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Resumo

Neste trabalho introduzimos a curvatura do perfil de brilho de uma galéxia, como uma maneira nio
paramétrica para identificar suas componentes estruturais. Tais componentes como por exemplo, bojos,
barras, discos, bragos espirais, lentes, anéis, entre outras, sio fundamentais para o entendimento do
caminho formativo e evolutivo em que as galdxias se submeteram. Identificd-las ¢ também crucial para
a classificagdo morfolégica de galdxias. Com essa nova medida, foram analisadas em detalhe a curvatura
de 16 galdxias com variadas morfologias. Uma alta (baixa) taxa de varia¢io do perfil de brilho mostra
altos (baixos) valores absolutos de curvatura. Além disso, regides de transi¢io entre componentes
mostram altos valores de curvatura. Com essa nova metodologia foram identificados padrées que
caracterizam bojo (pseudo ou cldssico), discos, barras e anéis. O procedimento de cdlculo e andlise
poderd ser automatizado em breve para lidar com o processamento de uma grande quantidade de
dados e identificar as componentes das respectivas galdxias de uma forma automdtica, ou fornecer um
ponto inicial para tal andlise onde se utilizam métodos tradicionais de modelagem da distribuigio de
luz de multiplas componentes. Como complemento, a0 que nos motivou a introdugio da medida
de curvatura, analisamos como ¢ o comportamento de ajustes de Sérsic inicos (e.g. #) e do indice
de concentragio C para galixias de maltiplas componentes. Foram obtido que tais galédxias possuem
altos valores dessas medidas (C e 7) e sio comparéveis aos medidos em galdxias de componentes tnicas,

portanto levando a classificagio erronea dessas galdxias.

Palavras-chave: galdxias: morfometria — galdxias: parimetros fundamentais — galdxias: andlise estrutu-

ral — galdxias: fotometria






Abstract

In this work we introduce the curvature of a galaxy brightness profile to non-parametrically identify
its structural subcomponents. Bulges, bars, disks, lens, rings, spiral arms and so on, are a key to
understanding the formation and evolutionary paths the galaxy undertook. Their identification is also
crucial for the morphological classification of galaxies. We measure and analyse in detail the curvature of
16 galaxies with varied morphology. High (low) steepness profiles show high (low) absolute curvature
measures. Transitions between components present high values of the curvature. With this new tool
we identify patterns that characterise bulges (pseudo or classic), disks, bars, rings, spiral arms. The
procedure can be automated in a future study to deal with large datasets and identify galaxy components
automatically, or to provide a reliable starting point for traditional multi components modelling of
galaxy light distribution. For a complementary study, which leaded us to introduce the curvature, we
investigate the behaviour of single-Sérsic fits (e.g. single Sérsic index #) is and concentration index C for
multicomponent galaxies. We have obtained that these galaxies have systematically high values of 7z and
C comparable to the ones measured in single component galaxies, thus resulting in misclassification of

them.

Keywords: galaxies: morphometry — galaxies: fundamental parameters — galaxies: structure analysis —

galaxies: photometry
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INTRODUCTION

“There is no dark side of the moon, really. Matter of fact it’s all dark.”

Pink Floyd — Eclipse

1.1 Formation & evolution of galaxies

Galaxy formation and evolution are vital to understand the Universe as a whole, for galaxies portray the
general structure where they emerged and evolved. Galaxy morphology provides us with a framework
on which we describe galaxy structures that are connected with such evolution. The processes that gave
birth to bulges, disks, bars, rings, arms, halos, for example, are imprinted in the properties or absence
of these features. However, classification only cannot describe purely how they formed and evolved,
the need is to understand their formation mechanism which in this way allows us to built a connection

between assembly theory and observable properties (TONINI et al., 2016).

To understand the formation and evolution of galaxies, several steps are taken. The observa-
tional part of galaxies is made in terms of starlight, therefore such formation and evolution knowledge
starts by exploring the star formation history (KEEL, 2007). Also, galaxies are contained in a cosmologi-
cal universe, which means we see them at different times due to the redshift, therefore any formative
model/scenario of galaxies must account for each property at the different stages of the evolution in
the cosmological context (MO; BOSCH; WHITE, 2010). In order to understand these aspects, in the past
decades some scenarios were explored by means of different formative processes such as hierarchical
galaxy formation (WHITE; REES, 1978; COLE et al,, 2000), merger formation (TOOMRE; TOOMRE,
1972), secular evolution (KORMENDY; KENNICUTT JR., 2004; FALCON-BARROSO; KNAPEN, 2013),

chemical evolution (LYNDEN-BELL, 1975; PAGEL, 2001; PRANTZOS, 2008; PAGEL, 2009; MATTEUCCI,
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2012) and using semi-analytical models (KAUFFMANN; WHITE; GUIDERDONI, 1993; COLE et al., 1994;

SOMERVILLE; PRIMACK, 1999; LACEY, 2001).

With respect to the traditional understandings of galaxy formation and evolution, we have the
following. In these scenarios, the basics of formation and evolution distinguishes distinct processes
that origin elliptical galaxies and classical bulges from the formation of disk dominated/spiral galaxies
and pseudo bulges. The first mechanism are merger events having violent relaxations and hierarchical
clustering (TOOMRE; TOOMRE, 1972; TONINI et al., 2016; NAAB; TRUJILLO, 2006; HOPKINS et al.,
2010). In the merger scenario, it is established that elliptical galaxies are formed by major mergers of
spiral galaxies (BURKERT; NAAB, 2003). In the case of spiral, lenticular and irregular galaxies, first
it was supposed that they are a result of formative evolution where rapid violent processes such as
hierarchical clustering and merging led to the formation of them (WHITE; REES, 1978; WHITE; FRENK,

1991; FIRMANI; AVILA-REESE, 2003; BUTA, 2013).

Bulges can be formed by two different ways and therefore separated in two categories: classical
originates from violent processes such as hierarchical clustering via minor mergers (NAAB; TRUJILLO,
2006; HOPKINS et al., 2010; GADOTT]I, 2009), are dynamically hot and posses similar properties of
elliptical galaxies (FISHER; DRORY, 2008); pseudo originates from secular evolution through longer
times scales where disk material is rearranged by bars and spiral structures in a slow steady process
(WYSE; GILMORE; FRANX, 1997; FIRMANI; AVILA-REESE, 2003; KORMENDY; KENNICUTT JR., 2004;
ATHANASSOULA, 2005; GUEDES et al., 20135 GROSSI et al., 2018). Characteristics of pseudo bulges are
not found in elliptical galaxies and can be similar to those of disks, which are dynamically cold with
the kinematics dominated by rotation (FISHER; DRORY, 2008). Even so, not all bulges can be clearly
labelled as classic or pseudo, for there are bulges that present a mix of properties of the two types

(KORMENDY; KENNICUTT JR., 2004).

More recently, however, computer simulations such as (SPRINGEL et al., 2005; DUBOIS et al.,
2014; VOGELSBERGER et al., 2014; SCHAYE et al., 2015; KAVIRA] et al.,, 2017) (between many others)
allowed more profound studies on galaxy formation and evolution (MARTIN etal., 2019). Therefore the
principles of the ideas commented above changed slightly and other assumptions raised. For example,
to cite only: pseudobulges instead of being formed only by secular processes, can also be formed trough
dynamical process (GUEDES et al., 2013), and also from major mergers (KESELMAN; NUSSER, 2012;
GROSSI et al., 2018); dark matter haloes can also evolve in terms of two phases (not only by secular
evolution (GADOTTI, 2009)), early by major mergers and later by minor mergers (ZHAO etal., 2003;

DIEMAND; KUHLEN; MADAU, 2007; ASCASIBAR; GOTTLGBER, 2008).
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The brief introduction above is far way from the real picture of the actual understanding of
how galaxies forms and evolves. A review made by Naab and Ostriker (2017) and references therein can

cover the main questions about the formation and evolution of galaxies in recent years.

1.2 Galaxy Morphology

Preview

Galaxy morphological classification helps us to recognise the processes that drives galaxy evolution
(BUTA, 2013). The first ideas were presented by Reynolds (1920) and later by Hubble (1926), Hubble
(1936), who separated galaxies in classes, constituting the Hubble sequence - early to late types galaxies.
Their classification, and the main similar procedures adopted by others in the XX Century, were based
on visual examination of galaxy images. The procedures of classification gained in detail along the years,
new parameters and schemes have been introduced but they remained based on the visual inspection
of the image by an expert (MORGAN, 1958; VAUCOULEURS, 1959b; BERGH, 1960b; BERGH, 19603;

SANDAGE, 1961; BERGH, 1976; BUTA, 2013),

Within this scheme of components as building blocks of galaxy structure, it is relevant to
quantify which structures are present in a given galaxy and what is their contribution to the total
galaxy light compared to other components. There are several ways to accomplish that, in general
by modelling each component in an analytical fashion and then trying a combination of them that
best describes the galaxy light distribution (CAON; CAPACCIOLL; D’°ONOFRIO, 1993; PENG etal., 2002;
SIMARD etal., 20025 SOUZA; GADOTTL; ANJOS, 2004; ERWIN, 2015). This process can describe the galaxy
photometry very precisely. However, there are some drawbacks. In cases of multicomponent, which are
the majority of galaxies, the minimisation data-model is numerically unstable and converges only with
the assistance of an experienced user, which limits the range of the model parameters. Furthermore,
the joint component models fitted to the galaxy can be degenerate for different combinations of the
parameters, giving the same residuals within the photometric errors, and thus are inconclusive. In

some cases leading to situations where they are not physically reasonable.

These restrictions can be overcomed with user inspection, as mentioned. Nevertheless, the
flood of photometric data that was been made available in the last two decades, for example since the

first data release of SDSS (ABAZAJIAN et al., 2003) (to cite only one big survey) urged us to reinvent



4 Chapter 1. INTRODUCTION

our basic methods and tools to appropriate from all the physical information contained in it. Thus,
a method which can infer the basic properties of the components of a given galaxy automatically
and non-parametrically could greatly increase the amount of information we could gather from the
survey’s data. In this way, we introduce the curvature of the galaxy’s brightness profile »(R) with

the purpose of inferring the galaxy’s structural components.

Visual classification of galaxies

Galaxy classification is the starting point from which it is possible to recognize signatures of the
formation and evolution of galaxies from observations. It helps to unveil the process that drove the
galaxy evolution (BUTA, 2013). The first attempts in a galaxy’s classification has been accomplished with
Reynolds (1920) and Hubble (1926), Hubble (1936) with the so called “Hubble sequence of galaxies”,
see FIGURE 1. They focused their analysis in a visual approach where they divided elliptical galaxies
(left of the diagram) — called early-type galaxies — from spiral galaxies (right of the diagram) — called
late-type galaxies. In a few words, elliptical galaxies are systems with symmetrical shapes as well as
continuous and smooth light distribution along radii. Moreover, they have symmetric shapes. Spiral
galaxies on the other hand are objects that have noteworthy structures and can undergo to abrupt
variations in the light distributions along radii, mainly because the spiral arms or the transition between
components like bulge-bar-disc, for example. In FIGURE 1 we also see a type of galaxy that is — in some
sense, photometrically — a combination of elliptical galaxy with disk galaxy, which are called lenticular
galaxies (So’s). Basically, they have a bulge contained inside a disk in absence of spiral arms, while others

can have more components like bars, rings and lenses, for example.

It is very important to keep in mind that the Hubble sequence is not related to a time evolution
diagram, in principle the galaxies in the left do not evolve to the galaxies in the right, neither the
opposite. The galaxies are kept to be displayed in this way historically. The formation and evolution
of disk/spirals and bulge/ellipticals was briefly discussed previously, but a more detailed study can be

found in Naab and Ostriker (2017) for example.

After the Hubble-Reynolds schema, Vaucouleurs (1959a) and Sandage (1961) introduced a
new and more complete diagram to classify galaxies, called volume-classification schema, shown in
FIGURE 2. Itis a tridimensional system which separates different morphologies in a continuous way .
The most fundamental feature is the main axis, called stage or 7—type. This is a numerical sequence

comprehended in the interval —5 < 7' < +10. Elliptical galaxies are designed by 7 = —s, while 7" = 10
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F1GURE 1 — The Reynold-Hubble classification scheme — “Tuning Fork”. It constitutes the basic of
the Hubble sequence of galaxies — early (left) to late (right) types.

ELLIPTICAL NEBULAE

& @)

Eo E3 E7

Source: Adapted from Hubble (1936)

FIGURE 2 - de Vaucouleurs-Sandage volume classification schema (VAUCOULEURS, 1959a; SANDAGE,
1961).

-_______"_-.“__,_,

Source: Adapted from Keel and Oswalt (2013).

are irregulars. The transition between ellipticals and So’s in the diagram are represented by the interval

T=—5t0l =—1.

This continuous way originated the following sub-classification for galaxies: morphologies
S(B)a, S(B)b and S(B)c — (B) stands for barred, if not, normal/unbarred — have the intermediary
groups S(B)ab and S(B)bc. Also, intermediary spirals SA(B)a, SA(B)ab, are differentiated from other

spirals. The other axes of the schema are the varieties and families. These terminologies indicates
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how notable are, for example, rings and bars, and how they differ from the main stage. Following
(BUTA; COMBES, 1996), strong rings are labelled by (r), while in absence of rings or smooth rings (=
pseudorings) are labelled by (s) and (rs), respectively. Furthermore, there are other components such as
lens, labelled by (1), outer rings , labelled by (R), and pseudorings, labelled by (R’). Complete details of
these components and others can be found in Buta and Combes (1996) and in the review made by Buta
(2013). After Hubble and de Vaucouleurs-Sandage schemas, others schemes were also taking in account
for more details of galaxies, to cite only (BERGH, 1960b; BERGH, 1960a; BERGH, 1976; ELMEGREEN;

ELMEGREEN, 1982; ELMEGREEN; ELMEGREEN, 1987).

Galaxy Photometry

The galaxy starlight is all electromagnetic energy emitted by stars, clouds, dust, etc. Computing the
total light coming from a galaxy is one of the first ways we have to extract information about the
structural properties of galaxies. Galaxy photometry was one of the first attempts in such study, to
understand how the light distribution changes along the extension of a galaxy, seeking to find patterns

of different structural components such as bulges, bars, disks and so on.

The remarkable work in the field was made by de Vaucouleurs (1948) where the first surface
brightness profile techniques was introduced. The intensity of the light profile / of a galaxy can be
defined as follows: consider a radial distance R of the galaxy in relation to its centre, then take ellipses
with same isophotal intensities (galactic isophotes). In this sense, / can be defined as the variation of
the mean intensities of these isophotes along one deprojected axis R of the isophotes . In general R is
taken to be the semi-major axis of the elliptical isophotes, see (FERRARI etal., 2004). See also Section

4.3 for more information of how we determine /(R) from the data im this work.

In de Vaucouleurs (1948), he selected a sample of elliptical galaxies and observed that most of

them follow the empirical light profile of the form

I(R) = I, exp [— (%)1/4] (r.1)

where R, is a scale radii of the galaxy and J, is the isophotal intensity at that point (i.e. /(R,) = 1,).

After de Vaucouleurs’s work, another singular one was accomplished with (SERSIC, 1963;
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SERSIC, 1968). He generalized equation (1.r) with'

I(R) = I, exp {—b(n) l(];;)’/” — I‘| } (r.3)

where 7 is the Sérsic index. The quantity R, is the radial distance that encloses half of the total
luminosity of the profile and 7, is the isophotal intensity at R,. The quantity &(z) is defined in such
way to ensure the definition of R, holds, and given by (CIOTTT; BERTIN, 1999)

b(n) ~ 2n — f. (1.4)
3

Sérsic’s work was one of most cited papers in the field (GRAHAM; DRIVER, 2005), because
equation (1.3) can describe well adequately the light profile of galaxies such as ellipticals (wide range
of ) but also galactic components such as bulges (GADOTTI, 2009) (wide range of ), disks (7 ~ 1,
exponential profile) (FREEMAN, 1970) and bars (7 ~ 0.5) (GADOTTI et al., 2007; GADOTTI, 2008) as
well as other components such as rings and lens, where 7 can range between n ~ o.r and n ~ o.5,
see for example (KORMENDY; BENDER, 2012). An additional note is that not all disks follow a z = 1
profile (CAROLLO, 1999; LOTZ; PRIMACK; MADAU, 2004; LAURIKAINEN; PELETIER; GADOTTI, 2016).
Furthermore, there are other types of galactic disks which are not represented by a unique well defined
exponential disk profile, they are composition of multiple disks, usually an inner and an outer. These
kind of disks are separated in two more classes: of type-II and type-III (MUNOZ-MATEOS et al., 2013)

(type I are the usual single disks.)

Itis important to mention that many other mathematical functions have been defined in order
to understand the shape of 7(R) in galactic data, for example: Plummer model (PLUMMER, 1911), King
profile (KING, 1962), Jaffe model (JAFFE, 1983), Nuker law (LAUER etal., 1995) and the Core-Sérsic model
(GRAHAM et al,, 2003; TRUJILLO et al,, 2004). Each mathematical form is used to describe different
physical situations between galaxies and also between different structural components. For example,
restricting ourselves only to (SERSIC, 1968), a pure Sérsic model describes effectively the light profile
of an elliptical galaxy; a model with the sum of a Sérsic and a exponential disk (7 ~ ) describes the

composition of a bulge and a disk, respectively, constituting then an bulged-disky galaxy (e.g. So).

Several techniques to distinguish galaxy components have been developed over the years.

Basically they are classified whether they perform the modelling in the extracted brightness profile

I(R) = I, exp [_ (Jle;>n

The expression (1.3) was introduced only later (see text).

' In reality, Sérsic generalized it as

(1.2)
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of the galaxy (zD modelling) or directly in the galaxy image (2D modelling). The most widespread
1D approach is to fit ellipses to a set of isophotes — an evolution of aperture photometry done at the
telescope (JEDRZEJEWSKI, 1987; JUNGWIERT; COMBES; AXON, 1997; ERWIN; SPARKE, 2003; CABRER A-
LAVERS; GARZON, 2004; ERWIN, 2004; SALO; LAURIKAINEN; BUTA, 2005; GADOTTI et al., 2007;

PEREZ; SANCHEZ-BLAZQUEZ; ZURITA, 2009).

For each isophote there is a collection of geometric and physical parameters that describe it,
including the brightness profile (energy flux as a function of distance) which is later used to compare
to a model of the components of the galaxy. As a side effect, this technique is often used to identify
behaviour in the parameters (ellipticity, position angle, Fourier coefficients of the ellipse expansion)
that may indicate the domain of different components or, in another context, to give hints of ancient
interactions, mergers or cannibalism. Also with a similar purpose, other non-parametric approaches
like unsharp masking (MALIN, 1977) (ERWIN; SPARKE, 2003; KIM et al.,, 2012) and structure maps
(POGGE; MARTINI, 2002; KIM et al., 2012) are used. Unidimensional techniques are better suited to
extract geometric information of individual isophotes, but incorporating the instrument response
tunction (the PSF - point spread function) is not trivial. Furthermore, there is no consensus on which
distance coordinate to use to extract the profile — major or minor axis or different combination of both

— whose choice impacts the leading parameters (FERRARI et al., 2004).

Two-dimensional algorithms (see bellow) operate directly in the galaxy image, so there is no
ambiguity in extracting the brightness profile. Real PSFs can be incorporated in the models and the
process (convolution) in this conserves energy. Their disadvantage are the high computational cost -
not so critical nowadays — and the instability to initial conditions. This instability raises wildly with
the number of components and free parameters in the models. In some situations (e.g. a combination
of bulge, bar and disc), the algorithm only converges if the initial parameters are very close to the final

ones, which makes the algorithm itself unnecessary (HAUSSLER et al., 2007).

Regardless the method, 7D or 2D, the galaxy is then modelled with a combination of com-
ponents, usually described with a Sérsic function (SERSIC, 1968) with different 7, scale lengths and
intensity to resemble a bulge, a disk, a bar and so on. The most common fitting procedure is the
bulge-disk decomposition, where to the bulge part of /(R) it is associated a Sérsic law of parameters
(74, Iy, Ry) (index “b” stands for bulge) and for the disk (nz; ~ 1, 1;, R;) (index “4” stands for disk).
There are many works applying this kind of analysis (GAO; HO, 2017; TASCA, 2004; TASCA; WHITE, 20115
KENT, 1985; BAGGETT; BAGGETT; ANDERSON, 1998; JONG, 1996; CAON; CAPACCIOLI; D’'ONOFRIO,

1993) and some of them in an automated fashion (GADOTTI et al., 2007; GADOTTI, 2008; DIMAURO
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etal., 2018; SOUZA; GADOTTL ANJOS, 2004; CHENG et al., 2011; LACKNER; GUNN, 2012; SIMARD et
al., 2011; PENG et al., 2002; PENG et al., 2010; BRUCE et al., 2014b; ROBOTHAM et al., 2017; ARGYLE et
al,, 2018). Also, multiple other Sérsic profiles (Zouter» Zouter» Router) (“Outer” stands for any other outer
component) can be added to the fitting to model additional components, like bars, lenses, rings and so
on (GADOTTI, 2008; KORMENDY; BENDER, 2012). This procedure can be used more robustly and for

a large number of galaxies.

To perform this analysis, computational algorithms were developed to work with fittings
procedures to these functions, in order to get the best fit parameters to each /(R) of galactic components
(bulges, disks, ...) (multicomponent fitting) and galaxies (single component fitting). Some standard
algorithms are GALFIT (PENG etal., 2002; PENG et al., 2010), IMFIT (ERWIN, 2015), BUDDA (SOUZA;
GADOTTI ANJOS, 2004), GIM2D (SIMARD etal., 2002), MORFOMETRYKA (FERRARI; CARVALHO;
TREVISAN, 2015), among others. These new tools for galaxy photometry have been developed to be

semi-automated (because requires initial input parameter) and applied to a large data set of galaxies.

However, besides these improvements, automatise bulge-disk decomposition requires many
efforts to be implemented, it allows us to obtain overall statistics of the galaxies in the data, neglecting
fine details in their structures (BUTA, 2013) (the same applies for single-fits). Furthermore, many
issues still remain and particular ones will be explored in this dissertation. For the moment we note
that the main root of these difficulties are associated to the fact that, as stated by Lotz, Primack and
Madau (2004), single and multiple component fitting assumes that the galaxies are well described by
smooth and symmetric profiles. However, most of galaxies are not only a combination of bulge+disk
components and are additionally formed by irregular, tidally disturbed components or merging galaxies.
Therefore to fully study them it is required other methodologies which do not involve parametrized

profiles.

Single Sérsic fit (effective profile)

A single Sérsic fit does not consider components separately and covers the entire galaxy profile. Such
fits result in a single set of parameters (1, 1,, R,,), *. These set of parameters: i) can describe very well the
light profile if the galaxy is single component; ii) might describe the overall information of the galaxy
structure if it is multicomponent. In this work we refer as the effective Sérsic parameter 7. any Sérsic

parameter obtained by a single Sérsic fit (no matter how many components the galaxy has).

« »

The subscript “s” stands for “single”.

2
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A single component fit procedure sometimes is not robust for multicomponent galaxies since
I(R) changes its slop in the transition region of each component. There are though works in which a
single Sérsic fits is used/considered (VIKA etal., 2013; HiUBLER et al,, 2013). Mathematically, if 7(R)s is

the effective profile, the relation between the single profile and the bulge-disk decomposed one is given

by

I(R)eg ~ I(R) + Ip(R) (s)

L,cff €Xp {_b(neﬂ-‘) l(R;’;ff)I/n&f - 1} } ~ I, exp {—b(nb) [({Z)mb - 1} }
+ 1, exp {—b(I) K];;) — } } . (r.6)

To be more specific, consider the case of /(R) = Ip(R) + I3(R) where the transition between

bulge and disk is abrupt. An effective profile could not be used because the natural shape of the Sérsic
law is smooth along R and a single component does not cover eftectively the transition between bulge
and disk (the same applies to other components). On the other hand, still there are cases where a
composition B+D has a smooth transition between both. In these cases and for elliptical galaxies® a
single Sérsic fit is sufficient to represent good enough all the light profile 7(R) along all radii. We will

see briefly in Chapter 3 that effective profiles of this kind leads to misclassification of galaxies.

Galaxy Morphometry

Galaxy classification via visual approaches are widely used in astrophysics. The most known is probably
the Galaxy Zoo Project*. However, as the resolution of the images becomes spatially lower, it became
more difficult to distinguish different components by eye. In this case, the analysis might be limited
to a sample of nearby galaxies. Also, to classify a large amount of galaxies by eye requires a significant

number of classifiers.

The question is that these classifications by eye are susceptible to became subjective when
we move to larger data sets. This is notably seen in the evolution of the Hubble diagram itself. In
the beginning it encompassed few morphologies, however latter evolved to a more complex schema
as more galaxies were discovered and studied (VAUCOULEURS, 1959a; SANDAGE, 1961) (SANDAGE;
SANDAGE; KRISTIAN, 1975; VAUCOULEURS et al., 1991; ELMEGREEN; ELMEGREEN, 1982; ELMEGREEN;

ELMEGREEN, 1987; BERGH, 1960a; BERGH, 1960b; BERGH, 1976).

3> Exception are for elliptical galaxies having a core component, see the Nuker-Core law (LAUER etal., 1995; KORMENDY et

al, 1994; GRAHAM et al.,, 2003).
4


https://zoo4.galaxyzoo.org/

1.2 Galaxy Morphology ot

Furthermore, measure the galaxy light between bulges and disk is challenging (TASCA; WHITE,
2011) and frequently lead to degeneracy issues® (LAURIKAINEN; PELETIER; GADOTTI, 2016; ANDRAE;
JAHNKE; MELCHIOR, 2011; BRUCE et al., 2014a; FISCHER; BERNARDI; MEERT, 2017; JONG et al., 2004;
SAGLIA etal., 1997; PENG et al., 2010; SANI et al., 2011; MEERT; BERNARDI; VIKR AM, 2013). Because this,
performing bulge+disk decompositions require some considerations and sophisticated procedures for

the results be physical.

These questions have motivated the development of new techniques for galaxy classification,
the so called morphometry or non-parametric approaches. They do not involve parameters and all
information is obtained directly from statistical calculations above the imaging data (below, some of

them will be reviewed). The quantities obtained are commonly called morphometric indices.

In summary, the main goals of morphometry are to be: i) independent of parameters or any
analytical function which reduces the number of physical quantities to be interpreted in each result,
and removes convergence issues; ii) based on statistical calculations above the imaging data; iii) flexible
and computationally fast; iv) independent of initial guests and human interference (which is subjective),

thus it is applicable to large data sets®.

Despite these advantages, there are some assumptions to be made, which gives some obstacles
to the procedures (in particular to the concentration, asymmetry and smoothness, see their explanations

in the next pages). As argued by Lotz, Primack and Madau (2004):

Because concentration is measured within several circular apertures about a prede-
fined center, it implicitly assumes circular symmetry, making it a poor descriptor for
irregular galaxies. Asymmetry is more sensitive to merger signatures than concen-
tration, but not all merger remnant candidates are highly asymmetric, and not all
asymmetric galaxies are mergers (e.g., dusty edge-on spirals). Finally, the clumpiness
determination requires one to define a galaxy smoothing length, which must be cho-
sen carefully to avoid systematic effects dependent on a galaxy image’s point-spread
function (PSF), pixel scale, distance, and angular size. (LOTZ; PRIMACK; MADAU,
2004, p.164)

Because that, many improvements in each procedure is still in development.

One of the first procedures aimed for non-parametric quantities is attributed to (MORGAN,
1958; MORGAN, 1959), where he measured the concentration of light in galaxy centres relating it with
different spectral types of stars present there. Later on, a series o papers invested in non-parametric

quantities (KENT, 1985; ABRAHAM etal.,, 1994; BERSHADY; JANGREN; CONSELICE, 2000; CONSELICE;

5 Asan example, for multicomponent galaxies it is possible to build identical light profiles /(R) with different combina-
tions of the Sérsic law’s parameters (n, R, 1)

Photometry can also be automated to be independent of initial guesses and human interference in order to be applicable
to large data sets, for example automated bulge+disk decompositions
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BERSHADY; JANGREN, 2000) introducing the indices of concentration of light C, asymmetry 4.
These two indices along with the smoothness Sconstitutes today the basis of morphometry — the
CAS morphometric system. To enhance this set, new indices were introduced: the aforementioned
smoothness S (CONSELICE, 2003), Gini G (ABRAHAM; BERGH; NAIR, 2003; LOTZ; PRIMACK; MADAU,
2004) and moment of light A4 (LOTZ; PRIMACK; MADAU, 2004), thus consolidating the CASGM
system. Recently Ferrari, Carvalho and Trevisan (2015) added two more indices, spirality ¢, and the
information entropy H. Together, they redefined the calculations of 4, S and C. In this work we aim

to add the curvature measure 3¢ to this morphometric system.

Morphometric indices are not just numerical and statistical indicators of some class of galaxy,
they are related to microscopic and macroscopic physical processes in galaxy structures. For example, the
concentration index C is related to the macroscopic distribution of light, describing how much the light
is concentrated in the galaxy in relation to its centre (the higher the value, the more concentrated the
lightis). The smoothness S indicates the existence of small structures, for example revealing the presence
of star formation regions. Spirality ¢, unveils existence of spiral and small scale structures too, or in
general, distinguishes homogeneous system from heterogeneous. Many examples of physical relations
with these and other indices can be found (CONSELICE; BERSHADY; JANGREN, 2000; CONSELICE,
2003; LOTZ; PRIMACK; MADAU, 2004; BERSHADY; JANGREN; CONSELICE, 2000; ABRAHAM; BERGH;
NAIR, 2003; ABRAHAM et al,, 1994). For completeness, a recent review of morphometry is presented by
Conselice (2014) with a rich physical background in subjects of formation and evolution of galaxies (in

cosmological context) relating to some of these indices.

The great advantage of morphometry is that it is able to reduce the difficult of interpretation
of the results in relation to parametric approaches where many parameters might be involved in
the extraction of information of a single data (which sometimes might be incoherent with physical
observables and also can lead to non-physical models and results). In conclusion, non-parametric
approaches helps in the task to recognize different structural components in a galaxy and separate
different galaxy morphologies in an elegant way. Also, the steps to be taken in the use of these tools are
still uncertain and are continuously being improved. Bellow, we review some of the well established

procedures.
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Concentration Index C

The concentration index is defined as the ratio between two circular radii that encloses a percentage of
the total galaxy luminosity. For example, if Rf and R; are the outer and inner radii, the concentration

index Cy can be defined as

R
Cy =log, (Rf) . (1.7)

where 7 and f stands for inner percentile (%) and outer percentile (f %), respectively.

The most common concentration indices are defined as: i) with Ry = Ry, and R; = R,, —

apertures that encloses 0% and 20% of the total luminosity , respectively; ii) and with R = R,, and

R; = R;,. Thus

Ry, R,
Cy= logm (RX > ) C, = logm (R” ) ) (1.8)
20 50

These are the new definitions of C made by Ferrari, Carvalho and Trevisan (2015), conveniently
relabelled by C, = C,y and C, = C,. A note is that the definition of C in Bershady, Jangren and

Conselice (2000) considers a factor s in front of log .

There is a well defined correlation between C and the Sérsic index 7 (ANDRAE; JAHNKE;
MELCHIOR, 2011; GRAHAM; DRIVER, 2005; TRUJILLO; GRAHAM; CAON, 2001), therefore both
parameters (C, ) describe the concentration of light in the galaxy (ZHAO; ARAGON-SALAMANCA;
CONSELICE, 2015). In FIGURE 3 we have the plots of C, and C, as a function of 7 for single Sérsic profiles,
arelationship between C and 7 well behaved. Similar results are found in (TRUJILLO; GRAHAM; CAON,
2001; GRAHAM; DRIVER, 2005). This relationship is also present in an analysis of SDSS, as showed by
Gadotti (2009) in its Figure s, top plot. The concentration calculated correlates well with the fitted

values of 7, and having a saturation point after z ~ 4.

Smoothness S

The smoothness S is an estimation to detect small structures in the galaxies (CONSELICE, 2003). Such
regions can be regions of star formation, gas distribution and traces of a bar. S is calculated by means of
the difference between two images: the the original image / and the original image attenuated by a filter
7, label 7. The final result is obtained by normalizing the last step. New definitions of S have been

made by Ferrari, Carvalho and Trevisan (2015), in terms of the Pearson p(x, y) and Spearman s(x; y)
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FIGURE 3 — Relation between C,(= C,s) and C,(= C,,) as a function of 7.
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Source: Adapted from Ferrari, Carvalho and Trevisan (2015).

correlation indices of 7 and /7,

S=1—pLI), S=1—s51). (1.9)

Asymmetry A4

The asymmetry quantifies how asymmetric are the structures in a galaxy (CONSELICE; BERSHADY;
JANGREN, 2000). A is calculated by means of the difference between two images: the the original
image / and the original image rotated by # radians, label /™. In general, A4 is obtained normalizing this
difterence by the original image. In the same way as S, Ferrari, Carvalho and Trevisan (2015) redefined

the calculation of A4 in terms of p and s (the same as before in §) of the images 7 and /7,

A, =1—pLI"), A =1—sLI1") (r.10)

Information Entropy A

The information entropy H (SHANNON; WEAVER, 1949) is a measure of used in information theory.
Consider a discrete random variable #;, containing information about some quantity of a system. The
quantity of information we can extract from this variable is related to the degree of probability p(x)

that a certain value has to happen.The information measure is obtained from A

H{u} = — ZP(%’)IO& [p(2:)]. (r.11)
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FIGURE 4 — Example of calculation of spirality ¢, for a spiral and an elliptical galaxies.
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(FERRARI; CARVALHO; TREVISAN, 2015), by

H(I) = =) p(5) In[p(L1)] (rr2)
k

where 7, is the intensity of light in the k—pixel, p(Z;) is its probability of occurrence and X is the
dimension of the distribution. The entropy can be normalized by the maximum value of A, which is

of that a uniform distribution, H,,,, = In K, hence

H(I) = ﬁ([?

(113)

Spirality o,

In the same way as S and 4, the spirality ¢, introduced by Ferrari, Carvalho and Trevisan (2015),
allows to unveil the existence of symmetric and non-symmetric structures in galaxies, mainly bars and
spiral arms. To calculate 7.y, as an example see FIGURE 4, the galaxy image is standardized to have the
ratio of the semi axis (minor and major) equal to one, 4 = 1. After the image is decomposed in polar
coordinates (R, &) and the gradient < is taken on I(R, $). Each structural component shows a distinct
pattern in the image, contributing in different ways for <. It is seem that the bulge in the top spiral
galaxy is characterized by a homogeneous strip in the inner region and the field lines of <, are almost
horizontal. In the spiral region, on the other hand, we see that the lines have different orientations

because the spiral arms vary their orientations along R and 9.
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The spirality quantifies the deviations of these directions, and for each horizontal line of
pixels, it is calculated the standard deviation of all orientations of the field and then the scalar of ¢,
is obtained. Therefore, symmetric and non-symmetric systems shows, respectively, small and high
spirality values. According to Ferrari, Carvalho and Trevisan (2015), early-type galaxies oy, < 0.2 while

late-types ¢y, 2 0.3 — 0.4
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“The task is not to see what has never been seen before, but to think what has

never been thought before about what you see everyday.”

Erwin Rudolf Josef Alexander Schrodinger

2.1 Justification

In this work we aim to study the structure of galaxies with a novel approach — the curvature sz. The
fundamental goal is to understand the spatial configuration of a galaxy in terms of its structural
components, for example, bulges, bars, disks, rings, among others. The key point in any study that
recognises these structures and separate them by their spatial domain regions is that it opens a possibility
to understand the formative and evolutionary mechanism that drove the galaxy and its components.
Knowing the exact structure of a galaxy is significant because, as we have seen, each structure is related
to some particular formative and evolutionary mechanism. The obstacle then appears if a component
is inferred in a given galaxy, but in fact it is not present, consequently misleading conclusions will be

drawn about the evolutionary history of the galaxy

The curvature >2(R) can be used to identify if a galaxy is single or multicomponent, and in this
case, it would inform the radial scale length of each component. This is possible because 3¢ calculated
on the radial profile is a measure of its steepness, and a priori each component has its own. We argue
that this new approach is more physically motivated than previously ones because it is independent
of parameters. In this work we are firstly introducing the concept and analysing the results in an

non-automated way, the automation and improvements is left for a next work.
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2.2 General Objectives

Following these considerations, our general objective in this work is to, given the galaxy light profile
I(R), discern when the galaxy is single or multicomponent. Our approach is to calculate the curvature
#(R) of I(R) in order to identify the existence of bulges, bars, disks, etc. (see Chapter 4.1 and Section
5.2.1). The curvature is a non-parametric measure of the steepness of an arbitrary function (discrete
or continue). As we will show, since each component in a galaxy have different steepness in 7(R), the

curvature change significantly from one component to another.

We aim in this work to introduce the curvature looking for a way to automate the detection of
different structural components in a galaxy, allowing to know how many they are and characterize them
morphologically. Such concept will be helpful to other methodologies that perform multicomponent
decompositions, since they need priori information (sometimes well not constrained) of what/many

components are present in a given galaxy.

2.3 Specific objectives

If it is known that a galaxy is multicomponent, we should be able to extract information of each
structure individually. In general lines, our parallel goals are to predict the scale length of each galactic
component using the curvature. This is possible since in general each structure has a intrinsic shape
in 7(R), therefore changes in >2(R) might be related to different components. Also, we explore the
shape of 7(R) in each predicted region correspondent to each component, unveiling with what kind
of galaxy components it is related. Anticipating some results of our work, pseudobulges, bars and rings
have an intrinsic shape in 3z, which in general are featured by narrows and negatives valleys in the values

of 7z, see for example FIGURE 17 (see also Section s.3).

The motivation for a tool that discern muticomponents comes from a previous work we have
made (LUCATELLL FERRARI, 2016). Our premise results and still parallel to this work, is to investigate
the behaviour of the concentration index C and the single-Sérsic fits calculated in multicomponent
galaxies. We analyse and explain why there are galaxies with high values of C, but they are classified as
spiral galaxies (see TABLE 2 and Section 3.1). The same behaviour also seems to appear in the Sérsic index
(but less pronounced). For the above topics, original results have been found and will be discussed

throughout the work.
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These questions clearly outlines the importance of knowing if a galaxy is single or multicom-
ponent, since a high value of C would imply in an elliptical or bulge-dominated galaxy (i.e., as far as we
know, a single component) which is not in general. Therefore, the insight of the galaxy structure by a

second methodology probably will avoid such misclassification.






MISCLASSIFICATION OF SPIRALS AND
DISKS GALAXIES BY (' AND 7

“We are trying to prove ourselves wrong as quickly as possible, because only in

that way can we find progress.”

Richard Phillips Feynman

Every methodology for morphology and structural analysis of galaxies has its own gaps. We conduct here
a brief discussion of our rationale that led us to recognize how spiral and disk galaxies are misclassified
by the concentration index C and the Sérsic parameter 7. Also, this was our motivation to introduce a

new way to recognize whether galaxies are or not multicomponent.

3.1 Effective Sérsic Index and misclassification

It is observed that the parameters obtained from a single fits usually are affected in systematic ways if
the galaxy is multicomponent. From our comments on equation (1.6), we quantify the behaviour for
the single Sérsic parameter 7.¢. Consider FIGURE s, where it shows the values of 7.4 obtained for a set
of simulated mock images constituted of different combinations of bulges and disks. The horizontal
axis is the bulge-to-total ratio Epr,0isa pure disk while 7 is a pure bulge. This quantity is given in
terms of the ratio of total luminosity of bulge and disk, Lz and Lp, respectively. For example,

L Epp = Lp
LD+LB) br LD+LB'

(3.1)

gBT =

The relation between £z = Lg/Lp and g7 is

EBT

I_EBT.

(3-2)

EBD =
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FIGURE 5 — Effective Sérsic index calculated for a B+D composition of simulated mock images, in
terms of £z, with 7, = 4and R;/R;, = 2.4 (red) and 3.2 (blue).
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Source: Adapted from Lucatelli and Ferrari (2016).

The vertical axis is the effective (single) Sérsic index calculated using MFMTK (FERRARI; CAR-
VALHO; TREVISAN, 2015). For all galaxies we have used 7, = 4 and R;/R;, = 2.4 (red) and R;/R;, = 3.2
(blue). The curves indicates how the effective Sérsic parameter changes as a function of the morphology
from disks to bulges. The main aspect to be noted is that there are regions where 7 is smaller than 7,
but in others it is higher. The effective parameter for a pure disk coincides (naturally) with the one
of adisk, 7. = n,; = 1. However, as €51 increases, 7.¢ also does and around €1 ~ 0.2, 7.5 becomes
higher than ;. Note that this also depends on the value of R;/R; - i.e. the relative width of the bulge
and disk: it is higher as R;/R;, increases. For the two cases after Epr ~ 0.2, Negr 1S always higher than

ny = 4. When £z — 1, neg converge to 7, = 4, as expected.

This implies that a single surface photometry calculated on multicomponent galaxies may
result in higher effective Sérsic parameters than if they are calculated separately to each component
(in the case above the bulge). What does mean? Consider a galaxy which is not well resolved spatially
and most probably to be multicomponent. A single fits would result in a high 7 (say, > 4). However
since the components are difficult to differentiate, the final conclusion is to think that the high value
of n is naturally physical. The same applies for galaxies that are forced to be single component during
a fit. Since elliptical galaxies (single components, but not general) have — by nature — high values of
such parameters, multicomponent ones can also be placed in the same group of elliptical because the
parameters obtained from a single photometry analysis will result in such similar high 7.¢. Furthermore,
the same systematics can be present in automated procedures for large data sets, regardless of whether
or not the structures are well resolved, where the images do not have a final inspection, either visually

or by other methodology, to see if they are single or multicomponent.
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Table 1 — Examples of galaxies with high 7. supposed to be misclassified by inappropriate single Sérsic
fit.

Other PGC Reference Neff ngf‘ffmtk Morph.

U 8237-7 | 45583-7 | (VIKAetal,2013) | 5.1z | 350 | (R)SBb
N 63147 | 59638-r | (VIKAetal,2013) | 279 | 487 | SA(s)a

The above results seems not to be explained or discussed in other works. For example, in Vika
et al. (2013, p.636), they comment that: “[...] an n ~ 4 bulge together with an exponential disk of
similar brightness, will usually result in intermediary 7 for the single-Sérsic fit, e.g. 7 ~ 2.5.” Note
however that this affirmation is stated for components (bulge+disk) with similar brightness. But as
discussed in our result in FIGURE s, this is not the case, 7 is smaller than 2.5 only for ~ Esr < o.15, for
disk-dominated galaxies. For components of the same brightness 0.4 < £57 < 0.6, neg is significantly
higher. From FIGURE s, it is clear that the effective Sérsic parameter becomes a function of the intrinsic

quantities of the galaxy, that is 7, Eprand Ry/R,,

neg = neg (Epr> mp, Ra/Ry) (3.3)

In conclusion, spirals and So galaxies for example, in some cases will be misclassified as ellipticals
according to what is informed by 7, because both will result in similar values of 7. In this purpose, we
introduce in TABLE 1 some galaxies with high values of the parameter 7. (according to the reference)
for observed galaxies. We- obtained our single Sérsic fits with MORFOMETRYKA for comparison. Note
that these galaxies are not ellipticals, but spirals. In Section 5.4 we return to these galaxies analysing the

curvature.

Some works that point some issues related to high effective Sérsic parameters are listed in the
following lines. In Head, Lucey and Hudson (2015) they comment that for 3-component galaxies, a
forced single Sérsic fits would lead to high values of 7, ~ &, peaking around ~ 4. In the work made
by Simard et al. (2011), their histogram (Fig. 14) clearly shows an increasing in the frequency of high
values for single Sérsic indices, after ~ 7.0. Under inspection of some of these galaxies (with high ), it
is not clear to say if they are multicomponent, because great part of galaxies are in low spatial resolution
(as they comment). Also, the fits themselves might be affected due to this, making the high values

themselves uncertain.

In Bruce etal. (2014b), they argue that high values of a single-Sérsic fit does not have preferential

Epr and depend only on the ratio between the dimensions of each component (R;/R;). However

I
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this affirmation is contradictory, because: R, and R are related to an having a certain area (x 7R}
and oc 7 R;}). This area contains a certain amount of starlight, which implies in a certain luminosity,
therefore the luminosities are proportional to R, and R;, (hence to R,;/R;, ). In consequence, R, and
R;, are naturally related to Epr and Epr. If we look again at FIGURE s, we see that 7 in fact depends

on both £z and R,;/R,,.

In Vika et al. (2012) they make a comparison between different Sérsic parameters calculated for
single and multiple fits of different works (with the galaxies being ellipticals and So’s). Generally it
seems that the single Sérsic parameters are always higher than the related parameter of the bulge (that

is, for a multicomponent fit). Hence, it is in agreement with our discussion.

Next, how we are sure that these high effective values are a result of a true physical phenomena
or in the worst of the cases, a result of a non physical set of parameters which does not result from a
optimized convergence of the fitting? In other words, implicated by an improper use of a single Sérsic
fits for a multicomponent galaxy when equation (1.5) does not hold? To explore this answer we need
a quantity that is independent of model assumptions and fitting procedures. That quantity is the

concentration index, since, in the same ways as 7, it quantifies the concentration of light in the galaxy.

3.2 Concentration C and Misclassification

As discussed above, the question is: are high values of a single Sérsic parameter an effect related to
a poor convergence of the parameters or a true physical effect of the galaxy light distribution? For
inappropriate uses of a single Sérsic-fit applied to a multicomponent galaxy may lead to this effect,
however in other cases (where it is possible use a single-fit with a good fitting converging) this answer

remains unknown. So, we use C to explain.

Since C is a non-parametric measure, it is applicable to the majority of morphologies, therefore
we inspect how C differs from multicomponent and single component galaxies, first for simulated
mock images (as in FIGURE 5) and secondly for a sample of observed galaxies. Consider FIGURE 6, the
values of C,5(= C,) are calculated from mock images from Epr = 0 to Epr = 1. The horizontal lines

specifies the values of C, for pure bulges, from 7 = 1to n = 6 spaced one by one”.

For small £z (disk-dominated), C, is close to the concentration of a disk. The concentration

> Note however that at the extremes C, does not coincides exactly with the numerical result (horizontal line) because the

relation showed in FIGURE 3 is computed to a model extended to infinity, but C, calculated by MFMTK uses truncated
profiles at 2R, (see equations 4.6 and 4.7).
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FIGURE 6 — Similar to FIGURE s, here we have the concentration C, vs. the bulge-to-total ratio. Hori-
zontal lines display the values of C, for single Sérsic components with # = 1, 2, 3, 4, s and
¢ (bottom to top, respectively). Multicomponent galaxies have increased concentration
values in relation to single component ones.
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Source: Adapted from Lucatelli and Ferrari (2016).

coincides with the one of a » ~ 2 bulge for Epr ~ o0.25. Ttis higher than a n ~ 4 bulge from
Epr ~ 0.4 — 0.45, depending on the value of R;/R,,. After this region C, is always higher than a single
component # ~ 4, this demonstrates that multicomponent galaxies have increased concentration
values in relation to single components ones. Additionally, the concentration of simulated B+D profiles
as a function of the Sérsic parameter of the bulge 7, is presented in FIGURE 7. The purpose here is to
compare C for a bulge only and a bulge perturbed by a disk. We see that all curve along 7; related to a
bulge+disk (blue) combination is higher than the one related to the same bulge only. This seems to
be a small contribution, however we will see next that it makes a great difference in final analysis for

observed galaxies, in the same way as FIGURE 6.

These results on simulated images shows that multicomponent galaxies can have in some
cases higher C than single component. Hence, this is not a fitting effect but rather a true physical
consequence of the light distribution of a galaxy. To further support our findings, we extend this
same analysis to observed galaxy images, exploring C of the ones that are single and multicomponent.
The consequence of this is the misclassification of spiral galaxies as ellipticals. So we have sorted some
galaxies with the higher concentration indices of the EFIGI sample (BAILLARD et al., 2011) for analysis
(see Section s.1 for the introduction of the data) TABLE 2 introduces these galaxies: the ones sorted for

C, are in the left and for C, at the right. Each table contains the galaxy identification under the (N, L,U)
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F1GURE 7 — Concentration index calculated for a pure bulge (with 7 varying) and for a bulge with the
same morphology but combined with a disk. Regard that the line of C corresponding to a
profile B+D is above the curve of a pure bulge, therefore multicomponents have higher
concentration. Note also that, since 7, is varying (with the other parameters constants),
the value of £z changes from o.78 for n, = 1to Epr for my, > 9 (this is what we mean
for “€zy from 0.78 to 0.90” in title of the figure). In conclusion we have higher C in
multicomponent galaxies.

Ry =30, Ry = 2.4Ry, {pr from 0.78 to 0.90

—— (] bulge+disk
—— (7 bulge

1.0

1

0.8

0.6
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General Catalogue® (first column), PGC Catalogue (second), the values of C, and C, (third and fourth)
and the galaxy morphology according to Vaucouleurs et al. (1991) in the last column. Furthermore,
note that the high sorted values of C, are also associated to higher values in C, (all > 0.93), the opposite

also is true, but less pronounced.

As expected, the majority of the galaxies are spirals or/and multicomponent, with only a
fewer number of ellipticals. It is exactly the effect we have explained for simulated images, which
multicomponent galaxies acts to increase the value of C, making it to reaching similar values that of
ellipticals. This effect appears here as an intrinsic property of C in observed galaxies. Therefore, if they
are not studied with another methodology, the probability to be classified as ellipticals, rather than

spirals/So etc, increases.

To be more quantitative, we display in FIGURE 8 the results of C, and C, for more than one
million of galaxies of different samples (EFIGI, NA, LEGACY, LEGACY—zr) processed by Ferrari,
Carvalho and Trevisan (2015). According to the Galaxy-Zoo classification®, the red lines refer to spirals
and the blue to ellipticals. As it is clearly seem, there is an interval of values of C where ellipticals and

spirals overlap in the histogram, which means that is there is a specific range that contains both spirals

3 N stands for NGC, I for IC and U for UGC.

4
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Table 2 — Some galaxies of EGIFI with the highest values in C; (left) and C, (right).

G.C. PGC | C, | C, Morph. G.C. PGC | C, | C, | Morph.
N 3032 | 28424 | 123 | 0.55 SABo(r) U 9826 | 54815 | 0.93 | 0.72 SBc
Uuzr | 6835 | 120 | 0.54 So L1209 | 57796 | 0.99 | 0.65 So
N 3921 | 37063 | .19 | 0.59 | (R)SAo(s) — §7139 | 0.95 | 0.63 E
N 2681 | 24961 | 118 | o.51 | (R)SABo(rs) || L1054 | 52752 | r.o4 | 0.63 So
N 7603 | 71035 | LI5 | 0.57 SA(rs) N 2599 | 23941 | 1.08 | 0.61 SAa
Usy32z | 29249 | 112 | 0.43 E U 8347 | 46206 | 0.97 | 0.61 So
N 2599 | 23941 | 1.08 | 0.61 SAa N 2880 | 26939 | 0.98 | 0.60 SBo
N 359 3817 | 108 | 0.50 So/E N 426 4363 | roo | 0.60 | E/cD
N 3872 | 36678 | 1.08 | 0.58 E 1708 35720 | .04 | 0.60 E
38740 | 1.06 | o051 cD N 4754 | 43656 | ror1 | 0.60 SBo

and ellipticals, from intermediary to high values of C. We argue that this merging of the histograms is a
general extension of what we have discussed so far, and both cases are in agreement. High concentration
indices are related to ellipticals and spiral galaxies, but intermediary values are also related too both
spirals and ellipticals. All values of C are significantly increased, therefore the concentration index is
contaminated and often is misclassifying galaxies if they are not studied by a second analysis, which in

here we use the curvature (see Chapter 4).

Starting from all these questions, we take it as a motivation to introduce a new way to identify
the presence of multicomponents in galaxies. From our discussions, it was demonstrated that it is
crucial to recognize the cases in which a given galaxy is or not multicomponent. Such knowledge is
able to avoid future misclassifications, so even if a galaxy having a high C (or ) it will be known that it
is multicomponent. In the next chapter we introduce the curvature of the galaxy brightness profile

with the aim to differentiate different structures in a galaxy.
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F1GURE 8 - Distribution of the values of C,5(= C,) and C,(= C,) for a sample of galaxies processed
by Ferrari, Carvalho and Trevisan (2015). Red lines refer to elliptical galaxies and blue lines
refer to spiral galaxies, as classified by Galaxy Zoo. Note that the effect seen in FIGURE
6 is implicit here: elliptical and spiral can assume same values of C and because that the

histograms are overlapping from ~ .70 for C, and ~ 0.4 for C..

C

6 CF 10 QZ 6 Ql 15 2

4l i i
5 ]

21 |

0 0 |

0.0 05 1.0 0.0 0.5 1.0 0.5 1.0

C

6 Ql 10 2 6 CE 10 Cz

4} . 4l i
S5k . 5k |

2t . 21 i

0 0 0 0

0.0 05 1.0 0.0 05 1.0 0.0 05 1.0 0.0 0.5 1.0

Source: Adapted from Ferrari, Carvalho and Trevisan (2015).



CURVATURE OF THE GALAXY BRIGHTNESS
PROFILE

One prerequisite for originality is clearly that a person shall not be inclined to
impose his preconceptions on the fact as he sees it. Rather, be must be able to learn
something new, even if this means that the ideas and notions that are

comfortable or dear to him may be overturned.

On Creativity — David Bohm

The curvature itself, as far as we know, has not been used in the context of galaxy structural analysis,
nevertheless it has been used in different fields of science in a similar manner. In medicine, for example,
it is used to recognize the existence of breast tumors (LEE et al,, 2015), where it is applied on the imaging
data of the photograph of each patient’s breast in order to classify the tumors. Luders et al. (2006)
used the curvature to study the process of brain gyrification according genre, a process present on the
cerebral cortex which forms folds, composed by peaks and valleys (see their methodology for details).
They have used the mean curvature as a external measure of how the normal vector of the surface of the
brain changes across it. The idea behind it is similar to ours, because here the curvature »2(R) specifies
how the normal vector of /(R) changes along radius, giving information of what kind of component
is present in each specific region of the profile. Other works using curvature were found on dental

studies (ZHANG, 2015; DESTREZ etal., 2018) and in general medicine (PREIM; BOTHA, 2014).

4.1 Mathematical Definitions

With the purpose to identify galaxy substructures non-parametrically we introduce the curvature of

the brightness profile x(R). The concept of curvature comes from differential geometry (TENEN-
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FIGURE 9 — Representation of how to measure the curvature of a path — unidimensional function. It
is given in terms of how the angle ¢ changes along the parameter s of the surface in relation
to two points P and Q.

B
t(s+As)

Ad

P 7 d(s)

Source: Adapted from Casey (1996).

BLAT, 2008): given a function f* = f(x) it is possible to measure how it deviates from a straight line
(the same reasoning can be extended to higher dimensional spaces) by means of a curvature measure
on f, thatis x[f (x)] = »(x). To clarify these concepts of curvature, consider FIGURE 9. The curve ¢
is parametrized by the parameter s, the points P and Q represent two different locations in the curve.
The normal vector t of the path changes direction as we move from point P to Q, which is from t(s) to
t(s + As). The difference between the normal vectors at s and s + As can be represented by the variation
in the angle A¢ where ¢(s) is the angle between the end point t(s + As) with the horizontal direction
(see the figure). It is noted that the notion of how the curve the segment is, is related to the variation
of ¢ according to s, that is A¢p/As. In fact, the curvature of the path at a point P is defined as (see for

example (CASEY, 1996))

Ap d
7 = lim of —4) (4.1)

As—o A_f d_s"
The scheme demonstrating how the curvature s« changes along a parametrized curve near three points

A, C and B is shown in FIGURE 10.

For completeness, a further understanding of curvature is the following. Consider that the
path in which the curvature is measured is the arc length of a circle of radius Z, therefore As = ZA¢.

Hence using this in equation (4.1) it is obtained that

A
w= L lim 2= L, (4.2)

,@ As—o As ,%
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FIGURE 10 — Variation of the curvature along a path represented by three points 4, C and B.

B

A k<0

Source: Adapted from Casey (1996).

F1GURE 11 — The curvature and its associated osculating circle for a unidimensional curve. At each
different point P in a path or curve, an osculating circle can be placed in which it passes
through P and some of its neighbour points. The radius, and so the curvature, of this
circle changes as we move to another different point 7'.

Source: Adapted from Casey (1996).

Now taking different points P along the path we can place a circle of radius 7/« at each different one.
This circle is called of osculating circle. Hence the radius of this circle will be the curvature of the
arc length at P. For a graphical visualization, consider FIGURE 11 and FIGURE 12. In this way we can
understand how curve is a function/path in terms of circles (osculating circles) passing through the

neighbour points of a fixed point P.

To put these concepts in a mathematical form, lets return to the case of a unidimensional
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FIGURE 12 — Similar to FIGURE 11, but extended to a bidimensional surface. N stands for the normal
vector at each point P.

Source: Adapted from Crane et al. (2013).

function f(x). In this work we take f(x) to be the radial brightness profile /(R) of the galaxy (more
details below). The curvature of 7 (or any other function f(x)) is defined by

&1(R)

#(R) = dRe (43)

iR\ 1"
(%)

Equation above is a particular case when we have a one-dimensional continuous function. However, in

this work we will deal with non-continuous quantities, which are the discrete data of light profiles of
the galaxies. Therefore, we seek for a discrete curvature measure on our data which involves numerical
operations. For two discrete vectors representing two quantities, say / and R, the curvature is defined
as

IR — LR,
QR+ oLy

(4.4)

where J represents the numerical differentials (derivatives) between the discrete i-values of Rand /.

As commented previously, the curvature is inversely proportional to the osculating circle of
radius R referent to a certain point P. This means that in any arbitrary scale, both x-axis and y-axis
variables must have the same units. In other words, one variation in x need to have the same length as y
(the norm of the basis vector must have the same length), consequently we can trace an osculating circle
for a set of points near to a centred point P. Otherwise we would have an ellipse instead of a circle, and
the curvature definition’s does not hold any more, since it is not possible to drawn an osculating circle

in the x — y space.



4.1 Mathematical Definitions 33

This makes sense in defining the curvature of a spatial surface because x and y describes
positions in that space. However, when these two quantities does not have the same physical meaning,
like intensity / and radius R, some modifications are needed. Given two different quantities / and
R with distinct scales, it is necessary to transform them into a space having equal metric. This is
accomplished finding a normalization to the equations (4.3) and (4.4). An example of normalization is

to confine both /(R) and R to vary in an equal interval, for example the unitary one [0, z].

Before we proceed to the normalization, there is a particular result from the curvature for we
should take into account: it is zero for a straight line and non zero for other general cases. A galactic
disk generally follow an exponential profile (FREEMAN, 1970), see equation (1.3). Then in log space,
this profile is a straight line and we can conclude that the curvature of a disk in log space is close to zero.
With this in mind we argue that is more useful to normalize the logarithm of /(R), log[/(R)], instead
of I(R). Our point is that we will be able to easily distinguish disks from non disks using 5¢. Hence a
normalization »(R) for log[Z(R)] in the range [0, 1] is

log[Z/(R)] — min(log /)
max(log /) — min(log 7)’

uR) = (4-5)

The next step is the normalization for R. We need to change the variation of the dimensional
variable R to another quantity that is dimensionless and confine it in the range [0, 1]. Generally,
observations do not reach the faintest parts of a galaxy, so it is usual to define a galaxy size. One common

choice is the Petrosian radius R, (PETROSIAN, 1976), defined by the radius where the Petrosian function

_ ()R
#(R) = IR) (4.6)
has a definite value, i.e.
9(Ry) = 1, (4.7)

Here (7) (R) is the mean intensity inside R and J(R) the intensity at R. Following (BERSHADY; JAN-
GREN; CONSELICE, 2000; BLANTON et al., 2001; FERRARI; CARVALHO; TREVISAN, 2015) we use here

9, = 5 with 2R, as the size of galaxy. The normalization of R now reads

R

= R (4.8)

%

The curvature in terms of normalized variables measures the rate of change of »(R) in terms of the new
variable y. So the complete normalized curvature is obtained taking the derivative of »(R) with respect

to x. The relationship between the difterentials of dR and dy; is

dR

= @- (4.9)

dx
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With
dy v d*v ad*v
— =2R,— d — = 4R )
Ay Par M g TR (410)
we obtain the normalized curvature as
_ L d% L dv 77
#(R) = 4R, x| + 4R (dR) ] . (4.11)

We will use expression (4.11) in Section 4.2 to derive the curvature for a Sérsic profile.

Returning to the discrete case in Eq. (4.4), the discrete normalized curvature in terms of the

new variables is

»

3%1' 321/1' — 31/1' 32%1'

= 3/ (4.12)
(i + %)

As an example, Figure FIGURE 14 shows 3¢ measured for the EFIGI galaxy NGC 1211/PGC

11670 (see Section 4.4), together with the normalized profile #(R) and the related derivatives of »(R)

(raw and filtered, see Section 4.4) used to calculate the curvature (details will be given later in Section
4.5).

The rationale behind using the brightness profile curvature 3 to identify structural subcom-
ponents in galaxy light is based on the fact that the curvature of disks will be null whilst that of bulges
will be positive and dependent on its Sérsic index; regions highly affected by the PSF would tend to be
negative in ¢; the transition between different components would be manifested in curvature changes;
galaxies with disks (either inner or outer) will present ¢ that are zero over the region dominated by the

disk (see next section).

In the next subsections, we develop a detailed understanding on how 3¢ behaves for different
combinations of galaxy subcomponents. In Section 4.5 we initialize this study using >z with a detailed
analysis to galaxies NGC 1211 and NGC 1357, respectively. In Section 5.2.1 we extend the analysis to all

galaxies of our selected sample, TABLE 3.

4.2 Curvature of a Sérsic Law

Here we derive the curvature of a Sérscic law for a single component. As commented, to remove the

scale on 7, we use the normalization given in (4.5). Taking the logarithm of equation (1.3) we have

R

1/n
WR) = log I(R) = log I, + b(n) [1 - (R> ] . (4.13)
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Since we consider galaxies extending up to zR,, the maximum and minimum areat R = o and R = 2R,,

respectively, hence

maxlog I = I(0) = log I, + b(n) (4.14)
R /n
minlog / = I(2R,) = log I, + b, [1 — ( RP> (4.15)
thus, inserting these into (4.5) gives
/n
R
WR)=1— <2Rp> . (4.16)

This result is independent of 7, and R, because of the normalization on / and on R. The first and

second derivative are

I—n

dv(R) _ 1 ( R > " (417)

dR 2R, E
AR _n—z (RN (4.18)
dRr: 4R \ 2R, ' '

Using these two result in equation (4.11) we obtain the normalized single Sérsic curvature:

I—2n 2—2n —3/2
n—r1( R g I R ”
#(R) = — — | — .
H(R)=— <2RP> [H > <2Rp> ] (4.19)

F1GURE 13 shows plots of (4.19) for different values of 7 against the normalized variable y; =

R/(2R,). For adisk, which frequently follows an 7 = rlaw, we obtain that ¢ = o because the numerator
vanishes. For # > 1, 5 is correlated to 7, the higher the 7 the higher the curvature (in the inner regions),

for outer regions the Sérsic law becomes more flat and 5 behaves a disk.

4.3 Measuring /(R) with MORFOMETRYKA

The brightness profile is measured as part of the processing done by MORFOMETRYKA (FERRARI;
CARVALHO; TREVISAN, 2015). MORFOMETRYKA is an algorithm designed to perform several pho-
tometric and morphometric measurements on a galaxy image in an automated way with no user
interaction. The inputs are the galaxy image stamp and respective point spread function (PSF) image.
It then measures the background in an iterative way, segmentates the image — separating galaxy, other
objects and background - and measure basic geometric parameters of the segmented region, like the

centre, the position angle, major and minor axis. Based on this information, it performs aperture
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F1GURE 13 — Plots of Equation (4.19) for different Sérsic indices. The higher is 7, the higher is 3¢ in the
inner regions, which is reasonable because high 7 represent inner components. Note that
for large R, the 3¢ profiles are similar.
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photometry on similar ellipses from the centre up to 2 R, (the Petrosian radius), spaced 2 pixel apart
and having the width of 1 pixel. The brightness profile /(R) is the azimuthally averaged value of the

ellipses aforementioned; the error is the standard deviation of the same pixel set.

4.4 Filters for

Measuring the curvature, according to Eq. (4.3), would be just a matter of evaluating the first and
second derivatives of the brightness profile. In practice, with discrete points for /(R) contaminated by
noise, the direct estimation of dv/dR and d’»/dR* are worthless because the noise in /(R) is amplified
by the derivative operator (a high pass filter). FIGURE 14 shows this noise magnification that yield a

very scattered curvature (blue points).

One way to overcome the limitations imposed by the noise is to use a filter to enhance the
signal-to-noise of the data. Many linear filters attenuate the signal as well as the noise. For our purpose,
we need a filter that attenuates the noise but keeps the overall structure present in the data. In general,
the signal-to-noise ratio is higher in inner regions of the galaxy data and decreases to outermost regions.

Therefore, the best solution to use in the filtering task is an adaptive filter, which takes into account
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FIGURE 14 — Example of the procedure to calculate 32(R) for the EFIGI/SDSS data of galaxy NGC
1211/PGC 11670. Left Top: first derivative of /(R), raw (blue) and filtered (green). Left
Bottom: the same but for the second derivative of 7(R). Right: log-normalized bright-
ness profile (R) (red) and the raw (blue) and filtered (green) curvature. The solid vertical
lines represent the possible transition between regions dominated by different compo-
nents, and will be explained latter on Section 4.5. The vertical dashed line delimit the
regions where the signal-to-noise S//N goes below 2 and we avoid to interpret profiles
outside that region.
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the level of the dispersion and adapts the level of the smoothing accordingly.

We adopt a simple adaptive Gaussian filter G, which changes the Gaussian dispersion ¢ ac-
cording to the local signal to noise ratio. We write a linear relation between ¢ and the radial distance R,
assuming that inner regions are less noisy and constituted by small structures, and outer regions, more

noisy and large structures, which is true for the majority of galaxies. We then write

R
O-(R) = (o-max - o-min) + Omin = (a-rnax - o-min)% + Omin (4-2'0)
2R,

where o, is the standard deviation of the filter at the centre of the data and ¢, in the outermost
region. Generally giyin S 2and oy, ~ 0.1 X (2R,). We performed tests with this design and verified that
asingle step of filtering in »(R) is enough to remove effectively the noise from the data; to overcome edge
effects caused by the filter when smoothing points at the edges, we discard the points corresponding to
20min at the beginning and 26y, and the end of 2. — note that the green line of 7¢(R) in FIGURE 14

endsat R/R, ~ 7.
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4.5 Case Studies

In this Section we introduce in practice how to use >¢(R) for structural analysis.

Curvature of NGC 1211

We begin by analysing the 7z and components for galaxy NGC 1211 (PGC 11670) of the EFIGI sample.
NGC ra is classified as (R)SB(r)o/a (VAUCOULEURS et al.,, 1991), i.e. barred spiral/lenticular with rings.
In FIGURE 15 it is shown the SDSS galaxy » image (top left), the residual from a single Sérsic fit by
MORFOMETRYKA (top right) and the curvature 3z on the bottom. The behaviour of 5« is related to the
transition between regions dominated by different components. In the galaxy image on the top panel,
the size of the yellow dotted lines overlaid were determined by the local peaks in the curvature plot
(bottom), signalled as vertical solid lines. They delimit the regions (identified by the labels) that are

dominated by different components.

Starting from the central region, we have two local peaks in > at R/R, ~ o.rand R/R, ~
0.3. The region inside the first peak (label r) seems to be a small structure inside the bulge which is
represented by region 2. However, both components have small values in curvature compared to the
maximum amplitude (at R/R, ~ 0.4), the bulge in region 2 reaches values close to zero, therefore
this indicates that the Sérsic index of this component is close to 1 (this can also be seen by the straight
brightness profile in the region — red curve in bottom plot). This may indicate that the bulge of
NGC 1211 is a pseudobulge. Note also that the component in the innermost region also has a small 7.
In Méndez-Abreu et al. (2017) they comment that NGC 1211 has an internal structure called “barlenses”,
which is a component different of a bulge contained inside the bar (LAURIKAINEN etal., 2010). Gadotti
etal. (2007) also observed a nuclear structure in this galaxy. Therefore, the signature in 3¢ in regions 1

and 2 are not of a classical bulge, but indicate the presence of the nucleus and a pseudobulge.

The second peak at R/R, ~ 0.3 is the transition between the bulge with the bar+inner ring -
a narrow and negative valley in s¢. Usually bars and inner rings are associated with narrow valleys in
7. For inner rings they are negative and for bars they can be negative or not, however in general both
have narrow valleys. The third peak at R/R, ~ 0.75 defines the end of the bar and the start of the outer
region of the galaxy, label 4 and 5. The transition 4 — s is indicated by the local peak at R/R, ~ r.2.
The intermediate regions of 4 shows 3z ~ o regarding a disk like structure. As indicated by Buta (2013),

NGC 1211 has two outer rings, the inner outer is red and the outer outer blue (see his Figure 2.30).
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F1GURE 15 — Top Left: SDSS 7 image for NGCrau from the EFIGI sample. The yellow lines represent
each component of the galaxy. These regions were drawn from the local peaks in the green
line of 72(R) (see bellow). The numbers in the yellow ellipses and in the 3¢ plots refer to
the same regions. Top Right: Residual from a single Sérsic fit to the image above made
with MORFOMETRYKA. For both, yellow dotted lines correspond to regions identified in
the curvature plot below; yellow dot-dashed line is the 2R, region. Bottom: Normalized
log-brightness profile (red curve) and curvature 3¢ calculated from it (green curve). The
solid vertical lines delimit regions of different components (see text for details). The
vertical dashed line is the limit of confidence of SNR=2.
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FIGURE 16 — Near infrared band (3.6um) of NGC 1357 from Spitzer telescope. Labels and graphic
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positions are the same as FIGURE 15, and the same for the remaining figures. Region 1is
the bulge (high and large peak in 3¢ ). Region 2 is the disk with spiral arms and the outer
disk is region 3 with low values in curvature. Again, the dashed vertical line (SNR=2) is
our limit of confidence. See the text for further details of this galaxy.
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Curvature of NGC 1357

NGC 1357 is a non-barred spiral galaxy classified as SA(s)ab (VAUCOULEURS et al., 1991). Gao and Ho
(2017) considered that the galaxy has two disks: an inner blue disk which contains well defined spiral

arms, and an outer red disk with no spiral arms. FIGURE 16 shows the curvature for NGC 1357.

The bulge is indicated by the region of high curvature (1); the valley at (2) is related to the tight
shape of the spiral arms, having a ring-like shape. The valley in 3¢ is an evidence of the ring structure,
pointed out by Li et al. (2011), Gao and Ho (2017). We found that a high and narrow negative gradient
in curvature is characteristic of ring and bar components — which corresponds to Sérsic index lower
than unity. The transition of this ring with the spiral structure corresponds to the middle inwards part

of region 2. However, all spiral structure is contained inside region 2 which is the inner disk.

The transition between the inner and the outer disk is underpinned by the decrease in the
oscillations after the local peak at R/R, ~ 0.65, therefore region 3 corresponds to the outer disk with
no spiral arms. As mentioned before, a disk has values of 3¢ close to zero. In Chapter s, we extend the

same analysis for the rest of the sample, separating them according to each morphological type.
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“There is no good in anything until it is finished.”

Temijin (Genghis Khan)

5.1 Data

The main data' in the present study is constituted by galaxies that already have been studied in terms
of structural decompositions and multicomponent analysis. We have selected galaxies contained
in the following works (WOZNIAK; PIERCE, 1991; PRIETO etal., 2001; CABRER A-LAVERS; GARZON,
2004; LAUER etal., 2007; GADOTTI et al., 2007; GADOTTI, 2008; GADOTTI, 2009; COMPERE; LOPEZ-
CORREDOIRA; GARZON, 2014; SALO et al., 20155 GAO; HO, 2017; YILDIRIM et al., 2017) (individual
references bellow). The imaging data were extracted according to their availability in NED and other
databases. These are: EFIGI survey (BAILLARD et al., 2011), Hubble Space Telescope Archive (HLA?),

SPITZER Telescope (DALE etal., 2009), Pan-STARRS-1 telescope’ (CHAMBERS etal., 2016) and Cerro

' The main data refers to the galaxies that we will conduct a detailed analysis with 3¢(R). For any other complementary

data, information about will be given in the moment they are used, for example, TABLE 1and TABLE 2..

*  Based on observations made with the NASA/ESA Hubble Space Telescope, and obtained from the Hubble Legacy
Archive, which is a collaboration between the Space Telescope Science Institute (STScI/NASA), the Space Telescope
European Coordinating Facility (ST-ECF/ESA) and the Canadian Astronomy Data Centre (CADC/NRC/CSA).

> The Pan-STARRS: Surveys (PS1) and the PS1 public science archive have been made possible through contributions
by the Institute for Astronomy, the University of Hawaii, the Pan-STARRS Project Office, the Max-Planck Society
and its participating institutes, the Max Planck Institute for Astronomy, Heidelberg and the Max Planck Institute for
Extraterrestrial Physics, Garching, The Johns Hopkins University, Durham University, the University of Edinburgh,
the Queen’s University Belfast, the Harvard-Smithsonian Center for Astrophysics, the Las Cumbres Observatory
Global Telescope Network Incorporated, the National Central University of Taiwan, the Space Telescope Science
Institute, the National Aeronautics and Space Administration under Grant No. NNX08AR22G issued through the
Planetary Science Division of the NASA Science Mission Directorate, the National Science Foundation Grant No.
AST-1238877, the University of Maryland, Eotvos Lorand University (ELTE), the Los Alamos National Laboratory,
and the Gordon and Betty Moore Foundation.


https://outerspace.stsci.edu/display/PANSTARRS/Pan-STARRS1+data+archive+home+page
https://outerspace.stsci.edu/display/PANSTARRS/Pan-STARRS1+data+archive+home+page
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Tololo Inter-American Observatory 0.9m (CTIO0.9m) telescope*.

TABLE 3 introduces the following information for each galaxy: the complete references, where
the data was taken, the filter used and the morphological classification found in the literature. Most
of galaxies are in the » band, corresponding to a wavelength around 6z50 angstroms. NGC 4251 is in
the 7 band, with a wavelength around of 7760 angstroms. For the HST images we have the filter fi6ow,
which corresponds to the / band with a wavelength peak of 1.545 microns’. For the Spitzer galaxies,

the filter correspond to the IRAC3.6 band with a wavelength around of 3.6 microns.

We have limited our study to a small set of 16 galaxies in order to lead a careful analysis with
curvature. We selected galaxies in each general morphology: ellipticals, lenticular, disk/spiral (with and

without bar). The sample cover the following diversity:

1. galaxies with complex structure, e.g. bars, rings, arms, disks, which are notably seem: NGC 1211
(BUTA, 2013), NGC 0936 (WOZNIAK; PIERCE, 1991), NGC 1512 (LAURIKAINEN et al., 2006;

COMPERE; LOPEZ-CORREDOIR A; GARZON, 2014), NGC 2967, NGC 7723 (PRIETO et al., 2001);

2. galaxies with fine structures, e.g. core, smooth bars or arms + So galaxies with smooth disks
which barely can be identified: NGC 0384 (YILDIRIM etal., 2017), NGC 1052 (LAUER etal., 2007),
NGC 2767 (NAIR; ABRAHAM, 2010; YILDIRIM et al., 2017), NGC 4251 (WOZNIAK; PIERCE, 1991;
MOLAEINEZHAD et al., 2017), NGC 4267 (WOZNIAK; PIERCE, 1991), NGC 1357 (LI et al,, 20115
GAO; HO, 2017), NGC 2273 (CABRERA-LAVERS; GARZON, 2004), NGC 6056 (TARENGHT;

GARILLI; MACCAGNI, 1994; PRIETO et al., 2001);

3. galaxies with well known structure in shape, for example ellipticals: NGC 472, NGC 1270

(YILDIRIM etal., 2017);

With this set we investigate the behaviour of 5¢(R) for each representative galaxy morphology,

recognizing how the curvature differs between each type.

5.2 Analysis of 3¢ for individual galaxies

Now we will study the behaviour of 7(R) for galaxies presented in TABLE 3 with the aim of distin-

guishing galaxy multicomponents and decipher different morphologies. Each galaxy in our sample

4
N


http://www.ctio.noao.edu/noao/
http://www.stsci.edu/hst/wfc3/ins_performance/ground/components/filters
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Table 3 — Data sample used in this work.

i  Galaxy Name + filter ~ Morphology Origin Reference of the data

1 NGCo384-fiGow So/E» HST (YILDIRIM et al., 2017)

2 NGCog472-fibow VY CMPT? HST (YILDIRIM et al., 2017)

3 NGCo0936-r SBo? EFIGI (BAILLARD etal., 2011)

4 NGCios2-r» E*(+core’)/So’ EFIGI (BAILLARD etal., 2011)

s  NGCrau-r SBo/a(r) EFIGI (BAILLARD et al., 2011)

6 NGCr2yo-fibow E'/VY CMPT? HST (YILDIRIM et al., 2017)

7 NGCss7-3.6um SA(s)ab’ SPITZER  (DALEetal, 2009; SHETH etal., 2010)
8 NGCisn2-r SB(r)a’ CTIO (MEURER et al., 2006)

9 NGCa273-r SB(r)a’ Pan-STARRS (CHAMBERS etal., 2016)

10 NGC2767-r E'/So” HST (YILDIRIM et al., 2017)

n NGCyzs1-i SBo*# SDSS-driz (ALAM etal., 2015)

12 NGCy4267-r So’/SBo#? EFIGI (BAILLARD etal., 2011)

13 NGCg417-7 SAo?’ EFIGI (BAILLARD etal., 2011)

14 NGCg452-7 SB(l)oc? EFIGI (BAILLARD et al., 2011)

15 NGC6os56-7 SB(s)o"**/So/a" EFIGI (BAILLARD etal., 2011)

16 NGCy7723-3.6um SB(r)b"* SPITZER  (DALEetal, 2009; SHETH etal., 2010)

" (VAUCOULEURS et al., 1991).

? (YILDIRIM etal., 2017).

3 (NILSON, 1973).

# (WOZNIAK; PIERCE, 1991).

5 (SANDAGE; TAMMANN, 1981).
¢ (LAUER etal., 2007).
(GADOTTIetal., 2007).
(NAIR; ABRAHAM, 2010).

? (KORMENDY; BENDER, 2012).
 (PRIETO et al., 2001).

" (TARENGHI; GARILLI; MACCAGNI, 1994).

7
8

will be discussed individually in separated sections, divided by their global morphologies, e.g. lentic-
ular (Section s.2.1), spirals (Section 5.2.2) and ellipticals/spheroidal components (Section s.2.3). The
procedure of study for the rest of galaxies of TABLE 3 will be the same as Section 4.5. For each galaxy
(see the model reference FIGURE 15), we present the broad band image of the galaxy in the top left
panel. In the top right panel we show the residual map from a single Sérsic fit to the broad band image
made with MORFOMETRYKA - for the structures are easily visualized on it. For both, yellow dotted
lines correspond to regions identified in the curvature plot and yellow dot-dashed line mark the 2R,
region. The bottom panel shows the normalized brightness profile »(R) (red curve — scale in the axis at
right) and curvature >2(R) calculated from it (green curve — scale on axis at left). The solid vertical lines
delimit regions of different components (discussed below for each galaxies); they correspond to the
yellow ellipses in the images, but are inferred from the 3¢ behaviour. Vertical dashed line is the limit of

confidence of SNR = 2.
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FIGURE 17 — The same as FIGURE 15, but for 7 band of NGC 936 from EFIGI. See text for details.
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NGC 936

NGCo36 is classified as barred lenticular galaxy SBo (WOZNIAK; PIERCE, 1991), formed by a structure of
bulge+bar+disk. In FIGURE 17 we infer from ¢ that the bulge dominates region 1, while the bar becomes
dominant in region 2 — indicated by the strait valley and negative 3. It ends close to R/R, ~ o.5. Bar
properties were also extracted by Mufoz-Mateos et al. (2013), regarding the bar length. The peak in 3¢
at R/R, ~ o.5 indicating the end of the bar seems to be in agreement with the outer limit found by the

authors (see their figure 3). The bar of NGC 936 was also studied by Erwin and Sparke (2003) together
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DEC

FIGURE 18 — The same as FIGURE 15, but for NGC 2767 from HST (fiGow).
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with a nuclear ring inside the bar region. Returning back to the inner component,  is nearly constant

and ~ 1. This suggest that the inner region is not a classical bulge, rather being a pseudobulge, which

also contains a nuclear ring.

In region 3 (around R/R, ~ 0.8) we see a broad and smooth valley of negative curvature, and

subsequently being close to zero for R/R, > 1.0 - this pattern appears because the disk is of type II

(ERWIN; POHLEN; BECKMAN, 2008; MUNOZ-MATEOS et al., 2013) which explains the broad valley. It is

possible to discriminate a valley in ¢ entailed by the disk of Type II morphology and one related to

aring or a bar. Valleys for bars and rings have high negative gradient in 3¢ and are thin in width (see

additional examples in FIGURES 15, 16, 17, 18, 22, 23, 24 and 25).
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NGC 2767

NGC 2767 is classified as an elliptical (VAUCOULEURS et al,, 1991) and as an So (NAIR; ABRAHAM,
2010). However, the structure of this galaxy is not trivial to be resolved. Yildirim et al. (2017) comment
that the PA twist in the centre of the galaxy may imply the existence of a bar and a dust disk. Examining
» in FIGURE 18 shows the existence of two peaks and a narrow deep valley, revealing that the galaxy has
at least three components (regions 1, 2 and 3). The bulged central part is demarcated by 1. The valley in
2 (R/R, ~ 0.4), even not being negative (but ~ 0), is much smaller than the neighbouring peaks in
terms of amplitude, therefore pointing to a bar component. The region 3 seems to be of a disk structure
of type II, very similar to NGC 936 (note that after R/R, ~ r.0, the curvature almost vanishes). A
final note is that, photometrically, the bulge of this galaxy is indicated to be pseudobulge due to the
behaviour of 7 in the inner part of the profile — it takes some distance from the centre to increase
significantly until the transition region at R/R, ~ 0.4. Summarizing, in agreement with Yildirim et al.
(2017), the curvature entail that the galaxy may have a bulge+bar+disk structure. The residual image
in the top right panel of FIGURE 18 demonstrates these structures well within the delimited regions

gathered from the curvature in bottom plot.

NGC 4267

In earlier catalogues (NILSON, 1973) NGC 4267 was classified as So but the presence of a bar is also
suggested (SANDAGE; TAMMANN, 1981; WOZNIAK; PIER CE, 1991; JUNGWIERT; COMBES; AXON, 1997;
Gadotti; de Souza, 2006; ERWIN; POHLEN; BECKMAN, 2008) — SBo. The shape of >(R) is shown in
FIGURE 19. In comparison to NGC 2767, NGC 4267 exhibit an akin radial profile, however 7 is
considerably different. Region 1around R/R, ~ 0.3 refers to the bulge while the disk takes part in the
remaining of the profile in region 2 (lower 3¢ below zero). In respect to the bar, the curvature does not
trace a sign of it because the pattern of a narrow valley is not exhibited. Also combining together the
curvature and the residual image (middle panel of FIGURE 19), shows no evidence of a photometric bar
component. In relation the bulge and the disk, the transition of both is highlighted by the peak in ¢ at
R/R, ~ 0.3. The inner region shows an abrupt increasing of > from zero to the transition region with
the disk, therefore this points that the bulge is a classical bulge. This is in agreement with Fisher and

Drory (2010) (see their Table 2).
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12°47°00"

FIGURE 19 — The same as FIGURE 15, but for 7-band of NGC 4267 from EFIGL.
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NGC 4251 is classified as So (NILSON, 1973; SANDAGE; TAMMANN, 1981) and SBo (VAUCOULEURS et

al,, 1991), but the confirmation of a bar component is not direct. Wozniak and Pierce (1991) performed

a multicomponent analysis and reaffirmed its existence, having oval shape similar to the bulge. Mo-

lacinezhad et al. (2017) indicates the presence of a bar based on the kinematics of the galaxy. Fisher

(1997) noted that there is no bar in this system. The bar pattern for 3¢ does not appear in FIGURE

20, still we delimit the galaxy in regions. Region 1 and 2 (the part of the bulge) shows that the inner

structure has a spheroidal shape. Analysing the residual image, great part of region 3 is supposed to be

the bar, while 4 is the disk, since 3¢ decrease — do not account for R/R,, > 1.5, where 5 increases again,

because of the filter. For this galaxy the limit S/N ~ 2z is externally to the cutted profile. Also, the
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FIGURE 20 — The same as FIGURE 15, but for i-band of NGC 4251 from SDSS.
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pattern for bars found in other galaxies is not present in NGC42s1.

NGC 4417

NGC4417 is classified as SBo:edge-on (VAUCOULEURS et al., 1991; HINZ; RIEKE; CALDWELL, 2003) and
also So:edge-on (SANDAGE; TAMMANN, 19815 NILSON, 1973). In the curvature plot of FIGURE 21, two
peaks stand out in the first half of the R, region: 1 and 2 seems to have a bulge morphology, while 3 is a
disk. Analysing 3, it seems plausible that it distinguish two components inside R/R, ~ 1.0, the first
part identified by the first peak and the second by the second peak. Both components have small 3¢

(the values in the intermediary region are lower than the transitions). Kormendy and Bender (2012)
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FIGURE 21 — The same as FIGURE 15, but for » band of NGC4417 from EFIGI.
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argued that the inner part is an inner disk and 2 is the bulgeé with a boxy shape due to a faint bar. This
seem reasonable to confirm here because the behaviour in 3 resembles a bar, as we are arguing here.
However, in this case we could not differentiate the bulge from the bar. In the residual image it is clear
that there are signs of two components, in 1 a more oval shape while in 2 a boxy one. A final comment
is related to the peak in 5 close to R/R, ~ rs. Due to the signal-to-noise limit and considering that

this region is close to the edge of the galaxy, we do not treat it as a transition of components.
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FIGURE 22 — The same as FIGURE 15, but for » band of NGC 4452 from EFIGI.
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NGC 4452 is an edge-on SBo(l) galaxy having a small pseudobulge (KORMENDY; BENDER, 2012). In
the curvature plot of FIGURE 22 is seen a small component at the centre (R/R, < 0.15). Since the first
component has a small 3z and does not increase immediately, it is confirmed a pseudobulge component,
however not being well pronounced due to the few data points. From that point to R/R, ~ o.5
the value of 3 reaches negative values and has the bar pattern, as exposed by Kormendy and Bender
(2012). The bar extension goes to R/R,, ~ 0.53, marking the transition between the bar and the lens
(KORMENDY; BENDER, 2012). The third smooth peak at R/R, ~ rrindicates the emergence of an

outer disk with low positive value in curvature.

¢ Kormendy and Bender (2012) found a prominent bulge (B/7" ~ 0.88) to this galaxy.
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FIGURE 23 — The same as FIGURE 15, but for 7 band of NGC 1512 from CTIO telescope.
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5.2.2 Spirals

NGCisr2

NGC 1512 is classified as a barred spiral galaxy SBa (VAUCOULEURS et al., 1991), however there are
many references bringing up other components in its morphology: rings, pseudorings, nuclear ring
and pseudobulge, see for example (LAURIKAINEN et al., 2006; FISHER; DRORY, 2008). According to
Compere, Lépez-Corredoira and Garzén (2014), who conducted a deep study on this galaxy, it has a

bulge, a bar and a disk.
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FIGURE 23 shows the results for 3. The region inside R/R, < 0.5 shows two components
delimited by the local peak at R/R,, ~ 0.15,and both shows small 3z compared with the overall curvature
profile, therefore one must consider a pseudobulge component. From (LAURIKAINEN et al., 2006;
COMPERE; LOPEZ-CORREDOIR A; GARZON, 2014), the innermost region (1) is a nuclear ring. Region 2
is dominated by the bulge. If fact, by the shape of > it is a pseudobulge, which is in agreement with

Fisher, Drory and Fabricius (2009), Fisher and Drory (2010).

Regarding the bar, it seems that pseudobulge and bar coexist (the change in the position angle
and ellipticity between the bulge and the bar is very smooth, see figure 4 of (JUNGWIERT; COMBES;
AXON, 1997)), with the bar connecting the pseudobulge and the outer ring — according to Fisher
and Drory (2008), a pseudoring (region 3). This does not allow 3¢ to distinguish the bar from the
pseudobulge — in region 2 there is not a significant narrow valley to indicate it. Fisher and Drory (2008)

also did not fit a bar component separately to NGC 1512 and considered only a Sérsic+Exp fit to it.

What is noticeably is the outer ring, the peak at R/R, ~ 0.5 points to the transition between
the pseudobulge-+bar with this ring, which is dominant in region 3. The last smooth peak at R/R, ~ .1

bound the dominance of the outer ring with a faint disk (3¢ approaches to zero).

NGC 2273

NGC 2273 is classified as SBa (NILSON, 1973) and SB(r)a (VAUCOULEURS et al., 1991). In FIGURE 24
the curvature indicates a small bulge contained inside R/R,, ~ 0.1 (region 1). Considering the valley in
region 2, it retain a significant gradient in 3¢ in comparison to the first and second peaks, this suggest a
bar component. The next valley in region 3 is formed by two tightly wound spiral arms (LAURIKAINEN;
SALO, 2017), which behaves like a ring. The fourth peak at R/R, ~ 0.5 makes the transition of this ring

with the outermost region of the galaxy.

Cabrera-Lavers and Garzén (2004) worked on in details considering the previous structures,
adding a lens component and assuming that the outer region is a disk. Also, they argue that the bulge
is prominent, nevertheless z advises that the bulge is not too prominent. Erwin and Sparke (2003) says
that this galaxy is four-ringed, two of them outer rings (outer region). The curvature give a picture of
these rings in regions 4. The evidence that the bulge is not to prominent can be explained by the fact
that the inner region can be formed by other components: Moiseev, Valdés and Chavushyan (2004)
noted that the bar is of large scale; Erwin and Sparke (2003) and Moiseev, Valdés and Chavushyan

(2004) also assert that the innermost region can be built by a nuclear spiral while Mulchaey, Regan
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FIGURE 24 — The same as FIGURE 15, but for 7 band of NGC 2273 from Pan-STARRS survey.

60°50°00" [ e e o

60°50'00”
49'00” 49'00”
O O
m m
[a] A
4800 4800
102°40° 38 36’ 34 102°40° 38 36’ 34
RA RA
1.0
7.5 — 7(R)
— D(R)
i ---= S/N =20
5.0 08

M NA

S N/ =
Ly N
0.4
_50 B
—7.54 0.2
—10.0 1
112 13 14 . 0.0
0.0 0.5 1.0 1.5 2.0

R/R,

and Kundu (1997) says that it is a secondary bar. Therefore, an acceptable constrain that 3¢ gives for

NGC 2273 is a bulge+bar+ring/disk structure.

NGC 7723

NGC 7723 is classified as SB(r)b/SB(rs) (VAUCOULEURS et al., 1991; COMERON, 2013). FIGURE 25
shows the result of the curvature for NGC 7723. The bulge is contained inside the region 1 delimited by
R/R,, ~ o.1. Eskridge et al. (2002) says that the central part of this galaxy is composed by a boxy bulge
with a symmetric nucleus embedded in. As indicated by 7, it has a pseudobulge — note that s does
not increases continuously and fast, it took up to R/R, ~ 0.2 to grow abruptly until the transition

region at the peak. This hint of a pseudobulge is in agreement with Prieto et al. (2001) (they found an
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FIGURE 25 — The same as FIGURE 13, but for near infrared band (3.56um) of NGC 7723 from Spitzer
telescope.
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unitary Sérsic index in 7-band).

Analysing the valley in region 2 together with the residual image we see that it is related to
a bar and a ring. However, the bar is much more prominent (PRIETO et al., 2001) than the later and
it becomes non-trivial to demonstrate the existence of a ring. In fact, this component is considered
to be a pseudoring formed by the way the spiral arms emerges from the bar (RIO; CEPA, 1998; RIO;
CEPA, 1999; PRIETO et al., 2001; ESKRIDGE etal., 2002). In Aguerri et al. (2000) and Prieto et al. (2001)
they mentioned the ring structure but in their structural decomposition they have not taken it into
account. The spiral arms begin at R/R, ~ 0.35 — observe the oscillations in 5. Rio and Cepa (1998)
made another commentary arguing that there is a disk outside the spiral arms, which is seen in 7z after

R/R, ~ 1.0 because 3z ~ 0.
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FIGURE 26 — The same as FIGURE 15, but for » band of NGC 6056.
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This galaxy is considered to be a barred spiral with an internal bulge (SB(s)o) (VAUCOULEURS et al.,
1991; PRIETO et al., 2001) and also non-barred (So/a) (TARENGHI; GARILLL; MACCAGNI, 1994). In 37 of
FIGURE 26, the bulge is within R/R, < 0.18 (first peak). The valley in 2 is the bar (the same behaviour
in > as the other galaxies), and confirmed by (PRIETO et al,, 2001). The transition of the bar with the

outer disk (spiral) is the local peak at R/R, ~ 0.6.

A pseudobulge component was pointed by Prieto et al. (2001) and they found a Sérsic fit of
n = r.1in the » band. This is the only galaxy in our sample (but quite similar to NGC 4452) that the
pseudobulge part does not shows the same behaviour in 5¢(R) as the other galaxies. We may attribute
this to the low resolution of the galaxy image — note that there are few data points in the region

pertaining to the bulge.
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FIGURE 27 — The same as FIGURE 15, but forNGC 1270 from HST (fiGow).
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5.2.3 Spheroidal components

Unlike spiral and lenticular galaxies, whose components are structurally very diverse (bulge, bar, spiral
arms and disk, for example), in the case of spheroidal galaxies (the various kind of ellipticals, bulges and
some lenticular) the differences in the components are much more subtle. Consider, for instance, that
many elliptical galaxies substructures cannot be seen in raw images, but rather, reveal themselves after
image manipulation techniques, such as unsharp masking, brightness profile modelling and so on. In
this way, we may regard that the effects that the different component of elliptical galaxies have on the

curvature are more faint than for spiral galaxies.
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FIGURE 28 — The same as FIGURE 15, but forNGC 472 from HST (fiGow).
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NGC 1270 is classified as an elliptical galaxy (VAUCOULEURS et al,, 1991) and further as a compact
elliptical galaxy (YILDIRIM etal,, 2017). The curvature %(R) is displayed in FIGURE 27, its shape is not
continuous (as expected) and having small oscillations of low scale. However, the curvature has a
smooth overall shape, is high in inner regions (around R/R, ~ 0.2) and drops to near zero at large
radius. As can be seen in the residual image, the central region (R/R, < 0.25) indicates an inner
spheroidal component with different properties compared to the main body of the galaxy (missing

light regarding the model for the main body). There is a sign of a small disk within R/R, < 0.1 aligned

with the apparent main axis of the galaxy.
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FIGURE 29 — The same as FIGURE 15, but for NGC 384 from HST (fiGow).
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NGC 472 is a compact elliptical galaxy (YILDIRIM et al., 2017). Similar to NGC 1270, it does show some
perturbations in the inner regions — the two local peaks are attributed to inhomogeneities — but the
shape of ¢ follows an overall shape resembling a pure component, which is smooth and increases in
the inner region and decreases for the outermost part. A single Sérsic fit of 7 = 5.8 returned a robust

representative model, since there is no residual structures in the outer regions.
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F1GURE 30 — The same as FIGURE 15, but for » band of NGC 1052 from EFIGIL.
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NGC 384 is classified in literature as E (VAUCOULEURS et al., 1991; YILDIRIM et al., 2017) but also So
(NILSON, 1973). In comparison to NGC 472 and NGC 1270, 3¢(R) is quite different (FIGURE 29) due to
the emergence of the substantial oscillations in the region R/R, < o.5. These delineates some internal
and small structure. In the residual image of FIGURE 29 it is readily seem such structure with a disk

oval shape.
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NGC 1052

NGCiros2 is found as an elliptical galaxy in (VAUCOULEURS et al., 1991) and as E/So in (SANDAGE;
TAMMANN, 1981). Lauer et al. (2007) indicates the presence of a core. In FIGURE 30 the curvature
suggests some possibly transition around R/R, ~ o.15, in which, therefore, might be between the
core structure and the remaining structure of an elliptical. Milone, Rickes and Pastoriza (2007) (and
references therein) conclude that NGC 1052 has a rotating disk. The curvature seems to indicate such
kind of component because it has small values around R/R, ~ 0.75, this is also seem in the residual

image.

5.3 Identifying galaxy structures with curvature

We now bring together the behaviours of the curvature found in our data, exploring similarities between
different galaxies. The curvature showed to be similar between components of the same morphology

in different galaxies

Bars

Bars and rings show a depression pattern in 3z where these components dominate. For NGC 936 and
NGC 2767 (FIGURE 17 and FIGURE 18 respectively) the bars have a distinct valley between the two
local peaks 7 — 2 and z — 3, respectively. These bars are represented by the narrows valleys in 3¢ (note
the difference between a narrow valley in 3 related to a bar and a broad valley related to a disk type II
in region 3 of NCG 936). For the faint bar of NGC 2273 (FIGURE 24), the curvature exhibit a deep
but non non-negative valley in region 2 (between the two local peaks). We found that the depression
in > for bars is not always negative , but considerably lower than the local peaks. Galaxies NGC 1512
(F1GURE 23) and NGC 4251 (FIGURE 20) does not have a clear indication of a bar in (region 2 and 3,
respectively). Despite this, considering that the bar exists in fact — according to the literature — for both

galaxies, bulge and bar appear to show a subtle transition.
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Rings

Galaxies NGC 1512 (FIGURE 23), NGC 2273 (FIGURE 24) and NGC 7723 (FIGURE 25) have rings. They
exhibit a high and narrow negative gradient in region 3(first two) and region 2 (last one). These ring
structures are also likely to be formed by the tight morphology of the spiral arms after the end of the

bar. Between rings and bars, the rings showed more pronounced narrow valleys in .

Disks and spiral arms

The most notable galactic disk absent of spiral arms that shows values of 3z close to zero is that of
NGC 4267 (FIGURE 19). For NGC 936 (FIGURE 17) the disk is of Type II, therefore it shows a valley
in region 3, but the outer part approaches zero. A similar result is found for NGC 2767 (FIGURE 18).
Another case is NGC 4417 (FIGURE 21) which in region 3 shows a decreasing 3¢ and reach small values,
regarding that not all galaxy disks follows a 7 = 1 Sérsic law, therefore there are disk components that

exhibit 2z > 0 or 3z < 0.

NGC 1357 (FIGURE 16), NGC 2273 (FIGURE 24), NGC 7723 (FIGURE 25) and NGC 6056
(FIGURE 26) have spiral arms. For NGC 7723 the spirals arm are well identified by 3¢ at the inner
to middle part of region 3, due to the homogeneous oscillations. Galaxy NGC 1357 also shows two
oscillations of this kind from the middle onwards part of region 3. For NGC 2273, the pattern in 3
is not well defined, but we still get an indication of a perturbed disk in region 4. The spiral galaxy in

which the spiral structure does not appear clearly is NGC 6056.

Spheroidal

For our elliptical galaxies the curvature behaviour also revealed interesting results. For NGC 384
(FIGURE 29) 5 revealed an inner component due to the in the region R/R, < 0.5, which is a inner dust
disk. For NGC 472 (FIGURE 28), NGC 1052 (FIGURE 30) and NGC 1270 (FIGURE 27) 37 also indicates
perturbations of /(R). This behaviour indicates that these galaxies are not a complete homogeneous
system but are formed by heterogeneous light distribution. This means that even in systems with
subtle variations of the brightness profile, we can unveil the existence of perturbations in the galaxy’s

structure.
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Pseudobulges

Another important result we found on this work is the behaviour of 3 for pseudobulges. Inner
regions that shows small values of curvature compared to the values of posterior regions might infer
pseudobulge components. In our sample the cases are NGC 1211 (FIGURE 15), NGC 936 (FIGURE 17),
NGC 2767 (F1GURE 18), NGC 1512 (FIGURE 23), NGC 2273 (FIGURE 24) and NGC 7723 (FIGURE 2s).
For NGC 2273 this pattern is not too clear. For NGC 2767 there is no reference in literature indicating

that the bulge is pseudo — here we point that it is.

In summary, in pseudobulges the curvatures displayed a distinct pattern. Since pseudob-
ulges are more similar to disks, having nearly-exponential surface brightness profiles (LAURIKAINEN;
PELETIER; GADOTTI, 2016), the curvature might in general shows a behaviour that resembles a disk,
we mean this by having small values in inner regions and no abrupt variations (fast increasing) in some

range of R.

Constraining scale length of galaxy components

We have seen in this work that 72(R) is able to indicate the transition region of galactic components,
in general by physical local peaks. The point of maximum of these peaks can be translated to the
averaged radial width of each component, therefore we can constrain their scale lengths. This can be
fundamental for automatized multicomponent analysis. Today, some number of fittings routines
need forehand information for initial guesses, which may come from visual inspection by an expert.
However, covering a large space of initial values to these parameters imposes some limitations: restrict
the analysis to a small data sample, some results leads to non-physical models, fitting routines may not

converge, among others.

Hence, constraining the radial scale length of galaxy components can provide an initial param-
eter space that is physically motivated and can help in these routines. The curvature can be adapted
and designed for that purpose if: i) we use it to infer how may components a galaxy does have; ii) what
kind of morphology it has (because there is a clear distinction between (pseudo)bulges, disks and bars);
and iii) the scale lengths. However, in order to keep the focus of this dissertation, this analysis is left for

a future work (in preparation).
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FIGURE 31 — Results of 5(R) for sorted galaxies under C, (left) of TABLE 2. The three elliptical galaxies
are PGC 29249, PGC 38740 and PGC 36678 while the others have a very different behaviour
in 7, indicating that they are multicomponent.
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PGC0023941

FIGURE 31 - continued.
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s.4 Misclassification of galaxies using C and »

In Section 3.1 we have discussed the issues of C and 7 that leads to misclassification of galaxies. In
TABLE 2 we displayed some galaxies from the EFIGI sample that have high C, and most of them are
not ellipticals, but spirals and So. Here we use 3¢(R) to investigate its behaviour for these galaxies. The
results are displayed in FIGURE 31 for the sorted galaxies under C,. For the three elliptical galaxies,
PGC 29249, PGC 38740 and PGC 36678 the curvature is in some sort similar between each other, but
very different in relation of other galaxies in the table respective to C,. The differences are exactly

because they are muilticomponents.

For PGC’s 6835, 28424, 24961 and 37063 we see the ring/bar behaviour in 7z; disks are also noted
for the first three and for PGC 71035 (it is less notable for PGC 23941). For PGC 3817 (undetermined E
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FIGURE 32 — Curvature calculated for the galaxies with high Sérsic indices of TABLE 1.
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or So) we see that 3¢ shows a perturbed structure in the galaxy, which is different of an elliptical and

also different of a # = 1 disk in the outer part.

In relation to the high effective Sérsic indices presented in TABLE 1, the results of s¢(R) are
displayed in FIGURE 32. For PGC 45583 we see the pseudobulge + bar/ring behaviour in s and the

outer disk; for PGC 59838 we see the classical bulge + disk behaviour in curvature.

In consequence of we demonstrated earlier, the concentration and the Sérsic parameter have
particular cases that can mistakenly predict morphological types of galaxies. In the cases of a high C/»
found, it is probably that the physical content of it is not plausible. One could wrongly say that a
galaxy has a high C/7 but it does not have at all, because it might have two or more components which
were not taken into account. This acts to increase the value of C and 7. However, since dealing with
n is a non-linear procedure resulting sometimes in complications, and also since the data acquisition
of such single fits from public data bases is poor or unavailable , we restrict ourselves to stablish the
final discussions under C. The fact is that, the increasing of values are more clearly pronounced in the

concentration index, because its calculation is less complicated and more directly than 7.

Our conclusions and as a consequence for what we discussed here are the following: galaxies

might have high values of C in two situations:

1. there are the ones which are truly concentrated, for example UGC 5432, PGC 57139, NGC 3872,
PGC 38740, NGC 426 and IC 708, which is an assumption of that ellipticals are high concen-

trated galaxies;

2. and the ones that are not spatially concentrated but multicomponent galaxies, the rest of galaxies
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in TABLE 8.

This kind of physical configuration of components acts to increase the values of C and potentially

misclassify spirals and disk galaxies into bulges and ellipticals.

At this stage we are confident that the effect mentioned until now is present in galaxies — to
be confirmed in a more solid way with an extended analysis in a future work. Furthermore when a
galaxy shows high C, a second study should be conducted to see if it is single or multicomponent.
Additionally, when high values of a single Sérsic fits are found, we must doubt about it worrying if the
value is a physical intrinsic property of the galaxy. These concepts already appeared in some works as we
commented, but never were discussed before in a clear form. Here we have established one explanation
of why bulge+disk can have higher values of C in comparison to a single component, such as a pure

bulge or an elliptical.

So that our result do not get confused, we are not arguing that all multicomponent galaxies
have increased C, higher than for elliptical, however for a considerable number of galaxies. Returning

to the FIGURE 8 this becomes very clear, note that still there are spiral galaxies in a domain of small C

In summary, some notes are draw to pay attention:

¢ C is most likely to be affected in more situations therefore we suggest that the calculation of C

should to be accompanied by another structural analysis with the aim to break this degeneracy;

* when performing single Sérsic fits, it should be used carefully due to its sensibility to multicom-

ponent galaxies. Therefore high values should be reviewed;

* when the measured properties leads to indication of these behaviours, the related galaxies should
be studied with more detailed methodologies, to analyse the possibility if they are multicompo-

nent.

s.s Further Analysis

Area under curvature

To make our results more quantitatively we explore properties of the global shape of > for many galaxies.

The area under the curvature 4., is supposed to be related to specific morphologies. A priori, high
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FIGURE 33 — Diagnostic diagram for: Left: the information entropy A versus the integrated area under
 for ~ 1600 galaxies of the EFIGI sample. Right: the concentration index C, versus the
integrated area under ¢ for the same sample.
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concentrated galaxies might show high values of 4., because /(R) is more steep than low concentrated.
Hence, since in disk galaxies 3z ~ o0 a priori we have A, ~ 0. Bulge+disk+bared galaxies can have the

values of A4, around zero, positive or negative, depending on the component that dominates.

We can define A, as the integral of 3¢ over the axis ), = R/2R,,

A, = /I%d%. (5-1)

in which in practice it is calculated with a discrete sum’. To understand the behaviour of 4., we com-
pare its values with the concentration index C' (CONSELICE, 2003; FERRARI; CARVALHO; TREVISAN,
2015) obtained for part of the EFIGI sample. We also compare it with the the information entropy H
(FERRARL CARVALHO; TREVISAN, 2015). We use the values of bulge-to-total ratio Epr derived from

the EFIGI catalogue by (BAILLARD etal., 2011).

F1GURE 33 displays the relation of A4, with A (left) and .4, with C (righ) for a set of the EFIGI
sample of galaxies. In the A4, — H diagram, low values of H (< 0.25) with positive A4, (2 1) represent
elliptical and bulge dominated galaxies. On the opposite, small (S 0.5) or negative .4, with high A
(2 o0.5) are disky galaxies. In 4, — C diagram, high C, (2 0.8) and 4, indicates ellipticals/bulge-

dominated galaxies, while small C, (< 0.6) and A4, implies disky galaxies.

7 We use the trapz function from the Python Scipy library (<https://docs.scipy.org/doc/numpy/reference/generated/
numpy.trapz.html>).


https://docs.scipy.org/doc/numpy/reference/generated/numpy.trapz.html
https://docs.scipy.org/doc/numpy/reference/generated/numpy.trapz.html




FINAL REMARKS

The avalanche of no future transcends into aimlessness
The foundation of whole mankind crumbles to a point of no return
Hesitation hinders and takes it’s toll, swaying and falling they lose control

Mindless zoo of fools.

Eloy - Point Of No Return

We summarise bellow our final remarks of the work. We have introduced the curvature of
the brightness profile of galaxies as a tool to identify and study their different structural components,
most notably bulges, bars, discs, rings and spiral arms. The underlying argument for such is that these
components have distinct Sérsic index (or concentration) which directly impact the curvature. But,
unlike standard multicomponent modelling of light profiles, the curvature is non parametric and does

not depend on model parameters.

We measured the curvature profile for structural analysis to 16 galaxies (TABLE 3) comprising
different morphologies. For these galaxies, we identified their structural components and inferred their
domain regions in terms of the local peaks in 3(R); Following the peaks in the measured curvature
profile we spotted the matching regions in the image and residual maps where the different components
can be identified and related to the curvature behaviour. Thus regarding the curvature curve (in terms

of logarithm normalized scale of intensity):

1. Disks have a broad profile in the curvature with near zero (Type I) or negative (Type II) values.
2. Bars and rings have narrow negative valleys in ¢ (more pronounced for rings);

3. pseudobulges have small values (compared to the highest absolute values) or near zero curvature

in their regions;



4. the curvature in elliptical galaxies shows that they are not completely homogeneous system;

We also have extended the calculation of 5 for galaxies of TABLE 2 which have high values of C.
The results in FIGURE 31 shows that 3¢ is able to unveil the cases that galaxies are multicomponent. Our
critical review is that the concentration index and the effective Sérsic parameter should be carefully used
in the analysis of galaxies, since they are affected by multicomponent galaxies. The study of the data
with a second methodology — such as 3¢ — can avoid the misclassifications. In respect to the analysis of
high effective Sérsic parameters, an extended exploration was not possible since we found difficulties

getting the data from other works.

Work in progress

Our next steps in the current work, with the main purpose of multicomponent analysis, is divided
into basic three studies: i) Improve the calculation of 7, including in the filter the explicit dependence
of the signal-to-noise along radius, and obtain each structural component automatically, therefore the
procedure can be implemented in analysis of large data sets. Also, tests the limits of curvature in terms
of resolution, applied to Jellyfish galaxies — a collaborated work already established. ii) continue explore
the effects of high concentration and effective Sérsic parameters; and use the curvature to break the
misclassifications that were made, also we aim to use the curvature in fitting routines to suggest each
morphological component that will be fitted in, as a constrain for the Sérsic parameters. A collaboration
has already been established for the analysis of the images from the Hubble Space Telescope; iii) extend
the study of the information entropy A in morphometry to the general non-extensive case, where the
information theory is generalized by the Tsallis generalization of statistical mechanics (TSALLIS, 1988;
TSALLIS, 2009), see also (RODRIGUES; GIRALDI, 2009; LIN; OU, 20125 RAMIREZ-REYES et al., 2016). A

work already have been started, showing original results which will be published soon.
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ABSTRACT

In this work we introduce the curvature of a galaxy brightness profile to non-parametrically
identify its structural subcomponents. Bulges, bars, disks, lens, rings and spiral arms are a
key to understanding the formation and evolution path the galaxy undertook. Identifying them
is also crucial for morphological classification of galaxies. We measure and analyse in detail
the curvature of 16 galaxies with varied morphology. High (low) steepness profiles show high
(low) curvature measures. Transitions between components present local peaks oscillations in
the values of the curvature. We identify patterns that characterise bulges (pseudo or classic),
disks, bars, rings, spiral arms. The procedure can be automatised to deal with large datasets and
identify galaxy components automatically or to provide a reliable starting point for traditional
multicomponent modelling of galaxy light distribution.

Key words: galaxies: morphometry — galaxies: fundamental parameters — galaxies: structure
analysis — galaxies: photometry

1 INTRODUCTION

Galaxy formation and evolution are vital to understand the Uni-
verse as a whole, for galaxies portray the general structure where
they emerged and evolved. Galaxy morphology provides us with
a framework on which we describe galaxy structures that are con-
nected with such evolution. The processes that gave birth to bulges,
disks, bars, rings, arms, halos, for example, are imprinted in the
properties or absence of these features.

Traditional understanding of galaxy formation and evolution
encloses, basically, the distinction of the processes that origin el-
liptical galaxies and classical bulges from the formation of disk
dominated/spiral galaxies and pseudobulges. The first mechanism
are merger events having violent relaxations and hierarchical clus-
tering (Toomre & Toomre 1972; Tonini et al. 2016; Naab & Trujillo
2006; Hopkins et al. 2010). In the merger scenario, it is established
that elliptical galaxies are formed by major mergers of spiral galax-
ies (Burkert & Naab 2003). In the case of spiral, lenticular and
irregular galaxies, first it was supposed that they are a result of for-
mative evolution where rapid violent processes such as hierarchical
clustering and merging led to the formation of them (White & Rees
1978; White & Frenk 1991; Firmani & Avila-Reese 2003; Buta
2013).

The physical properties of the galaxy components also bring
relevant information regarding the history of the galaxy. Bulges can
be formed by two different ways and therefore separated in two cate-
gories: classical originates from violent processes such as hierarchi-
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cal clustering via minor mergers (Naab & Trujillo 2006; Hopkins
et al. 2010; Gadotti 2009), are dynamically hot and posses simi-
lar properties of elliptical galaxies (Fisher & Drory 2008); pseudo
originates from secular evolution through longer times scales where
disk material is rearranged by bars and spiral structures in a slow
steady process (Wyse et al. 1997; Firmani & Avila-Reese 2003;
Kormendy & Kennicutt 2004; Athanassoula 2005; Guedes et al.
2013; Grossi et al. 2018). Characteristics of pseudo bulges are not
found in elliptical galaxies and can be similar to those of disks,
which are dynamically cold with the kinematics dominated by ro-
tation (Fisher & Drory 2008). Even so, not all bulges can be clearly
labelled as classic or pseudo, for there are bulges that present a mix
of properties of the two types (Kormendy & Kennicutt 2004).

More recently, however, computer simulations such as
(Springel et al. 2005; Dubois et al. 2014; Vogelsberger et al. 2014;
Schaye et al. 2015; Kaviraj et al. 2017) (between others) allowed
more profound studies on galaxy formation and evolution (Martin
et al. 2019). Therefore the principles of the ideas commented above
changed slightly and other assumptions raised. For example, to cite
only: pseudobulges instead of being formed only by secular pro-
cesses, can also be formed trough dynamical process (Guedes et al.
2013), and also from major mergers (Keselman & Nusser 2012;
Grossi et al. 2018); dark matter haloes can also evolve in terms of
two phases (not only by secular evolution), early by major mergers
and later by minor mergers (Zhao et al. 2003; Diemand et al. 2007;
Ascasibar & Gottlober 2008).

Complementing these analysis, galaxy morphological classifi-
cation helps recognise the process that drove the galaxy evolution
Buta (2013). The first ideas were presented by Reynolds (1920)
and later by Hubble (1936), who separated galaxies in classes con-
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stituting the Hubble sequence - early to late types galaxies. Their
classification, and the main procedures adopted in the XX Century,
were based on visual examination of galaxy images. The procedures
of classification gained in detail along the years, new parameters and
schemes have been introduced but they remained based on the visual
inspection of the image by an expert (Morgan 1958; de Vaucouleurs
1959; van den Bergh 1960a,b; Sandage 1961; van den Bergh 1976;
Buta 2013),

Within this scheme of components as building blocks of galaxy
structure, it is relevant to quantify which structures are present in a
given galaxy and what is their contribution to the total galaxy light
compared to other components. There are several ways to accom-
plish that, in general by modelling each component in an analytical
fashion and then trying a combination of them that best describes the
galaxy light distribution (Caon et al. 1993; Peng et al. 2002; Simard
et al. 2002; de Souza et al. 2004; Erwin 2015, among others). This
process can describe the galaxy photometry very precisely, how-
ever there are some drawbacks. In cases of multicomponent, which
are the majority of galaxies, the minimisation data-model is nu-
merically unstable and converges only with the assistance of an
experienced user, which limits the range of the model parameters.
Furthermore, the joint component models fitted to the galaxy can be
degenerate for different combinations of the parameters (De Jong
et al. 2004; Andrae et al. 2011; Sani et al. 2011; Meert et al. 2013),
giving the same residuals within the photometric errors, and thus
are inconclusive. In some cases leading to situations where they are
not physically reasonable.

These restrictions can be overcomed with user inspection, as
mentioned. Nevertheless, the flood of photometric data that was
been made available in the last two decades, for example since the
first data release of SDSS (Abazajian et al. 2003) (to cite only one
big survey) urged us to reinvent our basic methods and tools to
appropriate from all the physical information contained in it. Thus,
a method which can infer the basic properties of the components of
a given galaxy automatically and non-parametrically could greatly
increase the amount of information we could gather from the sur-
vey’s data. In this way, we introduce the curvature of the galaxy’s
brightness profile «(R) with the purpose of inferring the galaxy’s
structural components.

The purpose in doing this is that x(R) may be used to iden-
tify if a galaxy is single or multicomponent, and in this case, it
would inform the radial scale length of each component. This is
possible because k calculated on the radial profile is a measure of
its steepness, and a priori each component has its own. We argue
that this new approach is more physically motivated than previously
ones because it is independent of parameters. In this paper we are
firstly introducing the concept and analysing the results in an non-
automated way, the automation and improvements is left for a next
paper.

This paper is structured as follows. In Section 2 briefly exposes
approaches similar to ours. In Section 3 we introduce our approach
for galaxy structural analysis and morphometry using the curvature.
In 4 we discuss the data sample used. The application of the tech-
nique to the data is carried out in Section 5. In Sections 6 and 7 we
discuss the results and summarize our results, respectively. Also,
supplementary material is found in the Appendix Sections.

2 RELATED WORK

Several techniques to distinguish galaxy components have been de-
veloped over the years. Basically they are classified whether they

perform the modelling in the extracted brightness profile of the
galaxy (1D modelling) or directly in the galaxy image (2D mod-
elling). The most widespread 1D approach is to fit ellipses to a set
of isophotes — an evolution of aperture photometry done at the tele-
scope (Jedrzejewski 1987; Jungwiert et al. 1997; Erwin & Sparke
2003; Cabrera-Lavers & Garzén 2004; Erwin 2004; Laurikainen
et al. 2005; Gadotti et al. 2007; Pérez et al. 2009).

For each isophote there is a collection of geometric and phys-
ical parameters that describe it, including the brightness profile
(energy flux as a function of distance) which is later used to com-
pare to a model of the components of the galaxy. As a side effect,
this technique is often used to identify behaviour in the parame-
ters (ellipticity, position angle, Fourier coefficients of the ellipse
expansion) that may indicate the domain of different components
or, in another context, to give hints of ancient interactions, mergers
or cannibalism. Also with a similar purpose, other non-parametric
approaches like unsharp masking (Malin 1977) (Erwin & Sparke
2003; Kim et al. 2012) and structure maps (Pogge & Martini 2002;
Kim et al. 2012) are used.

Unidimensional techniques are better suited to extract geo-
metric information of individual isophotes, but incorporating the
instrument response function (the PSF — point spread function) is
not trivial. Furthermore, there is no consensus on which distance
coordinate to use to extract the profile — major or minor axis or
different combination of both — whose choice impacts the leading
parameters Ferrari et al. (2004).

Two-dimensional algorithms operate directly in the galaxy im-
age, so there is no ambiguity in extracting the brightness profile.
Real PSFs can be incorporated in the models and the process (con-
volution) in this conserves energy. Their disadvantage are the high
computational cost — not so critical nowadays — and the instability to
initial conditions. This instability raises wildly with the number of
components and free parameters in the models. In some situations
(e.g. a combination of bulge, bar and disc), the algorithm only con-
verges if the initial parameters are very close to the final ones, which
makes the algorithm itself unnecessary (see for example Haussler
et al. 2007).

Regardless the method, 1D or 2D, the galaxy is then modelled
with a combination of components, usually described with a Sérsic
function (Sérsic 1968) with different n, scale lengths and intensity
to resemble a bulge, a disk, a bar and so on. (See for example Caon
etal. 1993; Peng et al. 2002; de Souza et al. 2004; Laurikainen et al.
2005; Gadotti 2008; Simard et al. 2011; Kormendy & Bender 2012;
Bruce et al. 2014; Argyle et al. 2018; Erwin 2015, and references
therein).

The curvature itself, as far as we know, has not been used in
the context of galaxy structural analysis, nevertheless it has been
used in different fields of science in a similar manner. In medicine,
for example, it is used to recognize the existence of breast tumors
(Lee et al. 2015), where it is applied on the imaging data of the
photograph of each patient’s breast in order to classify the tumors.
Luders et al. (2006) used the curvature to study the process of
brain gyrification according genre, a process present on the cerebral
cortex which forms folds, composed by peaks and valleys (see their
methodology for details). They have used the mean curvature as
a external measure of how the normal vector of the surface of
the brain changes across it. The idea behind it is similar to ours,
because here the curvature x(R) specifies how the normal vector
of I(R) changes along radius, giving information of what kind of
component is present in each specific region of the profile. Other
works using curvature were found on dental studies (Zhang 2015;
Destrez et al. 2018) and in general medicine (Preim & Botha 2014).
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3 CURVATURE OF THE BRIGHTNESS PROFILE
3.1 Definitions

With the purpose to identify galaxy substructures non-
parametrically we introduce the curvature of the brightness profile
k(R). The concept of curvature comes from differential geometry
(e.g. Tenenblat 2008): given a function f = f(x) it is possible to
measure how it deviates from a straight line (the same reasoning can
be extended to higher dimensional spaces) by means of a curvature
measure on f, that is x[ f(x)] = «x(x). Here we take f(x) to be the
radial brightness profile I(R) of the galaxy (more details below),
thus

d*I(R)
dR?
3/2°

2
. (dI(R))
dR

k(R) = ey

Equation (1) is a particular case when we have a one-
dimensional continuous function. However, in this work we will
deal with non-continuous quantities, which are the discrete data of
light profiles of the galaxies. Therefore, we seek for a discrete cur-
vature measure on our data which involves numerical operations.
For two discrete vectors representing two quantities, say / and R,
the curvature is defined as

_ OR;6%I; - 61;6°R; )
(OR? + 61%)3/2

where ¢ represents the numerical differentials (derivatives) between
the discrete i-values of R and /.

The curvature at a point P in a curve S is inversely proportional
to the osculating circle of radius R bypassing through that same
point whose surface normal vector points towards to the centre of
the circle, that is x o« 1/R (see, for example, schematics in Crane
et al. (2013); Lee et al. (2015)). This means that in any arbitrary
scale, both x-axis and y-axis variables must have the same units. In
other words, one variation in x need to have the same length as y (the
norm of the basis vector must have the same length), consequently
we can trace an osculating circle for a set of points near to a centred
point P. Otherwise we would have an ellipse instead of a circle,
and the curvature definition’s does not hold any more, since it is not
possible to drawn an osculating circle in the x — y space.

This makes sense in defining the curvature of a spatial surface
because x and y describes positions in that space. However, when
these two quantities does not have the same physical meaning, like
intensity / and radius R, some modifications are needed. Once es-
tablished that, given two different quantities / and R with distinct
scales, it is necessary to transform them into a space having equal
metric. This is accomplished finding a normalization to the equa-
tions (1) and (2). An example of normalization is to confine both
I(R) and R to vary in an equal interval, for example the unitary one
[0, 1].

Before we proceed to the normalization, there is a particular
result from the curvature for we should take into account: it is zero
for a straight line and non zero for other general cases. A galactic
disk generally follow an exponential profile (Freeman 1970) (see
Appendix A). Then in log space, this profile is a straight line and
we can conclude that the curvature of a disk in log space is close to
zero. With this in mind we argue that is more useful to normalize
the logarithm of I(R), log[I(R)], instead of I(R). Our point is that
we will be able to easily distinguish disks from non disks using .
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Hence a normalization v(R) for log[/(R)] in the range [0, 1] is
log[I(R)] — min(log I)

V(R) = max(log I) — min(log 1)

3

The next step is the normalization for R. We need to change
the variation of the dimensional variable R to another quantity
that is dimensionless and confine it in the range [0, 1]. Generally,
observations do not reach the faintest parts of a galaxy, so it is usual
to define a galaxy size. One common choice is the Petrosian radius
Rp (Petrosian 1976), defined by the radius where the Petrosian
function

_D®
n(R) = I® )
has a definite value, i.e.
n(Rp) = no. (%)

Here (I) (R) is the mean intensity inside R and I(R) the intensity
at R. Following (Bershady et al. 2000; Blanton et al. 2001; Ferrari
et al. 2015) we use here 79 = 5 with 2R, as the size of galaxy. The
normalization of R now reads
R
X =55 (6)
2Rp
The curvature in terms of normalized variables measures the rate
of change of v(R) in terms of the new variable y. So the complete
normalized curvature is obtained taking the derivative of v(R) with
respect to y. The relationship between the differentials of dR and
dy is
dR
dy = 57— (N
2Rp
With
dv dv d?v ) d>y

i ¢ Y ourdy 8
dy PR MY g2 TRz ®

we obtain the normalized curvature as

-3/2

2 2
F(R):4R12,2T; [1 +4R2 (d_v) ©9)

P\dR

We will use the expression (9) in Appendix A to derive the curvature
for a Sérsic profile.

Returning to the discrete case in Eq. (2), the discrete normal-
ized curvature in terms of the new variables is
Sxi 02v; — v 6% x;
)3/2

’[?:

(10)
(5/\/,-2 + (5vl.2

As an example, Figure Fig. 1 shows k measured for the EFIGI
galaxy NGC 1211/PGC 11670 (see Section 3.3), together with the
normalized profile v(R) and the related derivatives of v(R) (raw and
filtered, see Section 3.3) used to calculate the curvature.

The rationale behind using the brightness profile curvature k to
identify structural subcomponents in galaxy light is based on the fact
that the curvature of disks will be null whilst that of bulges will be
positive and dependent on its Sérsic index; regions highly affected
by the PSF would tend to be negative in k; the transition between
different components would be manifested in curvature changes;
galaxies with disks (either inner or outer) will present k that are
zero over the region dominated by the disk (see next section). In
Appendix A we work out the expressions for curvatures of Sersic
models (including disks). In Section 5 we develop this concepts
in practice examining how k behaves for different combinations of
galaxy subcomponents.
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Figure 1. Example of the procedure to calculate x(R) for the EFIGI/SDSS
data of galaxy NGC 1211/PGC 11670. Top: first derivative of I(R), raw
(blue) and filtered (green). Middle: the same but for the second derivative
of I(R). Bottom: log-normalized brightness profile v(R) (red) and the raw
(blue) and filtered (green) curvature. The filter is discussed in Section 3.3.
The solid vertical lines represent the possible transition between regions
dominated by different components, and will be explained latter on Section
5.1. The vertical dashed line delimit the regions where the signal-to-noise
S/N goes below 2 and we avoid to interpret profiles outside that region.

3.2 Measuring /(R) with MORFOMETRYKA

The brightness profile is measured as part of the processing done by
MorroMETRYKA (Ferrari et al. 2015). MORFOMETRYKA is an algo-
rithm designed to perform several photometric and morphometric
measurements on a galaxy image in an automated way with no user
interaction. The inputs are the galaxy image stamp and respective
point spread function (PSF) image. It then measures the background
in an iterative way, segmentates the image — separating galaxy, other
objects and background — and measure basic geometric parameters
of the segmented region, like the centre, the position angle, major
and minor axis. Based on this information, it performs aperture
photometry on similar ellipses from the centre up to 2R;, (the Pet-
rosian radius), spaced 2 pixel apart and having the width of 1 pixel.
The brightness profile /(R) is the azimuthally averaged value of the
ellipses aforementioned; the error is the standard deviation of the
same pixel set.

3.3 The Filters for k(R)

Measuring the curvature, according to Eq. (1), would be just a
matter of evaluating the first and second derivatives of the brightness
profile. In practice, with discrete points for /(R) contaminated by
noise, the direct estimation of dv/dR and d2v/dR2 are worthless
because the noise in I(R) is amplified by the derivative operator (a
high pass filter). Fig. 1 shows this noise magnification that yield a
very scattered curvature (blue points).

One way to overcome the limitations imposed by the noise is
to use a filter to enhance the signal-to-noise of the data. Many linear
filters attenuate the signal as well as the noise. For our purpose, we
need a filter that attenuates the noise but keeps the overall structure
present in the data. In general, the signal-to-noise ratio is higher in
inner regions of the galaxy data and decreases to outermost regions.
Therefore, the best solution to use in the filtering task is an adaptive
filter, which takes into account the level of the dispersion and adapts
the level of the smoothing accordingly.

We adopt a simple adaptive Gaussian filter G, which changes
the Gaussian dispersion o according to the local signal to noise
ratio. We write a linear relation between o and the radial distance
R, assuming that inner regions are less noisy and constituted by
small structures, and outer regions, more noisy and large structures,
which is true for the majority of galaxies. We then write

U'(R):(U'max_o'min)%"’o'min (11)
P

where oin is the standard deviation of the filter at the center of
the data and omax in the outermost region. Generally opin < 2
and omax ~ 0.1 X (2Rp,). We performed tests with this design and
verified that a single step of filtering in v(R) is enough to remove
effectively the noise from the data; to overcome edge effects caused
by the filter when smoothing points at the edges, we discard the
points corresponding to 20y at the beginning and 207max and
the end of k. — note that the green line of x(R) in Fig. 1 ends at
R/R, ~ 1.7.

4 DATA SAMPLE

The data in the present study is constituted by galaxies that al-
ready have been studied in terms of structural decompositions and
multicomponent analysis. We have selected galaxies contained in
the following works (Wozniak & Pierce 1991; Prieto et al. 2001;
Cabrera-Lavers & Garzon 2004; Lauer et al. 2007; Gadotti et al.
2007; Gadotti 2008, 2009; Compere et al. 2014; Salo et al. 2015;
Gao & Ho2017; Yildirim et al. 2017) (individual references bellow).
The data were extracted according to their availability in NED and
other databases. These are: EFIGI survey (Baillard etal. 2011), Hub-
ble Space Telescope Archive (HLA'), SPITZER Telescope (Dale
et al. 2009), Pan-STARRS-1 telescope2 (Chambers et al. 2016)

I Based on observations made with the NASA/ESA Hubble Space Tele-
scope, and obtained from the Hubble Legacy Archive, which is a collab-
oration between the Space Telescope Science Institute (STSCI/NASA), the
Space Telescope European Coordinating Facility (ST-ECF/ESA) and the
Canadian Astronomy Data Centre (CADC/NRC/CSA).

2 The Pan-STARRS1 Surveys (PS1) and the PS1 public science archive have
been made possible through contributions by the Institute for Astronomy, the
University of Hawaii, the Pan-STARRS Project Office, the Max-Planck So-
ciety and its participating institutes, the Max Planck Institute for Astronomy,
Heidelberg and the Max Planck Institute for Extraterrestrial Physics, Garch-
ing, The Johns Hopkins University, Durham University, the University of Ed-
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Figure 2. Output from mrmTK for the SDSS 7 image of NGC1211. The top panel shows (from left to right) the galaxy image, a single Sérsic fits model, residual
image, and the asymmetry A; and smoothness S; maps. The numerical quantities are related to photometry and morphometry. The Sérsic parameters used to
the model are the ones with the 2D index, performed in a two dimensional modelling (see Ferrari et al. 2015). The bottom right panel displays the surface

brightness profile u(R), the curvature x(R) and the polar plot used for oy, .

and Cerro Tololo Inter-American Observatory 0.9m (CTIO0.9m)
telescope3.

Tab. 1 introduces the following information for each galaxy:
the complete references, where the data was taken, the filter used
and the morphological classification found in the literature. Most
of galaxies are in the r band, corresponding to a wavelength around
6250 angstroms. NGC4251 is in the i band, with a wavelength
around of 7760 angstroms. For the HST images we have the filter
f160w, which corresponds to the H band with a wavelength peak
of 1.545 microns®. For the Spitzer galaxies, the filter correspond
to the IRAC3.6 band with a wavelength around of 3.6 microns.
‘We have limited our study to a small set of 16 galaxies in order
to lead a careful analysis with curvature. We selected galaxies in
each general morphology: ellipticals, lenticular, disk/spiral (with
and without bar).

The sample cover the following diversity:

inburgh, the Queen’s University Belfast, the Harvard-Smithsonian Center for
Astrophysics, the Las Cumbres Observatory Global Telescope Network In-
corporated, the National Central University of Taiwan, the Space Telescope
Science Institute, the National Aeronautics and Space Administration under
Grant No. NNX08AR22G issued through the Planetary Science Division of
the NASA Science Mission Directorate, the National Science Foundation
Grant No. AST-1238877, the University of Maryland, Eotvos Lorand Uni-
versity (ELTE), the Los Alamos National Laboratory, and the Gordon and
Betty Moore Foundation. https://outerspace.stsci.edu/display/
PANSTARRS /Pan-STARRS1+data+archive+home+page

3 http://www.ctio.noao.edu/noao/.

4 http://www.stsci.edu/hst/wfc3/ins_performance/ground/
components/filters.
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(i) galaxies with complex structure, e.g. bars, rings, arms, disks, which

are notably seem: NGC 1211 (Buta 2013), NGC 0936 (Wozniak &
Pierce 1991), NGC 1512 (Laurikainen et al. 2006; Compere et al.
2014), NGC 7723 (Prieto et al. 2001);

(ii) galaxies with fine structures, e.g. core, smooth bars or arms +

SO galaxies with smooth disks which barely can be identified:
NGC 0384 (Yildirim et al. 2017), NGC 1052 (Lauer et al. 2007),
NGC 2767 (Nair & Abraham 2010; Yildirim et al. 2017), NGC 4251
(Wozniak & Pierce 1991; Molaeinezhad et al. 2017), NGC 4267
(Wozniak & Pierce 1991), NGC 1357 (Li et al. 2011; Gao & Ho
2017), NGC 2273 (Cabrera-Lavers & Garzon 2004), NGC 6056
(Tarenghi et al. 1994; Prieto et al. 2001);

(iii) galaxies with well known structure in shape, for example ellipti-

cals: NGC 472, NGC 1270 (Yildirim et al. 2017);

With this set we investigate the behaviour of k(R) for each
representative morphology, recognizing how the curvature differs
between each type.

5 APPLICATIONS TO THE DATA SAMPLE

Now we will study the behaviour of k(R) for galaxies presented
in Tab. 1 with the aim to distinguish galaxy multicomponents and
decipher different morphologies. Each galaxy in our sample will be
discussed individually in separated sections, divided by their global
morphologies, e.g. lenticulars (Section 5.3), spirals (Section 5.4)
and ellipticals/spheroidal components (Section 5.5). We begin by
discussing « for two cases in detail: NGC 1211 and NGC 1357. The
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Table 1. Data sample used in this work.

i Galaxy Name + filter Morphology Origin Reference of the data

1 NGC0384-f160w SO3/E!-2 HST (Yildirim et al. 2017)

2 NGC0472-f160w VY CMPT? HST (Yildirim et al. 2017)

3 NGC0936-r SBO* EFIGI (Baillard et al. 2011)

4 NGC1052-r E!5 (+core®)/S0° EFIGI (Baillard et al. 2011)

5 NGCI1211-r SBO/a(r)’ EFIGI (Baillard et al. 2011)

6  NGCI1270-f160w E!/VY CMPT2 HST (Yildirim et al. 2017)

7 NGC1357-3.6um SA(s)ab! SPITZER (Dale et al. 2009; Sheth et al. 2010)
8  NGCI512-r SB(r)a! CTIO (Meurer et al. 2006)

9  NGC2273-r SB(r)a’ Pan-STARRS (Chambers et al. 2016)

10 NGC2767-r E!/s08 HST (Yildirim et al. 2017)

11 NGC4251-i SBO* SDSS (Alam et al. 2015)

12 NGC4267-r S03/SB0*-3 EFIGI (Baillard et al. 2011)

13 NGC4417-r SA0a° EFIGI (Baillard et al. 2011)

14 NGC4452-r SB(1)0c? EFIGI (Baillard et al. 2011)

15  NGC6056-r SB(5)0!-19/80/a!! EFIGI (Baillard et al. 2011)

16  NGC7723-3.6um SB(r)b!-10 SPITZER (Dale et al. 2009; Sheth et al. 2010)

! (de Vaucouleurs et al. 1991).
2 (Yildirim et al. 2017).

3 (Nilson 1973).

4 (Wozniak & Pierce 1991).

5 (Sandage & Tammann 1981).
6 (Lauer et al. 2007).

7 (Gadotti et al. 2007).

8 (Nair & Abraham 2010).

9 (Kormendy & Bender 2012).
10 (Prieto et al. 2001).

I (Tarenghi et al. 1994).

full data sample is discussed below. The complete set of figures for
the curvature are given in the Appendix A.

For each galaxy (see the model reference Fig. 3), we present the
broad band image of the galaxy in the top left panel. In the middle
panel we show the residual map from a single Sérsic fit to the broad
band image made with MORFOMETRYKA — for the structures are
easily visualized on it. For both, yellow dotted lines correspond
to regions identified in the curvature plot and yellow dot-dashed
line mark the 2R, region. The bottom panel shows the normalized
brightness profile v(R) (red curve — scale in the axis at right) and
curvature k(R) calculated from it (green curve — scale on axis at left).
The solid vertical lines delimitate regions of different components
(discussed below for each galaxies); they correspond to the yellow
ellipses in the images, but are inferred from the k behaviour. Vertical
dashed line is the limit of confidence of SNR = 2.

5.1 Case Study 1: Curvature of NGC 1211

We begin by analysing the x and components for galaxy NGC
1211 (PGC 11670) of the EFIGI sample. NGC 1211 is classified as
(R)SB(r)0/a (de Vaucouleurs et al. 1991), i.e. barred spiral/lenticular
with rings. In Fig. 3 it is shown the SDSS galaxy r image (top), the
residual from a single Sérsic fit by MorRFOMETRYKA (middle) and
the curvature k on the bottom. The behaviour of « is related to the
transition between regions dominated by different components. In
the galaxy image on the top panel, the size of the yellow dotted
lines overlaid were determined by the local peaks in the curvature
plot (bottom), signalled as vertical solid lines. They delimitate the
regions (identified by the labels) that are dominated by different
components.

Starting from the central region, we have two local peaks in k¥

at R/Rp ~ 0.1 and R/R;, ~ 0.3. The region inside the first (label 1)
seems to be a small structure inside the bulge which is represented by
region 2. However, both components have small values in curvature
compared to the maximum amplitude (at R/Rp, ~ 0.4), the bulge in
region 2 reaches values close to zero, therefore this indicates that
the Sérsic index of this component is close to 1 (this can also be
seen by the straight brightness profile in the region — red curve in
bottom plot). This may indicate that the bulge of NGC 1211 is a
pseudobulge. Note also that the component in the innermost region
also has a small k. In Méndez-Abreu et al. (2018) they comment that
NGC 1211 has an internal structure called “barlenses”, which is a
component different of a bulge contained inside the bar (Laurikainen
et al. 2010). Gadotti et al. (2007) also observed a nuclear structure
in this galaxy. Therefore, the signature in x in regions 1 and 2 are
not of a classical bulge, but indicate the presence of the nucleus and
a pseudobulge.

The second peak at R/Rp, ~ 0.3 is the transition between the
bulge with the bar+inner ring — a narrow and negative valley in k.
Usually Bars and inner rings are associated with narrow valleys in
k. For inner rings they are negative and for bars they can be negative
or not, however in general both have narrow valleys.

The third peak at R/R, ~ 0.75 defines the end of the bar
and the start of the outer region of the galaxy, label 4 and 5. The
transition 4 — 5 is indicated by the local peak at R/R, ~ 1.2.
The intermediate regions of 4 shows k ~ 0 regarding a disk like
structure. As indicated by Buta (2013), NGC 1211 has two outer
rings, the inner outer is red and the outer outer blue (see his Figure
2.30).
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Figure 4. Near infrared band (3.6um) of NGC 1357 from Spitzer telescope.
Labels and graphic positions are the same as Fig. 3, and the same for the
remaining figures. Region 1 is the bulge (high and large peak in k ). Region
2 is the disk with spiral arms and the outer disk is region 3 with low values in
curvature. Again, the dashed vertical line (SNR=2) is our limit of confidence.
See the text for further details of this galaxy.

Figure 3. Top: SDSS r image for NGC1211 from the EFIGI sample.
The yellow lines represent each component of the galaxy. These regions
were drawn from the local peaks in the green line of k(R) (see bellow).
The numbers in the yellow ellipses and in the k plots refer to the same
regions. Middle: Residual from a single Sérsic fit to the image above made
with MorFOMETRYKA. For both, yellow dotted lines correspond to regions
identified in the curvature plot below; yellow dot-dashed line is the 2R,
region. Bottom: Normalized log-brightness profile (red curve) and curvature
k calculated from it (green curve). The solid vertical lines delimit regions
of different components (see text for details). The vertical dashed line is the
limit of confidence of SNR=2.
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5.2 Case Study 2: Curvature of NGC 1357

NGC 1357 is a non-barred spiral galaxy classified as SA(s)ab (de
Vaucouleurs et al. 1991). Gao & Ho (2017) considered that the
galaxy have two disks: an inner blue disk which contains well de-
fined spiral arms, and an outer red disk with no spiral arms. Fig. 4
shows the curvature for NGC 1357.

The bulge is indicated by the region of high curvature (1); the
valley at (2) is related to the tight shape of the spiral arms, having a
ring-like shape. The valley in k is an evidence of the ring structure,
pointed out by Li et al. (2011); Gao & Ho (2017). We found that
a high and narrow negative gradient in curvature is characteristic
of ring and bar components — which corresponds to Sérsic index
lower than unity. The transition of this ring with the spiral structure
corresponds to the middle inwards part of region 2. However, all
spiral structure is contained inside region 2 which is the inner disk.

The transition between the inner and the outer disk is under-
pinned by the decrease in the oscillations after the local peak at
R/R; ~ 0.65, therefore region 3 corresponds to the outer disk with
no spiral arms. As mentioned before, a disk has values of k close to
zero. In following Section, we extend the same analysis for the rest
of the sample, separating them according to each morphological
type. The remaining the figures are in Appendix B.

5.3 Lenticular Galaxies
NGC 936

NGC936 is classified as barred lenticular galaxy SBO (Wozniak &
Pierce 1991), formed by a structure of bulge+bar+disk. In Fig. B1
we infer from k that the bulge dominates region 1, while the bar
becomes dominant in region 2 — indicated by the strait valley and
negative k. It ends close to R/R;, ~ 0.5. Bar properties were also
extracted by Mufioz-Mateos et al. (2013), regarding the bar length.
The peak in x at R/R;, ~ 0.5 indicating the end of the bar seems to
be in agreement with the outer limit found by the authors (see their
figure 3). The bar of NGC 936 was also studied by Erwin & Sparke
(2003) together with a nuclear ring inside the bar region. Returning
back to the inner component, x is nearly constant and ~ 1. This
suggest that the inner region is not a classical bulge, rather being a
pseudobulge, which also contains a nuclear ring.

In region 3 (around R/R;,, ~ 0.8) we see a broad and smooth
valley of negative curvature, and subsequently being close to zero
for R/R, > 1.0 — this pattern appears because the disk is of type II
(Erwin et al. 2008; Mufloz-Mateos et al. 2013) which explains the
broad valley. It is possible to discriminate a valley in k entailed by
the disk of Type II morphology and one related to a ring or a bar.
Valleys for bars and rings have high negative gradient in k and are
thin in width (see additional examples in FiGures 3, 4, B1, B2, B6,
B7, B8 and B9).

NGC2767

NGC 2767 is classified as an elliptical (de Vaucouleurs et al. 1991)
and as an SO (Nair & Abraham 2010). However, the structure of this
galaxy is not trivial to be resolved. Yildirim et al. (2017) comment
that the PA twist in the centre of the galaxy may imply the existence
of a bar and a dust disk. Examining % in Fig. B2 shows the existence
of two peaks and a narrow deep valley, revealing that the galaxy has
at least three components (regions 1, 2 and 3). The bulged central
part is demarcated by 1. The valley in 2 (R/Rj, ~ 0.4), even not
being negative (but ~ 0), is much smaller than the neighbouring

peaks in terms of amplitude, therefore pointing to a bar component.
The region 3 seems to be of a disk structure of type II, very similar
to NGC 936 (note that after R/Rp, ~ 1.0, the curvature almost van-
ishes). A final note is that, photometrically, the bulge of this galaxy
is indicated to be pseudobulge due to the behaviour of k in the inner
part of the profile — it takes some distance from the centre to increase
significantly until the transition region at R/R;, ~ 0.4. Summariz-
ing, in agreement with Yildirim et al. (2017), the curvature entail
that the galaxy may have a bulge+bar+disk structure. The residual
image in the middle panel of Fig. B2 demonstrates these structures
well within the delimited regions gathered from the curvature in
bottom plot.

NGC4267

In earlier catalogues (Nilson 1973) NGC 4267 was classified as SO.
In Sandage & Tammann (1981) and more recent works (Wozniak &
Pierce 1991; Jungwiert et al. 1997; Gadotti & de Souza 2006; Erwin
etal. 2008) it is suggested the presence of a bar. The shape of k(R) is
shown in Fig. B3. In comparison to NGC 2767, NGC 4267 exhibit
an akin radial profile, however « is considerably different. Region
1 around R/Rp, ~ 0.3 refers to the bulge while the disk takes part
in the remaining of the profile in region 2 (lower k below zero). In
respect to the bar, the curvature does not trace a sign of it because the
pattern of a narrow valley is not exhibited. Also combining together
the curvature and the residual image (middle panel of Fig. B3),
shows no evidence of a photometric bar component. In relation the
bulge and the disk, the transition of both is highlighted by the peak
in k at R/Rp ~ 0.3. The inner region shows an abrupt increasing
of k from zero to the transition region with the disk, therefore this
points that the bulge is a classical bulge. This is in agreement with
Fisher & Drory (2010) (see their Table 2).

NGC 4251

NGC 4251 is classified as SO (Nilson 1973; Sandage & Tammann
1981) and SBO (de Vaucouleurs et al. 1991), but the confirmation of
a bar component is not direct. Wozniak & Pierce (1991) performed
a multicomponent analysis and reaffirmed its existence, having oval
shape similar to the bulge. Molaeinezhad et al. (2017) indicates
the presence of a bar based on the kinematics of the galaxy. Fisher
(1997) noted that there is no bar in this system. The bar pattern for ¥
does not appear in Fig. B4, still we delimitate the galaxy in regions.
Region 1 and 2 (the part of the bulge) shows that the inner structure
has a spheroidal shape. Analysing the residual image, great part
of region 3 is supposed to be the bar, while 4 is the disk, since
Kk decrease — do not account for R/R;, > 1.5, where k increases
again, because of the filter. For this galaxy the limit S/N ~ 2 is
externally to the cutted profile. Also, the pattern for bars found in
other galaxies is not present in NGC4251.

NGC4417

NGC4417 is classified as SBO:edge-on (de Vaucouleurs et al. 1991;
Hinz et al. 2003) and also SO:edge-on (Sandage & Tammann 1981;
Nilson 1973). In the curvature plot of Fig. BS, two peaks stand out
in the first half of the R, region: 1 and 2 seems to have a bulge
morphology, while 3 is a disk. Analysing k, it seems plausible that
it distinguish two components inside R/R;, ~ 1.0, the first part
identified by the first peak and the second by the second peak. Both
components have small k (the values in the intermediary region are
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lower than the transitions). Kormendy & Bender (2012) argued that
the inner part is an inner disk and 2 is the bulge5 with a boxy shape
due to a faint bar. This seem reasonable to confirm here because the
behaviour in k resembles a bar, as we are arguing here. However,
in this case we could not differentiate the bulge from the bar. In the
residual image it is clear that there are signs of two components, in 1
a more oval shape while in 2 a boxy one. A final comment is related
to the peak in k close to R/R;, ~ 1.5. Due to the signal-to-noise
limit and considering that this region is close to the edge of the
galaxy, we do not treat it as a transition of components.

NGC4452

NGC 4452 is an edge-on SBO(I) galaxy having a small pseudobulge
(Kormendy & Bender 2012). In the curvature plot of Fig. B6 is
seen a small component at the centre (R/R;, < 0.15). Since the
first component has a small k¥ and does not increase immediately,
it is confirmed a pseudobulge component, however not being well
pronounced due to the few data points. From that point to R/R), ~
0.5 the value of k reaches negative values and has the bar pattern, as
exposed by Kormendy & Bender (2012). The bar extension goes to
R/R; ~ 0.53, marking the transition between the bar and the lens
(Kormendy & Bender 2012). The third smooth peak at R/Rp, ~ 1.1
indicates the emergence of an outer disk with low positive value in
curvature.

5.4 Spirals
NGCI512

NGC 1512 is classified as a barred spiral galaxy SBa (de Vau-
couleurs et al. 1991), however there are many references bringing
up other components in its morphology: rings, pseudorings, nu-
clear ring and pseudobulge, see for example (Laurikainen et al.
2006; Fisher & Drory 2008). According to Compere et al. (2014),
who conducted a deep study on this galaxy, it has a bulge, a bar and
a disk.

Fig. B7 shows the results for k. The region inside R/R), < 0.5
shows two components delimited by the local peak at R/R;, ~ 0.15,
and both shows small k compared with the overall curvature profile,
therefore one must consider a pseudobulge component. From Lau-
rikainen et al. (2006); Compere et al. (2014), the innermost region
(1) is a nuclear ring. Region 2 is dominated by the bulge. If fact,
by the shape of k it is a pseudobulge, which is in agreement with
Fisher et al. (2009); Fisher & Drory (2010).

Regarding the bar, it seems that pseudobulge and bar coexist
(the change in the position angle and ellipticity between the bulge
and the bar is very smooth, see figure 4 of Jungwiert et al. (1997)),
with the bar connecting the pseudobulge and the outer ring — accord-
ing to Fisher & Drory (2008), a pseudoring (region 3). This does
not allow « to distinguish the bar from the pseudobulge — in region 2
there is not a significant narrow valley to indicate it. Fisher & Drory
(2008) also did not fit a bar component separately to NGC 1512 and
considered only a Sérsic+Exp fit to it.

What is noticeably is the outer ring, the peak at R/R, ~ 0.5
points to the transition between the pseudobulge+bar with this ring,
which is dominant in region 3. The last smooth peak at R/R;, ~

5 Kormendy & Bender (2012) found a prominent bulge (B/T ~ 0.88) to
this galaxy.
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1.1 bound the dominance of the outer ring with a faint disk (k
approaches to zero).

NGC2273

NGC 2273 is classified as SBa (Nilson 1973) and SB(r)a (de Vau-
couleurs et al. 1991). In Fig. B8 the curvature indicates a small
bulge contained inside R/Rp, ~ 0.1 (region 1). Considering the val-
ley in region 2, it retain a significant gradient in x in comparison to
the first and second peaks, this suggest a bar component. The next
valley in region 3 is formed by two tightly wound spiral arms Lau-
rikainen & Salo (2017), which behaves like a ring. The fourth peak
at R/R, ~ 0.5 makes the transition of this ring with the outermost
region of the galaxy.

Cabrera-Lavers & Garzon (2004) worked on in details consid-
ering the previous structures, adding a lens component and assum-
ing that the outer region is a disk. Also, they argue that the bulge is
prominent, nevertheless « advises that the bulge is not too promi-
nent. Erwin & Sparke (2003) says that this galaxy is four-ringed,
two of them outer rings (outer region). The curvature give a picture
of these rings in regions 4. The evidence that the bulge is not to
prominent can be explained by the fact that the inner region can
be formed by other components: Moiseev et al. (2004) noted that
the bar is of large scale; Erwin & Sparke (2003); Moiseev et al.
(2004) also assert that the innermost region can be built by a nu-
clear spiral while Mulchaey et al. (1997) says that it is a secondary
bar. Therefore, an acceptable constrain that x gives for NGC 2273
is a bulge+bar+ring/disk structure.

NGC7723

NGC 7723 is classified as SB(r)b/SB(rs) (de Vaucouleurs et al.
1991; Comerén 2013). Fig. B9 shows the result of the curvature
for NGC 7723. The bulge is contained inside the region 1 delimited
by R/R, ~ 0.1. Eskridge et al. (2002) says that the central part of
this galaxy is composed by a boxy bulge with a symmetric nucleus
embedded in. As indicated by Xk, it has a pseudobulge — note that k¥
does not increases continuously and fast, it took up to R/R;, ~ 0.2
to grow abruptly until the transition region at the peak. This hint of
a pseudobulge is in agreement with Prieto et al. (2001) (they found
an unitary Sérsic index in r-band).

Analysing the valley in region 2 together with the residual
image we see that it is related to a bar and a ring. However, the
bar is much more prominent (Prieto et al. 2001) than the later and
it becomes non-trivial to demonstrate the existence of a ring. In
fact, this component is considered to be a pseudoring formed by the
way the spiral arms emerges from the bar (del Rio & Cepa 1998;
del Rio & Cepa 1999; Prieto et al. 2001; Eskridge et al. 2002). In
Aguerri et al. (2000); Prieto et al. (2001) they mentioned the ring
structure but in their structural decomposition they have not taken
it into account. The spiral arms begin at R/R;, ~ 0.35 — observe the
oscillations in k. del Rio & Cepa (1998) made another commentary
arguing that there is a disk outside the spiral arms, which is seen in
K after R/R;, ~ 1.0 because k ~ 0.

NGC 6056

This galaxy is considered to be an barred spiral with an internal
bulge (SB(s)0) (de Vaucouleurs et al. 1991; Prieto et al. 2001), and
also non-barred (S0/a) (Tarenghi et al. 1994). In k of Fig. B10, the
bulge is within R/R;, < 0.18 (first peak). The valley in 2 is the bar
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(the same behaviour in k as the other galaxies), and confirmed by
Prieto et al. (2001). The transition of the bar with the outer disk
(spiral) is the local peak at R/R;, ~ 0.6.

A pseudobulge component was pointed by Prieto et al. (2001)
and they found a Sérsic fit of n = 1.1 in the r band. This is the
only galaxy in our sample (but quite similar to NGC 4452) that the
pseudobulge part does not shows the same behaviour in k(R) as
the other galaxies. We may attribute this to the low resolution of
the galaxy image — note that there are few data points in the region
pertaining to the bulge.

5.5 Spheroidal components

Unlike spiral and lenticular galaxies, whose components are struc-
turally very diverse (bulge, bar, spiral arms and disk, for example),
in the case of spheroidal galaxies (the various kind of ellipticals,
bulges and some lenticular) the differences in the components are
much more subtle. Consider, for instance, that many elliptical galax-
ies substructures cannot be seen in raw images, but rather, reveal
themselves after image manipulation techniques, such as unsharp
masking, brightness profile modelling and so on. In this way, we
may regard that the effects that the different component of elliptical
galaxies have on the curvature are more faint than for spiral galaxies.

NGC 1270

NGC 1270 is classified as an elliptical galaxy (de Vaucouleurs et al.
1991) and further as a compact elliptical galaxy (Yildirim et al.
2017). The curvature k(R) is displayed in Fig. B11, its shape is
not continuous (as expected) and having small oscillations of low
scale. However, the curvature has a smooth overall shape, is high
in inner regions (around R/R, ~ 0.2) and drops to near zero at
large radius. As can be seen in the residual image, the central region
(R/Rp < 0.25) indicates an inner spheroidal component with dif-
ferent properties compared to the main body of the galaxy (missing
light regarding the model for the main body). There is a sign of a
small disk within R/R;, < 0.1 aligned with the apparent main axis
of the galaxy.

NGC472

NGC 472 is a compact elliptical galaxy (Yildirim et al. 2017). Sim-
ilar to NGC 1270, it does show some perturbations in the inner
regions — the two local peaks are attributed to inhomogeneities
— but the shape of k follows an overall shape resembling a pure
component, which is smooth and increases in the inner region and
decreases for the outermost part. A single Sérsic fit of n = 5.8
returned a robust representative model, since there is no residual
structures in the outer regions.

NGC 384

NGC 384 is classified in literature as E (de Vaucouleurs et al. 1991;
Yildirim et al. 2017) but also SO (Nilson 1973). In comparison to
NGC 472 and NGC 1270, %(R) is quite different (Fig. B13) due to the
emergence of the substantial oscillations in the region R/Rp, < 0.5.
These delineates some internal and small structure. In the residual
image of Fig. B13 it is readily seem such structure with a disk oval
shape.

NGC 1052

NGC1052 is classified as an elliptical galaxy (de Vaucouleurs et al.
1991) and as E/SO (Sandage & Tammann 1981). Lauer et al. (2007)
indicates the presence of a core. In Fig. B14 the curvature suggests
some possibly transition around R/R),, ~ 0.15, in which, therefore,
might be between the core structure and the remaining structure of
an elliptical. Milone et al. (2007) (and references therein) conclude
that NGC 1052 has a rotating disk. The curvature seems to indicate
such kind of component because it has small values around R/R), ~
0.75, this is also seem in the residual image.

6 DISCUSSION

Galaxy structural analysis has been traditionally tackled with para-
metric methods of model fitting. Currently, given the amount of data
available, there is a growing need of using non-parametric methods
that do not have an underlying model and that require less user in-
tervention. The curvature, being non-parametrical, provide us with
a framework that allow us to automate the galaxy structural analysis
and thus its appliance to large datasets..

With our set of 16 galaxies, distinct behaviours appeared con-
cerning the curvature. The basics is that regions dominated by differ-
ent structural components have its own shape in the surface bright-
ness and we can use x to unveil the difference between each one.
The curvature is sensitive to smooth (e.g NGC 384, NGC 6056) or
abrupt variations (e.g. NGC 1512, NGC 7723) of the light profile.
High concentrated regions have high values of k, but transitions
between high to low concentrated also reveal high k or (in some
cases) even higher than a high concentrated component itself. This
happen because along the radius, a transition is a smooth discon-
tinuity of the inner part, which gives rise to the next component
— i.e. the point where the profile changes from one component to
another — frequently has a different slope (higher) than the slope
characteristic of each profile alone. Below we discuss the signature
of each component in the curvature profile related to the individual
galaxies.

Bars

Bars and rings show a depression pattern in k where these compo-
nents dominate. For NGC 936 and NGC 2767 (Fig. B1 and Fig. B2
respectively) the bars have a distinct valley between the two local
peaks 1 — 2 and 2 — 3, respectively. These bars are represented
by the narrows valleys in k (note the difference between a narrow
valley in k related to a bar and a broad valley related to a disk type II
in region 3 of NCG 936). For the faint bar of NGC 2273 (Fig. B8),
the curvature exhibit a deep but non non-negative valley in region 2
(between the two local peaks). We found that the depression in k for
bars is not always negative , but considerably lower than the local
peaks. Galaxies NGC 1512 (Fig. B7) and NGC 4251 (Fig. B4) does
not have a clear indication of a bar in (region 2 and 3, respectively).
Despite this, considering that the bar exists in fact — according to
the literature — for both galaxies, bulge and bar appear to show a
subtle transition.

Rings

Galaxies NGC 1512 (Fig. B7), NGC 2273 (Fig. B8) and NGC 7723
(Fig. BY) have rings. They exhibit a high and narrow negative gra-
dient in region 3(first two) and region 2 (last one). These ring
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structures are also likely to be formed by the tight morphology of
the spiral arms after the end of the bar. Between rings and bars, the
rings showed more pronounced narrow valleys in k.

Disks and spiral arms

The most notable galactic disk absent of spiral arms that shows
values of k close to zero is that of NGC 4267 (Fig. B3). For NGC 936
(Fig. B1) the disk is of Type 11, therefore it shows a valley in region
3, but the outer part approaches zero. A similar result is found for
NGC 2767 (Fig. B2). Another case is NGC 4417 (Fig. BS) which
in region 3 shows a decreasing k and reach small values, regarding
that not all galaxy disks follows a n = 1 Sérsic law, therefore there
are disk components that exhibit k > 0 or k¥ < 0.

NGC 1357 (Fig. 4), NGC 2273 (Fig. B8), NGC 7723 (Fig. B9)
and NGC 6056 (Fig. B10) have spiral arms. For NGC 7723 the
spirals arm are well identified by x at the inner to middle part of
region 3, due to the homogeneous oscillations. Galaxy NGC 1357
also shows two oscillations of this kind from the middle onwards
part of region 3. For NGC 2273, the pattern in x is not well defined,
but we still get an indication of a perturbed disk in region 4. The
spiral galaxy in which the spiral structure does not appear clearly is
NGC 6056.

Spheroidal

For our elliptical galaxies the curvature behaviour also revealed
interesting results. For NGC 384 (Fig. B13) k revealed an inner
component due to the in the region R/Rp, < 0.5, whichis ainner dust
disk. For NGC 472 (Fig. B12), NGC 1052 (Fig. B14) and NGC 1270
(Fig. B11) k also indicates perturbations of I(R). This behaviour
indicates that these galaxies are not a complete homogeneous system
but are formed by heterogeneous light distribution. This means that
even in systems with subtle variations of the brightness profile, we
can unveil the existence of perturbations in the galaxy’s structure.

Pseudobulges

Another important result we found on this work is the behaviour
of k for pseudobulges. Inner regions that shows small values of
curvature compared to the values of posterior regions might infer
pseudobulge components. In our sample the cases are NGC 1211
(Fig. 3), NGC 936 (Fig. B1), NGC 2767 (Fig. B2), NGC 1512 (Fig.
B7), NGC2273 (Fig. B8) and NGC 7723 (Fig. B9). For NGC 2273
this pattern is not too clear. For NGC 2767 there is no reference in
literature indicating that the bulge is pseudo — here we point that it
is.

In summary, in pseudobulges the curvatures displayed a dis-
tinct pattern. Since pseudobulges are more similar to disks, having
nearly-exponential surface brightness profiles (Laurikainen et al.
2016), the curvature might in general shows a behaviour that resem-
bles a disk, we mean this by having small values in inner regions
and no abrupt variations (fast increasing) in some range of R.

7 SUMMARY

We summarise bellow our conclusions in using the curvature of
the brightness profile for structural analysis.zz We have introduced
the curvature of the brightness profile of galaxies as a tool to iden-
tify and study their different structural components, most notably
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bulges, bars, discs, rings and spiral arms. The underlying argu-
ment for such is that these components have distinct Sérsic index
(or concentration) which directly impact the curvature. But, unlike
standard multicomponent modelling of light profiles, the curvature
is non parametric and does not depend on model parameters.

We measured the curvature profile for structural analysis to
16 galaxies (Tab. 1) comprising different morphologies. For these
galaxies, we identified their structural components and inferred their
domain regions in terms of the local peaks in k(R); Following the
peaks in the measured curvature profile we spotted the matching
regions in the image and residual maps where the different compo-
nents can be identified and related to the curvature behaviour. Thus
regarding the curvature curve (in terms of logarithm normalized
scale of intensity): (i) Disks have a broad profile in the curva-
ture with near zero (Type I) or negative (Type II) values. (ii) Bars
and rings have narrow negative valleys in k (more pronounced for
rings); (iii) pseudobulges have small values (compared to the high-
est absolute values) or near zero curvature in their regions; (iv) the
curvature in elliptical galaxies shows that they are not completely
homogeneous system.
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APPENDIX A: CURVATURE FOR A BULGE+DISK
SERSIC PROFILE

A good description of brightness profile of different components of
galaxies is given by the Sérsic law (Sérsic 1963; Sérsic 1968; Ciotti

& Bertin 1999)
I/n
R
(R_n) -1 } (A1)

where R, (effective radius) is the radii that contain half of the total
luminosity of the galaxy integrated to infinity L(R = Ry) = 0.5Ly,
and I, is the effective surface brightness, i.e. the value of I(R) at
R = Ry, and n controls the concentration of the profile. The term b,

is defined to make the above definitions hold Ciotti & Bertin (1999)
1 4 46
by =2n—- -+ + —.
" 3 40512 25515n2

Here we derive the curvature of a Sérscic law for a single

I(R) = I, exp {—bn

(A2)
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Figure Al. Plots of Equation (A9) for different Sérsic indexes. The higher
is n, the higher is k in the inner regions, which is reasonable because high n
represent inner components. Note that for large R, the k profiles are similar.

component. As commented, to remove the scale on /, we use nor-
malization given by (3). Taking the logarithm of equation (A1) we
have

n

R 1/n
v(R)zlogI(R)=10g1n+b(n)[1—(R—) ] (A3)

Since we consider galaxies extending up to 2R, the maximum and
minimum are at R = 0 and R = 2R),, respectively, hence

max log I = I(0) = log I, + b(n) (A4)

2R 1/n
minlog 7 = I(2Rp) = log I + by |1 - ( R”) (AS5)
n

thus, inserting these into (3) gives

I/n
R ) . (A6)

R=1-|—
v(R) (2 %
This result is independent of /,, and R,, because of the normalization
on / and on R. The first and second derivative are

1-n

dv(R) 1 (R \ 7
- = A
dR 2R,n (2Rp) (A7)
2R n-1( R \7"
ASIANL (—) . (A8)
dR*  4RZn2 \2R,

Using these two result in equation (9) we obtain the normalized
single Sérsic curvature:

R(R) =

(A9)

Fig. Al shows plots of (A9) for different values of n against
the normalized variable y = R/(2R),). For a disk, which frequently
follows an n = 1 law, we obtain that k = 0 because the numerator
vanishes. For n > 1, k is proportional to n (in the inner regions),
for outer regions the Sérsic law becomes more flat and k behaves a
disk.

APPENDIX B: ADDITIONAL CURVATURE PLOTS
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Figure B12. The same as Fig. 3, but for NGC 472 from HST (f160w).
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Figure B13. The same as Fig. 3, but for NGC 384 from HST (f160w).
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Python code for (R)

Allimplementations were done in Python, version 2. 7. with libraries numpy, scipy, pyfits, pylab,
matplotlib and astropy. Also, the MORFOMETRYKA algorithm was used: i) for image segmenta-
tion; ii) star masking; iii) calculation of 7(R); iv) calculation of the petrosian region R,; and v) residuals

of the images.

The algorithm associated to 3¢(R) takes as input the profile /(R) to be processed further, as is

shown bellow.

#!/usr/bin/python
#—* coding: utf-8—=
Heurvature. py

from __future__ import division
import matplotlib.pyplot as plt
import numpy as np

import scipy as sp

import scipy.integrate as si
import scipy.signal

import argparse

import os

from matplotlib import gridspec
import pylab as pl

from matplotlib import cm

import astropy.io.fits as pf



class kurv_mfmtk ():
def config(self):
’Initial configurations.’
self.Smin = self.RAIOS[—1]1%9.004%0.5
self.Smax = self.RAIOS[—1]1%9.08%0.5
self.window = 16 ]ﬁj‘b}" /€%V2d
self.order = 3
def __init__(self,filename,psf_name=None,Raios=None,IR=None,Rmin=None):
self.filename = filename
self.psf_name = psf_name
#Call movfometryka
import morfometryka700 as mfm
import morfometrykalib700 as mfl
self.s = mfm.Stamp(self. filename,self.psf_name)
self.p = mfm.Photometry(self.s)
self.gal_image = self.p.galnostars #[él/eé‘ the sqgmented leEﬁWN’W
self.RP = self.p.Rp
self.RAIOS = self.p.Raios
self.Ir = self.p.IR
self.IRerror = self.p.IRerr
self.IRshape = len(self.Ir)
self.config()
self.kurviDlog ()
self.plot_cur ()
def kurviDlog(self):
"Calculate K(R)’
def renormaliza(x):
print x.min(Q),x.max()
return (x— x.min())/(x.max() — x.minQ))
def gaussian(x, x0, sigma):
return 1./(sigma*np.sqrt(Z.*np.pi)) * np.exp(——GC—XQ)**Z./(2.*sigma**2.))

def apply_filter(I,R,PLOT=False):



Sigma = ((self.Smax—self.Smin)/R[—-ﬂ)*R + self.Smin
Inew = np.zeros_like(I)

for i in range(len(I)):
G = gaussian(np.arange(len(I)), float(i), Sigmali] )
G=G/G.sum()

Inew[i] = (I *

G).sum()
if PLOT==True:
plt.plot(R/(@.S*R[——1D,I,label:“original“)
plt.plot(R/(@.S*R[——ID,Inew,labelz"filtered”)
plt.plot(R/(@.S*R[——lD,I—inew,labelz"residual")
plt.legend ()
plt.gridQ)
return Inew
def Hentropy(data, bins=256,b=1,normed=1,meth="scott"):
’Shannon entropy (Ferrari, 2015).°
h = pl.histogram(data, bins=bins, normed=True)[0]
pimg = h/float(h.sum())
S = pl.sum([— p*pl.log(p) for p in pimg if p!=0 1)
if normed==1:
N = pl.log(bins)

else:

return S/N,bins
from scipy.ndimage.filters import gaussian_filter as GF
from medpy.filter.smoothing import anisotropic_diffusion as AD
self.Raios_new, self.IR_new = self.RAIOS, self.Ir
self.nu = apply_filter(renormaliza(np.log(self.IR_new) ),\
self.Raios_new,PLOT=True)
self.nu_o = renormaliza(np.log(self.Ir))

self.MUR =——2.5*np.logl@(self.Ir[self.Rmin:])

* *

self.MURerr = —2.5/(np.log(10) self.Ir[self.Rmin:]) self.IRerror[self.Rmin:]

#First derivatives



self.dI = np.gradient(self.nu_o,1)

self.dIs = np.gradient(self.nu,1.0)

self.dR = np.gradient(self.Raios_new/self.Raios_new[—1],1.0)

#Second derivatives.

self.d2Is =np.gradient(self.dIs,1)

self.d2I = np.gradient(self.dI,1.0)

self.d2R = np.gradient(self.dR)

#Curvature

self.Kurvature_s = (self.dR* self.d2Is — self.drs™ self.d2R) / \
np.power(self.dR** 2 + self.dIs** 2, 1.5)

#pdate filtered quantities.

self.dIs = self.dIs[self.Npts_i:]

self.d2Is = self.d2Is[self.Npts_i:]

self.Raios_new = self.Raios_new[self.Npts_i:]

self.Kurvature_s = self.Kurvature_s[self.Npts_i:]

#Curvature without filter.

self.Kurvature = (self.dR[self.Npts_i:]* self.d2I — self.dr*® self.d2R[\
self.Npts_i:]) / np.power(self.dR[self.Npts_i:]** 2 + self.dr** 2, 1.5)
#Calculate the entropy of the kurvature profile.
self.kur_entropy,self.kur_entropy_bins = Hentropy(self.Kurvature_s,b\
bins=int(self.RP/2),b=1)

print "Entropy =",self.kur_entropy

#Separate the positive values from negative values of the curvature.
positive_kur = np.zeros(len(self.Kurvature_s))

negative_kur = np.zeros(len(self.Kurvature_s))
positive_kur[self.Kurvature_s>0] = self.Kurvature_s[self.Kurvature_s>0]
negative_kur[self.Kurvature_s<0] = self.Kurvature_s[self.Kurvature_s<0]
init = 2*int(self.Smin)+int(1)*3

index_max=int (len(self.Raios_new)*1.4%0.5)

self.mean_kurv = self.Kurvature_s[init:index_max].mean()
self.cumsum_kurv = self.Kurvature_s[init:index_max].sum()

self.positive_mean_kurv = positive_kur[init:index_max].mean()



self.negative_mean_kurv = negative_kur[init:index_max].mean()
self.positive_cumsum_kurv = positive_kur[init:index_max].sum()
self.negative_cumsum_kurv = negative_kur[init:index_max].sum()
maxKindex = np.argmax(self.Kurvature_s[init:index_max])
minKindex = np.argmin(self.Kurvature_s[init:index_max])

#Ilis takes only the ma point of k(R)

self.KurPeak = self.Kurvature_s[init:index_max][maxKindex]
self.RKurPeak = self.RAIOS[init:index_max][maxKindex]

#For mimm value:

self.KurValley = self.Kurvature_s[init:index_max][minKindex]
self.RKurValley = self.RAIOS[init:index_max][minKindex]

RRR = self.RAIOS/self.RP

#Total Area unde b(R).

self.Area = si.trapz(self.Kurvature_s[init:index_max]\
,RRR[init:index_max])

#Positive Area under k(R).

self.Area_pos = si.trapz(positive_kur[init:index_max]\
,RRR[init:index_max])

#Negative Area under k(R).

self.Area_neg = si.trapz(negative_kur[init:index_max]\

,RRR[init:index_max])

print "Area under K(R) =",self.Area
print " + =",self.Area_pos
print " — =",self.Area_neg

print "<K(R)> =",self.mean_kurv

print len(self.Raios_new), len(self.IR_new)

print self.Raios_new[—1], self.RP

#eurvature 20— kur 2d

dx,dy = np.gradient(renormaliza(np.log(abs(self.gal_image))),1.0)
self.dI_2D = np.sqrt(dx**2.+dy**2.)

try:

dxs,dys = mfl.savitzky_golay_2d(renormaliza(np.log(abs(self.gal_image))),\



int((self.window)/2.), self.order,derivative = "both")
except:
dxs,dys = mfl.savitzky_golay_2d(renormaliza(np.log(abs(self.gal_image))),\
int((self.window)/2.+1), self.order,derivative = "both")
self.dIs_2D = np.sqrt(dxs**2.®+dys**2.0)
dxs2,dys2 = mfl.savitzky_golay_2d(self.dIs_2D,int(self.window+1), self.order,\
derivative = "both")
self.d2Is_2D = np.sqrt(dxsz**z.®+dy52**2.®)
dx2,dy2 = np.gradient(self.dI_2D,1.0)
self.d2I_2D = np.sqrt(dx2**2.+dy2**2.)
self.Kurvature_s_2D = ( self.d2Is_2D )/ ( 1. + (self.dIs_2D)**2. )**(3/2.)
self.Kurvature_2D = ( self.d2I_2D )/ ( 1. + (self.dr_2p)**2. y**(3/2.)
self.Kurvature_s_2D = self.Kurvature_s_2D[self.Npts:]

self.Kurvature_grad_2D = ( self.d2I_2D )/ ( 1. + (self.dI_2D)**2. Y**@/2.)
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