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ABSTRACT

This thesis is dedicated to answering one particular question: how relevant is pre-processing in
shaping present-day properties of early-type dwarf galaxies (dEs) in massive clusters? With the
intention of doing so, we present the analysis of the kinematics and stellar population properties of
nine early-type dwarf galaxies (dEs) of the Virgo cluster. According to the results of Lisker et al.
(2018), these nine dEs were accreted onto Virgo as gravitationally bound members of a massive
galaxy group (M, ~ 1013 M) along the observer’s line of sight about 2-3 Gyr ago. We confirm a
similar accretion time by investigating their distribution on the projected phase-space diagram. We
performed full-spectrum fitting on the spatially binned MUSE/VLT data of these dEs to investigate
their kinematics. We quantified their stellar rotation using specific angular momentum (Ag) and
derived diverse kinematic properties in our sample, despite their similar accretion time onto Virgo
and stellar mass range. While half of our sample members show higher degrees of rotation, similar
to low-mass star-forming field galaxies, the rest show kinematic profiles comparable with Virgo dEs
with relatively larger average infall time. Furthermore, we employed Lick absorption features in
each dEs’” MUSE data and performed a four-step fitting procedure (based on a x? minimization
approach) to derive their stellar population properties. We detected relatively younger and metal-
poorer stellar populations in these dEs that are noticeably a-enhanced than equally massive dEs in
the Virgo and Coma clusters. Similar to other studies on cluster dEs, we detected flat age gradients,
negative metallicity gradients, and positive [a/Fe] gradients for our sample dEs. By performing
the full-spectrum fitting technique on their averaged MUSE spectra, we detected the presence of a
significant peak in the star formation activity of some of our sample members, occurring at an epoch
consistent with or even more recent than their accretion time onto Virgo. Through this thesis, we
interpret our results by concurrently considering the role of pre-processing and early effects of the
Virgo’s environment in shaping the observed properties of this unique Virgo dEs sample.

ZUSAMMENFASSUNG

Diese Doktorarbeit ist der Beantwortung der folgenden, spezifischen Frage gewidmet: Wie relevant

ist Vorverarbeitung fiir die Entwicklung der heutigen Eigenschaften von elliptischen Zwerggalaxien
in massereichen Galaxienhaufen? Dazu présentieren wir eine Analyse von neun elliptischen Zw-
erggalaxien (engl. dwarf ellipticals, dEs) im Virgo-Galaxienhaufen beziiglich ihrer Kinematik und
der Eigenschaften ihrer stellaren Populationen. Laut der Ergebnisse von Lisker et al. (2018) sind
diese neun dEs vor 2-3 Gyr als gravitativ gebundene, massereiche Galaxiengruppe (M, ~ 1013 M)
entlang der Beobachtersichtlinie in den Virgo-Galaxienhaufen einfallen. Wir bestétigen eine dhnliche
Akkretionszeit durch die Untersuchung ihrer Verteilung im projizierten Phasenraumdiagramm. Wir
fithren einen Fit des gesamten Spektrums aus rdumlich eingeteilten MUSE/VLT Daten dieser dEs
durch, um ihre Kinematik zu untersuchen. Wir haben ihre stellare Rotation mithilfe ihres spez-
ifischen Drehimpulses (Ag) quantifiziert und diverse kinematische Eigenschaften unseres Samples
hergeleitet. Trotz ihrer dhnlichen Akkretionszeit in den Virgo-Galaxienhaufen und ihrer dhnlichen
stellaren Masse weisen die Halfte unserer Samplemitglieder einen hoheren Grad an Rotation auf,
dhnlich zu Feldgalaxien mit niedriger Masse und aktiver Sternentstehung, wahrend die restlichen
Samplegalaxien kinematische Profile aufweisen, die vergleichbar zu anderen Virgo dEs mit relativ
frithen mittleren Einfallzeiten sind. Auflerdem haben wir Lick Absorptionsmerkmale in den MUSE
Daten aller dEs angewendet und einen vierstufigen Fit-Prozess (basierend auf einem Ansatz fiir x2
Minimierung) durchgefiihrt, um Eigenschaften ihrer stellaren Populationen herzuleiten. Im Vergle-



ich zu anderen dEs gleicher Masse im Virgo- oder Coma-Galaxienhaufen konnten wir in diesen dEs
relativ jlingere und metallarmere stellare Populationen mit einem merklich héheren Aufkommen an
a-Elementen nachweisen. Ahnlich zu vorherigen Studien zu dEs in Galaxienhaufen haben wir flache
Altersgradienten, negative Metallizitatsgradienten und positive [o/Fe]-Gradienten fiir die dEs un-
seres Samples festgestellt. Durch die Anwendung von Methoden zum Fitten des gesamten Spektrums
auf die gemittelten MUSE Spektra konnten wir feststellen, dass einige unserer Samplegalaxien beson-
ders ausgepragte Hochstwerte in ihren Sternentstehungsaktivitaten aufweisen. Der Zeitraum, in dem
diese auftreten, stimmt mit ihrer Akkretionszeit in den Virgo-Galaxienhaufen iiberein und koénnte
moglicherweise darauf hinweisen, dass sie sogar noch frither in den Galaxienhaufen eingefallen sind.
Wir interpretieren unsere Ergebnisse in dieser Doktorarbeit, indem wir zugleich den Einfluss von
Vorverarbeitungsprozessen, sowie von frithen Umgebungseffekten des Virgo-Galaxienhaufens auf die
Entwicklung von beobachteten Eigenschaften dieses besonderen Samples von Virgo dEs betrachten.

vi






TO MY PARENTS AND BROTHER,

FOR THEIR UNCONDITIONAL LOVE AND CONSTANT SUPPORT

viii



Contents

1 INTRODUCTION

1.1

1.2

1.3

2.2

2.3

Galaxies: Islands of baryons and dark matter . . . . . ... ... ... ...
1.1.1 Galaxies from a close perspective . . . . . . . ... ... ... ....
1.1.2  An overview on the classification of galaxies . . . . . . ... ... ..
1.1.3 An overview on the properties of galaxies . . .. ... .. ... ...
1.1.4 Groups and Clusters . . . . . . . . . . . . .. ...
1.1.5 Inside the Virgo cluster . . . . . .. .. ... ... .. ...
Galactic evolution in dense environments . . . . . . . ... .. ... ....
1.2.1 Galaxy harassment . . . . . . ... ... ...
1.2.2  Ram pressure stripping . . . . . . . . ... oo
1.2.3  Other environmental effects . . . . . . .. ... ... ... ......
1.2.4 Pre-processing . . . . . . . .. .. e
Dwarf galaxies: Diverse miniatures of the Universe . . . . . .. ... .. ..
1.3.1 Early-type dwarf galaxies (dEs) . . . . . . ... ... ...
1.3.2 Dwarf galaxies in the Local Group . . . . . .. ... ... .. ....
1.3.3 Early-type dwarf galaxies in the Local Universe . . . . . . . .. ...

1.3.4 Possible formation channelsof dEs . . . . . . . . .. ... ... ...

1.4 Thesis scientific motivation . . . . . . . ... ... ... oL

1.5 Thesis Outline . . . . . .. . ..
2 Data

2.1 Main sample: A newly accreted group of VirgodEs . . . . . . .. ... ...

2.1.1 Phase-Space diagram: A diagnostic tool . . . . . . . .. ... ...
2.1.2  Selection of the main sample . . . . ... ... ... ... ......
Multi-Unit Spectroscopic Explorer MUSE) . . . . . ... ... ... ....
2.2.1 Datareduction . . . . .. ... L L

Control samples . . . . . . . . .. L

ix

e i

o Ot

20
21
22
22



2.3.1 Virgocontrol sample . . . . . . . .. ... L.
2.3.2 Field control sample: CALIFA survey . . . ... .. ... ......

3 INTERNAL KINEMATICS OF IN-FALLING DES

3.1 Introduction . . . . . . . . . . .

3.2 Methods . . . . . . . .
3.2.1 The effect of instrumental resolution . . . . . . . . . ... ... ...
3.3 Results. . . . . . e

3.3.1 Gas emission lines in VCC 0170 . . . . . . . . ... ... ... ....
3.3.2 Specific Angular Momentum . . . . . ... ... ...
3.4 Discussion . . . . ... e
3.4.1 RotationindEs. . . . ... ... ... ... .
3.4.2 Stellar rotation in VCC0608 and VCC1896 . . . ... ... ... ..
3.4.3 Group vs. cluster environment . . . .. .. ... ... ... ... ..
3.4.4 Kinematic comparison with the Local GroupdEs . . . . . . . .. ..

3.5 Conclusions . . . . . . . .

4 STELLAR POPULATIONS OF IN-FALLING DES
4.1 Introduction . . . . . . . . . . L
4.2 Including dEs of Fornax and Coma clusters . . . . . . ... ... ... ...
4.3 Analysis . . . . ..
4.3.1 Setup and pre-processing of data . . . . . ... ...
4.3.2 Line-strength measurements . . . . . . . .. ... ... ... ... ..
4.3.3 Stellar library: Single stellar population models . . . . . . . . .. ..
4.3.4 Our fitting approach to measure SSP-equivalent properties . . . . .
4.4 Results. . . . . .o
4.4.1 Integrated values . . . . . . . . .. .. ... ...
4.4.2  On the [a/Fe| distribution of infalling dEs . . . . . . ... ... ...
4.4.3 Age, Metallicity and [a/Fe] maps . . . . . .. ... ... ... ...
4.4.4 Radial gradients of stellar population properties . .. ... ... ..
4.4.5 Comparison with the literature: dEs . . . . . .. . ... .. .. ...
4.4.6 Comparison with the literature: massive ETGs . . . . . .. ... ..
4.5 Discussion . . . . . .. e e
4.5.1 Stellar populations of Virgo dEs: Age and [M/H] . . . .. ... ...
4.5.2 Pre-processing in light of chemical enrichment . . . . . . ... .. ..

4.5.3 Nature or Nurture, that is the question . . . . . . ... .. ... ..

39
39
40
42
43
49
50
53
53
54
56
59
60



4.6 Conclusion . . . . . . . . 96

IMPRINTS OF THE ACCRETION EVENT 99
5.1 Imtroduction . . . . . . . . .. L 99
5.2 Method . . . . . . . . . e 101

5.2.1 Full spectrum fitting by STARLIGHT . . . .. ... ... ... ... 101

5.2.2 Setup and measurement . . . . . . .. ... ... 102
5.3 Results. . . . . o e 104

5.3.1 Integrated Ageand [M/H] . . . . . . ... ... ... ... .. ... 104

5.3.2 Star formation through galactic lifetime . . . . . .. ... .. .. .. 106
5.4 Discussion . . . . . . .. e 108
5.5 Conclusion and outlook . . . . . .. .. .. .. ... ... . 110
NEwWLY DISCOVERED GALAXIES 113
6.1 Detection of BB1: A new background galaxy in the center of VCC1836. . . 113
6.2 Detection of BB2: A new galaxy in the field of view of VCC0170 . . . . . . 114
6.3 Conclusion . . . . . . .. 117
THESIS CONCLUSION AND FUTURE PERSPECTIVES 119
71 SUMMATY . . . . oo c e e e e e e 120
7.2 Future perspectives . . . . . . . .. 121
APPENDIX 125
8.1 Appendix to Chapter 3. . . . . . . . .. ... 125
8.2 Appendix to Chapter 4. . . . . . . . ... 125
8.3 Stellar mass estimates for our sample of dEs . . . . . . .. ... 127

X1






1.1.1
1.1.2
1.1.3
1.14
1.1.5
1.1.6
1.2.1
1.3.1

2.1.1
2.1.2
2.1.3
2.2.1
2.2.2
2.2.3
2.3.1

3.2.1
3.2.2
3.3.1
3.3.2
3.3.3
3.3.4
3.3.5
3.3.6
3.3.7
3.4.1

List of figures

Structure of a spiral galaxy . . . . . . . . ... ... . 3
Revised Hubble classification scheme . . . . . .. .. ... ... ... ... 6
Slow /fast rotating CALIFA galaxies . . . ... ... ... ... ...... 7
Stellar population properties of SDSS galaxies . . . . . . . ... .. .. .. 8
The Stephan’s Quintet galaxy group . . . . . .. .. .. .. ... ... .. 10
Luminosity function of galaxies in Virgo . . . . . . . .. . ... ... ... 11
Virgo interacting pairs: NGC4435 and NGC4438 . . . . . . .. .. .. .. 13
Different types of dwarf galaxies. . . . . . . .. .. ... ... ... .... 16
Phase-space distribution of Virgo galaxies . . . . ... ... ... ... .. 28
A massive merger event on the phase-space diagram . . . . .. ... ... 29
Projected phase-space distribution of the main sample . . . . . .. .. .. 30
SDSS images of the main sample . . . . ... ... ... ... ....... 31
Installation of MUSE on VLT . . . . . .. .. .. ... .. ... .. 32
MUSE instrumental resolution . . . . . ... ... ... ... ....... 33
The projected phase-space distribution of Virgo control sample . . . . . . 36
An example of a pPXF fit . . . . . . . ... Lo 41
Effect of MUSE instrument resolution . . . . . ... ... ... ... ... 43
Maps of kinematic properties . . . . . . ... ... .. ... ..., 44
Maps of kinematic properties . . . . . . . . ... 45
VCCO0170 - Kinematics . . . . . . . . . . . . . e 47
VCCO0170 - Emission lines . . . . . . .. .. . . . . 48
VCCO0170 - Gas Kinematics . . . . . . . . ... ... 49
VCCO0170 - The BPT diagram . . . . . . . . .. ... .. ... ...... 51
Comparison of stellar specific angular momentum . . . . . . .. .. .. .. 52
kinematics vs. infall time . . . . . . . . ... ... ... L. 53



3.4.2
3.4.3

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6
4.3.7
4.3.8
4.3.9
4.4.1
4.4.2
4.4.3
4.4.4
4.4.5

5.2.1
5.2.2
5.3.1
5.3.2
5.3.3

6.1.1
6.2.1
6.2.2
6.2.3

7.2.1
7.2.2

8.1.1
8.2.1
8.2.3

The Age-e diagram . . . . . . . . . ... L L 99

A schematic presentation of three proposed accretion scenarios . . . . . . 57
Defined Lick bandpasses . . . . . . . . . . .o 67
Maps of Line strength indices . . . . . . ... ... ... L. 69
Maps of Line strength indices . . . . . . . . .. .. ... ... .. ..... 70
Distribution of our sample dEs on the index-index diagram . . . . .. .. 71
MILES library original grid . . . . . . .. .. ... ... L. 72
MILES library interpolated grid . . . . . . . . . . ... ... .. ... ... 74
A schematic of index fitting routine . . . . . . . . .. ... ... .. ..., 75
Maps of Stellar population properties . . . . . . . . ... ... ... .... 76
Maps of Stellar population properties . . . . . . . . . . ... ... ... .. 7
Stellar population vs. infall time . . . . . .. ... ... .. ... ..... 79
Comparison of Feb015 test results . . . . . . . . . . .. ... ... ... .. 81
Stellar population gradients of the main sample . . . . . . . ... ... .. 85
Stellar population gradients of cluster dEs . . . . . .. .. ... ... ... 86
Stellar population gradients of ETGsanddEs . . . ... .. ... ..... 88
Interpolation of SSP models based on [a/Fe . . . . . ... ... ... ... 102
An example of STARLIGHT fit . . . . ... ... ... ... ........ 104
STARLIGHT wvs. Lick indices fitting . . . . . ... ... ... ... .... 105
Stellar light and mass profiles . . . . . . . . ... ... ... .. .. ..., 107
Cumulative mass distributions . . . . . . . .. ..o 0oL 108
Discovery of BB1 . . . . . . . .. 114
Discovery of BB2 . . . . . . . .. 115
BPT diagramof BB2 . . . . . . . .. ... . 116
Rotationof BB2 . . . . . . ... ... 117
PNe system of VCC2019 . . . . . . . . . ... 122
Stellar populations of VCC2019 substructures . . . . . . .. .. ... ... 123
Kinematic error maps . . . . . . . ... L 128
Measured indices error maps . . . . . . ... Lo oo 131
Stellar populations error maps . . . . . . . .. .. L Lo oL 133

Xiv



2.1.1
2.3.1
2.3.2

3.3.1
3.3.2

4.3.1
4.3.2
4.3.3
4.4.1

5.3.1

6.1.1
6.1.2

8.2.1
8.2.2
8.3.1

List of tables

The main sample . . . . . . . .. .. 30
The Virgo control sample . . . . . .. .. .. ... o 35
The Field control sample . . . . . . . . ... ... ... .. 37
Kinematic parameters of the main sample . . . . . . . ... ... ... .. 46
List of optical emission lines and their observed fluxes in VCC0170 . . . . 49
Our sampled dEs in Virgo . . . . . . . .. .. . oo 66
List of indices used in thisstudy . . . .. ... ... ... ... ... .. 67
Measured indices and SSP-equivalent properties of the main sample. . . . 68
Gradients of stellar population properties of the main sample . . . . . .. 84

STARLIGHT results on integrated light-/mass-weighted stellar population

properties . . . . ... L 105
New galaxies in the MUSE cubes: BBland BB2 . . . .. ... .. .. .. 114
List of optical emission lines and their observed fluxes in BB1 and BB2. . 115
Gradients of measured indices . . . . . . .. ... 126
Gradients of measured indices . . . . . . ... L Lo 126
Stellar mass estimates for our sample dEs . . . . . . . ... .0, 127

XV






“The Milky Way is nothing else but a mass of innu-
merable stars planted together in clusters”.

— Galileo Galilei, ”Sidereus Nuncius” in 1610

Introduction

On 26 April 1920, a famous discussion known as "the Great Debate” took place between Heber
Curtis and Harlow Shapley. The nature of the so-called spiral nebulae was one of the main
concerns of their discussion. While Shapley believed that observed nebulae were located in the
outskirts of the Milky Way, thus were part of our home galaxy, Curtis suggested that observed
spiral structures were large and distant galaxies. Eventually, Edwin Hubble settled the debate
in 1924 with his remarkable work that opened the door to hundreds and thousands of beautiful
distant worlds in the Universe. This thesis is about a group of nine distant low-mass galaxies,
known as dwarf galaxies (or Nebulae if | were sitting among the Great Debate audience). Here
you will read their tale, from their previous small host halo to the Virgo cluster. Here | try to
address lifetime questions, such as: How do dwarf galaxies form, and how would their journey
until their current halo affect their properties?

1.1 Galaxies: Islands of baryons and dark matter

Baryonic and dark matter are the building blocks of a typical galaxy. Galactic baryons consist
of dust, gas, and different types of stars that all together sit inside the galaxy's potential well,
which is defined by its baryonic mass and dark matter component. The relative fraction of these
components changes during a typical galactic lifetime for various reasons. This section is a brief
review of galactic structures and properties of their colonies in the Local Universe.

1.1.1 Galaxies from a close perspective

Stars: A typical galaxy contains about 10 to 10'? stars, while hydrogen and helium predominate
the total mass of the interstellar medium (ISM). Once the proto-galaxy grows sufficiently mas-
sive, gas cooling becomes more efficient, and the first generation of stars, known as " Population
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", forms. Population Il includes hot stars without metals that have relatively short lifetimes
and are essential for slightly enriching the galactic ISM. The "Population II" are metal-poor
stars that have been formed in the early phases of galactic evolution and cover a wide range of
ages and stellar masses. Population |l stars consist of hydrogen, helium, and a small fraction
of metals (i.e., elements heavier than helium). Massive Population Il stars convert their helium
to heavier elements such as C, O, Ne, Mg, Si, S, Ar, and Ca through the alpha-process (thus,
products are known as alpha-elements). The stellar evolution of massive Population Il stars ends
as Type Il supernovae, which play a vital role in enriching the ISM. On the other hand, iron-peak
elements (such as Fe, Cr, Co, Ni, Cu, and Mn) are by-products of Type la supernovae in binary
systems whose evolution takes place on noticeably different timescales than Type Il supernovae
(e.g., Tinsley 1979; Greggio and Renzini 1983). From such metal-rich ISM " Population I" stars
form. They are young and metal-rich stars, similar to our Sun, and are more likely accompanied
by a planetary system. Population | stars can be observed in the spiral arms or thin disks of
star-forming galaxies (for a general review: Peletier 2013).

Inside a galaxy, and based on the system’'s entire history, stars can move on collisionless
orbits with different characteristics. Orbits of stars inside a system can have triaxial or spheroidal
shapes. These stars are on random motions, which is expected in " pressure-supported” systems.
On the other hand, stars in a "rotation-supported” system follow flat and disk-like orbits with
axisymmetric shapes (e.g., Cappellari 2016; Li et al. 2018).

Gas: As an indispensable ingredient for star formation in galaxies, gas can be found in
three different forms: ionized gas, atomic gas, and molecular gas. lonized gas can be found in
the hot, diffuse, and low-density regions of the ISM, where UV photons of massive stars (such
as O and B) can heat up the environment and shape the HII regions. The atomic hydrogen
(the most dominant type of neutral gas in the galaxy) can be traced by the HI 21 c¢m line in
both absorption (tracing cold neutral medium; Mebold et al. 1982) and emission (tracing warm
neutral medium; Jenkins 2013) states. In most of the galaxies, the neutral gas is extended
beyond the optical disk(e.g., about 30 kpc away from Galactic center in Milky Way; Diplas and
Savage 1991). Inside giant molecular clouds, with typical sizes of 5 to 200 pc (Murray 2011),
resides the cold (~10-20 K) and molecular Hy gas, which can be traced by CO, the second most
dominant molecule of ISM (Bolatto et al. 2013). The densest molecular clouds are known as
the cradle of star formation in galaxies.

Dust: About one percent of ISM’s total mass consists of dust grains with the typical size of
0.1 micrometer (Boulanger et al. 2000). Dust is a vital catalyzer for molecule formation in the
ISM (particularly Hz) as it balances the ISM's temperature by absorbing up to half of the stellar
light and UV radiation. Dust grains are mostly composed of silicon and carbon and are formed
in supernovae, envelopes of planetary nebulae, and red giant stars. They re-emit their absorbed
energy in the far-infrared and shape the so-called dust continuum emission (Draine 2003).

Dark matter: The possibility of galaxies being embedded in a non-luminous matter first
came under the spotlight in the 1880s and later gained attention by observed discrepancies
between baryonic gravitational forces and measured velocity dispersions in the Coma cluster
(Zwicky 1933). Later on, several studies shed light on the peculiar behavior of the rotation
curves at larger radii of spiral galaxies. In a spiral galaxy, the stellar mass density decreases
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with the increasing galactocentric distance. Thus, according to Kepler's Second Law and under
the assumption of mass to light ratio being unity, the rotational curve of the system (traced
by the luminous mass) is expected to decrease at larger galactocentric distances. Despite such
expectations then, observations of spiral galaxies showed that the rotation curve of galaxies at
high galactocentric distances remains flat, but not decreasing (Babcock 1939; Freeman 1970;
Rubin et al. 1978). The presence of a non-luminous, collisionless, and non-baryonic halo that
surrounds the main body of the galaxy has been used, ever since, to explain such observed
phenomena. A component that is not visible to observers, thus named “dark matter”. Dark
matter plays a vital role in shaping the galactic potential well and is believed to be perturbed via
tidal interactions within dense clusters and galaxy groups (e.g., Pasquali et al. 2019; Niemiec
et al. 2019).

Thick disk

Spiral arm
Thin disk

Dust Lane

Figure 1.1.1: UGC2885- a barred spiral galaxy in the northern constellation of Perseus. This picture
has been released by the Hubble Space telescope to mark its 30th anniversary. Galaxy photo Credit: B.
Holwerda/NASA/ESA

As shown in Fig.1.1.1, a given galaxy may feature substructures that are briefly introduced
in the following:

Bulge: In the very central part of spiral galaxies sits the bulge, a compact spheroidal
component with high stellar density and complex kinematic structure (Gémez et al. 2016).
Based on their formation sequence, bulges are divided into two groups: classical bulges and
pseudo-bulges. Mergers at high redshifts can destroy the stellar disk and heat the orbital motion
of stars in the central part of the merged system. Thus they form classical rotating bulges
Naab and Trujillo (2006); Hopkins et al. (2010) with smooth light profiles and characteristic
high Sersic index (n>2). Classical bulges are usually old and gas-free. On the other hand,
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pseudo-bulges are characterized by their younger stellar population and low Sersic index (n<2)
(Fisher and Drory 2008). During the secular evolution of the galaxy, gas and disk materials
can lose their angular momentum and be pushed to the central part of the galaxy by bars and
spiral arms. The entire mechanism consequently forms pseudo-bulges (Kormendy and Kennicutt
2004).

Disk: The most prominent feature in late-type galaxies is the disk. It hosts a significant
fraction of galactic baryonic matter and can be described with exponential surface brightness
radial profile (Freeman 1970). So far, the formation of disks has been the subject of several
long-standing studies. Some simulations show that consideration of internal galactic feedback,
including supernova explosions, can be one possible way of creating disks in galaxies (for other
possible formation channels, please check: Fall and Efstathiou 1980; Dalcanton et al. 1997; Mo
et al. 1998; van den Bosch 2002). Disks often have high radial-to-vertical axial ratios (ranging
from 4 to 6.67) and can be further divided into two sub-parts of thick and thin disks. Gas,
dust, young stars, and star clusters are embedded inside the thin disk, building up a young and
metal-rich stellar population Marsakov et al. (2011). Spiral arms and ongoing star formation
are embedded within the galaxy’s thin disk. In contrast to the thin component, the thick disk
contains old and metal-poor stars (Majewski 1993) and has bigger scale heights, mainly due
to heated stellar orbits Chiba and Beers (2000). Theoretical studies suggest mergers (minor
mergers: Quinn et al. 1993; Villalobos and Helmi 2008) and (gas-rich merger: Jones and Wyse
1983; Brook et al. 2004, 2005; Bournaud et al. 2009), accretion of satellites (Statler 1988; Abadi
et al. 2003), stellar radial migration (Schonrich and Binney 2009; Binney and Tremaine 2008)
and instabilities of bar structure (Minchev and Famaey 2010) as possible channels of thick disk
formation. Disks have also been detected in massive early-type galaxies (Krajnovi¢ et al. 2011).

Bar: Once stars diverge from their circular orbits, they can get trapped in more elongated
ones and form bars in the center of disk galaxies (Sparke and Gallagher 2000). Bars can be
detected in around 60 percent of spirals and up to 70 percent of disk-shaped galaxies (Eskridge
et al. 2000). They can either be pristine structures (formed due to secular evolution of the
galaxy) or tidally induced ones (resulting from mergers) (e.g., Mastropietro et al. 2005; tokas
et al. 2016; Kwak et al. 2019; Cavanagh and Bekki 2020). On average, bars host an older
stellar population compared to the galactic disk (Neumann et al. 2020). Recent studies have
revealed that while bars play a positive role in fueling star formation of central stellar clusters
or the active galactic nuclei (AGN) of their hosts, they are also responsible for quenching star
formation in the inner regions of disks (e.g., Neumann et al. 2020).

Stellar halo: A diffuse and extended stellar halo often surrounds the galactic disk in late-
type galaxies. A typical stellar halo includes only less than one percent of the total galactic
luminous mass. Metal poor and ancient stars and spherical stellar populations, such as globular
clusters, populate stellar halos. Stellar remnants of interacting or disrupted satellites can also
be found in this diffuse part of a given galaxy. Stellar halos are pressure-supported substructures
and are believed to be formed during the early phases of galactic formation (Sommer-Larsen
et al. 1997).
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1.1.2 An overview on the classification of galaxies

To this date, around two trillion galaxies have been identified in the observable Universe. While
some of the observed galaxies resemble our home, the Milky Way, others manifest different
shapes and structural properties. Part of this difference is due to the nature of these giant
structures, and part is caused by their orientation relative to our observing line of sight. Our
primary and extensive knowledge of the formation and evolution of galaxies comes from classi-
fications based on their structural properties, or commonly known as their " morphology”.

Morphological classification of galaxies started in the early 20th century by visual inspection
of observed images of galaxies in the Local Universe (e.g., pioneering work of Max Wolf in 1909,
Heidelberg). In 1926, Edwin Hubble developed a morphological classification system based
on four types of galaxies: irregulars, lenticulars, spirals, and ellipticals (Hubble 1926, 1936).
To shape the diagram, Hubble separated ellipticals (featureless galaxies with relatively smooth
light profiles) from spirals (those with spiral patterns connected to bright centers). He placed
elliptical galaxies on the left side of the diagram and divided spiral galaxies into two branches on
the right side, featuring barred (lower branch) and normal (upper branch) spiral galaxies. Early
on, Hubble's diagram was regarded as a galactic evolutionary sequence. Hence, galaxies on the
left and right side of the diagram were denoted as “early-types” and “late-types”, respectively.
Hubble's primary classification system, “The Hubble sequence of Galaxies” (also known as the
“tuning fork” ), is the main constituent of classification systems that are used even today. It
is essential to mention that Hubble's classification works best for galaxies up to redshift (z) ~
2. Above this threshold, other classes of galaxies and very faint features are observed. Later
on, Hubble's classification system was revised by a number of authors, including de Vaucouleurs
(1977); Kormendy (1982); van den Bergh (1976); Kormendy and Bender (2012). In 1974, de
Vaucouleurs included galaxies with rings to the classification. In 1996, Kormendy et al. revised
the diagram by classifying elliptical galaxies based on their isophote shapes. In Fig.1.1.2, the
Hubble classification scheme, revised by Kormendy and Bender (1996), is presented.

Classification of galaxies based on their kinematic structures is another approach that has
been recently developed. The latter was possible after developments of new technologies and
improvements of spectrographs that allow observers to trace galaxy substructures at higher
resolution. In this classification approach, the rotation of a given galaxy can be quantified by
its projected specific angular momentum (Ag):

SiLi FiRi|Vi|
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where R;, F;,V; and o; are galactocentric distance (to the photometric center), average flux,
rotational velocity, and velocity dispersion per each spatial bin /, respectively (Emsellem et al.
2007, 2011). In this regard, galaxies with A > +/0.31€ (e is the ellipticity) are classified as
fast rotators, and those below this threshold are classified as slow rotators (Emsellem et al.
2011). Fig. 1.1.3 shows the distribution of 300 galaxies from the CALIFA survey (Sanchez et al.
2012a) on the V/o-€ and Ag-¢ diagrams (taken from Falcén-Barroso et al. 2019). The solid line

g = (1.1)
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Figure 1.1.2: Revised Hubble sequence diagram by Kormendy and Bender (1996). Elliptical galaxies on
the left side are referred to as early-type galaxies. On the right side and based on the presence/absence of
barred structures, spiral galaxies are divided into two branches. Spiral galaxies are referred to as late-types.
Image is taken from Kormeny’s website: https://chandra.as.utexas.edu/tuningfork.html.

corresponds to the separating threshold between slow and fast rotators (Ag = v/0.31¢), and the
dashed line marks the revised version of this separation by Cappellari (2016). In both panels,
CALIFA galaxies are color-coded based on their Hubble types and are compared with galaxies
in the ATLAS3? survey (gray crosses) (Emsellem et al. 2011). Based on the distribution of
galaxies in the two panels of Fig. 1.1.3, late-type galaxies are fast-rotating systems (traced
with blue and purple circles). On the other hand, more complex internal kinematics have been
detected for early-type galaxies. The dispersed distribution of early-types (denoted by red and
orange circles) on both sides of the threshold endorses such complexity.

1.1.3 An overview on the properties of galaxies

Properties of galaxies can be best understood with respect to three parameters: their star
formation rate as a function of cosmic time, stellar mass, and the local environment. The first
galaxies formed between 500 Myr to 1 Gyr after the Big Bang; an epoch called cosmic dawn
(Fan et al. 2006). Based on the standard A cold dark matter (ACDM) scenario, the first galaxies
were formed as low-mass systems, with properties similar to present-day dwarf galaxies. Based
on this picture, low-mass galaxies then grew and built more massive systems, either through gas
accretion from the cosmic web or mergers. Around z~6, galaxies started to form high-density
regions known as the " proto-clusters”. The cosmic star formation density (SFRD) reached its
peak at z~2, which is known as the epoch of cosmic noon. Galaxies observed in this epoch are
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Figure 1.1.3: Distribution of 300 CALIFA galaxies (color-coded circles) and galaxies from the ATLAS?”
survey (gray crosses) on the V/o-e and Ag-e¢ diagrams (Figure taken from: Falcén-Barroso et al. 2019)
reproduced with permission (©) ESO.

in general smaller and disk-dominated (for a thorough review on this topic: Forster Schreiber and
Wouyts 2020). Since the cosmic noon, the star formation rate of galaxies started a descending
trend, and galaxies’ diverse properties became more prominent as a result of their alteration by
various internal and external mechanisms.

In the Local Universe, several properties of galaxies correlate with their environment (ob-
served up to redshift 1) and stellar mass (e.g., Gallazzi et al. 2014). Such correlations are best
described by scaling relations. Focusing on the effect of stellar mass (left column of Fig.1.1.4),
galaxies in the low-mass end of the distribution (with M,<10%5 M) are on average more
metal-poor, younger and less a-enhanced. Studies of Gallazzi et al. (2014) indicate that low-
mass galaxies up to redshift z = 0.7 have, on average, higher degrees of star formation rate.
Low-mass galaxies have lower degrees of rotation (Scott et al. 2020), and their quenched fraction
increases with their stellar mass. On the other hand, massive galaxies (with M,>10!"5 M)
are, on average, older, more metal-rich, and a—enhanced systems. Massive early-type galaxies
are often slow-rotating systems with complex internal kinematics, and their internal feedbacks
(such as supernova explosions, AGNs, and stellar winds) are assumed as the main driver of their
quenching.

By focusing on the effect of galaxies environment, studies in the early 80s and 90s indi-
cate that with decreasing clustercentric distance, the fraction of late-type star-forming galaxies
decreases from 60 percent to ~ zero (e.g., Dressler 1980; Whitmore et al. 1993). As shown
in Fig. 1.1.4, massive galaxies with M, > 10'%% M, generally host metal-rich and old stellar
populations, regardless of their host halo's size. Low-mass galaxies in massive host halos, on
the other hand, are on average more metal-rich and older than their counterparts in the less
massive host halos (left column of Fig.1.1.4) (Pasquali et al. 2010; Gallazzi et al. 2021). This
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Figure 1.1.4: Stellar population distribution of SDSS galaxies with redshift z < 0.2, plotted for central
galaxies (in gray) and satellite galaxies (color coded based on their host halo mass). Stellar population
trends are shown as a function of a galaxy’s stellar mass (left column) and halo mass (right column). (Plot
taken from: Gallazzi et al. 2021).

is expected due to their low mass budget, thus shallow potential well, that makes them more
prone to environmental effects. The effects of the environment on low-mass galaxies is one of
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the main topics of this thesis and will be further discussed in Section 1.3.

1.1.4 Groups and Clusters

On the scales of ~ 1-3 h~! Mpc, galaxies are primarily found in gravitationally bound structures
known as groups and clusters. These high-density regions of the Universe play vital roles in
altering galaxies’ properties, particularly low-mass ones. To understand the evolution of galaxies,
it is essential to learn about these high-density regions of the Universe first:

e Groups: Small galaxy clusters with less than ~ 10 galaxies within ~ 1 Mpc across are
known as galaxy groups'. Groups are small gravitationally-bound associations of galaxies
with a typical mass-to-light ratio (M/L) of 80 < M [Mg]/L [Le] < 300. They mostly
comprise disk galaxies, such as spirals and irregulars. Some of the most known galaxy
groups include the Local Group, the Bullet Group (Gastaldello et al. 2014), and Stephan's
Quintet (Fig.1.1.5). The typical velocity of galaxies in these small halos falls in the range
of 100 - 500 kms~!. X-ray observations can only detect the intergalactic medium (IGM)
of very dense galaxy groups (~50 percent of known groups to date) that contain hot gas
with a temperature T > 3x10% K (Sparke and Gallagher 2007).

e Clusters: Galaxy clusters are structures covering several Mpc across and contain thou-
sands of galaxies. With typical 180 < M [Mg]/L [Ls] < 300, galaxy clusters are dark
matter dominated (~ more than 80 percent of their total mass Allen et al. 2011) and
the giant associations of galaxies known in the Universe. Clusters grow over time (in
terms of mass, but hardly in size) through the accretion of galaxies, either individually or
as gravitationally bound members of smaller groups. Clusters contain mostly early- and
late-type galaxies and dwarf galaxies. The intracluster medium (ICM) shines in the X-ray
observations, indicating the presence of very hot gas in these structures. The ICM's hot
gas contains heavy elements, and toward the cluster’s center, it becomes more metal-rich.
Star formation in primordial smaller clumps of gas (as merging seeds for forming galax-
ies), supernova driven pollution from star-forming galaxies within clusters, or expulsion of
enriched gas of satellites’ ISM via tidal interactions (Byrd and Valtonen 1990) and ram
pressure stripping are three credible explanations for the presence of the metal-rich gas
in central parts of these structures. Virgo (at the distance of ~ 16.5 Mpc) is the closest
rich cluster to us. Virgo is a dynamically young galaxy cluster that features several spiral
galaxies and substructures visible in X-ray. This particular cluster is reviewed in more
detail in Section 1.1.5. In addition to Virgo, Fornax (at the distance of 20 Mpc), Perseus
(at the distance of 80 Mpc), and Coma (at the distance of 100 Mpc) are only some of the
other rich galaxy clusters close to us (Sparke and Gallagher 2007). The pioneering work
of George O. Abell from 1958 to 1989 indicates the presence of at least 4073 rich galaxy
clusters around us (Abell 1958; Abell et al. 1989).
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Figure 1.1.5: Stephan’s Quintet galaxy group, known as the most photogenic compact galaxy group, is
located in the constellation Pegasus and has been discovered first in 1877 by Edouard Stephan. The photo
was taken from Wikipedia with credit to Hubble Space Telescope.

1.1.5 Inside the Virgo cluster

At a distance of 16.5 Mpc and within the constellation of Virgo is the Virgo cluster located.
Virgo is a rich and dynamically young galaxy cluster with a virial radius of 1.5 Mpc. The

"However, these numbers are not an absolute division.
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Figure 1.1.6: The luminosity function of different types of galaxies in the Virgo cluster. Plot taken from
Binggeli et al. (1988)

latter is estimated based on the velocity of Virgo early-type galaxies and X-ray observations.
The total mass of Virgo is estimated to be of the order of 10'* Mg, (Schindler et al. 1999).
Virgo has an irregular shape, which is observable in both optical and X-ray wavelength ranges.
Inside the cluster, three major substructures are present with centers on three elliptical galaxies,
namely M86, M49, and M87. Compared to other ellipticals, M87 is 2.4 times more massive
(Schindler et al. 1999), and its location within the cluster coincides with the peak emission of
X-ray observations (Bohringer et al. 1994a). Hence, the substructure with a center on M87,
also known as Virgo A, is assumed to be the main Virgo subcluster. M49 is the brightest Virgo
galaxy that is surrounded by other spiral and irregular galaxies. The substructure surrounding
M49 is known as Virgo B. Additionally, less prominent substructures have also been identified
in Virgo, known as the N, S, E, B, M, and W clouds (Gavazzi et al. 1999). In 1988, Bingelli
et al. calculated the luminosity function of different types of galaxies inside Virgo (presented in
Fig. 1.1.6). Based on their studies, the number of early-type dwarf galaxies and giant ellipticals
inside Virgo surpasses the number of spiral galaxies (Binggeli et al. 1988). Moreover, the
analyses of the color-magnitude diagram of early-type dwarf galaxies in the Virgo cluster show
larger scatter than for dEs in more relaxed systems such as Fornax and Coma (Hamraz et al.
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2019). In addition to these results, the presence of substructures in this cluster and the velocity
distribution of those fast-moving Virgo early-type dwarfs that is more similar to the motion of
cluster late-types (Conselice et al. 2001) endorse the unrelaxed and dynamically young nature
of the Virgo, which is still under active assembly (e.g., M86 as part of a small merging galaxy
group; suggested by Bohringer et al. 1994a).

Between 1984 to 1987, a series of studies on the Virgo cluster were published based on
a 150 degree? survey (Binggeli et al. 1984; Sandage and Binggeli 1984; Binggeli et al. 1985;
Sandage et al. 1985). In these studies and by utilizing photographic plates, the authors focused
on identifying the spatial and kinematical structures and substructures of the Virgo cluster.
Moreover, they classified more than 1000 galaxy members of the Virgo cluster based on their
morphology. They constructed the well-known Virgo Cluster Catalog (VCC) (Binggeli et al.
1985), which played a vital role in building our present-day knowledge of galactic formation and
evolution, particularly in unrelaxed environments. Following their pioneering work, other blind
and pointed surveys of the Virgo cluster have been carried out in different wavelength ranges,
including:

e a Complete X-ray view of the Virgo cluster, mapped by ROSAT ALL-Sky Survey (Bohringer
et al. 1994b)

e The Sloan Digital Sky Survey (SDSS) which is a spectroscopic and imaging survey, cov-
ering the wavelength range of 3800 to 9200 A at R ~ 1800 and in the ugriz bands
(Stoughton et al. 2002)

e The Advanced Camera for Surveys (ACS) Virgo Cluster Survey (ACSVCS), which is high-
resolution optical imaging in the F475W and F850LP bands with the Hubble Space Tele-
scope (HST) by Coté et al. (2004)

e The blind extra-galactic Arecibo Legacy Fast ALFA (ALFALFA) survey that mapped HlI
sources in the Virgo cluster (Giovanelli et al. 2005)

e The Two Micron All Sky Survey (2MASS), which covers the entire Virgo cluster in the
near-infrared (i.e., J, H, Ky) (Skrutskie et al. 2006)

e The Herschel Virgo Cluster Survey (HeViCS) to detect dust in the IGM (Davies et al.
2010)

e The Virgo far-infrared (VIRGOFIR) survey, which is a ~ 30 degree? survey of Virgo at 24
and 70 pm, using Spitzer (Fadda et al. 2010)

e The GALEX Ultraviolet Virgo Cluster Survey (GuViCs), which is a blind Survey covering
~ 40 degree? of Virgo in the far ultraviolet (Boselli et al. 2011)

e The Next Generation Virgo Cluster Survey (NGVS) which is an optical imaging survey
covering ~ 104 degree? in the u*griz bandpasses using the MegaCam on the Canada-
France-Hawaii Telescope (CFHT) (Ferrarese et al. 2012)

1.2 Galactic evolution in dense environments

As discussed in Section 1.1.3, the environment of galaxies tends to have a critical role in the
alteration of their properties. In this section, some of the most famous environmental effects
will be reviewed.
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1.2.1 Galaxy harassment

Figure 1.2.1: NGC4435 (on the top) and NGC4438 (in the bottom) form an interacting galaxy pair in the
Virgo cluster. The image was taken from the Sloan Digital Sky Survey database.

In general, galaxies in clusters and groups are exposed to the combined tidal forces exerted by
the halo’s potential well and close encounters with other members therein. Moore et al. (1996,
1998) referred to this combined effect as galaxy "harassment”. Satellites in the central parts
of clusters and those with elongated orbits are expected to experience maximum harassment
(Moore et al. 1996). However, substructures inside clusters (such as those in Virgo) and non-
virialized infalling groups can significantly increase the rate of galaxy-galaxy encounters within
host halos (Moore et al. 1998). Thanks to their shallow potential well, low-mass satellites are
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more prone to the effects of harassment within galaxy groups and clusters.

Essentially, the number density of satellites increases toward the center of a given galaxy
cluster. Hence, the likelihood of galaxy-galaxy encounters increases (e.g., the tidal interactions
between NGC 4435 and NGC 4438 in the Virgo cluster as shown in Fig. 1.2.1). Galaxy-galaxy
encounters can affect the distribution of dark matter, gas, dust, and stars in interacting galaxies
and, consequently, alter their morphologies, kinematics, and star formation activities (Boselli
and Gavazzi 2014; Morales-Vargas et al. 2020). Galaxy-galaxy encounters are more frequent
and less efficient in massive clusters due to the satellites’ higher relative velocities (Boselli and
Gavazzi 2014). In contrast to galaxy-cluster perturbations, galaxy-galaxy encounters often cause
asymmetric disturbances in satellites (Byrd and Valtonen 1990).

The deep potential well of massive galaxy clusters can gravitationally perturb satellites by
affecting the star formation activity in their disks and nucleus, gas inflow, bar formation, and
disk thickness (Merritt 1984; Miller 1986; Byrd and Valtonen 1990). Tidal interactions are
strongest in the central parts of clusters. These galaxy-cluster perturbations can decrease the
net circular rotation of stars at large galactocentric distances, thus affecting the galaxies' angular
momentum (Valluri 1994; Moore et al. 1996). In addition to that, tidal forces exerted by the
halo’'s gravitational potential can push disk gas and molecular clouds in a galaxy toward its
center, thus triggering star formation activity in this region (Fujita 1998).

1.2.2 Ram pressure stripping

Ram pressure stripping (RPS), proposed first by Gunn and Gott (1972), is the effect of removing
gas and ISM from an infalling satellite galaxy by overcoming its gravitational pressure, hence:

PIGMVQQQZ > 227G Z Z (1.2)

star gas

where pig is the IGM's volume density, and V is the velocity of a given galaxy inside the halo
while the stellar and gas surface densities are denoted with > 4 and ) g5, respectively. Thus, a
satellite galaxy with an infall velocity of ~ 1000 kms~! onto the Virgo cluster (with prgy = 2.00
x 1073 atoms/cm? Boselli and Gavazzi 2006) and (Tejuster = 2.3 KeV Béhringer et al. 1994a)
will be exposed to RPS, starting from intermediate clustercentric distances. Consequently, RPS
can cause stripped tails, which are observable at HI, Ha and X-ray wavelengths (for massive
galaxies see e.g.,Oosterloo and van Gorkom (2005); for low-mass galaxies see e.g., Jachym et al.
(2013); Kenney et al. (2014)). RPS can also cause HI deficiency in late-type spiral galaxies
(Giovanelli and Haynes 1985; Morokuma-Matsui et al. 2021), and enhancement or decrease of
the galaxy's star formation rate.

Based on their size and orbits, galaxies respond differently to RPS. While RPS is mainly
responsible for gas exhaustion, interactions between the cold ISM of infalling satellites and hot
IGM of the host halo can induce bow shocks that boost the satellite’s central gas density by a
factor of ~1.5 (particularly in the case of edge-on stripping, Vollmer et al. 2001). Such thermal
instabilities can also increase the frequency of cloud collisions in galaxies, thus enhancing the
star formation activity in central regions of infalling satellites (Evrard 1991; Bekki and Couch
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2003; Kapferer et al. 2009; Bekki 2014; Vulcani et al. 2018; Roberts and Parker 2020). Studies
have revealed that RPS acts more efficiently on satellites with circular orbits (Abadi et al. 1999;
Vollmer et al. 2001). Moreover, the efficiency of this particular environmental effect depends
on the satellites’ stellar mass (Mori and Burkert 2000; Marcolini et al. 2003), their velocity, and
their inclination with respect to their orbital plane (Abadi et al. 1999; Vollmer et al. 2001).

1.2.3 Other environmental effects

In addition to galaxy harassment and RPS, satellites may be exposed to some other environ-
mental effects, including:

e Starvation (also known as strangulation): To form new stars, galaxies mostly rely on
their extended hot gas reservoir. Removal of galaxy’'s outer halo, within a group or cluster
environment, prevents this extended gas reservoir from falling back onto the galaxy's disk
and fuel the star formation (Larson et al. 1980; Bekki et al. 2002). Starvation can be
efficient in group satellites’ quenching (e.g., Kawata and Mulchaey 2008) and transforming
late-type spiral galaxies to quiescent SOs (van den Bosch et al. 2008; Rasmussen et al.
2008; Boselli and Gavazzi 2014)

e Thermal evaporation: Cowie and Songaila (1977) proposed this environmental effect
as one of the possible mechanisms in charge of the removal of the galaxy halo gas,
particularly in the interface between the ICM and the galactic ISM, owing to the former's
high temperature.

e Viscous stripping: Nulsen (1982) first proposed viscous stripping, which is the removal
of gas from the interface between a galaxy's ISM and IGM due to viscosity momentum
transfer. Viscous stripping depends on the size of the infalling satellite, the temperature
of the ISM, and the IGM’s density. Hence, viscous stripping is more efficient in rich galaxy
clusters, such as the Coma cluster, and in the case of giant galaxies. However, the exact
impact of this environmental effect, as well as the thermal evaporation, on properties of
satellite galaxies have not yet been quantified in detail (Boselli and Gavazzi 2006).

1.2.4 Pre-processing

In the ACDM framework, galaxies are accreted onto the high-density regions of the Universe
either individually or as bound members of massive galaxy groups and gradually build up galaxy
clusters. Pre-processing describes all environmental induced transformations that a given satel-
lite goes through in its previous environments and up to its infall to the present host halo (Mihos
2004; Fujita 2004). Prior to their infall, galaxies can be members of a galaxy group, experiencing
tidal interactions, mergers, RPS, and starvation (e.g., Vijayaraghavan et al. 2015). They can
fall into clusters from the filaments of the cosmic web (Adami et al. 2009; Kim et al. 2016; Lee
et al. 2021), thus experiencing tidal interactions with other galaxies. They can also come from
relatively low-density regions, such as voids or outskirts of filaments, thus preserving most of
their primordial properties (Lee et al. 2021). The high bulge-to-disk ratio in lenticular galaxies
(Kodama and Smail 2001), the presence of quenched or gas deprived galaxies beyond one virial
distance in clusters (Kodama and Smail 2001; Donnari et al. 2021), the reduced star formation
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activity of late-type galaxies between one to three virial radii of clusters (e.g., Lewis et al. 2002;
Mahajan et al. 2012; Haines et al. 2015), and the observed higher Ha-to-HI ratio for galaxies in
the Fornax A group (Kleiner et al. 2021) are only some of the observed phenomena that endorse
the vital role of pre-processing in altering present-day characteristics of cluster galaxies.

1.3 Dwarf galaxies: Diverse miniatures of the Universe

Figure 1.3.1: Different classes of dwarf galaxies. Images of galaxies are taken from the
Sloan Digital Sky Survey. The UCD image is taken from: https://sci.esa.int/web/hubble/-/
54659-ultracompact-dwarf-galaxy-m60-ucdl-as-viewed-by-hubble, with Copyright: NASA, ESA and
A. Seth (University of Utah, USA)

Low mass galaxies with the mass range of M, [Mg] < 10'° (Grebel 2001), known as dwarf
galaxies, shape a large population of clusters and groups. Dwarf galaxies first came under the
spotlight during the 1930s and by the discovery of two Local Group dwarfs, Fornax and Sculptor
(Shapley 1938). One decade after Shapley's discovery, the Palomar Sky Survey (Harrington
and Wilson 1950; Wilson 1955) identified a more significant number of Local Group dwarf
galaxies. Simultaneously, searches for dwarf counterparts out of the Local Group were initiated,
and several satellite systems around giant galaxies were identified (e.g., Holmberg 1950, 1969).
Meanwhile, many dwarf systems in nearby galaxy clusters were discovered (e.g., Reaves 1983;
Hodge 1959, 1960; Hodge et al. 1965). About two decades later, and thanks to advancements
in detector technologies, surveys could map the spatial distribution of dwarf galaxies in other
clusters more extensively. Consequently, studies could shed light on the nature of dwarf galaxies
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through investigating their scaling relations and luminosity functions (e.g., Binggeli et al. 1985;
Binggeli and Cameron 1991; Caldwell and Bothun 1987; Sandage et al. 1985). Further insights
into the stellar population of dwarf galaxies became possible by using early spectroscopic and
multi-band observations (e.g., Bothun and Caldwell 1984; Bothun et al. 1985). Observations
of dwarf galaxies at distances beyond our Local Group were not straightforward then. For the
sensitivity of photographic plates of that time, dwarf galaxies were too faint (Davies and Morgan
1994), and this low surface brightness could cause systematic errors in measurements (Impey
et al. 1988), especially at typical distances of the Virgo cluster and beyond.

Advancements in observing facilities have significantly increased our knowledge in the realm
of dwarf systems. Based on their morphologies and colors, dwarf galaxies are divided into
multiple classes (Grebel 2001), including:

e Dwarf spiral galaxies (dSa, dSb, dSc, dSd, and dS0): As the most massive types of
dwarf galaxies, dSs are mostly found in the field and galaxy clusters. DSs have continuous,
yet low, star formation rates, and their internal kinematics are diverse (Grebel 2001).

e Dwarf irregular galaxies (dlrrs): As their name suggests, dlrrs are characterized by an
irregular appearance traced both in optical and radio observations, which goes hand in
hand with their complex stellar and gas kinematics. Scattered clumps of HII regions,
traced in optical bands indicate localized star formation activities in these systems. Dlrrs
are observed in different types of environments (Grebel 2001).

e Blue compact dwarf galaxies (BCDs): This sub-class of low-mass galaxies is mainly
known for their compact shapes, high surface brightness in their inner parts, active star
formation, and starbursts in their centers (Grebel 2001).

e Dwarf elliptical galaxies (dEs): DEs are primarily observed in the vicinity of massive
galaxies and the high-density regions of the Universe, such as galaxy groups and clusters.
They are mostly gas deficient systems with diverse kinematic structures and complicated
star formation histories. This thesis focuses on the properties of early-type dwarf galaxies
(elliptical dwarfs). Thus, in the following subsections, they will be introduced in more
detail.

e Dwarf spheroidal galaxies (dSphs): dSphs are dark matter dominated, gas deficient,
old, low-mass dwarf galaxies. They are pressure supported systems that are often observed
in groups, clusters, and in the vicinity of massive galaxies. DSphs are the least massive
galaxies (known to date) and the most numerous type of dwarf galaxies in the Universe
(Grebel 2001).

e Ultra compact dwarf galaxies (UCDs): These subclass of low-mass systems are bigger
than the most giant globular clusters observed in the Milky Way yet are more compact
than dwarfs of a similar size. UCDs are mostly dominated by old stellar populations and
are believed to be the results of either tidally stripped dwarfs or simply old objects that
formed from the primordial dark matter fluctuations in the early phases of the Universe.
UCDs are often observed in central parts of clusters.

e Tidal dwarf galaxies: These types of dwarf galaxies are believed to be formed from the
merger debris of giant galaxies. This subclass of dwarfs is dark matter deficient and more
metal-rich, given their stellar mass and luminosity range. The main characteristics of tidal
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dwarf galaxies are believed to be set mainly by the evolutionary stage of progenitors that
were involved in the merger event (e.g., Hunter et al. 2000; Duc and Brinks 2001).

1.3.1 Early-type dwarf galaxies (dEs)

Early-type dwarf galaxies (dEs) are low-mass, often quenched, and relatively faint (Mp > -
16 mag) galaxies with smooth light profiles and featureless appearance (Ferguson and Binggeli
1994). In recent decades, our understanding of dEs and their characterization has been improved
significantly. Presence of substructures (e.g., Lisker et al. 2009; Michea et al. 2021), extended
star formation histories, observation of HI gas (Buyle et al. 2005) and diverse kinematics are
only part of the information that we have acquired from these seemingly simple galaxies.

The first observational evidence on the presence of disk and two-component substructures
in dSO and dEs was found by Sandage and Binggeli (1984) and Binggeli and Cameron (1991).
In about two decades, disk substructures (such as bars and spiral arms) were further detected
in some observed dEs (Jerjen et al. 2000; Barazza et al. 2002; Geha et al. 2003; Graham
and Guzman 2003; De Rijcke et al. 2003). In particular, Lisker et al. (2006b,a) reported on the
presence of disk features in a large number of Virgo dEs. These results were based on a systematic
search on SDSS images of 476 Virgo dEs and performing the unsharp masking technique.
Through this study, disk features were identified in more than half of the investigated sample.
Furthermore, Lisker et al. (2006b,a) reported a positive correlation between the presence of disk
features and the surface brightness of dEs, in a sense that dEs with disk features dominated
the bright end of their investigated distribution. In their study, Lisker et al. (2007) have shown
that, except for the nucleated subclass, dEs exhibit oblate shapes, similar to the thick disk of
galaxies.

Despite their monotonous overall light distribution and shape, dEs have a rather complex
and diverse kinematic structure. In general, the stellar rotational velocity of dEs falls within
the range of 0 to 50 kms~!, while their velocity dispersion ranges from 30 to 50 kms~! (e.g.,
Toloba et al. 2011). In this regard, some dEs are pressure-supported systems with stars on
random orbits, while others show well-defined rotating stellar structures (Simien and Prugniel
2002; Pedraz et al. 2002; Geha et al. 2003; van Zee et al. 2004; Chilingarian et al. 2008; Toloba
et al. 2009; Janz et al. 2017). What is more, several studies of dEs in different environments
report the existence of so-called kinematically decoupled cores (KDC) in these galaxies (e.g.,
see Geha et al. 2003; Koleva et al. 2011; Rys$ et al. 2013; Toloba et al. 2014; Guérou et al.
2015). In this regard, Toloba et al. (2014) have shown that about six percent of dEs in the
Virgo cluster host a KDC. Somewhat more recently, active galactic nuclei (AGN) have been
detected in hundreds of early- and late-type dwarf galaxies, which are believed to be powered
by central low- or intermediate-mass black holes (102 < Mpy < 10%) in these systems. While
AGNs leave their mark on the gas kinematics of dwarf galaxies, the presence of a black hole
can shape the gravitational potential, thus modify kinematics of stars in these low-mass systems
(for recent reviews on this topic: Mezcua 2017; Greene et al. 2018).

Further investigations of dEs revealed rather complicated star formation histories. While
some observations of these systems traced old stellar populations with ages ~ 14 Gyr, others
shed light on the presence of young stellar populations (~ 2 Gyr) that indicate recent episodes
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of star formation in dEs (e.g., Poggianti et al. 2001; Caldwell et al. 2003; Geha et al. 2003;
Lisker et al. 2006b; Michielsen et al. 2008; Chilingarian et al. 2008; Koleva et al. 2009; Sybilska
et al. 2017). Such diversity is also present in the distribution of dEs metallicities, as it ranges
from solar ([M/H] ~ 0.00 dex) values to metal-poor regimes ([M/H] ~ -1.30 dex). Studies have
revealed that dEs with disk features tend to have younger and more metal-rich stellar populations
compared to those lacking such sub-structures (e.g. Paudel et al. 2010). In this regard and from
a sample of 39 Virgo dEs, Toloba et al. (2014) reported the average light-weighted age of 5.46 +
0.81 Gyr and the average light-weighted metallicity of -0.64 + 0.09 dex for disk dEs. They also
found that dEs without any detected disk features tend to show a similar range of metallicities
(~ -0.59 £ 0.07 dex), but with an average age of ~ 6.85 £ 0.76 Gyr. Koleva et al. (2011)
reported on a strong negative correlation between the luminosity and age gradient in faint dEs
(with Mp > -17 mag) of Virgo and Fornax clusters. Their results indicated that prolonged star
formation activity of dEs is mostly embedded in their centers.

1.3.2 Dwarf galaxies in the Local Group

DSphs are the numerically dominant type of dwarf galaxies in the Local Group (LG). Together
with the LG dEs (i.e., NGC205, NGC185, and NGC147), they are mostly found as orbiting
satellites of either M31 or the Milky Way. In addition to these two types of dwarf galaxies,
the LG is the host to ~ nine dlrrs which are not bound to any of its members (Sparke and
Gallagher 2007). Thanks to the vicinity of LG dwarfs, extensive investigation of the resolved
stellar systems in these galaxies is possible. Such investigations have provided us with detailed
information about dwarf structures, kinematics, and stellar populations through the last decades.

In terms of kinematics, most of the LG dwarfs are believed to be triaxial systems. Depending
on their stellar mass, diverse kinematics have been observed for LG dlrrs. Solid-body rotations
have been detected in massive dlrrs, while their low-mass counterparts do not show an evident
net stellar rotation (Grebel 2001). DEs and dSphs in the LG have oval shapes embedding low
degrees of stellar rotation, if any (Sparke and Gallagher 2007). Among three dEs of the Local
Group, NGC205 shows tidally interrupted stellar orbits at its larger radii. On account of its
vicinity to M31, the perturbed stellar kinematics of NGC205 is interpreted as a result of tidal
interactions with its giant companion (Geha et al. 2006).

Most of the dSphs and dEs of the Local Group have extended star formation histories. Their
ages range from ~14 Gyr, traced in their old stellar populations, to younger stars formed about
a few Gyr ago (e.g., Mateo 1998; Grebel 1999). Studies have revealed that with decreasing
distance to the MW center, the fraction of the old stellar population increases within MW
satellites. Studies detected metallicity gradients with negative slopes in the Local Group's dSphs,
including Sextans, Tucana, Sculptor, and Andromeda VI (Harbeck et al. 2001). Moreover,
studies revealed age gradients with positives slopes in Fornax (Stetson et al. 1998), Sextan
(Okamoto et al. 2008; Battaglia et al. 2011), and possibly in Carina (Norris et al. 2017).
However, no clear correlation between environment (i.e., distance to the massive host galaxy)
and gradients of stellar populations in LG dwarfs has been detected (Harbeck et al. 2001).
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1.3.3 Early-type dwarf galaxies in the Local Universe

Thanks to their shallow potential well and large numbers, dwarf galaxies are regarded as es-
sential and sensitive probes of the environment. The quantification of environmental effects on
dEs commonly considers their clustercentric distances or local densities. Such approaches are
necessary for understanding the evolution of low-mass galaxies within dense structures of the
Universe, albeit with their flaws, which are reviewed in the next Chapter.

In the Virgo cluster, Lisker et al. (2007) showed that dEs with different types of morphological
properties tend to occupy different cluster regions. They have shown that while dEs with disk
features and blue cores tend to be spread throughout the cluster, nucleated dEs (even with
a weak nucleus) are more centrally concentrated (also in Ferguson and Sandage 1989). By
investigating 31 Virgo dEs, Toloba et al. (2011) showed that the kinematics of these low-mass
systems is also dependent on their clustercentric distances: while dEs in the central parts of Virgo
are pressure-supported, toward more extended clustercentric distances, the number of rotation-
supported dEs increases. A similar (kinematic) morphology-density relation has been reported
for more massive elliptical galaxies by Cappellari et al. (2011). Rys et al. (2013) investigated
the dynamical to stellar mass ratios of 9 Virgo dEs as a function of their 3D clustercentric
distances and showed a possible positive correlation between these two parameters. Based on
their results, the dark matter fraction in dEs decreases toward lower clustercentric distances.
Lisker et al. (2013) have shown that with decreasing clustercentric distances, the number of red
and quenched dEs in Virgo (as well as Coma cluster) increases.

Moving toward a less massive yet more distant cluster, dwarf members of Fornax tend to
show similarities with the Virgo dEs. By investigating 564 Fornax dwarf galaxies, Venhola et al.
(2019) showed that the population of red dwarf galaxies increases toward the cluster center.
This is consistent with results of Eigenthaler et al. (2018) who showed that faint dwarfs that are
embedded within the Fornax core (r < Ry;-/4) are, on average, older than ~ 5 Gyr. The study
of Venhola et al. (2019) indicates that in the core of the Fornax cluster, the number density of
nucleated dEs is higher, and these regions are almost devoid of non-nucleated dEs or late-type
dwarf galaxies. By focusing on 31 Fornax dEs, results of Scott et al. (2020) have shown that
the number of slowly rotating dEs decreases toward the Fornax cluster outskirts.

In the Coma cluster, a strong correlation between clustercentric distance and the stellar
populations of dEs with M, = -17.5 mag was reported by Smith et al. (2009). DEs with a-
enhanced and old (~ 10 Gyr) stellar populations predominate the core of the Coma cluster,
whereas, toward the cluster's outskirts, dEs are found to be younger (~ 3 Gyr) with solar-scaled
a-enhanced stellar populations. DEs residing in Coma’s outskirts show clear signs of recent or
ongoing star formation.

DEs can be found in low density environments (known as the field) (e.g., Gu et al. 2006;
Janz et al. 2017), albeit with a lower probability than in the galaxy clusters and groups. Geha
et al. (2012) have shown that field dEs are mostly star forming systems, and quenched field dEs
are extremely rare cases (< 0.06 percent). This probability decreases to null for dEs with M,
< 10° Mg Results of Janz et al. (2017) show that field dEs can have a diverse range of stellar
rotation, ranging from values typical for pressure supported systems to rotation supported ones.
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1.3.4 Possible formation channels of dEs

Even though dEs are one of the most frequent types of galaxies in the Universe, their formation
is a long-established question in the field. Several studies attempted to answer this question,
yet their suggested scenarios lack the explanation for some of the observed properties. The
hierarchical merging scenario and the transformation of low-mass star-forming galaxies under
environmental effects have recently gained a reputation among several proposed explanations.

The hierarchical ACDM scenario (Somerville and Primack 1999; Steinmetz and Navarro
2002) introduces dwarf galaxies as the building blocks of our present-day Universe. Based on
this scenario, the first galaxies were formed due to gravitational instabilities that planted the
primary seeds to form rotating dark matter halos. After gas cooling within these halos, low-mass
systems with their first population of stars formed. The initial thick disk within these primordial
galaxies was a pressure-supported structure, with random stellar motions surpassing their net
rotation. Results of Moster et al. (2010) showed that stellar-to-halo mass of such low-mass
galaxies at high redshift is low, indicating the dominance of dark matter component in these
primordial structures. In these low-mass systems, the star formation rate was not significant
and the circular velocity curves raised, only slowly, in the outer regions of the galaxy. Given
the similarities between such primordial systems and present-day properties of dEs in clusters
and groups, it stands to reason that at least part of today's dEs population consists of ancient
objects that formed in the early Universe but did not follow the same path (e.g., merging) as
their counterparts (de Rijcke et al. 2005). Observation of some quenched dEs with lower degrees
of rotation in the field (Janz et al. 2017) and spheroidal nucleated dEs with circular orbits in
the central parts of Virgo (Lisker et al. 2009) endorse the formation channel that hierarchical
ACDM scenario pictures for us (more on this topic in Wheeler et al. 2017).

Meanwhile, the (kinematic) morphology-density relation of dEs (Binggeli et al. 1987; Toloba
et al. 2014; Scott et al. 2020), the detection of stripped gas tails, and prolonged star formation
activities with signs of ongoing or recent star formation in some dEs (primarily in the cluster’s
outskirts) motivate other formation scenarios. In 1985, Kormendy suggested that part of today's
dE population in rich galaxy clusters may be the remnants of star-forming late-type infalling
galaxies that were transformed by a combination of environmental effects inside the cluster
(Kormendy 1985). An infalling star-forming dE -or its progenitor- can lose its gas either due
to ram pressure stripping or starvation. In the meantime, it can undergo tidal interactions
with the gravitational potential of the host halo and its other members, thus experiencing
morphological and dynamical transformations. Based on this scenario, the end product of
several Gyrs inhabiting the cluster or group would then be quenched, red, and dynamically
hot (spheroidal) dEs which eventually sunk to the central parts of their host halo (see, e.g.,
Kormendy 1985; Binggeli et al. 1988; Bender et al. 1992; Moore et al. 1996; Geha et al. 2010;
Toloba et al. 2011; Janz et al. 2012; Kormendy and Bender 2012; Rys et al. 2013; Lisker et al.
2013; Boselli and Gavazzi 2014; Penny et al. 2014; Bialas et al. 2015; Aguerri 2016; Hwang
et al. 2018).
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1.4 Thesis scientific motivation

Even though dwarf galaxies share several similar properties (e.g., color and Sersic index), they are
not entirely identical. The comparison of any two dwarf galaxies sheds light on the underlying di-
versities that are rather hard to explain, given accepted formation scenarios. What is the leading
cause of such diversity? Different formation channels suggest different progenitors as possible
sources of the observed diversities. As explained in Section 1.3.4, dEs might have been formed
as primordial objects or after the environmental transformation of late-type galaxies. However,
distinguishing between these two sub-populations in clusters is not straightforward, mainly due
to destructive effects of the environment after several Gyr that removes footprints of the dE's
progenitors. Nonetheless, by shifting our focus to dynamically young galaxy clusters (such as
Virgo), we might be able to capture recently accreted satellites. Despite being disturbed due to
the cluster's environment, they have partially managed to keep the record of their progenitors.
By comparing the newly accreted satellites with their counterparts in the field and more ancient
infallers of the cluster, we can better understand the role of the environment in the diversity
mentioned above. Likewise, such comparison would reflect the relevance of pre-processing in
present-day properties of dEs and the formation of their diverse populations in clusters.

The work undertaken in this thesis focuses on studying members of a newly accreted group
of galaxies onto the Virgo cluster to i) better understand the evolutionary track of low-mass
galaxies within clusters, particularly in their early stages of infall; and ii) to investigate the role
of pre-processing in shaping present-day properties of cluster dwarf galaxies. The main scientific
questions of this thesis can be summarized as follow:

e How would the environment affect infalling satellites during their early stages of accretion?

e How relevant is pre-processing in the present-day properties of cluster early-type galaxies?

e For a typical dwarf galaxy observed today, which one matters the most: their birth site
(nature) or their environment in later stages (nurture)?

1.5 Thesis Outline

In this chapter, we gave a brief introduction to the general properties of galaxies, their habitats,
and properties with respect to their stellar mass, redshift, and environment. Furthermore, we
introduced dwarf galaxies and their different sub-classes. By focusing on early-type dwarf galaxies
(dEs), we briefly reviewed their properties in the Local Group and the Local Universe, as well as
their possible formation scenarios.

The rest of this thesis is structured as follow:

e Chapter 2: In this chapter, we introduce nine Virgo dEs that were discovered by Lisker
et al. (2018) as possible members of an accreted massive galaxy group onto Virgo. These
nine dEs shape the main sample of this thesis. We investigate their accretion time using
a projected phase-space diagram. Moreover, we review the reduction procedure of their
MUSE data sets. Furthermore, we introduce two comparison samples, consisting of low-
mass galaxies in the field (field control sample) and the Virgo cluster (Virgo control
sample).
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e Chapter 3: In this chapter, we investigate the kinematics of dEs in the accreted group and
quantify their stellar rotation using their projected specific angular momentum. Through
comparison of our results with two other control samples, we investigate the role of the
Virgo's environment and pre-processing in the kinematic alteration of satellite galaxies.

e Chapter 4: In this chapter, we investigate the stellar populations of dEs in the accreted
group, using spectral line indices. Furthermore, we compare the age, metallicity, and
a-enhancement of the accreted dEs with those in the comparison samples. Through
this comparison, we further investigate the role of pre-processing in shaping present-day
properties of satellite galaxies as well as shedding light on the possible progenitors of dEs.

e Chapter 5: In this chapter, we investigate star formation histories of dEs in the accreted
group, using the full-spectrum fitting technique. Through this investigation, we take a
closer look at the effect of group accretion event on the star formation activity and mass
assembly of its dE members.

e Chapter 6: In this chapter, we introduce two new galaxies that have been discovered
through investigations of our MUSE data.

e Chapter 7: In this chapter, we summarize the main results of this thesis and show the
importance of both pre-processing and current halo environment in shaping present-day
properties of cluster dEs. The main scientific questions of this thesis are addressed in this
chapter.






“If you are irritated by every rub, how will your mirror
be polished?”

— Rumi

Data

This chapter is a partially revised version of Bidaran et al. (2020). "On the accretion of a new
group of galaxies onto Virgo: |. Internal kinematics of nine in-falling dEs”, published in MNRAS
497, Issue 2, pp.1904-1924

2.1 Main sample: A newly accreted group of Virgo dEs

The primary sample of this thesis is built upon results of Lisker et al. (2018) who, during
investigations of dwarf galaxies in the Virgo cluster, detected a recently accreted group of nine
Virgo dEs. This detection has been mainly rooted in the observer's phase-space distribution of
Virgo satellites. Thus, to understand this sample’s selection procedure and unique condition,
it is better first to describe how they were detected. Following that, the sample members, as
well as observation and reduction procedures, are reviewed. Additionally, in Section 2.3, two
other comparison samples that are going to be utilized through the rest of this thesis are briefly
presented.

2.1.1 Phase-Space diagram: A diagnostic tool

As discussed in Section 1.3.3, projected clustercentric distance is a common, yet not totally
accurate, approach to quantify the dependence of satellites’ properties on their environment. In
contrast to satellites in the cluster’s core, those that reside in the cluster’s outskirts are believed
to be less affected by their host halo’s environment. Even so, the projected clustercentric distance
is impotent to accurately distinguish between these two cases along the observer's line of sight
and particularly in central regions of massive clusters. The latter is particularly relevant for new
infalling satellites that often follow eccentric orbits in their new host halo (Wetzel 2011; Smith
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et al. 2015). Quantifying satellites’ properties based on their projected clustercentric distance
is even less accurate in non-relaxed clusters such as Virgo. As discussed in Section 1.3.3, Virgo
features some irregular high-density regions that are not co-spatial with the central M87 galaxy.
Thus, the Virgo satellites’ local density does not necessarily scale with their distance to the
cluster's center and, inevitably, is less sensitive to the projected clustercentric distance (Sybilska
et al. 2017). It is worth mentioning that by utilizing the projected clustercentric distance or the
local density of satellites in distant halos (Sybilska et al. 2017), results are mainly interpreted
based on the present-day environment of galaxies, but not based on the evolutionary path they
have gone through during their lifetime. Among other things, such approaches provide limited
insight on the pre-processing of galaxies and the environmental conditions at their birth site
(i.e., where their bulk of stars formed).

Many studies have focused on both the clustercentric distance and velocity of satellites by
constructing the so-called " phase-space” diagram to partly remedy the projection effect. Oman
et al. (2013) showed that in different stages of their accretion onto a halo, satellites occupy
different regions of the phase-space diagram (also in Rhee et al. 2017). Based on the 2D phase-
space distribution of SDSS galaxies, Mahajan et al. (2012) investigated the relation between
star formation and stellar mass of satellite galaxies. Furthermore, Haines et al. (2015) and
Oman and Hudson (2016) investigated the quenching timescale of satellite galaxies using this
diagnostic diagram. By utilizing the 3D phase-space in cosmological simulations, Jaffé et al.
(2015) explained the detected neutral gas distribution in Abell 963 as a consequence of ram
pressure stripping of its satellites. Smith et al. (2015) quantified the tidal mass loss of cluster
satellites based on their distribution in the phase-space diagram (see also Serna and Gerbal 1996;
Adami et al. 2005).

While the 3D phase-space diagram turned out to be a conducive diagnostic tool, it cannot
be directly employed for observed data. The determination of orbital parameters (such as 3D
velocity and 3D radius) for satellites in distant halos is not straightforward, and observers only
have access to their projected parameters, such as line-of-sight velocity and projected distance.
Therefore, Rhee et al. (2017) constructed the " projected phase-space” diagram using the Yonsei
Zoom-in Cluster simulation (Teyssier 2002; Choi and Yi 2017). They concluded that, while
projection effects smear the distributions of satellites with different infall times, the distribution
peak of each population (defined so by its own infall time) tends to occupy, nonetheless, distinct
parts of the projected 2D phase-space diagram. In this context, the infall time of a given satellite
is the first time when it passes through the virial radius of the progenitor of its present-day host
halo.

By using simulated 2D phase-space diagram of Rhee et al. (2017) and drawing zones of
different constant infall times, Pasquali et al. (2019) applied these time zones to the observed
2D phase-space diagram of SDSS satellites in host halos of different masses, distinguishing
galaxies on the basis of their stellar masses. In this study, and for the first time, Pasquali et al.
(2019) computed the average star formation rate (SFR) and stellar population properties (such
as age, metallicity, and [a/Fe]) of satellites of different stellar masses and in differently massive
halos, as a function of their infall time. Their results indicate that with increase of the average
infall time, satellites at fixed stellar masses and halo masses, experience decreases in their SFR
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while becoming older and metal-richer. Using the projected phase-space diagram, Rhee et al.
(2020) investigated possible correlations between star formation rate and infall time of satellite
galaxies at different stellar masses and confirmed the " delayed-then-rapid” quenching trend for
satellites with M, > 10%° M, (see also Oman et al. 2021). The latter is consistent with results
of Pasquali et al. (2019) where age, metallicity, and [«/Fe] abundance ratio of satellite galaxies
were studied with respect to their average infall time. Based on this study, correlations between
satellites properties and the average infall time is more substantial for satellites with M, < 10105
Mg in halos with M, > 10135 M, (also in Gallazzi et al. 2021). Focusing on a specific galaxy
type, Pak et al. (2021) reported a positive correlation between age and [a/Fe] abundance ratio
of SAMI passive spiral galaxies and their average infall time. The authors of this study show
that both the age and [a/Fe] abundance ratio of passive spiral galaxies, in groups and clusters,
increase with their average infall time, in agreement with the general trends found by (Pasquali
et al. 2019).

2.1.2 Selection of the main sample

Lisker et al. (2018) investigated the observer’'s phase-space distribution of 625 Virgo galaxies
in six different intervals of absolute r-band magnitudes (M,.), as presented in Fig. 2.1.1. In
this plot, different colors indicate different morphological classes, and dwarf galaxies (dEs, dSO
and Ims) are denoted with filled circles. As an evident trend, the number density of dEs grows
toward fainter intervals. Among different panels, the —17 > M, > —18 mag interval captures
further attention. Despite fainter bins, dEs within this magnitude range show a non-symmetric
phase-space distribution. Furthermore, the concentration of nine Virgo dEs (eight with disk
features) in a particular region of the diagram in this panel is a special feature that cannot easily
be detected in the other magnitude bins. These nine Virgo dEs (marked with black rectangular
in Fig. 2.1.1) are located at the distance of d = 1.5 Mpc to M87 and have V,; = 700 kms™!.
Despite their similar location on the phase-space diagram, these nine dEs are azimuthally spread
around the Virgo's core (i.e., M87).

N-body simulations of cluster mergers have shown that in the event of a merger of a massive
group with a cluster, the core and outer parts of the group get separated into two components
(Vijayaraghavan et al. 2015). The core of the group accretes onto the cluster center and starts to
oscillate there. Meanwhile, the groups’ outskirts form shell-like over-densities at larger distances
and close to the orbital apocenter. In Fig 2.1.2, the observer's phase-space distribution of a
massive merger event (a group with Mgoup = 5 x 1013 M, falling onto a cluster with Mejuster
= 5 x 10" M) along the observer's line of sight is presented. In the upper right panel and
2.4 Gyr after the event, two distinct components of the accreted group are shown, mimicking
an over-density similar to that observed for the Virgo dEs within the —17 > M, > —18 mag
interval. Results of Vijayaraghavan et al. (2015) show that the over-densities on particular parts
of the observer's phase-space diagram, which are not accompanied by any spatial segregation in
the cluster, can be likely the signature of a recent (~ 2-3 Gyr ago) massive merger event along
the observer’s line of sight. Based on these results and as detailed by Lisker et al. (2018), it
stands to reason that the nine notably aggregated dEs in the particular region of the observer's
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Figure 2.1.1: The observer’s phase-space distribution of 625 Virgo dEs. Colors denote different mor-
phological classes (green = “Im/dEs”, Red ="E/dE”, orange “dEs(dis)/dS0/S0”, and blue= “spirals and
irregulars”). Dwarf and irregular galaxies are marked with filled circles, while non-dwarf galaxies are denoted
with squares. The main sample of this thesis is marked with black rectangular. Giant early-type galaxies
of Virgo (i.e., M87, M&86, M49, M84, and M60) are denoted with black crosses. The plot took from Lisker
et al. (2018) and reproduced with permission (©AAS.

phase-space diagram are the remnants of an accreted massive galaxy group onto the Virgo
cluster, along the line of sight and about 2-3 Gyr ago. This scenario is also endorsed by the
separate study of Sorce et al. (2021).

Further support of a similar and relatively recent accretion time of these nine dEs comes
from studies of Pasquali et al. (2019), and Smith et al. (2019), who showed that cluster galaxies
with different infall times to their current halo occupy different zones of the projected phase-
space diagram. In the left panel of Fig. 2.1.3, the projected phase-space distribution of Virgo
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Figure 2.1.2: The observer’s phase-space distribution of an accreted 5 x 10'® Mg galaxy group onto a
cluster with 5 x 10'* Mg, along the observer’s line of sight. Each panel shows how the distribution of
infalling satellites varies with respect to the time since infall. One can note the configuration within the
black box in the top right panel, which is comparable with the observer’s phase-space configuration of Virgo
dEs in the the —17 > M,[mag] > —18 interval of Fig. 2.1.1. Plot taken from Lisker et al. (2018) and
reproduced with permission (©AAS.

dEs with —17 > M, > —18 mag is presented. Our nine dEs are presented with squares. The
labeled zones of the diagram mark different average infall times to the Virgo cluster and are
taken from Pasquali et al. (2019), and Smith et al. (2019). Based on the projected phase-space
locus of these nine dEs, it is evident that they all share a similar accretion time to the Virgo
cluster, consistent with results of Lisker et al. (2018). The right panel of Fig. 2.1.3 shows the
spatial distribution of our dEs (colored squares) and other Virgo dEs with a similar range of M,..
Evidently, these nine dEs are azimuthally spread around M87.

In Table 2.1.1, the name of each target, its type, coordinates, recession velocity, effective
radii from r-band photometry images, r-band absolute magnitude (M), color, ellipticity, and
total exposure time (TET) of observations, are summarized. All the values were taken from
Lisker et al. (2006b), except for the recession velocities, which were taken from SDSS DR15
(Aguado et al. 2019). The reported values of M, and color were corrected for Galactic extinction
by Lisker et al. (2006b) and Janz and Lisker (2008, 2009). (g-r) colors were computed by Lisker
et al. (2006b) and Janz and Lisker (2008, 2009) using a distance modulus of m-M = 31.09 mag,
where m and M denote the apparent and the absolute magnitudes, respectively.
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Table 2.1.1: The main sample

Object type « (J2000) 4 (J2000) V& _ . [kms!] RY [arcsec] M? [mag] g-r® [mag] ¢ TET [hour]
VCC 0170 dE(bc) 12 15 56.30 +14 25 59.2 1415.0 31.57 -17.62 0.59 0.34 4
VCC 0407 dE(di) 12 20 18.80 409 32 43.1 1876.7 18.38 -17.37 0.61 0.43 2
VCC 0608 dE(di) 1223 01.70 +15 54 20.2 1819.7 25.77 -17.58 0.60 0.35 5
VCC 0794 dE(nN) 12 25 21.61 +16 25 46.9 1672.8 37.33 -17.29 0.61 0.65 3
VCC 0990 dE(di) 1227 16.93 +16 01 28.1 1717.8 10.31 -17.43 0.62 0.30 3
VCC 1833 — 12 40 19.70 +15 56 07.1 1705.8 8.52 -17.44 0.61 0.19 1.5
VCC 1836 dE(di) 1240 19.50 +14 42 54.0 2002.6 42.27 -17.45 0.58 0.66 4
VCC 1896 dE(di) 12 41 54.60 409 35 04.9 1885.7 14.98 -17.04 0.62 0.05 3
VCC 2019 dE(di) 12 45 20.40 +13 41 34.1 1819.7 18.60 -17.65 0.63 0.22 2

Columns are: Name of target, morphological type, RA and DEC, recession velocity
(Vrecession ), effective radius (R.) (half-light major axis), r-band absolute magnitude, g-r
color measured at 1R, ellipticity at 1R., and total exposure time (TET).

a: SDSS DR15 (Aguado et al. 2019), b: Lisker et al. (2006b, 2007)
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Figure 2.1.3: Left panel: the projected phase-space distribution of Virgo dEs with —17 > M, [mag] > —18
is presented. DEs within this magnitude interval are shown with gray circles. Nine dEs of our interest are
shown with dark red squares and are further marked with a red box. Different zones of this projected phase-
space diagram correspond to different infall times onto the Virgo cluster. Zones are taken from Pasquali
et al. (2019) and Smith et al. (2019). Right panel: the spatial distribution of Virgo dEs are shown. Positions
of Virgo giant early-type galaxies (from left to right: M60, M87, M49, M86) are marked with black crosses.

2.2 Multi-Unit Spectroscopic Explorer (MUSE)

These nine Virgo dEs (as introduced in Table 2.1.1) shape the primary sample of this work.
Their SDSS images are shown in Fig. 2.2.1. The entire sample was observed with the Multi-
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VCC 0170 VCC 0407 VCC 0608

VCC 0794 VCC 0990 VCC 1833

VCC 1836 VCC 1896 VCC 2019

Figure 2.2.1: SDSS images of the main sample. Red squares mark the MUSE’s field of view (1x1 arcmin?).

Unit Spectroscopic Explorer (MUSE) instrument following a science verification proposal in the
period of December 2016 to February 2017 and February 2018 to July 2018 (P98, ESO programs
098.B-0619 and 0100.B-0573; PI: Thorsten Lisker).

The MUSE instrument is mounted on the Very Large Telescope (VLT) of the European
Southern Observatory (ESO) (Fig. 2.2.2). The telescope is located in Paranal, Chile. MUSE is
an optical integral-field spectrograph (IFU) that provides spatially resolved spectra by utilizing
a combination of imaging and spectroscopy techniques (Bacon et al. 2010, 2014). Among the
current available IFUs, MUSE is the most powerful instrument with a resolving power of ~
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Figure 2.2.2: Installation of MUSE instrument on VLT. Image credit: G. Hiidepohl/ESO- https://wuw.
eso.org/public/images/muse-d8b3029/

3000. Through combining data from its 24 identical sub-IFUs, MUSE covers a field of view of
1x1 arcmin? with a pixel scale of 0.2 arcsec/pixel. The instrument’s field of view is marked in
the SDSS images of our sample in Fig 2.2.1. MUSE covers a comprehensive optical wavelength
range of 4750 to 9350 A with a sampling of 1.25 A per pixel and average instrument resolution
of (FWHM) 2.51 A

For thorough investigations, it should be noted that the MUSE instrument resolution is
wavelength-dependent. In Fig. 2.2.3, three different estimates of this dependence are presented.
The dark-red line represents MUSE's average instrument resolution (provided by Dr. Lodovico
Coccato - private communication). The dark-blue line shows the MUSE instrumental resolution
estimated by Mentz et al. (2016), using features of sky flat field exposure. Based on their
measurements, MUSE's resolution increases from 65 kms—! at 4650 A to 35 kms~! at 9300 A .
The light blue line shows the polynomial function that, according to equation 8 of Bacon et al.
(2017), best represents the FWHM variation of MUSE instrumental resolution as a function of
wavelength.


 https://www.eso.org/public/images/muse-d8b3029/
 https://www.eso.org/public/images/muse-d8b3029/
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Figure 2.2.3: MUSE instrumental resolution as a function of wavelength.

2.2.1 Data reduction

The reduction of MUSE raw data was carried out in two steps and within an ESO Reflex
workflow. The latter is a dedicated environment designed for ESO pipelines that enable users
to reduce VLT raw data in a user-friendly environment. Within this environment, we have first
used the standard MUSE Data Reduction pipeline (version 2.4.2) (Weilbacher et al. 2012, 2016)
to reduce the data and produce MUSE science data cubes. As the second step, we applied the
ZAP (Zurich Atmosphere Purge) algorithm to these cubes to further remove sky residuals. A
thorough explanation of each step of MUSE data reduction is presented by Weilbacher et al.
(2020). Here, we review these steps briefly.

The standard MUSE Data reduction pipeline is divided into two main parts: basic processing
and post-processing. Basic processing is the first step, which is activated through a module
called “MUSE-Scibasic” . In this step, basic calibrations and science reductions are performed
on individual CCDs; thus, they are repeated 24 times for all sub-IFUs of the instrument. Bad
and saturated pixels are marked in this step, and artifacts from individual IFUs instruments
are removed from the data. Furthermore, bias and lamp flat-field corrections, wavelength, and
geometry calibrations, and twilight sky corrections are performed in this step on the raw data. All
the steps mentioned above are performed automatically and in the correct order by the pipeline.
The final result of this first step is a pixel table which will be fed to the post-processing part.

The post-processing step is activated through the “MUSE-Scipost” module. During this
step, the atmospheric refraction is corrected. Furthermore, flux calibration of the data takes
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place by converting the pixel table of the last step into flux units. During the observation, the
flux of the night sky varies on a relatively short timescale. Thus, after subtraction of the sky
continuum (which changes relatively slower), the sky lines are subtracted by re-constructing
the sky spectrum using user-selected sky pointings. During this step, the user selects a spatial
section of the science cube, which is devoid of the main object and other luminous sources (e.g.,
stars), based on which the software models the sky spectrum that will be used for performing sky
subtraction. Furthermore, corrections of telescope motion and spatial coordinates will be per-
formed by the pipeline. Then, through a module called "MUSE-exp-combin”, multiple corrected
exposures of a particular object will be combined to generate the final MUSE science data cube.
Usually, in the generated MUSE cubes, north and east are toward up and left, respectively.

In addition to the standard MUSE reduction procedure, we applied the MUSE-ZAP routine
(v.2.2, Soto et al. 2016) on the final MUSE cubes to further correct the sky residuals. The ZAP
algorithm uses principal components to minimize sky lines in the cube.

2.3 Control samples

In this work, the properties of the main sample are compared with two control samples, namely
the “Virgo control sample” and the “field control sample”. We have constructed these samples
from available information in the literature. To prevent systematic biases, the Virgo control
sample contains galaxies with a similar absolute r-band magnitude (M,) range to our main
sample. Here we have used dEs’ M, as a proxy of their stellar masses (for stellar mass range
of the main sample check Section 8.3 of Chapter 8). We could not construct our Virgo control
sample solely based on dEs' stellar mass, as we did not have that information for all the dEs
available in the literature and the fact that different analyses have employed different assumptions
and methods for deriving this parameter.

2.3.1 Virgo control sample

The Virgo control sample consists of dEs, and it is constructed from three main studies:

e Sybilska et al. (2017) (hereafter S17): A sample of 20 Virgo dEs with a magnitude range
of 14 <m, [mag] <12 observed with the SAURON spectrograph at the William Herschel
Telescope. Based on M,., we selected nine Virgo dEs from this study. Please note that
Rys et al. (2014) (hereafter R14) investigated the kinematics of this sample.

e Toloba et al. (2015) (hereafter T15): A sample of 39 Virgo dEs with a magnitude range of
-19<M, [mag]<-16 that were observed using three different telescopes (William Herschel
Telescope, Isaac Newton Telescope, and VLT using FORS2 spectrograph). Based on M,
14 dEs were selected from the main T15 sample.

e Paudel et al. (2011) (hereafter P11): A sample of 26 nucleated Virgo dEs with a magnitude
range of -18.59<M, [mag]<-15.39 observed using the FORS2 spectrograph on the VLT.
Based on M,., four dEs from the P11 sample were selected. Note that the original study of
P11 involved only the stellar population analysis of their sample. Thus, the four selected
dEs from P11 are not included in the kinematic investigations of Chapter 3.
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Table 2.3.1: The Virgo control sample
Object type a (J2000) ¢ (J2000) R [arcsec] M, [mag] e o Ref.
VCC0308 dE(bc) 12 18 50.90 407 51 43.40 18.70 -17.96  0.07 35.6 1
VCC0543 dE(nN) 1222 19.53 +14 45 38.81 19.00 -17.69 0.46 39.6 1
VCC0856 dE(do) 1225 57.93 410 03 13.56 17.00 -17.80 0.13 32.8 1
VCC1183 dE(di) 1229 22.51 41126 01.99  18.60 -17.86  0.40 42.3 1
VCC1407 dE(N) 1232 02.74 +11 53 24.26 11.70 -17.03 0.17 423 1
VCC1431 dE(N) 12322341 411 1546.90  09.60 -17.67 0.03 60.5 1
VCC1528 dE(nN) 1233 51.62 +13 19 20.79 11.20 -17.44  0.09 48.0 1
VCC1545 M32-type 12 34 11.53 +12 02 56.27  11.90 -17.23  0.13 50.9 1
VCC1861 dE(N) 1240 58.60 +11 11 04.10 20.10 -17.85 0.01 30.0 1
VCC0021 dE(bc;N) 12 10 32.15 410 11 19.04 15.28 -17.10 — 289 2
VCC0750 dE(N) 1224 49.58 406 45 34.49  19.63 -17.00  — 435 2
VCCO0751 dE(di;N) 12 24 48.30 +18 11 47.00 12.43 -17.50 — 321 2
VCCO0781 dE(be;N) 12 25 15.17 412 42 52.59  13.51 -17.20  — 38.0 2
VCC0940 dE(di;N) 12 26 47.07 +12 27 14.17 19.92 -17.40 — 404 2
VCC1122 dE(N) 1228 41.71 +12 54 57.08 17.49 -17.20 — 321 2
VCC1355 dE(N) 1231 20.21 +14 06 54.93 30.59 -17.60 — 203 2
VCC1453 dE(N) 1232 44.22 +14 11 46.17 19.05 -17.90 — 356 2
VCC1549 dE(N) 1234 14.83 +11 04 17.51 12.24 -17.30 — 36.7 2
VCC1695 dE(di;nN) 12 36 54.85 +12 31 11.93 24.17 -17.70 — 244 2
VCC1895 dE(nN) 1241 51.97 409 24 10.28 16.48 -17.00 — 23.8 2
VCC1910 dE(di;N) 12 42 08.67 +11 45 15.19  13.53 -1790 — 37.0 2
VCC1912 dE(di,be) 12 42 09.07 +12 35 47.93 22.71 -17.90 — 36.0 2
VCC1947 dE(di;N) 12 42 56.34 403 40 35.78 9.42 -17.60  — 483 2
VCC1167 dE(N) 1229 14.69 +07 52 39.22 27.30 -17.04 — — 3
VCC1254 dE(N) 1230 05.01 408 04 24.18  14.90 -17.19 —  — 3
VCC1355 dE(N) 1231 20.21 +14 06 54.93 29.60 -17.67 — — 3
VCC1945 dE(N) 1242 54.09 +11 26 18.09 21.50 -17.14 — — 3

Columns are: Name of target, morphological type, RA and DEC, effective radius, r-band
absolute magnitude, ellipticity at 1R,, velocity dispersion at 1R, and the reference from
which information on kinematics and stellar populations are obtained. Except for the
velocity dispersion, the information presented in this table was taken from Lisker et al.

1: Sybilska et al. (2017), 2: Toloba et al. (2015), 3: Paudel et al. (2011)

(2006a,b).
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In Table 2.3.1, details of the Virgo control sample are presented. For each dE in this control
sample, the table contains information on the type, coordinates, effective radius, absolute r-band
magnitude, ellipticity, stellar velocity dispersion, and reference to the original study.

In the left panel of Fig. 2.3.1, the projected phase-space distribution of the Virgo control
sample is presented. Different studies are marked with different symbols and colors. Our main
sample of Virgo dEs is marked with brown squares. In the right panel, the spatial distribution of
the Virgo control sample is presented. In this panel, positions of Virgo giant early-type galaxies
are marked with black crosses.
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Figure 2.3.1: Left panel: the projected phase-space distribution of the Virgo control sample is presented.
Different zones, as explained in this panel, denote different average infall times (Tin¢) based on Pasquali et al.
(2019); Smith et al. (2019). Right panel: the spatial distribution of the Virgo control sample is presented. dEs
are color-coded based on the study from which information is obtained. Positions of Virgo giant early-type
galaxies (from left to right: M60, M87, M49, M86) are marked with black crosses.

2.3.2 Field control sample: CALIFA survey

The Calar Alto Legacy Integral Field Area (CALIFA) survey was designed to investigate the
evolution of galaxies through cosmic time by a detailed spectroscopic study of ~ 600 galaxies in
the Local Universe (Sanchez et al. 2012b; Walcher et al. 2014; Falcén-Barroso et al. 2017). We
constructed our field control sample by selecting 10 star-forming field galaxies with M, < 5x10?
Mg from the CALIFA survey. The selected galaxies fall within a similar stellar mass range as
dEs in our main and control samples. The stellar mass range of our sample, derived from the
color-to-(M/L) conversion introduced by Bell et al. (2003) is 8.9 < log(M, [Mg]) < 9.2. More
information on the stellar masses of our sample dEs is provided in Section 8.3 of Chapter 8. We
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Table 2.3.2: The Field control sample
Object  type « (J2000) § (J2000) R® [arcsec] M, [mag] e M, (x10'9) [Mg] Age

NGC0216 Sd 00 41 27.16 -21 02 40.82 20 -18.99 0.711 0.19 0.52
NGC3057 Sdm 10 05 39 +80 17 12 32 -19.17  0.269 0.12 0.43
NGC5682 Scd 14 34 44.97 +48 40 12.83 26 -19.39  0.764 0.25 0.68
NGC7800 Ir 2359 36.75 +14 48 25.04 32 -19.56  0.607 0.19 0.19
UGC05990 Sc 10 52 37 +34 28 58 12 -18.32  0.742 0.16 0.17
UGC08231 Sd 13 08 37.55 +54 04 27.73 19 -19.28  0.664 0.14 0.40
UGCO08733 Sdm 13 48 38.99 +43 24 44.82 30 -19.75  0.437 0.26 0.46
UGC10650 Scd 17 00 14.58 +23 06 22.83 23 -19.32 0.782 0.20 0.33
UGC10796 Scd 17 16 47.72 461 55 12.42 20 -19.56  0.416 0.28 0.24
UGC12054 Sc 2229 32.44 407 43 33.68 15 -18.41  0.739 0.10 0.41

Columns are: Name of target, morphological type, RA and DEC, effective radius, r-band
absolute magnitude, ellipticity at 1R,, stellar mass, and specific angular momentum at
1Re. All the values were obtained from Falcén-Barroso et al. (2019).

selected members of our field control sample based on their stellar masses (but not their M,.)
since we could not find any galaxy in this survey within the required M, range that fulfills the
criteria of field galaxies. The constructed field control sample consists of late-type spiral and
irregular galaxies, and we summarize their properties in Table 2.3.2.






“l am deathless, | am the eternal Lord; For having spread
the seed of the Word.”

—Ferdowsi, "Shahnameh: The Persian Book of Kings”

Internal kinematics of in-falling dEs

This chapter is a partially revised version of Bidaran et al. (2020). "On the accretion of a new
group of galaxies onto Virgo: . Internal kinematics of nine in-falling dEs”, published in MNRAS
497, Issue 2, pp.1904-1924

How would pre-processing of our sample dEs affect their stellar kinematics (such as the
rotation velocity and velocity dispersion)? This chapter aims to address this question by analyz-
ing the stellar kinematics of our sample dEs and quantifying them by using the stellar specific
angular momentum. To do so, we perform the full spectrum fitting technique (using the public
pPXF code) over our sample’s MUSE data.

3.1 Introduction

Galaxy rotation can be quantified in terms of specific angular momentum (Ag). The Ag is a proxy
for the projected angular momentum of a galaxy, which is often described as an indispensable
metric in studies of galaxy evolution (Emsellem et al. 2007; Jesseit et al. 2009; Emsellem et al.
2011). Through the evolution of a given galaxy, this parameter is affected by gas accretion and
star formation activity as well as by the galaxy's interactions with its surrounding environment
(see Jesseit et al. 2009; Naab et al. 2014; Yozin and Bekki 2016; Penoyre et al. 2017; Walo-
Martin et al. 2020). This makes A\g a valuable but degenerate metric for a better understanding
of galaxy formation and evolution. Investigations of Rys et al. (2014, hereafter R14) show that
dEs in Virgo (as well as two dEs in the field) tend to show flat A profiles up to one effective
radius. A similar relatively flat profile is also observed for dwarf galaxies in Fornax (Scott et al.
2020). As suggested by R14, if host halos, such as clusters, are in charge of any transformation
in the kinematics of dE progenitors, then at a fixed stellar mass, cluster dEs with different infall
times are expected to exhibit different internal kinematics. In this picture, dEs with a more

39
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recent infall time are expected to show internal kinematics intermediate between low-mass field
galaxies and cluster dEs accreted at earlier times. Studies of Toloba et al. (2011) show that in
the outer parts of the Virgo cluster and at a fixed range of luminosity, dEs tend to show similar
rotation curves to late-type galaxies. This is particularly expected in a dynamically young galaxy
cluster with ongoing processes of assembly and a diverse yet complete population of galaxies,
such as Virgo (Boselli and Gavazzi 2006; Boselli et al. 2018). In contrast, if dEs are already
systems that formed with low and flat Ag profiles (Wheeler et al. 2017), their environment or
infall time will not significantly modify their specific angular momentum. Observations of dEs
with low degrees of rotation in the field by Janz et al. (2017) also challenge the idea that only
tidal interactions in clusters can decrease their Ag.

Since members of our primary sample are in their initial phase of accretion onto Virgo, the
assembly history and dynamical characteristics of their previous environment (i.e., the parent
group) should still be preserved in their kinematics and stellar populations. This accreted group
of Virgo dEs provides a unique opportunity for investigating the role of a massive galaxy cluster
environment in the evolution of dEs' internal dynamics, particularly during their early stages of
accretion. In addition to Virgo, environmental mechanisms in their previous host halo (such as
ram pressure stripping, tidal interactions, and starvation) have possibly affected the evolution
of these nine dEs before their accretion onto the cluster. Thus, studying this group of dEs can
also address the role of pre-processing in shaping present-day properties of the "typical” dE
population in clusters, as suggested by Toloba et al. (2014) and Sybilska et al. (2017).

This chapter is organized as follows: In Section 3.2 the methods and approaches that are
used in this kinematic investigation are discussed in detail. Section 3.3 shows the kinematic
maps and the specific angular momentum (Ag) profiles of dEs in the main sample. Here, these
properties are further compared with those of the field and Virgo control samples. Results are
discussed in Section 3.4, followed by conclusions in Section 3.5.

3.2 Methods

Our sample consists of low-surface-brightness objects. To accurately measure their kinematic
properties, the signal-to-noise ratio (SNR) in each data cube needed to be increased to a
minimum threshold. While considering only spaxels with SNR > 3, we increased the final SNR
for each galaxy by binning spaxels through the Voronoi binning method developed by Cappellari
and Copin (2003). This routine is an optimized fitting algorithm that spatially bins data so that
each final bin achieves a targeted SNR. While setting low values for the target SNR can affect
the quality of the fits, increasing it to higher values results in larger bins and, consequently, in a
loss of spatial information, especially in the outskirts of a galaxy. After fine-tuning based on the
characteristics of our data set (surface brightness and size of the dEs investigated in this study),
we found a minimum SNR of 40 to provide a better compromise between the spatial sampling
of the galaxy’s outskirts and the accuracy of the measured kinematics. The spectrum assigned
to each bin is the averaged spectrum of all spaxels within the defined bin. For better accuracy
of the fits, sky residuals, particularly in the red part of the spectrum, are masked. Later on, the
stellar kinematics (i.e., rotational velocity and the velocity dispersion of the stellar component)
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of each galaxy were computed by fitting its binned spectra between 475 and 960 nm.
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Figure 3.2.1: Example of a pPXF fit of a central bin of VCC0990. The top panel presents the full range
of the observed spectrum, while in the lower panels, a zoomed-in view is provided for a better illustration
of the fitting accuracy and high quality of the data. In all the panels, the observed spectrum is shown in
black, while the best pPXF fit is plotted in red. The residuals between the observed spectrum and its best
fit are plotted in orange shifted up by 0.5 for legibility.

For the fitting, we utilized the Extended MILES library (E-MILES) based on BaST| isochrones
(Pietrinferni et al. 2004a). The E-MILES stellar library has moderately high resolution in the
range of 1680-50000 A covering a relatively large range of ages (53 values, from 30 Myr to
14 Gyr) and metallicities (12 [M/H] values from -2.27 to +0.4 dex). The spectral resolution
of E-MILES is constant with an FWHM ~ 2.51 A (Vazdekis et al. 2010, 2016). In the sub-
section 3.2.1, we discuss the effect of employing different stellar libraries with different spectral
resolutions on our kinematic measurements.

The E-MILES library was fitted to each bin's averaged spectrum through the penalized pixel-
fitting algorithm (pPXF) introduced by Cappellari and Emsellem (2004) and Cappellari (2017).
From an observed spectrum, pPXF derives the line-of-sight velocity and velocity dispersion,
parameterized via Gauss-Hermite moments and using an approach of maximum penalized like-
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lihood. In this study, the continuum slope was determined using additive Legendre polynomials
available in pPXF with a degree of 6. As an example, in Fig. 3.2.1 we show the spectrum of
a central bin in VCC0990. The plotted spectrum was chosen to show the quality of the data
reduction, performed fits and the degree of telluric lines contamination in the central regions of
each dE in our data set.

We obtained error estimates on the kinematics (i.e., stellar rotation velocity and velocity
dispersion) derived from each bin’s averaged spectrum by using Monte-Carlo simulations. We ran
a loop of 50 realizations for each spectrum. We created a simulated spectrum from the original
one in each loop by adding the fit residuals, randomly reshuffled among different wavelengths, to
the original flux. The final reported error of each bin is the standard deviation of the velocities
obtained from the 50 realization loops.

3.2.1 The effect of instrumental resolution

In order to measure the kinematics of a galaxy (particularly the velocity dispersion) by fitting a
stellar library, the data and the template library should have the same velocity scale. The latter is
possible through the convolution of the library to the instrument’s spectral resolution. To do so,
the chosen library needs to have a higher resolution than the observed data. However, the MUSE
spectral resolution is not constant with wavelength (Fig. 2.2.3), being lower in the blue part of
the spectrum (4750 to 5500 A ) and higher in the red part (8400 to 9600 A) (Krajnovi¢ et al.
2015; Guérou et al. 2015; Mentz et al. 2016; Vaughan et al. 2018; Emsellem et al. 2019). The
instrument resolution in the red part of the spectra is even higher than the spectral resolution
of the E-MILES library. This makes the measurement of the velocity dispersion in low-surface-
brightness galaxies, such as dEs, challenging as the velocity dispersion of the targeted dEs can
be lower than the instrument resolution. This issue has already been mentioned in different
studies of low-mass systems (e.g., see Emsellem et al. 2004; Ganda et al. 2006; Johnston et al.
2019; Emsellem et al. 2019).

Following Emsellem et al. (2019), in order to test the robustness of our velocity dispersion
measurements and their dependence on the library resolution, we repeated the fitting procedure
by using the calcium Il triplet (CaT) library (Cenarro et al. 2001), which covers the wavelength
range of the Ca triplet lines (8350-9020 A) at higher spectral resolution than the E-MILES library
(FWHM ~ 1.5 A). The CaT library contains 706 stellar spectra covering the [Fe/H] range from
—3.45 to 0.6 dex. Due to the small spectral coverage of this new library, we performed the
pPXF fitting between 8400 and 9000 A. Adopting an instrument FWHM of 2.51 A, we present
the results of this test in Fig. 3.2.2 for three dEs. In all panels, the distribution of the velocity
dispersion measured using the E-MILES library is traced in blue, while the distribution of velocity
dispersion derived with the CaT library is plotted in orange. Derived values are from binned
spectra of each galaxy. The mean value of each distribution is shown with a thick dashed line
while the dotted lines of the same color trace the + 1 standard deviation of the distribution.

As shown in Fig. 3.2.2, and consistent with the results of Emsellem et al. (2019) (albeit for
different sets of stellar libraries), fitting using both the E-MILES and CaT libraries retrieves a
similar range of values for the velocity dispersion in three dEs of our sample. This means that
the velocity dispersion of the stellar component obtained in this study from the full spectrum
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Figure 3.2.2: The distribution of velocity dispersion measured through 1) the full spectrum fitting using
the E-MILES library (in blue) and 2) the Ca triplet lines using the CaT library (in orange) for three dEs in
our sample. The mean value of each distribution is shown with a thick dashed line, while the thin dotted
lines represent the standard deviation of the mean of the distribution.

fitting is reliable and is not particularly affected by the instrument or library resolution. This
is true for six dEs in our sample. The remaining three dEs have lower SNR due to shorter
exposure time (VCC1833) or extended size (VCC 1836 and 0794) that cannot be fully mapped
using MUSE. For these reasons, the sky background was not properly modeled and subtracted,
thus hampering the quality of the fits in the CaT region (for the effect of sky residuals also
check Johnston et al. 2019). We believe this inadequate background subtraction can cause
an offset between two sets of measurements (i.e., blue and orange distributions), whose mean
values are nevertheless within 1o. As an additional test, we used the varying resolution that
mimics the MUSE instrument resolution, introduced by Guérou et al. (2015) and Bacon et al.
(2017). Results of this test showed no particular difference in comparison to those obtained by
using a fixed resolution of FWHM = 2.51 A (Bacon et al. 2010).

3.3 Results

For each dE, the maximum rotation velocity and velocity dispersion at 0.5 R, are reported in
Table 3.3.1. Except for VCC0170, maps of stellar velocity and the velocity dispersion of our
sampled dEs, along the line of sight, are shown in Fig. 3.3.1 and 3.3.2. The error maps of the
stellar velocity and velocity dispersion are presented in Section 8.1 of Chapter 8. The left panels
show the stacked MUSE data cubes obtained by averaging the flux across the full delivered
spectral range. From each dE's MUSE stacked image, isophotes (over-plotted in solid black
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Figure 3.3.1: Stacked MUSE images and stellar kinematic maps of our sample of dEs. In the left-hand
panels, the stacked MUSE image of each galaxy is shown with black isophotes over-plotted. From the inside
out, the isophotes indicate regions with a surface brightness of 20.59, 21.00, 21.85, and 22.52 mag/arcsec?
(ABmag). In the middle panels, the line-of-sight velocity map of the stellar component of each dE is plotted.
The kinematic position angle (PAkin) and photometric position angle of the major axis (PApnot) are traced
with dashed and solid lines, respectively. In the right panels, the associated velocity dispersion map is shown.
For a better comparison, the isophotes are drawn in all the panels.
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Table 3.3.1: Kinematic parameters of the main sample

Object Viad  Vimax 00.5Re PAy, P Ayin v A0.5Re ARe
[kms™!] [kms™!] [kms~!] [deg] [deg] [deg]
VCC 0170 1403.4 11.0 £ 15.0 24.5 +£20 175.41 + 0.51 155.2 + 15.5 20.2 + 15.5 0.39 0.45*
VCC 0407 1881.5 30.6 +9.0 30.9 + 18.0 89.56 +1.94 111.1 £3.1 204 +3.6 0.40 0.67
VCC 0608 1807.7 7.8+ 14.0 21.6 +19.0 137.1 £ 1.77 180.0 + 124 42.9 + 12,5 0.21 0.38
VCC 0794 1669.0 10.2 +6.0 30.3 +£20.0 161.7 £0.42 167.6 £3.1 59 +3.1 0.27 0.48*
VCC 0990 1715.1 105+ 4.0 31.5+6.0 134.54+0.24 133.8 +4.6 0.5 +4.6 0.24 0.27
VCC 1833 17114 49 +2.0 326 +4.0 1728 +£0.38 189.6 +5.0 16.7 £5.0 0.11 0.15
VCC 1836 1985.2 369+ 7.0 34.6 +£17.0 1697 +£0.18 248 +3.1 7.8+ 3.1 0.53 0.55*
VCC 1896 1872.5 93+ 7.0 23.0+ 170 275 +0.58 110.2 4+ 3.1 82.7+3.1 0.23 0.22
VCC 2019 1822.1 173 +6.0 30.9 +£15.0 153.2 £0.96 160.6 £9.3 7.24+03 0.30 0.73
The columns contain the name of the targets, the mean systemic line-of-sight velocity
within 0.1 Re, maximum velocity (Viax), and velocity dispersion (o) at 0.5 Re, the
position angle of the photometric major axis (PApp) from Alam et al. (2015), the
kinematic position angle (P Ay, ), the kinematic misalignment angle (V), the specific
angular momentum at 0.5 Re (Ags5re) and at 1 Re (A1ge). Please note that values marked
with a star are measured through extrapolation of the Ar profile.

lines on the image and maps) were measured by using the Ellipse method (Jedrzejewski 1987).
The middle panels present the stellar velocity map of each dE, corrected for the galaxy's systemic
radial velocity. The latter was measured by averaging the line-of-sight velocity of binned data
within 0.1 R, of a galaxy (to avoid offsets due to rotation of the galaxy in the outer regions).
This radial velocity is reported in Table 3.3.1 and is in agreement with what was measured in
SDSS DR15 (Aguado et al. 2019). We find that the stellar component in our sample of dEs
rotates with Vinax ranging from ~ 5 kms~! in VCC 1833 to ~ 37 kms~! in VCC1836. Lisker
et al. (2006b) reported the likely presence of an inclined disk within VCC 0990 and VCC 0407.
These objects show a relatively higher rotation with V' > 30 kms™!, consistent with the value
obtained with long-slit spectroscopy by Toloba et al. (2015).

The velocity dispersion map of each dE is shown in the right column of Fig. 3.3.1 and 3.3.2.
As shown in the maps, the velocity dispersion profile of our sample of dEs has a shallow gradient
with 20 < ¢ < 35 kms~! within the field of view. A velocity dispersion gradient, although not
statistically significant, is observed in VCC 1836, rising from 27.5 4+ 3 kms~! in the central
regions to more than 40.0 & 18.0 kms™! in the outskirts of the galaxy.

The stellar kinematics of VCC0170 was measured following the same steps as for the other
dEs in our sample after masking the gas emission lines in its central region (Section 3.3.1). The
velocity map of VCC 0170 indicates rotation at Vi ax ~ 18 kms~! in the outskirts of the galaxy.
Like other members of our sample, VCC0170 has a flat velocity dispersion as a function of
radius. The stacked image from the MUSE cube, the velocity map, and the velocity dispersion
map of VCC0170 are presented in the lower panels of Fig. 3.3.3.

To better visualize possible kinematic misalignment, the position angle of the major photo-
metric axis (PApnot) is overplotted with a solid black line on the velocity map of each galaxy.
For each dE, this parameter was retrieved from reported values in the g, r, and i bands from
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Figure 3.3.3: VCCO0170 and its central gas component. Top panels: On the left side, the MUSE stacked
image is presented where the central region is marked with a red box, 8 x 8 arcsec? in size. In the right
panel, a zoomed-in image of this particular region is provided, where the irregular shape of the core can
easily be recognized. Bottom panels: The kinematic maps of the stellar component in VCC0170. The left
panel shows the MUSE stacked image while the rotation velocity and the velocity dispersion of the stellar
component are plotted in the middle and right panels, respectively. Isophotes, kinematic and photometric
position angles are also over-plotted as in Fig. 3.3.1

SDSS DR15 (Alam et al. 2015). In this study, the (P Apnot)s were obtained by using the Ellipse
method. For each galaxy, we averaged the available PA values and computed the corresponding
standard deviation. They are listed in Table 3.3.1. On the same maps, the kinematic position an-
gle (P Ayin) of each galaxy is shown with a black dashed line. We measured the P Ay, following
the method of Krajnovi¢ et al. (2006) and using the kinematic maps of each dE (also reported
in Table 3.3.1). To better quantify possible offsets, we computed the kinematic misalignment
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Figure 3.3.4: The observed nebular spectrum of the central region in VCC0170, corrected for the underlying
galaxy emission. From left to right, the first panel shows: HS, [OIII]A 4958, and [OIII]A 5007; the second
panel: [NII]X 6548, Hey, [NII]A 6583, and the third shows: [SII]A 6717 and [SII]A 6731.

angle ¥ as defined by Franx et al. (1991):

sinW =| sin(PAphot — P Akin) | (3.1)

The resulting values are listed in Table 3.3.1.

VCC1896 has the highest misalignment between its photometric and kinematic position
angles (U = 82.7 4 3.1) and shows prolate-like rotation, with Viyax &~ 9.3 kms™! and o ~
23.0 kms™!. This is consistent with measurements of Penny et al. (2015). VCC0608 is another
member of our sample that shows high kinematic misalignment (U = 42.8 + 12.5). Lisker
et al. (2006b) reported a possible disk substructure within this galaxy. VCC0608 also exhibits
an overall boxy shape in its MUSE constructed image. We will discuss these two cases in more
detail in Section 3.4.2.

Several studies of the Virgo cluster report the existence of so-called kinematically decoupled
cores (KDC) in early-type dwarf galaxies (e.g., see Geha et al. 2003; Koleva et al. 2011; Rys
et al. 2013; Toloba et al. 2014; Guérou et al. 2015). Observations of Toloba et al. (2014) show
that about six percent of dEs in the Virgo cluster host a KDC. However, we do not detect
any of these features in our sample of nine Virgo dEs. Although our sample is not statistically
significant, thus not representative, the zero detection in this study is consistent with the results
of Toloba et al. (2014).
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Table 3.3.2: List of optical emission lines and their observed fluxes in VCC0170

Emission Line Observed Flux
x107 1 (ergstem2)

H, 4.76
Hg 1.64
[OIII] A 4959 0.20
[OIII] A 5007 0.66
[NII] A 6548 0.35
[NII] X\ 6583 1.04
[SIT] A 6717 1.12
[SII] A 6731 0.80

Columns are: Name of nebular emission line, observed flux.
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Figure 3.3.5: The gas velocity map from the Ha emission line observed in the central part of VCCO0170.
This region is marked in the top right panel of Fig. 3.3.3. The gas velocity here is relative to the stellar
velocity.

3.3.1 Gas emission lines in VCC 0170

Except for VCC0170 and VCC1836, our sample of dEs lacks nebular emission lines. In the case
of VCC1836, the observed emission lines are produced by a background galaxy at redshift z =
0.552 (see Chapter 6 for a complete analysis).

The detection of nebular emission lines in the central part of VCC0170 is consistent with its
blue color, which is likely due to young massive stars. While this galaxy was initially classified
as a late-type galaxy by Gavazzi et al. (2005), it was recognized as a dE member of Virgo by
Lisker et al. (2006b), who also pointed out an irregularly-shaped distribution of the blue color in
the central part of VCC0170. HI emission also is observed within the central part of this galaxy,
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indicating a ]\]‘2“ ratio of less than one percent (Gavazzi et al. 2005; Lisker et al. 2006b,a).

Here My, denotes the baryonic mass.

As shown in the top right panel of Fig. 3.3.3, the irregular shape of VCCO0170’s core is also
visible in the MUSE stacked image. This is the region marked with a red box in the top left panel
of Fig. 3.3.3, which covers an area of 8x8 arcsec? (0.40 kpc? at an assumed distance of 16.5
Mpc). We summed all the MUSE spaxels within this marked region, modeled the spectrum of
the underlying stellar population with pPXF, and finally subtracted this model to obtain nebular
optical emission lines of H3, [Olll] A 4959, [Olll] A 5007, [NII]A 6548, Ha, [NII]A 6583, [SI] A
6717, and [SIl] A 6731. These emission lines are shown in Fig. 3.3.4. We corrected the H3 and
Ha fluxes for Galactic foreground extinction using A, = 0.089 mag from Schlafly and Finkbeiner
(2011). We also used the following Balmer decrement to correct the nebular emission lines for
intrinsic reddening;:

E(B V) = log(f(Ha)/(Hs) x 2.85)) x (0.A(kq — k1))~ (3.2)

where f(H,) and f(Hg) are the observed H, and Hg fluxes while x, and x}, are defined
based on equations (3a) and (3b) of Cardelli et al. (1989). We derived E(B-V) = 0.018 mag.
In both cases, corrections were carried out using the extinction law of Cardelli et al. (1989). We
obtained an Ha luminosity of 1.75 x 103® W. The observed fluxes of the identified emission
lines are listed in Table 3.3.2.

To understand the nature of these detected emission lines, we took advantage of the " Bald-
win, Phillips, and Terlevich” (BPT) diagram (Baldwin et al. 1981). The BPT diagram is a
diagnostic tool that, based on the ratio of optical emission lines, can distinguish different pos-
sible sources of ionization in a given galaxy (i.e., star formation, AGN, or LINERs). Based on
the location of VCC0170's central region on the BPT diagram (Fig. 3.3.6), we confirm that the
presence of nebular emission lines from this irregularly shaped region is due to star formation.
Furthermore, we have measured the kinematics of detected gas inside the marked region in Fig.
3.3.3 by fitting a Gaussian function to the Ha line for each spaxel with SNR > 3. We chose this
particular emission line since it has a higher SNR in comparison to other available lines (see Fig.
3.3.4). The resulting gas velocity map is shown in Fig. 3.3.5. We see that the gas component
has a systematic offset in velocity (=~ 40 + 8.0 kms™!) with respect to the underlying stellar
component.

3.3.2 Specific Angular Momentum

To parameterize the rotation in our sample of dEs and in order to compare it with other dEs
in the Virgo cluster and the CALIFA field galaxies, we derived the specific angular momentum
(Ar) profile of each dE, following Emsellem et al. (2007) and as described in Equation 1.1 of
Chapter 1. The photometric center is measured from each dE's MUSE stacked image using the
Multi-Gaussian Expansion (MGE) fitting algorithm introduced by Emsellem et al. (1994) and
adapted by Cappellari (2002).

The resulting Ag profiles are shown in the left panel of Fig. 3.3.7 with different shades of
blue and red. For a better comparison, the range of Ar profiles of Virgo dEs in the R14 sample
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Figure 3.3.6: The BPT diagnostic diagram for VCC0170. The empirical division of Kauffmann et al.
(2003) and the theoretical division of Kewley et al. (2001) between AGN (right side of the diagram) and
star-forming (left side of diagram) galaxies are plotted with solid dark blue and purple lines, respectively.
The Seyfert-LINER division of Kewley et al. (2006) is also marked with a light blue line.

is also shown by a red-shaded region on the same panel. Similarly, the range of Ar profiles of
the CALIFA field galaxies is shown by a blue-shaded region. Their Ag profiles were measured
by Falcén-Barroso et al. (2019).

In the left panel of Fig. 3.3.7, five dEs in our sample, namely VCC0170, VCC0407, VCC0794,
VCC1836, and VCC2019, show \g profiles similar to those of the CALIFA field galaxies. We
trace their Ar profiles with different shades of blue. The remaining four dEs in our sample,
namely VCC0608, VCC0990, VCC1833, and VCC1896, exhibit A profiles comparable with the
R14 sample (the red region); hence they are traced with different shades of red.

Although the dEs investigated in this study have quite similar stellar masses, the large spread
in the values and slopes of their Ai profiles are noticeable. VCC0170, VCC0407, and VCC2019
are characterized by steeper profiles that rise from Ap = 0.06 at the center to Agp = 0.6 at
about 1 R.. The Ag profile of VCC1836 shows a truncation at about 0.40 R.. This galaxy is
the most extended member of our sample, and the MUSE field of view is too small for sampling
up to 1 R. . The same explanation applies to the Ai profiles of VCC0170 and VCCO0794, which
only reach 0.60 R, and 0.50 R,, respectively.

In the right panel of Fig. 3.3.7, we plot the Ag.-¢ diagram (Ag. vs. ellipticity) for the
same set of galaxies as shown in the left panel. Here Ap. is the value of the specific angular
momentum at one effective radius. The ellipticity of our sampled dEs is taken from Table 2.1.1.
Ellipticity of Virgo dEs and the CALIFA field galaxies are taken from Ry$ et al. (2014) and
Falcén-Barroso et al. (2019), respectively. In this diagram, our dEs are denoted with squares
and color-coded as in the same figure's left panel. dEs in the R14 sample and the CALIFA field
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Figure 3.3.7: Left panel: The specific angular momentum profiles. The red-shaded area shows the
minimum-to-maximum range of the Ar profiles of Virgo dEs in the R14 sample. The blue-shaded re-
gion represents the minimum-to-maximum range of the Ar profiles of the CALIFA field galaxies. dEs in
our sample with low Agr profiles similar to the R14 sample are traced with lines of different shades of red.
Profiles of those dEs overlapping with the CALIFA galaxies are traced with lines of different shades of blue.
Right panel: Age -€ diagram distribution for our sample of dEs (color-coded squares), dEs in the R14 sample
(red circles) and ten CALIFA field galaxies from Falcén-Barroso et al. (2019) (blue circles). The dashed
black line corresponds to the separating threshold between slow- and fast-rotators (0.31 X 4/€) introduced
by Emsellem et al. (2011).

galaxies are denoted with pink and blue circles, respectively. As mentioned earlier, three dEs in
our sample are too extended for the MUSE field of view to be mapped up to 1 R.. For these
three galaxies, the Ag. value at 1 R, is measured through extrapolation of their Ag profiles. The
obtained values of Ap at 1 R, and 0.5 R, are reported in Table 3.3.1. The black dashed line in
Fig. 3.3.7 corresponds to (0.31 x /€), which is the threshold separating slow from fast-rotating
galaxies, according to Emsellem et al. (2011). The Age-¢ diagram indicates that, at a fixed
stellar mass, on average, the CALIFA field galaxies show higher values of Ag and ellipticity in
comparison to dEs in Virgo. The low Ar dEs in our sample are mostly distributed close to the
boundary separating the fast- from the slow-rotating galaxies. As mentioned in Section 2.1.2,
our sample of dEs is located in the outskirts of the Virgo cluster, and according to the right
panel of Fig. 3.3.7, they are fast-rotating systems. This is consistent with the results of Boselli
et al. (2014) who showed that fast-rotating galaxies are mostly observed in the outskirts of
Virgo.
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Figure 3.4.1: Projected phase-space distribution of our sample of dEs and those of R14 and T15. The
different labelled zones of the diagram, taken from Pasquali et al. (2019) and Smith et al. (2019), represent
different average infall times onto the host halo (shown here for the Virgo cluster).

3.4 Discussion

3.4.1 Rotation in dEs

The resulting kinematic maps of our sample show different degrees of rotation (Fig. 3.3.1
and 3.3.2). This result is consistent with other investigations of Virgo dEs available in the
literature. Toloba et al. (2011, hereafter T11) investigated a sample of 21 dEs in Virgo with
—15 > M, > —18 mag and reported a similar range of rotational velocities, from 0 to 50 kms~!.
The velocity dispersion of the T11 sample also varies between 30 to 50 kms~!. Meanwhile, by
focusing on a smaller sample of Virgo dEs with a similar range of M,., R14 investigated 12 dEs
and showed that their rotational velocity varies from 0 to 40 kms~!. The velocity dispersion
maps of dEs in that study also show a flat radial gradient, with values ranging from 40 to 60
kms~!. DEs investigated in this study show similar degrees of rotation as in the results of T11

and R14 but are skewed toward higher values, especially at higher galactocentric distances.

To better estimate the environment's role in the transformation of the dEs’ kinematics,
one needs to consider their infall time (i.e., how long ago a dE crossed the virial radius of
its present-day host halo). That is mainly because environmentally induced mechanisms such
as tidal interactions and ram pressure stripping occur over different but not short time scales
(Boselli and Gavazzi 2006; Tinker and Wetzel 2010; Bialas et al. 2015). According to Boselli
and Gavazzi (2006), ram pressure stripping occurs with a typical timescale of less than 1 Gyr,
and tidal interactions happen on a timescale of ~ 2 Gyr, which corresponds to the crossing time
of the Virgo cluster. Average values of infall time can be derived using a galaxy’'s position in
the projected phase-space diagram of their host halo (Rhee et al. 2017; Pasquali et al. 2019;
Smith et al. 2019). Based on their position in the observer’s phase-space (Fig. 3.4.1), we know
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that our dEs are in their initial phase of accretion to the Virgo cluster, i.e., they were accreted
onto Virgo around 2-3 Gyr ago (Vijayaraghavan et al. 2015; Lisker et al. 2018). On the other
hand, the position of the R14 and T15 samples in the observer's phase-space diagram reveals
that around 60 percent of them had an earlier average infall time compared to our sample of
dEs. This difference in the accretion time may explain our dEs' overall higher rotational velocity
compared to the population investigated by R14 and T15. We notice here that, when inferring
the average infall times from the projected phase-space diagram of galaxy clusters, Pasquali
et al. (2019) consider accretion to the whole cluster and not infall onto its dominant structures
or substructures. The latter case would possibly deliver more accurate infall times in the Virgo
cluster, which is noticeably structured. Thus, the comparison of infall time of the different Virgo
dE samples considered here should be taken with some caution.

Furthermore, results of Falcén-Barroso et al. (2017) for the CALIFA field galaxies show
higher values of rotational velocity (from 20 to 100 kms™!) and velocity dispersion (from 20 to
90 kms~!). Our sample of dEs shows lower degrees of rotation in comparison to the CALIFA
field galaxies. As already discussed in Chapter 1, such differences between the kinematics of
low-mass field galaxies and Virgo dEs can be expected due to the cluster’s role in transforming
its accreted members. Besides, before their infall to Virgo, our sample of dEs belonged to a
rather massive galaxy group, which models predict to have been as massive as 10'3 M, (Lisker
et al. 2018). Therefore, the relatively lower degrees of rotation observed in our sample dEs,
compared to the CALIFA field galaxies, may be understood in light of pre-processing in their
parent group. This will be discussed in more detail in Section 3.4.3.

3.4.2 Stellar rotation in VCC0608 and VCC1896

Among the dEs investigated in this study, VCC0608 and VCC1896 present a relatively high offset
between their photometric and kinematic position angles. These two dEs can not be classified
as regular rotators. In this subsection, we will discuss different possible explanations for the
presence of such an irregular kinematic structure.

VCC1896 with ¥ = 82.7° £ 3.1° has the highest offset between its photometric and kine-
matic axis. Taken at face value, VCC1896 would look like a dE with minor axis rotation. Lisker
et al. (2006b, 2009) reported the existence of two rather faint spiral arms for VCC1896 and a
bar aligned with the outer photometric minor axis of this galaxy (see also Michea et al. 2021).
Mastropietro et al. (2005) showed that, due to tidal interactions, asymmetric features and open
spiral arms could be formed in those dEs that are located in the outskirts of the cluster. In
addition to that, and as shown by Kwak et al. (2019), the cluster tidal field can trigger the
formation of weak spiral arms in disk dEs. N-body simulations of Smith et al. (2021) showed
that pericenter passages very close to the core of the cluster could induce similar substructures
in cluster dEs. These results might explain the existence of the faint spiral arms in VCC1896.
Due to their low surface brightness, the faint spiral arms of VCC1896 are not detected in our
MUSE data cube; therefore, they are not present in the kinematic maps of this dE. We only
detected the bright bar of this dE in its MUSE cube. While the presence of the bar explains
the high offset between kinematic and photometric PA, it may also be a morphological feature
relevant to the evolution of VCC1896.
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The bar in the central region of VCC1896 can either be a pristine structure that formed and
developed through standard processes or a tidal feature that formed as a result of interactions
with the environment (e.g., see Mastropietro et al. 2005). Tidal interactions are known as one
of the most dominant mechanisms that can induce instabilities in the stellar disk of galaxies
and form bars, particularly in central regions of galaxy clusters and groups (tokas et al. 2016).
Moreover, Kwak et al. (2019) showed that tidal effects due to galaxy-galaxy interactions, which
are more dominant in the central parts of a cluster, can be efficient in causing instabilities to bar
formation in dwarf galaxies in a Virgo-like halo. As for Virgo, observations of Janz et al. (2012)
also confirm that dEs with bars are mostly observed in the central parts of the cluster. Also,
simulations have shown that bar instabilities can be triggered in Local Group dwarf galaxies after
their first pericenter passage (Gajda et al. 2016). However, based on Pasquali et al. (2019), the
probability of having already experienced a first pericenter passage for galaxies with a similar
average infall time as VCC1896 is not exceptionally high. Thus, the presence of a bar structure
in VCC1896 may be interpreted in the light of pre-processing in its parent group and less likely
in Virgo.
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Figure 3.4.2: The Agc-¢ diagram color coded based on the average infall time of each galaxy. The CALIFA
field galaxies are denoted with black triangles. Our sample of dEs with high and low values of Agr. are
traced with squares and crosses, respectively. The R14 sample dEs are marked with circles. The T15 sample
dEs are marked with stars. The median ellipticity and Age of each group of galaxies are also denoted with
their corresponding symbol, but bigger, and error bars. The dashed black line corresponds to the separating
threshold between slow- and fast-rotators (0.31 X 1/€) introduced by Emsellem et al. (2011).

VCC0608 with & = 42.9° £+ 12.5° is the second dE in our sample, showing significant
misalignment between its kinematic and photometric minor axis. The observed kinematic mis-
alignment can trace past or ongoing tidal interactions with the massive halo of Messier 100
(sitting at the projected distance of ~ 28.7 kpc to VCC0608 and an assumed Virgo distance
of 16.5 Mpc). VCC0608 is a boxy-shaped galaxy as its isophotes on the MUSE stacked image
show Ag/a =~ -0.02 4+ 0.003 at 1 R,. In this regard, VCC0608 shares similarities with LEDA
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074886 (Graham et al. 2012), which is also a boxy-shaped dwarf galaxy with M ~ 10° M, in
the halo of NGC 1407. Following the same argument as in Graham et al. (2012), the boxy
shape of VCC0608 and its high kinematic misalignment angle may indicate that this galaxy is
the remnant of a past nearly edge-on merger of two disk dwarf galaxies (see, e.g., Naab and
Trujillo 2006). In this case, the inner disk of the galaxy is believed to have formed from gas-
driven inward during the merger event (Graham et al. 2012). In that case, a younger stellar
population is expected to be observed in the central region of VCC0608. We will comment on
this in Chapter 4.

3.4.3 Group vs. cluster environment

Based on the kinematic analysis performed in this study, we found that the specific angular
momentum (Ag) profile of our sample of dEs is intermediate between that of dEs in Virgo and
CALIFA low-mass galaxies in the field.

The angular momentum is often described as an essential metric for understanding the
evolution of low-mass galaxies. This parameter may reflect conditions of low-mass galaxies’
early environments, where these objects formed or spent most of their lives (see, e.g., Shi
et al. 2015). The angular momentum is typically parametrized in terms of the projected stellar
specific angular momentum along the line of sight (Ag). This parameter is weighted according
to the luminosity; thus, it is considered to be a relevant proxy for real stellar specific angular
momentum of a galaxy (Emsellem et al. 2007; Jesseit et al. 2009; Emsellem et al. 2011). Studies
have revealed that, through the lifetime of a galaxy, mechanisms such as gas accretion and star
formation can effectively increase the angular momentum of the entire structure. For instance,
Zoldan et al. (2019) showed that at a fixed stellar mass, gas-rich systems tend to have higher
degrees of rotation. Meanwhile, other studies show that mergers and tidal heating of the disk
can decrease the net rotation of a galaxy, thus, its angular momentum (for example, see van
den Bosch et al. 2001; Brook et al. 2011; Naab et al. 2014; Penoyre et al. 2017; Greene et al.
2018). Tidal interactions frequently occur in galaxy groups or central parts of a galaxy cluster,
mostly due to interactions with the halo’s tidal field and encounter with other cluster members.
Tidal interactions are known to be one of the effects responsible for the evolution of A as well
as for the morphological transformation of galaxies in clusters and groups (e.g., Lisker et al.
2006b; Boselli and Gavazzi 2006; Lisker et al. 2007; Michielsen et al. 2008; Toloba et al. 2009;
Lisker et al. 2009; Kormendy et al. 2009; Geha et al. 2010; Toloba et al. 2011; Janz et al. 2012;
Toloba et al. 2012; Rys et al. 2014). On the other hand, ram pressure stripping is expected to
have a marginal effect on altering the Ar profile of a galaxy (Yozin and Bekki 2016). Following
the scenario suggested by R14, cluster low-mass galaxies with earlier infall times (i.e., with
more pericenter passages) are expected to experience a more significant tidally-driven change of
Agr. Accordingly, newly accreted low-mass galaxies are expected to exhibit internal kinematics
intermediate between low-mass field galaxies and " more ancient infallers” in the cluster. Such
expected intermediate kinematics is shown in the left panel of Fig. 3.3.7. In this plot, our
sampled dEs, with an average infall time of 2-3 Gyr to Virgo, distribute between the CALIFA
low-mass galaxies in the field and the Virgo dEs in the R14 sample. The latter sample has been
exposed to environmental effects for a longer time (~ 1-2 Gyr more), according to the lower
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panel of Fig. 3.4.1.

Along with Ag, the ellipticity of a satellite galaxy is also expected to decrease with infall
time on the ground of tidally-driven effects that can thicken the stellar disk of a system. For
instance, D'Eugenio et al. (2015) show that in a rich cluster, the fraction of spheroidal early-
type galaxies increases toward lower clustercentric distances (but see: Weijmans et al. (2014)).
In Fig. 3.4.2 we represented the same Apr.-€ diagram of Fig. 3.3.7 where different groups of
galaxies are now color-coded according to their average infall time, as read from the bottom
panel of Fig. 3.4.1. DEs with high and low values of Ag. in our sample are marked with squares
and crosses, respectively. Circles denote the R14 dE sample, and, additionally, the T15 sample
is indicated with stars. In Fig. 3.4.2, the CALIFA field galaxies (denoted with triangles) with an
assigned average infall time of zero Gyr exhibit, on average, higher ellipticity than Virgo dEs.
The average ellipticity and A of each group are indicated by their corresponding symbols, but
more oversized, and error bars. A spread, similar to that of the Ay profiles, is also visible in
the ellipticity of the nine dEs investigated in this study. The ellipticity of the low-Ar dEs in
our sample is comparable to those dEs in the T15 sample of similar infall times. The ellipticity
of low-Agr dEs in our sample is also comparable to those dEs in the R14 sample that have, on
average, earlier infall times.

Accretion onto Virgo along the line of sight
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Figure 3.4.3: A schematic presentation of three proposed accretion scenarios. The red and blue symbols
represent dEs with low and high Ar profiles, respectively. The dashed line represents the virial radius of
dE’s parent galaxy group. The length of arrows in the scenario I indicate the possibility of dEs’ different
accretion times onto their parent galaxy group. A brief explanation of each scenario is provided in the plot.

Given their similar stellar masses and comparatively short infall time to Virgo, the spread
in the Ag profile of our sample of dEs is rather large (Fig. 3.3.7). One possible explanation
is that the Virgo environment has had an only marginal impact on the evolution of the Ap
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profiles of our sample of dEs (if any) on the ground that their recent infall time decreases
their probability of having already experienced a pericenter passage. In this regard, Pasquali
et al. (2019) showed that near 40 percent of satellite galaxies with an average infall time of
3.6 Gyr have not experienced their first pericenter passage yet. Environmental processes during
pericenter passages are more efficient in altering Agr rather than at higher clustercentric distances
(Villalobos et al. 2012).

According to the scenario proposed by Lisker et al. (2018), prior to their infall to Virgo, our
sample of dEs were probably members of a rather massive galaxy group (10'3 M) where the
probability of tidal interactions is high (Tal et al. 2009) due to lower velocity dispersion of the
halo (Boselli and Gavazzi 2006). Villalobos et al. (2012) have shown that in an equally massive
halo, the Ar profile of a galaxy progressively flattens and decreases in value as the galaxy
undergoes more and more pericenter passages. The latter is mainly by virtue of substantial
dynamical disturbances that often arise after several orbital periods (i.e., > 4 Gyr). In this
regard, the diversity in ellipticity and Ar profiles of our sample of dEs may be a reflection of
their different infall times onto the previous host halo. Hence, the four dEs with Ar profiles as
low as those of the Virgo dEs in the R14 sample (in red in Fig. 3.3.7) may have been accreted
earlier onto their previous host halo, and therefore evolved more strongly under their group's
environmental mechanisms. They include two galaxies with footprints of tidal interactions in
their kinematics (i.e., VCC1896 and VCCO0608 in Section 3.4.2). Contrarily, the remaining five
dEs with Ar profiles similar to those of the CALIFA field galaxies (blue profiles in Fig. 3.3.7)
may have experienced partial transformation mainly due to their comparatively lower number of
pericenter passages in this previous host halo, if any. In this picture, what we have measured for
our sample of dEs may be considered as the result of pre-processing in a different environment
than Virgo. A schematic presentation of this scenario is illustrated in Fig. 3.4.3 as Scenario I.

Stripping the gas content of galaxies is a known effect of high-density environments (i.e.,
massive galaxy groups and clusters) mainly due to ram pressure stripping (Boselli and Gavazzi
2006; Boselli et al. 2008). The efficiency of such mechanism depends directly on the density of
the inter-cluster medium, as well as on the speed and orbit of the accreted galaxy (e.g., Gunn
and Gott 1972; Vollmer et al. 2001; Steyrleithner et al. 2020). Ram pressure stripping can be
noticeably efficient for low-mass galaxies, mainly due to their shallow potential well. According
to Boselli et al. (2008), and Boselli et al. (2014), low-mass systems, if gas-rich, can become
quiescent systems on rather short timescales in the Virgo cluster. Thus, both the previous parent
group and the Virgo cluster could have been responsible for gas stripping in our sample of dEs
(for gas stripping in groups see Brown et al. 2017). Moreover, McPartland et al. (2016) and
Ebeling and Kalita (2019) show that the efficiency of ram pressure stripping is highest when the
velocity vectors of galaxies in a group being accreted onto a cluster are aligned with, thus add
up to the velocity vector of the infalling group itself.

Ram pressure can perturb and make the gas content of galaxies unstable (Kronberger et al.
2008; Steyrleithner et al. 2020). We observe these effects in VCC0170, whose gas component
exhibits a velocity offset from the galaxy's stellar body and nebular emission lines consistent
with recent/ongoing star formation (Roediger et al. 2014). This finding allows us to envisage
an alternative scenario (illustrated as Scenario Il in Fig. 3.4.3). In our sample, those dEs with
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higher values of Ar could have been low-mass, late-type, star-forming galaxies in the previous
host halo, which lost most of their gas reservoir after infall to Virgo, mostly via ram pressure
stripping (Toloba et al. 2009; Boselli et al. 2014). As already explained in the first scenario,
tidal interactions only develop during several orbital periods, comparable to the cluster dynamical
time-scale. Therefore, our dEs with high but comparable values of A and ellipticity to field
galaxies have experienced little dynamical transformation thus far in Virgo. In this picture, the
low-AR dEs in our sample could have been accreted to Virgo as early-type galaxies that likely lost
their gas content and were transformed dynamically in their previous environment. Moreover,
tidal disturbances (such as in VCC0608 and VCC1896) indicate tidal encounters that occurred
in the past, but possibly not in Virgo, due to their rather recent infall time. We then suggest
that the low-Ar dEs in our sample have likely been processed by their previous group in both
the first and second scenarios. This second scenario is more in line with what was suggested
by Toloba et al. (2009, 2011, 2015). Further analysis on age, metallicity, and star formation
history of this sample can provide us with a better understanding of their evolution before and
after accretion onto the Virgo cluster and thus evaluate this scenario.

Alternatively, the observed spread in the Ar profiles and ellipticity of our sample could be
consistent with a recently accreted population of field dEs, with intrinsically different degrees
of rotation and ellipticity (illustrated as Scenario Il in Fig. 3.4.3). Janz et al. (2017) studied
a sample of nine isolated quenched dEs in the Local Volume and reported diverse kinematics
for this sample. In this regard, the four low-Ar dEs in our sample could originally have been
primordial slow-rotating objects with rather flat A profiles even before entering a high-density
environment. The latter is consistent with the results of Wheeler et al. (2017), who show that in
the absence of external tidal fields, isolated dwarf galaxies can be formed as dispersion-dominated
systems. In this alternative interpretation, the dEs with higher values of Az can intrinsically be
different from their low-Ar counterparts in our sample, exhibiting kinematics due to relatively
minor or moderate processing thus far in the cluster. Geha et al. (2012) showed that the fraction
of field dEs in the same stellar mass range of our sample and with no active star formation is less
than 0.2 percent (corresponding to a total number of 4 galaxies). According to this study, we
cannot firmly rule out the possibility that the low-Agr dEs in our sample were also field members
accreted to Virgo. However, it would be a rare coincidence that these four field galaxies were
accreted on to Virgo with a similar velocity as the accreted group and at the same time. We
believe that constructing a more statistically rich sample of dEs in different environments (such
as field, groups, and galaxy clusters) and particularly outskirts of Virgo can provide us with a
complete picture of the role of the environment in altering kinematics and other properties of
low-mass galaxies.

3.4.4 Kinematic comparison with the Local Group dEs

Our dEs share a similar morphological type (but not the same stellar mass range) with three Local
Group satellites: NCG205, NGC147, and NGC185. These three systems are within close distance
to us; thus, their kinematics are derived using their resolved stars and not their integrated light
as for more distant objects.
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Geha et al. (2010), investigated NGC 147 and NGC185 up to ~8 Re and reported on well-
defined rotating stellar bodies in these two satellites. Based on their results, NGC 147 and
NGC185 are rotating systems along their major-axis with rotational velocities of 17 kms~! and
15 kms™!, respectively. Moreover, their studies indicate a descending velocity dispersion profile
with an average o = 16 and 24 kms™!, respectively. Their measurements introduced NGC185
and NGC 147 as two rotationally supported dEs. NGC205, on the other hand, shows a perturbed
stellar system beyond its 4.5 arcmin radius with a maximum rotational velocity of 11 kms™!
and velocity dispersion of 35 kms~! (Geha et al. 2006). Given its small line-of-sight distance
to M31 (~39 kpc McConnachie et al. 2005), NGC205 is believed to be tidally interrupted by
this giant galaxy (e.g., Geha et al. 2006). Photometric and kinematic results of this particular
dE are in line with the proposed hypothesis.

Focusing on the behavior of Local Group dEs within 1 Re (the spatial coverage provided
by our MUSE data), the rotational velocity of NGC147 and NGC185 drops to < 10 kms™1.
The velocity dispersion, on the other hand, rises to ~ 20 kms~! for both galaxies. Within the
same galactocentric distance, our sample dEs and the Virgo comparison sample show higher
degrees of rotational velocity and velocity dispersion than dEs in the Local Group. One possible
explanation behind this discrepancy may be the different stellar masses of the two compared
populations '. Local Group dEs are less massive than those investigated in this study. Low-
mass systems as massive as Local Group dEs are expected to have intrinsically lower rotational
velocities (Falcén-Barroso et al. 2019; Scott et al. 2020). In addition, these low-mass systems are
more susceptible to tidal interactions within groups and clusters, as already noted for NGC205,
which can slow them down more efficiently than in the case of more massive galaxies.

3.5 Conclusions

In this chapter, we presented the kinematics of dEs in our main sample. We measured the
line-of-sight velocity and velocity dispersion across the stellar body of each dE, using pPXF
on the full spectral range delivered by MUSE. Later on, we used these values to compute the
AR profiles of our sampled dEs to compare them with other similar measurements for different
environments available in the literature. The main results of our analysis can be summarized as
follows:

e The stellar component of our sample of dEs shows a rather similar range of rotational
velocities in comparison to other dEs in Virgo (from 5 to 40 kms™1). The velocity
dispersion of their stellar component varies between 20 to 35 kms™!.

e We investigated the kinematic misalignment angle of the dEs in our sample, and we re-
port two cases of misaligned kinematics, namely VCC1896 and VCCO0608. In the case
of VCC1896, we show that the observed offset between the kinematic and photometric
position angle is basically due to the presence of a bright bar that dominates the photo-
metric measurements. We also find a high kinematics misalignment for the boxy-shaped
VCC0608. Past or ongoing tidal interactions with the massive halo of M100 or a past major

'Local Group dEs have the stellar mass range of 7.78 < log(M, [Mg)]

) < 8.48 (McConnachie 2012)
whereas our sample dEs have the stellar mass range of 8.9 < log(M, [Mg]) < 9.

2 (see Chapter 8).



CHAPTER 3. INTERNAL KINEMATICS OF IN-FALLING DES 61

merger, considering similarities between this particular dE and the galaxy LEDA 074886,
may be possible causes of the observed high kinematic misalignment in this galaxy.

e VCCO0170 is the only dE in our sample that shows strong nebular emission lines in its very
central region due to star formation, presumably triggered by recent/ongoing gas stripping
in Virgo. Further analysis of this particular dE's star formation history and metallicity (to
be discussed in the next chapter) may shed light on the origin of the asymmetrical structure
in the center of VCC 0170.

e The Ap profile and ellipticity of the dEs investigated in this work show, on average,
intermediate values between the dEs studied by Rys et al. (2014), which were on average
accreted earlier onto Virgo, and CALIFA field galaxies of the same stellar mass (from
Falcén-Barroso et al. 2019).

e Given their infall time to Virgo and similar stellar masses, the spread in the Ar profile
of our nine dEs can be interpreted as follows: the low-Ar dEs were likely transformed in
and by their previous host group, before their infall onto Virgo, while the high-Ar dEs
were only partially transformed in their parent host. The latter sub-group of dEs may be
experiencing ram pressure stripping in Virgo.






“The moving finger writes, and having written moves
on. Nor all thy piety nor all thy wit, can cancel half a
line of it. “

—Omar Khayyam, Persian polymath, mathematician,
astronomer, philosopher, and poet.

Stellar populations of in-falling dEs

This chapter will be submitted for publication in MNRAS as Bidaran et al., " On the accretion of
a new group of galaxies onto Virgo: Il. Stellar populations unveiling the pre-processed nature”.

How would pre-processing of our sampled dEs affect properties of their stellar populations
(such as age, metallicity, and the level of the a-enhancement)? This chapter tries to address
this question by measuring their stellar population properties. To do so, we measured a set
of Lick spectral indices in the observed spectra and fitted them with those of synthetic stellar
populations through a four-step routine.

4.1 Introduction

DEs are generally dominated by metal-poor stellar populations (-1.30< [M/H] [dex] <0.00) and
cover a rather wide range of ages (3< Age [Gyr] <14). In rich galaxy clusters and at a larger
clustercentric distance, the number of red and quenched dEs decreases (Chilingarian et al. 2008;
Smith et al. 2009; Lisker et al. 2013). In the Coma cluster, Smith et al. (2009) have shown that
the population of young (~ 3 Gyr) dwarfs with solar-scaled abundance ratios increases toward the
cluster's outskirts. They also found that in the Coma’s center, dwarf galaxies are mostly old (~
10 Gyr) and Mg-enhanced. Similar behavior is also observed in Abell 496 by Chilingarian et al.
(2008). In the Virgo cluster, studies have traced solar [«v/Fe]-abundance ratios in most of the
observed dEs to date (Geha et al. 2003; van Zee et al. 2004), showcasing similar characteristics as
metal-rich stars of Milky Way (MW) and Large Magellanic Cloud (LMC) (Sybilska et al. 2017).
On spatially resolved scales, studies have revealed that dEs with disk substructures are mostly
dominated by younger and more metal-rich stellar populations (Paudel et al. 2010; Toloba et al.
2014). A limited number of studies also shed light on the presence of positive age gradients
and negative metallicity gradients in dEs (Chilingarian et al. 2008; Koleva et al. 2009, 2011,
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Sybilska et al. 2017). Gradients of stellar population properties of cluster dEs, and similarly some
of Local Group dEs (e.g., Ho et al. 2015), endorse centrally concentrated and prolonged star
formation in these systems (also check Paudel et al. 2010). While the spatial variation of stellar
population properties in massive galaxies have been investigated systematically by many studies,
few works have pushed their analysis beyond the Local Group dEs (except for Chilingarian et al.
2008; Koleva et al. 2009, 2011; Goddard et al. 2017; Sybilska et al. 2017).

Star formation activity and spatial distribution of stellar population parameters (such as age
and metallicity) in a given galaxy are mainly governed by its internal and external conditions
at both of the formation and evolution phases. Primordial galaxies are believed to be formed
through monolithic (dissipative) collapse (Larson 1974; Arimoto and Yoshii 1987) during which
the central stellar population grows more metal enhanced by retaining the gas that is enriched
by stellar evolution. In this classical picture, stellar orbits remain untouched, hence, positive
age and rather steep negative metallicity gradients are expected. This picture has been tested
by several authors, particularly with the focus on the central regions of massive early-/late-type
galaxies (e.g., La Barbera et al. 2011; Goddard et al. 2017; Martin-Navarro et al. 2018; Ferreras
et al. 2019; Zibetti et al. 2020). For instance, observations of Kobayashi and Arimoto (1999) and
result from Pipino et al. (2008)'s hydrodynamical simulations predict a metallicity gradient range
of -0.5 to -0.2 dex, per decade of radius, for ETGs, at any stellar mass. However, the observed
scatter in the slope of stellar population gradients, particularly toward more massive galaxies,
is noticeable (e.g., Pipino et al. 2008). Within the context of hierarchical formation scenarios
(e.g., Cole et al. 2000), galaxies can grow in size and mass through mergers. Such events are
extreme and can alter dynamics and star formation activity of merging pairs, depending on the
event's conditions (i.e., dry/wet or major/minor mergers). Thus, mergers can flatten/steepen
pre-existing age and metallicity gradients of galaxies (e.g., Bekki and Shioya 1999; Pipino et al.
2008). These two complementary scenarios act simultaneously and create noticeable scatter in
observed trends, hence, introduce challenges in interpreting the physics behind.

It is still a matter of debate whether stellar population gradients of dEs (and even more
massive galaxies), are set mainly by their stellar mass (" nature”) or environmental effects (" nur-
ture). Using long-slit spectroscopy, Koleva et al. (2011) (hereafter K11) investigated 40 galaxies
within the mass range of 107 to 10'? M, consisting of 14 dEs/dS0s plus lenticulars and ellipti-
cal galaxies in the Fornax and Virgo clusters. They have detected negative metallicity gradients
and moderately positive age gradients for Fornax dEs. Except for faint dEs, they could not
detect any meaningful correlation between age or metallicity gradients of galaxies and their ve-
locity dispersion, stellar mass, or luminosity. Based on these results, K11 concluded that stellar
population gradients of dwarf galaxies reflect those of their progenitors, and the environment
has minimum effect on altering these properties. The latter is consistent with results of Sybil-
ska et al. (2017) (hereafter S17), who investigated a sample of 20 Virgo dEs, using SAURON
IFU data together with 258 massive early-type galaxies from the ATLAS3D survey (Cappellari
et al. 2011). They also could not detect any meaningful correlation between stellar population
gradients and the velocity dispersion of early-types. By focusing on more massive and passive
galaxies (in the range of 10%° to 10'2 M), Santucci et al. (2020) show that satellite and cen-
tral galaxies, at any given stellar mass and despite their different host halo sizes, exhibit similar
stellar population gradients. They concluded that central and satellite galaxies form their inner
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stellar populations (<1Re) in a similar fashion. Also, for galaxies with comparable stellar masses,
Ferreras et al. (2019) found marginal differences between metallicity [M/H] gradients of field
and cluster galaxies.

Nonetheless, observed trends for low-mass galaxies (M, < 10'° M), thus far, may noticeably
be affected by the limited size of investigated samples as well as different, and not consistent,
measurement methods or data sets used for retrieving the stellar populations. DEs have shallow
potential wells, hence, they can be good tracers of environmental effects. On that account, our
knowledge of the role of the environment in shaping stellar population gradients of galaxies (if
any) can still be benefited from increasing the size of observed dEs and conducting investigations
with respect to dEs’ external (i.e., infall time, local environment) and internal (stellar mass,
velocity dispersion) conditions.

In this chapter, we will push our analysis further and investigate the spatial distribution
of stellar populations in our sampled dEs. Thanks to their recent accretion, our sampled dEs
may still have preserved the “memory” of their previous host halo which can be traced and
investigated through stellar population gradients. Through comparison with other cluster dEs,
we try to understand the possible role of pre-processing in shaping present-day stellar populations
of cluster dEs. By adding more massive early-types to this comparison, we also try to understand
how similarly/differently, compared to more massive galaxies, the stellar properties of dEs depend
on their global properties (i.e., stellar mass or velocity dispersion). Results of this investigation
can also be beneficial in understanding how dense environments, such as the Virgo cluster, alter
stellar population properties of their satellites during their early stages of infall.

This chapter is organized as follows: In Section 4.2 we introduce two additional dE samples
in the Fornax and Coma clusters that are used as comparison samples. In Section 4.3 we
describe our approach for retrieving stellar population parameters of our sampled dEs from their
MUSE cubes. In Section 4.4 we present the stellar population maps of our sampled dEs and
quantify variations by constructing stellar population gradients. We compare our results with
other cluster dEs and more massive ETGs in this section. We discuss our results in Section 4.5
and the conclusions of this study follow in Section 4.6.

4.2 Including dEs of Fornax and Coma clusters

In addition to the Virgo comparison sample introduced in Chapter 2, here we take advantage of
available results for other dE samples in Fornax and Coma clusters:

e Fornax dEs: 13 dEs in the Fornax cluster with a magnitude range of -17.9 < Mp [mag]
<-15.7 observed with FORS2 spectrograph on the VLT and Gemini Multi Object Spec-
trographs (GMOS). We included this sample in our analysis in Sections 4.4.5 and 4.4.6
(Koleva et al. 2011).

e Coma dEs: 89 dEs in the Coma cluster with a wide magnitude range of 20< m, [mag]<11
observed at MMT with Hectospec fiber-fed spectrograph (Smith et al. 2009). From this
study we selected 47 Coma dEs whose stellar mass is within the same range as our sampled
dEs in Virgo. We include this sample in our analysis in Section 4.4.
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Table 4.3.1: Our sampled dEs in Virgo

Object type z¢  g-r® [mag] A} [mag] oge © [kms™!]
VCC 0170 dE(bc) 0.00472 0.59 0.089 27.1 £ 10.6
VCC 0407 dE(di) 0.00626  0.61 0.057 32.3 £ 838
VCC 0608 dE(di) 0.00607 0.60 0.072 25.1 £9.2
VCC 0794 dE(nN) 0.00558  0.61 0.065 33.0£ 75
VCC 0990 dE(di) 0.00573 0.62 0.080 36.0 £ 5.6
VCC 1833 —  0.00569  0.61 0.099 344 £ 6.0
VCC 1836 dE(di) 0.00668 0.58 0.079 38.5 £ 8.2
VCC 1896 dE(di) 0.00629 0.62 0.047 270 £ 7.2
VCC 2019 dE(di) 0.00607 0.63 0.060 31.2 £ 6.5

Columns are: Name of target, morphological type, redshift (z), g-r color measured at 1R,
foreground Galactic extinction in V-band (Ay ), velocity dispersion at 1 R (oRe).
a: Lisker et al. (2006b), b: Schlafly and Finkbeiner (2011), c: Chapter 3

4.3 Analysis

4.3.1 Setup and pre-processing of data

To improve our results’ accuracy, it is required to first increase our data's signal-to-noise ratio
(SNR) to a constant minimum threshold. Such an SNR threshold should provide an optimal
compromise between the accuracy of measured properties and the spatial sampling of dEs’
outskirts. Given the size of each dE in our sample and their surface brightness range, we found
a minimum SNR of 100, per bin to be an appropriate choice for retrieving stellar population
properties. After correcting our data set for undesired light sources (such as background galaxies
and foreground stars) and discarding spaxels with SNR<3, we spatially binned each dE's MUSE
data cube using the adaptive spatial Voronoi binning method, developed by Cappellari and Copin
(2003). As explained in Chapter 3, this optimized binning algorithm assigns spaxels to different
bins so that the ultimate SNR of each bin meets the defined minimum threshold. Here each
binned spectrum is the average over all spaxels’ spectra within the related bin.

In the next step, we used the Cardelli Galactic extinction law (Cardelli et al. 1989) to
correct all the binned spectra for Galactic foreground extinction. Here we adapted R, = 3.10
and Ay values as reported in Table 4.3.1. Additionally, we corrected dEs’ binned spectra for
possible traces of nebular emission lines. As discussed earlier in Chapter 3, we have detected
relatively strong nebular emission lines (i.e., H3, Hea, [Olll], [NIl] and [SII]) in the central
regions of VCCO0170. Except for this dE, we did not detect any nebular emission lines in other
dEs of our sample. Nevertheless, we performed this correction on all the sample members,
using the GANDALF (Gas AND Absorption Line Fitting; Sarzi et al. 2006; Falcén-Barroso
et al. 2006) package. This software treats each emission line as a Gaussian function and
interactively fits the stellar continuum and emission lines simultaneously. The residual emission
line spectrum obtained for the best fit is subtracted from the observed spectrum. We used these
corrected binned spectra to measure line indices and later to determine our sampled dEs' stellar
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Figure 4.3.1: A schematic of indices’ positions on the observed and normalized spectrum. From left
to right, the following banpasses are marked: Hpfy, Fe5015, Mgb, Fe5270, and Fe5335. Please note that
each colored bandpass includes the corresponding lines and the blue and red continuum regions used to
compute the line index. The normalized spectrum belongs to VCC2019. It also should be noted that the
flux normalization is only done in this plot for legibility, and measurements were performed using the original
flux.

populations.

4.3.2 Line-strength measurements

To measure SSP-equivalent stellar population properties of each dE (i.e., age, metallicity, and
[«/Fe]), we need to focus on absorption features that are sensitive to such properties. Based on
the index bands defined in Table 4.3.2, we measured age-sensitive (HS and Hf,) and metallicity-
sensitive (Fe5015, Mgb5177, Fe5270, and Fe5335) indices (position of these indices are marked
in Fig. 4.3.1). Prior to the measurement, we convolved the corrected binned spectra in order to
achieve the 5 A resolution of LIS-5A system in which the line indices of Table 4.3.2 are defined
(Vazdekis et al. 2010). The convolution is based on a Gaussian kernel for which the FWHM ¢;,,4;

Table 4.3.2: List of indices used in this study

Index  Blue bandpass [A] Central bandpass [A] Red bandpass [A] Reference
Hp 4827.875-4847.875  4847.875-4876.625  4876.625- 4891.625 (Trager et al. 1998)
Hp, 4821.175-4838.404  4839.275-4877.097  4897.445- 4915.845 (Cervantes and Vazdekis 2009)
Fe5015  4946.500-4977.750  4977.750-5054.000  5054.000- 5065.2500 (Trager et al. 1998)
Mgb5177 5142.625 - 5161.375  5160.125-5192.625  5191.375- 5206.375 (Trager et al. 1998)
Feb5270  5233.150-5248.150  5245.650-5285.650  5285.650- 5318.150 (Trager et al. 1998)
Feb335 5304.625- 5315.875  5312.125-5352.125  5353.375- 5363.375 (Trager et al. 1998)

Columns are: index’s name, its corresponding blue pseudo-continuum, main absorption
feature, red pseudo-continuum, and the reference where the index has been defined.
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Table 4.3.3: Measured indices and SSP-equivalent properties of the main sample

Object HB Hp Mgb Fe5015 Feb270 Feb335 [MgFe] < Fe > Age [M/H] la/Fe]

(A) (A4) (A) A (A) (A4) A) (A) (Gyr) (dex)  (dex)
VCC 0170 3.39 £ 0.08 4.50 £ 0.17 1.60 £ 0.11 2.75 £ 0.25 1.71 £ 0.09 1.49 £ 0.21 1.62 £ 0.07 1.60 = 0.11 2.10703% -0.61F007 0.2670.03
VCC 0407 2.70 £ 0.07 3.63 £ 0.12 1.89 + 0.11 3.59 £ 0.22 2.01 £ 0.11 1.83 £ 0.18 1.92 £ 0.07 1.92 £ 0.10 5781753 -0.59199% 0.2075:58
VCC 0608 2.79 + 0.14 3.79 £ 0.09 1.89 £ 0.17 3.58 £ 0.23 1.95 £ 0.13 1.77 £ 0.09 1.89 £ 0.10 1.86 £ 0.08 4.557395 -0.57199% 0.2275:08
VCC 0794 2.12 + 0.09 2.89 + 0.07 1.86 + 0.08 2.81 + 0.18 1.75 + 0.15 1.50 + 0.20 1.7 + 0.07 1.62 £ 0.12 9.98+33 -0.73732 0.437335
VCC 0990 2.37 + 0.12 3.40 £ 0.17 2.28 £ 0.20 4.17 £ 0.20 2.29 £ 0.12 2.00 £ 0.09 2.14 £ 0.09 2.18 £ 0.11 777335 -0.53F09% 0.1475:58
VCC 1833 3.08 & 0.08 4.28 £ 0.20 2.36 + 0.16 4.10 &+ 0.33 2.20 £ 0.10 1.95 + 0.18 2.24 + 0.09 2.08 + 0.10 1.85703) -0.1870:15 0.28F008
VCC 1836 2.81 £ 0.14 3.71 £ 0.11 1.57 £ 0.09 3.14 £ 0.14 1.77 £ 0.09 1.56 £ 0.13 1.64 = 0.06 1.66 £ 0.08 6.847555 -0.777908 0.28%004
VCC 1896 2.16 + 0.09 3.04 + 0.12 2.19 + 0.07 3.55 £ 0.16 2.04 £ 0.10 1.95 + 0.09 2.10 £ 0.05 1.99 £ 0.07 10.501048 -0.59+092 0.2675:54
VCC 2019 2.34 £ 0.09 3.07 £ 0.15 2.17 £ 0.07 3.71 £ 0.14 2.09 £ 0.10 1.87 £ 0.07 2.10 £ 0.05 1.98 £ 0.06 10461955 -0.591093 0.2675:54
Columns are: (1) Name of targets, (2 -9) measured indices and their corresponding errors,
(10-12) light-weighted age, metallicity and [«/Fe]. All the values are measured from dEs’

integrated spectra.

is defined as:

FWHM ina = \/ FWHM? g5 00 — (FWHM?Z, + FW HMZ2) (4.1)

where FWHM; is the wavelength-dependent MUSE resolution (Bacon et al. 2017) and FWHM,,
corresponds to the velocity dispersion of each bin measured in a similar way as in Chapter 3.

To estimate the random error on each measured index, we considered three possible uncer-
tainty sources: the error on velocity dispersion (affecting broadening of the absorption line), the
error on redshift estimate (affecting the accurate placement of band-passes), and the error on the
flux (affecting depth of the absorption line) (Kuntschner et al. 2006). Thus, we perturbed each
binned spectrum using a Gaussian distribution whose width was set as the difference between
binned flux and its corresponding noise. Furthermore, we randomly shifted perturbed spectra
based on a normal Gaussian distribution of redshift errors. Additionally, in each perturbation,
we changed the convolution kernel’s size by randomly shifting the velocity dispersion within a
normal distribution constructed based on the corresponding o errors. Based on this error treat-
ment, we ran 125 Monte Carlo (MC) iterations for each bin in a given dE, and assumed the
standard deviation of the multiple index measurements to be the error on that index. Based on
our data set’s characteristics, we considered an additional minimum error of 0.05 A on the rele-
vant indices. The latter is to avoid meaningless and small uncertainties on the final estimation
of parameters. We present the HSy, Mgbh5177, and Fe5335 maps for each dE in Fig.4.3.2 and
4.3.3 and their corresponding error maps are presented in Section 8.2 of Chapter 8.

To compare our results with the literature on similar bases, we also repeated our measure-
ments on each dE's integrated spectrum. The latter is an averaged spectrum that represents the
entire galactic body up to 1Re. We constructed this integrated spectrum by averaging over each
dE’s MUSE cube after discarding spaxels with SNR < 3. We applied the corrections mentioned
in Section 4.3.1 and measured indices and their corresponding errors, as explained earlier in this
section. Results on integrated spectra are reported in Table 4.3.3.
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Figure 4.3.2: Indices maps of our sample of dEs. For each dE and from left to right, H3, Mgb5177 and
Feb015 maps are presented. On all three maps, isophotes (measured from MUSE stack images in Section
3.3.1) are over plotted. From the inside out, the isophotes indicate regions with a surface brightness of 20.59,
21.00, 21.85, and 22.52 mag/arcsec’ (ABmag).
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4.3.3 Stellar library: Single stellar population models

In this study, we utilized 456 single stellar population (SSP) models of Vazdekis et al. (2010)
based on the MILES stellar library (Sédnchez-Blazquez et al. 2006; Cenarro et al. 2007; Falcdn-
Barroso et al. 2011). We have constructed our SSP models with the age range of 0.5 to 14.00
Gyr; metallicity range of -1.26 to 0.06 dex, and [«/Fe] values of 0.00 (dex; solar-scaled models)
and 0.40 (dex; a-enhanced models). We employed SSPs with constant spectral resolution
(FWHM of 2.51 A), BASTI isochrones (Pietrinferni et al. 2004b) and a bi-modal initial mass
function (IMF) with the slope of 1.3 (Vazdekis et al. 1996). In this study, SSP models are
broadened to the LIS-5 A system.
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Figure 4.3.4: Left panel: The HfBp vs. [MgFe] grid. SSP model predictions with [a/Fe] = 0.4 are plotted
with black solid lines. Following the horizontal arrow from left to right, metallicities increase from -1.26 to
+0.06 dex. Similarly, along the diagonal arrow and from top to bottom, ages increase from 0.7 to 14 [Gyr].
Right panel: The Mgb vs. < Fe > grid. Model predictions with [«/Fe]=0.00 and 0.4 dex for two ages (3.0
and 13 Gyr) and the metallicity range of [-1.26, -0.96, -0.66, -0.35, -0.25] dex are shown with gray and black
solid lines, respectively. In both panels, our sampled dEs are denoted with color coded circles.

In Fig.4.3.4, we compare measured indices from dEs’ integrated spectra with the SSP models’
predictions. To estimate age and metallicity, we constructed the HSy vs. [MgFe] grid (shown
for SSPs with [a/Fe] = 0.40 dex in the left panel). The metallicity sensitive and composite
[MgFe] index is derived as in Thomas et al. (2003):

[MgFe] = v/Mgb x (0.72 x Fe5270 + 0.28 x Fe5335) (4.2)

In this grid, diagonal lines have constant and similar metallicities (from left to right: -1.26,
-0.96, -0.35, -0.25, and 0.06 dex), while horizontal lines have constant and similar ages (from
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top to bottom: 0.7, 3.0, 6.0, and 14 Gyr).

The Mgb-<Fe> grid (with <Fe> being the average of Fe5270 and Fe5335) is presented in
the right panel of Fig.4.3.4. This grid is a good indicator for [«/Fe] ratios in galaxies. Gray
solid lines trace solar-scaled models (with [a/Fe] = 0.00 dex) and black solid lines represent
a-enhanced models ([a/Fe] = 0.40 dex). In this grid, we have plotted SSP predictions for two
ages of 3.0 and 13.0 Gyr. Models trace a similar metallicity range as in the left panel of Fig.4.3.4.
Note that in this work, we use Mgb5177 as a proxy for a abundance. In both panels of Fig.
4.3.4, colored circles show the indices measured from the integrated spectra of our sampled dEs.
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Figure 4.3.5: Top row: Hfy -[MgFe] grids plotted for original SSP models. Each point represents one SSP
and it is color coded based on its age (left panel) and [M/H] (right panel) values. Bottom row: Mgb-<Fe>
grids plotted for original SSP models. Similar to the top row, each point represents one SSP and it is color
coded based on its [a/Fe] (left panel) and [M/H] (right panel) values. Please note the uneven spacing of

models and limited coverage of [a/Fe] values.

For ages > 6 Gyr, SSP models are degenerate, shaping a fold on the surface of the grid.
This effect is better visualized in the top row panels of Fig. 4.3.5. As illustrated in this figure,
the HBy value of SSP models decreases by moving from younger (~ 0.7 Gyr) to older ages (~
11 Gyr). However, by shifting to older SSPs (~ 14 Gyr) the H/3y values start to increase again.
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This effect is more prominent for metal-poor SSPs ( with [M/H] < -0.35 dex). This trend
can affect the x? minimization approach that we have utilized for measuring SSP- equivalent
properties. Thus, to take full advantage of data and the library’s resolution, we constructed a
finer grid by oversampling the SSP models.

To do so, we linearly interpolated in age-[M/H]-[a/Fe]-[index] space and reduced the step-
ping of models. We reduced the metallicity and [a/Fe] steps to 0.02 dex and 0.015 dex,
respectively. The uneven spacing of young and old SSPs in the original library forced us to
divide SSPs into two groups of young (0.5 < age [Gyr]< 3) and old (3 < age [Gyr] < 14)
models. To keep the number density of models constant over the entire new grid, we reduced
the age steps to 0.01 Gyr for young SSPs and to 0.04 Gyr for old SSPs. Furthermore, to reduce
systematic errors for those bins with conditions close to the library’s limits on [a/Fe] values, we
extrapolated this axis with similar steps of 0.015 dex, to higher and lower limits. Thus, the final
range of [a/Fe] employed in our study is -0.3 to 0.8 dex. The new interpolated library is shown
in Fig. 4.3.6.

4.3.4 Our fitting approach to measure SSP-equivalent properties

To convert measured indices to model-predicted stellar population properties, we employed a
minimum x? estimation approach in four steps, each time over a certain pair of indices. In each
step, we tried to maximise the likelihood function below, while considering the errors on the

measured indices: N
n — M(age, [M/H],a)\ >
XQ:Z(y (age, [M/H] )) (4.3)

On

n=1

where y,, denotes data values with error o,, and M(age,[M/H],«) denotes model parameters.
A schematic of these four steps is presented in Fig.4.3.7. Description of this fitting approach is
as follows:

e Step 1: In this step (top left panel of Fig.4.3.7), we construct the Hjp-[MgFe] grid for
solar-scaled SSP models. Based on the position of the galaxy or bin on this grid, we fit
the SSP-equivalent age and [M/H] through running the x? minimization. We construct
the probability distribution function (PDF) of age in this step by repeating the fitting
procedure for 25 times in an MC framework. In each MC run, we shift measured indices
accounting for their corresponding errors. The resulting age PDF from this step is passed
to Step two.

e Step 2: In this step (top right panel of Fig.4.3.7), we construct the Mgb-<Fe> grid.
In this regard, we use models at an age that has been selected randomly from the PDF
of step one. Then, we measure [a/Fe] PDF by going through 100 MC realizations. We
repeat this test for 50 randomly selected ages from step one's PDF. The final [«/Fe] PDF,
which is passed to step three, is the median of constructed PDFs from each of these 50
selections. In this step, there are no constraints on [M/H].

e Step 3: In this step (bottom right panel of Fig.4.3.7), we repeat the same methodology
of step two but revisiting the HSy-[MgFe] grid. Here we randomly select 100 « values
from step two's PDF and execute 200 MC iterations for each selected .. We repeat step



14
0.0
8 1 12
-0.2
71 10
-04 _
Lrw) x
— = —
6 85 = 3
° = - -0.6
$ s £ T
5] 5 & =
-0.8
4
47 -1.0
2
31 -1.2
05 1.0 15 20 25 30 35 5 10 15 20 25 30 35
[MgFe] [4] [MgFe] [A]
0.8
0.0
5 -
0.6 —o2
4] 0.4 — —04 _
= 3 = 3
53 7 % Bt
1 I
g 02 ¢ 2 z
S =
-0.8
21 0.0
-1.0
-0.2
11 -1.2
10 15 20 25 30 35 10 15 20 25 3.0 35
<Fe> [A] <Fe> [A]

Figure 4.3.6: Top row: The interpolated Hfo-[MgFe] grids. Thanks to a reduced spacing between SSPs, a
continuous distribution of models is presented in each panel. Models are color coded based on their age (left
panel) and [M/H] (right panel) values. Bottom row: The interpolated Mgb-<Fe> grids. Similar to the top
row, each point is color coded based on its [a/Fe] (left panel) and [M/H] (right panel) values. Please note
that [a/Fe] values are also extrapolated and now cover a wider range than the lower left panel of Fig. 4.3.5.

one to account for the dependency of HSy on the a abundance. The final age (in Gyr)
and [M/H] (in dex) are measured as the median of their corresponding PDFs, retrieved in

this step.

e Step 4: Finally, we repeat the same methodology of step two by randomly selecting 100
ages from the age PDF of step three and execute 200 MC iterations for each selected age.
The final [a/Fe] (in dex) is measured as the median of retrieved PDF in this step (bottom

left panel of Fig.4.3.7).

In the last three columns of Table 4.3.3, we report the stellar population parameters of our
sampled dEs, measured by using the averaged and integrated spectra. The upper and lower
range of errors are 84th and 16th percentiles of the final PDFs (from steps three and four),
respectively. By executing this loop for each binned spectra of each dE, we derived their age,
metallicity and [a/Fe] maps presented in Fig. 4.3.8 and 4.3.9 and their corresponding error maps
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Four-step X2 minimization index fitting approach

Step 1: First age estimate Step 2: First [a/Fe] estimate

N = 100 realizations

For 50 randomly I

Selected Ages from §
o0
=

Step 1
i R |
eu?lit_[a_/':_e]EEF_ <Fe>
Step 4: Final [a/Fe] estimate Step 3: Final Age & [M/H] estimate

N = 200 realizations N = 200 realizations

For 100 randomly ~ For 100 randomly

Selected Age from i Selected [a/Fe] from Q

Step 3 £ - Step 2 52

=

Output: [a/Fe] PDF = Output: Agepg'!:’v H] [MgFe]

Figure 4.3.7: A schematic representation of our developed four-step fitting routine. Top left: Step one
where the initial fitting takes place over the HBy -[MgFe| grid, constructed for solar-scaled models, to first
measure the Age PDF. Top right: Second step where the fitting takes place over the Mgb-<Fe> grid, using
the results of the first step, to measure the [a/Fe] PDF. Bottom right: Step three, where fitting takes place
over the Hfo -[MgFe] grid, constructed for SSP models within the [a/Fe] range of step two’s PDF. The final
Age and [M/H] PDFs are derived in this step. Bottom left: Step four, where fitting takes place over the
Mgb-<Fe> grid, constructed for SSP models within the age range of step three’s PDF. The final [o/Fe]
PDF is derived in this step.

are presented in Section 8.2 of Chapter 8. It should be noted that extracted stellar population
properties in this study are light-weighted values. The recent formation of even a few young
and hot stars in galaxies can affect their composite light drastically. Thus, our measurements
are biased toward recent formation of young stars in galaxies, if any. The contribution of hot
and young stars to metal lines of the integrated spectra, on the other hand, is not significant
(Trager et al. 2005; Serra and Trager 2007). Hence, metallicity’s dependence on recent star
formation activity is expected to be less severe.

4.4 Results

4.4.1 Integrated values

As summarized in Table 4.3.3, dEs in our sample fall within the age range of 1.85 to 10.50 Gyr,
the metallicity range of -0.77 < [M/H] [dex]< -0.18 and 0.14 < [a/Fe] [dex]< 0.43. Among
our sampled dEs, the youngest stellar populations, with age = 1.85 Gyr and [M/H] = —0.18
dex, were detected in VCC1833. On the other hand, the oldest stellar populations were observed
in VCC1896 and VCC2019. VCC1836 is the most metal—poor dE in our sample with [M/H]
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Figure 4.3.8: Stellar population maps of our sample of dEs. For each dE and from left to right, Age,
[M/H] and [a/Fe] maps are presented. On all three maps, isophotes (measured from MUSE stack images in
Section 3.3.1) are overplotted. From the inside out, the isophotes indicate regions with a surface brightness
of 20.59, 21.00, 21.85, and 22.52 mag/arcsec’ (ABmag).
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= —0.77 dex. Additionally, VCC0794 is the most a-enhanced member of our sample with
[cr/Fe] = 0.43 dex. Given their stellar mass range, we found our [M/H] measurements to be in
good agreement with the general mass—metallicity scaling relation (e.g., Gallazzi et al. 2005;
Panter et al. 2008; Gonzélez Delgado et al. 2014; Sybilska et al. 2017). In terms of derived
stellar population parameters, we found our sampled dEs to be comparable with other Virgo dEs
(Michielsen et al. 2008; Paudel et al. 2011; Koleva et al. 2011; Toloba et al. 2014; Sybilska et al.
2017; Sen et al. 2018), dwarf galaxies in the Fornax cluster (Koleva et al. 2011), Coma cluster
(Smith et al. 2009), and low-luminosity early-type galaxies in the Abell 496 cluster (Chilingarian
et al. 2008).

VCC0170, VCCO794, and VCC0990 have been investigated as part of the SMACKED project
by Toloba et al. (2014). We found our measurements for VCC0170 and VCCO0794 to be in
good agreement with the results of Toloba et al. (2014). However, we have detected older
ages for VCC0990 than what is reported in that study. The difference can be due to the
utilization of different sets of absorption features and the dependency of HS indices on models’
a-enhancement, which is considered in our work thanks to large wavelength coverage of MUSE.
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Figure 4.4.1: On the top row: From left to right, the age, [M/H], and [a/Fe] distribution of Coma dEs (in pink), Virgo dEs (in brown) and
our sample dEs (in purple) are presented, respectively. These panels are plotted for dEs with -17>M, >-18 mag. On the bottom row: From left
to right, the projected phase-space distribution of the Virgo dEs (denoted with a plus symbol), Coma dEs (denoted with circle) and our sampled
dEs (denoted with squares). Our sample dEs are further marked with a green solid-line rectangular. Different zones of the projected phase-space
diagram indicate different average infall times to the host halo, obtained from Pasquali et al. (2019) and Smith et al. (2019). In details: Zone one:
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In Fig. 4.4.1 we compared the stellar population parameters of our sampled dEs with those
of dEs in the Virgo and Coma clusters, at -17> M, [mag]>-18. On the top row and from left
to right, we present the age, [M/H] ! and [«/Fe] distributions of Coma dEs (in pink), Virgo dEs
(in light brown) and our sampled dEs (in purple). In terms of light-weighted age and [M/H],
our sampled dEs are not different from other dwarf galaxies in the Virgo cluster. Yet, from the
middle upper panel, we notice that at the fixed range of absolute r-band magnitude, Virgo dEs
are more metal-poor than their counterparts in the Coma cluster. The distribution of [a/Fe] in
the right panel indicates that our sample dEs are more a-enhanced than those in the Coma and
Virgo clusters. Even in the case of dropping the fixed stellar mass threshold, the latter trend
persists. We will elaborate more on this in Section 4.4.2.

In the bottom row of Fig. 4.4.1, we present the projected phase-space distribution of our
sampled dEs along with the members of the Coma and Virgo cluster. In these lower three
panels and from left to right, data points are color coded based on their age, [M/H] and [«/Fe].
Different symbols indicate different cluster members. In each panel, three different zones are
marked, indicating different average infall times (i.e., how long ago a galaxy became a satellite
of its present-day halo's environment), obtained from Pasquali et al. (2019); Smith et al. (2019).
The members of the infalling group are denoted with colored squares and are further marked
with a solid-line rectangle. The median age of dEs in zone three is 7.4 £+ 0.5 Gyr and in zone
two, after excluding our sampled dEs, is 7.7 & 0.4 Gyr. This indicates that, going from zone
1 (recent infallers with Ti,r < 3 Gyr) to zone three (ancient infallers with Ti,s > 5 Gyr) light-
weighted ages of dEs does not change. Despite their similar stellar mass range and average infall
time, our sampled dEs are, on average, slightly younger (within 1 o) than other dEs of zone
two and three (with a median age of 6.8 + 1.1 Gyr), albeit with a remarkable scatter in values.
One possible explanation for the presence of such scatter can be the pre-processing these dEs
experienced in their previous host halo. We will elaborate more on this in Section 4.5.1.

Similar to the age, the light-weighted metallicity of cluster dEs (at a fixed stellar mass range)
tends to show no clear trend with their average infall time. Cluster dEs in zone three have a
median [M/H] of -0.45 + 0.03 dex, and this value does not change for dEs of zone two, with
a median of -0.48 + 0.03 dex. Our sampled dEs are more metal-poor than dEs of zone two
and three, with a median [M/H] of -0.59 + 0.05 dex. What is worth mentioning here is that in
terms of light-weighted [M/H], our sampled dEs (excluding VCC1833) fall within a narrow range
of metallicities (-0.77 < [M/H] [dex]< -0.57) and seemingly, do not obey the overall range of
scattering as seen for other cluster dEs in zones two or three and with similar stellar mass.

4.4.2 On the [«/Fe] distribution of infalling dEs

As presented in the lower right panel of Fig. 4.4.1, the [«/Fe] of cluster dEs, on average, is less
than 0.20 dex and without any evident correlation with their average infall time. Cluster dEs in
both zones have a median [a/Fe] value of 0.1 £ 0.02 dex while our sampled dEs have a median
value of 0.26 £ 0.02 dex, thus are more a-enhanced. Additionally, all of our sampled dEs fall
within a narrow range of 0.2<[«/Fe] [dex]<0.43. These values are comparable with what is

'To convert [Fe/H] values reported in Smith et al. (2009) to [M/H] that we use in this study, we performed
the conversion of [M/H| ~ [Fe/H] + log(0.694f, + 0.306), where f, = 10[%/F¢l (Salaris and Cassisi 2005)
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reported for giant early-type galaxies (e.g., Gallazzi et al. 2006; La Barbera et al. 2014; Gallazzi
et al. 2021) and the Milky Way's thick disk (e.g., Bensby et al. 2003; Vincenzo et al. 2021).

One possible source of systematic biases between results of different studies could be the
utilization of different Fe absorption indices. The latter may affect the derived [a/Fe] values.
In the Virgo cluster, S17 has used the combination of Fe5015 and Mgb5177 Lick indices as
a tracer of [a/Fe]. For Coma dEs, this parameter was measured using Mgb5177 and Fe5270
Lick indices, which are more similar to the set of indices used in this study (Smith et al. 2009).
Similar to S17, we have employed SSP models of Vazdekis et al. (2010) based on MILES stellar
library while Coma dEs were investigated using Schiavon (2007) SSP models. Thus, observed
trends in Fig. 4.4.1 may still suffer from systematic biases, and interpretations should be taken
with caution.

As mentioned earlier, our sampled dEs show larger values of [«/Fe| compared to Virgo dEs
of a similar stellar mass range. To test whether this distinct distribution is based on physical
reasons or simply due to using different observational tracers (i.e., using Fe5015 in contrast to
the set of Fe5270 and Fe5335 employed here), we repeated our measurements using a similar
set of indices as S17. Furthermore, to eliminate any possible systematic biases, we followed
similar measurement steps as in S17. The latter means measuring age, [M/H] and [«/Fe] solely
by going through steps one and two in Section 4.3.4 and based on a different set of absorption
features, namely HBy, Mgb, and Fe5015. We applied this approach to our sampled dEs and
S17's. A one-to-one comparison of measured [M/H] (top panel) and [a/Fe] (bottom panel)
values are presented in Fig.4.4.2.
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4 S17 data 0.6
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0.5« _+_
E E O 3 o
2 044 n |
2 2 02+ |
[} [} —
w w
2 -0.64 2 0.14 -9
[ [
0.0 4
—-0.8
-0.14
-1.0 9 —0.2 9
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -0.2 0.0 0.2 0.4 0.6
S17 orig. / This work orig. S17 orig. / This work orig.

Figure 4.4.2: Blue data points denote dEs in the S17 sample. Both panels present one-to-one comparisons
between original measurements of S17 (named as S17 orig.) for [M/H] (left panel) and [ /Fe] (right panel)
on the x axes and results of the Fe5015 test performed here (y axes). Pink data points denote dEs of our
sample. Both panels present one-to-one comparisons between results of [M/H] (left panel) and [a/Fe] (right
panel) obtained from our original methodology (values reported in Table 4.3.3) on the x axes (named as this
work orig.) and results obtained from the Fe5015 test (y axes). Error bars are computed in the same way
as described in Section 4.3.4.

In Fig.4.4.2, we compare the original measurements of S17 (x-axis) with the results of the
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Feb015 test (y-axis, blue circles) that we performed on our sample dEs. For our sampled dEs
(pink circles), we compared the values of [M/H] and [a/Fe] from our original method (x-axis)
with the results of the Fe5015 test (y-axis). We find a similar distinct [c/Fe] distribution
for our sampled dEs arising from the Feb015 test. This comparison indicates that two sets of
measurements are consistent with each other and the distinct [« /Fe] distribution of our sampled
dEs, compared to the S17 sample, is not due to systematics. Based on the results of this test, we
compared the [a/Fe] of our sampled dEs and those of the S17, using both the K-S test and the
Anderson-Darling test. Both tests indicate that the difference between the [«/Fe] distributions
of our sampled dEs and Virgo dEs is significant (with p-values = 0.03 and 0.009, respectively).

Unfortunately, measurements of the chemical abundance of Virgo dEs are very scarce. Hence,
consideration of Coma cluster dEs in the projected phase-space diagram, not only compensates
(partly) for the low number of data points in different zones, but also can remedy possible biases
due to the dynamical stage of Virgo. Virgo is a dynamically young galaxy cluster featuring
substructures to which the projected phase-space diagram is not sensible. Thus, adding the
Coma cluster, which is more settled than Virgo, can be beneficial for generalizing observed
trends in our study.

4.4.3 Age, Metallicity and [a/Fe] maps

Age, [M/H], and [a/Fe| maps of each sampled dE are presented in Fig.4.3.8 and 4.3.9. Except
for VCCO170 and VCC2019, age maps are flat and show small fluctuations in values across
the galactic body. Young stellar populations (i.e., less than 4 Gyr) are visible across VCC0407,
VCC0608, VCC1833, VCC1836. Metallicity gradients are visible in the maps of all of sampled
dEs. By going from the outskirts to the central regions of each dE (except for VCC0794 and
VCC1833), the stellar population grows more metal-rich. Except for VCC0608, VCC0990, and
VCC2019, we did not detect strong [c/Fe] gradients in our sampled dEs’ maps. The stellar
populations of VCC0407 appear to be globally solar-scaled a-enhanced. In contrast, VCC0794
exhibits highly a-enhanced stellar populations all over its body. In Section 4.4.4, we quantify
these visible gradients and further compare them with available results in the literature.

Distinctive young and metal-rich stellar populations are visible in the center of VCC0170 and
VCC2019. In Chapter 3 we have detected nebular gas emission lines in the central regions of
VCC0170, which can explain the presence of young and metal-rich stellar populations in the core
of this dE. The relatively young and metal-rich inner part of VCC2019 is due to the presence of
a nuclear star cluster, as reported by Paudel et al. (2011) and Fahrion et al. (2021).

VCC1833 is the most compact, young, and metal-rich member of our sample that shows a
peculiar behavior. Despite young light-weighted ages measured for this dE, we did not detect
any nebular emission lines in its MUSE cube. Age and metallicity maps of this dE indicate the
presence of older and metal-richer stellar populations in its core. However, the stellar population
properties of VCC1833's core are not significantly different from what is observed at its outskirts
(with ~ 1 Gyr difference in age and ~ 0.2 dex difference in [M/H]). The [a/Fe] map of this dE
shows almost constant values for the entire galactic body. By considering [«/Fe] as a proxy of
star formation timescale, one possible explanation would be the late formation of stars in dE's
outskirts, on a similar time-scale as in the inner parts, from the enriched gas inflow.
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Given the light-weighted values, VCC1896 is the oldest dE in our sample (with age = 10.50
Gyr). [M/H] and [«/Fe] maps of this particular dE exhibit a peculiar distribution of metal-
rich and less a-enhanced stellar population along its photometric major axis. This feature is not
visible in the dE's age map, which shows the presence of old stellar populations across the galactic
body with small fluctuations in values. Deep photometric observations of VCC1896 (Lisker et al.
2006b, 2009; Michea et al. 2021) proved the presence of two faint spiral arms connected to the
bright central bar of this dE. Here, given the characteristics of our data (MUSE field of view
and total exposure time), we can only detect and analyze the stellar population of VCC1896's
bar. We found the derived [M/H] and [a/Fe] distributions in this dE's bar to be consistent
with the results of Neumann et al. (2020)’s investigations based on 24 nearby barred massive
galaxies (M, > 1010 Mg). Investigations of the stellar population of bars in this study show
a characteristic V-shape signature perpendicular to the bar's major axis, with a more metal-
rich and less a-enhanced population residing along the bar's major axis (Fig.14 of Neumann
et al. 2020). Results of Auriga magneto hydrodynamical cosmological simulations also indicate
a similar V-shape profile for stellar populations of bars of massive galaxies that are formed in
isolated dark halos of Milky Way masses Grand et al. (2017). Our results for this dE indicate
that a similar V-shape profile can also be expected in bars of low-mass galaxies (i.e., M, < 10%°
Mg). Based on our analysis, we cannot draw a robust conclusion on the origin of VCC1896's
bar. This substructure could have been formed through a secular evolution of VCC1896, which
explains the presence of more metal rich and less a-enhanced stellar population along the bar's
major axis as footprints of the star formation that has taken place on more elongated orbits
and after the formation of the bar. Yet, possible tidal interactions of VCC1896 could also have
provoked instabilities causing the formation of such elongated orbits.

4.4.4 Radial gradients of stellar population properties

In this section, we quantify the spatial variation of stellar population properties (and indices) by
assuming a linear relation between parameters and the log (R/Reff):

Param(R/Reg) = Parampes + Vparam X log(R/Reff) (4.4)

where Parampges represents the fitted population property or Lick index at the galaxy effective
radius and Vparam is slope of the fitted line (hereafter referred as gradient). To account for
biases due to the effect of seeing, we excluded bins within 1.5FWHMgeeing prior to the fitting
procedure. We noticed that in most cases, a linear trend best describes the variation of stellar
population properties across the galaxy. We note that for VCC0990 and VCC2019, a linear trend
might not be the best option, as their central stellar populations (affected by their nuclear star
clusters) are noticeably different from what is observed in their outskirts. However, after masking
the inner part, linear trends also fit well the variation of stellar populations in these two dEs.
To measure the gradients, we employed the publicly available LINmix routine, which measures
the slope and intercept of the fitted line through ~ 1000 MCMC iterations by accounting for
the measurements’ errors. A complete explanation of this linear fitting procedure is presented in
Kelly (2007). Gradients of stellar population parameters are presented in Table 4.4.1. Reported
errors on slopes and intercepts are the standard deviation of 1000 MCMC runs. Gradients of
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Table 4.4.1: Gradients of stellar population properties of the main sample

Object log(Age)Rrefr Vage [M/H]|Rger [dex] Vim/m] [a/Fe|ger [dex] V|a/Fe]
logyr] [log yrl/[log(R/Re)]  [dex] [dex]/[log(R/Re)]  [dex] [dex]/[log(R/Re)]
VCC0170 10.16 £0.08 0.99 £0.12 -0.80 + 0.04 -0.25 £0.06 0.36 £0.05 0.12 +£0.09
VCC0407 9.82 + 0.3 0.12 £0.07 -0.70 +0.02 -0.23 £0.04 0.23 £0.0 0.06 +0.04
VCC0608 9.81 + 0.05 0.19 +0.09 -0.71 +£0.02 -0.19 £0.03 0.40 £0.02 0.25 £0.03
VCC0794 9.98 + 0.02 0.00 £0.02 -0.90 +0.07 -0.18 £0.09 0.33 £0.09 -0.07 £0.12
VCC0990 10.00 £+ 0.01 0.12+0.04 -0.65 = 0.1 -0.29 £ 0.04 0.32 + 0.02 0.30 +0.05
VCC1833 9.07 + 0.04 -0.49 £0.14 -0.05 +0.04 0.34 £0.15 0.31 £0.03 0.08 £0.11
VCC1836 9.96 + 0.07 0.15 +0.11 -0.89 +0.04 -0.18 £0.06 0.30 £0.05 0.02 £0.08
VCC1896 10.00 £+ 0.01 -0.01 +0.03 -0.65 +0.02 -0.11+0.05 0.30 £0.03 0.07 £0.08
VCC2019 10.00 £ 0.01 -0.01+£0.02 -0.72 £0.02 -0.1940.04 0.45 £0.04 0.30 +£0.09

Columns are: Name of the target, log(age) at 1Re, slope of age gradient, [M/H] at 1Re,
slope of [M/H] gradient, [a/Fe] at 1Re, and slope of [a/Fe] gradient.

indices are presented in Table 8.2.1 and 8.2.2 of Chapter 8.

In general, our sampled dEs show a rather wide range of gradients in age (-0.49 < Vg <
0.99) and [a/Fe] (-0.07 < V[4/re] < 0.30). On the other hand, the distribution of metallicity
gradients is less spread (-0.25 < Vp/p < -0.11; excluding VCC1833 with Vi = 0.34
+0.15).

On the top row of Fig. 4.4.3 and from left to right, dE’s gradients of log(Age in yr), [M/H],
and [a/Fe] are presented. The majority of our sampled dEs show mild positive age gradients
and this parameter for VCC0170 is the largest (Vage = 0.99 & 0.12). On the contrary, VCC1833
is the only dE of our sample with noticeable negative age gradient (Vg = -0.49 £ 0.14) and
positive metallicity gradient (V[M/H} =0.34 4 0.15). Except for this peculiar galaxy, the rest of
our sample members show negative metallicity gradients that indicate the presence of a relatively
metal-rich stellar population in their center. These findings are consistent with previous studies
of Virgo and Fornax dEs (e.g., Chilingarian et al. 2008; Koleva et al. 2009, 2011; Sybilska et al.
2017). All the members of our sample have positive V4 /re. This parameter is rather flat for
VCCO0794 (Ve = -0.07 £ 0.12). VCC0608 and VCC2019 are two of our sample members
that expose relatively steep and positive [« /Fe] gradients. This steep and positive Vo g in
the latter dE can be due to its nuclear stellar cluster.

While population gradients presented on the top row of Fig. 4.4.3 are frequently addressed in
the literature, it is important to note that their slopes and intercepts depend on the SSPs adopted
and the method employed for their derivation. Thus, here we also provide model-independent
results on the Lick indices of our sampled dEs to account for such biases while comparing with
the literature. On the bottom row of Fig. 4.4.3 and from left to right, gradients on H3, Mgb,
and Feb5015 are shown, respectively. Since Hg3 is an adequate age tracer, similarities between
Vg (shown in the lower left panel) and V. are expected. Moreover, all dEs in our sample
(except for VCCO0170) show negative gradients in Mgb and Fe5015, which is consistent with
their negative metallicity gradients discussed before.
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Figure 4.4.3: Top row: From left to right, gradients of age, [M/H], and [«/Fe| for each dE are plotted.
Bottom row: For each dE and from left to right, gradients of Hg, Mgb, and Fe5015 are plotted. In all panels.
dEs’ profiles are marked with different colors.

4.4.5 Comparison with the literature: dEs

In Fig. 4.4.4 we investigate possible trends between stellar population gradients (left column)
and Lick indices gradients (right column) of dEs as a function of their velocity dispersion (o).
Here the velocity dispersion traces the gravitational potential (directly) and the stellar mass
(indirectly) of a given galaxy. We have chosen o since this parameter is directly measured from
observed data. Therefore, compared to the stellar mass, it is less affected by model assumptions
and other biases. Moreover, different studies have mentioned that several galaxy properties
(including those of stellar populations) correlate stronger with o rather than stellar mass (e.g.,
Koleva et al. 2011; Barone et al. 2018; Ferreras et al. 2019). For this comparison, we selected
12 Virgo dEs (light purple) from the S17 sample and 13 Fornax dEs (light blue) from the
K11 sample. The latter study did not provide any information on the indices gradients. As
shown in the left columns of Fig. 4.4.4, dEs have slightly positive age gradients. This trend is
accompanied by negative metallicity and positive [o/Fe] gradients.

For each sample of dEs, we performed a linear fit (using LINmix routine) to quantify possible
correlations between stellar population gradients and velocity dispersion. Here we treated each
sample of dEs separately, mainly to account for systematic biases that different methodologies
and data sets could cause in measuring stellar population properties. While S17 has derived
gradients from SAURON IFU data using a line indices fitting approach, K11 has obtained
gradients from long-slit data using a full spectrum fitting technique. Our linear fits shown
in the left column of Fig. 4.4.4 indicate that the stellar population gradients of dEs have



86 4.4. RESULTS

2.0
@® This work Virgo dEs » Fornax dEs 1.04 + V=022+0.85
1.5 1 V =-276 + 4.00
V =-0.30 + 0.81 0.5 1
o YO L4 V=-1.04 + 0.43 ®
2 5 | % 001 ® 0@ _____—-
: . ‘.\~~a(& > > . --.*—. 0o o
) % N —0.5 | ¢
0.0 .\‘*’:& ﬂgﬁi‘@_’ ¢
~ —1.0 A
-0.5 ¢ ~
S -1.5 4 +
-0 : —, : : - : : : : :
1.4 1.6 1.8 2.0 2.2 2.4 1.4 1.6 1.8 2.0 2.2 2.4
log o [kms™!] log o [kms™!]
0.4 V=0.51+1.48
V =-0.01 £ 0.48 1 A V =-0.79 + 0.66
0.2 1 V =-0.44 + 0.65
T C Qo
S 007 ® g 0 o -¢
—_ ‘* O-_.‘——— = L 3 0
> —0.2'-‘;;’3;§J1 (] > —~—-~__
1 O =~ ® ¢
—0.4 | & S” & S~ —1
o
_06 L T T T T T T T T T T T T
1.4 1.6 1.8 2.0 2.2 2.4 1.4 1.6 1.8 2.0 2.2 2.4
log o [kms™!] log o [kms™!]
0.75
_ 0.5 A
050 ¥ =045 % 0.65
=-0.45 £ 0.6¢ V =-0.03 + 0.61
— o0251ie ¢ . in 00 +
() l t ® S 0} ®
L kol —0.5 4 . ¢
E 0.00 % ® "“ ﬁ = _+';_-'——
2 C : -—
B> _0.25 - > —101 + =
—0.50 -1.5
—0.75 1 . . . . . -2.0 1+ . . . . ’
1.4 1.6 1.8 2.0 2.2 2.4 1.4 1.6 1.8 2.0 2.2 2.4
log o [kms™!] log o [kms™!]

Figure 4.4.4: Left columns: From top to bottom, Vage, Vv m) and V[a/Fe] of our sampled dEs (denoted
with dark purple data points), S17 Virgo dEs (denoted with light purple data points) and Fornax dEs from
K11 (denoted with light blue data points) as a function of log(c). Fitted linear relations on each sample,
performed by LINmix, are shown with similar colors and in dashed lines. Slopes and their corresponding
errors are also reported on each panel. Right columns: From top to bottom, VHS, VMgb, and VFe5015 are
presented for our sampled dEs and S17 Virgo dEs. Here the linear fit is performed on the combined data
sets, and trends are shown as red dashed lines. Slopes and their corresponding errors are reported on each
panel.

minor to no correlation with their velocity dispersion. Among different parameters, Vi, g
shows a decreasing trend as a function of o, which considering the fits errors is not significant.
Furthermore, we did not detect any particular difference between dEs in the Virgo and Fornax
clusters. Additionally, we did not detect any particular trend between stellar population gradients
of Virgo dEs with respect to their average infall time.

In the right panels of Fig. 4.4.4, we performed a linear fit to quantify possible correlations
between Lick indices gradients and the velocity dispersion of Virgo dEs. Given that Lick indices
trace the stellar population properties of galaxies without being systematically affected by model
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assumption and degeneracies, we can combine our measurements with those from S17 in the
right column of Fig. 4.4.4. It should be noted that both measurements were performing in the
LIS-5 A system. All the investigated Virgo dEs have zero or slightly positive Vg gradients.
Negative Vg, and Vges015 gradients are also observed in all of Virgo dEs, with the former
being steeper.

In the middle panel, we detect a possible correlation (albeit at 1 o level) between Vg and
velocity dispersion for Virgo dEs, in a sense that Vg, becomes steeper with increasing o. This
is similar to the results of Ogando et al. (2006) who showed that Vg2 steepens with increasing
velocity dispersion in early-type galaxies with log(c [kms™!]) > 2. It should be noted that the
trends we find are based on the analysis of a fairly small sample of dEs in both clusters; hence,
they need to be evaluated through a systematic analysis over a statistically richer sample.

4.4.6 Comparison with the literature: massive ETGs

In this section and in Fig. 4.4.5, we compare cluster dEs (including our sample) with massive
early-type galaxies (ETGs). To do so, we take advantage of different samples that are already
analysed in the literature. This comparison is covering a wide range of velocity dispersion, hence,
it may provide a general picture of how galaxies, up to 1Re, build up their stellar population
with respect to their global properties. In this comparison (Fig. 4.4.5), we have utilized:

e ETGs from the MANGA survey (denoted with stars): Parikh et al. (2021) covers
1900 galaxies in a wide stellar mass range 8.6 < log(M, [Mg]) < 11.3. Their stellar
population properties were measured by modeling Lick absorption features (Hj3, Mgb,
Fe5070, Fe5335) using the MILES stellar library. This analysis was performed on stacked
spectra in different bins of stellar mass.

e ETGs from the ATLAS3D project (denoted with small khaki circles): 260 massive
ETGs that were observed with SAURON IFU. Their age, metallicity, and [«/Fe] maps
were constructed by Krajnovi¢ et al. (2020), through modeling key absorption features
(HB, Mgb, and Fe5015) using Schiavon (2007) SSPs.

e Massive ETGs from the CALIFA survey (denoted with black triangles): 45 massive
ETGs that were observed with PMAS/PPAK IFU. Their stellar population was retrieved
by Martin-Navarro et al. (2018), through modeling Lick indices (Hp3p, Fe4383, Fe5015,
Feb270, Mgb), using the MILES stellar library. In Fig.4.4.5, each data point represents the
averaged stellar population property of galaxies in three different mass bins (read directly
from Table 2 of their study).

Each data point of cluster dEs and ATLAS3D galaxies in Fig. 4.4.5, corresponmds to the
median property of 10 galaxies within each velocity dispersion bin. The error bars are errors
on the median. Data points from MANGA and massive ETGs of CALIFA are directly imported
from their original study, thus representing properties over different numbers of galaxies per bin.

Cluster dEs, on average, show zero to slightly positive age gradients with ranges similar
to more massive ETGs. At log(o [kms™!]) ~ 1.8, where the stellar mass of low-mass ETGs
of the ATLAS3D sample and MANGA ETGs overlap with cluster dEs, we witness a notice-
able discrepancy between gradients reported by different studies. Here, cluster dEs show flat
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Figure 4.4.5: Comparison of stellar population gradients between cluster dEs (denoted in purple), AT-
LAS3D ETGs (denoted in khaki), MANGA ETGs (denoted in red) and very massive CALIFA ETGs (denoted
in black). From top to bottom, we compare the Vage, Vnm/n), and V[a/Fe] of these galaxies, respectively.
Each data point of ATLAS3D and cluster dEs represents the median value of 10 galaxies in a specific log(o)
bin. The error bars are errors on the median.

gradients similar to what Parikh et al. (2021) has reported for low-mass MANGA ETGS. Yet,
this trend is noticeably different from the steep age gradients reported for low-mass ATLAS3D
galaxies. Compared to very massive ETGs with log(o [kms™!]) > 2.1 from ATLAS3D and CAL-



CHAPTER 4. STELLAR POPULATIONS OF IN-FALLING DES 89

IFA samples, cluster dEs have a similar range of age gradients. In the mid panel of Fig.4.4.5,
the scatter in V) among the samples is more substantial. Leaving this discrepancy aside
and regardless of their size or environment, ETGs showcase negative metallicities, meaning that
their center is metal richer than their outskirts at 1Re. Cluster dEs exhibit a qualitatively similar
negative trend. By only considering cluster dEs and ATLAS3D ETGs, there might be a positive
correlation between Vy; i) and velocity dispersion, up to log(c [kms™']) ~ 2.1, in the sense
that the metallicity gradient becomes more negative with increasing velocity dispersion. This
trend seems to reverse itself for more massive ETGs. However, this correlation is mainly set
by ATLAS3D data points. In fact, at any log(c), and particularly at log(c [kms™!]) ~ 2.1,
MANGA ETGs and CALIFA ETGs deviate significantly from ATLAS3D. This prevents us from
establishing any robust conclusion on possible trends between Vi) and log(o) for ETGs.

In the lower panel of Fig. 4.4.5, we plot V[a/Fe] as a function of log(c). Except for the
very massive end of the distribution, ETGs show positive V[«/Fe] that decreases with log(c),
albeit with significant scatter. On the low-mass end of the distribution, the steepest V[a/Fe]
are observed for cluster dEs with the lowest o. In general, cluster dEs have steeper V[a/Fe],
compared to ETGs more massive than log(o [kms™!]) > 1.8.

This comparison is covering a wide range of velocity dispersion, hence, it would be useful
in providing a general picture of similarities/differences between stellar population gradients in
dEs and more massive ETGs, up to 1Re. The main drawback of this comparison is the notice-
able systematic uncertainties and biases (rooted in, e.g., different methodologies) that possibly
produce a noticeable scatter among the results of different studies (for instance, between AT-
LAS3D and MANGA ETGs). Thus, we will not comment further on the physical interpretation
of observed trends between gradients and the velocity dispersion of galaxies in Fig. 4.4.5.

4.5 Discussion

4.5.1 Stellar populations of Virgo dEs: Age and [M/H]

The nine dEs investigated in this study were accreted onto Virgo as gravitationally bound
members of a rather massive galaxy group (~ 10'® M) where, according to Donnari et al.
(2021), pre-processing can be potent. Such a galaxy group can alter the stellar population
properties of its satellites through different mechanisms. For instance, tidal interactions can
affect the star formation activity, kinematics, morphology and gas content of satellites. On the
other hand, starvation and ram pressure stripping can also play vital roles in gas removal and
alteration of star formation activity of group satellites (e.g., Boselli and Gavazzi 2006). While
ram pressure stripping is only dominant in high density parts of the host galaxy group (i.e., the
inner regions), starvation is believed to be more efficient in quenching group satellites (Kawata
and Mulchaey 2008). Along these lines, the efficiency of environmental effects in a given galaxy
group depends on the halo size, satellite stellar masses, orbits, and the time spent in the halo's
environment.

In Chapter 3, we have detected signatures of pre-processing in the kinematics of our sampled
dEs. Despite their similar average infall time and stellar mass range, the large scatter of their
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specific angular momentum profiles was interpreted as evidence of their kinematic evolution in
the parent group halo rather than in Virgo. This reasoning was based on the fact that, the Virgo
cluster can modify a satellite’s kinematics only after several pericenter passages (i.e., several
Gyr Boselli and Gavazzi 2006), while our sample dEs have been accreted onto Virgo less than 3
Gyr (Chapter 2). Through the work undertaken in this Chapter, we investigated further possible
imprints of pre-processing in the stellar populations of our sampled dEs.

Except for VCCO0170, our sampled dEs are gas deficient. Thus, they have already experienced
some environmental modifications either in the Virgo cluster or in their parent halo. Rich galaxy
clusters such as Virgo are believed to quench their infalling satellites following a “delayed-then-
rapid” scenario (e.g., Wetzel et al. 2013; Rhee et al. 2020). Within this context, the star
formation rate of infalling satellites remains almost intact during the early phases of accretion
(2-4 Gyr). This duration is known as the “delayed phase”. Once satellites go through their first
pericenter passage, the quenching accelerates and becomes more efficient in reducing the star
formation rate of satellite galaxies (Wetzel et al. 2013; Rhee et al. 2020). Wetzel et al. (2013)
have shown that during the delayed phase, satellites with adequate gas reservoir experience
noticeable mass growth, which can be traced as young stars in light-weighted age measurements.
Inevitably, this may not be the case for those infalling satellites that are already quenched or left
gas deficient due to pre-processing. The presence of relatively younger (light-weighted) dEs in
the outskirts of the Virgo (Michielsen et al. 2008) and Coma clusters (Smith et al. 2009), along
with the observed correlation between light-weighted ages and average infall time of satellites
(Pasquali et al. 2019; Rhee et al. 2020; Gallazzi et al. 2021), endorse the scenario proposed by
Wetzel et al. (2013).

Our sampled dEs generally fall within the age range of other dEs in the Virgo, Fornax, and
Coma clusters. As shown in Fig. 4.4.1 and based on their integrated spectra, the majority of
our sampled dEs (i.e., 55 percent) accommodate young light-weighted stellar populations (i.e.,
< 4 Gyr). From their light-weighted age maps (presented in Fig. 4.3.8 and 4.3.9), one can
further notice the presence of such young stellar populations across most of dEs’ spatial extent
(up to ~ 1Re). Given the accretion time of our sampled dEs, these young stellar populations
could have formed through the regular star formation activity of the galaxy and (or) fostered
by the accretion event via bow shocks (see Chapter 1). The presence of a rather limited gas
reservoir in the central regions of VCC0170, which is forming stars at a low rate (Fig.4.3.8 as
reported in Chapter 3) fits well in this picture. However, this young population is not observed
in all of our sample members. Given their similar stellar mass range and accretion time, the
absence of such young stellar populations in some of our dEs’ age maps (including VCC0794,
VCC1896, and VCC2019) indicates that their star formation activity and gas content might
have been altered prior to their accretion to Virgo and possibly by their parent group halo.
The scattering in light-weighted ages measured from the integrated spectra of our sample (Fig.
4.4.1) also supports this picture. This scenario can be further evaluated through investigation
of our sampled dEs’ star formation history. The latter is going to be the topic of Chapter 5.

As presented in Fig. 4.4.1, at a fixed stellar mass range, our sampled dEs generally fall
within the metallicity range of other Virgo and Coma dEs. Precisely, our newly accreted dEs
are even more metal-poor (with 2-30 significance) than dEs with similar average infall time
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(i.e., zone two of Fig.4.4.1). On the other hand, studies have shown that at a fixed stellar
mass range, satellites in less massive host halos (log(M, [Mg]) ~12 - 13) are on average
more metal-poor than their counterparts in massive environments (e.g., Gallazzi et al. 2021).
This is expected as the gas removal from the satellite's disk or halo, induced by environmental
quenching mechanisms in massive halos, can result in the suppression of gas inflow which is
metal-deficient, and reprocessing of Fe-enriched gas (Pasquali et al. 2019; Gallazzi et al. 2021).
Our results in Fig. 4.4.1 position themselves in this context and indicate that, compared to
equally massive cluster dEs with similar average infall time, our sample dEs were not efficient in
enriching their ISM with metals. This can be either due to low star formation efficiency in the
group's environment or inflows of metal-poor gas (e.g., Pasquali et al. 2012; Peng et al. 2015).
This comparison can be regarded as an additional evidence for pre-processing of our sample in
their parent group.

From the top panel of Fig. 4.4.1, one may notice the difference between the metallicity
distributions of Virgo and Coma dEs. According to this figure Virgo dEs, on average, tend to
be more metal-poor than their counterparts in the Coma cluster. This can be either due to the
lower number of investigated Virgo dEs within this stellar mass regime or different characteristics
of these two clusters (in particular, their dynamical stage and halo mass).

4.5.2 Pre-processing in light of chemical enrichment

Our sampled dEs are moderate a-enhanced with light-weighted values when compared with
more massive ETGs (e.g., Gallazzi et al. 2006; La Barbera et al. 2014; Gallazzi et al. 2021) and
the thick disk of the Milky Way (e.g., Bensby et al. 2003; Vincenzo et al. 2021). This result
is at odds with previous studies, which have shown that dEs are dominated mainly by stellar
populations with solar « abundance ratios (e.g., Sybilska et al. 2017).

The [a/Fe] abundance ratio is often regarded as a ‘metal production clock’ (Sparke and
Gallagher 2007) that can track the galactic chemical enrichment. In the early stages of a
galaxy's life, the ratio between light o elements, such as Mg and Ca, and Fe-peak elements in
the ISM is expected to be high. This is mainly due to the fast (within 100 Myr) evolution of
massive stars (with log(M [M,]) > 10) that leads to Supernova type Il and a-enrichment of
the ISM. As the galaxy continues forming new stars, Fe-peak elements contaminate the ISM on
longer time scales (> 1 Gyr). The latter takes place through Supernova Type | that marks the
endpoint of binary stars’ lives. Hence, the [a/Fe] ratio decreases. In this regard, star formation
on short timescales can result in a low abundance of Fe-peak elements and, consequently, a-
enhancement. Thus, rapid quenching of star formation or removal of metal enriched gas, which
are quite probable in high density environments, can result in higher [a/Fe] ratios (e.g., Thomas
et al. 1999).

In the right panels of Fig 4.4.1, we compared our sampled dEs with their equally-massive
counterparts in the Coma and Virgo clusters. Equal mass allows us to neglect systematic effects
on [a/Fe] due to galaxy secular evolution. Through this comparison, we noticed that our sampled
dEs are noticeably a-enhanced (with median [a/Fe] = 0.26 dex) than other cluster dEs, and
especially when compared to those having a similar average infall time (i.e., with 8o significance
for dEs in zone two).
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In earlier phases of our sampled dEs’ evolution, the ISM was enriched mainly by massive
stars and on a rather short time scale. Thus, their [a/Fe] ratios were relatively high. While the
Fe-enrichment of ISM took place only Gyrs later, their star formation rate might also have been
altered by the environment of their host group. The latter reasoning is based on the results
of Erfanianfar et al. (2014) which show that the decline of a galaxy's star formation activity
correlates with its host halo mass in that it becomes more significant in more massive galaxy
groups. Rasmussen et al. (2012) showed that at fixed stellar mass, the specific star formation
rate of group galaxies is suppressed, on average, by 40 percent compared to the field members.
Authors have shown that this suppression effect is stronger in massive galaxy groups ( ~ 10!
Mg) (see also Schaefer et al. 2019). Moreover, Barsanti et al. (2018) showed that in the core
of a group with 102 < Magg/My < 10 the specific star formation rate of galaxies drop by a
factor of ~ 1.2 with respect to the field. The declination of star formation activity can result in
prolonged metal enrichment of our dEs' ISM, hence, causing them to maintain their relatively
higher [a/Fe] ratio for a longer time. This is also observed for dEs in the core of Coma cluster
(Smith et al. 2009).

Our proposed picture of pre-processing for our sample dEs gains further support by the fact
that despite their similar accretion time and stellar mass range, they exhibit scatter in their
[c/Fe] ratios and ages. For instance, VCC0794, the most [a/Fe]-enhanced dE in our sample
with light-weighted median age of ~ 10 Gyr, shows no signs of recent star formation activity.
This galaxy might have formed the bulk of its stars on a rather short timescale. On the other
hand, some of our sampled dEs have been accreted onto Virgo while retaining gas (directly
observed in VCC0170) and showing less enhanced [a/Fe| ratios comparable with other dEs in
the literature. Additionally, the presence of young (with light-weighted age of < 4 Gyr) and
less c-enhanced stellar populations in some of the other dEs, such as VCC0407 or VCC0608,
endorse the fact that star formation has been continued for longer timescales in some of our
dEs, but not all of them.

Galaxy clusters are gradually built up through time by accreting galaxy groups with different
masses, galaxy pairs, and isolated field galaxies. Since this hierarchical formation is frequent, one
reasonable concern would then be the small fraction of [a/Fe]-enhanced clusters dEs observed
in zone two and three of projected phase-space diagrams in Fig.4.4.1. One vivid explanation
behind this is the lack of adequate data points. What is presented in Fig 4.4.1 does not include
the entire cluster dEs within the defined stellar mass range, but only those with available results
on [a/Fe| to date. A second possible explanation comes from results of Barsanti et al. (2018)
which showed that low-mass satellites of less massive galaxy groups (< 1025 M) experience
enhanced star formation rate (hence, lowering [«/Fe] ratios), rather than suppression. Thus, not
all the pre-processed dEs necessarily exhibit enhanced levels of [«/Fe]. Based on this statement,
it stands to reason that cluster dEs show different levels of ISM enrichment as a result of not
only their evolutionary path within their current host halo but also the characteristics of their
previous environment(s).

In Section 4.4.2, we could not conclude any trend between average infall time of dEs and their
[cr/Fe] values. In particular, similarities between dEs in zone three of the phase-space diagram
(with average infall time more than 5 Gyr) to the more recent infallers in zone two might be
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unexpected since dEs of zone three have, on average, experienced longer exposures to clusters’
environments. In this regard, Pasquali et al. (2019), and Gallazzi et al. (2021) found that ancient
infallers tend to be more a-enhanced (within 20) compared to recent infallers. This has been
concluded based on a much larger sample of low-mass galaxies in different environments. Hence,
to have a more robust conclusion on this trend and to evaluate whether results of Pasquali et al.
(2019) and Gallazzi et al. (2021) could also be the case for the Virgo cluster or not, we need to
increase the size of our Virgo dEs.

There is no doubt that our reasoning here can be benefited from populating different zones
of the projected phase-space diagram through investigations of larger dE samples. Furthermore,
model predictions on efficiency and duration of (particularly) dE's star formation in massive
galaxy groups can provide additional valuable information on ISM enrichment in such environ-
ments.

4.5.3 Nature or Nurture, that is the question

In Section 4.4.6, we compared the gradients of dEs in different clusters together and with more
massive ETGs, up to 1Re. By far similar comparisons have been done by a number of studies
in the literature, but only a very few of them have included galaxies as massive as early-type
dwarfs (log(M, [Mg]) < 9.5) (e.g., Harbeck et al. 2001; Chilingarian et al. 2008; Koleva et al.
2009, 2011; Sybilska et al. 2017; Goddard et al. 2017).

Based on their characteristics and environment, galaxies experience different evolutionary
histories. The latter also manifests itself in the spatial distribution of the galaxy's stellar pop-
ulation, as well as their kinematics and dynamics. In fact, the scatter observed in most of the
stellar population gradient’s scaling relations reflects galaxies different evolutionary tracks (e.g.,
Pipino et al. 2008). Nonetheless, the extent to which environment or stellar mass effects shape
galaxies’ observed scaling relations is not clear yet. Considering a wide range of stellar masses (9
< M, [Mg] < 11.5), Goddard et al. (2017) showed that stellar population gradients (light- and
mass-weighted) in ETGs are mainly mass dependent. They concluded that, within such stellar
mass range, the environment has negligible, if any, effect on altering the spatial distribution of
galaxies' stellar populations. Similar conclusions were presented also by studies which investi-
gated massive galaxies (e.g.,: Annibali et al. 2007; Koleva et al. 2011; Rosa et al. 2018; Ferreras
et al. 2019). Additionally, Santucci et al. (2020) showed no particular difference between stellar
population gradients of satellites and central galaxies, up to 2Re. They suggested that regardless
of their environment, galaxies follow similar formation trends in their inner regions. La Barbera
et al. (2011) showed that ETGs more massive than 10'%® M, have steeper negative metallicity
and positive age gradients in low-density environments (such as groups), compared to those in
massive clusters. On the other hand, a marginal flattening of metallicity gradients for low-mass
halo satellites, compared to those in rich clusters, is reported by Greene et al. (2015). The latter
was based on investigating 100 massive ETGs up to 2Re. This trend becomes less evident when
considering the 1-1.5Re region, as mentioned by Greene et al. (2015).

Consistent with previous investigations of dEs, we also detected slightly positive Vg (if
any), negative Vi m) and positive V[ /Fe] for our sample of dEs with M, < 10%% M, in Fig.
4.4.6. These observed trends in stellar population gradients of dEs indicate that, in general,
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dEs host younger, metal-richer and less a-enhanced stellar populations in their inner parts, thus
are consistent with the out-side quenching scenario (Pipino et al. 2008, 2010). These results
suggest that star formation in dEs, on average, takes place on longer timescales and is more
centrally concentrated. K11 reported an average Vg of +0.10 £ 0.14 for Fornax dEs, with
extreme cases reaching up to +0.30. We detected a similar range of V4. for our sampled dEs,
but with two extreme cases (namely VCC0170 and VCC1833). Similarly, investigations of K11
show a median range of V) = -0.26 £ 0.16 for Fornax dEs which is similar to the range
reported for Virgo dEs by S17 and in this study. These reported ranges are consistent with
results of hydrodynamical simulations which predict an average Vy;/i) = -0.3 dex for low-mass
early-type galaxies, as a result of dissipative collapse formation scenario (Kobayashi and Arimoto
1999; Pipino et al. 2010).

Some studies predict flat V|y g for dEs with higher degrees of rotation (Schroyen et al.
2011; Koleva et al. 2009). This is mainly due to the fact that rotation of the galactic body is
expected to act against its gas sinking. In Chapter 3 we showed that the majority of our sampled
dEs are fast-rotating structures with relatively large values of specific angular momentum (Ag.).
Yet, eight out of 9 dEs in this sample have distinct negative V). Thus, similar to K11, our
results are not consistent with mentioned predictions. However, we agree with K11 that our
conclusion in this regard might be (partly) affected by the projection effect.

What is the role of the environment in the alteration of stellar population gradients in
cluster dEs? The shallow potential well of dEs makes them susceptible to environmental effects,
such as ram pressure stripping, tidal interactions, and starvation. Each of these mechanisms
leaves imprints on stellar orbits and star formation activity of a given satellite galaxy, differently
and on unlike timescales (e.g., Boselli and Gavazzi 2006). Interestingly, K11 detected metallicity
gradients even in the old stellar populations of their investigated dE sample. Authors interpreted
these findings as minor to null environmental effects on galactic stellar population gradients. It
was only later that S17 challenged this interpretation by pointing to considerable chances of
possible, but not directly detectable, environmental-induced alteration. Virgo dEs constitute the
majority of our cluster dEs sample and have been exposed to environmental effects, on average,
more than 3 Gyr (according to their position on the projected phase-space diagram). The latter
is long enough to reasonably expect Virgo altering the spatial distribution of stellar populations
within these galaxies. Yet, we did not detect any correlation between gradients and the average
infall time of Virgo dEs, up to 1Re. Furthermore, we did not detect any difference between Virgo
and Fornax dEs, in terms of the gradients of their stellar population properties. These results
are partly affected by observed data constraints in both clusters. One other possible explanation
could also be that either environment has no effect on shaping the stellar population gradients
in the inner regions of cluster dEs or, as suggested by S17, its effect is too complicated to be
traced by current diagnostic tools.

What is the role of galaxy stellar mass in modifying stellar population gradients in cluster
dEs? In Fig.4.4.4 we did not detect any strong correlation between log(o) and stellar population
gradients of cluster dEs. The latter is consistent with results of Kuntschner et al. (2010); Koleva
et al. (2011); Sybilska et al. (2017). Nonetheless, this trend might change after adding more
data points to the comparison. On the other hand, we have detected a correlation between
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VMgb and log(o) in that VMgb becomes flatter with increasing velocity dispersion. This is
consistent with results of Pipino et al. (2010) who report a similar trend for VMg2. In Fig.4.4.6
we compared our sample of cluster dEs with more massive ETGs of ATLAS3D, MANGA, and
CALIFA surveys. In general, cluster dEs have Vuge, Vn/m), and V[a/Fe] values comparable
with those of more massive ETGs, measured up to 1Re.

Low-mass ETGs of ATLAS3D (at log(o [kms™!]) ~ 1.8) show steeper positive Vg which
is not seen among cluster dEs. This has been noticed through comparisons of S17, where
authors mentioned the presence of ATLAS3D field members as a possible explanation for this
discrepancy. However, we witness similar differences for low-mass MANGA ETGs that also
include field members within this mass range. This offset between results of Parikh et al.
(2021) for MANGA survey, and Krajnovi¢ et al. (2020) for ATLAS3D survey persist at all stellar
mass ranges and becomes even more drastic for V). One might notice a weak dependency
between V\;/m) and log(o) traced by ATLAS3D ETGs and cluster dEs. This trend shows that
the V|y1/m) becomes steeper toward galaxies with log(o [kms™1]) ~ 2.2 and decreases by moving
toward very massive ETGs. The latter is in agreement with results of Annibali et al. (2007) who
showed that the V[y;/yy values becomes flatter toward more massive ETGs with log(o [kms™])
~ 2.5. In addition, Carollo et al. (1993) have also shown a positive correlation between VMgs
(as a tracer of stellar metallicity) and stellar mass of ETGs up to 10! My. We have further
witnessed a similar trend for VMgb of Virgo dEs in Fig. 4.4.4. However, the correlation between
Vimym) and log(c) in Fig.4.4.5 is solely based on the ATLAS3D data points, which are not quite
consistent, particularly in V\;/p) values, with results of Parikh et al. (2021) for MANGA ETGs.
Thus, it prevents us from making any robust conclusion here.

In addition, we have noticed that toward the lower log(c), the V[a/Fe] of cluster dEs
becomes steeper compared to more massive galaxies. Interestingly, the bin with the smallest
log(o) has the most positive V[a/Fe] gradient. Albeit, the latter is a weak trend and certainly
can be benefited from the increase of data points in the low-mass end of the distribution.

Similarities of stellar population gradients between cluster dEs and more massive ETGs can
be best understood in the context of two-phase formation scenario (e.g., Bullock and Johnston
2005). In the first phase, galaxies experience "in-situ” formation through dissipative collapse
(i.e., forming stars in their inner region). Hence, positive age and negative metallicity gradients,
particularly within 1Re, are expected (Zibetti et al. 2020). The latter trends are observed in
cluster dEs, relatively weaker for dSphs of the Local Group (e.g., Harbeck et al. 2001; Chilingarian
et al. 2008; Lianou et al. 2010; Koleva et al. 2011; Sybilska et al. 2017) and are predicted for
this range of stellar mass by several authors (e.g., Larson 1974; Pipino et al. 2008). In the
second phase of formation, known as the "ex-situ” phase, galaxies gain more mass through
mergers. In this picture, mergers can reduce the slope of pre-existing gradients (Hopkins et al.
2009; Taylor and Kobayashi 2017) or, under special conditions such as wet mergers, can steepen
them (Hopkins et al. 2009). Since the latter phase of formation affects the distribution of stellar
population properties at a higher effective radius (i.e., > 1 - 1.5Re), their possible effects on our
comparison in Fig. 4.4.5 may be marginal. This comparison indicates that probably regardless of
their present-day environment, low-mass galaxies (< 10%% Mg) have built up their inner regions
mainly through the in-situ formation scenario that is more similar to the inner parts of massive
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ETGs. This is consistent with the galactic formation scenario that several studies have pictured
(e.g., Clauwens et al. 2018).

What Fig.4.4.5 demonstrates inevitably suffers from systematic biases, due to which we will
not further comment on possible structural differences between cluster dEs and massive ETGs.
Characteristics of different observed data and/or methods and approaches by which results
are obtained, are the main sources of such systematic biases. This may explain the difference
between the measured Vi) value of ATLAS3D and MANGA ETGs. The fitting approach (full
spectrum fitting or the standard fit on Lick absorption indices), chosen stellar library and set of
employed absorption features, can affect results of different investigations and may also persist
in the comparison we performed here. We believe these results would benefit from statistically
rich data sets, particularly including low-mass galaxies from different environments, analyzed in
the same way and with the same tools.

4.6 Conclusion

In this chapter, we investigated the properties of our sampled dEs’ stellar populations and
compared our measurements with results in the literature. In this study, we developed a four-
step index fitting routine, based on a x? minimization approach, that fitted observed Lick
indices with SSPs' predictions for age, [M/H], and [a/Fe]. In this study, we have employed the
following absorption indices: Hj3p, Mgb5177, Fe5270, Fe5335. We constructed the age, [M/H]
and [«/Fe] maps of our main sample members using their MUSE data set. We quantified the
spatial variation of these properties by fitting linear relations between stellar population values
and galactocentric distances, using the publicly available LINmix routine. We compared our
results with dEs of Virgo, Coma and Fornax clusters, as well as more massive ETGs coming
from surveys such as CALIFA, ATLAS3D and MANGA. The main results of our analysis can be
summarized as follow:

e Our sampled dEs fall within the age range of 1.85 to 10.50 Gyr, the metallicity range of
-0.77 < [M/H] [dex]< -0.18 and « abundance range of 0.20 < [«/Fe] [dex] < 0.43. We
have measured the median age of 6.8 + 1.1 Gyr, median [M/H] of -0.59 + 0.05 dex, and
median of [a/Fe] = 0.26 £ 0.02 dex for our sampled dEs.

e We found our sampled dEs to be younger (with the significance of 10), metal-poorer (with
the significance of 2-3 &) and more a-enhanced (with the significance of 8) than other
dEs of Virgo and Coma cluster in the same stellar mass range and with similar average
infall time. These results, and in particular the a-enhancement of our sampled dEs, can
be evidence for satellites’ pre-processing in the previous galaxy group, and prior to their
infall to the Virgo.

e We measured an average Vage = 0.12 & 0.12 [log yr]/[log(R/Re)], Vni/m) = -0.14 & 0.06
[dex]/[log(R/Re)], and V[a/Fe] = 0.12 & 0.04 [dex]/[log(R/Re)] ? for our sampled dEs.
These results are consistent with previous studies and reinforce the out-side in quenching
scenario for these low-mass systems.

2errors are computed as the standard error of the average.
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e We did not detect any meaningful correlation between stellar population gradients of dEs
and their log(o) (as a prob of their stellar mass) or environment. We could only detect a
correlation between VMgb and log(o) for cluster dEs, which is consistent with the results
of those studies which reported a similar correlation for VMg2.

e We found that cluster dEs show a similar range of Vage, Viyi/m), and V[a/Fe] as more
massive ETGs, up to 1Re. Nonetheless, compared to these massive systems, cluster
dEs have steeper positive V[a/Fe]. Due to systematic biases in the analysis of these
galaxy samples, we could not conclude any possible general trends or structural differences
between cluster dEs and massive ETGs.






Adam’s sons are body limbs, to say;
For they're created of the same clay.
Should one organ be troubled by pain,
Others would suffer severe strain.
Thou, careless of people’s suffering,
Deserve not the name, "human being”.

— Saadi, a major Persian poet and prose writer.
Translation by: H. Vahid Dastjerdi

Imprints of the accretion event

This chapter is based on the preliminary results of an ongoing project. Final results will be
submitted for publication in MNRAS as Bidaran et al.

In this chapter, we investigate possible imprints of the accretion of our sampled dEs, onto
Virgo, on their star formation activity. To do so, we perform the full spectrum fitting technique,
using the public STARLIGHT routine, over the averaged spectra of our sampled dEs. We
expound our (preliminary) results concerning dEs’ accretion time onto Virgo.

5.1 Introduction

Satellites are exposed to different environmental mechanisms, following their accretion onto
high-density environments. Inside their host halo, ram pressure stripping (RPS) can effectively
exhaust satellites’ star formation activity by depleting their cold gas reservoir (Gunn and Gott
1972). This hydrodynamical effect generates stripped tails in some cluster satellites (referred
to as jellyfish galaxies) and alters galaxies' star formation activity (e.g., Hester et al. 2010;
Fumagalli et al. 2011; Kenney et al. 2014). Furthermore, the gravitational potential well of the
host halo and multiple close encounters with other halo members can exert a combination of
tidal forces on the accreted satellites that leave marks on their dynamics, morphology, and star
formation activity. The effect of these combined tidal interactions is known as galaxy harassment
(Moore et al. 1996, 1998). In addition to harassment and RPS, other environmental mechanisms,
such as starvation, are also responsible for converting star-forming galaxies into quiescent ones.
These environmental mechanisms efficiently leave imprints on different properties of infalling
satellites, but on relatively different timescales (for more details on environmental mechanisms
check Section 1.2 of Chapter 1 or review of Boselli and Gavazzi 2006).

Among different mechanisms introduced so far, RPS acts relatively fast and efficiently (e.g.,
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Boselli and Gavazzi 2006; Boselli et al. 2009). RPS eliminates the low-density gas from satellites’
outskirts, modifies their color on short time scales (Boselli et al. 2009), and creates truncated
radial gas density profiles (e.g., Chung et al. 2009). However, as mentioned in Chapter 1, the
strength of the RPS depends on the environment's density (i.e., the density of intra-cluster
medium), the velocity of the infalling satellite, and its orbital configuration. While on longer
timescales, RPS is conducive in ceasing the star formation activity of a given satellite, in shorter
intervals, it can trigger local star formation enhancements, as a result of gas compression in the
infalling satellite’s leading part and core (but see: Mun et al. 2021). This effect is severe for
those gas-rich satellites with (nearly) edge-on infalling orbits in massive galaxy clusters (Boselli
and Gavazzi 2006). Additionally, the dark matter distribution of the infalling satellite (Mori
and Burkert 2000), and its stellar mass (Abadi et al. 1999; Vollmer et al. 2001; Smith et al.
2015) are some of the other factors that determine RPS's efficiency in triggering or suppressing
satellite's star formation activity.

An infalling satellite may experience bow shocks, turbulent motions, and thermal instabilities
while moving within the intergalactic medium of its host halo. Such hydrodynamical interactions
likely increase the rate of gas cloud collisions within the satellite’s inner disk (Evrard 1991; Bekki
and Couch 2003; Bekki 2014). This effect has been directly observed in the spiral galaxy NGC
4921 of the Coma cluster by Cramer et al. (2021). On the other hand, along the direction of
the velocity vector and particularly in (nearly) edge-on accretion events, the outer low-density
gas reservoir of the galaxy may be trapped in its inner disc, thus the gas density of central parts
increases by a factor of 1.5 (Vollmer et al. 2001). These two effects can eventually trigger star
formation episodes or enhance the preexisting one for a short time. In a massive galaxy cluster,
such as Virgo, this effect is more substantial. Models predict the star formation rate of infalling
satellites in a Virgo-like halo to increase by a factor of 2 (e.g., Fujita 1998; Fujita and Nagashima
1999) on timescales less than 1 Gyr. This effect has been observed in jellyfish galaxies (e.g.,
Hester et al. 2010; Safarzadeh and Loeb 2019). Results of Bekki and Couch (2003) suggest
that star formation enhancement is expected to be triggered in the early stages of accretion and
even in the outskirts of massive host halos.

In chapter 4 we detected a young population of stars (i.e., age < 4 Gyr) across some of our
sampled dEs’ bodies. We discussed that the average age of these young components correlates
with the average infall time that we measured for our sample (Chapter 2). These young stellar
populations might be the result of star formation activity intrinsic to our sampled dEs or it might
have been triggered by RPS upon accretion onto Virgo. In particular, if the velocity vector of
a satellite within a merging galaxy group aligns with the group's merging axis, the relative
velocities add up together, and the RPS effect becomes more severe (McPartland et al. 2016;
Ebeling and Kalita 2019). To this end, we believe that our sampled dEs, although limited by size
and (likely) different levels of pre-processing, constitute an informative testbed for investigating
the possible effects of RPS during early stages of low-mass galaxies’ infall.

Two questions shape the main objectives of this chapter: How would a cluster’s environment
affect the star formation activity of accreted satellites in their early stages of infalling? And what
are possible imprints of pre-processing on star formation history ! of infalling satellites? We have

'The number of stars that are formed inside a galaxy as a function of time.
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performed the full spectrum fitting technique that provides the most plausible fitting solution by
combining a set of single stellar population (SSP) models but not relying solely on a single model
as presented in Chapter 4. With this approach, we will account for the contribution of SSPs,
with different ages and metallicities, to the observed spectrum simultaneously. Determining
average age and [M/H] in this way also reassures us about the reliability of the average ages
and metallicities derived through the spectral line indices in Chapter 4.

This chapter is organized as follows: In Section 5.2 we describe the full spectrum fitting
technique we employed to measure stellar population properties of our sample dEs. In Section
5.3 we present our results and we discuss them in Section 5.4. Conclusions and outlook are
presented in Section 5.5.

5.2 Method

One possible way of retrieving stellar population properties from observed spectra is to create
a synthetic spectrum by linearly combining SSP models so that the constructed spectrum best
matches the observations. This approach shapes the basis of the well-known full-spectrum fitting
technique and several publicly available routines (such as pPXF (Cappellari and Emsellem 2004;
Cappellari 2017), STARLIGHT (CidFernandes et al. 2005), and Ulyss (Koleva et al. 2009))
perform it. Through full-spectrum fitting, we consider no only absorption features (such as Hj3
or Fe absorption lines), but also the shape of the stellar continuum in the observed spectrum.
Thus, this method is sensitive to the flux calibration of the data. In this chapter, we perform
this technique using the well-known STARLIGHT code.

5.2.1 Full spectrum fitting by STARLIGHT

STARLIGHT is a publicly available full-spectrum fitting code that provides the most plausible
spectral fit to the observed data by constructing a synthetic spectrum (M)) from a linear
combination of a set of defined SSP models of different age and metallicity. The most plausible
combination of parameters in the fitted spectrum can be quantified as suggested by CidFernandes
et al. (2005):

N,
My (2, Mo, Ay, vy, 04) = My | D ibjara | Q) Glvs, 04) (5.1)
i=1

where My is the scaling parameter and is set equal to the synthetic flux at the user-defined
normalizing wavelength range. The latter is used by the code for normalizing the observed data.
The summation is over IV, that is the number of base models. x; denotes the population vector,
b; » represents the jth SSP model and r) represents the reddening term. The Ay, is the Galactic
extinction in V-band, and similar to Chapter 4, we used Cardeli Galactic extinction law (Cardelli
et al. 1989) for the full spectrum fitting analysis here. G(vy, 0,) denotes a Gaussian model with
broadening o, (the stellar velocity dispersion) that is centered at v, (the rotational velocity of
stars). The plausibility of the fitted spectrum with respect to the input observed data (O,) is
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evaluated based on the least x? test, as described by CidFernandes et al. (2005):

Ny

X2(CU,M)\0,AV,U*,O'*) = Z[(OA - MA)U})\]2 (52)
A=1

where w) is the inversed noise of the observed spectrum. Once the most feasible solution is
found, the code creates a report containing the best-fitted spectrum and a population vector
that defines the contribution of each SSP model to the final fitting solution. This report is used
to compute light-/mass-weighted age and [M/H] along with the star formation history and mass
assembly of the galaxy under study (see Section 5.3).

5.2.2 Setup and measurement
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Figure 5.2.1: |

An example of the interpolation of interpolated SSP models of fixed age (4 Gyr) and
metallicity ([M/H] = -0.66 dex). Different colors show SSPs with different values of
[/ Fe].

We have employed the integrated averaged spectrum of each dE, as constructed in Section
4.3.2, to derive its light- and mass-weighted age and metallicity. This spectrum is corrected for
nebular emission lines and Galactic extinction, as described in 4.3.1. In this work, we perform
the spectral fitting in the spectral range of 475 to 554 (nm). This wavelength range contains the
most crucial absorption features that are sensitive to age and [M/H] and is less affected by telluric
lines that are most dominant at longer wavelengths (for more explanation on possible impacts
of selected wavelength ranges on the full spectrum fitting results, please check: Goncalves et al.
2020). To normalize the input flux, STARLIGHT uses the median of the observed spectrum
in a specific user-defined wavelength range, called the "S/N window”. In this study, we have
defined our preferred S/N window in the wavelength range of 475 to 480 (nm).
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In order to compare the results of this chapter with those of Chapter 4 (i.e., Lick indices
fitting), here we have utilized SSP models with a similar configuration. In detail, we use Vazdekis
et al. (2010) SSP models based on the MILES library with BASTI isochrones and bimodal IMF
with a slope of 1.3. Our base SSP models have the age range of 1 to 14 Gyr with a stepping
of 1 Gyr and the metallicity range of -1.26 to -0.25 dex. As explained in Chapter 4, absorption
features that are present in our adopted fitting wavelength range are not only age and [M/H]
dependent but also are sensitive to [a/Fe]. On the other hand, STARLIGHT only accepts a
limited number of SSP models as its pre-defined base (up to 300). Thus, to take our dEs’ «
enrichment into account and compensate for the limited size of STARLIGHT's stellar models
base, we decided to use SSPs with [«/Fe] values equal to what we have measured for each dE
in Table 4.3.3 of Chapter 4.

Unfortunately, by the time of writing this thesis, the MILES library only provides SSP models
for three sets of [a/Fe] values (i.e., 0, 0.2, and 0.4 dex). This problem will be solved once
sMILES library becomes available (Knowles et al. 2021). This new semi-empirical MILES library
will provide a wider range of [a/Fe] values (-0.20 to 0.60 dex) for SSP models, at the spectral
resolution of FWHM = 2.5 A. In this study, we have compensated for the stellar library limited
coverage of [a/Fe] by interpolating the flux of available models and constructing SSPs at our
desired [a/Fe] range.

To do so, for models at each age and [M/H], we linearly interpolated the flux at each
wavelength and based on their [a/Fe| values. Hence, we constructed new SSP models with
different levels of a-enrichment. Per a values, we name these new sets of models, per [« /Fe]
values, as a new "SSP family”. In Fig. 5.2.1, an example of this flux interpolation is presented
for SSP models with age 4 Gyr and [M/H] = -0.66 dex. In this plot, the a-enhanced model
(with [a/Fe] = 0.4 dex) is presented with a black line, and the model with solar-scaled « is
presented as a gray line. Two interpolated spectra are presented with purple (with a= 0.3
dex) and orange (with o =0.2 dex) lines in the same figure. In the case of VCC0794, which
is the most a-enhanced dE in our sample (with [/Fe] = 0.43 dex), desired SSP families were
constructed by linearly extrapolating available SSP models.

To perform fits on each dE, we considered three a values (hence three SSP families). These
values are the measured [«/Fe] values and their corresponding upper and lower errors, as reported
in Table 4.3.3 of Chapter 4.

To account for possible systematic errors, we ran STARLIGHT for 100 MC realizations. To
do so, we performed a single fit over the observed spectrum. We created 100 perturbed spectra
by adding to the original flux, per wavelength, a value randomly selected from the residuals of
the STARLIGHT fit. The final stellar population properties that are reported in this chapter are
the average of these 100 iterations, and errors are their corresponding standard deviations. In
Fig.5.2.2, we show an example of the fit performed by STARLIGHT over the averaged integrated
spectrum of VCC2019 (the dark blue spectrum). The best-fitted solution of STARLIGHT (shown
in red) and the fit residuals (shown in light purple) are also plotted. Please note that residuals
are shifted up by 0.3 for legibility.
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Figure 5.2.2: An example of the full spectral fitting over the averaged spectrum of VCC2019. The observed
and normalized data is shown in the dark blue spectrum. STARLIGHT’s best-fitting model spectrum is
shown in red, and residuals of the fit are shown in light purple. For better legibility, residuals are shifted up
by 0.3.

5.3 Results

5.3.1 Integrated Age and [M/H]

STARLIGHT quantifies each SSP’s contribution to the total best fitting spectrum and reports it
as assigned weight. Hence, per STARLIGHT run, we can derive light-weighted age and [M/H]
following the definitions below:

< Age >1= Z €t z.0Age (5.3)
t,Z,«

< [M/H) >1=") e zq[M/H] (5.4)
t,Z,«

where t, Z, and o denote age, metallicity, and a-enrichment of a given SSP model and €, 7, is
the light-weighted stellar population vector. Here the summation is over the entire SSPs of the
base. To compute the mass-weighted age and metallicity, we use the same equation above, but
by using ¢, 7,«, which is the mass-weighted stellar population vector. This vector is computed
by multiplying €7 by the mass-to-light ratio of each SSP (measured by STARLIGHT per
fit) after normalizing each SSP’s stellar mass to 1 Mg. For each dE and for each of the 100
MC runs, we computed light-/mass-weighted age and metallicity using the equations above. In
Table 5.3.1 and for each galaxy, we report the age and metallicity averaged over the results of
these 100 MC runs. The upper and lower range of errors is 84th and 16th percentiles of their
corresponding distributions.
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Table 5.3.1: STARLIGHT results on integrated light-/mass-weighted stellar population properties
Object <Age> <[M/H]>[ <Age> s <[M/H|>
[Gyr] [dex] [Gyr] [dex]

VCCO0170  2.097037  -0.547007 278 7975 -0.61 7(13
VCC0407  4.1170%  -0507008 470 1% -0.56 1013
VCC0608  3.16%05  -0.44700; 458 X050 048 X0
VCCO794  9.547058 -0.6975-03 9.91 083 -0.62 912
VCC0990  4.3770-23 -0.3875-04 5.30 7039 -0.37 10-99
VCC1833  3.637045 -0.2675:04 5.96 7028 -0.25 Ot
VCC1836  3.987042  -0.66700:  4.56 055 -0.72 1920
VCCI896 8607073  -0.49700F  9.06 10T6 -043 T91)
VCC2019  6.5115:80 0461002 6.81 7049 -0.45 042

Columns are: name of the target, light-weighted age, light-weighted metallicity, mass-weighted age,
and mass-weighted metallicity.
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Figure 5.3.1: Left panel: Comparing light-weighted age values obtained from STARLIGHT full spectrum
fitting (x-axis) with those measured through Lick indices fitting (y-axis). Data points represent dEs in our
main sample. Right panel: Same comparison as the right panel but for light-weighted [M/H] values.

In Fig. 5.3.1 we compare results of STARLIGHT fits with those from Lick indices fitting
(values reported in table 4.3.3 of Chapter 4). In the left panel of this figure, we compare
light-weighted mean ages obtained from STARLIGHT (on the x-axis) and averaged age values
obtained from fitting over Lick indices (on the y-axis). Same comparison, but for light-weighted
mean [M/H], is presented in the right panel of Fig. 5.3.1. A KS-test applied to these two sets
reveals consistency between the two fitting approaches (with p-value = 0.35 and 0.12 for results
on age and metallicity, respectively).

5.3.1 shows that STARLIGHT generally underestimates age while overestimating metallicity
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with respect to Lick indices. This can partly be due to systematic and fundamental differences
between the two employed fitting methods in this comparison. STARLIGHT considers a mixture
of SSP models to construct the best fitting model. Thus, for galaxies with multiple epochs
of star formation, STARLIGHT is a more realistic approach than the single stellar population
fitting that we have performed in Chapter 4. Precisely, the light-weighted age and [M/H] in
Table 5.3.1 are measured by accounting for the possible contribution of both young and old
SSPs in the observed spectrum, whereas in Chapter 4, we have based our analysis solely on
single stellar populations and not simultaneously considering different SSP components.

In Section 5.2.1, we have already stated that STARLIGHT accepts only a limited number of
SSP models (maximum number of 300) while for the Lick indices fitting, such limitation does
not hold (we used ~ 2,410,000 SSP models in the analysis of Chapter 4). Hence, STARLIGHT
constructs the final fitted spectrum based on a limited model space that has uneven spacing
in the [M/H] axis and a spacing of 1 Gyr in the age axis. This may affect STARLIGHT's
judgment on computing the contribution of each SSP model, thus the final average age and
[M/H]. In addition, it should also be noted that the uncertainties due to model degeneracies
that we already mentioned in Section 4.3.3 are still relevant for the results of the full-spectrum
fitting. Last but not least, results of Lick indices fitting noticeably suffer from the well-known
issue of “age-metallicity degeneracy”. According to Sdnchez-Blazquez et al. (2011), this issue
is less dominant for full-spectrum fitting, yet it should be taken into account while interpreting
the present discrepancy between the results of these two approaches.

5.3.2 Star formation through galactic lifetime

On the top row of Fig.5.3.2, we present the stellar light fraction as a function of age for our
sampled dEs. Each distribution has been constructed by summing ¢; 7 ., values over metallicities
and « values, at any given age. Hence each distribution shows the contribution of SSPs of
different ages to the final fitted spectrum. These light distributions are systematically more
sensitive to the contribution of young stars to the total observed light. Thus, they trace recently
formed stars in a given galaxy. In the bottom panels of this figure, we present the stellar mass
fraction as a function of age which was constructed by summing p; 7 . values over metallicities
and « values at any given age. For each dE, the mass-weighted distribution follows a similar
trend as the light-weighted one.

In Fig.5.3.2, we have divided galaxies into two sub-samples based on the presence or absence
of a peak in their light fraction profiles at ~ 2-3 Gyr. As shown in the top left panel of Fig.
5.3.2, a peak is present in the stellar light fraction distributions of six dEs, with similar but
less pronounced peaks in their mass distributions (bottom left panels of Fig.5.3.2). The stellar
light fraction of VCC0170, for which we have detected a central gas reservoir and ongoing star
formation in Chapter 3, shows a steep rise from ~ 10 percent at 4 Gyr ago to ~ 40 percent at
1 Gyr.

We do not detect such a peak in the stellar light and mass fraction distributions of the other
three dEs, as shown in the right panels of Fig. 5.3.2. In Chapter 4, we showed that VCC0794
is the most a-enhanced member of our sample. Based on the analysis in that Chapter, this
galaxy hosts old (~ 10 Gyr) and metal-poor (~ -0.73 dex) stellar populations. In the top right
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Figure 5.3.2: Top row: Stellar light fraction of our sampled dEs as a function of time. The distributions
of those dEs that exhibit prominent peaks after their accretion time onto the Virgo cluster are presented in
the left panel, and the distributions of those dEs without similar peaks are shown in the right panel. Bottom
row: Same as the top row but for mass weighted profiles.

panel of Fig. 5.3.2, this particular dE shows a peak in its stellar light fraction profile at the age
of 9 Gyr, which is consistent with our previous results and endorses the fact that this dE has
been accreted to Virgo, gas deficient, pre-processed and with low star formation rate, if any.
VCC1896, for which we could only map the central bar in Chapters 3 and 4, is another old dE
that shows a peak in its stellar light and mass fraction distributions at about 8 Gyr ago. This
is consistent with our results in the previous Chapter.

Two dEs of our sample, namely VCC0990 and VCC2019, show double-peak stellar light
and mass fraction distributions in Fig. 5.3.2. In Chapter 4 we showed the presence of a very
localized young stellar population in the core of these two dEs, consistent with the presence of
a nuclear stellar cluster in their central region as reported by Paudel et al. (2011) and Fahrion
et al. (2021). Fahrion et al. (2021) shows a similar double peak profile in the star formation
history of these two dEs. According to their results, the peak at younger ages (i.e., at ~ 2 Gyr
for VCC0990 and at ~ 4 Gyr for VCC2019) belongs to their nuclear stellar cluster. The second
peak at older ages instead appears to be related to star formation in the galaxy's main body. In
this regard, VCC0990 may not show a peak in its stellar light and mass fraction at the time of its
accretion after excluding its central nuclear stellar cluster. Our findings are also consistent with
the spatial distribution of light-weighted age and [M/H] of these two dEs, shown in Fig.4.3.8
and 4.3.9 of Chapter 4. Two vertical lines in panels of Fig. 5.3.2 indicate the average infall
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time of our sampled dEs (according to two approaches in Chapter 2). Interestingly enough, the
peaks of both light- and mass-weighted distributions coincide with the accretion time of our
sample dEs and in some cases, the peaks are even more recent than the accretion event.
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Figure 5.3.3: Cumulative mass distribution as a function of each dE’s age. Here galaxies are divided into
two sub-samples following Fig. 5.3.2.

From STARLIGHT results, we built the cumulative mass distributions as a function of the
age of our sampled dEs and presented them in Fig. 5.3.3, where we also indicate the accretion
times from Lisker et al. (2018) and Pasquali et al. (2019). On the left panel of this figure, the
cumulative mass distributions of six dEs are presented, for which we could detect prominent peaks
in their light and mass fraction distributions. These six dEs have experienced distinguishable
mass growth during/after the accretion event according to their cumulative mass distributions.
Specifically, these six dEs have experienced diverse ranges of mass growth, ranging from 5 to
more than 70 percent, between 4 to 1 Gyr ago. VCC0170 has experienced the most drastic
mass growth ( ~ 70 percent) since ~ 4 Gyr ago. These findings are in agreement with the
" delayed-then-rapid” quenching scenario of Wetzel et al. (2013) who predicted that, in their
early stages of infalling and prior to their complete quenching, satellites might experience more
than 50 percent of mass growth. On the right panel of Fig. 5.3.3, we present the cumulative
mass fraction of three dEs that did not exhibit any peaks in their stellar light or mass fraction
distributions at the period of their accretion. According to the results presented in this panel,
the star formation activity of these three dEs ceased before their accretion onto Virgo.

5.4 Discussion

Dwarf galaxies have shallow potential well, thus are more vulnerable to environmental effects.
Based on this fact, one can expect fast gas removal and star formation suppression in cluster
dEs due to ram pressure stripping (RPS). Despite that, studies have shown that, compared to
more massive galaxies, low-mass ones (with M, < 10!%2 M) have longer quenching timescales
in clusters and follow the “delayed-then-rapid” quenching scenario (e.g., Wetzel et al. 2013;
Wheeler et al. 2014; Oman and Hudson 2016; Rhee et al. 2020). One explanation can be the
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presence of a large gas reservoir in such low-mass galaxies, accompanied by low star formation
efficiency (Wheeler et al. 2014). One other explanation behind this trend can be gas compression
by the cause of ram pressure which leads to gas over-density in the central parts of some dEs.
This gas may remain bound to the galaxy contrasting the RPS induced momentum transfer
(e.g., Steyrleithner et al. 2020) and fuel the star formation activity of the galaxy.

In this Chapter, we investigated the star formation history of our sampled dEs. In this
study, we were more focused on the possible effects of their accretion event and its imprints
on their star formation activity. In Fig. 5.3.2, we showed that young stellar populations (with
age < 4 Gyr) contribute significantly to the observed light of six out of nine dEs of our sample.
Interestingly, the age of these young stellar populations is consistent with the average infall time
of these dEs (more details in Chapter 2), and amount to 5 to 30 percent of the galaxy stellar
mass in five dEs and form up to 70 percent of VCC0170's total stellar mass.

As suggested in Chapter 4, these results can be interpreted in the context of the “delayed-
then-rapid” quenching scenario. Our dEs have been accreted onto Virgo, likely preserving part
of their gas reservoir. According to the results of Rhee et al. (2020), the star formation rate
of infalling satellites remains intact during the early stages of their accretion (i.e., 2-4 Gyr),
commonly referred to as the “delayed-phase” (see also Wetzel et al. 2013). Thus, it stands
to reason that the observed young stellar populations of these six dEs may have been formed
during this delayed phase and during or after their accretion onto the Virgo.

Nonetheless, the star formation enhancement of these dEs at this recent epoch with respect
to their star formation rate in the past may also indicate the temporary effect of ram pressure
stripping inside the Virgo cluster and during the accretion event. This hypothesis gets further
endorsement since results of McPartland et al. (2016) and Ebeling and Kalita (2019) show that
satellites of an infalling galaxy group may experience extreme cases of ram pressure stripping.
The ISM’s gas can be compressed in the leading side of an infalling satellite or be captured by
its central regions in cases of (nearly) edge-on infalls. This can increase the central gas density
by a factor of 1.5 (Vollmer et al. 2001). Such central gas overdensity may lead to a temporary
enhanced (by a factor of 2 Steyrleithner et al. 2020) and (mainly) centrally located star formation
activity in infalling satellites, during the early stages of their accretion (Bekki 2014; Steinhauser
et al. 2016; Vulcani et al. 2018). The presence of blue cores in some of cluster dEs’ indicates a
relatively recent star formation activity in the core of these galaxies (Lisker et al. 2006a; Urich
et al. 2017; Hamraz et al. 2019). The presence of young and metal-rich stellar populations
in the core of VCC0170 (Chapter 4) together with a centrally located gas reservoir (shown in
Chapter 3) fits into the picture of extended but centrally localized star formation activity of
this dE. In this regard, the models of Wetzel et al. (2013) show that the star formation rate of
infalling satellites with a sufficient gas reservoir might increase by a factor of 2. This picture
fits well with our observations for VCC0170, which experienced a 70 percent increase in its total
stellar mass during the last ~ 4 Gyr. Furthermore, light-weighted age and metallicity maps of
some of our sampled dEs indicate the presence of metal-enhanced and relatively young stellar
populations in the central parts of these galaxies. These shreds of evidence further support the
positive but temporary role of ram pressure stripping in the star formation activity of infalling
dEs.
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Three dEs, namely VCC0794, VCC1896, and VCC2019, do not show any recent peak of
stellar light fraction (right panels of Fig. 5.3.2). From the right panel of Fig. 5.3.3 we further
notice that these three dEs have completed the formation of their current total stellar mass
more than 4 Gyr ago, likely before their accretion onto Virgo and thus, in their parent host halo.
According to its cumulative mass profile, VCC0794 has formed most of its total stellar mass ~
5 Gyr before its accretion onto the Virgo cluster and within a short time interval of ~ 4 Gyr.
This dE has the shortest duration of star formation among our sampled dEs. This result is in
agreement with our findings in Chapter 4 where we detected significantly a-enhanced (i.e., 0.43
dex) and moderately metal-poor (0.73 dex) stellar populations for this dE.

We observe two peaks in both the light and mass fraction distributions of VCC0990 and
VCC2019. This is due to the presence of a stellar nuclear cluster (NSC) in the center of these
two dEs (Paudel et al. 2010; Fahrion et al. 2021). According to the spatial maps presented in
Chapter 4 and results of Fahrion et al. (2021), the inner peak (i.e., at the younger ages) belongs
to the NSC while the outer one is related to the galaxy's main body. To compute the cumulative
mass fraction distribution, we did not account for the possible effects of central NSC. Thus,
interpreting these results should be done with caution. This issue endorses the importance of
performing a detailed star formation history investigation on different parts of the galactic body
(i.e., inner and outer regions). This will be done in the future, and results will be reported in a
companion paper.

Our results, constructed from 100 MC iterations, present only 100 possible fitting solutions
for each observed dE. In order to have a realistic interpretation of these preliminary results,
however, we need to also take inevitable sources of uncertainty into account. Our full spectrum
fitting approach (performed with STARLIGHT) is based on a limited number of SSP models,
and this puts constraints on our measurements, undeniably. This limited number of SSP models
may feed the well-known “age-metallicity degeneracy”. The latter means that to construct the
most plausible combination of SSPs, the code cannot accurately decide between using old and
metal-poor stellar populations or, in contrast, young and metal-rich SSP models. This effect
becomes more prominent for SSPs with ages older than 1 Gyr (Shen and Yin 2020). Nevertheless,
Sénchez-Blazquez et al. (2011) showed that the age-metallicity degeneracy is less prominent in
the full spectrum fitting technique compared to the Lick indices approach. This degeneracy may
affect the accurate age dating of stellar light fraction peaks in Fig. 5.3.2 (possibly shifting them
by 1 to 2 Gyr), but given the uncertainties in the accretion time of the sampled group, we are
confident that this issue leaves a marginal effect on our results and conclusions.

5.5 Conclusion and outlook

In this Chapter we investigated the star formation history of our sampled dEs by performing
full spectrum fitting. To do so, we employed the STARLIGHT fitting routine over a limited
wavelength range of each dE’s averaged spectrum. These spectra were constructed from MUSE
data of our sampled dEs in Chapter 4. We compared the light-weighted average ages and
metallicities from STARLIGHT with those obtained by fitting Lick indices in Chapter 4. We
provide average mass-weighted age and [M/H] values, derived with STARLIGHT, in Table 5.3.1.
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Based on the STARLIGHT outputs, we constructed light and mass fraction distributions of our
sampled dEs and computed the cumulative mass distribution for each dE. The main (preliminary)
results of our analysis can be summarized as follow:

e Six out of nine dEs show noticeable peaks in their stellar light and mass fraction distri-
butions between 1 to 4 Gyr. This corresponds to mass growth of 5 to 30 percent during
this time interval. VCC 0170 experienced a prominent mass growth as it built more than
~ 60 percent of its total stellar mass within the marked time interval. Enhanced star
formation rate due to ram pressure stripping or bow shocks during the pericenter pas-
sages or moving in Virgo's high-density regions are some of the possible explanations for
this behavior. An alternative interpretation of these observed trends can be the delayed
quenching phase that newly accreted satellites experience. Hence, our results may also
endorse the predictions of a “delayed-then-rapid” quenching scenario in the low-mass end
of cluster satellites’ distribution.

e Our results indicate that the star formation in three dEs of our sample (namely VCC0794,
VCC1896, and VCC2019) has been quenched before their accretion onto the Virgo cluster.
Hence, these three dEs have experienced higher degrees of pre-processing prior to their
accretion onto Virgo.

e Two dEs of our sample (namely VCC0990 and VCC2019) show double-peaked distributions
in Fig. 5.3.2. The most recent peak is consistent with the presence of a nuclear stellar
cluster within the core of these dEs. Our results for these two cases endorse previous
findings of Paudel et al. (2010) and Fahrion et al. (2021), indicating that NSC may
have prominent effects on the measurements of galaxy's stellar population properties,
particularly in low-mass galaxies. Therefore, the interpretation of the results for such
cases should be done with caution.

Outlook: Models predict that enhanced star formation activity of an infalling satellite with
sufficient gas reservoir and ideal infalling orbital configurations should be prominent in its core
and central regions. To test this and as the next step of our investigations, we will radially bin
each dEs' MUSE data cube and perform a similar round of measurements (i.e., full-spectrum
fitting using STARLIGHT code). This investigation will shed more light on the spatial distribu-
tion of star formation enhancements with respect to the accretion event. Moreover, with this
set of detailed investigations, we can have better control over galactic substructures (such as
NSC). Thus, we can account for their different effects on the star formation history and stellar
population properties of their host galaxies.






“What you seek is seeking you.”

—NMawlana Jalal-al-Din Rumi

Newly Discovered Galaxies

This chapter is a partially revised version of Appendix E of Bidaran et al. (2020). "On the
accretion of a new group of galaxies onto Virgo: |. Internal kinematics of nine in-falling dEs”,
published in MNRAS 497, Issue 2, pp.1904-1924

This chapter presents the general properties of two new galaxies (BB1 and BB2) that have
been serendipitously detected during the analysis of our original data set.

6.1 Detection of BB1: A new background galaxy in the center
of VCC1836

In the projected vicinity of the VCC1836 center, we detected redshifted nebular emission lines.
Apart from a bright nucleus, the SDSS images of VCC1836 also show a faint light concentration
in the galaxy's central region. Thanks to the high spatial resolution of our data, this detected
source is better resolved in the stacked images of the MUSE cube, as shown in the left panel of
Fig. 6.1.1 (red box). We extracted the spectrum of this particular region (hereafter BB1) within
an aperture with a radius of 5 pixels, corresponding to an area of 3 arcsec?’. We considered
the possible light contamination of VCC 1836 by subtracting a spectrum extracted within an
aperture of the same size around the detected source. The final spectrum is plotted in the right
panel of Fig. 6.1.1. We measured the redshift of this background galaxy using the Doppler
shift of each detected nebular emission line. The averaged measured redshift from the detected
lines indicates that this galaxy is located at z = 0.5528 £ 0.0002 (Table 6.1.1). We modeled
the continuum of this spectrum using pPXF to subtract the emission of the underlying stellar
population and measure the flux of the nebular emission lines. Fluxes are reported in the second
column of Table 6.1.2.
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Figure 6.1.1: A source detected in the projected vicinity of VCC1836 central region. Left panel: The
location of the detected source (BB1) is marked with a red box with a size of 8 x 8 arcsec® on the MUSE
stacked image. Right panel: The observed spectrum of the detected source, corrected for the underlying
emission of VCC1836. The following emission lines are marked from left to right: O[II]\ 3727, H~, HS,
[OIIT]A 4958, [OITI]A 5007.

Table 6.1.1: New galaxies in the MUSE cubes: BB1 and BB2

Name RA (J2000) Dec (J2000) redshift total My ap
BB1 124019.50 +14430.0 0.5528 4+ 0.0002 21.32
BB2 1214 20.50 +14 26 2.0 0.349 + 0.013 21.50

Columns are: Name of the target, RA, DEC, redshift and total AB magnitude in V band.

6.2 Detection of BB2: A new galaxy in the field of view of
VCCO0170

Another source with strong emission lines was detected in the MUSE cube of VCC0170 (hereafter
BB2). In Fig. 6.2.1 we marked the location of this extended source with a red box. Following
a similar strategy, we extracted the spectrum of this source, here within a radius of 7 pixels
which corresponds to an area of 6 arcsec?. The emission of the sky and VCC0170 was removed
by subtracting a spectrum extracted within an aperture of the same size near the source. The
resulting spectrum is plotted in the right panel of Fig. 6.2.1. We measured the redshift of this
source using the nebular emission lines. This background galaxy is at a redshift of z = 0.349
4 0.013. We modeled its continuum and absorption features using pPXF and subtracted the
model from the source spectrum to measure the line fluxes. They are reported in the third



CHAPTER 6. NEWLY DISCOVERED GALAXIES 115

Table 6.1.2: List of optical emission lines and their observed fluxes in BB1 and BB2

Emission Observed Flux in BB1 Observed Flux in BB2

Lines x107(ergs~tem™2)  x107Y(ergs~tem™2)
H, - 15.8
i, 3.62 -
Hy 7.43 51.5
o] 14.7 17.6
[OLLI]\ 4959 1.68 1.66
[OIII]\ 5007 5.64 4.86
INTI]\ 6548 0.35 2.33
NI\ 6583 1.04 7.08
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Figure 6.2.1: Detected background source in the FOV of VCCO0170. Left panel: The location of the
detected source (BB2) is marked with a red box with a size of 8 x 8 arcsec® on the MUSE stacked image.
Right panel: The observed spectrum of the detected source, corrected for the underlying emission of
VCCO0170. Marked emission lines from left to right: [OIIJA 3727, HB, [OIII]A 4958, [OIII]A 5007, He, [NIIJA
6548, [NII]A 6583, [SII]A 6717 and [SII]\ 6731.

column of Table 6.1.2.

To locate this galaxy on the "Baldwin, Phillips, and Terlevich” (BPT; Fig. 6.2.2) diagram
(Baldwin et al. 1981), we corrected the emission line of Ha, [OllJA 5007, HB and [NII] for
intrinsic reddening using the same Balmer decrements as described in Chapters 3 and 4. The
emission lines were also corrected for Galactic foreground extinction, using A, = 0.089 mag
reported by Schlafly and Finkbeiner (2011) for VCC0170. For both corrections, we used the
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Figure 6.2.2: The BPT diagnostic diagram for BB2. The empirical division of Kauffmann et al. (2003)
and the theoretical division of Kewley et al. (2001) between AGN (right side of the diagram) and star-
forming (left side of diagram) galaxies are plotted with solid dark blue and purple lines, respectively. The
Seyfert-LINER division of Kewley et al. (2006) is also marked with a light blue line.

extinction law of Cardelli et al. (1989). We also corrected the observed flux for redshift dimming
following Calvi et al. (2014):

| = |0 (1+Z)_4

Where | and |y are the observed and intrinsic surface brightness. We measured log [[OIII]
A 5007 /Hp] = -0.038 and log [[NII] A 6583/Ha] = -0.351. The location of BB2 on the BPT
diagram is presented in Fig. 6.2.2. According to this plot, the detected galaxy is located between
the Kauffmann et al. (2003)'s empirical division and the Kewley et al. (2001)'s theoretical
division, which separate AGNs and star-forming galaxies. Galaxies falling within this zone,
including our detected galaxy, are regarded as composite (AGN/SF) galaxies. We used the
measured redshift (z) to estimate its co-moving radial distance, which turns out to be ~ 1376.8
Mpc!. Using this value and following the method of Calzetti et al. (2007), we measured the
star formation rate of this background galaxy to be ~ 0.66 M, yr—!.

Further analysis of the gas emission lines present in the spectrum of this galaxy shows that
the Ha, [SI1], and [NII] lines are split (Fig. 6.2.3). This can likely be due to the rotation of

considering Ho=70(km/s)/Mpc, Qn = 0.286, and Qua. = 0.714
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Figure 6.2.3: Split Ha and [NII] 6584 emission lines in the red part of the spectrum of BB2. This split

corresponds to a rotation velocity of 90 + 10 kms™!.
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BB2. We used the split in the lines and measured the rotation of this galaxy to be of the order
of ~ 90 + 10 kms™1.

6.3 Conclusion

In this chapter we introduced two galaxies (BB1 and BB2) that we discovered during the analysis
of our MUSE data set. BB1 was detected initially as a flux over-density in the projected vicinity
of VCC1836's core. Thanks to the high spatial and spectral resolution of MUSE, we could
investigate the properties of this background galaxy in more detail and could derive its general
properties (such as its redshift and a number of optical emission lines). BB2 has been detected
as an extended light source in the projected vicinity of VCC0170, and thanks to MUSE power,
we could derive the star formation rate of this background galaxy along with its other general
properties. These two examples indicate the high sensitivity of MUSE in resolving low surface
brightness substructures (even in low-mass galaxies) and its striking possibilities in-detailed
analysis of galaxies at higher redshifts.






“I've reached the end of this great history, And all the
land will talk of me: | shall not die, these seeds |'ve sown
will save My name and reputation from the grave, And
men of sense and wisdom will proclaim When | have
gone, my praises and my fame.”

—Ferdowsi, "Shahnameh: The Persian Book of Kings”

Thesis conclusion and future perspectives

Early-type dwarf galaxies (dEs) shape a large yet diverse galaxy population in galaxy groups
and clusters. DEs are numerous, and thanks to their shallow potential, they can be informative
testbeds for us to better understand the role of the environment in galaxy evolution. Nonetheless,
the diverse properties of dEs are ambiguous in the sense that they can be explained by different
galaxy formation channels. One well-reputed scenario suggests dEs as remnants of late-type star-
forming galaxies that have been transformed by environmental effects inside galaxy clusters or
groups . Several studies have focused on this scenario and could pinpoint those galaxy properties
that are altered due to different environmental mechanisms. Yet, details of such environmental-
induced transformations are not clear to us. For instance, to what extent has the environment
of massive clusters or groups changed the properties of present-day dEs’ progenitors? Answering
this question is not trivial, as, with our commonly used diagnostic approaches and observation
facilities, we can not accurately distinguish different origins (i.e., different formation channels
mentioned in Chapter 1) of observed dEs. For instance, discriminating between dEs that has
been born inside galaxy clusters and those that have been accreted to the cluster during later
stages, particularly in the core of clusters, is not straightforward. Furthermore, pre-processing of
infalling satellites is a crucial factor that is often underestimated or even completely neglected
in ongoing studies, mainly due to its complex detection and challenges that it introduces in the
interpretation of the results. In an attempt to find missing critical pieces of this incomplete
puzzle, we summarized the main objectives of this thesis as follow (repeated from Chapter 1):

e How would cluster environment affect its infalling satellites during their early stages of
accretion?

e How relevant is pre-processing in the present-day properties of cluster early-type galaxies?

!The other well-known scenario suggests dEs as primordial structures formed in the early Universe.
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e For a typical dwarf galaxy observed today, which one matters the most: their birth site
(nature) or their environment in later stages (nurture)?

In this thesis, we tried to address these questions by investigating a sample of nine Virgo
dEs that, according to Lisker et al. (2018), have been accreted onto this dynamically young
galaxy cluster, likely as gravitationally bound members of a massive galaxy group, about 2-3
Gyr ago (for more detail check Chapter 2). In this thesis, we took advantage of high-resolution
MUSE data sets, combined with state-of-the-art techniques (such as full-spectrum fitting) and
time-sensitive diagnostic tools (such as projected phase-space diagram) to investigate possible
imprints of pre-processing on the present-day properties of these dEs. Furthermore, we focused
on the prominent environmental effects of the Virgo cluster on these dEs, which have taken
place mainly at the early stages of their infall. In the following, we summarize the key results
of each chapter presented in this thesis and outline the directions of our future work.

7.1 Summary

Kinematics of our sample dEs have been investigated in Chapter 3. To do so, we performed
full-spectrum fitting (through the pPXF routine) over spatially binned MUSE data of our dEs.
We drew kinematic maps of each dE (i.e., their stellar rotational velocities and velocity disper-
sions) and further quantified the stellar rotation of these systems through the specific angular
momentum (Ag). In spite of their similar stellar mass range and average infall time onto the
Virgo cluster, we detected a spread in measured Ag profiles that we interpreted as footprints of
pre-processing of these low-mass systems in their parent group. Dynamical transformation of
low-mass galaxies likely occurs after their longer exposures to high-density environments (i.e.,
several pericenter passages). Hence, recently accreted cluster dEs do not fulfill this criterion.
In Chapter 3, we concluded that dEs with low Agr profiles, comparable to those cluster dEs
with somewhat larger infall times, have been accreted onto Virgo with higher degrees of pre-
processing. In contrast, those dEs with higher A\ profiles, comparable to the field star-forming
low-mass galaxies, have been accreted onto Virgo possibly as low-mass late-type members of
their parent group, having experienced less significant pre-processing. The observed spread in
the Ar profiles of our sample dEs may also be due to their different intrinsic kinematics. Based
on our observations in Chapter 3, we could not discard the latter hypothesis.

Stellar populations of our sample dEs have been investigated in Chapter 4. In this
chapter, we performed a four-step Lick index fitting procedure (based on a least x? approach)
over diagnostic absorption features (namely HBy, Mgb, Fe5270, and Fe5335) that are present
in the wavelength range delivered by our dEs’ MUSE data. Based on the results of this fitting
procedure, we constructed age, [M/H], and [a/Fe] maps of our sample dEs. The majority of
our sample exhibit metallicity gradients with negative slopes, in the sense that a relatively more
metal-rich stellar population is confined in the central parts of these dEs. Gradients are also
detected in the age and [a/Fe] maps of some of our sample members. On average, our dEs are
younger, metal-poorer, and significantly a-enhanced systems compared to equally massive dEs
of Virgo, Fornax, and Coma clusters. However, we did not detect any distinct difference in terms
of stellar population gradients between our sampled members and other cluster dEs. In Chapter
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4, we showed that compared to more massive ETGs, dEs have steeper positive [«/Fe] gradients,
flat age gradients, and less steep negative [M/H] gradients. While part of our sampled members
exhibits young stellar populations (i.e., age <4 Gyr with a median error of 1.5 Gyr), others
contain older stellar populations that, given their infall time onto Virgo, have been formed likely
prior to their infall. Despite their recent accretion, all of our sampled dEs exhibit noticeably
high values of [«/Fe] values that are only observed in the core of the Coma cluster and for those
dEs with larger infall times (hence longer exposure times) to high-density environments. These
results, we believe, further endorse the pre-processed nature of our sample.

Star formation history of our sample dEs has been investigated in Chapter 5. In this
chapter, we employed the full-spectrum fitting technique (using the STARLIGHT routine) over
the averaged MUSE spectrum of each sample dE. In this approach, we simultaneously account
for the possible contribution of several single stellar population (SSP) models with different
ages and metallicities to the total observed flux. Therefore, we managed to construct light-
and mass-fraction distributions as a function of each dE's age. According to these (preliminary)
results, six dEs of our sample show a noticeable peak in their light fraction distributions at about
1 to 4 Gyr ago, corresponding to 5 to 70 percent mass growth in these systems during this time
interval. These epochs are consistent with or even more recent than our sampled dEs’ accretion
time onto the Virgo cluster. For the other three dEs, the peak is shifted to older ages. In this
chapter, we argued that the recent enhanced star formation activity in some of our sample dEs
is likely induced by ram pressure stripping and bow shocks or thermal instabilities, inside the
Virgo cluster and at the early stages of their infall. Given their similar range of stellar mass and
infall time to Virgo, the absence of such a peak for three members of our sample endorses their
pre-processed nature.

Last but not least, in Chapter 6 of this thesis, we introduced two new background galaxies
that were detected during the analysis of our MUSE cubes. Their detection emphasizes the high
spatial and spectral resolution of the MUSE instrument and its high sensitivity for the analysis
of galaxies’ low surface brightness substructures.

7.2 Future perspectives

In this section, we outline the future perspectives and our research directions related to this
work.

Dynamical modeling of dwarf galaxies: As mentioned in Chapter 1, stars that are formed
at different stages of a given galaxy’s evolution exhibit different orbital properties within the
system. For instance, stars on non-circular orbits (known as hot orbits) are believed to be formed
at later stages of galaxy formation, mainly from its unsettled gas. On the other hand, stars on
circular orbits (known as cold orbits) are believed to be born in quiescent environments. Hence,
the dynamical configuration of any given galaxy can provide valuable information on possible
long-term environmentally induced perturbations (e.g., tidal interactions). This information can
also shed light on the dark matter distribution and the shape of the system’s potential well.
The MUSE data of our sample provides a unique opportunity for such investigations on galaxies
as low-mass as dEs. On the left panel of Fig.7.2.1 we show the VCC2019 MUSE image that
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The (preliminary) detected PNe system in VCC2019
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Figure 7.2.1: On the left panel, we present the MUSE image of VCC2019 that is constructed by stacking
the observed data around the characteristic [OIII]A 5007 emission line. Marked point sources are some of
the detected PNe in VCC2019. On the right panel, we show the stellar rotation velocity map of VCC2019,
which is a repetition of Fig. 3.3.2 in Chapter 3. Color-coded squares on this map denote the velocity of
these preliminary detected PNe in VCC2019.

is stacked around the characteristic [Olll]]A 5007 emission line. Point sources that are marked
in this panel are this dE's confirmed gravitationally bound planetary nebulae (PNe). On the
right panel of this figure, we present a stellar rotation map of this particular dE. In the same
panel, we color-coded (preliminary) detected PNe based on their measured velocities. The
latter is derived by accounting for the Doppler shift of the [OIII]A 5007 emission line for each
confirmed PNe point source. To perform dynamical modeling on this dE, we will utilize the
velocity and radial distributions of PNe, as well as globular clusters, in combination with the
kinematic structure of the system (as derived in Chapter 3). We will employ the Schwarzschild
orbital-superposition method (Schwarzschild 1979) to investigate the dark matter distribution
and the dynamical structure of the galaxy. A similar approach will be employed for the rest of
our sample members.

stellar populations of dEs’ substructures: Galaxies are complicated structures that fea-
ture different substructures with different properties. As we discussed in Chapter 1, different
stellar populations, kinematics, color, or surface brightness profiles are expected for different
substructures of a given galaxy. Recently, decomposition of bulges and discs of the SO galax-
ies in the CALIFA survey showed that discs of low-mass SOs are relatively less metal-rich than
their bulges (Pak et al. 2021). These results also suggest a more complicated star formation
history in discs of SO galaxies. Thanks to the high-quality of our MUSE data, we can isolate
substructures through spatial decomposition of the MUSE images and derive their kinematic
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Possible spiral arms in VCC2019
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Figure 7.2.2: The metallicity map of faint disk and possible spiral arms in VCC2019. On the left panel, we
show the unsharp mask of the staked MUSE image of VCC2019. On the right panel, we show the metallicity
map of this particular dE. On both panels, the dashed line marks the spatial region of the galaxy where
[M/H] > -0.6 dex. The unsharp mask was kindly provided by Josefina Michea.

and stellar population properties via analysis already described in Chapters 3, 4 and 5. A very
preliminary yet promising example of this analytical approach is shown in Fig. 7.2.2. On the
left panel of Fig. 7.2.2 we present the unsharp mask of the stacked MUSE image of VCC2019.
The unsharp mask is provided by Josefina Michea (private communication). To perform the
unsharp masking, a Gaussian kernel has been used that mimics the ellipticity and position angle
of VCC2019, reported in Table 3.3.1 of Chapter 3. The size of the Gaussian kernel is 7 x
FWHMpgr (which is 1.6 arcsec). On the right panel of this figure, we show the metallicity
map of VCC2019, which is a repetition of Fig. 4.3.9 in Chapter 4. The dashed line marks those
spatial regions of the galaxy where [M/H] is more than ~ -0.6 dex. These regions of a rather
high metallicity are consistent with the spatial position of VCC2019's faint disk and possible
spiral arms.

Stellar population gradients of low-mass galaxies in different environments: The
number of studies focused on the stellar population gradients of low-mass galaxies (including
dEs) is limited. Those studies which have investigated this mass range also suffer from observa-
tion constraints and limited spatial coverage of the galaxy body. Nevertheless, to gain a better
perception of the role of different environments and the conditions of their birth site in shaping
stellar populations of low-mass galaxies, we need to investigate statistically rich samples of dEs
in different environments. In Chapter 4 we mentioned limitations for comparing our stellar popu-
lation gradients results with those available in the literature, including possible systematic biases
due to different approaches taken for retrieving stellar population properties. To compensate
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for this effect, we can take advantage of publicly available IFU data for low-mass galaxies (in-
cluding dEs) in different environments, such as Virgo and Fornax clusters, and fields to perform
a robust and systematic analysis. Furthermore, surveys such as the CALIFA and the ATLAS3D
can provide adequate data points for more massive galaxies in this comparison. Additionally,
we can derive element abundances (such as C, N, O, Fe, and Mg) from MUSE data and other
available IFU data sets and construct their maps to investigate the abundances spatial variation
in galaxies (e.g., on this topic Greene et al. 2013, 2019; La Barbera et al. 2021). We can employ
this information for deriving the initial mass function slope of dEs and investigate their radial
gradients (e.g., on this topic La Barbera et al. 2021). In this manner, we can better evaluate
the dependence of the stellar properties gradients on galaxy velocity dispersion and stellar mass
as a way to better understand how galaxies form.



Appendix

This chapter contains appendixes to Chapters 3 and 4. Additionally, we provide stellar mass
estimates based on three different approaches for our sample of dEs.

8.1 Appendix to Chapter 3

In Fig. 8.1.1, 8.1.2, and 8.1.3 we provide error maps of stellar rotation velocity and velocity
dispersion for each dE. Errors are measured through Monte Carlo simulations, as described in
Section 3.2 of Chapter 3.

8.2 Appendix to Chapter 4

In Fig. 8.2.1 and 8.2.2 we provide error maps of three measured indices (namely H3, Mgb, and
Fe5015) are presented for each dE. Errors are measured through Monte Carlo simulations, as
described in Section 4.3.2 of Chapter 4.

The error maps of stellar age, [M/H] and [«/Fe] values are presented in Fig. 8.2.3 and 8.2.4.
Errors are measured through Monte Carlo simulations, as described in Section 4.3.3 of Chapter
4.

In Table 8.2.1 and 8.2.2 we report indices gradients (i.e., slopes and intercepts) for each
dE. Similar to what is described in Section 4.4.4 of Chapter 4, we have measured slopes and
intercepts of indices gradients by employing the public LINMIX routine and by accounting for
the measured errors of each indices. Errors of intercepts and slopes reported in this table are the
standard deviation of 1000 MC iterations performed by LINMIX as part of its fitting procedure.
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Table 8.2.1: Gradients of measured indices
Object HpRe VHS HpBo,re VHpo Mgbre VDMgb
(Al [A)/log(R/Re)]  [A]  [Al/log(R/Re)]  [A]  [A]/log(R/Re)]
VCC0170 2.29 + 0.12 -1.35 4+ 0.20 2.88 + 0.15 -2.03 + 0.25 1.83 £ 0.06 0.28 4+ 0.09
VCC0407 2.69 + 0.03  0.03 &+ 0.06 3.59 £0.03 -0.06£0.0r 1.61 +0.03 -0.54+0.08
VCC0608 2.78 +0.03  0.03 &+ 0.06 3.77 £ 0.04  0.04 £+ 0.08 1.74 £ 0.04  -0.21 £ 0.07
VCC0794 1.92 £ 0.08 -0.19 + 0.11 2.56 £+ 0.09 -0.30 £+ 0.12 1.31 £ 0.16 -0.56 £+ 0.21
VCC0990 2.12 +0.12  -0.41 £ 0.08 2.97 £+ 0.17 -0.82+0.12 2.05 £ 0.20 -0.37 £ 0.08
VCC1833 347 £0.07 095+ 024 494 4+ 0.09 1.58 + 0.31 2.20 £ 0.05 -0.34 £ 0.16
VCC1836 2.96 + 0.08  0.17 4+ 0.12 3,55 +0.09 -023+0.11 1404+ 0.05 -0.21 £+ 0.07
VCC1896 2.09 +£0.04 -0.18 +£0.09 2.86 + 0.05 -0.49 £0.12 2.03+0.04 -0.27 +£0.11
VCC2019 2.17 £ 0.06 -0.21 £+ 0.13 2.28 £ 0.1 -1.20 £ 0.19  2.06 + 0.06  -0.18 4+ 0.13

olumns are: Name of the target, HS at 1Re, the slope of HS gradient, HBy at 1Re, the slope of Hfy
gradient, Mgb at 1Re, the slope of Mgb gradient.

Table 8.2.2: Gradients of measured indices
Object Fe5015ge VFe5015 Fe5270re VFEe5270 Fe5335Re VFeb335
[A] [A]/[log(R/Re)] [A] [A]/[log(R/Re)] [A] [A]/[log(R/Re)]
VCC0170 2.82 £ 0.14 0.00 £ 0.22 1.82 £ 0.07 0.12 + 0.11 1.72 £ 0.09 0.27 £ 0.13
vCCo0407 3.19 +£0.07 -0.74 £0.15 187 £0.03 -0.28 £0.07 1.654+0.04 -0.34 £+ 0.09
vVCC0608 3.20 £ 0.06 -0.59 £0.11 1.68 +0.03 -0.41 £0.06 140+ 0.05 -0.53 £0.08
VCC0794 1.65 + 0.35 -1.19 4+ 0.47 1.42 £0.14 -0.33 £ 0.18 1.23 £0.17  -0.30 £ 0.20
VCC0990 3.50 £ 0.20  -1.22 +0.17 192 +0.12 -0.65+0.09 1.77 £0.09 -0.42 4+ 0.09
VCC1833 4.03 £ 0.10 -0.25+£0.32 208+ 0.05 -0.32+0.17 1.744+0.06 -0.39+0.21
VCC1836 2.42 £+ 0.20 -0.82 4+ 0.28 1.51 £ 0.08 -0.28 + 0.11 1.29 £+ 0.09 -0.31 + 0.13
VCC1896 3.23 £ 0.10 -0.61 4+ 0.29 1.83 + 0.05 -0.37 £ 0.14 2.01 £ 0.06 0.24 £+ 0.17
VCC2019 3.16 £ 0.13 -0.76 + 0.25 1.70 £ 0.05 -0.62 + 0.10 1.55 +0.11 -0.46 + 0.22

olumns are: Name of the target, Fe5015 at 1Re, the slope of Fe5015 gradient, Fe5270 at 1Re, slope of
Fe5270 gradient, Fe5335 at 1Re, and slope of Fe5335 gradient.
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Table 8.3.1: Stellar mass estimates for our sample dEs

Object  log(Meoior [Me]) log(Myir [Me]) log(Mpop [Mg])

VCC 0170 9.14 7.43 8.64
VCC 0407 9.06 7.35 8.85
VCC 0608 9.14 7.27 8.87
VCC 0794 9.02 7.67 9.00
VCC 0990 9.10 7.19 8.97
VCC 1833 9.09 7.07 8.60
VCC 1836 9.06 7.86 8.60
VCC 1896 8.94 7.10 8.91
VCC 2019 9.16 7.32 9.16

olumns are: Name of the target, stellar mass estimates based on the g-r color, virial
masses, and stellar mass estimates based on the stellar population properties of each dE.

8.3 Stellar mass estimates for our sample of dEs

In Table 8.3.1 we present three stellar mass estimates for our sampled dEs. These are simplified
estimates based on the color (Mcor), velocity dispersion (M), and stellar populations (My,,)
retrieved from the integrated light of dEs.

In the second column of Table 8.3.1, we estimate the stellar mass of our sample dEs based
on the color-to-(M/L) conversion (M and L denote mass and light of the system, respectively)
introduced by Bell et al. (2003). For this purpose we have used the absolute magnitude and
(g-r) colours (reported in Table 2.1.1 of Chapter 2) using a distance modulus of m-M = 31.09
mag.

In the third column, we estimated the dynamical mass of each dE (M,;,.), following Cappellari
et al. (2006):

Myir = ¢ x 02 X R./G (8.1)

Where o, is the velocity dispersion of dEs within their effective radius (in Table 3.3.1) and
R, is the effective radius of dEs taken from Table 2.1.1. C is a scaling factor and is set to 5.0
for low-mass early-type galaxies, based on the results of Rys et al. (2014).

In the fourth column of Table 8.3.1, we estimate the stellar mass of our sample dEs based
on the stellar population properties (M,,,) measured for their averaged spectra in Table 4.3.3
of Chapter 4. To do so, we have taken the (M/L)R estimate of MILES library into account and
used the M,. values reported in Table 2.1.1.
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Figure 8.1.1: Error maps of velocity and velocity dispersion for our sample of dEs. For a better comparison,
the isophotes from Fig. 3.3.1 of Chapter 3 are repeated in all the panels here.
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Figure 8.2.1: Error maps of HB, Mgb, and Fe5015 indices for our sample of dEs. For a better comparison,
the isophotes from Fig. 3.3.1 of Chapter 3 are repeated in all the panels here.
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Figure 8.2.3: Error maps of age, [M/H] and [a/Fe] for our

isophotes from Fig. 3.3.1 of Chapter 3 are repeated in all the panels here.

sample of dEs. For a better comparison, the
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Figure 8.2.4: Continued.
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