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Abstract

This thesis deals with the application of the surface brightness fluctuations (SBF)
method to estimate distances to dwarf elliptical galaxies (dEs) in nearby galaxy clusters.
We start with simulations quantifying the potential of the SBF method to determine the
membership of candidate dEs in nearby clusters. These simulations show that with large
telescopes and under good atmospheric conditions, unambiguous cluster memberships
out to ~ 20 Mpc can be derived down to very faint absolute magnitudes My ~ —11
mag. In a first application, we present the cluster membership confirmation of 10 candi-
date dEs in the Fornax cluster using SBF-distances. Combining this with morphological
cluster membership selection, the faint end slope « of the early-type galaxy luminosity
function in Fornax is found to be « = —1.1 £+ 0.1. This confirms the strong discrepancy
between the number of low mass dark matter halos expected in a ACDM universe and
the number of low luminosity galaxies. Based on the SBF measurements for the Fornax
cluster dEs, the SBF calibration at blue colours is discussed. In a second application,
we derive SBF-distances to a set of 31 early-type galaxies in the Hydra and Centaurus
clusters, among them 26 dwarf galaxies. We obtain a mean distance of 41.2 + 1.4 Mpc
for Hydra and 45.3 £+ 2.0 for Centaurus. From the scatter of the SBF distances around
their mean we derive an upper limit of + 3 Mpc radial extension for Hydra and + 6 Mpc
for Centaurus, corresponding to about three times their tangential extension. Based on
our cluster distances we estimate a peculiar velocity of 1225 + 235 km s~! for Hydra
and 210 + 295 km s~! for Centaurus, different at the 98% confidence level. This finding
is consistent with the presence of a massive “Great Attractor” of ~ 1060/, in close
projection to and slightly behind the Hydra cluster. We rule out the hypothesis that
the Centaurus cluster is identical to the Great Attractor at 94% confidence.

For all three galaxy clusters investigated, the limiting absolute dE magnitude for appli-
cation of the SBF method is in very good agreement with the limits predicted from the
simulations.






Contents

1 Introduction 1
1.1 The cosmic distance ladder . . . . . . .. ... ... ... ... .. ... 2
1.1.1 Distances within the Milky Way . . . . . .. .. ... ... ... 2
1.1.2 Extragalactic distances . . . . .. .. .. ... L. 3
1.2 The surface brightness fluctuations method . . . .. .. ... ... ... 5
1.2.1 Measuring SBF . . . . . ..o 7
1.2.2  Empirical calibration of SBF . . . . .. ... ..o 8
1.3 Aim of thisthesis . . . . . . . . . .. . . 12

2 Potential of the SBF method to measure distances to dwarf elliptical
galaxies in nearby clusters 13
2.1 Abstract . . . . . .. 13
2.2 Introduction . . . . . . . . .. 14
2.2.1 The faint end of the galaxy luminosity function . . . . . . .. .. 14
2.2.2 Distances to galaxies with the SBF Method . . . . . . ... ... 15
2.3 Deriving My from (V —1)g . . . v v v v v 17
2.4 Simulating and measuring surface brightness fluctuations for dks . . . . 18
2.4.1 Simulation of surface brightness fluctuations. . . . . . . . .. .. 19
2.4.2 Measurement of SBF . . . . . ..o 20
2.5 Results of the simulations and their discussion . . . . ... ... . ... 23
2.5.1 Limiting absolute magnitudes . . . . . . . ... ... ... ... 28
2.5.2 Comparing real SBF data with simulations . . .. ... ... .. 30
2.6 Summary . . ... . e 31
3 SBF distances to candidate dEs in the Fornax cluster 33
3.1 Abstract . . . . . ... 33
3.2 Introduction: search for dE candidates in Fornax . . . .. .. ... ... 34
3.2.1 Observations and data analysis . . . . . . ... ... ... .... 34
3.2.2 The faint end of the luminosity function from morphology . . . . 38
3.3 “Fornax Deep Field” . . . . . . . . . . ... ... 38
3.3.1 Thedata . ... ... . .. ... 40

vii



viil

3.3.2  Discussion I: Improved constraints on the Fornax galaxy luminos-

ity function . . . ... 46
3.3.3 Discussion II: Distance to the Fornax cluster and SBF calibration
at blue colours . . . . . . ... 68
3.4 Summary ... e e e e e 76

SBF distances to dEs and Es in the Centaurus and Hydra clusters 79

4.1 Abstract . . . . . ... 79
4.2 Introduction . . . . . . . . . .. 80
4.2.1 Peculiar velocities for galaxies . . . . . .. ... ... ... 80
4.2.2  Peculiar velocities towards Hydra-Centaurus . . . . . . ... .. 81
4.2.3 Aim of this chapter . . . . . . . . ... ... ... L. 82
4.3 Thedata . . . . . . . . 83
4.3.1 Centaurus . . . . . . . ..o 83
4.3.2 Hydra . . . . . . . 86
4.3.3 Data reduction before SBF measurement . . . .. .. ... ... 86
4.3.4 SBF measurement for the dwarfs . . . . . . ... ... ... ... 89
4.3.5 SBF measurements for the giants . . . . . . ... ... ... ... 91
4.4 Results. . . . . . . e 97
4.4.1 Relative distance between Hydra and Centaurus from SBF . .. 97
4.4.2 Peculiar velocities of Hydra and Centaurus . . . . ... ... .. 100
4.4.3 Depth of the Hydra and Centaurus clusters . . . . .. ... ... 100
4.5 Discussion . . . . ... 103
4.5.1 The Great Attractor acting upon Hydra and Centaurus . . . . . 103
4.5.2 Some otherideas . . . . . . . . ... 106
4.5.3 Comparison with literature distances . . . . . . . . .. ... ... 111
4.5.4 Systematic effects in our data? . . . . ... ... ... ... ... 117
4.5.5 Consequence of a higher Hydra and lower Centaurus distance for
the GAmodel . . ... ... ... ... ... 122
456 Cend0and Cend5 . . . . . . . . . .. 122
4.6 SUMMATY . . .« v vt e e e e e 124
Conclusions and Outlook 127
Zusammenfassung 131
Appendix XI
A1l Danksagung . . . . . .. ... XI
A.2 Versicherung . . . . . . . ... XIII

A.3 Curriculum vitae . . . . . . . . X1V



Chapter 1

Introduction

A frequent first question in oral astronomy exams, but also a question that has surely
been asked by many other people over many millenniums, is:

When we look up to the sky in a moonlit night, how far away from us are the small
brilliant dots that we see?

The desire to construct a 3D model of the universe out of the 2D imagery that we see
from the Earth certainly has existed since before delivered history.

For people from outside astronomy, it might come as a small surprise that there only
is one method that gives us direct distances to stars outside the Solar System. This
method is called trigonometric parallax. It is based on the same principle that allows
humans and animals to see their own world in 3D: if we combine two images of an object
taken from two different positions along a given baseline, we can estimate its distance by
the amount that this object apparently moves with respect to a distant reference mark.
For humans, these two baseline positions are the two eyes. When we stretch our arm
and put up one finger, then blink between both eyes, the finger will shift its position
with respect to a more distant reference object. From combining the two images, the
human brain allows us to perceive the world in 3D.

Exactly the same principle, only on a much larger scale, holds for the trigonometric
parallax method. Here, the orbit of the Earth around the Sun is used as baseline: every
half a year, the Earth is at opposite sides of the Sun, separated by about 3x10% km.
Although this is a very large distance compared to the diameter of the Earth, it is small
compared to cosmic distances: the nearest star outside the Solar System is Proxima
Centauri at a distance of 1.3 parsec (abbreviated as pec, 1 parsec=3.086x10'3 km, or
3.26 light years), about 260000 times more distant than the Sun. The angle by which
its position on the sky apparently changes in the course of half a year (its parallax) is
only 0.763 arcseconds ().

Due to the unavoidable atmospheric blurring that degrades the achievable spatial re-
solution, parallaxes from ground-based imaging can be obtained with an accuracy not
better than 0.05 to 0.1”. Only with satellite missions has it been possible to obtain
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parallaxes to stars more than about 25 pc away. One very important mission was that
of the Hipparcos satellite in 1997 (ESA, [1997]) which obtained accurate parallaxes and
hence distances of many thousand stars out to 100 pc and beyond.

Distances in astronomy are often expressed in logarithmic form in the so called distance
modulus, defined as the difference between apparent magnitude m and absolute mag-
nitude M of an astronomical source. It is (m — M) =5 x log(d) — 5, with d in pc. The
absolute magnitude M is defined as the apparent magnitude m of an object at 10 pc
distance. It holds m = —2.5 xlog(L)+ Z P, where L the apparent luminosity in physical
units and ZP the appropriate zero point of the photometric system. As an absolute
calibration one uses the Sun, which has M = 4.82 mag in the visual V-band.

All distance determination methods in astronomy except the trigonometric parallax are
indirect, they all rely on the trigonometric parallaxes of stars in the solar neighbourhood.

1.1 The cosmic distance ladder

In this section, a short description of the “cosmic distance ladder” is given: distance
determination methods start out with the trigonometric parallax in the solar neigh-
bourhood and successively continue to larger distances, every distance method being
calibrated by the previous step in the distance ladder. For a distance determination
method one requires “standard candles”, i.e. astronomical objects that have a con-
stant absolute brightness or one that can be easily derived from distance independent
observables. Clearly, the absolute distance uncertainties increase the more steps one
climbs up the distance ladder.

1.1.1 Distances within the Milky Way

The main method to derive distances within the Milky Way beyond the reach of trigono-
metric parallax is the so-called photometric parallax (for recent applications see for
example Siegel et al. [2002], Costa & Mendez [2003]). Here, one deduces the absolute
magnitude M of a star from a distance independent observable, for example its spectral
type. This method has been calibrated in the solar neighbourhood for low-mass stars.
For higher mass stars, that are scarce in the solar neighbourhood, one uses star clusters
and shifts their main sequence such that it matches that of locally calibrated low-mass
stars. The part of the main sequence that extends beyond the locally calibrated range
is then used as an extension of the calibration. This procedure is repeated for younger
clusters whose main sequence is populated more at higher masses until an absolute cali-
bration of the entire main sequence is achieved. A related method is the main sequence
fitting, which is applied to star clusters (for which all stars can be assumed to be at the
same distance). The locus of the main sequence in apparent magnitude is shifted until
it matches the reference sequence. The amount of the shift yields the distance modulus

(m— M).
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1.1.2 Extragalactic distances

A very important distance determination method out to about 20 Mpc is the use of
variable stars as standard candles. There are two prominent types of variable stars:
Cepheids have a quite well defined relation between their pulsation period and abso-
lute brightness (P-L relation), which has been calibrated using Cepheids in the Large
Magellanic Cloud (LMC) (e.g. Madore & Freedman [1991]). They have a typical abso-
lute brightness of My ~ —7 mag and can therefore readily be detected with the HST
out to about the Fornax/Virgo cluster (~ 20 Mpc distance). As Cepheids occur in
young stellar populations, they are mainly found in late-type galaxies.

The most prominent variables in the older populations of early-type galaxies are the
RR Lyrae stars (for recent applications see for example Catelan et al. [2004], Bene-
dict et al. [2002], Sandage & Saha [2002]). They have lower absolute brightnesses of
My ~ 1 mag and are found in the instability strip of the horizontal branch. They do
not exhibit a notable P-L relation in optical bands, their absolute brightness depends
mainly on their metallicity.

Fig. 1.1 shows a colour-absolute magnitude diagram (CMD) of a typical early-type stel-
lar population with different detection limits in dependence on the distance indicated.
Cepheids are located several magnitudes beyond the upper y-limit of that plot, indi-
cating the large distance range over which they can be used as standard candles. RR
Lyrae lie on the horizontal branch (at about My = 0.7 mag in the CMD), and can
consequently not be used as standard candles much beyond the distance of about 0.7
Mpc to the Andromeda galaxy (M31).

Another distance estimator that requires resolving a galaxy into its stars is the loca-
tion of the tip of the red giant branch (TOTRGB, e.g. Rejkuba [2004]), which is at
about My = —2.5 mag in Fig. 1.1. This method is of intermediate range between that
of Cepheids and RR Lyrae. From ground based imaging it is possible to apply this
method to the closest elliptical galaxy Cen A (NGC 5128) at about 3.6 Mpc distance.
One refers to the above distance determination methods as primary distance indica-
tors, as they can be calibrated within the Milky Way. Secondary indicators are those
methods that still use single astronomical objects as standard candles, but which need
to be calibrated outside the Milky Way. Examples are the luminosity function of plane-
tary nebulae (PNLF, e.g. Arnaboldi et al. [2002]), with a similar applicable range as the
Cepheid method, and the luminosity function of globular clusters (GCLF, e.g. Kundu
& Whitmore [2001]), which can be applied out to about 40 Mpc from ground based
imaging. A further very important secondary standard candle is the peak brightness
of Type Ia supernovae (SN) (e.g. Gibson et al. [2000], Riess et al. [2004]). Due to
their enormous brightness of My ~ —19 mag, SN Ia can be used as standard candles
over cosmological distances. A disadvantage of that method is that supernovae are very
seldom events, occurring about once every forty years in the Milky Way and much less
frequent in more evolved early-type galaxies. One can in practice get SN Ia distances for
only a very small fraction of all observable galaxies. Fortunately for us, the scarceness of
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supernovae will probably prevent the Earth from suffering hazardous supernovae winds
for many Myrs to come.

Going away from single astronomical objects as standard candles, one enters the regime
of tertiary distance indicators which use integrated properties of galaxies as a dis-
tance estimator. One very often applied method is the Tully-Fisher relation (Tully
& Fisher [1977]). This exploits the observational fact that for spiral galaxies there is a
good correlation between the global neutral hydrogen (H1) line profile width, a distance-
independent observable, and its absolute magnitude M. A similar approach applicable
to early-type elliptical galaxies is the so-called D,, — o relation (Dressler et al. [1987a]
and Dressler [1987b]). Here, o is the central velocity dispersion of an elliptical galaxy
or the bulge of a spiral galaxy, and D,, is the diameter of the aperture that encloses a
determined integrated surface brightness p. This method replaced the Faber-Jackson
relation (Faber & Jackson [1976]), which used the correlation between M and o as a
distance indicator. Indeed, the Faber-Jackson relation is a special projection of the
so-called Fundamental Plane (FP, Dressler et al. [1987c]): early-type galaxies populate
a well defined plane in the M-o-u, space, with u. being the effective surface brightness.
All the mentioned distance estimators have rms uncertainties between 0.3 and 0.5 mag
for the measurement of a single galaxy. They are purely empirical, and therefore re-
quire several previous calibration steps. Furthermore, one needs both imaging and
spectroscopy for their application. An advantage is that only short integration times
are needed to measure central velocity dispersions and effective radii for giant galaxies
and that these measurements are observationally straightforward.

We mention two further tertiary indicators that require only imaging, have larger ranges,
but also are more uncertain: first, the colour-magnitude relation of early-type galaxies.
There is a well defined relation between the colour and total absolute brightness of
elliptical galaxies (e.g. Barrientos et al. [2003]), probably driven by a mass-metallicity
relation. The scatter in (V' —I') around this relation is such that the absolute brightness
of a single galaxy can only be derived with about 2 mag uncertainty. This uncertainty
drops significantly when investigating entire clusters, where dozens of galaxies together
form this so-called “red sequence”. This method can be applied to quite large distances
> 1000 Mpc. Somewhat related is the method of the brightest cluster galaxy (BCG,
e.g. Gonzales et al. [2002]). The brightness of the brightest cluster member in rich clus-
ters has a rather small rms dispersion of about 0.4 mag, once a correction for cluster
"richness” is applied (Sandage [1988], Aragon-Salamanca et al. [1993]). An important
requirement for this method is the proper identification of the BCG, for which mul-
ticolour photometry and possibly spectroscopy is required to assess whether a galaxy
really belongs to the cluster or is a background object.

Finally we refer to another indirect but very fundamental distance estimator: due to
the expansion of the universe, the radial velocity of astronomical objects scales linearly
with their radial distance, a relation first proposed by Hubble ([1929]). In the nearby
universe it holds d = ”r—aod, with d normally expressed in Mpc, vyaq in km s~! and Hy in
km s~! Mpc~!. Determination of Hy and hence the expansion velocity of the universe
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is one of the key issues of modern cosmology. Most of the recent estimates derived
from large scale surveys are consistent with Hy ~ 72 km s~! Mpc~! (Riess et al. [2004],
Spergel et al. [2003]). A change of Hj in the very early universe may have been detected
(Riess et al. [2004]), suggesting an early acceleration of the universe and giving rise to
the hypothesis that the energy density of the universe is dominated by the so-called
A term. In the nearby universe (d < 100 Mpc), peculiar velocities caused by clumpy
matter distribution can constitute a large fraction of the observed radial velocities of
galaxies. This is why deviations from an ideal Hubble flow are used to map the matter
distribution in the local universe. Sect. 4 presents an application of this concept.

1.2 The surface brightness fluctuations method

The measurement of surface brightness fluctuations (SBF) in a galaxy image was first
suggested by Tonry & Schneider ([1988]) as a useful tool to measure distances to galaxies
whose structural features are large compared to the image resolution (see also Jacoby
et al. [1992] for a review). The SBF method is based on two very fundamental facts:
A) the number of stars contained in each resolution element of a galaxy image is finite.
B) the number of stars contained in each resolution element is on average constant along
one isophote (per definition of an isophote).

From these two facts, a third fact is deduced: the number of stars per resolution element
along one isophote has a statistical fluctuation equal to the square root of the average
star number.

How can one use these fluctuations as a distance indicator?

Assume a galaxy at a determined distance d=dy and do not consider seeing (see Fig. 1.2).
Then assume that in the CCD image of a certain region of that galaxy, there are on
average 100 stars imaged in each pixel. Therefore, there will be a 10% pixel-to-pixel
fluctuation of that number and correspondingly a 10% pixel-to-pixel fluctuation of the
measured flux. Now assume the same galaxy at a distance d=4*d,. In the same region
as before, there will be 1600 stars per pixel, since the metric area sampled by one pixel
increases by a factor of 42 =16. The corresponding pixel-to-pixel fluctuations decrease
to 2.5% of the mean flux. That is, the amplitude of these surface brightness fluctuations
is inversely proportional to distance and can therefore be used as a distance indicator.
In the following, we give a more mathematical definition of the SBF variances and ob-
servables, based on the pioneering paper by Tonry & Schneider ([1988]):

Assume that the stellar population one is looking at comnsists of stars with apparent

luminosities L and corresponding expectation number of stars n(L). The expectation
value of the total apparent luminosity then is

<L>= /n(L)LdL (1.1)
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Figure 1.1: Absolute colour magnitude diagram of the Milky Way globular cluster
M55, courtesy of M. Hilker (private communications). This diagram is shown as a
representative for an early-type galaxy population, indicating as horizontal lines the
detection limits at the distance of M31 ((m — M) ~ 24.2 mag), Cen A ((m — M) ~27.8
mag) and the Virgo/Fornax cluster ((m— M) ~ 31.2 mag). For the two lower distances,
a limiting magnitude for point source detection of V = 26 mag is assumed, typical for
deep VLT exposures. For the Fornax/Virgo distance, a limiting magnitude of V' = 28
mag is assumed, typical for moderately deep HST exposures.
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In a real galaxy image, this corresponds to the mean flux in ADU per pixel of the galaxy
along one isophote. The pixel-to-pixel flux variance oy, is then given as

0} =< (L— < L>)?>= /n(L)LZdL (1.2)

Looking at the definition of the mean luminosity weighted luminosity of the stellar
population L

— fn(L)LQdL
L=—"—— 1.3
[ n(L)LdL (1.3)
it becomes clear that
L=0}/<L> (1.4)

L is the observable derived from the observations, as both o, (the pixel-to-pixel vari-
ance normalised to the galaxy flux) and < L > (the mean galaxy flux) are readily
measurable. The entity 7 is called apparent fluctuation magnitude and defined as
m = —2.5 x log(L) + ZP. The relative distance modulus between two galaxies 1 and 2
with identical stellar populations then is M1 — 9.

The SBF method becomes useful at distances where the brightest red giants cannot be
detected anymore, i.e. for d>10 Mpc (see Fig. 1.1). The conceptual advantage of this
method is that one requires only imaging and no spectroscopy. Furthermore, the rela-
tive accuracy of the SBF method can be between 5 and 10% in distance for the brightest
giant ellipticals, as will be shown in this thesis. In addition, it can be applied readily
also to dwarf galaxies, hence increasing the number of independent distance estimates
when observing a galaxy cluster.

There are also some caveats when using this method, of both technical and theoretical
nature: For the derivation of the distance modulus (m — M) with the SBF method,
one does not only require to measure the apparent fluctuation magnitude m but also
one must derive the absolute fluctuation magnitude M from some distance independent
observable. Both aspects will be dealt with in some detail in the course of this thesis,
thus we present here a short overview of the main issues:

1.2.1 Measuring SBF

For measuring m, or the corresponding apparent fluctuation luminosity L, the principle
steps are, see also Fig. 1.2:

1. Subtract a smooth model of the galaxy light distribution from the original galaxy
image, such that only the fluctuations remain.

2. Divide the resulting fluctuation image by the square root of this model. This nor-
malises the amplitude of the fluctuations to the same level across the image.

3. Calculate the power spectrum (PS) of this normalised fluctuation image. The power

spectrum (PS) is defined as the Fourier transform (FT) of the Autocorrelation Function
(AF):

+oo
AF(r) = / f(z)f(z+r)de (1.5)

— 00
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+oo
PS(k) = AF(r)e 7% dr (1.6)

—00
Here, f(x) simply is the normalised fluctuation image, which can be expressed as
F(z)/\/< L(x) >, where F(z) is the non-normalised fluctuation image. From these
definitions and equations (1.2) to (1.4) it is clear that PS(f(x)) = L, where PS(f(z))
is the average of PS(f(x)) over the fluctuation image. In simple terms: the mean of
the normalised fluctuation image’s power spectrum is L, the desired observable.
This holds as long as one does not take into account that the real fluctuations are
smeared out by the atmospheric blurring (see the two right columns of Fig. 1.2),
characterised by the point spread function (PSF). That is, in reality we do not cal-
culate PS(f(x)), but rather

PS(PSF(z)(X) f(x)) = PSF(k) x L (1.7)

That is, the final result of the SBF measurement procedure is the power spectrum of the
point spread function PSF (k) — normalised to unity at k=0 — scaled by the fluctuation
amplitude L. One uses in practice the azimuthal average of that power spectrum to fit
for L, see the two right columns of Fig. 1.2.

Approaching reality ever more, three more things have to be taken into account: first,
there always is significant photon shot noise from the detector. The power spectrum
of this white noise is flat, and hence adds as a constant to the power spectrum of the
PSF convolved SBF. Second, there are sources fainter than the detection limit which
also contribute to the measured fluctuations and carry the signature of the PSF, such
as background sources or globular clusters associated with the galaxy. In Sects. 3.3 and
4, the amount of these unwanted contributions will be thoroughly investigated. Third,
the measurements have to be corrected for foreground absorption.

Assuming that the contributions from undetected sources are subtracted from the total
fluctuations before the azimuthal averaging, a realistic representation of the azimuthally
averaged power spectrum is then given as

P(k) = PSF(k) x Py + P, (1.8)

Here, P; is the wavenumber independent white noise component, while Fy is the ampli-
tude of the surface brightness fluctuations in the limit k=0. it holds

mr = —25xlog(Py) + ZP — A— Ak (1.9)

A is the foreground absorption, Ak the k-correction for SBF.

1.2.2 Empirical calibration of SBF

Having measured 7, the next step is to derive the absolute fluctuation magnitude M
from a distance independent observable. From the definition of 7 as the luminosity
weighted mean luminosity it is clear that the fluctuations of early-type stellar popula-
tions are dominated by stars on the red giant branch. M can therefore be considered
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Figure 1.2: Idealised SBF measurement procedure. The 4 columns correspond to (from
left to right): galaxy at arbitrary distance d=dy with no seeing; the same galaxy at
d=4*dg; the same galaxy at d=dy with seeing; the same galaxy at d=4*dy. From top
to bottom: 1. galaxy image; 2. smooth galaxy light model subtracted from galaxy
image; 3. former image divided by square root of smooth galaxy light model, yielding
a normalised fluctuation image; 4. power spectrum of former image. 5. Azimuthal
average of the former image. The intensity cuts in the upper 4 rows are the same within
each row. No instrumental noise was implemented, i.e. all luminosity fluctuations are
pure SBF.
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a “typical” red giant absolute brightness of the stellar population. The brighter the
brightest red giants are, the brighter M. This is illustrated in Fig. 1.3, where isochrones
of different metallicities and old to intermediate ages are plotted over the response curves
of the V and I-filter bands. Two things are striking: first, the average stellar brightness
in the I-band is much higher than in the V-band, which is why SBF in the I-band are
much stronger than in the V-band. Second, the average I-band brightness increases
with decreasing metallicity. This means that for old to intermediate age stellar popu-
lations, M becomes brighter with decreasing metallicities. M also becomes brighter
with bluer colour, since a decrease in metallicity causes a colour shift to the blue.
Tonry et al. ([1997], [2000], [2001]) have carried out an extensive survey to measure
SBF for bright ellipticals and bulges of spiral galaxies in 22 nearby galaxy groups and
clusters within 40 Mpc. Using distances derived from Cepheids or SN Ia in the respec-
tive galaxies or the clusters they are associated with, they obtained a relation between
the absolute fluctuation magnitude M and the dereddened colour (V —I)g, determined
in the range 1.0 < (V —I)p < 1.3:

M= 174445 % (V — D)o — 1.15) mag (1.10)

Note that the correlation between M and (V —I)g is in the direction mentioned above,
namely brighter M for bluer (V — I)g. In Sect. 2.3, a comparison of that calibration
with theoretical stellar population model predictions will be presented. In Sect. 3.3.3,
the behaviour of M for (V — I)y < 1.0 mag, i.e. bluer than the colour range investi-
gated by Tonry et al., will be discussed.

The luminosity weighted mean luminosity tends to be higher in redder pass-bands (see
Fig. 1.3), i.e. the average number of stars per unit surface brightness decreases for
redder colours. SBF measurements have therefore mainly been performed in red (e.g.
Johnson I or Sloan r) optical pass-bands (e.g. Tonry et al. [1990], Tonry [1991], Tonry
et al. [1997], Lauer et al. [1998], Bothun et al. [1991], Mei et al. [2000], [2001], [2003]
and [2005], Neilsen et al. [1997], Neilsen & Tsetanov [2000], Morris & Shanks [1998],
Pahre et al. [1999], Sodemann & Thomsen [1995] and [1996], Thomsen et al. [1997]) and
in the infrared (e.g. Liu & Graham [2001], Jensen et al. [1996], Jensen et al. [2001] and
[2003], Liu et al. [2002], Luppino & Tonry [1993], Pahre & Mould [1994]), both from
the ground and with HST. Also V-band (Simard & Pritchet [1994]) and R-band fluctu-
ation measurements exist (e.g. Jerjen et al. [1998], [2000], [2001], [2004]). Depending
on the purpose of the study, the SBF measurements have either been used to calibrate
the method by targeting galaxies of known distance or to derive a distance estimate by
applying the calibration.

A counter-effect of the much stronger fluctuations in redder bands is that the sky bright-
ness also is much higher. This becomes a serious problem as soon as the surface bright-
ness of the investigated galaxy is too low for detection. In that case, even a very low
number of stars per unit surface brightness does not compensate the fact that the galaxy
light itself cannot be detected. For low surface brightness galaxies one therefore uses
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Figure 1.3: Theoretical Padova isochrones from Girardi et al. ([2002]), combining the
basic sets from Girardi et al. ([2000]) for low and intermediate mass stars with those
of Bertelli et al. ([1994]) and Girardi et al. ([1996]) for high mass stars. Metallicities
as indicated. Isochrones with bold asterisks refer to an age of 12 Gyrs, while dot-
ted isochrones are 5 Gyrs. Overplotted as solid lines are the arbitrarily scaled re-
sponse curves of the Bessel-1 and V filters as a function of wavelength, taken from
http://www.eso.org/instruments/fors /inst /Filters/curves.html. Effective temperature
Teg was converted to A using Wien’s law.
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optical imaging in red pass-bands instead of IR pass-bands.

The SBF method has been found to agree well with other tertiary or secondary distance
measurement methods such as FP or SN Ia (e.g. Blakeslee et al. [2001] and [2002], Ajhar
et al. [2001], Blakeslee et al. [1999], Ciardullo et al. [1993]). It has also been used for
some other applications: Bartelmann & White ([2002]) use the SBF technique to detect
clusters in SDSS data. Blakeslee & Tonry ([1995]) use it to measure specific frequencies
of globular cluster systems in galaxies of the Coma cluster. Ajhar & Tonry ([1994]) ap-
ply the SBF method to galactic globular clusters in an attempt to improve the empirical
SBF' calibration.

1.3 Aim of this thesis

This thesis deals with SBF measurements of dwarf elliptical galaxies (dEs) in nearby
clusters. It starts with simulated SBF measurements, followed by two applications to
real data. Each of the corresponding chapters contains a separate introduction. The
thesis is structured as follows:

In chapter 2 we investigate via simulations the potential of the SBF method to mea-
sure distances to dEs in nearby galaxy clusters. We derive limiting absolute galaxy
magnitudes for application of the SBF method as a function of galaxy distance and
observing conditions. Chapter 3 presents the first application: SBF measurements of
Fornax cluster candidate dEs are used to establish their cluster membership and in
combination with morphological selection criteria to improve constraints on the faint
end of the galaxy luminosity function in Fornax. The SBF calibration at blue colours
will be discussed. Chapter 4 presents the second application: SBF-distances to about
30 Hydra and Centaurus cluster galaxies (mainly dwarfs) are used to derive absolute
distances to both clusters, upper limits for their depth, relative distances between them
and peculiar velocities. Implications for the presence of significant mass overdensities
in the nearby universe (“Great Attractor”) will be discussed. We finish this thesis in
chapter 5 with the conclusions.

Throughout this thesis, we use the term “dwarf elliptical” (dE) to refer to early-type
dwarf galaxies (My > —18 mag) in general. To the faint sub-samples we will refer to as
“faint dEs” or equivalently as “dwarf spheroidals” (dSphs). This has historical reasons:
the fainter (My > —14 mag) early-type Local Group dwarfs are commonly referred to
as “dwarf spheroidals” (e.g. Grebel et al. [2001]). This is only a semantic, not a physical
distinction.



Chapter 2

Potential of the SBF method to
measure distances to dwarf
elliptical galaxies in nearby
clusters

This chapter is based on the publication Mieske, S., Hilker, M. & Infante, L. 2003,
AEA, 403, 43.

2.1 Abstract

The potential of the SBF method to determine the membership of dwarf elliptical galax-
ies (dEs) in nearby galaxy clusters is investigated. Extensive simulations for SBF mea-
surements of dEs in the I-band for various combinations of distance modulus, seeing
and integration time are presented, based on average VLT FORS1 and FORS2 zero
points. The simulations show that for distances up to 20 Mpc (Fornax or Virgo cluster
distance), reliable membership determination of dEs can be obtained down to very faint
magnitudes —10 > My > —12 mag (uo(V) ~ 25 mag arcsec™2) within integration times
of the order of 1 hour and with good seeing. By comparing the limiting magnitudes
of the method for the different simulated observing conditions we derive some simple
rules to calculate the limiting dE magnitude for SBF application as a function of dis-
tance modulus and observing conditions. To check whether our simulations represent
well the behaviour of real data, SBF measurements for a real and simulated sample of
bright Centaurus Cluster dEs are presented. They show that our simulations are in
good agreement with the achievable S/N of SBF measurements on real galaxies.

13
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2.2 Introduction

2.2.1 The faint end of the galaxy luminosity function

Dwarf elliptical galaxies (dEs) are the most numerous type of galaxies in the nearby
universe, especially in clusters. This statement has been well established since the ad-
vent of CCD detectors and the building of telescopes with 4-8m diameter that enabled
observers to detect low surface brightness (LSB) objects substantially fainter than the
night sky. With the improvement of observing facilities, the emphasis has over the last
decade switched from detecting faint dwarf galaxies to quantifying well their proper-
ties and frequencies. Most of the times dEs are investigated in galaxy clusters, where
the distance and therefore the approximate angular size of candidate dwarf galaxies is
known.

One of the most important statistical tools in investigating galaxy populations is the
galaxy luminosity function ®(M), describing the frequency of galaxies per magnitude
interval. The knowledge of its logarithmic faint end slope « is very useful for testing
models of galaxy formation. There are two fundamental steps involved in determining
the faint end of ®(M) in galaxy clusters: first, finding the dwarf galaxy candidates;
second, verifying that they are cluster members.

For the Local Group, ®(M) has been determined down to My ~ —9 mag (e.g. Mateo
[1998], Pritchet [1999], Van den Bergh [2000]), suggesting ov ~ —1.1. Local Group dwarf
galaxies can nowadays readily be resolved into single stars with HST and/or active op-
tics techniques. Thus, their distance can be determined; the second step in establishing
®(M) is quite easy to perform. The first step, finding them, is more difficult due to
their large angular extent and small contrast against the stars of the Milky Way. The
latest discoveries of more and more faint dSphs (e.g. Armandroff et al. [1999], Whiting
et al. [1999], Zucker et al. [2004]) raise the question of how complete the Local Group
sample is.

The opposite is true for nearby galaxy clusters. Here, finding candidate dwarf spheroidals
is quite straightforward when performing deep enough photometry, but it is extremely
time consuming to resolve them into single stars (see Fig. 1.1). For example, the bright-
est red giants of an early-type galaxy at the Fornax cluster distance (19 Mpc, Ferrarese
et al. [2000]) have V =~ 29.4 mag (Bellazzini et al. [2001]). The confirmation of candi-
date dwarf spheroidals as cluster members must consequently be based on morphology
and is therefore subject to possible confusion with background LSB galaxies. One de-
pends on statistical subtraction of background number counts to estimate the faint end
slope. Due to the generally low number counts, the Poisson error involved in this statis-
tical subtraction constitutes a major source of uncertainty in determining «, especially
in magnitude-surface brightness bins where the contribution of background galaxies is
of the order of, or higher than, that from cluster galaxies.

The majority of studies that have determined ®(M) in nearby galaxy clusters (e.g.
Sandage et al. [1985], Ferguson & Sandage [1988], Trentham et al. [2001], [2002a],
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[2002b]) suggest a logarithmic faint end slope of —1.0 < o < —1.5, being in substantial
disagreement with CDM theory (Press & Schechter [1974]), which predicts o ~ —2.0 for
the mass function of low-mass dark matter halos (e.g. Kauffmann et al. [2000], Moore
et al. [1999]). Other authors, such as Phillips et al. ([1998]) for the Virgo cluster and
Kambas et al. ([2000]) for the Fornax cluster, suggest a significantly steeper faint end
slope of @ ~ —2. This large discrepancy shows that much care must be taken when
assigning cluster membership to galaxies for which no direct distance measurement is
available. The Poisson statistics involved, especially when subtracting background num-
ber counts, can lead to different authors obtaining very different results for the same
cluster.

Various methods for distance determination that can be applied to brighter galaxies
outside the Local Group are not suited for the faintest dEs: standard candles such as
SN Ia or Cepheids are very rare; radial velocity measurements, if possible, are very time
consuming due to the large fields that have to be covered and the low surface brightness
of the dwarfs.

2.2.2 Distances to galaxies with the SBF Method

An intriguing possibility to unambiguously determine cluster membership of large sam-
ples of dEs in nearby clusters is deep wide field imaging and the application of the
SBF method. Until recently, the SBF method had only been applied to small samples
of nearby dEs (e.g. Bothun [1991], Jerjen et al. [1998], [2000], [2001], [2003], [2004])
as due to their low surface brightness one needs quite long integration times on large
telescopes to achieve that the stellar SBF are clearly detected above the sky noise.
The fact that wide field imagers on large telescopes have now become available (e.g.
IMACS@Magellan, VIMOS@QVLT, SUBARU) gives the possibility to pursue large scale
SBF surveys of dEs.

In this chapter, we focus on the potential of the SBF method to determine cluster
membership of dEs in nearby clusters. We measure SBF of simulated sets of dEs at
three distance moduli between 7.5 and 48 Mpc for various combinations of observing
times and seeing. This chapter is structured as follows: In Sect. 2.3, the impact of the
age-metallicity degeneracy on SBF magnitudes is discussed. In Sect. 2.4, the technical
details of simulating and measuring SBF are described and the properties of the differ-
ent sets of simulated dEs are shown. In Sect. 2.5, the results of the SBF measurements
for all simulated sets are presented and the limiting absolute magnitudes for cluster
membership determination is discussed. A validity check of the simulations is presented
by comparing real and simulated SBF data. We finish this chapter with the summary
in Sect. 2.6.
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Figure 2.1: Theoretical “isochrones” in the M-(V — I)q diagram from 5 different
sources. For the sake of clarity, those were separated into two different plots. Left: Short
dashed lines from Worthey ([1994]) using Padova isochrones from Bertelli et al. [1994]
(http://astro.wsu.edu/worthey/dial /dial_a_pad.html). Plotted are (from top to bottom
in the blue range): 17, 12 and 8 Gyrs. Metallicities range from -1.7 to 0 dex from
blue to red colours. Long dashed lines from Blakeslee et al. ([2001]) for ages of 7.9,
12.6 and 17.8 Gyrs and metallicities from -1.7 to +0.2 dex. Solid lines from Cantiello
et al. [2003]) for ages of 5, 11 and 15 Gyrs and metallicities from -2.3 dex to 0.3 dex.
The solid line for (V' — I)p > 1.0 indicates the empirical calibration (1.10) by Tonry
et al. [1997], the solid line for (V' — I)y < 1.0 indicates equation (2.1), whose slope
is half that of equation (1.10). The dashed lines indicate a constant M; = —2.40
mag and the continuation of equation (1.10) for (V — I)y < 1.0 (see this section,
Sects. 3.3.3 and 4 for further details). Right: Short dashed lines from Worthey ([1994],
http://astro.wsu.edu/worthey/dial/dial_a_model.html). Plotted are 17, 12 and 8 Gyrs.
Metallicities range from -1.7 to 0 dex from blue to red colours. Long dashed lines from
Liu et al. ([2000]) for ages 8, 12 and 17 Gyrs and metallicities between -2.3 and 0.4 dex.
The solid line for (V — I)p > 1.09 indicates equation (1.10). The horizontal dashed
line at M; = —2.00 indicates the approximate mean prediction of the Liu and Worthey
models in the blue colour range.
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2.3 Deriving M from (V —I),

For I-band SBF measurements, the distance modulus of a galaxy is given by the dif-
ference between apparent and absolute fluctuation magnitude (m; — M7). To estimate
the reliability of the method, one must know both the accuracy in measuring 7y at the
cluster distance and the uncertainty in deriving M for a dE with a given (V — I)q.

In Fig. 2.1, theoretical values for M are plotted vs. (V — I)q for a set of old to inter-
mediate age stellar populations with a wide range of metallicities, taken from different
literature sources: Worthey ([1994]), who uses his own stellar population models based
on VandenBerg ([1985]) and Yale (Green et al. [1987]) isochrones; Liu et al. ([2000]), who
use the updated models by Bruzual & Charlot ([1993]) plus the Bertelli et al. [1994]
Padova isochrones; Blakeslee et al. ([2001]) who use the stellar population models of
Vazdekis et al. ([1996]) and the updated Girardi et al. ([2000]) Padova isochrones; and
Cantiello et al. ([2003]), who use the stellar population synthesis code by Brocato et
al. ([1999], [2000]) and the Teramo-Pisa-Rome isochrones (e.g. Castellani et al. [1991],
Castellani et al. [1992] and Bono et al. [1997a], [1997a]). Equation (1.10) is also indicated
in Fig. 2.1. The Worthey model predictions are split up into the original predictions
from Worthey ([1994])! and those that use the alternate stellar evolutionary isochrone
library from Bertelli et al. ([1994])%.

For red colours, all models trace equation (1.10) reasonably well, with the original
Worthey-models and those of Blakeslee et al. being more deviant from the empirical
calibration than the other models. In the blue range, there is a huge discrepancy be-
tween the model predictions: the original Worthey ([1994]) models and those of Liu et
al. ([2000]) predict a colour independent M; ~ —2.0 mag for (V — I)g < 1.10 mag. In
contrast, Worthey models using the Bertelli et al. ([1994]) Padova isochrones, those of
Blakeslee et al. and Cantiello et al. show a large spread in M caused by age differences,
predicting a continuation of equation (1.10) for intermediate ages and a flattening of
the relation for very old ages. At (V — I)y ~ 0.90 this leads to an uncertainty of up
to 0.5 mag in relating M to (V — I)g. Jerjen et al. ([1998], [2000], [2004]) have found
an analogous spread of the order of 0.5 mag from R-band SBF measurements for blue
dEs in the Sculptor and Centaurus A group and a few dEs in the Virgo cluster. Mei
et al. ([2005]) find a significant flattening of the SBF-colour relation for blue colours
from the investigation of about 80 early-type galaxies in the Virgo cluster, still with a
large scatter. However, they do obtain a significant slope in that colour range (4.50),
in contrast to the predictions by Liu et al. [2000]) and Worthey ([1994]). We will as-
sume in the following that indeed there is a large spread in the M-(V — I)q plane
for blue colours, caused by degenerate age-metallicity combinations at constant colour.
Anticipating Sect. 3.3.3, a colour independent M mag for (V — I)g < 1.10 mag is also
not favoured by the I-band SBF measurements of blue dwarf galaxies in our project
“Fornax Deep Field”.

"http://astro.wsu.edu/worthey /dial /dial_a_model.htm]
2http://astro.wsu.edu/worthey /dial /dial_a_pad.html
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While this age-metallicity degeneracy is an important source of uncertainty for dis-
tance measurements to blue field galaxies, it becomes useful as a relative age-metallicity
indicator for blue cluster galaxies, as most of the time the cluster is separated from
background /foreground galaxies by significantly more than 0.5 mag in distance mod-
ulus. Spectroscopic surveys of the Fornax cluster (Drinkwater et al. [2000], Hilker et
al. [1999]) revealed a significant gap in radial velocity between Fornax members and
background galaxies corresponding to ~ 3 mag in (m — M). Confusion of a blue and
young background galaxy with a blue and old cluster galaxy is therefore very unlikely
to happen. Argueing the other way around, SBF measurements of blue galaxies in a
cluster with known distance can also be used to test calibration relations predicted from
stellar population modelling (see Fig. 2.1), as will be shown in Sect. 3.3.3.

Note that dIrr candidate cluster members, to which the SBF method is difficult to ap-
ply due to their irregular shape, can be distinguished morphologically in a straightfor-
ward manner from blue young background galaxies like anaemic spirals. The galaxy
population in the central Fornax cluster is dominated by early-types (Ferguson &
Sandage [1988]) with only very few irregular Fornax members known, so this is not a
serious issue for the Fornax cluster. For clusters with a significant fraction of dIrrs, this
morphological cluster membership assignment can complement the assignment based
on SBF-distances for the smoothly shaped dE candidates and allow derivation of ®(M)
for the entire dwarf galaxy population.

2.4 Simulating and measuring surface brightness fluctua-
tions for dEs

We have simulated sets of dEs in the I-band with three distance moduli 29.4, 31.4 and
33.4 mag, corresponding to 7.6, 19 and 48 Mpc distance. This range was chosen to
include distances to the more nearby groups like Leo I (10 Mpc) as well as to the more
distant clusters like Centaurus and Hydra (33.1 to 33.3 mag, see Sect. 4). Note that 31.4
mag is the approximate distance modulus to Fornax and Virgo. The integration time
was 3600 seconds, the gain was 1 and the zero point 27.0 mag. The latter value is a mean
of the VLT FORS1 and FORS2 zeropoint for imaging in the I-band when including an
averaged colour term and extinction coefficient. The pixel scale was 0.2” /pixel, the
image size 2048 x 2048 pixel. For each distance modulus, a set with 0.5” and 1.0” seeing
was simulated. Additionally, for 31.4 mag distance modulus and 0.5” seeing, 4 different
integration times were adopted, namely 900, 1800, 3600 and 7200 seconds. Note that
varying the integration time from t; to to is equivalent to keeping the integration time
fixed and adding 2.5 log % to the zero point.

The photometric properties of our simulated dEs are derived from the values found
for Fornax cluster dEs in Sect. 3.2. For a given absolute magnitude My , the colour-
magnitude- and surface brightness-magnitude relation from Sect. 3.2 is used to obtain
(V —1I)p and (V). An exponential intensity profile of the form I(r) = Iy X exp(—r/ro)
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was adopted, with r¢ calculated from My, uo(V) and the adopted distance modulus.
The ellipticity was chosen as zero. Globular Cluster (GC) systems are included, with a
specific frequency of Sy =5 (Miller et al. [1998]) for all galaxies, an absolute turnover
magnitude M7 = —8.5 mag (Kundu et al. [2001]) and the projected spatial GC density
following the galaxy light distribution.

M was adopted as a function of (V — I)y according to Tonry’s equation (1.10) for
(V.—1I)y > 1.0. For (V —1I)y < 1.0, it was decided to split the sample into two
halves, acknowledging that there probably is a significant age-metallicity degeneracy
for (V —1I)p < 1.0 (see Fig. 2.1). For 50% of the simulated galaxies, M was calculated
according to equation (1.10). For the other 50%, M was kept constant at M ;((V —1)¢ =
1.0)) = —2.4 mag. For the bluest galaxies simulated, with (V —I)g ~ 0.8 (My ~ —8.5
mag), this implies a range in M of about 0.9 mag between the two simulated samples.
The effect for the simulations is that, on average, the SBF signal is weaker than if all
dEs with (V' —I)g < 1.0 were simulated according to equation (1.10). One can express
this splitting up of the simulated sample for (V — I)y < 1.0 also by defining a modified
calibration equation of the following form:

My = —2415+2.25 x ((V = I)g — 1.00) mag (2.1)

This equation is indicated as a solid line in the left panel of Fig. 2.1.

To allow for varying seeing and integration times, the background field had to be created
artificially. In a real background field obtained with VLT FORS1 in the I-band at 3000
sec integration, we fitted a power law distribution of the form n(m) = A x 107(m1=m0)
to the magnitude distribution of the objects detected by SExtractor down to the com-
pleteness limit of I ~ 25 mag. The fitted values were A = 14900/degree?, v = 0.305,
mg = 22. According to this distribution, an artificial object field was created with the
IRAF task mkobjects in the ARTDATA package, with /=27 mag as the faint limiting
magnitude. Seeing and integration time were chosen as needed for the simulations. The
sky brightness was adopted as 19.9 mag arcsec™2 in I, which holds within three days
before and after new moon. To simulate large-scale flat-field effects, the background
fields were multiplied by the normalised sky-map obtained from applying SExtractor to
a VLT FORSI flat field image.

Into each 2048x2048 pixel field, 16 dEs were implemented. For each set with constant
seeing, distance modulus and integration time, 6 fields were created, each with a differ-
ent (random) spatial distribution of the background objects. This means that 96 dEs
were simulated for each set. An excerpt of one of the simulated images for 0.5” seeing
and 3600 seconds exposure time is shown in Fig. 2.2.

2.4.1 Simulation of surface brightness fluctuations

For each modelled pixel with a given distance r to the galaxy centre, first the number
of stars corresponding to the surface brightness p(r) of the exponential profile was
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Figure 2.2: Left: Excerpt of one of the simulated background fields with dEs imple-
mented at determined grid positions. Image width is 6. This example is for an in-
tegration time of 1 hour and 0.5” seeing. The SBF signal of the dEs is implemented
according to the Fornax cluster distance of 31.4 mag. The large scale sky level gradient
was implemented to include the effect of flat field imperfections in real images. Right:
20" wide thumbnail of one of the simulated dEs (second from left in the middle row).

calculated: -
Nstars/pixel(r) = 10_0-4X(MI+(m_M)_M(T)) X p2 (2‘2)
with p being the pixel scale. Then, a random number N* was chosen within a Poisson
distribution centered on Niars/pixel(7). The intensity adopted at that pixel was then
defined as
N*

I(pizel,r) = 10704 (u(r)=2P) o [ S —
( ) Nstars/pixel (T)

(2.3)
with ZP being the zero point, 27 mag in our case. The implementation of the SBF

is achieved by multiplying with N

~+————=. This means that along an isophote with
stars/plxel(r)

I(r)
Nstars/pixel(r)
implemented SBF was then convolved with a Moffat seeing profile, which was modelled

out to 7 times the FWHM. Finally, Poisson noise with rms=+/T was implemented. Once
modelled, the galaxies were added onto the artificial background fields (see Fig. 2.2).

radius r, the intensity I(r) has a pixel-to-pixel rms of . The image with the

2.4.2 Measurement of SBF

To measure the SBF of a simulated dE, the following steps were undertaken, see also
Sect. 1.2:

1. Create object map of the entire image with SExtractor (Bertin & Arnouts [1996])

2. Mask the dEs on the object map, subtract this image from original image

3. Create and subtract SExtractor sky map



SBF MEASUREMENTS OF DWARF GALAXIES 21

4. Determine and subtract local sky level by a curve of growth analysis with the IRAF-
task ELLIPSE in the ISOPHOTE package

5. Model mean galaxy light with ELLIPSE using a sigma clipping algorithm to disregard
contaminating sources hidden below the galaxy light, subtract the model

6. Divide resulting image by square root of the model, cut out portion where SBF are
measured

7. Mask out contaminating sources like foreground stars, background galaxies and glob-
ular clusters

8. Calculate the power spectrum (PS) of the cleaned image

9. Obtain the azimuthal average of the PS

10. Fit function of the form (1.8) to the azimuthally averaged PS.

PSF(k) is determined from a simulated star with no close neighbours by fitting a Mof-
fat profile to its PS. P; is the white noise component, proportional to the ratio between
sky and galaxy brightness in the range where SBF were measured. It is independent of
seeing. Py is the amplitude of the pixel-to-pixel surface brightness fluctuations, being
the zero wavenumber limit of the seeing convolved pixel-to-pixel star count fluctuations,
and therefore seeing-independent, too.

Assuming that the contribution of undetected point sources to the fluctuation signal is
negligible, i.e. L = Py — which is a valid assumption for these simulations —, it holds

my = —2.5 % log( Py /texposure) + ZP (2.4)

Values at small &k (long wavelength) are rejected for the fit, as they are often considerably
influenced by large-scale residuals from imperfect galaxy subtraction and the finite width
of the image portion used to measure SBF.

The (seeing independent) signal-to-noise ratio S/N of the measurement was defined as
S/N=P,/ P, following Tonry & Schneider ([1988]). In the following it will be referred to
as canonical S/N. Note however that the detectability of SBF decreases with increasing
seeing: by convolving with the seeing the star count pixel-to-pixel fluctuations are
smoothed out. Additionally, the larger the seeing is, the fewer the independent data
points per unit angle. To take this dependence of the SBF detectability on the seeing
into account, we define a modified signal-to-noise ratio S/N* in the following way:

S/N* = Py/Py x \/Nga/sf (2.5)

with Ngq being the number of seeing discs — i.e. independent data points — contained in
the image portion where SBF are measured, and sf being the smoothing factor by which
the seeing convolution reduces the amplitude of the pixel-to-pixel fluctuations. sf was
5 for 0.5” seeing and 10 for 1.0” seeing, as determined from measuring the pixel-to-pixel
fluctuations on a simulated seeing convolved fluctuation image.

Examples of simulated dEs

In Fig. 2.3, example images and power spectra of simulated dEs are shown. The inner-
most pixels which were neglected in the power spectrum fit are especially marked. Note
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Figure 2.3: Examples of SBF measurements for simulated dEs in the I band (see
Figs. 3.7 to 3.10 and Fig. 4.3 for examples of real galaxies). The image sequence is:
Original image — Original image minus smooth galaxy light model — Power spectrum
of the normalized and cleaned former image. For the power spectra, the dashed line is
the best fit of P(k) = PSF(k) x Py+ Pi, when rejecting the points marked with crosses.
For the first example from the top, the dotted line represents a fit to all datapoints ex-
cept the outermost and innermost one. The simulated integration time was 1 hour for
all examples. Parameters of the simulated dEs:

1st row from top: My = —10.57 mag, (m — M) = 29.4 mag, py=25.5 mag arcsec™ 2,
(V - 1)0:0.88 mag, M[I—QA mag, 0m; = ML simulated — M, measured — —0.22 mag.
Seeing 0.5”.

2nd row from top: My = —11.13 mag, (m — M) = 31.4 mag, p=25.1 mag arcsec™2,
(V — I)p=0.90 mag, M ;=—2.86 mag, 6m; = 0.06 mag. Seeing 0.5".

3rd row from top: My = —13.72 mag, (m— M) = 31.4 mag, u=23.42 mag arcsec” 2,
(V — 1)9p=0.99 mag, M ;=—2.44 mag, 6m; = —0.02 mag. Seeing 1.0".
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the effect of the twice as large seeing of 1.0” in the third example: the width of the
seeing power spectrum is about half that of the other two examples, where the seeing
was 0.5”.

Rejecting the innermost pixels is crucial to determine the correct SBF amplitude, as low
wavenumbers are affected by imperfect galaxy subtraction and large scale sky gradients
in the investigated image. The limiting wavenumber beyond which one has to reject
pixels has to be determined individually for each galaxy, as image dimensions and loci
and number of contaminating sources change. We have adopted the following criterion
for deciding which pixels to reject or not: if the y? of the fit improves by more than a
factor of 2 when rejecting the innermost pixel, it is rejected. Then, the same is tested
for the second pixel, and so on until x? improves by less than a factor of 2. For the
examples given in Fig. 2.3, this criterion works fine for the lower two power spectra.
Unfortunately, as illustrated in the upper example, things can also be more compli-
cated. If only rejecting the inner- and outermost data point, the obtained fit fits well to
wavenumbers smaller than 6, but underestimates the signal for wavenumbers between
6 and 10 and overestimates slightly the white noise component Fy. When rejecting
wavenumbers smaller than 6, the outer part is fit much better. The difference in Py
between the two possibilities is considerable, about 40%. In cases like that, the un-
certainty in which pixels to reject or not is the major source of error. As is noted in
Fig. 2.3’s caption, the difference dm; between simulated and measured m; obtained
when rejecting the inner 5 pixels is much smaller than for only rejecting the innermost
pixel. Therefore, whenever fits to the outer and inner part of the power spectrum dif-
fered considerably, more emphasis was put on fitting well the outer part.

However, this restriction the outer power spectrum part can also lead to significant un-
certainties, because at higher wavenumbers the white noise component starts to dom-
inate over the PS of the PSF. As our simulations were performed on artificial dwarf
galaxies, the image portions chosen for the SBF measurements had relatively small
dimensions of typically 30 to 60 pixel (6 to 12”). Therefore the wavenumber range
over which the amplitude of the PSF is determined is only of the order of 10 or fewer
independent data points. This small number, together with the uncertainty in which
wavenumbers to disregard or not, is the major source of uncertainty for the SBF mea-
surements we performed. For the simulated galaxies at 1.0” seeing, the wavenumber
range over which to perform the fit to the PS is only half of that for 0.5” seeing, which
means the uncertainty at 1.0” seeing is significantly higher than for 0.5” seeing.

2.5 Results of the simulations and their discussion

In Figs. 2.4 to 2.7, the results of the simulations are shown. Figs. 2.4 to 2.6 show the
results for the three different distance moduli with 3600 seconds integration time: S/N*
and dmy are plotted vs. My for the two different seeing values. In Fig. 2.7, the same
observables are plotted for 4 different integration times at a fixed 31.4 mag distance
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Figure 2.4: Results of the simulations for (m — M)=29.4 mag and zero point ZP =
27.04+2.5%10g(3600) mag. Left panel: Seeing=0.5". Right panel: Seeing=1.0". Top
panel: Logarithm of S/N* (definition see text) plotted vs My . The dashed line is a 2nd
order polynomial fit to the data points. The dotted line is the fit corresponding to the

canonically defined S/N (see text). Bottom panel: §; = T gimulated — 1, measured

plotted vs. My . For magnitudes fainter than the limiting magnitude My, indicated by

the dotted vertical line, more than 50% of the measured galaxies have S/N* < 6 or a

deviation of more than 0.5 mag from the mean dm; for the measured galaxies brighter

than M. dmy is indicated as a dashed line. 0m; and My, were determined iteratively.
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Figure 2.5: Results of the simulations for (m — M)=31.4 mag. Symbols/lines as in
Fig. 2.4.
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Figure 2.6: Results of the simulations for (m — M)=33.4 mag. Symbols/lines as in
Fig. 2.4.
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Figure 2.7: Results of the simulations for (m — M)=31.4 and seeing=0.5" at varying
integration time / zero point ZP=27.0+2.5*log(t). From left to right: t= 900; 1800;
3600; 7200 seconds.

modulus and 0.5” seeing. A 2nd order polynomial fit to S/N* vs. My is plotted over
the data points. The corresponding fit for the canonical S/N is given as well. It is
interesting to note that for 0.5” seeing the modified S/N* is consistently higher than
the canonical S/N, while for 1.0” it is the opposite. This shows that for our simulations,
0.75" is about the limiting seeing below/above which S/N* becomes higher/lower than
the canonical S/N.

One can see that for the highest S/N* data, the relative accuracy of the SBF method
is of the order of 0.1-0.2 mag, i.e. 5-10% in distance. From the bottom panels of
Figures 2.4 to 2.7, one immediately notices an average offset between simulated and
measured SBF amplitude of the order of 0.15 mag in the sense of measuring too faint
SBF. The mean offset, when disregarding the two most extreme values, is 0.14 mag. The
reason for this offset is that in equation (1.8) we assume an undisturbed power spectrum
PSF(k). Doing so implicitly neglects the fact that the FT of the seeing convolved SBF
is in frequency space convolved with the FT of the mask used to excise contaminating
point sources and restrict the measurement area. This results in a damping of the SBF
amplitude at low wavenumbers, as the “ideal” power spectrum of an infinitely large
fluctuation image is convolved by a Bessel-like function, due to the finite sample area
(see Fig. 3.6).

For our simulations — whose aim is to define limits down to which the SBF can be
unambiguously measured for dEs — this effect is not important. Indeed, in making the
idealised approach of assuming an undisturbed PSF power spectrum for the measure-
ment of simulated SBF one can nicely illustrate the amount of fluctuation signal that
is lost because of the wave-power damping at low wavenumbers.

For the SBF-measurements on real dEs in sections 3 and 4 the distortion of the PSF
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| 0.5” 1.0”
20.4 [[ -9.7 -10.1
314 || -12.8 -11.7- -10.8; -10.8 -12.75
33.4 || -14.9 -16.75

Table 2.1: Limiting absolute magnitude My ji, for the different combinations of dis-
tance modulus (denoted in the left column) and seeing (denoted in the top line). The
integration time ¢t was 3600 seconds except for the 4 different values at 0.5” and 31.4
which correspond to 4 different integration times t=900, 1800, 3600 and 7200 seconds
from left to right. The zero point including integration time ¢ is given by 27+ 2.5%log(t).

3

power spectrum due to the “window function effect” is taken into account.

2.5.1 Limiting absolute magnitudes

For each of the 9 simulated sets of dEs a limiting absolute magnitude My ji, was deter-
mined, below which the determination of cluster membership is not reliable anymore.
These are the two conditions for reliable cluster membership determination we adopted:
First, the difference between offset corrected measured and simulated 7; must be
smaller than 0.5 mag. The mean offset with regard to which the measurement dif-
ference is defined is denoted as 077 and indicated in Figures 2.4 to 2.7. The value of 0.5
mag was chosen as it is about equal to the maximum uncertainty in deriving M; from
(V = 1I)g, see Sect. 2.3. To require a higher measurement accuracy than the systematic
uncertainty of the method would be unnecessary.

Second, the modified S/N* of the measurement must be higher than 6. This limit was
adopted to avoid an SBF measurement of an object with S/N* < 4 mimicking a S/N*
of the order of 5 or 6 because of a measured m; 0.5 mag brighter than simulated.
My im is then defined as the absolute magnitude at which 50% of the measured galaxies
fulfil the above criteria. It is indicated for each set in Figures 2.4 to 2.7. As ém; and
My jim depend on each other, they were determined iteratively.

In Table 2.1, My jim is tabulated. One can see that for the two smaller distance moduli
29.4 and 31.4, the SBF-Method can reach very faint magnitudes. For galaxies with
My ~ —10 to —11 mag within a distance of about 20 Mpc, reliable SBF measurements
with accuracies better than 0.5 mag can be obtained at about 0.5” seeing, the given
zeropoint of 27 mag and an integration time of 1hr. The SBF-Method is therefore a very
valuable tool for extragalactic distance measurements out to the Fornax/Virgo distance
for even the faintest early-type galaxies.

What are in detail the effects of varying seeing, integration time and distance mod-

ulus on the limiting dE magnitude for SBF application?
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Effects of varying seeing

Table 2.1 shows that for the distance moduli 31.4 and 33.4, increasing the seeing by a
factor of 2 brightens My i by about 2 mag. This corresponds to about 1.4 mag in
central surface brightness po(V'), or a factor of 3.6 in central intensity. This increase
by almost a factor of 4 in central intensity is plausible: the pixel-to-pixel fluctuations
are smoothed by a factor of 2 at 1.0” seeing compared to 0.5” while the SBF amplitude
is proportional to the square root of the intensity; therefore the intensity must be in-
creased by a factor of 4 to compensate for the smoothing.

The “rule” extracted from that behaviour is: Increasing seeing by a factor x needs in-
crease of intensity by a factor of 22 to be compensated.

For the 29.4 mag distance modulus, there is no large difference between 0.5” and 1.0”
seeing. This is because at the faint magnitudes around —10 mag, the central surface
brightness is about 25 mag arcsec™? in I, which is only 2-30 above the sky standard
deviation, i.e. the mean surface brightness is close to the detection limit, and measuring
its fluctuations is very difficult, even if the SBF amplitude is not much smaller than the
mean surface brightness. That is why going from 1.0” to 0.5” seeing, no significant im-
provement of limiting absolute magnitude is reached for the 29.4 mag distance modulus.

Effects of varying integration time / zero point

What is the necessary scaling in integration time t to account for varying seeing? At
31.4 mag distance modulus, only t=900 seconds are needed for 0.5” seeing to reach the
same My jim as for 1.0” seeing and t=3600 seconds.

Thus, increasing seeing by a factor x needs increase of integration time by a factor of 22
to be compensated. This is equivalent to keeping integration time fixed and increasing
the zero point by 2.5*log(z?).

Table 2.1 shows that increasing the integration time ¢ by a factor of 2 results in a 1
magnitude fainter My i, or about a factor of 2 in central intensity. As S/N and SBF
amplitude are proportional to v/t and /I, respectively, this result should be expected.
Thus, increasing integration time t by a factor x allows SBF measurement for objects
with central intensity fainter by the same factor x. This is equivalent to keeping inte-
gration time fixed and increasing the zero point by 2.5*log(z?).

No notable change in limiting magnitude is seen when increasing ¢ from 3600 to 7200
seconds. This might be partially due to statistical reasons, but the major reason is that
the mean surface brightness is close to the detection limit (about 5 sigma above the
sky noise) and the angular extent of the simulated dEs is only a few arcseconds. For
galaxies with My ~ —11 mag, the additionally detected region when going from 3600
to 7200 seconds carries no measurable SBF signal anymore.
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Effects of varying distance modulus

The strength of the SBF relative to the underlying mean surface brightness decreases
linearly with distance. As the SBF are proportional to the square root of the intensity,
the intensity must increase by a factor of 22 when distance increases by a factor of z to
compensate for that. Table 2.1 shows that increasing distance modulus by 2 mag results
in a 3-4 mag brighter limiting magnitude My j;,. This corresponds to about a factor of
10 in central intensity, which is slightly more than the expected value of 2.52=6.25. The
reason for this is that the angular area over which the SBF signal is sampled is smaller
at 2.5 higher distance for the same object.

A simple rule

Summarising the scaling relations found, we give the following rule to calculate the

limiting magnitude Mj; ., at new observing conditions different to the reference ones

new
adopted in our simulations:

Mpow = M rop — 2.5 % 2.66 * lOg(SneW) — 1.33 % (Z Pyt — Z Prew) (2.6)

Sref

M. is the limiting magnitude calculated from our simulations at the given distance
modulus. s is the seeing FWHM in our simulations, spey the new seeing FWHM.
Z Pyt is the total zero point in the simulations, i.e. Z P = 27.0 + 2.5 % log(t) with ¢
being the total integration time. Z Py is then the new total zero point. This all refers
to a gain of 1, i.e. the zero point is expressed in terms of electrons and not ADU.
Note, however, that equation (2.6) is restricted to cases where the mean surface bright-
ness of the galaxy is significantly higher than the sky noise. As when the surface
brightness gets too close to the sky noise (less than about 5 sigma, see the former three
subsections), changing integration time or seeing does not have strong effects on SBF
detectability.

We note that unresolved background galaxies and globular clusters generally increase
the measured SBF signal, which has to be corrected for in real data (see Sect. 3 and
4). For our simulations, we do not take these contributions into account, as they are
small compared to the SBF signal of the galaxies: Using formula (13) of Jensen et al.
([1998]) for the I-band and inserting the values used for the magnitude distribution of
background objects, we get for the relative contribution of background galaxies to the
SBF signal at 33.4 distance modulus a value of the order of 2-4%, depending on seeing
and the galaxy’s magnitude. For the distance moduli 29.4 and 31.4, the contribution is
below 1%.

2.5.2 Comparing real SBF data with simulations

The S/N achieved in SBF measurements for 6 bright Centaurus cluster dEs from VLT
FORSI images (see Sect. 4) is compared with the S/N obtained from simulations tuned
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to reproduce the measured values. A colour-SBF relation, a colour-magnitude relation
and surface brightness-magnitude relation were fit to the measured values of the Cen-
taurus dEs, and 64 galaxies were simulated according to these relations. Their SBF
amplitude was measured as described in Sect. 2.4. In Fig. 2.8, the log(S/N) values of
the real measurements are plotted over the results for the simulations. A line is fit to
both real and simulated data. One can see that the simulations do not overestimate the
S/N of the real data. Both fits are consistent with each other.

This consistency between real and simulated data suggests that the simulations pre-
sented in the previous sections probably are a good approximation of reality. The
applied generalisations like zero ellipticity and purely exponential profile apparently do

not introduce a notable bias towards too high or too low S/N.

2.6 Summary

Extensive simulations of SBF measurements on dEs for three different distance moduli
29.4, 31.4 and 33.4 mag, two different seeings 0.5” and 1.0” and 4 different observing
times 900, 1800, 3600 and 7200 seconds have been presented. For each of the simulated
sets of dEs, the limiting magnitude My j;, below which a distance measurement is not
reliable anymore has been determined. The following results have been obtained:

1. For distances < 20 Mpc, the SBF method can yield reliable cluster mem-
bership of dEs down to very faint limiting magnitudes, e.g. My jim ~ —10 mag for a
distance of 7.5 Mpc, and My jim ~ —11 mag for 19 Mpc distance, at 1hr integration
time, 0.5” seeing and a zero point of 27 mag in the I-band.

2. A number of simple rules are derived in order to calculate limiting magnitudes,
needed integration times or seeing for observing conditions different to the ones adopted
for our simulations.

3. By comparing real SBF data of Centaurus Cluster dEs with simulations tuned
to reproduce the real data, we find that our simulations do not overestimate the achiev-
able S/N of the SBF method, but are consistent with real measurements. Therefore
the statements about limiting magnitudes for the technique made in this chapter are
reasonable and we would not expect a very different behaviour in real observations.

An ideal application of the SBF technique would be a deep and wide field survey of
several nearby clusters such as Fornax, Virgo or Doradus. With the arrival of wide
field cameras on large telescopes (Suprime cam on the Subaru telescope or IMACS on
Magellan), this is a very promising possibility to determine well the very faint end of
the galaxy luminosity function in nearby clusters.

In the next chapter, the first part of such a survey in the central Fornax cluster using

IMACS@Magellan (LCO) is presented.
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Figure 2.8: S/N of the SBF measurement vs. apparent V. Large circles are the
real Centaurus data (from Sect. 4). Dots represent galaxies simulated according to the
Centaurus data’s colour-SBF relation, colour-magnitude relation and surface brightness-
magnitude relation. The dashed line represents a fit to the real data, the solid line is
a fit to the simulated data. Both fits are consistent with each other within the error

ranges.



Chapter 3

SBF distances to candidate dEs
in the Fornax cluster

Section 3.2 of this chapter is based on the publication Hilker, M., Mieske, S. € Infante,
L., 2003, A6A letters, 397, 9.

3.1 Abstract

In this chapter, the faint end slope of the early-type galaxy luminosity function in the
Fornax cluster is investigated by means of SBF cluster membership confirmation and
morphological selection of candidate dEs. We first describe the discovery of ~ 70 very
faint dE candidates in Fornax based on data obtained with the 2.5m du Pont tele-
scope at Las Campanas Observatory (LCO), Chile. The joint sample of newly found
and previously known candidate dEs has a luminosity function with a faint end slope
a ~ —1.140.1, based on purely morphological cluster membership assignment. To im-
prove the membership assignment, we have re-imaged the central Fornax cluster with
substantially better spatial resolution using IMACS and Magellan at LCO. From the
first part of our survey, we directly determine the cluster membership for 10 previously
unconfirmed candidate dEs in the magnitude range —14.2 < My < —11 mag using the
SBF method. Furthermore, we improve the morphological cluster membership assign-
ments for fainter galaxies with My < —10 mag. For the vast majority of dE candidates
we confirm the probable cluster membership, such that « changes by less than 0.02.
We find two new dSph candidates from our IMACS imaging. Including them does not
change « by more than 0.02, either. This confirms the strong discrepancy between the
number of low mass dark matter halos expected in a ACDM universe and the number
of low luminosity galaxies. We find that Fornax dEs are on average slightly larger than
their Local Group counterparts. The SBF measurements indicate a weaker dependence
of the absolute fluctuation magnitude M on (V — I)y at blue colours compared to the
empirical calibration at redder colours.

33
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3.2 Introduction: search for dE candidates in Fornax

This section presents the detection of ~ 70 previously undetected very faint dwarf ellip-
tical galaxy candidates in the central Fornax Cluster, plus photometry of ~ 80 brighter
already known candidates, based on deep imaging in V and I with the 2.5m du Pont
telescope at Las Campanas Observatory, Chile. The follow-up imaging survey “Fornax
Deep Field” is described in the next section 3.3.

3.2.1 Observations and data analysis

The observations were performed in an observing run in December 1999 with the 100-
inch du Pont telescope at Las Campanas Observatory (LCO), Chile, using the WFCCD
camera which images a 25’ diameter field onto the detector, with a scale of 0.774” /pixel.
14 fields in the central region of the Fornax cluster and one additional background field
were observed through the Johnson VI filters. All nights were photometric throughout,
and the seeing was in the range 1.5-2.0".

The CCD frames were processed with standard IRAF routines, instrumental aperture
magnitudes were derived using SExtractor (Bertin & Arnouts [1996]). Surface bright-
ness profiles of all galaxies were measured with the ellipse fitting routines under the
STSDAS package of IRAF.

In order to optimise the detection of faint resolved sources by the software routines,
all CCD fields were first inspected carefully by eye, independently by the author of
this thesis and Dr. M. Hilker, to search for low surface brightness objects with sizes
of Local Group dSphs (effective diameter between 150pc and lkpc, see Mateo [1998],
corresponding to 2” to 12" at the Fornax distance of 31.4 mag (Ferrarese et al. [2000])).
This search resulted in the detection of about 70 previously uncatalogued dSph candi-
dates, see Figs. 3.4, 3.5 and Figs. 3.7 to 3.13 for example images of those candidates
imaged also in the higher resolution follow-up in Sect. 3.3. The possible missing of
objects close to the WFCCD resolution limit is dealt with in Sect. 3.3.

The detection-sensitive parameters of SExtractor were optimised such that most objects
of the by-eye-catalog were detected by the program. Further visual inspection of the
SExtractor detections within the same parameter space as the visual detections, added
about 10% more dSph candidates to the by-eye-catalog. About 10% of the obvious
by-eye detections could still not be found by the routine. These sources were kept in
the catalog, but not considered for the determination of the LF.

For the study of the faint end of the LF, the number counts of dSph candidates were
corrected for incompleteness in the photometric detection. We randomly distributed
2000 simulated dSphs (in 100 runs) in each of the 14 CCD fields. The magnitudes
and central surface brightnesses were chosen such that they extended well beyond the
observed parameter space at the faint limits. The optimised detection parameters were
used to recover the artificial galaxies. The same selection criteria as for the discovered
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dSphs were applied to derive the completeness values as a function of magnitude and
central surface brightness (see Fig. 3.2). For the number counts of the LF the complete-
ness in each CCD field was corrected individually to account for the differing number
densities.

To decrease the contamination of the sample by fore- or background galaxies, the “al-
lowed” range for probable dSph candidates was restricted to within +2¢ of the colour-
magnitude and magnitude-surface brightness relation (see Figs. 3.1 and 3.2).

The photometric parameters of the dwarf galaxies were derived from the analysis of
their surface brightness profiles: the total magnitude by a curve of growth analysis, the
colour within an aperture of 8” diameter, and the central surface brightness from an
exponential fit to the outer part of the profile.

The colour-magnitude relation

In Fig. 3.1 the colour-magnitude diagram (CMD) of all objects is shown. The newly
discovered dSphs are highlighted by large triangles. Except for some outliers, they
follow a well defined colour-magnitude sequence in the sense that the fainter galaxies
are bluer. A linear fit to the data yields: (V' —1I)p = —0.035 -V 4 1.61 with a rms of
0.14.

The colour-magnitude relation of early-type galaxies is well known from other clusters
(e.g. Secker et al. [1997], Barrientos & Lilly [2003]). It might be explained by a strong
metallicity-luminosity relation (see Poggianti et al. [2001]). Here we show that this
relation extends all the way down to the regime of dSphs. For the Local Group dSphs,
there do not exist homogeneous (V' — I)y colours. However, assuming that they are
single stellar populations and then transforming their average iron abundances [Fe/H]
(Grebel et al. [2003]) to (V —I)o colours using equation (4) given in Kissler-Patig et al.
([1998]), they follow surprisingly well the same colour-magnitude relation (Fig. 3.1).

The magnitude-surface brightness relation

Dwarf ellipticals are known to follow a distinct reg-My relation (e.g. Bender et al.
[1992]). Also, they follow a tight My —uy relation in the sense that central surface
brightness increases with increasing luminosity (Ferguson & Sandage [1988], Graham &
Guzman [2003]). The validity of this relation has been a subject of lively debate. A
number of authors have in the past argued against the existence of a magnitude-surface
brightness relation for dEs (i.e. Irwin et al. [1990]) and questioned the cluster mem-
bership assignment to dEs based on morphology. However, Drinkwater et al. ([2001b])
confirm the surface brightness-magnitude relation for Fornax dwarfs, based on their
spectroscopic survey.

Our data shows that the magnitude-surface brightness relation continues to even fainter
magnitudes. As one can see in Fig. 3.2, the sequence of Fornax cluster dSphs matches
quite well the location of Local Group dSphs in this plot (data from Grebel et al. [2003]),
although the Fornax dSphs are somewhat shifted towards larger sizes with respect to
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Figure 3.1: CMD of all extended (circles) and point sources (dots) in our Fornax
WEFCCD fields, also in comparison with Local Group dSphs. The formerly known
candidate dEs from the Fornax Cluster Catalog (FCC, Ferguson & Sandage [1988]) —
classified in that catalog as probable members — are shown as small triangles. The larger
triangles are newly discovered dSphs. Light grey triangles are dwarfs that have been
detected only by eye. Open symbols mark galaxies that lie outside 20 of the magnitude-
surface brightness relation. The solid line is a fit to the colour-magnitude relation of
dEs between 0.3 < (V — I)g < 1.4. Dotted lines are the 20 deviations from the fit.
Asterisks are the Local Group dSphs (data from Grebel et al. [2003]) projected to the
Fornax distance.
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Figure 3.2: Magnitude-surface brightness diagram in our Fornax WFCCD field and
the Local Group dSphs. The central surface brightness derived from an exponential fit
is plotted. Symbols are as in Fig. 3.1, except that open triangles here mark galaxies
that lie outside 20 of the colour-magnitude relation. The dashed line indicates a scale
length of 2.5” for an exponential profile. The solid and dotted lines are the fit to the
magnitude-surface brightness relation and its 20 deviations. The solid curves show the

detection completeness limits of 90, 80 and 50%.
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their Local Group counterparts. Some more compact dSphs might still be hidden in the
barely resolved objects. This will be discussed in more detail in Sect. 3.3 based on the
higher resolution follow-up imaging data presented there.

3.2.2 The faint end of the luminosity function from morphology

In Fig. 3.3, the luminosity distribution of the dEs and dSphs in Fornax is shown. When
fitting a Schechter ([1976]) function to the counts with a completeness larger than 50%
the faint-end slope is & = —1.11 + 0.10. This agrees with the result by Ferguson &
Sandage ([1988]), although their faintest dwarfs were 2.5 mag brighter than ours.
There seems to be a dip in the luminosity distribution at about My = —14 mag. Al-
though this might be due to small number counts (the amplitude of the dip is about
equal to the Poisson error of the number density at the corresponding magnitude), it
is interesting to note that this is near the luminosity where the separation of dEs and
dSphs is defined (e.g. Grebel [2001]). A sum of two Schechter functions better fits the
data (see lower panel in Fig. 3.3) but does not change the faint end slope. If theory
is right, this shallow slope might point to the destruction of a large number of dwarfs
during the evolution of a cluster. One might suggest that the debris of these dwarfs have
partly built up the huge cD halo around the central galaxy (e.g. Hilker et al. [1999b]).

One potentially important restriction of this survey is that we cannot apply reliable
corrections for contamination by background galaxies as a function of apparent mag-
nitude: in a comparison background field, 2 objects within a magnitude range of
—14 < My < —10 mag match the selection criteria described above (see Fig. 3.14).
The average number of objects in each Fornax field is 6.5 +/- 0.7. This indicates on the
one hand that the majority of dE and dSph candidates detected by us should be cluster
members, a conclusion which is supported by the location of the colour-magnitude and
magnitude-surface brightness relation of our candidate dSphs and also by the fact that
both background sources are somewhat offset from the magnitude surface-brightness
relation towards smaller size. On the other hand, the mere fact that there are two
background sources matching the colour and surface brightness selection criteria also
indicates that higher resolution follow up images are clearly needed: both to confirm
the cluster membership of dSph candidates by measuring their distance with the SBF
method and to improve the morphological discrimination between cluster candidates
and background sources (e.g. spirals) close to the resolution limit of the WFCCD data.
The results of a survey aimed at these tasks are described in the next section 3.3.

3.3 “Fornax Deep Field”

The principle task of our project “Fornax Deep Field” (FDF) was to re-image the central
Fornax cluster with a larger telescope and significantly better spatial resolution than in
the WFCCD data from Sect. 3.2. While these latter data had the sufficient depth to
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Figure 3.3: Luminosity function of dEs and dSphs in Fornax from the WFCCD data.
The 80% and 50% detection completeness limits are indicated by vertical lines. The

magnitude limit down to which dEs have been confirmed as cluster members via radial

velocity measurement is indicated by a vertical line at My ~ —14 mag. Upper panel:

The shaded histogram gives the uncorrected number counts. The thin line gives a bin-

ning independent representation of the counts (Epanechnikov kernel of 0.5 mag width).

The thick line shows the completeness corrected counts with the 1o uncertainty limits

(dashed). Lower panel: completeness corrected number counts in logarithmic represen-

tation. The best fitting single Schechter function (solid curve) and sum of two Schechter

functions (dashed curves) are shown.
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accurately derive structural parameters for the brighter dE candidates already known
from the Fornax Cluster Catalog (FCC, see Ferguson & Sandage [1988]) and to detect
very faint dSph candidates, they did not allow to directly measure distances to these
objects.

There are two main aims of “Fornax Deep Field”:

1. Measure SBF-distances to candidate dEs with M; < —11 mag. By that one
pushes the magnitude limit of direct cluster membership about 3 mag fainter than the
current limit (see Fig. 3.3) down to the regime where the detection incompleteness in
the WFCCD data becomes important.

2. Improve the morphological classification of fainter candidate dEs. By that
one further extends the magnitude limit for cluster membership determination, as the
WEFCCD data can be checked for morphological misclassifications like spiral galaxies or
spurious detections, taking advantage of the much better spatial resolution. In addition,
new cluster member candidates possibly overlooked close to the resolution limit of the
WEFCCD data can be searched for.

3.3.1 The data

The observations for “Fornax Deep Field” were taken in the nights 25th of October 2003
and 5-7 of December 2004 at Las Campanas Observatory (LCO), Chile. Here we present
the results of the first night. The instrument used was the Inamori Magellan Areal
Camera and Spectrograph “IMACS” in imaging mode with the “short” f/2 camera,
mounted at the 6.5m Baade telescope. The double-asphere, glass-and-oil-lens f/2 camera
produces an image of 27.4" field diameter at 0.20 arcsec per pixel. The field is vignetted
in the corners (by the tertiary mirror and its mounting assembly), changing from 0%
flux loss at R = 12’ to 10% at R = 15’. The IMACS detector is an 8192x8192 CCD
mosaic camera which uses 8 thinned 2k x4k detectors. Gaps of about 50 pixels separate
the chips (http://www.lco.cl/lco/magellan/instruments/IMACS). Going from WFCCD
to IMACS gives an increase in light collecting area by a factor 6.7, an improvement in
pixel scale by almost a factor of 4 with an corresponding improvement in seeing FWHM
of about a factor of 3. As a comparison, Fig. 3.5 shows the same area on the sky imaged
by the WFCCD camera and IMACS.

In the first night of the observations in 10/2003, two fields in the central Fornax cluster
were observed in the two bands V' and I, see Fig. 3.4. The dE candidates imaged in
these two fields are especially marked in Fig. 3.14. Thumbnail comparison between the
WEFCCD and IMACS images for all these candidates are shown in Figs. 3.7 to Fig. 3.13.
The total integration time in V' was 1800 seconds, divided into three single exposures
of 600 seconds each. The I-band integration time was chosen from formula (2.6) to
achieve as a limiting absolute magnitude for SBF-measurement that of the faintest dE
candidate brighter than My = —11 mag. We assumed the median LCO seeing of 0.6”
(see http://www.lco.cl) and scaled the VLT-zero point to the Magellan one according to
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the ratio of their light collecting areas. The total I-band integration time then was 4200
seconds for Field 1 and 5160 seconds for Field 6, divided up into 12 single exposures
for Field 1 and 16 single exposures for Field 6. As at the time of the observations the
Atmospheric Dispersion Corrector (ADS) had not yet been installed at the instrument,
the image quality decreased significantly towards the outer parts of the field of view
(FOV). The seeing-FWHM was about 0.6” in the central 5-10 arcminutes of the image
and became as bad as about 2" towards the image borders. Repeated adjustment of
the instrument focus and appropriate shifts of the image pointing nevertheless allowed
us to image the major part of the candidate dEs in our FOV with a seeing better than
0.8".

Standard star images of the three Landolt fields SA92, SA95 and SA98 were taken at
different airmass values during the night in one short (2 seconds) and long exposure (10
seconds), resulting in about 100 data points for a total of 35 standard stars.

Image reduction before SBF measurement

The image reduction steps before the SBF measurement were the following: first, a
masterbias was created for each chip which was then subtracted from the raw science
frames and domeflat exposures. Then for each chip the bias corrected dome flats were
combined. The dome flats of all 8 chips were then merged to a single 8kx8k flat image.
The single chip domeflats were normalised with respect to the mean of this merged
8k x 8k domeflat. The CCD sensitivities varied significantly, within a range of about +
20% between the single chips. The bias subtracted science frames were then divided
by the normalised dome-flats. They were registered with integer pixel shifts, combined
and merged into an 8kx8k image.

The same image reduction procedure was performed for the standard star images. Their
instrumental magnitudes were measured with the IRAF package APPHOT in apertures
equal to those used by Landolt ([1994]). Then, a single photometric solution was de-
termined for the entire 8k x8k image. There were still sky-background variations of the
order of + 2-3% between the single chips, resulting in similar photometric zeropoint
variations. For the final galaxy photometry, these variations were corrected for by com-
paring the photometric zero-point on the particular chip where the galaxy was located
with the overall zero-point. This was possible due to the large total number of standard
star measurements. Table 3.1 shows the photometric calibration coefficients.

For each investigated galaxy, the local background level was determined in both pass-
bands via a curve of growth analysis, yielding the total apparent magnitudes in V' and
1. To correct for galactic reddening and absorption, we used the values from Schlegel
et al. ([1998]), who give A; = 0.025 and E(V — I) = 0.018 for the coordinates of the
Fornax cluster.
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ZP; ZPy CT; CTyv Ky ky
26.667 (0 = 0.027 mag) 27.070 (o = 0.037 mag) 0.066 0.019 0.073 0.153

Table 3.1: Photometric calibration coefficients for the first night of Fornax Deep Field.
Calibration equation is: m = mypstr + ZP — CT % (V — I) — k* AIRMASS. The o
values indicate the zero point scatter between the different chips.
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Figure 3.4: Map showing the location of the fields observed in our survey Fornax Deep
Field. The two fields No. 1 and 6 indicated by solid lines were observed in October
2003, the rest of the fields in December 2004. The small circles mark all dE candidates
with unconfirmed cluster membership observed with the WFCCD imaging from see
Sect. 3.2. The ones marked by an additional larger circle are those bright enough
(My < —11 mag) that a clear SBF signal should be detected if they were cluster
members, see Sect. 2.5. The underlying image of the Fornax cluster comes from the DSS
(http://stdatu.stsci.edu/dss/). Note that due to their intrinsic low surface brightness,
none of the dE candidates is visible in this image. Some of the dE candidates marked
within the solid squares were finally not observed due to vignetting or the gaps between
the different chips.
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Figure 3.5: Comparison between a 6x6’ image excerpt from the WFCCD data (top,
see Sect. 3.2) and an excerpt from the IMACS data dealt with in Sect. 3.3. The circles
indicate from left to right the 4 galaxies FCC 145, LSB 6-3, FCC 141 and FCC 140, see
Sect. 3.3.2 and Figs. 3.7 to 3.12 for further details.
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SBF measurement

The SBF measurement procedure was similar to that outlined in Sect. 2.4.2 for the
simulated data. However, as we now deal with real data, several observational effects
have to be taken into account.

The first one is that a not negligible fraction of fluctuation arises from the sky back-
ground, namely by undetected background sources and instrumental effects like fringing
or large scale sky level gradients. This contribution is estimated by measuring the fluc-
tuations in three different blank image sections close to the investigated galaxy. The
second change with respect to the simulations is that now the distortion of the PSF
power spectrum that is caused from multiplying the fluctuation image with a mask im-
age is corrected for. Another additional fluctuation contribution comes from undetected
globular clusters associated with the galaxy. However, this contribution is negligibly
small because at the Fornax cluster distance the globular cluster luminosity function
(GCLF) is mapped about 1.5 mag fainter than its turnover magnitude, given that the
50% completeness magnitude for point source detection is about I = 24.5 mag (as de-
termined from artificial star experiments). Assuming equation (15) from Blakeslee &
Tonry ([1995]), a turn-over magnitude (TOM) of M; = —8.46 mag and Gaussian width
o = 1.2 mag for the GCLF (Kundu & Whitmore [2001]), a Fornax distance modulus
of 31.4 mag, a galaxy colour (V — I)y = 1.0 and a specific frequency of its GC system
SN = 107&% = 5 (Miller et al. [1998]), the relative fluctuation contribution of
the undetected GCs to the SBF signal is 0.0035 mag.

These are the relevant measurement steps for determining the SBF magnitude, see also
Sect. 2.4.2:

1. Model mean galaxy light with ELLIPSE using a sigma clipping algorithm to disregard
contaminating sources, subtract the model.

2. Detect and subtract remaining contaminating objects from original image.

3. Model mean galaxy light on the cleaned image.

4. Subtract model of original image.

5. Divide resulting image by square root of the model, cut out circular portion with
radius typically 20-25 pixel (4 — 5”), corresponding to about 8 seeing disk diameters.
6. Mask out contaminating sources like foreground stars and background galaxies.

7. Calculate the power spectrum (PS) of the cleaned image.

8. Calculate the PS of the sky background in three different blank image sections close
to the investigated galaxy. Normalise these fluctuations by dividing these blank images
by the mean galaxy intensity in the region where SBF are measured. Subtract this
normalised background PS ABG from the PS of the SBF image.

9. Obtain the azimuthal average of the resulting PS.

10. Fit function of the form

P(kﬁ) = E(kﬁ) X Py+ P (3.1)
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to the result. Here, E(k) = PSF(k)@W (k) with W (k) the PS of the mask used to excise
contaminating sources and restrict the measurement area. PSF(k) is the undistorted
power spectrum of the PSF. Using E(k) instead of PSF(k) implicitly corrects for the
power spectrum damping at low wavenumbers that is caused by the convolution of
the undistorted PSF'(k) with the power spectrum of the mask, see also Sect. 2.5 and
Fig. 3.6.

11. Obtain the desired observable 7 from

my = —2.5xlog(Py) + ZP; — Ar — Ak (3-2)

Ay is the foreground absorption, Ak = z x 7 the k-correction for SBF in the I-band
(Tonry et al. [1997]).

The colour (V — I)g of each galaxy was determined in the region where SBF were
measured. We compared the (V' — I)g estimates from the IMACS data with the values
derived in Sect. 3.2 from the WFCCD imaging to get a feeling for their absolute accuracy.
When restricting to those 17 galaxies with po(V) < 25 mag/arcsec?, we find that the
mean difference in (V —I')p between the IMACS and WFCCD data is A(V —I) = 0.062
mag with a scatter of 0.10 mag. This difference is significant at the 2.4¢ level and hints
at the possible presence of small residual zero-point uncertainties in the photometric
calibrations of both data sets. Another reason could be systematic biases in the sky
background determination for both data sets. However, we re-did the curve of growth
analysis for several galaxies in the WFCCD and IMACS data and found no significant
indications for an systematically offset background adjustment in one of the filters. A
possible reason for a bias in the zeropoint calibration could be the significant distortion
of the PSF in the outer regions of both the WFCCD and IMACS data. However, for
both data sets we measured the instrumental magnitudes within very large apertures,
and even if distortion effects play some role, they should be only of minor importance for
colour determinations. During the first night of observation with IMACS, the (V —I)
zero-point varied by less than 0.03 mag during the night, given an upper limit on the
effect of possible non-photometric conditions as a reason for the colour offset.

To take this colour shift into account, we adopt the (V' — I) colour derived in IMACS
minus a global correction of 0.031 mag, half of the difference between the IMACS and
WEFCCD colours. This global absolute colour uncertainty translates into a lower limit
of 7 % (0.14 mag) absolute distance accuracy, assuming the empirically calibrated slope
4.5 of the (V — I)g — M relation.

With the galaxy colour (V' — I')p at hand and keeping its systematic absolute accuracy
limit of 0.03 mag in mind, M; was then derived using equation (1.10), yielding the
distance modulus (m — M)gpr. The distance error had two major, equally important,
contributions: uncertainty in (V —1I)¢ and Fy. The measurement uncertainty in (V' —1)g
was estimated from the uncertainty in the sky-background determination. It was about
0.07 mag, which is relatively large due to the low surface brightness of the galaxies
investigated, and translates into a 0.30 mag distance uncertainty. The error of Py was
estimated in two ways: based on the Monte Carlo simulations presented in Sect. 2.5,



46 Chapter 3: SBF-distances to candidate dEs in Fornax

yielding an error of about 0.30 mag, and from the scatter of the fitted values for P,
when subtracting the three different sky background power spectra. The maximum of
both error estimates was adopted as error in Fj.

3.3.2 Discussion I: Improved constraints on the Fornax galaxy lumi-
nosity function

Thumbnails of all 24 candidate Fornax dEs imaged in FDF are shown in Figs. 3.7
to 3.13. This sample consists of all dE candidates listed as probable cluster members
from the Fornax Cluster Catalog (FCC, Ferguson & Sandage [1988]) plus the newly
found, fainter, low surface brightness (LSB) candidate dEs from Sect. 3.2. Their pho-
tometric properties are summarized in Table 3.2. Fig. 3.14 illustrates their location in
the magnitude-surface brightness plane.

The galaxies for which SBF could be detected are shown in Figs. 3.7 to 3.10. In these
plots, also the SBF-measurement steps are illustrated. The results of the SBF measure-
ments are listed in Table 3.3. Also indicated are the PS contribution from the back-
ground ABG and the amount of power spectrum damping A4 = 2.5 X log(%)
(see Fig. 3.6). In Table 3.3, both the canonical S/N as well as the modified S/N* as
defined in Sect. 2.4.2 is given. For most galaxies, S/N* > S/N, because the seeing was
better than about 0.75” for these galaxies. Due to the significant distortion at the image
borders, some galaxies with rather bad seeing have S/N* < S/N.

As can be seen from Table 3.3 and also Fig. 3.22, all the galaxies with an SBF signal
detected have SBF-distances roughly corresponding to the Fornax cluster. Due to the
significant redshift gap behind Fornax (Drinkwater et al. [2001a], Hilker et al. [1999])
and its high galaxy density (Ferguson & Sandage [1988]), we classify all these galaxies
as cluster members. In Fig. 3.10 we also show galaxy LSB 1-3 whose SBF signal was
classified as too weak to be considered a confidential detection. For that galaxy, the
S/N of the SBF measurement is around unity and the amount of background fluctua-
tion is about two times as high as the fluctuations in the galaxy. Apart from this galaxy,
which was excluded from the SBF-sample, there are two galaxies that we include in the
SBF-sample but which have rather low S/N and S/N*: FCC 154 and LSB 5-6 (see
Table 3.3). Furthermore, galaxy FCC 160 has a quite high S/N of about 9, but a rather
low modified S/N* (see Sect. 2), due to bad seeing. The effect of ex- or including these
objects into the distance sample is discussed in Sect. 3.3.3. As they morphologically
clearly classify as cluster members, ex- or inclusion in the SBF-sample has no effect on
the shape of the LF but only on the distance estimate to Fornax. Note that no galaxy
that was bright enough to detect a strong SBF signal at the Fornax distance turned
out to have a non-measurable signal. This rules out a significant contamination of our
sample by giant LSB background galaxies.

The limiting galaxy magnitude for reliably detecting an SBF signal in our data is about
V ~ 20 (My ~ —11.5) mag (see Fig. 3.14). This is marginally brighter than the limit
of My = —11 mag based upon which the integration time for the imaging was chosen.
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Figure 3.6: Plots illustrating the power spectrum damping effect of the window function

used to excize contaminating sources and restrict the measurement area. Upper panels:
The dE FCC 140 in the Fornax cluster with My ~ —13 mag. Middle panels: NGC 3311
in the Hydra cluster (see Sect. 4). Lower panels: dE 258 in Hydra with My ~ —15.5
mag (see Sect. 4). Left panels: mask image used to blend out contaminating sources

and restrict the measurement region. Masked regions are black. Middle panels: Power

spectrum of the mask on the left image. Right panels: Filled circles: power spectrum

of an isolated star, normalised to unity at wavenumber k=0. Crosses: the same power

spectrum convolved with the mask power spectrum from the middle panels.
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Figure 3.7: Thumbnail images of those galaxies for which cluster membership is con-
firmed via detecting SBF. Galaxies are ordered by decreasing V-band magnitude from
left to right. The galaxy number is indicated in the power spectrum plot in the last line.
First line are thumbnails from the WFCCD data of width 15”, second line thumbnails
from the IMACS data of the same size. Third line is the model subtracted IMACS
image, 4th line the SBF image. The 5th line gives the azimuthally averaged power
spectrum of the SBF image and its fit indicated by a dashed line. The normalised
power spectrum of the sky background has already been subtracted, see Sect. 3.3.1.
The given power spectrum therefore corresponds to the pure stellar fluctuations in the
galaxy itself.
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Figure 3.8: Members from SBF, continued from Fig. 3.7.
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Figure 3.9: Members from SBF, continued from Fig. 3.8.
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Figure 3.10: Members from SBF, continued from Fig. 3.9. Galaxy 1-3 has a somewhat
distorted fluctuation power spectrum, a very low S/N of about 1.0 and a very large
contribution from background fluctuations of ABG = 0.56 mag. It is classified as a
member from morphology (see Fig 3.11) and is not included into the SBF distance
estimate to Fornax. Including it in this plot is done to illustrate a limiting case for
SBF measurement. In contrast, galaxy 5-6 is included in the SBF distance set. It has
a somewhat better shaped power spectrum, a higher S/N of 2.4 and a smaller ABG of
0.40 mag (see also Table 3.3).
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FCC 162

LSB 1-5

LSB 1-3

LSB 5-1

LSB 1-2

LSB 1-6

LSB 6-8

LSB 6-7

Figure 3.11: Probable members from morphology, ordered by decreasing V-band lumi-
nosity from top to bottom. Left WFCCD, Right IMACS. Image width is 30" except for
the second galaxy from the top where it is 1’. The two times larger image width with
respect to the thumbnails in Figs. 3.7 to 3.10 was chosen because the galaxies plotted
here have a lower contrast against the sky background.
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FCC 141

Figure 3.12: Probable background galaxies from morphology. Left panels show images
from WFCCD, right panels IMACS images. For the first two galaxies, the IMACS
image plus a model subtraction of that image is shown.
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LSB 6-6

LSB 1-4

Figure 3.13: Galaxies with uncertain cluster membership assignment. Top panels: LSB
6-6, which is located in close projection to a much brighter galaxy and might therefore
also be some kind of tidal debris. From left to right: WFCCD image; WFCCD image
minus model of the bright companion; IMACS image; IMACS image minus model.
Bottom panels: LSB 1-4, which at least partially is resolved into several point sources
in the IMACS data, putting into question its classification as dE candidate.

There are two reasons for that:

1. The assumed seeing for these calculations was 0.6”, which was realised for only a
couple of dE candidates due to the strongly varying image quality over the field of view.
The mean seeing for the 10 dEs with SBF measurement was 0.74”, it ranged between
0.62 and 1.19”. Consulting formula (2.6), which gives the limiting absolute magnitude
for SBF measurements for observing conditions different to those used for the simula-
tions in Sect. 2, a change in seeing from 0.60 to 0.74” corresponds to a 0.6 mag brighter
limiting magnitude. This corresponds quite well to the difference between the before-
hand calculated and the finally achieved limiting magnitude. We can therefore state
that the predictions for SBF measurements deduced from the simulations in Sect. 2,
expressed in formula (2.6), prove to be realistic.

2. For the simulations the contribution of background fluctuations ABG to the SBF-
signal was regarded as negligibly small. While this is almost true for VLT-FORS images
(see Sect. 4), the significant CCD-fringing and smaller scale flat-field gradients in the
IMACS I-band images cause an increase in the sky noise which slightly decreases the
achievable S/N in SBF measurements.

The galaxies for which no SBF signal could be detected but which morphologically clas-
sify as probable cluster members are shown in Fig. 3.11. In the IMACS images, these
galaxies maintain their smooth morphology and low surface brightness based upon which
they were selected as possible cluster members from the lower resolution WFCCD imag-
ing. The brightest of those galaxies, galaxy FCC 162, falls into the magnitude-surface
brightness regime where SBF measurement is still possible (see Fig. 3.14). However,
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it lies in very close projection to the Fornax cluster giant NGC 1379 (see Fig. 3.4). A
proper SBF measurement for FCC 162 is inhibited for two reasons: first, additional
photon shot noise introduced by NGC 1379’s light reduces the S/N of the SBF; second,
FCC 162 is located close to the borders of the IMACS FOV where the image quality is
already quite deteriorated.

There are two limiting cases of galaxies that deviate slightly more than 20 from the
magnitude-surface brightness relation, namely the very extended galaxy LSB1-5 (2nd
from top in Fig. 3.11) and the rather small galaxy LSB6-7 (first from bottom in
Fig. 3.11). We classify both of them as probable cluster members, since their morpho-
logical appearance is very similar to the rest of the morphologically confirmed cluster
members.

Fig. 3.12 shows thumbnails of the 4 dE candidates from Sect. 3.2 which, based on our
higher resolution IMACS imaging, reveal themselves as probable background galaxies.
The reasons to classify them as probable backround were the following: galaxy FCC
141 is of very high surface brightness and shows clear spiral features after subtracting
an elliptical galaxy light model; galaxy 6-1, although not showing spiral-like residuals
after model subtraction, also has a typical high surface brightness inner region and an
outer low surface brightness like that of spiral galaxies. Galaxies 6-3 and 1-1 appear
like interacting background spirals. All these 4 galaxies look clearly more compact than
the much dimmer and more extended low surface brightness dEs from Figs. 3.7 to 3.11.
This is also reflected in Fig. 3.14: all 4 probable background galaxies lie close to or be-
yond the bright 2¢ limit of the surface-brightness magnitude relation. Indeed, galaxies
6-1 and 6-3 are those for which the re-measurement of pg with the better resolution
IMACS data (see Fig. 3.20) yields the largest “jump” towards higher pg. A further
reason for classifying spiral/interacting galaxies as background is that the overall dwarf
galaxy population in the central Fornax cluster is vastly dominated by early-type galax-
ies, with only very few dIrrs known (Ferguson & Sandage [1988]).

There are two galaxies (LSB6-6 and LSB1-4) whose classification remains unclear (see
Fig. 3.13). LSB6-6 lies in very close projection to a much brighter galaxy and might
therefore not be a proper galaxy but rather tidal debris. Major parts of galaxy LSB1-4
are resolved into point sources and leave only a very dim and small low surface bright-
ness part in between them.

Equiped with the revised cluster membership assignments, we can go in medias res:
how does the Fornax early-type galaxy luminosity function change, when we take into
account the SBF cluster membership assignments and improved morphological classifi-
cations? 10 of the 24 imaged galaxies could be confirmed as cluster members from SBF,
further 8 are confirmed from morphology, 4 are classified as background and two have
an uncertain classification. That is, of those 22 galaxies with robust classifications, 18
are probable members and 4 probable background. This already indicates that both
the cluster membership classification from the FCC (Ferguson & Sandage [1988]) as
the selection of fainter dE candidates from Sect. 3.2 was quite effective. To be more
quantitative, Fig. 3.15 shows both the original luminosity function from Fig. 3.3 and a
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Galnr. | Ra[2000] Dec[2000] | V' po(V) (V —1I)o | Membership flag
FCC 156 | 3:35:42.8 35:20:18.1 | 16.79  23.12 1.001
FCC 160 | 3:36:04.2 35:23:19.2 | 17.24  23.20 1.057
FCC 140 | 3:34:56.6 35:11:27.0 | 18.42  23.51 0.931

FCC 229 | 3:39:55.3 35:39:42.3 | 18.54  24.20 0.832
FCC 145 | 3:35:05.6 35:13:05.8 | 18.88  23.47 0.957

FCC 141 | 3:34:57.1 35:12:18.0 | 18.98  21.70 0.769
FCC 162 | 3:36:06.7 35:25:52.0 | 19.02 24.11 0.580
FCC 144 | 3:35:00.3 35:19:21.8 | 19.07  23.83 1.054
FCC 154 | 3:35:30.5 35:15:06.4 | 19.07  24.27 0.871
LSB1-5 | 3:40:02.8 35:27:54.5 | 19.50  26.26 0.961
LSB6-4 | 3:35:57.9 35:20:53.8 | 19.87  23.80 0.929
LSB6-2 | 3:34:57.7 35:13:23.8 | 20.01  24.15 0.988
LSB6-1 | 3:35:06.1 35:06:25.2 | 20.30  24.10 0.799
LSB6-6 | 3:35:49.6 35:07:21.9 | 20.38  25.90 1.661
LSB1-3 | 3:39:41.6 35:31:53.3 | 20.44  24.57 0.624
LSB5-1 | 3:35:05.4 35:27:03.4 | 20.51  25.64 0.981
LSB6-3 | 3:34:58.4 35:15:29.7 | 20.52  23.80 0.739

LSB1-2 | 3:39:28.8 35:34:21.9 | 20.61  26.39 0.791
LSB1-6 | 3:39:56.4 35:37:19.8 | 20.65 25.10 0.751
LSB1-1 | 3:39:58.5 35:33:23.8 | 20.93  23.21 0.759
LSB5-6 | 3:35:47.4 35:21:41.6 | 21.52  24.91 0.960
LSB6-8 | 3:36:01.8 35:18:38.0 | 21.69  25.47 1.061
LSB1-4 | 3:39:42.0 35:28:05.0 | 22.00  25.93 0.661
LSB6-7 | 3:35:38.2 35:05:41.2 | 22.20  24.95 0.709

WO Wk B WWhrWWwahksrrR,rHEr WHERWRrRR~R,RHRRFRRFR®RF

Table 3.2: Table showing the coordinates and photometric properties of all candidate
dEs imaged in the first night of FDF. Galaxy designations FCC and the running num-
bers are from the Fornax cluster catalog (Ferguson & Sandage [1988]). Designations
LSBx-x refer to dE candidates discovered for the first time in Sect. 3.2. The first index
refers to the field number of the WFCCD images, the second index is the running num-
ber of the LSB candidates in that image. For uo(V) < 25 mag/arcsec?, (V — I)g is the
value derived from the IMACS photometry minus 0.031 mag, which is half the difference
between the mean (V' — I)y colour from IMACS and the WFCCD data (see Sect. 3.3.3
for further details). For pg(V) > 25 mag/arcsec?, (V — I)g is the value derived from
the WFCCD photometry plus 0.031 mag.

The membership flags mean the following: 1 member from SBF; 2 non-member from
SBF; 3 member from morphology; 4 non-member from morphology; 5 uncertain clas-
sification. Note that no galaxy has flag=2, indicating that the WFCCD sample has a
negligible contamination by giant LSB background galaxies.
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Figure 3.14: Magnitude-surface brightness plot of the same objects as in Fig. 3.2, now
with the candidates re-observed in Fornax Deep Field marked according to their revised
cluster membership assignment: Double circles indicate cluster membership confirmed
with SBF. Single circles indicate probable cluster member from morphology. Small
asterisks: probable background galaxy from morphology. The two open squares mark
the location of the two morphologically selected dE candidates in a WFCCD background
field. The two filled hexagons mark the two additional cluster member candidates found
from the IMACS imaging.
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Figure 3.15: Plot of the original galaxy luminosity functions (LFs) from Fig. 3.3 and
the corrected LFs derived in Fornax Deep Field (FDF). Upper panel: The original
LF in linear scale is indicated in the incompleteness corrected, binning independent
representation as a solid line. For this LF, only galaxies within 20 of the magnitude-
surface brightness and colour-magnitude relations (see Figs. 3.2 and 3.1) are consid-
ered. The histogram shows the ratio of the number of dE candidates with probable
cluster membership from SBF and morphology to that of all candidates observed in
the FDF that fall within 20 of the magnitude-surface brightness and colour-magnitude
relation, see Fig. 3.14. The histogram error bars are 1o and were calculated according
to Gehrels ([1986]). The dotted line is a binning independent kernel estimator of 1.5
mag kernel width. The dashed line is the product of the solid and dotted line, i.e.
the corrected LF, taking into account the SBF cluster membership confirmations and
improved morphological classifications of FDF. Lower panel: The solid black line is a
1-component Schechter function fit to the original LF in logarithmic scale, having slope
«a = —1.102. The dashed black line is a fit to the corrected LF, having slope o = —1.087.
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Galaxy Amask S/N S/N*  Agg My (m — M)spr d [Mpc]
FCC 156 0.093 9.8 15.4 0.188 29.60 £+ 0.31 32.00 £ 0.44 25.1 £ 5.2
FCC 160 0.182 9.1 2.3 0.502 28.96 + 0.31 31.12 £ 0.44 16.7 + 3.4
FCC 140 0.139 6.0 9.0 0.225 29.37 +0.34 32.10 £ 0.46 26.3 £ 5.7
FCC 229 0.113 4.5 85 0.387 29.09 £+ 0.30 32.27 £ 0.43 28.4 +£ 5.7
FCC 145 0.034 9.9 13.6 0.243 28.65 £+ 0.29 31.26 £ 0.43 17.9 £+ 3.6
FCC 154 0.310 1.4 1.1  0.409 28.03 £ 0.34 31.03 £ 0.46 16.0 £+ 3.5
FCC 144 0.175 7.5 10.4 0.271 28.72 £ 0.30 30.90 £ 0.44 151 £ 3.1
LSB6-4 0.071 5.2 3.6 0.278 28.69 £ 0.35 31.42 £+ 0.47 19.2 + 4.2
LSB6-2 0.126 5.5 8.6 0.292 28.68 £+ 0.30 31.29 £+ 0.43 18.1 + 3.7
LSB5-6 0.142 2.4 2.6 0.403 28.76 + 0.32 31.36 £ 0.45 18.7 +£ 3.9
31.52 + 0.15 20.2 £+ 1.50

Table 3.3: Table showing the results of the SBF measurements for the 10 dEs with
measurable SBF signal. Units are magnitudes except for the last column, S/N and

S/N*. (m — M)spr gives the distance modulus when adopting relation (1.10) for all
galaxies. S/N* as defined in Sect. 2.4.2.

new, corrected one. This corrected luminosity function is derived from the original one
by multiplying with the ratio of the number of cluster members from SBF and morphol-
ogy to the number of all galaxies with robust classification. For this calculation only
those galaxies are included which fall within 20 of the colour-magnitude and magnitude-
surface brightness relation of all candidates (see Fig. 3.14). This excludes two galaxies
which are probable background and two which are probable members from morphology.
The slope of the corrected luminosity function is &« = —1.087, only marginally different
to the value of & = —1.102 derived in Sect. 3.2. Including the 4 galaxies outside the 2o
limits changes the slope by less than 0.01. We therefore can confirm the very shallow
faint end slope for the Fornax galaxy luminosity function derived on pure morphological
grounds.

Looking at Fig. 3.15, there might be a small trend in the sense that towards fainter
magnitudes the number of misclassifications from the WFCCD data increases, although
number counts are certainly too low for more definite statements. Analysis of the second
part of FDF will allow a more detailed assessment of this possibility. Such an effect
would be consistent with the fact that for galaxies with sizes close to the resolution limit
of the WFCCD, details like spiral arms or tidal features can only be detected from our
IMACS imaging.

Search for previously undetected dSph candidates

It still remains to be checked whether in our new IMACS image data we can detect
more dSph candidates that remained hidden below the resolution limit in the WFCCD
data. This is motivated by the fact that several Local Group dSphs would fall close to
the resolution limit of the WFCCD data at the Fornax cluster distance (see Fig. 3.2),
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Figure 3.16: Comparison of simulated typical dE candidates at the Fornax cluster dis-
tance with an unresolved source of same luminosity (right to the galaxy) and an un-
resolved source 1 mag fainter (below the galaxy). Top image: WFCCD pixel scale of
0.8” /pixel and a seeing of 1.8”. Bottom image: IMACS pixel scale of 0.2” /pixel and a
seeing of 0.75”. In each line, the dEs have the same absolute luminosity, going from
My = —13 mag to My = —10 mag from top to bottom. From left to right, they have
decreasing central surface brightnesses pg as follows: 3o brighter than pg from the mag-
nitude surface-brightness relation in Fig. 3.2 (10 = 0.75 mag), 20 brighter, 1o brighter,
identical brightness, 1o fainter.
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Figure 3.17: Top panel: IMACS image excerpt with simulated dEs close to the resolu-
tion limit of the WFCCD data indicated as small red circles. Large green circles indicate
from left to right the galaxies FCC 145, LSB 6-2, and FCC 140, all confirmed as cluster
members via SBF. The white circle indicates the only real source that shares the pa-
rameter space of the simulated dEs in the SExctractor output catalog. Bottom panel:
Another IMACS image excerpt, now without candidate cluster members. Again, small
white circles indicate real sources that share the parameter space of the simulated dEs,
while red circles are simulated ones. Clearly, the fainter candidates are misclassified due
to distortion of the PSF while the brighter ones appear like background spirals.
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Figure 3.18: Thumbnails of all 13 sources in the entire chip from Fig. 3.17 that share the
SExtractor detection parameters of the simulated dEs close to the WFCCD resolution
limit. Image width is 30”. Note the significant image distortion due to which unresolved
sources appear elliptical. The candidate in the lower right thumbnail is a false detection
due to fringing and telescope structure reflection, as can be recognized from the ring-like
structure extending towards the left. This last thumbnail has a width of 1’.
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Figure 3.19: Thumbnails of 30" width from the IMACS data, showing the seven pos-
sible cluster member candidates that were selected by visual inspection from those
sources that share the SExtractor detection parameters of the simulated dEs close to
the WFCCD resolution limit, see also Figs. 3.17 and 3.18. Top row: two candidates out-
side the FOV of the WFCCD data. Second row from top: three candidates that already
were selected as candidates in the WFCCD data, namely galaxies LSB 6-8, 6-4 and 1-3.
Second row from bottom: Two candidates inside the WFCCD-FOV that had previously
not been classified as cluster member candidates. Bottom row: WFCCD-thumbnails of
the two above candidates.
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towards brighter pg at about the 3¢ limit of the Fornax mag-p relation. The FWHM
of the WFCCD images was between 1.5 and 2", corresponding to 140 to 180 pc at the
Fornax cluster distance. Local Group dSphs have effective diameters between 150 pc
and lkpc (Mateo [1998]), such that if placed at the Fornax cluster distance, several of
them would have gone undetected in the WFCCD images. However, we note that the
Fornax dEs are on average significantly larger than their Local Group counterparts of
the same luminosity. The magnitude-surface brightness (mag-u) relation of the Fornax
dEs is shifted about 1.1 mag towards higher surface brightness compared to that of the
Local Group (see Figs. 3.2 and 3.14). This is not a selection effect caused by missing
dE candidates close to the WFCCD resolution limit: only two of the more than 20
Local Group dSphs are at the low surface brightness part of the Fornax mag-u relation.
When restricting the WFCCD data points to My < —11 mag, which is the approximate
magnitude limit fainter than which the mag-u region of the smallest WFCCD dE can-
didates overlaps with spurious SExtractor detections of extended sources (see Figs. 3.2
and 3.14), the offset between the LG and Fornax mag-u relation still is 1.1 mag. If
shifting the LG dwarf data points 1.1 mag towards lower surface brightness, none of
them falls beyond the 20 limit of the Fornax dEs. Therefore, it appears unlikely that
from the WFCCD data we are missing a substantial number of candidate dEs close to
the WFCCD resolution limit.

Fig. 3.16 shows a comparison of typical dE/dSph candidates with unresolved sources,
assuming two different pixel scales and resolutions: first the WFCCD pixel scale of
0.8” /pixel and a seeing of 1.8”, second the IMACS pixel scale of 0.2” pixel and 0.75”
seeing. For the WFCCD data, dEs with My ~ —10 to —11 mag and 3¢ brighter in
to(V') than the mean magnitude-surface brightness relation are still quite well distin-
guishable from unresolved point sources. Nevertheless, for the IMACS data a clearer
distinction can be made.

In order to search in the IMACS images for dE candidates with sizes close to the WF-
FCD resolution limit, three steps were performed:

1. Put simulated dEs in the range —9 > My > —12.5 mag and between 1 and 3o
brighter in po than the mean magnitude-surface brightness relation onto the IMACS
images.

2. Run SExtractor on these images to recover the simulated dEs.

3. Search for objects in the SExtractor output catalog that share the same range of
FWHM, peak surface brightness, total luminosity, star-class, Kron-radius and isophotal
area than the simulated dEs.

4. Perform a visual inspection of those objects.

Fig. 3.17 shows image excerpts from the IMACS data, indicating some confirmed cluster
dEs, simulated dEs close to the WFCCD resolution limit and those real sources that
share the parameter space of the simulated dEs with My < —10 mag in the SExtractor
output catalog. The restriction to My < —10 mag is made as this is the approximate
50% completeness limit of the WFCCD data. Not only in this excerpt, but in the en-
tire chip (Figs. 3.17 and 3.18), one morphologically rejects each of the 13 sources that
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share the simulated dE parameters. The resolved ones clearly resemble compact high
surface brightness background galaxies. In the other cases, the significant distortion of
the PSF near the image borders makes the candidates appear galaxian, although their
shape is identical to the PSF of nearby stars/unresolved sources. In Fig. 3.19, we show
thumbnails of those seven sources from the entire two imaged fields that morphologically
resemble the simulated small dEs. Two of them were outside the image limits of the
WFCCD data and hence are not included in the revision of the WFCCD-LF. Further
three of these candidates were already known, while two of them have been imaged in
the WFCCD data but had not previously been classified as candidates. The location
in the mag-p plane of these two new candidate cluster members already imaged in the
WFCCD data is indicated in Fig. 3.14. Both are fainter than My = —10 mag and
close to the 50% completeness limit of the WFCCD data. When recalculating « with
those two now candidates, the result is a = —1.096, indistinguishable from the values
previously calculated without taking into account the new detections. The simulations
and subsequent check of the SEctractor output catalog hence show that the detection of
LG dSph candidates in Fornax as done with the WFCCD images was already complete
to about 90%, given that only two new possible candidates are added to the 18 probable
cluster members imaged in the FDF.

A final check is to compare the location in the mag-u plane from the WFCCD photome-
try to that with the FDF photometry. For those galaxies with 1o(V) < 25 mag/arcsec?,
such a comparison is shown in Fig. 3.20. The mean difference in total apparent magni-
tude V between the FDF and WFCCD value is 0.033 4+ 0.066 mag, a good agreement.
For 1o(V), there is a significant difference of —0.17 £+ 0.07 mag between the FDF and
WFCCD value in the sense that the FDF central surface brightness is higher. This
effect occurs most strongly for the smaller dE candidates, as their size approaches the
resolution limit of the WFCCD data, and hence any central intensity rise is smeared
out by the PSF. This rise in central surface brightness reduces slightly the average dif-
ference in po(V) between Local Group dwarfs and their Fornax cluster counterparts to
about 0.9 mag, but it leaves the qualitative statement from above unchanged. Note
that the two largest increases in po(V') between WFCCD and FDF data are for objects
that we reclassify as probable background in this section, a finding which supports these
morphological classification.

We summarize this section as follows:

1. SBF-cluster memberships and improved morphological classifications do not change
the shallow faint end slope of @ >~ —1.1 derived from the WFCCD-data by more than
0.02. This is due to the fact that only a small fraction (10-20%) of the previously clas-
sified probable cluster members turn out to be probable background.

2. The search for additional dE candidates in the IMACS images possibly overlooked in
the WFCCD-data yields only two new candidates, i.e. an increase of about 10%. Also
when taking these sources into account, a changes by less than 0.02.

3. The dEs in Fornax are on average slightly larger than the Local Group dSphs.
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Figure 3.20: Excerpt of the mag-p plane shown in Fig. 3.14, with the mag-u values
obtained in our follow-up project Fornax Deep Field (FDF) indicated as filled circles.
Lines connect the original WFCCD measurements with those from FDF.
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The very shallow faint end slope of the early-type galaxy luminosity function in Fornax
is in sharp contradiction to the much steeper faint end slope predicted for the mass func-
tion of ACDM cold dark matter halos (e.g.Kauffman et al. [2000], Moore et al. [1999]).
Similar shallow faint end slopes for other galaxy clusters have been found (cf. refer-
ences in Sect. 2.2). The problem of too shallow faint end slopes for the galaxy luminosity
function compared to the CDM mass function is also known as the “substructure crisis”
of CDM cosmology. Possible reasons to explain that discrepancy include the accretion
scenario (e.g. Hilker et al. [1999b], Coté et al. [1998]), where dwarf galaxies that fall into
the cluster centres are tidally disrupted, hence contributing to form the extended cD
halos of the most massive cluster galaxies. Another possibility is that the low surface
brightness dSphs that we see nowadays originate from tidally stripped originally much
more massive dark matter halos (Stoehr et al. [2002], Kravtsov et al. [2004]), while the
lower mass halos have not been able to maintain condensed gas to from stars. How-
ever, Kazantzidis et al. ([2004]) argue that observed velocity dispersion profiles of Local
Group dSph exclude such very massive progenitors, indicating that tidal stripping can
only be a part of the picture. Much discussion is going on in this field of research, as
it touches the fundamentals of the widely accepted “concordance” cosmological model.
The contribution of this chapter is to clearly and unambiguously point out the con-
tradiction between the observed faint end slope of the galaxy luminosity function and
the predictions from ACDM for the mass function and total number of low-mass dark
matter halos.

The fact that Fornax dEs are on average larger than their Local Group counterparts
may be explained within a scenario where tidal forces disrupt the smallest and least
massive dEs more effectively in a dense environment like the Fornax cluster than in the
Local Group (e.g. Hilker et al. ([1999b]). Note that Caldwell & Armandroff ([2000])
report on the discovery of a large population of very low surface brightness dEs in the
Virgo cluster whose sizes are on average much larger than that of the Local Group
dSphs. This is in agreement with our findings. One possible explanation is that in
denser environments, low mass dark matter halos have been able to form stars before
reionization (e.g. Ricotti et al. [2002], Dekel & Woo [2003]) more rapidly and efficiently
than in low density regions. However, this would also imply that the galaxy luminosity
function in Fornax should be somewhat steeper than in the Local Group, which is not
supported by our findings. Also, Grebel & Gallagher ([2004]) note that the star forma-
tion histories of Local Group dwarfs are very diverse, which is difficult to reconcile with
a suppression of star formation after reionization in low mass galaxies. One concern
about the comparison between the Local Group and other environments is that the
Local Group sample may be highly incomplete. Large and very low surface brightness
galaxies (uo ~26 mag/arcsec?) are extremely difficult to detect against the foreground
contamination of Milky Way stars. The latest discoveries of more and more faint dSphs
(e.g. Armandroff et al. [1999], Whiting et al. [1999], Zucker et al. [2004]) raise the
question of how complete the Local Group sample is.
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3.3.3 Discussion II: Distance to the Fornax cluster and SBF calibra-
tion at blue colours

With the SBF measurements from the previous section, one can in principle make a
distance estimate to the Fornax cluster. However, the empirically calibrated colour
range for SBF measurements in (V — I)g has a blue limit of about (V' — I)y ~ 1.05 mag
(Tonry et al. [1997]). Almost all of the dEs from Table 3.3 are clearly bluer than this
limit. Furthermore, the SBF survey by Tonry did not include any dwarf galaxy into
their calibration. Therefore, it is not clear whether relation (1.10) holds for all the dEs
investigated here. In Sect. 2.3 it has been shown that some theoretical models indeed
predict a weaker dependence of M on (V —I)g for blue colours. This was the reason for
adopting relation (2.1) instead of the original relation (1.10) from Tonry et al. ([1997])
for the SBF simulations of galaxies with (V — I)g < 1.0 in Sect. 2.4. The Worthey
models ([1994]) using Padova isochrones predict such a flattening only for the very old
and metal-poor stellar populations, while predicting a continuation of relation (1.10) for
younger populations. The same holds for the models of Blakeslee et al. ([2001]). The
models by Liu et al. ([2000]) and also the original models by Worthey et al. ([1994])
predict a flattening for metal-poor populations of old and intermediate ages and do not
predict a a continuation of relation (1.10). See also Fig. 2.1.

As a consequence, instead of a distance estimate to Fornax, the present measurements
can, in combination with literature Fornax cluster distance estimates, be used for a cal-
ibration attempt of M at blue colours, with the additional aim to distinguish between
competing stellar population models. We use the value of (m — M) = 31.41 +0.07 mag
derived in the HST-Key project (Ferrarese et al. [2000]) from Cepheid distances as a
reference. Note that the uncertainty of this value is statistical only, as the SBF-distance
scale is calibrated using Cepheid distances (Tonry et al. [1997]). As a further control
criterion, we demand that there is no significant correlation between the colour (V —1I)
and (m—M). As we aim at a calibration of M| with (V —1I)g, this is a very fundamental
requirement. Finally, we also require that the scatter of the distance values around their
mean are not significantly smaller than the mean single measurement uncertainty. This
is to avoid that we over-correct spurious trends in our data.

Fig. 3.21 shows the dependence of the apparent fluctuation magnitude m; on the colour
(V —I)p. In the graphs of that figure, 4 different calibration relations are plotted over
the data points, each relation shifted to the distance modulus obtained when assuming
the relation, compare also Fig. 2.1:

case A: The original, empirically calibrated relation (1.10) for all galaxies.

case B: Relation (1.10) for (V — I)p > 1.0 mag and relation (2.1) for (V —I)y < 1.0
mag, as done for the simulations in Sect. 2.4.1.

case C: Relation (1.10) for all galaxies with m; < 29 mag and M ; = —2.00 mag for the
three galaxies with 7y > 29 mag. This is conceptually similar to assuming relation (2.1)
for all galaxies with (V' —I)g < 1.0 mag. The difference is that now one horizontal and
one steep branch in the theoretical M ;-(V —I)g plane are explicitly associated with two
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Figure 3.21: Apparent fluctuation magnitude 7y plotted vs. (V — I)y colour with 4
different calibration relations overplotted. For all 4 plots, the calibration relations are
shifted to the distance obtained when assuming the respective absolute relation. These
figures should be seen in connection with Figs. 2.1, 3.22 and 3.23 and Table 3.4. The
two data points with squares indicate a S/N below 3 in the SBF measurement. Top
left panel, case A: the dotted line indicates equation (1.10) at a distance of (m —
M) = 31.52 mag. Top right panel, case B: the dotted and dashed-dotted lines indicate
equations (1.10) and (2.1) at a distance of (m—M) = 31.39 mag. Bottom left panel, case
C: the horizontal dashed line at M = —2.00 mag is assumed as SBF calibration for
the galaxies with m; > 29 mag. Equation (1.10) is assumed for all other galaxies with
mr < 29 mag. Assumed distance modulus is (m— M) = 31.25 mag. Bottom right panel,
case D: All galaxies with (V —I)g < 1.09 — i.e. all galaxies — get assigned M = —2.00
mag, as expected from the models of Liu et al. ([2000]) and Worthey ([1994]). Assumed
distance modulus is (m — M) = 30.89 mag.
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Calibration ‘ (m - M)SBF U(m—M) 5(m_]w) Z({;:%[o)
Equ. (1.10) (case A) 31.52 4+ 0.21 0.48 0.45 —3.30 + 2.18
Equ. (1.10), no low S/N 31.60 £ 0.22 0.51 0.45 —4.90 + 2.60
Equ. (1.10) and (2.1) (case B) 31.39 + 0.17 0.44 0.38 —1.69 &+ 1.87
Equ. (1.10) and (2.1), no low S/N 31.47 4+ 0.18 0.44 0.39 —3.34 +2.33
Equ. (1.10) and constant (case C) 31.25 +£0.12  0.21705% 041 +£0.02 054 + 1.81
Equ. (1.10) and constant, no low S/N | 31.27 £ 0.12 0.227007  0.40 £ 0.02  0.28 + 2.19
Constant (case D) 30.89 + 0.13 0.43 0.32 1.06 + 1.52
Constant, no low S/N 31.00 £ 0.12 0.36 0.31 —0.43 + 1.81
31.41 + 0.07

Table 3.4: Table showing the mean SBF distance moduli for different assumed calibra-
tion equations, see also Figs. 3.21 to 3.23. “No low S/N” means that the two data
points with SBF S/N below 3 are not considered. Case A (first and second line):
equation (1.10) is applied to all galaxies. Case B (third and 4th line): equation (1.10)
is applied for (V — I)p > 1.0, and equation (2.1) for (V —I)y < 1.0. Case C (5th and
6th line): equation (1.10) is applied for m; < 29 mag, and a constant M; = —2.00 mag
is assumed for m; > 29 mag. Case D (last two lines): a constant M; = —2.00 mag
is assumed for all galaxies. o(,,_s) gives the scatter of the measured distance values
around their mean. d(,,_ys) gives the mean uncertainty of a single distance measure-
ment. For case C), the error ranges of O(m—nr) and O, pp) are indicated, as both values
do not agree to within their errors. The last column shows how strong (m — M) depends
on (V —1)p, see also Fig. 3.23. The last line gives the Fornax cluster reference distance
from the HST-Key project (Ferrarese et al. [2000]).
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Figure 3.22: SBF-distance modulus plotted vs. absolute luminosity assuming 4 different
SBF calibrations, see text, Table 3.4 and Fig. 3.21. The two data points with squares
indicate a S/N in the SBF measurement below 3. Top left panel, case A. Top right
panel, case B. Bottom left panel, case C. Bottom right panel, case D. The vertical
solid line indicates the mean distance. The dotted vertical lines indicate the error
range of the mean. The dashed vertical lines indicate the total error range when in
addition taking into account a 0.031 mag absolute colour uncertainty. Note that this
absolute colour error does not go into the distance uncertainty for the colour independent
calibration equation adopted in case D). The large vertical tick indicates the mean SBF
distance when excluding the two low S/N data points. The small, solid vertical tick
marks the Fornax cluster distance of (m — M) = 31.41 mag derived in the HST-Key
project (Ferrarese et al. [2000]). The small, dotted vertical tick marks the Fornax cluster
distance of (m—M) = 31.54 mag derived by Jerjen ([2004]) from B R-SBF measurements
of brighter Fornax cluster dEs.
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Figure 3.23: SBF distance modulus plotted vs. (V' — I)g colour of the same galaxies as
in Figs. 3.21 and 3.22. The two data points with squares indicate a S/N in the SBF
measurement below 3. Upper left panel, case A. Upper right panel, case B. Bottom
left panel, case C. Bottom right panel, case D.
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separate sets of galaxies instead of assuming an average flatter relation for all galaxies.
The specific choice of M = —2.00 mag is about the mean M of the theoretical data
points from the original Worthey ([1994]) models and those of Liu et al. [2000]) in that
colour range (see Fig. 2.1).

case D: M; = —2.00 mag is assumed for all galaxies. This is a test for the Liu and orig-
inal Worthey models, as they do not predict a continuation of the steep relation (1.10)
for blue colours.

The 4 corresponding distance sets are plotted vs. absolute galaxy luminosity and colour

in Figs. 3.22 and 3.23. The resulting mean distances, distance scatters and correlations
d(m—M)
d(V—T)o
From the mean distances for the various assumed calibration equations, no discriminat-

are given in Table 3.4.

ing conclusion regarding the first two cases A) and B) can be drawn, as all values are
consistent with the HST-Key project distance to within their errors. Also case C) is
only marginally inconsistent with that reference distance. Only for case D), the derived
mean distance is significantly lower than the HST-Key project value. The significance
is 3.50 for the entire sample and 3.00 when rejecting the low S/N data. For case D)
there is also a strong correlation between My and (m — M), significant at the 2.00 level
when rejecting the two low S/N data. These two findings indicate that the calibration
case D), based on the models by Liu et al. ([2000]) and those of Worthey ([1994]), is
probably inadequate. We will therefore not consider case D) for the rest of this section.
The assumption of a flat calibration equation applying to all galaxies bluer than about
(V —1I)p = 1.10 mag appears to be wrong.

We note that including FCC 160 (which has a high S/N but S/N* < 3) in the low S/N
sample does not change these statements. The mean distance rises by 0.06 mag, low-
ering the difference significancy in case D) to 2.50 and slightly improving the distance
agreement in cases B) and C), while rising the difference significancy in case A) to 1.10.

A better criterion to judge on cases A) to C) is ?l({{}:%o). For case A) there is a corre-

lation between (m — M) and (V' — I)g significant at the 1.90 level when rejecting the
two low S/N data points. The sign of this correlation gives a trend of too high distance
for bluer colours. This is consistent with a flattening of the M;-(V — I)q relation for
blue colours. Consequently in case B), where a flatter relation for (V — I)y < 1.0 is
assumed, the correlation between (m — M) and (V —I)g becomes less significant. When
including all data points, it is 0.9¢ significant and increases to only 1.40 when exclud-
ing the two low S/N data points. This significance drops even more to below 0.30 in
case C). Indeed, case C) fits best the observed distribution of my vs. (V — I)g. This
can be seen nicely in Fig. 3.21, where the three galaxies with m; > 29 mag appear to
populate a different branch in the M-(V — I)y plane. In case A) (see also Fig. 3.22)
these three galaxies get assigned a comparably large distance, which makes the distance
distribution appear somewhat more bimodal than in case C).

The fact that Zm=210

dV—T)o
an acceptable calibration relation for our sample of Fornax dEs. It appears to split up

becomes insignificant in case C) indicates that we may have found

into two different samples: First, three galaxies with very old and metal-poor stellar
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populations for which a constant M is a good approximation; second, the rest of the
galaxies which are of more intermediate age and metallicity and for which the original
equation (1.10) appears to be a good approximation. This is in agreement with Jerjen
et al. ([1998], [2000], [2004]), who have found an analogous bifurcation of the order of
0.5 mag from R-band SBF measurements for blue dEs in the Sculptor and Centaurus
A group and a few dEs in the Virgo cluster.

Just as noted by Jerjen et al. for R-band SBF measurements, our finding indicates
that there possibly is no unique M -(V — I)g relation for very blue colours. The recent
SBF calibration by Mei et al. ([2005]) for the Sloan filters (¢ — z) in the course of the
ACS Virgo Cluster Survey (Coté et al. [2004]) shows that the blue sub-population of
the more than 80 investigated early-type galaxies defines a significantly shallower slope
in the m, — (¢ — 2z) plane than the red fraction. This is consistent with the findings from
this section. However, there is no clear sign for a bifurcation/bimodal distribution in
the data of Mei et al. To judge whether a given galaxy possibly lies on the steeper or
shallower relation in the SBF-colour plane one would have to measure SBF in several
regions of that galaxy with different colours. This requires a significant radial colour
gradient within the galaxy. The slope between 7y and (V' — I)q in these different re-
gions would then define on which branch the galaxy lies and which calibration needs
to be applied. This is done in the papers by Jerjen. For our data this is not a feasible
approach as our galaxies have low surface brightnesses that just allow measuring with
reasonable accuracy iy for the entire galaxy. That is, instead of judging from different
regions within one galaxy we have to judge from different galaxy measurements whether
an entire sample of galaxies might lie on the metal-poor or metal-rich branch.

We deal with a rather small sample of galaxies and the error bars of each single mea-
surement is comparable to their spread in the M-(V — I)q plane. Therefore, we might
also be observing a chance distribution in that plane. As a first test for this we assume
a Gaussian distance distribution centered on the mean found for case A) with o = 0.45
mag (the mean single measurement uncertainty). Using a KS-test, the hypothesis that
the observed distance distribution in case A) is not drawn from this Gaussian unimodal
distribution is rejected at the 46% confidence level only. This level is very low and shows
that our measurement errors are too large and the number of galaxies investigated too
low to support a bimodal distance distribution in case A). Such a bimodal distribution
would be expected as a systematic effect if applying the same calibration for all galaxies
when instead application of different calibration equations for the two samples would
be necessary.

Furthermore, we compare the distance distribution in case C) with a Gaussian centred
on the mean distance with o = 0.40 mag (the mean single measurement uncertainty).
Using a KS-test, the hypothesis that the observed distance distribution in case C) is not
drawn from this Gaussian unimodal distribution is rejected at the 41% confidence level
only. In other words, the distance distribution in case C) is consistent with a unimodal
Gaussian of width corresponding to the mean distance uncertainty.

To get some more feeling for the confidence levels involved, we compare the scatter of
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the galaxy distances around their mean to the average single measurement uncertainty.
It is evident from Table 3.4 that in case C), the distance scatter is strongly reduced
compared to the other cases. This can be verified nicely in Fig. 3.22, where for case C)
all but one error bar overlap the mean distance, while for the other cases 5 of the 10
error bars do not. The distance scatter is lower than the mean measurement uncertainty
by 2.40 for the entire sample and by 2.00 when rejecting the two low S/N data points.

These confidence levels are slightly larger than Z({{/L:%g in case B). Of course, if the real

single measurement uncertainty would be lower than estimated by us, case C) would
become more likely and especially case A) would be rejected at higher confidence due to
the then better defined slope Z%:%g:
tions from Sect. 2.4.1 and using the scatter from the different background subtractions

the Py uncertainty is derived using the simula-

as a double-check. We estimate that these errors have a statistical fluctuation of about
0.05-0.10 mag from galaxy to galaxy, which reduces to about 0.02-0.03 mag error un-
certainty for the entire sample. The (V — I)p uncertainty is estimated both from the
uncertainty in the sky background adjustment as the scatter of the colour differences
between the WFCCD and IMACS data, which is 0.10 mag (see Sect. 3.3.2). Assuming
that the colour estimates from both runs are equally uncertain, this yields an average
% = 0.07 mag colour uncertainty. The assumption of equal colour uncertainties in
both runs is supported by the fact that the colour scatter within the two samples is
almost identical: it is 0.127 mag for the WFCCD data and 0.131 mag for the IMACS
data. Nevertheless, the statistical uncertainty of these scatters is still sufficient to also
be consistent with a slightly lower colour error of about 0.05 mag. This would lower
the distance uncertainty by about 0.03-0.05 mag and bring it somewhat closer to the
distance scatter derived in case C), reducing the disagreement between distance scat-
ter and measurement uncertainty to about 1.50 when rejecting the two low S/N data
points.

Summarizing: our data indicate that the “classical” calibration by Tonry may not ap-
ply for the bluer galaxies, given the quite high significance of % in case A) when
rejecting the low S/N data points. A modified calibration where for bluer colours M is
fainter than predicted by equation (1.10) is favoured by our data, given the decreasing
significance of % for cases B) and C). Although case C) shows the weakest corre-
lation between (m — M) and (V — I)o, the scatter of the derived distances around their
mean lies significantly below the mean single measurement uncertainty. This indicates
that with case C) we may be “overcorrecting” the calibration equation beyond the limits
posed by the measurement uncertainty, supported by the non-detection of a bifurcation
in SBF calibration of Mei et al.( [2005]). The most secure statement from this section
then clearly is: a flat calibration relation for all galaxies at blue colours, as predicted by
the Liu and original Worthey models, appears to be inadequate to describe our data.
Due to the possible “over-correction” and the fact that the mean distance in case C) is
slightly below the reference value, we favour case B) as the best approximation to our
SBF data for Fornax.

It is beyond the scope of this thesis to discuss in detail the reasons why the Worthey
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and Liu models appear to underpredict M for blue colours. A possible reason might
be that the RGB/AGB turn over too much at low metallicities in these models, i.e. the
tip of the red giant branch lies at too faint luminosity. Worthey uses an amalgamation
of Yale and Vandenberg isochrones (Green et al. [1987], Vandenberg [1985]) and his
own population synthesis models. It is interesting to note that with the original Yale
isochrones (Green et al. [1987]) the problem existed that the RGB failed to turn over at
high metallicities, which led to M incompatible with observations (see Liu et al. [2000]
and references therein). This problem was “cured” by Worthey et al. ([1994]) by his
amalgamation of the Yale and Vandenberg isochrones. One might speculate that in turn
this enforced turnover of the RGB/AGB at high metallicities yields to a too pronounced
turn over at low metallicities, which would be consistent with the discrepancy between
our SBF data and the Worthey predictions.

Liu et al. use the Bertelli et al. ([1994]) isochrones and the Bruzual & Charlot ([1993])
models. Using the same Bertelli et al. isochrones instead of the Yale-Vandenberg amal-
gamation, Worthey’s model predictions interestingly do predict a large spread of M
for blue colours (see Fig. 2.1), similar to the predictions of Blakeslee et al. ([2001]) and
Cantiello et al. ([2003]). This indicates that not only the input isochrones but also
the different stellar synthesis models are responsible for the discrepancy between the
different predictions. Note, however that while the Worthey and Liu models seem to
be inadequate for blue colours, for red colours they fit somewhat better to the empiri-
cal calibration relation (1.10) by Tonry et al. ([1997]) than the Blakeslee and Cantiello
models. In that context it is interesting to note that Liu et al. [2002] find the Blakeslee
models to provide a significantly worse fit to the available near-IR SBF measurements
for metal-rich giant galaxies than those of Liu et al. ([2000]).

Apparently, one single set of population synthesis models is still unable to predict cor-
rectly the stellar population properties over the large age-metallicity range covered be-
tween blue dwarf galaxies and red giants. Furthermore, empirical SBF calibrations for
blue early-type galaxies are just starting to become available (e.g. Mei et al. [2005] and
this thesis), while SBF data for red colours have been around for more than a decade.
This has enabled modellers to adjust their tracks to the observations in a semi-empirical
manner for red colours, while for the blue range this has not yet been possible.

To improve the discrimination between competing models, more data points are needed
to better constrain the loci of blue early-type populations in the M;-(V — I)y plane.
The second part of FDF, observed in 12/2004, will increase the data sample by a factor

of 2-3 and hence allow to better address this issue.

3.4 Summary

In this chapter, the faint end slope of the early-type galaxy luminosity function in the
central Fornax cluster was investigated by means of SBF cluster membership confir-
mation and morphological selection. Furthermore, a tentative SBF calibration at blue
colours was presented. These are our findings:
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1. We have discovered ~ 70 very faint dE candidates in Fornax based on data
obtained with the 2.5m du Pont telescope at Las Campanas Observatory, Chile. To-
gether with the already known dE candidates, these dSphs candidates follow similar
magnitude-surface brightness and colour-magnitude relations as their counterparts in
the Local Group. The magnitude-surface brightness relation of the Fornax dwarfs is
shifted towards larger sizes compared to that of the Local Group.

2. The joint sample of newly found and previously known candidate dEs has a
luminosity function with a faint end slope @ ~ —1.1 & 0.1. This estimate is based on
purely morphological cluster membership assignment in the magnitude regime where
the faint end slope dominates the luminosity function.

3. From the first part of our follow-up survey Fornax Deep Field using IMACS at
Magellan (LCO) with substantially improved spatial resolution, we directly determine
the cluster membership for 10 candidate dEs in the magnitude range —14.2 < My <
—11.5 mag using the SBF method. This extends the magnitude range of confirmed clus-
ter members far into the regime where the faint end slope o dominates the luminosity
function (LF). We find the predictions for limiting absolute galaxy magnitudes of SBF
measurements from our simulations to be in good agreement with the real outcome
of our survey. With our IMACS imaging data we improve the morphological cluster
membership assignments for fainter galaxies with My < —10 mag. Combining the SBF
cluster membership confirmations with the improved morphological selection, we con-
firm the probable cluster membership for the vast majority of candidate dEs and find
that « changes by less than 0.02. There are only two new dSph candidates detected in
our IMACS imaging, inclusion of which does not change a by more than 0.02, either.
It is found that Fornax dEs are on average slightly larger than their Local Group coun-
terparts.

4. From the SBF measurements of Fornax dEs we find clear indications for
a weaker dependence of the abolute fluctuation magnitude M; on (V — I)g at blue
colours compared to the empirical calibration at redder colours. However, we can
also reject at about the 30 level the theoretical SBF values by Liu et al. ([2000]) and
Worthey ([1994]), who predict a colour-indenpendent, flat, relation between M; and
(V. —=1)p for (V —1I) < 1.10 mag.
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Chapter 4

SBF distances to dEs and Es in
the Centaurus and Hydra clusters

This chapter is based on the publications Mieske, S. € Hilker, M., 2003, A&A, 410,
445 and Mieske, S., Hilker, M. & Infante, L. 2005, AEA in press, astro-ph/0503647.

4.1 Abstract

In this chapter, we present I-band SBF measurements for 16 early type galaxies in
the central Hydra cluster and 15 early-type galaxies in the central Centaurus cluster
(mainly dwarfs), based on deep VI imaging obtained with VLT FORS1. From the SBF-
distances to the galaxies in our sample we estimate a Hydra cluster distance of 41.2 +
1.4 Mpc ((m — M) =33.07 £ 0.07 mag) and a Centaurus cluster distance of 45.3 £ 2.0
Mpc ((m — M) =33.28 + 0.09 mag). We find a distance difference of 0.26 + 0.32 mag
between the two Centaurus cluster sub-components Cen30 and Cen4b, ruling out that
both components are separated by their Hubble flow distance, suggesting that Cen45b
is falling into the main cluster Cen30. We derive an upper limit of + 5.7 Mpc radial
extension for the Centaurus cluster and + 3 Mpc for the Hydra cluster, corresponding
to a 2-3 times larger radial than tangential extension. Assuming Hy = 72 + 4 km s~}
Mpc™!, we estimate a positive peculiar velocity of 1225 & 235 km s~! for Hydra and 210
+ 295 km s~! for Cen30. Allowing for a thermal velocity dispersion of 200 km s~!, this
rules out a common peculiar flow velocity for both clusters at 98% confidence. We find
that the 9 x 1015 M, “Great Attractor” (GA) from the flow study of Tonry et al. ([2000])
at a distance of ~ 45 Mpc can explain the observed peculiar velocities if shifted about
15° towards the Hydra cluster position. Our results are inconsistent at 94% confidence
with a scenario where the Centaurus cluster is identical to the GA. In order to better
restrict partially degenerate GA parameters like its mass and distance, a recalculation of
the local flow model with updated distance information over a larger area than covered

by us would be needed.
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4.2 Introduction

4.2.1 Peculiar velocities for galaxies

In the past few years, a lot of effort has been put into a precise determination of cosmo-
logical parameters. Investigations like the HST Key Project (Freedman et al. [2001]),
the Sloan Digital Sky Survey (SDSS) (Abazajian et al. [2003]) or the WMAP mis-
sion (Bennett et al. [2003], Spergel et al. [2003]) mark the beginning of a precision
era in observational cosmology. The accuracy in determining the Hubble constant Hy
is approaching 5%, most values derived recently by large surveys are consistent with
Hy =724+ 4 km s~ Mpc~!. This enormous improvement in precision has the conse-
quence that deviations from an undisturbed Hubble flow can also be determined to a
higher precision. This is of special importance for studying the matter distribution in
the nearby universe, as peculiar velocities caused by inhomogeneous matter distribution
can be significant compared to the Hubble flow.

There are three main methods that have been applied to estimate the distances and
peculiar velocity field in the nearby universe:

1. The SBF method (see Tonry & Schneider [1988], Tonry et al. [2001]). Tonry
et al. ([2000]), in the following T00, have performed a study of the local flows using
SBF distances obtained in the I-band of about 300 early-type galaxies with cz < 4000
km s~!. Apart from finding a well defined flow towards the Virgo cluster, attributed
to a “Virgo Attractor” with 7x 10 M, at about 17 Mpc distance, their model fitting
favours an additional “Great Attractor” (GA) of 9x 105 M, at a distance of 43 & 3
Mpc in the direction of the Hydra-Centaurus region. According to the SBF flow-model
by TO00, the gravitational pull exerted by the GA leads to a Local Group peculiar ve-
locity of 300 & 200 km s~! with respect to the Cosmic Microwave Background (CMB).
2. The Fundamental Plane (FP) method (e.g. Dressler et al. [1987c], Blakeslee et
al. [2002], Bernardi et al. [2003]). Important early evidence for the presence of a Great
Attractor towards the Hydra-Centaurus region had come from an FP analysis performed
by Lynden-Bell et al. ([1988]), who proposed a Great Attractor at about a CMB radial
velocity of 4350 & 350 km s™! (~ 60 Mpc for Hy =72 km s~! Mpc~!). Later, several
studies indicated that the peculiar velocity of the Local Group with respect to the CMB
could be only partially explained by the attraction of a nearby GA within ~ 100 A~}
Mpc, suggesting an additional flow component towards a more distant attractor (e.g.
Willick [1990], Hudson [1994], Staveley-Smith et al. [2000], Lauer & Postman [1994]).
Not all FP studies found flow components towards the same direction. For instance, the
large-scale flow detected by Lauer & Postman was in a direction perpendicular to most
other studies. The “Streaming motion of Abell clusters” (SMAC) survey (e.g. Smith
et al. [2000], [2001], [2004] and Hudson et al. [2004]) is the most recent example for an
application of the FP method to obtain peculiar velocities. In the SMAC survey, FP
distances to 56 Abell galaxy clusters with cz < 12000 km s~! are presented. In Hudson
et al. ([2004]), a flow analysis based on these peculiar velocities is performed, resulting
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in the detection of a bulk flow of amplitude 687 + 203 km s~! towards 1=260°, b=0°
(SGL=170°, SGB=-57°), out to 120 h~! Mpc.

3. The Tully-Fisher method (Tully & Fisher [1977]). Most of the flow studies using this
method (e.g. Aaronson et al. [1982] and [1986], Mathewson et al. [1992], Shaya, Tully
& Pierce [1992], Courteau et al. [1993], Dale et al. [1999], Willick [1999]) detect a bulk
flow of similar amplitude and direction to the one derived in the SMAC (Hudson et
al. [2004]) and find no indications for a convergence of this flow within ~ 100 ~~! Mpc.
There are also some studies which find no or much smaller bulk flows, e.g. Giovanelli
et al. ([1999]) or Courteau et al. ([2000]).

Distances derived for early-type galaxies with the SBF method and FP analysis are
compared in Blakeslee et al. ([2002]), showing an overall good agreement between both
methods. The distance differences between both methods are mostly statistical and not
correlated with galaxy properties, except for a mild dependence of the FP distance on
the Mgy index.

4.2.2 Peculiar velocities towards Hydra-Centaurus

Since the first postulation almost 20 years ago of a huge nearby “Great Attractor” in
the Hydra-Centaurus region (e.g. Shaya [1984], Tammann & Sandage [1985], Aaronson
et al. [1986] and [1989]), most of the local flow studies have agreed that there is a net
flow velocity towards that region. However, the radial distance of the mass overdensity
responsible for it has been a subject of very lively debate, see the references mentioned
above. Is there a huge mass overdensity (“Great Attractor”) at about 40-60 Mpc, or
is there only a larger scale flow in the same direction but towards a more distant at-
tractor? This yet unanswered question makes the Hydra (vcarp =~ 4100 km s—!, NED
database and Lineweaver et al. [1996]) and Centaurus cluster (voyp ~ 3400 km s—1
NED database and Lineweaver et al. [1996]) at Hubble distances of about 50 Mpc ideal
test particles for the hypothesis that there is a GA within 40-60 Mpc.

Note that Hudson et al. ([2004]) show that the bulk flow — in which the Local Group
participates — points towards the approximate direction of the Hydra-Centaurus region
but extends well beyond the proposed position of the Great Attractor. They argue that
this flow might mainly be caused by the attractive force of the Shapley Super Cluster
(8000 < cz < 18000 km s~ !, see for example Quintana et al. [1995]). However, due
to the relatively sparse sampling close to the proposed Great Attractor region, Hudson
et al. cannot rule out that an additional massive attractor exists close to the Hydra-
Centaurus region.

In this chapter, we will check via SBF-distances to Centaurus and Hydra the GA model
by T00, but not test for any additional bulk flow. This is because the projected posi-
tions of the Hydra and Centaurus cluster are separated by only 30° and the proposed
position of the GA is between the two clusters. Due to this proximity, any other large
scale streaming flow should have a negligible effect on their relative velocities.

Note that here and in the following, the term “Great Attractor” (GA) refers to the mass
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overdensity whose location was estimated by T00 using the SBF method. Its projected
position between the Centaurus and Hydra clusters (Figs. 4.8 and 4.10) is at more than
40 degrees lower galactic longitude than the “Great Attractor region” from the stud-
ies of the galaxy density and peculiar velocity field in the Zone of Avoidance (ZOA)
(e.g. Woudt et al. [2003], Kolatt et al. [1995]), specifically the massive Norma cluster.
This might partially be because T00 did not observe galaxies in the Zone of Avoidance.
However, it also reflects the clumpiness of matter distribution in the nearby universe.
There might not be only one major “Great Attractor”, but the SBF-GA and ZOA-GA
may be distinct substructures of a generally overdense filamentary region (e.g. Fairall
& Lahav [2004)).

There is one additional feature that makes the Centaurus cluster even more attractive
for peculiar velocity studies — but at the same time more complex — in redshift space
it consists of two well separated sub-clusters, namely the dominating component Cen30
at about 3000 km s~! heliocentric velocity and the smaller component Cen45 at about
4500 km s~!. In several studies this remarkable substructure has been investigated (e.g.
Lucey et al. [1980] & [1986], Jerjen et al. [1997], Stein et al. [1997], Churazov et al.
[1999], Furusho et al. [2001]), indicating that Cen45 is probably a sub-group falling into
the main cluster Cen30. Lucey et al. ([1986]) suggest that Cen45 is located at about the
same distance as Cen30, based mainly on a comparison of the cumulative luminosity dis-
tribution in both sub-clusters. Churazov et al. ([1999]) propose, based on ASCA X-ray
temperature measurements, that the two sub-components are merging. They suggest
the existence of a large scale filament along the line of sight towards Centaurus in order
to explain the discrepancy between the unusually high velocity dispersion of the Cen30
members and the X-ray temperature. Furusho et al. ([2001]) present more extended
X-ray measurements and conclude that a major merger in Centaurus rather occurred
several Gyrs ago. Stein et al. ([1997]) find that the morphological content of the two
sub-clusters differs substantially. Cen30 is more dominated by early-type galaxies, while
Cen45 contains more late-type galaxies and fewer dwarfs. This is consistent with Cen30
being the older, main cluster, and Cen45 the more active young infalling sub-cluster.

4.2.3 Aim of this chapter

The aim of this chapter is to improve the distance precision to the Hydra and Centau-
rus clusters by using SBF-distances from deep and high resolution imaging obtained
for both clusters with the same instrument (VLT/FORS1), hence allowing robust rel-
ative distance measurements. With the Hydra and Centaurus distance in hand, some
of Tonry’s flow model parameters (Tonry et al. [2000]) for the Great Attractor can be
checked.

This chapter is structured as follows: In section 4.3, the data and their reduction are de-
scribed. Section 4.4 shows the results of the SBF distance estimates for Hydra and Cen-
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Field RA [2000] Dec [2000] ZP;  ZPy  CT; CTy ks ky

12:48:45.0 —41:18:20 26.582 27.472 0.00 —0.08 0.093 0.145
12:49:18.5 —41:18:20 26.600 27.446  0.00 —0.08 0.093 0.145
12:49:52.0 —41:21:02 26.672 27.514 0.088 —0.015 0.093 0.145
12:49:52.0 —41:14:50 26.588 27.446  0.00 —0.08 0.093 0.145
12:48:45.0 —41:24:32  26.548 27.446 0.00 —0.08 0.093 0.145
12:48:45.0 —41:30:44 26.548 27.446 0.00 —0.08 0.093 0.145
12:48:45.0 —41:36:56 26.582 27.472  0.00 —0.08 0.093 0.145

N OOt s W N

Table 4.1: Central coordinates and photometric calibration coefficients for the 7 VLT
FORSI1 fields observed in Centaurus, as indicated in Fig. 4.1. Calibration equation is:
m = Mipstr + ZP —CT % (V —I)g — kx AIRMASS.

taurus, including estimates of the cluster depths. All results are discussed in Sect. 4.5,
putting special emphasis on a check of Tonry’s Great Attractor model. We finish this
chapter with a summary in section 4.6.

4.3 The data

4.3.1 Centaurus

The imaging data for the Centaurus cluster were obtained in service mode at the Very
Large Telescope (VLT) of the European Southern Observatory, Chile (Observing Pro-
gramme 67.A-0358), using UT 1 with the instrument FORS1 in imaging mode. Seven
7 x 7’ fields in the central Centaurus cluster were observed in Johnson V and I pass-
bands. The seeing ranged between 0.4 and 0.6”. The total integration time was 1500
seconds for the V' exposures, divided up into 4 dithered single exposures, and 3000 sec-
onds for the I exposures, divided up into 9 dithered single exposures. Fig. 4.1 shows
a map of the central Centaurus cluster with the observed fields and cluster galaxies
indicated. Table 4.1 gives the coordinates and photometric calibration coefficients of
the observed fields. Table 4.2 gives the photometric properties and coordinates of the
15 investigated cluster galaxies. They span a magnitude range of 19.6 > V > 11.5 mag,
corresponding to approximately —21.5 < My < —13.5.

In the 7 fields, there are located 14 additional galaxies cataloged as early-types in the
CCC. These could not be investigated for the following reasons: 5 galaxies showed pro-
nounced spiral features on our high resolution images, revealing that they are probably
late-type background galaxies rather than early-type cluster members; 6 galaxies were
too faint to detect a significant SBF signal; two galaxies showed pronounced boxy resid-
uals after subtracting an elliptical light model, with the boxy features having a scale
size of only a few times that of the seeing; one galaxy was too close to the halo of a
bright saturated star to obtain a reliable SBF signal.
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CCC-Nr.*  Field RA* [2000] Dec* [2000] Vo™  (V —I)i* wyeq [kms™!] Type*

52 1 12:45:44.3  —41:02:58 17.86 1.09 — dE,N
61 1 12:48:39.7  —41:16:05 16.26 1.14 2910 dE,N
65 (N4696) 1 12:48:49.0  —41:18:39 1150 1.24 2985 E4,503(4)
70 1 12:48:53.9  —41:19:09 16.69 1.24 2317 cdE
75 1 12:49:01.9  —41:15:36 17.31 1.12 1958 dE,N
89 2 12:49:18.2 —41:20:07 15.43 1.15 3104 El
111 3 12:49:40.0  —41:21:59 15.86 1.01 2880 dE,N
115 3 12:49:46.5 —41:22:08 18.15 0.99 — dE
121 3 12:49:54.2 —41:20:24 17.36  1.07 4739 dE
123 3 12:49:56.1 —41:24:04 17.35 1.03 4661 dSo
124 3 12:49:56.2 —41:23:22 19.09 0.84 — dE
130 (N4709) 3 12:50:04.0  —41:22:57 12.50 1.35 4650 E3
125 4 12:49:56.4  —41:15:37 16.06 1.08 2880 dE,N
o8 5 12:48:36.1 —41:26:25 16.78 1.02 3304 dE
68 6 12:48:52.5 —41:32:25 19.63 0.93 — dE

Table 4.2: Coordinates and photometric properties of the investigated Centaurus cluster
galaxies. The galaxies are ordered by field-number, and within the same field by right
ascension. The field number refers to the fields indicated in Fig. 4.1. The radial veloc-
ities are taken from Stein et al.’s ([1997]) catalog of radial velocities for the Centaurus
cluster.

*As in the Centaurus cluster Catalog (CCC, Jerjen et al. [1997]). Note that galaxy
CCC 121 is catalogued in the CCC as being of type Im. Based on our high resolution
photometry, we cannot confirm this morphological type but rather find it has a nor-
mal, smooth dE-like morphology. Galaxy CCC 70 is catalogued as type EO due to its
relatively high surface brightness. However, it has My ~ —16.5 mag, placing it into
the dwarf galaxy regime. We therefore adopt the type compact dE (cdE) for CCC 70.
**Based on this thesis.
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Figure 4.1: Map of the central Centaurus cluster, with distances relative to the main
galaxy of Cen30, NGC 4696. Large squares are the observed VLT fields, the field number
is indicated in the lower right corner of each square. Dots represent the galaxies listed in
Jerjen et al.’s ([1997]) Centaurus Cluster Catalog (CCC) as probable and likely cluster
members. Dots marked with crosses are galaxies for which Stein et al. ([1997]) have
obtained radial velocity. Small squares indicate galaxies belonging to the sub-cluster
Cen45. Galaxies marked with large circles are the ones for which we present new SBF

measurements in this thesis. Underlying image from the DSS.
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4.3.2 Hydra

The imaging data for Hydra were obtained in service mode at the Very Large Telescope
(VLT) of the European Southern Observatory, Chile (Observing Programme 65.N—
0459(A)), using UT 1 with the instrument FORS1 in imaging mode. Seven 7 x 7’
fields in the central Hydra cluster were observed in Johnson V' and I pass-bands. The
seeing ranged between 0.6 and 0.7”. The total integration time was 1500 seconds for
the V exposures, divided up into 4 dithered single exposures, and 3000 seconds for the
I exposures, divided up into 9 dithered single exposures. Fig. 4.2 shows a map of the
central Hydra cluster with the observed fields and indicating the cluster galaxies. Ta-
ble 4.3 gives the coordinates and photometric calibration coefficients of the observed
fields. Table 4.4 gives the photometric properties and coordinates of the 16 investigated
cluster galaxies. They span a magnitude range of 10 < V' < 18.5 mag, corresponding to
approximately —23 < My < —14.5. The galaxies investigated were selected from the
radial velocity catalog of Christlein & Zabludoff ([2003]), requiring that they are early-
types and have radial velocities within the Hydra cluster range of 2000 < v.,q < 6000
km s~!'. The catalog has a complete spatial coverage over the fields investigated by
us. Its faint magnitude limit coincides roughly with the faint magnitude limit for SBF
measurements expected at the approximate Hydra cluster distance of 33-33.5 mag (see
Table 2.1).

In the 7 fields, there are 8 additional early-type galaxies whose radial velocities corre-
spond to the Hydra cluster but which were not investigated. One of them was too faint
to detect a significant SBF signal. The other 7 galaxies showed pronounced boxy or
disky residuals after subtracting an elliptical light model with scale sizes of only a few
PSF-FWHM.

Note that the dwarf galaxies investigated in Hydra and Centaurus are much brighter
than those investigated in Fornax in the previous Sect. 3.3: the faint magnitude limit for
the Hydra-Centaurus dwarfs is My ~ —14.5 mag, about equal to the bright magnitude
limit of the Fornax sample. This is because at the about two times higher distance of
Hydra and Centaurus, SBF are twice as weak.

4.3.3 Data reduction before SBF measurement

The pipeline reduced images for both Hydra and Centaurus still showed large scale
sky count variations of the order of +3%. To partially compensate for that, a master
flat field was constructed by combining all single exposures from all fields, disregarding
contribution from astronomical objects to the final master flat using a sigma-clipping-
rejection. After division by the smoothed master flat field, the large scale variations
were reduced to +£1%.

The observational zero points were determined separately for each night. For all fields
except for field 3 in Centaurus, which was taken two months after the rest of the
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10:36:36.0 —27:32:50 26.629 27477 0.02 —-0.05 0.090 0.160
10:37:03.4 —27:32:50 26.643 27.529 0.02 —-0.05 0.090 0.160
10:37:30.7  —27:32:50 26.643 27.529 0.02 —0.05 0.090 0.160
10:37:58.6  —27:32:50 26.543 27.529 0.02 —0.05 0.090 0.160
10:36:36.0 —27:26:45 26.665 27.532 0.02 —-0.05 0.090 0.160
10:36:36.0 —27:20:39  26.665 27.532 0.02 —-0.05 0.090 0.160
10:36:36.0 —27:14:27  26.665 27.532 0.02 —-0.05 0.090 0.160

N O O W N

Table 4.3: Central coordinates and photometric calibration coefficients for the 7 VLT
FORSI1 fields in Hydra as indicated in Fig. 4.2. Calibration equation is: m = mjpsr +
ZP—-CTx(V—1)g—k*xAIRMASS.

Nr. Field RA [2000] Dec [2000] Vo V—=1)o Upaa [kms~!] Type

258 1 10:36:50.1 —27:30:46  17.57 1.02 5251 dE,N

359 1 10:36:49.0 —27:30:00 17.44 1.04 4556 dE

334 1 10:36:45.8 —27:31:24  17.65 1.03 4225 dE,N

357 1 10:36:45.7 —27:30:31 17.30 0.93 3815 dE

140 1 10:36:42.7 —27:35:08 16.15 1.05 3554 dSO,N
N3311 1 10:36:42.7 —27:31:42  10.90 1.15 3713 S0(2) [E+2]
N3309 1 10:36:35.7 —27:31:05 11.90 1.21 4068 FE1 [E3]
482 2 10:37:13.7  —27:30:25 16.73 1.06 4439 dE,N

421 2 10:37:00.1 —27:29:53 18.11 1.04 5626 dE,N

123 2 10:36:57.0 —27:34:04 18.51 1.03 2993 dE

172 2 10:36:52.5 —27:32:15  16.28 1.07 3133 dE

252 3 10:37:17.3 —27:35:34 17.19 1.08 3780 dE,N

358 ) 10:36:43.0 —27:25:30 17.69 1.06 3936 dE,N
N3308 5 10:36:22.3 —27:26:17  12.10 1.28 3537 SBO(2) [SAB(s)0-]
322 6 10:36:50.7 —27:23:01 18.24 1.02 4306 dE

150 6 10:36:26.8 —27:23:25  15.99 1.07 4158 dE,N

Table 4.4: Coordinates and photometric properties of the investigated galaxies of the
Hydra cluster. The galaxies are ordered by field-number, and within the same field by
right ascension. The field number refers to the fields indicated in Fig. 4.2. Photometry
is taken from this thesis. (V —1I)g is from the region where SBF are measured, Vy is the
total magnitude of the galaxy derived from a curve-of-growth analysis. Galaxy numbers,
coordinates and radial velocities are from the catalog of Christlein & Zabludoff ([2003]),
except for the NGC galaxy numbers. Galaxy types are according to the morphology on
our Hydra images except for the three NGC galaxies, for which the type is from Richter
et al. ([1989]).
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Figure 4.2: Map of the central Hydra cluster, with distances relative to NGC 3311.
Large squares are the observed VLT fields, the field number is indicated in the lower

right corner of each square.
spectroscopic study of Christlein & Zabludoff (]2003]).

Dots are all Hydra cluster member galaxies from the
Galaxies marked with large

circles are the ones for which we present new SBF measurements in this thesis. The

cluster members without SBF measurement are 11 late-type and 8 early-type galaxies.

Underlying image from the DSS.
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Centaurus images, the colour terms were identical to within their errors. For all fields
in Hydra and Centaurus, respectively, the extinction coefficients were identical to within
their errors. The accuracy of the derived zero points was of the order 1%. For each field
and pass-band, the single exposures were brought into a common coordinate system by
applying integer pixel shift corrections between the single dithered frames. For SBF
measurements, only integer pixel shifts are suitable, as otherwise correlated noise would
be introduced. Cosmic rays were removed from the single frames using the IRAF task
COSMICRAYS. The registered cleaned single frames were averaged using an average
sigma clipping algorithm. For each investigated galaxy, the local background level was
determined in both pass-bands via a curve of growth analysis, yielding the total apparent
magnitudes in V and I, a surface brightness profile and a colour map.

To correct for galactic reddening and absorption, we used the values from Schlegel et
al. ([1998]), who give A; = 0.221 and E(V — I)p = 0.157 for the coordinates of the
Centaurus cluster and Ay = 0.154 and E(V — I)y = 0.110 for the coordinates of the
Hydra cluster.

4.3.4 SBF measurement for the dwarfs

For obtaining (m— M) with SBF, one must measure the apparent fluctuation magnitude
my and derive the absolute fluctuation magnitude M from (V — I)o.

For the derivation of M from (V — I)g, equation (1.10) was used for all galaxies with
(V —1)p > 1.0 mag. For (V —1I)p < 1.0, we adopt equation (2.1). This is inspired by
the results of Sect. 3.3.3, which indicate that at least some of the dwarf galaxies in the
blue colour range have fainter M than predicted from equation (1.10). In Sect. 3.3.3
it could not be convincingly distinguished between the case where all galaxies follow
a shallower M-(V — I)g relation and the case where one subset follows the original
steep relation and another subset has a colour independent M ;. Therefore we con-
sider adoption of equation (2.1) for (V — I)g < 1.0 the best compromise. Note that
this applies to only 4 out of the 31 galaxies investigated, since in comparison to the
Fornax dwarfs the galaxies investigated in Hydra/Centaurus are more luminous and
hence redder, as a consequence of the colour-magnitude relation for galaxies. For the
distance error calculation, a cosmic scatter of 0.10 mag is assumed (Tonry et al. [2001]),
adding in quadrature to the error contribution arising from the uncertainty of (V' — I)o.
From comparing the colour measured for the same galaxies in adjacent fields, we adopt
A(V —I)o = 0.015 mag as the colour uncertainty. This is a much smaller error than
for the fainter dwarfs in Sect. 3.3. Reasons for that are the higher surface brightness
of the dwarfs investigated in Hydra and Centaurus and the better image quality of the
FORS1 data.

The procedure to measure m; of the investigated dwarf galaxies in Hydra and Cen-
taurus was very similar to that already outlined in Sect. 3.3.1. The 4 giant galaxies
NGC 3309 and NGC 3311 (Hydra) as NGC 4696 and NGC 4709 (Centaurus) received

a “special treatment” explained in Sect. 4.3.5. The steps performed to measure m; for
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the dwarfs are listed below. There are two main changes with respect to Sect. 3.3.1:
The first change is that the background fluctuations A BG are now measured in a large
comparison field several degrees away from each cluster and not anymore in three small
portions close to each investigated galaxy (point 8). This can be done because of the
significantly better and more stable image quality across the entire image. ABG was
typically about 0.10 mag for both the Hydra and Centaurus galaxies. The second change
is that now the contributions of globular clusters to the measured fluctuations AGC
are of the order 0.2 mag and cannot be neglected anymore (point 11).

The steps for deriving SBF magnitudes are as follows:

1. Model mean galaxy light

2. Detect and subtract remaining contaminating objects from original image.

3. Model mean galaxy light on the cleaned image.

4. Subtract model of original image.

5. Divide resulting image by square root of the model, cut out circular portion with
radius typically 20-25 pixel (4 — 5”), corresponding to 8-10 seeing disk diameters.

6. Mask out contaminating sources like foreground stars and background galaxies.

The completeness limit of the contaminating source detections was determined by arti-
ficial star experiments using SExtractor and the ARTDATA package under IRAF. The
limiting magnitude for point source detection was about I = 24.7 mag for the Hydra
images and I = 25.0 mag for the Centaurus images.

7. Calculate the power spectrum (PS) of the cleaned image.

8. Calculate the PS of the sky background in a comparison field several degrees away
from the clusters. This comparison field had the same observing conditions as the clus-
ter images. Like for the SBF measurement of the dwarf galaxies, all sources above the
detection limit were masked out before the PS calculation. The resulting fluctuation
amplitude is then divided by the mean galaxy intensity in the region where SBF are
measured. This normalised background PS ABG is then subtracted from the PS of the
SBF image.

9. Obtain the azimuthal average of the resulting PS.

10. Fit equation (3.1) to the result: P(k) = E(k) x Py + P,

11. Obtain the desired observable 77 from

my = —25xlog(Py) + ZP; — A; — Ak + AGC (4.1)

This equation differs from equation (3.2) by one term, namely AGC. This is the con-
tribution to the fluctuations caused by Globular Clusters (GCs) below the detection
limit and cannot be neglected anymore. This is because the globular cluster luminos-
ity function is sampled only down to its turn-over magnitude (TOM), which is about
I ~ 24.8 mag at an assumed distance of 45 Mpc. AGC is calculated using equation (15)
from Blakeslee & Tonry ([1995]), assuming a TOM of M; = —8.46+ 0.2 mag for the
globular cluster luminosity function (Kundu & Whitmore [2001]) and a width ¢ = 1.2
mag. The specific frequency Sy of the dwarfs’” GC systems was estimated by counting
the point sources detected in the dwarf galaxy image after subtraction of the elliptical
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model, assuming that 50% of the GCs are detected (the completeness magnitude as de-
termined from artificial star experiments roughly corresponds to the apparent turnover
magnitude of the GCLF expected at both the distance of Hydra and Centaurus, see
Table 4.5 and Fig. 4.5). The number of detected GCs per galaxy is generally below ten.
Therefore, only average Sy for sub-samples of GCs could be determined.

For the Centaurus cluster dwarfs, we estimate an average specific frequency of Sy = 5.4
+ 1.0 for all dwarfs, independent on location in the cluster. For Hydra, we find a de-
pendence of Sy on the location in the cluster: for the 5 dwarfs in field 1, which contains
the extended halo GC population of the ¢D galaxy NGC 3311, we find a high average
specific frequency of Sy = 11.54+2.8, for the 8 dwarfs in the other fields we find Sy =2.3
+ 0.8. The apparent TOM of the GCLF was assumed to be equal for all dwarfs, de-
rived from their mean SBF-distance. As AGC depends on the fraction of GCs that can
be detected and hence correlates somewhat with galaxy distance, the mean AGC and
mean SBF-distance of the dwarfs were determined iteratively in each cluster, using the
mean colour of all dwarfs in each cluster. We note however, that this correlation is not
very strong: changing the assumed TOM of the GCLF by 0.1 mag, which as we show
in Sect. 4.4 is the uncertainty of the mean Hydra and Centaurus SBF-distance, changes
AGC by less than 0.01 mag. To obtain AGC for a single dwarf, the mean AGC was
changed according to the specific colour of that galaxy, resulting in a scatter of about
0.03 mag in AGC between the different dwarfs. For Centaurus, AGC was typically
around 0.20 mag. For the Hydra dwarfs, it was about 0.45 mag in field 1 and generally
below 0.1 mag for the other fields.

For the dEs, the main error contribution to their SBF-distance comes from the measure-
ment of Py. Its error is derived from the Monte Carlo simulations as shown in Sect. 2,
Fig. 2.8. At the approximate distance of Hydra/Centaurus (~ 33 mag), the error of
Py is found to be about 0.25 mag for dEs with V) < 16.5 and about 0.40 mag for dEs
fainter than that.

4.3.5 SBF measurements for the giants

The SBF measurement procedure was slightly different for the brightest and extended
giant galaxies in both clusters, namely NGC 4696 and NGC 4709 in Centaurus and
NGC 3309 and NGC 3311 in Hydra.

The first difference was that AGC was derived directly from the investigation of the
respective globular cluster systems. Sy and the apparent TOM are determined in the
regions where SBF are measured, as summarised in Table 4.5 and shown in Fig. 4.5.
For this fitting, we keep o fixed at 1.3 mag (Kundu & Whitmore [2001]), with an error
allowance of 0.15 mag. For the Hydra cluster giants, the TOM of these GCLFs is only
poorly constrained, due to the relatively low number of GCs present in the images and
the somewhat brighter completeness magnitude as compared to the Centaurus data.
However, due to the bivariance of ¢ and TOM, AGC is almost independent of both
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values. E.g. adopting ¢ = 1.1 mag instead of 1.3 mag results in a 0.5 mag brighter
TOM and 30% lower Sy for both NGC 3309 and 3311. This gives AGC = 0.21 mag for
NGC 3311 and AGC = 0.11 mag for NGC 3309, lower by only 0.03-0.04 mag than the
values obtained from using ¢ = 1.3 mag. The Sy of NGC 3311 is lower by 1.70 than
the value of Sy = 15+ 6 found by McLaughlin et al. [1995], but their study investigated
radial distances between 0.5 and 3.5, outside the area sampled by us. Our value is in
qualitative agreement with previous findings that the local specific frequency decreases
significantly in the innermost regions of c¢D galaxies (e.g. McLaughlin [1994], Forte et
al. [2005]). For NGC 4696, our value is consistent with the result of Lee & Geisler
([1997] and Lee, private communication), who obtain Sy = 6 £+ 1. For NGC 4709 and
NGC 3309, we have not found any literature data on their GC systems. Our results are
slightly higher but still consistent with the mean Sy = 2.4 + 1.8 obtained by Kundu &
Whitmore ([2001]) from HST investigations of 28 nearby early-type giants.

The second difference in the SBF measurement procedure as compared to the dwarf
galaxies was that m; and (V — I)p were measured independently in three concentric
rings (two for NGC 4709). Those covered the range 8 < r < 26” for NGC 3309,
8" < r < 32" for NGC 3311, 52" < r < 100” for NGC 4696 and 32" < r < 54" for NGC
4709. For each ring, an independent SBF distance estimate was derived. The scatter of
those values added in quadrature to the cosmic scatter allowance of 0.10 mag is adopted
as the distance error for those 4 giant galaxies.

Note that for NGC 4709, an additional error allowance is added to the distance estimate:
for this galaxy we obtain an average colour of (V — I) = 1.35 mag in the three rings,
significantly redder than the value of Jensen et al. ([2001]) and Tonry et al. ([2001]),
who obtain (V' — I)p = 1.22 and 1.21 mag, respectively. Carefully re-analysing our
photometry shows that the sky level is the parameter that most influences the colour,
given that the halo of NGC 4709 extends to almost the image limits. Systematic errors
in the photometric calibration are unlikely as the mean SBF-distance to the 5 other
galaxies in the field of NGC 4709 agree to within 2% with the mean of the entire
Centaurus sample. We find that the amount of large scale flat field variations present
in our images can in the worst case account for a colour shift of up to ~ 0.10 mag for
NGC 4709. However, the particular sky values adopted for NGC 4709 is consistent with
the large scale flat field variations derived in other fields not dominated by one major
galaxy. This translates into a lower colour limit of (V — I)g ~ 1.30 mag based on the
information available from our data. We therefore add in quadrature an additional error
allowance of 0.05 x 4.5 = 0.225 mag to the distance error of NGC 4709.

Figs. 4.3 and 4.4 show example images illustrating the SBF measurement procedure for
two Centaurus and two Hydra dwarfs and the giants NGC 4696 (Centaurus) and NGC
3311 (Hydra).
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Figure 4.3: Example images and plots for two Centaurus (left) and two Hydra (right)
cluster dwarf galaxies, illustrating the SBF measurement procedure. From left to right:
CCC 115 (Centaurus field 3); CCC 75 (Centaurus field 1); Hydra 359 (Hydra field 1);
Hydra 334 (Hydra field 1). From top to bottom: 1. Original galaxy image; elliptical
model subtracted from former image. 2. Former image divided by square root of
model, with contaminating sources and region outside measurable circle masked. 3.
Power spectrum of the former image. 4. Azimuthal average of the former image with
dashed line showing the result of the fit and crosses marking the points rejected in the
fit.
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Figure 4.4: Example images and plots illustrating the SBF measurement procedure for
NGC 4696, the central galaxy of the Centaurus cluster (left) and NGC 3311, the central
galaxy of the Hydra cluster (right). From top to bottom: 1. Original galaxy image. The
three rings within which SBF were measured are indicated by different offset intensities.
2. Image showing one of the three rings with all contaminating objects masked. 3. two-
dimensional power spectrum of the former image. 4. Azimuthally average of the former
image with dashed line showing the result of the fit and crosses marking the points
rejected for the measurement.



Gal—Nr. | TOM [mag] (o) Icut [mag] (m — M)GC (m — M)SBF NGC,rings MV,rings SNyrjngs
NGC 3309 | 25.49 + 0.70 1.30 24.70 33.95+ 0.73 32.81 £0.13 430 £ 140 —20.30 £ 0.2 35£1.3
NGC 3311 | 25.09 + 0.59 1.30 24.70 33.55 = 0.63 33.09 £ 0.14 810 £ 300 —20.60 £ 0.2 46=£19
NGC 4696 | 24.49 + 0.27 1.30 25.05 3295+ 0.34 33.14 £0.16 2390 £300 —-21.25+£02 73+£15
NGC 4709 | 23.86 & 0.26 1.30 25.00 32.32 £ 0.33  32.50 £ 0.27 360 £+ 60 —-19.60 £ 0.2 50=£1.3

Table 4.5: Details of the globular cluster luminosity function (GCLF) fitting for the Hydra galaxies NGC 3309 and NGC 3311
and the Centaurus galaxies NGC 4696 and NGC 4709, performed in the rings where SBF were measured. A Gaussian with width
o = 1.3 mag (Kundu & Whitmore [2001]) with an error allowance for o of £+ 0.15 mag is fit to the incompleteness corrected number
counts in Fig. 4.5. The error of the turnover magnitude (TOM) is the maximum of the fitting error and the difference in TOM
when changing o to its lower and upper limit of 1.15 and 1.45 mag. I, is the limiting magnitude for the GCLF fitting, identical
to the 50% completeness limit for GC detection. An absolute turn-over magnitude of M; = —8.46 + 0.2 mag is assumed (Kundu &
Whitmore [2001]). The GCLF-TOMs of the two Hydra galaxies are poorly constrained both because of a brighter cutoff magnitude

and lower number of GCs compared to NGC 4696.
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Figure 4.5: Incompleteness corrected globular cluster luminosity functions for the 4
indicated galaxies in the rings where SBF were measured. Asterisks with error bars
are counts in the I-band, filled squares are counts in the V-band shifted to I assuming
(V—I)y = 1.04 from Kundu & Whitmore ([2001]). The number counts are corrected for
background contamination and shown up to the faintest magnitude bin for which the
completeness was above 50%. The solid lines are Gaussian fits, whose parameters are
the mean of the values fit independently in V and I. The derived turnover magnitudes
and specific frequencies Sy are given in Table 4.5.
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4.4 Results

The results of the SBF distance estimates to the Hydra and Centaurus galaxies are
shown in Tables 4.6 and 4.7. Note that due to the very good seeing for the Centaurus
data (0.4” FWHM in the I-band), the modified S/N* is substantially higher than the
canonical one for all investigated galaxies. Those two galaxies with S/N < 2 clearly
have S/N* > 3. For the Hydra cluster, for which the seeing was between 0.6 and 0.7,
this effect is not that strong, but still obvious. In the Hydra sample there are two galax-
ies (No. 150 and 322) with S/N* < S/N, due to the small area used for sampling the
SBF. For the giant galaxies NGC 3308, 3309, 3311, 4709 and 4696, S/N* is extremely
high due to the large number of seeing disks sampled.

The simulations from Sect. 2 predict a limiting absolute galaxy magnitude for reliable
SBF measurement of about My ~ -15 mag for 0.5” seeing, 33.4 mag distance modulus
and 1 hour integration time with the VLT. From Fig. 4.7 it is clear that the actu-
ally achieved limiting magnitude with 3000 second integration time is about of that
order, even slightly fainter. The about 0.2 mag smaller distance modulus of the joint
Hydra/Centaurus sample and the 20% smaller integration time as compared to the
simulations have opposite effects on the limiting magnitude. The limiting magnitude
for Centaurus is slightly fainter for Centaurus, as the better seeing of about 0.4” as
compared to 0.6” for Hydra overcompensates the 0.2 mag higher distance and hence
weaker SBF signal for Centaurus, in agreement with formula (2.6) and Table 2.1. From
all this, we can again confirm that the simulations from Sect. 2 give realistic predictions
for the viability of SBF method applications, as already shown in Sect. 3

4.4.1 Relative distance between Hydra and Centaurus from SBF

The mean distance of the Hydra cluster is 41.2 + 1.4 Mpc, the mean distance of the
Centaurus cluster is 45.3 + 2.0 Mpc. The corresponding mean distance moduli are 33.07
+ 0.07 mag for Hydra and 33.28 £+ 0.09 mag for Centaurus. The relative distance in
magnitudes then is (m — M)cen — (m — M )pyq = 0.21£0.11 mag. The relative distance
in Mpc is d(Cen) — d(Hyd) = 4.1 + 2.4 Mpc.

When excluding distances to galaxies with colours outside the empirically calibrated
range 1.0 < (V —I)p < 1.30 mag, the Hydra and Centaurus distances change by less
than 1%. The relative distance between the central Centaurus galaxy NGC 4696 and
the three Hydra giants NGC 3308, 3309, 3311 is 0.16 £+ 0.19 mag, consistent with
the relative distance derived using all galaxies. NGC 4709 was not included in that
comparison, as it is redder than the empirically calibrated range and might be located

somewhat in front of Centaurus, see also Sect. 4.5.6.



Nr. Field S/N S/N* Amask ABG AGC my (m— M) d [Mpc]
258 1 4.46 6.82 0.393 0.115 0.43 31.16 £ 0.46 33.50 £ 0.47 50.19 + 11.0
359 1 6.28 12.1 0.305 0.122 0.46 30.44 £ 0.46 32.68 + 0.47 34.29 £ 7.5
334 1 6.83 11.7 0.268 0.116 0.45 30.67 £ 0.45 32.94 + 0.47 38.76 + 8.5
357 1 9.87 16.6 0.210 0.065 0.38 30.25 £ 0.45 32.83 + 0.49 36.74 £ 8.4
140 1 6.31 14.5 0.217  0.100 0.47 31.52 £0.49 33.71 £ 0.51 55.15 + 13.0
N3309 1 12.90 92.2 0.175 0.042 0.14 31.30 £ 0.09 32.81 £ 0.13 3647 + 2.1
N3311 1 10.30 78.2 0.208 0.030 0.25 31.33 £ 0.10 33.09 + 0.14 4142 + 2.6
482 2 3.32 3.78 0.204 0.241 0.07 30.65 £ 0.42 32.96 + 0.44 39.02 £ 8.0
421 2 6.78 10.92 0.203 0.073 0.08 30.83 £ 0.27 32.93 + 0.30 38.54 £ 5.3
123 2 5.04 5.54 0.255 0.121 0.08 31.02 £+ 0.43 33.15 + 0.44 42.69 £+ 8.8
172 2 4.94 5.48 0.108 0.135 0.07 30.64 £ 0.42 32.85 + 0.44 3722+ 76
252 3 3.90 8.3 0.221 0.189 0.08 31.07 £ 0.42 33.12 + 0.42 42.05 £+ 8.3
358 5 4.91 7.2 0.119 0.145 0.06 31.03 £ 0.42 33.16 + 0.44 42.84 + 8.8
N3308 5 13.20 72.5 0.130 0.028 0.24 31.88+0.28 33.04 + 0.30 40.63 £ 5.7
322 6 8.86 5.2 0.248 0.142 0.04 30.42 £ 0.42 32.73 + 0.44 30.13 £ 7.2
150 6 6.63 5.9 0.238 0.109 0.05 31.30 £ 0.27 33.40 £ 0.29 47.85 £ 6.5
33.07 £ 0.07 41.20 £ 1.4

36

Table 4.6: Result of the SBF measurements for the investigated Hydra cluster galaxies. The error in metric distance d is the
mean of the upper and lower distance error range corresponding to the magnitude error in (m — M). The columns Amask, ABG,
AGC, my and (m — M) are given in magnitudes. For the two giant galaxies NGC 3309 and NGC 3311, the results shown are the
averaged means over the three rings investigated. S/N* as defined in Sect. 2.4.2. In the lowest row, the mean distance d and the
corresponding distance modulus (m — M) of all galaxies are given.

RIPAT] pue snInejuay) 03 sooueysip Jgs :f 103dey)



Nr. Field S/N S/N* Amask ABG AGC mr (m — M) d [Mpc]
N4696 1 4.78 228 0.090 0.090 0.23 31.840 £ 0.120 33.14 £ 0.17  42.5 £+ 3.20
0] 1,2 3.84 13.7 0.178  0.079 0.18 31.289 £ 0.430 33.60 £ 045 52.5 £ 11.0

61 1 5.76 30.0 0.174 0.068 0.26 31.456 £ 0.290 33.23 £0.32 44.2 £+ 6.50

70 1 111 42.6 0.20 0.012 0.34 31.260 £+ 0.310 3258 £ 0.33 32.8 £5.10

52 1 4.39 12.3 0.168 0.072 0.22  31.473 £+ 0.430 3347+ 045 494 +10.0

89 2 745 44.2 0.150  0.020 0.25 31.772 £ 0.290 33.50 £ 0.31  50.1 &£ 7.30
N4709 3 5.00 156 0.140  0.089 0.06 31.623 £+ 0.083 32.50 £0.27  31.6 + 3.9
124 3 187 6.40 0.153 0.199 0.13 30.561 £ 0.430 33.33 £ 0.57  46.3 £ 12.0
123 3 868 295 0.151 0.041  0.19 30.594 £0.430 32.86 £ 0.45 37.3£7.70
121 3 349 13.1 0.183 0.116 0.24 31.454 £+ 0.460 33.54 £ 047 51.1 £11.0
115 3 3.00 10.7 0.145 0.169 0.17 31.063 £ 0.430 33.49 £ 045 50.0 £ 10.0
111 3 131 67.9 0.122  0.035 0.18 30.527 £ 0.280 32.88 £0.30 37.7 £ 5.30
125 4 11.2 20.7 0.166  0.028 0.65 31.198 £+ 0.380 33.24 £ 040 44.5 £ 8.30
58 5 2.85 16.1 0.184 0.096 0.13 31.419 £+ 0.430 33.73 £ 044 55.7 £ 11.0

68 6 1.22 3.50 0.144  0.396 0.13 31.058 £+ 0.430 33.62 £ 047 53.1 £ 12.0
33.28 £ 0.09 45.3 £ 2.0

Table 4.7: Result of the SBF measurements for the investigated Centaurus cluster galaxies. Columns as in Table 4.6.
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4.4.2 Peculiar velocities of Hydra and Centaurus

To estimate the distortion of the Hubble flow between us and Hydra, we adopt the
mean heliocentric radial velocity 3853 4 128 km s—! of the 44 Hydra cluster members
within the inner 10’ of the cluster center, based on the catalog of Christlein & Zabludoff
([2003]). This velocity is corrected for the relative motion of the Sun with respect to
the CMB. We adopt the value derived by Lineweaver et al. ([1996]) from the COBE
dipole CMB anisotropy, who find the Sun moving at 369 km s~! toward galactic coor-
dinates | = 264.°31, b = 48.°05. This results in a CMB dipole velocity component of
+336 km s~! towards the Hydra cluster and of +281 km s~! towards the Centaurus
cluster. The mean CMB rest-frame radial velocity of the Hydra cluster then becomes
4190 + 128 km s~!. We assume a cosmological value of Hy = 72+ 4 km s~! Mpc~!
(e.g. Freedman et al [2001], Spergel et al. [2003], Tegmark et al. [2004]). Then, our
mean Hydra cluster distance of 41.2 + 1.4 Mpc corresponds to a peculiar velocity of
1225 + 235 km s~ 1.

Regarding the Centaurus cluster, we restrict our considerations to the dominant com-
ponent Cen30. Its heliocentric radial velocity is 3170 4+ 174 km s~! (Stein et al. [1997]),
yielding a CMB velocity of 3450 + 174 km s~!. The mean distance of the 8 Cen30
members investigated by us is 45.0 + 2.7 Mpc. The cosmological CMB velocity value
corresponding to Hy = 72 km s~! Mpc™! is 3240 + 240 km s~!. The peculiar velocity
of Cen30 then is 210 £ 295 km s~!, much smaller than for Hydra and consistent with
an undistorted Hubble flow towards Centaurus. If we include the Cen45 component in
our analysis, the peculiar velocity rises slightly to 450 4= 300 km s~!, still lower than the
Hydra velocity by about 800 km s~! at 20 significance. Using only the giant galaxies for
the peculiar velocity calculation, we obtain 395 4 345 km s~! for NGC 4696 in Cen30
and 1345 + 240 km s~! for Hydra, agreeing very well with the values obtained from the
entire sample.

In Fig. 4.6, a Hubble diagram for Hydra and Centaurus is shown, illustrating the higher
peculiar velocity for Hydra. Within the uncertainties of the measured distances, we
cannot detect a negative slope between distance and radial velocity as it would be the
case if the more distant galaxies in the sample would be falling into the Great Attractor
from behind. See also the next section for a discussion on the depth of both clusters.
In Sect. 4.5.1, it will be discussed whether the high peculiar velocity for Hydra together
with the lower one found for Centaurus is consistent with the Great Attractor model as
proposed by T00.

4.4.3 Depth of the Hydra and Centaurus clusters

The mean single measurement uncertainty for the Hydra cluster SBF-distances as shown
in Table 4.6 is 7.4 Mpc, whereas the scatter of these distances around their mean is 5.7
Mpec. For the Centaurus cluster (Table 4.7), the mean single measurement uncertainty
is 8.3 Mpc, whereas the distance scatter is 7.5 Mpc. These values are consistent with the
assumption of a §-distribution for the real distances in both clusters. We derive an upper
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Figure 4.6: CMB rest-frame radial velocity is plotted vs. SBF distance for the Hydra
galaxies (filled circles) and the Centaurus galaxies (open circles). The solid line gives the
Hubble flow for Hy=70 km s~ Mpc~!. The upper dashed line corresponds to Hy=60,
the lower dashed line to Hy=80.



102 Chapter 4: SBF distances to Centaurus and Hydra

Hydra Centaurus
:I T T LI LI I III T T I LI T I_:I T T I LI I LI I T r T II I LI T I:
L 11 4 {1 i
r {1 T L 1
1-3:_ _______ —— <+ -
C 11 1 |—§—|._§1_+| ]
— 12 F =3l T+ ! 3
g [ - T — ]
EL L il T il R
T C %&: ﬁ' 8
2 S A i T ———_ T _____ _== I 1
1 C 1|1 T 1__IT§—T ]
r |—§—: :—| T n:——§—|: ]
09 T -
B 1|1 T 111 b
- 1 T T | ]
oo e v v e b e e b v b Top e brv v v b bbb byp e Py g
[ | I __I T I LI I LI I T II T I| I LI I T I_
L | 4 111 g
- - + ] .
22 - o -
i I L ]
20 T =@ ]
= L 1 N 4
E I T ! ]
8L T A
§ T . i S et
16 —+ Hh |_E -
B I T ! A') A, ]
-14 - 1 T TH ¥ ]
11 1 I L1 1 1 I 11 1 1 I III 11 I 11 1 1 I 11 L1 1 I | T | I L1 1 1 I 1 i 1 II I 11 1 1 I 11
32 325 33 335 34 32 325 33 33.5 34
(m_M)sap [mag] (m_M)sap [mag]

Figure 4.7: Left panels: Distance modulus (m — M )spr of the Hydra galaxies plotted vs.
their absolute magnitude My (bottom) and colour (V' — I)y (top). The mean distance
modulus with its 1o error is indicated by the solid and dashed vertical lines. The
dashed horizontal lines in the top panel indicate the colour range of the empirical SBF
calibration (1.10) by Tonry et al. ([2001]). The data points outside this colour range —
for which calibration equation (2.1) was used — are marked by open circles in the lower
panel. Right panels: Plot of the same entities as in the left panels for the Centaurus

cluster distances.
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(71—12)(Aac)2 < 0_2 < (n—1)2(Aa:)2
Xl a X%

limit for the depth of both clusters applying the inequality

to obtain the confidence interval at probability o for the real variance o of a distribution
of n measurements with a measured variance Az? (Hackbusch et al. [1996]). From
tabulated x? values we find that the Hydra cluster would have to be radially extended
over 3.5 Mpc to both sides in order to exclude with 95% confidence a d-distribution for
the distance of our sample galaxies. For the Centaurus cluster, this radial extension is
5.7 Mpc.

We therefore derive a formal upper limit of £ 3.5 Mpc radial extension for the Hydra
cluster and £ 5.7 Mpc for the Centaurus cluster. The Hydra cluster’s extension on
the sky is about 3 degrees (Tonry et al. [2000]). At 41 Mpc distance this corresponds
to about 2 Mpc. In case of a spherically symmetric distribution we would therefore
expect a radial distance scatter of the order of + 1 Mpc. l.e. for Hydra we can only
exclude a cigar-shape with the major axis at least 3—4 times larger than the minor
axis. This is quite unlikely for a relaxed or nearly relaxed cluster as it is the Hydra
cluster (e.g. Tamura et al. [1996] and [2000], Yamasaki et al. [2003]). The Centaurus
cluster’s angular extension on the sky of 6 degrees (Lucey et al. [1986]) corresponds
to a diameter of 4.7 Mpc at 45 Mpc distance. This would make us expect a distance
scatter of about 2-2.5 Mpc around the mean in case of a spherical cluster shape. Le.
for the Centaurus cluster we can exclude a cigar-shape with the major axis being at
least 2.5 times larger than the minor axis, leaving some space for a possible filamentary
structure as discussed in Sect. 4.5.6.

4.5 Discussion

4.5.1 The Great Attractor acting upon Hydra and Centaurus

With the Hydra and Centaurus cluster distances derived in this chapter, some parame-
ters of the Great Attractor (GA) model derived by T00 can be checked. The distance to
the Cen30 component of Centaurus derived by us implies a rather low peculiar velocity
of 210 + 295 km s~! with respect to an undisturbed Hubble flow. This has several pos-
sible implications for the Great Attractor model: the mass of the GA is much smaller
than the 9x10'® M, determined by T00; the GA is very massive but the Centaurus
cluster falls into the GA almost perpendicular to the line of sight; or, the Centaurus
cluster is the Great Attractor.

The large peculiar velocity of 1225 + 235 km s~! that we derive for the Hydra cluster
and the fact that a possible Hydra cluster infall into Centaurus has only a negligible
radial component (see Fig. 4.10) supports the second possibility: a massive GA with
its center of mass slightly behind the Hydra-Centaurus plane, in closer projection to
Hydra than to Centaurus. Such a location, just like the position determined by T00,
implies that the GA is not directly associated with any prominent galaxy cluster, see
Figs. 4.8 and 4.10.

Before proceeding to a more detailed investigation of this possibility, it is useful to test
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the null hypothesis that Hydra and Centaurus in reality share a common flow velocity.
To do so, it is necessary to add in quadrature a “thermal” velocity dispersion component
to the peculiar velocity errors of both clusters. The best fitting rms peculiar velocity
from the SBF survey of T00 is 187 km s~!. Padilla & Baugh ([2002]) give as the pair-
wise line-of-sight cluster velocity dispersion expected in a ACDM universe a value of
250 km s~!, corresponding to 175 km s~! thermal component for a single cluster. We
adopt as a somewhat conservative estimate of 200 km s~! additional error contribution
for each cluster. Then, we subtract in quadrature the mean error contribution from the
uncertainty in Hy from the error of the peculiar velocity difference, as we want to define
the uncertainty of the relative peculiar velocity. This yields a relative peculiar velocity
between Hydra and Centaurus of 1015 + 440 km s~!. The null hypothesis of a common
flow velocity for Hydra and Centaurus is therefore rejected at 2.30 significance (98%
confidence).

When including the Cen45 galaxies into the peculiar velocity estimate for Centaurus,
one gets a relative peculiar velocity between Hydra and Centaurus of 775 4 440 km s,
less significant at the 1.80 level (93% confidence). We note, however, that no Cen4b
galaxy was included in Tonry et al.’s calculation of the local flow model, due to the
peculiar nature of that sub-cluster. Inclusion of Cen4d into the peculiar velocity es-
timate uses as implicit condition that the masses of Cen30 and Cen45 have the same
ratio as the number of galaxies in both clusters. Based on X-ray data from ROSAT,
Reiprich & Béhringer ([2002]) estimate a mass of ~ 2.7 x 104 M, for the Centaurus
cluster (M, = 2 x 10%° kg, the mass of the Sun). This would require that the infalling
sub-component Cen45 has a mass of almost 1 x 10M,, inconsistent with the very
narrow velocity distribution of this sub-component (e.g. Stein et al. [1997], Lucey et
al. [1986]). Taking the mean of the values obtained by Stein et al. and Lucey et al.,
Cen30 has a velocity dispersion of ¢ ~ 750 km s~!, while Cen45 has ¢ ~ 200 km s~ .
Mass scales quadratically with velocity dispersion, and therefore one would expect a
Cen45 mass more than an order of magnitude lower than that of the main component
Cen30. Because of its quite low velocity dispersion, Stein et al. ([1997]) come to the
conclusion that Cen45 can only be a losely bound group of galaxies rather than a proper
galaxy cluster. Therefore, we will in the following not include the Cen45 radial velocities
for the calculation of the Centaurus peculiar velocity.

Fig. 4.8 shows the projected positions of the Hydra and Centaurus cluster and the
Great Attractor from T00. The Great Attractor in this flow model is defined by its 3D-
position between Centaurus and Hydra at a distance d=43+3 Mpc, over-density J, infall
exponent -y, core radius r. and cutoff radius r.,:. T00 provide a FORTRAN program
which implements their flow model including the Virgo Attractor, Great Attractor and
a quadruple component. It gives as an output the expected CMB radial velocity at an
input 3D-position. The parameters of all components and the cosmological parameters
Hy = 78 km s~! Mpc™! and Q,, = 0.2 go into the calculation. Fig. 4.9 shows these
expected CMB radial velocities at the 3D-positions of Hydra and Centaurus, for vary-
ing projected GA positions and at 4 different GA distances between 43 and 49 Mpc.



SBF MEASUREMENTS OF DWARF GALAXIES 105

Except for the 3D-positions, all other GA parameters were adopted as determined by
TO00, because we only trace the peculiar velocity field at two 3D positions, which makes
it senseless to fit a larger number of parameters. An updated distance set in a much
larger area would be needed for that. The 4 different GA distances assumed are almost
within the error range of 434+3 Mpc given by Tonry for the GA distance. Also, the
angular changes of the GA positions in Fig. 4.8 are only between Hydra and Centaurus
and of the order of 20-30 degrees. They do not significantly affect the gravitational pull
of the GA on the Local Group.

Figs. 4.8 and 4.9 show that the Hydra and Centaurus distances derived by our group
can be explained by Tonry’s GA model if the GA is shifted at least 10° towards lower
super-galactic longitude and 10° towards lower latitude with respect to the original
projected GA position determined by T00. This is illustrated also in Fig. 4.10. At an
assumed GA distance of 43 Mpc, the GA would have to be directly behind the Hydra
cluster in order to exert a sufficient gravitational pull. Already at 45 Mpc GA distance,
GA projected positions up to 10° away from Hydra are possible. At GA distances of
47 and 49 Mpc — slightly outside the error range of T00’s GA distance — the expected
peculiar velocities rise and start to exclude a GA position directly behind Hydra. Note
that at the original GA position from T00, the expected radial velocity for Hydra is
below its measured velocity by about 1000 km s™!, ruling out this position.

The expected peculiar velocity of Centaurus matches the observed one as soon as the
projected GA position is several degrees away from Centaurus, see Figs. 4.8 and 4.9. It
also matches the observed one if the GA is identical to the Centaurus cluster (position
1 at 45 Mpc distance). However, this latter possibility fails to explain the very large
peculiar velocity measured for Hydra. If GA=Centaurus, then it would exert only a
very small radial gravitational pull on Hydra, because Hydra’s infall vector would be
mainly tangential (see Fig. 4.10): Assuming GA=Centaurus and the T00 GA mass of
9x10' M, yields a radial infall velocity for Hydra of 130 4= 70 km s~!, where the un-
certainty arises from the error in relative distance between Hydra and Centaurus. The
assumption that in addition to a common flow of both clusters — which is rejected at 98%
confidence — there is a 200 km s~! Hydra infall into Centaurus (=GA) is still rejected at
94% confidence. In this context one important notion is that the mass of the Centaurus
cluster derived from X-ray temperature maps (~ 3 x 10 M,, see for example Reiprich
& Bohringer [2002]) is about a factor of 30 lower than the 106 M, estimated for the GA
in TOO. This a priori makes the Centaurus cluster an improbable GA candidate. We
note that only in the case of an unrealistically massive GA at the Centaurus position
with 5 x10'6 M, - which is totally inconsistent with the amount of peculiar velocities
observed in the nearby universe and a factor of 100 more massive than Centaurus -, the
confidence level of rejecting a common flow for Hydra and Centaurus drops to 1o. A
radial infall velocity for Hydra of 500 £ 270 km s~! into the GA would be expected in
this case.

It is clear that a simultaneous check of more than one parameter (mass, distance, infall
parameter, etc.) of the Tonry GA can only be performed with an updated distance
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set extending over a much larger area and distance range than sampled by us. Note,
however, that only a change in projected position is necessary to explain the peculiar
velocities of Hydra and Centaurus observed by us. To nevertheless get an idea on the
order of the degeneracies involved when using only two 3D positions, we estimate the
GA mass-distance degeneracy for projected GA positions close to Hydra (positions 6
to 11 in Fig. 4.9): at a GA distance of 47 Mpc, a smaller GA mass by a factor of two
would still not underpredict the peculiar velocity for Hydra, while at a GA distance
of 43 Mpc, a larger GA mass by a factor of two would still not overpredict the Hydra
peculiar velocities.

The shift of the projected GA position that is required to obtain consistency with our
peculiar velocity measurements is almost three times larger than its 3o confidence range
from T00. Note, however, that T00 did not include any Hydra cluster galaxy into their
model calculations. This again stresses that a recalculation of the flow model might be-
come necessary in the light of increasingly more high-quality SBF data being published.

Summarising, the two SBF-distances for Hydra and Centaurus derived by our group
rule out a common flow velocity for these two clusters at 98% confidence. Within the
scenario of a Great Attractor (GA) somewhere in the Hydra-Centaurus region, our re-
sults are inconsistent at 94% confidence with a picture where Centaurus is identical to
the GA, both Centaurus and Hydra share a common flow and Hydra has an additional
infall into the GA. Our results are consistent with a shift in projected GA position by
at least 15° towards the Hydra cluster compared to the position determined by Tonry
et al. ([2000]), see Figs. 4.8 and 4.10. A change in the GA mass or distance within the
error ranges of Tonry’s flow model is not required.

Our results increase the angular distance between the Hydra-Centaurus GA and the
overdense region in the Zone of Avoidance (ZOA), especially the Norma cluster, to
about 50°. As the Norma cluster has also been proposed as the possible center of a
“Great Attractor” region (Woudt et al. [2003], Kolatt et al. [1995]), this large angular
separation supports the idea that the SBF-GA and the ZOA-GA might be different
substructures within a generally overdense region of the universe.

4.5.2 Some other ideas

The main result of the previous section is that the Great Attractor is probably not
identical to neither the Hydra nor Centaurus clusters. At face value this implies the
existence of a super-massive invisible dark halo, in contradiction to the widely accepted
paradigm that light traces matter reasonably well on large scales. We note that the
same problem also holds for the position of the Great Attractor from the study of
Tonry et al. ([2000]). However, one must keep in mind that this scenario is a rather
simplified picture of reality. The mass distribution in the universe is continuous and the
formal position of the Great Attractor is the center of mass of the entire — continuous
— mass distribution in that particular region. Nevertheless, the absence of a prominent
galaxy cluster in the background of Hydra and Centaurus is puzzling with respect to
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Figure 4.8: Positions in super-galactic coordinates of the following objects: Great At-
tractor (GA) according to Tonry et al. ([2000], T00 in the following) as filled circle;
Hydra cluster as open circle at ~ (140,-38); Centaurus cluster as open circle at ~ (156,-

12). Crosses and the attributed numbers indicate assumed projected positions of the

GA for which the expected CMB radial velocities of Hydra and Centaurus are shown in
Fig. 4.9, as calculated with the flow model by T00. The dashed circle delimits the region
into which the projected position of the GA from T00 must be shifted to explain the

observed distances and CMB velocities for Hydra and Centaurus, see Figs. 4.9 and 4.10.

The GA can be accommodated in the entire circle region for a distance of ~ 47 Mpc.
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Figure 4.9: Comparison between expected and measured CMB radial velocities for 4
different GA distances of 43, 45, 47 and 49 Mpc, see also Fig. 4.10. The x-axes indicates
the different projected GA positions from Fig. 4.8. Filled circles: expected CMB radial
velocity for the Centaurus cluster based on the flow model by Tonry et al. ([2000]),
using the Centaurus distance of this thesis. Crosses: expected CMB radial velocities
for Hydra, using the Hydra distance of this thesis. Open squares: expected CMB radial
velocities for Hydra assuming a 15% higher Hydra distance of 47 Mpc. Filled triangles:
expected CMB radial velocities for Centaurus assuming a 15% lower Centaurus distance
of 39 Mpc. Error bars have been omitted for these two sets of expected velocities. Upper
horizontal solid line: CMB rest-frame radial velocity of the Hydra cluster (Christlein
& Zabludoff [2003]). Lower horizontal solid line: CMB rest-frame radial velocity of the
Centaurus clusters’s Cen30 component (Stein et al. [1997]). The dashed horizontal lines
indicate the respective error ranges.
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Figure 4.10: Pie slice distance-redshift diagram of a plane defined by the positions of
the Centaurus and Hydra cluster and the Sun, with the Sun being the origin. We
assume Hg = 72 km s~! Mpc™! to convert distance to CMB redshift. The dotted
meridian lines are separated by 10°. The positions of the Centaurus and Hydra cluster
are indicated as circles with solid lines, using the distances derived in this thesis. The
dotted circle indicates the Cen30 distance derived by Tonry et al. ([2001]). The symbol
sizes corresponds to the distance uncertainties. The position of the Great Attractor from
Tonry et al. ([2000]) is indicated by the filled circle. The peculiar velocities derived in
this thesis for Hydra and Centaurus are indicated by the arrows. The area within which
the Tonry et al. Great Attractor can be accommodated in the light of our new peculiar
velocity measurements is indicated by the shaded area, see also Figs. 4.8 and 4.9.
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our results. We note that there have been some potential detections of extended “dark”
structures in the nearby universe, such as a massive (Mgyn ~ 10 M,) hydrogen cloud
in Virgo (Minchin et al. [2005]) that has no optical counterparts, or the so-called “dark
clumps” with implied masses ~ 10 M, that come out of weak lensing studies as matter
overdensities with no optical counterparts (e.g. von der Linden et al. [2005], Dahle et
al. [2003], Umetsu & Futamase [2000]). However, these potentially massive dark halos
still have lower masses than that estimated for the GA by T00, and possible misin-
terpretations due to chance alignment and noise in the weak lensing analyses (von der
Linden et al. [2005]) make “dark clumps” quite uncertain dark halo candidates.

One possibility to explain a high Hydra cluster peculiar velocity without the need for a
“dark” Great Attractor would be infall along a filamentary structure. However, this sce-
nario would require that our sample of galaxies in the direction and within the redshift
range of Hydra be strongly biased towards those with lower distances. In Sect. 4.5.4 we
show that this is not the case. Furthermore, Hydra is the prototype of a relaxed cluster
(Tamura et al. [2000], Yamasaki et al. [2003]) and is therefore unlikely to have a radial
extension significantly longer than the tangential one.

As shown in Sect. 4.5.1, one improbable (2%) — but not impossible — scenario is that both
Hydra and Centaurus take part in a common bulk flow and that the large measured dif-
ference in peculiar velocity is caused by the thermal velocity field and our measurement
errors. This scenario becomes more likely if in addition to the random peculiar velocity
field we assume that both clusters were formed in the same primordial dark matter
halo which carried away a net angular momentum which then was distributed among
the Hydra and Centaurus sub-clumps. A crude estimate of additional peculiar velocity
introduced into the Hydra-Centaurus system can then be obtained by assuming pure
Keplerian rotation of both clusters around their centre of mass. Assuming the X-ray
Msgo mass estimates for Hydra and Centaurus by Reiprich & Bohringer ([2002]) yields
a total mass of ~ 6 x 10! M,. The projected distance between both clusters is about
20 Mpc. The rotational velocity on a circular orbit of radius 10 Mpc with a central
mass of 6 x 10141/, is about 510 km s~'. This is of the order of the peculiar velocity
difference measured by us. However, the Hydra-Centaurus system is much too large
to assume that both clusters are gravitationally bound to each other: the time for one
revolution on a circular orbit would be around 90 Gyrs. Furthermore, one crossing time
is about 30 Gyrs, about twice the age of the universe. Due to these large distances and
long time-scales, it seems inadequate to consider Hydra and Centaurus as correlated
sub-clumps of one main primordial dark matter halo. Therefore, adding in quadrature
a thermal peculiar velocity component to the peculiar velocity errors of both Hydra
and Centaurus (see Sect. 4.5.1) seems to be the proper way to account for primordial
inhomogeneities in the matter and momentum distribution.



SBF MEASUREMENTS OF DWARF GALAXIES 111

4.5.3 Comparison with literature distances

As our distances to the Hydra and Centaurus clusters imply large peculiar velocity
differences between the two clusters, we compare both derived distances with values
obtained by other authors.

Centaurus

There are 4 recent publications that present distances to either the entire Centaurus
cluster or single cluster galaxies:

1. Tonry et al. ([1997]) obtained a significantly smaller distance of 32.51 + 0.11 mag
for Cen30 and 32.80 £+ 0.09 mag for Cendb in the course of their I-band SBF survey.
However, already in Tonry et al. ([2001]) and Blakeslee et al. ([2002]) it has been pointed
out that these results are subject to a Malmquist-like selection effect (Malmquist [1920])
biasing towards closer distances by up to 0.3 mag: the sensitivity of Tonry’s survey is
reached at about the distance of the Centaurus cluster. This makes those galaxies whose
observational and statistical errors place them closer than the mean cluster distance
more probable to be included in their survey than those who fall behind the cluster
for their errors. Adding this 0.30 mag to Tonry‘s distances yields a Centaurus cluster
mean distance of >~ 32.9 4+ 0.10 mag. This is still significantly lower than our value.
For the two galaxies NGC 4696 and NGC 4709 common to both surveys, our mean
distance is 32.825 mag, less than 0.1 mag higher than the mean Tonry distance. As will
be discussed in Sect. 4.5.6, NGC 4709 appears to be located in front of the Centaurus
cluster, which is why our mean distance of NGC 4696 and NGC 4709 is significantly
lower than the mean cluster distance.

2. For the Centaurus cluster galaxy NGC 4373, Pahre et al. ([1999]) obtain (m — M) =
32.99 £+ 0.11 mag from WFPC2 images, slightly lower than both our distance to NGC
4696 and the entire cluster.

3. An SBF-distance to NGC 4709 in the Centaurus cluster comes from Jensen et
al. [2001], using I-band HST data. They obtain a distance modulus of 33.04 + 0.17
mag, higher than our distance estimate at the 1.70 level. This difference is entirely due
to the significant colour difference between our rather red value of (V —I)y = 1.35 mag
and that of Jensen et al., who obtain (V' — 1)y = 1.22 mag for NGC 4709. Adopting this
bluer colour results in a 0.6 mag higher distance of 33.10 £ 0.15 mag for NGC 4709. This
gives a significant disagreement with the GCLF-distance for that galaxy (see Table 4.5)
at the 2.20 level, but at the same time a nice agreement with the SBF-distance to NGC
4696. As already mentioned, the sky background fitting for NGC 4709 might partially
cause this colour discrepancy, which is why we added an additional error allowance to the
NGC 4709 distance estimate in Sect. 4.3.5. In any case, NGC 4709 is the main galaxy
of the infalling sub-component Cen45. As we restrict our peculiar velocity estimates to
the dominating Cen30 component of Centaurus due to the probably infalling nature of
Cen45, the discrepancy for NGC 4709 does not influence the discussion on the Great
Attractor hypothesis. A more detailled discussion on the Cen30-Cen45 relative distance
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is given in Sect. 4.5.6.

Jensen et al. [2001] also obtain NICMOS F160W SBF measurements of 16 distant
galaxies with cz < 10000 km s~!, among them NGC 4709 as the only Centaurus cluster
member. For this galaxy they measure an apparent fluctuation magnitude of mpigow =
28.51+0.07 mag. To convert this into Myigow, we use the revised calibration of Jensen
et al. ([2003]). For the colour range 1.05 < (V — I)p < 1.24 mag, they derive

Mpigow = (—4.86 +0.03) + (5.1 £ 0.5) x [(V — I)g — 1.16] (4.2)

This is equation (1) of their paper. Using the converted (V — I)g colour of 1.22 mag
from their HST-data, a distance of 33.06 + 0.08 mag for NGC 4709 is obtained.

4. Another distance estimate for the Centaurus cluster comes from the Fundamental
Plane (FP) analysis presented within the SMAC survey (e.g. Smith et al. [2000], [2001],
[2004] and Hudson et al. [2004]), which includes peculiar velocity measurements for both
the Hydra and Centaurus cluster. In the framework of this FP analysis, the difference
between czpp from the FP analysis and the measured czopp of the cluster yields its
peculiar radial velocity with respect to the Hubble flow. For comparison of the SMAC
results with our metric distances, we adopt Hy = 7244 km s~! Mpc~!. For Centaurus,
the revised mean SBF distance is 45.3 + 2.0 Mpc, while the SMAC result (Smith et
al. [2004], priv. comm.) is czpp = 3019+ 158 km s~!, corresponding to 41.9 & 3.2 Mpc
(33.11 4 0.16 mag) for Hy = 72 4+ 4 km s~! Mpc~!. Both values agree to within their
€rrors.

For the Centaurus cluster we summarise that the SMAC FP-distance is consistent with
our SBF-distance, implying a small peculiar velocity for Centaurus. Literature SBF-
distances are slightly below our value by about 0.3 mag. Fig. 4.11 illustrates this. The
plotted literature distances have an average of 33.02 mag, 0.26 £+ 0.12 mag smaller than
our distance value. The error weighted mean of all distances is 0.18 mag lower than our
value.

Hydra

There are 4 recent publications that present distances to either the entire Hydra cluster
or single cluster galaxies, see also Fig. 4.11:

1. Blakeslee et al. ([2002]), who perform a comparison between SBF and Fundamental
Plane distance for early-type galaxies, including the Hydra giant ellipticals NGC 3309
and NGC 3311. The SBF distances are 33.66 + 0.68 mag for NGC 3309 and 33.23 +
0.52 mag for NGC 3311 (Blakeslee, private communications). This corresponds to a
mean distance of 49.1 + 10 Mpc, which is larger than but still consistent with our mean
Hydra distance. The FP distances are 33.33 £+ 0.41 mag for NGC 3309 and 32.93 +
0.41 mag for NGC 3311. This corresponds to a mean distance of 42.4 + 5.8 Mpc and is
in good agreement with our results.
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Figure 4.11: Literature comparison of distances to the Hydra cluster (left) and Centau-
rus cluster (right). Numbers for the Hydra distances refer to the following sources: 1
SBF distance from this thesis; 2 mean I-band SBF distance to NGC 3309 and NGC
3311 from Blakeslee et al. ([2002], and priv. comm.); 3 mean FP distance to NGC 3309
and NGC 3311 from Blakeslee et al. ([2002]); 4 mean K-band SBF distance to NGC
3309 and NGC 3311 from Jensen et al. ([1999]); 5 NICMOS F160W SBF-distance to
NGC 3309 from Jensen et al. ([2001]) using the revised calibration by Jensen et al.
([2003]); 6 FP distance to the Hydra cluster from Hudson et al. ([2004]), open symbol
refers to the distance when including the Mgy term in the FP-relation fit. Numbers for
the Centaurus distances refer to the following sources: 1 SBF distance from this thesis;
2 mean I-band SBF distance of 8 Centaurus cluster galaxies from Tonry et al. [1997],
corrected for a Malmquist-like selection bias by adding 0.30 mag,see text; 3 I-band SBF
distance to NGC 4373 from Pahre et al. [1999]; 4 I-band HST SBF distance to NGC
4709 from Jensen et al. [2001]; 5 NICMOS F160W SBF-distance to NGC 4709 from
from Jensen et al. ([2001]) using the revised calibration by Jensen et al. ([2003]); 6 FP
distance to the Centaurus cluster from Hudson et al. ([2004])
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2. Another distance estimate for the Hydra cluster comes from the SMAC survey. For
the Hydra cluster, Smith et al. ([2004] and priv. comm.) obtain czpp = 3919 + 206
km s~!. This corresponds to a distance of 54.4 + 4.2 Mpc when assuming Hy = 72 + 4
km s~! Mpc~!. This is inconsistent with our distance of 41.2 & 1.4 Mpc at the 3.00
level and corresponds to a difference of 0.60 £ 0.18 mag in distance modulus.

3. Jensen et al. ([1999]), who measure IR-SBF distances for NGC 3309 and NGC 3311
in the K’-band using the Hawaii 2.24m telescope. They obtain identical distances to
NGC 3309 and NGC 3311 of 46 = 5 Mpc, using Mg = —5.61 + 0.12 as derived in
Jensen et al. ([1998]). This is higher than our Hydra cluster distance by about 10%,
but still marginally consistent. It is about 20% higher than our mean distance to NGC
3309 and NGC 3311. A possible reason for the higher distance may be that the SBF
signal measured by Jensen et al. was in some parts dominated by background spatial
variance, whose removal was estimated to introduce errors of up to 0.4 mag in the finally
adopted value for M. Also, the more recent calibration of My by Liu et al. ([2002])
shows an intrinsic scatter of about 0.25 mag in My for the galaxies observed, about
twice as large as assumed by Jensen et al. ([1999]).

4. Jensen et al. ([2001]), from their NICMOS F160W SBF distances of 16 distant
galaxies, among them NGC 3309 as the only Hydra cluster member. For this galaxy
they measure an apparent fluctuation magnitude of mrigow = 28.86 + 0.07 mag. In
Jensen et al. ([2001]), (V — I)g of NGC 3309 is estimated from (B — R) colours by
Postman & Lauer ([1995]) to be 1.28 mag. This is slightly redder than the value of 1.21
mag determined by us directly via VI photometry in this thesis. From our photometry
we detect a slight colour gradient with redder colour towards the centre of NGC 3309.
The region sampled by Jensen et al. ([2001]) for SBF measurement is a ring region
with 2.4” < r < 4.8”, which is closer to the centre than even our innermost ring. Our
photometry indicates a colour of (V —1I)y ~ 1.23-1.24 mag in this area. Adopting 1.24 +
0.02 mag and plugging this value into equation (4.2) results in Mpigow = —4.45 4 0.05
mag for NGC 3309. This yields a distance estimate of (m — M) = 33.31 £ 0.11 mag.
This is higher than our mean distance for Hydra by 0.24 mag (12%) and higher than
the distance to NGC 3309 by about 0.5 mag.

For the Hydra cluster we summarise that recent literature distance estimates have a
mean of 33.37 &+ 0.08 mag. This is 0.30 £ 0.11 mag higher than our result. Fig. 4.11
illustrates this. The error weighted mean of all distances is 0.11 mag higher than our
result.

Systematic biases in literature distances?

It is worth having a closer look at the literature distances to see to which extent sys-
tematic biases might influence their results. The different direction of the distance
differences for Centaurus and Hydra make it appear likely that there might be some
intrinsic properties of Centaurus and Hydra that could bias different distance measure-
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ment techniques in opposite ways.

The first remarkable thing is that although for the Hydra cluster there is a substantial
disagreement between our SBF distances and the SMAC FP distances, both methods
yield very similar results for the Centaurus cluster. In that context it is very interesting
to note that the SMAC value of czpp for Hydra implies a very small peculiar velocity
for Hydra, almost consistent with zero. Hudson et al. ([2004]) show that for the deter-
mination of the bulk flow velocity amplitude, the Hydra cluster is the most significant
outlier of all 56 investigated clusters. Excluding this single cluster from the bulk-flow
analysis increases the bulk flow velocity by more than 100 km s~ up to almost 800
km s~1.

The question arises whether the Hydra (and also the Centaurus) cluster exhibits pecu-
liarities in the stellar populations of its galaxies that may have a biasing effect on SBF
distances and/or FP distances.

Already Jensen et al. ([2003]) have noted that IR-SBF measurements are more sensi-
tive to age-metallicity effects than I-band SBF. Tonry et al. [2001] have shown that the
I-band cosmic scatter in M is between 0.05 and 0.10 mag. The spread of Mpigow at a
given colour can be up to 0.2 mag according to the calibration of Jensen et al. ([2003]).
Stellar population models (e.g. Liu et al. [2000] and [2002], Blakeslee et al. [2001])
indicate that at red colours ((V —1I)g >1.2), the Mg160w values used for the calibration
correspond to very old galaxies with age 15 Gyr. This means that there is little room
for fainter Mpigow at red colours. Indeed, Jensen et al. ([2003]) attribute the spread
in Mpigow largely to the distance uncertainty from the I-band SBF distances used to
calibrate the Mpigow values. The age-metallicity spread could therefore contribute not
more than 0.2 mag to the 0.2-0.5 mag difference between our I-band SBF distances and
the IR-SBF-distances for NGC 3309 and 3311. Both galaxies would need to be several
Gyrs older and slightly more metal-poor than the galaxies at comparable colours used
in Jensen et al.’s calibration. It is an interesting coincidence, that from X-ray observa-
tions Hydra is the prototype of a relaxed cluster (e.g. Tamura et al. [1996] and [2000],
Yamasaki et al. [2003]), not having undergone a major merger in the last several Gyrs.
Such a quieter evolution as compared to other environments could result in an older
and more metal-poor population.

For the Centaurus cluster, the opposite effect would be needed to reduce the discrepancy
between Jensen’s IR-SBF distance to NGC 4709 and our Centaurus cluster distance.
Le., its galaxies should be more metal-rich and younger than the average ones used in
Jensen’s calibration. Indeed, X-ray observations (Furusho et al. [2001]) and the double-
peaked velocity structure (Stein et al. [1997]) indicate that the Centaurus cluster has
recently undergone or is still experiencing a major merger. This might have triggered
to some degree new star formation in the cluster and hence created a younger, more
metal-rich population of stars. It must kept in mind, however, that we are investigating
early-type galaxies with the SBF-technique. These galaxies are not expected to harbour
a large amount of gas and should therefore not be places of strong star formation in
the case of cluster-cluster mergers. What complicates the reasoning further is that our
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distance to NGC 4709 is significantly lower than Jensen’s distance, mainly due to the
large (V' — I)g colour difference. One has to assume that our colour estimate for NGC
4709 is wrong to make the arguments above work.

Under this condition, the discrepancy between our I-band SBF distance and the IR-
SBF distances by Jensen et al. can be explained if the Hydra cluster is older and more
metal-poor, while the Centaurus cluster is younger and more metal-rich than “average”
early-type galaxies entering Jensen’s calibration.

The opposite effect would be needed to reconcile the Hudson et al. ([2004]) FP-distances
with our values, especially for the Hydra cluster. Hudson et al. ([2004]) remark that
if there are systematic age-metallicity differences between different clusters, this could
significantly bias the derived FP distance values. As an increase of metallicity tends
to fainten a galaxy’s surface brightness, a metal-rich outlier would imply a too large
distance. A bias like that can be partially corrected for by including the Mgs index in
the inverse FP analysis. When doing so, Hudson et al. ([2004]) get czpp = 3648 + 229
km s~! for the Hydra cluster. This corresponds to a distance of 50.7 4+ 4.3 Mpc, about
4 Mpc less than without the Mgy index. The disagreement with our result decreases
to 0.45 £ 0.18 mag, still significant at the 2.10 level. The direction of this correction
indicates that the Hydra cluster might be a metal-rich outlier, the opposite of what
would be needed to explain the discrepancy with the IR-SBF distances.

The I-band SBF distance estimates by Blakeslee et al. ([2002], and priv. comm.) for
the Hydra galaxies are higher than our values, but still agree to within their (large)
errors. For the Centaurus cluster, the Tonry et al. [1997] values are significantly below
our estimate. A possible reason for that are the different cutoff magnitudes for investi-
gating the globular cluster systems. While we are able to map both GCSs well beyond
their TOM (down to 25 mag in I), Tonry et al. have a significantly brighter dereddened
cutoff-magnitude for their investigations, which is 23.6 £ 0.2 mag for NGC 4696 and
23.8 + 0.3 mag for NGC 4709 in I (Blakeslee & Tonry, private communication). They
obtain a contribution AGC' of about 50% to the SBF-signal from undetected globular
clusters, which causes an additional distance error of almost the same order (Blakeslee &
Tonry, private communication). Tonry et al. [1997] derived AGC by assuming a GCLF-
TOM corresponding to the approximate cluster distance. In other words, GCLF-TOM
(and hence AGC') and SBF-distance are somewhat interrelated. This has already been
mentioned in Sect. 4.3.4 when discussing our SBF measurement procedure. Our ap-
proach to overcome this problem is to iteratively determine the TOM, AGC and the
SBF-distance. If one fixes the TOM and width o (as it was done by Tonry et al.),
hence fitting only the total number of GCs, a larger SBF-distance uncertainty is the
result. If one uses a too low cluster distance estimate for calculating AGC', one system-
atically underpredicts the distance, as a larger fraction of the measured fluctuations is
contributed to the stellar fluctuations.

To get an idea on the amount of this bias, we use equation equation (15) from Blakeslee
& Tonry ([1995]), assume a TOM of M; = —8.5 mag for the globular cluster luminosity
function, a width o = 1.3 mag, Sy = 6 (the mean of our values for NGC 4696 and NGC
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4709) and (V — I)p = 1.24 mag. Then, we calculate AGC' for two different cases, for
both of which we assume a limiting magnitude for GC detection of I = 23.7 mag. First,
for (m — M) = 32.75 mag and hence apparent TOM=24.25 mag (Tonry’s distance to
NGC 4696); second, for (m — M) = 33.25 mag and hence apparent TOM=24.75 mag
(our distance to Centaurus). The contribution AGC in the first case is 1.00 mag, in
the second case 1.63 mag. This means that in the first case, the contribution of glob-
ular clusters to the fluctuation signal is about 70%, in the second case it even is 82%.
Furthermore, only from assuming a 0.5 mag lower distance for the calculation of AGC,
AGC itself is changed by 0.63 mag. This indicates that the Tonry et al. SBF-distances
to Centaurus may be underestimated due to them assuming a too low “guess” for the
correct Centaurus cluster distance. The reason for the large amplitude of this effect is
the rather bright completeness magnitude, more than 1 mag brighter than ours. In our
GCLF fitting for the giants, we only keep the width ¢ fixed and determine the TOM
directly. This gives us a much more accurate estimate of AGC, which also is much
smaller (0.2 mag) due to the much higher depth of our data.

Regarding the HST I-band distance from Pahre et al. [1999], which is lower than our
Centaurus distance by 0.29 4+ 0.15 mag, there is not much room for a possible underesti-
mation of AGC, since these data are very deep and allow mapping the GCLF to fainter
magnitudes than our data. One possible reason for the discrepancy with our result is
that NGC 4373 (SGL=154.13°, SGB=-15.60°) is located several degrees in projection
away from the Centaurus cluster centre and might therefore not be directly associated
to the main cluster.

Summarising this subsection, possible systematic effects biasing the results of other
authors that get a lower Centaurus cluster and higher Hydra cluster distance than we
do are probably not larger than 0.20 mag (except for Tonry’s I-band SBF distances).
Specifically, IR-SBF distances and FP distances require opposite stellar population pe-
culiarities to bring them closer to our value.

4.5.4 Systematic effects in our data?

Having discussed possible systematic effects in the data of other authors, we discuss
in this section whether and to what extent any systematic biases in our data set may
influence our SBF distance estimates to Hydra and Centaurus.

Selection bias?

One possible effect inherent in our data might be a selection bias towards brighter SBF
magnitudes at the faint magnitude limit of our survey. Galaxies whose observational
uncertainties or stellar populations place them at seemingly low distances will have a
higher S/N in the SBF measurement than galaxies of the same apparent brightness who
fall behind the observed cluster due to observational errors. Fig. 4.7 shows the absolute
brightness My of the Hydra and Centaurus galaxies plotted vs. (m — M)spr.
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Applying a linear fit to the Hydra My vs. (m—M)gpr data points results in a non-zero
slope at 0.40 significance. When rejecting the three faintest data points, the significance
changes to 0.60. The mean distance of the three giants is 39.5 + 1.5 Mpc, while for the
13 dwarfs it is 41.6 £+ 1.7 Mpc, i.e. a difference of 5 + 6%. Rejecting the three faintest
data points, the mean distance rises by about 2% to 42.1 + 2.4 Mpc. Excluding the
two brightest dwarfs lowers the mean distance by about 3% to 39.8 & 1.1 Mpc. All
the mean distances for the sub-samples mentioned are within the error ranges of the
entire sample. As noted in Sect. 4.3, there is only one faint early-type Hydra cluster
member from the spectroscopic sample of Christlein & Zabludoff ([2003]) for which
SBF could not be measured due to an undetectable SBF signal. This galaxy would
have My ~ —13.5 mag at the Hydra cluster distance, about 1 mag fainter than the
magnitude regime investigated here. Our results do therefore not support a selection
bias for the Hydra galaxies larger than 0.10 mag, neither towards too bright nor too
faint SBF magnitudes.

Applying a linear fit to the Centaurus data points results in a non-zero slope at 1.40
significance. However, this slope is solely driven by the very low distance for NGC
4709, which might be located somewhat in front of Centaurus (see further discussion in
Sect. 4.5.6 and on page 111) and for which our colour estimate is significantly redder
than that of other authors, leading to the comparably low distance. When disregarding
the NGC 4709 data point, the mean distance of the entire sample rises by 2% to 46.2
Mpc and the slope between My vs. (m — M)gpr reduces to 0.80 significance. When
rejecting in addition the three faintest data points, the significance decreases more to
0.20. The mean distance of the 13 dwarfs is 46.5 + 1.9 Mpc, 4.0 + 3.7 Mpc larger than
that of NGC 4696. The mean distance of the seven dwarfs with redshifts corresponding
to Cend0 is 45.4 4+ 3.1 Mpc, identical to the mean distance of the entire sample and
only 2.9 + 4.5 Mpc different to that of NGC 4696. Rejecting the three faintest data
points, the mean distance falls by about 3% to 44.1 + 2.3 Mpc. Excluding the two
brightest dwarfs leaves the mean distance practically unchanged at 44.9 + 3.6 Mpc. All
the mean distances for the sub-samples mentioned are within the error range of 0.10
mag of the entire sample. Our results do therefore not support a selection bias larger
than 0.10 mag for the Centaurus galaxies, neither towards too bright nor too faint SBF
magnitudes.

A final check is to calculate the two measures of the observation quality for SBF-data ’Q)’
and 'PD’, defined in T00. SBF-Measurements with Q < 0 or PD > 2.7 are considered
as potentially affected by low quality. PD, which is the product of the seeing-FWHM in
arcsec and the radial velocity in units of 1000 km s™!, is about 2.0 for Hydra and about
1.5 for Centaurus (using the undisturbed Hubble flow radial velocity that corresponds
to our distance value). The parameter 'Q)’, which is the logarithm to the basis of 2 of
the ratio of the detected electron number corresponding to 7z and PD?, is below 0 for
seven Centaurus cluster galaxies. The mean SBF-distance of these seven galaxies is 46.4
+ 3 Mpc, in perfect agreement with the overall mean. In the Hydra sample, 5 galaxies
have Q < 0. Their mean distance is 44.1 £ 3.4 Mpc, also consistent with the overall
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Figure 4.12: Deredenned colour (V — I)g plotted vs. apparent fluctuation magnitude
my for the investigated Hydra (left) and Centaurus (right) galaxies. The solid lines
indicates the calibration relations (1.10) for (V —I)g > 1.0 and (2.1) for (V —1I)p < 1.0
adopted between M and (V — I)g, shifted to (m — M) = 33.07 mag for Hydra and
(m — M) = 33.28 mag for Centaurus. The short dashed line are linear fits to the data
points in the empirically calibrated colour regime 1.0 < (V' — I)y < 1.3 mag, allowing
both the zero-point and slope to vary. The fitted slope is lower by 1.20 (Hydra) and
0.90 (Centaurus) than the slope of 4.5 of relation (1.10). The dotted lines are fits for
(V = 1I)p < 1.3 mag, including all Hydra galaxies and all Centaurus galaxies except
NGC 4709. The long dashed line for Centaurus is the fit when including NGC 4709.

mearn.

Calibration bias?

Another possible systematic effect could be that the calibration between M and (V —1)
adopted in this thesis might not be valid for the entire investigated colour range. In
Sect. 3.3.3 it has been shown that M appears to depend less strongly on (V — I)g
for blue colours, as predicted by stellar population models (Blakeslee et al. [2001],
Worthey [1994]) and also found by other authors for different colours (Jerjen et al. [2004],
Mei et al. [2005]). This was the reason for adopting relation (2.1) for the SBF calibration
of galaxies with (V — I)p < 1.0. For (V — I)y > 1.0 we still assume Tonry’s empiri-
cal relation (1.10). Fig. 4.12 shows the apparent fluctuation magnitude 7 plotted vs.
(V' —1I)o. Overplotted are the calibration relations (1.10) and (2.1) as well as the linear
relations obtained from fits to the data points in various colour ranges.

The dwarf galaxies investigated in Hydra and Centaurus are on average brighter than
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those in Fornax, and therefore also redder due to the colour-magnitude relation (see
Sect. 3.2). Only one Hydra dwarf and three Centaurus dwarfs have (V — I)y < 1.0.
Fig. 4.12 shows that their data points are all consistent with relation (2.1). Switching
from relation (2.1) to the empirical calibration (1.10) for (V' — I)g < 1.0 changes the
mean distance of the entire samples by 4+0.01 mag for Hydra and -0.035 for Centaurus.
These changes are in the right direction to reduce the discrepancy with literature re-
sults, but their amount is insignificant.

Excluding the SBF-distances for galaxies with colours outside the empirically calibrated
range 1.0 < (V — I)g < 1.3 mag does not change the mean distance by more than 1%,
neither for Centaurus nor for Hydra, see Sect. 4.4.1. For a more conservative colour
cut, one can also exclude all galaxies with (V' — I)g < 1.05 mag. The resulting mean
distance for the Hydra sample then is 43.1 4+ 1.9 mag, about 5% or 0.1 mag higher than
for the entire sample. Doing the same for Centaurus lowers its mean distance by 0.09
mag to 43.3 £+ 2.7 Mpc. This brings our distance estimates closer to the other values
in the literature. The amount of these changes is about equal to the mean distance
error for both clusters. A linear fit to the (m — M)spr - (V — I)p Hydra data points
in Fig. 4.7 yields a slope significant at exactly the 1.00 limit. For Centaurus, the slope
is significant at the 2.60 level when including NGC 4709 and reduces to 1.20 when
rejecting it. This shows again that this galaxy should be considered separately from the
rest of the sample (see further discussion in Sect. 4.5.6 and on page 111). The fact that
the confidence levels of the Hydra and Centaurus slopes are about 1o, fits nicely to the
fact that the colour restriction of our samples to (V' — I)y > 1.05 mag also yields a lo
change of the mean distance.

Fig. 4.12 shows that the slope in the m; — (V — I)g plane for the Hydra and Centaurus
samples is slightly shallower than the value of 4.5 used for the calibration, although only
at about the 1o significance level. When forcing those fits to match with relation (1.10)
at the respective mean colours of the samples, this yields a -0.01 mag distance shift for
Hydra and -0.04 mag shift for Centaurus.

Summarizing this subsection, we do not find indications for stellar population effects in
our data biasing our distance estimates by more than the distance error to both clusters,
which is 0.10 mag.

Malmquist bias?

Blakeslee et al. ([2002]) note that both their SBF survey as the FP distances from
the SMAC survey are subject to the so-called "Malmquist-bias’ (Malmquist [1920]). In
this context, '"Malmquist-bias’ refers to the fact that the expectation value for the true
distance r of a galaxy tends to be higher than its measured distance d, the higher the
observational errors are and the closer it lies to the survey limit (Blakeslee et al. [2002],
Strauss & Willick [1995], Lynden-Bell et al. [1988]). The Malmquist bias is most severe
for distance estimates to field galaxies that are not bound in a cluster.
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To investigate whether this might significantly bias our distance estimate to the Hydra
cluster towards too low distance, we use the formula given by Blakeslee et al. ([2002])
for the calculation of r at a measured value of d, based on the notation of Strauss &
Willick ([1995]):

n\r 2
% rin(r)exp(I L0

E(r|d :/ 5
(rld) 0 r2n(r)exp(7[ln§2/g)] )

dr (4.3)

n(r) is the real-space density distribution of galaxies in the direction of the given sample
galaxy, and A is the fractional error in the distance measurement of this galaxy.
For the radial density distribution of the Hydra cluster galaxies we adopt:

—(d — dp)*

o) b (4.4)

n(r) = exp(
The first term is the density distribution within the cluster, parametrised by the mean
distance dy and width o. The constant b is included to allow for a uniformly distributed
population of back- and foreground galaxies. Plugging equation (4.4) into equation (4.3)
allows one to iteratively determine the magnitude of the Malmquist bias. Evaluating
equation (4.3) with o = 1 Mpc (expected for the Hydra cluster galaxies if they are dis-
tributed in a spherically symmetric manner, see Sect. 4.4.3) yields a vanishing Malmquist
bias for b = 0 and only 2% bias for 25% background contamination. This is negligible
compared to the error of Hydra’s mean distance. The negligible Malmquist bias for o =
1 Mpc still holds if we multiply our distance errors by 1.5, matching the errors of the
SBF-distances to NGC 3309 and NGC 3311 by Blakeslee et al. ([2002]).
Therefore, it is likely that neither in our investigation nor in that by Blakeslee et al., a
Malmquist bias artificially decreases the distance values to the Hydra galaxies.

SBF-distance vs. GCLF distance

An interesting consistency check of our SBF-distances is to compare them with the
GCLF distances derived for the 4 giant galaxies NGC 3309, NGC 3311 (Hydra), NGC
4696 and NGC 4709 (Centaurus), see Table 4.5. For NGC 4696 and 4709, GCLF- and
SBF-distances agree to within 0.2 mag. The relative distance between both galaxies
from their SBF-measurements is also recovered well by the GCLF-distances. The mean
difference (m — M)spr — (m — M )gcrr for all 4 giants is 0.31 £+ 0.54 mag. The large
error in that value is because the GCLF-distances to NGC 3309 and 3311 are only very
poorly constrained, with formal uncertainties around 0.6-0.7 mag. This inhibits a thor-
ough comparison of GCLF- and SBF-distances for the Hydra galaxies. Note, however,
that in spite of these poor constraints, the variance contribution AGC' of unresolved
GCs to the SBF-signal is quite well determined: the uncertainties in ¢ and TOMs for
the Hydra giants translate to rather small uncertainties below 0.05 mag for AGC, see
Sect. 4.3.5, due to the bivariance between ¢ and TOM.
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Summarising the discussion on possible systematic effects within our Hydra and Cen-
taurus data, we find an upper limit of about 0.1 mag for too low Hydra distances and
too high Centaurus distances with bluer colour. We find that Malmquist like biases are
unlikely to cause a bias larger than 0.05 mag.

4.5.5 Consequence of a higher Hydra and lower Centaurus distance
for the GA model

Due to the difference between our distance estimates to Hydra and Centaurus to those of
other authors we check the peculiar velocity predicted for a 15% larger Hydra and 15%
smaller Centaurus distance within the flow model of Tonry et al.([2000]), see Fig. 4.9.
The expected CMB radial velocity for a higher Hydra distance remains well below the
actually measured ones for GA distances between 43 and 47 Mpc. This is because a 15%
higher distance places Hydra behind the GA, resulting in negative peculiar velocities.
However, for a GA distance of 49 Mpc and a projected position within about 10° of the
Hydra cluster, the expected CMB radial velocity of a 15% more distant Hydra cluster
matches the observations. This GA distance is 15% higher than determined by TOO0,
different at 20 significance. Note that even for this larger assumed Hydra distance, the
Hydra peculiar velocity is still significant and requires a strong gravitational pull from
behind, consistent with a GA in closer projected position to Hydra than to Centaurus.
When in addition assuming a 15% lower distance to the Centaurus cluster, the Hydra
and Centaurus peculiar velocities become comparable. This can be explained by a
49 Mpc distant GA at approximately equal projected distance between Hydra and
Centaurus, but also by a common motion towards a more distant attractor, whose
amplitude is consistent with that found in the SMAC (Hudson et al. [2004]).
Although a check of the predicted peculiar velocities using literature distances is a
valuable exercise, we note that it is difficult to imagine that any systematic effect biases
our SBF-distances by 15% (0.3 mag) in opposite directions for Hydra and Centaurus, see
Sect. 4.5.4. That is, the significant difference between the Hydra and Centaurus peculiar
velocity should be less affected by systematics than their absolute distances. This is
especially true given that both data sets were observed with the same instrument.

4.5.6 Cen30 and Cen4b5

In our sample of 15 Centaurus cluster galaxies, eleven have measured redshifts. Of those,
8 have radial velocities below 4000 km s~!, hence are members of the Cen30 components,
among them NGC 4696. The remaining three, among them NGC 4709, have radial ve-
locities above 4500 km s~!, hence belong to the Cen45 component (see Fig. 4.6). What
can we say about the relative distance between these two sub-components?

The mean distance of the 8 Cen30 members is 45.0 £+ 2.7 Mpc. That of the three Cen4db
members is 40.0 £+ 5.8 Mpc, slightly lower but still consistent with the Cen30 distance.
The relative distance modulus of the two components then is (m — M)genso — (m —
M)censs = 0.26 + 0.32 mag. This excludes that both components are separated by
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their Hubble flow distance of approximately —0.9 mag. Our finding is consistent with
suggestions that the Centaurus cluster is undergoing or has recently undergone a major
merger (Churazov et al. [1999], Furusho et al. [2001]), with Cen45 being the infalling
sub-component. The distance difference between the two main galaxies NGC 4696 and
NGC 4709 is significant at the 20 level, being (m— M) n4696 — (M — M ) Na709 = 0.64+0.31
mag. However, due to the very red colour measured for NGC 4709, the mean distance
of all three Cen45 member might be a more reliable distance estimate. A significant
relative distance between Cen30 and Cen4b is supported by the different TOM of the
GCLFs, see Table 4.5: (m — M) na696 — (m — M) n4709 = 0.63 £+ 0.47mag. However, the
error bars are still too large to tell whether or not Cen4b has already reached Cen30 in
its in-fall process.

Going back to the flow model of Tonry et al. ([2000]), it is worth checking at what
distance in front of the GA one would expect an infall velocity of about 1500 km s,
i.e. the velocity difference between Cen30 and Cend5. Assuming Cen30==GA at ~
3000 km s~!, a velocity of 4500 km s~! is reached if Cen45 is located 5 Mpc in front of
Cen30, i.e. at 40 Mpc distance. A larger relative distance of 10 Mpc — i.e. a distance
of 35 Mpc from us — would result in a velocity well below 4000 km s~!. If one was to
explain the large Cen45 in-fall into Centaurus by the Great Attractor, the small dis-
tance of about 32 Mpc that we derive for NGC 4709 does not fit into the picture while
the mean distance for all three Cen4b galaxies does. However, we can exclude with
94% confidence the assumption that Centaurus=GA from the analysis of the peculiar
velocities, a conclusion which is supported by the substantially smaller mass estimated
for the Centaurus cluster (~ 3 x 1014 M1,, see Eiprich & Bohringer [2002]) as compared
to that proposed for the GA (~ 9 x 10'° M, see T00).

The more probable picture seems that Cen45 — as an only loosely bound group of galax-
ies — is right now in the merging process with Cen30. Relative velocities of 1500 km s~!
between merging clusters are not unusual. For example, the massive galaxy cluster
Abell 1689 (M ~ 1 — 2 x 10' M, see King et al. [2002], Broadhurst et al. [2005]) ex-
hibits a very broad velocity distribution with a central velocity dispersion of o ~ 2000
km s~! (Czoske [2004]) and various radial velocity sub-clumps (Girardi et al. [1997].
This shows that for a relative velocity of 1500 km s~! a mass of ~ 10'6M, — as derived
by TO0O0 for the GA — is not necessary.

It has been suggested by Churazov et al. ([1999]) that in the direction of the Centaurus
cluster we are looking into a large scale filamentary structure. They bring this scenario
forward in order to explain an unusually extreme “g-problem”, i.e. a substantial dis-
agreement between the energy-ratio per unit mass for galaxies to that in the gas derived
from X-ray temperatures and from galaxy velocity dispersion. Colberg et al. ([1999])
have shown in numerical simulations that clusters accrete matter from a few preferred
directions, defined by filamentary structures, and that the accretion persists over cos-
mologically long times.

This scenario of a filamentary structure cannot be rejected with our data, since we do
see some indications for Cen4d5 being located slightly in front of Cen30. However, we
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have also found an upper limit of about a factor of 2.5 for the ratio of radial to tangential
depth of the Centaurus cluster, putting an upper limit of ~ 6 Mpc to the radial extent
of such a filament.

4.6 Summary

In this chapter, we have presented I-band SBF measurements for 16 early-type galaxies
in the central Hydra cluster and 15 early-type galaxies in the central Centaurus cluster
(mainly dwarfs), based on deep photometric data obtained with VLT FORSI.

The following results were obtained:

1. The mean SBF-distance of the investigated Hydra galaxies is 41.2 4+ 1.4 Mpc
(33.07 + 0.07 mag). The mean SBF-distance of the investigated Centaurus galaxies is
45.3 + 2.0 Mpc ((m — M) =33.28 £+ 0.09 mag). This gives a relative distance between
Centaurus and Hydra of (m — M)gen — (m — M)pyq = 0.21 = 0.11 mag, or 4.1 £+ 2.4
Mpc. As already found in Sect. 3 for the SBF measurements of Fornax cluster dEs, the
limiting absolute galaxy magnitude for SBF application is in excellent agreement with
predictions based on the simulations in Sect. 2.

2. In the CMB rest-frame and assuming Hy = 7244 km s~! Mpc™!, the distance
obtained for the Hydra cluster yields a high positive peculiar velocity of 1225 + 235
km s~!, for the Centaurus cluster 210 + 295 km s~'. Allowing for a thermal velocity
error component of 200 km s~!, this rules out a common flow velocity for both clus-
ters at 98% confidence. We find that the 9 x 10 M, “Great Attractor” from the flow
study of Tonry et al. ([2000]) at a distance of 43 + 3 Mpc can explain the observed
peculiar velocities if shifted about 15° towards the Hydra cluster position. Our results
are inconsistent at 94% confidence with a scenario where the Centaurus cluster is the
GA. The difference between the mass of the Centaurus cluster as derived from X-ray
observations and that proposed for the Great Attractor is about a factor of 30, making
that hypothesis even more unlikely. The possibility of a large Hydra peculiar velocity
due to infall along a filament is inconsistent with our data. The idea of a net angular
momentum of the Hydra-Centaurus system in addition to the cosmic thermal velocity
field is found to be inadequate due to the large timescales and distances involved.

3. The Hydra cluster SBF-distance derived by us is about 0.3 mag lower than
the mean of distances published in the last 5 years, while the estimated Centaurus
distances agree well with FP-distances, but are about 0.3 mag higher than previous
SBF-estimates. Several possible reasons for these differences are discussed. We find
that peculiarities in the stellar population of the bluest galaxies in our sample might
bias our sample towards low (Hydra) or high (Centaurus) distances by up to 0.1 mag,
i.e. within the statistical distance errors. Peculiarities in the stellar population of the
brightest cluster galaxies may bias the distance measurements for IR-SBF or Funda-
mental Plane measurements by up to 0.2 mag.

4. From the scatter of the SBF-distances around their mean we derive upper
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limits of 4+ 3.5 Mpc depth for the Hydra cluster and + 5.7 Mpc for Centaurus. For both
clusters, these upper limit correspond to a cigar shape with about three times longer
radial than tangential extension.

5. We find a distance difference of 0.26 4+ 0.32 mag between the two Centaurus
cluster sub-components Cen30 and Cen4b, ruling out that both components are sepa-
rated by their Hubble flow distance, consistent with a picture where Cen45 is falling into
the main cluster Cen30. The marginally significant relative SBF and GCLF-distances
between the main galaxies of both sub-components suggest that Cen45 may not yet
have reached Cen30.
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Chapter 5

Conclusions and Outlook

In this thesis, we have presented two applications of the SBF method to estimate dis-
tances to dwarf elliptical galaxies (dEs) in nearby galaxy clusters, preceded by simula-

tions quantifying the potential of the method.

e The simulations (chapter 2) allowed us to estimate limiting absolute galaxy mag-
nitudes for the application of the SBF method as a function of galaxy distance,
telescope mirror size, integration time and seeing. These estimates agreed very
well with the limiting magnitudes achieved in the observations of Fornax, Hydra
and Centaurus cluster dEs presented in this thesis. Therefore, they provide a
valuable tool to efficiently design future SBF surveys.

e The first application of the SBF method was made to dEs in the Fornax cluster
(chapter 3). The aim was to obtain reliable distance estimates to unconfirmed dE
candidates in order to establish their membership in the Fornax cluster. A further
task was to improve the morphological classification of fainter candidate dEs that
had been detected by our group in earlier lower resolution imaging. There were
only few “surprises”, i.e. galaxies that turned out to be probable background
galaxies although being classified as probable members in the lower resolution
imaging (or vice versa). This is because the counterparts of the faintest Local
Group galaxies would almost all have been resolved at the Fornax cluster distance
in the lower resolution images. Furthermore, there was no case where a probable
candidate was rejected based on not detecting SBF. This indicates that in the
direction of Fornax, the space density of large, low surface brightness background
galaxies is small compared to the cluster population. We confirm the very shallow
faint end slope a >~ —1.1 for the Fornax cluster galaxy luminosity function as de-
rived from the lower resolution photometry. Our finding provides further support
for the strong discrepancy between the number of low luminosity galaxies and
that of low mass dark matter halos as expected from ACDM structure formation
models. Conceptually, the great advantage of getting cluster memberships per
SBF compared to getting radial velocities is that one requires only a photometric
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imaging run (no follow-up with spectroscopy). A further advantage is that there
is a considerable range of useful “byproducts” when doing a deep imaging survey
in two bands, like investigation of globular cluster systems for giants, dwarfs and
the intracluster space or detection and photometry of very low surface brightness
galaxies.

We also addressed the I-band SBF calibration at blue colours because of the faint-
ness and hence blue colours of the dEs investigated. We find that the absolute
fluctuation magnitude depends less strongly on colour (V' —I') than in the already
calibrated red range. This agrees with literature results for SBF measurements
in other pass-bands, including the HST SBF-calibration in the Sloan z, (g — 2)
filters.

The second SBF application to dwarf galaxies in the Hydra and Centaurus clus-
ters (chapter 4) was aimed at estimating the absolute distance to each cluster and
the relative distance between them. Therefore, also brighter giant galaxies were
included in the SBF sample. SBF calibration uncertainties were of minor concern,
since the galaxies investigated were much brighter than the Fornax dwarfs and
hence also redder, falling into the empirically well calibrated colour range. We
obtained a relative distance of 0.20 + 0.12 mag between Centaurus and Hydra,
indicating that the Hydra cluster (d ~ 41 Mpc) is somewhat closer to us than
Centaurus (d ~ 45 Mpc). Since the CMB radial velocity of the Hydra cluster is
about 700 km s~! higher than that of Centaurus, this implies a large difference in
peculiar velocity between both clusters: the Centaurus cluster lies approximately
within the Hubble flow, while the Hydra cluster’s peculiar velocity is more than
1000 km s~!. This difference can be explained by a significant mass overdensity —
the “Great Attractor” — in close projection to and slightly behind (~ 5-10 Mpc)
the Hydra cluster. This position is about 15° away in projection to that esti-
mated in the SBF flow study by Tonry and collaborators. Those authors had
not included the Hydra cluster into their study and generally investigated more
nearby galaxies. The Great Attractor distance (~ 45 Mpc) and mass (~ 1016M,)
determined by Tonry and collaborators does not need to be changed to explain
our observed peculiar velocities, although mass-distance degeneracies of a factor
of a few exist. Both at the location determined by us and that from Tonry et al.,
the Great Attractor is not directly associated with any prominent galaxy cluster.
This is consistent with the Great Attractor being a super-massive dark halo that
has not been able to form a significant number of stars/galaxies. While in the
literature there have been some claims for very massive dark halos, their proposed
masses are still at least a factor of 10-20 below that estimated for the Great At-
tractor. Some cautionary remarks regarding the interpretation of peculiar velocity
differences seem appropriate: While our results are certainly inconsistent with the
Hydra and Centaurus cluster participating in a pure Hubble flow, they do not
firmly discard an equal distance for Hydra and Centaurus, which would also be
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in better agreement with literature distance estimates. In this case the peculiar
velocity difference between both clusters would be about 700 km s~!. This is still
considerable, but can with a slightly higher probability (5-10%) be explained by a
chance superposition of thermal peculiar velocities, without the need for a massive
“Attractor” in the background.

We suggest that an updated modelling of the local peculiar velocity field is necessary
in the light of more and more high quality data arriving for distance estimates
to nearby galaxies. The discovery of very massive galaxy clusters in the Zone of
Avoidance in the last few years at substantial angular separation from the Hydra-
Centaurus region supports the impression that there is not one single “Great At-
tractor”, but rather several substructures within a generally overdense filamentary
region of the nearby universe.

Outlook

Our first application “Fornax Deep Field” has shown that the SBF method can signi-
ficantly improve the constraints on the faint end of the galaxy luminosity function in
nearby (d < 20 Mpc) galaxy clusters. This especially holds for those clusters that are
less dense than Fornax and hence require a more rigorous background decontamination,
which the SBF method can easily achieve down to very faint magnitudes. Require-
ments for this are that like in the Fornax case the galaxy population be dominated by
early-types, that the area for SBF sampling be large enough, comprising at least about
20x20 PSF-FWHM, and that the cluster be close enough such that the SBF are reliably
detected above the sky noise for faint surface brightnesses. Nearby groups of galaxies
within 20 Mpc like Virgo, Leo I, Dorado or Antlia are feasible follow-up candidates for
surveys similar to “Fornax Deep Field”. Evaluation of the second part of “Fornax Deep
Field” will allow us to further improve the restrictions on the galaxy luminosity function
in Fornax and to address more precisely the SBF calibration at blue colours.
Regarding the possible existence of a Great Attractor in the Hydra-Centaurus region
— which is consistent with the results of our second SBF application — it is necessary
to continue with SBF surveys in the distance range 40-60 Mpc over a much larger area
than investigated by us, given that we sample the peculiar velocity field at only two
positions. The technical requirement for such surveys clearly is a sufficient depth of the
data that reliably allows to calculate the contribution of undetected globular clusters to
the measured fluctuations. As soon as this contribution constitutes the major fraction
of the measured fluctuation signal (like in Tonry’s SBF measurements for the Centaurus
cluster), SBF distances are not reliable any more. A deep and wide field SBF survey in
the extended Hydra-Centaurus region, using for example IMACS at Magellan, the same
instrument used for obtaining data in Chapt. 3, would be an appropriate next step.
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Chapter 6

Zusammenfassung

Diese Arbeit beschéftigt sich mit zwei Anwendungen einer speziellen Methode zur Ent-
fernungsbestimmung auf zwergelliptische Galaxien, ndmlich der Methode der “surface
brightness fluctuations” (SBF, auf deutsch “Fluktuationen der Flachenhelligkeit”).
Die SBF Methode beruht auf der trivialen Tatsache, daf§ auf dem astronomischen Bild
einer Galaxie die Anzahl der in einem Bildelement (=Pixel) abgebildeten Sterne endlich
ist. In Bereichen konstanter Flachenhelligkeit gibt es daher statistische Fluktuationen
der Flachenhelligkeit von Pixel zu Pixel — die “surface brightness fluctuations” —, deren
Amplitude proportional zur Quadratwurzel der Anzahl der Sterne pro Pixel ist. Diese
Anzahl ist aus geometrischen Griinden quadratisch proportional zur Entfernung der
Galaxie. Die Amplitude der auf die mittlere Flachenhelligkeit normierten Fluktuatio-
nen (SBF Amplitude) ist daher umgekehrt proportional zur Entfernung und kann zur
Entfernungsbestimmung genutzt werden.

e In Kapitel 1 dieser Arbeit wird ein kurzer Uberblick {iber verschiedene Methoden
zur astronomischen Entfernungsbestimmung gegeben. Daraufhin werden die ma-
thematischen Grundlagen und verschiedene praktische Aspekte der SBF Methode
erlautert.

e In Kapitel 2 beschreiben wir Simulationen, die das Potenzial der SBF Methode
quantifizieren, Entfernungen zu den intrinsisch leuchtschwachen zwergelliptischen
Galaxien (dEs) in nahegelegenen Galaxienhaufen zu bestimmen. Das zugrun-
deliegende wissenschaftliche Problem ist, dass es bei Beobachtungen nahegelegener
Galaxienhaufen sehr schwierig ist zu erkennen, ob leuchtschwache Objekte, die
dem erwarteten Aussehen von dEs im Haufen entsprechen, wirklich dem Haufen
angehoren. Um diese Unsicherheit zu tiberwinden, sind direkte Entfernungsmes-
sungen notig. Die Kenntnis der Haufenmitgliedschaft ist notwendig, um die
Galaxienleuchtkraftfunktion (“galaxy luminosity function”, GLF) zu bestimmen,
definiert als die Anzahl an Galaxien pro logarithmischen Helligkeitsintervall. Der
Vergleich der GLF mit der aus kosmologischen Modellrechnungen hervorgehen-
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den Massenfunktion sogenannter “Dunkle Materie Halos” (“Dark Matter Halos”)
ermoglicht dann eine Bewertung géngiger Theorien zur Struktur- und Galaxien-
bildung. Die Simulationen in Kapitel 2 zeigen, dass fiir dEs in nahegelegenen
Galaxienhaufen wie Virgo oder Fornax verldfiliche Haufenmitgliedschaftbestim-
mungen mittels der SBF Methode bis hin zu sehr geringen absoluten Helligkeiten
(My ~ —11 mag) moglich sind.

In Kapitel 3 wird die Anwendung der SBF Methode auf leuchtschwache dE Kan-
didaten im Fornax Galaxienhaufen beschrieben, welche anhand von fritheren Auf-
nahmen mit geringerer Auflésung als mogliche Haufenmitglieder klassifiziert wor-
den waren. Von 24 dEs im Helligkeitsbereich —14 < My < —9 mag konnten 10
dEs per SBF Messung als Haufenmitglieder identifiziert werden, weitere 8 dEs
konnten anhand ihrer Morphologie als wahrscheinliche Haufenmitglieder bestatigt
werden. Nur 4 dEs wurden als wahrscheinliche Hintergrundobjekte klassifiziert.
Zwei dEs hatten eine unklare Klassifikation, und zwei zusétzliche Kandidaten
wurden neu entdeckt. Diese Ergebnisse bedeuten die klare Bestatigung einer sehr
flach ansteigenden GLF in Fornax, in deutlicher Diskrepanz zu der viel steiler zu
erwartenden Massenfunktion Dunkler Materie Halos. Solche im Vergleich zu kos-
mologischen Modellen zu flach ansteigenden GLFs sind bereits flir die Umgebung
der Milchstrafle wie auch fiir andere Galaxienhaufen gemessen worden. Dies wird
auch als das “Substrukturproblem” der modernen Kosmologie bezeichnet. Eine
anhand von existierenden Beobachtungen testbare Erklarung fir das Substruk-

turproblem steht bislang noch aus.

In Kapitel 4 wird die Anwendung der SBF Methode auf 31 Galaxien (davon 26
dEs) im Centaurus und Hydra Galaxienhaufen beschrieben. Fiir den Hydrahaufen
wird eine etwas geringere Entfernung von 41.2 + 1.4 Mpc abgeschatzt als fiir
Centaurus (45.3 + 2.0 Mpc). Dies bedeutet, dass der Hydrahaufen sich im Ver-
gleich zu Centaurus um ca. 1000 km s~! schneller von uns entfernt als fiir den
Fall eines vollkommen gleichméfiigen Auseinanderdriftens aller Objekte im Uni-
versum (dem sog. “Hubble flow”, d.h. Hubbleflu}). Eine mogliche Erklarung fiir
eine solch hohe “Pekuliargeschwindigkeit” ist, dass sich wenige Mpc hinter Hy-
dra der Schwerpunkt einer ausgeprégten tiberdichten Region im nahen Universum
befindet, welche den Hydrahaufen aufgrund ihrer gravitativen Wirkung von uns
weg zieht. Hinweise auf eine solche Uberdichte in Richtung Hydra/Centaurus hat
es schon seit mehreren Jahrzehnten gegeben, man bezeichnet sie gemeinhin als
“Great Attractor”. Die mit unseren Daten konsistente Position des Great Attrac-
tors am Himmel ist ca. 15° entfernt von der Position, die in einer vorhergehenden
SBF-Studie von Tonry und Mitarbeitern abgeschéatzt wurde. Jene Studie beinhal-
tete allerdings keine Entfernungsabschétzung zum Hydrahaufen und beschrankte
sich generell auf ndhergelegene Galaxien. Die Entfernung (~ 45 Mpc) und Masse
(~ 10'5M,, mit M, = 2 x 10%° kg der Masse der Sonne) des Great Attrac-
tors aus der Tonry-Studie mufl nicht gedndert werden, um unsere Resultate zu
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erklaren. Das interessante am Great Attractor ist, dass sich weder an der in
dieser Arbeit noch an der von Tonry abgeschétzten Position ein deutlich sichtbarer
Galaxienhaufen befindet. Damit entspricht der Great Attractor der Vorstellung
eines sehr massereichen Halos aus dunkler Materie, in dem sich nur sehr wenige
Sterne/Galaxien gebildet haben. In der Literatur gibt es Hinweise auf die mogliche
Existenz solcher Halos, welche aber alle mindestens 10-20 mal massedrmer sind als
man fiir den Great Attractor abschéitzt. Es bleibt zu bemerken, dass unsere Daten
noch marginal konsistent mit einer gleichen Entfernung fiir Hydra und Centau-
rus sind, was auch néher an bisherigen Abschétzungen aus der Literatur liegt. In
solch einem Fall ware der Unterschied an Pekuliargeschwindigkeit zwischen beiden
Haufen ca. 700 km s~!, was mit einer gewissen Wahrscheinlichkeit (5-10%) auch
das Produkt einer zufélligen ﬂberlagerung von “thermischen” Geschwindigkeitsvek-
toren sein konnte, also keines “Great Attractors” bediirfte.

Ausblick

Die Ergebnisse von Kapitel 3 haben gezeigt, dass die SBF Methode sehr gut dazu
geeignet ist, die Form der Galaxienleuchtkraftfunktion im leuchtschwachen Bereich in
nahen Galaxienhaufen mit groflerer Genauigkeit zu bestimmen als durch reine mor-
phologische Selektion. Dies gilt besonders auch fiir solche Galaxienhaufen, die weniger
dicht als der hier betrachtete Fornaxhaufen sind und deshalb einen héheren Anteil an
Hintergrundobjekten unter morphologisch vorselektierten méglichen Haufenmitgliedern
haben. Lohnende Ziele fiir zukiinftige Untersuchungen analog zu der hier prasentierten
sind nahegelegene Galaxienhaufen/-gruppen wie z.B. Leo, Dorado, Virgo und Antlia.
Bzgl. der Hypothese eines nahegelegenen “Great Attractors” (Kapitel 4) wird es notig
sein, in einem weiter ausgedehnten Bereich am Himmel akkurate Entfernungen zu
Galaxien im Entfernungsbereich 40-60 Mpc mittels SBF (oder anderen Methoden) zu
messen, da unsere Untersuchung das Pekuliargeschwindigkeitsfeld nur an zwei Punkten
misst. Eine solche weiter ausgedehnte Untersuchung wird eine genauere Abschéitzung
der Gesamtmasse und Entfernung des Great Attractors ermdglichen. Ein geeignetes
Instrument ist IMACS am Magellan-Teleskop in Las Campanas, Chile, welches bereits
fiir die Datengewinnung in Kapitel 3 benutzt wurde.
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