
Università degli Studi di Napoli “Federico II”

Scuola Politecnica e delle Scienze di Base
Area Didattica di Scienze Matematiche Fisiche e Naturali

Dottorato Europeo di Ricerca in Fisica

Ciclo XXXV

2019-2022

Tesi di Dottorato

The Intra Cluster Light from loose groups to
rich clusters:

the relationship between its physical properties
and the environment

Tutori:
Dr. Enrichetta Iodice
Prof. Maurizio Paolillo
Dr. Marilena Spavone

Coordinatore: Prof. Vincenzo Canale
Settore Scientifico Disciplinare FIS/05

Candidato: Rossella Ragusa
Matricola: DR993873



– 1

Alle mie Stelle Polari,

i miei nonni.

Ai miei Soli,

Sasamen, Liuccia

Petgosa, Cuoricino.

Alla mia famiglia, tutta.

A Marcella.

All’amore, in ogni sua forma.

Si vede bene solo con il cuore.



Contents

Abstract 4

1 Introduction 8

1.1 Formation and evolution of the structures in the �CDM cosmological model 8

1.2 Galaxies: the building blocks of the Universe . . . . . . . . . . . . . . . . . 13

1.2.1 What do we observe about galaxies? . . . . . . . . . . . . . . . . . 16

1.3 Environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.3.1 The home of the galaxies: Groups & Clusters . . . . . . . . . . . . 26

1.4 The "red and dead" Early-Type Galaxies . . . . . . . . . . . . . . . . . . . 29

1.4.1 The Two-Phase Formation Scenario: merging and accretion events . 30

1.5 Faintest end of clusters: Intra Cluster Light . . . . . . . . . . . . . . . . . 32

2 Deep images from VEGAS survey 43

2.1 The VLT Survey Telescope (VST) . . . . . . . . . . . . . . . . . . . . . . . 43

2.2 The VST Early-type Galaxy Survey (VEGAS) . . . . . . . . . . . . . . . . 47

2.2.1 VEGAS observing strategies . . . . . . . . . . . . . . . . . . . . . . 49

2.2.2 Data reduction pipelines for VEGAS . . . . . . . . . . . . . . . . . 50

2.3 VEGAS Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.3.1 Hickson Compact Group 86 (HCG 86) . . . . . . . . . . . . . . . . 53

2.3.2 Leo I pair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.3.3 Antlia cluster: the 2 subgroups NGC 3268 & NGC 3258 . . . . . . 61

2.3.4 NGC 0596 & NGC 0584 group . . . . . . . . . . . . . . . . . . . . 65

2.3.5 NGC 1453 group . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.3.6 DORADO group: NGC 1553 sub-group . . . . . . . . . . . . . . . . 71

i



Contents � Contents ii

2.3.7 NGC 3100 group . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.3.8 NGC 3640 group . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.3.9 NGC 3923 group . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

2.3.10 Virgo subgroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

2.3.10.1 NGC 4365 group: the W' cloud . . . . . . . . . . . . . . . 87

2.3.10.2 NGC 4636 sub-group . . . . . . . . . . . . . . . . . . . . . 89

2.3.11 NGC 4697 sub-group . . . . . . . . . . . . . . . . . . . . . . . . . . 92

2.3.12 NGC 5044 group . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.3.13 NGC 5846 group . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

2.3.14 Telescopium group: NGC 6868 . . . . . . . . . . . . . . . . . . . . 100

3 Data Analysis: The template Science Case HCG 86 105

3.1 Data Analysis: surface photometry . . . . . . . . . . . . . . . . . . . . . . 109

3.2 Galactic Cirrus emission in region of HCG 86 . . . . . . . . . . . . . . . . 112

3.3 Removal of the scattered light from the bright stars . . . . . . . . . . . . . 114

3.4 Estimation of the limiting radius and isophote �tting . . . . . . . . . . . . 115

3.5 Fit of the galaxy light distribution . . . . . . . . . . . . . . . . . . . . . . . 119

4 Results from surface photometry and estimate of the di�use light 125

4.1 Hickson Compact Group 86 . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.1.1 HCG 86: Group Luminosity . . . . . . . . . . . . . . . . . . . . . . 127

4.1.2 The intra-group light in HCG 86 . . . . . . . . . . . . . . . . . . . 128

4.1.3 Cirrus contamination in HCG86 . . . . . . . . . . . . . . . . . . . . 132

4.1.4 HCG 86: Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.1.4.1 How does the IGL amount in HCG 86 compare with other

observational estimates for di�use light? . . . . . . . . . . 135

4.1.4.2 Di�use light versus virial mass up to HCG 86 . . . . . . . 136

4.1.4.3 Di�use light versus ETGs-to-LTGs ratio . . . . . . . . . . 138

4.1.5 What could be the origin of IGL in HCG 86? . . . . . . . . . . . . 140

4.1.6 Conclusions: HCG86 . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.2 Leo I pair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

4.2.1 The intragroup baryons in a loose group . . . . . . . . . . . . . . . 145



Contents � Contents iii

4.2.2 Leo I pair: Surface photometry . . . . . . . . . . . . . . . . . . . . 146

4.2.2.1 Isophote �tting . . . . . . . . . . . . . . . . . . . . . . . . 148

4.2.2.2 1-dimensional �t of the light distribution: the contribution

of the IGL . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

4.2.3 The IGL in the LEO I pair NGC 3379-NGC 3384 . . . . . . . . . . 154

4.2.3.1 Intra-group light versus discrete tracers: GCs& PNe . . . 156

4.2.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . 160

4.3 Surface photometry for VEGAS targets . . . . . . . . . . . . . . . . . . . . 165

5 Does the Virial Mass drive the Intra Cluster Light? 169

5.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

5.1.1 ICL versus Mvir . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

5.1.2 ICL fraction versusf ET Gs . . . . . . . . . . . . . . . . . . . . . . . 177

5.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

6 Future Perspective 181

6.1 The Low Surface Brightness Universe as seen by the Vera C. Rubin Obser-

vatory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.1.1 Do observers and simulators measure the same amount of Intra

Cluster Light? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.2 The Intra Cluster Light at high redshift with Space Telescopes . . . . . . . 187

6.2.1 Measuring the ICL in HST high redshift �eld: MOO J1014+0038

galaxy cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

A Photometric parameters for the galaxies in all the target under investi-

gation. 197

A Results of multi-component �ts 209

Bibliography 243



List of publications

This thesis is based on the following publications:

ˆ Ragusa R.* , Spavone M. , Iodice E. , Brough S. , Raj M. A. , Paolillo M. , Cantiello

M. , Forbes Duncan A. , La Marca A. , D'Ago G. , Rampazzo R. , Schipani P. :�

VEGAS: A VST Early-type GAlaxy Survey. VI. Di�use light in HCG 86

as seen from the ultra-deep VEGAS images � , Astronomy & Astrophysics,

Volume 651, id.A39, 17 pp., July 2021.

ˆ Ragusa R.* , Mirabile M. , Spavone M. , Cantiello M. , Iodice E. , La Marca A.

, Paolillo M. , Schipani P. : � The Intra-Group Baryons in the LEO I Pair

From the VST Early-Type GAlaxy Survey � , Frontiers in Astronomy and

Space Sciences, vol. 9, id. 852810, March 2022.

ˆ Ragusa R.* , Iodice E. , Spavone M. , Montes M. ,Forbes Duncan A. ,Brough S.

, Mirabile M. , Cantiello M. , Paolillo M. , Schipani P. : � Does the virial mass

drive the intra-cluster light? The relationship between the ICL and M vir

from VEGAS � , Astronomy Astrophysics, Volume 670, id.L20, 8 pp, February

2023.

During my PhD project, I also contributed to the following works:

ˆ Iodice, E. , Spavone, M. , Capaccioli, M. , Schipani, P. , Arnaboldi, M. , Cantiello,

M. , D'Ago, G. , De Cicco, D. , Forbes, Duncan A. , Greggio, L. , Krajnovi¢,

D. , La Marca, A. , Napolitano, N. R. , Paolillo, M. , Ragusa R. , Raj, M.

A. , Rampazzo, R. , Rejkuba, M. : � The VST Early-type GAlaxy Survey:

Exploring the Outskirts and Intra-cluster Regions of Galaxies in the Low-

surface- brightness Regime � , The Messenger, vol. 183, p. 25-29, June 2021.

1



Contents � Contents 2

ˆ La Marca A. , Peletier R. , Iodice E. , Paolillo M. , Choque Challapa N. , Venhola

A. , Forbes Duncan A. , Cantiello M. , Hilker M. , Rejkuba M. , Arnaboldi, M. ,

Spavone, M. , D'Ago, G. , Raj, M. A. ,Ragusa R. , Mirabile, M. , Rampazzo, R. ,

Spiniello, C. , Mieske, S. , Schipani, P. :� Galaxy populations in the Hydra I

cluster from the VEGAS survey. I. Optical properties of a large sample of

dwarf galaxies � , Astronomy & Astrophysics, Volume 659, id.A92, 24 pp., March

2022.

ˆ Rampazzo R. , Mazzei P. , Marino A. , Bianchi L. , Postma J. ,Ragusa R. ,

Spavone M. , Iodice E. , Ciroi S. , Held E. V. : � Dorado and its member

galaxies. III. Mapping star formation with FUV imaging from UVIT � ,

Astronomy & Astrophysics, Volume 664, id.A192, 19 pp. , August 2022.

ˆ La Marca A. , Iodice E. , ; Cantiello, M. , Forbes, Duncan A. , Rejkuba, M. ,

Hilker, M. , Arnaboldi, M. , Greggio, L. , Spiniello, C. , Mieske, S. , Venhola, A. ,

Spavone, M. , D'Ago, G. , Raj, M. A. ,Ragusa R. , Mirabile, M. , Rampazzo, R.

, Peletier, R. , Paolillo, M. , Challapa N. C. , Schipani P. :� Galaxy populations

in the Hydra I cluster from the VEGAS survey. II. The ultra-di�use

galaxy population � , Astronomy & Astrophysics, Volume 665, id.A105, 30 pp.,

September 2022.



Contents � Contents 3



Abstract

Since proposed and then observed by Zwicky [1937, 1957] in the Coma cluster, we

know that there is an additional component in the light distribution of the galaxy

clusters, the ICL. The ICL is made of baryons (stars, globular clusters and planetary

nebulae) that are bound to no speci�c galaxy member of the group (cluster), but

only to the potential well of the system. This light is observed as a di�use and very

faint emission (� V � 26.5 mag/arcsec2 [e.g. Mihos et al., 2005]) extended out to

several hundred of kpc from the group or cluster centre.

The scenario of hierarchical formation of structure, within the� CDM paradigm,

predicts that the ICL is the product of the gravitational interactions (accretions

and mergings) involved in the formation of the most massive galaxies at the cen-

tre of groups and clusters, named as the brightest group (BGG) or cluster galaxy

(BCG), respectively. Hence, the ICL represents the fossil record of the mass as-

sembly in galaxies and, as a consequence, the physical properties of the ICL, total

luminosity, color, stellar population and amount (parametrized by the fractionf ICL

= L ICL / LSystem , in a speci�c �lter) allow us to get knowledge about the formation

channels that contributed to the ICL and the dynamical and evolutionary state of

the system.

A way to constrain the physical processes that form the ICL is to see how its

fraction correlates with the virial mass (M vir ) of the host environment. Theoretical

predictions, based on the prescriptions of the di�erent simulations, report contra-

dictory results. Due to its low surface brightness nature, the detection and study of

the ICL is a challenging task, which requires very deep images covering large areas

around the center of the groups or clusters. So far, the few available measurements

of the f ICL have prevented any conclusion on the correlation with theM vir .
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So, at the beginning of my Ph.D., neither from a theoretical side nor from an

observational side, there were concrete results about the relationship between the

physical properties of the ICL and that of the environment. In particular, since the

ICL can be estimated using several observational methodologies and, in addition,

it depends on the depth of the data and on the adopted observational strategy,

the main requirements needed, to address the dependencies of thef ICL with M vir

and the evolutionary state of the environments, are a homogeneous and statistically

signi�cant sample of groups and clusters of galaxies, spanning the whole halo mass

range covered by the theoretical predictions. No less important, the data should

be deep and wide-�eld enough to be able to detect and study the faint and very

extended (i.e. � g � 27mag=arcsec2 and out to hundreds kpc) components of groups

and clusters, such as the ICL.

Taking advantage of the long integration time and the large covered area of the

VST Early Type GAlaxy Survey (VEGAS), we are able to map the galaxies' out-

skirts and the ICL component down to� g � 29 - 30 mag/arcsec2 and out to hundreds

kpc. Satisfying all the requirements described above, we have given sight to this

project to address our limited knowledge about the physical properties of the Intra-

Cluster Light (ICL) and their relationship with those of the environments in which it

resides, e.g. theM vir and Early-Type Galaxy ratio, f ET G (ETGs/(ETGs+LTGs)).

The �rst step was to build a robust methodology, implementing the one already

used for the previous studies of deep photometry inside the VEGAS series, that

would be suitable for the study of the ICL. This method lead to consistent results in

di�erent environments: we chose Hickson Compact Group 86 (HCG 86) as the �rst

target of this project since compact groups, being very dense environments, represent

the best laboratory for analyzing the gravitational interactions between galaxies.

We analyzed the photometric properties of the ICL in HCG 86 and illustrated our

methodology. These �rst results, consistent with the theoretical predictions, were

published in a �rst paper [Ragusa et al., 2021].

Then, we tested the method also on a loose group (the "Leo I pair" ), to verify

that it performed well even in such kinds of environments. In this work [Ragusa

et al., 2022], we obtained not only important achievements on the physical properties
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of the ICL in this group, but also another solid result about the robustness of our

methodology: the photometric transition radius (Rtr ) estimated in our work (i.e.

the transition between the inner and brighter part of the BCG and the outskirts,

e.g. bounded stellar envelope plus unbounded ICL), and the kinematic one found

by Hartke et al. [2020] coincide. In fact, estimating theRtr , with photometric

data alone, is really complicated, since the transition between the two components,

described above, occurs very smoothly.

Once I built a solid methodology, I analyzed 17 new targets inside the VEGAS

survey, in a wide range of virial masses (1012:5 � M vir � 1015). Overall, I revisit

the relationship between thef ICL and some environmental properties of the sys-

tems under investigation, i.e.M vir and f ET G . Using a statistically signi�cant and

homogeneous sample of 22 groups and clusters of galaxies ( 17 new targets analyzed

by me [Ragusa et al., 2023], and �ve previously analyzed by others VEGAS mem-

bers [Iodice et al., 2020b, Raj et al., 2020, Spavone et al., 2018, 2020]) in the local

Universe (z � 0.05). With this data set, I have expanded the ICL sample, dou-

bling the previous estimates available from the literature for z� 0.05. This allows

us to provide stringent constraints on a possible link between the formation of the

ICL with the host environment, and a more robust comparison with the theoretical

predictions.

Disproving several theoretical studies, and in agreement with some others, the

main result of my Ph.D. project (published in an A&A Letter [Ragusa et al., 2023])

is the absence of any signi�cant trend between the fraction of ICL with respect

to the virial mass of the host environment. Since the new data points are all de-

rived with the same methodology and from the same observational setup, and all

have comparable depth, we concluded that the large observed scatter points to-

wards an intrinsic property of the ICL, and, therefore, does not depend on data

processing. On the other hand, a mild relationship between the fraction of ICL and

ETGs/(ETGs+LTGs) has been found, where a large fraction of ICL is found in

groups and clusters of galaxies dominated by earlier morphological types.

Other collateral results of my analysis have been published in the references be-

low. I have also applied the same ICL analysis both to the simulated data predicted
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for future facilities such as the LSST telescope and to the data from theHubble Space

Telescope, in order to study the ICL evolution with the redshift, which is predicted

by the theoretical simulations. These will be the subjects of the future perspectives

of this project. Incidentally, the color composite of HCG 86 published in this work

(Fig. 2.4) was awarded by the ESO as a picture of the week, in July 2021.



Chapter 1

Introduction

If you can't explain it to a six year

old, you don't understand it

yourself.

Albert Einstein

1.1 Formation and evolution of the structures in the

� CDM cosmological model

The development of a comprehensive model able to describe the formation and

evolution of the cosmic structure observed at the present day is one of the greatest

achievements of modern cosmology.

It is commonly known as the� -Cold Dark Matter cosmological model(� CDM) or

standard cosmological modeland bases its formulation on two essential components:

dark energy (� , the cosmological constant) and cold dark matter (CDM). According

to large-scale observations, these two "dark" components account for� 95% of the

total energy content of the Universe (see Fig. 1.1). The formulation of the� CDM

model is founded on two key assumptions: i) the Copernican Principle and ii) The

General Relativity Theory.

The �rst states that, at any given time, all observers are observing the same

general properties of the large-scale structure of the Universe, i.e. the distribution

8
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Figure 1.1: Composition of the universe according to 2013 data from the Planck satellite. Credits:ESA

of the matter of the large-scale structure is homogeneous and isotropic. Evidence of

this is the isotropic Cosmic Microwave Background (CMB, see Fig. 1.2).

General Relativity predicts that space and time are no longer separate and pas-

sive entities, but dynamic and combined in the single gravitational phenomenon of

the "space-time" that occurs in the manifestation ofcurvature: the matter oper-

ates on the space, determining its curvature, and the curvature then determines the

motion.

The standard cosmological model predicts a continuously expanding universe,

originating from a singular point at extremely high temperature and density, the

so-calledBig Bang or Lamaitre's Cosmic Egg, followed by a very rapid in�ation

phase. What existed before the Big Bang- and why it all began - is not known to

us, after all "if we can �nd the answer to this question, we will decree the ultimate

triumph of human rationality: for then we will know the mind of God" (Stephen

Hawking).

The � CDM model turned out to be predictive, explicative and consistent with

the observations on di�erent physical and temporal scales. It is successful in ex-
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Figure 1.2: Cosmic Microwave Background (CMB) from Plank satellite

plaining both the observed abundance of hydrogen and helium in the present-day

Universe and accurately predicting the statistical �uctuations of the temperature

(that we now measure in the CMB) when the age of the universe was� 380000 yr.

The main component of the mass of the Universe, the CDM, only interacts

gravitationally with baryons (self-interaction between dark matter particles is ruled

out to date). Scientists believe that gravitational lensing is proof of its existence.

The cosmological constant is explained by a Universe accelerating. The galaxy

clusters and quasars distribution con�rmed the model's predictions on scales ranging

from � 1 Mpc to � 100 Mpc. Finally, observations of the Lyman� forest seen in

absorption in quasars at z� 2 provided evidence for even smaller scales.

The Planck satellite results then further strengthened the� CDM model, leading

to its establishment as the standard model to such an extent that is often referred

to in the scienti�c literature as the concordance model, to emphasise that several

independent astrophysical observations seem to converge towards the same scenario

when interpreted in the context of General Relativity.

However, this model presents non-negligible challenges from the theoretical point

of view. The two components that dominate the total energy content - cold dark

matter and cosmological constant - have an unde�ned physical nature: to date, any

attempt at the direct detection of dark matter has been unsuccessful, and the value

assumed by the cosmological constant according to the predictions of most quantum
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�eld theories is completely counter-intuitive and unnatural. It was initially referred

to as 'missing mass', a term that may be misleading since gravitational e�ects are

observed, but the electromagnetic radiation of this matter is not detectable, at least

with today's technology. "Dark", since only its light would be missing.

Recently, the Intra Cluster Light (ICL) has been suggested as a DM light tracer

[Montes and Trujillo, 2018], as we will see in detail in Sec. 1.5.

In the � CDM scenario the DM would have begun to concentrate into huge �l-

aments under the pull of gravity. The structures are formed by unbounded gas

captured by the gravitational potential well created by DM halos. These concentra-

tions of Dark Matter push the baryonic matter to come together faster than would

have happened in its absence.

In addition to the faster times, the density is also altered by the presence of

acoustic oscillations embedded in the matter distribution as a result of photon de-

coupling. Where the dark matter is denser, baryonic matter clumps together and

collapses faster. It was from these dense clouds of hydrogen gas that the �rst stars

and galaxies originated. In the presence of more dark matter, galaxy clusters are

formed, separated by voids, which represent the areas where dark matter is least

present.

These structures are formed according to the so-calledhierarchical accretion sce-

nario[White and Frenk, 1991, White and Rees, 1978]: gas cools and condenses into

stars, galaxies, clusters of galaxies and super-clusters of galaxies, through gravita-

tional aggregations, where accretion and mergers are possible due to gravitational

instabilities. Small structures become unstable �rst, collapse and reach the dynamic

state of virial equilibrium.

Theory suggests that galactic nuclei of luminous matter are concentrated enough

to survive the violent relaxation of the Dark Matter halo. The halos of the progenitor

galaxies are then broken up to form a larger structure, the gas cools and forms a

larger galaxy, with the core surviving as a fossil of the previous events as well as

several satellites accreted around it.

The large-scale structure of the Universe, according to the numerical simulations

and redshift studies, is thought of as a cosmic network, which includes voids, foils,
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Figure 1.3: Millenium simulation, Springel et al. [2006]

�laments and clusters, as shown in Fig. 1.3 (Millennium simulation, Springel et al.

[2006]).

To reproduce the evolution of structures in the Universe at large scales, sim-

ulations have developed over time, thanks to the work of cosmologists and astro-

physicists, to reconstruct the time evolution of the non-linear equations of density

perturbations. N-body simulations consider the evolution of a group of particles

under the gravitational force.

The recent cosmological simulations, such as the Illustris TNG [Pillepich et al.,

2018a] or Magneticum [Dolag et al., 2010] simulations con�rm the accretion scenario

in the context of the � CDM model.
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