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Περὶληψη

Στη παρούσα διπλωματική εργασία εξετάσαμε μερικά ανοικτά θέματα της εξέλιξης των

γαλαξιών τα οποία οφείλονται στο γειτονικό τους περιβάλλον, κι είναι βασισμένα στην

ανάλυση της μορφολογίας τους. Στη μελέτη χρησιμοποιήσαμε εικόνες σε οπτικά και

υπέρυθρα μύκη κύματος κι επικεντρώθηκαμε σε δύο διακριτά δείγματα γαλαξιών. Κατά

συνέπεια, η μελέτη είναι διαιρεμένη σε δύο τμήματα.

Το πρώτο τμήμα ασχολείται με τη μορφολογική ταξινόμηση 89 φωτεινών υπέρυθρων

γαλαξιών (Luminous Infrared Galaxies: LIRGs, συστήματα με συνολική υπέρυθρη

εκπομπή ακτινοβολίας μεγαλύτερη από 10
11 L�), οι οποίοι προέρχονται από το δείγμα

GOALS (Great Observatories All Sky LIRG Survey), κι έχουν απεικονιστεί με το

διαστημικό τηλεσκόπιο Hubble. Το GOALS είναι ένα πλήρες υποσύνολο του RBGS

(Revised Bright Galaxy Sample) ενός δείγματος φωτεινών γαλαξιών οι οποίοι παρα-

τηρήθηκαν από το υπέρυθρο τηλεσκόπιο IRAS, και αποτελείται από 202 συστήματα στο

τοπικό σύμπαν (ερυθρομετατόπιση ≤ 0.09). Η δραστηριότητα των LIRGs σχετίζεται
με αλληλεπιδράσεις πλούσιων σε αέριο δισκοειδών γαλαξιών, είτε με μικρούς γειτονικούς

γαλαξίες, είτε με άλλους μεγάλους δισκοειδείς με τους οποίους τελικά συγχωνεύονται,

δημιουργώντας στην πορεία συστήματα με φωτεινότητες άνω των 10
12 L�, τους Ultra

Luminous Infrared Galaxies: ULIRGs. Αυτές οι αλληλεπιδράσεις οδηγούν το αέριο

προς το κέντρο του συστήματος παράγοντας τεράστια ενέργεια στα κεντρικά σημεία είτε

με σχηματισμό νέων αστέρων με μεγάλους ρυθμούς (∼ 10 − 200 M� / έτος) είτε με
πρόσπτωση ύλης σε έναν ενεργό γαλαξιακό πυρήνα ActiveGalacticNucleus (AGN). Για

τους παραπάνω λόγους, οι LIRGs είναι ιδανικοί για τη μελέτη φαινομένων που σχετίζον-

ται με σχηματισμό νέων αστεριών. Επιπλέον, στο μακρινό Σύμπαν οι LIRGs αντιπρο-

σωπεύουν το σύντομο (∼ μερικά 108
έτη) αλλά ενεργητικά σημαντικό μετασχηματισμό

των κανονικών γαλαξιών σε ελλειπτικούς και φακοειδείς (S0) γαλαξίες. Η βελτίωση της
κατανόησης των κοντινών αυτών συστημάτων ειναι καθοριστική για παρόμοιες μελέτες

σε απομακρυσμένους LIRGs οι οποίοι είναι υπεύθυνοι για το μεγαλύτερο ποσοστό της

πυκνότητας ενέργειας στο υπέρυθρο φως για z > 0.5.

Στο δείγμα GOALS υπολογίσαμε αυτόματα μη-παραμετρικούς συντελεστές (Gini και

M20: τη δεύτερη τάξη επιφανειακής πυκνότητας φωτός) ώστε να ποσοτικοποιήσουμε τη

μορφολογία τους στο οπτικό (B και I φίλτρο) καθώς και στο υπέρυθρο (H και 5,8 μm).

Διερευνήσαμε τη μορφολογία των (U)LIRG ως συνάρτηση της αστρικής μάζας (M?),

της υπέρυθρης φωτεινότητας (LIR), του ρυθμού σχηματισμού αστεριών (SFR) και της

θερμοκρασίας της σκόνης (Tdust) και βρήκαμε ότι η M20 είναι πιο αξιόπιστος μορφολογι-



κός δείκτης απο το Gini, καθώς μας επιτρέπει να διακρίνουμε απομονωμένα συστήματα

από αλληλεπιδρώντα ή υπολείμματα συγχώνευσης γαλαξιών. Η ανάλυση σε πολλαπλά

μήκη κύματος μας επιτρέπει να εντοπίσουμε μια περιοχή στο παραμετρικό χώρο Gini -

M20 όπου βρίσκονται αλληλεπιδρώντες γαλαξίες. Αυτή η συγκεκριμένη περιοχή καθορί-

ζεται καλύτερα στο φίλτρο Η. Διερευνώντας τη κατανομή των γαλαξιών στο χώρο sSFR

(ειδικός ρυθμός σχηματισμού αστεριών) - M20, βρίσκουμε επίσης ένα παραμετρικό δια-

χωρισμό μεταξύ κρυμμένου και εμφανούς, στο οπτικό, σχηματισμού νέων αστεριών. Το

sSFR συσχετίζεται θετικά με την M20 όταν υπολογίζεται στη μέση υπέρυθρη ακτινοβο-

λία (οι γαλαξίες με πιο έντονο σχηματισμό αστέρων εμφανίζουν πιο συμπαγή εκπομπή),

ενώ αντισταθμίζονται με την M20 όταν ο υπολογισμός γίνεται στο φίλτρο Β. Αυτό έχει

σημαντικές συνέπειες για αντίστοιχες μελέτες σε μακρινούς γαλαξίες με σκόνη, όπου οι

παρατηρήσεις, λόγω ερυθρομετατόπισης, γίνονται σε υπεριώδη μήκη κύματος.

Στο δεύτερο μέρος της εργασίας, εστιάσαμε στην ανάλυση, σε οπτικό και κοντινό

υπέρυθρο φως, περισσότερων από 1000 γαλαξιών σε 9 σμήνη, επιλεγμένους από το

Wide− field Nearby Galaxy− cluster Survey (WINGS). Το WINGS αποτελεί μια

μελέτη μεγάλου πεδίου με φωτομετρική απεικόνιση σε πολλά μηκή κύματος και φασματο-

σκοπικής ανάλυσης 77 κοντινών σμηνών γαλαξιών. Υπολογίσαμε μια σειρά από βασικές

παραμέτρους (φαινόμενο μέγεθος, πραγματική ακτίνα (Re), δείκτη Sersic (n), άξονα ανα-

λογίας και γωνία θέσης) χρησιμοποιώντας το υπερσύγχρονο λογισμικό GALAPAGOSII

ώστε να εξετάσουμε την μεταβολή της μορφολογίας των γαλαξιών που βρισκονται σε

σμήνη ως συνάρτηση του μήκους κύματος και του περιβάλλοντος και να τους συγκρίνουμε

με γαλαξίες που ειναι απομονωμένοι. Το πλεονέκτημα της συγκεκριμένης μεθόδου είναι

οτι μπορούμε να δημιουργήσουμε ταυτόχρονα μοντέλα σε τρία οπτικά (u, B και V ) και δύο

υπέρυθρα μήκη κύματος (J και K), μελετώντας με έναν αυτοσυνεπή τρόπο την εκπομπή

ακτινοβολίας απο τους γαλαξιες αυτούς. Διαπιστώνουμε ότι δεν υπάρχει σημαντική μετα-

βολή στα μοντέλα με το μήκος κύματος (ο δείκτης Sersic παραμένει σχεδόν σταθερός)

ενώ η ακτίνα (Re) μειώνεται καθώς το μήκος κύματος αυξάνεται για όλους τους μορφο-

λογικούς τύπους γαλαξιών. Το περιβάλλον (όπως υπολογίζεται από την προβαλλόμενη

τοπική επιφανειακή πυκνότητα, Σ10, και την απόσταση από το κέντρο των σμηνών) δεν

επηρεάζει ουσιαστικά τις τιμές των δομικών παραμέτρων (n και Re) για τους γαλαξίες

που βρίσκονται σε περιοχές με ακτίνα μικρότερη από 0.64 × R200 (κοντά στο κέντρο των

σμηνών). Τα αποτελέσματα μας δείχνουν σαφώς ότι οι πιο φωτεινοί γαλαξίες σμήνους

έχουν το φως τους συγκεντρωμένο στο κέντρο τους και είναι πιο συμπαγείς (εμφανίζουν

υψηλές τιμές n και μικρότερη Re). Επιπλέον, οι παράμετροι φωτός (N) και μεγέθους (R)

των φωτεινών γαλαξιών που βρίσκονται σε σμήνη διαφέρουν αρκετά ως συνάρτηση του

μήκους κύματος από αντίστοιχα φωτεινούς αλλά απομονωμένους γαλαξίες.
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Abstract

The present thesis is examining a few open topics of galaxy evolution due to their
environment, based on the analysis of galaxy morphology using imagery in optical and
near-IR wavelengths. Our study was focused on two distinct samples, and it is thus
divided in two parts.

The first part deals with the morphological classification of 89 luminous infrared
galaxies (LIRGs), systems with total infrared emission brighter than 1011 L�, of the
Great Observatories All-sky LIRG Survey (GOALS) sample, that have been imaged
with the Hubble Space Telescope. GOALS is a complete subset of the IRAS Revised
Bright Galaxy Sample (RBGS) and consists of 202 systems in the local Universe (z
< 0.09). The activity in LIRGs is largely interaction triggered, with the progenitors
observed to be gas-rich disk galaxies involved in primarily minor interactions (at the
low luminosity end) or major merger events (at luminosities over 1012 L�: ULIRGs).
These interactions drive inflows of gas which give rise to both intense nuclear star
formation (with star formation rates, SFR ∼ 10 - 200 M�/yr) and Active Galactic
Nuclei (AGN) activity. As such, LIRGs are ideal for studying star formation in extreme
environments and the interplay between star formation and AGN. At the high LIR end,
LIRGs represent the brief (∼ several 108 years) but energetic transformation of normal
disk galaxies into elliptical and S0 galaxies. Improving our understanding on of these
systems will be critical for similar studies of starbursts in cosmologically distant LIRGs
which comprise the bulk of the IR energy density at z > 0.5.

We used automatically calculated non-parametric coefficients (Gini and M20; the
second order of light surface density) to quantify their morphology in the optical (B-
and I-band) as well as in the infrared (H-band and 5.8µm). We explored the morphol-
ogy of (U)LIRGs as a function of stellar mass (M?), infrared luminosity (LIR), star
formation rate (SFR) and dust temperature (Tdust). We find that M20 is a better mor-
phological tracer than Gini, as it allows us to distinguish systems that were formed by
double systems from isolated and post-merger LIRGs. Our multi-wavelength analysis
allows us to identify a region in the Gini-M20 parameter space where ongoing merg-
ers reside, regardless of the band used. This particular region is best defined in the
H-band, with minimal contamination from LIRGs in other stages. Exploring the dis-
tribution of our galaxies on the specific SFR (sSFR)-M20 plane, we also find a spatial
decoupling between obscured and unobscured star formation. The sSFR is positively
correlated with M20 when measured in the mid-infrared (star-bursting galaxies display



more compact emission) while it is anti-correlated with the B-band- measured M20.
This has important implications for high redshift surveys of dusty sources, where sizes
of galaxies are routinely measured in the rest-frame ultraviolet.

In the second part of the thesis, we focus on the analysis of optical and near NIR
observations of over 1000 galaxies in 9 clusters, selected fromWIde-field Nearby Galaxy-
cluster Survey (WINGS), a wide field multi-wavelength imaging and spectroscopic sur-
vey of 77 nearby galaxy clusters. We calculated the structural parameters (magnitudes,
effective radius (Re), Sersic index (n), axis ratio and position angle) using the state of
the art software GALAPAGOSII to examine how galaxy structure varies as a function
of wavelength and environment, by comparing with similar field galaxies. We simulta-
neously fit single-Sersic functions on three optical (u, B and V) and two near-infrared
(J and K) bands thus creating a wavelength- dependent model of each galaxy. We find
that the light profiles of cluster galaxies do not substantially change (nearly constant
Sersic index) with wavelength while Re decreases across all bands for all morphological
types. The environment (as measured by the projected local density and distance from
the clusters center) does not substantially affect the values of structural parameters
(n and Re) for galaxies that are located in regions smaller than 0.64×R200 (close to
the cluster center). Our results clearly show that brighter cluster galaxies are more
concentrated and compact (display high n values and smaller Re values). Moreover,
the light profile (N) and size (R) parameters of bright cluster and non-cluster galaxies
are distinctly different as a function of wavelength.
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1

Introduction

"Fearless courage is the foundation of victory."
May, 2014, San Francisco, CA

1.1
About nebulae and galaxies;

A historic overview
It has been, more or less, 13.8 Gyrs since the beginning of the universe. People used
to observe the night sky looking for answers in order to satisfy their dreams and imag-
ination as well as to improve their daily life. Astronomy was born 3.000 to 4.000 years
ago in the region that two great rivers, Tigris and Euphrates meet. Historically, the
area is known as Mesopotamia (see Fig. 1.1), a word of greek origin which means "(the
land) between the rivers".

Nowadays, Mesopotamia covers the region of most of Iraq, Syria and Iran. The
fact that many civilizations lived together in a prosperous area made Mesopotamia the
center of the ancient world (hence the word "Fertile Crescent"). Sumerians, an ancient
nation that came to Mesopotamia from the depths of Asia, passed their knowledge
about the night sky to the Assyrians and Babylonians. Fig. 1.2 shows a Babylonian
plate from 1300 BC indicating the Sun, the Moon, Venus and the Milky Way. All this
legacy was passed to the ancient Greeks (many Sumerian and Babylonian constellations
are the same with those of Greeks), the 1st civilization who made Astronomy a field

1



1. INTRODUCTION

Figure 1.1: The ancient Mesopotamia - "(The land) between the rivers"

of science. Democritus, the ancient Greek philosopher, was the first to propose that
the Milky Way consists of light from distant stars and he stated that the universe may
contain other worlds.

Aristotle, the "Father of Western Philosophy", fully supported that the Milky Way
consists of "those stars which are shaded by the earth from the sun’s rays," Aristarchus
of Samos, was the first to support the idea of a heliocentric model. Besides the ancient
Greeks, Persians, Egyptians, Arabs, Chinese and the Mayas contributed to astronomy
by making maps of constellations, measuring the radius of the Earth, studying the
motions of stars, planets and the Moon. However, the real revolution in astronomy
occurred after the invention of the telescope. In 1610, Galileo Galilei, using a dutch
made telescope1, looked up to the heavens for the first time in recorded history. That
was the beginning of modern observational astronomy, using instrumentation which
improved the abilities of the human senses. However, the small cloudy patches (or
"nebulae", the modern term for visually diffuse astronomical objects) in the celestial
sphere remained a mystery of heavens.

1.1.1 Searching for Nebulae

The question of what is the nature of the fuzzy celestial objects has been expressed in
1755, by the well-known philosopher Immanuel Kant who suggested through his work

1Dutch eyeglass makers named Hans Lippershey (or Lipperhey) and/or Zacharias Jansen cre-
ated/invented the telescope at 1609.
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1.1 About nebulae and galaxies;
A historic overview

Figure 1.2: A piece of rock plate of Babylonians (Koudouros) dated at about
1.300 BC at the era of Nebuchadnezzar I. - The Moon is surrounded by the Sun
(on the right) and Venus (on the left). The great snake represents the Milky Way. The
horizontal lines are the houses of the Moon. Credits: Uranography, Hariton Tomboulidis

(Kant 1755 (2)) "The Universal Natural History and Theories of the Heavens" that
"these elliptical figures are just universes and, so to speak, Milky Ways, like those whose
constitution we have just unfolded" 1 (Island Universe Hypothesis). Actually, Kant’s
idea was expanded from the english mathematician Thomas Wright. In his work, "An
original theory or new hypothesis of the Universe" published in 1750, (Wright 1750 (3)),
Wright explained that many "faint nebulae are actually incredibly distant galaxies". On
the other hand, Pierre-Simon Laplace was the proponent of a second hypothesis. In
his "Exposition of a World System" he showed that the spiral objects in the night sky
were internal or close to the Milky Way structure and that the universe is the Milky
Way (Nebular Hypothesis). From the observational point of view, the first evidence
of nebulae were revealed when the French astronomer Charles Messier was trying to
find the comet that Edmund Halley predicted. His observations (from 1758 until 1781)
identified nearly one hundred nebulae. Messier’s catalogue was the stimulus that gave
to William Herschel the motivation of scouring the sky and search for new nebulae.
With the precious help of his sister, Caroline, he observed the night swatch of Great
Britain and published the General Catalogue contained more than 2.500 nebulae and

1Reference: Shapley s Scientific Record
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star clusters. A first attempt to define the size and shape of the Milky Way was also
done by William Herschel in 1785. Inspired by the solar-centic universe, he placed the
Sun close to the center (see Fig. 1.3). His assumptions were that all stars have equal
luminosity, stars are uniformly distributed along the Milky Way and that he could
observe up to the edge of the Galaxy. Unfortunately, he did not take into account the
dust effects of the Milky Way.

A similar work was done by the Dutch astronomer Jacobus Kapteyn in 1922. His
theory predicted an island "Kapteyn" universe (like an ellipsoidal with a decreasing
density from the center to the outer parts) with the Sun close to the center. Un-
fortunately, his model was also not appropriate due to the the lack of knowledge of
interstellar absorption.

Figure 1.3: First map of Milky Way by William Herschel - William Herschel tried
to make a map of the Milky Way. His assumptions were that all stars have equal luminosity,
stars are uniformly distributed along the Milky Way and that he could see up to the edge
of the Galaxy. The Sun is the brightest dot at the center of the the image.

The legacy of William Herschel was passed to his son, John. He continued his
father and aunt work in astronomy and in 1864 he published the General Catalogue of
Nebulae and Clusters of Stars (GC) with 5.079 objects.

In 1888, the Royal Astronomical Society asked John Louis Emil Dreyer to publish
an updated version of William and John Herschel catalogues. The result was the New
General Catalogue (NGC), a catalogue that contained 7.940 objects (not only galaxies
but also star clusters and planetary nebulae).

The research for the true nature of nebulae continued by an Anglo-Irish astronomer,
William Parsons, the 3rd Earl of Rosse. One of the major achievements of William Par-
sons was the improvement of the "nebular hypothesis". Parsons and his employers
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Figure 1.4: Leviathan of Parsonstown - The largest telescope of the 19th century.
Credits: Mauro Dameri

used the world’s largest telescope, the 72-inch Rosse telescope or "Leviathan of Par-
sonstown", in terms of aperture size, until the early 20th century (Fig. 1.4) and saw
for the first time the structure of the "Whirlpool" spiral galaxy (M51) as well as the
stellar components of the Orion nebula.

Since the late 19th century, astronomers used their eyes in order to study the
observations taken by the telescopes, as the data were sketches of nebulae that they
created with a pen and a piece of paper while they were observing the night sky (Fig.
1.5).

The real revolution in astronomical data started in the last decade of the 19th cen-
tury. Isaac Roberts, even though an amateur astronomer, became a pioneer of the
astrophotography of nebulae. In the beginning, he used to observe the night sky with
a 7-inch refractor telescope at his backyard. Excited with the visual observations, he
decided to make experiments with astrophotography. Due to his knowledge in engineer-
ing, he mounted photographic plates in the focal plane. Nebular photography became
possible. In 1886 Roberts exhibited the first images/photographs of the Pleiades, Orion
and Andromeda galaxy to the Royal Astronomical Society in Liverpool. The morphol-
ogy of these nebulae were finally revealed.

In the next years, the field of astrophotography increased the number of nebular
observations. This lead Dreyer to publish the Index Catalogue of Nebulae and Clusters
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Figure 1.5: Sketch of the Whirlpool galaxy - Sketch made by Lord Rosse (William
Parsons, 3rd Earl of Rosse) of the Whirlpool Galaxy in 1845.

of Stars (IC), a supplement of the NGC. The first part (IC I) was published in 1895 and
contained 1520 objects while in 1908 the second part (IC II) contained 3866 objects.

1.1.2 The discovery of galaxies
In the beginning of the 20th century, even if there were a lot of observations from the
telescopes, the theories of Nebular Hypothesis (Laplace) and Island Universe Hypoth-
esis (Kant) did not explain the nature of nebulae.

A great step forward was done in 1912. Spectroscopic studies of nebulae were taken
by the American astronomer Vector Slipher. He found that bright nebulae are moving
away from us. This was the first reference about redshift (shift in the spectral lines).
Actually, Slipher along with James Edward Keeler (Lick & Allegheny Observatories)
and William Wallace Campbell (Lick Observatory) were the first to provide evidence
of the expansion of the universe before Edwin Hubble.

The ball of thread was uncurled by a female scientist. Henrietta Swan Leavitt was
an American astronomer. She was a member of a great team that was called "Human
computers", a characteristic that was given to a person that made only mathematical
calculations. The content of Leavitt’s project was the study of variable stars. Edward
Charles Pickering (boss of the "Human Computers" team at Harvard) had many doubts
about Leavitt’s study. He couldn’t imagine that Leavitt would make a huge discovery
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that would change the history of Astronomy. In 1908, Leavitt presented her work (see
Fig. 1.6) to the Annals of the Astronomical Observatory of Harvard College. She had
discovered that few variable stars follow a simple relation: Brighter variable stars have
longer periods. With the so-called "Leavitt law" or the "period-luminosity relationship"
(L-P) astronomers could measure the distance of galaxies.

Figure 1.6: Discovery paper of Leavitt - 1777 Variables in the Magellanic Clouds,
by Henrietta S. Leavitt." Annals of the Harvard College Observatory, Vol. LX, No. IV,
Published by the Observatory, Cambridge, Massachusetts, 1908.

A danish astronomer, Einar Hertzsprung, trusted the "Leavitt law" and took it a
step further. One year later, Hertzsprung callibrated the luminosity and he measured
the distance of the variable stars (that he called Cepheids) in the Maggelanic clouds.
Unfortunately, there was a mistake in his calculations. The distances were 10 times
closer to Earth.

The correct distances of globular clusters and the size of the Milky Way was elab-
orated by Harlow Shapley, an American astronomer and head of the Harvard College
Observatory, supporter of Copernican principle about the position of the Earth in the
universe. Shapley fully endorsed the idea that the "spiral nebulae" were part of the
Milky Way. Shapley was one of the two astronomers who participated in the Great De-
bate in April 26th, 1920 in Washington DC. The main question concerned the nature of
nebulae and subsequently the size of the universe. The Great Debate was a conference
about cosmic distances and it may be considered as the beginning of the extragalactic
studies.

Two very famous astronomers (Fig. 1.7) put together their ideas in the "Scale
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of the Universe". Heber Doust Curtis, an American astronomer and director of the
Allegheny Observatory, supported the theory of "Island Universes", that the "spiral
nebulae" were outside of our galaxy at distances up to 10.000.000 (or more) light years.
The Milky Way has approximately the same diameter with the spiral nebulae in the
order of ∼ 30.000 light-years and it is 5.000 light-years thick. Finally, the remaining
type of celestial objects except the spirals (like the globular clusters), are located inside
the Milky Way. On the other hand, the theory of Shapley presented a different

Figure 1.7: Harlow Shapley & Heber Curtis - The two astronomers of the Great
Debate in Extragalactic Astronomy.

point of view about the universe. Shapley was confident that the spiral nebulae "are
not composed of typical stars at all, but are truly nebulous objects" 1. In addition, he
argued that spiral nebulae are not part of the Milky Way and that they have velocities
that break away from large star densities. Shapley claimed that our galaxy was 10
times larger (300.000 light-years in diameter) and 6 times thicker (30.000 light- years)
than Curtis has previously found. Finally, even though he agreed with Curtis on the
nature of the globular clusters, he measured different distances. At the end of the day,
there was no real conclusion of the Great Debate. Shapley had stronger arguments
than Curtis. Both cases lacked strong evidence about the distance of the Andromeda
galaxy and finally they could not explain the rotation of M101 nebula that van Manaan
observed.

If anyone could measure the distance of Andromeda and/or reproduce van Man-
aaan’s observations correctly, he could solve the mystery. The questions and the out-
come of the Debate had to wait three more years to be answered. At Mount Wilson
Observatory, near Pasadena, California, Edwin Hubble pointed the 100-inch Hooker

1Reference: The Scale of the Universe, Part I
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telescope to the Andromeda nebula studying the properties of Cepheid stars. On the
night of October 5th, 1923, Hubble marked three stars as novae in his photographic
plate (see Fig. 1.8) but then he realised that one of them was actually a variable star.

Figure 1.8: A variable in Andromeda galaxy - The first image of ("Hooker plate 335
by Hubble" (H335H) shows the photographic plate, on which Hubble marked nova and,
eventually, the first Cepheid he identified in 1923. Credits: Carnegie Observatory.

With the discovery of the first Cepheid variable star in Andromeda, Hubble was
able to measure the distance to M31 using the L-P relationship that Shapley used. He
found that Andromeda is ∼ 1,000,000 ly away. Hubble continued the observations and
in 1925 put an end to the Great Debate showing that Andromeda has a size equal to the
Milky Way and it is located ∼ 3.2 Mly away. The work of Hubble was revolutionary. He
proved that other galaxies exist and that the universe was much larger that astronomers
thought. Nebulae had become galaxies.
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1.2
Morphological classification of

galaxies
The contribution of Edwin Hubble in astronomy did not finish in estimating the distance
to M31. In 1936 he published a book known as "The Realm of the Nebulae", (Hubble
1936 (4)), and together with his work in 1926, (Hubble 1926 (5)), he developed a
classification scheme for galaxies which is widely used until today.

At this point, we should not forget that Wolf 1908 (6) made the 1st classification
of nebulae (not galaxies at that epoch) which is shown in Fig. 1.9. He combined the
photographic plates taken at Heidelberg and he tried to make a classification between
amorphous nebulae and objects that they exhibit spiral pattern using letters.

Figure 1.9: Wolf classification scheme of galaxies/nebulae in 1908. - The top row
of his original diagram, which showed galactic nebulae (mostly planetaries), is not shown
here.

Hubble’s classification was influenced by the work of John Reynolds, a British as-
tronomer who published a classification scheme for spiral galaxies/nebulae in 1920. He
divided galaxies into categories based on their visual appearance in the photographic
plates. The result was the so-called Hubble Tuning Fork (see Fig. 1.10).

On the base of the fork (left side), Hubble placed galaxies that exhibit a smooth
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Figure 1.10: Hubble tuning fork - Hubble’s original tuning-fork diagram as published
in 1936 in his Realm of the Nebulae.

ellipsoidal shape and a smooth, nearly featureless brightness profile. He called them
ellipticals (E). On the right, Hubble put the spiral galaxies. Based on the appearance
of a bar in their center, spirals are divided into normal (S) and barred (SB). On the
right edge of the fork lie galaxies that lack elliptical or spiral structure. These galaxies
are called irregulars. Between elliptical and spiral galaxies there is (probably) the most
enigmatic type in the whole Hubble sequence, the Lenticular galaxies (S0). These
galaxies have a disk shape like spirals, and a smooth light distribution like ellipticals.
Lenticular galaxies are considered to be in an transition phase between spirals and
ellipticals.

Initially, Hubble thought (wrongly) that there is an evolutionary path that origi-
nates from ellipticals to spiral galaxies. For that reason, he named elliptical and lentic-
ular galaxies as early type galaxies while spirals and irregulars as late type galaxies.
These two names are used until today.

1.2.1 Elliptical galaxies
Hubble defined elliptical galaxies based on their elliptical shape projected on the plane
of the sky. The index of each class is defined by 10 times the ellipticity (ε) which is
given by:

ε = 1 − β/α (1.1)

where β and α are the apparent minor and major axis of the projected ellipse. There
are only seven classes of ellipticity for elliptical galaxies (elliptical galaxies with index
more than 7 have never been observed).
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The physical properties of ellipticals are the following: they consist of old stellar
populations and contain very small amounts of gas and dust (50% of all ellipticals have
amounts of gas and dust with typical masses in the range of ∼ 105 - 106 M� (Caroll &
Ostlie (7)). The most massive ellipticals have stellar masses up to 1013 M� and sizes
up to hundrends of kpc. The most bright ellipticals have absolute magnitudes near
MV = −23. On the other hand, less massive ellipticals (∼ 109 M�) have small sizes
(tens of kpc) and the faintest ones have MV > -8.

One characteristic of the Hubble tuning fork is that the sequence of ellipticals does
not follow any correlation with physical characteristics of galaxies. The main division
tool is ellipticity. For that reason and due to the fact that ellipticals cover a wide range
of morphological characteristics, nowadays astronomers divide ellipticals according to
their size and/or their luminosity, and their surface brightness. The simplest division
of ellipticals is based on their morphology and places them into 5 classes : cD, normal
ellipticals, dwarf ellipticals, dwarf spheroidals, and blue compact dwarfs (Caroll &
Ostlie (7)).

Figure 1.11: The elliptical galaxy M87 - The elliptical galaxy M87. Credits: NASA,
ESA and the Hubble Heritage team.

A special class of elliptical galaxies, who reside in the densest parts of galaxy clus-
ters, are the cD galaxies (see Fig. 1.11). Their sizes are enormous (reaching up to
∼ 1Mpc across), they are massive 1013 − 1014M�, they contain diffuse envelopes and
huge amount of dark matter (indication of their large M/L ratio and a large number
of globular clusters around them). Their evolution differ significantly from other el-
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lipticals. These massive galaxies are formed through galactic cannibalism or accretion
of galactic material that is stripped from the satellite galaxies by tidal forces (on the
initial conditions of the group) (Garijo et al. 1997 (8)).

Normal ellipticals are divided based on their luminosity in giant, intermediate and
compact ellipticals. These galaxies have masses from 108M� up to 1013M�, sizes from
1 to 200 kpc and they have high surface brightness values in their center.

Dwarf ellipticals (dE) are the most common galaxy type in the universe. dE are
smaller in size and have low masses compared to normal ellipticals (1-10 kpc and 107-
109M�). In addition they have lower metallicities than normal E.

Dwarf spheroidals (dSph) are extremely small in size and have low-surface bright-
ness. These galaxies, due to their low-luminosity, have been only detected in the prox-
imity of the Milky Way.

The last dwarf elliptical class is the blue compact dwarfs (BCD). In contrast with
the other ellipticals, these galaxies exhibit blue colors (B-V=0.03, indication of their
population of A stars and their star formation) have masses around 109M�, sizes
∼ 3kpc and they have available significant amounts of gas (106 − 108M�). dE and
dSph lost their gas in processes like SN winds or ram-pressure stripping (see Section
1.4.4).

The whole family of ellipticals and the bulges of spirals, follow a simple relation
which connects the central radial velocity dispersion σ with the absolute magnitude in
the B-band, the so-called Faber-Jackson relation which is a consequence of the virial
theorem. Nevertheless, the scatter of the data in that relation is quite large, suggesting
the addition of a second parameter in the relation, the effective radius (Re). This led
to the definition of the fundamental plane of ellipticals Eq. 1.2, according to which
elliptical galaxies lie in a two-dimensional surface within a space with coordinates their
size, luminosity and velocity dispersion.

L ∼ σ2.65
0 R0.65

e (1.2)

1.2.2 Spiral galaxies
Spiral galaxies is the second galaxy type that Hubble recognised. These galaxies consist
of a stellar disk and a central concentration made of older stars that is called the "bulge".
The disk contains young stars and large amounts of gas and dust. Inside the disk we
observed spiral patterns that are locations with high concentration of gas, dust and
stars that lead to higher star formation. Luminous OB main-sequence stars and HII
regions are located in the spiral arms, making them extremely bright in the optical
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images. A grand spiral galaxy is shown in Fig. 1.12. Lin & Shu (1969) (9) suggested
the theory of quasistatic density waves in order to interpret the spiral structure. In
simple words, density waves represent regions with enhanced density compared to the
average galactic disk. These waves rotate more slowly than the stars and gas of the
disk. Hubble put the normal spiral galaxies along the first branch of the fork while on
the other branch there are the spiral galaxies that contain a bar in their center. The
bars, as simulations revealed, are a result of interactions and/or secular evolution. The
division of spirals in subclasses (a to d) implies different classes that correlate with
physical parameters. i.e. the sequence from a to d implies that more massive spirals
have larger peaks in their rotation curves, a smaller gas and dust fraction and contain
older stellar populations. In addition, the segregation between Sa and Sd galaxies lies
in the tightness of their spiral patterns and the size of the bulge. Finally, the sequence
from a to d reveal that late spirals (Sc & Sd) have bluer colors than early spirals (Sa
& Sb).

Figure 1.12: The NGC 6814 spiral galaxy. - NGC 6814: Grand Design Spiral Galaxy
from Hubble Image Credit: ESA/Hubble & NASA; Acknowledgement: Judy Schmidt
(Geckzilla)

In late type spirals, the ratio of gas mass to total mass of the galaxy is roughly
Mgas/Mtotal=0.25, while for a Sa spiral it is only 0.04 (Caroll & Ostlie (7)), while the
dust content depends on the subclasses of spirals. Sc’s have a larger reservoir of dust

14



1.2 Morphological classification of galaxies

than Sb or Sa galaxies, with the greatest amount of dust found in the Sds. An indicator
of dust is the emission of galaxies in the IR wavelengths. InfraRed Astronomical Satel-
lite (IRAS) observations showed that the ratio LF IR/LB=0.07 for an Sb galaxy (M31)
and LF IR/LB=0.2 for an Sc galaxy (M33) and even 0.4 for M101 (type of SAB(rs)cd
in the de Vaucouleurs classification) (Caroll & Ostlie (7)).

In a spiral galaxy, the stars of the disk rotate around the center of the galaxy. The
Vmax depends to the Hubble type in a sense that for earlier type spirals, the Vmax

increases. For Milky Way, Vmax ∼ 250 kms−1, while more luminous galaxies have
larger values of the maximum rotation velocity.

The most luminous spirals can reach anMB ∼ -23 in contrast to the faint ones that
have MB ∼ -16. Their diameter (D25; refer to the 25.0 B− mag arcsec−2 isophote
level) ranges from 5 to 100 kpc while their masses range from 109 to 1012 M� (Caroll
& Ostlie (7)).

1.2.3 Irregular galaxies
On the right panel of the tuning fork, Hubble put the two classes of irregular galaxies.
The lack of a central bulge and organised structure led Hubble to identify them as a
distinct category. These galaxies contain large amounts of gas and dust, many young
stars and HII regions. The first class (Irr I) are the irregular galaxies with some
structure, such as a bar or spiral arms.

Those galaxies are called Sm (such as the Magellanic Clouds) while those without
any structure are classified as Im. The Large and Small Magellanic Cloud are Irr I type
galaxies (Fig. 1.13). The second class of irregular galaxies (Irr II) lack any structure
in their light distribution and they cannot be a member of any Hubble classification
scheme. Their characteristics are the following: Their stellar masses range from 108 to
1010M�, their absolute magnitude (MV ) ranges from -13 to -18 mag and their sizes
cover the range of 0.5 to 50 kpc.

1.2.4 The Milky Way
The galaxy where our solar system resides is the "Milky Way". We also denote it with
capital G (Galaxy) in order to distinguish it from the other galaxies in the universe.

Milky Way is the literal translation of the greek word γαλαξίας which means the
celestial "path/way of milk". A nice story from the ancient greek mythology is behind
that name. According to the myth, on Mount Olympus, Hermes (one of the twelve
Olympian Gods) had secretly put the infant Hercules close to the goddess Hera. Zeus
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Figure 1.13: The Large and Small Magellanic Clouds - On the left: The Large
Magellanic Cloud in the optical. Credit & Copyright: Yuri Beletsky (ESO). On the right:
The Small Magellanic Cloud in the optical. Credits: Australian Astronomical Observatory.

desperately wanted the baby Hercules to be fed by Hera’s breasts while the goddess
was sleeping. When the sleeping Hera, realised that the baby Hercules was actually
breastfeeding, she pushed him away from her and milk from his mouth spilled accross
the sky, forming the Milky Way.

The theories about the nature of the Milky Way have their roots lost in the past.
Many philosophers, astronomers, even people with no scientific background, were at-
tracted by the splendor of the Milky Way across the night sky. All of them wanted to
unveil the riddles of the Milky Way and its nature. The true size of our galaxy was
very challenging to estimate, due to the fact that we observe it from the inside and
measurements are affected by the dust absorption across its disk. The fact that we live
inside the Milky Way restrict us to observe the Milky Way as a grey celestial path in the
night sky (see Fig. 1.14). Nowadays, we are pretty sure that the stellar diameter of our
galaxy is roughly 30 kpc. The Milky Way is one of the two largest galaxies (along with
Andromeda galaxy) in our cosmic neighbourhood, called "the Local Group", containing
more than 50 galaxies. The total mass of the Galaxy (within 300 kpc) is nearly equal
to 0.9 ± 0.3 ×1012 M� assuming velocity isotropy (Watkins et al 2010). Furthermore,
the latest morphological studies suggest that the Milky Way is a spiral galaxy with
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Figure 1.14: Milkyway above the lagoon of Korission, Corfu, Greece - Photo
credits: Bill Metallinos

Figure 1.15: Milky Way map - Local Arm probable major branch of Perseus Arm.
Robert Hurt, IPAC; Bill Saxton, NRAO/AUI/NSF
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the presence of a bar at its center (Gerhard (2002) (10)). A Milky Way map is shown
in Fig. 1.15. A dark matter halo encloses the disk and the bulge of the galaxy. The
disk consists of two distinct structural components: the thick and the thin disk. The
stars of thick disk (∼ 1 kpc) are older, while the thin disk (∼ 100 pc) is the place that
the process of star formation (SF) began several billion years ago and continues until
today. The Sun is located in the thin disk, between the spiral arms. In particular, our
star lies in a minor arm of the galaxy, the Orion Spur, between the Sagittarius and
Perseus Arms. The Galaxy contains about 100 to 400 billion stars.

1.2.5 Revising Hubble’s Tuning Fork
After Edwin Hubble, many astronomers tried to revise the tuning fork and classify
galaxies according to different characteristics. The modification of Hubble classification
started when Allan Sandage laid the foundations of Hubble ideas in astronomy with the
publication of the Hubble Atlas of Galaxies (Sandage (1961) (11)). Sandage found the
notes of Edwin Hubble describing the tuning fork (a part of the manuscript is presented
in the book) and he tried to continue the revised classification that Hubble was working
between 1936 and 1950 and made the classification more complicated by inserting a
ring section in both sides of the tuning fork. In addition, in the junction of the fork,
he added the most enigmatic type of galaxies, that Hubble at 1936 first proposed their
existence, the lenticulars (S0).

These galaxies have characteristics that resemble both ellipticals and spirals. They
are disk galaxies with no spiral pattern (because they have already consumed all their
interstellar gas into stars) and they lack dust lanes (see Fig. 1.16). The most massive
and luminous lenticular galaxies are comparable to the normal giant ellipticals. Lentic-
ular galaxies are found in the dense regions of galaxy clusters (like ellipticals do) but
they display rotation in their disks (like spirals) (Sparke & Gallagher (2007) (12)). In
addition, if they are placed edge-on, they are indistinguishable from ellipticals but they
rotete. They contain old stars and small amounts of gas and dust. The three main
components of an S0 are the nucleus, the lens, and the envelope.

At the time when the Hubble Atlas was prepared by Sandage, the Yerkes Classi-
fication system was being developed by William Wilson Morgan. Morgan & Mayall
(1957) (13), Morgan (1958) (14), Morgan (1959) (15), Morgan (1971) (16) using the
central concentration of light, and its correlation with the spectrum of the inner part
of a galaxy, as the main morphological classifier.

Another revision of the tuning fork, that is still widely used, was proposed by de
Vaucouleurs (1959) (17) (see Fig. 1.17). De Vaucouleurs noticed that not all spirals
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Figure 1.16: The lenticular galaxy NGC 5308 - This NASA/ESA Hubble Space Tele-
scope image shows an edge-on lenticular galaxy NGC 5308, located just under 100 million
light-years away in the constellation of Ursa Major (The Great Bear). The dim, irregular
galaxy to the right of NGC 5308 is known, rather prosaically, as SDSS J134646.18+605911.9

can be described with the two branches (normal and barred) of the fork. He reanalyzed
Hubble’s classification and Sandage’s galaxy atlas, including other morphological char-
acteristics as bars, rings and the tightness of spiral arms in order to elaborate the main
morphological components of spirals. The de Vaucouleurs revision of Hubble-Sandage
atlas (the VRHS system) is effectively a 3-D version of the Hubble Tuning Fork. On the
x-axis there is the stage (spiralness), the family (barredness) is on the y-axis, and the
variety (ringedness) on the z-axis. He also retained ellipticals, lenticulars, spirals and
irregulars as galaxy categories. De Vaucouleurs contribution to the galaxy morpholog-
ical scheme is the complete classification of a disk (S0 and/or spiral) galaxy (including
its bar, rings, and spiral arms) and the numerical definition of the Hubble type to each
galaxy. The latter reffers to a number from -6 to 0 for early type galaxies and from 1
to +10 for late type galaxies. The Hubble type is a very important tool that is still
used for classifying galaxies according to their morphology.

Sidney van den Bergh was the astronomer who revised the Hubble sequence entering
the luminosity classes for spiral galaxies. Based on the results of the Palomar Sky Sur-
vey, he noticed that the appearance of spiral arms is a function of the total luminosity
of spiral galaxies. Van den Bergh (1960a) (18), Van den Bergh (1960b) (19) grouped
the most luminous spiral galaxies into class I, while for the faintest spiral galaxies into
class V. The remaining spirals are distributed among the two classes. The luminosity
class is related to the regularity of spiral arms since the most luminous have more gas
turning into stars and create the bright spiral pattern of the disk.
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Figure 1.17: Hubble - de Vaucouleurs diagram - Hubble - de Vaucouleurs diagram
for galaxy morphology featuring ellipticals, lenticulars, spirals, intermediate spirals, barred
spirals and irregulars. Credit: Antonio Ciccolella / M. De Leo

1.2.6 Modern galaxy classifications

Sandage’s (Sandage (1961) (11)) and de Vaucouleurs’ (de Vaucouleurs (1959) (17))
morphological classification systems classified spirals with a high accuracy. In constrast,
the classification of early type galaxies remained problematic. The ultimate attempts
of the revision of Hubble’s tunning fork after 1970s were about the classification of
elliptical and lenticular galaxies. There were two issues that had to be addressed: first
of all, the classification of ellipticals based on ellipticity has no physical meaning in
contrast to spirals stages. Secondly, if we assume that there is an evolutionary path
in the Hubble Tuning Fork, the characteristics of S0s do not reflect a transition class
between ellipticals and Sa/SBa galaxies as Van den Bergh (1976) (20), Van den Bergh
(1998) (21) showed (Fig. 1.18).

A first attempt to fully characterise ellipticals was a study by Kormendy & Bender
(1996) (22) that investigate the boxiness and diskiness of ellipticals (see Fig. 1.19).
They revised the Hubble classification applying isophote functions (which are an indi-
cator of velocity anisotropy) on ellipticals. According to the isophotes, the Irr I, spiral,
S0 sequence seems to be connected to disky ellipticals (elliptical galaxies with rapid
rotation). They found a dichotomy they called "E-E Dichotomy" which implies that

20



1.2 Morphological classification of galaxies

Figure 1.18: Van de Bergh classification scheme - Van de Bergh 1976, S0 parallel
sequence

there are two different classes of ellipticals. In one side the boxy ellipticals with cuspy
cores, slow rotation, are non-rotating systems, anisotropic, traxial and they contain
older stellar populations. The light-profiles of boxy ellipticals follow Sersic functions
with Sersic indices > 4 (the formula of Sersic function is presented in section 1.3.2.1).
On the other hand disky ellipticals, which they rotate rapidly, they are flattened with
an oblate shape, they are core-less with an extra light near the center above the inward
extrapolation of the outer Sersic profile. The light-profiles of disky galaxies have Sersic
indices < 4 and they contain younger stellar populations.

Kormendy et al. (2009) (23) studied the surface photometry of all elliptical galaxies
of the Virgo cluster dividing their sample into ellipticals and spheroidal (Sph) galaxies
based on their luminosity. They concluded that an "Elliptical - Spheroidal" and an "El-
liptical - Elliptical" Galaxy Dichotomy is present. S0-like galaxies are given a different
name when they have no bulges: They are called Spheroidals (Sphs; Kormendy & Ben-
der (2012) (24)). They are not dwarf ellipticals but are structurally similar to late-type
galaxies. Yet they are "red and dead" late-type galaxies transformed by a variety of
gas removal processes (Kormendy et al. (2009) (23)). High-luminous ellipticals exhibit
a missing-light region in the central core (formed in mergers) while low-luminosity el-
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Figure 1.19: Revised Hubble classification (Kormendy & Bender (1996) (22))
- Revised Hubble classification (Kormendy & Bender 1996) recognizing the difference (the
"E - E dichotomy") between boxy, slowly rotating ellipticals that have cores and disky-
distorted, more rapidly rotating and coreless ellipticals that are continuous in their prop-
erties with S0s. Ellipticals are understood to form via rapid processes; i. e., by major
mergers and violent relaxation.

lipticals have extra light in the same region (power-law excess). Finally, they propose
that the dwarf ellipticals of Virgo cluster are not the progenitors of low-luminosity
ellipticals. In contrast, dE (together with dS0) are the progeny of late-type spirals.

As for S0s, a parallel sequence classification was proposed. Kormendy & Bender
(2012) (24) came to the conclusion that "Sph galaxies and S0 disks (but not bulges) are
continuous in their parameter correlations (see Fig. 1.20). That is because Sph galaxies
are bulgeless S0s" (Kormendy & Bender (2012) (24)). Cappellari et al. (2011) (25)
combined images and integral-field spectroscopy of 260 early type galaxies (ellipticals
and S0s) from the Atlas3D project (Fig. 1.21). They found that the majority of early-
type galaxies have rotations almost similar to spirals. They also suggest that early-type
galaxies could be reclassified as slow or fast rotators.

All modern classification studies made efforts to revise the Hubble tuning fork in
order to classify in a better way the early type as well as the Sph/dE/dS0 galaxies in
the Hubble sequence. In addition, revised models distinguish spirals in a better way
with more details that in past years were not so obvious. All these efforts about the
classification of galaxies into separated morphological types have a common scope: to
shed light in the interpretation of formation and evolution of galaxies.
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1.2 Morphological classification of galaxies

Figure 1.20: Revised Hubble classification (Kormendy & Bender (2012) (24))
- Parallel sequence galaxy classification including spheroidal (Sph) galaxies as bulgeless
S0 galaxies juxtaposed with irregular (Im) galaxies. From Kormendy & Bender (2012).
rephrase

Figure 1.21: ATLAS3D classification. - The new paradigm for early-type galaxies
indicated by the ATLAS3D study of the stellar kinematics. The Atlas3D team suggests
this "comb" diagram as an alternative to Hubble s tuning fork diagram to classify galaxies.
Early-type galaxies arranged on the handle, are classified according to their net rotation.
The spirals are placed along three teeth. The fast-rotators at the junction of the teeth and
comb likely evolved from that family of spirals. Atlas3D / Michele Cappellari (Cappellari
et al. (2011) (25)).
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1.3
Quantitative Morphology

Morphology describes how the electromagnetic emission of a galaxy is projected across
the sky, at a specific wavelength.

However, it must be noted that morphology and structure reffer to different char-
acteristics of galaxies. Structure is an intrinsic galaxy property. It is related with the
arrangement of different galaxy components and the relation between them. It can be
described with analytical functions (i.e. Sersic function) and is strongly related with
the stellar mass (van der Wel (2008) (26)). Morphology is the visual description of
the light distribution of a galaxy which deals with pixel-scale features. However, mor-
phology is a powerful tool to trace the structure of a galaxy (Huertas-Company et al.
(2010) (27)).

Fundamental parameters of galaxies, such as the stellar mass (M?) and the star
formation history (SFH) are strongly related with galaxy morphology. The theories of
formation and evolution of galaxies rely on morphological calculations. Different mor-
phological classes of galaxies indicate different evolution paths and/or different SFHs
and stellar populations. Finally, galaxy morphology is correlated with the environment
that galaxies live in and with the age of the galaxy. Thus, the study of morphology
is a key property to unveil the evolution of galaxies.

1.3.1 Visual morphological classification
As we described in detail earlier, from the first attempts to study galaxy morphol-
ogy (Wolf 1908 (6), Hubble (1925) (28)) until the classification systems of Morgan,
Sandage and van den Bergh, astronomers used their own eyes to place galaxies into
distinct classes. Visual morphology was the classical method of characterising the light
distribution of a galaxy.

The main challenge of modern morphological classification is to find a simple way
to uniquely classify a galaxy.

Visual classification by an individual is not the most efficient way, mainly due to
the large volume of data produced by modern surveys. Time consuming as well as
misclassifications of distant and faint galaxies insert extra issues.

One way to address the challenge of the volume of data was the Galaxy Zoo project
(Lintott et al. (2008) (29)). The idea was to encourage citizens to learn how to classify
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galaxies through an educative manner. So far, many papers were published and up to a
million galaxies were classified thanks to the cooperation of volunteer and professional
work.

The most efficient tool in order to classify galaxies is, by far, the eye and the
experience of an astronomer. However, limitations appear in some specific cases even
when we use the visual classification process. Cases where the characteristics of galaxies
are not apparently clear and obvious. Hubble used a sample of bright local galaxies
in order to construct the tuning fork. Due to that fact, tuning fork breaks down in
the classification of the low luminosity galaxies (Van den Bergh (1960a) (18), Van
den Bergh (1960b) (19), Sandage & Tammann (1987) (30), Sandage & Bedke (1994)
(31)) and inside the dense regions of clusters and at higher redshifts (van den Bergh
et al. (1996) (32), Dickinson (2000) (33)). The above make clear the necessity of an
automated, faster and less subjective morphological classification system.

1.3.2 Automated methods tracing morphology
Automated classification has been the ultimate tool to characterise galaxy morphology.
There are two main categories of automated galaxy classification. The first is referred to
the parametrization of the galaxy’s radial profile (Gutiérrez et al. (2004) (34), Trujillo &
Aguerri (2004) (35), Saintonge et al. (2005) (36), Tasca & White (2005) (37), Örndahl
& Rönnback (2004) (38), Ravindranath et al. (2006) (39), Cassata et al. (2010) (40)).
The second method is based on non-parametric coefficients. The subjective way of a
visual classification "gave the keys" to coefficients in order to quantify the morphology
of galaxies.

1.3.2.1 Parametric coefficients

The most popular diagnostics of the parametric method is the bulge fraction (B/T),
the Sersic index (n) and the effective radius (Re). Parametric coefficients require to
the use of an analytic function and a specific point as the center of the galaxy to
model the light distribution. Parametric functions have the advantage of measuring
the light of a galaxy at large radii by the natural extrapolation of the best-fitting
model profile (especially ellipticals have wings outside the well-defined borders). In
1948, de Vaucouleurs showed that many elliptical galaxies can be described with a
R1/4 light distribution model. On the other hand, exponential light profiles is an
appropriate model for disk galaxies. Actually, Freeman (1970) (41) found late-type
galaxies to be well described by a de Vaucouleurs bulge plus an exponential disk. The
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general approach of the de Vaucouleurs (1948) (42) and exponential function is the
Sersic function. In 1963, Jose Luis Sersic used a function to describe how the intensity
varies with the distance from the center (Sérsic (1963) (43)). This is given by:

I(r) = I(Re) ∗ exp
{

− bn

[(
r

Re

)1/n

− 1
]}

(1.3)

where, I(r) is the light intensity (or surface brightness) up to the radius r, Re is the
effective radius of a galaxy, equal to the radius that includes the half of the total light,
bn is a positive parameter that, for a given n, can be determined from the definition of
Re and I(Re) and n is the Sersic index (see Fig. 1.22).

Figure 1.22: The Sersic profile. - The Sersic profile, where Re and Ie are held fixed.
Notice that the larger the Sersic index value n, the steeper the central core, and more
extended the outer wing. A low n has a flatter core and a more sharply truncated wing.
Large Sersic index components are very sensitive to uncertainties in the sky background
level determination because of the extended wings.

The Sersic index (n) traces the degree of radial distribution. In particular, spirals
can be described with an exponential profile (n equal to 1) with a flatter core and a
more sharply truncated wing. In contrast, a galaxy with a steeper central core and
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more extended outer wing (like an elliptical) has an intensity profile with larger values
of Sersic index (n > 2). Most cD and normal ellipticals have light profiles with Sersic
index close to 4. As their mass decreases, the Sersic index of ellipticals decreases as
well. This is more evident for the smaller ellipticals, dE and dSph which might have
exponential (n ∼ 1) light profiles.

The second parametric coefficient that we use is the Re or the "half-light" radius
(see Fig. 1.23). The calculated value of a galaxy radius depends on technical character-
istics of the telescopes, such as their sensitivity and the total time of the observation.
Furthermore, galaxies do not have (strict) boundaries. To overcome these difficulties,
we define measurements to have a sense of the size of a galaxy. The effective radius
(Re), the Petrosian radius or the Holmberg radius are few characteristic measurements
of galaxy sizes. Actually, Re does not give an absolute measurement of the dimensions
of the galaxy, but we use it together with Sersic index as a proxy of the structure of
the galaxy and its variation with wavelength.

100 pixels

Figure 1.23: The effective radius - Effective radius (Re) is the radius at which half of
the total light of the galaxy is emitted. The figure on the right is not in scale.

From a statistical point of view, parametric coefficients are a very robust tool to
classify the structure of galaxies in the local and high-redshift universe. In this thesis,
we are going to make use of the Sersic index and the Re parametric coefficients.

1.3.2.2 Non-parametric coefficients

Obviously, not all galaxies follow a well defined structure and a smooth light pro-
file. Some of them exhibit irregular shapes, bridges, tails, not well-defined centers,
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signatures of a disturbed morphology. Consequently, modeling the light profile and
extracting parametric coefficients is not a useful tool to characterise these galaxies mor-
phologically. In contrast, non-parametric coefficients can be applied to Hubble types,
or to galaxies that exhibit disturbed shapes like interacting pairs. These coefficients
are directly calculated from the digital images and they are related to the morphologi-
cal characteristics of galaxies. A characteristic radius is required for the calculation of
the coefficients measured from the observed surface brightness. The Petrosian radius
represents the size of a galaxy independent of its distance. Despite the disadvantages
of non-parametric coefficients (underestimation of flux and/or size in the faint parts of
galaxies (Blanton et al. (2003) (44))), many of them are excellent indicators for the
classification of galaxies that exhibit interacting characteristics in the local and/or high
redshift.

Depending on the number of coefficients that we use and/or their different com-
binations, there are two main types of non-parametric approach. One approach is
to measure few coefficients of each galaxy. Then, one can define a 2- or 3-dimensional
non-parametric space from the non-parametric coefficients. The morphology of a galaxy
depends on its location inside the non-parametric space.

A similar approach is the combination of a set of coefficients/diagnostics. In an
Artificial Neural Networks (ANNs) process, a test-sample has to be morphologically
classified by an expert based on the combination of non-parametric and/or parametric
coefficients (Odewahn et al. (1996) (45), Odewahn et al. (2002) (46), Naim et al.
(1997) (47), Bazell (2000) (48) ).

It is clear that an ANN classification is a human-biased process. Alternatively,
a principal component analysis (PCA) could be used (combination of non-parametric
coefficients with parametric coefficients) in order to find the morphology of a galaxy
(Odewahn et al. (2002) (46), Ball et al. (2004) (49), Goderya et al. (2004) (50) , de la
Calleja & Fuentes (2004) (51), Kelly & Fuentes (2004) (52), Moore et al. (2006) (53),
Scarlata et al. (2007) (54), Huertas-Company et al. (2008) (55), Shamir (2009) (56) )

The first attempt of using non-parametric coefficients was done by Morgan (1958)
(14), Morgan (1959) (15). They tried to classify galaxies using a simple parameter,
the nuclear concentration. Morgan (Yerkes classification) estimated the nuclear con-
centration visually (indicated with the letters a, af, f, fg, g, gk, k). This parameter is
correlated with the dominant spectrum of the galaxy’s stellar population (Morgan &
Mayall (1957) (13)). Galaxies with high concentration profiles generally have spectral
features of K stars in contrast to galaxies with spread-out luminosity profiles which
exhibit A stars spectral absorption features.
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Abraham et al. (1994) (57), Abraham et al. (1996) (58) inspired from the work of
Doi et al. (1993) (59) (DFO) proposed the central concentration coefficient (C) which is
roughly correlated with the bulge-to-disk ratio (B/D; more correctly, the LR1/4 / Lexp

best-fitting parameter). They showed that their classification system is well suited to
the investigation of faint galaxies.

A step further was taken by Schade et al. (1995) (60). They used the rotational
asymmetry (A; the degree to which the light of a galaxy is rotationally symmetric) in
order to automatically discriminate between early Hubble types (E/S0/Sa) and later
Hubble types (Sb/Sc). In addition, asymmetry could distinguish irregular and merging
galaxies.

Wu (1999) (61), Bershady et al. (2000) (62) and Conselice et al. (2000) (63) tried
to modify and combine concentration and asymmetry to classify galaxies.

Conselice et al. (2003) (64) combined the concentration and the asymmetry with
clumpiness (S), which is a measure of star formation rate and colour in order to distin-
guishing mergers from normal galaxies. The coefficients of the so-called "CAS" system
are related with parameters such as the formation histories, merging activity, and areas
of high star formation activity (Conselice et al. (2003) (64)).

Limitations of the CAS system were the reason that Lotz et al. (2004) (65) tried to
quantify the morphology of galaxies combining two new non-parametric coefficients, the
Gini (G) and the second-order moment of the brightest 20% of the galaxy’s flux (M20).
Actually, the Gini coefficient was already used in economics (measure of the income
inequality of a population within a society). Abraham et al. (2003) (66) were the first
to use Gini to quantify the relative distribution of flux within the pixels associated
with a galaxy. The benefit of Gini compared to C was that by definition Gini does
not assume that the brightest pixels are in the geometric center of the galaxy image.
On the other hand, M20 (Lotz et al. (2004) (65); hereafter LPM04) is an indicator of
merger signatures like double and/or multiple nuclei.

Lotz et al. (2004) (65) quantified galaxy morphology for a sample of local nor-
mal galaxies and local interacting systems such as (U)LIRGS. They divided the non-
parametric space of Gini and M20 in three regions where the position of a galaxy
indicates its morphology (E/Sa, Sb − Irr and Mergers). In their next study, Lotz et al.
(2008) (67) applied the same method for a sample of intermediate redshift galaxies
(z ∼ 0.3) (see Fig. 1.24).

In the high-redshift universe, the low signal-to-noise values and the light dimming
(∼ (1+z)−4 ) introduce limitations in the morphological studies. Freeman et al. (2013)
(68) introduced three parameters, the multi-mode (M), intensity (I), and deviation (D)
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Figure 1.24: The Gini-M20 plane. - Left: Rest-frame BGini-M20 morphologies for local
galaxies from LPM04. The upper green dotted line divides merger candidates (ULIRGS)
from normal Hubble types (see LPM04). The lower red dotted line divides normal early-
types (E-Sa) from late-types (Sb-Ir). Right: Rest-frame B Gini-M20 morphologies for EGS
0.2 < z < 0.4 sample (grey points and contours) .

and they found that they (along with the A value of Conselice et al. (2003) (64)) are
the most useful for identifying disturbed morphologies even at high-redshift (z ∼ 2).
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1.4
What affects galaxy morphology

So far, we described the morphological classes of galaxies and the tools that we use
to classify them. In the following paragraphs we will discuss the factors affecting the
morphology of galaxies.

The major challenge for morphologists is deriving the 3D structure of a galaxy from
its 2D projection on the celestial sphere. Many galaxies are not symmetric and the
random orientation of the symmetry axis along the line of sight introduces uncertainties
on its real morphology.

Some of the properties of galaxies are parameters that affect their morphology, like
the mass and the luminosity. In Fig. 1.25 we show two different types of galaxies, the
giant spiral M81 with absolute magnitude MB=-21.1 and the dwarf galaxy DDO 155,
with absolute magnitudeMB=-12.1. Comparing the morphology of these galaxies, and
having in mind the difference in color, we can see that the processes by which they
have acquired this mass and emit this much light also influence their morphology.

Figure 1.25: Mass-Luminosity dependence on morphology. - On the left: The
Whirlpool (M81) spiral galaxy. Credits: NASA, ESA and the Hubble Heritage Team
(STScI/AURA). On the right, the dwarf galaxy DDO 155 (shown on the same scale in the
lower-right panel). Credits: Hunter & Elmegreen (2006). Weakness of the Hubble Tuning
Fork about low-mass galaxies and the van Den Bergh classification system.

SF history also plays a significant role in the galaxy morphology. It is well known
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that not all galaxies share the same history of star production. Galaxies that formed
all of their stars many Gyr ago (like ellipticals), tend to look very different from those
that have alternative formation histories (spirals and/or irregulars are active in the
production of stars).

Figure 1.26: The influence of SFH on morphology. - On the left: The elliptical
galaxy M105.Credits: NASA, ESA, STScI and C. Sarazin (University of Virginia) On
the right: Messier 101 (The Pinwheel Galaxy). Credits: Hubble Image: NASA, ESA,
K. Kuntz (JHU), F. Bresolin (University of Hawaii), J. Trauger (Jet Propulsion Lab),
J. Mould (NOAO), Y.-H. Chu (University of Illinois, Urbana) and STScI; CFHT Image:
Canada-France-Hawaii Telescope/J.-C. Cuillandre/Coelum; NOAO Image: G. Jacoby, B.
Bohannan, M. Hanna/NOAO/AURA/NSF

Galaxies which are not currently forming any stars (SFR ∼ 0 M�/yr) are redder,
smoother, more centrally concentrated, and more symmetric than normal galaxies (like
spirals, Magellanic clouds and irregular galaxies) which have SFR ≤ 20 M�/yr (see
Fig. 1.26).

Using Hubble’s tuning fork to classify galaxies at z > 1 is challenging due to limita-
tions in angular resolution and progressive decreasing of the signal to noise as a result
of both the surface brightness dimming and the sampling of shorter wavelengths at a
given observed band-pass (van den Bergh et al. (1996) (32); Dickinson (2000) (33)).
A number of optical studies observed systems at z > 2 with Hubble Space Telescope
(HST), by sampling their rest-frame ultraviolet (UV) emission (see Fig. 1.27), revealing
that many high-redshift galaxies exhibit irregular shapes and do not follow the typical
Hubble types (Lotz et al. (2004) (65); Papovich et al. (2005) (69); Lotz et al. (2006)
(70); Conselice et al. (2008) (71)). Finally, one of the main factors that affects
galaxy morphology (and the evolution of galaxies as well) is the environment. In gen-
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Figure 1.27: Star-forming galaxies at z ∼ 2 in the CANDELS survey - Hubble
Space Telescope color-composite images of 4 clumpy star-forming galaxies at z ∼ 2 in the
CANDELS survey. The disturbed appearances are very common in star-forming galaxies
in the adolescent universe. Credit: G. Barro
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eral, when we use the word environment we refer to the place that galaxies live in and
evolve during their lifetime. Having observed and statistically analysed a large fraction
of the galaxies in the nearby universe it is widely accepted that only few percentage
of galaxies are found in true isolation, while the majority of them are preferentially
located in denser environments such as groups or clusters (Schmidt et al. (1997) (72),
(Robotham et al. (2011) (73)). Depending on the different environment (field, groups
or clusters) the properties of galaxies (such as the SFH, morphology/structure) and
evolution are quite different.

1.4.1 Galaxy formation and evolution
The quantitative theories of formation and evolution of galaxies were proposed between
1960 and 1970. The main process of galaxy formation is the collapse of clouds of
primordial gas. No doubt, there is still much we don’t know about that process.

In 1962, the study of Eggen, Lynden-Bell and Sandage (1978) (74) proposed the
model of monolithic collapse of a large gas cloud (hot dark matter; HDM). Clouds,
that mainly consist of dark matter, gravitationally interact. They interact via tidal
forces and the result is the gain of angular momentum. After that, the baryonic matter
starts cooling and energy flows to the center of the cloud. The rotation increases (due
to angular momentum conservation) and the initial cloud becomes a flattened disk.
The gas of the disk is no longer gravitationally stable (due to the cooler disk) and the
small regions of gas distributed into the disk form stars. The dark matter interacts
only gravitationally and it remains well distributed (as a sphere) outside the disk. As
theory predicts, elliptical galaxies were simply formed from clouds that did not have
enough angular momentum in the early stage of collapsing. Therefore, these galaxies
form a more round structure, which has no particular axis of rotation. Observations
do not support this "top-down" scenario and the theory of monolithic collapse is not
widely accepted.

The most wide-spread scenario is the "bottom-up" model (i.e. Spergel et al. (2003)
(75), Spergel et al. (2007) (76)) that studies and aims to explain the formation in the
early universe. In the hierarchical "bottom-up" scenario, small entities merge (through
the impact of gravity) to form large galaxies (White & Rees (1978) (77)) with disk-like
distributions and dark matter halo. Theories of the early universe suggest that the
approximate size of the mass/density entities (fluctuations) though to be small enough
(around 106 to 108 M�). These fluctuations were much more common than those for
1012 M� (Caroll & Ostlie (7)). In contrast to larger gas clouds that the "top-down"
scenario predicts, matter assembled in smaller clumps (with masses close to globular
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clusters). Gravity causes them to merge in order to form galaxies, and consequently
galaxy clusters. This theory still predicts disk-like distributions of baryonic matter
with dark matter forming the halo for all the same reasons as in the "top-down" theory.
This model predicts the different types of galaxies but it underestimates the number
of thin disks. In addition, this model predicts more small galaxies than large ones,
which matches observations. A large number of mergers required to be present in the
universe according to the "bottom-up" model. The main question is the calculation of
the merger fraction as a function of time.

1.4.2 Interacting galaxies and merger signatures
At high redshift (z ∼ 1), Driver et al. (1995) (78); Glazebrook et al. (1995) (79);
Abraham et al. (1996) (58) revealed a sample of morphological disturbed and star-
forming galaxies.

Furthermore, many high-z studies showed that galaxies could not be classified ac-
cording to Hubble tuning fork due to the fact that they exhibit disturbed/irregular
shapes (Hubble tuning fork controversy) (Lotz et al. (2004) (65); Papovich et al. (2005)
(69); Lotz et al. (2006) (70); Conselice et al. (2008) (71)). These results along with
the fact that there is an increase in the volume-averaged star-formation rate density
from z = 0 to z > 1 (e.g., Lilly et al. (1996) (80); Madau et al. (1996) (81); Hopkins
(2004) (82)) resulted in a dramatic increase of the merger fraction at high redshift (Le
Fèvre et al. (2000) (83); Bridge et al. (2007) (84)).

Earlier analysis based on MUSE observations over two deep fields, the UDF10,
HDF-S and the entire HUDF, showed that the trend of the major merger fraction
evolution is in good agreement with the trend of simulations (Ventou et al. (2017)
(85)). This study showed a slow increase of the merger fraction up to z ∼ 3 and then
a decrease toward higher redshift.

We already discussed the importance of mergers (therefore any kind of interactions;
increase the velocity dispersion of stars, destroy disk structures and cause galaxies to
relax in a r1/4 profile) and their relation with the formation and evolution of galaxies.
There are different types of mergers, defined by the number of galaxies involved (pairs or
multiple) or by their size (major or minor) as well as by the different stages of the merger
phase. In a galaxy-galaxy merger with comparable masses, the result is a galaxy with a
de-Vaucouleurs light profile (elliptical galaxy) (Hjorth & Madsen (1991) (86); Hopkins
et al. (2009) (87)). A part of an evolutionary merger scenario is the study of a specific
type of galaxies, which emit strongly in the infrared wavelengths. Such infrared galaxies
thought to be single gas-rich spiral galaxies that harbour a massive star forming region
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and/or an active galactic nuclei (AGN; galaxy with a bright nucleus). The majority
of an AGN energy comes from a non-thermal (non-stellar) type of emission. AGNs
emit strongly at X-rays, radio, ultraviolet, as well as optical emission and they exhibit
variability in their luminosity on short (hours or days) timescales. The center of AGNs
harbor a supermassive black hole (M ≥ 106 M�) which thought to be the energy
mechanism of these objects.

The story begins in the 1940s when Holmberg made the first simulations in an
analogue computer. He showed that galaxies often merge to produce a single larger
galaxy. Baade & Spitzer studied the high σ collisions inserting the idea of gas stripping
in high density environments. Many catalogues have been released about interactions.
The most popular is Halton Arp, "Atlas of Peculiar Galaxies" and the "VV catalogue"
published in 1959 by Velyaminov and Vorontsov. By that time, it was not clear if these
features are made of interactions between galaxies. The answer was given by the paper
of Alan and Juri Toomre in 1972 (Toomre & Toomre (1972) (88)); their work suggested
that the beautiful and extended characteristics (plumes and tails) in disturbed/peculiar
galaxies could be successfully reproduced by models involving collisional encounters (see
Fig. 1.28). Larson & Tinsley (1978) (89) came to fill in the work of Toomre. They
showed that the interacting galaxies have bluer colors than that of same type in the
field. The reason is that interactions can trigger the SF activity. In that way new
massive OB main-sequence star are born. Most of the light of these stars (in UV
and optical wavelengths) is absorbed by amounts of dust and re-radiated in the FIR
spectrum.

The first observational evidence of the IR radiation of these galaxies were done by
Rieke & Low (1972) (90). Based on 10µm photometry, they identify the infrared-
bright galaxies that are related to interacting systems. In 1983, the first-ever survey
of the entire night sky at infrared wavelengths by IRAS shed the first light to the
nature of infrared galaxies. After the IRAS discovery, the IR luminosity became the
measurement of the definition of these galaxies. These galaxies emit a higher fraction
of energy in the infrared (IR) spectrum (∼ 5-500 µm) than at all other wavelengths
combined. Luminous infrared galaxies (LIRGs) emit more than 1011 L� in the IR (8-
1000 µm) part of the electromagnetic spectrum, while a more luminous system emitting
more than 1012 L�, is called ULIRG (Sanders & Mirabel (1996) (91)). These objects
are the most extra-ordinary star-forming objects. Hundreds to thousands stars can be
formed per year at those galaxies. (U)LIRGs begin to dominate the IR background
and the star formation rate density (SFRD) at z ∼ 1 and z ∼ 2 (Magnelli et al. (2013)
(92)). The power source of most local (U)LIRGs is a mixture of accretion onto an Active
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Figure 1.28: The Antennae galaxies - Image Data: Subaru, NAOJ,
NASA/ESA/Hubble, R.W. Olsen - Processing: Federico Pelliccia and Rolf Wahl Olsen
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Galactic Nucleus (AGN) and a circumnuclear starburst, both of which are fueled by
large quantities of high density molecular gas that has been funneled into the merger
nucleus. In the process of a violent interaction of two spiral galaxies, hydrogen clouds
that were initially distributed throughout the galactic disc could move to the center
forcing the gas to become concentrated. Numerical simulations of colliding galaxies
(Barnes (1992) (93); Mihos & Hernquist (1996) (94); Hopkins et al. (2008) (95))
showed that the gas and stars react differently during a merger. The gas tends to move
out in front of the stars as they orbit the galactic center. Furthermore, gravitational
torques on the gas reduce its angular momentum, causing it to plunge toward the
galactic center. As the two galaxies begin to merge, more angular momentum is lost
and the concentrated circumnuclear gas feeds a massive starburst and/or an AGN.
(U)LIRGs are hundrends of times more common at high-z than they are in the local
universe. The multi-wavelength analysis of a morphological classification of local LIRGs
and ULIRGs across optical and NIR wavelengths is in chapter 3.

1.4.3 Galaxies inside clusters
There are a number of interesting facts that boosted the study of galaxy morphology
inside clusters. One of them is that the star formation process of the whole universe
was greater in the past than nowadays (Lilly et al. (1996) (80); Madau et al. (1998)
(96); Hopkins (2004) (82); Schiminovich et al. (2005) (97)). Also in the early universe,
galaxies located inside clusters were bluer on average than galaxies that live in low
redshift clusters. That is the Butcher Oemler effect and the most appropriate place for
the morphological evolution to occur are the clusters of galaxies.

In addition, galaxy clusters are the domain of S0s and elliptical galaxies and the
regions that about half the galaxies in the universe are found (Sparke & Gallagher
(2007) (12)). The fraction of early-type galaxies is greater in the local clusters compared
to z ∼ 0.5 ones (Dressler et al. (1997) (98); Fasano et al. (2000) (99); Postman et al.
(2005) (100); Smith et al. (2005) (101); Desai et al. (2007) (102); for an opposite
view see Andreon (1998) (103); Holden et al. (2009) (104)). The S0 population is
extremely rare in distant clusters while the fraction of ellipticals in clusters does not
evolve with redshift. The increase of S0s in local clusters might result from the evolving
population of newly accreted spiral galaxies from infalling groups and the field (see
references above). In other words, the transformation of late-type galaxies into S0s
(and ellipticals?) through cosmic time is evident.

Early type galaxies (E and S0) live mostly inside the dense environment in contrast
to the lower density regions where star-forming galaxies are more abundant. It has been

38



1.4 What affects galaxy morphology

nearly a century that this fact was discovered by Hubble & Humason (1931) (105).
Inside these dense environment, morphological transformations take place. Dressler

et al. (1980) (106) measured the projected local density computed using the 10 nearest
neighbours of each galaxy (Σ10) and found that E and S0 galaxies are preferentially
located in regions with high values of Σ10 in contrast with spiral galaxies that found in
regions with lower Σ10 values. That simple relation holds over 5 orders of magnitude
in Σ10. They suggested that the population gradients may be explained in the context
of longer formation times of disks as compared with spheroidal components. It was the
clearest evidence that there is a transformation path of different types of galaxies in
dense environments. From Figure 1.29 we clearly see the preference of early type

Figure 1.29: The T-Σ relation, Dressler et al. (1980) (106). - The Morphology-
Density relation found by Dressler et al. (1980) (106). Picture shows the fraction of
different galaxy types as a function of the projected density. The histogram on the top
indicates the distribution of galaxies over the bins of projected density.

galaxies to live inside high-density regions in contrast to late type galaxies that are
found in the outer, less dense regions of the clusters. The Morphology-Density (T-Σ)
relation indicates that galaxy evolution inside clusters is governed by local parameters
(local density).
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Figure 1.30: The Morphology-Distance (T-R) relation Whitmore & Gilmore
(1991) (107). - The fraction of E, S0 and Spirals+Irr galaxies as a function of the
clustercentric distance for all 55 clusters of Dressler et al. (1980) (106). The galaxy with
the higher local density is used as the center. Open circles indicate the ellipticals, filled
circles refer to the S0 while symbols of Sun indicate spirals and irregular galaxies. The
insert in the upper right shows the same data at higher spatial resolution.
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Whitmore & Gilmore (1991) (107)) and Whitmore et al. (1993) (108)) reexamined
the study of Dressler et al. (1980) (106) and found a different relation. They used
the distance from the center of the cluster (clustercentric distance, Rclc) and found
comparable, or slightly better correlations with the morphological gradients than with
the local density. They concluded that Rclc is the driver of morphological transforma-
tion and not local density (see Fig. 1.30). This suggests that global conditions may
actually be the prime determinant of the morphological type of a galaxy rather than
local conditions.

Fasano et al. (2015) (109) examined the T-Σ relation on a sample of 76 local
clusters. They used bright galaxies (MV = -19.5) and found that the T -Σ relation
is present only in the inner regions of the clusters. They confirmed the Whitmore &
Gilmore (1991) (107), Whitmore et al. (1993) (108) studies and showed that the T
-R relation remains almost unchanged over local density values. The most important
conclusion was that the morphology density relation is active in dynamically evolved
regions. Clusters that show incidents of sub clustering (not relaxed clusters) do not
follow the T -Σ relation in their outer regions.

Surely, the T-Σ relation and T-R relations give hints of the evolution of different
types of galaxies inside clusters. Moreover, environment impacts galaxy evolution. All
above make the galaxy clusters one of the most important places of the galaxy evolution.

1.4.4 Evolution in Clusters
Late-type galaxies in nearby clusters differ systematically from their field counterparts.
They are significantly HI deficient and they have a lower activity of star formation,
with truncated HI and star-forming disks. Two models of physical processes have been
suggested for the interpretation of the evolution of late-type galaxies inside clusters:
tidal interactions in a sense of gravitational processes (galaxy-galaxy, galaxy-cluster,
harassment, subgroups merging) and hydrodynamic interactions (ram pressure, viscous
stripping, thermal evaporation, starvation) which represents the interaction of galactic
ISM with the hot intergalactic medium (ICM). In the following paragraphs we make a
brief presentation of the physical processes that are more important in clusters.

• Tidal interactions

In general, galaxy-galaxy interactions boost the nuclear activity (gas inflow in the
center of the galaxies) and enhance SFR. In addition, perturbations can heat the
stellar disks and thus increase the bulge-to-disk ratio. Inside clusters, where the
velocity dispersions are high (∼ 1000 km/s), the duration of a close encounter is
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very small (tenc ∼ 108 yr). This has a small impact on the perturbations due to
tidal effects. Numerical simulations (Valluri & Jog (1990) (110)) have shown that
tidal interactions are more efficient at perturbing loose peripheral or extraplanar
HI gas than the molecular gas located in the inner potential well. Fujita (1998)
(111) simulations claimed that high-speed close encounters do not have an impact
on SFR. Merritt (1984) (112) and Byrd & Valtonen (1990) (113) showed that the
frequency of galaxy-galaxy encounters in rich clusters is negligibly small compared
to the age of the universe. Other studies of hybrid N-body simulations and
semianalytical models (Okamoto & Nagashima (2001) (114) and Diaferio et al.
(2001) (115))) tried to reproduce the T-Σ and T-R relations inside clusters and
they obtained the distribution of ellipticals through major mergers. In contrast,
lenticular galaxies with intermediate bulge-to-disk ratios could not be produced
with this formation scenario. Finally, even if the galaxy-galaxy interactions are
efficient to transform spiral galaxies into lenticulars, inside clusters the probability
is extremely low due to the high-speed velocity dispersions.

• Galaxy-cluster interactions

The interaction of galaxies with the cluster potential can effectively perturb the
gas inflow, the bar formation, and the nuclear and perhaps disk star formation
(Merritt 1984; Miller 1986; Byrd & Valtonen 1990). Models of Fujita (1998) (111),
Valluri (1993) (117), and Henriksen & Byrd (1996) (118) showed that tidal forces
by the cluster potential can accelerate molecular clouds of disk galaxies falling
toward the cluster center. The rise of kinetic pressure in the interstellar medium
induces star formation (Elmegreen & Efremov (1997) (119)). Tidal interactions
with the cluster potential can induce an increase of the nuclear activity of cluster
galaxies, and eventually, a decrease in the total amount of gas consumed through
star formation events. On the other hand, gas is hardly removed directly by the
interaction.These processes thus seem confined to the inner part of the cluster,
inside the virial radius, where the density reaches its maximum values and the
cluster field is extremely high.

• Galaxy Harassment

The combined effect of multiple high-speed galaxy-galaxy close (∼50 kpc) encoun-
ters and the interaction with the potential of the cluster as a whole, proposed by
Moore et al. (1996) (120), Moore et al. (1998) (121), Moore et al. (1999) (122))
and it is known as galaxy harassment. Their simulations showed that galaxies on
elongated orbits experience greater harassment than objects on circular orbits.
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Moore et al. (1996) (120) suggested that the multiple encounters heat the stellar
component, increasing the velocity dispersion and decreasing the angular momen-
tum. At the same time, encounters cause the gas to sink toward the galaxy center.
High surface brightness galaxies, with steeply central rising rotational curves, are
found to be relatively stable against galaxy harassment. In addition, these simu-
lations indicate that the probability of tidal interactions lie not only in the center
of clusters but inside unvirialized clusters (with signs of substructures) as well.
In conclusion, galaxy harassment can effectively perturb low-luminosity galaxies
because of their low- density cores and slowly rising rotational curves, thus con-
tributing to the formation of cluster dwarf ellipticals (Moore et al. (1998) (121)),
the fueling of low-luminosity AGN (Lake et al. (1998) (123)), and the destruction
of low surface brightness galaxies in clusters (Moore et al. (1999) (122)). The
effects on massive objects should be less pronounced, with a minor increase of the
disk star formation activity (Mihos (2004) (124)) and an increase of the velocity
dispersion in the bulge (Moore et al. (1996) (120)).

• Gravitational effects by subgroups merging

As we mentioned in the hierarchical scenario for the formation of large-scale
structures, the process of falling groups of galaxies into clusters of galaxies is one
of the main contribution to the formation of today’s rich clusters of galaxies. That
process may cause the spirals through unequal-mass mergers or minor mergers
into lenticulars. Contrary to starvation (see next paragraph), the violent events of
preprocessing heat up the disks and produce high bulge-to-disk ratio lenticulars,
similar to those observed in clusters. That occurs well outside the inner parts of
clusters. In addition, due to the fact that the rate of accretion of small groups
on clusters has decreased at the present epoch (Λ cosmologies), preprocessing is
rare in nearby clusters.

• Ram pressure

When a galaxy passes through a cluster, it is affected by a pressure which is
proportional to the inter cluster medium (ICM) density and the relative velocity
Vgal of the galaxy and the ICM.

Pram = ρICMV 2
gal ≥ 2πGΣstarΣgas (1.4)

This phenomenon suggested by Gunn & Gott (1972) (125). They also gave an
estimation of the radius beyond which the gas of the galaxy may be stripped
(rram). Gas removal is expected to be more efficient on dwarf irregular galaxies

43



1. INTRODUCTION

than on giant spirals (Mori & Burkert (2000) (126); Marcolini et al. (2003) (127)).
In addition, the gas compression can facilitate the collapse of molecular clouds,
thereby increasing the star formation rate (Bekki & Couch (2003) (128)). It is
thus unlikely that ram pressure formed the thick and large bulges of S0s (Farouki
& Shapiro (1980) (129)). However, Schulz & Struck (2001) (130)) speculated that
successive crossing of the cluster can produce cycles of annealing that might form
the prominent bulges typical of S0s.

• Starvation

Another mechanism that takes place inside clusters is the process of starvation
(or strangulation) proposed by Larson et al. (1980) (131). As the name implies,
this process will cease the SF of a galaxy due to lack of gas; the galaxy will be
strangled. The galaxies entering the dense environment of clusters interact with
the dark matter halo and the gravitational potential of the cluster. The available
gas distributed in the halo of the galaxy will escape due to the interactions. This
will further prevent the infall of gas on the disk. On timescales of a few Gyrs,
the star formation would thus exhaust the available gas, further quenching the
star formation activity. After few Gyr, the spiral structure becomes less pro-
nounced, and galaxies progressively become anemic, disk-dominated lenticulars
(Bekki et al. (2002) (132)). Larson et al. (1980) (131) proposed starvation to
explain the transformation of spiral galaxies into lenticulars (Larson et al. (1980)
(131)). In addition, Treu et al. (2003) (133) used the process of starvation to
explain the mild gradient in the morphology fraction found outside 1 Virial radius
in a cluster at z = 0.4.

Overview of the above processes:
As Koleva et al. (2009) (134) concluded, "It is clear that all these processes must

act together in group/cluster environments. Which process is the dominant agent
in removing gas from in-falling dwarf galaxies depends on the characteristics of the
cluster/group." Significant role plays the clustercentric distance (for massive spirals,
the HI deficiency and suppression of the star formation depend on the distance from
the cluster center provided that they are within 1 - 2 Virial radii) and the luminosity,
especially for dwarf irregulars (Boselli & Gavazzi (2006) (135)). Clusters have a range
of local density values, some of them indicate substructures and others are already
virialised. All above play their role individually but all of them contribute to the
differences in the morphological fraction of galaxies that we observe in local as well as
in distant galaxy clusters.
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1.5
Tracing galaxy morphology inside

clusters
The study of the morphology and structure of galaxies inside large regions in the uni-
verse (i.e. clusters) has a lot of controversies. The images cover a large field of the sky
(up to 1 degree for local galaxy clusters; like the WINGS) which corresponds to more
than a virial radius in physical size. The analysis on such large images requires con-
siderable computational resources. In addition, a multi-wavelength study of thousands
(or hundrends of thousands) of objects increases the time for data reading and galaxy
fitting. Consequently, huge numbers of objects increase the necessity of a sophisticated
method for an accurate analysis and interpretation of galaxy structure. In addition
to the time cunsumption, the measurements of a sophisticated analysis should be very
robust and carefully tested to real images as well as simulations.

In general, there are two types of galaxy fitting: One-dimensional (1-D) fitting of
surface brightness profiles (e.g., Kormendy (1977) (136); Burstein (1979) (137); Boroson
(1981) (138); Kent (1985) (139); Baggett et al. (1998) (140)), and 2-D fitting of galaxy
images (e.g., Shaw & Gilmore (1989) (141); Byun & Freeman (1995) (142); de Jong
(1996) (143); Simard (1998) (144); Wadadekar, Robbason and Kembhavi(1999) (145);
Khosroshahi, Wadadekar and Kembhavi(2000) (146)). Each fitting has tradeoffs and
benefits. 1-D fitting is used for certain studies because is simpler (isophotal fitting).
On the other hand, the spatial information of the whole galaxy and the effects of the
atmosphere (PSF construction) are taken into account in the 2-D image fitting.

There are many 2-D fitting methods that model the light distribution of galax-
ies. Some are the GIM2D (Simard (1998) (144)), GALFIT (Peng et al. 2002 (1)),
GASPHOT (Pignatelli, Fasano and Cassata(2006) (147)), 2DPHOT (La Barbera et al.
(2008) (148)), GASP2D (Méndez-Abreu et al. (2008) (149)) and GALPATH (Yoon,
Weinberg and Katz(2009) (150)). Each and every one of them have been tested upon
different types of samples and they are used so far for further studies.

The most popular and widespread method is described in Peng et al. 2002 (1) and it
is known as GALFIT. It is an algorithm that models the light distribution of galaxies
and reveals their main components that are not easily visible in the original image.
During the last decade, many authors have used GALFIT since it is much faster (by
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a factor of ∼ 20) than other methods (Häussler et al. (2007) (151)) and also provides
robust results even if there are close neighbors of the galaxies. In addition, GALFIT
also produces the fitting profiles of the companions thus deblending the fit of the galaxy
of interest. Due to the popularity and the robust results of GALFIT, there are several
ongoing efforts, such as MegaMorph, to improve its versatility.

The latest developments in MegaMorph combine a multi-wavelength process of
GALFIT, known as GALFITM which also combines the well known software SEx-
tractor (Bertin & Arnouts (1996) (152)), in order to create a final catalogue with the
structural parameters of all galaxies/stars in large galaxy images via an IDL (Interac-
tive Data Language) software tool named GALAPAGOS (Galaxy Analysis over Large
Areas: Parameter Assessment by GALFITing Objects from SExtractor; Häussler et al.
(2011) (153)). The main advantage of GALAPAGOS is that it uses the images of all
the available wavelengths simultaneously in order to fit the light distribution of galax-
ies. This multi-wavelength method has several advantages. Firstly, it increases the
signal-to-noise, without greatly increasing the number of free parameters. In addition,
it separates the profiles of the various galaxy components taking into account the dif-
ferent wavelength dependence that they have. The result is a consistent, physically
motivated model. The final fitting model of a galaxy provides structural parameters
and photometric measurements with high accuracy (Häussler et al. (2013) (154))). It
therefore provides an excellent tool for modern surveys and enables a step forward in
many areas of astronomy, especially where sample size and magnitude constraints limit
current work.

In Chapter 3 we present how we use GALAPAGOS in our analysis in order to
calculate the structural parameters of nearly 1000 galaxies, in 9 local clusters of the
WINGS survey.
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Chapter 2

Motivation and Open Questions

2.1
Main goal of this thesis

Morphology is the key to unveil the theory of galaxy formation and evolution. We
expect that the results of this thesis will provide novel and useful means of developing
a multi-wavelength, automated method in order to quantify the morphology of galax-
ies. Obtaining robust measurements of the morphology and structure of a variety of
galaxies, from LIRGs which are responsible for the bulk of energy production at high-z
to those located in the dense regions of large scale structures such as clusters, we will
be able to place constraints and offer new insights on the evolution of galaxies across
cosmic time.

2.2
Open questions

So far, we have presented a historical overview of extragalactic studies, the different
morphological classifications of galaxies, the ways to quantify the morphology and struc-
ture of galaxies as well as galaxy evolution that takes place in different environments.

The main questions that can be addressed by the morphological study of galaxies
in different environments are the following:
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Regarding the local (U)LIRGs

1. Can we automatically classify the interaction stage/phase of one of the most
interesting star-forming galaxies in the Universe ((U)LIRGS) with non-parametric
coefficients along optical and NIR wavelengths?

2. Can we establish correlations between the morphology and the physical properties
(such as M?, sSFR and Tdust) of local (U)LIRGs?

3. Can we extend this method to the morphological study of the high-redshift ana-
logues of (U)LIRGs?

Regarding the galaxies in the WINGS clusters

1. How do the structural parameters of cluster galaxies vary as function of cluster
properties?

2. What are the physical processes responsible for those morphological changes?

3. How do the structural parameters of cluster galaxies compare with those in the
field?

2.3
Study of the GOALS sample

In the first part of this thesis, we make use of the Gini-M20 non-parametric phase space
of Lotz et al. (2004) (65). We calculate the Gini andM20 coefficients of GOALS (Great
Observatories All-sky LIRG Survey; a local sample of over 200 LIRGs and ULIRGs)
constructing the segmentation maps taking into account the Petrosian radius. We
identify the merger phase through the Gini and M20 across optical, NIR as well as
MIR wavelengths. Our scope was to develop a multi-wavelength method in order to
classify merger events and study the merger stage of local (U)LIRGs. The ultimate
goal of that method would be an application to the high-redshift starburst galaxies.
Automatically identifying merging/interacting galaxies in a robust manner will enable
to increase the sample statistics, thus establishing their importance in galaxy evolution
across cosmic time.
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2.4
Study of the WINGS sample

In the second part of the thesis we quantify the galaxy structure across different wave-
lengths in nearby cluster galaxies and we investigate its variation between optical and
NIR wavelengths in the inner part (Rclc ≤ 0.64 × R200) of 9 WINGS clusters. We
search for possible gradients of structural parameters across Rclc and projected local
density (Σ10). Finally, we compare the structural variation of bright cluster galaxies
with a sample of non-member (field) galaxies. The difference in structure variation be-
tween galaxies that reside in clusters and galaxies that are located in the field provides
important hints about galaxy evolution as they shed light on how the galaxy structure
varies in the dense environment of galaxy clusters. We model the light distribution
of cluster galaxies with single Sersic profiles and by robustly estimating their internal
structure (bulge, disk, bar etc...) we unveil how the different stellar populations are
distributed in each galaxy also revealing their star formation history.
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Chapter 3

Publications

In the following we present the three refereed publications that were produced as a
result of the research performed during this thesis. The first two are related to the
GOALS sample:

S.M. Petty, L. Armus, V. Charmandaris, A. Evans, E. Le Floc’h, C. Bridge, T.
D́iaz-Santos, J. Howell, H. Inami, A. Psychogyios, S. Stierwalt, J. Surace,
"The FUV to Near-IR Morphologies of Luminous Infrared Galaxies from GOALS",
2014, The Astronomical Journal, 148, 111

A. Psychogyios, V. Charmandaris, T. Diaz-Santos, L. Armus, S. Haan, J. Howell,
E. Le Floc’h, S. M. Petty, and A. S. Evans
"Morphological Classification of Local Luminous Infrared Galaxies",
2016, Astronomy & Astrophysics, 591, 1

The third is related to the WINGS sample and it has been submitted for publica-
tion on May 29, 2018 and it is currently under revisions following the comments of the
referee.

A. Psychogyios, M. Vika, V. Charmandaris, S. Bamford, G. Fasano, B. Häußler, A.
Moretti, B. Poggianti, and B. Vulcani
"Multi-wavelength structure analysis of local cluster galaxies. The WINGS project.",
2018, Astronomy & Astrophysics, (submitted)
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ABSTRACT

We compare the morphologies of a sample of 20 luminous infrared galaxies (LIRGs) from the Great Observatories
All-sky LIRG Survey (GOALS) in the FUV, B, I, and H bands, using the Gini (G) and M20 parameters to
quantitatively estimate the distribution and concentration of flux as a function of wavelength. Hubble Space
Telescope (HST) images provide an average spatial resolution of ~80 pc. While our LIRGs can be reliably
classified as mergers across the entire range of wavelengths studied here, there is a clear shift toward more negative
M20 (more bulge-dominated) and a less significant decrease in G values at longer wavelengths. We find no
correlation between the derived FUV G-M20 parameters and the global measures of the IR to FUV flux ratio (IRX).
Given the fine resolution in our HST data, this suggests either that the UV morphology and IRX are correlated on
very small scales, or that the regions emitting the bulk of the IR emission emit almost no FUV light. We use our
multi-wavelength data to simulate how merging LIRGs would appear from ~z 0.5–3 in deep optical and near-
infrared images such as the Hubble Ultra-Deep Field, and use these simulations to measure the G-M20 at these
redshifts. Our simulations indicate a noticeable decrease in G, which flattens at ⩾z 2 by as much as 40%, resulting
in mis-classifying our LIRGs as disk-like, even in the rest-frame FUV. The higher redshift values of M20 for the
GOALS sources do not appear to change more than about 10% from the values at ~z 0. The change in G-M20 is
caused by the surface brightness dimming of extended tidal features and asymmetries, and also the decreased
spatial resolution which reduced the number of individual clumps identified. This effect, seen as early as ~z 0.5,
could easily lead to an underestimate of the number of merging galaxies at high-redshift in the rest-frame FUV.

Key words: galaxies: structure – infrared: galaxies – ultraviolet: galaxies
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1. INTRODUCTION

Luminous Infrared Galaxies (LIRGs) are defined as a class of
infrared-dominant galaxies with ⩾L μ L(8 – 1000 m) 10IR

11

in Houck et al. (1985) based on observations by the Infrared
Astronomical Satellite (IRAS). The most luminous members of
this class, Ultra-LIRGs (ULIRGs =L 10IR

12– L1013 ) and

Hyper-LIRGs (HyLIRGs > L L10IR
13 ), have been the central

subclass in much of the literature on LIRGs, where the focus has
been on their merger rates and contribution to cosmic infrared
background from z 1 (e.g., Sanders & Mirabel 1996; Veilleux
et al. 2002; Goto 2005; Lonsdale et al. 2006). The lower
luminosity local LIRGs ( =L 10IR

11– L1012 ) have more
diverse morphologies compared to ULIRGs, which tend to be
late-stage major mergers (see Sanders & Mirabel 1996, and
references therein). The diverse LIRG morphology, coupled
with the lower fraction of major mergers relative to ULIRGs,
may reflect the broader evolutionary pathways of a galaxy to
become a LIRG at low redshift. While most LIRGs are starburst-
dominated (Petric et al. 2011; Stierwalt et al. 2013), many
contain active galactic nuclei (AGNs). This, combined with the
wide range of merger morphologies, makes them excellent

laboratories for studying the AGN-starburst connection under a
variety of physical conditions.
Rough correlations between luminosity and merger stage

have been extensively discussed (e.g., Veilleux et al. 2002;
Goto 2005; Bridge et al. 2007; Kartaltepe et al. 2010; Petric
et al. 2011; Haan et al. 2011), and are generally attributed to
episodes of enhanced star formation during the close passage
and final merger of two gas-rich galaxies. Most low-redshift
LIRGs are found in systems which have undergone strong tidal
perturbations due to the merging of gas-rich disk galaxies
(Armus et al. 1987; Sanders et al. 1988a, 1988b; Murphy
et al. 1996, 2001; Farrah et al. 2001; Bridge et al. 2007;
Kartaltepe et al. 2010). At higher luminosities, the number
density of ULIRGs increases with redshift (e.g., Schech-
ter 1976; Sanders & Mirabel 1996; Kim & Sanders 1998;
Lonsdale et al. 2006). Approximately 50% of the cosmic
infrared background is due to LIRGs that dominate star
formation rates at >z 1 (le Floc’h et al. 2005; Caputi
et al. 2007; Magnelli et al. 2009; Berta et al. 2011; Magnelli
et al. 2013). Kartaltepe et al. (2012) conclude that 24% of main
sequence (Elbaz et al. 2011) and 73% of starburst ULIRGs are
merging or interacting at ~z 2. Over half of their sample have
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AGNs, while~25% of these AGNs are classified as mergers or
interacting, and mostly lie on the main sequence.

Mid-IR diagnostics of the entire Great Observatories All-sky
Lirg Survey (GOALS; Armus et al. 2009) sample indicate that
AGNs are present in 18% of LIRGs, and 10% contribute more
than 50% of the total IR luminosity (Petric et al. 2011).
Stierwalt et al. (2013) find that the starburst-dominated LIRGs
resemble ~z 2 starburst-dominated submillimeter galaxies in
their mid-IR spectral properties. While the spectroscopic
features accurately separate the contributions of star formation
versus AGN to the total L IR, the morphological distinction
between a dust-shrouded AGN versus dusty starburst galaxies
is not definitive.

Even though LIRGs are powered by luminous starbursts and
often AGNs the UV properties of LIRGs have received far less
scrutiny, since much of this radiation is absorbed by dust.
Because of their extreme luminosities, the small fraction of the
UV radiation that escapes can make LIRGs strong sources of
UV flux (Howell et al. 2010). When observed in the UV-
optical wavelengths, dust may create the appearance of a very
disturbed or post-merger morphology for an underlying disk
structure. The location of the dust and gas, with respect to the
young stars, can have a large impact on the appearance of a
LIRG in the UV, the amount of radiation that escapes into the
intergalactic medium, and the overall global properties. It is
natural then to assume that the wide range in integrated IR to
UV ratios and UV slopes seen in LIRGs might be related to the
small-scale UV morphologies.

Previous morphology surveys in the rest-frame UV have
primarily focused on optically bright starbursts and disks to
gain an unobscured view of the distribution of star-forming
regions (e.g., Conselice 2003; Lotz et al. 2006; Petty
et al. 2009; Law et al. 2007, 2012). The galaxies generally
appear as disk-like and/or are made up of compact irregular
structures. Visually, there is a substantial difference between
the UV and near-IR morphologies in dusty galaxies. The
brightest clusters or even the nuclei in the IR can be extremely
faint in the UV, making classifications highly uncertain (e.g.,
Hibbard & Vacca 1997; Mirabel et al. 1998; Charmandaris
et al. 2004). Quantitative morphological studies of local LIRGs
covering the full range of observed morphologies from the rest-
frame UV through the near-IR are few in number. Evidence
from studies of high-redshift, star-forming galaxies suggest that
there is no quantifiable change in the basic morphological
parameters across these wavelengths (Law et al. 2012).
However, the issue of wavelength dependence morphologies
is not resolved in the literature. Also, most of the galaxies are
selected in the UV or optical, and they may show very different
properties to those galaxies selected in the far-infrared.

In this paper, we use a large sample of local LIRGs observed
in the rest-frame far-UV through the near-infrared with Hubble
Space Telescope (HST) to (1) measure the UV to H-band
morphologies in a consistent quantitative manner, using Gini
and M20, (2) use the infrared excess (IRX) to explore
correlations of the UV morphology with global IR and UV
properties, and (3) demonstrate how redshift and surface
brightness dimming can quantitatively affect the apparent UV
morphology of IR-selected merging galaxies at ~z 3. Here we
present and analyze the Advanced Camera for Surveys (ACS)
FUV images of a small sample of 20 LIRGs, compare these to
the visual and near-IR morphologies of the same galaxies on
the same scales, and relate quantitative morphological

measures to the global IR and FUV properties. This is the
first smaller local LIRG subsample from which complete FUV
to far-IR HST data are available. Our sample of 20 LIRGs is
described in Section 2. In Section 3, we discuss our
methodology. In Section 4, we begin by treating each galaxy
individually, and then as a set determine how G-M20 values are
affected by dust in multiple wavelengths. Where applicable, we
adopt a ΛCDM cosmology, ( LΩ , Ω , Hm ) = (0.27, 0.73, 71).

2. SAMPLE SELECTION

GOALS (Armus et al. 2009) is a multi-wavelength imaging
and spectroscopic study of 202 of the most luminous infrared-
selected galaxies in the local universe, including observations
from X-ray to far-IR. It is an ideal sample for comparing the
effects of dust on the visual and quantitative morphologies
from the UV to near-IR with the superb HST spatial
resolutions. The GOALS targets are drawn from the IRAS
Revised Bright Galaxy Sample (RBGS; Sanders et al. 2003), a
complete sample of 629 galaxies with IRAS 60 μm flux
densities S > 5.2460 Jy, covering the full sky above Galactic
latitudes >b| 5°. The 629 IRAS RBGS galaxies have a median
redshift of z = 0.008 with a maximum of z = 0.088 and include
180 LIRGs and 22 ULIRGs that define the GOALS sample.
As part of a pilot program to obtain FUV images of the

GOALS galaxies, we obtained ACS/F140LP images of a
GOALS galaxy sample with > L L10IR

11.4 . A secondary
goal was to study the ages and distributions of young star
clusters in the sample (E. Evans 2014, in preparation).
Therefore, the sources for UV imaging were selected from
the existing ACS B, and I-band data to have significant
numbers of bright ( < <23 B 21 AB) star clusters. This
resulted in a sample of 22 LIRGs, 5 of which are part of pairs,
so 27 individual galaxies were observed in the FUV with the
ACS High Resolution Channel. Only 20 of these have
corresponding NICMOS imaging, which is the number of
individual galaxies in our final sample.
We have complete UV to near-IR HST imaging for these 20

LIRGs. The UV and optical ACS filters include the SBC
F140LP (UV), and F435W (B) and F814W (I). The near-IR
images were observed with the Near-Infrared Camera and
Multi-Object Spectrometer (NICMOS) F160W filter (H). The
HST FUV (F140LP) data were obtained with the ACS SBC
over the period 2007 July 21 to 2009 August 2 (PID 11196; PI:
A.S. Evans). The SBC has a 34″´31″ field of view (FOV)
with a pixel scale of 0.032 arcsec pixel−1. The data were taken
in ACCUM mode using the PARALLELOGRAM dither
pattern. We further reduced the SBC data using standard
STScI routines: the images were calibrated using CALACS,
then distortion-corrected, and combined using PyDrizzle. The
PyDrizzle routine also removes any cosmic rays and bad pixels
present in the images. We refer the reader to Haan et al. (2011)
for the NICMOS data and data reduction description. The B-
and I-band data and data reduction are described in Kim
et al. (2013).
In Table 1, we list the sample and several derived properties

(distance, pixel scale, L IR, and merger stage) for each of the
galaxies in our sample. The IR luminosities have a range of

< <L L10.45 log 12.06IR . The two IR luminosities below

L1011 are for individual components of interacting systems.
The sample does represent a diverse visual morphology at
different stages of merging from the 202 LIRGs in the GOALS
catalog: Column 8 lists the I-band visually classified merger
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stages from Haan et al. (2011). The merger stages are described
in Table 1. Only one LIRG is classified for type 0 and 4 stages
(i.e., IRAS 20351: single nucleus with a minor companion, and
ESO 148: double nuclei with a tidal tail). Eight LIRGs are
classified as type 2, having distinguishable individual galaxies
with disks and tidal tails. The LIRGs span distances of
40–188Mpc with a mean of 106Mpc. Given the HST
NICMOS resolution ( 0 16· ), this provides an average spatial
resolution of 80 pc (see also Haan et al. 2011 for a description
of the NICMOS PSF).

3. MORPHOLOGICAL DIAGNOSTICS

The use of Gini (G) and M20 for quantifying the morphology
of a a galaxy is described in detail in Lotz et al. (2004, 2006).
The Gini coefficient was originally developed as an economic
indicator for determining the distribution of money in a society
(Gini 1912). Applied to Astrophysics, G is correlated with the
concentration of light of a source as well as with it surface
brightness, and is defined as
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where fi is the flux at position xi and yi of the ith pixel; xc and yc
is the galaxy center image coordinates. The pixels are rank
ordered by flux for calculating both parameters. M20 is more
negative for a galaxy with 20% of the light concentrated in a
bulge or single nucleus. We use the G-M20 parameter space to
identify morphological types. Lotz et al. (2008) defines G-M20

values to classify mergers, early type and disk like morphol-
ogies:

> - +MMergers: G 0.14 0.33; (4)20

- + >
+

⩽ M ME S0 Sa: G 0.14 0.33; and G 0.14
0.80; (5)

20 20

- - +
+

⩽ ⩽M MSb Ir: G 0.14 0.33; and G 0.14
0.80. (6)

20 20

Although these classifications are based on UV-optical
morphologies, we use these same regions to define UV-, B-,
I-, and H-band morphologies, for comparison. We show in
Section 4 that these region definitions are relatively robust at all
wavelengths for all but a few cases.

Table 1
General Properties of 20 LIRGs

R.A. Decl. Da sa L Llog IR
b Merger Stagec

(Mpc) (pc -pix 1)

NGC 34 00h11m06.6s −12d06m26s 82.8 30 11.43 5
Arp 256N 00h18m50.1s −10d21m42s 41 39 10.45 2
Arp 256S 00h18m50.9s −10d22m37s 114.4 41 11.44 2
UGC 02369 02h54m01.8s +14d58m14s 131.7 47 11.66 2
NGC 1614 04h33m59.9s −08d34m44s 67.3 24 11.65 5
IRAS 08355-4944 08h37m01.8s −49d54m30s 39.5 39 11.62 3
NGC 2623 08h38m24.1s +25d45m17s 44.0 28 11.60 5
NGC 3256 10h27m51.3s −43d54m14s 43.2 14 11.64 5
NGC 3690E 11h28m33.6s +58d33m47s 95.7 16 11.58 3
NGC 3690W 11h28m31.0s +58d33m41s 105.6 15 11.67 3
NGC 5257 13h39m52.9s +00d50m24s 152.4 34 11.31 2
NGC 5331 13h52m16.3s +02d06m11s 188.3 50 11.02 2
NGC 5331S 13h52m16.2s +02d06m03s 122.1 49 11.54 2
VV 340a 14h57m00.8s +24d37m04s 78.2 50 11.66 1
IC 4689 18h13m40.3s −57d44m53s 109.4 25 10.88 2
NGC 6786 19h10m53.9s +73d24m37s 142.2 38 11.23 1
IRAS 20351 + 2521 20h37m17.7s +25d31m38s 69.7 50 11.61 0
IIZW 96 20h57m23.9s +17d07m39s 142.3 54 11.77 2
ESO 148-IG 002 23h15m46.7s −59d03m16s 139.5 63.6 12.06 4
NGC 7674 23h27m56.7s +08d46m45s 138.5 44 11.54 1

a Distances (D) were obtained from the NASA/IPAC Extragalactic Database (NED). The pixel scale in parsec per pixel, s, is based on the NICMOS H-band pixel

scale ( -0.076 arcsec pix 1) and the distance, D.
b L IR calculations are described in Díaz-Santos et al. (2013).
c I-band merger-stages classified by Haan et al. (2011): 0 = single galaxy, galaxy with minor companion; 1 = separate galaxies, disks symmetric (intact), no tails;
2 = progenitor galaxies distinguishable, disks asymmetric or amorphous, tidal tails; 3 = two nuclei in common envelope; 4 = double nuclei with tidal tail; 5 = single
or obscured nucleus, long prominent tails; 6 = single or obscured nucleus, disturbed central morphology, short faint tails or tails absent, shells.
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The standard procedure is to calculate the total flux within
1.5 times the Petrosian radius (rp) for G-M20 (see Lotz
et al. 2004). Many clumpy, star-forming galaxies are elongated
due to their irregular shape, so choosing an ellipsoid can more
accurately measure the distribution of light in the defined pixel
area. While this minimizes the inclusion of background flux, it
works for images with enough background to more accurately
determine the surface brightness. For comparing across the
wavelengths, the size of the radius is limited to the smallest
FOV, i.e., the NICMOS FOV, and in most cases using a radius
of 1.5rp to calculate G-M20 extends beyond this. Thus, we
elected to use circular apertures of 7.8–15.4″ (within the
NICMOS FOV) for all of the images, including those at shorter

wavelengths. We show the NICMOS H-band footprint in
Figure 1.
We subtracted an average sky flux from all frames before

calculating G-M20. To measure the background, we used the
IRAF imexamine tool11. Random errors were estimated by
changing the H-band center (center of mass, x y,c c) by 5
arcseconds in random directions about the actual galaxy
centroid, measuring the G and M20 using the same radius, and
calculating the standard error. This method accounts for errors in
defining the center between wavelengths that would changeM20.
An additional error was added in quadrature, to account for

Figure 1. GOALS subsample in the FUV, B, I, and H bands (left to right). The H-band footprint is outlined in a white box region. Individual plots of the G-M20

morphologies are shown to trace the behavior with wavelength. The individual G-M20 plots to the right of the image cutouts are the FUV-, B-, I-, and H-band values
(UV and H are annotated).

11 Image Reduction and Analysis Facility: http://iraf.net.
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systematics, since the derived values of Gini and M20 depend on
the precise background subtraction, binning and point-spread
function (PSF) convolution to common sampling and resolution
across wavelengths. This is particularly true when measuring
these parameters using deep, wide-field images of complex
objects whose structures can change by a great deal as one
moves from the UV through the NIR. While some of these
dependencies are captured within the random uncertainties that
we have propagated through the analysis of the data, we have
added, in quadrature, an average systematic uncertainty of 0.045
in Gini and 0.1 in M20 to the measured parameters for each
object. These were derived from repeatedly varying the back-
ground subtraction, binning and radii of the measurements.

The images in the FUV , B, and I bands were re-binned
(degraded) to match the H band image, due to the H band

having the largest pixel scale and PSF. We deconvolved each
image with the band-specific PSF and convolved with the H-
band PSF. This allows for the morphologies to be directly
comparable, since the pixel scales and PSFs can lead to
substantial changes in morphologies. We obtain spatial
resolutions on average of ∼60–100 pc based on the
0.076 arcsec -pixel 1 NICMOS pixel angular resolution.

4. THE MULTI-WAVELENGTH MORPHOLOGIES
OF 20 LIRGS: RESULTS

In this section, we focus on G- and M20-based classification
of our local LIRG sample from the UV through near-IR. We
compare the derived morphologies in the FUV, B, I, and H
bands to assess any changes in G and M20, we compare with
visual classifications, and the IR to FUV flux ratio.

Figure 1. (Continued.)
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Visually, LIRGs change in morphology from the FUV to H
bands (i.e., from clumpy major mergers to smooth disks with
well-defined centers), and the purpose of this analysis is to
determine how, at HST resolutions, we can discriminate
between these classifications with our prescribed morphologi-
cal diagnostic. Our sample is wholly comprised of interacting
systems at various stages. Table 1 lists the stages based on NIR
(Haan et al. 2011). Since LIRGs are dusty, we expect their
morphologies to vary with wavelength, and therefore their
position in the G-M20 parameter space. However, the precise
manner of how these changes affect G-M20 is not clear.
Exploring this morphology parameter space of local LIRGs
will be useful for comparisons with other galaxy samples, as
the majority of automated morphology studies focus on higher
redshift ( >z 0.2) galaxies in the rest-frame UV and optical.

4.1. Probing FUV-, B-, I-, and H-band LIRG
Morphologies With G-M20

Many of the LIRGs in the FUV show resolved and
unresolved clumps, as well as extended features, characterized
by a complex morphology similar to the optical and near-IR.
Figure 1 shows cutouts of the FUV-, B-, I-, and H-band
images (left to right) of the entire sample of 20 galaxies. The
box regions outline the H-band footprint, which in all cases is
slightly smaller than the FOV in the UV and optical ACS
data. Individual G-M20 plots are included to the right of the
individual galaxy cutouts. Each point in the G-M20 plane is
derived from one of the FUV, B, I and H images (FUV- and
H-band points are annotated as UV and H, respectively). We
also show the boundaries between the regions where mergers,

Figure 1. (Continued.)
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E–Sa, and Sb–Ir galaxies typicall fall (G-M20 boundary,
hereafter; Lotz et al. 2008).

Based on the G-M20 boundaries, the multi-wavelength
morphologies are consistently in the merger region for 13/20
objects in all four bands. We do not consider those on the merger
boundary to have changed class, because of uncertainties inherent
in the derivation of G-M20 for a particular source (see Section 3
and Figure 2). For example, IC 4689 shows an FUV band G-M20

value on the merger/non-merger boundary, but we do not consider
it to have changed type from a merger to Sb–Ir or E–Sa type.

Seven LIRGs reside in different regions in G-M20 space as a
function of wavelength: UGC 02369, IRAS 08355, NGC 3256,
NGC 3690E, VV 340a, NGC 6786, and NGC 7674. These
objects have visual classifications of type 2, 3, 3, and 1,
respectively.

UGC 02369 has a very irregular shape with a compact
nucleus and an adjacent extended bar-like structure bright in
the FUV- and B-bands, and fades to look like a spiral arm in the
I and H bands. The values for G-M20 are in the merger
boundary in the FUV, hover along the merger/non-merger
border for B and I bands, and shift to the border between the
E-S0/Sb–Ir region in the H band.
In the FUV, IRAS 08355 is entirely dominated by the bright

nucleus. As a result, the FUV image of this galaxy places it
squarely inside the Sb–Ir boundary in the G-M20 plane. The
light for both nuclei in the post-merger envelope is revealed
redward of FUV. The B, I, and H values for G-M20 do vary,
staying just within the merger boundary.
NGC 3256 shows striking differences in symmetry between

wavelengths. The FUV- and B-band images show a significant

Figure 1. (Continued.)
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portion of the lower disk is masked by dust. The I band
reveales a disk-like pattern with many clumpy star-forming
regions. The H band shows a bright nucleus and an asymmetric
distribution of light along the arms. G-M20 values are quite
different for each wavelength, but stay within the merger
boundary in the FUV, B, and H bands, while the I-band values
are within the Sb–Ir boundary. Given the errors, the I-band
value is arguably on the border.

In NGC 3690E the G-M20 for FUV and H are consistent
within the merger boundary. The B and I values are distinctly
different and are located within the Sb–Ir boundary. Visually
the FUV-, B-, and I-band images are very similar, and in this
case the G-M20 values do not reflect that. The disk-like nature
is clear in the H band.

In all wavelengths VV 340a shows a disk-like structure. In
the FUV, the nucleus is shrouded by dust and the morphology
takes on a pattern of clumpy, tightly wound spiral arms. In the
longer wavelengths, the nucleus is revealed and the morphol-
ogy resembles more of a normal disk. This behavior is reflected
in the G-M20 values where the points shift from the merger
boundary in the FUV band, to the Sb–Ir boundary in the B, I,
and H bands.

The loosely bound spiral arms in NGC 6786 are visible in
each wavelength. However, the FUV and B bands do show a
more clumpy, disjointed pattern from the nucleus to the
extended arms. In the I and H bands the emission appears more
smooth and symmetric with a bright bulge and bar. All but the
H band G-M20 are in the merger boundary.

NGC 7674 appears very disk-like in all bands. FUV and B
reveal clumpy disk arms, where much of the light is veiled by
structured dust lanes. The G-M20 points are in the merger
boundary for the FUV, and the Sb–Ir boundary for all other

bands, where the nucleus is much brighter and the spiral arms
more smoothly distributed.
In four of these cases (UGC 02369, VV 340a, NGC 6786,

and NGC 7674), the movement in the G-M20 plane with
wavelength is as expected, namely a straightforward progres-
sion from merger to a more regular morphology at longer
wavelengths. The other three objects have a more complicated
progression. An interesting result is that majority of our sample
do not follow the expected pattern of merger to more regular
morphology with increased wavelength, given the copious
amounts of dust in LIRGs.
Figure 2 shows the G-M20 values for the FUV, B, I, and H

bands in four panels. The dashed lines indicate the G-M20

boundaries for different morphological types. We included
errors based on the methods described in Section 3. The
averages for Gini are á ñ = G 0.64 0.02, 0.62 0.02,

0.60 0.02, and 0.67 0.02; the averages for M20 are
á ñ = - M 1.24 0.1920 , - 1.33 0.17, - 1.53 0.20, and
- 1.89 0.27 in the FUV, B, I, and H bands, respectively.
The averages clearly show that M20 becomes more negative
with longer wavelengths. Gini narrowly hovers around 0.6 with
a standard deviation of »0.1. While the classification does not
change on average with wavelength, the shift toward a more
negative M20 from FUV to the H band is consistent with a
bright bulge being revealed in the near-IR.
Of the 20 galaxies, 5 are known hosts to AGN: NGC 34,

NGC 3690E, NGC 3690W, NGC 6786, and NGC 7674. They
are labeled in Figure 2 as yellow pentagons. A bright nuclear
point source can affect the location of an object in the G-M20

plane, but these five AGN do not appear to significantly affect
the location of the host galaxies in Figure 2. It is expected that
the definition of the center of flux highly biases the quantitative
morphology; therefore, galaxies with highly obscured nuclei
would exhibit the biggest differences between wavelength.
Since most of the LIRGs are mergers, the morphological

classification, due to both stellar tidal features and dust, should
change as the merger progresses. In Figure 3 we explore the
variation of G and M20 in our sample as a function of merger
stage (see Table 1 and Haan et al. 2011). The black diamonds
(FUV), black triangles (H), gray squares (B), and gray circles
(I) are the mean G and M20 values of all galaxies in a given
merger type. The averages for all of the values, regardless of
wavelength, are shown by the solid black line. Note that there
is only one type 0, IRAS 20351, and one type 4, ESO 148, so
these values are for the individual galaxy. Type 0 are single
galaxies with a minor companion, and type 4 are double nuclei
with a tidal tail. The overall trend (black line) indicates that
Gini and M20 do not vary significantly as a function of merger
stage. There is a slight rise in Gini in the later stages of
mergers, but the uncertainties are large and the effect is subtle.
One way to quantify the affects of dust on the emitted UV

radiation is by referring to the ratio of infrared to FUV flux IRX
and UV slope (β; Howell et al. 2010). In general, LIRGs
extend over a large range in IRX-β as shown in Figure 4. Since
IRX is driven by the fraction of bolometric emission
originating from regions which become thick in the UV, due
to the presence of high quantities of dust, we might expect a
correlation between IRX, β, and UV morphology.
Of the objects in our sample with available UV data, 16 are a

subset of the LIRGs found in Howell et al. (2010), who
analyzed the IRX-β relation for the entire GOALS sample.
Although the current sample does not span the full range of

Figure 2. G-M20 at multiple wavelengths (UV, B, I, and H, as labeled) show
that, within the Lotz et al. (2008) lines, the quantitative morphology is
consistent from UV to near-IR. Most of the objects are in the merger-
designated region and move around in that relative space. Figure 1 shows this
for each object, where only a few cross the merger line. The yellow pentagons
are the galaxies known to be hosting AGN (NGC 34, NGC 3690E,
NGC3690W, NGC 6786, NGC 7674). There is no clear correlation between
an AGN, dominating the morphology as it becomes unveiled at longer
wavelengths.

(A color version of this figure is available in the online journal.)
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IRX and β seen among local LIRGs, the subset of 16 galaxies
studied here does span nearly 2 orders of magnitude in IRX
(0.3–2.3), and a significant range in β (-1 to +0.5).

Since IRX measures the global ratio between the FIR and
FUV light, and this light originates from star-forming
complexes in the nuclei and disk of each LIRG, we might
expect a correlation between IRX and the morphologies of the
galaxies, particularly in the FUV as measured with G and M20.
Figure 5 shows IRX versus M20 (top row) and G (bottom row)
for each band, UV-H. The gray shaded areas are values
attributed to a more disturbed light distribution; disturbed

galaxies generally have G>0.57 and M20>- 1.7, which is the
intersection of the G-M20 boundary lines (see Figure 5). Aside
from the general trend for our sample to have more negative
M20 values in the H band, there is no obvious correlation
between IRX and Gini or M20 among LIRGs. Galaxies with
extremely large IRX do not have M20 values significantly
different than the rest of the sample. While there may be a
tendency for high IRX systems to have lower Gini, the UV
panel shows a larger scatter in Gini among those galaxies with
large IRX, even though all sources with G0.5 also have IRX
>2.0.

M20 has a larger scatter into the more bulge-dominated
region in the I and H bands (M20 is more negative). G does not
change between wavelengths. The Gini outlier in B and I is
NGC 3690E, and in H is Arp 256N. Here we find no
correlation between IRX and G-M20 classification in the FUV,
or other wavelengths.

4.2. Simulations of High-z LIRGs in the Rest-frame FUV

Numerous papers analyze the apparent morphology of
distant galaxies and how they are affected by resolution and
depth (e.g., Hibbard & Vacca 1997; Lotz et al. 2004).
Similarly, the often clumpy nature of UV imaging data can
make even normal, star-forming galaxies appear disturbed and
irregular. Our sample of rest-frame HST FUV data of local
mergers enables us to simulate the appearance of high-z
mergers in the optical bands. In particular, using our sample,
we simulate how the LIRGs in the SBC FUV rest-frame would
appear in ultra-deep field (UDF) images at =z 0.5, 1.5, 2, and
3, in order to examine if local LIRGs would be identified as
galaxy mergers at these redshifts.
The simulated images are generated by applying the same

method described in Giavalisco et al. (1996; see Petty
et al. 2009; Bridge et al. 2010 for more recent applications).
Briefly, we rebin and convolve the SBC images according to
the pixel scale and PSF of the bands at the depth of the UDF.
We use the F220W (z = 0.5), B- (z = 1.5, 2), and V-band
(F606W; z = 3) filter responses and detector characteristics
(0.03″ -pix 1), corresponding with the redshifted FUV rest-
frame band. The limiting AB magnitudes are 25.9, 28.7, and 29
for the F220W, B, and V bands, respectively (Giavalisco
et al. 2004; Beckwith et al. 2006). We rebinned the ~z 0 FUV

Figure 3. Plots are of the average G (top) and M20 (bottom) values in different
wavebands compared to the visual classification type (Table 1). Black
diamonds, gray squares, gray circles, and black triangles are the mean values in
the FUV, B, I, and H bands, respectively. The black solid line is the average for
all values in that classification type.

Figure 4. IRX-β for GOALS LIRGs. The black filled circles are from (Howell
et al. 2010) and the cyan points are the LIRGs in the current paper. The black
line is the starburst relation adapted from the fit to a (Meurer et al. 1999) 108

year old starburst population. While the cyan points span a large range in IRX,
including a number that fall significantly above the starburst correlation, they
do not cover the full range in beta seen in the parent GOALS sample.

(A color version of this figure is available in the online journal.)

Figure 5. IRX-M20 and G for 16 objects with available IRX in the UV, B, I, and
H bands. The gray-shaded regions roughly define more merger- or clumpy
disk-like composition based on the G-M20 boundary.
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images to the calculated angular size scales at each redshift,
convolved with the instrument PSFs (produced by Tiny Tim;
Krist et al. 2011), and added background from each band in the
UDF to match the noise levels (Giavalisco et al. 2004;
Beckwith et al. 2006). We exclude five LIRGs from this
analysis that were not detected after being redshifted to z = 3:
NGC 5331S, VV 340a, NGC 2623, IRAS 20351 + 2521, and
IRAS 08355-4944, leaving 15 for the full range of redshifts to
analyze.

The radii used for measuring G and M20 for the high-
redshift simulations have the same projected physical size
(6–10.8 kpc) used for the ~z 0 values. This allows for a direct
comparison between the nearby and simulated higher redshift
values of G and M20. To check the sensitivity of the high-z
G-M20 measurements, we adjusted the radius for each galaxy at
the incremental radii: r r2, 2 . At r/2, Gini decreases on average
by ~0.02, while M20 increases (becomes less negative) on
average by~0.2; at 2r Gini increases on average by~0.01, and

M20 decreases by ~0.1. The differences are well within the
uncertainty ranges estimate described in Section 3.
In Figure 6, the simulated UDF rest-frame FUV images of

the LIRGs are shown at each redshift. The circles have radii of
1.5″ (~9–13 kpc in the redshift range considered here), and are
for comparison purposes. The majority of the LIRGs retain the
brightest clump structures, while low surface-brightness areas
are lost to noise, or some of the clumps blend in the rebinning
process. The galaxies that appear most affected by this—NGC
6786, IIZw 96, ESO 148, NGC 7674—have been mostly
reduced to a single bright clump that would be regarded as the
entire galaxy. Structural details are lost for z 2, and they
might be mistaken for compact UV-bright galaxies. This is in
agreement with the results of Hibbard & Vacca (1997)
performed on a smaller sample.
The morphologies as estimated by the G-M20 values further

confirm this result. The left four panels in Figure 7 compares
G-M20 between each redshift bin, starting with the original

Figure 6. Five of 15 objects artificially redshifted in the rest-frame FUV from ⩽ ⩽z0.5 3 as labeled, and simulated to the depth of the UDF in the bands from left to
right: F220W ( =z 0.5), B ( =z 1.5, 2), and V ( =z 3). All circles are 1.5″ in radius.

(A color version of this figure is available in the online journal.)
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values at ~z 0. We also include the G-M20 boundary lines
defining the expected G-M20 morphology types as in Figure 2.
By the first step in the redshift sequence at z = 0.5, the majority
of objects have moved to the merger boundary. As the redshift
increases, the galaxies transition almost entirely into the Sb–Ir
region, and out of the merger area.

We also show M20 and G versus redshift in the two right
panels. While M20 may vary for the individual galaxies at each
redshift as shown in the G-M20 plots, the overall ranges of M20

show no trend with redshift. However, the G values decrease
significantly until z 1.5, where the values flatten to G~0.45.
Several factors, including the reduction of spatial resolution
from 80 pc to 1.36 kpc, in addition to dimming of tails and
other extended features, have a systematic affect on both M20

and G. The KS-tests between the original, or ~z 0 and
redshifted G values are inconsistent with them arising from the
same sample (P values0.1%). For M20 the KS-tests give P
values >10% for =z 0.5, 1.5 and 3 when compared with the
original LIRG M20 value.

Overall, at higher redshifts, most merging LIRGs in the
FUV-rest-frame would appear as compact Sb–Ir galaxies.
Visually, some may appear clumpy and disturbed (Figure 6),

but many of the extended features are absent, which is one key
attribute to a merger classification. Based on our small, yet
diverse sample, merging galaxies at z 2 can appear to be
similar to normal disk galaxies when observed at visual
wavelengths.
NGC 5257 presents an interesting case, which points to the

opposite possibility; namely, the classification of disk galaxies
with irregular star formation as mergers. NGC 5257 is a
member of an interacting pair (Haan et al. 2011), where the
value for G-M20 in the NIR sit on the border between irregular
and normal disk galaxies. The G-M20 values as measured in
the optical and UV, however, are well within the irregular/
merger region. When redshifted to >z 1, NGC 5257 follows
the same trend toward smaller G as the other LIRGs in the
sample, but straddles the dividing line between the merger and
disk galaxy regions in the G-M20 plane. Therefore, although
this source is a member of an interacting pair, the G-M20

classification suggests a distorted disk, driven by the asym-
metric star formation evident in our images. In this case the
classification is correct, but is entirely driven by the unusual
star formation in the disk of NGC 5257 itself. If galaxies with
similar asymmetries are common at higher redshifts, they

Figure 6. (Continued.)
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would also appear as mergers even if the star formation is
driven by other processes, such as gas accretion and disk
instabilities.

Overall, the largest effect on G-M20 is that G decreases
significantly, due to the decrease in signal to noise, + z(1 )4

surface brightness dimming, and decrease in spatial resolution
from pixel rebinning, during the redshifting process. Even at
UDF depths, the surface brightness dimming removes extended
tidal features and other asymmetries. The pixel rebinning
significantly reduces the number of resolved individual clumps,
concentrating the brightest pixels.

5. DISCUSSION AND CONCLUSIONS

We have presented a study of the G-M20-derived morphol-
ogies in local sample of LIRGS, observed with Hubble from
the the FUV through near-IR at an average spatial resolutions
of 80 pc. Visually, the distribution of individual star-forming
clusters in the LIRGs appear to depend on wavelength.
Whether the morphology of a dusty galaxy may be effectively

identified based on UV-optical observations has been explored
previously. Mirabel et al. (1998) analyzed the double nuclei in
the Antennae galaxies with HST optical and mid-IR (ISO).
They found that the brightest mid-IR cluster is dark in the
optical wavelengths, and used these results to postulate that this
would bias high redshift observations. Hibbard & Vacca
(1997) studied four nearby irregular galaxies using images in
the rest-frame FUV, B, and V bands and simulated them to look
like Hubble Deep Field observations at higher redshifts
( < <z0.5 2.5). They demonstrated that it was not possible
to recover the global properties of the galaxies after >z 1.5.
They further argued that the rest-frame UV was not sensitive to
an older, more general stellar population, such as the shorter,
optical wavelengths.
Our results indicate that quantitative G-M20 measurements

do not effectively reflect this wavelength dependence. While
the location of mergers in the G-M20 plane move significantly
from the FUV through the visual and near-IR, they do not
typically cross the boundaries that define merging systems to

Figure 6. (Continued.)
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those occupied by regular galaxies (spiral or elliptical).
Merging LIRGs stay in the same G-M20 classification
independent of wavelength. This result may be a function of
both resolution and depth, but it is nonetheless an observed
property of these data. For our dusty merger sample, the G-M20

classifications seem robust from the FUV through the NIR.
However, there are some obvious changes where G and M20

behave differently with wavelength: M20 becomes more
negative and G increases (within a very narrow range), which
moves the G-M20 values into the upper right corner of the
merger region with increasing wavelength. These results are
consistent with a dusty central bulge being revealed in the near-
IR and dominating the brightest pixels. Specifically, this effect
is driving the G-M20 changes for NGC 34 and NGC7674,
which visually become more bulge-/disk-like. Some of our
galaxies harbor AGNs, which do not seem to affect their G-M20

values compared to the starbursts in our sample. Even though
Gabor et al. (2009) show that the AGNs can affect the host
morphology, we do not find this to be the case for nearby
LIRGs.

Both G and M20 are very good at selecting merger/LIRGs
regardless of rest-frame wavelength at ~z 0. However, Gini
and M20 do not correlate clearly with merger stage, although
there is a slight rise in Gini with late stage mergers in our
sample. This is promising for selecting merger candidates from
large catalogs, where the rest-frame does not need to be taken
into account within a reasonable confidence level.
We also compare G-M20 with IRX and find no correlation.

This lack of correlation between the IRX, G, and M20

parameters suggests that a significant change in the amount
of dust reprocessing of the FUV emission (over two orders in
magnitude in IRX) is not changing the overall UV morphology
in a systematic way across the sample, as revealed in G-M20.
This in turn suggests that the dust is not preferentially affecting
the brightest UV knots, but rather that it is either (1) evenly
distributed across the galaxies, or (2) is surrounding and
obscuring the bulk of the FUV emission from a small number
of regions which in turn emit most of the FIR light. Since we
know that the starbursts and the dust emission in LIRGs
becomes more concentrated as the luminosity increases in the

Figure 6. (Continued.)
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later merger stages, this result is consistent with the warm dust
which drives LIRGs to higher IRX being concentrated around
the nucleus. An increase in IRX would seem to provide a
smaller contribution of the brightest clumps to the total UV
flux. We are probing the H II region scales, implying that any
correlation between IRX and morphology would be occurring
on smaller scales.

Due to the levels of dust obscuration causing low-surface
brightness, rest-frame UV and optical surveys of higher redshift
infrared luminous galaxies are more rare (e.g., Conselice 2003;
Lotz et al. 2006; Ravindranath et al. 2006; Petty et al. 2009;
Conselice et al. 2011; Law et al. 2012; Holwerda et al. 2012).
Elbaz et al. (2007) visually classify the morphologies of LIRGs
at ~z 1, and find that only one-third have signatures of being
in a major merger. In comparison, Kartaltepe et al. (2012) find
that 24% of ULIRGs at ~z 2 are mergers.

Based on our simulation of LIRGs at increasing redshift, we
detect a consistent loss of information due to surface brightness
dimming, removing the tidal tails, and other faint asymmetric
features in late-stage merging systems. Plus, a loss of resolution
of individual clumps occurs because of the pixel rebinning. The
results from redshifting the LIRGs up to z = 3 suggest that G is
highly sensitive to these effects. However, M20 appears to be
relatively stable to the redshift simulations with an average
difference of ~4% from the range of values it takes at ~z 0.
Moreover, our analysis shows that G decreases as much as 40%
over the range of values. It is likely that the loss of resolution
(clumps combine with pixel rebinning) and surface brightness
dimming of the faint, extended features dominate the change,
skewing G-M20 toward a smoother disk-like parameter space.
In other words, merging galaxies will look more disk-like at
z 2 in the G-M20 plane, even in the rest-frame FUV.
While our results show that mergers, when seen at high

redshift, can often appear more “regular” in the visual and UV
than they really are, the converse is also true: galaxies can

appear to be mergers when in fact they are irregular, as in the
case of NGC 5257.
A number of authors have already discussed the significantly

lower fraction of mergers seen among high-z galaxies. At fixed
luminosities this is certainly a factor, since galaxies will lie
along a rising main sequence. However, our data suggest that
the exact fraction of mergers at z 0.5 can also be
underestimated. In Wang et al. (2012), the authors measure
G-M20 on a color-selected sample of extremely red objects
(mostly disks) at ~z 2 in the rest-frame optical. They find a
clean separation in G-M20 space between the quiescent and
dSFGs, and infer that 30% of star-forming galaxies and 70% of
quiescent galaxies are disks, claiming that this argues against a
significant role for mergers in building galactic mass. However,
we show that merging systems at high redshift with faint
extended features may be classified as disks. Petty et al. (2009)
also find that nearby merger-like galaxies simulated at ~z 1.5
and 4, in the rest-frame UV, have more disk-like G-M20 values.
There are some discrepancies in determining the morphol-

ogy-wavelength dependence, or k-correction, particularly for
estimating mergers. Understanding this factor is important for
determining merger-fractions at higher redshifts. The results we
find for this LIRG sample are similar to the basic conclusion of
Overzier et al. (2010), who compare nearby Lyman-break
analogs (LBAs), LBGs at ~z 3–4, and BzK galaxies at ~z 2
in the rest-frame UV and optical at HUDF depths. They show
that the extended features of the LBAs disappear after
degrading the images to the BzK and LBG sensitivities
(simulating higher redshifts), implying that the rest-frame UV
is particularly susceptible to the removal of extended features.
This effect could have an impact on studies of mergers as the

major source of mass building which rely purely on
morphological classifications of high-z galaxies. In particular,
observations and simulations show that disks can survive and
reform after a major wet merging event (e.g., Robertson

Figure 7. The four panels on the left show the G-M20 values for the FUV rest-frame redshifted images. For each redshift bin, we connect the G-M20 values from an
objectʼs lower redshift (gray) to its higher redshift (open circles) as defined in the legend. The two panels on the right show the average G and M20 values with
simulated redshift (black circles). The vertical lines span the minimum and maximum values for that redshift bin. The dashed and solid lines illustrate the trend for G
to decrease and flatten with increasing redshift, while M20 remains relatively stable.

(A color version of this figure is available in the online journal.)
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et al. 2006; Robertson & Bullock 2008; Hopkins et al. 2009;
Governato et al. 2009). Even though our results do not suggest
that all star-forming z 0.5 disks or recent starbursts are
powered by wet, major mergers, it is clear that the number of
major mergers may be underestimated when using G-M20, and
other quantitative measures to recognize merging systems at
higher redshifts in the rest-frame UV. In particular, although
our sample is small, we find that~50% would appear disk-like
if observed at UDF-like depths with HST by ~z 0.5, and
nearly all of them are classified as disk-like by ~z 2. At low-
redshift, galaxies look more irregular in the UV due to dust and
the dominance of hot, young stars, but when observed at high-
redshift this trend can be reversed, and even mergers can look
disk-like. In future papers we will explore these trends with a
larger sample of local mergers observed from the UV through
NIR with HST, and analyze the star-forming clumps as a
function of merger stage and other global parameters, such as
dust temperature and SED shape.
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ABSTRACT

We present analysis of the morphological classification of 89 luminous infrared galaxies (LIRGs) from the Great Observatories All-sky
LIRG Survey (GOALS) sample, using non-parametric coefficients and compare their morphology as a function of wavelength. We rely
on images that were obtained in the optical (B- and I-band) as well as in the infrared (H-band and 5.8 µm). Our classification is based
on the calculation of Gini and the second order of light (M20) non-parametric coefficients, which we explore as a function of stellar
mass (M?), infrared luminosity (LIR), and star formation rate (SFR). We investigate the relation between M20, the specific SFR (sSFR)
and the dust temperature (Tdust) in our galaxy sample. We find that M20 is a better morphological tracer than Gini, as it allows us
to distinguish systems that were formed by double systems from isolated and post-merger LIRGs. The effectiveness of M20 as a
morphological tracer increases with increasing wavelength, from the B to H band. In fact, the multi-wavelength analysis allows
us to identify a region in the Gini-M20 parameter space where ongoing mergers reside, regardless of the band used to calculate
the coefficients. In particular, when measured in the H band, a region that can be used to identify ongoing mergers, with minimal
contamination from LIRGs in other stages. We also find that, while the sSFR is positively correlated with M20 when measured in the
mid-infrared, i.e. star-bursting galaxies show more compact emission, it is anti-correlated with the B-band-based M20. We interpret
this as the spatial decoupling between obscured and unobscured star formation, whereby the ultraviolet/optical size of an LIRG
experience an intense dust-enshrouded central starburst that is larger that in the mid-infrared since the contrast between the nuclear to
the extended disk emission is smaller in the mid-infrared. This has important implications for high redshift surveys of dusty sources,
where sizes of galaxies are routinely measured in the rest-frame ultraviolet.

Key words. Galaxy: structure – infrared: galaxies – galaxies: evolution – galaxies: general – galaxies: starburst

1. Introduction

One of the remaining questions in extragalactic astronomy is
how matter in the Universe assembled itself into the structures
we see today. An approach to tackle this question is to study
the formation and evolution of galaxies, since they are luminous
beacons of the baryon content of the Universe. Galaxy morphol-
ogy, which traces how the electromagnetic emission of the vari-
ous physical processes is distributed across a galaxy, can be used
to study how galaxies evolve and which is the dominant mecha-
nism shaping this evolution. Fundamental properties of galaxies,
such as their mass, baryonic content, star formation history, in-
teraction state, and environment are intimately connected with
galaxy morphology (Dressler 1980; Roberts & Haynes 1994;
Kennicutt 1998; Strateva et al. 2001; Wuyts et al. 2011). Mor-
phological studies can be used to constrain the theoretical mod-
els of galaxy evolution.

Traditionally the so-called Hubble Tuning Fork (Hubble
1926) provides significant information about the morphology
of bright and massive galaxies in the local Universe and
is closely correlated with galaxy physical properties as stel-
lar mass (M?), color, star formation rate (SFR) and relative

dominance of a central bulge (Roberts & Haynes 1994). How-
ever, using it to classify galaxies at z > 1 is challenging
owing to limitations in angular resolution and the progres-
sive decrease in the signal to noise (S/N) as a result of both
the surface brightness dimming and the sampling of shorter
wavelengths at a given observed band-pass (van den Bergh et al.
1996; Dickinson 2000). A number of optical studies observed
systems at z > 2 with the Hubble Space Telescope (HST), by
sampling their rest-frame ultraviolet (UV) emission, which re-
vealed that many high-redshift galaxies exhibit irregular shapes
and do not follow the typical Hubble types (Lotz et al. 2004,
2006; Papovich et al. 2005; Conselice et al. 2008). As a re-
sult, other methods using parametric coefficients, such as the
Sersic index (n; Sersic et al. 1968) or non-parametric coeffi-
cients, like Gini and M20 (Abraham et al. 2003; Lotz et al. 2004)
were developed to quantify the morphology of a galaxy.

At z ∼ 1, corresponding to a so-called look-back time
of nearly 8 Gyr, luminous infrared galaxies (LIRGs) begin to
dominate the IR background and the star formation rate den-
sity (SFRD – Magnelli et al. 2013). These galaxies emit a higher
fraction of energy in the infrared (IR) spectrum (∼5–500 µm)
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than at all other wavelengths combined. A LIRG by defini-
tion emits more than 1011 L� in the IR (8–1000 µm) part of
the electromagnetic spectrum, while, a more luminous system,
emitting more than 1012 L�, is called ultraluminous infrared
galaxy (ULIRG; Sanders & Mirabel 1996). The power source
of most local (U)LIRGs is a mixture of accretion onto an Ac-
tive Galactic Nucleus (AGN) and a circumnuclear starburst, both
of which are fueled by large quantities of high density molecu-
lar gas that has been funneled into the merger nucleus. In the
process of a violent interaction of two spiral galaxies, hydrogen
clouds that were initially distributed throughout the galactic disc
could move to the centre, which forces the gas to become con-
centrated. Numerical simulations of colliding galaxies (Barnes
1992; Mihos & Hernquist 1996; Hopkins et al. 2008) show that
the gas and stars react differently during a merger. The gas tends
to move out in front of the stars as they orbit the galactic centre.
Furthermore, gravitational torques on the gas reduce its angular
momentum, causing it to plunge toward the galactic centre. As
the two galaxies begin to merge, more angular momentum is lost
and the concentrated circumnuclear gas feeds a massive starburst
and/or an AGN.

Observations with the Infrared Space Observatory (ISO) and
Spitzer Space Telescope showed that they contribute up to 50%
of the cosmic infrared background, which dominates the SFR
of the Universe at z ∼ 1 (Elbaz et al. 2002; Le Floc’h et al.
2005; Caputi et al. 2007; Magnelli et al. 2009). Despite the rarity
of (U)LIRGs in the local Universe, their study is of paramount
importance as they allow an exploration of their detailed mor-
phologies that cannot be made (owing to resolution limitations)
at higher redshifts, where they are order of magnitudes more
common (Blain et al. 2002; Chapman et al. 2005).

Furthermore, (U)LIRGs are strongly related with the evo-
lution of massive galaxies. Both major and minor mergers are
important in the morphological transformation of galaxies since
they transform spiral disks into red and spheroids, building the
high mass end of the stellar mass function, mostly at moderate
to low redshifts (Williams et al. 2011). In particular, a system of
two spiral galaxies that interact dynamically will pass through a
violent stage, where the spiral arms and the disc of both galax-
ies will be destroyed and, as consequence of the violent relax-
ation the population of the stars, will relax to an r1/4 profile,
which is a characteristic distribution of an elliptical galaxy (i.e.
Hjorth & Madsen 1991; Hopkins et al. 2009). As a consequence,
unlike high-z (U)LIRGs, which are mainly isolated systems with
extended gas rich disks that form stars intensely, local LIRGs
exhibit a large range of morphologies, from isolated galaxies to
interacting pairs and mergers.

The morphological study of LIRGs across a wide wavelength
range can provide information on the dynamical history of galax-
ies (i.e. Lotz et al. 2004; Petty et al. 2014). When combined with
spectra or spectral energy distribution (SEDs), the morphologies
indicate how galactic environment (or the merger history) has
influenced star formation (SF). In particular, UV light originates
from young massive OB stars in star-forming regions, while the
optical light is mainly emitted by less massive stars. The near
infrared (NIR) part of the electromagnetic spectrum unveils the
location of older stellar populations that are responsible for the
bulk of the total mass.

With the advent of a new generation of telescopes such as
James Webb Space Telescope (JWST; Gardner 2006), Euclid
(Amiaux et al. 2012), large Synoptic Survey Telescope (LSST;
LSST Dark Energy Science Collaboration 2012) and the Dark
Energy Survey (Frieman & Dark Energy Survey Collaboration
2013), huge amounts of data for millions of galaxies will be

available at higher redshifts. It will be essential to have robust
tools to make automatic morphological and structural classifica-
tions. In this paper, we investigate the connection of the local
LIRG morphologies with other physical properties and pave the
way for studying their high-z analogues. Our motivation is to re-
fine the morphological method of Gini and M20 for galaxies that
are dusty and that suffer an ongoing merger stage.

The paper is organised as follows. In Sect. 2 we describe the
data. The morphological diagnostics are described in the Sect. 3.
In Sect. 4 we present a summary of the analysis we performed
to calculate the non-parametric coefficients. We present our re-
sults in Sect. 5 and discuss them in Sect. 6 when we compare
our findings with other similar studies. Finally, we summarize
our conclusions in Sect. 7. In Appendix A, we also provide the
Gini and M20 values of our sample, using the full B- and I-band
field of view (FoV), while in Appendix B, we provide a brief
discussion based on the values of M50 coefficient.

2. Sample and data

2.1. Sample

The sample, upon which we base our analysis, consists of
89 LIRGs and ULIRGs from the Great Observatories All-sky
LIRG Survey (GOALS; Armus et al. 2009). GOALS is a sam-
ple of 202 LIRGs selected from the IRAS Bright Galaxy Sam-
ple (RBGS; Sanders et al. 2003) and spans a redshift range of
0.009 < z < 0.088. The RBGS contains all the extragalactic
objects with S 60 > 5.24 Jy observed by IRAS at galactic lat-
itudes |b|◦ > 5. The infrared luminosities of our 89 LIRGs lie
above the value of log(LIR/L�) > 10.44 , the luminosity at which
the local space density of LIRGs exceeds that of optically se-
lected galaxies. These galaxies are the most luminous members
of the GOALS sample and, predominantly, they are mergers and
strongly interacting systems. The range of infrared luminosity is
10.44 < log(LIR/L�) < 12.43, with a median of 11.62. The mea-
surements of LIR were taken from Díaz-Santos et al. (2013). Our
final GOALS sample contains 89 galaxies.

2.2. Data

All galaxies in our sample have imaging obtained with the
Advanced Camera for Surveys (ACS), the Wield Field Cam-
era (WFC), the Near Infrared Camera and Multi-Object Spec-
trometer (NICMOS) and the Wide Field Camera 3 (WFC3) of
the HST. Additionally, mid-IR (MIR) imaging is available with
the Infrared Array Camera (IRAC) of Spitzer.

2.2.1. ACS HST observations

Our sample has been imaged with the ACS/WFC, using
the F435W (B) and F814W (I) broad-band filters (GO pro-
gram 10592, PI: A. Evans: see Evans et al. 2013). The F435W
and F814W observations were performed using three- and two-
point line dither patterns, respectively. The processed B- and
I-band images of our sample have a large 202′′ × 202′′ FoV
and was selected to capture the full extent of each interaction
in one HST pointing. These filters have pixel scales of 0.05′′.
At the median redshift of our sample (z = 0.033), 1′′ cor-
responds to ∼660 pc, hence the ACS FoV covers a projected
area of ∼133 kpc × 133 kpc. The B band has λcen = 4297 Å
and width of 1038 Å. Accordingly, the I band has λcen = 8333 Å
and width of 2511 Å. Further details of the observations and data
reduction are described in Kim et al. (2013).
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2.2.2. HST NICMOS observations

HST images with NICMOS/NIC2 were obtained using the
F160W filter for 80 LIRGs. The data were collected using Cam-
era NIC2 with a FoV of 19.3′′ × 19.5′′, a pixel size of 0.075′′
and are dithered to yield a total field area of typically 30′′ × 25′′.
We note that NICMOS failed during the execution of this pro-
gram, so that not all targets in the complete sample of 89 LIRGs
were observed. The remaining nine were observed with WFC3,
which has a wider FoV of 123′′×136′′ and a pixel size of 0.13′′.
(See Haan et al. 2011, hereafter H11) for more details on the
NICMOS data reduction.)

2.2.3. IRAC observations

IRAC is a four-channel camera (Fazio et al. 2004) on board
Spitzer, that provides 5.2′×5.2′ images at 3.6, 4.5, 5.8, and 8 µm.
In our analysis, we used the images of IRAC channel 3 at 5.8 µm.
The detector has 256× 256 pixels, with a pixel size of 1.2′′, cor-
responding to 844 pc for the median sample redshift.

3. Morphological diagnostics

A number of methods are used to describe the morphology of
galaxies, based on the distribution of their emitted radiation.
Visual morphology (Sandage 2005; Lintott et al. 2011) is the
traditional approach to understanding the structure of galax-
ies. The major classification system in use today was proposed
by Hubble (1926) and updated by de Vaucouleurs (1959) and
Sandage (1961, 1975)1. On the other hand, computer algorithms
have been developed to quantify the morphology of galaxies in
a faster and, possibly, less biased manner (Schutter & Shamir
2015). As well as the visual and algorithmic way of characteris-
ing morphologies, galaxies can also be classified using various
proxies with either parametric or non-parametric coefficients.

3.1. Methods using parametric coefficients

This type of method requires a prescribed analytic function
to quantify the morphological type. This analytical function is
used to model the projected light distribution and quantify the
galaxy morphology with a few parameters. Historically one of
the first ways to classify the structure was based on integrated
light profiles. With this method, a single or multiple components
can be used to model the galaxy profile (Blanton et al. 2003;
Allen et al. 2006; Häußler et al. 2013). Sersic et al. (1968) em-
pirically derived the following function to describe the radial
surface brightness profile:

I(r) = Ie exp

−bn


(

r
re

)1/n

− 1



 , (1)

where re is the effective or half-light radius, Ie is the intensity
at the effective radius, n is the Sersic index, and bn is a func-
tion of n (Graham & Driver 2005). The term re relates to the
physical size of the galaxy and n gives an indication of the con-
centration of the light distribution. The value of n is used to de-
scribe galactic structures such as bars n ∼ 0.5, disks n ∼ 1,
bulges (1.5 < n < 10), and even the light profile of elliptical
galaxies (1.5 < n < 20).

1 A review of galaxy classification can be found in Buta (2013).

3.2. Methods using non-parametric coefficients

Non-parametric methods do not assume an analytical function
for the description of the distribution of light in a galaxy. For
that particular reason they can be applied to spiral or elliptical
galaxies, as well as to disturbed systems that display features
of dynamical interaction, such as tidal tales or bridges. Further-
more, non-parametric coefficients are less affected by limitations
of resolution and can be measured out to high redshifts, making
them ideal for exploring galaxy evolution across cosmic time
(Conselice 2014). Since most (U)LIRGs are members of inter-
acting systems and they often exhibit irregular shapes, our anal-
ysis is based on non-parametric coefficients.

There are many non-parametric coefficients in the litera-
ture that can be applied to morphological studies. One of them,
the CAS classification system has been used extensively dur-
ing the last decade. The three coefficients of CAS are the fol-
lowing: the concentration index (C), which was developed by
Abraham et al. (1994, 1996), measures the ratio of the inner and
outer part of the light in a galaxy and it correlates with the
bulge to disc (B/D) galaxy ratio. Schade et al. (1995) defined the
asymmetry (A) coefficient and used it to automatically distin-
guish spirals from ellipticals and galaxies with irregular shapes.
Lotz et al. (2004) showed that galaxies with elliptical light pro-
files have low asymmetries, those with spiral arms are more
asymmetric and finally extremely irregular and merging galax-
ies are typically highly asymmetric. The last coefficient, smooth-
ness (S), was introduced by Conselice (2003). Smoothness is a
good indicator of clumpiness of small-scale structures of galax-
ies and is related to star formation regions.

The most widespread non-parametric coefficients used is the
Gini and the second-order moment-of-light distribution (M20).
The Gini coefficient is based on the Lorenz curve, the rank or-
dered cumulative distribution function of a population’s wealth.
It was proposed in 1912 by the Italian statistician and sociolo-
gist Corrado Gini who used it to measure the inequality of the
levels of income in a society. Abraham et al. (2003) extended
the application of Gini coefficient in the morphology of galax-
ies, replacing the income of the society with the pixel values of a
galaxy image. For the majority of local galaxies, the Gini coeffi-
cient is correlated with C and increases with the fraction of light
in a compact (central) component. Gini is defined as:

Gini =
1

| f̄i|k(k − 1)

k∑

i = 1

(2i − k − 1)| fi|, (2)

where f̄i is the mean flux value, fi is the flux of the i-pixel and k
is the number of pixels assigned to the galaxy. The values of Gini
range from 0 to 1. When a galaxy has a uniform flux distribution
of pixels, the Gini coefficient is close to zero. In an extreme case,
when the light of the galaxy concentrates in just a few pixels,
Gini is close to unity.

In addition, M20 traces the spatial distribution of any bright
nuclei, bars, spiral arms, and off-centre star clusters (Lotz et al.
2004). The definition of the M20 is given by the following
formula:

M20 = log
(∑

Mi

Mtotal

)
, (3)

while
∑

Mi < 0.2 f luxtotal. (4)
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The total second-order moment Mtotal is the flux in each pixel fi
multiplied by the squared distance to the centre of the galaxy,
summed over all pixels assigned to the galaxy:

Mtotal =
∑

Mi =
∑

fi
[
(xi − xc)2 + (yi − yc)2

]
, (5)

where xc, yc is the galaxy’s centre and fi is the flux of pixel xi, yi.
The centre is computed by finding xc, yc, such that Mtotal is min-
imized. A disk galaxy with bright regions in the spiral arms or a
more spatially extended object corresponds to M20 values close
to zero. Conversely, a galaxy with a bright bulge, single, or dou-
ble nucleus (a more compact object), takes more negative M20
values.

Since our galaxies exhibit characteristics of merging in their
light distributions and many bright regions would spread around
the centre of NIR light, we decided to extend our analysis by also
calculating the M50 non-parametric coefficient. The limit of 50%
of total flux in the definition of M50 could reveal more bright
regions and possibly classify our sample in a more accurate way
(see Appendix A for details).

We calculate Gini as follows: we sort the pixel values from
minimum to maximum. The pixels are divided into two, equal in
number, separate groups. The first 50% are the faint pixels and
the remaining 50% are the brighter ones. The summation has k
terms (where k is the number of the pixels inside the segmenta-
tion map). The Gini coefficient gives negative values in the faint
pixels and positive to the bright ones. With this approach, Gini
is calculated by summing the difference between the brightest
and the faintest pixel, the second brightest and second faintest
pixel, etc. The final step is to divide the difference with the term
of | fi| k(k − 1) in order to normalize the result and get the Gini
coefficient.

The steps for the M20 calculation are as follows: we arrange
the pixel values in decreasing order of flux and we calculate the
term Mi for every pixel of the galaxy. We define the centre of
the galaxy xc, yc as the point that represent the weighted centre
of light. We calculate the numerator of the term inside the log-
arithm

∑
Mi, adding the moments of light of every pixel until

the summed flux of the pixels reach the 20% of the total flux
of the segmentation map. Finally, we calculate the M20 coeffi-
cient. As the argument of the logarithm decreases (few pixels
are needed to reach the 20% of the total flux) the M20 coefficient
becomes more negative and the galaxy is characterised as com-
pact. Conversely, as the numerator does not differ greatly with
the denominator, the number is bigger, the logarithm approaches
values close to zero, and the galaxy has a more extended mor-
phology. The important terms which are relevant on M20 calcu-
lation are the number of pixels required to reach the 20% of the
total flux, the distance of these pixels from the centre, and the
relative difference between the flux of the brightest pixel (it usu-
ally lies in the centre of the galaxy) and the flux of the fainter
outer pixels of the galaxy.

4. Analysis

4.1. Constructing the segmentation map

Lotz et al. (2004) studied the Gini, M20 values of a sample of lo-
cal galaxies in both NUV and optical wavelengths. Their sample
included galaxies with various morphological type, i.e. spirals,
ellipticals, irregulars (Irr) and also (U)LIRGs. They identify the
pixels that belong to each galaxy with a technique known as the
construction of the segmentation map. The general idea is to set
a flux threshold in every image of the galaxy. If the pixels of the

image have a value above that limit, we assume that they belong
to the galaxy. The method requires a calculation of a charac-
teristic radius of the galaxy. Most common are the definition of
the Holmberg radius, the effective radius and the Petrosian ra-
dius (Petrosian 1976). The Petrosian radius is based on a curve
of growth and, therefore, is less affected by the (1 + z)4 sur-
face brightness-dimming of distant galaxies. For our analysis,
we choose the Petrosian radius, which gives the opportunity to
measure a characteristic radius of every galaxy, independent of
its distance. The equation that gives the Petrosian radius of a
galaxy is the following:

η =
µ(rP)

µ̄(r < rP)
, (6)

where η is typically set to 0.2. The Petrosian radius (rP) is the
radius at which the surface brightness at rP is 20% of the mean
surface brightness inside rP. The surface brightness µ(rP) is mea-
sured for increasing circular apertures as the Petrosian radius that
was determined by the curve of growth within circular apertures.
We measure the flux inside an annulus and divide this with the
area of the annulus. The mean surface brightness µ̄(r < rP) is the
total flux inside an aperture divided by the area of the aperture.

Firstly, the image must be sky-subtracted and external
sources, like field stars or other galaxies must be removed. We
define circular apertures around the brightest pixel in the H-band
and calculate the associated Petrosian radius. Furthermore, we
convolve the cleaned galaxy image with a Gaussian of standard
deviation σ = (rP/5), similarly to Lotz et al. (2004), to better
trace low-surface brightness pixels. The pixels assigned to the
galaxy must satisfy two conditions. Firstly, their flux must be
greater than the µ(rP) in the smoothed image. Secondly, we de-
fine a 3 × 3 pixel area as the neighbourhood for every pixel, we
measure the flux for every neighbor and, if the flux difference be-
tween the central and every neighbouring pixel is less than 10σ,
then we add the pixel to the segmentation map. Finally, the map
is applied to the cleaned but unsmoothed image and the pixels
assigned to the galaxy are used to compute the Gini and M20
coefficients. In Fig. 1 we show the initial image and the segmen-
tation map of NGC 34 in the H band.

For reasons of consistency, we decided to use in our analysis
the same FoV at all wavelengths in the morphological classifica-
tion across all bands. Since the H-band images have the smallest
FoV, they determine the area over which the non-parametric co-
efficients will be calculated and hence the morphology of the
galaxy will be determined. As a first step, the B- and I-band im-
ages were cropped to the corresponding FoV of the H band. Fur-
thermore, to be directly comparable with the H-band pixel scale
and H-band morphology, we deconvolved each image with the
band-specific point spread function (PSF) and convolved with
the H-band PSF.

We note that for 34 galaxies in our sample the Petrosian ra-
dius is inside the H-band FoV, and therefore within all filter im-
ages (since the H-band data has the smallest FoV in our dataset).
Its projected linear scale at the distance of the galaxies has a me-
dian value of 9 kpc. For cases where the Petrosian radius extends
outside the H-band FoV, we set these pixel values equal to the
mean background of the image, which is close to zero, and then
we calculate the corresponding Petrosian radius. We present the
Gini, M20 values of all 89 galaxies in Table C.1. We emphasize
that the B- and I-band values of the 55 galaxies in Table C.1,
for which the corresponding Petrosian radii are larger than the
reduced cropped field, may not accurately represent the actual
value of the galaxy as a whole in this band. For this reason we
indicate them with a dagger symbol. Moreover, in Appendix A,
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Fig. 1. H-band image with the Petrosian radius represented as a
white circle (top) and the H-band segmentation map (bottom) with the
Petrosian radius represented as a red circle of VV 705. The 2 images
have the same FoV.

we provide a complete table with the Gini and M20 values of
these galaxies in the B and I bands, which were calculated us-
ing exactly the same methodology but on the original uncropped
FoV of each band.

5. Results

5.1. Gini and M20 at different Petrosian radius

Given the limitations of the small FoV of the H band, we de-
cided to examine how the two non-parametric coefficients, Gini
and M20, vary as a function of the Petrosian radii.

Table 1. Median Gini and M20 values from optical to NIR wavelengths.

Band Ginimedian M20median Ginirange M20range
(1) (2) (3) (4) (5)
B 0.43 –1.15 0.56 1.56
I 0.45 –1.51 0.50 1.78
H 0.49 –1.70 0.26 2.11

Notes. Columns: (1) The reference band. (2) The median Gini value.
(3) The median M20 value. (4) The Gini range. (5) The M20 range.
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Fig. 2. Plot presenting the change in Gini and M20 for various stages of
interaction when the radius to calculate the segmentation map increases
from 0.67 to 2 times the Petrosian value. ∆Gini (and ∆M20) is the dif-
ference between the Gini (and M20) at a given radius, minus the value
at the smallest radius. The increase in Petrosian radius is indicated by
the size of the circles. The seven lines indicate the different morpholog-
ical classification of LIRGs, based on morphological classification of
H11. In particular, sky blue, blue, orange, red, dark red, olive, and green
indicate isolated galaxies, separate galaxies (symmetric disks and no
tidal tails), progenitor galaxies distinguishable with asymmetric disks
or amorphous and/or tidal tails, two nuclei in common envelope, dou-
ble nuclei plus tidal tail, single or obscured nucleus with long prominent
tails and single or obscured nucleus with disturbed central morphology,
and short faint tails.

We used the I band as a reference since it has the best angular
resolution and it reveals many details and features such as bars,
tidal tails, and bright regions. We constructed the final image
using four different Petrosian radius (0.67, 1, 1.5, 2) following
the same method described earlier, and we measured the Gini
and M20 values in the four different segmentation maps.

In Fig. 2, we show that the average Gini-M20 of every mor-
phological class of LIRG changes as the Petrosian radius in-
creases. To check the direction of the Gini-M20 loci of each
LIRG as the Petrosian radius increases, we normalize all Gini-
M20 values according to the smallest value of Gini and the largest
value of M20 in the sample. As a result, all LIRGs have the same
point of origin (0, 0) as the radius increases from 0.67 to 2 times
the Petrosian value. Figure 2 shows that there is a general trend
for the majority of galaxies to increase their Gini and get more
negative M20 values for a larger radius. A possible explanation
for this result could be the following:

As the value of the radius increases, pixels with low surface
brightness values enter the segmentation map. The influence in
the calculation of Gini could be of great importance because, as
more fainter pixels enter the segmentation map, the weight of the
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light distribution becomes more skewed towards the central re-
gions. The behavior of M20 is more complicated. If we increase
the radius, the segmentation map would be more extended, and
we would expect M20 values to be progressively less negative,
closer to zero. However, if the light from the 20% of the bright-
est pixels comes from a region close to the nucleus, or close to
the regions around the two nuclei for double systems, the galaxy
as a whole would have a more centrally concentrated light dis-
tribution, and the M20 values become increasingly negative.

5.2. Quantifying the morphology of optical and NIR images

In this section, we calculate the Gini and M20 values of our sam-
ple in the optical and infrared bands, and study how their position
in the Lotz et al. (2004) diagram relates to their morphological
classification according to Haan et al. (2011).

Lotz et al. (2004, 2008) divided the Gini-M20 space in three
regions for a sample of local galaxies, as well as for a sample
of the HST survey of the Extended Groth Strip (EGS) at 0.2 ≤
z ≤ 0.4. These regions identify a galaxy as merger, elliptical (E)
or S a, or disk-like, and Irr.

We expect most of our galaxies to lie in the upper region of
the Gini-M20 parametric space because of their merger charac-
teristics (such as tidal tails, double nuclei, and morphologically
disturbed structures).

We also examine how the Gini-M20 space is related with M?,
LIR and SFR. We divide our sample into three bins according to
their stellar mass (M?), having the same number of galaxies in
each bin: (high M? LIRGs: M? > 1.52 × 1011 M�, moderate
M? LIRGs: (9.24 × 1010 M� < M? < 1.52 × 1011 M�), and
small M? LIRGs: M? < 9.24 × 1010 M�). In addition, we sep-
arate the sample as a function of LIR into sub-LIRGs, LIRGs,
and ULIRGs. Finally we separate the galaxies based on the SFR
into low (<50 M� yr−1 ), moderate (50 < M� yr−1 < 100), and
high (>100 M� yr−1) SFR.

In Fig. 3 we present the Gini-M20 space as a function of
wavelength according to their H11 classification.

In Fig. 3, we present the location of our LIRG sample in
the Gini-M20 space as a function of wavelength, along with the
H11 classification. We see that in the B band, where the light
comes from relatively unobscured young and intermediate age
stars and star formation regions, 17 galaxies out of 89 of the sam-
ple are within the merger locus and none of them is in the region
of E/S a. In the I band, where we expect more evolved stars to
contribute to the light, 14 galaxies are above the merger line, but
still none of them is in the region of E/S a. In the NIR, where we
can probe structures deeper into the nuclei and the light comes
from low-mass main-sequence K stars that are not greatly af-
fected by dust extinction, a few galaxies enter the E/S a region.
We estimate the median values of the two parameters for every
band. We identify a trend whereby the median Gini values in-
crease and the median M20 appear to decrease as we move from
optical to NIR. Those results are in agreement with the study of
Petty et al. (2014), who examined a smaller sample, which also
includes UV observations. In addition, the difference between
the maximum and the minimum of Gini values decreases while
for M20 increases. We show these values in Table 1.

In general, as we characterize the morphology at longer
wavelengths from B to H band, we see that isolated or pre-
merger galaxies tend to reach more negative M20 values while
ongoing mergers tend to lie in the left region. We find that a
significant fraction (36%) of the sample do not change their lo-
cation in the diagram as a function of wavelength and remain in
the same region. More than 3/4 (78%) of these LIRGs are double
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Fig. 3. Gini-M20 space in B (top), I (middle) and H band (bottom). Col-
ored filled circles indicate the different morphological classification of
LIRGs following H11, where isolated galaxies, separate galaxies (sym-
metric disks and no tidal tails), progenitor galaxies that are distinguish-
able with asymmetric disks or amorphous and/or tidal tails, two nuclei
in a common envelope, double nuclei plus tidal tail, single or obscured
nucleus with long prominent tails, and single or obscured nucleus with
disturbed central morphology and short faint tails, respectively. Follow-
ing Lotz et al. (2004), the upper green solid line separates merger candi-
dates from normal Hubble types while the lower red dotted line divides
normal early-types (E/S a) from late-types (S b/Irr). The grey rectangle
in the H band is the region where ongoing mergers live, regardless of
the band. We argue that in the H band, this region can be used to better
identify ongoing mergers.

or triple systems that are classified as ongoing mergers and have
−0.56 ≥ M20 ≥ −1.55, regardless of the band that we are using
to calculate the parameters. The low, nearly constant M20 values
are a consequence of the extent of the systems, which clearly
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Fig. 4. G-M20 non-parametric space of IRAC 5.8 µm. The points are
indicated following the colour scheme of Fig. 3 to indicate the mor-
phology classes according to H11.

show well separated members, regardless of how extended they
are individually. This property can be used as a very useful tool
to identify galaxies in this particular merger phase, especially
in the NIR, where the contamination from systems in other in-
teracting stages is minimal. In other words, galaxies falling in
this wedge of the parameter space (see the gray rectangle at
the bottom of Fig. 3) are most likely systems that are under-
going an ongoing merger event. The latter result is consistent
with Petty et al. (2014) who found that quantitative Gini, M20
measurements do not effectively reflect the wavelength depen-
dence of merging systems. We also separate our sample accord-
ing to M? and check their positions inside the Gini-M20 plane.

5.3. The Gini and M20 classification at 5.8 µm

In the following, we explore the morphology of our galaxies,
as traced by the IRAC 5.8 µm filter. This choice was motivated
by the fact that the filter samples both the 6.2 µm polycyclic
aromatic feature, which traces star formation, as well as an un-
derlying continuum, which is mostly due to heated dust grains
(Smith et al. 2007).

We calculate the non-parametric coefficients at 5.8 µm, fol-
lowing the same method for creating a segmentation map, as in
the optical and NIR bands. In this case, we use the MIR image to
find the galaxy center and the Petrosian radius. Finally, we con-
struct the segmentation map of every galaxy using two times the
Petrosian radius instead of the one Petrosian radius that we used
in the previous paragraphs.

Our results, presented in Fig. 4, suggest that most of the
galaxies in the sample are grouped in a clump on the Gini-M20
plane with Gini values ∼0.5 and −1.5 ≥ M20 ≥ −2.0. The rest are
scattered mostly towards the upper left of the plot at higher Gini
values. The reason for the clump is mainly due to the ∼20 fold
decrease in angular resolution of the Spitzer images compared
to the HST, which leads to a larger fraction of galaxies having
the bulk of their emission originate from an unresolved central
source. The remaining galaxies are systems which are either in
early stage of interaction or harboring resolved double nuclei,
causing their corresponding M20 values to be less negative.

5.4. Luminosity bins of optical and NIR images

It is important to examine how the distribution of our sample
in the Gini-M20 space varies according to LIR of galaxies. Since
all ULIRGs (LIR > 1012 L�) in the local Universe are merg-
ers, and therefore display disturbed morphologies (tidal tails,
double nuclei, etc.) (Sanders & Mirabel 1996; Farrah et al. 2001;
Veilleux et al. 2002; Ishida 2004), we expected all of them would
lie above the merger line.

However, Fig. 5 shows that the ULIRGs in our sample have
small Gini values and most of them are under the merger line in
all bands, which is not consistent with their visual appearance.
This rather unexpected result is attributed to the fact that, as we
mentioned in Sect. 4.1, we also used the rather small FoV of
the H-band images as a reference for the B- and I-band obser-
vations. By estimating the Gini and M20 parameters within this
region, which correspond to a projected area of 13.4 × 13.4 kpc
at the median distance of 145 Mpc for our sample, several of
the merging characteristics of the more nearby systems (in par-
ticular ULIRGs), such as long tidal tails and bridges, are being
suppressed and contribute little to determining the locus of the
galaxies in the Gini-M20 plane. This is not the case for more
distant systems or cases where double nuclei are clearly visible
within the image. This was verified by reevaluating the param-
eters for the full FoV of the B- and I-band images, which re-
veals that these galaxies move towards the top left of the plane
(see also Petty et al. 2014). Furthermore, Larson et al. (in prep.)
also calculated non-parametric coefficients for part of our sam-
ple using only the I band and a slightly different methodology in
creating the segmentation map. They confirm this trend.

5.5. Morphology and specific SFR

We also examined whether there is a relation between the non-
parametric coefficients and the sSFR = (SFR/M?). The stellar
masses are calculated from IRAC 3.6 µm and 2MASS K-band
photometry (Lacey et al. 2008; Howell et al. 2010). For some
LIRGs without reliable K-band photometry, the masses are es-
timated from 3.6 µm data and scaled by the median ratio of
(K-band)mass/(3.6 µm)mass from galaxies with measurements
in both wavelengths. Our LIRGs have a stellar mass range of
2.54×1010 M� < M? < 8.15×1011 M�. The calculations of SFR
were performed following the equation of Kennicutt (1998) for
starburst galaxies, assuming that all LIR comes from reprocess-
ing of star light that the LIR values provided in Díaz-Santos et al.
(2013).

The main sequence (MS) of star-forming galaxies indicated
by the SFR-M? correlation can be interpreted by the fact that
most galaxies spend most of their time producing stars at a nor-
mal pace, at least up to z ∼ 2 (Elbaz et al. 2007; Daddi et al.
2007; Elbaz et al. 2011). Observations over a wide range of red-
shifts suggest that the slope of the SFR-M? relation is almost
unity, see e.g. (Elbaz et al. 2007; Salmi et al. 2012), which im-
plies that their sSFR does not depend strongly on stellar mass.

In Fig. 6, we show the sSFR as a function of M20 as measured
in full ACS B-band maps (see Appendix A), where galaxies have
been grouped in luminosity bins. We see that, as LIR increases,
the M20 values as well as the sSFR become larger. That is, the
B-band emission from ULIRGs, which mostly traces the unob-
scured stellar populations, appears more extended than in less
starbursting galaxies. However, when we investigate the relation
between sSFR and M20, as measured using the IRAC 5.8 µm
emission, we find the opposite trend (see Fig. 7). Galaxies with
higher IR luminosities and sSFR become increasingly compact
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Fig. 5. Same as in Fig. 3, but this time the galaxies are grouped by
their luminosity. The steel blue crosses indicate sub-LIRGs, the green
filled circles LIRGs, and the red triangles ULIRGs. In the B-band, we
also show the ULIRG sample with black asterisks that Lotz et al. (2004)
used to define the merger region in the Gini-M20 plane. Even though
all ULIRGs in our sample are ongoing mergers, they do not appear to
populate the corresponding part of the Gini-M20 plane.

(show more negative M20 values), in agreement with Elbaz et al.
(2011) and Díaz-Santos et al. (2010).

The most likely explanation for the most luminous (U)LIRGs
being more extended in the B band, while appearing more
compact at 5.8 µm, is the spatial decoupling between the
UV/optical and the MIR emission (see also Charmandaris et al.
2004; Howell et al. 2010). In other words, the nuclei of the
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Fig. 6. sSFR − M20 in B band. The steel blue cross corresponds to the
mean value of the sub-LIRGs sample, the green filled circle indicates
the mean value of LIRGs and the red triangle represents the mean value
of ULIRGs. The error bars are the standard deviation of the mean val-
ues. The larger standard deviation of the sub-LIRG point is due to there
being a small number of galaxies (only 8% of the whole sample) in this
category.

-1.2 -1.4 -1.6 -1.8
M20 ( 5.8 µm)

10-10

10-9

sS
FR

 (
yr

-1
)

Fig. 7. sSFR-M20 in IRAC 5.8 µm. The steel blue crosses correspond
to sub-LIRGs, the green filled circles indicate LIRGs and finally the
red triangles represent the ULIRGs. The error bars are the standard
deviation of the mean values.

most compact (U)LIRGs become optically thick and the spa-
tial extent measured in the B (or any optical) band is that of
the unattenuated population only. On the other hand, the 5.8 µm
probes the dust-reprocessed light from the ongoing starburst and
traces the actual spatial distribution of the current star formation.
This result confirms that physical sizes of dusty galaxies that
are measured in the UV/optical depend highly on the geometry
of the dust distribution and can be significantly overestimated.
Moreover, this result has a direct application to cosmological
surveys of dusty, high redshift galaxies, since the size mea-
surements of these sources mostly come from rest-frame HST
UV/optical imaging.

Figure 8 shows the sSFR as a function of the M20 measured
in the H band for our sample, binned by stellar mass. We see
that more massive galaxies are more extended (i.e., bigger, as
would be expected for the same profile, the scaling lengths are
larger for the more massive galaxies). The mean M20 values be-
come more negative as the sSFR increases and the mass of the
galaxies becomes smaller. Thus, the more massive the LIRG,
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Fig. 8. sSFR-M20 in H band. The big purple circle represents the mean
value of our sample with large stellar masses (M? > 1.52×1011 M�), the
intermediate blue circle corresponds to moderate stellar mass (9.24 ×
1010 M� < M? < 1.52 × 1011 M�) and the small pink circle shows the
mean value of small stellar mass (M? < 9.24×1010 M�). The error bars
are the standard deviation of the mean values.

the more extended the object becomes because the stellar mass
is distributed over a larger area.

5.6. Dust temperature and non-parametric coefficients

In previous sections, we discussed that LIRGs with larger
sSFR appear more compact in the MIR. We also know from
Díaz-Santos et al. (2010) that the IR compactness of a galaxy
is related to its far-IR colors, and therefore to the averaged dust
temperature (Tdust). In this section we explore how Tdust evolves
along the merger sequence of LIRGs. We obtain an estimate of
the Tdust using the Herschel continuum fluxes of 63 and 158 µm.
In particular, we use a modified blackbody function (graybody)
as seen in Dupac et al. (2001)

I(λ,T ) = B(λ,T )
(
λ

λ0

)−β
, (7)

where β = 2 and λ0 = 100 µm, to fit the Herschel data, and
derive the corresponding dust temperature, which is found in
the 26–38 K range.

In Figs. 9 and 10 we plot the FIR flux density ratio
f63 µm/ f158 µm as a function of the M20 values, while in the right-
hand y-axis we also show the equivalent Tdust. Pre-mergers and
isolated galaxies have low Tdust values and more negative M20
values. In ongoing mergers, the Tdust increases drastically and
the M20 takes higher values (closer to zero), reflecting the separa-
tion of the interacting galaxies, in which the starburst has already
been triggered. Finally the Tdust in post-merger LIRGs increase
slightly as the intensity of the starburst event transitions through
the peak of star formation. We find that these results are inde-
pendent of the waveband used to calculate the M20 statistic.

6. Discussion

As mentioned earlier, a number of different studies including
Lotz et al. (2004), Hung et al. (2014), Petty et al. (2014) and,
more recently, Larson et al. (in prep.) used the Gini-M20 space
to describe galaxy morphology, based on a variety of samples of
local (U)LIRGs. In general, the analysis used in these studies is
quite similar. Lotz et al. (2004), Hung et al. (2014), Petty et al.
(2014) and Larson et al. (in prep.) create a segmentation map
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Fig. 10. As in Fig. 9, but now merging the H11 classes into three cat-
egories: isolated systems or pre-mergers, ongoing mergers, and post
mergers.

of every galaxy excluding the sky pixels and calculate the non-
parametric coefficients inside the map. The major difference
between these studies is in the choice of isophotal threshold
level used in the calculation of the segmentation map. Lotz et al.
(2004) used a value based on the calculation of a Petrosian-
like ellipse. Petty et al. (2014) elected to use circular apertures
within the NICMOS FoV, ranging between 7.8′′ and 15.4′′,
for all of their images including the UV and optical while
Hung et al. (2014) defined the galaxy pixels according to the
method of quasi-Petrosian isophote that Abraham et al. (2007)
recommended. A novel approach developed by Larson et al.
(in prep.) uses the surface brightness of galaxies to create more
complex segmentation maps that are well suited for interacting
systems with extended morphological structures, and apply the
method to a sample of (U)LIRGs in GOALS. For more details,
see the above work.

For reasons of consistency, in our analysis, we classified our
sample galaxies using the same area in all three Hubble bands,
creating segmentation maps based on a circular aperture within
one Petrosian radius in each band. As a result, the smaller FoV of
the H-band images, combined with the distance to the individual
sample galaxy, set an upper limit on the linear scale and physical
extent used to determine its morphology. We also calculated Gini
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and M20 coefficients following the method of quasi-Petrosian
isophote (Abraham et al. 2007). We emphasize that we chose
to present our results according to the method of one circular
Petrosian because the segmentation maps constructed using the
quasi-Petrosian isophote method are often contaminated with
bright pixels at the edge the maps.

Lotz et al. (2004), who relied only on R-band imagery and
defined the segmentation maps in a nearly identical manner to
our work, showed that most ULIRGs in the local Universe lie
above their defined merger line and are easily identified by their
elevated Gini and M20 values. Our results are not as conclusive.
We attribute this to the fact that GOALS consists of LIRGs of a
diverse morphological type and the smaller FoV, which may miss
extended emission from clumps or tails away from the galaxy
center. Motivated by Lotz et al. (2004), Lisker (2008) concluded
that the Gini coefficient depends strongly on the aperture within
which it is computed and this depends strongly on the depth and
quality of the images. They also suggested that care needs to be
taken with the selection of aperture and limiting magnitude, as
well as with the comparison of calculated Gini values to those of
other studies. Our measurements fully support this conclusion,
as shown in Fig. 2, and the discussion in Sect. 5.1.

Our results are in good agreement with the sub-sample of
GOALS studied by Petty et al. (2014), which also included ad-
ditional UV imagery. Quantitatively, our new values of Gini, M20
are slightly different, but we also find that they do not effec-
tively reflect the wavelength dependence of interacting/merging
systems, evident in optical morphology. Merging LIRGs stay
in the same general area in the Gini-M20 plane, independent
of wavelength. Despite our lack of UV data, we also see that
as the observed wavelength increases a large portion of on-
going mergers do not substantially change their locus, even
though M20 becomes more negative and the Gini values increase.
Petty et al. (2014) have shown that Gini and M20 are useful in
identifying merging LIRGs, regardless of rest-frame wavelength
at z ∼ 0. Our bigger sample reveals that M20 has a larger dynamic
range than Gini, and therefore it is more effective in separating
LIRGs at different merger stages, in particular in the H band.
Hung et al. (2014) also studied the merger fraction in a sub-
sample of GOALS and they found that the level of consistency
between Gini-M20 space and a visual classification was 68%.
They also stress that LIRGs with disturbed morphology that still
have a relatively smooth light distribution (e.g., advanced merg-
ers with no obvious double nuclei) often display low Gini val-
ues and tend to be classified as non-interacting systems in the
Gini-M20 plane. Our measurements, presented in Sect. 5.2, are
in agreement with this finding.

For the analysis of higher-z sources, Conselice et al. (2008)
measured galaxy structure and merger fractions in the Hubble
Ultra Deep Field (HUDF), adopting a circular aperture
of 1.5 Petrosian radius. The Gini values were strongly affected
by S/N effects for the majority of their sample. This was also
shown in the simulated images of high-z systems using GOALS
galaxies by Petty et al. (2014). The influence of low-flux pix-
els in the calculation of Gini is important because, as more
low pixels values enter the segmentation map, the weight of
the light distribution becomes more skewed towards the central
high pixel value regions. Along the same lines, Kartaltepe et al.
(2010) examined the morphological properties of a large sample
of 1503 70 µm selected galaxies in the COSMOS field and they
suggest that, at z < 1, major mergers contribute significantly
to the LIRG population (from 25 to 40%) and clearly domi-
nate for the ULIRG population (from 50 to 80%). A comparison
of their visual classification to several automated classification

techniques that are commonly used in the literature (including
Gini and M20) shows that visual classification is still the most
robust method for identifying merger signatures because none
of the automated techniques is sensitive to major mergers in all
phases. More recently, Cibinel et al. (2015) analyzed HUDF ob-
servations, as well as simulated high-z systems, and showed that
H-band observations alone are insufficient to trace the morphol-
ogy/structure of stellar masses at high-z, most probably because
of the fact that they correspond to rest-frame optical emission,
also confirming that their effectiveness can be strongly affected
by low S/N. Moreover, they demonstrate that adding an asym-
metry index to the M20 parameter, and measuring them in a mass
map, rather than an observed NIR image, can identify mergers
with less than 20% contamination from clumpy disks.

7. Conclusions

In this paper we quantify the galaxy morphology of a sample of
89 LIRGs from the GOALS sample observed in the optical, NIR,
and MIR, using the non-parametric coefficients Gini and M20.
We compare their derived morphology to one that was obtained
visually and explore the consistency of the method as a function
of a number of physical parameters.

Clearly, our results from the present analysis indicate that
simple identification of regions in the Gini-M20 plane as a
method to morphologically characterize LIRGs in rather chal-
lenging. Several parameters that relate to the rest wavelength
emission sampled, depth of the imagery, along with the size of
the FoV, can easily lead to misclassification. Revisions to the
above methodology, possibly along the lines explored by Larson
et al. (in prep.), may provide a more robust approach in the
future.

Our analysis suggests that:

1. The Gini and M20 increase in absolute value when the ra-
dius that was used to create the corresponding segmentation
map increases. The influence in the calculation of Gini is
important because, as more pixels with low values enter the
segmentation map, the weight of the light distribution is in-
fluenced more by the brighter central regions.

2. Comparing the B and I to NIR morphology, we find that the
median values of Gini increase while median values of M20
become more negative as the wavelength increases.

3. M20 is a better morphological tracer than Gini, as it
can distinguish better systems formed by multiple galax-
ies from isolated and post-merger LIRGs, and its effec-
tiveness increases with increasing wavelength. In fact, our
multi-wavelength analysis allows us to identify a region in
the Gini-M20 parameter space where ongoing mergers live,
regardless of the band used to calculate the coefficients.

4. We confirm that in the B band, sampling mostly younger stel-
lar populations, as the luminosity of the galaxies increases,
they appear more extended and their sSFR increases. Con-
versely, in MIR, (U)LIRGs are more compact than sub-
LIRGs. Moreover, the sSFR is positively correlated with
the M20 that is measured in the MIR; – starbursting galax-
ies appear more compact than normal ones – and it is anti-
correlated with it if measured in the B band. We interpret this
as evidence of the spatial decoupling between obscured and
unobscured star formation, whereby the ultraviolet/optical
size of LIRGs that experience an intense central starburst is
overestimated owing to higher dust obscuration towards the
central regions.
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5. The parameters derived from the 5.8 µm image do not con-
strain the morphology well as our sample is grouped into un-
resolved sources that are concentrated at a given locus of the
Gini-M20 plane, while the rest are scattered towards higher
Gini and lower M20 values.

6. The estimated temperature of the dust Tdust increases almost
monotonically with the merger state of galaxies, while the
M20 has a more diverse behavior from isolated galaxies and
pre-merger systems (which exhibit more negative M20 val-
ues) to ongoing mergers (extended objects) and post-mergers
(more compact) regardless of the band.
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Appendix A: The Gini and M20 values of the sample in B- and I- field

As we discussed in Sect. 4.1, we present the Gini and M20 values of our sample in the B- and I-band using the original, uncropped
ACS maps in their full 0,05′′ per pixel resolution. We construct the segmentation map of each galaxy using the same methodology
presented in Sect. 4.1. The only difference is that we defined circular apertures using the brightest pixel in the I-band image (not
the H-band image) as the center, and calculate the associated Petrosian radius in both bands. The derived values are presented in
Table A.1.

Table A.1. Gini, M20 values of LIRGs in the B- and I-bands using the whole ACS FoV.

Optical ID Gini (B) M20 (B) Gini (I) M20 (I)
(1) (2) (3) (4) (5)
NGC 0034 0.41 –1.21 0.48 –1.77
ARP 256N 0.50 –1.00 0.46 –1.37
ARP 256S 0.37 –0.88 0.36 –1.28
MCG+12-02-001 0.54 –2.56 0.54 –1.21
IC-1623 0.50 –1.01 0.44 –0.85
MCG-03-04-014 0.38 –1.17 0.37 –1.71
CGCG 436-030 0.34 –1.17 0.35 –1.43
IRASF 01364-1042 0.32 –1.16 0.31 –1.52
IIIZw035 0.49 –1.60 0.47 –2.03
NGC 0695 0.37 –1.08 0.34 –1.39
PGC 9071 0.42 –1.07 0.39 –1.74
PGC 9074 0.44 –1.32 0.45 –2.23
UGC 02369S 0.53 –0.95 0.49 –0.81
IRASF 03359+1523 0.55 –1.29 0.53 –0.74
ESO 550-IG02 0.43 –1.03 0.49 –0.74
NGC 1614 0.50 –1.24 0.37 –1.90
ESO 203-IG001 0.57 –0.73 0.53 –1.00
VII-Zw-031 0.37 –1.13 0.35 –1.60
ESO 255-IG007N 0.31 –0.45 0.44 –0.73
ESO 255-IG007S 0.41 –0.90 0.41 –1.10
AM 0702-601N 0.34 –1.36 0.39 –2.11
AM 0702-601S 0.55 –1.55 0.48 –1.41
2MASX-J07273754-0254540 0.49 –0.79 0.37 –0.66
IRAS08355-4944 0.61 –1.56 0.45 –1.29
NGC 2623 0.38 –1.19 0.41 –1.60
ESO 060-IG016 0.37 –1.19 0.48 –0.96
IRASF08572+3915 0.39 –1.17 0.39 –0.93
2MASX-J09133888-1019196 0.39 –1.25 0.46 –0.67
UGC 04881 0.38 –0.81 0.39 –0.94
UGC 05101 0.37 –1.63 0.41 –1.94
IRASF 10173+0828 0.52 –1.95 0.47 –2.12
NGC 3256 0.56 –1.20 0.48 –1.30
IRASF 10565+2448 0.56 –0.64 0.53 –0.67
ARP-148 0.49 –1.08 0.42 –0.98
IRASF 11231+1456 0.40 –1.36 0.41 –1.97
NGC 3690W 0.50 –0.97 0.43 –0.88
NGC 3690E 0.50 –0.97 0.43 –0.88
IRASF 12112+0305 0.40 –0.93 0.43 –1.06
WKK 0787 0.49 –1.59 0.44 –1.75
VV283 0.40 –1.51 0.50 –2.04
ESO 507-G070 0.39 –1.43 0.44 –1.66
UGC 08335W 0.46 –0.82 0.38 –0.91
UGC 08335E 0.53 –1.98 0.43 –1.85
UGC 08387 0.42 –1.25 0.46 –1.38

Notes. Columns: (1) optical cross-identification, where available from NED (see Armus et al. 2009 for details). (2), (3) Gini and M20 values
calculated in the B-band using one Petrosian radius. (4), (5), Gini and M20 values calculated in the I band using one Petrosian radius. We use the
brightest pixel in the I-band for the calculation of the Petrosian radius for each galaxy. The Petrosian radius for the ESO 203-IG001, ESO 593-
IG008, and NGC 2623 is calculated with respect to the pixel that is close to the bulk of the system. There are three galaxies (ESO 099-G004,
IRAS18293-3413 and WKK2031) for which we were not able to calculate non-parametric coefficients owing to the existence of a large number of
field stars that surround each galaxy.
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Table A.1. continued.

Optical ID Gini (B) M20 (B) Gini (I) M20 (I)
(1) (2) (3) (4) (5)
NGC 5256 0.39 –0.87 0.39 –0.82
NGC 5257 0.34 –0.64 0.24 –0.79
NGC 5258 0.46 –1.11 0.45 –1.41
UGC 08696 0.36 –1.23 0.36 –1.62
NGC 5331S 0.38 –0.77 0.38 –0.69
NGC 5331 0.43 –1.66 0.44 –1.86
IRASF 14348-1447 0.50 –1.15 0.50 –1.27
IRASF 14378-3651 0.39 –1.53 0.42 –2.04
UGC 09618S 0.40 –1.35 0.41 –1.76
VV705 0.42 –1.36 0.46 –1.34
IRASF 15250+3608 0.41 –1.43 0.37 –1.43
UGC 09913 0.28 –1.03 0.34 –1.38
NGC 6090 0.56 –0.90 0.53 –1.04
2MASXJ16191179-0754026 0.42 –1.38 0.42 –1.04
ESO 069-IG006N 0.40 –1.69 0.47 –1.61
ESO 069-IG006S 0.42 –1.82 0.5 –2.10
IRASF16399-0937 0.41 –0.89 0.34 –0.94
NGC 6240 0.30 –0.96 0.35 –2.13
IRASF 17132+5313 0.43 –0.94 0.47 –0.74
IRASF 17138-1017 0.39 –1.13 0.37 –1.51
IRASF 17207-0014 0.32 –1.07 0.32 –1.35
IRAS 18090+0130 0.38 –0.97 0.41 –1.49
IC4689S 0.41 –1.12 0.39 –1.45
NGC 6670B 0.48 –0.62 0.58 –0.72
NGC 6670A 0.48 –0.62 0.58 –0.72
NGC 6786S 0.45 –1.43 0.40 –1.72
ESO593-IG008 0.40 –0.86 0.38 –1.14
IRASF 19297-0406 0.45 –1.21 0.56 –1.55
IRAS 19542+1110 0.48 –1.67 0.45 –1.59
IRAS 20351+2521 0.39 –0.98 0.37 –1.39
IIZW096S 0.41 –1.16 0.51 –0.87
ESO 286-IG019 0.50 –1.17 0.44 –1.50
IRAS 21101+5810 0.49 –0.78 0.41 –0.60
ESO 239-IG002 0.47 –2.18 0.51 –2.44
IRASF 22491-1808 0.38 –0.98 0.55 –1.70
ESO 148-IG002 0.34 –0.68 0.39 –0.78
IC5298 0.42 –1.78 0.45 –2.20
ESO 077-IG014 0.49 –0.87 0.55 –0.95
NGC 7674 0.45 –0.64 0.49 –0.60
IRASF 23365+3604 0.31 –1.15 0.36 –1.50
IRAS 23436+5257 0.40 –1.17 0.41 –0.98
UGC 12812 0.29 –0.66 0.52 –1.37
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Fig. B.1. G-M50 plane of our sample in the H band. The colored filled
circles indicate the different morphological classification of LIRGs as
described in Fig. 3.

Appendix B: Gini and M50

As discussed in the text, the optical and NIR morphologies of
LIRGs span the full range – from highly disturbed systems to
normal spirals – often having fairly bright star-forming regions
at a large distance from the central nucleus. The value of M20
is sensitive in tracing bright regions at the outer parts of the
galaxies. For this reason, we wanted to examine if a similar
non-parametric coefficient, the M50 could reveal these bright re-
gions even more efficiently. We defined M50 according to Eq. (3),
where the limit of σMi is equal to the 50% of the total flux. In
Fig. B.1, we present our calculations of G-M50 in the H-band,
following the same notation to the one we used in Fig. 3.

Comparing these two figures, it is clear that M50 is not as
sensitive since the range of values it takes is smaller.
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Appendix C: Additional table

Table C.1. Gini, M20 values of LIRGs in the B, I,H, and IRAC 5.8 µm band.

Optical ID Gini (B) Gini (I) Gini (H) Gini (5.8 µm) M20 (B) M20 (I) M20 (H) M20 (5.8 µm)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC 0034† 0.38 0.47 0.57 0.52 –1.60 –2.23 –2.01 –1.58
ARP256N† 0.44 0.40 0.37 0.79 –0.75 –1.01 –0.97 –1.32
ARP256S 0.43 0.41 0.51 0.56 –0.87 –1.32 –2.36 –1.73
MCG+12-02-001† 0.45 0.42 0.49 0.55 –1.46 –1.82 –1.89 –1.62
IC-1623† 0.58 0.51 0.38 0.56 –0.97 –0.84 –1.03 –1.30
MCG-03-04-014 0.37 0.37 0.43 0.50 –1.21 –1.83 –1.87 –1.67
CGCG436-030† 0.33 0.36 0.56 0.53 –1.17 –1.48 –2.64 –1.78
IRASF01364-1042 0.32 0.32 0.45 0.55 –1.16 –1.51 –2.07 –1.67
IIIZw035 0.56 0.50 0.57 0.51 –1.57 –1.92 –1.91 –1.81
NGC 0695† 0.39 0.36 0.39 0.46 –1.16 –1.46 –1.80 –1.55
PGC 9071 0.43 0.43 0.42 0.52 –1.19 –1.92 –2.03 –1.71
PGC 9074† 0.46 0.48 0.49 0.56 –1.49 –2.22 –2.26 –1.87
UGC 02369S† 0.56 0.47 0.52 0.54 –1.58 –1.59 –1.68 –1.40
IRASF03359+1523† 0.79 0.72 0.43 0.49 –1.44 –0.83 –0.62 –1.72
ESO 550-IG02† 0.44 0.43 0.41 0.70 –1.25 –1.82 –2.26 –0.77
NGC 1614† 0.52 0.56 0.49 0.59 –0.87 –1.49 –1.87 –1.87
ESO 203-IG001 0.51 0.57 0.45 0.53 –0.69 –1.00 –1.85 –1.50
VII-Zw-031† 0.37 0.35 0.41 0.48 –1.15 –1.76 –1.93 –1.56
ESO 255-IG007N† 0.67 0.49 0.41 0.50 –0.93 –0.72 –1.48 –1.82
ESO 255-IG007S† 0.53 0.52 0.49 − –0.91 –1.14 –1.33 −
AM0702-601N 0.34 0.40 0.50 0.59 –1.46 –2.16 –1.41 –1.65
AM0702-601S 0.54 0.50 0.40 0.52 –1.62 –1.56 –1.32 –1.64
2MASX-J07273754-0254540 0.50 0.40 0.38 0.52 –1.02 –1.21 –1.22 –1.89
IRAS 08355-4944 0.56 0.46 0.42 0.50 –1.50 –1.36 –1.09 –1.85
NGC 2623† 0.32 0.33 0.51 0.54 –1.18 –1.65 –2.47 –1.83
ESO 060-IG016† 0.41 0.59 0.60 0.79 –1.25 –0.96 –0.91 –1.95
IRASF08572+3915† 0.44 0.45 0.52 0.52 –1.11 –0.96 –1.23 –1.73
2MASX-J09133888-1019196† 0.49 0.45 0.52 0.53 –0.74 –0.71 –0.87 –1.74
UGC 04881 0.40 0.43 0.47 0.64 –0.85 –0.89 –0.79 –1.00
UGC 05101† 0.32 0.41 0.57 0.52 –1.53 –1.92 –2.20 –1.71
IRASF10173+0828 0.55 0.54 0.54 0.56 –1.76 –1.95 –2.11 –1.89
NGC 3256† 0.53 0.43 0.39 0.56 –1.42 –1.54 –1.69 –1.71
IRASF10565+2448† 0.52 0.55 0.45 0.50 –0.79 –2.07 –1.94 –1.77
ARP-148 0.58 0.51 0.53 0.52 –0.98 –0.97 –1.14 –1.77
IRASF11231+1456† 0.43 0.43 0.50 0.63 –1.11 –1.58 –2.17 –2.17
NGC 3690W† 0.50 0.50 0.51 0.61 –0.74 –1.02 –0.83 –0.87
NGC 3690E† 0.35 0.28 0.52 0.73 –0.95 –1.13 –2.00 –0.89
IRASF12112+0305† 0.42 0.46 0.53 0.57 –0.86 –1.08 –0.84 –1.22
WKK0787† 0.47 0.50 0.60 0.53 –1.49 –1.70 –2.14 –1.75
VV283 0.44 0.54 0.50 0.53 –1.68 –1.81 –2.00 –1.73
ESO 507-G070† 0.41 0.49 0.56 0.53 –1.40 –1.63 –1.70 –1.74
WKK2031† 0.32 0.52 0.36 0.52 –0.93 –2.23 –1.71 –1.80
UGC 08335W† 0.43 0.48 0.56 0.52 –1.38 –1.65 –1.89 –1.73

Notes. Columns: (1) Optical cross-identification, where available from NASA Extragalactic Database (NED; see Armus et al. 2009 for details).
(2)–(4) Gini values calculated in the corresponding band using one Petrosian radius. (5) 5.8 µm Gini values calculated using two times the
Petrosian radius. (6)–(8) M20 values calculated in the corresponding band using one Petrosian radius. (9) 5.8 µm M20 values calculated using two
times the Petrosian radius. Owing to the coarser angular resolution of IRAC, there are two LIRG systems for which we were not able to obtain
non-parametric coefficients for each individual galaxy resolved by HST. These are NGC 5258 and ESO255-IG007S. The Gini and M20 values for
these were thus measured for the entire system. As we discussed in Sect. 4.1, for 55 galaxies the cropped B- and I-band HST maps were smaller
than the corresponding Petrosian radii. We indicate those galaxies with a dagger, since the Gini and M20 values in the B and I bands represent
only the morphology of the fraction of the galaxy which fits within the footprint of the H band. The Gini and M20 values of each galaxy using the
whole B- and I-band field are presented in Appendix A.
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Table C.1. continued.

Optical ID Gini (B) Gini (I) Gini (H) Gini (5.8 µm) M20 (B) M20 (I) M20 (H) M20 (5.8 µm)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
UGC 08335E 0.55 0.44 0.57 0.49 –1.97 –1.91 –2.19 –1.56
UGC 08387† 0.31 0.32 0.45 0.51 –0.85 –1.47 –1.52 –1.73
NGC 5256† 0.39 0.41 0.46 0.74 –0.84 –0.84 –0.74 –1.39
NGC 5257† 0.35 0.25 0.37 0.46 –0.61 –0.80 –1.61 –1.00
NGC 5258† 0.54 0.53 0.55 − –1.10 –1.42 –1.39 −
UGC08696† 0.40 0.39 0.44 0.51 –1.18 –1.61 –1.50 –1.73
NGC 5331S† 0.39 0.41 0.53 0.55 –1.09 –1.53 –1.90 –1.09
NGC 5331 0.46 0.45 0.46 0.57 –1.27 –1.45 –1.96 –1.04
IRASF14348-1447† 0.53 0.52 0.47 0.54 –0.98 –1.24 –0.95 –1.34
IRASF14378-3651 0.37 0.43 0.58 0.53 –1.55 –2.13 –2.03 –1.83
UGC 09618S† 0.37 0.38 0.38 0.80 –1.40 –1.80 –1.97 –1.40
VV705 0.51 0.55 0.54 0.49 –1.31 –1.38 –1.03 –1.42
ESO 099-G004† 0.41 0.38 0.55 0.61 –0.58 –0.90 –0.82 –1.34
IRASF15250+3608 0.40 0.35 0.44 0.54 –1.53 –1.53 –1.67 –1.94
UGC 09913† 0.24 0.23 0.46 0.52 –0.89 –1.20 –1.83 –1.61
NGC 6090† 0.64 0.55 0.59 0.52 –0.93 –1.11 –1.14 –1.48
2MASXJ16191179-0754026† 0.37 0.41 0.39 0.52 –1.16 –1.25 –1.86 –1.66
ESO 069-IG 006N† 0.41 0.49 0.40 0.50 –1.22 –1.51 –1.47 –1.55
ESO 069-IG 006S 0.41 0.51 0.51 0.58 –1.97 –1.91 –1.69 –1.78
IRASF16399-0937† 0.45 0.36 0.50 0.48 –0.86 –1.00 –0.87 –1.46
NGC 6240† 0.29 0.40 0.57 0.53 –0.91 –1.85 –1.38 –1.84
IRASF17132+5313 0.46 0.53 0.51 0.69 –0.94 –0.81 –0.56 –1.52
IRASF17138-1017† 0.30 0.32 0.37 0.56 –0.86 –1.22 –1.22 –1.39
IRASF17207-0014 0.32 0.32 0.46 0.53 –0.99 –1.32 –1.70 –1.55
IRAS18090+0130 0.39 0.42 0.47 0.55 –1.04 –1.78 –2.08 –1.95
IC4689S 0.42 0.39 0.40 0.53 –1.12 –1.51 –2.04 –1.69
IRASF18293-3413† 0.52 0.46 0.47 0.50 –0.65 –1.25 –1.77 –1.67
NGC 6670B† 0.69 0.62 0.55 0.78 –0.93 –1.00 –1.41 –0.86
NGC 6670A† 0.48 0.50 0.61 0.80 –1.24 –1.92 –2.02 –0.87
NGC 6786S† 0.48 0.43 0.44 0.53 –1.76 –2.05 –2.15 –1.78
ESO 593-IG 008† 0.44 0.40 0.45 0.56 –0.80 –1.15 –1.43 –1.60
IRASF19297-0406 0.43 0.57 0.46 0.52 –1.22 –1.71 –1.25 –1.75
IRAS19542+1110 0.48 0.50 0.39 0.53 –1.78 –1.77 –1.79 –1.72
IRAS20351+2521† 0.35 0.36 0.53 0.50 –0.89 –1.72 –1.90 –1.85
IIZW096S† 0.44 0.60 0.37 0.67 –1.15 –0.80 –0.70 –1.20
ESO 286-IG 019 0.52 0.46 0.56 0.53 –1.24 –1.91 –2.00 –1.85
IRAS21101+5810 0.40 0.43 0.45 0.52 –0.79 –0.67 –0.69 –1.65
ESO 239-IG 002† 0.43 0.47 0.59 0.54 –2.07 –2.38 –2.60 –1.81
IRASF22491-1808 0.42 0.65 0.45 0.56 –1.00 –1.66 –1.00 –1.58
ESO 148-IG002 0.38 0.42 0.53 0.62 –0.76 –0.86 –0.97 –1.36
IC5298 0.43 0.47 0.49 0.51 –2.14 –2.14 –1.77 –1.79
ESO 077-IG014† 0.57 0.62 0.35 0.50 –0.87 –0.95 –1.23 –1.71
NGC 7674† 0.40 0.39 0.43 0.52 –1.71 –2.45 –2.67 –1.88
IRASF23365+3604 0.32 0.39 0.48 0.56 –1.21 –1.56 –2.41 –1.77
IRAS23436+5257 0.41 0.45 0.48 0.61 –1.13 –1.01 –0.82 –1.33
UGC 12812 0.61 0.55 0.50 0.48 –1.25 –1.65 –1.66 –1.58
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ABSTRACT

We present a multi-wavelength analysis of the galaxies in nine clusters selected from the WINGS dataset, examining how galaxy
structure varies as a function of wavelength and environment using the state of the art software galapagos-2. We simultaneously fit
single-Sérsic functions on three optical (u, B and V) and two near-infrared (J and K) bands thus creating a wavelength-dependent
model of each galaxy. We measure the magnitudes, effective radius (Re) the Sérsic index (n), axis ratio and position angle in each
band. The sample contains 790 cluster members (located close to the cluster center < 0.64 × R200) and 254 non-member galaxies that
we further separate based on their morphology into ellipticals, lenticulars and spirals.
We find that the Sérsic index of all galaxies inside clusters remains nearly constant with wavelength while Re decreases across all
bands for all morphological types. We do not observe a significant variation on n and Re as a function of projected local density and
distance from the clusters center. Comparing the n and Re of cluster galaxies with a subsample of non-member galaxies we find that
bright cluster galaxies are more concentrated (display high n values) and are more compact (low Re). Moreover, the light profile (N)
and size (R) of bright cluster galaxies does not change as a function of wavelength in the same manner as non-member galaxies.

Key words. galaxies : clusters - galaxies : structure

1. Introduction

Having observed and statistically analysed a large fraction of the
galaxies in the local Universe it is widely accepted that only few
galaxies are found isolated in the field, while the majority of
them are preferentially located in denser environments such as
groups or clusters (Schmidt et al. 1997; Robotham et al. 2011).
Clusters of galaxies are described as dense peaks in the galaxy
distribution across the sky, which were slowly created when the
first massive dark matter halos were decoupled from the nearly
homogeneous expanding Universe, and they contain hundreds
up to thousands member galaxies.

Observationally, since all galaxies that belong to a cluster
are approximately at the same distance from us we can eas-
ily trace their evolution as individual systems as well as how
they are affected by the properties of the cluster as a whole.
Moreover, since the relative distances between cluster galaxies is
rather often comparable to their size, processes such as ram pres-
sure (Gunn & Gott 1972), harassment (Moore et al. 1996, 1998,
1999), tidal forces (Byrd & Valtonen 1990), interaction/merging
(Icke 1985; Bekki 1998), and starvation/strangulation of star for-
mation (Larson et al. 1980) speed up galaxy evolution. Thus,
the study of local galaxy clusters is of paramount importance
as they enable us to easily quantify changes in the properties of
their members as a function of the baryonic density in the envi-

ronment, and to place constraints as a reference "zero-point" for
comparison with similar studies at higher redshifts.

Even though it was Hubble & Humason (1931) who found
that “the predominance of early-types is a conspicuous feature
of clusters in general”, the systematic study of galaxy clusters
properties begun some decades later when improvements in ob-
serving facilities enabled a more thorough study of their proper-
ties. One of the first major findings was by Butcher & Oemler
(1978) who showed that the fraction of blue galaxies was higher
in clusters at z & 0.4 than in nearby clusters. This result was in-
terpreted as the ageing of spiral galaxies after consuming their
gas supply and, therefore, diminishing their star formation rates.

Dressler (1980) focused on the variation of galaxy properties
inside the clusters and found that early-type galaxies are more
abundant in the central part of galaxy clusters, a result that is
known today as morphology-density relation. In addition, Whit-
more et al. (1993) examined the same sample of 55 rich clusters
of Dressler (1980) and they showed that the distance from the
cluster center is the driver of the galaxy evolution in clusters for
all galaxy types.

Despite the extensive studies, the details regarding the key
physical mechanisms responsible for the changes in galaxy mor-
phology in dense environments, and how quickly that changes
with redshift remains an open issue. Fasano et al. (2000) showed
that clusters at 0.1 ≤ z ≤ 0.25 are a factor of 2-3 less abundant in
spiral galaxies compared to those at intermediate redshifts while
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the fraction of S0 galaxies is increasing compared with the re-
sults at intermediate redshifts 0.4 ≤ z ≤ 0.5 (Dressler et al. 1997;
Smail et al. 1997). Moreover, the number of early-type galaxies
(ellipticals and S0s) decreases up to z ∼ 1 (van Dokkum et al.
2000, Lubin et al. 2002). In addition, Postman et al. (2005) and
Desai et al. (2007) demonstrated that the decline of early type
galaxies when we move to higher redshifts, i.e. z ∼ 0.8 - 1, is
the result of the decreasing proportion of S0 galaxies. Finally,
Cerulo et al. (2017) found that the red sequence at z ∼ 1 is dom-
inated by elliptical galaxies at all luminosities and stellar masses
while the red sequence of local galaxy clusters becomes domi-
nated by S0 galaxies. This last finding may imply that ellipticals
and S0 galaxies follow different evolutionary paths.

A powerful method to characterise galaxy types is to study
the structure based on quantification of the integrated light pro-
files. For instance, one of the most common analytic function,
the Sérsic function (Sersic et al. 1968), quantifies the structure
of galaxies in a few parameters such magnitude, the effective ra-
dius (Re), Sérsic index (n) and ellipticity. However, the apparent
structure of a galaxy may change as a function of the wavelength
since different physical processes dominate the emission at var-
ious wavelengths, while the extinction by dust may obscure the
central regions of galaxies, greatly affecting the interpretation of
the global morphology (MacArthur et al. 2004; La Barbera et al.
2010; Kelvin et al. 2012; Kim & Im 2013; Vulcani et al. 2014;
Kennedy et al. 2015; Mosenkov et al. in prep.).

Studying the structure of galaxies in multiple bands and ex-
amining how it varies as a function of wavelength enable us to
better investigate the physical process that shape the galaxies. La
Barbera et al. (2010) made the first attempt based on a sample of
5080 local early-type galaxies in optical and NIR wavelengths.
They showed that the Sérsic index does not vary considerably
with wavelength while the mean effective radius decreases sig-
nificantly with increasing wavelength from g to H. Kelvin et al.
(2012) divided the Galaxy and Mass Assembly (GAMA, Driver
et al. 2009) galaxies into early- and late-types using optical-
near-infrared colours and Sérsic index and showed that there is
an observed change in galaxy size as a function of wavelength,
which is probably caused by dust attenuation and/or the inside
out growth of galaxies. Vulcani et al. (2014) investigated further
the GAMA sample applying a multi-wavelength analysis (the
same to the present study) and showed that there is a substantial
increase in Sérsic index, and a decrease in effective radius across
the same wavelength range. It was proposed that metallicity gra-
dients as well as dust attenuation were the main reasons driving
these trends. Kennedy et al. (2015) expanded the Vulcani et al.
(2014) study and found that early-type galaxies show little vari-
ation in their Sérsic index with wavelength but they are signifi-
cantly smaller at longer wavelengths. Late-type galaxies (low-n)
display a substantial increase in Sérsic index with wavelength.

In this paper, we build on the previous GAMA studies, which
were focused on field galaxies, we use a well tested methodol-
ogy of multi-wavelength structural modeling and apply it on op-
tical and near NIR imaging of galaxies selected from WIde-field
Nearby Galaxy-cluster Survey (WINGS, Fasano et al. 2006).
Furthermore, we combine the derived structural measurements
with physical cluster parameters in order to investigate these af-
fect the observed galaxy morphology. Our goal here is to exam-
ine how the galaxy structural properties as a function of wave-
length are affected by the local environment.

The paper is organised as follows. In § 2 we present the
WINGS survey and the observations we used. In § 3 we present
our analysis and we show the final sample. In § 4 we show the
dependence of the structural parameters of the galaxies on the

wavelength used as well as on their location in the clusters, and
compare them with galaxies in the field. In § 5 we compare our
results with previous works. Finally, in § 6 we summarise and
present our conclusions.

2. WINGS survey

The WINGS is a wide field multi-wavelength imaging and spec-
troscopic survey of 77 nearby galaxy clusters (36 in the northern
hemisphere and 41 in the south). All clusters are in the redshift
range 0.04<z<0.07, have a high Galactic latitude (|b|<20 deg)
and they have been X-ray selected.

WINGS is the largest survey of nearby galaxy clusters that
combines both optical and NIR imaging together with spectro-
scopic observations. It provides a robust and homogeneous ob-
servational dataset suitable for the goals of this study. Previ-
ous studies of WINGS provide catalogues with derived mea-
surements such as morphology, local densities, distances from
the brightest galaxy of the cluster, stellar masses, star formation
histories, redshifts and cluster memberships (see Moretti et al.
(2014) for more details on the data).

The initial WINGS observations, in B- and V-bands
(WINGS-OPT), consist of ∼550.000 galaxies. The optical im-
ages were taken using the wide field cameras on either the 2.5
m Isaac Newton Telescope (WFC@INT) or the MPG/ESO-2.2
m telescope (WFI@ESO). The pixel scales of WFC and WFI
instruments are 0.332′′and 0.238′′respectively and they cover a
Field of View (FoV) of 34′ x 34′. Additional B- and V-bands im-
ages were obtained from the wide-field imager OmegaCAM (∼1
degree) of the VLT Survey Telescope (VST) on Paranal.

Near infrared observations of the WINGS survey (WINGS-
NIR) were performed with WFCAM@UKIRT and they con-
tain ∼500.000 galaxies. The NIR imagery has a pixel scale of
0.2′′and a corresponding FoV of 0.79 degrees. A broad U-band
imaging of a subsample of the WINGS clusters, has also been
obtained with wide-field cameras at different telescopes (INT,
LBT, Bok, see Omizzolo et al. (2014)). The pixel scale of U-
band images is 0.21′′.

Furthermore, spectroscopic information is available for 48
of the WINGS clusters with a high degree of complete-
ness. The spectroscopic observations were obtained with the
AF2/WYFFOS multifiber spectrograph mounted on the 4.2 m
William Herschel Telescope (WHT) and the 2dF multifiber spec-
trograph of the 3.9m Anglo Australian Telescope (AAT) (Cava
et al. (2009)). Cava et al. (2009) calculated the redshift of indi-
vidual galaxies based on a semi-analytical method who identifies
the emission lines of the spectrum.

Vulcani et al. (2012) computed the projected local densities
for the clusters, ΣN , which is commonly defined as the num-
ber of neighbors (Nn) of each galaxy per Mpc2. They identi-
fied the 10 nearest neighbors of each cluster galaxy with MV ≤
−19.5 and calculated Σ10=10/A10, using a circle to define the
area including these neighbors, where A10=π(R10)2 (Mpc) and
R10 (Mpc) is the radius (in Mpc) of the smallest circle centered
on the galaxy. Fritz et al. (2007, 2011) calculated the integrated
stellar masses for a subsample of 5229 WINGS galaxies via
spectro-photometric modelling. They used the fiber spectra and
the fiber/total magnitudes to derive the stellar masses, luminosity
weighted and mass weighted ages, average star formation rates
as well as the fiber and total magnitudes pertaining to the best
fit model. The morphological classification is based on (MOR-
PHOT, Fasano et al. 2012). MORPHOT produces two different
morphological estimates based on a semi-analytical maximum
likelihood technique and an neural network machine. For more
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details about the WINGS survey see also Varela et al. (2009);
Valentinuzzi et al. (2009); Poggianti et al. (2009); Vulcani et al.
(2011a,b, 2013); D’Onofrio et al. (2014)

For the purpose of this study we use 9 WINGS clusters with
available imaging in at least four bands as well as spectroscopic
redshift measurements. Table 1 lists the available images for
each cluster, the cluster name, coordinates, redshift, the avail-
able images and the number of member and non-member galax-
ies of each galaxy cluster that have been successfully fitted by
our analysis.

3. Analysis

Given the size and the complexity of the datasets used we present
in detail the necessary steps taken for the analysis.

3.1. Rescaling the images

The multi-wavelength fitting process performed in this study
requires all images to be in the same resolution and to cover
the same area of the sky. To perform this, we use the mon-
tage software (Berriman et al. 2008). First, all images are con-
verted to the same pixel scale using as a reference the pixel
scale of the K-band and then they are cropped to the size of
the smallest image i.e. V-band image. We then correct for flux
conservation by multiplying each optical image for the factor
(pix.scaleK−band/pix.scaleopt.band)2. We convert all the optical
images to counts multiplying each optical image with the given
exposure time, as required by galfitm. Finally, we crop the im-
ages of each cluster in tiles of 2000×2000 pixels with an overlap
of 500 pixels (49 tiles at each band) to make the subsequent pro-
cessing by galapagos (Barden et al. 2012) (described in the next
subsection) faster. We note that we calculate the zero point of
each band based on the counts format.

3.2. Creating different PSFs

Since the point spread function (PSF) varies depending on the
physical location on the focal plane, we construct different PSFs
along the x- and y-axis of the images for each band. We rely
on the PSF Extractor code for this task (see Bertin 2011, PS-
FEx) as well as the description of SExtractor (Bertin & Arnouts
1996). SExtractor detects sources and identifies which of them
are stars. Next, we apply PSFEx to each image and we construct
196 different PSFs inside the whole FoV of each image for each
band. For each object, galapagos chooses the closest one. For
example, in a tile of 2000 × 2000 pixels there are four different
PSFs distributed in the FITS file.

3.3. Using the galapagos software

galapagos (Barden et al. 2012) is an IDL wrapper of galfit (Peng
et al. 2002) and SExtractor (Bertin & Arnouts 1996) that en-
ables the automated detection and structural analysis of galaxies
in a, typically large, image. galapagos detects sources in the data,
estimates a local sky background, cuts postage stamp images for
all sources (smaller sections of the inputs images centered on in-
dividual sources, with dimensions based on the Kron radius of
the source), prepares object masks, performs Sérsic fitting tak-
ing into account light contamination from neighboring sources
and compiles all objects in a final output catalogue. In our study
we make use of the updated version galapagos-2 (Häußler et al.
2013) that utilizes a multi-wavelength version of galfit, named

galfitm, developed by the MegaMorph team (Bamford et al.
2012; Häußler et al. 2013; Vika et al. 2013, 2014, 2015).

We choose the V-band for detecting the sources for each
cluster as it is deeper than the rest. The High Dynamic Range
(HDR) mode of SExtractor (Bertin & Arnouts 1996) detects the
sources in two stages. First the so-called "cold run" detects (but
not splitting up) all bright objects; the second, "hot", run detects
fainter sources. For each detection galapagos-2 cuts the science
images into postage stamps. It also provides the sky background
very efficiently using a flux growth method to estimate the lo-
cal sky around an object (see Barden et al. 2012). galapagos-2
applies galfitm in each postage stamp and models the light dis-
tribution of the central source. It is worth noting that galapagos-2
masks out distant and faint neighbours. Reasonably bright neigh-
boring sources that affect the model of the central source are fit
simultaneously. In addition, we have changed the keywords in
the first block of galapagos-2 (cold and hot configuration files
of HDR SExtractor source detection) in order to improve the
splitting effect of cluster galaxies according to the image speci-
fications of WINGS survey.

After the fitting process, galapagos-2 creates a catalogue
with all calculated parameters from SExtractor and galfitm.
For more details on the software performance see Häußler et al.
(2013).

The fitting process is performed with galfitm, which uses the
Levenberg-Marquardt (LM) algorithm to minimise the residual
between a galaxy image and the PSF-convolved model by mod-
ifying the free parameters. In our setup we use the sigma images
automatically created by galfitm. For this study we use images
of five different wavelengths in optical and NIR. galfitm fits a
single, wavelength-dependent model to all images. The model
comprises a single-Sérsic function, with a number of parame-
ters, e.g. centre position (xc, yc), magnitude (m), effective radius
(Re), Sérsic index (n), axial ratio (Q) and position angle (PA).

The magnitude input (minput) is the SExtractorMAG BEST
for the V-band image and typical offsets for the other images.
This offset is calculated to adjust (on average) magnitudes mea-
sured on the V-band detection image to those for individual
bands. We allow full freedom in magnitudes, while we allow the
Sérsic index and Re to vary with wavelength linearly (as first or-
der polynomials). The galaxy center position, the position angle
and the axis ratio are chosen to be constant with wavelength.

There are multiple advantages of using simultaneously mul-
tiple images for modeling the light distribution of a galaxy, such
as increasing the overall signal-to-noise and using the color dif-
ference between the components to support decomposition. By
constraining the variation freedom for some parameters, it re-
duces the statistically uncertainty of the effective radius, Sérsic
index and magnitude.

3.4. Sample Selection

We validate the galapagos-2 catalogue in order to select only the
objects that have been successfully modeled. In particular, each
source with one or more parameters lying on (or very close to)
a fitting constraint has been discarded. We keep in our analysis
only galaxies that satisfy the following criteria, as recommended
by Häußler et al. (2013) and Vika et al. (2013).

– 0 < m < 40 at all wavelengths, where m is the total apparent
output magnitude in each band.

– minput - 5 < m < minput + 5, where minput is the starting value
of the magnitude in each band. These are derived by scaling
an average galaxy SED by the MAG BEST value measured
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Table 1

Cluster α δ z No. of cluster No. of non-member No. of cluster
J2000 J2000 galaxies galaxies galaxies (MV < -19.27 mag)

(1) (2) (3) (4) (5) (6) (7)
A0119 00 56 21 -01 15 0.0442 144 33 72
A0500 04 38 52 -22 06 0.0670 80 33 39
A1291 11 32 21 55 58 0.0527 12 20 4
A1631a 12 52 52 -15 24 0.0466 132 28 43
A1983 14 52 59 16 42 0.0444 19 15 8

MKW3s 15 21 52 07 42 0.0453 25 10 13
A2382 21 51 55 -15 42 0.0644 162 55 69
A2399 21 57 13 -07 50 0.0582 112 45 40
A2457 22 35 41 01 29 0.0591 104 15 50

Notes. Columns: (1) Galaxy cluster name. (2) Right ascension. (3) Declination. (4) Redshift. (5) number of member galaxies in each galaxy
cluster (no absolute magnitude cut). (6) number of non-member galaxies (with z < 0.15 and MV < -19.27 mag) in each galaxy cluster. 7) number
of member galaxies in each galaxy cluster (with MV < -19.27 mag).

by SExtractor during the object detection. During the fit, we
allow a generous ±5 magnitudes variation from these starting
values.

– 0.201 < n < 7.90, since fits with values outside these ranges
are rarely meaningful and very close to the constraints used
during the fit.

– 0.301 < Re < 399.0 pixels, which maintains values in a
physically meaningful range and prevents the code from fit-
ting very small sizes, where, due to oversampling issues, the
fitting iterations become very slow.

– 0.001 < Q ≤ 1.0, where Q is the axis ratio, to ensure the fit
value is physically meaningful.

We focus on galaxies with secure structural parameters, red-
shift measurement (Cava et al. 2009) and morphological classi-
fication (Fasano et al. 2012). In Fig. 1 we present the B-V color
and total stellar mass distributions for the galaxies inside the 9
clusters.

In addition, in order to be consistent with geometrical biases,
we limit our analysis at the minimum radius imaged for all clus-
ters (0.64 ×R200).

Our galaxy sample consists of 1044 galaxies, 790 of which
are spectroscopically confirmed members. The remaining galax-
ies (254) will constitute our non-members sample. These might
be just field galaxies close to the clusters, or they could be indeed
galaxies in small groups that will be soon falling into the clus-
ters. The separation of cluster member and non-member galaxies
was published in (Cava et al. 2009) and (Moretti et al. 2017). We
used the published results. The absolute V magnitude (MV ) and
the redshift range of cluster galaxies and non-member galaxies
are presented in Fig. 2. Table 2 tabulates the number of cluster
and non-member galaxies in each cluster for each morphological
class.

In order to study the difference between cluster galaxies and
non-member galaxies we have created a secondary sample by ap-
plying the following selection criteria: At redshift z ≤ 0.15 that
corresponds to an MV < −19.27mag. The redshift cut (z ≤ 0.15)
helps to avoid galaxy evolution effects (Fig 2) but at the same
time allows for sufficient number of galaxies to be included in
the non-member sample. These criteria select 338 cluster galax-
ies and 254 non-member galaxies. This second sample is only
used in Section 4.4.

Based on the Fasano et al. (2006) classification (also Calvi
et al. (2013) used this), we define as elliptical galaxies (E) those
who have Hubble type (T) between -5.00 and -4.25, lenticular

9 10 11 12
Total Stellar Mass (Log10(Msun))

0

50

100

150

200

 
9 10 11 12

Total Stellar Mass (Log10(Msun))

0

50

100

150

200

 

538 cluster galaxies

177 non-member galaxies

0

50

100

150

200

 

1271 galaxies

Fr
eq

ue
nc

y
-1 0 1 2 3

B-V

0

50

100

150

200

250

300

 

-1 0 1 2 3
B-V

0

50

100

150

200

250

300

 

790 cluster galaxies

254 non-member galaxies

0

1000

2000

3000

4000
 

36414 galaxies
Fr

eq
ue

nc
y

Fig. 1: B-V color and total stellar mass distributions for the
galaxies inside the 9 clusters. On the upper panel we show the
distribution for all WINGS galaxies of the 9 clusters (gray color)
with available B-V colors from Varela et al. (2009) and at the
bottom we show the histogram of the galaxies of this study (red
for cluster galaxies and green for non-member galaxies). We
made the same for the total stellar mass (panels on the right).
The number of galaxies for the stellar mass distribution is lower
due to the fact that many galaxies lack spectroscopic observa-
tions.

galaxies (S0) those with T ≥ −4.25 and T ≤ 0, early-type spirals
those with T > 0 and T ≤ 4.00 and late-type spirals the remaining
galaxies (T > 4.00).

We remind the reader that our sample is a magnitude limited
sample (mV ∼ 20mag). We use all cluster galaxies (independent
of their luminosity) to study their properties inside local clusters.
In order to check if we are consistent with the completeness in
luminosity and stellar mass we the do the following: We measure
the ratio between the maximum and the minimum distance of the
clusters (301 Mpc / 195 Mpc) ∼ 1.54.). The differrence in flux
for those extreme clusters is equal to 2.38 which is interpreted in
difference of 0.94 in magnitude. Equivalent will be the ratio in
the luminosity limit. As for the stellar mass, we use the formula
of Bell et al. (2003) ; M(M�) ∼ 0.95 ± 0.03 × LK� and we find
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Fig. 2: Absolute V-band magnitude versus redshift for the de-
tected galaxies (cluster and non-members). Purple red stars indi-
cate the member galaxies while the brown circles are the non-
member galaxies. The curved line indicates the spectroscopic
apparent magnitude limit of WINGS, V∼ 20.0. The dashed ver-
tical line represents the redshift cut at 0.15 while the horizontal
dashed line indicates the MV=-19.27.

that the change in mass function sampling will also be a factor
of ∼2.38 (depending of course on the B-R colour corrections).
However, the variation of structural parameters as a function of
wavelength do not change if we use bright cluster galaxies (with
MV < -19.27mag). For instance, the average n values become
larger while the average Re decreases.

At this point, we should mention that since four out of nine
galaxy clusters do not have available J-band images we had to
ensure that it did not introduce biases in our results. For that
reason, we run our code on the galaxies in the clusters that have
five available bands after removing the J-band, and we found no
difference in the observed trends of n and Re.

Finally, for those galaxies that lack u- or J-band measure-
ments, we estimate the u- and J-band Sérsic index and effective
radius from the results of B-, V-, K-band taking into considera-
tion that the structural parameters are varying linearly as a func-
tion of wavelength.

4. Results

Since the stellar mass distribution is not the same for differ-
ent morphological galaxy types (Vulcani et al. 2012), we ex-
amine the dependence of the structural parameters (Sérsic in-
dex and Re) of the cluster galaxies as a function of the stellar
mass. It is obvious that in Fig. 3 there is a clear trend, espe-
cially for ellipticals and lenticulars, between Sérsic index and
stellar mass. More massive early-type galaxies (ellipticals and
S0s) have larger Sérsic index values, while spiral galaxies have
Sérsic index values around 0.5 -1.5 independent of their total
stellar mass. On the other hand in Fig. 4, we can see the depen-
dence of Re of all the morphological types upon the stellar mass
where, as expected, more massive galaxies have higher Re. The
stellar masses in Fig. 3 and Fig. 4 derived from (Fritz et al. 2011).
Not all WINGS clusters have available spectroscopic measure-
ments. That is the reason why some galaxies lack stellar masses.
The stellar masses, star formation histories, extinction values and

Table 2

Cluster Ellipticals S0s Early-type Late-type
spirals spirals

A0119 50 (28) [8] 82 (37) [11] 12 (7) [13] - (-) [1]
A0500 23 (15) [9] 38 (15) [8] 14 (5) [12] 5 (4) [4]
A1291 2 (-) [4] 7 (1) [9] 3 (3) [7] - (-) [-]
A1631a 22 (9) [2] 60 (23) [10] 39 (11) [11] 11 (-) [5]
A1983 4 (1) [5] 9 (5) [6] 6 (2) [4] - (-) [-]

MKW3s 7 (5) [2] 13 (6) [3] 4 (2) [4] 1 (-) [1]
A2382 34 (16) [8] 55 (29) [20] 51 (18) [17] 22 (6) [10]
A2399 18 (8) [6] 42 (15) [13] 39 (16) [14] 13 (1) [12]
A2457 29 (15) [3] 54 (23) [5] 18 (12) [6] 3 (-) [1]

Notes. The sample of cluster members galaxies, cluster members galax-
ies with MV < -19.27 mag (inside parenthesis) and non-member galax-
ies (inside brackets) of the 9 galaxy clusters. Columns: (1) Galaxy Clus-
ter name. (2) Number of elliptical galaxies. (3) Number of lenticular
(S0) galaxies. (4) Number of early-type spiral galaxies. (5) Number of
late-type spiral galaxies.

average stellar ages of galaxies are derived by analysing the in-
tegrated spectra of galaxies by means of spectral synthesis tech-
niques.
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Fig. 3: The Sérsic index in V-band as a function of the total stellar
mass of the cluster galaxies sample up to 0.64 × RBCG. The total
number of the cluster members in this figure is lower because
not all of them have available stellar mass measurements.

4.1. The Sérsic index of cluster members in the optical
and NIR

In Fig. 5 we present a histogram of the Sérsic index for the
confirmed cluster member galaxies in the five bands. Elliptical
galaxies have on average the largest Sérsic indices in all bands.
Lenticulars (the most abundant galaxy type in our sample) dis-
play Sérsic indices similar to ellipticals but smaller on average.
Early and late-type spirals have Sérsic indices closer to 1 with
the late-type spirals having on average smaller values. We note
that the scatter for the ellipticals and lenticulars is partially due
to the nature of the sample that includes galaxies with different
stellar masses as seen in Fig. 3.
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Fig. 4: The Re in V-band as a function of the total stellar mass of
the cluster galaxies sample up to 0.64 × RBCG. Color coding and
description is the same as in Fig. 3.

In the top panel of Fig. 6 we present the weighted median n
of the cluster galaxies as a function of wavelength for the same
four morphological types. Error bars show the uncertainty of the
median (calculated as 1.253σ/

√
N), where σ is the standard de-

viation and N is the number of galaxies in the sample. The spec-
troscopic weight for each analyzed galaxy in the sample is the
inverse of the magnitude completeness factor C(m) (see details
in the Appendix B of Fritz et al. (2014)). The weighted median
value of our study is computed as follows: We sort the structural
parameters of a sample and their spectroscopic weights as well.
We normalise the spectroscopic weights dividing with the total
of the weights such as

∑n
i=1 wi,spec = 1 (1)

The weigthed median of the sample is the k-element param-
eter that satisfies the two conditions:

∑k−1
i=1 wi,spec ≤ 1/2 (2)

and
∑n

i=k+1 wi,spec ≤ 1/2 (3)

In the top panel of Fig. 6 we see that the weighted median
n of ellipticals and early-type spirals remains constant from the
u-band to the K-band. S0s have similar n values from u- to J-
band with slightly lower values in the K-band, while late-type
spirals tend to display larger values in the K-band compared to
the remaining bands. We applied a Kolmogorov-Smirnov (K-S)
test on the unbinned data of late-type spirals on the top panel
of Fig. 6. The probability of the K-S distribution between K-
and the other bands (u, B, V and J) is (0.57, 0.42, 0.42, 0.88) in
particular. We see that the Sérsic index values in K-band are not
significant different than the other bands. We conclude that the
median values Sérsic index of late-type spirals remain constant
from optical to NIR wavelengths.

In the middle panel of Fig. 6, we examine how the Sérsic
index changes as a function of the wavelength, but this time af-
ter splitting the sample of the cluster member galaxies based on
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Fig. 5: Distribution of the Sérsic index for the different bands
for the cluster galaxies sample. Ellipticals, S0s, early and late-
type spirals are in red, black, green and blue lines respectively.
The vertical solid and dashed lines show the weighted median
values and their corresponding uncertainty of each galaxy type
calculated as 1.253σ/

√
N, where σ is the standard deviation and

N is the number of galaxies in the sample. The legend indicates
the number of galaxies per type.

their distance from the center of the corresponding cluster. Fol-
lowing the definition of Cava et al. (2009) the RBCG of a galaxy is
the projected distance from the brightest cluster galaxy (BCG).
The RBCG is normalized into R200

1 units. Following the findings
of Fasano et al. (2015), we divide the area of the clusters into two
regions: the inner region, which extends out to 0.33 × R200, and
the outer region, which is beyond this limit. We find that the in-
ner region contains 402 cluster member galaxies (108 ellipticals,
189 S0s, 86 early-type spirals and 19 late-type spirals) while the
outer region consists of 388 galaxies (81 ellipticals, 171 S0s, 100
early-type spirals and 36 late-type spirals).

It appears that the average n of elliptical and early-type spi-
rals remains the same independent of the location of the galaxies
at the inner or outer regions of clusters and does not change as a
function of wavelength. However, lenticulars and late-type spi-
rals located in the outer region of clusters have a slightly smaller
average n in all five bands compared to the galaxies in the in-
ner region of the clusters. Additionally, lenticulars located in the
outer region of clusters show a drop of their average n as we
move from optical to NIR bands while late-type spirals located

1 R200 is defined as the radius delimiting a sphere with interior mean
density 200 times the critical density, approximately equal to the cluster
virial radius.
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Fig. 6: Weigthed median n as a function of wavelength for dif-
ferent morphological types of galaxies. Color coding is the same
as in Fig. 5. The error bars show the uncertainty of the median
(calculated as 1.253σ/

√
N, where σ is the standard deviation

and N is the number of galaxies in the sample). The x-points
are slightly shifted along the wavelength axis in order to make
the errors readable. The numbers before the parenthesis show
the total number of each galaxy type that are located in the in-
ner region (middle panel) and inside high local density regions
(bottom panel). The numbers inside parentheses denote the total
number of each galaxy type that are in the outer region (middle
panel) and inside low local density regions (bottom panel).

in the inner part of the clusters show an increase of their average
n.

In the lower panel of Fig. 6 we split the sample based on
the density of the environment where a cluster galaxy is located.
The first group found in regions with high projected local den-
sities (log(Σ10) > 1.45) contains 430 cluster galaxies (111 el-
lipticals, 209 S0s, 88 early-type spirals and 22 late-type spirals)
while the second, found in regions with low local surface densi-
ties (log(Σ10) = 1.45), contains 360 cluster galaxies (78 ellipti-
cals, 151 S0s, 98 early-type spirals and 33 late-type spirals). The
values of the projected local density for each galaxy as well as
the local density limit are based on the findings of Fasano et al.
(2015). We see that the projected local density is a cluster phys-
ical parameter that differentiate the average n for all morpholog-
ical types with the exception of the ellipticals. S0s and late-type
spirals have average n larger in denser environments while early-
type spirals show the opposite trend. We applied K-S tests for all
morphological types of galaxies to examine the results. The way
we applied the K-S test is the following. We compared all the

elliptical galaxies (unbinned data) found in high-density regions
against the ellipticals that reside in the low-density regions. We
repeated the same method for the lenticulars, early- and late-type
spirals. In particular, ellipticals do not change their average n val-
ues as a function of wavelength (K-S test probability=0.05). The
Sersic index of early-type spirals changes as a function of wave-
length for regions with different projected local densities (K-S
test probability=0.005) while, lenticulars display a decrease in
J- and K-band that is stronger for those found in low-density en-
vironment. Late-type spirals found both in low and high density
environment show a trend as a function of wavelength, where the
average Sérsic index is increasing as we move from u- to K-band
but with an increase in the scatter as well. The probabilities of a
K-S test upon S0s and late-type spirals concerning low and high
local densities are extremely low (< 10−5).

4.2. The effective radius of cluster member galaxies in
the optical and near-IR

In Fig. 7 we present the distribution of the effective radius (Re)
for the different bands for our cluster member sample. The Re of
each galaxy has been converted to physical units (kpc) using the
radial velocity (Cava et al. 2009) for each galaxy. Spirals have
the larger values of Re in all bands while the ellipticals and S0s
have the smaller Re in all bands. The general trend for all types
of galaxies is that the weighted median Re decreases from the
optical to near-IR wavelengths.

In the top panel of Fig. 8 we show the weighted median Re
of the cluster member galaxies. All morphological types show a
decrease of their average Re as a function of the wavelength with
the elliptical and the early-type spiral to show the larger change.

In the middle panel of Fig. 8 we present how the effective
radius changes as a function of wavelength for the galaxies lo-
cated in the inner and outer region of the clusters. The sample
separation is the same as in Section 4.1. We notice that elliptical,
lenticular and early-type spiral galaxies have the same average
Re independent of their location in the cluster. However, late-
type spiral galaxies appear to have smaller average Re when they
are at the outer area of the cluster, even though the difference is
within the error bars.

In the bottom panel of Fig. 8 we examine how the Re of the
cluster members changes in regions with low and high projected
local densities. We see that for all galaxy types (except for the
late-type spirals) there is no difference in the weighted median
Re values in regions with high and low projected local densities.
The median value of late-type spirals Re is larger in higher local
densities rather than in regions with lower local densities.

4.3. Dependence on the distance from the BCG and the
projected local density.

In this section we examine how n and Re change as a function of
the projected distance from the cluster center (RBCG) and the pro-
jected local density (Σ10). In Fig. 9 we show the median values
of n in u-, V- and K-band as a function of RBCG. We do not show
the results of the B- and J-band as they are practically identical
to those of V- and K-band respectively. Elliptical, lenticular and
early-type spiral galaxies have statistically constant n values in
all bands with late-type galaxies showing the smallest scatter. In
late-type spirals galaxies the average n decreases up to 0.3×R200
and remains constant within the errors further out.

To investigate the robustness of the trend, we applied a least
square fit (Y=A+BX) for the unbinned data of late-type spirals
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Fig. 7: Distribution of Re for the different bands for the cluster
member galaxies. The color coding and description are the same
as in Fig. 5.

that are located in [0.0 - 0.35] × R200, and examined the uncer-
tainty, due to the scatter of the points, to the coefficients A and
B. We find that for the u-band, the least square line has coef-
ficients: A=1.5±0.18, and B=-2.54±0.66, while for the V-band
A=1.45±0.15, B=-2.26±0.57. We make a second least square fit
for the unbinned data of late-type spirals that are located in [0.09
- 0.35] × R200 excluding the only late-type galaxy found within
[0.0 - 0.1] in order to check the trend with higher accuracy. We
found that for the u-band, A=1.39±0.23, B=-2.16±0.83 and for
the V-band A=1.38±0.20 and B=- 2.00±0.72. The above sug-
gests that the trend is significant within 3σ for galaxies located
in [0.0 - 0.35] × R200. At largest distances from the cluster center
the Sérsic index for late-type galaxies remains nearly constant.

Table 3

Morphological class minimum maximum mean
Ellipticals 7 37 27

S0s 12 81 51
Early-type spirals 6 40 27
Late-type spirals 1 13 8

Notes. Minimum, maximum and mean values of each morphological
class of galaxies inside bins of Fig. 9 and Fig. 10.

In Fig. 10 we examine the Re as a function of the distance
from the BCG in optical and NIR. Elliptical and lenticular galax-
ies have fairly constant Re values in all bands. In early and late-
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Fig. 8: Weigthed median Re as a function of wavelength for dif-
ferent morphological types of galaxies. The color coding and
description is the same as in Fig. 6.

type spiral galaxies the Re shows an increasing trend from the
center out to [0.3 - 0.4] × R200 in all bands, decreasing further
out, even though the errors are large. In order to investigate that
trend, we examine again the coefficients of a least square fit for
the unbinned data of early- and late-type spirals that are located
in [0.0 - 0.35] × R200 and in [0.35 - 0.64] × R200. We found that
the early-type spirals show no correlation across RBCG , with the
following values: u-band: A=3.30±0.56, B=1.40±2.34, V-band:
A=3.17 ± 0.53, B=1.45 ± 2.20, K-band: A=2.17 ± 0.41, B=1.81
± 1.69. In contrast, late-type spirals show hints of an increase
for Re up to 0.35 × R200 , since the corresponding values are: u-
band: A=2.30±1.07, B= 6.73±3.98 V-band: A=2.18±1.02, B=
6.74±3.78. Especially in K-band, the increase of Re is more sig-
nificant (least square fit: Y= (1.15 ± 0.66) + (6.82 ± 2.49)X.

In Fig. 11 we present the median values of n in the u-, V-
and K-band as a function of the projected local density. Ellip-
ticals, S0 and early-type spirals have no significant variation in
their n values, contrary to the late-type spirals where n appears
to increase in particular in the optical bands. For the latter, we
applied a spearman rank test on the unbinned data of late-type
spirals. In optical bands (u,V) we do not see a clear trend. The
rank correlation coefficient for u- and V-band is close to 0. As for
the K-band, (where we observe the stellar mass of the galaxies,
so the bulge are more prominent) we see that there is a moder-
ate trend (rank correlation coefficient is 0.3 suggesting a slight
increase of the Sérsic index with projected local density.

In Fig. 12 we show the median values of Re in the u-, V- and
K- band as a function of the projected local density. It is clear that

Article number, page 8 of 15



Psychogyios et al. 2018: Multi-wavelength structure analysis of local cluster galaxies.

0.5
1.0

2.0
3.0
4.0

n

189 Ellipticals
360 S0

186 Early spirals
 55 Late spirals

u

0.5
1.0

2.0
3.0
4.0

n

189 Ellipticals
360 S0

186 Early spirals
 55 Late spirals

V

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
 RBCG (R200)

0.5
1.0

2.0
3.0
4.0

n

189 Ellipticals
360 S0

186 Early spirals
 55 Late spirals

K

Fig. 9: Weighted median values of n in u-, V- and K-band as a
function of RBCG. The values of RBCG are normalized into R200
units and the x-axis is divided into RBCG bins of 0.1 × R200. The
x-points are slightly shifted in order to make the errors more
readable and the color coding is the same as in Fig. 5. Points with
no error bars are those with one galaxy inside the corresponding
bin. Note that the number of galaxies per bins is not constant
(see Table 3).

the scatter of Re in all galaxy types is large. Even though, ellip-
ticals and S0s do not change their size as a function of the local
density in all wavelengths, while late-type spiral galaxies tend to
have larger Re in regions with very large local density values. We
applied a spearman rank test on the unbinned data of early and
late-type spirals. The rank correlation coefficient has low values
in all bands and the significance of the relation between Re and
local density is very low both for early and late-type spirals. Fur-
thermore, we investigate the effect of stellar mass upon the n and
Re versus projected local density. We divide the sample using
a stellar mass cut of log10(M?)=10. We applied spearman tests
upon the spiral galaxies in u-, V- and K-band. The only correla-
tion that we observed was in the K-band for late-type spirals with
high values of stellar mass (Spearman coefficient=0.6). Taking
into account the results of Fig. 12 (Re versus local density) with
the results of Fig. 4 (Re versus stellar mass) we conclude that
a weak correlation exists between Re and local density only for
high stellar mass late spirals in the K-band.
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Fig. 10: Weighted median values of Re in the u-, V- and K-band
as a function of RBCG. The color coding and description are the
same as in Fig. 9 Note that the number of galaxies per bins is not
constant (see Table 3).

Table 4

Morphological class minimum maximum mean
Ellipticals 4 46 24

S0s 3 103 45
Early-type spirals 0 60 23
Late-type spirals 0 18 7

Notes. Minimum, maximum and mean values of each morphological
class of galaxies inside bins of Fig. 11 and Fig. 12.

4.4. Structural properties of cluster members and
non-member galaxies.

4.4.1. The Sérsic index, n

As we discussed earlier (see 3.4) in addition to the cluster mem-
ber galaxies, our imagery also includes some galaxies that are lo-
cated close to the clusters. Potentially, they are members of small
groups that will be soon fall into the clusters, still be influenced
by the cluster itself. We can use these non-member galaxies in
order to contrast their morphological properties with the cluster
member galaxies. With this comparison, we will be able to study
galaxies evolving inside the gravitation potential of a cluster and
galaxies that are located in the “field”.

In Fig. 13 we present the weighted median values of Sérsic
index as a function of wavelength from optical to NIR for the
cluster member and the non-member galaxy sample. We remind
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Fig. 11: Weighted median values of n in the u-, V- and K-band
as a function of the projected local density of the clusters. We di-
vide the x-axis into projected local density bins of 0.2× log(Σ10).
The color coding and description are the same as in Fig. 9 Note
that the number of galaxies per bins is not constant (see Table 4).

the reader that the cluster galaxies sample differentiate from the
sample used in the previous plots (see Section 3.4 for more de-
tails). In general, the median n of all galaxy types, in all the
wavelengths, that live inside clusters are larger compared with
galaxies located in the field. As we saw in Fig 3, ellipticals and
S0s show a trend of increasing n as a function of the stellar mass,
thus ellipticals and S0s included in this secondary sample have
higher average n (and Re) compared to the initial sample because
this sample contains brighter (thus more massive) galaxies.

Non-member elliptical galaxies show the same trends with
cluster ellipticals, that is a small decrease of n as we move from
optical to NIR (the slope of the least square fit of cluster and non-
member ellipticals are both negative and extremely low (∼ 10−5).
S0 galaxies present different trends. Cluster S0s tend to decrease
the n from optical to NIR (very low, positive least square slope)
while the median n values of non-member S0s slight increases
with wavelength (very low, negative least square slope). Spiral
galaxies (both cluster and non-member galaxies) tend to increase
their median n values as a function of wavelength (positive least
square slopes) but within the errors (see Table 5 for tabulated
values).

Figures 6 (top panel) and 13 illustrated how the weighted
median n changes across different wavelengths. The sample of
Fig. 6 contains the 790 cluster galaxies while Fig. 13 presents
the sample of cluster galaxies with the non-member galaxies that
have MV < −19.27mag. Following Vulcani et al. (2014), we can
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Fig. 12: Weighted median values of Re in u-, V- and K-band as a
function of the projected local density of the clusters. We divide
the x-axis into projected local density bins of 0.2× log(Σ10). The
color coding and description are the same as in Fig. 9 Note that
the number of galaxies per bins is not constant (see Table 4).

explore the variation of n using the NX
Y =n(X)/n(Y) parameter,

where n(X) and n(Y) are the Sérsic index in X- and Y-band re-
spectively. Measuring the ratio of the Sérsic index of different
bands is a way to investigate the stellar populations and spa-
tial structure of galaxies at different wavelengths. These ratios
provide a simple but powerful parametrization of galaxy colour
gradients (Vulcani et al. 2014; Kennedy et al. 2015). Young and
intermediate stars radiate mostly in the optical spectrum while
older stellar populations emit in NIR. As a result, galaxies dis-
play a different structure due to the inherent distribution of dif-
ferent stellar populations and dust extinction inside the galaxies.
Our multi-wavelength analysis provides a very good opportunity
to compare values in different wavelengths due to the fact that
the images are developed in a homogeneous process than fitting
galaxies independently in each band.

In Fig. 14 we use the B-band as the reference band and we
calculate the N of each band. We notice that cluster ellipticals
have median N values less than 1 in the K-band while non-
member ellipticals have medianN values close to 1 in all bands.
Cluster lenticular galaxies do not change much theN . Both clus-
ter and non-member spiral galaxies exhibit the same trend with
increasing N values as the wavelength increases. Finally, non-
member spirals show larger variation compared to cluster mem-
bers.

We investigate the influence of stellar mass in Fig. 14. We
applied stellar mass cuts of log10 (M?)=[9,10,11] in both clus-
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Fig. 13: Median n as a function of wavelength for cluster mem-
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Wavelength (Å)

0.75

1.00

1.20

1.50

2.00

n x
 / 

n B

members
field

97 (47) Ellipticals
154 (85) S0
76 (88) Early spirals
11 (34) Late spirals

u B V J K

3500 4400 5500 12490 22000

Fig. 14: N for cluster member and non-member galaxies of dif-
ferent morphological types from optical to NIR. Asterisks indi-
cate the median values of each band of member galaxies while
filled crosses are the non-member galaxies. The color coding and
description are the same with Fig.6.

ter and non-member sample. The results are the following: We
do not see any changes in the variation of N for ellipticals
and S0s except for those with very high values of stellar mass
(log10(M?)>11).

4.4.2. The effective radius, Re

In Fig. 15 we present the median values of Re as a function of
wavelength from optical to NIR for the same sample of clus-
ter members and non-member galaxies.We observe that non-
member galaxies display larger a Re compared to the member
sample for all morphological types in all bands. Moreover, Re
decreases from optical to NIR in a similar way for all galaxy
types. (see Table 5 for tabulated values). The general conclusion
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Fig. 15: Median Re as a function of wavelength for cluster mem-
bers and non-member galaxies. Asterisks indicate the cluster
galaxies while filled crosses show the non-member galaxies. The
color coding and description are the same as in Fig. 13.
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Fig. 16: R for cluster members and non-member galaxies of dif-
ferent morphological types from optical to NIR. The color cod-
ing and description are the same with Fig.14.

of Fig. 15 is that ellipticals have smaller Re than S0, and S0 have
smaller Re than early-type spirals. Cluster-member galaxies dis-
play lower Re compared to galaxies in the field. These results do
not change if we include galaxies with higher stellar masses.

Fig. 16 shows the equivalent diagram as to Fig. 14 for Re.
The median R of all morphological types of galaxies, both clus-
ter members and non-members, is smaller in the NIR. In gen-
eral, R has values close to 0.7 in the NIR for all galaxies and
the largest difference of R between member and non-member
galaxies appears in the K-band but only for ellipticals and late-
spirals. Ellipticals, especially those in clusters, tend to have the
largest variation from optical to NIR. Lenticulars and early-type
spirals present nearly identical median values both inside clus-
ters and in the field in all wavelengths. Non member late-type
spirals (blue cross) present the lower variation of R values while
the corresponding cluster members (blue asterisk) have larger R
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Table 5

Morphological Re change (%) Re change (%) n change (%) n change (%)
class cluster galaxies non-member galaxies cluster galaxies non-member galaxies

Ellipticals -44 ± 6 -31 ±13 -12 ± 5 -6 ± 10
S0s -35 ± 9 -25 ±8 -1 ± 6 13 ± 10

Early-type spirals -30 ± 21 -27 ±5 4 ± 15 20 ± 15
Late-type spirals -40 ± 30 -27 ±8 19 ± 45 49 ± 33

Notes. The change (%) from in Re and n from u- to K-band for cluster and non-member galaxies in brackets as presented in Fig 13 and 15. The (%)
changes are calculated from the points (weighted median values, binned data) of Fig. 12 and Fig. 14. In particular, the % Re change of ellipticals
(44%) is calculated from the 100% difference between the points in Fig 14. using the formula

100 ∗ median(Re,K) − median(Re,u)
median(Re,u)

(4)

The equivalent 100% Re change error (±6%) is calculated with the formula from the error propagation theory, which is equal to

100 ∗ 1
|median(Re,u)| ∗

√
σ(Re,K)2 + (

σ(Re,u)
Re,u

Re,K)2 (5)

variation than early-type spirals and lenticulars in clusters. We
investigate the influence of stellar mass in Fig. 16. We followed
the same approach as in Fig. 14. We applied stellar mass cuts of
log10(M?)=[9,10,11] upon the cluster-member and non-member
samples and we find no statistically significant correlation. The
visible difference is the higher value of R in field galaxies com-
pared to cluster-members for late-type systems. However, given
the small number of late-type galaxies this should be examined
again with larger samples.

5. Discussion

In the previous sections we have presented the multi-wavelength
dependence of the morphological structure of cluster galaxies
and compared them with non-member galaxies. In the next para-
graphs, we compare in more detail our findings with previous
studies.

La Barbera et al. (2010) studied a sample of bright early-
type galaxies (Mr < -20 mag) based on multi-wavelength (from
g- to K-band) imaging. They extracted the structural parameters
for each band independently and found that the n remains nearly
constant with a large scatter (slight increase from optical to NIR)
while the Re decreases up to 35% from g- to K-band. Our non-
member S0s display a slight increase in the Sérsic index (13%)
while the n of non-member ellipticals remains the same in the
optical bands and decreases slightly in the K-band. Regarding
Re, we also find a decrease as a function of wavelength of ∼
31% for non-member ellipticals and up to 25% for non-member
S0s.

Kelvin et al. (2012) studied the optical and NIR morphology
of galaxies in the local Universe extracted from the GAMA sur-
vey. They fit single-Sérsic functions in all bands (from u to K) in-
dependently in a magnitude-limited sample (r ≤ 19.4) and found
that the Re of early-type galaxies decreases up to 38% and the
Sérsic index increases by ∼ 30% as we move from the u- to K-
band. As for late-type galaxies, they found that the Re decreases
up to 25% from g- to K-band and the Sérsic index increases by
∼ 52%. Vulcani et al. (2014) applied the same methodology as
our study to galaxies with Mr < -21.2 and z < 0.3 derived from
GAMA survey. They found that the Re of early-type galaxies de-
creases up to 45% and the Sérsic index remains nearly constant
as a function of wavelength. However, the Re of late-type sys-

tems decreases up to 25% from u- to H-band similar to Kelvin
et al. (2012) and the Sérsic index increases up to 38% which is
lower than Kelvin et al. (2012) found. In this study the Sérsic in-
dex increase for non-member spiral galaxies (20% and 49% for
early- and late- type spirals respectively) is also similar to the
previous findings. Regarding the Re, the 31% (25%) decrease in
Re for non-member ellipticals (S0s) that we find is lower than
the 45% of Vulcani et al. (2014) and 38% of Kelvin et al. (2012)
found for early-type galaxies.

Kennedy et al. (2015) studied the wavelength dependence
of galaxy structure, using the Vulcani et al. (2014) derived pa-
rameters and focusing on a more local sample (z < 0.15). They
found that the n and Re of the early- type galaxies with Mr ∼
-20 decrease (12% and 23% respectively) from g- to H-band. As
they examine brighter galaxies samples (Mr ∼-21 and Mr ∼-22),
the n of early types slight increases (5%) and the Re decreases
(25%-33%). Moreover, for Mr ∼-20 the n of late- type galax-
ies increases (up to 29%) while their Re decreases up to 13%.
The Re of late type galaxies display a similar behaviour with the
less bright galaxies (decrease from 15% to 12% as a function of
wavelenth) while the n increases from 40% to 55%.

We summarise the literature results as follows: In field galax-
ies there is a clear trend with increasing wavelength. Their size
becomes smaller for all galaxy types, while the Sérsic index in-
creases for late-type galaxies and remains near constant with
small variations for the early-type galaxies depending the details
of the sample selection. We note that all the previous studies, that
we can compare our results with, have focused on field galaxies
and use different proxies in order to define morphology e.g. color
and n cuts or visual morphology. There are, however, very signif-
icant difficulties when comparing different studies. The details
governing the sample selection (galaxy mass and morphology)
and the exact definition of the environment are important. We
should keep in mind that subtle differences make direct compar-
isons challenging and may be responsible for the discrepancies
found in different studies.

In our study, we examine two subsets of cluster galaxies. The
first one include all cluster galaxies of the nine clusters (see Figs.
5-12) and the second one are the cluster galaxies that have MV
< -19.27 (see Figs. 13-16). With the first cluster subsample, we
study the structure parameters and the influence of cluster en-
vironment. The second cluster subsample (bright cluster galax-
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ies) is used in order to compare the values of n and Re with the
non-member sample and facilitate the comparison of this study
results with previous findings.

The Sérsic index of all classes of the first subset of cluster
galaxies remains the same as a function of wavelength (optical
to NIR). The Re decreases as a function of wavelength. The local
projected density (even less the RBCG) might affect the observed
n of cluster member galaxies (S0s and spirals) but not the vari-
ation of n with wavelength. The local projected density and the
RBCG do not affect the Re.

The stellar mass plays an important role in the values of
structural parameters (as we show in Fig. 3 and Fig. 4). More
massive galaxies tend to have greater values of Sérsic index and
Re. The effect is obvious when we compare the first subset of
cluster member galaxies in Fig. 6, Fig. 8 with the second subset
of cluster member galaxies (shown in the asterisks) in Fig. 13
and Fig. 15. However, we clearly see that the structural variation
with wavelength is statistically the same for each galaxy type
that in clusters independent of luminosity (and stellar mass) as
also showed in Kennedy et al. (2015).

We do not observe any clear trend on structural parame-
ters with projected local density (Fig. 11 and Fig. 12). Although
small trends exist, such as an increase of the median n for late-
type galaxies and a decrease of the median Re for early-type
spirals up to log(Σ10) ∼ 1.5, the scatter of these measurements
is high. Two reasons could be responsible for the lack of clear
trends. Firstly, all galaxies of our cluster member sample are
inside 0.64 × RBCG, so they are not far away from the cluster
center. An updated analysis of cluster galaxies located in the pe-
riphery of clusters (outside 0.64 × RBCG) could shed more light
on the effect of cluster gravitational potential to the structure of
its galaxies. Secondly, the sample of our nine galaxy clusters is
not homogenous in a sense of membership and dynamical relax-
ation. Some clusters have more than 100 members, others have
only 30, and only seven of the nine have signs of substructures.

Our analysis of the effects of cluster environment (RBCG and
Σ10) upon the structure reveal that the n and Re of ellipticals and
S0s are statistically constant across the RBCG and the local pro-
jected density (Σ10). As for late spirals, we find minimum values
of n and maximum values of Re at the position of 0.3−0.4×RBCG.
Early spirals have hints for maximum Re values in those regions.
The study of Ramella et al. (2007) showed that seven out of nine
galaxy clusters have substructures. We already know that pro-
cesses like preprocessing and minor merger events are frequent
near substructures, influencing the evolution of galaxies. Six out
of fourteen substructures of the seven galaxy clusters are located
near 0.3 − 0.4 × RBCG. Even if the number of late spirals is low,
maybe the minimum and maximum values of n at these posi-
tions are hints for interesting results about structure parameters
near the substructure positions. Including more galaxy clusters
in an updated study we could study more carefully these results.

In the last part of our analysis, we study the bright clus-
ter galaxies (second sample) comparing them with the non-
members galaxies. Park et al. (2007) and Davies et. al. (in prep.)
found that at fixed morphology and luminosity other physical
properties of local galaxies, such as colour, colour gradient,
concentration, size, velocity dispersion, star formation rate and
dust content, are nearly independent of local density. Likewise,
Kelkar et al. (2015), found no significant difference in the size
distribution of cluster and field galaxies of a given morphology.
In this study we find that at fixed morphological bins, bright clus-
ter galaxies show different trends compared to the non-member
galaxies.

Bright cluster galaxies have larger Sérsic index and smaller
Re than their non-member counterparts (see Fig. 13 and Fig. 15).
This might imply that bright cluster galaxies have more concen-
trated light profiles compared to non-member galaxies. In par-
ticular, an increase in the Sérsic index for spiral galaxies (early
and late type) and S0s could be due to the process of adding
mass in the central parts of galaxies (gas or stars). Tidal interac-
tions (galaxy-galaxy or galaxy-cluster potential) and/or harass-
ment are known to have these effects.

The variation of Sérsic index with wavelength is effectively
absent for cluster member galaxies in comparison with the varia-
tions of non-member galaxies (also in comparison with Vulcani
et al. (2014). The absence of Sérsic variation in bright cluster
galaxies and the fact that bright cluster galaxies appear more
concentrated (higher Sérsic indices) compared to non-members
counterparts lead us to the following. If we assume that galaxies
located in the field are attracted by the cluster potential and pass
by the inner part of the clusters, the effect of environment could
change their light distribution. In particular, material start going
to the center of the galaxies and the light profiles become more
dominant (increase of Sérsic index in optical and near-infrared
wavelengths) than the light profiles of non-member counterparts.
At the same time this increase of Sérsic index should not happen
in the same way both in optical and NIR so we can have a de-
crease of N as the galaxy moves from the field into the cluster.
In addition, another possible scenario is the following: merging
of (smaller) galaxies falling into the clusters interact/merge with
cluster members increasing their nuclear stellar bulge.

Regarding the sizes, cluster galaxies appear to have small
differentiation compared to the non-member galaxies in terms of
size variation as a function of wavelength. Ellipticals and late-
type spirals cluster galaxies are the only exception that have
slightly smaller R compared to non-member galaxies. These re-
sults show that elliptical galaxies in cluster galaxies have the
same N change as in the field but at the same time have smaller
R values. This means that the physical process that forces evo-
lution in cluster galaxies changes their size in a different way in
optical than in near-infrared while at the same time their light
concentration changes at the same way, always compared to the
non member galaxies. In case of early-type spirals and S0 we see
an opposite trend. Bright S0s and early-spirals in clusters follow
exactly the same size change as a function of wavelength as the
non-member equivalent populations (see Fig. 15). At the same
time these galaxies show an N slightly higher than 1 in the in-
frared region which is a value much lower observed in the our
non-member galaxies and also in other studies. These results are
an indication that different morphological types can be affected
in a different way by the environment. It is remains challeng-
ing to assess which processes are responsible for the structural
differences between each morphological type of cluster galaxies.

We already know that there is a broad connection between
different evolution mechanisms in clusters and the distance from
the RBCG (Boselli & Gavazzi 2006). Inside the virial radius and
close to the center of galaxy clusters (where the density, the
temperature of the intergalactic medium (IGM) and the veloc-
ity of galaxies have high values), tidal interactions could affect
the morphology of galaxies and consequently their light-profiles.
Galaxy-galaxy interactions, even if they take place near the cen-
ter of rich clusters, remain fairly rare (tenc ∼ 108yr) and their
relative velocities of the encounters are large compared to their
typical rotational speeds. The most efficient processes close to
the center of a cluster is the galaxy-cluster IGM interactions, ha-
rassment and ram-pressure. Our findings support the idea of the
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above processes for cluster galaxies (spirals and S0s) if we com-
pare the n and Re with their non-member counterparts.

An upcoming study on the OMEGACAM data (largee FoV
1 ∼ degree) will increase the number of WINGS galaxies and
it will shed more light in the difference between local cluster
galaxies and the interpretation of the physical mechanisms that
affect the evolution of galaxies in the peripheral regions.

6. Conclusions

In this paper we study the structural parameters of cluster galax-
ies across optical and NIR wavelengths. The structural param-
eters have been calculated with the state-of -the-art software
galapagos-2 by using single-Sérsic functions (from u- to K-
band).

Our multi-wavelength analysis of nine galaxy clusters shows
that:

1. The weighted median value of n of cluster member galaxies
stays constant across optical and NIR wavelengths, while the
median values of Re tend to decrease for all morphological
types.

2. Late-type spirals in the inner region of the clusters as well
as in the higher density regions show a slight increase in the
average Sérsic index compared to outer and lower density re-
gions of the clusters respectively. Sérsic index of lenticulars
and early-type spirals seems to be affected only by the en-
vironment density. Lenticulars increase their average Sérsic
index in the higher density environment, like late-type spirals
do, while early-type spirals show the opposite trend.

3. Similar trends are seen for the effective radius of the late-
type spirals, while the size of ellipticals, S0s, and early-type
spirals do not change noticeable as a function of the environ-
ment.

4. Late-type spirals display a decrease in their median Sérsic
index as a function with the distance from the cluster center
up to ∼ 0.3 × RBCG in the optical bands, while further out
n remains statistically constant. Early-type spirals have con-
stant Re values across RBCG while late-type spirals increase
their median Re up to ∼ 0.35×RBCG in optical and especially
in NIR bands.

5. We do not observe any clear trend for structural parameters
with projected local density.

6. Bright cluster member galaxies have greater n and smaller
Re than their non-member counterparts.

7. Bright cluster spiral galaxies show a small increase (∼ 4 −
19%) of the median n from optical to NIR bands compared
to the non-member spiral galaxies (∼ 20−49%). On the other
hand, the Re of elliptical and late-type spiral cluster galaxies
decreases faster (∼ −40 − 44%) than what it seen in the cor-
responding non-member samples (∼ −27 − 31%) while the
Re of S0s and early-type spirals is the same for both cluster
and non-member galaxies.

Acknowledgements. This research made use of montage. It is funded by the Na-
tional Science Foundation under Grant Number ACI-1440620, and was previ-
ously funded by the National Aeronautics and Space Administration’s Earth Sci-
ence Technology Office, Computation Technologies Project, under Cooperative
Agreement Number NCC5-626 between NASA and the California Institute of
Technology.

References
Bamford, S. P., Häußler, B., Rojas, A., Vika, M., & Cresswell, J. 2012, in IAU

Symposium, Vol. 284, The Spectral Energy Distribution of Galaxies - SED
2011, ed. R. J. Tuffs & C. C. Popescu, 301–305

Barden, M., Häußler, B., Peng, C. Y., McIntosh, D. H., & Guo, Y. 2012, MN-
RAS, 422, 449

Bekki, K. 1998, ApJ, 502, L133
Bell, E. F., McIntosh, D. H., Katz, N., & Weinberg, M. D. 2003, ApJS, 149, 289
Berriman, G. B., Good, J. C., Laity, A. C., & Kong, M. 2008, in Astronomical

Society of the Pacific Conference Series, Vol. 394, Astronomical Data Anal-
ysis Software and Systems XVII, ed. R. W. Argyle, P. S. Bunclark, & J. R.
Lewis, 83

Bertin, E. 2011, in Astronomical Society of the Pacific Conference Series, Vol.
442, Astronomical Data Analysis Software and Systems XX, ed. I. N. Evans,
A. Accomazzi, D. J. Mink, & A. H. Rots, 435

Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393
Boselli, A. & Gavazzi, G. 2006, PASP, 118, 517
Butcher, H. & Oemler, Jr., A. 1978, ApJ, 219, 18
Byrd, G. & Valtonen, M. 1990, ApJ, 350, 89
Calvi, R., Poggianti, B. M., Vulcani, B., & Fasano, G. 2013, MNRAS, 432, 3141
Cava, A., Bettoni, D., Poggianti, B. M., et al. 2009, A&A, 495, 707
Cerulo, P., Couch, W. J., Lidman, C., et al. 2017, ArXiv e-prints

[arXiv:1707.00751]
Desai, V., Dalcanton, J. J., Aragón-Salamanca, A., et al. 2007, ApJ, 660, 1151
D’Onofrio, M., Bindoni, D., Fasano, G., et al. 2014, A&A, 572, A87
Dressler, A. 1980, ApJS, 42, 565
Dressler, A., Oemler, Jr., A., Couch, W. J., et al. 1997, ApJ, 490, 577
Driver, S. P., Norberg, P., Baldry, I. K., et al. 2009, Astronomy and Geophysics,

50, 5.12
Fasano, G., Marmo, C., Varela, J., et al. 2006, A&A, 445, 805
Fasano, G., Poggianti, B. M., Bettoni, D., et al. 2015, MNRAS, 449, 3927
Fasano, G., Poggianti, B. M., Couch, W. J., et al. 2000, ApJ, 542, 673
Fasano, G., Vanzella, E., Dressler, A., et al. 2012, MNRAS, 420, 926
Fritz, J., Poggianti, B. M., Bettoni, D., et al. 2007, A&A, 470, 137
Fritz, J., Poggianti, B. M., Cava, A., et al. 2014, A&A, 566, A32
Fritz, J., Poggianti, B. M., Cava, A., et al. 2011, A&A, 526, A45
Gunn, J. E. & Gott, III, J. R. 1972, ApJ, 176, 1
Häußler, B., Bamford, S. P., Vika, M., et al. 2013, MNRAS, 430, 330
Häussler, B., McIntosh, D. H., Barden, M., et al. 2007, ApJS, 172, 615
Hubble, E. & Humason, M. L. 1931, ApJ, 74, 43
Icke, V. 1985, A&A, 144, 115
Kelkar, K., Aragón-Salamanca, A., Gray, M. E., et al. 2015, MNRAS, 450, 1246
Kelvin, L. S., Driver, S. P., Robotham, A. S. G., et al. 2012, MNRAS, 421, 1007
Kennedy, R., Bamford, S. P., Baldry, I., et al. 2015, MNRAS, 454, 806
Kim, D. & Im, M. 2013, ApJ, 766, 109
La Barbera, F., de Carvalho, R. R., de La Rosa, I. G., et al. 2010, MNRAS, 408,

1313
Larson, R. B., Tinsley, B. M., & Caldwell, C. N. 1980, ApJ, 237, 692
Lubin, L. M., Oke, J. B., & Postman, M. 2002, AJ, 124, 1905
MacArthur, L. A., Courteau, S., Bell, E., & Holtzman, J. A. 2004, ApJS, 152,

175
Moore, B., Katz, N., Lake, G., Dressler, A., & Oemler, A. 1996, Nature, 379,

613
Moore, B., Lake, G., & Katz, N. 1998, ApJ, 495, 139
Moore, B., Lake, G., Quinn, T., & Stadel, J. 1999, MNRAS, 304, 465
Moretti, A., Gullieuszik, M., Poggianti, B., et al. 2017, A&A, 599, A81
Moretti, A., Poggianti, B. M., Fasano, G., et al. 2014, A&A, 564, A138
Omizzolo, A., Fasano, G., Reverte Paya, D., et al. 2014, A&A, 561, A111
Park, C., Choi, Y.-Y., Vogeley, M. S., et al. 2007, ApJ, 658, 898
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266
Pignatelli, E., Fasano, G., & Cassata, P. 2006, A&A, 446, 373
Poggianti, B. M., Fasano, G., Bettoni, D., et al. 2009, ApJ, 697, L137
Postman, M., Franx, M., Cross, N. J. G., et al. 2005, ApJ, 623, 721
Ramella, M., Biviano, A., Pisani, A., et al. 2007, A&A, 470, 39
Robotham, A. S. G., Norberg, P., Driver, S. P., et al. 2011, MNRAS, 416, 2640
Schmidt, K.-H., Bohm, P., & Elsasser, H. 1997, Astronomische Nachrichten,

318, 81
Sersic, J. L., Pastoriza, M. G., & Carranza, G. J. 1968, Astrophys. Lett., 2, 45
Smail, I., Dressler, A., Couch, W. J., et al. 1997, ApJS, 110, 213
Valentinuzzi, T., Woods, D., Fasano, G., et al. 2009, A&A, 501, 851
van Dokkum, P. G., Franx, M., Fabricant, D., Illingworth, G. D., & Kelson, D. D.

2000, ApJ, 541, 95
Varela, J., D’Onofrio, M., Marmo, C., et al. 2009, A&A, 497, 667
Vika, M., Bamford, S. P., Häußler, B., & Rojas, A. L. 2014, MNRAS, 444, 3603
Vika, M., Bamford, S. P., Häußler, B., et al. 2013, MNRAS, 435, 623
Vika, M., Vulcani, B., Bamford, S. P., Häußler, B., & Rojas, A. L. 2015, A&A,

577, A97
Vulcani, B., Bamford, S. P., Häußler, B., et al. 2014, MNRAS, 441, 1340
Vulcani, B., Poggianti, B. M., Aragón-Salamanca, A., et al. 2011a, MNRAS,

412, 246
Vulcani, B., Poggianti, B. M., Dressler, A., et al. 2011b, MNRAS, 413, 921
Vulcani, B., Poggianti, B. M., Fasano, G., et al. 2012, MNRAS, 420, 1481
Vulcani, B., Poggianti, B. M., Oemler, A., et al. 2013, A&A, 550, A58
Whitmore, B. C., Gilmore, D. M., & Jones, C. 1993, ApJ, 407, 489

Article number, page 14 of 15



Psychogyios et al. 2018: Multi-wavelength structure analysis of local cluster galaxies.

14 16 18 20 22
-2

-1

0

1

2

14 16 18 20 22
MAG(V)GALAPAGOS

-2

-1

0

1

2

M
A

G
(V

) G
A

SP
H

O
T -

 M
A

G
(V

) G
A

LA
PA

G
O

S

175 ellipticals
257 S0
119 early spirals
25 late spirals

-0.3 0.0 0.3 0.6 1.2
-0.3

0.0

0.3

0.6

1.2

-0.3 0.0 0.3 0.6 1.2
 Log (Re(V)GALAPAGOS ("))

-0.3

0.0

0.3

0.6

1.2

 L
og

 (R
e(V

) G
A

SP
H

O
T (

")
)

175 ellipticals
257 S0
119 early spirals
25 late spirals

-0.5 0.0 0.3 0.6 1.0
-0.5

0.0

0.3

0.6

1.0

-0.5 0.0 0.3 0.6 1.0
 Log (n(V)GALAPAGOS)

-0.5

0.0

0.3

0.6

1.0

 L
og

 (n
(V

) G
A

SP
H

O
T)

175 ellipticals
257 S0
119 early spirals
25 late spirals

Fig. A.1: Structural parameters for all galaxies in V-band.

Appendix A: Compare GALAPAGOS with GASPHOT

D’Onofrio et al. (2014) applied the software called GAlaxy Sur-
face PHOTometry (GASPHOT; Pignatelli et al. 2006), on B-,
V- and K-band images of WINGS galaxies. Here we compare
the structural parameters of GALAPAGOS with GASPHOT. Fig.

A.1 shows the magnitude, n and Re of the cross-matced cluster
galaxies in V-band.

GASPHOT and galfitm measure the same magnitudes for
all galaxy types. GASPHOT measures smaller sizes for small el-
liptical galaxies. In addition, we see that for galaxies with n >
2, GASPHOT measures larger light profiles compare to galfitm.
The above discrepancy could be due to various effects (Pignatelli
et al. 2006; Häussler et al. 2007). The most important is GAS-
PHOT uses the 1D approach while galfitm utilises a 2D method.
Second the sky has been measured in two different ways. Finally,
we must not forget that the both softwares have average uncer-
tainties of the structural parameters as D’Onofrio et al. (2014)
showed. The uncerainty range for the Re is from 7% to 20%
while for the n is from 20% to 30%. In addition, D’Onofrio et al.
(2014) showed that these two methods have a different sensitiv-
ity to the peculiar features of galaxies and behave differently in
weighting the various (inner and outer) galaxy regions.
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Chapter 4

Conclusions and Future
perspectives

In this thesis we explore the morphology of galaxies in different environments. In the
first part of this thesis we quantify the galaxy morphology of a sample of 89 LIRGs from
the GOALS sample observed in the optical, NIR, and MIR, using the non-parametric
coefficients Gini and M20, we compare their derived morphology to the one obtained
visually, and explore the consistency of the method as a function of a number of physical
parameters.

The second part of this thesis, we studied a sample of 9 local galaxy clusters from
the WINGS survey, we investigate the Sersic index and effective radius behaviour con-
cerning environment (inner/outer regions, low/high projected density regions, distance
from the BCG), we compare the Sersic index, effective radius, N and R of the cluster
galaxies with the structural parameters of a non-member sample extracted from the
field of the nine galaxy clusters.

4.1
Conclusions

Our multi-wavelength analysis of 89 local (U)LIRGs indicates that:

• The non-parametric coefficients (Gini and M20) of local (U)LIRGs are changing
from optical to NIR (the median values of Gini increase while median values of
M20 become more negative as the wavelength increases).
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• We strongly recommend that M20 is a better morphological tracer than Gini, as
it can distinguish better systems formed by multiple galaxies from isolated and
post-merger LIRGs and its effectiveness increases with increasing wavelength. In
fact, our multi-wavelength analysis allows us to identify a region in the Gini-
M20 parameter space where ongoing mergers live, regardless of the band used to
calculate the coefficients.

• The Gini and M20 increase in absolute value, when the radius used to create the
corresponding segmentation map increases. We conclude that the Gini -M20 non-
parametric space should be adjusted according to different samples, depths and
wavelengths in order to distinguish the morphology of interacting from normal
galaxies.

• We confirm that in B-band, sampling mostly younger stellar populations, as the
luminosity of the galaxies increases they appear more extended and their sSFR
increases. In contrast, in MIR, (U)LIRGs are more compact than sub-LIRGs.
Moreover, the sSFR is positively correlated with theM20 measured in the mid-IR
- star-bursting galaxies appear more compact than normal ones - and it is anti-
correlated with it if measured in the B- band. We interpret this as evidence of
the spatial decoupling between obscured and un-obscured star formation, whereby
the ultraviolet/optical size of LIRGs suffering an intense central starburst is over-
estimated due to the higher dust obscuration towards the central regions.

Our multi-wavelength analysis of nine galaxy clusters shows that:

• The light profiles of cluster member galaxies stay constant across optical and NIR
wavelengths. The Re tend to decrease for all morphological types.

• The light profiles of ellipticals are not affected by environment while the Sersic
index of S0s and spirals is slightly disturbed by the projected local density.

• Late-type spirals display a decrease in their median Sersic index as a function of
the distance from the cluster center up to ∼ 0.3×RBCG in the optical bands, while
further out n remains statistically constant. Early-type spirals have constant
Re values across RBCG while late-type spirals increase their median Re up to
∼ 0.35 × RBCG in optical and especially in NIR bands. This might indicate the
presence of substructures for some clusters. The upcoming study of the remaining
WINGS clusters will lead to more robust conclusions.
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• We do not observe any clear trend for structural parameters with projected local
density.

The comparison of the structural parmeters of bright cluster galaxies with non-
member (field) galaxies leads to the following conclusions:

• Bright cluster member galaxies have greater n and smaller Re than their non-
member (field) counterparts.

• The light profile N and size R parameters of bright cluster galaxies does not
change as a function of wavelength in the same manner as non-member (field)
galaxies.

4.2
Future plans for the GOALS

sample
The GOALS sample has already been explored via imagery and spectroscopy in different
wavelengths with many ground and space telescopes (IRAS, Spitzer, Herschel, Hubble,
Galex, VLA, IRAM, LMA etc). Understanding in detail the physical mechanisms that
dominate the energy production in their nuclear regions is challenging due to the high
dust extinction. The upcoming launch in 2021 of the James Webb Space Telescope
(JWST) with superb angular resolution in the mid-infrared wavelength rage and the
availability of integral field spectroscopy will open the discovery space and provide a
new rich dataset for understanding the dynamics and energetics of the ISM on scales
of ∼50pc in the nuclei of these systems. The GOALS collaboration has already been
awarded a preliminary Early Release Science (ERS) program to study a handful of
representative LIRGS and plans requesting near and mid-IR imaging for a larger more
complete sample are underway. Combining the high resolution of the stellar and dust
components, with sensitive maps of the atomic gas, as well as the warm molecular gas
we will be able to better explore the details of the merger as well as the influence of
massive star formation and AGN emission in the nuclear regions.

Moreover, lessons learned from GOALS will be applied to JWST studies in the
high-redshift Universe, with a similar morphological analysis to the one we developed
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providing a direct reference to the way physical mechanisms responsible for the LIRGs
phase evolve across cosmic time.

4.3
Future plans for the WINGS

sample

The multi-wavelength process we developed using the state-of-the-art software GALA-
PAGOS2 will be applied to the remaining 68 galaxy clusters of WINGS, increasing by
an order of magnitude our statistics. In addition, we will be able to study small changes
of the Sersic index and Re in the location of the substructures of clusters, where trans-
formation of galaxies appear more frequently (due to gravitational effects of merging
subgroups). One could also expand our analysis on WINGS using the OMEGACAM
images. The larger FoV (∼ 1 degree) makes it possible to explore the structural vari-
ation of galaxies that are located up to more than one virial radius. These galaxies
are being affected more by their near neighbours than by the cluster potential and
cluster-member galaxies as a whole.

Furthermore, the fitting of light distribution of galaxies with parametric functions
can be done with one or more Sersic components, since as it was already mentioned,
most galaxies consist of more than one components. The first step has already been
performed by calculating the structural parameters of local cluster galaxies with single
Sersic functions. Accurately identifying the main components (spheroids (bulges) and
disks) of galaxies is necessary in order to study their evolution. A future plan is to
apply a bulge-disk decomposition method with GALAPAGOS in the complete WINGS
sample in order to find the light profiles of its bulge and its disk and reveal their internal
structure. Finally, the advent of large surveys (Panstars, Euclid, LSST) will provide
an enormous amount of data. Our automatic method and proposed methodology will
be essential in scientifically exploiting in an efficient manner those surveys.
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4.4
Future of Morphological studies

The ongoing developments in studies of galaxy morphology are expected to shed more
light to our understanding of galaxy evolution.

As we have presented already, most morphological classifications so far, group galax-
ies into distinct classes. Studies such as Nair & Abraham (2007) (155) and Schawinski
et al. (2013) (156) classified up to 50,000 galaxies, while the Galaxy Zoo citizen-science
project has published catalogue of more than 1 million galaxies. However, this is only
the beginning. Ongoing imagery from SDSS, Panstars and the Dark Energy Survey
(DES) from the ground as the Hubble Frontier Fields and those planned with new space
missions (JWST, Euclid), and ground based facilities such as the Large Synoptic Survey
Telescope (LSST) will provide uniform sky coverage and an unprecedented amount of
data, mostly in the optical and near-IR. Expanding currently morphological studies to
a consistent multi-filter modelling and analysis of the galaxies will be essential in order
to characterise the morphology and structure of galaxies. The new methods will require
substantial computational power as well as development of novel methods, possibly via
deep learning or other artificial intelligence techniques. These efforts will reveal the
structure of galaxies across cosmic time, its connection to their fundamental physical
properties such as the stellar mass and star formation rate, in order to interpret the
mechanisms that shape their formation and evolution.

Morphology is not "the backbone of extragalactic studies" anymore. Morphology is
the forefront of the new era.
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