
 

 

 University of Groningen

Dynamics and stellar populations of small stellar systems
Brok, Mark den

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2012

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Brok, M. D. (2012). Dynamics and stellar populations of small stellar systems. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/be6946d4-9dc5-4c16-bd6d-1214152a508b


4
Nuclear star clusters in Coma clus-

ter early-type dwarf galaxies

M. den Brok et al.

—To be submitted to MNRAS—



104 Chapter 4: Nuclear star clusters in Coma cluster early-type dwarf galaxies

ABSTRACT

Nuclear star clusters are compact stellar systems found at the

centres of galaxies of all Hubble types. In this paper, we use

high resolution imaging of early-type dwarf galaxies in the core

and the outskirts of the Coma cluster, using data from the Coma HST/ACS

Treasury Survey, to study nuclear star clusters. Our data are the largest dataset

of early-type galaxies with nuclear star clusters taken in a homogeneous way

through similar filters and almost no relative distance uncertainty.

Star clusters are detected and analysed using our custom Bayesian code,

which candistinguish between galaxieswith andwithout nuclear star clusters

in a quantitave way.

Our data confirm that the properties of nuclear star clusters are closely

related to those of their host galaxies. A non-negiglible number of star

clusters are resolved, even at the distance of Coma. The sizes of these star

clusters are consistent with those of Ultra-Compact Dwarf galaxies.

We confirm the previously found colour-magnitude relation for nuclear star

clusters. This relation is surprisingly tight at the faint end, and flattens below

MF814W >−11. A viable explanation of this relation is self-enrichment during

the formation of the star cluster.

Off-centre clusters are more often found in faint dwarfs, though this is

probably related to the S/N of the data and the way the offsets are measured.

We find a picture emerging where a nuclear 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.
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4.1 Introduction

Nuclear star clusters are dense concentrations of stars at galaxy centers. Although

their sizes are found to be comparable to Milky Way globular clusters (Böker et al.,

2004), their brightness can exceed the brightness of the brightestMilkyWay globular

cluster by orders of magnitude. They have been found in galaxies of all Hubble

types, from not-too-luminous elliptical galaxies (Côté et al., 2006), to spiral galaxies

(Carollo et al., 1997; Böker et al., 1999; Matthews et al., 1999; Böker et al., 2001, 2002)

and as well in dwarf galaxies (Lotz et al., 2004; Grant et al., 2005; Côté et al., 2006).

Even theMilkyWay is known to exhibit a nuclear star cluster (Launhardt et al., 2002;

Schödel et al., 2007, 2009), although generally in spiral galaxies the detection of such

clusters can be thwarted by the presence of a bright bulge.

There appears to be a close connection between nuclear star clusters and central

supermassive black-holes (SMBHs). Other than that both are compact objects living

in galaxy centres (and therefore have been dubbed CMOs, central massive objects),

they both follow the sameMcmo-σ relation (Ferrarese et al., 2006; Wehner & Harris,

2006). It is important to understand the formation and evolution of SMBHs, since

they can regulate feedback in galaxies and are perhaps even able to ionize the

Universe. The existence of the Mcmo-σ relation implies that the evolution of

nuclear star clusters and SMBHsmay possibly somehowbe linked. Quite likely there

is some interaction between nuclear star clusters and SMBHs, such that one may

prevent the growth of the other of even destruct it (McLaughlin et al., 2006; Merritt,

2009; Nayakshin et al., 2009). The Milky Way may be peculiar in this sense, having

both a SMBH and a nuclear star cluster, though also in other galaxies, nuclear star

clusters and SMBHs have been found to coexist (Seth et al., 2008). Very massive

ellipticals are found to be lacking star clusters. Bekki & Graham (2010) suggest that

themerger of intermediatemass elliptical galaxies inwhich nuclear star clusters and

black holes co-exist will result in an elliptical galaxy in which the newly formed star

cluster has been dynamically heated so that it is easily destroyed.

Contrary to black-holes, the formation of star clusters can probably be traced

back if one studies their stellar populations in great detail. There are a handful

of formation scenarios for these illustrious objects, however, our understanding of

these objects is still too poor to discriminate definitively. Questions that are not

answered with certainty are for example what the stellar populations are in these

star clusters. How do the metallicity and age of the star clusters compare with those

of the host galaxies? And are the star clusters formed in single bursts, or do they

build up over cosmic time?

Nuclear star clusters in spiral galaxies are known to have had recent star forma-

tion, sometimes even showing emission lines (Walcher et al., 2006). However, for

dwarf galaxies the situation is not that clear: ground-based observations of Grant

et al. (2005) show both a range of colours for the nuclear star clusters, whereas

the space-based observations from Lotz et al. (2004); Côté et al. (2006) show that

generally nuclear star cluster are bluer than their host galaxies. This latter statement
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was confirmed in denBrok et al. (2011), thoughnoquantitave statementsweremade

in that paper. In general, a comparison of the star cluster colour with the colour of

the host galaxy can tell us something about when a star cluster formed. If the star

cluster is bluer, it probably means that the star cluster formed later than the bulk

of the stars in the galaxy. However, another option is that the star cluster consists

of stars which are much more metal poor than the host galaxy. In any case, any

difference in colour points at different stellar populations between host galaxy and

cluster, and this can somehow help us to constrain the origin of the clusters.

The origin of dwarf elliptical (dE) galaxies in clusters is not completely under-

stood either. It is generally accepted that the predecessors of the dEs should have

been more gas-rich, but that for some reason the galaxies have lost their gas over

time. The morphology-density relation (Dressler, 1980) points at a strong influence

of the environment on gas loss. For dwarfs in galaxy clusters it is of course interesting

to see if any gas-stripping mechanisms have left their imprint on the properties

of the star clusters. By studying the properties of the nuclear star clusters and

comparing them with the properties of the host galaxy, we may hence be able to

further constrain formation mechanisms.

Due to its exquisite resolution, the Hubble Space Telescope (HST) is a partic-

ularly good instrument for studying nuclear star clusters. The work of Lotz et al.

(2004) and Côté et al. (2006) has shown that ground-based observations of nuclear

clusters are often of too low resolution for studying remote star clusters because a

significant fraction of the clusters is missed. With the exception of the pioneering

work of Graham & Guzmán (2003), nuclear clusters in the Coma cluster have so far

not been studied, whereas Coma is the richest convenient cluster to study in the local

Universe. If the environment plays a role in shaping the nuclear star cluster, Coma

is the place where this can be reveiled.

In this paper we study the stellar populations in nuclear star clusters in galaxies

in the Coma cluster with data from the Coma ACS Survey. This survey was aimed at

increasing our understanding of galaxy evolution in the z = 0 universe. This is the

10th paper in this series, following important results on compact ellipticals in Coma

(Price et al., 2009), colour gradients in early-type galaxies (den Brok et al., 2011), bar

fraction (Marinova et al., 2012), and intergalactic globular clusters (Peng et al., 2011).

We briefly summarize in Section 4.2 the observations and data reduction proce-

dures. Section 4.3 describes the fitting procedures used, after which the results are

presented in Section 4.4.

4.2 Observations and Data reduction

The Coma ACS Survey (Carter et al., 2008, henceforth C08) has provided data in two

passbands for 25 fields pointed at the core of the Coma cluster and at the outskirts.

The exposure times in the two passbands, F814W and F475W (which are roughly

equivalent to the IC and g band) were respectively ∼1400 and ∼2600s. The original

envisaged coverage of the cluster was much larger than 25 fields, but due to the ACS
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failure in January 2008 the survey was not completed.4 of the 25 observed fields do

not have 4 drizzle positions, because HST could not find a proper guide star (visits

3, 12, 13 and 14). Where necessary, these galaxies were excluded because the signal-

to-noise (S/N) was too low.

The pixel scale of the ACS data reduced with the drizzling scheme as described

in C08 is 0.05” per pixel. Throughout this paper we assume a distance to Coma of

100Mpc (see C08). This corresponds to∼ 25pc per pixel at the distance of Coma. The

10σ detection limit of point sources is 26.8 in F814W(AB) and 27.6 in F475W(AB),

though this is in optimal conditions.

4.2.1 Sample

One of the big advantages of observing the Coma cluster compared to nearby

clusters such as the Virgo cluster, is that there is very little relative uncertainty in

the distance to each galaxy. The disadvantage is that membership of galaxies is

not always well determined. In Hammer et al. (2010) more than 70.000 sources

were detected along the line of side of Coma in the F814W pointings of the survey.

Most of these sources are either globular clusters in Coma or galaxies behind the

cluster. The best way to establish membership of the Coma cluster is arguably by

spectroscopically confirming that a galaxy has a similar redshift as the other galaxies

in the cluster. However, this is only possible for sourceswith sufficiently high surface

brightness. Fortunately, faint cluster members have often low surface brightness

and because they stand out due to their low surface brightness, they can easily be

identified. In this paper, we use the sample from Trentham et al. (in preparation,

henceforth Paper VI), which contains both spectroscopically confirmed members

and likely members that were identified by eye. The likely members were divided

into 3 classes: almost certainly members, likely members and possible members.

Spectroscopic follow-up of part of this sample has shown that the contamination

of non-members in class 3 is around 50%, and approximately 10% for sources in

class 2. In this paper we use all the classes, but since membership is uncertain for

class 3 sources, we will usually exclude them. We have to select a subset of the

sample used in Paper VI, since determining structural parameters requires higher

signal-to-noise ratios than determining magnitudes. Another consideration is that

one starts introducing biases in the sample of nuclear clusters: it has been found

that nuclear clusters are generally 5 or 6 magnitudes fainter than the host galaxy

(cf. Section 4.4.4 for references and discussion on this.) We have decided to clip the

faint part of our sample at mF814W (AB) = 22 (MF814W (AB) = −13, B ≈ −11.5). The

reason for clipping in the F814W band above using the F475W band is that it is a

better proxy of galaxy mass, and less affected by extinction. Alternatively, we could

clip on surface brightness instead of magnitude, though we note that magnitude is

easier to measure as surface brightness also requires the measurement of a radius.

We also clip on the bright side of the magnitude range. In this paper we are mainly

interested in the nuclear star clusters in dwarf galaxies. It is generally acknowledged
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that low-mass ellipticals have often a central light excess(Côté et al., 2006; Kormendy

et al., 2009, amongmany others), though it is not clear if this is related to nuclear star

clusters or not. There are two other reasons for discarding the high-mass galaxies:

first of all because high mass galaxies require more than two components for the

fitting (often discs and bars are present), and second because the interpretation of

the light from the centre is difficult because of the presence of dust disks and AGN.

4.3 Analysis

4.3.1 Choice and justificationof surfacebrightnessprofileparametriza-

tion

The realization that spiral galaxies can be built from multiple components is rather

old, but the parametrization of dwarf galaxies into inner and outer parts is some-

thing recent (Graham & Guzmán, 2003) and more controversial. It has been found

that the Sérsic profile (Sersic, 1968)
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provide an accurate description for early-type galaxies without nuclear star clusters

(Ferrarese et al., 2006). The Sérsicmodel is a generalization of the exponentialmodel

that was found to fit disc galaxies (Patterson, 1940; Freeman, 1970) and the R1/4-law

for bright ellipticals of de Vaucouleurs (1948). Ie is the surface brightness at the

effective radius. n defines the curvature of the profile: profiles with high n are more

cuspy. bn plays the rôle of a normalisation constant, and can be approximated by

bn ≈ 0.19992n − 0.3271 for 0.5 < n < 10 (Capaccioli, 1989). The core-Sérsic model

(Graham et al., 2003)is a generalisation of the Sérsic model, in which the inner part

of a galaxy is described by a power-law. rb is the break radius, and γ is the slope

of the inner power law. The sharpness of the transition between Sérsic profile and

power law is governed by the softening parameter α. Trujillo et al. (2004); Côté

et al. (2006) used this law with α→ ∞, which we do as well, since it leads to less

degeneracies. If star clusters in Coma follow a similar size distribution of those in

Virgo(Côté et al., 2006), we expect most nuclear star clusters to be unresolved. Our
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first choice of modelling is therefore to treat them as point sources and fit themwith

a Point Spread Function (PSF). However, since some of them may be resolved, we

also fit them with a Gaussian, similar to Graham & Guzmán (2003). Although there

is no physical justification for using a Gaussian, technically the model is simpler

than a King model, since it contains no freedom on the concentration of the profile.

4.3.2 Fitting code

We make use of Bagatelle (den Brok 2012, in preparation), a 2-d Bayesian fitting

code for modelling surface brightness profiles. The advantage of using this code

over other existing codes is i) that it allows for a full exploration of the posterior

distribution, which can help quantify any degeneracies, and ii) that decisionmaking

in which profile fits a galaxy best is done in a quantitave way. In the case that

multiple profiles are given to the code, together with prior information, the codewill

tell which profile fits best by comparing a marginalization over all variables, known

as the evidence.

4.3.3 Masking

Neighbouring stars and galaxies were masked according to the SEXTRACTOR seg-

mentation maps. As masking in this way was generally not sufficient, the SEX-

TRACTOR mask apertures were enlarged to an ellipse with major and minor axes

of 4×A_IMAGE and 4×B_IMAGE. As galaxies nearby other galaxies are sometimes

missed by SEXTRACTOR, we manually checked the masks and tweaked them where

necessary, to make sure that underlying galaxies were also masked properly.

4.3.4 Point Spread Function

Especially when fitting sources wich are not or barely resolved, knowledge of the

Point Spread Function (PSF) is crucial. For our analysis, we have chosen to use

the artificial PSFs from TinyTim, drizzled in the same way as our HST data, using

a script called DrizzlyTim 1. For a detailed description of the procedure used to

construct the PSF in this way, we refer the reader to chapter 3. Given the importance

of the PSF, we also have determined empirical PSFs. The PSF of the ACS camera

varies with position because the camera is off-axis, but on top of that it also varies

as a function of time, as thermal fluctuations change the focus of the telescope

(Rhodes et al., 2007, and references therein). To construct our empirical PSFs, we

use archival data of the galactic globular cluster 47 Tuc. The exposure time of both

our observations of Coma and the observations of 47 Tuc are shorter than one HST

orbit (which is the main timescale of variation according to Rhodes et al. (2007))

and besides that, the observations of the two targets is more than 6 months apart,

so the constructed PSF will not be the best representation possible. On the other

1DrizzlyTim is written by Luc Simard
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Figure 4.1—Normalised profiles of the F814W psf at the location x, y = (3300,2400) The solid

line is the DRIZZLYTIM PSF, the dashed-dotted line is the empirical PSF.

hand, the data from 47 Tuc was drizzled with a slightly higher pixfrac (1.0 instead

of 0.8), so the resolution is intrinsically lower.The data were processed using the

DAOPHOT II package in IRAF (see e.g. Stetson, 1987) In overview and summary, we

detected starswith the taskdaofind and calculated a PSFusing 669 starswhichwere
relatively bright, isolated and not saturated, with the task psf. After calculation of

a first PSF, stars nearby PSF stars were subtracted from the image and the PSF was

recalculated. We used a few such iterations, where in the end we let the PSF vary

quadratically as a function of position. The analytic profile assumed for the centre

was a Moffat profile with β= 1.5, although other analytic profiles fitted equally well.

A comparison between the empirical PSF and the DRIZZLYTIM PSF at at a random

location is given in Fig. 4.1. As can be seen, the empirical PSF at this position is

slightly broader than the theoretical one. Because the field from which we derived

the PSF is rather crowded, we had to estimate the sky relatively near the star, which

is why the outer profile of the empirical PSF does notmatch the theoretical PSF’s one

well. For detecting and measuring sizes of star clusters, and for the photometry of

the main body of the galaxy, these wings are not relevant. However, it may cause us

to underestimate the flux of a nuclear star cluster. From the theoretical PSF profile,

we estimate that 2% of the flux is missed in the wings of the empirical F814W PSF.

A similar estimate for the F475W band shows that we underestimate the flux with

that PSF by a similar amount. 2% Missing flux translates in a magnitude which is

0.02 higher than it is supposed to be. When comparing star cluster properties, this

may be acceptable since one looks at the bulk of the light. However, for colours, a

correction is important as one looks at magnitude differences. A different effect

which we have ignored so far, but which may play a role in the shape and size of
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Figure 4.2 — F814W(AB) magnitudes of nuclear star clusters as modelled with a gaussian

versus the absolute F814W(AB) magnitudes of star clusters as modelled with a point source.

the nuclear star clusters is Charge Transfer Efficiency (CTE) degradation. This is an

effect which depends both on position and signal-to-noise, and which is incredibly

hard to model. However, since it is more effective for faint sources than for bright

sources, we do not expect it to play a major role in our star cluster analysis.As a last

and final check, we have fitted a number of suspected globular clusters in Comafield

3-4 (this corresponds to visit 18, the field in between the cD galaxies NGC4889 and

NGC4874.) Except for one candidate globular, which in fact may be a UCD, none

of the globulars is resolved, so we are confident that the sizes that we find for the

nuclear clusters are correct.

4.4 Results

Our first finding is a confirmation of Côté et al. (2006) that the star cluster fraction

in dwarf galaxies is really high. Figure 4.3 shows a histogram of galaxy counts
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Figure 4.3 — Frequency of nucleation as a function of host galaxy absolute magnitude (left,

all galaxies) and of redshift (right, for confirmed members). The frequency of nucleation

declines for faint galaxies. The sample of non-nucleated confirmed Coma members is too

small to make a statistically relevant statement about differences in the redshift distribution

of the two species of galaxies.

as a function of magnitude, and, for confirmed members, also as a function of

redshift. The fraction of non-nucleated galaxies is 16%. Even though this number

is comparable to the number found by Côté et al. (2006), we note that our samples

are very different. Our sample contains fewer high-mass galaxies, and many more

low-mass galaxies. Faint galaxies show lower fraction of nucleation, qualitatively

(though not quantitatively) consistent with earlier results from Sandage et al. (1985);

van den Bergh (1986). It is interesting to see that there are no non-nucleated dwarf

galaxies on the high-redshift part of the histogram. However, as it is now, the two

distributions aremathematically indistinguishable due to the low number statistics.

4.4.1 Selection effects in finding star clusters

If nuclear star clusters exists in all galaxies, we are inhibited in finding them either

by their lowmagnitudes, or because the galaxy is too bright in the centre and drowns

the cluster in the Poisson noise.

Fig. 4.4 shows the central surface brightness of galaxies as a function of the

F814W magnitude of detected nuclear star clusters. The central surface brightness

definition which we use here, is that of the inward extrapolation of the Sérsic profile,

so excluding any contribution from a nuclear star cluster. Two regions in this plot

are devoid of points. First of all, we do not see faint star clusters in galaxies with

high central surface brightness. Although this may be a selection effect, since faint

star cluster would be hard to detect, it is probably not, since Fig. 4.3 shows that we

have a high detection fraction in bright galaxies. We estimate where in this diagram

Poisson noise would start dominating the star cluster, under the assumption that

the galaxy profiles do not change rapidly on small scales. This assumption therefore

does not hold for galaxies with low effective radii or high Sérsic indices.
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Figure 4.4 — Central surface brightness in the F814W band, determined from an inward

extrapolation of the Sérsic profile, as a function of point source F814W magnitude. A rough

estimate of the limiting point source magnitude due to Poisson noise is indicated by the

dashed line. The obvious outlier is almost certainly a background galaxy (membership class

3) with a high Sérsic index for which the Poisson estimate breaks down.

The second observation is that there are no bright star clusters in galaxies with

low central densities. This last is not a selection effect, but can be interpreted

as being due to correlations of star cluster magnitude with other quantities, for

example with host galaxy magnitude or Sérsic index. In Fig. 4.5 we show the

luminosity function of the nuclear star clusters. It becomes clear from this figure

that it is very difficult to analyse even fainter galaxies than our current sample, as

some star cluster magnitudes are very near the detection limit for point sources.
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Figure 4.5— Luminosity function of star clusters in F814W (point source). The cut-off on the

faint side is mainly a consequence of the cut-off in galaxy magnitude.

4.4.2 Resolved star clusters

We find that a non-negligible number of star clusters (∼35%)are resolved. Of course

there may be a small difference when one uses an empirical PSF instead of a

theoretical PSF. Fig. 4.6 shows that the measured sizes are relatively stable against

which PSF is used. One can of course argue that this is not the last word to be said

about this matter: there may other explanations for the determined sizes which

may not be physical, but may be due to data related issues. In Fig. 4.7 we show

sizes of resolved star clusters in the F814W band and in the F475W band. Although

there is considerable scatter, the two values are highly correlated, suggesting that

the clusters are indeed resolved. Although large (sizes up to 30 pc), we note that

the sizes which we measure are not excessively large: for example, the Milky Way

globular cluster NGC2419 has a half-light radius of around 20 pc (Harris, 1996;

McLaughlin & van der Marel, 2005), and also Mackey et al. (2006) find globular

clusters around Andromeda with similar sizes, so these sizes are not uncommon

for star clusters. The largest star cluster is found in COMAi125927.221p275257.00.
The colour profile of this galaxy is completely flat (den Brok et al., 2011), except for

the centre, where the star cluster dominates and the light profile becomes very blue.

Surprisingly, the size of the star cluster is quite a bit larger in the F814W band than

in the F475W band and appears more elliptical in the F475W band. If this is indeed

something physical in the centre of the galaxy, and not caused by another object

seen in projection next to the nuclear star cluster, the difference in shape and size

maypoint at extinction in the centre. A different explanation could be that the object

has a strong colour gradient caused by a young central population inside the nuclear
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Figure 4.6 — F814W sizes of star clusters (in pixels) as measured with the empirical PSF vs

F814W sizes of star clusters as determined with a theoretical PSF.

star cluster, similar to a scenario suggested by Kormendy & McClure (1993) for the

nuclear star cluster in M33.

4.4.3 Correlation with Sérsic index

Graham & Driver (2007) find a relation between the logarithm of the mass of a

SMBH and the Sérsic index of the host galaxy. These authors show that this relation

’continues’ for lower-n galaxies, when one replaces the mass of the black hole with

the nuclear star cluster mass.

Figure 4.8 shows that there is a correlation between Sérsic index and magnitude

of the nuclear star cluster, in the sense that galaxies with lower central concentration

(lower Sérsic index) have fainter star clusters. This relation with host galaxy Sérsic

index may at first look strange, since the Sérsic index describes the curvature of the
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Figure 4.7— F475W sizes of star clusters (in pixels) vs F814W sizes of star clusters. Both sizes

were measured using a drizzlytim PSF convolved with a gaussian, while in parallel fitting

the host galaxy with a Sérsic profile. COMAi125927.221p275257.00 is highlighted in red.

whole galaxy, and it is therefore a priori not so clear how this could influence the

growth of nuclear star clusters. However, it is known that Sérsic index is correlated

with host galaxy magnitude, and is as such linked to the mass of the galaxy. As

more massive galaxies can more easily produce more massive star clusters, this can

explain the correlation. A second argument why Sérsic index could correlate with

themass of the star cluster, is given by Emsellem& van de Ven (2008). These authors

show that tidal fields become more compressive for lower Sersíc indices. Emsellem

& van de Ven (2008) argue that the tidal field in galaxy centers becomes disruptive

for steep inner profiles, and that therefore one should not expect to see many star

clusters in galaxies with Sérsic index n � 3.5. Indeed, we do not see star clusters in
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Figure 4.8— F814W(AB) magnitudes of nuclear star clusters as modelled with a point source

or gaussian versus the Sérsic index.

Figure 4.9 — Mass of the star cluster vs the Sérsic index, for likely members (black) and

possibly background galaxies (red). The curved and linear log(n)-mass relations fromGraham

& Driver (2007) are shown as solid and dashed lines.
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galaxies with high Sérsic indices, but it is not clear if this is due to selection effects

(the fact that we excluded high-mass galaxies) or physical reasons.

Figure 4.9 shows how themass of the centralmassive object (CMO) is dependent

on the Sérsic index, according to Graham &Driver (2007). For this plot, we assumed

a conversion between F814W star cluster magnitude and mass given by M = 0.73∗

10
40.3−F814W

2.5 , based on Miles models (Vazdekis et al., 2010). The curved relation is

clearly doing a good job predicting the average mass of the star cluster, once the

Sérsic index is measured, though with significant scatter.

4.4.4 Correlation withmagnitude

Several authors have pointed at a relation between nuclear star cluster luminosity

and host galaxy luminosity in dEs (see e.g. Graham & Guzmán, 2003; Lotz et al.,

2004; Grant et al., 2005; Côté et al., 2006). Figure 4.10 shows the nuclear star cluster

magnitude as a function of host galaxy magnitude in the F814W band. The host

galaxy magnitude and star cluster magnitude were determined by profile fitting as

described in paragraph 4.3. The magnitude of the host galaxy was determined by

extrapolating the Sérsic profile to infinity, and does not include the nuclear star

cluster. Because the nuclear star cluster is on average 5 magnitudes fainter, this

should only make a marginal difference (∼ 0.01 mag) on the magnitude of the host

galaxy. The region where our detection limit for point sources is below 10σ is

given by the dotted line. At low magnitudes, the sky dominates in the detection

efficiency, whereas at high magnitudes, the Poisson noise of the centre of the host

galaxy is dominant. In the same plot we also show data on nuclear star clusters

from the Virgo ACS Survey (Côté et al., 2006). The conversion between F850LP

and F814W should be small (generally less than 0.2 mag) and, as it holds for both

host galaxy and star cluster, we do not correct for it, as a larger uncertainty for

the Virgo ACS magnitudes comes from distance uncertainties, for which we cannot

correct anyway. The magnitude-magnitude relation between star clusters and host

galaxies actually appears to continue also to fainter magnitudes. Interestingly, the

nucleus-galaxy luminosity ration is slightly higher than the one found by Coté et al.

Performing a linear fit with fixed slope of one, we find (for the F814W band), for

weighted and unweighted fits:

Mnuc =Mgal+ (5.13±0.10) (4.1)

Mnuc =Mgal+ (5.54±0.10) (4.2)

This seems to be in agreement with earlier values (Binggeli et al., 2000; Graham &

Guzmán, 2003; Grant et al., 2005; Lotz et al., 2004). Coté et al. speculate that the

difference they find with earlier findings may be due to the use of different fitting

functions or the higher sensitivity of their ACS observations, which allows them to

detect fainter nuclei. Performing a fit with a free slope, we find

Mnuc = (0.60±0.05)(Mgal+17.5)− (11.58±0.14) (4.3)
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Source Relation Band Comments

Graham et al. (2003) Mnuc = (1.37±0.55) (Mgal + 17.5) - (12.43±0.55) F606W

Mnuc = (0.87±0.26) (Mgal + 17.5) - (11.90±0.25) F606W outliers clipped

Grant et al. (2005) Mnuc =(0.74±0.06) (Mgal + 17.5) - (12.59) I zeropoint estimated

Coté et al. (2006) Mnuc =(1.0) (Mgal + 17.5) - (11.13±0.22) F850LP unit slope

Mnuc =(1.05±0.18) (Mgal + 17.5) - (11.05±2.19) F850LP

This work Mnuc = (0.60±0.05)(Mgal + 17.5) - (11.58±0.14) F814W uniform errors

Mnuc = (1.0)(Mgal + 17.5) - (11.96±0.10) F814W

Table 4.1 — Summary of relations between host galaxy magnitude (Mgal ) and nuclear star

cluster magnitude (Mnuc ) from literature and this work.

For this fit, we assumed uniform errorbars for all data points, since otherwise the fit

was strongly biased to the few brightest points in the sample. Our slope, though

somewhat on the low side, is consistent with the slope found by Graham and

Guzman and close to what was found by Grant et al. The intersect is completely

consistent with what was found by Graham and Guzman and is about 0.5 mag

off from the fitted value from Coté et al. To estimate if we would have detected

the fainter nuclei in the Coté et al. sample, we estimate the Poisson noise, under

the assumption of a simple dependence of Sérsic index and effective radius on

magnitude:

log(n) = −0.083(mF814W −20) (4.4)

log(Re f f [arcsec]) = −0.117(mF814W −20)+0.3 (4.5)

We calculate the region in Fig. 4.10 where Poisson noise dominates. We note that

some of the fainter sources in the Coté et al. sample fall in this area. It is therefore

possible that we are missing some faint nuclei and that therefore the slope of this

relation needs to be revised in the future.

4.5 Colour properties of Nuclear star clusters

In their study of Fornax dwarf galaxies, Caldwell & Bothun (1987) did not detect any

differences in colour between host galaxy and star cluster, though later studies of

nuclei in dwarfs (Durrell, 1997; Lotz et al., 2004; Côté et al., 2006) showed a tendency

for these objects to be bluer than the host galaxy. Differences in colour between

nuclear star clusters and the host galaxy are important for two reasons: first, since

they point at different stellar populations, they justify the decomposition of a galaxy

into two components, and second, because the stellar populations in the nuclei can

tell us something about the formation of the star cluster.

4.5.1 Comparison with colour profiles

Figure 4.11 shows measured colours of nuclei. The colours were measured in two

ways: first by differencing the measured magnitudes from the fit of the point source
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Figure 4.10 — Absolute F814W(AB) magnitudes of nuclear star clusters versus the absolute

F814W(AB) magnitudes of the host galaxy. The magnitudes were obtained by profile fitting.

The host galaxy magnitude does not include the star cluster, but as can be deduced from the

plot, that contribution is marginal. Overplotted in green diamonds are the uncorrected (see

text) F850LP(AB) measurements from Côté et al. (2006). The dashed line denotes our best

fitting line with uniform slope. The green dashed-dotted line represents a similar fit from

Coté et al. The black dashed-dotted line shows our best fitting linear relation with non-unity

slope. The grey areas approximate the regions where sky and galactic Poisson noise become

dominant.
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Figure 4.11— Colours of nuclei as determined from fitting a central point source to the light

distribution (horizontal axis) and by measuring the central colour of from the colour profile.

+ Sérsic profile to the galaxy light. The second method is the central colour in the

colour profile (which we hencefort call central colour). The central colour is on

average redder, which is not unexpected: if the central surface brightness including

the star cluster is only 1 mag/arcsec2 brighter than the underlying profile of the

galaxy, 40% contamination of the host galaxy, which is almost always redder, can

be expected.

4.5.2 Comparison with host-galaxy colours

It is interesting to compare structural properties of galaxieswith those of nuclear star

clusters, butwe can get a complementary viewby looking at their stellar populations

– or rather, the differences in stellar populations between nucleus and galaxy. Fig

4.12 shows measured colours of host galaxies (excluding the nuclear star cluster)

vs. the colours of the nuclear star clusters. We note that in almost all cases, the

star cluster is bluer than the host galaxy. If we exclude exotic options like extreme

Helium abundances, this effect can either be caused by a difference in metallicity,

or by a difference in age (or a combination of both). To give an example, which is

probably not unrepresentative, for a galaxy with an age of 7 Gyr and solarmetallicity,

a difference in colour of 0.1 magnitude corresponds to a difference in age of ∼ 2

Gyr. Furthermore, we see that there is a correlation between the colours of the host

galaxy and the colours of the nuclear star cluster, implying that the ages and/or

metallicities of star clusters and host galaxies are correlated.
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Figure 4.12 — Colours of nuclei as determined from fitting a central point source/gauss to

the light distribution versus the colour of the host galaxy within an annulus of 1.25 to 1.75

arcseconds.

Figure 4.13 — Colour magnitude relation for nuclei in Coma, with superimposed the data

from Côté et al. (2006)

4.5.3 On the colourmagnitude relation of nuclear clusters

Fig 4.13 confirms the finding of Côté et al. (2006) that there exists also a colour

magnitude relation for nuclear star clusters. The colour magnitude relation in

galaxies is thought to form due to an equilibrium process between galactic winds

and star formation. As soon as star formation has produced enough energy to
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Figure 4.14— Colour magnitude relation for nuclei in Coma, with analysis of the scatter

blow away existing gas in a galaxy, the star formation stops. Since this is a mass-

dependent mechanism, highmass galaxies have redder colours (higher metallicity).

It is not easy to see how such a mechanism would work for star clusters – obviously

anothermechanismmust be at work. Since stars keep loosing gas over their lifetime,

metal rich gas is continuously freed and available for star formation. If this gas

builds up in the center of a galaxy and forms stars, it will have an automatic mass-

metallicity relation, since there is more gas available in high mass/more metal rich

galaxies. The nuclei will be slightly bluer because of their age. In Fig. 4.14 we analyze

the scatter on the colour magnitude relation of the star clusters. Part of the scatter

around this colour magnitude relation is due to observational errors, however, the

colourmagnitude relation itself may have an intrinsic width. A fit to the star clusters

with a single line gives an instrinsic scatter of 0.1mag. The data however suggest that

the colour magnitude relation is better fit by a broken line. We therefore fit our data

with two connected straigt lines. For the bright end of the fit, we find a scatter lower

than 0.08, and for the faint end an intrinsic scatter of 0.05. This intrinsic scatter is

extremely low, andmeans that our data do not need amodel with an intrinsic scatter

(much) higher than those typically found for galaxies (Bower et al., 1992).

4.6 Influence of environment

If nuclei are formed as a secular process after a galaxy falls into the cluster, one

might expect that properties of the nuclei depend on environment. As the pressure

of the intra-cluster medium (IGM) increases toward the centre of the cluster, dwarf

galaxies near the cluster centre may have had additional bursts of star formation,
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Figure 4.15 — Left: magnitude of star clusters as a function of distance toward NGC4879.

Right: difference in magnitude between host galaxy and star cluster as a function of distance.
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Figure 4.16 — Cumulative clustercentric distance distribution of nucleated and non-

nucleated galaxies. According to a Kolmogorov-Smirnov test at 5% significance level, the

distributions are indistinguishable.

because the IGM confines the gas (Babul & Rees, 1992). In Fig. 4.15 we show

the magnitude of the star clusters versus the distance to NGC 4879. There is

no indication that brighter clusters are more centrally concentrated within the

Coma cluster. The lower panel in the same figure shows the difference in host

galaxy magnitude and star cluster magnitude, but we do not find any evidence

for a relative increase in star cluster magnitude for more centrally located dwarf

galaxies. Fig 4.16 shows the cumulative distribution functions of the clustercentric

distances of nucleated and non-nucleated dwarf galaxies. Although it appears that

non-nucleated galaxies are less centrally concentrated, a Kolmogorov-Smirnov test

shows that this result is not significant at a 5% level.

The virial radius of the Coma cluster is approximately 2.9 Mpc (Łokas &Mamon,

2003). Taking < vrms >≈ 1000 km/s as a typical velocity for a dwarf galaxy in the

cluster (Struble & Rood, 1999), a crossing time is approximately 3Gyr. If we assume

that dwarf galaxies have ages in the range 4–7 Gyr (Smith et al., 2009; Koleva et al.,

2009) and that the cluster has been responsible for shutting off star formation, a

typical dwarf elliptical has already passed the cluster once or twice, and (depending

on the orbit) has therefore seen different environments of the cluster.
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Figure 4.17 — Nuclear star cluster magnitudes vs. host galaxy magnitudes, for dEs in Coma,

and for spiral galaxies (Seth et al., 2006; Böker et al., 2002, 2004). The green arrow indicates

the upper magnitude limit for a saturated star cluster from Seth et al. MB was converted to

MF814W usingMF814W =MB +1.8.

4.7 Comparison with Spiral galaxies

An old idea is that dEs are the remnants of late-type spiral and irregular galaxies

which have been processed by the cluster (Einasto et al., 1974; Lin & Faber, 1983;

Kormendy, 1985; van Zee et al., 2004; Toloba et al., 2009). Fig. 4.17 shows a

comparison between magnitudes of nuclear star clusters and host galaxies in spiral

galaxies and Coma dEs, based on the data of (Seth et al., 2006; Böker et al., 2002,

2004). The host galaxy magnitudes of the spiral galaxies were in B magnitudes,

which we converted to F814W according toMF814W =MB +1.8. The IC magnitudes

were converted to F814W by adding 0.38 mag to them. The nuclear star clusters in

the spiral galaxies, which are mainly Sc galaxies, follow the same scaling relation as

for the dEs. If the stellar populations of a galaxy fade (due to ram-pressure stripping

or starvation) a galaxy will move left. If the gas supply for the star cluster is also

stopped, it will move down. Tidal stripping will not affect the star cluster, but will

affect the host galaxy magnitude and move it slightly to the left (see e.g. Bekki et al.

(2001), their Figure 3).

The fact that a number of points from the spiral galaxy samples are above

the relation suggests that the star clusters in spiral galaxies were probably slightly

younger than the host galaxy. This is consistent with the observation of emission

lines in nuclear star clusters in late-type spirals and ages wich are generally lower

than 100 Myr (Walcher et al., 2005). A simple stellar population with an age of

100Myr will fade approximately 1.8 magnitudes in the F814W band (according to
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theMILESmodels for a metallicity slightly lower than solar.), whereas the rest of the

galaxy is probably considerably older and therefore fades less.

The similarity between nuclear star clusters in spiral galaxies and dwarf ellip-

tical galaxies suggest that nuclear clusters in both types of galaxies are probably

formed by similar mechanisms and that if current late-type spiral galaxies are the

predecessors of early-type dwarf galaxies, a significant fraction of themass in nuclear

star clusters in massive early-type dEs may already be in place before stripping of the

predecessor occurs.

4.8 Discussion

4.8.1 Models of nuclear star cluster formation

Before interpreting our results, we first recall the most important formation scenar-

ios here. We note that a more extensive description of these formation is sketched

in Côté et al. (2006).

Accretion

Since both are compact systems, nuclear star clusters are easily linked to globular

clusters. In an attempt to explain observations of the nucleus ofM31, Tremaine et al.

(1975) came up with a model in which a galactic nucleus is formed from globular

clusters which spiral into the centre by dynamical friction. This model predicts that

the nuclear star clusters should

1. be dynamically hot,

2. have the averagemetallicity of the globular clusters fromwhich it has formed,

3. be seen off-centre with respect to the host galaxies, since the star clusters

would oscillate in the centre of the potential well,

4. have a (weak) trend with environment, since tidal perturbation of dwarf

galaxies is more prominent in cluster outskirts and inhibits formation of

nuclei(Oh & Lin, 2000),

5. have a distorted rotation curve after the recent accretion of a massive ob-

ject.(Hernandez & Gilmore, 1998).

With all these predictions, it is definitely a model in a more advanced state than

other mechanisms for the formation of nuclear star clusters. This model also has a

few problems. Nuclear star clusters seen in dwarf galaxies resemble those seen in

late-type galaxies outside clusters in size andmagnitude (see e.g. the comparison in

Côté et al. (2006) with data of Böker et al. (2004) or cf. Section 4.7). It is also known

that star clusters can suffer tidal bulge and disc shocks and can get evaporated

on their way to the galactic centre (see e.g. Gnedin & Ostriker, 1997; Gieles et al.,
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2006, 2007). These problems arise mainly if disc galaxies (or specific morphological

components) are the progenitors of dwarf galaxies. In addition to that, time scales

to reach the centre are quite long (see for example Milosavljević (2004)). Using the

friction time given by Binney and Tremaine (1987), we see that, if we assume that

a dwarf galaxy has a circular velocity of 30 km/s, the time required for a massive

(106M�) globular cluster to spiral from a radius of 1 kpc to the centre is (using a

Coulomb logarithm lnΛ = 10) approximately 1.2 Gyr. The timescales of dynamical

friction scale inversly with the mass of the star cluster.

Slightly related to the accretion scenario is the model of Agarwal &Milosavljević

(2011), where the central star cluster is not built from accreted globular clusters, but

from star clusterswhich have formed in the disc and sink to the centre. As the road to

the centre is less long, thismodel does not have the problemwith bulge/disc shocks.

In situ formation

Cen (2001) proposed a mechanism for the formation of galactic halo globular

clusters. During the re-ionization of the Universe, the gas in a minihalo would

be compressed by an ionization shock and form a gravitationally bound compact

object a few tens of pc across and with a mass between 103 and 106 M�. Although

this model was proposed to explain the formation of globular clusters, Böker (2008)

suggested a scenario in which a disc builds up around this compact source, and

forms a late-type galaxy in this way. However, it is hard to believe that the observed

differences in colour between the nuclear star cluster and the host galaxy are only a

difference in metallicity: in den Brok et al. (2011) we showed that colour gradients

in dwarfs galaxies are consistent with a formation scenario in which – most galaxies

– form their stars outside-in. Second, it is quite strange that the infalling gas has

a much higher metallicity than the primordial star cluster. We note, that there is

evidence that the nuclei in spiral galaxies are generally young (Walcher et al., 2005).

For galaxies in Virgo, this has been confirmed by Paudel et al. (2011). A late in-situ

formation scenario, in which gas collects in the centre after the main body of the

galaxy has formed, seems therefore more plausible. If the star formation rate is a

function of the pressure in the galaxy cluster (Babul & Rees, 1992), one may expect

to find a dependency of star cluster properties on cluster-centric distance. First of

all, most nucleated galaxies should then be found in the centre of the cluster. Since

our data have only a small spatial baseline, this is not easy to check, but we can

compare our Coma data with data of the Virgo ACS Survey. Second, since galaxies

in a high pressure IGM environment are better able to retain their gas, the mass of

the nuclear star cluster should be higher relative to the mass of the host galaxy, for

galaxies in high density environments. We do indeed find that nuclear star clusters

in Coma are slightly brighter than those in Virgo (as analyzed in Coté et al.), but as

this difference may be due to differences in the fitting function, we do not consider

this a strong argument for environmental dependence.
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Figure 4.18— Effective radii of nuclear star clusters versus absolute star cluster magnitude in

the F814W band. Overplotted in blue triangles are the F850LP(AB) measurements from Côté

et al. (2006), which were derived from King model fits to their data. Red circles are half light

radii ofUCDs, fromEvstigneeva et al. (2008), derived fromfittingKingmodels or a King+Sérsic

models. The green diamonds are the dwarf galaxies in Coma fitted with a Gaussian in the

centre, from Graham & Guzmán (2003). The dashed-dotted line is the relation of Bekki et al.

(2004)

4.8.2 On the sizes of nuclear star clusters

In Fig. 4.18we show sizes of nuclear star clusters as a function of absolutemagnitude

of the star cluster. The measured sizes do not seem completely different from what

is usually measured for compact systems like globular clusters and UCDs. Since

there is an upper limit in the detection of the sizes, small star clusters are not shown

in this diagram. Moreover, because we are only analyzing star clusters in dwarf

galaxies, there are no high-magnitude points in our sample. Still, the part of the
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Figure 4.19— Colours of nuclear star clusters plotted as a function of size of the star cluster.

There is an indication that larger star clusters are redder.

diagram filled with our points, is different than the star cluster fits in Virgo – the

star clusters in Coma seem excessively large for their size. To make a comparison

in more detail: we find that ∼ 75% of star clusters with F814W absolute magnitude

between -14 and -11 are resolved, i.e., they have halflight radii > 12 pc, whereas for

the Virgo ACS Survey this number is closer to 20%. A possible reason for this may

be the use of a different functional form while fitting (we use a gaussian function,

instead of the king profile used in Côté et al. (2006)). However, since the star clusters

in Comado fall on a sequence connecting highmass nuclear star clusters, UCDs and

globular clusters, we think the size estimates are reasonable. Both the upper right

part of the diagram and the lower left part are uninhabited: there are no massive

star clusters with small sizes, or low-mass star clusters with large sizes. Although

the latter relation may be caused by selection effects, the first relation should be

physical. If the sizes of the Coma nuclear clusters are indeed larger than the sizes

of nuclear clusters of Virgo dwarfs, how can this be explained? One explanation

may be that the clusters have undergone some form of tidal heating, though this

sounds not very likely, since processes which operate in Coma probably operate as

well in Virgo. In the same Fig 4.18 we show the theoretically predicted relation for

nuclear star clusters formed by merging globular clusters from Bekki et al. (2004).

The relation has the same slope as the upper size limit for star clusters, but is offset

by 0.3 dex in size. We do not have information on the sizes of the unresolved nuclear

star clusters in our sample, but they will probably have sizes on the lower side of the

line, so the average sizes are consistent with the prediction by Bekki et al. (2004).
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Figure 4.20—Difference in colour between nuclear star clusters and host galaxy plotted as a

function of size of the star cluster. Star clusters are in general bluer than the host galaxy.

4.8.3 On the possible disc nature of some of the star clusters

The family of non-dwarf elliptical galaxies is often split into two categories, the slow

rotators and the fast rotators (Emsellem et al., 2007; Cappellari et al., 2007). The

former type shows little rotation but often kinematically decoupled components

(KDC). From a photometric point of view, ellipticals are often split into core-

and cusp ellipticals (see among others Graham et al., 2003). Two kinds of KDCs

are observed. The kilo-parsec-scale KDCs are most often observed in high mass

ellipticals, whereas KDCs with smaller sizes (order 100 parcec) are often observed

in intermediate mass ellipticals (McDermid et al., 2006). On the other hand,

Chilingarian (2009) analyses dwarf ellipticals and lenticulars in the Virgo cluster

and finds KDCs, some appearing only as a drop in the velocity dispersion, while

four of them show clear evidence for rotation. Also in the spiral galaxy NGC4244,

Seth et al. (2008), find evidence for something which resembles a disc, and in

VCC 128, Debattista et al. (2006) re-interpret a double nucleus from HST data as

a rotating nuclear disk. Hartmann et al. (2011) however show that merging star

clusters can mimic scaling relations of small discs. From a photometric point of

view, Balcells et al. (2007a) see exponential profiles within bulges. The question is

now, whether these distinct photometric and dynamical components that are seen

in dwarf elliptical galaxies are in anyway linked to the kinematically distinct features

seen in the massive ellipticals. Two of the SAURON galaxies from (McDermid et al.,

2006) are also part of the Virgo ACS survey. For VCC1903, the classification of Côté

et al. (2006) is ’ambiguous’, whereas VCC798 was best fitted by a core-Sersic model.

A few of the other SAURON galaxies have been analysed by Lauer et al. (2005). Out of

these, NGC4382, NGC4458, NGC4621, NGC5813 andNGC5982 are non-nucleated;
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only NGC 7457 is classified as such (though the sample of Lauer mainly targeted the

slow rotators). Comparing literature data with the remaining sample of galaxies,

we find that some may actually host star clusters (NGC 3032,NGC 7332 and NGC

7457), but only very few of them. It is therefore not likely that the small scale KDCs

of McDermid are the same type of objects as our nuclear star clusters. The KDCs

observed by Chilingarian (2009) on the other hand, may come from galaxies with

nuclear star clusters.

Is there any evidence in our data that suggests that nuclear star clusters form

from a central disc? We saw already a resolved nuclear star cluster which, despite

the influence of the PSF, looked slightly elliptical in the F475W band and appeared

to have a colour gradient. To look in a bit more detail at the resolved nuclear star

clusters, we plot in Fig. 4.19 the colour of the star cluster as a function of size of

the cluster. Because larger clusters are found in brighter galaxies, there may be an

intrinsic selection effect, as the metallicities and ages of galaxy and nuclear star

cluster can be correlated. Therefore we also plot the difference in colour between

host galaxy and nuclear star cluster as a function of the FWHM of the cluster in Fig.

4.20. Compared to their host galaxies, larger nuclear star clusters tend to become

redder than their smaller counterparts at the samemagnitude.

It would be very interesting though to compare the kinematics of galaxies with

these star clusters with those of unresolved star clusters. If nuclear clusters form in

a disc which becomes more isotropic over time and redder because of aging, it is a

priori not clear why such a disc should become larger with time. More likely is that

colour and size are related through metallicity which may be a common function

of mass and size. In Fig. 4.21 we show the average surface brightness within the

effective radius as a function of absolute magnitude of the cluster. In the same

figure, we show the same quantities for the three nuclear discs from Morelli et al.

(2010). Clearly, the nuclear discs form an extension of the nuclear star clusters in

this diagram, though this is not very solid evidence for star cluster formation in a

central disc. One way of determining if the star clusters form as a disc, is by looking

at the ellipticity of the clusters: high axis ratios can only be present if the clusters

form as a central disc. Unfortunately, the resolution of our data is too low to do this

test.

4.8.4 Off-centre nuclear star clusters

Figure 4.22 shows examples of possible offset nuclear star clusters. Off-centre nuclei

are of interest because they can not only provide clues to the formation process, but

also to the underlying mass distribution of the galaxy. Binggeli et al. (2000) find a

large fraction (20%) of off-centred nuclear star clusters, though the high-resolution

observations of Côté et al. (2006) show that some of these nuclei can actually be

globular clusters seen in projection on the galaxy. The four example galaxies are

all confirmed cluster members, except for the rightmost galaxy, which has a 50%

probability of being background. As some of these are extreme examples, we have
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Figure 4.21 — Average surface brightness within the effective radius for nuclear clusters in

Coma as a function of absolute magnitude, together with the data of nuclear discs from

Morelli et al. (2010)

Figure 4.22 — Example F814W images of galaxies with possible off-centre nuclear star

clusters. The first three galaxies are confirmedmembers.

checked for possible offset nuclei in other Coma galaxies, with a more thorough

analysis. We measured the position of the nucleus and the outer isophotes (defined

as fixed annuli in radius with free centres) with GALPHOT. The absolute difference

between the two positions (i.e., the central position and the mean centre of the

outer isophotes) is shown in Fig. 4.23. The error on the position is calculated

from the error on the position of the central nuclear star cluster and the standard

deviation of the position of the outer isophotes, and adding these two as if they were

Gaussian random variables. For some galaxies, the signal-to-noise in the outer parts

becomes so low that galphot no longer allows for varying the shape and position of

the isophotes. This sometimes leads to unrealistically small errors on the measured

offsets. We therefore remove offsets with measured errors of zero.

There is evidence that Local Group dwarf spheroidals are dominated by dark

matter in their inner parts. The shape of the darkmatter halo is not well determined,

though there are clues that it follows a core profile, rather than a cuspy profile. For
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Figure 4.23 — F814W offsets measured with GALPHOT versus absolute F814W magnitude.

δ is defined as the offset in the position of the star cluster and the average position of the

isophotes between 1.25 and 1.75 arcseconds.

Figure 4.24 — F814W offsets as measured with GALPHOT for different bands. We see a

correlation for the bright galaxies (big black dots), whereas the fainter galaxies do not show a

correlation at all.
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the somewhat brighter dEs in clusters, the situation is not so clear. Although there

are claims that they should be darkmatter dominated to explain their regularity in a

hostile environment (see for example Penny et al. (2009)), recent kinematic studies

of dEs in Virgo do not show any evidence for high mass-to-light ratios in the inner

parts (see e.g. Toloba et al. (2011)). Fig. 4.23 shows that nuclear star clusters in

massive dwarf galaxies are almost spot on in the photometric centre of the galaxy.

However, nuclear star clusters in fainter dwarfs tend to have larger offsets.

Are the offsets measured in Fig. 4.23 real? To check the validity of our analysis,

we have also checked the offsets of star clusters in the F475W band (Fig. 4.24). For

faint galaxies, we find that the points scatter a lot - there is no clear correlation. For

bright galaxies (F814W < 19.5), it appears that the offsets are consistent, but that

the error on the position is slightly underestimated. The next question is whether

we are measuring indeed offset star clusters. Since fainter galaxies have larger

offsets, and we are measuring the centres of the galaxies within fixed apertures, the

measurements are more sensitive to the outer part of the galaxies in fainter galaxies

than in brighter galaxies. It is therefore a priori not clear, if what we are measuring

is really an offset with respect to the dynamical centre of the galaxy.

One of the first systematic surveys for off-centre nuclear clusters was carried

out by Binggeli et al. (2000). They measured offsets of 78 nuclear clusters in dwarf

galaxies in the Virgo Cluster from photographic plate data and found a trend that

nuclear star clusters in fainter galaxies have in general larger offsets. Côté et al.

(2006) carried out a similar exercise for nuclei in the Virgo ACS Survey, and found

that the number of offset nuclei is probably a factor 3 lower, with the possibility that

there are in fact no offset nuclei at all. Most of the offsets shown in Fig. 4.23 are lower

than one pixel. If indeed our errorbars are underestimated, it is likely that most of

the nuclear star clusters are in fact quite central.

Using N-body simulations, Miller & Smith (1992) and Taga & Iye (1998) show

that galaxy centres are dynamically unstable, in the sense that heavy compact

objects can start wandering around the centre of the potential. In general, the star

cluster is less massive than the maximum 10% of the galaxy mass from Miller &

Smith, meaning that similar processes indeed can happen with star clusters in real

galaxies. However, the rotational component, which is crucial to start oscillatory

motion according to Taga& Iye (1998), is likely less significantly less important in the

dynamics of dwarf galaxies than in the disc galaxies simulated in these two papers.

It is therefore questionable if any offsets will grow or whether they will just damp

out.

If nuclear star clusters are accumulations of inspiralled globular clusters, one

expects the nuclear cluster to receive a small kick, each time it merges with a

globular. The amplitude of the resulting oscillation is dependent on the kick which

the star cluster receives, whereas the frequency of oscillation is only determined

by the curvature of the potential. Unless one has a fairly good idea of by how

much a nuclear star cluster can start moving under secular or external influence,

constraining the shape of the underlying potential is impossible, or vice versa,
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Figure 4.25 — The colour-magnitude relation for ’monolithic collapse’ nuclear star clusters.

We have reproduced the models from BH09 with different ages (2,5,10Gyr). The symbols are

the data for the nuclei in Coma.

without knowlegde of the potential and velocities of the globular clusters, it is

impossible to exclude the globular cluster merging scenario.

4.8.5 Simplemodel for self-enrichedmonolithic star clusters

We provide a simple model in which star clusters form in a single burst according to

the recipe given by Bailin & Harris (2009, henceforth BH09), which was designed to

reproduce the shape of the mass-metallicity relation for blue-tilt globular clusters.

In this model, the pre-collapse gas cloud has an initial metallicity. After formation

of the first burst of stars, the high mass stars pollute the remaining gas in the

cloud. As the metal retention efficiency is a function of the mass of the cloud, self-

enrichment is not important for low mass nuclear star clusters. However, the high

mass clusters enrich themselves significantly. The initial conditions (metallicity,

retention fraction) are exactly the same as in the BH09model. Figure 4.25 shows the

expected colour as a function of cluster luminosity. Three lines are given, each for

a sequence of models with different luminosities, in which all star clusters have the

same age, namely 2, 5 or 10 Gyr. Note that these models are not a fit to the data. The

location of the break in the colourmagnitude relation is apparently happening at the

samemass as the break in the blue tilt for globular clusters. If we accept this model,

does it tell us anything about possible formation scenarios? It is unfortunately not

able to distinguish where the formation of the star cluster happened: building a star

cluster by moving one or more globular clusters to the galaxy centre is therefore still

possible. However, the fact that we see metal enrichment in the clusters suggests

that building a star cluster frommany small clusters is not very likely.
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4.9 Conclusions

We have analyzed HST/ACS data of the core and part of the outskirts of the Coma

cluster to find and characterize nuclear star clusters in dwarf galaxies. A similar

study has been carried out by Coté et al. for the Virgo cluster. However, our sample

size is much larger, and we are able to study scaling relations of nuclear star clusters

down to much fainter magnitudes than Coté et al., despite the large distance of

Coma.

1. We confirm the previously found relation between star cluster magnitude and

host galaxymagnitude. This relation is also presentwhenusing 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).

2. As found by Lotz et al. (2004) and others, 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.

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

was also reached by Côté et al. (2006). This result shows the importance of

high-resolution observations in this field, but moreover, in combination with

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

is most likely a secular process.

4. 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.

5. A number of galaxies shows off-centre nuclear star clusters, though in general,

the star clusters are very central. The measurement of these offsets depends

strongly on the definition which one uses, and is verymuch dependent on the

signal-to-noise. As we have no proper knowledge about the potentials of the

galaxies or the velocities of inspiraling globular clusters, these measurements

are probably not very informative.

6. Large resolved nuclear star clusters tend to be redder than smaller nuclear star

clusters.

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

with a break. The overall scatter is lower than 0.08 mag, and the scatter on the

faint end side, which is almost flat, is even lower than 0.05. The star clusters

seem to follow blue-tilt globular clusters.
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8. Without any additional assumptions, 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.
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RA (J2000) DEC Pm z F814W(gal) Re f f Sérsic n

F814W(nuc) FWHM F475W(nuc) FWHM

195.200180 28.099276 0 0.0208 18.10±0.02 52.90±0.86 1.56±0.02

22.70±0.01 ... 23.57±0.01 ...

195.177185 28.057074 0 0.0195 18.77±0.02 40.30±0.66 1.67±0.02

23.29±0.02 ... 24.12±0.01 ...

195.164032 28.069830 0 0.0222 20.49±0.04 44.32±1.46 0.82±0.04

24.79±0.03 ... 25.54±0.03 ...

195.162857 28.077082 3 ... 20.04±0.04 40.70±1.55 1.30±0.04

25.29±0.04 ... 25.96±0.04 ...

195.220566 28.076614 2 ... 21.38±0.09 32.01±2.17 0.88±0.08

25.96±0.07 ... 26.73±0.07 ...

195.191315 28.059860 0 0.0261 21.47±0.10 32.17±2.63 0.98±0.11

25.70±0.11 1.39±0.28 26.59±0.11 1.28±0.35

195.205307 28.076864 2 ... 21.88±0.08 24.98±1.56 0.77±0.09

25.76±0.10 1.27±0.30 26.73±0.11 1.53±0.36

195.176956 28.065643 2 ... 22.±0.13 29.06±2.85 0.77±0.11

26.70±0.12 ... 27.54±0.13 ...

195.108246 28.062420 0 0.025 17.99±0.02 69.4±1.10 1.50±0.02

22.65±0.01 ... 23.59±0.01 ...

195.135880 28.058708 0 0.0246 18.22±0.02 79.±1.35 1.17±0.02

22.73±0.01 1.28±0.04 23.70±0.01 1.14±0.04

195.115036 28.056650 0 0.0193 18.52±0.01 84.39±0.96 0.95±0.01

24.72±0.03 ... 25.59±0.03 ...

195.112076 28.080889 2 ... 20.25±0.03 49.05±1.18 0.94±0.03

25.68±0.06 ... 26.37±0.05 ...

195.128937 28.053555 2 ... 20.48±0.05 38.62±1.67 0.98±0.05

23.91±0.02 1.11±0.07 24.76±0.02 0.94±0.06

195.124390 28.066908 3 ... 20.50±0.03 40.99±0.88 0.94±0.03

25.27±0.06 1.22±0.18 26.10±0.06 0.86±0.17

195.150116 28.097359 2 ... 21.36±0.20 48.26±5.59 1.39±0.18

25.50±0.10 1.35±0.33 26.31±0.08 1.06±0.25

195.076462 28.059294 0 0.0333 16.90±0.01 74.12±0.43 1.49±0.01

25.24±0.12 ... 26.40±0.17 ...

195.085022 28.070618 0 0.0235 18.913±0.01 38.10±0.44 1.13±0.02

25.013±0.10 1.52±0.29 25.95±0.09 1.21±0.28

195.065521 28.097618 0 0.0172 19.45±0.02 58.41±1.03 1.18±0.02

... ... ... ...

195.079529 28.085979 2 ... 20.17±0.03 37.09±0.94 1.03±0.04

27.60±0.73 ... 27.66±0.23 ...

195.049088 28.084160 1 ... 19.13±0.12 94.34±8.33 1.10±0.08

23.96±0.04 1.97±0.15 24.97±0.06 2.032±0.10

195.084534 28.081509 0 0.027 20.44±0.04 33.99±1.24 1.05±0.05

26.20±0.15 ... 27.02±0.14 ...

195.082687 28.065945 3 ... 21.63±0.27 28.92±6.71 1.22±0.25

27.23±0.48 ... 28.25±0.41 ...

195.178680 28.053818 0 0.0226 18.03±0.01 74.01±0.41 1.18±0.01

24.38±0.03 0.75±0.09 25.23±0.03 0.76±0.11

195.209732 28.032705 3 ... 21.81±0.07 22.21±1.28 0.90±0.08

26.46±0.13 ... 27.39±0.16 ...

195.109039 28.008915 0 0.0185 17.68±0.01 50.89±0.31 1.27±0.01

22.95±0.01 0.94±0.03 23.91±0.02 1.15±0.02

195.114853 28.056341 0 0.0193 18.50±0.02 81.370±1.26 0.98±0.02

24.75±0.03 0.93±0.10 25.40±0.03 1.29±0.11
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195.135483 28.033714 0 0.0212 19.45±0.03 30.28±0.71 1.79±0.04

22.60±0.01 0.82±0.02 23.63±0.01 0.74±0.04

195.128937 28.053513 0 0.0247 20.35±0.06 43.±2.20 1.04±0.06

23.87±0.02 1.23±0.07 24.73±0.02 1.12±0.07

195.091599 28.038446 0 0.0269 20.50±0.03 35.55±0.98 0.83±0.03

25.76±0.06 ... 26.67±0.07 ...

195.132385 28.022732 0 0.0276 20.95±0.06 43.01±2.06 0.77±0.05

25.42±0.05 ... 26.15±0.04 ...

195.125122 28.0264 0 0.0225 20.86±0.03 29.86±0.72 0.83±0.03

27.33±0.13 ... 28.42±0.33 ...

195.105377 28.027914 3 ... 21.82±0.24 29.45±6.07 1.10±0.21

26.78±0.18 ... 27.43±0.12 ...

195.016815 28.008543 0 0.0213 18.57±0.01 36.98±0.43 1.66±0.02

23.23±0.02 1.10±0.05 24.22±0.02 1.06±0.06

195.057510 28.045456 0 0.0298 18.90±0.01 27.87±0.20 1.11±0.01

23.57±0.02 0.95±0.06 24.54±0.02 0.92±0.06

195.023987 28.036688 0 0.0194 19.75±0.01 34.79±0.39 0.89±0.02

24.88±0.04 ... 25.63±0.03 ...

195.065399 28.029526 0 0.0233 20.41±0.04 50.96±1.62 0.94±0.04

25.20±0.04 ... 26.06±0.04 ...

195.056320 28.037376 0 0.0178 20.76±0.04 33.03±1.11 0.83±0.04

25.70±0.06 ... 26.62±0.06 ...

195.059219 28.007357 0 0.0272 21.83±0.06 25.32±1.32 0.78±0.07

25.36±0.05 ... 26.04±0.04 ...

195.074905 28.050192 3 ... 21.91±0.21 27.56±5.13 1.23±0.19

26.63±0.15 ... 27.23±0.11 ...

195.074829 27.996679 3 ... 21.75±0.41 28.41±12.79 1.40±0.36

26.46±0.16 ... 27.07±0.12 ...

194.944626 28.000116 2 ... 17.59±0.01 66.16±0.66 1.16±0.01

23.31±0.02 ... 24.36±0.02 ...

194.926544 28.032921 0 0.0263 18.26±0.02 64.42±0.84 1.18±0.02

23.51±0.03 2.28±0.11 24.55±0.02 1.57±0.09

194.939682 28.053488 2 ... 19.81±0.05 51.31±1.60 0.70±0.03

23.98±0.03 1.90±0.14 24.79±0.03 1.52±0.10

194.905609 28.036304 3 ... 20.53±0.04 29.27±1. 1.04±0.05

24.79±0.06 1.46±0.17 25.77±0.06 1.55±0.18

194.897064 28.024185 2 ... 21.75±0.33 38.66±9.17 1.09±0.23

26.13±0.10 ... 26.84±0.08 ...

194.876114 28.020853 0 0.024 17.56±0. 42.61±0.20 1.65±0.01

23.36±0.03 ... 24.34±0.03 ...

194.868759 28.019238 0 0.02 17.87±0.01 43.41±0.32 1.33±0.01

23.22±0.02 ... 24.13±0.02 ...

194.878479 28.041836 0 0.0218 18.13±0.02 51.69±0.84 1.44±0.02

23.69±0.03 ... 24.45±0.02 ...

194.888489 28.031250 0 0.0237 18.50±0.01 46.34±0.53 0.92±0.01

24.56±0.04 ... 25.28±0.03 ...

194.865402 28.029387 0 0.026 19.57±0.02 25.19±0.36 1.07±0.02

23.47±0.03 1.12±0.08 24.38±0.03 1.11±0.08

194.837082 28.015913 0 0.0227 19.95±0.02 22.28±0.55 1.41±0.04

... ... ... ...

194.869049 28.051455 3 ... 19.33±0.08 85.04±6.51 2.35±0.09

... ... ... ...

194.861038 28.023643 2 ... 21.91±0.30 30.89±4.37 0.79±0.15

26.41±0.16 ... 26.98±0.09 ...
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194.774719 28.041346 2 ... 18.702±0.03 72.34±1.92 1.13±0.03

22.402±0.01 2.88±0.05 23.33±0.01 2.68±0.04

194.766571 28.019220 0 0.026 20.66±0.02 28.15±0.55 0.81±0.03

25.32±0.05 ... 26.08±0.05 ...

194.816528 28.019220 3 ... 20.30±0.02 34.46±0.70 0.82±0.03

25.73±0.08 ... 26.24±0.06 ...

195.138855 27.980433 0 0.0172 18.±0.01 61.9±0.57 1.32±0.01

23.90±0.02 ... 24.61±0.02 ...

195.133072 27.953203 0 0.0196 19.86±0.02 32.97±0.47 1.05±0.02

24.10±0.02 ... 24.98±0.02 ...

195.142868 27.971594 0 0.0263 20.43±0.02 33.21±0.59 0.89±0.03

24.89±0.05 1.16±0.14 25.77±0.05 1.15±0.17

195.163605 27.963308 0 0.0219 20.38±0.04 42.77±1.24 0.78±0.04

24.47±0.03 1.33±0.09 25.31±0.03 1.12±0.09

195.182190 27.989105 0 0.0162 21.06±0.09 34.52±2.98 1.33±0.10

27.31±0.14 ... 28.02±0.29 ...

195.094391 27.965246 0 0.0214 18.24±0.01 56.11±0.77 1.59±0.02

24.69±0.04 ... 25.36±0.03 ...

195.116180 27.987923 0 0.032 19.13±0.01 40.45±0.39 1.19±0.01

25.16±0.05 ... 26.04±0.05 ...

195.103546 27.989403 0 0.0307 19.80±0.03 40.25±0.92 1.02±0.03

23.31±0.02 1.19±0.05 24.18±0.02 1.03±0.05

195.111557 27.998209 0 0.024 20.45±0.02 31.58±0.62 0.87±0.03

26.69±0.16 ... 27.29±0.11 ...

195.073425 27.990993 2 ... 19.97±0.09 86.82±5.50 1.37±0.06

25.16±0.04 ... 25.94±0.04 ...

195.123825 27.968536 0 0.0177 21.19±0.02 27.73±0.59 0.72±0.03

25.46±0.05 ... 26.24±0.05 ...

195.082230 27.984669 0 0.0235 21.04±0.09 40.55±2.97 0.94±0.08

... ... ... ...

195.096802 27.996897 0 0.0211 21.14±0.08 39.63±2.60 0.95±0.08

25.69±0.06 ... 26.43±0.05 ...

194.952515 27.982815 0 0.018 17.44±0.01 74.31±0.39 1.16±0.01

25.19±0.05 ... 25.94±0.05 ...

194.945648 27.991930 0 0.0279 16.86±0.01 79.28±0.48 1.78±0.01

24.84±0.06 ... 25.61±0.05 ...

194.974747 27.970512 0 0.0225 17.43±0. 48.68±0.15 1.13±0.01

22.90±0.02 1.53±0.06 23.93±0.01 1.17±0.05

195.004196 27.991541 0 0.0251 17.79±0.01 46.49±0.29 1.33±0.01

21.98±0.01 1.28±0.03 23.06±0.01 1.34±0.03

194.954483 27.976156 0 0.0166 19.62±0.02 34.83±0.58 1.01±0.02

23.27±0.01 1.18±0.05 24.12±0.01 1.01±0.04

194.983124 27.963577 0 0.0232 19.17±0.01 43.71±0.52 1.02±0.02

24.28±0.03 1.59±0.12 25.26±0.04 1.43±0.11

194.999664 27.989351 0 0.0218 19.76±0.01 8.29±0.05 1.24±0.02

23.64±0.04 ... 24.58±0.04 ...

194.964569 27.993172 0 0.024 19.53±0.02 37.79±0.52 1.09±0.02

23.93±0.02 1.14±0.06 24.73±0.02 1.19±0.06

194.966019 27.957336 0 0.0201 20.05±0.10 58.33±5.47 2.33±0.14

23.36±0.02 1.07±0.06 24.23±0.02 0.90±0.06

194.967484 27.996235 2 ... 20.61±0.03 34.87±0.93 0.83±0.03

25.15±0.05 0.95±0.14 25.87±0.04 0.92±0.12

194.938934 27.974827 3 ... 20.71±0.06 42.20±1.80 0.75±0.05

25.38±0.04 ... 26.11±0.04 ...
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194.985596 27.985910 2 ... 20.97±0.19 38.54±6.70 1.45±0.18

24.71±0.03 ... 25.44±0.03 ...

195.000320 27.978436 3 ... 22.01±0.11 23.84±1.97 0.70±0.10

25.79±0.07 ... 26.86±0.09 ...

194.968979 27.973417 2 ... 21.94±0.22 35.43±5.76 0.95±0.18

26.07±0.10 ... 26.96±0.10 ...

194.878494 27.969557 0 0.0181 19.44±0.07 41.55±2.25 1.31±0.06

23.06±0.02 1.09±0.04 23.97±0.02 0.86±0.04

194.893158 27.995394 0 0.0176 19.89±0.03 41.29±1. 0.92±0.03

24.56±0.03 1.32±0.11 25.41±0.04 0.96±0.10

194.933029 27.967154 2 0.0265 21.02±0.04 32.55±1.08 0.88±0.04

26.09±0.09 ... 26.94±0.10 ...

194.882217 27.963377 0 0.0296 21.21±0.13 30.81±3.23 1.07±0.11

26.62±0.17 ... 27.02±0.10 ...

194.887024 27.966690 2 ... 21.84±0.36 29.57±8.08 1.23±0.26

25.99±0.10 ... 27.01±0.11 ...

195.143463 27.934727 0 0.0291 16.60±0.01 101.52±0.75 2.17±0.01

24.74±0.06 ... 25.67±0.06 ...

195.152771 27.907652 2 0.0207 17.61±0.01 85.34±1.36 2.16±0.02

23.87±0.03 ... 24.73±0.02 ...

195.152435 27.931177 0 0.0197 18.38±0.01 44.33±0.37 1.46±0.01

23.65±0.03 0.86±0.06 24.45±0.03 1.26±0.07

195.155411 27.911425 0 0.0203 18.99±0.03 46.60±1.16 1.32±0.03

22.98±0.01 1.03±0.04 23.92±0.01 0.91±0.04

195.137283 27.901892 2 0.0222 18.45±0.02 116.28±2.25 1.88±0.03

22.73±0.01 1.28±0.04 23.77±0.01 1.32±0.04

195.149948 27.918198 0 0.0232 19.83±0.02 48.95±0.83 1.04±0.03

24.29±0.03 0.92±0.09 25.11±0.04 0.83±0.11

195.169296 27.933771 1 ... 20.38±0.04 44.88±1.37 0.78±0.03

... ... ... ...

195.164795 27.897251 2 ... 20.07±0.03 40.54±1.13 1.03±0.04

24.32±0.03 0.87±0.08 25.10±0.03 0.97±0.09

195.156204 27.898407 3 ... 22.52±0.05 22.05±0.96 0.60±0.06

... ... ... ...

195.095642 27.920893 0 0.0176 19.48±0.01 48.27±0.56 0.79±0.01

25.57±0.05 ... 26.43±0.06 ...

195.077972 27.920176 0 0.0231 18.92±0.01 39.18±0.28 1.37±0.01

23.83±0.02 0.83±0.04 24.61±0.01 0.90±0.01

195.069473 27.944149 0 0.0182 18.88±0.02 85.72±1.59 1.24±0.02

25.68±0.06 ... 26.28±0.05 ...

195.070648 27.904484 0 0.0303 19.52±0.01 22.40±0.14 1.14±0.01

25.54±0.09 ... 26.36±0.08 ...

195.076752 27.921272 0 0.0272 20.13±0.02 49.97±1.01 1.04±0.03

26.36±0.10 ... 27.26±0.11 ...

195.104416 27.943863 0 0.024 20.12±0.02 30.85±0.62 1.10±0.03

... ... ... ...

195.068161 27.922796 0 0.0149 19.65±0.02 46.69±0.58 0.76±0.02

24.89±0.03 ... 25.73±0.03 ...

195.0905 27.947264 2 ... 21.41±0.09 34.80±2.60 0.91±0.09

26.22±0.09 ... 27.15±0.09 ...

195.095581 27.927834 3 ... 22.98±0.26 18.90±4.37 0.85±0.24

27.19±0.17 ... 28.70±0.42 ...

194.997833 27.940586 0 0.0205 16.22±0.01 144.73±1.67 2.40±0.01

22.81±0.01 ... 23.96±0.01 ...
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195.023666 27.926470 0 0.0265 17.27±0. 79.9±0.25 1.20±0.

24.15±0.03 ... 24.86±0.02 ...

195.029678 27.930998 0 0.0259 17.42±0.01 28.12±0.20 2.57±0.02

21.75±0.03 1.91±0.06 23.±0.03 1.89±0.07

195.047470 27.910133 0 0.0243 18.31±0.01 56.50±0.84 1.90±0.02

23.78±0.02 ... 24.84±0.02 ...

195.022293 27.941401 2 0.0237 18.72±0.01 33.86±0.19 1.09±0.01

24.11±0.03 ... 24.96±0.02 ...

194.992508 27.903013 0 0.0244 18.89±0.01 59.63±0.51 1.03±0.01

25.08±0.04 ... 25.81±0.04 ...

195.011139 27.945930 2 ... 20.03±0.04 74.82±2.13 0.83±0.03

25.18±0.04 ... 25.88±0.04 ...

195.043228 27.938095 0 0.0251 20.31±0.02 15.28±0.23 1.26±0.02

... ... ... ...

195.019669 27.904606 3 ... 20.45±0.02 30.99±0.64 0.88±0.03

24.65±0.03 ... 25.48±0.03 ...

195.029236 27.904799 2 ... 20.62±0.03 36.58±0.78 0.64±0.03

25.89±0.07 ... 26.60±0.06 ...

195.016769 27.895275 2 ... 19.17±0.06 138.69±6.93 2.33±0.07

23.38±0.02 1.09±0.05 24.39±0.02 1.05±0.06

195.033066 27.943256 2 ... 22.01±0.09 27.71±1.73 0.68±0.08

26.48±0.11 ... 27.39±0.12 ...

195.014053 27.901072 3 ... 22.38±0.39 23.94±6.41 0.91±0.23

27.13±0.20 ... 27.57±0.20 ...

194.982117 27.917744 0 0.0221 17.70±0.01 46.06±0.28 1.48±0.01

23.01±0.01 ... 24.06±0.01 ...

194.958160 27.909187 3 0.029 18.38±0.01 31.65±0.22 1.16±0.01

22.76±0.01 1.30±0.05 23.72±0. 1.37±0.

194.931396 27.939060 0 0.0236 18.88±0.03 52.94±1.07 1.05±0.02

22.92±0.01 0.91±0.03 23.96±0.01 0.97±0.03

194.948639 27.907198 0 0.0284 19.78±0.01 31.03±0.24 0.75±0.01

25.61±0.06 ... 26.47±0.01 ...

194.961273 27.920830 2 ... 19.34±0.03 71.76±1.85 1.25±0.03

24.75±0.03 ... 25.55±0.03 ...

194.986511 27.937750 2 ... 20.58±0.03 43.98±0.91 0.62±0.03

25.01±0.04 ... 25.86±0.04 ...

194.922867 27.910965 3 ... 21.10±0.04 26.78±0.85 0.94±0.05

26.26±0.10 ... 26.90±0.09 ...

194.933395 27.937580 0 0.0244 21.71±0.06 30.39±1.50 0.94±0.07

26.30±0.11 ... 26.95±0.09 ...

194.981491 27.906216 2 ... 21.97±0.31 36.27±8.48 1.60±0.27

26.65±0.15 ... 27.26±0.13 ...

194.882874 27.861294 0 0.0155 16.91±0. 37.31±0.09 1.58±0.01

22.57±0.03 2.30±0.08 23.65±0.03 1.51±0.09

194.860245 27.856844 0 0.0166 17.50±0. 40.72±0.20 1.73±0.01

24.17±0.06 1.16±0.13 24.86±0.04 0.93±0.11

194.904999 27.870485 0 0.0211 17.61±0.01 49.22±0.33 1.67±0.01

24.51±0.04 ... 25.53±0.05 ...

194.863403 27.882498 0 0.0225 19.64±0.02 41.28±0.57 0.84±0.02

23.39±0.03 2.98±0.10 24.57±0.02 2.05±0.10

194.864868 27.871651 2 ... 20.32±0.08 71.87±4.18 0.93±0.06

26.71±0.12 ... 27.39±0.11 ...

194.901901 27.852053 2 ... 19.75±0.09 73.95±5.10 1.08±0.06

... ... ... ...
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194.874939 27.896721 2 ... 21.14±0.17 42.68±5.77 1.02±0.12

26.05±0.08 ... 26.85±0.07 ...

194.853897 27.888985 2 ... 21.71±0.13 26.61±2.77 1.01±0.12

26.95±0.18 ... 27.42±0.12 ...

194.881805 27.866934 3 ... 21.67±0.27 36.84±6.90 1.41±0.20

26.13±0.09 ... 26.89±0.09 ...

194.618179 27.220831 0 0.0247 18.62±0.02 67.56±0.81 1.±0.01

23.97±0.02 1.03±0.06 24.79±0.02 0.84±0.06

194.153290 27.213314 2 ... 17.30±0.02 101.88±1.52 1.71±0.02

23.91±0.03 0.78±0.08 24.84±0.03 0.90±0.09

194.689774 27.753790 0 0.0222 16.62±0.01 90.44±0.59 2.±0.01

24.46±0.04 ... 25.20±0.04 ...

194.684662 27.750315 3 ... 17.28±0. 77.50±0.10 5.91±0.01

27.45±0.05 ... 29.77±0.19 ...

194.685760 27.749514 3 ... 17.41±0. 76.77±0.17 4.08±0.02

22.25±0.03 2.±0.06 24.74±0.07 1.77±0.14

194.684952 27.794708 0 0.0206 18.50±0.01 53.86±0.29 1.29±0.01

25.76±0.09 ... 26.51±0.08 ...

194.688766 27.780779 3 ... 19.24±0.03 44.01±1.70 4.32±0.10

25.31±0.18 ... 27.26±0.44 ...

194.721176 27.794928 2 ... 19.38±0.04 45.69±1.22 0.99±0.03

24.11±0.03 1.04±0.07 24.91±0.03 1.01±0.08

194.680328 27.789328 2 0.0267 20.83±0.03 30.79±0.81 0.75±0.03

25.14±0.04 ... 25.99±0.04 ...

194.736603 27.778936 3 ... 21.06±0.03 26.31±0.60 0.74±0.03

26.90±0.40 3.72±2.32 29.09±0.61 0.52±4.66

194.683731 27.779873 3 ... 21.82±0.09 23.62±1.71 0.92±0.09

26.41±0.11 ... 27.22±0.11 ...

194.305145 27.410358 0 0.0245 18.40±0.01 42.75±0.21 0.97±0.01

23.19±0.02 1.38±0.06 23.98±0.02 1.60±0.06

194.295929 27.528450 1 ... 18.63±0.01 48.20±0.34 1.24±0.01

24.43±0.03 ... 25.32±0.03 ...

194.284775 27.490086 0 0.0252 19.92±0.04 29.39±0.97 1.45±0.05

23.35±0.02 1.08±0.05 24.33±0.02 0.99±0.06

194.253738 27.532040 2 ... 20.29±0.12 78.23±6. 0.99±0.07

24.42±0.03 0.94±0.07 25.16±0.02 0.85±0.07

195.210785 28.065702 1 ... 20.13±0.02 63.09±0.95 0.59±0.02

... ... ... ...

195.176956 28.065643 2 ... 22.±0.13 29.06±2.85 0.77±0.11

26.70±0.12 ... 27.54±0.13 ...

195.046387 28.065241 0 0.0244 16.323±0.01 68.83±0.39 2.07±0.01

22.163±0.03 2.79±0.10 23.34±0.06 4.48±0.20

195.077271 28.097120 0 0.026 16.79±0. 63.74±0.27 1.54±0.01

24.28±0.05 ... 24.86±0.04 ...

195.038513 28.066563 3 ... 21.19±0.05 34.94±1.59 0.99±0.06

... ... ... ...

195.080490 28.072849 0 0.0245 21.75±0.05 19.89±0.86 0.72±0.05

... ... ... ...

195.081482 28.100260 2 ... 22.14±0.70 21.93±1.21 0.60±0.08

26.10±0.12 ... 26.93±0.11 ...

195.089813 28.101038 3 ... 22.04±0.06 18.86±0.88 0.66±0.06

... ... ... ...

195.049774 28.067474 0 0.0239 22.07±0.06 18.37±0.93 0.72±0.07

... ... ... ...
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195.061310 28.077433 3 ... 22.34±0.22 20.66±4.01 1.01±0.20

... ... ... ...

195.171616 28.045105 0 0.0287 16.76±0. 41.58±0.10 1.74±0.

23.86±0.04 ... 24.87±0.04 ...

195.177094 28.056934 0 0.0195 18.96±0.02 32.69±0.53 1.31±0.02

23.09±0.02 1.79±0.06 24.01±0.02 1.63±0.05

195.183853 28.037601 0 0.0292 18.52±0.02 83.66±1.53 1.06±0.02

23.40±0.02 1.28±0.05 24.32±0.02 1.46±0.06

195.113983 28.009291 0 0.0213 18.89±0.01 15.45±0.15 1.91±0.03

22.78±0.06 1.68±0.11 24.31±0.08 1.68±0.15

195.058716 28.029873 2 ... 21.68±0.29 37.21±5. 0.88±0.12

27.46±0.15 ... 28.46±0.36 ...

194.894913 28.033716 4 ... 21.50±0.20 28.81±5.69 1.69±0.21

... ... ... ...

194.908234 28.015148 2 ... 21.50±0.19 40.78±6.10 1.02±0.13

... ... ... ...

194.840042 28.017225 0 0.0222 18.76±0.01 59.12±0.66 0.80±0.01

... ... ... ...

194.856155 28.036358 2 ... 20.69±0.10 37.84±2.67 0.88±0.08

24.93±0.08 1.91±0.33 25.65±0.05 1.86±0.18

194.858459 28.017736 0 0.0197 21.68±0.07 22.43±1.38 0.88±0.08

... ... ... ...

194.849670 28.036427 3 ... 22.32±0.26 20.64±4.81 0.96±0.29

25.59±0.19 1.91±0.44 26.61±0.14 1.60±0.36

194.810165 28.038025 1 ... 19.782±0.04 62.87±1.65 0.68±0.03

23.902±0.02 1.48±0.10 24.77±0.02 1.06±0.08

194.760117 28.005907 0 0.0266 18.822±0.01 31.17±0.23 1.08±0.01

23.362±0.02 1.19±0.07 24.35±0.02 1.10±0.07

195.198105 27.974924 0 0.0208 20.89±0.02 27.29±0.55 0.71±0.03

25.04±0.04 ... 25.90±0.04 ...

195.076157 27.971512 0 0.0168 21.31±0.03 32.62±0.79 0.75±0.03

... ... ... ...

195.137527 27.995562 2 ... 21.95±0.08 26.03±1.40 0.65±0.06

... ... ... ...

194.996185 27.978111 3 0.0199 19.18±0.03 83.55±2.79 2.59±0.06

22.68±0.01 1.03±0.03 23.58±0.01 0.99±0.04

194.912872 27.992544 0 0.0232 20.97±0.05 42.99±1.90 1.03±0.05

... ... ... ...

194.940079 27.984158 2 ... 21.49±0.16 39.99±5.61 1.27±0.14

... ... ... ...

195.140366 27.923565 1 ... 21.43±0.07 34.72±1.65 0.68±0.05

... ... ... ...

195.076691 27.925148 2 ... 21.62±0.09 31.37±2.15 0.87±0.07

... ... ... ...

195.091980 27.911846 2 ... 21.77±0.22 40.16±6.57 0.92±0.16

26.36±0.10 ... 27.12±0.09 ...

195.081711 27.916960 2 ... 21.41±0.31 43.58±7.61 0.99±0.14

26.26±0.09 ... 27.01±0.08 ...

195.013397 27.946703 3 ... 19.89±0.02 41.95±0.62 0.70±0.02

24.93±0.26 1.06±0.20 25.78±0.05 1.07±0.14

195.016022 27.933887 3 ... 21.64±0.04 34.10±1.13 0.54±0.03

... ... ... ...

194.959091 27.912659 0 0.0243 17.03±0. 65.86±0.23 1.22±0.01

23.03±0.02 1.09±0.05 24.10±0.02 0.85±0.05
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194.862274 27.860146 2 ... 21.29±0.04 42.15±1.50 0.66±0.04

... ... ... ...

194.877518 27.856480 3 ... 21.55±0.03 31.93±0.79 0.66±0.04

... ... ... ...

194.901672 27.850399 2 ... 20.39±0.11 58.65±5.22 1.01±0.09

25.76±0.06 ... 26.68±0.07 ...

194.900940 27.881378 3 ... 21.88±0.04 29.33±1.12 0.75±0.05

... ... ... ...

194.639938 27.405821 3 ... 20.89±0.05 47.18±1.94 0.82±0.05

25.91±0.07 ... 26.68±0.06 ...

194.603088 27.191338 3 ... 21.13±0.08 29.53±2.32 1.78±0.11

... ... ... ...

194.152664 27.251114 2 ... 19.51±0.02 56.62±0.94 0.86±0.02

... ... ... ...

194.732224 27.757877 1 ... 20.46±0.07 69.88±3.39 0.87±0.05

... ... ... ...

194.301056 27.387043 2 ... 18.68±0.01 78.39±0.73 0.84±0.02

25.96±0.42 ... 27.±0.061 ...

194.253510 27.504328 3 ... 20.22±0.03 51.84±1.19 0.80±0.02

... ... ... ...
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(a) Sersic+gauss (b) Core-Sersic
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Appendix A: Comparison between core-Sérsic and other

profiles

Fig 4.9 compares core-Sérsic fits with a Sérsic-gaussian fit for one galaxy, with a

particularly red and extended central part. Formally the core-Sérsic fit is slightly

better, though on basis of the residuals this is not exactly clear. Since the Sérsic index

of this galaxy (n = 2.5) is rather high for its magnitude, and the core is quite red, a

possible explanation is that this galaxy was formed from a merger with a central

starburst. The central light excess due to this starburst would be quite red because

of the high metallicty.
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(a) 13048.045p28557.42 (b) 13042.519p28325.45 (c) 13039.359p28411.36

(d) 13039.079p28437.46 (e) 13052.942p28435.86 (f) 13045.913p28335.50

(g) 13049.274p28436.74 (h) 13042.463p28356.30 (i) 13025.977p28344.68

(j) 13032.613p28331.28 (k) 13027.608p28323.90 (l) 13026.898p28451.17
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(a) 13030.945p28312.76 (b) 13029.853p28400.85 (c) 13036.024p28550.45

(d) 13018.349p28333.28 (e) 13020.399p28414.03 (f) 13015.725p28551.33

(g) 13019.081p28509.37 (h) 13011.807p28502.62 (i) 13020.280p28453.23

(j) 13019.843p28357.20 (k) 13042.889p28313.73 (l) 13050.338p28157.73
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(a) 13026.152p28032.02 (b) 13027.569p28322.85 (c) 13032.520p28201.49

(d) 13030.954p28312.75 (e) 13021.969p28218.25 (f) 13031.771p28121.92

(g) 13030.027p28135.08 (h) 13025.279p28140.41 (i) 13004.035p28030.80

(j) 13013.808p28243.62 (k) 13005.755p28212.04 (l) 13015.692p28146.32
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(a) 13013.519p28214.57 (b) 13014.210p28026.46 (c) 13017.992p28300.81

(d) 13017.970p275947.86 (e) 125946.701p28000.43 (f) 125942.373p28158.52

(g) 125945.531p28312.61 (h) 125937.351p28210.65 (i) 125935.295p28126.99

(j) 125930.268p28115.17 (k) 125928.503p28109.38 (l) 125930.828p28230.68



152 Chapter 4: Nuclear star clusters in Coma cluster early-type dwarf galaxies

(a) 125933.235p28152.56 (b) 125927.694p28145.91 (c) 125920.904p28057.49

(d) 125928.564p28305.33 (e) 125926.648p28125.25 (f) 125905.938p28228.86

(g) 125903.983p28109.25 (h) 125915.975p28109.20 (i) 13033.335p275849.34

(j) 13031.949p275711.26 (k) 13034.296p275817.55 (l) 13039.270p275747.87
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(a) 13043.723p275920.89 (b) 13022.656p275754.87 (c) 13027.879p275916.53

(d) 13024.849p275921.86 (e) 13026.767p275953.57 (f) 13017.618p275927.59

(g) 13029.716p275806.72 (h) 13019.734p275904.81 (i) 13023.227p275948.84

(j) 125948.590p275858.01 (k) 125946.941p275930.84 (l) 125953.930p275813.76
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(a) 13000.986p275929.72 (b) 125949.065p275834.01 (c) 125955.939p275748.80

(d) 125959.901p275921.80 (e) 125951.477p275935.40 (f) 125951.837p275726.21

(g) 125952.178p275946.47 (h) 125945.336p275829.14 (i) 125956.527p275909.33

(j) 13000.061p275842.45 (k) 125952.543p275824.21 (l) 125930.832p275810.32
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(a) 125934.360p275943.32 (b) 125943.933p275801.93 (c) 125931.728p275748.11

(d) 125932.883p275800.05 (e) 13034.427p275604.97 (f) 13036.669p275427.48

(g) 13036.581p275552.21 (h) 13037.299p275441.08 (i) 13032.960p275406.71

(j) 13035.990p275505.46 (k) 13040.618p275601.58 (l) 13039.554p275350.06
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(a) 13037.495p275354.20 (b) 13022.949p275515.23 (c) 13018.715p275512.63

(d) 13016.675p275638.91 (e) 13016.964p275416.12 (f) 13018.423p275516.57

(g) 13025.049p275637.93 (h) 13016.364p275522.04 (i) 13021.712p275650.16

(j) 13022.933p275540.22 (k) 125959.476p275626.04 (l) 13005.684p275535.20
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(a) 13007.123p275551.49 (b) 13011.405p275436.37 (c) 13005.347p275628.94

(d) 125958.220p275410.82 (e) 13002.668p275645.26 (f) 13010.371p275617.02

(g) 13004.737p275416.52 (h) 13007.031p275417.19 (i) 13004.048p275342.93

(j) 13007.931p275635.61 (k) 13003.390p275403.80 (l) 125955.702p275503.79
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(a) 125949.960p275433.04 (b) 125943.540p275620.63 (c) 125947.675p275425.89

(d) 125950.703p275514.94 (e) 125956.755p275615.80 (f) 125941.495p275439.51

(g) 125944.017p275615.29 (h) 125955.555p275422.29 (i) 125931.894p275140.72

(j) 125926.459p275124.76 (k) 125937.208p275213.73 (l) 125927.221p275257.00
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(a) 125927.570p275218.00 (b) 125936.461p275107.46 (c) 125929.995p275348.12

(d) 125924.938p275320.35 (e) 125931.636p275201.00 (f) 125828.358p271315.01

(g) 125636.787p271247.99 (h) 125845.544p274513.68 (i) 125844.317p274501.18

(j) 125844.579p274458.30 (k) 125844.380p274740.85 (l) 125845.297p274650.75
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(a) 125853.079p274741.66 (b) 125843.270p274721.49 (c) 125856.784p274644.15

(d) 125844.089p274647.49 (e) 125713.240p272437.24 (f) 125711.016p273142.35

(g) 125708.355p272924.03 (h) 125700.889p273155.32 (i) 13050.590p28356.56

(j) 13042.463p28356.30 (k) 13011.143p28354.92 (l) 13018.543p28549.48
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(a) 13009.260p28359.76 (b) 13019.310p28422.03 (c) 13019.552p28600.74

(d) 13021.544p28603.47 (e) 13011.954p28402.95 (f) 13014.719p28438.73

(g) 13041.192p28242.38 (h) 13042.508p28324.94 (i) 13044.127p28215.37

(j) 13027.339p28033.40 (k) 13014.088p28147.53 (l) 125934.782p28201.31
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(a) 125937.975p28054.48 (b) 125921.615p28102.21 (c) 125925.477p28211.03

(d) 125926.032p28104.00 (e) 125923.921p28211.29 (f) 125914.447p28216.87

(g) 125902.433p28021.36 (h) 13047.539p275829.95 (i) 13018.278p275817.44

(j) 13033.001p275944.04 (k) 125959.071p275841.26 (l) 125939.096p275933.17



4.9: Conclusions 163

(a) 125945.629p275903.12 (b) 13033.689p275524.77 (c) 13018.409p275530.52

(d) 13022.072p275442.66 (e) 13019.613p275501.05 (f) 13003.209p275648.04

(g) 13003.846p275601.91 (h) 125950.181p275445.54 (i) 125926.945p275136.63

(j) 125930.605p275123.42 (k) 125936.405p275101.51 (l) 125936.234p275252.90
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(a) 125833.589p272420.94 (b) 125824.738p271128.69 (c) 125636.641p271504.06

(d) 125855.735p274528.40 (e) 125712.264p272313.35 (f) 125700.849p273015.41


