost solar a/Fe enhancement of the
corotating component suggests a formation timescale of few Gyr, that occurred at the
time of the galaxy assembly. The counter-rotating stellar component, with lower «/Fe
enhancement and subsolar metallicity, can be the end result of a slower star formation
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process, occurred in a disc of accreted gas.

Formation scenario and ionised gas dynamics

The stellar population associated with the corotating component exhibits an old
age, consistent with that of the bulge, together with subsolar metallicity and nearly
solar «v/Fe enhancement. These properties suggest a formation over a relatively short
timescale of a few gigayears, likely coinciding with the main epoch of galaxy assembly.

In contrast, the counter-rotating stellar component is significantly younger and
characterised by subsolar metallicity and a lower a/Fe ratio. This component may
have formed through a more prolonged star formation episode within a gaseous disc
accreted by a pre-existing galaxy and subsequently settled onto retrograde orbits (see
Subsec. 1.2.3)).

Unlike most previously studied systems, however, studies in |M17 show that the
ionised gas in NGC 1366 is not dynamically coupled to the counter-rotating stellar
component. Its complex kinematics, featuring multiple velocity components along the
minor axis and distinct gas clouds along the line of sight, indicate a more intricate
evolutionary history. The observed kinematic decoupling between the ionised gas and
the counter-rotating stars challenges the simple scenario of gas accretion followed by
in-situ star formation.

A plausible scenario involves episodic gas accretion, already analysed in Thakar et
al. (1996). In the specific case of NGC 1366, the first event, occurring approximately
3 Gyr ago, likely led to the formation of the counter-rotating stellar component. This
was followed by a more recent accretion episode, which appears to be still ongoing.

However, this raises the question of the origin of the newly acquired, kinematically
decoupled gas, as there is no obvious donor galaxy in the immediate vicinity of NGC
1366. One possible explanation is that the gas originates from small clouds either within
the galaxy itself or from the surrounding environment. When external gas is captured
in discrete clouds, it can settle onto the galaxy disc over relatively short timescales. In
this context, NGC 1366 may represent a system observed during an intermediate stage
of the accretion process, prior to reaching a dynamically stable configuration (M17)).

An alternative scenario was explored by Crocker et al. (2009), who used numerical
simulations to study the time evolution of gas and stellar kinematics in the formation
of the counter-rotating discs of NGC 4550 via a binary merger. About 1 Gyr after
the merger, the stars form two settled counter-rotating discs, while the gas remains
kinematically disturbed. By 1-2 Gyr, the gas tends to settle into a more regular
configuration. The structural and stellar population properties of NGC 1366 differ
from those of NGC 4550, so dedicated simulations are required to assess the role of a
binary merger in its formation.

M17| conclude that the present-day configuration of NGC 1366 preserves a clear
signature of past gas accretion, which built the counter-rotating stellar disc. The
differences in age, metallicity, and abundance ratios between the two components retain
the imprint of their separate evolutionary histories.

+
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Chapter 3

Numerical implementation of
multicomponent modelling

This chapter presents the numerical framework adopted to construct multicompo-
nent dynamical models of axisymmetric galaxies using the code JASMINE2, that solves
the two Jeans equations in cylindrical coordinates for axisymmetric, stationary, and
collisionless multi-component systems.

introduces the general structure of the code, the theoretical foundations
of the modelling procedure implemented, and the underlying scaling-based strategy,
which separates the modelling procedure into a Potential and Jeans Solver (P&JS)
and a Post-Processing (PP) stage.

The construction of the axisymmetric dynamical multicomponent galaxy models
used throughout this work is described in while summarises the nu-
merical parameters adopted at different stages of the modelling pipeline. The solution
of the Jeans equations for multiple stellar components, implemented within JASMINE2,
is presented in [Sec. 3.4

The PP stage, detailed in outlines the full procedure applied to the out-
put of a dedicated JASMINE2 run (i.e. execution). This includes the assignment of
mass and luminosity weights, the kinematical decomposition of azimuthal motions, the
projection of model quantities along a line of sight, and the final composition of the
produced morphological and kinematical fields, with the rescaling to physical units. In
the framework of this thesis, the PP workflow makes use of several routines already
present, some of which were adapted to the specific requirements of this study. In
addition, a dedicated block of code was developed to be executed at the end of the
PP pipeline. This new module handles the weighting scheme and produces the final
projected photometric and kinematic fields.

In this thesis, the code JASMINE2 is employed to generate a family of dynamical
models that serve as the basis for a dedicated post-processing analysis. The post-
processing stage is carried out using routines specifically developed for this work, which

+

29




3. Numerical implementation of multicomponent modelling

allow the dynamical parameters, mass and luminosity weights, and physical scales to
be varied systematically. The objective is to construct a dynamical model tailored to
the galaxy NGC 1366.

Although JASMINE2 provides a general modelling framework, capable, for instance,
of incorporating additional mass components such as a dark matter (DM) halo or a
central black hole (BH), the present study focuses on a two-component stellar configu-
ration consisting of a bulge and a disc. Each stellar component is described implicitly
through a two-integral distribution function, consistent with the axisymmetric nature
of the system. This restricted but physically motivated setup, described in the follow-
ing sections, reflects the specific aims of the modelling procedure undertaken in this
thesis.

JASMINE2

K Potential & Jeans Solver \

Poisson equation
Jeans equations

Structural parameters

Family of galaxy models

Post-processing

Kinematical decompositions
Weights Projections
Sum of the components

Dimensionless galaxy models

Physical scales \\ 1 //

Physical dimensions
Figure 3.1: Scheme of modelling procedure. The diagram summarises the procedure of
construction of multicomponent galaxy models, based on the scaling approach implemented
in the code JASMINE2. Taken from Caravita (2022).

Galaxy model

3.1 The numerical code JASMINE2

The numerical code JASMINE2 (Caravita 2022; Caravita et al. 2021), an upgraded
version of the original code JASMINE (Jeans AxiSymmetric Models of galaxies IN Equi-
+
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librium) (Posacki 2014; Posacki et al. 2013), is designed to construct dynamical models
of stationary, axisymmetric galaxies by solving the Jeans equations for multiple stellar
components embedded in a composite gravitational potential.

The code is organised into two main modules, as illustrated in[Fig. 3.1} the Potential
and Jeans Solver (P&JS), written in Fortran90, and the Post-Processing (PP), devel-
oped in Python. In the P&JS module, the gravitational potential associated with each
density component is computed and the Jeans equations are solved for every stellar
component within each potential contribution. The results are stored in binary HDF5
files and expressed as normalised (i.e. dimensionless) and scaled (i.e. not multiplied
by the relative mass fraction) quantities, hereafter referred to as tilde quantities.

The PP module performs the subsequent stages of the modelling pipeline. Once
the mass and luminosity weights have been assigned, the kinematical decomposition
is applied, followed by the projection of the resulting fields and the combination of
the different components. This process produces the dimensionless quantities weighted
according to their respective mass ratios. In the final stage, the appropriate physical
scales are introduced to recover the physical dimensions and units of the complete
galaxy model.

3.2 Structure of the galaxy models

Since the numerical code JASMINE2 models axisymmetric, stationary stellar systems
as multicomponent configurations, in the more general case these models may include
N distinct stellar components, together with additional mass contributions such as a
dark matter halo (h) and a central supermassive black hole (BH). For the 2-component
modelling of the galaxy NGC 1366, only two stellar components are considered.

Adopting cylindrical coordinates (R, ¢, z), with the symmetry axis aligned along
the z-axis, each stellar component is characterised by a set of structural parameters
that define its continuous density distribution p,;(R,z). The total stellar density o.
and the total stellar mass M, of the system can then be expressed as

0.(R.2) = 0w, M.=) My,  i=1.,N, (3.1)

where the index i denotes the sum over the N stellar components.

Under the assumption that each stellar density distribution p,; corresponds to a
simple stellar population (Renzini et al. [1996; Maraston 2005)), i.e. an idealised assem-
bly of stars all formed at the same time, from gas of uniform chemical composition
and evolving passively thereafter, each p,; is associated with stars sharing the same
age, initial mass function and mass-to-light ratio T,;. The luminosity density and total
luminosity of the i-th stellar component are therefore given by
+
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3. Numerical implementation of multicomponent modelling

Potential & Jeans Solver | Sérsic indices n;
(structural parameters

for the scaled stellar shape parameters i
. . ~ 7"‘ .
densities 0.;) scale-length ratios T = —

T

stellar luminosities L.;

Post-Processing ] ) )
mass-to-light ratios or mass fractions 7Y,; or R;

(weights)
kinematical decompositions k; = \0;
Post-Processing total stellar mass M,
(physical scales) stellar scale-length T

Table 3.1: Model parameters (for the particular case of this work) entering the three main
steps involved in constructing a multicomponent galaxy model, listed from top to bottom in
the order in which they are considered in the numerical implementation in the code JASMINE2.
Adapted from Caravita et al. (2021).

Treating the total stellar distribution g, as a composite stellar population composed
of all g,;, the corresponding total luminosity density and total luminosity are

ve(R.2) =Y v, L.=)» L. (3.3)

The mass density distribution, in turn, defines the gravitational potential that
governs the dynamics of the system. Each component of the system is treated as a
tracer of the total potential: conceptually, every component contributes independently
to the overall dynamics, but all components share the same gravitational potential,
thereby ensuring the self-consistency of the model.

Through the Poisson equation, the total stellar density yields the corresponding
gravitational potential as

V2O =4xGo.,  P(R.2) =) ¢u; (3.4)

where ¢,; (R, z) is the potential produced by the stellar density ;.

3.3 Model parameters

Each section of the code requires a specific set of input parameters, as illustrated in
[Fig. 3.1 Accordingly, the model parameters are organised into three distinct groups,
based on their roles in the construction of a multicomponent galaxy model.

+
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3. Numerical implementation of multicomponent modelling

These three groups of parameters are discussed here in the order in which they are
implemented in JASMINE2 and are summarised in [[ab. 3.1]

3.3.1 Structural parameters

The structural parameters in the first group are the starting point of the construc-
tion, as they characterise a family of models defined as a set of systems sharing the
same dimensionless density distribution g.;, while varying the specific values of the
mass weights and the kinematical decomposition parameters.

The system analysed in this work includes two components, with a stellar density
distribution described by the general R!/" profile (see . Therefore, to define
the scaled density components g,;, it is necessary to specify the Sérsic indices n; that
describe the density profile shapes (or, more generally, other parameters for different
profile types), the shape parameters ¢;, i.e. the flattenings in the case of ellipsoidal
density distributions, and the scale-length ratios z; = r,;/r..

The values of the structural parameters must be assigned prior to running the P&JS
module, because, in general, any change in these parameters requires a recomputation
of both the gravitational potentials and the solutions of the Jeans equations.

3.3.2 Weights

In the original code JASMINE2 (Caravita 2022)), the second group of parameters
comprises the relative mass weights R; = M,;/M, and the mass-to-light ratios T,; =
M,;/L.;. For the present work, it was natural to fix the known luminosities L;, so that,
for chosen mass-to-light ratios T,;, the corresponding stellar mass weights R; can be
derived.

Considering that by definition the sum of all relative mass weights is normalised
to unity (>, R; = 1), the weights can then be applied to the scaled, dimensionless
quantities produced by the P&JS module, leading to the following expression for the
stellar components

The total stellar density can therefore be written as
Ox = On0s = On ZRzé*u (36)
i

where 0,; denotes the dimensionless density distributions of the stellar components,
while g, represents the dimensionless total stellar density, obtained by weighting each
component according to its relative mass fraction.

From the assumption of a constant mass-to-light ratio T,; for each stellar compo-
nent, the corresponding luminosity density can be written as
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3. Numerical implementation of multicomponent modelling

R; _
Vi = QnT_Q*ia (3'7)

*7

so that the luminosity density follows the shape of the scaled mass density 0,;.

The values of the weights are assigned during the PP stage, since variations in their
values or in the adopted kinematical decompositions do not require recomputing the
gravitational potentials or solving the Jeans equations again. This approach makes the
PP phase more flexible and computationally efficient, allowing different combinations
of parameters to be explored. In this way, starting from a fixed set of structural param-
eters, one can generate an entire family of models that share the same dimensionless
density distribution but differ in their relative mass contributions and dynamical con-
figurations, thereby enabling the identification of the parameters combinations that
best reproduce the observed photometric and kinematic properties.

3.3.3 Physical scales

The third group of model parameters includes the physical scales M,, the total
stellar mass, and a chosen scale length for the system r,.

All masses and lengths are normalised to M, and r,, respectively. The numerical
grid is also normalised to 7, so that the scaled grid (R, 2), with R = R/r, and Z = z/r,,
ensures the same spatial resolution independently of the actual physical size of the
model, measured by r,.

All density and potential components are made dimensionless by scaling them,
respectively, with the normalisation coefficients

M, GM,
On = .

)
47rr3 Ty

On (3.8)

Even though the physical scales are logically introduced first, the values of M, and
r. (and the derived normalisation g, and ¢,) are fixed at the last step of the model
construction. In this way, different physical realisations (in total mass and size) can be
obtained for the same multicomponent galaxy model.

Although the physical scales are logically introduced first, e.g. in the normalisation
of the grid of the numerical code, the values of M, and r, (and the derived normalisa-
tions g, and ¢,,) are fixed at the final stage of the model construction. In this way, the
code flexibility allows the exploration of a wide range of physical configurations within
the same family of models, since different physical realisations (in total mass and size)
can be obtained for the same multicomponent galaxy model.
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3.4 Potential & Jeans Solver

For N chosen sets of values for the structural parameters, describing N assigned
scaled stellar densities 0,;, for the purposes of this work, the P&JS computes the N
scaled gravitational potentials ggj, and then solves the N x N systems of scaled Jeans
equations, one for each 9,; within each potential ﬁj.

The P&JS operates on three axisymmetric grids in (R, Z): a principal grid, on
which all quantities are calculated, and two auxiliary grids used to evaluate derivatives
through a centred finite-difference numerical approximation.

The adopted grid is slightly logarithmic and extends from 5 x 1073 to 80 (in r,
units), with a total of 350 points.

3.4.1 N systems of Jeans equations

Although the code is able to accommodate more general distribution functions,
including three-integral distribution functions, in this work each stellar component is
assumed to be described by a two-integral distribution function f;(F, J,), where E and
J, denote, respectively, the energy and the axial component of the angular momentum
per unit mass of each star in the total potential . This choice is consistent with the
modelling strategy adopted for the two axisymmetric components considered here.

For axisymmetric systems, under the assumption of two-integral distribution func-
tions and adopting cylindrical coordinates, the velocity moments of each stellar com-
ponent satisfy the following relations (Binney et al. [2008):

VR = Uy = 07 (3-9)
VRVz; = VUV, = URVyp, = 07 gl = U_zia (31())
012%1. = aﬁi = af. (3.11)

The dynamical state of the galaxy composed by N stellar components is determined
by N systems of Jeans equations

Oewot) _ _, 02
ANewo?) A 00
orR %R T %R

which relate the total gravitational potential ® to the velocity moments of each
stellar component, considering the following definition

Ni=02 —o], o= —T5 =N+ 0] — Ty (3.13)

79
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The equations expressed here in their theoretical form are translated through the
JASMINE2 code into a discretised system over a spatial grid and the derivatives are
computed by centred numerical differentiation methods.

3.4.2 N x N systems of Jeans equations

The properties of the Poisson and the Jeans equations allow scaling operations,
making it possible to compute a set of scaled, i.e., dimensionless, solutions.

In particular, the Jeans equations , for a fixed total potential @, are invariant
under a mass scaling of the density o,;. This means that, at fixed ®, the derived velocity
fields are independent of the specific value of M,;. The Jeans equations can be
decomposed according to the contribution of each potential component ¢;, recalling
that & = > ; ¢5, leading to N x N systems of equations for the N stellar densities 0.
in the IV potentials ¢;

Oenioyy) _ 095
0(0n0y) Ay 0¢;
orR %R T %R

where the double subscript ij labels the solution of the i-th stellar component within
the j-th potential component.
The solutions to the systems (3.14)) are

© b 00402 9o
g*iafj :/ Oui aq:f dz, 0+iij = R( Gri% + Oui ¢]) , (3.15)

with Q*iafj — 0 for z — 0.

It is worth noting that the ability to solve the systems of Jeans equations without
specifying the relative mass ratios arises from the fact that, on the one hand, the
weights appear linearly on both sides of the equations and, on the other hand, once the
boundary condition is fixed to zero at infinity, the quantities 5%- and Aij scale linearly
with the mass ratios.

3.5 Post Processing

The PP stage operates on the scaled solutions &Z-Zj and Aij computed by the P&JS
for a given multicomponent model, working on the same slightly logarithmic grid of
the P&JS module.

The solutions are combined through the assignment of mass ratios R;, yielding the
solutions &2 and A,

In order to proceed with the kinematical decomposition of the azimuthal motion, a
positivity check is performed on A,-j (for the Satoh k-decomposition) and A; + 52 (for

+
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the generalised k-decomposition), in a way that limiting values on the weights R; are
constrained, discarding models that cannot satisfy physical meaningfulness.

The adopted kinematical decomposition is chosen and specified via the parameters
k;, which determine the normalised azimuthal velocity fields 04;.

In this module, the projections along a given line of sight are performed, using the
standard trapezoidal rule. Given that all the projection formulae are linearly propor-
tional to all the weights, except the line-of-sight rotational velocity v, it is worth
noting that all the scaled projected fields are calculated in a first step of the code,
while v is computed separately after the choice of the mass weights, in a way that a
change in the weights does not require to compute again all the projections.

In this work, additional routines have been developed to complete the construction
of the physical model from the scaled outputs of the PP module implemented by Car-
avita (2022)). First, each projected quantity is considered with its relative contribution
R;, through a dedicated block of code designed to handle this weighting procedure in
a systematic way.

Furthermore, the routines allow both the implementation of different functional
forms and the variation of the weights for the kinematical parameters, enabling the
exploration of different azimuthal velocity configurations within the same set of scaled
solutions.

Subsequently, a further module assigns the values of the total stellar mass M,
and the characteristic scale-length r,. This routine performs the final conversion from
dimensionless to physical units, ensuring that the internal structure, dynamics and
the relative contributions in mass and luminosity of the different components remain
unchanged.

Through these additional routines, the PP stage is extended so as to generate
a complete family of physical models from a single set of dimensionless and scaled
solutions, allowing variations in mass contributions, kinematical configurations, and
finally in the physical scales of the system.

3.5.1 Weighting

According to what was discussed in [Subsec. 3.3.2] the 7j-th solution of the Jeans
equations (3.15) can be written as
Consequently the i-th solutions, o and A;, are obtained by summing over all j
J J
Hence, the total solutions ¢? and A are derived by summing over ¢, including the

normalisation of the stellar density distributions.
+
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Since Uy and aii are determined by o? and A;, their scaling after the projection

procedure directly follows from the preceding equations. In addition, the parameters
k;, governing the decomposition of the azimuthal motions according to (3.19)—(3.20)),

are incorporated in the sums over 7.

3.5.2 Azimuthal velocity decomposition

A critical aspect of the modelling is the decomposition in random and ordered
motion of the azimuthal component of the second order velocity moment viz,, since in
the specific case of axisymmetric systems in principle 74, # 0 and it is essential for
capturing rotation.

The Jeans equations are degenerate in the azimuthal direction, since the
kinematical fields solutions do not put any constraint on the first order velocity moment
Ug;- There is freedom in choosing the streaming velocity field, i.e the systematic average
rotation around the symmetry axis, with the only constraint given by the definition

0, = 0%+ T (318)

In multicomponent systems such as galaxies each population can have distinct ro-
tational properties, necessitating a theoretical framework to separate random motions
from ordered rotation. The N systems approach ensures that each stel-
lar component can have its own anisotropy profile, reflecting realistic differences in
orbital structure.

The JASMINE2 code implements the decomposition of the azimuthal motion, allow-
ing to choose between two different prescriptions for 7.

Satoh k-decomposition

The Satoh k-decomposition (Satoh 1980), valid for systems with A; > 0, expresses
the streaming velocity of each stellar component as

and then it follows

oh =07 + (1 —k)A;, (3.20)

with k2 < 1 and negative values of k; describing clockwise rotation.
The parameter k; = 0 describes systems with no net rotation (75, = 0), while

k? = 1 describes the isotropic rotator case, with a isotropic velocity dispersion tensor

(Ugn' = 02‘2)-

In the simpler kinematical decomposition, k; is assumed constant over the whole
space; more general decompositions can be obtained by adopting a position-dependent
parameter k;(R, z).
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Actually, the true upper limit on k? is given by the physical condition v_d,f < @Z
In particular, k7 is maximum when the two terms are equal, so it follows

—2
Uy

k2N, =752 k2 = 3.21
) Ud"L ) 7 AZ Y ( )
that more explicitly, using the definition in ([3.13)), yields
2
O
kP =1+ -2 3.22
=1+ (3.22)

The k£ parameter

In the numerical implementation, the decomposition parameter of each stellar com-
ponent k; is defined as

where ); is a constant weight and §;(R, z) is a position-dependent function. The
factorisation of the k; parameter in two sub-parameters allows to set the value of the
constant weight \; after the projection integrals, since the integration of 04; scales with
A, for fixed §;(R, 2).

Using this generalisation, cases of rotating systems with a spatially-dependent &
parameter can be explored, implementing (as done extending the JASMINE2 routines)
functions as

R
o+ R’

where ky and k., are respectively the central value of the k parameter and its
value at infinity, (R.) = /¢-R. is the circularised effective radius of an ellipsoidal
stellar system observed edge-on (Ciotti et al. 2022). Using the k,(r) expression, in the
outskirts 75 becomes asymptotically flat, while in the central region k,(0) = ko; in the

exponential case, U, decreases significantly at large radii, while in the central region
stars rotate almost as fast as in the isotropic rotator case (Fig. 3.2)).

ka(r) = ko + (koo — ko) ko(r) = e/ (Fe), (3.24)

3.5.3 Projections

Projection translates intrinsic three-dimensional quantities into observables on the
plane of the sky. The numerical code JASMINE2 incorporates a projection framework
that allows the generation of observable maps by integrating along the line of sight,
treating each component independently and combining them only afterward according
to the chosen weighting schemes. On this basis, in this Section the subscript ¢ is omit-
ted, but the following reasoning applies separately to each stellar density component
0+ as well as to the total density o,.
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Velocity /v/¢y

OB 10T 10" 1ot
R/r.

Figure 3.2: Radial profiles of the stellar velocities in the equatorial plane in units of /¢,
(effect of a central SMBH included), showing different position-dependent functions k(R, z):
circular velocity v, stellar vertical velocity dispersion component o,, and the three different
azimuthal streaming velocities vy, respectively for the isotropic rotator (solid line, k = 1), for
the exponentially declining Satoh decomposition (dashed line, k = k), and asymptotically
flat Satoh decomposition (dot-dashed line, k = k4). Taken from Ciotti et al. (2022).
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The projection formulae from Caravita (2022) and Posacki (2014)) hold for a generic
inclination of the line of sight with respect to the galaxy. For axisymmetric models,
here it is assumed without loss of generality that the line of sight is parallel to the x — 2
plane, and the projection plane rotates around the y axis.

The projections of the stellar density and of the ordered velocity v = v4e, are

Y, = / o0.dl, Y, = / 0:0g < €4,m > dl, (3.25)

o0 o
where [ is the integration path along the line of sight, in the direction n, directed
from the observer to the galaxy; e, = (—sin¢,cos¢,0) is the unitary vector in the
tangential direction .
The line-of-sight velocity dispersion can be written as

op =o0p+ Vi —vi =Vi —vl, (3.26)

los — rms

accordingly to the definition from Cappellari (2008)

Vi = 05 + Vi = 010 + v, (3.27)

where V2 is the projection of the square of the component along n of the ordered
velocity, and o2 is the projected velocity dispersion. Note that o2 is not the line-of-
sight (i.e. the observed) velocity dispersion if a net rotation is present (Ciotti et al.

1996)).
More in details, the projections of these quantities are

S.op = / 0. < s’n,n > dl, S VE = / 0.5 < ey,m >>dl, (3.28)

—00 [e.9]

where o is the 3 x 3 velocity dispersion tensor.

In the specific case of edge-on projection, the line of sight is aligned with the x
axis with n = —e,, so that the projection plane coincides with the y — z plane, and
(cos¢,sing) = (x/R,y/R), where R = /22 + y2. Therefore the following projection
formulae follow.

From the integrals it is possible to derive

[ee) RQ _ 2)0.2 + 20.2
2 ( Y Y oy
d.0p = Q/y NI 0.dR, (3.29)
sz [0 gp (3.30)
* VP y R /—RQ — y2 I .

and then, in a more compact form, exploiting the definition (3.13]) in Eq. (3.26)

oo P2 2 QA
2*0-1208 = 2/ o + Y Q*dR - E*Ulzos- (331)
Yy

R\/R? —y?
+
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Mass-weighted and luminosity-weighted projections

The mass-weighted and luminosity-weighted projected quantities, given that the
projection integrals are already computed by the standard JASMINE2 projection rou-
tines, are jointly handled in a dedicated module developed specifically for this work.
This includes the numerical implementation of equations — to combine the
pre-computed projections according to the adopted component weights.

Mass-weighted projections emphasise the contribution of each point along the line
of sight according to local mass density, g.;(R, 2).

The projected properties of a multicomponent stellar system can be obtained by
considering the sums:

E*z 0s? E*zv2 1
Z* = Z E*ia UVios = Ez—vla Vgns = wa (332)

and of is given by (3.26)).

Luminosity-weighted projections account for the observed light distribution, weight-
ing contributions by the local luminosity density v,;(R, z), producing observables that
can be directly compared to spectroscopic or photometric measurements.

JASMINE2 allows the implementation of different constant mass-to-light ratios T,;
for each stellar component. In analogy to , the luminosity-weighted fields are
defined by using the surface brightness distribution

z*i

L= T I, = Z L., (3.33)

in lieu of the surface densities X,; and X,.

3.5.4 Physical dimensions

The routine responsible for combining and converting scaled quantities into phys-
ical ones, incorporating the introduction of M,, r,, and the rescaling of all projected
fields, has been implemented as part of this study.

The physical quantities needed for the description of the multicomponent system,
for the NV components and for the total density distribution, are recovered as weighted
sums of the s~caled and normalised solutions, output of the PP module: f]*i, i*ifqogi,
¥.iVpij, and .03,

The projected surface density distribution ¥, is obtained from %,; as
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3. Numerical implementation of multicomponent modelling

The projected mass-weighted rotational velocity v),s is obtained from i*if)losi as

2>|<z'Ulosz' Z>i<ivlosi

E>|<ivlosi = )\iz*ivlosi V ¢n7 Viosi = S ) Vips = 5
*7 *

(3.35)

i

Notice that the solutions f]*i@losi include the R;, R; contributions (as discussed in
Sec. 3.5)). o
The projected mass-weighted velocity dispersion oy, is obtained from Z*iVP?ij and

E*ZJ%U, using ) and - as

7 7

(3.36)

B0 = ) [Ri(Budby)l,  Buoh = R¥ubhiV/én,  Duop =) Tuoh,

J

(3.37)
therefore, for each stellar component
Y.iV2
Y ‘/r%nsz = Z*ZVPQZ + E*io-laz" Olosi = \/% - 12051'; (338)
and for the total
V2
by Vgns - E*‘/P2 + E*0-1%7 Olos = Zrms U1205. (339)

Similarly, the luminosity-weighted quantities are obtained from the same solutions
in output from the P&JS, using the prescription in ((3.33]). 3
The projected surface brightness distribution I, is obtained from X,; as

E*i
L, = RiT_*iQnT*a I = Z L. (3'40)
The projected luminosity-weighted rotational velocity vjos ¢ is obtained from > iUlosi
as
i*zﬁ ost / I*iv 0st
Liviesi = A; T*IZ an» Ulos,¢ = Z [—*1 (341)

i
The projected luminosity-weighted velocity dispersion o4 ¢ is obtained from i*lf/}% j

and X,,6¢;; as
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3. Numerical implementation of multicomponent modelling

~ ~ i*ZVZZ
.. Ve, § (R (5. Vi), LV = Ri=— 2L\ G, LVZ = § LV, (3.42)
i *7 i

. 302,
Db = § [Rj(z*iélz%j)]a Liop; = R; TU,PZ V On; Lop = E :I*iglgiv (3.43)
]' *7 )

therefore, for the total stellar system

ILV? =LV2+ 103 _ Vi 3.44
*Vrms = f*x VP + x0p, Olos,t = I /UIOS,e' ( ' )

Note that, under the assumption of a constant mass-to-light ratio Y,;, the mass
scales linearly with the luminosity, so the luminosity-weighted and mass-weighted maps
of each component are identical.
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Chapter 4

The two-component models

This chapter presents the construction and exploration of dynamical models com-
posed of two axisymmetric stellar components. While the general structure and nu-
merical framework follow the methods introduced in [Chap. 3| the present discussion
focuses on the specific parameter choices, weighting schemes, and post-processing pro-
cedures adopted for the case study of NGC 1366. Particular attention is devoted to
the treatment of the free parameters and to the role of the post-processing stage (PP),
where the family of models is generated and the numerical routines developed for this
work are applied.

Sec. 4.1/ summarises the setup of the Potential & Jeans Solver (P&JS) for the two-
component configuration, describing the construction of the family of models.

illustrates the Post-Processing stage for the case study of NGC 1366, where
individual physical models are constructed from the scaled P&JS solutions. The mass
fractions are assigned, the kinematical decomposition is performed, and the projected
observables are obtained.

The modelling procedure is tested through a series of diagnostic tests designed to
understand the effects of free parameters variation.

Finally, presents the comparison between the model predictions for v),s and
Ol0s With the same curves obtained from the observational data (M17)), with the aim of
assessing whether the two-component model can successfully reproduce the observed
kinematics of NGC 1366.

4.1 The Potential & Jeans Solver

The adopted zero-hypothesis aims to describe the observed internal structure and
dynamics of the galaxy with the simplest possible model, which includes only the two
stellar components revealed by the photometric decomposition (MOS), described in
Sec. 2.2

One run of the P&JS produces the progenitor of a family of two-component galaxy
models corresponding to N = 2 scaled stellar density components g,;. These two

+
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4. The two-component models

Component  n; i T
Bulge 1.5 0.80 1.00
Disc 1.0 0.41 8.30

Table 4.1: Structural parameters provided as input to the P&JS to define the scaled stellar
densities g, ; for each component in the two-component models: Sérsic indices n;, intrinsic
flattenings ¢; and scale-length ratios x;.

components describe the bulge and the disc of the modelled galaxy: a Sérsic stellar
density distribution with Sérsic index n, = 1.5 and flattening ¢, = 0.80 to represent
the bulge, and another Sérsic distribution with ny = 1 and ¢4 = 0.41 to represent
the exponential disc. The adopted values are directly taken from the photometric
decomposition of M08, ensuring consistency with the observational data (see .

To easily implement the scaling of the two components, the scale-length ratio of
the first component is set to

Tsb o
T

Ty = 1, (4.1)

i.e. r, = 7., imposing in this way that the grid is normalised to the scale length
of the bulge, in the Post-Processing explicitely chosen as 7., = R.p. This determines
x; of the second component as

Ted Lled
= —=—=28.30 4.2
d Tx Re,b ’ ( )

from the ratio between the effective radii R.; of bulge and disc. In particular,
the disc effective radius R, 4 (chosen as r,4) is obtained from the disc scale-length h
(Sec. 22).

Therefore, the adopted grid which extends from 5 x 1073 to 80 in 7, units (see
, in physical scales covers from 1073 to 17.04 kiloparsecs.

The structural parameters provided as input to the P&JS, which are required to
define the scaled stellar densities g, ;, are listed in [Tab. 4.1]

4.2 'The Post-Processing

The second stage of the modelling, the Post-Processing, operates on the precise
model progenitor constructed in the previous step, and produces a family of distinct
models.

The mass fractions R; are assigned as appropriate weights, in order to carry out the
kinematical decomposition of the azimuthal velocity field in its ordered and random

+
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4. The two-component models

components, to compute the projections along the line of sight and to sum the contri-
butions of each i-th stellar component in all the j-th potential components. Until this
step, in fact, the model produced by the JASMINE2 code is independent of the stellar
mass-to-light ratios T,; and the mass fractions R;.

In the specific case of NGC 1366, the photometric bulge—disc decomposition of MO8
constrains the luminosities of the stellar components L.; (see [Sec. 2.2)). Therefore, in
the following analysis, the luminosities of the two stellar components are always kept
fixed. Since the luminosities L,;, the mass-to-light ratios T,; and the mass fractions
R; are not three independent quantities, fixing the luminosities leaves only one free
parameter for each component, among T,; and R;.

During the testing phase, the mass fractions R; are prescribed, whereas when con-
structing the physical model for NGC 1366 it is preferred to vary the mass-to-light
ratios T,;. The Satoh parameters k;, instead, remain free parameters both in the tests
and in the galaxy model construction.

In the following discussion, the modelling procedure aims to assess whether a two-
component model can reproduce the kinematic measurements along the major axis of
NGC 1366 (retrieved from |[M17). An initial testing phase is devoted to exploring the
effects of varying the free parameters, and the insights gained from this analysis are
then employed to identify the model configuration that best describes the observational
data.

4.2.1 Free parameters and their effects: tests

For the purpose of assessing the sensitivity of the dynamical solutions to variations
in the free parameters, the tests are carried out on the same progenitor model generated
in [Sec. 4.1| (Tab. 4.1).

The tests are conducted by prescribing the mass fractions R;, rather than the mass-
to-light ratios T,;, providing the total stellar mass of the system M, and imposing
constraining relations among the component masses M,;.

This choice provides direct control over the construction of intentionally extreme
configurations, enabling an examination of cases in which all the stellar mass resides in
the disc, all in the bulge, or is equally distributed between the two components. These
limiting scenarios, presented in [Fig. 4.1] were implemented by imposing

M,y =10"M, 4, M, 4=10"°M,,, M,y = M,,. (4.3)

These conditions constrain the mass fractions R; (as M,; = R;M,), while the corre-
sponding mass-to-light ratios follow straightforwardly for fixed total stellar mass M,.
All tests are performed using the Satoh decomposition with a constant value of the

parameter k; for each component (Subsec. 3.5.2)).
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Figure 4.1: Stellar line-of-sight velocity profile v, (left column) and velocity dispersion
profile oys (7ight column) along the major axis, for two-component models with M, = 2 x
10" M, k; = £1.0 for the Satoh decomposition. Three different configurations are shown,
corresponding to the extreme cases in top: Ry = 0.0, Ry = 1.0 (note the problem
relative to the lower limit on R; discussed in the following subsection); middle: R, = 1.0,

Ry = 0.0; bottom: Ry = 0.5, Ry = 0.5.
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Figure 4.2: Stellar line-of-sight velocity profile vjos (left column) and velocity dispersion profile
Ol0s (Tight column) along the major axis, for two-component models with R, = R; = 0.5.
Three different configurations are shown: top: M, = 5x10° Mg, ky = 1.0, kq = —1.0; middle:
M, =2 x 1019Mg, ky = 1.0, kg = —1.0; bottom: M, =2 x 10'° Mg, ky, = 0.5, kg = —0.5, all

for the Satoh decomposition.
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Figure 4.3: Two—dimensional maps in the (R, Z) plane of the intrinsic quantities Ay and Ay
(bottom panels), which are independent of the choice of R;. The maps show that Ayp remains
positive in the central region, while Ay becomes somewhere negative, leading to a negative
total Ab when the bulge mass fraction Ry is too small.

Lower limit on R,

When recovering for the first time the rotation velocity v4; for the bulge, it is
realised that a lower limit exists on R, for the possibility of adopting the Satoh de-
composition for azimuthal motions. This lower limit on the bulge mass fraction is
Ry min = 0.336.

This threshold emerges while considering the maps of the Abb and Abd and their
combination, needed to build A, (Eq. 3.17). As shown in A, becomes some-
where negative for R, = 0.33 and everywhere positive for R, = 0.34.

To identify the origin of this behaviour, the intermediate quantities produced by
the code are inspected, leading to the recognition that the problem arises from the
quantity Ayg, which is somewhere negative [Fig. 4.3|i. As a consequence, for the bulge
component, A, is found to become negative in the central regions of the galaxy.

From the Jeans equations under the two—component formalism, the quantity Ay
can be written as a linear combination of the contributions associated with each pair

of components (see [Eq. 3.17)):

Ay = Ry Ay, + Ry Ay, (4.4)

where Abb and Abd depend solely on the structural properties of the model family
(density distributions and gravitational potentials), while the mass fractions satisfy
Ry=1—Ry.

Since Abb >0 and Abd < 0 in the inner regions for models of this family (in,

the condition A, > 0 imposes a constraint on the allowed values of R,. The inequality

Ry Abb + (1 — Rb) Abd >0 (45)
+
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Figure 4.4: Two—dimensional maps in the (R, Z) plane of the quantities Ay and Ad, for
different choices of R;. Top panels: Ry = 0.33; lower panels: Ry = 0.34. Negative values are
highlighted in purple.
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4. The two-component models

can be solved explicitly, without exploring all the maps for each (R, z) value in all the
different combinations with R,, Ry, since it is sufficient to require:

A
R, > —R;min <~—bd> , (46)
bb

yielding the strict lower bound on the bulge mass fraction:
Ry, > Rb,min = 0.336. (47)

Thus, for Ry < Rpmin, the Satoh decomposition cannot be consistently applied for
the bulge, as the bulge would contribute too little mass to maintain the positivity of
Ay in the central region. This restriction explains why in the “all-mass-in-the-disc”
configuration it turns out that A, < 0 somewhere, as clear from where a case
with R, < Rpmin (upper panels) is compared with a case with R, > Rpmin (lower
panels).

It is important to emphasise that the negativity of A, arises solely from the intrinsic
dynamical structure of the model, and that this constraint on R}, comes if one wants to
adopt the Satoh decomposition. In particular, it does not depend on the choice of the
PP parameters (such as the adopted values of the kinematical parameters k;), which
only determine how the permissible dynamical solutions are mapped into projected
kinematic fields.

Bulge-dominated and disc-dominated kinematical regimes

As clear from [Fig. 4.5] at small radii (R < R.;), the light distribution is dominated
by the bulge and consequently the observed luminosity-weighted kinematics (modelled
through the luminosity-weighted projected kinematical fields) in the central regions
largely reflect the dynamical properties of the bulge component. Conversely, at large
radii (R 2 2 kpc, i.e. well beyond the disc effective radius R, 4), the surface brightness
is dominated by the disc, whose contribution therefore drives the behaviour of the
observed outer-region kinematics. The radius at which the bulge and disc surface
brightness contributions are equal, ry4 = 5.0arcsec (MOS§)), corresponding to rq, =
0.412 kpc, marks a natural transition between these two regimes, and is clearly visible

in [Fig. 4.5

Degeneracy between T,; and k; effects

The free parameters of the model construction for the galaxy NGC 1366 are the
stellar mass-to-light ratios T,; and the Satoh parameters k; (as detailed in .

The testing procedure is designed to explore the interplay between these param-
eters, as both influence the predicted rotational support and velocity dispersion. An
indication of the dependence of v)s (and consequently of 0y,5) on these parameters can
be inferred from the following considerations:
+
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Figure 4.5: Two-component model for the radial profile of the surface brightness I.(R) of
NGC 1366, showing the different contributions of the two components at different radii.

where, recalling 7, = R,

G M.,
A; X by i) and M, Z Y il (4.9)
This reasoning shows that variations in either T,; or k; directly affect the intrinsic
azimuthal velocity and, through projection, the observable line-of-sight velocity and
velocity dispersion. Consequently, an increase in either parameter enhances the pre-
dicted rotational support, giving rise to a degeneracy: different combinations of T,;
and k; can produce nearly identical vy profiles.
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4. The two-component models

In (panels on the left), a reference model is selected (central panel), char-
acterised by (M, ref, kiref). Exploring the parameter space reveals that a model with
lower stellar mass (0.25M, yef, ki ref) Or with a lower Satoh parameter (M, sor, 0.5K; vef)
produces an almost identical rotational velocity profile. This behaviour is fully consis-
tent with the scaling relation o4 o k;v/M,: reducing the total stellar mass by a factor
of four lowers v4; by a factor of two, which can be compensated either by maintaining
the original k;, or equivalently, keeping the mass fixed and reducing k; by half. This ex-
plicitly illustrates the degeneracy between T,; and k;, showing that variations in these
parameters can counterbalance each other to yield very similar observable line-of-sight
kinematics.

4.2.2 Weighting scheme for the case study

If the mass-to-light ratios T,; are specified, the mass fractions R; can be derived in
a straightforward way:

N
Moy =Y M;, (4.11)
=1
M.
R, = —. 4.12
Mtot ( )

In this way, the mass fractions R; are determined after the choice of the mass-to-
light ratios Y,; is made.

Estimates of the mass-to-light ratios T,;

Representative mass-to-light ratios T,; for the bulge and disc were obtained by us-
ing the photometric predictions based on the E-MILES SEDs (Vazdekis et al. 2012;
Ricciardelli et al. [2012; Vazdekis et al.|2016)), specifically the tables listing magnitudes,
colours, and mass-to-light ratios in Johnson/Cousin filters (Vega system) computed
with BaSTT isochrones for different Initial Mass Functions (IMF) (E-MILES: Photo-
metric predictions based on E-MILES SEDs||).

The set includes different widely used prescriptions for the stellar IMF, following
the functional forms introduced in the classic works of Vazdekis (1996), Kroupa (2001)
and Chabrier (2003) (Fig. 4.6)), in particular:

e Unimodal IMF. Single power law in which the logarithmic slope acts as the
sole free parameter. The standard Salpeter IMF corresponds to the specific case
in which the slope is set to 1.3.

e Bimodal IMF. Same power-law behaviour as the unimodal form at stellar
masses above 0.6 My, but flatter slope at lower masses, decreasing the contri-
bution.

+
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Figure 4.6: Comparison of the IMF functional forms adopted in the MILES models. Taken
from |E-MILES: Photometric predictions based on E-MILES SEDs

e Kroupa (2001) Universal IMF. Multiple-power-law IMF that resembles the
Salpeter form for masses exceeding 0.5 M, but incorporates two segments with
shallower slope in the low-mass regime.

e Kroupa (2001) Revised IMF. Also described by a multi-part power law, this
version includes corrections that account for the expected impact of unresolved
binary systems on the inferred single-star IMF.

e Chabrier (2003) IMF. A log-normal distribution at sub-solar stellar masses,
joined smoothly to a power-law tail at higher masses.

The aim was to determine the values of T, ; and T, 4 in the R-band, corresponding
to the ages and metallicities reported in the stellar-population studies of NGC 1366 by
MO8; M15. For the bulge, the central measurements from MOS| were adopted ,
while for the disc the estimates at rg95, the radius where the disc contributes more than
95% of the galaxy’s surface brightness, from M15 were used , as they provide
the most reliable constraints for the disc population.

Since the E-MILES predictions are tabulated on a discrete age—metallicity grid, an
interpolation routine was developed to compute the required mass-to-light ratios. For
each component, a set of neighbouring grid points is selected so as to bracket the target
age and metallicity values. In the case of the bulge, the points (5.0, 0.40), (5.5, 0.40),
and (5.0, 0.26) are used, whereas for the disc the selected points are (7.5, —0.25),
(8.0, —0.25), and (7.5, —0.35). As an example, lists the mass-to-light ratios

+
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(Age,[Z/H]s)  Age, [Z/Hlp Tup (Agey,[2/H]s) Agey [Z/H]a Tia
target [Gyr]  [dex] target [Gyr]  [dex]

(5.10, 0.39) 500 026 295 (7.60,-0.26) 7.50 —0.35 2.66
(5.10, 0.39) 500 040 3.22 (7.60,-0.26) 7.50 —0.25 2.84
(5.10, 0.39) 550 040 3.35 (7.60,-0.26) 8.00 —0.25 2.96

Table 4.2: Mass-to-light ratios in the R-band for the three neighbouring grid points used in the
interpolation of the bulge and disc values, for the Kroupa Revised IMF (BaSTI isochrones).

IMF Age, [Z/H]p T.p Age, [Z/H]4 T,
[Gyr]  [dex] [Gyr]  [dex]

Unimodal 5.10 039 343+£0.18 760 —-0.26 3.06+0.13

Bimodal 5.10 039 2344+£0.12 760 —-0.26 2.0840.09

Kroupa Universal 5.10 039 2334+£0.12 760 —0.26 2.0740.09
Kroupa Revised 5.10 0.39 323+0.17 7.60 —0.26 2.844+0.12
Chabrier 510 039 213+£0.11 7.60 —0.26 1.91+0.08

Table 4.3: Stellar mass-to-light ratios T,; estimated through interpolation for the bulge
and disc components, derived from the MILES photometric predictions using the ages and
metallicities adopted from MOS; M15|

at the aforementioned neighbouring grid points for the bulge component, in the case
of the Kroupa Revised IMF.

The routine reads the relevant MILES table for a given IMF, extracts the cor-
responding T,; values in the R-band for the chosen neighbouring grid points, and
performs a two-dimensional linear interpolation. The uncertainty associated with each
interpolated mass-to-light ratio is estimated from the standard deviation of the se-
lected neighbouring points. This procedure was applied for all available IMFs (under
the BaSTT isochrone sets), and the resulting interpolated values were later used in the
dynamical modelling of NGC 1366.

The estimates of the mass-to-light ratios T,; are reported in The revised
Kroupa IMF is adopted as the starting point for parameter exploration because it
provides the highest T,; among the analysed IMFs, with the sole exception of the
Salpeter-like Unimodal IMF. A preliminary inspection with k; = £1.0 shows
that the models require relatively high stellar masses, and therefore high T,; for fixed

+
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L,;, in order to approach the observed amplitude of the velocity dispersion profile g
(panels on the right).

In order to increase the mass-to-light ratios Y,; in a physically meaningful way, the
mass fractions of the two components are kept fixed to the values derived from the
mass-to-light ratios obtained under the assumption of a revised Kroupa IMF. For all
the IMF estimates considered, however, these fractions remain consistent at R, = 0.4
and Ry = 0.6. Following this approach, the mass-to-light ratios that provide the best
match to the observational data (i.e. the line-of-sight velocity dispersion o),s profile)
are T, = 4.4 and T, 4 = 4.0, as shown in |Fig. 4.10]
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rev.). In the top-left panel, for comparison, both the vy 4 and I}—f Ulos,d profiles are shown.

In all other panels, only the luminosity-weighted quantities are plotted, since in this form the

total observed profile is directly given as sum of the bulge and disc contributions.

58




4. The two-component models

i i 0Ojos radial profile
150 Vios radial profile . 250 los P .
L, bVios,b — Olos,b
. —— Olos,d
I+, dVios,a
100 T — Olos,LW
200
— Viesw Yi =44, Yy g=4.0
Yib=4.4,Ysq=4.0 Rp=0.4,Rg=0.6, M, =1.8e+10Mq
_ 50 Rp=0.4,R4=0.6, My =1.8e+10M, — ¢ data from M17
I ¢ data from M17 T 150
) 3 ® g
£ o 3 E i3
= - o,
8 8100 o
s S L [ —4 ]
-50
¢ 50
— ]
-100
_150 Re, buige Re, dis¢ o Re, bulge Re, disc
0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5
R [kpc] R [kpc]
i i 0Oj0s radial profile
150 Vios radial profile . 250 los P .
L. bVios, 5 — Olos,b
T+ — Olos,d
100 Ix dl‘/los.d Olos, LW
. 200 '
—— Vios, LW Ye,b =44, Yx,a=4.0
Yeb=4.48,Y4 4=4.0 Rp,=0.4,Rg=0.6, M, =1.8e+10M,
. 50 R,=0.4,R4=0.6, M, =1.8e+10M, - ¢ data from M17
n data from M17 T 150
v (9]
£ €
X =
3 8
N & 100 \K
— ]
-100 0
150 Re, buige Re, dist o Re, buige Re, disc
0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5
R [kpc] R [kpc]
i : 0Oj0s radial profile
150 Vios radial profile . 250 los p :
L bVios, b ~— Olos,b
T — Olos,d
100 I al‘/lns,d Ulgs w
. 200 '
— Vies,Lw Yib=4.4, Yy q=4.0
Yi,b=4.4,Ys,q=4.0 Rp=0.4,Rg=0.6, M, =1.8e+10M,
_ 50 Rp=0.4,Rg=0.6, M, =1.8e+10M, _ ¢ data from M17
n data from M17 T 150
w (9]
€ €
X =
8 8
N & 100 \&
— ]
-100 0
_150 Re, buige Re, disc o Re, bulge Re, disc
0.0 0.5 1.0 15 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
R [kpc] R [kpc]

Figure 4.8: Stellar line-of-sight velocity profile vjos (left column) and velocity dispersion profile
Olos (right column) along the major axis, for two-component models with Y, , =4.4, 1, 4 =
4.0. Three different choices of the functional form of the disc Satoh parameter k; are shown:
top: ky = 0.9, kg = —0.7; middle: k, = 0.7, kg = 0.9 X kq1; bottom: ky = 0.7, kg = 0.9 X kgs.
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4.2.3 Kinematical decomposition for the case study

All the previous investigations were performed assuming a constant Satoh param-
eter over the whole space, such that

While the choice of k, = const is reasonable, as the bulge primarily dominates the
central regions and its contribution rapidly decreases at larger radii, early attempts
showed that a constant k; could not reproduce the observed line-of-sight velocity v},
values at intermediate radii (R ~ 0.5-0.8 kpc). In this region, the bulge contribu-
tion is slightly positive, therefore the disc must provide a counteracting or near-zero
contribution; at larger radii (R 2 1 kpc) vy, is largely negative, the disc dominates,
and it should be fully counter-rotating with k; ~ —1, satisfactorily accounting for the
observed v}ys.

To address this, variable k; profiles were tested following the prescriptions described
in [Subsec. 3.5.2] Several functional forms for k4(R) were explored, chosen to achieve
the desired radial behaviour of v,s. In particular, the aim was to shift outwards the
radius at which the model v},s approximately vanishes and better reproduce the ob-
served kinematics.

kar(R) = —1+exp [ — (R —0.5)], (4.14)
kao(R) = —1+exp [ — (R—0.5)] —exp [ - R/r.], (4.15)
kas(R) = —1+exp [ — (R—0.75)] — 2exp [ — R/r.]. (4.16)

The motivation behind these forms, presented in [Fig. 4.9| is as follows:

e The first term in all functions would ensure that k; — —1 at large radii, repro-
ducing the fully counter-rotating behaviour of the disc where it dominates the
kinematics;

e The exponential terms subtracted in kq2 and kq3 aim to remove the small positive
contribution of the disc in the central regions;

e The shift in the exponent (e.g., 0.5 or 0.75 kpc) is tuning the zero-crossing point
of Vios-

After testing all the different functional forms for k4(R) , kg3 is found to
provide an improvement, as shown in This implementation ensures a smooth
radial variation of kg, producing a vy highly counter-rotating at large radii and
reducing its contribution in the inner regions, in line with the observational constraints
on s discussed before.
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Figure 4.9: Radial profiles of the disc Satoh parameter ky(R). The constant profile k = —1.0
(black) is compared with the variable forms tested: kq1(R) (light green), kq2(R) (green), and
kas(R) (brown).

4.3 Results

The results of the modelling for the galaxy NGC 1366 are presented here by com-
paring them with the kinematic measurements along the major axis of NGC 1366. The
model is tested against the line-of-sight velocity (v),s) data along the negative semi-
major axis and against the velocity dispersion (o15) data along the entire major axis.
For simplicity of visualisation in the plots, however, both profiles are displayed using
only the negative semi-axis, mirrored to positive R values.

The present study tests whether a two-component model, constrained by the pho-
tometric decomposition and governed by a minimal set of free parameters, is able to
reproduce the observed velocity vj,s and velocity dispersion oy, profiles.

The best result, obtained with the set of parameters listed in as discussed
in [Subsec. 4.2.2] and [Subsec. 4.2.3] is shown in [Fig. 4.10[ and |Fig. 4.11]

4.3.1 Discussion and conclusions

Within the explored family of two-component models, the configuration that yields
the closest agreement with the observations adopts the mass-to-light ratios Y., = 4.4
and T, 4 = 4.0, together with the Satoh parameters k, = 0.7 and k4(R) = 0.9 k43, where
kg3 is a function of the radial coordinate. These values correspond to the parameter
combination that provides the closest overall reproduction of the kinematic fields of

NGC 1366.

61



4. The two-component models

L =146 L, L. =290 L,

Post-Processing T =44 T =40
ight
(Welg S) Rb — 04 Rd — 06
ky = 0.7 ki = 0.9kas

Post-Processing M. =1.80 x 10" Mg,
(physical scales) r. = Ry = 0.213 kpe

Table 4.4: Weights, kinematical and physical parameters in the Post Processing module that
characterise the two-component model that best describes the data: stellar luminosities L.;,
mass-to-light ratios T,;, mass fractions R;, Satoh parameters k;, total stellar mass M, and
stellar scale length r,.

This model succeeds in reproducing the observed line-of-sight velocity profile vy
with reasonable accuracy. The overall shape of the rotation curve, including the steep
rise in the central region, is matched well, with the exception of two datapoints in
the interval 0.75 kpec < R < 1.00 kpce. In the innermost radii, where the dynamical
structure is dominated by the bulge, the assumption of a constant Satoh parameter
ky proves adequate, indicating that the model is able to reconstruct the kinematics of
the bulge component. At large radii, beyond R 2 1kpc, the model also follows the
observed decline of the rotation curve, further supporting its ability to reproduce the
global behaviour of the velocity field.

The velocity dispersion profile o5, however, is not successfully reproduced by any
of the two-component configurations explored in this work. Although the adopted
mass-to-light ratios allow the model to recover both the height of the central peak and
the amplitude of the dispersion at large radii (near R ~ 1R.4), the predicted profile
remains too smooth compared to the observed one. Most notably, the characteristic
off-centre peaks in ., i.e. the defining kinematic signature of 20 systems, are entirely
absent. Instead of the sharp decrease followed by a secondary rise seen in the data, the
model predicts a shallow plateau extending to R ~ 0.6 kpc, produced by the counter
rotation between bulge and disc. The observed peaks, however, lie at significantly
larger radii, beyond 3R, ;, where the bulge contribution to vy is nearly zero. At those
radii, the bulge cannot contribute to the formation of a second peak in oy, which
requires the overlap of two components with comparable light and opposite rotational
velocities.

Additional support for this interpretation comes from photometry. In the same
radial range where the off-centre peak is detected (0.75 kpc < R < 1.00 kpc), the
bulge-disc decomposition of the surface brightness profile exhibits significant residuals

+
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(in [Fig. 2.2)). This mismatch indicates that the assumed two-component photometric
structure is itself insufficient, and it mirrors the insuccess revealed by the dynamical
modelling.

Taken together, these results show that a simple bulge—disc configuration is not
capable of reproducing the kinematic complexity observed in NGC 1366. In particular,
the inability to generate off-centre dispersion peaks, a characteristic feature of 20 galax-
ies in which two stellar discs counter-rotate and overlap in projection, strongly suggests
that NGC 1366 hosts a more intricate multi-component structure, likely involving more
than a single disc component.
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Figure 4.10: Radial profiles along the major axis, with T, ;, = 4.4, 53 = 4.0, ky = 0.7, kg =
0.9k43. Top panel: stellar line-of-sight velocity profile vjos. Bottom panel: stellar line-of-sight
velocity dispersion profile g1,s. Gray points indicate observational data taken from M17.
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quantities computed for the best fit model (parameters in: surface density distribu-
tion, rotational velocity and velocity dispersion, for each component and for mass-weighted
and luminosity-weighted total.
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The purpose of this Master’s thesis is to employ the methodology of dynamical mod-
elling, specifically through the numerical code JASMINE2 (Jeans AxiSymmetric Models
of galaxies IN Equilibrium), to probe the internal structure and intricate dynamics of
the lenticular galaxy NGC 1366. This galaxy, located in the Fornax cluster, belongs to
the class of multi-spin early-type galaxies, known to host counter-rotating (CR) com-
ponents. Previous spectroscopic studies found signatures of counter rotation in NGC
1366: the disc component, the more luminous structure, is rotating in the opposite
direction relative to the bulge. Furthermore, a subsequent spectroscopic analysis of
the spectrum at two positions centred at R ~ 1 kpc and R = 2 kpc revealed the pres-
ence of two CR stellar components in the disc region, indicating an even more complex
configuration.

This work investigates whether the observed kinematic features can be reproduced
by the simplest two-component axisymmetric model composed only of a bulge and a
disc. By comparing the model predictions with the measured profiles for the line-of-
sight velocity vi,s and the line-of-sight velocity dispersion oy, it is possible to evaluate
the viability of this simplified configuration as a dynamical representation of the galaxy
and to constrain key physical parameters, such as the stellar mass-to-light ratios T,;,
the mass fractions R;, and the total stellar mass of the system M,.

This study made use of the output from a single JASMINE2 run, which produced the
progenitor model of a family of two-component systems, all sharing the same structural
parameters for the scaled stellar densities g,;.

Information derived from the available observational data, such as the photometric
bulge—disc decomposition and the luminosities of the components, was introduced as
fixed input to the model in order to produce comparable observables.

Then, within the Post-Processing module, additional routines were developed to
generate a set of distinct models for the galaxy, varying two free parameters: the mass-
to-light ratios T,;, accounting for the stellar population properties, and the Satoh
parameters k;, for the decomposition of the azimuthal motion. In order to construct
the final projected kinematic fields, the routines handled the implementation of the
weighting scheme and the conversion from dimensionless scaled quantities to physical
units (also through the resulting value for the stellar mass M, and the chosen scale
length r,).
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An interpolation routine was also implemented to have an initial estimate for one
of the free parameters, the R-band stellar mass-to-light ratios Y,;. The values are
obtained by interpolating across the discrete age—metallicity grid provided by the E-
MILES photometric predictions.

Within the set of two-component models, the configuration yielding the closest
match adopts the mass-to-light ratios T, , = 4.4 and T, 4 = 4.0, with Satoh parameters
ky = 0.7 and kq(R) = 0.9 X kg3, where kg3 is a function of the radial coordinate.

This model reproduces the observed line-of-sight velocity profile v;,s with reasonable
success, missing only two datapoints between 0.75 kpc < R < 1.00 kpc. In the inner
regions, where the dynamics of the system is proved to be dominated by the bulge
contribution, the observed velocity profile is well reproduced by assuming a constant
ky, suggesting that the model is able to successfully reconstruct the kinematics of the
bulge.

However, none of the explored configurations is able to reproduce the observed
velocity dispersion profile o1,s. The mass-to-light ratios T,; chosen for the best-result
model allow to recover both the height of the central peak and the amplitude of the
velocity dispersion at large radii (near R = 1R, 4), but the overall smooth behaviour of
the predicted profile does not match the data. Crucially, the two-component model fails
to replicate the distinctive off-centre kinematic peaks observed in the o), radial profile.
The modelled velocity dispersion profile oy, at radii immediately beyond the central
maximum, instead of a sharp decrease, presents a shallow plateau out to R = 0.6 kpc,
produced by the counter rotation between bulge and disc. The observed off-centre
peaks occur, instead, at larger radii, beyond 3R, ;, where the bulge contribution to the
projected velocity v is almost zero, and therefore it cannot generate the second peak
in the velocity dispersion o, which arises where two components with comparable
light have rotational velocity with similar amplitude but opposite sign.

Moreover, in the same radial range where the off-centre peak is detected, the photo-
metric decomposition also fails to successfully reproduce the surface brightness profile
of the galaxy. At 0.75 kpc < R < 1.00 kpc, the bulge—disc decomposition shows non
negligible residuals (i.e. difference between model and data radial profiles). This points
out that the inability of the two-component model to reproduce the kinematic fields,
highlighted in the present study, is consistent with the indications emerging from the
photometric analysis.

Consequently, the failure of the two-component model to capture the off-centre
kinematic peaks, a defining signature of 20 galaxies (i.e. systems hosting two CR stel-
lar discs overlapping in projection), strongly suggests that the actual structure of NGC
1366 is more complex than a simple bulge-disc configuration.

The modelling procedure also reveals a necessary dynamical constraint: a lower
limit on the bulge mass fraction R} is required for the Satoh prescription for the
decomposition of azimuthal motion to be applicable. Under the adopted Satoh k-

+
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decomposition, and independently of any other parameter choices made in the Post-
Processing stage, the condition R, > 0.336 must be satisfied.

Furthermore, it is worth noting that the best-result model required significantly
high stellar mass-to-light ratios (Y,, = 4.4, T,, = 4.0), exceeding the predictions
derived from the E-MILES stellar populations models.

The conclusions drawn are subject to the limitations imposed by the chosen mod-
elling framework.

Firstly, the gravitational potential used was intentionally simplified, comprising
only the two stellar components (bulge and disc), while neglecting the potential con-
tributions of a surrounding Dark Matter (DM) halo and a central supermassive Black
Hole (BH). Their exclusion simplifies the computation, but may introduce inaccuracies
in the predicted kinematic profiles, both at small radii, where the BH is expected to
dominate, and in the outskirts, where the DM halo contribution becomes important.

The required high stellar mass-to-light ratios T,; represent an indication that the
two-component stellar model is attempting to compensate for missing complexity or
missing dynamical mass. The high values might be compensating for the gravitational
influence of the omitted DM halo, or they could be artificially higher because the
model is missing the natural increase in velocity dispersion provided by the superpo-
sition along the line of sight of velocities from a third CR stellar component. Finally,
the modelling operated under the assumption of a two-integral distribution function
f(E, J,); allowing the radial velocity dispersion (og) to differ from the vertical com-
ponent (o,) could instead help increase the line-of-sight velocity dispersion oy, in the
central region, potentially reducing the high stellar mass-to-light ratios T,; required by
the current models. Furthermore, it is important to stress that, within the parameter
exploration, a degeneracy was observed in the effect on the rotation velocity 74 between
the mass-to-light ratios T,; and the Satoh parameters k;. This degeneracy complicates
the unique identification of the physical parameters that best describe the system and
their interpretation.

The outcome of this thesis suggests that future dynamical studies of NGC 1366
must incorporate increased complexity to fully resolve its kinematics.

The most critical recommendation is to move beyond the simplified two-component
model and implement a three-component stellar model within the JASMINE2 framework.
This model should explicitly incorporate the younger, kinematically-decoupled counter-
rotating stellar component identified through spectroscopic studies.

Furthermore, to refine the constraints on the mass-to-light ratios and accurately
model the galaxy’s gravitational support, subsequent iterations of the model must
include the gravitational influence of a DM halo and of the central BH. These inclusions
are essential to assess whether the high stellar mass-to-light ratios (Y,;) required in
the current stellar-only model are truly physical or merely compensating for missing
dynamical mass.

Finally, considering the inability of the two-integral, axisymmetric approach to cap-
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ture the off-centre kinematic peaks, future research should explore more sophisticated
dynamical techniques. This may involve employing three-integral distribution func-
tions or running dedicated N-body simulations of gas accretion and counter-rotating
disc formation.

The current two-component model serves as a necessary blueprint, setting some
constraints and providing useful suggestions. However, its limited complexity proves
insufficient to reproduce the detailed kinematical features observed in the galaxy. The
comparison between data and best-result model reveals dynamical signatures that seem
to require an additional, counter-rotating component; without it, the model inevitably
smooths over the complexity encoded in the observed kinematics, which retain a far
more intricate record of the galaxy’s evolutionary past. This outcome points toward
the need for more sophisticated multi-component dynamical modelling to capture the
full complexity of NGC 1366.
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