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7
Summary and future outlook

Early type dwarf galaxies play an important role in understanding galaxy evolution

in clusters. With their low masses, they are ideal probes for gas removing processes

operating in clusters, such as harassment, starvation and ram pressure stripping.

One of themain goals of this thesis was to study the evolution of dwarf ellipticals

in the Coma cluster, to try to constrain the dominant physical processes operating

on them. For this, we used the data of the Coma Cluster ACS Treasury Survey. Due

to the breakdown of the ACS camera, the survey remains only 30% completed, with

observations mainly of the core of the cluster.

7.1 Structural parameters

In chapter 3 we have fitted single Sérsic models to the surface brightness distri-

butions of 74992 galaxies along the Coma cluster line of sight, using the two most

widely used two dimensional galaxy fitting codes, GIM2D and GALFIT. Independent

simulations show that both codes can achieve similar accuracies for most cases.

However, GIM2D requires a much higher degree of intervention compared with

GALFIT to produce the results. This is due to the greater flexibility of GALFIT, which

makes it easier for any given input image to satisfy the fitting hypothesis under

which GALFIT works.

We have also introduced two different goodness of fit diagnostics. The Residual

Flux Fraction is an indicator of the amount of light contained in the residuals

which cannot be accounted for by the per-pixel photometric errors associated with

the science image. The Excess Variance Index measures the importance of the

internal structure present in luminous galaxies that the Sérsic model is unable to

reproduce. These diagnostics indicate whether the surface brightness distributions

of the fitted galaxies arewell described by the Sérsic profiles, or alternativelywhether

it is valuable to use more complex functional forms (maybe adding a nuclear point
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source, or a bulge+disk decomposition) than the simple Sérsic profile used in this

work.

7.2 Radial population gradients

As almost all of the gas has been stripped in dEs in clusters, we can only study the

abovementioned processes by looking at the imprint which the gas left on the stars.

Ideally, one would like to know of every star in a galaxy where and when it formed.

This tells us how the galaxy was built up over cosmic time. In practice, this is very

hard to do, and is certainly not possible with our data. Instead, in chapter 2, we

looked at the ’mean stellar populations’ in dwarf and giant galaxies as a function of

radius, by determining radial colour gradients.

Our findings indicate that colour gradients in general correlate with galaxy

luminosity. However, in general, colour gradients in the main body of the galaxy

do not become positive, as has been claimed in the literature. The colour gradients

seem to correlate equally well with other structural parameters, such as effective

radius, effective surface brightness and in particular Sérsic index. Compact galaxies

clearly stand out by having steeper gradients than can be expected on the basis of

their magnitudes. For a subset of galaxies of which themorphologies are known, we

find that S0 galaxies have less steep gradients than elliptical galaxies. Simulations of

metallicity gradients still have trouble reproducing the observations. Although the

work by Pipino et al. (2010) is able to reproduce the scatter, it apparently misses the

trend observed withmagnitude. If dwarf galaxies have strong positive age gradients,

the results are consistent.

Observations of elliptical galaxies show that a significant amount of the stellar

mass in lower-mass elliptical galaxies formed after redshift z = 1, when the Universe

was half its age, whereas for high-mass ellipticals most of the stars have formed

at higher redshift, when the Universe was very young. We do not know how star

formation proceeded in dEs in clusters, and whether stars formed in a few short

bursts or if star formation was extended over longer times. Recent studies show

that star formation in dwarf galaxies indeed spans cosmic time, but they do not tell

us how this happened. Observations of galaxies at high redshift (e.g. CANDELS)

indicate that at least some dwarf galaxies double their stellar mass in an extremely

short burst around redshift z = 2. By analyzing abundances of individual elements,

we can learn muchmore about the chemical enrichment than by looking at a single

number ([α/Fe]). First steps in this direction were taken by Michielsen et al. (2008),

but muchmore work is required.

7.3 Nuclear star clusters

Most low-mass galaxies host a central compact stellar object in their centers, called

nuclear star clusters. In chapter 4 we study nuclear star clusters in Coma Cluster
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dwarf galaxies. We confirm the previously found relation between star cluster

magnitude and host galaxy magnitude. This relation is also present when using

the host galaxy Sérsic index, though considerably less strong. Nuclear star clusters

follow the Sérsic index – mass relation for central massive objects as found by

Graham & Driver (2007). We also find that the nuclear star clusters are on average

bluer than their host galaxies. If the metallicity of cluster and host galaxy were the

same, nuclear star clusters would typically be 2 Gyr younger under the assumption

of an intermediate age population of the host galaxy.

Almost all early-type dwarf galaxies host nuclear star clusters. This result

shows the importance of high-resolution observations in this field, but moreover, in

combinationwith correlations of galaxy properties, it shows that nuclear star cluster

formation is most likely a secular process. A significant amount of nuclear star

clusters in our dataset is resolved. The sizes are somewhat larger than those found

in Virgo, but this may be due to our fitting method. There is no further statistical

indication that size depends on environment, except that we do not find very large

sizes for star clusters in the outskirts of the cluster.

Nuclear star clusters in dwarf ellipticals define a colour-magnitude relation with

a break. The overall scatter is lower than 0.08mag in F475W−F814W, and the scatter

on the faint end side, which is almost flat, is even lower than 0.05 mag. The star

clusters seem to follow blue-tilt globular clusters. A simple model for self-enriched

star clusters predicts the shape of the colour-magnitude relation for nuclear star

clusters and simultaneously reasonable ages. Although a viable explanation for the

formation of clusters, it is by no means unique.

We find a picture emerging where a star cluster is different from just a central

dynamically hot object. Even though the objects are still ’compact’, some of them

are resolved, and may show features of discs. The colours of large star clusters

are inconsistent with formation by inspiraling globular clusters. Instead, we find

evidence that nuclear star clusters form secularly and in situ and are able to set their

metallicity according to their mass.

Integral Field Unit (IFU) data will be essential for future analysis of nuclear star

clusters, as shown by the work of Seth et al (2008,2010) for two of the nearest nuclear

star clusters. Analysis of their stellar populations in combination with dynamics,

will show us how these objects have formed. Accurate ages and metallicities will

tell us if they formed after the bulk of the stars formed in the host galaxy, or if they

are assembled from globular clusters. Kinematic information can provide strong

constraints on the dynamical state and the origin of the star cluster, or at least if its

building blocks were galactic or extragalactic.

In 2018, the James Webb Space Telescope (JWST), the succesor to the Hubble

Space Telescope, will hopefully be launched. One of the instruments on board of this

telescope, the NIRSpec spectrograph, will be able to measure, with extremely high

spatial resolution, firstmoments of the velocities in nearby nuclear star clusters, and

possibly also secondmoments.
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7.4 Dynamics of nearby small stellar objects

In chapters 5 and 6 we have studied the kinematics of two kinds of objects: dwarf

spheroidal galaxies (dSphs) and a globular cluster (M15). Motivated by the fact

that dSphs are not spherical, and N-body simulations of dark matter predict non-

spherical halos, we have relaxed the common assumption of spherical symmetry

for the modeling of dSphs, and have developed a framework to analyze discrete

kinematic data. We have shown that the dSphs are well fit by axisymmetric models,

and that the step to discrete fitting strongly decreases the errorbars on the fitted

values.

We have given two application of this work for Local Group dwarf spheroidals.

By treating individual stars, it is possible to identify possible interloper stars. By

carefully modeling both the foreground and the galaxy under study, it is possible to

improve themodel of the galaxy. A second application comes from chemical tagging

of stars inside a galaxy. If groups of stars form dynamically separate populations,

these can be used to constrain the potential to a greater degree. It makes sense to

treat this splitting in a discrete way.

We have also applied our method to the globular cluster M15. We show that we

can recover the mass-to-light (M/L) profile of the cluster. Our M/L profile is similar

to previous determinations, however, we find a much higher central mass density.

Theory predicts a large amount of stellar remnants, white dwarfs and neutron stars,

in the center of the cluster. The comparison between the theoretically predicted

mass density and the inferred potential is excellent, and there is no need to add a

intermediate-mass black hole.

Jeans modeling does not promise the existence of a physical solution. For that,

more advanced modeling tools like Schwarzschild modeling will stay necessary. A

possible next step would be to implement chemical tagging in Schwarzschild codes.

Dynamicalmodeling can also be used to study dEs in clusters. Of course, herewe

cannot look at individual stars. As an example ofwhat canbe donewith current data,

higher-order velocitymoments can bemeasured to break degeneracies between the

density profile and the orbital anisotropy (see e.g. Lokas, 2002). Understanding the

orbital structure of these galaxies is an important step in constraining the potential:

what is the distribution of dark matter? Is it cored or cuspy? N-body simulations

predict dark matter haloes which are triaxial. Can we confirm this triaxiality with

current data? How does the anisotropy of dEs match numerical simulations of

harassment and other heating processes? The answer to the last question will tell

us which mechanisms have been responsible for stripping gas from dEs.

Recent analysis of IFU data from SAURON has changed our understanding of

ellipticals and led to the introduction of different kinematic categories (fast and slow

rotators), which probably have different formation mechanisms. Similar analysis of

dEs is necessary, and serves as perfect preparation for large future surveys, as for
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example with WEAVE on the WHT1. First steps in this direction have already been

taken by, among others, the SMAKCED2 collaboration, with long-slit data.

1http://www.ing.iac.es/weave
2http://smakced.astro.rug.nl/
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