Dissertation
submitted to the
Combined Faculties of the Natural Sciences and Mathematics
of the Ruperto-Carola-University of Heidelberg, Germany
for the degree of
Doctor of Natural Sciences

Put forward by
Johannes Ludwig
born in: Schweinfurt, Germany
Oral examination: 28 April, 2014






A Survey of Dwarfs and Tidal Debris
around Nearby Massive Galaxies
Deep Imaging with Medium-Sized
Telescopes

Referees: Prof. Dr. E. K. Grebel
Prof. Dr. J. Heidt






ABSTRACT
A Survey of Dwarfs and Tidal Debris around Nearby Massive Gaaxies

Deep Imaging with Medium-Sized Telescopes

The goal of this thesis was to search for interaction sigeatamong massive galaxies and to quatr
the properties of their satellites. We performed deep Wiield-imaging on nearby massive spi
galaxies in a distance range of 8 to 35 Mpc. The spirals covariaty of morphologies and are locat
in environments of dierent densities and richness. We studied the surroundfifysroassive galaxie
29 targets were studied in detail. For all of them, we were &btetect dwarf companions. In total
found 55 mostly new candidate dwarf galaxies (CDG), on ayegbout two CDGs per target. Bag
on their structural parameters and colors, we classifiednihjerity of the CDGs as dwarf spheroid

tify
ral
ed

.

D.
e
ed
al

galaxies, but also dwarf elliptical and dwarf irregularagaés are included in the sample. The satellites’

observed surface brightness in the B-band falls in the r@2ge ug < 26 mag arcse@, the colorg
vary from Q8 < (B - R)p < 1.5 mag, and the measured range of luminosities8ss Mg < —17.
The number of CDGs observed is quantitatively in agreemdtht tive expected number compared
the Milky Way or M31 within our sensitivity limits. Furtherame, about 54% of our host galaxies sh
signs of tidal interactions. These range from prominerdl tidils, plumes and clouds to thin and fa
stellar streams. 35% of the massive galaxies exhibit sigtidal tails or bridges, 11% show plumes

to
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clouds, and only 8% show stellar streams. We discuss pegsibbenitors of these features based on

their colors.

Z USAMMENFASSUNG
Zwerggalaxien in der Umgebung von Spiralgalaxien und dereWechselwirkungen

Ziel dieser Dissertation ist die Suche nach Wechselwirksiggnaturen um massereiche Gala

ien

und die Quantifizierung der Eigenschaften ihrer Satelljisdaxien. Zu diesem Zweck nahmen wir

tiefe Weitfeldabbildungen naher massereicher Spirakigtaauf, die einen Entfernungsbereich

8 bis 35 Mpc Uberdecken. Die Spiralgalaxien zeigen eine dReitterschiedlicher Morphologien

on

und befinden sich in Umgebungen unterschiedlicher Dichte. uMtersuchten die Umgebungen von

47 massereichen Galaxien. 29 unserer Zielobjekte wurdeDeétail untersucht. Bei allen konnten

wir Zwergbegleiter entdecken. Insgesamt fanden wir 55wilegrend neu entdeckte Zwerggalaxien-

kandidaten; im Schnitt folglich zwei pro massereicher &ala Anhand ihrer Struktur- und Farp-

eigenschaften identifizierten wir die meisten Zwerggaakandidaten als spharoidale Zwerggalaxjen,

aber auch elliptische und irregulare Zwerggalaxien wurdefunden. Die Flachenhelligkeiten U
serer Satelliten liegen im B-Band im Bereich von 22ug < 26 mag arcse@, die Farben reiche
von 08 < (B - R)y < 15 mag, und die absoluten B-Bandhelligkeiten decken einarié® von
-8 < Mo < —17 mag ab. Die Anzahl der beobachteten Zwerggalaxienkatetidstimmt quanti

tativ mit der Zahl tGiberein, welche man angesichts der S&teltier Milchstralle oder M31 innerhalb

n-

=]

unserer Empfindlichkeitsgrenzen erwarten wirde. DarlUbeuls zeigen etwa 54% unserer masse-
reichen Galaxien Anzeichen fur Wechselwirkungen. Dies&&rken sich von prominenten Gezeiten-

schweifen bis hin zu dinnen lichtschwachen Gezeitenstmon3&% unserer massereichen Gala

ien

zeigen Gezeitenschweife oder Briickenstrukturen, 11% figenoder wolkenartige Stérungen und

etwa 8% leuchtschwache Gezeitenstrome. Wir diskutierdrarath der gemessenen Farben, we

che

Galaxien diese Strukturen verursacht haben kdonnten.
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INTRODUCTION

The diferent morphology of galaxies is fascinating Astronomearnsesthe start of extragalactic observa-
tions. The most important step in classifying galaxies ésktubble sequence, which describes massive
galaxies. Later on the observation of dwarf galaxies exdrie picture of known galaxy types, making
the previous known Hubble classification scheme incompMtmy new observations of filerent kinds

of dwarf galaxies demonstrate that these come with a urderediversity. Now scientists try to put all
these diferent type of galaxies into a schematic picture of galaxyutiom.

In this introduction we will summarize the current modelsgaflaxy evolution and describe the
evolution of galaxies in groups. We will discuss the morplggl of dwarf galaxies found in groups
and their basic properties. The second main topic of thisibhie tidal debris, the observed types and
properties will be illustrated in the final sections of thimpter.

1.1 GALAXY EVOLUTION

Galaxy evolution describes the life of galaxies from the fitages after the big bang to evolved systems
which can be observed at redshifts @ The most common and established description on how galaxi
assemble and evolve is the hierarchical growth of galaxycgire , which will be explained in section
1.1.1.

1.1.1 HIERARCHICAL GALAXY EVOLUTION

The theory of galaxy formation and evolution which descillee mass assembly of galaxies suggests
that galaxies progressively grow via minor and major merderg., White & Frenk 1991). In order
to test this model of galaxy formation against observatibis necessary to connect the cosmological
density perturbations with the understanding of marfjfedent astrophysical processes like gas cool-
ing, feedback, formation of stars, the evolution of steflepulations as well as the merging process of
galaxies (Cole et al. 2000). Steinmetz & Navarro (2002) destrate that the Hubble sequence traces
the accretion history of galaxies in the scenario of hidriaad structure formation, where disks form
by a smooth deposition of cool gas in the central region ok daatter halos, mergers shape discs to
spheroidal systems and bars are produced by tides frontiteaggllaxies. Observations of galaxy clus-
ters and their distribution agree with the predictions araichical growth. Interestingly, the largest
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fraction of baryonic matter is not found in these high dgnsitgions, but corresponds to filamentary
structures and galaxy groups. For example, in the nearlwersd about 85% of all galaxies are found
either in galaxy groups or in the field (Tully 1987; Karaclsent 2005).

1.2 THE GROUP ENVIRONMENT

Galaxy groups come in a variety of structures, ranging froos¢ groups to very compact fossil groups.
They have usually by definition less than 50 galaxies Wwith L, ~ 2x 10'°L,, and have masses smaller
than~ 10'*M,, (Sparke & Gallagher 2007). The fraction of mass which istedan stars increases with
decreasing group size, therefore most of the stellar masdedound in Local-Group-sized systems
(Eke et al. 2005). Additionally, many groups show extendédeldtures like streams which are mostly
connected to late-type spiral galaxies, but can also beiaésd with early type galaxies (Haynes 1981).
HI surveys often help to find low-surface-brightness dwarhpanions, which are usually classified as
dwarf irregular galaxies (Lo & Sargent 1979).

The evolution of galaxies in groups can bi@eated by several processes which shape the galaxy
observed properties:

1. Dynamical friction describes theffect when a massive body is moving through lighter particles,
e.g. when a satellite galaxy is moving through the halo op@=ent galaxy. Gravitational forces
accelerate the lighter particles and they achieve momeandrkinetic energy when the satellite
is moving through a “sea” of stars and dark matter. Energyranthentum conservation cause
a slow down, which is called dynamical friction. The satellis decelerated on its orbit and is
spiraling to the central halo.

Colpi et al. (1999) note that on the first orbit tidal stripgpican remove about 60% of the mass and
thus increases the orbital decay time. Satellites with kwface mass density are disrupted on
the same timescale as the decay time of their rigid countstpahile satellites with small cores
are able to survive in the halo over a time which is of the owfathe Hubble time, e.g. dwarf
spheroidal galaxies such as Sgr A or Fornax have undergoeadgl stripping and their sinking
times are larger than 10 Gyr (Colpi et al. 1999).

Dynamical friction leads to galaxy mergers in dark mattdosianergers and is responsible for the
stellar mass, the color of the observed galaxies and theippmatogy (Boylan-Kolchin et al. 2008).

2. Ram pressure stripping happens when the galaxy gaseous component (cold grooiacular
gas and hot extended component) interacts with a wind cdwstte galaxy motion relative to the
intracluster medium (McCarthy et al. 2008). Th&aency of ram pressure stripping is function
of the heliocentric velocity, the mass of the host galaxg,rttass of the satellite and the density of
the intracluster medium. (Bekki 2009)

3. Galaxy mergersplay an important role in the assembly of galaxies, and tlmefepentially occur
in galaxy groups. Merging galaxies will be explained in detasection 1.4

Other dfects like harassment or tidal truncation are more oftenrebdein rich groups and galaxy
clusters.

1.3 DWARF GALAXIES IN GALAXY GROUPS

The largest fraction of galaxies in groups consists of dwgatbxies. Many dferent types of dwarf
galaxies can be found there, which will be described in thieidng sections.
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dE dSph dirr BCD

Figure 1.1: Overview of dierent types of dwarf galaxies studied in our work. The siniglages are
taken from http/hubblesite.organd http/nasa.gov. On the left a dE of the Perseus cluster can be seen,
then the dSph Fornax and the dirr NGC 4214 is shown. On thé ieyid side is the BCD NGC 1705.

Dwarf galaxies are low mass objects and have much lower logitias compared to massive galax-
ies. By definition all galaxies with M > —18 are classified as dwarf galaxies. In order to find a clas-
sification scheme for dwarf galaxies, for instance Sandadénggeli (1984) tried to apply the Hubble
sequence. In the scheme of Sandage & Binggeli (1984) equéydwarf galaxies (dE and dSphs) are the
counterparts of elliptical galaxies, and late-type dwathgies (dIrr) and blue compact dwarf galaxies
(BCD) correspond to spiral and irregular galaxies. Detbditudies of dwarf galaxies show that it is not
proper to use the same classification system as for masdweam since, for instance, disc structures
can be observed in dEs (Lisker et al. 2006) and many dEs éxidriificant rotation (van der Marel
1994; Simien & Prugniel 2002). van den Bergh (1977) triedlesgify dwarf galaxies among active
dwarfs with intergalactic HIl regions, less active dwarfglanactive dwarfs with no gas and which do
not show any star formation. In reality dwarf galaxies shogoatinuous distribution over these types.
When comparing dwarf and giant galaxies, van den Bergh (18Gtéd that the fraction of spiral galax-
ies at M, ~ -16 is similar to the fraction of irregular galaxies, whileMy ~ -20 spirals outnumber
irregulars. This suggests that dwarf galaxie®edisignificantly from giant, massive galaxies.

In the group environment and around massive spiral galdakie$ollowing dwarf galaxy types can
be observed.

1.3.1 DWARF ELLIPTICAL GALAXIES

Dwarf elliptical galaxies (dE) are one of the most commoraggltype in the local universe (Binggeli
et al. 1988), especially in cluster environments like theg¥icluster (e.g. Lisker et al. 2008). Also
around massive spirals like the close-by M31 it is not uncemnto find dEs (e.g. NGC 147, NGC 185,
NGC 205). These elliptical systems have a luminosity rafgd < My < -14 mag and can show a
central nucleus.

1.3.2 DWARF SPHEROIDAL GALAXIES

Diffuse and low surface brightness systems are called dwanf@gakgalaxies (dSph), they are fainter
versions of dEs (Sparke & Gallagher 2007). They do not showranent star formation and are
the faintest systems among dwarf galaxies. By definitionhdSgre fainter than M > -14. They
are usually found close to massive galaxies and show tygicaberties like surface brightnesses
uy > 22 mag arcseé, masses of about 1M, and have no substantial rotation (Grebel 2001).
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1.3.3 DWARF IRREGULAR GALAXIES

Dwarf irregular galaxies (dIrr) appear very unstructured aptically irregular. Dlrrs are very gas rich
and show a clumpy distribution of their HI, which can be moxéeaded than their older stellar com-
ponent; together with surface brightnessesupf> 23 mag arcseé, total masses of 10'°M, and
My, < 10°M,, these are the typical properties of this galaxy type (Gr&béll). These metal poor sys-
tem are characterized by a discontinuous star formatidarigisvith short bursts rather than constant star
formation (Tolstoy 2000). Rotation can be tendentiallyrfdun the more massive systems. Thfeatent
dwarf galaxy types cannot be distinguished clearly, rathere is a continuum between thefdrent
types. van Zee et al. (2004) for instance suggest that eotty supported dEs could be stripped dlrrs
while they are falling into the Virgo cluster. The most wetidwn dirr galaxy is the Small Magellanic
Cloud, which is located at a distance of abeubOkpc and can be observed by eye on the southern
hemisphere.

1.3.4 BLUE COMPACT DWARF GALAXIES

Blue compact dwarf galaxies (BCD) include HIl galaxies aad be described as blue and amorphous.
Their structure is mostly caused by centrally located gesssand starbursts (Grebel 2001). BCDs
therefore often show flierent components, an exponential component in the owskith the older
stellar population, a plateau at intermediate radii andhindenter a Gaussian component, the origin of
the last two components is caused by the ongoing starbuagia(eros et al. 1996). Papaderos et al.
(1996) also report that color profiles get redder with insieg radius.

Typical properties of BCDs are total masses=MP — 101° M, My, < 10°M,, colors (B-
R)=0.7 mag, an absolute B-band magnitudg M-16.1 mag. Usually an evolved stellar population
is needed to describe their observed properties (only th& metal-poor BCDs can be explained by
only a young star burst) (Gil de Paz et al. 2003).

1.3.5 ULTRA COMPACT DWARF GALAXIES

Ultra compact dwarf galaxies (UCD) are the smallest dwaldxjas which are observed, their luminosi-
ties range from M ~ -10 to -14 mag and their structure is similar to globular @ts This relatively
new type was first observed in the Fornax cluster; Drinkwateal. (2004) suggested that UCDs are
stripped nucleated dEs with B-R colors ranging from 0.4 ® hag. BCDs are usually observed in
galaxy clusters. As we have no spectroscopic data nor en@sgiution, this type was not studied in
our survey.

1.3.6 TIDAL DWARF GALAXIES

Merging galaxies also show an additional type of dwarf gakxwhich are tidal dwarf galaxies (TDG)
and are usually formed in tidal tails. The formation procafshis galaxy type can be studied in numeri-
cal simulations, alocal collapse of gas in a tidal tail cégger the formation of new stars; this way a tidal
dwarf galaxy is formed (Wetzstein et al. 2007). Observatiohinteracting systems show several candi-
dates for this galaxy type (e.g. Duc et al. 2000; Hibbard €2@01; Weilbacher et al. 2000; Makarova
et al. 2002). Because they are not associated with dark mBREs are expected to be unstable systems
due to their dissolution into the parent galaxy.
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1.4 TIDAL DEBRIS

Tidal debris of galaxies includes a huge variety dfatient features which can be observed; shells,
plumes, bridges and tidal tails to very prominent streanngjirey far beyond the galactic halo. The
origin and the processes which form such structures afestihtter of debate. NGC 5907 and its faint
tidal features are often used as prime example for minor engr@gMartinez-Delgado et al. 2008), with
typical mass ratios less than 1:3. On the contrary numesioallations show that these features can also
be produced by major mergers; for NGC 5907 a 3:1 merger iseterdorder to explain the shape of
its tidal debris (Wang et al. 2012). This controversy is aspported by the fact that the nucleus of the
accreted satellite is often missed from the observationging a major merger the two galactic nuclei
are expected to sink quickly to the center of the merger, ad®im a minor merger the nucleus of the
accreted satellite should follow the orbit of the rest of $heellite, and thus be visible in the tidal debris
in the early phases of the merger. A key tool in order to digtish between major and minor mergers is
the star formation rate of the merging galaxies, as duringj@nmerger the star formation is by a factor
of two more dficient than in minor mergers or in non-interacting galaxlesnibas et al. 2012).

Close galaxy pairs can be used to study the merger rate ofigala.g. Xu et al. (2004) find that
2% of all galaxies are in the phase of a major merger. Integdgtthe rate of major mergers is strongly
redshift dependent ~ (1 + 2)? — whereas the minor merger rate is not a strong function afhiédvith
a merger rate 3 times higherat 0.7 (Lotz et al. 2011) than the major merger rate.

Tidal tails in gas rich mergers can show recent star formaitiothe form of young star clusters.
Around the NGC 2782 merger system these clusters show a blae range (Knierman et al. 2013).
Wehner et al. (2006) also found blue colors for the tidal testructures around NGC 3310.

1.41 TIDAL STREAMS

A special feature of tidal debris are the tidal streams, tvisitow thin and confined trail of a disrupted
satellite. Ultra-faint imaging of nearby galaxies revelateany faint streams in the outskirts of galaxies
(e.g. Schweizer & Seitzer 1988; Malin & Hadley 1999; Mar#ifizelgado et al. 2010; Mouhcine et al.
2010, 2011; Mouhcine & Ibata 2009) and also on larger schlesetare observed for instance around the
interacting M81 group (e.g., Yun et al. 1994; Makarova ef@bD?2).

These faint structures are often used as tracers of agtrtents for the hierarchical galaxy forma-
tion model. Features like the Monoceros tidal stream wisahdse to the galactic plane of the MW disk
or similar structures around M31 suggest that minor mergerénfluencing the formation of spiral discs
at large radii (Martinez-Delgado et al. 2009).

Tidal streams are very filicult to observe as they are faint and dissolve rapidly afteranset of
the accretion. Numerical simulations of the accretion esscdemonstrate that after 1 gigayear the
dissolution of the faint features causes the surface mégs of these objects to decrease by about two
magnitudes (Johnston et al. 2001). Thus these featuresnireloservable with ultra deep imaging,
Mouhcine et al. (2010) demonstrate that observed streamalsa be resolved into single stars wiith
26.8 — 27.0 mag.
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SURVEY

The main part of this thesis consists of the survey whichlglintroduced in this chapter. The motivation
of the survey and the properties of the selected targetshwilllustrated and the used facilities will be
introduced in the next sections.

2.1 GIANT GALAXIES, DWARFS AND DEBRIS SURVEY (GGADDS)

The thesis concentrates on galaxy groups in the nearby rseiweithin a distance range ef 8 to ~

35 Mpc. The main goal is to detect dwarf galaxy candidates mossible tidal features in order to
constrain their properties as a function of the environmant! to explore whether links exist between
these two aspects of the surroundings of giant galaxies. Wertly use deep imaging with small to
medium-size optical telescopes (0.9 m to 4 m-class) to stypbotometric and structural studies, later
to be complemented with spectroscopy.

The targets of this survey were selected using the Nearbsx&al Catalog (NGB, Tully & Fisher
1988). In order to detect faint substructure of galaxiey galaxies with a high inclination angle were
selected, otherwise the distinction between spiral arrdgidal debris could have caused problems.

The selected dominant group galaxies have an absolute tndgmange fronMg = —19 to—23 mag
and are located in environments with densities varying f6o@8 to 1.6 galaxies Mp¢.

The distance range of the targets is motivated by the chdi¢el@scopes: at 10 — 35 Mpc, the
instrument field of view of commonly used wide-field imagets36 x 36 to 59 x 59') covers an area
of typically (175x 175) kp€ to (611x 611) kpc, while the instrument sensitivity allows us to reach a
limiting surface brightness of 27 mag arcsei the g-band as well as in the B-band. For comparison,
numerical simulations by Johnston et al. (2008) show that Streams due to accretion events should be
detectable at this surface brightness for minor mergetott@irred in the last Gyr. Minor mergers have
baryonic mass ratios 1 : 4 for Msateliite/ Mprimary (LOtz et al. 2011).

The limit in observational depth guarantees that most ofcthedidate dwarf galaxies (CDG) that
are comparable in luminosity to the bright Local Group (L®@Jadf galaxies should be detected by the
observations. The available field of view implies that onlgse-by companions can be detected and
the resolution of the instrument sets a size limit on the bipaof resolving small dwarf galaxies. In
conclusion, the comparatively low available resolutiomeisponsible for only the most extended dwarf
companions to be identified as CDG.



8 SURVEY

2.2 USED TELESCOPES AND DETECTORS

We used three dierent telescopes for the GGADDS survey. In the northern $igmeire the WIYN 0.9m
(the WIYN consortium consists of the University of Wiscansindiana University, Yale University,
and the National Optical Astronomy Observatory — NOAQO) amal Mayall 4m telescope at Kitt Peak
National Observatory (KPNO) were available for data adtjais In the southern hemisphere we com-
plemented the survey with the 2.2m telescope on La Sillachvis operated by the European Southern
Observatory (ESO).

The survey consists of 6 observation runs. It was started twid runs at the 0.9 m telescope at
KPNO in order to test the feasibility of the project. In a tatamber of 11 nights 12 galaxies were
imaged. The first run was from October 14th to 19th 2009, therst:from March 8th to 12th 2010. The
4m Mayall telescope at KPNO was used from December 9th to 2@10. In 4 nights 8 galaxies were
studied.

The project was granted observing time at La Silla 3 timese ESQMPG 2.2 m telescope in
combination with WFI was used from November 6th to 10th 2Gddm September 25th to 30th 2011
and from May 14th to 17th 2012. During 15 nights around 27>jetawere imaged (25 galaxies were
matched by the full observing schedule).

The Mosaié camera (on the WIYN 0.9m and Mayall 4mifers SDSS filte’s Theg- andr-band
filters were selected as the sensitivity of the detector peakhe central wavelength of these filters
The same reason motivated the filter selection for the obsgeruns with Wide Field Imager (WFI): The
B and R band filters provide the best sensitiityAs the main aim of the survey was the detection of
faint substructures of galaxies, the choice of filters wagedronly by the instrument sensitivity. The
available luminance filters were not considered for thefeihg reasons. Reflections are problematic for
wide-field image cameras (WFIC). But as reflections dependavelength, and since the telescope con-
struction materials have fiierent light reflecting properties, the selection of sugalbhvelength ranges
was one way to distinguish real from artificial features. 8asbservations confirm that reflections are
much more pronounced in the SDSS g-band and in the B-baneéfahe the criteria of wavelength de-
pend reflections worked out for several targets. In ordetudysthe stellar populations and the nature
of faint tidal debris one color is the minimum informatiormjuired. A second color would have been
extremely helpful for this as well, but long integration &mof about 1.5 hour per target and filter and
the low sensitivity in the other available filters would haesulted in an inéicient use of telescope time.

2.3 OVERVIEW OF THE SELECTED TARGETS

The most critical step in statistical studies is the samplecsion. In order to study the abundance of
faint tidal debris and the luminosity function of spiral geies at the faint end several criteria were the
basis of the selection process, concentrating on the pgiep@f the nearby universe. Unfortunately it is

nearly impossible to avoid selection biases with the smathlper of studied targets, nevertheless it was
ensured that the observed 44 galaxies cover a range in emémtal density, distance and morphology.
The properties of the sample will be described in the folfayist:

1Basic information about the instrument can be found via jftt/w.noao.edikpngmosaig

°These filters are similar to the ones used by the Sloan DigkgpISurvey (SDSS), the advantage of these filters is that the
SDSS can be used for the photometric calibration later on.

3In the manual of Mosaic the quanturffieiency of the CCDs was compared to the central wavelengtheofilters, more
details can be found at htfpwvww.noao.edkpngmosai¢gmanual

“The response of the detector as a function of the wavelemgttihe transmission curves of the filters can be found in the
instrument manual which is available at hftpwww.eso.orgscjfacilities/lasilla/instrumentsvfi/dog2P2-MAN-ESO-90100-
0001.pdf
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1. One aim of the survey is to study the influence of the enwramt where the galaxies are located.
In Fig. 2.1 an overview of the densities of the observed targegiven (all values were taken
from Tully & Fisher 1988). The densities are expressed asateeage number of galaxies with
Br < -16 in a 1 Mpc size box. Tully & Fisher (1988) calculated thealodensity on a three-
dimensional grid with 0.5 Mpc spacings and using a Gaussiaothing function.

Most of the studied galaxies have local densities rangiom0.06 to 0.22 galaxies Mpe. The
reason for this selection in density is that most of the negddaxies which were in the observ-
able distance range show these densities and mostly oniyection to the Virgo cluster higher
densities can be observed. Limited observing time duriegotbservability of the targets at an
environment with a high density also limited the number safigally.

2. The distance range was given by the field of view and thdutisn. Most of the studied galaxies
are located at about 20 Mpc, ensuring a field of view (at 20 Mpa 200 kpc) where still most
of the expected dwarf galaxies around spirals should bedfama a reasonable angular resolution
to resolve dwarf companions is available.

3. In order to study the role of dwarf galaxies in the evolutiof galaxies, late-type galaxies of
different types were selected. Elliptical galaxies were masttluded as they would need to be
studied in a dierent aspect.

4. We favored galaxies with hints of tidal debris and pogsibDG. These were chosen in order to
test the feasibility of our project, for instance to meagheesurface brightness limits and to have
targets where our results can be compared to.

It was aimed to take into account all these properties duhiagelection process, but also the criteria
presented in section 2.1 played a key role. We have a strawibiour target selection, because we
selected preferentially visibly interacting galaxies, $till we tried to use targets with as much as varying
properties as possible.
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Figure 2.1: The environmentafFigure 2.2: The distance range dfigure 2.3: Overview of the mor-
properties of the targets the observed galaxies phology of the dfferent targets

2.3.1 SKY COVERAGE

The local volume with a radius of 50 Mpc contains around 238l@&xjes with a luminosity brighter than
Bt < —16. Figure 2.4 shows a projection of the galaxies in the nyeaniverse taken from Tully & Fisher
(1988). In order to highlight how the selected targets as&riuted, we plot these as red dots. It can
be seen that all targets are very well distributed over thelevbky, except for areas of high foreground
extinction in the Galactic disk, this way it was aimed to exigd any observational bias. As this survey is
concentrating on galaxies in groups, high density enviremis: like the Virgo cluster were not studied.
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Galaxies of the local volume

60,

Figure 2.4: An overview of all galaxies in the nearby unieetisat are more luminous thd@y < —-16
(black dots). The observed targets were plotted as red dots.



REDUCTION OF WIDE-FIELD MULTI-CCD DATA

In modern astronomical imaging techniques detectors aitesist of multiple CCDs. The reduction of
the raw data needs manyfi@irent steps, which we will describe in the following sectdrisree diferent
instruments were used: MOSAIC 1.0 and 1.1 on the WIYN 0.9@est@pe, MOSAIC 1.1 on the Mayall
4m telescope (both telescopes are located at KPNO) and WiREdh2m telescope at the ESO La Silla.
In total we collected about 1 TB of raw data, which needed tprbeessed.

The properties of the ffierent detectors and theffidirent steps of the data reduction will be explained
in this chapter. For basic reductions we used IRAR order to understand the necessary reduction steps
the manual of the NOAO Deep Wide-Field Survey MOSAIC DatalR¢iong was followed and modi-
fied the default parameters in the recommended routineslar éo improve the final reduced images.

In the following the properties of the used detectors wildlescribed together with a detailed expla-
nation of all necessary reduction steps.

3.1 MULTI-CCD IMAGERS

For technical reasons the sizes of single CCDs are stiltéidniThe main criterion is that these detectors
must be very homogeneous up to a certain value, in order tmizgtthe calibration of the data. In favor
of covering a larger region of the focal plane, and thus togase the field of view of the instrument a
modern imaging detector consists of several CCDs. The M@3#Ald WFI cameras have a total number
of 8 CCDs (see Figure 3.1). Each CCD consists of 204896 pixels. In total we get a 81928192
pixel detector and mosaiced images with a total size of 67&gdgixels.

This type of imager thus increases the field of view coveredhayobservations ranging from
34" x 33’ (WFI on the 2.2m) to 59 59’ (MOSAIC on the WIYN 0.9m). In Table 3.1 the most
important data of the used detectors are listed.

In order to make anfeective use of telescope time the read-out time is an impoféator. The
old-style MOSAIC 1.0 detector take 2.5 minutes for each +eairl which increased the resulting over-
heads between the observations. Modern detectors like MO$A and WFI have improved electronic
devices and the resulting read-out times are as short asdds

YRAF is distributed by the National Optical Astronomy Obsatory, which is operated by the Association of Universitie
for Research in Astronomy, Inc., under cooperative agre¢mith the National Science Foundation.
2The manual can be found at hifeww.noao.edfnoagnoaodeefReductionOpframes.html
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CCD 1 CCD 2 CCD 3 CCD 4

CCD 5 CCD 6 CCD 7 CCD 8

Figure 3.1: The structure of the used Multi-CCD imagers. T@&D names are just examples. Each
CCD has a size of 2048 4096 pixel with a pixel size of 1am. The gap sizes between CCDs amounts
to 80 pixels (Mosaic 1.1, similar for the other detectors).

The use of multiple CCDs brings also sidéeets, which have to be taken into account. These
include:

1. The construction of a multiple CCD imager does not allovalign the CCDs with a gap-less
design, therefore we will always have gaps of a few mm betveee CCD. The first drawback is that
for gap-free observations a minimum of 5 dithering poingirgge necessary. Furthermore also the data
reduction includes many more steps, as in the final imageape gave to be removed.

2. The gaps between the CCDs can cause reflections onto #wtidetarea, which is problematic
for ultra faint imaging.

3. The optical design of telescopes causes that only at thiercthe maximum amount of light
reaches the detector. Moving from the center to the edgéalltight rays are reflected onto the detection
area, as the convolution of the mirrors is preventing thdigiit rays from the outer regions are falling
onto it.

4. Nearby bright stars can cause problems like reflectidresefore only observations are recom-
mended where no bright stars are inside or close to the cayédld of view.

5. The use of eight CCDs with a final image size of 67 Megapiretipces very large files. Every
single calibration and science image is about 256 Mb. I Wéacollected about 1TB for all runs. The
processing of such data amounts is time intensive and heedermcomputer hardware.
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Table 3.1: Properties of the used Detectors

Name Field of view Pixel scale
MOSAIC 1.01.1-4m 36'%x 36’ 0.26"/pixel
MOSAIC 1.01.1-0.9m 59x 59’ 0.43"/pixel
WFlon 2.2m 34'x 33’ 0.238"/pixel

6. The calibration of multi-CCD detectors is one of the ma#taal steps in the reduction. Every
CCD has its own properties, both in terms of sensitivity all a®in dficiency. Apart from that also
pixel defects can vary from single pixels to larger areaseg€ral rows, which causes further necessary
corrections.

There are important advantages when using multi-CCD d®tgatvhich make it worth to use these
types of detector:

1. The biggest advantage is that the field of view observalile a\single exposure can be extended
by a large factor. This enables a completelffatient class of observations.

2. The size of the detector allows one to use a bigger are& oftical plane of telescopes. Therefore
astronomers can use the potential of modern telescopes etiei.

3. The telescopes can be used much mdieiently, as for wide-field observations much less ob-
servational time is needed. Especially aspects like thegead transparency conditions remain much
more similar when data are acquired. In particular for entrly deep imaging the calibration and the
flatness of the images is improved.

Besides the numerous disadvantages of these detectoragheved observational conditions when
using multi-CCD imagers make it worthwhile to find a workandufor the problems caused by the
instantaneous use offtkrent CCDs at a given time. In the following sections we dbeapur reduction
techniques and the methods we used to correct for the prabldrich have been discussed so far.

3.2 GAIN AND READ-OUT NOISE

The gain translates (for more details see Howell 2006) theuaof charge that was collected in each
pixel to an Analog-to-Digital Unit (ADU). For the WFI we usége gain values given in the WFI manual.
They scatter around 2{ADU) depending on the élierent CCDs. The corresponding gain values for the
MOSAIC imagers are already stored in the image headers aridiially taken from the IRAF database
msdb.

During the read-out process of the device an additionaltreleic noise is added to the signal in
every pixel —the so called read-out noise. The conversiam fElectrons to ADUSs is responsible for this
type of noise and during the readout process spurious efectwill be added to the original signal. The
exposure time does not influence this noise source and terifis possible to study thidfect with
bias frames.

3.3 BIAS

The dtects of the electronic read out process of CCDs can be igagstl with bias frames. The detector
characteristics are analyzed to measure the noise of eaglk pixel. This noise is varying from pixel to
pixel, so the aim is to study the influence of the electronitshe imaging data.

In order to correct for the proposed pixel variations theedetr is read out without opening the
shutter of the camera (i.e., no light falls onto the detgcamid with an exposure time of zero seconds
(hereafter, zero frame). Usually 10 zero frames are takeadoh night, which were later on combined
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Figure 3.2: One of the master zero frames which was processganf 10 single zero frames.

by using a median function into a master zero frame. An exarcgh be seen in Figure 3.2. This master
bias frame shows the noise produced by the read out proaeddéa columns), the master bias frame
is subtracted from all calibration and science images.

3.4 FLAT-FIELD CORRECTIONS

When an extended target perfectly uniform in brightnessrilhates a CCD across its full area (this is
the definition of a “flat-field”), the output of the image detacwill not be flat and show variations due
to different reasons like quanturfiieiency variations, dust on the optics or vignetting (McL2a08).
These properties are also changing with the used filterrsyste for every used filter an individual
correction is necessary. It is usually recommended thateast labout 10 flat-field frames are used and
then combined to study thidfect (Martinez & Klotz 1998). The flat-field correction is nesary for
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several reasons that will be explained in the following.

Every pixel on the CCD has its own characteristics and tlheeepixel-to-pixel variations in sen-
sitivity are visible, which are caused mainly byffdrent quantum féciencies. Responsible for these
differences is the production of the CCD itself as well as mi@piscdust particles which are located on
the optical elements or directly on the CCD. This is causirentoptical attenuation (see McLean 2008,
for more details).

In order to produce master flats we corrected each flat-fieddy@fior bias, before combining them to
a master flat these needed to be normalized to the same mean hathe next step these were median
combined to a master flat and normalized to have a mean valoeeofFinally the science frames are
divided by the master flat for the correction for pixel-to«gdi sensitivity variations. In the following the
used flat-fielding techniques are described and tfieréinces between each method are explained.

3.4.1 DOME-FLAT

The first correction for the previously discussetkets can be done during daytime.

A white screen, which is usually illuminated by several lgalo lamps is used for the acquisition
of dome-flats. Small scale variations are best correctedwhly, as the signal is strong (highiN$ and
can be reproduced as many times as desired. As the illummafithe white screen is not completely
homogeneous, it is recommended to udéedent other techniques like twilight- or super-flats (which
will be explained in the next sections) in order to correcttfese &ects.

Usually five to ten dome-flats were taken per night for evetgrfilAfter correction for the bias we
combined them into a master dome-flat using the median ahaljes and normalized the master dome-
flat by its median value. An example can be seen in Figure 3.3hi$ image one can recognize very
easily the vignetting by the telescope which causes lagwiiflation at the edges of the detector as well
as some pixel defects like bad columns and dust grains whebrathe filters or on the CCD entrance
window.

3.4.2 TWILIGHT-FLAT

In order to have a more homogeneous surface the so-calléghtaflats can be used. These are taken
during twilight with the telescope pointing to a clear skyegions without bright stars and near zenith.
Due to the fact that the twilight is very uniform with respéetrightness fluctuations these flats can be
used to correct for pixel-to-pixel sensitivity variatiowien light enters the telescope in the same way as
during a science acquisition.

The production of usable twilight-flats is morefdiult than for dome-flats, as the sky brightness is
changing rapidly in time. In order to ensure that the cowelkare in the linear regime of the CCD the
integration time needs to be changed for every single edidr file. At KPNO the exposure time of the
twilight-flats has to be adjusted always by the observeretbee count levels were not stable and we
had to find our own model to keep the counts in a constant ramgeever, at La Silla ESO provides an
automatic tool for the calculation of the integration tinmeorder to get always similar count statistics.
Once calibrated with one observation, the system givesntiegiiation time for a given observing time
and for each filter, scaled to the desired count level.

Usually the calibration plan contained four to five twiligtets for each filter, avoiding to point the
telescope towards regions with bright stars, as thesetsthé visible at the end of the twilight.

The twilight flats were corrected for bias and master donte-Tlaese were later on normalized by
their median value in order to derive a master twilight flat.
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Figure 3.3: One of the master dome-flat frames which was psackout of 10 single dome-flat images
in the B-band.

3.4.3 SUPER-FLAT - ULTIMATE STUDY OF THE CCD UNIFORMITY

The best way to correct for the flat-field, which we have désctibefore, is the so called super-flat which
is built from the science images themselves. At first it isassary to mask the objects in the images, the
IRAF tool objmasks can be used for masking stars and galaxies in the sciencesraifterwards a sky
subtraction is performed on every image. Finally all thegesthat were observed with a particular filter
are combined by using the median of the corresponding im&ges example can be seen in Figure 3.4.
For the other used filters a super-flat frame is produced isdhee way.

Before a super-flat is used in order to flatten the scienceesagnust be corrected for the dome-flat
as well. Two diferent kind of variations are reduced this way. Firstly, $isedle variations are removed
by the dome flat, as there are large signal to noise valuesifokind of flat. But the illumination of
the imaged screen is not perfect. The lamps often do notiitlate the screen homogeneously and the
screen itself is not uniform, therefore the produced flatazion is not perfect and large scale variations
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Figure 3.4: One of the used super-flat frames which was psedesut of all science images in one filter
band (here B-band).

are still visible. In combination with the dome-flat whichmreves the small scale variations therefore
secondly the super-flat removes the large scale variatisasachow light from an infinite distance enters
the telescope (Chromey 2010).

The great advantage of the super-flat is that it is deriveettir from the actual night sky. The dark
sky is the best known flat-field image. Across limited areashersky which are comparable to the size
of the detector the variations in sky brightness are exthgsraall. The only dificulty is to successfully
remove the objects in the images. If this is done carefully obtains a very useful correction for the
large scale variations of the detector.
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3.4.4 COMPARISON OF DOME, TWILIGHT AND SUPER-FLAT CORRECTI ONS

€Ch 2 CCD 3

GCD 6 CCD 6 ceD 7 ccD 8
9 8 4 12 flatfield technique inner outer corner parts
dome-flat 0.0232 0.067 0.081
dome-flat & twilight-flat 0.0194 0.018 0.024
10 1" dome-flat & super-flat 0.0082 0.015 0.020

The average flat-field variation values of the backgrountl (ca
Figure 3.5: Overview of the used culated with equation 3.1) of all images of one target in SDSS
areas, the inner parts are labeled inr-band filter are listed in this table. They represent theiacc
yellow, blue shows the outer parts racy of the correction for flat-field. The values for the inner
and red marks the corner areas.  outer and corner parts fromftirent flat-fielding techniques
are compared to each other.

CCD 1 CCD 2 CCD 3 CCD 4 CeD 1 ccp 2 cco 8 cCD 4 ceD 1t ccD 2 [eleh ) CCD 4
0.0253 0.0448 0.1142 0.1579 0.0140652 0.0223373 0.00745388 0.0353836 0.0112752 0.00941195 0.0141073 0.0253679
0.0299 0.0135 0.0523 0.1324 0.0257175 0.0122124 0.0213637 0.0173783 0.022996 0.00714471 0.0113621 0.0166737
CCD 5 CCD 8 CcCcD 7 CCD 8 CCD 5 CCD 6 €cD 7 cco 8 CCD 5 ccD 6 [elehlivg cCD 8
0.0585 0.0097 00171 0.0890 0.0280211 0.0173873 0.0265802 0.0232146 0.0140658 0.00635603 000765928 0.017573
0.1228 0.0628 0.0272 0.0159 0.0300083 0.00807652 0.0169488 0.0162501 0.024R355 0.0165116 0.012391 0.0184881

Figure 3.6: Comparison of the flat-field accuracy (see equna&til) in the diferent regions of the detector,

on the left hand side the results can be seen when the sci@mee Was corrected by only the dome-flat,
in the middle the dome-flat was used in combination with théght-flat, and on the right hand side the

dome-flat was applied together with the super flat.

For one observed target a flat-field test was performed. Btintethe flat field properties the com-
plete mosaic image of one science frame, which consists wigesCCD images, was divided into 16
areas, as it can be seen in Figure 3.5.

Parts 1 to 4 are the inner parts, 5 to 12 the outer parts and1Bittee corner parts. For calculating the
flat-field error, the mode of the whole image (i.e. backgrguadalculated and is therefore referred to
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as the global mode. Then the local mode is calculated for isgi¥idual CCD sub-area and afterwards
the flat-field error is calculated via:

flat — field accuracy = (global mode- local modé / global mode (3.1)

Assuming that the intrinsic background is homogeneous aifdrn across all images, its variations
are thus due to a non perfect correction for flat-field. Thefitdtl accuracy was computed on the same
observed science frame corrected with thigéedent master flat-fields described above. The results can
be seen in Figure 3.6.

The results show clearly that the correction for dome-flat e super-flat is the best option as it
provides the best accuracy. For the central parts the fldtdmuracy decreases from 2.32% when only
the dome-flat was used to 1.94% when a twilight-flat is usedels Winally the super flat reaches an
accuracy of 0.82%, thus improving the flatness of the images factor of 3. Due to these results for
every night super-flats were produced.

Therefore, during the observations, the main and extendtkygwas always placed on afeirent
CCD in each exposure in order to later construct a usableriape If it was not possible to create a
satisfying super-flat for one of the nights, because not gin@gience frames were observed, the super-
flat of the night before was used in the data reduction.

3.5 HEADER EDITING

The header contains all informations regarding the imdgethie date, the exposure time, the used filter,
the observational conditions like temperature, the réduciteps which are added later on and so on.
The header is stored separately from the pixel values ag &léexn each multi image file (MEF) every
CCD image has its own header. The header information is vapfui during the data reduction process,
as keywords like the used filter or the gain as well as the atidur limit enable scripts to go through the
data without further input from outside.

When using data from the MOSAIC camera IRAF is able to readttmitstored keywords instan-
taneously. Unfortunately it is not that easy for the WFI datathe ESO HIERARCH structure cannot
be read by IRAF. The IRAEsowfi package written by Frank Valdez was used for the translatfdhe
header. The package needed to be updated with new keywdrith have changed in the WFI headers.

Additionally some more header editing was needed. We aduedalues for the CCD gain and
read-out-noise to every sub-header. We also translatedidid coordinate system (WCS) keywords
from their original sexagesimal format to decimal valuesgishe commandsh\n.

3.6 BAD PIXEL MASKS

The physical condition of the fierent CCDs of one detector can be verffatient and also their lifetime
is limited. One will always find defects like hot or cold pigaein CCDs. With time the numbers of pixels
which are not working will increase. Pixels that are not viogkare usually producing long stripes (bad
columns), which is due to the line-wise reading out sequef€CDs. One example can be seen in Fig
3.7. We used bias corrected dome-flats in order to identiflyddeels which we then registered in proper
bad-pixel masks (BPM).

The IRAF functionimreplace can be used to replace pixel values with a selection criteriall
regular pixels in a flat-field frame will be in a certain randeounts. In this way it is possible to identify
hot pixels due to their unusually high counts. All regulatgé will therefore be set to zero in the BPM
and the deviant pixels to 1. Later on this mask can be usedttapstate over the bad pixels using
IRAF/fixpix for this correction.
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Figure 3.7: The master BPM for one night; a significant numidddrad columns and hot pixels can be
identified in in every single CCD image as white points or wlsitripes.

The BPM only removes defects intrinsic to the used CCDs. #althlly, bright sources like stars,
galaxies or trails of satellites or meteors can producedigetrails on the images. During the reduction
process these can be added to the initially created BPM @sitiroc and instruct the routinecdproc
that BPM are produced. For this step it is necessary to defihees when bleeding is expected and at
which length a bleeding trail is defined. One example of sucBRM can be seen in Figure 3.8. During
the reduction process the science images are correctedhegh masks as well.

3.7 WCS SOLUTION

The world coordinate system (WCS) of an astronomical imagpigas a pair of celestial coordinates
(Right Ascension, RA and Declination, DEC) to every pixeheTfield of view is quite large for WFIC
and given that we performed several ditherings per objecs, necessary to find a WCS solution for
every single image in order to combine all individual obsg¢inns to a final single image. For the further
reductions this is one of the most critical steps.
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Figure 3.8: A BPM for one science image; bleeding trails averexposed regions can be seen in every
single CCD image.

At first the images are processed with the IRAF towcsetwcs, which translates the stored co-
ordinate positions (RMWEC) with a standard solution into a first WCS for the entiresaio image
(containing all diferent CCDs). The RA and DEC values of the center of the fieldesfand the pixel
scale are stored in the header. Afterwardscmatch can be used to fit a new WCS solution to the entire
image. A catalog of stars which are overlapping with the ien@gheeded for a successful fit. The fitting
is performed bygeomap. We measured typical RMS values of about’0(@.5 to 0.8 pixel) after a few
runs withmsccmatch in order to increase the accuracy of the fitted WCS solutiomchSan accuracy
also depends on the used star catalog.

3.7.1 STAR CATALOGS

Numerous star catalogs are available for the creation of &&W&lution for images, which provide
accurate astrometric data. The USNO-A2 (Monet D., et al 1888 catalog is the standard setting when
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using IRAF. The change to the USNO-B1 catalog (Monet et a&0320mproved the RMS of the fit of
the WCS solution of our images from 0.5 to 0.2T'he routinemscgetcat can be used to download the
coordinates of the catalog stars within a specified mageiard field of view range. The coordinates of
the field of view center in each images are taken from the inhageler.

3.7.2 DEPROJECTING IMAGES

Astronomical imaging maps the celestial sphere onto a fl@tctlar. In order to combine fierent ob-
servations to a final image the individual mosaic images ed¢ol be deprojected onto the same spatial
grid. The toolmscimage can be used to deproject images with using a reference cemerset one
single CCD which was overlapping with the studied galaxyedisrence image. In this way the 8 single
CCDs frames can be combined into a mosaic and this is donadbr@servation of a given galaxy.

3.8 ATMOSPHERIC EXTINCTION

Ground based observations afteated by light having to pass through the atmosphere.

When light is going through the flierent atmosphere layers, it is absorbed and scattered.sK8aye
Latham (1975) state that there are three forms of atteruatimlecular absorption, Rayleigh scattering
by molecules and aerosol scattering. The airmass X durimgliservation, which depends on the zenith
angle z (zenith distance) vié = sed2), is directly connected to the length of the lightpath tlglodhe
atmosphere.

The intensity of the light which is falling on our detectorjd a functionl = loe KX of the amount
of light coming from the sourcéy, the Airmass X and the extinction ddieient k which depends on
wavelength. The conversion from intensity to magnitudesmmagsured) andy (native signal before
the atmosphere), respectively, gives= mp + kX. Using the measured counts on the CCD with=
—2.5log(countg we obtain

count§mp) = count$m)10°*X - Dairmass= 10P%X (3.2)

This provides the correction fact@,irmass by which the counts were multiplied. Technically the
airmass values could be read out from the header hgighect and then automatically processed.

The values for the extinction cfiwient were taken from the observatory manuals in correspurel
with the central wavelength of the used fiftewe note that this procedure assumes that the atmospheric
extinction codicients are constant with time and for instance neglectatians due to dfering amounts
of aerosols or dust.

The other influencing féect is the blurring of the light sources caused by the atmargphwhich
is called seeing. For the used telescopes correction metiled adaptive optics were not available,
therefore the removal of thidfect was not possible. The typical measured seeing varied frd” to
1.7’ for KPNO and from 0.7 to 1.2’ for La Silla. As the observed targets are well extended, ¢letng
is not a severe problem for the subsequent analysis of tlhe dat

3.9 SKY BACKGROUND

The sky is not completely transparent, as the atmosphéigsés the incoming light depending on its
wavelength, this dfuse light is usually referred to as background. After all¢berections which have
been presented above were applied, the background corregtis performed. The IRAF toohstat can

3For La Silla these can be found at httpww.ls.eso.orgdasilla/Telescopg@p2D1p5M/misgExtinction.html and for
KPNO the extinction ca@icients are stored in the IRAF directooypedstds in the filekpnoextinct.dat.
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be used to measure the statistics of the counts in every inEge median of the entire mosaic image
was allocated as the background of the sky. This value wasastd from every image, but this was
only a global correction. The wide field of view which our d&tes provided shows that the background
is not uniform and homogeneous. Therefore, for a detailedyais of the observed targets and their
substructures also an additional local background was ievesin

3.10 TRANSPARENCY

The transparency of the sky is not constant, especially wienclouds or cirrus are overlapping with
the observed region. Photometric conditions feature naeahsparent sky, but this was not the case
during our observation runs. Therefore we had to correctf@anging transparency duringfidirent
single observations of the same object. The flux of a brigittrstar the observed galaxy was measured
in every single image. The image with the highest count nunmlzes set as reference image with the
best transparency conditions and the other images weredssalto reach the same count levels. The
corrections between fierent observations varied from 0.5 to 15 %.

3.11 STACKING OF IMAGES

The last step of the data reduction is combining the singlsaigs of each galaxy to a final stack. The
single observations needed to be prepared for the stacagduring the reduction of the images the
pixels in the CCD gaps turned out not to be zero as in the raw. datie to the background correction
these pixels have highly negative values and can be idehé&fsily. Before the stacking is done the gap
regions were assigned null counts usimgeplace. All single mosaics in the same filter were aligned
on the basis of their WCS solution and added up usimgpmbine. Because of the CCD gaps and the
dithering technique, pixels in the gaps and at the edgeseofidiid of view of the detector were not
exposed the same number of times, i.e. their total exposueei$ lower than the total exposure time of
the pixels covered by a target. In order to take thifedénce into account, we built a total exposure time
frame by which we normalized the stacked mosaic of a givagetar

The single mosaic of that target is used for creating such skmasingimreplace to set the gaps
pixels to 0 and the rest to 1. Later on, these were aligned @balisis of their WCS and added up with
imcombine. By using this method every pixel is assigned the number of bften it was exposed.
Finally, the stacked image was divided by the mask and sc¢aldte same exposure time. The gaps are
still visible in the final image as the signal-to-noisg¢Npis different there, this can be improved by a
higher number of dithering steps. The choice of how manyeditiy steps to perform was limited by the
time needed to read out the 8 CCDs.

3.12 DITHERING PATTERN

The dithering pattern of our observations were selecteddardo only fill the gaps caused by the detector
design with several CCDs (see Figure 3.1), and in order te daep observations across the whole field
of view. Therefore the dithering strategy included thatrttm/ements are minimized in their length. The
dithering pattern is visualized in Figure 3.9, the detewtas moved by distances corresponding the gap
sizes. At first the studied galaxy is moved onto one of therae@CDs, with keeping the distance to
the horizontal gap (see Figure 3.1) minimal and withoutipla@ny gap onto the studied target. After
this larger dfset we dithered around in five steps corresponding to theigap Buring these five steps
the detector was moved around for every single observafitreayalaxy in a way that the region, where
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vertical and horizontal gaps are overlapping, does notcidénwith another gap in one of the other
dithering steps. This was important to limit the number arehga with lower exposure time.
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Figure 3.9: The dithering pattern for each target, the stepshosen in
order to fill the gaps. The blue dots mark the center of the Géldew.
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BASIC CALIBRATION AND ANALYSIS

In this chapter all the used image analysis tools and methoalslescribed. Most of the data analysis
can already be found in Ludwig et al. (2012). In astronomioage analysis a huge variety of tools
are available. The standard tools which are necessary fmabpnage data analysis in Astronomy are
available through IRAE But for many tasks we supplemented the used methods withr atrailable
more specialized tools. The description of these techsique explained in the next paragraphs.

4.1 PHOTOMETRIC CALIBRATION

For the scientific analysis of imaging data it is necessacptwert the measured photons which are avail-
able as ADUs to the flux emitted by the sources. The obsenatiere performed in two filter systems:
MOSAIC provided the SDSS filter system (SD§Sandr-band were used). Out of the available broad-
band filters of WFI the B- and R-band filters were selected. Thifierent methods were implemented
for the photometric calibration, which will be explainedtire following sections.

4.1.1 STETSON STANDARD STAR FIELDS

The photometric calibration of any imager and filter systailies on standard star fields. Therefore
StetsoylLandolt standard star fields (Stetson 2000; Landolt 1983k wbserved in the beginning, in
the middle and at the end of each night. A number of three toditberings for every used filter were
performed in a way that the same star is always lying orffardint CCD. These calibration observations
were processed in the same way as the science images. Lateegositions of the standard stars in
each observed image were translated into their/(C) coordinates using the WCS of their images
with rd2xy. In this way it was possible to examine the flux of each stashdta? in our images. We used
the daophot togbhot that provides the flux (total counts of a star) inside a giveertre, also corrected
for the local background as measured in an annulus arouraptitéure. The measured count rate C and
the calibration magnitudes dRtsoriLandolt iN the same filter give the zeropoint ZP for the transfornratio
of counts into magnitudes:

LIRAF is distributed by the National Optical Astronomy Ohsxory, which is operated by the Association of Universitie
for Research in Astronomy, Inc., under cooperative agre¢mith the National Science Foundation.

2A full list of all StetsoriLandolt star fields with magnitudes in filirent filters and positions can be found via
httpy/www3.cadc-ccda.hia-iha.nrc-cnrc.gg@anmunitySTETSONstandards
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ZP = Mg etsoiLandolt + 2.510g(C/exposure time 4.2)

In order to get reliable values we did a magnitude cut on bottse Stars with bright magnitudes
were not used as the number of counts might have exceedethé¢lae fegime of the CCD or the star
might already have been saturated. The cut at the low encisodow SN ratios for faint stars as at this
point the RMS variations of the measured flux produce a lacg#tey. The measured zeropoints have
standard deviations ranging from 0.04 to 0.09 mag.

Most of the observing nights were not photometric, theeefanly the images of standard star fields
acquired under acceptable conditions were employed faohb&ometric calibration. It is clear that this
is limiting the calculated photometry so that the magnitudied colors measured for our targets have to
be considered with some caution.

4.1.2 THE SDSS AS CALIBRATION TOOL

For those observed targets which are in overlap with the SEX&n derive a more precise photometric
calibration in our survey. Only galaxies that are observethe SDSSy- andr-band can be calibrated
with this technique. Stars that are in common with the SD3tlam target field can be used to measure
the zeropoints in the same way as before. The magnitudesg sfdhs are taken from the SDSS and their
count rates are measured in the final processed science.irAagegnitude cut is performed on both
ends as well, and stars in proximity to bright sources, steatsare not observed in all dithered images as
well as double stars are removed. A more precise solutiobeamtained with this technique atdrent
photometric conditions are noffacting our measurements too much. The better photometniditians

of the SDSS improve the calibration as the same field is obdemear-simultaneously in contrast to
standard star fields, which are often at completeffedent positions on the sky and are observed by us
during diferent times. The errors of the calibration when using the SBx@ usually about 0.05 mag.

It needs to be kept in mind, though, that using the SDSS intthisimplies the use of tertiary standards.
Had our nights been perfectly photometric, the regulardstesh star technique would have been the
method of choice for best results.

4.2 GALACTIC FOREGROUND EXTINCTION

We used the extinction maps of Schlegel et al. (1998) andsttisction law of Cardelli et al. (1989)
with Ry = 3.1 to calculate the Galactic foreground extinction towards targets and at the central
wavelength of the SDS§ andr-bands Ry is the ratio of total to selective extinction in theband).
Likewise, the extinction was calculated also for the usea® R filters on WFI. All the magnitudes and
surface brightnesses derived in this work are given alreadsected for Galactic foreground extinction
as will later be indicated by the subscript “0”.

4.3 PHOTOMETRY OF DWARF GALAXIES

In order to analyze the candidate dwarf galaxies (CDG) stanages were produced with the CDG in
the center, and sizes between 200 to 400 pixels dependingeosize of the candidate. This has two
advantages; first the images are much smaller and can besdathit way much easier and secondly it
is possible to measure the local background and the rms &otis precisely in the region where the
CDG is located.

The image analysis tool SExtractor (Bertin & Arnouts 19%6)$ed to measureftirent properties
of the CDG. The background and its RMS are calculated diefetithermore the isophotal flux up to
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a signal 3 times above the background (if the target is taut i@ to 1o above the background) is
calculated and the corresponding magnitude and error ae@ @ the output catalog. The most useful
advantage of SExtractor is that other sources are modelédesmoved from the original target. In
addition, SExtractor provides also the coordinates of tHiaxy center and the galaxy ellipticity.

In order to measure the color of every CDG the isophotal ntages can not be used, as th&l$
varying in diferent filters and the areas do not match each other. Thertb®I&AF toolellipse is run
on the CDG.

Ellipses are fitted to the intensity distribution using IRARe assumed the center and ellipticity
derived by SExtractor and kept them fixed, while we left thsifian angle (PA) as a free parameter.
We overplotted the isophotes on the CDG image vgthimap in order to check their ellipticity and PA
values. We adjusted the PA value upon visual inspection aerd it for a second run of ellipse. The
measured flux inside of the ellipses with intensities of 3reigabove the background is used to calculate
the color. It was ensured that in both filters the same areavisred for the color measurement.

4.4 ANALYSIS OF FAINT DEBRIS REGIONS

In our survey several examples of faint debris regions atauassive spiral galaxies were found. One
of the main aims was to study the nature of these features.ob$erved color in these regions can be
taken as a rough tracer for the stellar populations in the faitskirts of galaxies.

The observed tidal debris regions are very extended, ttasetare contaminated by foreground stars
and background objects. In order to measure the color arglitiece brightness, empty regions without
back- or foreground targets were selected visually and tateve measured their mean, mode, median
and the RMS withmstat there. We chose the median to compute surface brightnegsaf&Bcolor,
because in this way contamination from other objects anthimsays can be reduced. The size of
these empty regions was adjusted so as to provide a liigiafio and to minimize the influence of the
residuals produced by the flat-field error are not contrifgutoo much and becoming a major issue.

Finally we calculated the mean of all apertures of one tidatdre and adopted it as measured color.
The standard deviation of the magnitudes in thedént apertures was assigned as the corresponding
standard deviation of the measured color in the individidal tfeatures. Additionally, we performed a
subtraction of the local background. The mode in close-bgtgmegions was examined and subtracted
from the flux measurements. Furthermore the SB as well asdloescwere corrected for Galactic
foreground extinction.

4.5 MEASURING THE SIGNAL-TO-NOISE RATIO

In order to examine the/N of the measurements which is due to Poisson statisticseofadlirce and
background (BG), the read-out-noise (RDNOISE) of the ebeits, it is necessary to determine these
parameters as well as the number of pixélgf), over which the photometry is performed, and the
detector gain. The formula

(Countss Npix * Gain)

S/N = (4.2)

\/(CountS* Npix * gain) + (BG  Npix + gain) + (Npix * RDNOIS B)

gives the 8N for every used aperture, if the image is scaled to an expdsue of 1 second.
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4.6 SERSIC PROFILES

The distribution of light of the detected CDG can be used &ssify their nature. Elliptical galaxies
can be clearly distinguished from spiral galaxies by theihasity profile and the values of the found
CDG should lie in a given parameter range. Later on the medssirsic index can help to distinguish
background ellipticals from CDG.

The center and ellipticity of the CDG were examined with $i \talues from the color measurement
which include the PA could be used for this step again. Inoti@erform a surface brightness profile
(SBP) fit to the CDG the SB was measured as function of the walewtric distance along the semi
major axis (SMA).

We estimated the SBP of each CDG with the isophotes computetlifise, by plotting the isophote
intensity as a function of their SMA. The error on the isoghwttensity as provided bgllipse was
translated into an error on the surface brightness.

In order to study the structural properties of the CDG the BRted with a Sérsic profile (Sersic
1968):

u(r) = uo + 1.086 (r/h)X/" (4.3)

(Cellone 1999) wherg is the SB,ug is the central surface brightness (CSBIs the distance from the
galaxy center along the semi-major atighe scale length andthe Sérsic index.

The fit was performed outside the central regions of the CDiGmthe SMA whose corresponding
surface brightness iss3above the background. If the signal was too faint and thus®¢oo low, the
SMA was extended to SBs which are only éabove the background. We used a non-linear least-squares
fit with the Levenberg-Marquardt algorithm and the fit is pdtover the measured SBP.

4.7 IMAGE PROCESSING

After the data reduction the produced images need to be gsedean order to highlight the faint sub-
structures surrounding the targeted spiral galaxies. tterdescribe how we visualized these features.

4.7.1 ADAPTSMOOTH

The visualization of faint features can be done witfiedent smoothing or masking techniques. Usually
this has also sidefkects, as often the resolution is reduced due to the fact hleaglgorithms work on
every part of the image.

ADAPTSMOOTH (Zibetti 2009) has a flerent approach, this program is able to smooth astronom-
ical images in an adaptive fashion. The idea is to increasest, therefore regions are smoothed to
reach a previously fixed/N value. The great advantage of ADAPTSMOOTH is that the afatre-
solved photometric information is preserved, as everye/imethe image only the minimal smoothing is
being performed to achieve thg\8limit. In other words, only locations with low/8 are smoothed and
regions with high signal remain untouched.

This command-line based tool only needs the gain, the baokgrand the desiredI$. During each
iteration an additional mask is created which records theathing. This is important if the target will
be studied in dterent filters. ADAPTSMOOTH can be used with an input maslg tins very helpful
for this study as the targets were imaged in two filters. Aeetlage diferences in the/8l of observations
in different filters a homogeneous smoothing in all used filtersdessary for color measurements. For
the image observed in the second filter we used the mask ofehi@psly smoothed image. Therefore it
was possible to smooth observations iffatient filters the same way. For the later color measurements
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flux conservation was also ensured. Depending on the chgbem&ny faint features stand out much
more clearly after they were processed with ADAPTSMOOTH.

4.7.2 COLOR IMAGES

People realize the nature and the world around them with yies and brain usually in color, thus
it is much more comfortable to look at color images. The IRABItrgbsun can produce colorful
images in rasterfile format with three channels, which ade geeen and blue. Unfortunately we only
observed in two filters, therefore for the third missing a@we took the mean of the images in the two
available filters. It can still be recognized that the dyr@aahirange (color depth) is not large enough and
images are looking unreal, but nevertheless it is still onprg the visual appearance in contrast to only
gray-scale images. Theftirences between red and blue regions which gives basieriafms about
the underlying stellar populations are highlighted welbegh. The color images can be found in the
appendix.
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NGC 7331 - A CASE STUDY

This chapter is a modified version of Ludwig et al. (2012).

To test the feasibility of this project we observed NGC 7381SAb galaxy at a distance of 14.2 Mpc
viewed under an inclination angie= 77°. Its inferred luminosity isMig = —20.4 mag (de Vaucouleurs
et al. 1991) and its maximum rotational velocity is (Z& 5.2) km s (taken from Hyperledg based
on the catalog from Bottinelli et al. 1982). These quarditiee similar to the properties of the MW and
M31. NGC 7331 contains a large-scale dust ring with a radiwbout 6 kpc (Regan et al. 2004) and its
observed H distribution shows a warp in the outskirts of the disk (Bost@81). The latter could be a
sign of past interactions.

NGC 7331 is located in a sparse group with a density of 0.38«igs Mpc? down toMy = —16 mag
(Tully & Fisher 1988). Other luminous group members incltitkedisk galaxies NGC 7217, NGC 7320,
NGC 7292, NGC 7457, UGC 12060, UGC 12082, UGC 12212, UGC 1281d UGC 12404 (see Figure
5.1). The galaxies of this group are within 70 km s* from NGC 7331, which itself has a radial velocity
v = (816+ 1) km s (Haynes et al. 1998). NGC 7331 is the most luminous galaxpiefgroup. The
other late-type galaxies span the magnitude rarife< Mg < —20 mag. In comparison with the Local
Group the NGC 7331 group has only one member brighter thaa-M20 mag. The NGC 7331 group is
classified as a stable group (Materne & Tammann 1974) andti®ptoe Pegasus Spur (Tully & Fisher
1988).

Figure 5.1 gives an overview of the NGC 7331 galaxy groupedimdng the loose, extended char-
acter of this group, which resembles the nearby Sculptarg(e.g., Karachentsev et al. 2003a). When
measuring the projected distances from NGC 7331 to the otienbers we get typical distances of
1 Mpc and for the most distant member, UGC 12404, 2.16 Mpc.

5.1 OBSERVATIONS

The observations were performed in October 2009 with thecdvisin Indiana Yale NOAO (WIYN)
0.9m telescope at Kitt Peak National Observatory in Arizegaipped with the MOSAIC imager. This
instrument is a wide-field imager with eight single CCDs Miting a total area of (81928192) pixels.
The total field of view is one dégwith a pixel scale of 0.43pixel ™.

httpy/leda.univ-lyond.ft
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Figure 5.1: The wider NGC 7331 group environment. The stanl®} represents the centroid of
NGC 7331. The dots around it are our dwarf galaxy candidaldsge open rectangle marks our field
of view. Filled squares show other massive, yet less lunsreauly-type spiral galaxies in the NGC 7331
group and in its immediate surroundings. Filled lozengesvslate-type spirals in the group and in its
vicinity. The open circle indicates a virial radius of 1.3 Maround NGC 7331.

We imaged NGC 7331 for 3.5 hrs 61200 s+ 2 x 900 s) in the Sloan Digital Sky Survey (SDSS)
g-band and 4.17 hrs (2% 1200 s+ 2 x 900 s) in the SDS&-band. The dither pattern was chosen with
a step size of 400in right ascension and declination so that the galaxy wdelthleach of the central
four CCDs.

Due to the dither pattern we obtain a final image size of 11148 x 11756 pixels with a resulting
field of view of 13° x 1.4°, where the edges of the final image have a lower total expdsues(fewer
exposures) and a higher noise than the central regions. rEhendth complete overlap of all stacks is
5440 pixelsx 4640 pixels resulting in a field of view of 38 38. The final image is characterized by an
average point-spread function (PSF) with a full width af haximum (FWHM) of 1.3 in each filter.

For the photometric calibration we used stars in common éetvour final image and the SDSS Data
Release 7 (DR7) (Abazajian et al. 2009). We only used statsatie not saturated in our science images
but bright enough to have a good signal-to-noiséNjS®atio. In the SDS$-band we used stars between
16.5 and 18 mag and derived a zeropoint of (22:22.04) mag, while in the SDSSband we selected
stars between 16 and 17.5 mag and obtained a zeropoint @B(22.03) mag.

We used the extinction maps of Schlegel et al. (1998) andxtirection law of Cardelli et al. (1989)
with Ry = 3.1 to calculate the Galactic foreground extinction at thereérnvavelength of the SDS&
andr-bands Ry is the ratio of total to selective extinction in theband). All the magnitudes and surface
brightnesses derived in the next sections are given alreadlgcted for Galactic foreground extinction.

In deep imaging Galactic cirrus can act as an interveningacoimant. Therefore, the occurrence of
cirrus imposes a limit on surface photometry as it is a Geldoteground that cannot be removed (e.qg.,
Sandage 1976).

In our observed region Galactic cirri are visible. Inteirggy cirrus clouds show very red broadband
colors (Szomoru & Guhathakurta 1998). TypicBHR) values range from 1.0 to 1.7 mag (Guhathakurta



5.2 BASIC PROPERTIES OF NGC 7331 33

Figure 5.2: An optical view of the inclined spiral galaxy N@G831 (center). The image is composed
of deep images in the SDS$ andr-bands obtained with the 0.9m WIYN telescope and has a total
size of 225 x 11.4’, where 100 correspond to 7 kpc. A number of luminous background gataaiel
foreground stars are visible as well. The outer, grainyilog regions are contrast-enhanced in order to
make faint features visible. In the outskirts faint tidabde structure can be seen and is highlighted by
the arrows.

& Cutri 1994) and translate intgtr) = 1.33 to 203 mag when using the color transformati@)y {R) =
(g—r)+0.33 from Fukugita et al. (1995). Therefore, on the basis df theasured colors, faint and blue
galaxy features can be distinguished from red Galactiagictouds.

The extinction maps of Schlegel et al. (1998) do not take attcount the presence of small scale
dust features which can be seen in emission as “cirrus". €ftwer our reddening correction does not
remove any ffect associate with source obscuration by dust associatibdcimius. A careful visual
inspection of our images indicates that no cirrus is in clasximity to the objects discussed below, so
cirrus reddening is unlikely to be a significarffet.

Observationally, the angular resolution is the most lingjtfactor for detecting faint, distant dwarf
galaxies or streams. Due to the pixel scale of 0.g%el™! and the need to have several pixels in order
to resolve structures we are able to detect objects with @mim size of 0.3 kpc at the distance of
NGC 7331.

5.2 BASIC PROPERTIES OF NGC 7331

A color composite image of NGC 7331 is shown in Figure 5.2. Twages with diferent contrast levels
are overlaid. The white-blue high-surface-brightnes®tirshows the brighter regions of NGC 7331,
highlighting its overall structure, especially its spiemims and bulge. The underlying green loyiNS
image reveals the low-surface-brightness features ofdlexyg including a candidate tidal stream and a
plume, which are marked with arrows in Figure 5.2 and areudised further below.
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5.3 CANDIDATE DWARF GALAXIES AROUND NGC 7331

5.3.1 IDENTIFICATION OF CANDIDATE DWARF GALAXIES

In order to identify possible dwarf galaxy candidates atbWGC 7331, a first analysis was done via
visual inspection of the science images. We selected dvedaikyg candidates on the basis of their low
apparent surface brightnessffdse structure, and angular extent of at ledstwhich is five times the
typical point spread function. This was necessary in omléetable to distinguish extended objects from
point sources. With spectroscopic follow-up studies Chdas et al. (2010) confirm that these selection
criteria have a good success rate in identifying true dwalfxges. Our field of view and sensitivity
do in principle permit us to detect all objects within a gabeentric distance of up to 170 kpc around
NGC 7331 and down to a surface brightnpgs= 27 mag arcsec

We identified four candidate dwarf galaxies, which we namih @apital Latin letters in alphabetical
order according to increasing projected distance to NGQ.738us the nearest one is called NGC 7331
A, the second nearest NGC 7331 B, and so forth.

5.3.2 PHOTOMETRY OF THE CANDIDATE DWARF GALAXIES

We ran SExtractor (Bertin & Arnouts 1996) on images with sesif 180x 180 pixels centered on
each candidate in order to measure the integrgt@adr magnitudes of the candidates after an accurate
estimate of their local background. We configured SExtraictoneasure isophotal magnitudes in two
different apertures defined by the detection thresholds of 1 andl®ve the background. The resulting
apparent integrated magnitudes are given in Table 5.1thegavith their errors computed from SEXx-
tractor, which also takes into account the uncertainty erptiotometric calibration. The absolute mag-
nitudes were calculated assuming the same distance mo@@uED + 0.32 mag) for the dwarf galaxy
candidates as for NGC 7331. Their associated errors alkalmthe error in the distance modulus.

We see that these four candidates fall in the magnitude rah8e M, < —11 typical of the classical
dSph galaxies in the Local Group (Grebel et al. 2003). Weldtkthe H data obtained for NGC 7331
by Walter et al. (2008), and found noitémission at the position of the four candidates, indicatirag
there may be no gas for future star formation available. Wausld be consistent with the properties of
the majority of known dSphs in the Local Group. Only NGC 733tauld possibly be classified as a
transition object, because its core, being slightly blhantits outer parts (see Section 5.3.3), could have
recently undergone some star formation.

As the 9N ratio is diferent for theg- andr-bands, the integrated magnitudes computed by SExtractor
sample diferent areas within each galaxy candidate. In the next Sewstowill use the IRAF taskllipse
to compute the integrated color over the same region for eactidate and filter.

5.3.3 SURFACE BRIGHTNESS PROFILES

At first we measured the photometric center of our four dwarfdidates with the IRAF toalenter in
the DIGIPHOT package. The resulting centers are needechtellipse, where we kept the ellipticity
and position angle parameters fixed at the values measuregehigee Figure 5.3).

In order to measure the surface brightness as a functionlattgaentric distance along the semi
major axis, we set upllipse to fit a series of concentric isophotes to the stamp imagebeofdur
candidates with the length of the semi-major axis gradualtyeasing with a linear step of a factor of
1.1 (see Figure 5.3).

The surface brightness profiles (SBPs) derived irrthaend are shown in Figure 5.4 with open circles
and the error bars computed blipse. The maximum length of their semi-major axis is defined by the
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Table 5.1: Observational properties of the dwarf galaxydadates

Property NGC7331A NGC7331B NGC7331C NGC7331D
RA [J2000] [h m s] (1) 22:37:14.98  22:37:26.56  22:36:18.49 2:38:17.46
Dec [J2000] { m s] (2) 34:20:35.86  34:21:12.23  34:30:40.37  34:35:07.20
9 (1) [mag] (3) 18.48: 0.04 20.01+0.05 18.30: 0.04 20.65: 0.05

9o (30) [mag] (4) 19.91+ 0.04 20.82:0.20 18.53:0.04 —

ro (1) [mag] (5) 17.80+ 0.03 18.75:0.03 17.58:0.03 20.21+ 0.04

ro (307) [mag] (6) 19.14+ 0.03 19.75:0.03 17.90: 0.03 —

Ay [mag] (7) 0.34 0.32 0.33 0.33

A [mag] (8) 0.25 0.23 0.24 0.24

(g - 1o (1) [mag] (9) 0.57+0.05 0.63:0.06  0.55:0.05  0.75: 0.06

(g - 1o (30") [mag] (9) 0.39+0.05 0.62:0.20  0.54:0.05 —

1o(r) [mag arcsee?] (10) 23.33:+0.10 24.10: 0.06 23.76:0.03  25.20+ 0.08

he [pc] (11) 325+ 33 456+ 15 592+ 16 516+ 27

n (12) 1.28+0.11  0.62:0.07  0.71+0.03  0.52+ 0.07

M, (1) [mag] (13) -12.90: 0.32 -11.95:0.32 -13.12:0.32 -10.48: 0.32
R(NGC 7331)ojectealkpc] (14) 20+ 2 25+ 3 45+ 5 58+ 7

Rows (1) and (2) are the coordinates (J2000 right ascensidleclination) where we give hours,
minutes, and seconds in row (1) and degrees, minutes, aoddsem row (2). Rows (3) to (6) are the
apparent magnitudes in the SD§Sandr-band with - and 3r thresholds above the background
detections. In rows (7) and (8),gAand A are the extinction values for the SD§Sandr-band. Row
(9) contains the extinction-corrected color in the S 8ndr-bands. Row (10) shows the central

surface brightness in threband,uo(r). Row (11) lists the exponential scale lendth, Row (12)
provides the Sérsic inder, row (13) the absolute magnitude in thdand, M, when assuming a
distance modulus of 30.#00.32, and row (14) the projected distance to NGC 7331,

corresponding surface brightness being justabove the background. To characterize the structural
parameters of the four candidates, we fitted their SBPs WélSersic profile (Sersic 1968):

u(r) = uo + 1.086 (r/h)X/" (5.1)

(Cellone 1999) wherg is the surface brightnesgg is the central surface brightnessis the distance
from the galaxy center along the semi-major akighe scale length and the Sérsic index. We cut
each SBP at the semi-major axis whose corresponding sufageness is just@ (1o for NGC 7331 D
because of its low surface brightness) above the backgrioumdier to minimize the uncertainty on the
best fitting Sérsic profile. We used a non-linear least-spufirwith the Levenberg-Marquardt algorithm.
The best fitting Sérsic profiles are plotted in Figure 5.4 witolid line, and their parameters fig, hy)
are shown in Table 5.1.

The Sérsic indices obtained for the four candidates range from 0.5 to 1.3, amthagood agreement
with those measured by Chiboucas et al. (2009) for the dSpihslkrs in the M81 group (0.2 n <
1.0). The estimated, of the four candidates varies between 23 — 25 mag arésew is consistent with
the central surface brightness of the dwarfs in the M81 gamigerived by Chiboucas et al. (2009).

We used the SBPs to determine the semi-major axesndrs, at whichu is just 1o and 3r,
respectively, above the background. For our dataandrs, are smaller in theg-band, therefore we used
their values in thg-band (55” < ry, < 11.0” and 25” < r3, < 9.0) to compute the integrated € r)o
colors of each candidate. These colors are reported in Bable

For each candidate except NGC 7331 A, the colors derivedhtorltand 3o thresholds are very
similar; in the case of NGC 7331 A the color for thes3threshold is bluer than that for &. This
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Figure 5.4: Surface brightness profile fits to the dwarf galeandidates of NGC 7331 in the SDSS
r-band.

indicates that this galaxy is bluer in its center, perhaps sk what is observed in some of the more
massive “blue-core dwarf ellipticals” (dE(bc) as classifiiy Lisker et al. 2006) in the Virgo cluster. For
these dE(bc) galaxies, Lisker et al. (2006) were able to spmetroscopically that they did experience
star formation in their centers less than a Gyr ago. Simiangles — again among the more luminous
dEs — are also known from the Local Group, where the close MEB3dainpanions NGC 185 (e.g., Hodge
1963; Butler & Martinez-Delgado 2005) and NGC 205 (e.g.,[i&dlari et al. 1999; Monaco et al. 2009)
show recent star formation in their centers. NGC 7331 A mawy b@ewer-luminosity nucleated dSph
counterpart of these systems. Note that some Galactic d&lgRigs, in particular Fornax, also show
relatively recent star formation that occurred just a feWw Myr ago, though at the current time they are
no longer active (Grebel & Stetson 1999; Saviane et al. 2000)

The (@ — r)o colors of the four dSph candidates around NGC 7331 range &x&to 0.75 mag. In
order to compare them with the dwarfs in the Local Group, waslubke color transformation equations
from Jordi et al. (2006) for Population I stars to translgte (@ — r)o colors of the four candidates into
(B-V) colors, i.e., we apply the transformation relati@V) = 0.918- (g —r) + 0.224. The resulting
(B — V) values vary between 0.7 and 0.9 mag and are consistent lvt{Bt— V) colors measured for
LGS 3, Andl and Leol in the Local Group (Mateo 1998).

5.3.4 CANDIDATE DWARF GALAXIES IN THE SDSS

We checked that the four dwarf galaxy candidates found inVél¥N data are also visible in the SDSS
images available for NGC 7331. We were able to recover th&hgugh they have a much lowefMin
the SDSS data than in our own data. With a detection limjig¢) ~ 27.0 mag arcse@ the WIYN data
are slightly deeper than the SDSS in the individual filters.

According to the NASA Extragalactic Database (NdJDNGC 7331 has the same morphological
type as M31, yet is more than one magnitude brighter in thealpd/-band) and in the near-infrared

2URL: httpy/ned.ipac.caltech.edu
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(H-band). It may thus be more massive than M31 (see also Se&tlgn We then might expect it to

be surrounded by a number of close dE companions similarasetfiound near M31. Interestingly
we did not detect any bright dE across of the field of view of @lYN data. We then decided to
search for dE candidates in the SDSS images covering theusulings of NGC 7331 out to a distance
of 1 Mpc. The depth of the SDSS imaging data in gakand reaches surface brightnesses as faint as
uo(g) ~ 26.0 mag arcse@ to 26.5 mag arcseé (Kniazev et al. 2004). Therefore dEs, which have a
typical u, between 21 and 24 mag arcseand a {—r) color between 0.2 to 0.8 mag (Lisker et al. 2007,
2008) should be easily detectable in the SDSS images.

We retrieved from the SDSS DR7 photometric catalog (Abamag@t al. 2009) all objects with a
Petrosian radius larger than’1® < (g-r) < 1.5 mag, and 21 mag arcsécs Mg < 26 mag arcseg, in
order to sample the parameter space of dEs and dSphs. Thilinaolor and surface brightness were
chosen from the properties of dEs in the Virgo Cluster (Liskeal. 2007, 2008). Smaller Petrosian radii
do not allow one to carry out a proper analysis of the objeutsphology. A visual inspection of the
selected objects revealed no dE or bright dSph candidates.

5.3.5 DWARF GALAXIES IN THE FRAMEWORK OF GALAXY EVOLUTION
MODELS

Hierarchical models of galaxy evolution (e.g., White & Fkel®91) suggest that the halos of giant galax-
ies contain large numbers of low-mass dark-matter halgsoptilated by baryonic matter as well, these
halos may be observable as dwarf galaxies. It is well estaddi, however, that even in the case of the
MW the number of known dwarf companions is less than the ptedinumber of satellite halos (e.g.,
Moore et al. 1999; Kravtsov 2010). While observations of ltleeal Group and other nearby groups
(e.g., Karachentsev 2005) show a high number of dwarf gatarypanions and some tidal interactions
(e.g., Miskolczi et al. 2011), the numbers are consistdother than the model predictions. This miss-
ing satellite problem indicates that on the mass scale @ixged, observations do not reveal luminous
versions of the expected substructures.

The possibility therefore exists that only a minority of lonass satellite dark matter halos contain
stars (e.g., Madau et al. 2008). An interesting questiomis tommon such observable luminous struc-
tures are, and whether they follow well-defined patterne@ated with either host galaxy or galaxy
group properties in the nearby universe. Thus we selectadbygalaxy groups for study in GGADDS
as these provide the most common environments within whibhhglos should exist in the present-day
universe.

5.3.6 THE NGC 7331 GALAXY GROUP

NGC 7331 is a member of a filamentary group of galaxies (seer€if)). It contains two giant spirals,
NGC 7217 and NGC 7331, as well as the luminous SO galaxy NGZ.Mbve consider the virial radii
of typical galaxy groups to bR, < 1.3 Mpc (Karachentsev 2005), then the NGC 7331 group appears
to consist of three subgroups: 1) the relatively empty zameosnding the SAb galaxy NGC 7217; 2)
a subsystem containing the late-type galaxies NGC 7320, L®B60, and UGC 12082 associated with
NGC 7331; and 3) a third grouping around the SO galaxy NGC ,/dbich is accompanied by a dwarf
SQdE. The NGC 7457 subgroup is noteworthy in containing egnhe disk galaxies, suggesting that
it is dynamically more evolved. In contrast to that, the NG3X subgroup is dominated by gas-rich
late-type galaxies, indicating that it is likely to be in arleer dynamical evolutionary phase (see Figure
5.5).

Overall, the NGC 7331 subgroup therefore resembles the Igamipings of late-type giant galaxies
found in the Sculptor group or the Canes Venatici cloud éeet al. 1998; Karachentsev et al. 2003a,b;
Karachentsev 2005). Karachentsev (2005) finds that the M@dpgand the Sculptor group are not
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the subgroup around NGC 7217, the green ones show otherapit&regular galaxies belonging to the
NGC 7331 subgroup, and the yellow dots indicate the NGC 74bgreup (the dot size represents the
luminosity of each galaxy). The right ascension (RA) anddbkelination (Dec) are given in degrees.
The heliocentric velocityhel is given in km s?.

in a state of dynamical equilibrium, a situation that likglgplies to the overall NGC 7331 group. In
comparison the Local Group, with its two giant spirals safed by~ 0.8 Mpc is a denser and likely
more massive galaxy group than the NGC 7331 subgroup. Suadremmassive and richer galaxy group
should have a shorter crossing time, arffelomore opportunities for internal interactions within the
typical group radius of approximately 1 Mpc.

5.3.7 THE NGC7331 DWARF SAMPLE COMPARED TO M31 AND OTHER
NEARBY GALAXIES

Our study of the region surrounding NGC 7331 reveals fouditkate dwarf companions. Three of
them haveM, < —13 mag and are located within a projected radius of 160 kpo f&sC 7331. As this

corresponds to the same region covered by the main Pan-éediaArchaeological Survey (Richardson
et al. 2011), it is interesting to compare results. With oemsdtivity we would detect the compact
elliptical satellite M32 and all three bright dEs around M3&., NGC 147, NGC 185, and NGC 205).
Obviously any counterparts of such galaxies are missing foar survey zone surrounding NGC 7331.
We also would detect at least two of the brighter M31 dSph awigms, And | and And IlI; thus our

data are suggestive of roughly comparable luminous dSphlatgns in the two systems. This result
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is re-enforced by our finding that the NGC 7331 dwarf galaxydidates have colors and structures of
typical dSph galaxies.

As the absolutéd-band magnitude for NGC 7331 (Aaronson 1977 i$ mag brighter than that for
M31, itis likely that M31 has less stellar mass than NGC 738k&ddition the bulge-to-disk luminosity
ratio for NGC 7331 is BD ~1 (Bottema 1999) versug/B ~ 0.5 for M31 (Geehan et al. 2006). Thus if the
dSph population were tied to bulge luminosity, we might etpeher dwarf populations in NGC 7331
as compared to M31. Yet apparently this is not the case, st Wi¢hin our magnitude limit and with
R<160 kpc. The deficiency of early-type dwarf satellites asded with NGC 7331, however, is more
pronounced if we consider the lack of equivalents to thestiotassical, luminous dE M31 companions. If
we compare the stellar masses of more luminous early-tyefd@@mpanions, excluding the anomalous
M32 system, then the detected stellar mass in the form ofidatedsatellite galaxies around NGC 7331
is about 2% of that found in the same radius and absolute magniimit around M31. It thus seems
possible that the presence of dE-type satellites couldhiedi to some parameter other than the (stellar)
mass of the host galaxy, such as group density, as suggestedlier studies (e.g., Ferguson & Sandage
1991).

We conclude that unless dE companions to NGC 7331 have bessednat larger radii, where they
should have been detected as candidate dwarfs in the SDBSMEGC 7331 has substantially less
stellar material in the form of satellites than the less iwas8i31 system. Moreover, NGC 7331 lacks
luminous nearby companions like the Magellanic Clouds rdailne Milky Way. Such irregular com-
panions, however, are generally found to be rare (e.g., Gab 2011).

The statistics for dSphs with M< —14 are not well constrained. Our few detections only sample
the counterparts of the most luminous counterparts of thessaal” dSphs in the Local Group. When
comparing NGC 7331 and M31 in this respect, it seems postibtesimilarly numerous populations of
such dSph satellites may exist around both spiral galafibe.diferences and similarities between the
populations of inner satellite galaxies around NGC 7331elsas in the Sculptor group and in the Local
Group is further illustrated in Figure 5.6.

5.4 ANALYSIS OF THE STELLAR STREAM

In the south-eastern outer regions of NGC 7331 we find hints\ary low-surface-brightness structure
in our WIYN images that we interpret as a stellar stream (fdu7). We measured the length of the
stream with the SAOImage DS9 tool ‘projection’ by placingeatangular aperture, 2% 85", along the
stream in a combineg-andr-band image. This gives the mean counts along the streara.pfdduced

an average brightness profile of the stream, and its lengsreat@mated as the distance between the two
edges of the stream where the brightness is less ifrabtve the background.

Similarly, we determined the width of the stream with a boxX28fx 65’ placed across the stream
in a region free of bright stars. The resulting brightnessilerwas fitted with a Gaussian function (see
Figure 5.8). Its FWHM was used to define the width of the strelmthis manner we obtained a length
of 5 kpc and a width of 802 pc for the stream (assuming the sast@nde modulus as for NGC 7331).

We defined a set of twelve circular apertures; 18 diameter, to estimate an average background
in the surroundings of the stream, and three apertures afaime size centered on the brightest regions
of the stream to derive its surface brightness. After cadimgcfor the local background, we obtained
Ugo = (26.88+0.11) mag arcsed, uro = (26.63+ 0.10) mag arcse® and - r)o = (0.16+ 0.16) mag,
at a 9N of about 7. We discuss the possible origin of the stellarastr in Section 5.

Since many dwarf galaxies in groups and clusters show cadatignts (e.g., Kormendy & Djorgovski
1989; Chaboyer 1994; Harbeck et al. 2001), it is interedtingheck whether the stream also shows such
a color variation. In order to do so we uge¢kctor on an area of 354 kpg5 kpc aligned with the stream
and extracted the average surface brightness of the streaach filter (see Figure 5.7). The resulting
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Figure 5.6: The luminosity function of the NGC 7331 subgrdhpttom panel) compared to the Milky
Way and M31 subgroups in the Local Group (upper two paneld)the NGC 253 subgroup in the
Sculptor group (third panel). The white (unfilled) histagrdars show the total number of detected
member galaxies in a given group. The black (filled) histogizars in the panels indicate what we
would measure if we take into account only the likely dwate8#ies of one massive disk galaxy (the
Milky Way and M31 for the Local Group and NGC 253 for Sculpttm)permit a direct comparison with
NGC 7331.

color profile is plotted in the top panel of Figure 5.9, whdne solid line represents the mean color
obtained after a &r clipping of the data. We also binned the color profile with ia fize of 13 pixels in
order to improve the 8l; the result is shown in the bottom panel in Figure 5.9, whiseesolid line traces
again the average color across the strearh5(@ 0.06 mag). This is in good agreement with the color
previously obtained with aperture photometry. Integiatime surface brightness profile of the stream we
derivedgp = (20.03+0.46) mag andatg = (19.87+0.69) mag corresponding to M= (-10.83+0.76) mag

at the distance of NGC 7331.

We also checked the SDSS images inghg -, andi-band, but we were not able to clearly detect the
stream. Also the stackagti-band image does not show a recognizable stream, indicttitghe SDSS
data are not deep enough and do not provide a high enoihgrago to study the stream.

In addition to the stream, another faint feature — a plumen-bmadetected in the southwest outer
regions of NGC 7331 (see Figure 5.2). We performed apertuotometry (three apertures with= 5”)
of the plume and derived average surface brightnessesss typeertures gfy, = (26.29+0.46) mag and
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Figure 5.7: The faint stellar stream near NGC 73Bigure 5.8: The Gaussian fit to the width of stream.
The inset shows the analyzed region. The blackleor the fit we used the stackgdandr-band image.
cles mark the brightest regions of the stream where

we measured the magnitudes and white circles rep-

resent the areas of the local background estimation.

The white rectangle indicates the region where the

color profile was measured.

Hro = (2579 + 0.30) mag with a resulting color ofy(— r)o = 0.50+ 0.17. The errors correspond to the
fluctuations of the calculated magnitudes in th@edent apertures. In its surface brightness this feature
is similar to the northern spur that can be seen around M3g(Ben et al. 2002). This feature could be
the result of another accretion event. Given their relgtiéue colors, the stream and the plume cannot
be mistaken for Galactic cirrus clouds, because, as disdussSection 5.1, the latter have a typigal r
color between 1.3 and 2 mag.

5.4.1 STELLAR STREAMS AROUND MASSIVE SPIRALS

Stellar streams extending out of the planes of disk galaaieswell established as indicators of past
interactions. Given the low density of the NGC 7331 galaxyugr, the presence of stellar streams in
NGC 7331 then is somewhat surprising. We focus our discassiothe western stream, but note that
additional features are seen to the southwest of the gafeshe streams appear to be discontinuous and
given that the estimated color of the southwestern featudéterent from that of the western stream, we
cannot tell whether these are two parts of one single streaiorsstitute two separate structures.

If the western stellar stream is tidal debris, then the galgroducing it might be detectable. A
system with the luminosity ofl, = —10.8 mag that we measured in the western stream segment located
away from the obscuring main body of NGC 7331 would be inatbitieour sample, but obviously was
not found. The blue color of this stream segmegt; ()o = 0.15 mag, suggests that it might have been
produced by a star-forming galaxy (possibly a dirr or a/dBph transition-type galaxy), even though
no Hr is seen today to be associated with the stream. The narrgacted width of the NGC 7331
stream indicates that such a progenitor would have had ai@rnial stellar velocity dispersion (Johnston
et al. 2008). We thus speculate that the accreted galaxyl ¢t@yle been a low-mass dirr or difSph
transition-type galaxy, consistent with the modest lursityoand low surface brightnesg,p = 26.6 +
0.1 mag arcse®) of the western stream segment.

According to the color transformations of Fukugita et a@9%) [B - V) = (g—r) + 0.07, computed
for irregular galaxies], they-r) color of the stream translates int® € V) = 0.23 mag, comparable with
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the colors of the bluest dlirrs in the Local Group (e.g., DD@21eo A, Sex A, SagDIG, from Mateo
1998). The observed blue color could alternatively be pteduby old, extremely metal-poor stellar
populations, which in addition may possess very blue hatalobranches. However, a comparison
with the integrated — V colors of Galactic globular clusters from Harris (1996, ¥@Gdition)) does
not reveal any comparable objects even at low metallicitigdee ultra-compact dSph galaxies detected
around the Milky Way in recent years (e.g., Zucker et al. 2@ okurov et al. 2006) tend to be even
more metal-poor than globular clusters, but contain so tavg ghat they would not leave a recognizable
stellar stream with the surface brightness of our streandidate. The blue color of the stream could
also indicate tidally triggered star formation caused lydisruption event if indeed the progenitor was
a gas-rich dirr galaxy. Such young stellar debris was fododjnstance, in the halo of the peculiar
elliptical galaxy NGC 5128 (Centaurus A), and its A-staracelresemble those of our candidate (Peng
et al. 2002).

The time scale since formation of the stream is uncertaithdNGC 7331 stream is the result of a
interaction with a gas-rich dwarf contributing either ygusiue stars or undergoing tidally triggered star
formation, which might suggest a fairly recent interactaofew Myr ago (see Peng et al. 2002). In the
Local Group, stars with ages possibly as young as 800 Myr haee detected in the central regions of
the Sgr dSph galaxy (Siegel et al. 2007), which is merging) thie Milky Way. These stars formed long
after Sgr began disrupting, but represent only a tiny fractiorhefdverall stellar populations of Sgr. In
any case, interactions involving or leading to recent stamftion may not be unusual. Alternatively,
such a blue feature might, in principle, form from gas a@ddtom an intra-group medium. But the
observed narrowness of the stream makes this scenaridanase. While star formation has been
observed in tidal debris (Makarova et al. 2002; de Mello €2@08; Werk et al. 2008), to our knowledge
it is not seen in the cases whatgfuseH1 is thought to be accreted onto galaxies (e.g., Sancisi et al.
2008), and therefore is a less likely possibility.
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5.5 CONCLUSIONS

Summarising the first resultes of our survey for candidatal fieatures and dwarf galaxies in a 160 kpc
radius region surrounding the giant SAb spiral NGC 7331ated at an approximate distance of
14.2 Mpc. NGC 7331 is the primary member of a subgroup withiarger filamentary and relatively
diffuse galaxy group of the same name. Our dgeandr-band images reveal four dwarf galaxy can-
didates that have colors and structures consistent with d8illites close to NGC 7331. No examples
of more luminous dE-like companions are found. Moreoveriatfwestern stellar stream is detected,
which has a blue color and low surface brightness, posgillizative of having had a star-forming, low-
mass dirfdSph transition-type galaxy or a gas-rich dirr undergoidglly triggered star formation as its
progenitor. There is also a morditise and less well-defined feature to the southwest, but figkear
whether it is connected with the western stream.

Even though NGC 7331 is a giant spiral with higher total anidgéluminosities than M31, it appar-
ently lacks M31's retinue of comparatively luminous dE Baés, as well as something like its compact
elliptical companion M32. The absence of such luminous,smasiE companions means that the stellar
mass in the form of inner satellites is 2% or less of that addu31.

On the other hand our few candidate dSph detections arestenswith NGC 7331 and M31 having
comparable populations of (classical) dSph companiong ré&hkults of our study therefore agree with
surveys showing highly variable numbers of moderate-lasity satellites of giant galaxies, while sug-
gesting that dSph satellites may be more closely tied to ithyguties of the main galaxy. The source of
the large variance in spheroidal satellite stellar mags@saliaxy groups remains an interesting question
and a potential clue to the origin of these galaxies.

Given the paucity of neighboring galaxies, the detectiowlét appears to be a bluish stellar tidal
debris stream is unexpected. The most straightforwardaegpibn is that NGC 7331 interacted with
and at least partially disrupted a star-forming low-maaagdition-type dwarf, or that the accretion of a
gas-rich dlrr triggered star formation. One of the four d8phdidates discovered in our study shows a
blue core similar to more massive, nucleated dEs with recemtral star formation found in the Virgo
cluster, or similar to transition-type dwarfs with resitloantralized star formation activity as observed
in the Local Group. Deeper optical andi ldbservations would be useful in order to obtain a better
understanding of the dwarfs and stream(s) around NGC 7331ow-density groups like the fiuse,
extended NGC 7331 group with its many late-type galaxiggractions with gas-rich dwarfs may be
more common than in higher-density environments.



ON THE CHARACTERIZATION OF TIDAL
FEATURES

In order to characterize the nature offdient tidal interactions a set of interacting galaxies heenb
observed with the 4m Mayall telescope. The initial aim washeck whether the fferent features,
ranging from plumes and clouds to large shells and theifrodgn be distinguished by their observational
properties with only performing photometry.

6.1 OBSERVATIONS

The observations were performed with the Mayall 4m teles@ifKitt Peak National Observatory during
a four-night run in December 2010. The rebuilt MOSAIC 1.1 eviield imager provides a field of view
of 36’ x 36 with a pixel scale of 0.26 pixel™X. In order to fill the gaps between the CCDs of the mosaic
imager we took 5-6 exposures which were dithered withféseoof a few arcseconds. The targets were
imaged through the SDS$ andr-filters and the exposure time ranged from 36 to 60 minutes.

The properties of the observations can be found in Tablelhé.distance range of the galaxies goes
from 11.3 to 31.90 Mpc, and therefore the projected obseaved varies between 127 kpcl31 kpc
and 496 kpcx 346 kpc. Given that the seeing varied from 0.97 to 1.d@ring the run, it is now possible
to detect faint substructures as extended as 60 up to 200 pc.

If the observed region was also imaged by the SDSS, the pldtientalibration was done with
photometry data from the SDSS DR7 (Abazajian et al. 2009uinscience images non-saturated stars
were selected that have afsciently high enough signal-to-noise/{§ ratio, and were matched to the
corresponding SDSS magnitudes. This method was used hoagstthe zeropoint for each filter. If the
observed target galaxy could not be found in the SDSS, zamspfiom other galaxies were taken that
we observed in the same night.

In this chapter the results for theflidirent galaxies will be presented. In order to measure the sur
face brightness and the color of the observed tidal featheefollowing technique was used. Each tidal
feature was sampled with a number of small apertures diséidball around its area and avoiding fore-
ground stars and background galaxies This is helpful becthgsinfluence of foreground stars and other
objects could therefore be removed. The IRAF fa@dtat was run in the selected boxes in order to get a
statistical photometrical analysis on the basis of photamts. After the comparison of the mean, mode
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Table 6.1: Observational properties.

Name field of view ¢ps 9 tons I DM [mag] distance field of seeing 1]
[min]  [min] (Mpc) view [kpc] g (r)

) ) ©) 4 5) (6) (7) (8)

NGC 2460 53x 37 42 37 32.450.81 31.90 496¢ 346  1.15(1.39)

NGC 3227 40x 40 60 38 31.60.04 20.85 24% 242 1.25(1.07)

NGC 3521 39x4Y 60 38 30.350.53 12.08 13& 144  1.39 (1.43)

NGC 3628 39x 40 60 36 30.20.6 11.3 127% 131 1.16 (0.97)

Column (1) gives the name of the target, (2) gives the totad € view of all stacked observations of
one target, (3) and (4) the total observing time in the SIgS&dr-bands. The distance modulus (5)
is listed together with the metric distance (6) which wastakom NED. Finally, the physical size of
the field of view is given in column (7) as well as the seeing snead in the final stacked images in the

g-band (in brackets in theband) in column (8).

and median value, later on the median value of each apertasaised (this way the influence of back-
ground objects, cosmic rays and foreground stars was rdfluBach box had a size of 660 pixels.

This size turned out to be the optimum between the error ottt statistics of the individual pixels
and the large-scale fluctuations caused by flat-field erkbith this technique, the surface brightness in
the SDSSy- andr-band as well as the resulting colors could be measured. @thetfact that several
boxes for each feature were used, it was possible to medserguttuations of the measured values
(Figure 6.1 — 6.8).
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6.2 NGC 2460

0 0.2 0.4 0608 1.0
(g9-r)g

Figure 6.1: On top an image of NGC 2460 is shown. The lower [pstm@vs how apertures were dis-
tributed in order to sample the tidal features of NGC 2460=sEhapertures are color-coded on the basis
of their averaged — r)o color as given in the color bar at the bottom. Every apertoretas a size of 60
pixels.
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NGC 2460 is an SAa galaxy at a distance of 31.9 Mpc. In Figutetlée tidal interaction of this
galaxy with the Sb galaxy IC 2209 can be seen. In order to ctexiae the dierent features their
(g —r)o color was measured and corrected for Galactic foregroutidation. In Region 1 a red color of
about 0.9 mag was obtained, which could be explained by aetactlate-type dwarf galaxy. In contrast
a blue color of~ 0.4 mag characterizes the bridge between these two galaxéggaiR2 to Region 4).
Region 5 is the faintest region with a very low surface bmgiss of 26.32 mag arcs&cand also a red
color of 0.72 mag. The éfierent color of this faint feature is a hint that the progemitay also have been
a dwarf galaxy. Region 6, 7 and 8 cover the outskirts of IC 22D08e measured blue colors between
-0.08 and 0.21 suggest that these regions may have expagiezent or ongoing star formation. Region
9 and 10 were only used for comparison of the spiral arms of [8@8D to the outer faint regions, the
measured red colors could be explained by dust.

Typical SN values per pixel averaged over all apertures ranged franfio the brightest regions to
0.67 for the faintest feature. This is only a lower limit, as have used apertures covering many pixels.
In total four diferent types of tidal debris can be observed around thistiasgewing that merging
galaxies produce or are accompanied by vefiedent tidal features. In Figure 6.2 the measured colors
of the diferent faint features are plotted together with the cornegdjpg surface brightness for the four
studied galaxies.

NGC 2460 shows a bridge connecting it with its interactiomtpax 1C 2209. Interestingly, blue
colors were measured in these areas, which is typical faomegvith recent or ongoing star formation.
Region 3 and the neighboring regions 1 to 4 show a wide rangelofs, which shows that the observed
stellar populations can be venyfidirent. Around IC2209 in Region 6 to 8 even bluer colors areicies!,
which correspond to the tidal tails at the other end of thegmegrpair. Region 9 and 10 are used for
consistency checks of the measured colors and for compatgsine spiral arms. The measured colors
are much redder there and the spread is much smaller, wesdubgethe red colors could be explained
by dust.

Table 6.2: Measurements for NGC 2460

Region g0 o @- 1o
@ @ ) @

1 2553+ 0.38 24.64+ 0.48 0.89+0.20
2 25.49+ 0.25 25.11+ 0.21 0.38+0.05
3 24.83+ 0.28 24.35+0.29 0.47+0.13
4 24.02+ 0.60 23.57+0.64 0.45+0.15
5 26.32+ 0.73 25.60+ 0.72 0.72+0.20
6 24.17+ 0.63 23.96+ 0.68 0.21+0.14
7 25.36+ 0.38 25.44+ 0.47 -0.08+0.10
8 24.61+ 0.32 24.48+0.46 0.13+0.22
9 23.71+ 0.33 22.25+ 0.32 1.46+0.03
10 23.75+ 0.53 22.45+ 0.49 1.29+0.10

The measured values for thefférent regions shown in Figure 6.1. Column (1) gives the nuetbe
region, in (2) and (3) the corresponding SB are given in th&&SB- andr-band together with the
measured fluctuations. The measured color and the corrdispgostandard deviation is noted in column
(4). All errors are the standard deviation of thé&@lient values measured in the apertures of each region.
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Figure 6.2: In this Figure a surface brightnegsbénd) versus SDS$ ¢ r) — 0 color plot is shown for
the faint tidal debris regions. For every studied regionapfris plotted, where each point represents
one aperture with the measured SB and the corresponding &dle red error bar represents the typical
error for the measurements (error of the photometric catiidan and photometry).
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6.3 NGC 3227

o
(w3
2.0 2.1 2.2

(9-r),

Figure 6.3: On top an image of NGC 3227 (right) together witBQ\N3226 (left) is presented. In the
lower panel the measured colors in th&elient regions are overplotted over a black and white image of
the same size. Each box has a size of 60 pixels. The blue agsrébaw the measured HI around these

galaxies.
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NGC 3227 is an SAB(s)a pec galaxy at a distance of 20.8 Mpaur€ig.3 shows an image of the
ongoing major merger between NGC 3227 and the elliptical &axy NGC 3226, and a huge variety
of tidal debris around these interacting galaxies is visibRegion 1 and 2 are some of the brightest
substructures that can be detected in the outskirts andoareecting NGC 3227 and NGC 3226. The
measured surface brightness and color help to distinguesivden the two slightly dierent features.
The measured color ofgy(— r)o = 1.9 cannot be explained by old stellar populations. Instearh su
extremely red colors are often produced by dust and HI clotmtdeed HI observations confirm that a
large amount of gaseous material can be seen around thengneygitem. An HI mass of the total system
of 1.1x 10° M,, is measured (Mundell et al. 1995). The similar color of Radiand 2 suggest that they
have the same origin. In Region 3 a nice umbrella can be seemgmut of NGC 3227, which seems to
be falling back. An arc coming out of the prime galaxy NGC 3&2marked by Region 4. Region 5is a
diffuse structure between the two merging galaxies and Regiampgles an arc connected to NGC 3226.
The outer halo of NGC 3227 is studied in Region 7 and anothewdich is pointing to NGC 3226 is
marked by Region 8. Additionally, an extended arc far in theskirts can be identified, it is marked by
Region 9 and 10.

We measured also lower limits for thgN\Sper pixel for every aperture. The averaged values for the
different regions were varying by a large factor. The faintegibres show on average @a\6~1.7 and the
bright features have high values ©13.5. All features show similar colors, which suggests #wbss
all regions dust and HI are the main reason for the red coldrsrefore it is not possible to characterize
the stellar populations in the tidal debris features.

In Figure 6.4 the measured colors of théalient faint features are plotted together with the corre-
sponding surface brightness for the four studied galaXibe.colors measured around NGC 3227 are in
contrast to the previous galaxy very red. They appear tosom®stly of material like stars and dust that
was probably torn out during the merging process. As argeéuotd, the color range of the red colors is
narrow. We see these trend in every region investigated Raygion 3 and 4 are following the previous
trend, but these regions are slightly bluer than the restegsdre on the side of NGC 3227 that points
away from the interaction direction and additionally showider color range as well.

Table 6.3: Measurements for NGC 3227

Region figo o @- o
W @ 3) )

1 20.18+0.17 18.28+0.16 1.9+ 0.04
2 20.84+ 0.47 18.91+0.46 1.92 0.04
3 20.02+ 0.95 18.32+0.94 1.7% 0.05
4 21.86+ 0.68 20.21+0.79 1.650.12
5 20.50+ 0.63 18.47+0.63 2.0% 0.03
6 21.61+ 058 1957+ 0.64 2.0% 0.06
7 20.67+ 0.58 18.59+ 0.57 2.04 0.05
8 22.93+ 043 20.740.45 2.120.13
9 2292+ 0.49 20.88+0.48 2.040.11
10 23.60+ 0.10 21.08:£0.11 2.530.04

The measured values for thefférent regions shown in Figure 6.3. Column (1) gives the nuetbe
region, in (2) and (3) the corresponding SB are given in th&SB andr-bands together with the
measured fluctuations. The measured color and the corrdisgostandard deviation is noted in column

4).
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Figure 6.4: In this Figure a surface brightnegsbénd) versus SDS$ ¢ r) — 0 color plot is shown for
the faint tidal debris regions. For every studied regionaphris shown, where each point represents one
aperture with the measured SB and the corresponding cdierrdld error bar represents the typical error
for the measurements (error of the photometric calibragioth photometry).
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6.4 NGC 3628
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Figure 6.5: On top a smoothed image of NGC 3628 indH®and is shown. In the lower panel the
measured colores in theftlirent regions were highlighted. The blue contours show teasored Hl
around these galaxies.
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NGC 3628 is an Sb pec galaxy at a distance of 11.3 Mpc showiiigreint tidal debris structures,
which are either filamentary orfiuise. In Region 1 and 2 clearly one can seeffusée structure with an
intermediate colord — r)o ~ 0.65 mag. On the other side of the disk a similar feature can dwtified
which is labeled Region 3. Their similar colors may indicttat the features in Regions 1, 2 and 3 arose
from a past merging event. The same could be said for Regi@sl4 on the basis of their colors,
though in Region 5 a common bluer color is measured. The itiadaction with a surrounding dwarf
satellite is studied with Region 6 to 10, within the errontladl show the same range of observed colors.
The extended long and thin structure of the stream sugdestthis feature was produced by a disrupted
satellite. Region 7 marks the densest region, the sligletiiger color and higher brightness as well as
the compact appearance could be a hint that Region 7 is teeo€tine former satellite.

The tidal debris features show venyfigrent values of the SB, thus the averag#d fer pixel over
all apertures is-0.3 for the faintest regions andi.0 for the brightest ones, again these are only lower
limits.

In Figure 6.6 the measured colors of thé@lient faint features are plotted together with the corre-
sponding surface brightness for the four studied galaxies.

Around NGC 3628 the same trends as in the other targets aeeveldls The observational error of
the color estimation was much more uncertain due to largersin the photometric zeropoints, thus the
color ranges are wider from the beginning. This galaxy isiadvanced state of the merging process, as
all the colors of the widely distributed features are simi@nly the faint lance coming out of NGC 3628
is a bit diterent compared to the other features, as the origin is nkaety lanother interaction event. The
spread of the color distribution is much wider, this couldabeint that the material is coming from an
accreted dwarf companion.

Table 6.4: Measurements for NGC 3628

Region figo 1iro (-1
) 3 @)

1 22.14+ 045 21.42£0.47 0.71+£0.04
2 24.11+ 0.57 23.48+0.67 0.62+0.13
3 21.28+ 0.58 20.59+ 0.59 0.69+0.04
4 23.01+ 0.31 22.44+-0.42 0.57+0.12
5 23.75+ 0.68 23.29+0.74 0.45+0.10
6 2454+ 0.26 23.71+0.35 0.83+0.11
7 23.57+ — 22.59+ — 0.99+ —-
8 24.01+ 0.25 23.24+0.28 0.77+£0.12
9 24.93+ 0.43 24.35+0.42 0.58+0.10
10 25.61+ 0.41 24.78:0.73 0.820.41

The measured values for theffédrent regions shown in Figure 6.5. Column (1) gives the nuatbe
region, in (2) and (3) the corresponding SB are given in th&§SB andr-band together with the
measured fluctuations. The measured color and the cormisgostandard deviation is noted in column

(4).
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Figure 6.6: In this Figure a surface brightnegsbénd) versus SDS$ ¢ r) — 0 color plot is shown for
the faint tidal debris regions. For every studied regionapfris plotted, where each point represents
one aperture with the measured SB and the corresponding &dle red error bar represents the typical
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6.5 NGC 3521

Figure 6.7: A panoramic view around NGC 3521 shown with a g@ale plot, which was observed in
theg-band. In the lower panel the measurgd-(r)o colors in diferent regions are color-coded as given
in the color bar at the bottom. The upper and lower panel atgeidectly aligned and have slightly
different scales. The blue contours show the measured HI arbargataxy.
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NGC 3521 is an SAB(rs)bc galaxy at a distance of 12.1 Mpc. Adothis galaxy we can observe a
nice umbrella coming out from the disc, already observed laytiiez-Delgado et al. (2010), who did
not perform any color measurement. This was the reason ¢bserve this target through two filters.
The brightest part of the tidal debris is located in Regiomd 4. The average color of these regions
of (g —r)o ~ 0.4 mag could hint to a dwarf galaxy as the origin of the umbrelfathe image also a
connection from the umbrella to the disk can be detectedi@iRe}) and a faint extension of the umbrella
in the west is marked with Region 6. Additionally, anotheattee close-by can be seen which is labeled
Region 4. Its blue color is a sign of current star formatiomother trace of tidal debris is visible on
the other side of the disc, thisfilise structure has been sampled in 7 and 8. Its observed red col
(g—r)o ~ 1.1 mag makes it dierent from the umbrella. In the outskirts of NGC 3521 a ex¢éehdnd
faint arc (Region 9) can be detected, the observed red cblBegion 7 to 9 (possibly caused by the
same accretion event) could be explained by an accreted dempanion which has a very old stellar
population.

In order to check the detection of thefdrent faint features we calculated the lower limit of thHE S
ratios of the tidal features, averaging over all apertufesaoh region these range fron.7 to~4.0 for
the brightest tidal debris components. In Figure 6.8 thesweal colors of the flierent faint features are
plotted together with the corresponding surface brigtgtiesthe four studied galaxies.

The stellar populations which can be seen around NGC 352thach more complex as compared
to the other interacting systems. The measured colors caisdsbto set a very rough estimate of the
underlying stellar populations in the observed regionse Riegions 1-4 show very blue colors. Again
this could be interpreted as signs for ongoing or recentfstanation. The other regions show much
redder colors. Especially Region 6 and 9 show interestiagds, the measured surface brightness is
decreasing with increasing color. This again supports tbpgsed interpretation of recent or ongoing
star formation, as populations without star formation amahparable stellar mass are usually less bright.
In summary very dferent colors can be detected, which may be a hint that théestdielatures have a
different origin. Looking at this diversity a side-step onto Hiedistribution can be quite interesting.
Around a clearly pronounced warp in the HI (the HI data weketafrom Walter et al. 2008) mostly
red and old stellar populations are observed. In contraiabon the other side the HI is much more
smooth and less dense and a bright umbrella with blue coborsbe seen. The reason for that could
be that on the “blue” side with the bright tidal debris feattine gas is at a higher density and thus star
formation started. On the other side the gas density wasigbtdmough and the interacting event could
only disturb the HI distribution.
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Table 6.5: Measurements for NGC 3521

Region g0 Hr,0 (@-r)o

(1)

OO ~NO O WNPE

[
o

)

22.33+0.71
23.05+ 0.38
23.50+ 0.90
23.99+ 0.48
23.23+ 0.62
21.04+ 1.06
21.29+ 1.11
21.84+ 0.76
24,49+ 1.94
22.32+ 1.04

3)

21.84+ 0.85
22.75+ 0.42
23.26+ 1.35
23.97+ 0.83
22.73+ 0.64
19.80+ 0.96
20.21+1.18
20.73t 0.69
23.10+ 1.62
21.09 1.05

4

0.50+ 0.18
0.30+ 0.06
0.23+ 0.27
0.02+ 0.36
0.50+ 0.15
1.23+ 0.16
1.08+ 0.08
1.11+ 0.07
1.38+ 0.36
1.23+ 0.09

The measured values for thefférent regions shown in Figure 6.7. Column (1) gives the nuetbe
region, in (2) and (3) the corresponding SB are given in th&§SB andr-band together with the
measured fluctuations. The measured color and the cormisgostandard deviation is noted in column

(4).
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Figure 6.8: In this Figure a surface brightnegsbénd) versus SDS$ ¢ r) — 0 color plot is shown for
the faint tidal debris regions. For every studied regionaphris shown, where each point represents one
aperture with the measured SB and the corresponding cdlerrdld error bar represents the typical error
for the measurements (error of the photometric calibragioth photometry).

6.6 CANDIDATE DWARF GALAXIES

The benefit of using a wide-field imager is that also closedmganions can be detected. In the follow-
ing section we will report on candidate dwarf galaxies thaterfound near the observed targets. Around
each galaxy several candidate dwarf galaxies (CDG) weecthat. Candidates were selected by visual
inspection of the images and the observed morphology, egmnath and extended light distribution
with low SB for dSphs, was the main criteria in order to clgsgiem as possible satellites. Also the size
of the CDGs played an important role, due to the limited netsmh only targets with sizes larger than
five times the typical seeing could be resolved in order tesifg its morphology. The available field of
view limits the observations only to the inner regions of tlest galaxy environment. Typical distances
of the dwarf galaxy candidates to the central galaxy varsnfdd to 120 kpc.

In order to perform photometry on the candidates SExtragssrused to measure the basic properties
like the center of the object, ellipticity, magnitude andface brightness. If the signal was high enough
all measurements wereraabove the background, only for the faintest CDG a lower lmhito- was set.
The SExtractor ellipticity was used as input for the IRAFIteltipse, that was run on the candidates in
order to fit isophotes as a function of semi-major axis andtstruct the candidates surface brightness
profiles and integrated¢r) colors (integrated over a common area with a radius whersignal in the
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g-band is - above the background). Then the surface brightness pr&B®) of the candidates were
fitted with a Sérsic function, to characterize their struaitparameters.

Stamp images (on the left hand side) and the correspondiri®) (8ght) fit of the selected dwarfs
galaxy candidates are shown in figures 6.9 — 6.35. The rguelin the stamp images highlights the area
of the galaxy that lays & above the background. The plotted ellipse visualizes th6&&Rllipticity
and the position angle measured as described before. Thtusal parameters of the best-fitting Sérsic
profile for the observed SB profile are listed in the lower kefthd cornern is the Sérsic indexgsbis the
central surface brightness ands the scale length. All measured parameters agree verywitallother
confirmed dwarf galaxies in previous studies (see sectibn 7.

The optical appearance and the estimated structural pagesrially support the claim that the
observed targets are dwarf galaxies, but in order to confiesd as true satellites spectroscopic mea-
surements are needed to estimate their redshifts.
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Figure 6.9 — 6.35: On the left hand side, stamp images of th& @2 displayed. The red circle marks
the ellipse that corresponds to an isophote with a signaboathove the background. The shown ellipses
visualize the measured ellipticity and the position angfethe middle the surface brightness profile of
the CDG can be seen. The parameters of the fit of a Sérsic danictithe light profile is shown in the
left lower corner. The red ellipses on the left highlight g®mi-major axis out to which the fit was
performed. The color profile of the CDG can be found on thetrigind side. We do not find any color
gradient in any of the candidates, only scatter around thesuared color can be seen.
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Table 6.6: Dwarf galaxy candidates

Name @(lo) go(30) ro(lo) ro(30) Deenfkpc] (9—T)o Mro

1) 2 3) 4) (5) (6) ) (8)

NGC 2460 A 20.19 22.54 19.44 21.00 32 0.70 -13.176
NGC 2460B 23.32 — 2286 — 36 0.51 -9.756
NGC 2460 C 23.07 — 2159 — 53 0.56 -11.026
NGC 3227 A 21.63 — 21.68 — 11 0.55 -9.972
NGC 3227 B 18.86 19.18 18.41 18.86 12 0.535 -13.242
NGC 3521 A 19.86 19.93 18.97 19.11 80 1.03 -11.561
NGC 3521 B 22.71 22.68 21.68 2153 81 0.97 -8.851
NGC 3628 A 18.16 18.50 18.25 18.79 10 0.67 -12.012
NGC 3628 B 20.66 23.00 20.89 2249 70 0.71 -9.372

Column (1) gives the name of each candidate. The apparentitadg in the SDS$-band is given in
column (2) at 1o above the background and ai3in column (3). The same is listed for the SDSS
r-band in column (4) and (5). In column (6) the projected diséato the central galaxydhis reported,
assuming that the dwarf is roughly at same distance fromltkerver as the central galaxy. (7) gives the
SDSS § - r)o color corrected already for Galactic foreground extinctémd (8) the absolute magnitude
in ther-band.

6.7 THE GROUP ENVIRONMENT

In order to study the environment of our selected massivalsgalaxies NEB was used to search for
the nearest neighbors.

The search radius was limited to 750 kpc in right ascensiehdaalination and te- +300 km s
in radial velocity, which should cover most of the membershef observed groups when following the
definition for the virial radius of groups in Karachentse9@3).

An overview of the diferent groups is shown in figures 6.36 — 6.39. When compariaglifferent
groups one can easily realize that NGC 3521 is in a low deasi#gt, NGC 2460 and NGC 3227 are part
of filamentary structure and NGC 3628 is living in a very riatogp. Besides theseftitrences in the
environment we found no significantfiirence in the number and properties of dwarf galaxies which
can be found around the massive spiral galaxies. This stgytes the population of dwarf galaxies
detected in our data does not significantly depend on galaxiycament.

6.8 CHARACTERISATION OF TIDAL INTERACTIONS

In the last years sensitive detectors have enabled sdfertinew view on the evolution of galaxies
and their outskirts. Besides the well-known bright and nwréess homogeneous structures like spiral
arms and elliptical isophotes also very disturbed faintuiess can be seen in the outskirts of galaxies.
These features range from faint streams to big tidal tailmerfging galaxies. Four filerent interaction
stages are presented in this chapter, which follow roudmyToomre sequence (Toomre 1977). The
Toomre sequence illustrates the merger process of spilatigs, after the first approach follows the

1URL: httpy/ned.ipac.caltech.edu



64 ON THE CHARACTERIZATION OF TIDAL FEATURES

NGC 2460

[¢)]

N
N
N

[ty
N
[y

©

19

Declination [Degrees]
(63} (63} (2] ()]
o
eclination [Degrees]

Ul

~ [oe]
4. .

=

(o]

% 1300 %,
So? 117 1100 7y ) %, 155 1100

NGC 3227

W

1400
1300

1200

Vil [km/s]

Figure 6.36: The environment around NGC 2460Figure 6.37: The environment around NGC 3227

NGC 3521

NGC 3628

N

N

1
1200 s

Vil [km/s]

Y%, = 162 ~ 800

1200
1000

Viel [km/s]

Figure 6.38: The environment around NGC 3628Figure 6.39: The environment around NGC 3521

Figure 6.36 — 6.39: The environment around the observedigalaAll neighboring galaxies are dis-
played down to M < —-16. The dot size is scaled to the luminosity of each targete gieen circle

marks the studied galaxy.



6.8 CHARACTERISATION OF TIDAL INTERACTIONS 65

actual merger process. In the next step the central mergisdmished, after the galaxy stabilized again,
finally, little evidence for the interaction can be seen. IBGI2460 the interaction has just started. It
seems that the interacting companion is on the first passagetherefore this is the initial stage of a
minor merger.

NGC 3227 is a very complex system offférent structures, which suggests that it is a first stage
of a major merger. Also an elliptical galaxy is involved insttmerging system. NGC 3628 shows a
more advanced phase of a merger. Big disturbances of theadisstill visible, but the galaxy has
regained a regular morphology. Therefore we classified N&B3s an evolved minor merger where
the companion has been highly stretched. The last galaxyi@ample is NGC 3521. Its companion
is not visible any longer. Thus it is in the final coalescertegesof a merger, only faint features are still
visible and the disc as completely stabilized again.

Tidal debris comes in various forms and over a huge varietly veispect to appearance and luminos-
ity. The main question now is whether there is a common oniditnese features. Clearly this depends
mostly on the parameter space which is given by the intergqgalaxies in form of masses, orbits and
infalling velocity angles.

One idea is that there is a clear distinction of features diifferent luminosity. A basic description
would be that bright features belong to minor or major meyggand faint tidal debris structures are
produced by accretion of small satellite companions.

In order to study these filerent scenarios the sample galaxies were selected for aacimomp among
different merging and accretion events. Therefore deep imadingerging and accreting galaxies was
performed in the SDS§ andr-band for a rough characterization of the underlying steit@pulations
and the origin of tidal features.

The color measurements were used to highlight that withtddknique it is possible to study the
origin of this features. The measured color is an indicafdhe stellar populations which can be found
in these features.

Summarizing the measured colors and brightness of allteigge can learn from thesefidirent
stages of merging galaxies that the observed spread ofkdeleery wide, ranging from blue star forming
regions to older stellar populations wigh- r > 1.0. We find also hints that fierent mergingaccretion
events can be observed around some targets. Comparing #euree colors to other observations
(Knierman et al. 2013; Wehner et al. 2006), blue colors agins with ongoing or recent star formation
are observed, on the other side streams can also show red (B&aton et al. 2013; Chonis et al. 2011)
and the same variation of distributed colors from blue to(Migkolczi et al. 2011). Taking into account
these results, the observations of debris structures dnmenging galaxies cannot rule out that many of
the observed streams are a relict of such merging eventheSarigin of faint features around massive
spiral galaxies will still be a matter of debate.

The lifetime of bright tidal debris features together witte tmerger rate at = 0 can be used for
an approximation of what is expected to be observed in thebgamiverse. Following Johnston et al.
(2001), faint features lose more than 2 magnitudes per gayayTaking into account that the major
merger rate is a strong function of redshift and that the minerger rate is only marginally dependent
on redshift we see that the frequency of left-overs from mngrgalaxies is in the same order as tidal
debris around galaxies (19% of all galaxies show faint festuMiskolczi et al. 2011)

Interestingly, the results show that the initial propexte scenarios which can lead to faint tidal
debris structures can be venyfidirent. As the analysis shows, all kind of expected properaaging
from young and blue to old and red stellar populations cammbed in the faint debris regions. Therefore
many diferent processes must be responsible for the creation ofstuatiures. The observations show
that the origin of the studied features can be thrown outestelaterial from the merging counterparts as
well as newly formed stars.

It should be noted here as well that all galaxies with fairiirggein the outskirts show always warps
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or even more disturbances. Therefore one can usually detacrphological change in the appearance
of the central galaxies. This point cannot be turned therotfay round, as not all disturbed galaxies
show the studied tidal debris. The short lifetime of tidabiie also makes it dicult to argue about the
frequency of mergers.

The limited one color study can tell only very roughly theuratof the stellar populations which
can be found in the studied tidal debris features. For alddtatudy of the origin and further properties
of the stellar populations observations ifftdient bands would be necessary. Especially the connection
to the HI distribution could give very useful hints to disemgle the origin. Many galaxies show a
clear distinction between the disturbance of stellar nieten the one hand and on the other of the
HI distribution. This makes it necessary that the originlddue diferent to the proposed scenarios of
tidal debris which is produced by majorinor mergers and accretion events. Thinkable are for eleamp
galactic fountains which can produce young star formingpregwhich are triggered by merging galaxies
or Hl reservoirs where shocks induce the safffieots. For old and red populations it is a bit mor@dilt
to think about alternatives, but in principle the interagtgalaxies do not need to be destroyed and tidal
effects could be responsible that one observes old materiameshfrom the merging partners without a
full merger of the two counterparts.

6.9 CANDIDATE DWARF GALAXIES IN THE MERGER ENVIRON-
MENT

In the Local Group many dwarf galaxy companions to the spjedéixies are observed. Additionally,

it is often argued that many parts of the Local Group are ialtidteraction with each other. A very
interesting question is whether this ifexting the abundance and the properties of the dwarf galaxy
companions.

For this comparison an approximation is performed in ordegexamine how many dwarf galaxies
would have been found if the MW and the M31 would have beenrgbdeat the same distance as the
studied galaxies. Therefore the Local Group was virtualtved to the distance range of the studied
galaxies. The most influencing limits are the resolution gnedfield of view. Taking the resolution, the
field of view, the limiting magnitude and surface brightn@#® account, it is expected to find about
two dwarf galaxies around each target, as galaxies wittetadistances would only show the most
massive companions and ones with smaller distances wifl simbw the most close-by dwarf galaxies.
Interestingly all the observed galaxies show two or morelichates. This result could suggest that there
is no major change in the luminosity function of galaxiesssaliby merging events as no change on the
luminosity function is detected within the sensitivity gegncovered here (see discussion in 8.2).



DWARF GALAXIES IN NEARBY GALAXY
GROUPS

In this chapter there will be a report on the survey using the Wamera. We will first highlight the
results from other studies to which the proposed candidsilebe compared. CDG were selected first
by visual inspection of the science images. Their morpholegs the basis in order to consider them as
candidates. Later on photometry of the targets was useddolage the magnitudes, the color, the SBP
and the color profile of each candidate. These examined gaeasrare helpful in order to classify them
as CDG or declare them as background object. This methoe isrity way how CDG can be found.
Chiboucas et al. (2010) demonstrate with follow-up spectpic observations that this strategy is very
successful in predicting CDG. We categorized the CDG intedltlasses:

1. CDG A are all candidates which are most likely dwarf companionsetiecon their color and
structure.

2. CDG B are possible candidates which show most of the expecteepieg

3. CDG C are likely background galaxies, but could be confused wi@DB or transition dwarf
companions.

7.1 DWARF GALAXIES IN THE LOCAL GROUP AND AROUND
OTHER NEARBY GALAXIES

Many observations of dwarf galaxies around massive clgsgataxies can be found. We will list here the
measured parameters like color and Sérsic index in ordeesept the basis upon which the candidates
were classified as CDG. Jerjen et al. (2000) report on dwaakiges around Centaurus A and Sculptor.
They find B — R)g between 0.8 and 1.7 and Sérsic indices ranging from 0.63%o Also the color
profiles are used in order to classify our candidates as dweanpanions. Dwarf galaxies in the Local
Group have Sérsic indices ranging from 0.5 to 1.7 @d R)o values from 0.7 to 1.6 (Mateo 1998).
Chiboucas et al. (2009) studied dwarf galaxies in the M8Ligrdrhey report about Sérsic indices
ranging from 0.21 to 1.0. Makarova et al. (2005) surveyedtsu nearby dwarf galaxies and finds a
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(B—R)g color range of 0.4 to 1.2. Another study of Local Volume dwgafaxies can be found in Sharina
et al. (2008). They report colors of)s (B - R)p < 1.4.

The references listed above are only a excerpt of the manjestof close-by dwarf galaxies. The
reported values define our classification system of pos§€ibl&. The range of expected properties for
prospective CDG is.@ < (B- R)g < 1.7 and 02 < Sérsic indexn 5 1.9.

7.2 NGC 134

Figure 7.1: The environment around NGC 134

NGC 134 is an Shc galaxy located at a distance of 18.7M@amilar to NGC 7331 an outstanding
warp is visible. In the northeast direction an extended tigihcan be observed. A similar feature can
be observed in the opposite direction, but there the bregstiis much fainter. In proximity in projection
the spiral galaxy NGC 131 can be observed (right hand sidégiar& 7.1), but this galaxy has a radial
velocity of 1410 km s! (compared to a radial velocity of 1582 km'sof NGC 134). Therefore a tidal
interaction with it is unlikely.

The analysis of the imaging data revealed two CDG, which wssified as dSph. The observed prop-
erties like n, CSB and color agree with the expected paramatel classify NGC 134 1 and NGC 134 2
as CDG A (see Figure 7.2). The measured color profiles (Figteand 7.7) do not show any gradi-
ent, the measured color for each isophote is varying arob@dneasured color. The low of both
candidates causes these fluctuations.

Additionally, a dE candidate can be found in this system. okding to the measured color, the
luminosity and color profile it is categorized as CDG A.

Lall distances are taken from the NASA Extragalactic Datal§si€D) URL:httpj/ned.ipac.caltech.edu
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7.3 NGC 908

Figure 7.11: The environment around NGC 908

NGC 908 is an Sc galaxy at a distance of 17.5 Mpc. A brightt@iti bulge can be observed together
with three extended spiral arm structures. The arm pointinthe east is much more open than the
others, which results in a warped appearance of the whadexgarhe arms do not show a homogeneous
structure and many obvious star-forming regions can begrezed (Eskridge et al. 2002).

Though this galaxy looks relaxed but not symmetric in stitgtit is not possible to find any hints
of tidal debris features down to the observing limits.

We found three CDG around NGC908. The first candidate is nikediyla dirr (CDG A) galaxy
because of its irregular appearance. Note that the brigfionids slightly df-centered. This is not
unusual for this galaxy type. The SBP shows typical valuesaf€DG. The color profile highlights
that in the central bright region recent or ongoing star fation can be observed, this would explain the
blue colors measured in the center. Towards larger radihmedder colors can be observed. This clear
color gradient highlights that in the outer parts no or mue$sIHI is located and therefore the stellar
populations are much older there.

The second CDG is categorized as CDG C, most likely it is adgpacind elliptical galaxy. Although
the observed color put it in the range of a CDG, thand the core are not matching these criteria.
Also the color profile shows hints that there is a gradientcwishows redder colors in the center, such
gradients can often be observed in E. Though the measuracthptars are not matching all expected
properties, it could alternatively maybe explained by deated dE. Therefore the nature of NGC 908 2
is not clear.

The third candidate looks like a typical dSph, all criteriatoi the properties of dSphs and therefore
it is classified as CDG A. Due to the low SB the color profile dsiesw a clear trend. The scatter around
the measured color makes it impossible to interpret thetsires in this CDG.
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7.4 NGC 1365

Figure 7.21: The environment around NGC 1365

NGC 1365 is an Sb galaxy at a distance of 17.9 Mpc. Its pos#iwhredshift classify this galaxy as
a member of the Fornax Cluster, but the membership is oftestouned as it has a very large angular
size (Sandage & Bedke 1994). Therefore it was included hgcstirvey as the density is very high and
it makes it a very good object for a comparison to galaxiegs$s kdense environments.

Signs of tidal debris can not be found via inspection of thages, apart from a spiral arm which is
extending far beyond the the remaining spiral structure= $B of this feature is going down rapidly in
the outskirts.

In the environment of NGC 1365 three CDG can be identified. firseone could be classified as a
likely dSph galaxy. The observed parameters categorize @@2G A. The bright objects were masked
out and are assumed to be background objects. The colorepdofiis not show any gradient. In the inner
parts noise is visible as the fitted area is quite small andearotter parts the/N is decreasing.

NGC 13652 (CDG A) shows the same parameters as usual dSghs, the center a core can be
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identified. Therefore the core was not used for the SBP fitndJ#iis exclusion the profile follows the
expected shape for a CDG. A color gradient can not be cleaclygnized there.

The third CDG (CDG B) does not confirm completely the progsrtf usual dwarf companions. The
color and morphology show properties of dSphs, but the SBRrlgi reveals a core in the center. We
classify it therefore as nucleated dE. Even when fitting filpravithout the center to the light distribution,
a unusual higm is measured. The color profile is highlighting théeience of the core and the rest of
CDG, in the center the core is much redder than the outer. gadtear break between these two regions
can be recognized. This could also be a low SB spiral galaxly wibulge or maybe a background
object or a background galaxy projected on dSph. The reshtiz/ that the classification as CDG is
questionable for this candidate.
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7.5 NGC 1421

Figure 7.31: The environment around NGC 1421

NGC 1421 is classified as Sbc with a distance of 25.8 Mpc. Thesyshows two bright arms and a
nucleus. All these structures show HSB Hll regions (Meuted.€2006). The galaxy is clearly warped.
Far beyond the disk to the north on one side and to the southeonther side faint substructures are
visible.

Interestingly, Meurer et al. (2006) show that there is a dwampanion which would have been
classified as background galaxy by our criteria, especimbause of the two HSB nuclear HIl regions.
According to the classification of the HIPASS survey thidésady a dwarf companion which is classified
as dE. It could also be a transition type dwarf, the inner dergtructure and the slightly blue core as
well as HI content are usual signs of this type.
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Figure 7.32: CDG NGC 1421 1Figure 7.33: SBP of NGC 1421 Figure 7.34: Color profile of
NGC14211
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7.6 NGC 7314

Figure 7.35: The environment around NGC 7314

The Sbc galaxy NGC 7314 is located at a distance of 18.6 MpawyN&nt HIl regions can be found
in the spiral arms and in the nucleus an optically thick congm can be detected (Evans et al. 1996).
Down to the SB limit of this survey no signs of tidal debris tneams can be detected. The galaxy is
in an isolated region with a density of 0.08 galaxies Mpgll densities are taken from Tully & Fisher
1988). In contrast to other targets this object is extrenmeljnogeneous, no signs of warps or similar
features can be seen. Such regularly shaped spiral gakoeieare, but the isolated environment where
the galaxy is located could be an explanation of these ohtsens.

NGC 7314 1 is classified as a dE galaxy. The observed parasraidithe SBP categorizes the target
as CDGA. The measured color profile does not show any gradieaplot only shows scatter around
the measured color.

The second CDG has an optical appearance and observedtigepédSph (CDG B). The extremely
low SB of this object makes the SBP fitflicult. It is unclear why at an SMA of 2.3” a steep decline
can be seen, which is limited to a small area. The reason tuldat there is a unresolved background
object or substructure. Also a centering problem can leaglith results, but this seems unlikely due
to the rest of the profile. The color profile visualizes the sgroblem again, no clear gradient can be
detected and therefore the hints that the color is reddéeicenter is not stated well enough to constrain
it as real feature.
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7.7 NGC 7599
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Figure 7.42: The image shows NGC 7582 (right bottom), NGCO7&9 the middle of the top of the
image) and NGC 7599 (in the top left corner).

On the left hand side in the top corner of Fig.7.42 NGC 7599¢ckvis an Sc galaxy at a distance
of 20.4 Mpc, can be seen. Close-by are NGC 7590 (25.6 Mpc)emrtiddle of the top edge and at the
right bottom of the image the bright NGC 7582 (20.9 Mpc). Tlaeg located in a dense environment
of 0.43 galaxies Mp@. Interestingly, de Vaucouleurs et al. (1976) do not find aviaks interaction
between NGC 7599 and NGC 7582, although NGC 7599 is not relakéGC 7599 has a very open
spiral arm pointing east, therefore this target appeatsrtsd and might have undergone a tidal inter-
action with another candidate. The other two galaxies sfghdbup appear much more regularly shaped,
whereas a warp can be seen in the disk structure of NGC 759tna of this targets faint tidal debris
structures can be detected.

In total seven CDG can be found around the three galaxiesi®ilie proximity of several massive
galaxies and missing redshift data a clear membership tdrexamined, therefore all CDG have
designations starting with NGC 7599, this is a random seleend in principle every candidate could
be a satellite of any of the shown massive spirals.

The first CDG is classified as dlrr, clearly irregular formedions with recent or ongoing star for-
mation can be recognized. The color profile shows very bllergan the center, which supports the
classification as dirr (CDG A) with the assumed star fornmatié color gradient can be detected with
much redder colors in the outer regions, therefore stardtion must have stopped there.
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NGC 7599 2 (CDG A) is a typical dSph candidate with an extrgnsetooth appearance, which can
be also seen in the SBP. In the color profile there is no gradisible, many dSph have no detectable
gradient in the stellar populations. Another dirr can benseeNGC 7599 3. Many subregions with a
high SB can be recognized. The SBP categorizes it as CDG Attt icolor profile the typical color
gradient for dlrr is visible, recent or ongoing star forroatiin the central regions cause bluer colors
towards the center. NGC 75994 to 7 are all classified as d$iphgroperties of the SBPs categorize
them as CDG A. In none of the color profiles gradients can be.98aly scatter caused by the loyiNS
is visible.
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Figure 7.43: CDG NGC 7599 1 Figure 7.44: SBP of NGC 7599 1IFigure 7.45: Color profile of
NGC 75991
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Figure 7.55: CDG NGC 7599 5

Figure 7.58: CDG NGC 7599 6
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7.8 NGC 7721

Figure 7.64: The environment around NGC 7721

NGC 7721 is an Sc galaxy at a distance of 22.13 Mpc. The spimattsre of this galaxy is very
disturbed. A warp and many bright regions with star fornratian be seen in the spiral arms. In the
southwest a tidal stream is detected, which clearly is tipe of a tidal interaction. Additionally a cloud
can be seen in the faint outskirts of the spiral arms in th@sipg direction of the stream in the northeast.
The cloud is in contrast to the stream directly connectetieasspiral structure. The cloud could have the
same origin as the stream, the opposite position of theserésacould be explained by the accretion of
a satellite galaxy after the first orbit.

One CDG can be found around NGC 7721 in the observed regi@clissified as a dSph (CDG A)
galaxy with typical properties of dwarf companions. The SBIbws the light distribution that is ex-
pected for CDG and the color profile does not reveal a clear gphdient.
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7.9 1C4721

Figure 7.68: The environment around IC 4721

IC4721 is an Scd galaxy at a distance of 22.9 Mpc. It forms taraieting galaxy pair together with
IC 4720 (in Figure 7.68 in the top right). Both galaxies appeaticeably disturbed, IC 4721 shows a
clear warp and appears lopsided and the other member of ldpeygaair is much more confused. In the
faint outskirts of IC 4721 an obvious plume directing westl @amthe north a faint extended cloud can
be recognized. Compared to the other studied galaxiesaigsttis much less massive. Interestingly,
a high number of dirr CDG can be identified in close proximitfhich is a clear dierence from the
observations of the other targets.

The first CDG (CDGA) is observed close-by to the spiral galaky the center bright disturbed
regions can be seen, the SBP shows typical properties off de@arpanions. In the measured color
profile no clear gradient can be identified. IC 4721 2 (CDG Alassified as dlrr, a central nucleus and
a lot of diffuse structure can be seen over the whole candidate. The Séesic profile shows typical
properties of this galaxy type. The color profile shows a demgtructure. In the nucleus a steep
gradient with redder colors at larger radii can be identjftedn at intermediate radii the color is getting
bluer, shows another peak with redder colors and is dea@asibluer values again. This double-peak
structure is most likely produced byft#irent stellar subpopulations.
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The third CDG is labeled as dSph and shows a smooth lightitdistsn. The SBP supports the
classification as CDG A and the color profile shows no cleadigrd, only at larger radii the colors are
on average redder.

An extended dlrr can be seen in IC 4721 4, especially in théecealiffuse structure together with
a nucleus is visible. The parameters of the fit to the SBP oaiass it as CDG A. The color profile is
typical for a dirr. In the center at the location of théfdse structure, a color gradient with redder colors
at larger radii can be identified, ongoing or recent star &rom in the central regions of the CDG can
cause bluer colors there. From intermediate radii to the efighis CDG a constant color is measured.
This candidate can be labeled as standard dlrr galaxy.
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7.10 NGC 7727

Figure 7.81: The environment around NGC 7727

NGC 7727 (Arp 222) is an Sa galaxy at a distance of 23.3 Mpcs thé remnant of a merger of
two disk galaxies after 1 Gyr and it will evolve to an elligticgalaxy, and interestingly, it shows a
bright second nucleus in the inner region (Crabtree & Snreldieme 1994). Observations in the K-Band
(Rothberg & Joseph 2004) show that the SBP can be describdd Wgucouleurs't* law. This can be
interpreted as violent relaxation since the merging pmcés analysis of the discrete structure of the
galaxy reveals plumes coming out from the nucleus and thlisates that the system is not completely
relaxed, like it would be expected for a mature ellipticdbgs (Brassington et al. 2007).

In the optical images tidal tails can be observed. A lessquooed one can be seen in the southwest,
however many substructures can be seen in this part. Towlaedsortheast an extended tidal tail is
visible, additionally a shell is connecting the tidal tail$he close-by Sb galaxy NGC 7724 is more than
10 Mpc more distant, therefore a tidal interaction with therging system seems unlikely.

At the same height of the shell, in the north of NGC 7727 a titterf galaxy candidate (TCDG) can
be found which is categorized as CDG A. This would be a looatibere the formation of TDG would
be expected (Wetzstein et al. 2007; Duc et al. 2000). Howdlvermeasured color of 1.220.09 mag
is unusually red for a TDG. The observed colors of TDG arerofiieie (e.g. a list of observed colors
can be found in Weilbacher et al. 2000), but e.g. Duc et aD@20eport on a TCDG with B-R0.96.
NGC 7727 1 is shaped unregularly, which can also be a hintittigeither formed during the merging
process or alternatively that it is interacting with NGC 7&hd starting to get stripped.

In order to fit an SBP to the light distribution of the TCDG theght objects were masked out,
but still the impact of other objects and the distortion o ttore could not be completely removed.
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Nevertheless, the values for the Sérsic index and the C3B mesonable for a CDG (see Fig.7.83).

In order to find gradients in the distribution of the stellapplations the color profile was studied.
The profile is shown in Fig.7.84. It does not reveal a cleaorcgtadient. In the center the fluctuations
are big due to a very limited amount of counts, in the outet tharvalues are slightly rising. But as the
S/N is small there and therefore the errorbars are big, thigltreay not be real.

In the field of view which is covered by the observations noitealthl CDG can be detected down
to the resolution and SB limit of 27 mag arcséclInterestingly, this is an example of a nearly isolated
environment. It is still unclear if the local environmentdaihe merging process influences the faint end

of the luminosity function.

B

N
a

N}
o
N

N
a1
N}

N}
o
w

N
o
i

N}
o
5

Surface brightness [mag arcsec'z]

NGC 7727 1

n=0.820.3

csb=24.99+0.08

r=13.68+2.12

[
]
o

0

Figure 7.82: CDG found around
NGC 7727

2 3 4 5 6 7 8
semi major axis "

Figure 7.83: SB Profile

9

B-R),

1 2 3 4 5 6 7 8 9
semi major axis "

Figure 7.84: color profile



90 DWARF GALAXIES IN NEARBY GALAXY GROUPS

7.11 UGCAO071

Figure 7.85: The environment around UGCA 071

UGCAO071 is an Sd galaxy at a distance of 27.8 Mpc. This cegtbxy is with Mg ~ 17 about
three magnitudes fainter than the other targets investigatthis thesis. The extremely undisturbed disk
and the number of several neighboring irregular galaxie®wee reasons for the selection. Therefore
it is possible to compare the sample of dwarf galaxies aronadsive spiral galaxies to a loose group
of intermediate mass galaxies. This region has an enornozas dalaxy density, it could therefore be
classified as a semi-compact group.

The first of this sample is UGCA 0711 (CDG A), a dlrr candiddtany star forming regions across
the whole candidate can be detected. Two gradients ardevisitthe color profile. In the center blue
colors are produced by bright regions with ongoing or recgat formation. Moving outwards the
observed colors are getting redder and in the outskirtshenstar forming region causes blue colors.

The second CDG is also classified as dirr (CDG A). Severajuleg structures can be recognized.
The color profile does not show a clear gradient, only atimésliate radii a bright region with ongoing or
recent star formation is causing a gradient with bluer costrthese radii. UGCA 071 3 (CDG A) shows
an extremely irregular structure withfféirent bright knots of star forming regions. The dlirr shows a
clear gradient in the color profile. In the outer regions twigltt regions are causing the bluer colors
there. Similar features can be seen in the dirr UGCA 0714 (@R@&s color profile shows the same
properties as the previous candidate.
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7.12 NGC 150

Figure 7.98: The environment around NGC 150

NGC 150 is an Sb galaxy at a distance of 20.5 Mpc. It shows a tmagaand-design spiral structure
with asymmetric arms as well as regions with strong star &iwon, which are located where the arms
and the bar are connected (Eskridge et al. 2002). The spiral @are extending far into the faint outskirts
of the galaxy. The arm in the west is very smooth and seems @iisbelving. A tidal interaction could
be responsible for this feature.

In the observational data two CDG can be found. NGC 150 1 (CIpGoAild be a quenched dlrr, as
the optical appearance is not as smooth as for dSphs anditineunafile shows a hint of a color gradient
with a redder color in the outskirts. Due to the low SB and this® very low 9N the SBP was fitted
out to isophotes with values only & above the background. The second candidate was classified as
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dE. The fitted SBP categorizes it as CDG A. The color profilesduat reveal any gradient in the stellar
populations and it could possibly be a post-burst galaxytdube big error bars. In the faint outskirts
the left-over of tidal tails can be detected, a clear imbegas visible there.
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7.13 NGC 578

Figure 7.105: The environment around NGC 578

NGC 578 is an Sc galaxy at distance of 21.7 Mpc. The bar coanedeveral spiral arms and in the
arms several bright HI regions can be seen. The spiral arresxéending into the outskirts with very low
SB. Tidal debris or streams cannot be detected around NGCI&A8e southwest a very faint feature
can be seen, but it is too distant to be caused by a tidal sttena no connection to the central galaxy
can be detected. Most likely this feature is caused by flagsgaidactic cirrus region.

NGC578 1 is classified as a dSph, the smooth light distributettegorizes it together with the fitted
parameters of the SBP as CDG A. The color profile shows vergtaah color values, the redder color
measurements in the center are not reliable because in titer ¢ke scatter can be high. The second
CDG shows typical properties of a dSph. The SBP fit revealglaritherefore this candidate could be
a background galaxy as well. The color profile does not sholear gradient. The results suggest that
this candidate is questionable (CDG B).
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Figure 7.109: CDG NGC 578 2Figure 7.110: SBP of NGC578 Eigure 7.111: Color profile of
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7.14 NGC 755
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Figure 7.112: The environment around NGC 755

The Sh galaxy NGC 755 is located at a distance of 20.1 Mpc. alexy is fainter than many of the
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other targets (M ~ —18), but the faint smooth outskirts made this target intergfor studying tidal
debris. The galaxy shows a clear warp, the low SB in the oussiif the spiral structure is very extended.
Despite the disturbed appearance of this target no signdadfdebris or streams can be found down to
the observational limits. The environment around this ctbgxhibits no dwarf companion. This could
be explained by the lower mass in contrast to the other t®rgat is still a very interesting observation.

7.15 NGC 1425

2 arcmin

12 kpc

Figure 7.113: The environment around NGC 1425

NGC 1425 is an Sb galaxy with a distance of 21.2 Mpc and a memwibgre Fornax cluster. The
galaxy is also in close proximity to the Eridanus group, lmpared to Fornax Eridanus is at a larger
distance (Mould et al. 2000). Despite the survey was cldadysed at the group environment, this target
was interesting due to its high local density of 0.83 galakipc3. The galaxy is very regularly shaped,
only in the southeast the spiral arms are more open. Inieghstno sign of tidal debris or streams can
be detected.

Despite of the high density local environment only one CD@Glm&afound. Itis a dSph with a nucleus,
which can clearly be seen in the image. The SBP also higglitjtet core, as this is the reason that the
profile is extremely steep in the inner regions, therefoomitid also be a foreground star superimposed
on the CDG. Due to this bright feature the fitis only perfornrethe outer regions, a smooth distributions
of light can be seen in the profile there. The color profile $® alisturbed by the core, as a clear gradient
is going from a blue center with recent or ongoing star foromato redder colors in the outer regions.
The blue center makes it relatively unlikely that the nusléia foreground star. Similar features can
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be seen in blue core dEs in the Virgo cluster (Lisker et al8208\Il measured parameters categorizes
NGC 14251 as CDGA.
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Figure 7.114: CDG NGC 1425 Figure  7.115: SBP ofigure 7.116: Color profile of
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7.16 NGC 1532

Figure 7.117: The environment around NGC 1532

NGC 1532 is an Sb galaxy at a distance of 17.1 Mpc. Sandage &8B@®94) already noted that
the amorphous companion NGC 1531 caused the perturbatibtidah distortion. The merging system
is comparable to M82. The faint features in the outer regtoarses the interaction, especially the faint
arm in the north and the tilted spiral arm in west suggestttimencounter has caused these features.

The CDG NGC 15321 (CDGA) is a dSph with a nucleus in the cenbterthe SBP the central
isophotes show a steep profile. The fit was only performedeamttier smooth light distribution. The
resulting parameters are in the range of dwarf galaxies. cblar profile does not reveal any gradient.
The color is nearly constant at all radii, only statisticatfuations are visible.

The second CDG (CDG A) looks very similar to the first one, ti8ph has also a nucleus in the
center and the SBP shows the same light distribution as welecolor profile appears constant. The
observed properties could also hint that this CDG is a ttiamsiype dwarf.
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7.17 NGC 1964

Figure 7.124: The environment around NGC 1964

NGC 1964 is Sb galaxy located in a distance of 21.4 Mpc. Thaxgashows signs of warp. The
spiral arm in the north is much brighter than the opposite dihe spiral structure shows knots with high
star formation in the central parts and towards larger t&@iiSB is going down rapidly. Signs of tidal
debris can not be detected, though the galaxy appearslgldisiorted.

NGC 1964 1 is classified as dirr (CDG A). Two central brightioeg with recent or ongoing star
formation can be identified. These two regions are resplan#iilat the SBP does not show a smooth
distribution in the center. The color profile therefore shavgradient with blue colors in the central
parts and redder colors towards larger radii.

The second CDG is a dSph (CDG A) with a smooth light distrinuthighlighted with the SBP. The
color profile does not show any gradient, only scatter araghadneasured color is visible. NGC 1964 3
(CDG A) shows a very smooth light distribution with a centrate, therefore this CDG is labeled as a
dSph with a nucleus. The SBP and the color profile show fluictosidue to low 3N caused by the low
SB, therefore it is not possible to detect any gradient ircthier profile.



7.17 NGC 1964

101

Figure 7.125: CDG NGC 1964 1Figure  7.126:
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7.18 NGC 2310

Figure 7.134: The environment around NGC 2310

The S0 galaxy NGC 2310 is located at a distance of 13.6 Mpcv&éhesymmetrical design shows a
very undisturbed galaxy, only the northeast arm seems ttidhelg wider than the opposite one. In the
faint outskirts no signs of tidal debris nor streams can healed down to the observational limits.

Our first CDG, NGC 23101, (CDG C) was allocated to the backgdoobjects after the analysis.
The reason for showing the results is to demonstrate thatltbeation of a CDG is reliable with the
presented parameters. First of all, the SBP shows an expalneyht distribution like it is expected for
elliptical background galaxies witih~ 4. The total measured color is extremely red and the coldil@ro
shows immensely red colors in the center, this is only exgukfr very old stellar populations at large
redshifts. Also dust can cause such red colors. A clear gnaglith bluer colors in the outskirts is not
observed in any other CDG with a comparable steepness. Aldeabserved parameters are not in the
range of values expected for a CDG. This shows that the ierifter CDG are sorting out successfully
background targets.

The CDG NGC 2310 2 is classified as dIrr due to several brigitfstming regions distributed over
the whole measured area. The fit to the SBP categorizes it &/ACWith expected parameters for this
type. In contrast to other dirrs no color gradient is visjlites is most likely due to the fact that radii
regions with recent or ongoing star formation are distabuthroughout this galaxy. This explains the
constant blue color in the color profile and therefore albpagters support the assumption that this CDG
could be a dirr.
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7.19 NGC 3717

Figure 7.141: The environment around NGC 3717

NGC 3717 is an Sb galaxy seen edge on at a distance of 18.7 Mpc& Madore (1977) note that
in close proximity a relatively bright compact galaxy candimserved (IC 2913). The target shows a
warp in the spiral structure and hints of disturbances cédoulred. Especially in the faint outskirts of the
object in the southwest of the spiral structure an extreroslySB feature can be seen at the same height
of the disk.

In the observed environment two CDG can be found. NGC 3717dbeded as dSph and the fitted
parameters of the Sérsic profile to the SBP categorizes itteds & The color profile shows a clear
gradient with redder colors in the center.

The second CDG is classified as dIrr galaxy (CDG A). Iffudie structure was inspected by eye. The
color profile shows an extreme gradient with blue colors endénter of the CDG, this can be interpreted
as tracers or signs of ongoing star formation. After thegsmefile in the center the color tends to get
slightly redder from intermediate to larger radii, therefdhis CDG could maybe as well a transition
type dwarf candidate. The measured parameters are in pweitla the expected range for CDG.
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7.20 NGC 3936
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Figure 7.148: The environment around NGC 3936

NGC 3936 is an Sbc galaxy seen edge-on. The spiral arms shextraordinary symmetric struc-
ture, only the arm in the southeast shows a higher SB thanrthénathe opposite direction. The faint
outskirts thus do not reveal any signs of tidal debris festutherefore no recent interaction or accretion
event can be found around this target.

One CDG can be found in the observed field. Its optical appearaarks it as dE (CDG A). The
SBP shows that the CDG has two components, a central cor® @us¢émi-major-axis of 35(a cut
in SBP can be detected) and a very smooth light distributiolarger radii. The color profile shows
two gradients, a slight increase of the color to intermediadii, in the outskirts a decline of the color to
bluer regions can be seen. The profile suggests that this @GB@lder stellar populations at intermediate
regions and younger ones to larger radii.
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7.21 NGC 3956

Figure 7.152: The environment around NGC 3956

NGC 3956 is an Sc galaxy at a distance of 27.3 Mpc. It appepsided and the spiral structure
shows warp. Especially the arm in the northeast is much taighan the opposite one and in all spiral
arms bright knots with star formation can be seen. Despéssitmilarity to the MW or NGC 7331 no
signs of tidal debris or streams can be observed in the regioound this target. Close-by the dlirr
ESO572-G011 can be seen. Very few hints suggest that it dxmuid tidal interaction with NGC 3956.
In the faint outskirts of this CDG two features which look ganto tidal tails can be seen, it appears
definitely disturbed.

Sandage & Bedke (1994) notes that NGC 3956 is in a region withmaber of galaxies, together with
the SO NGC 3957 and the Shc galaxy NGC 3981 (will be discugs#tkinext section) this is an analog
to the Local Group when comparing the measured heliocemitliocity and the measured distance of
every member to each other to the properties of the Local isradditionally, in the region around and
between them many dE, Im and Sm CDG can be observed (Sandagdi& B994).

In close proximity to NGC 3956 three CDG can be found. The @rst shows a brightficenter
region with recent or ongoing star formation. Therefore @isvelassified as dlrr. The parameters of the
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Sérsic function fit to the light distribution supports thagdification as CDG. The color profile shows a
linear gradient with bluer colors towards larger radiistts most likely caused by the bright region with
star formation at the border of the studied area. This calofilp with a linear gradient is élierent from
the profiles of our CDG sample. Therefore it is marked only B&®.

NGC 3956 2 (CDGA) is a dSph, the low SB and very smooth lightrithistion can be seen in the
stamp image. The SBP is scattering around the fit, but thistisimusual given the low/Sl. Therefore
also the color profile shows only scatter around the exanioéat of this CDG.

Visual inspection suggests that the third CDG is classifed®ph (CDG A) with a nucleus. The
bright central region is also the reason that a break canlelfm the SBP at an SMA of 2 The Sérsic
fitis only performed at larger radii to fit only the outer compat. Interestingly, though two components
can be seen in this CDG, there is no gradient in the color profil
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7.22 NGC 3981
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Figure 7.162: The environment around NGC 3981

NGC 3981 is an Sbc galaxy located at a distance of 23.8 Miritthe same group as the previously
presented galaxy. The galaxy is extremely disturbed. Talaxy is or was clearly in interaction with
another galaxy. In the central regions the spiral strucppears slightly warped and lopsided, especially
at the end of the arm directing south an extremely brightoregiith star formation. At larger radii the
spiral arms are spread wide into the outskirts of the gal@kyee main features of tidal debris can be
seen, in the east the extension of a spiral arm forms a shikeldgtructure. In the opposite direction to
the west a similar feature can be detected, but in contrdketprevious one no connection to any spiral
arm can be identified. The third feature is a very extendeudicio the south. A lot of material must have
been thrown out during the merging process.

Two CDG have been found in the observed field. The first one ypiadl dSph (CDG A) with a
smooth light distribution and a low SB. Like for many othesebsed dSphs no gradient is visible in the
color profile, due to the low/8l, which is caused by the faint SB, only scatter around thesnmea color
can be seen there.

NGC 3981 2 (CDG B) shows many brightfecenter regions with recent or ongoing star formation.
This dlrr appears extremely disturbed and seems to be iragtten. The SBP is problematic, many
different features can be seen there. There is a nucleus in ttee. CEmis extremely bright feature shows



7.22 NGC 3981

111

a steep luminosity profile, therefore this could also be a&soposed foreground star. The measured

PSF would be consistent with a foreground star. To larger assmooth light distribution can be found,

but suddenly is decreasing rapidly again until it is getthogistant at the largest radii again. Therefore

the fit of an Sérsic function to this complicated light profgedifficult. The same features appear in the

color profile, in the center where the nucleus is located @drs can be observed. Then there is an
extraordinarily steep decline in color and at larger raubiblue color stays constant with maybe a subtle

decrease in color. The nature of this target is questiondidesteep color decline in the central region
could be a hint that the central core feature is a projectespeat elliptical. Nevertheless, it would be

also possible that a faint dirr is in a merging process with tfe. Nevertheless, a background merger

seems unlikely because no spiral structure can be detected.
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7.23 NGC 4219

Figure 7.169: The environment around NGC 4219

NGC 4219 is located at a distance of 23.3 Mpc and typified as Bbepiral structure shows thin
main spiral arms together with a two-armed inner spiralgoajtadditionally, a compact bulge with a
crescent-shaped structure is visible (Heraudeau et ab)199 warp can be identified and in the faint
outskirts a lot of disturbances are visible. The spiral aextend very far into the low SB regions of the
galaxy. At both sides of the galaxy faint tidal debris in foofra plume can be detected. The structures
are connecting to the spiral arms and in the southwest thaepla much more extended. The signs of
tidal debris show that this object has overgone a severkitiggiaction.

One CDG can be found in the observed field around the targefeiy smooth and fuzzy appearance
marks it as dSph (CDG A). The SBP is noisy due to the Igiv &f this candidate, but the Sérsic profile
fit results typical dwarf galaxy parameters. In the colorfilgahe measured color stays constant with
only fluctuations around the average value, which is notr&ing given the faint SB of this object.
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7.24 NGC 4835
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Figure 7.173: The environment around NGC 4835

The Sbc galaxy NGC 4835 is observed at 24.3 Mpc. Sandage &eBEO4) note that this is
a galaxy pair with a dwarf companion classified as Im and thatresolution of the knots (HIl) in
NGC 4835 and the dwarf companion are the same, thus most bkt are at the same distance. Another
faint spiral, NGC 4835A, is visible in the lower left, but Wit distance of 46.9 Mpc it is not member of
the observed system.

NGC 4835 has thin spiral arms and shows disturbances iniitsdatskirts, especially at the north
edge of the target a plume which connects to the spiral streican be observed. Therefore an ongoing
or past tidal interaction must have shaped this feature.

In the observed field around this object three CDG were foumbde first one is a dSph with a
smooth light distribution, which can also be seen in the SRBighether with the color all measured
parameters categorize it as CDG A. No gradient can be sedreiondior profile, only scatter around
the mean measured color is visible there. NGC 4835 2 (CDG €@assified as dSph as well due to the
smooth light distribution and the parameters of the Sérnsifilp fit to the SBP are in the range observed
for dSphs. But the color profile is unusual, because a steearigradient with bluer colors at larger
radii can be identified. Therefore the nature of this objsatriclear and it could represent also a rarely
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seen low SB background galaxy. The third CDG (CDG B) showsfas# structure with a nucleus and
additional bright & center regions. Its color profile shows a lot of scatter initheer regions. This
could be caused by theftlise structure and the small area of fitted isophotes. Mouingards, a clear
gradient with bluer colors at larger radii is visible. It ssamed that thisfiect is caused by star formation
in different regions. These locally limited regions at intermiedradii and the properties of the stellar
populations there would also explain why at the edge ther éelgetting redder again.
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Figure 7.183: The environment around NGC 6810

NGC 6810 is Sab galaxy located at a distance of 27.2 Mpc.

Itis seen edge-on and the spiral structure turns out to lsdeg and warped. Heraudeau et al. (1996)
report that this highly inclined galaxy shows a large-schlst lane and a complex central structure with
a bright disk as well as a crescent-like bright feature casees on the far side which is the unobscured
half of the innermost bulge. Interestingly, the spiral acosnect to these inner regions and a large bulge
which is shaping the spiral structure give this target anr@sgive behavior (Heraudeau et al. 1996). In
the faint outskirts no signs of tidal debris or accretionrgsean be identified.

Two CDG are found in the observations of this survey. Botictassified as dirrs due to theirfilise
appearance andtecenter bright regions with recent or ongoing star fornmatibhe first CDG (CDGA)
shows a typical light distribution and in the color profildéraelar gradient with bluer colors at larger radii
can be recognized. This could be caused by the nuclear égattire center, which appears less spherical
as in other CDG. NGC 6810 2 (CDG A) has a more fuzzy light distibn due to more concentrated and
a higher number f6-center regions than other dirrs. The color profile showsitleas two components.

In the inner region the measured color is about 1.14 magddmeiblso a steep gradient if there are some
major fluctuations). At a radius of’6a clear break can be identified. In the outer regions a canstan
bluer color is observed. This could be explained by the Ibrigher regions, whose stellar populations
are completely dferent because they could have recent or ongoing star famati
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7.26 PROPERTIES OF THE OBSERVED CDG

At the end of this chapter we visualize the results of the CB@# in this work. All magnitudes and B-
R colors in the presented figures are corrected for galamtagfound extinction. In the following figures
only members of the CDG A and CDG B classification are takeo &count. In the figures 7.190 —
7.194 we show histograms of the measured values of all CD&as s&lection criteria for candidates set
basically the border at both ends of the histograms, butativesickground targets are expected to show
completely diferent values, so this supports the assumption that the pgganange is well chosen.

As a second step we checked if there are relationships bettieeneasured properties of our CDG
sample. A clear relationship has only been found for theraksurface brightness and the absolute
magnitude M (see Figure 7.195). That the luminosity is a strong functbrihe observed surface
brightness was already reported by many other studies Qalglwell et al. 1992; Jerjen et al. 2000;
Sharina et al. 2008; Makarova et al. 2009, and in many morhest))

Figures 7.197 and 7.199 show only a weak dependence of theaothe central surface brightness
and Mg. Scatter is most likely caused by photometric errors anthredion uncertainties. The measured
properties of the CDGs do not show any dependence on thectedjelistance (see Figure 7.198 and
7.196). A possible reason that we do not find any relationghtpat our field of view is limited and
therefore we are concentrating at the closest-by dwarfsre®Mer, we only have projected distances.
Only a few outliers would make it already venyfiitult as our dwarf sample is limited.

Structural parameters of the Sérsic profile fit to the lumigodistribution show no hints of any
relationships 7.200 — 7.202. This suggests that strugbuecgerties of the luminosity distribution are not
specific for any luminosity or color of the studied CDG.
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Table 7.1: Properties of the detected CDG

Name RA Dec Bo Ro Mg.o MRro (B=R) | n csh r reen| type | class
(1) (2) 3) (4) (5) (6) () (8) 9) (10) (11) (12) (13) | (14)
NGC 1425 1| 3:42:03.41| -29:48:01.92| 19.82+ 0.03 | 18.46+0.02 | -11.81| -13.17| 1.21 0.77+0.16 | 24.8+0.27 | 7.77+1.61 | 36 | dSph | CDGA
NGC 1964 1| 5:33:40.74| -21:48:01.87| 21.31+ 0.06 | 18.96+ 0.03 | -10.33| -12.68 | 1.47 0.33+0.07 | 24.44+0.07 | 4.29+0.12 | 60 | dirr CDGA
NGC 1964 2| 5:33:33.63| -21:59:20.56| 22.78+ 0.12 | 21.28+0.08 | -8.86 | -10.36| 1.30 0.55+0.33| 24.34+0.61 | 1.59+ 0.53 | 24 | dSph | CDGA
NGC 1964 3| 5:33:26.80| -21:57:57.55| 23.67+ 0.18 | 21.55+0.09 | -7.97 | -10.09| 1.37 0.83+0.57 | 25.27+0.94 | 4.16+3.14 | 10 | dSph | CDGA
UGCAO071 1| 3:25:12.07| -16:04:53.28| 18.72+ 0.02 | 16.34+ 0.01 | -13.48 | -15.86| 0.84 0.79+ 0.07 | 23.16+0.03 | 15.77+0.41| 79 | dirr CDGA
UGCAO071 2| 3:25:33.82| -16:07:33.88| 17.21+0.01 | 17.51+0.02 | -14.99| -14.69| 0.89 0.33+0.06 | 23.83+0.02 | 12.83+0.85| 55 | dirr CDGA
UGCAO071 3| 3:25:12.15| -16:09:48.60| 14.98+ 0.01 | 16.25+0.01 | -17.22| -16.03 | 0.82 0.53+ 0.1 | 22.69+0.05| 10.35+0.42 | 43 | dirr CDGA
UGCAQ0714| 3:25:25.65| -16:01:08.91| 20.57+ 0.04 | 19.66+ 0.03 | -11.63| -12.63 | 0.80 0.7+ 0.12 | 24.06+0.04 | 6.85+ 0.32 | 105 dirr CDGA
NGC 1501 | 0:33:51.38| -27:50:26.62| 20.40+ 0.04 | 21.03+0.07 | -11.14| -10.51| 0.98 0.71+0.14 | 25.69+ 0.06 | 23.25+1.41| 34 | dirr CDGA
NGC 150 2 | 0:33:38.29| -27:47:48.73| 16.72+ 0.01 | 15.83+ 0.01 | -14.82| -15.71| 0.86 0.32+0.03| 22.48+0.01 | 8.47+0.26 | 49 | dE CDGA
NGC 1532 1| 4:11:15.09| -33:04:45.88| 20.73+ 0.05 | 19.26+ 0.03 | -10.42| -11.89| 1.22 0.74+0.83| 24.81+ 0.4 | 7.56+1.07 | 80 | dSph | CDGA
NGC 1532 2| 4:10:47.35| -32:49:01.10| 19.94+ 0.03 | 18.67+0.02 | -11.21| -12.48| 1.19 0.52+0.21| 24.27+0.22| 5.37+0.56 | 82 | dSph | CDGA
NGC 2310 1| 6:54:15.60| -40:50:00.45| 21.60+ 0.08 | 18.95+ 0.03 | -9.07 | -11.72| 2.25 4.3+14.34| 21.96+9.48 | 0.03+0.73 | 18 | BG CDGC
NGC 2310 2| 6:53:08.07| -40:51:05.69| 19.28+ 0.02 | 18.57+0.02 | -11.39| -12.10| 0.92 0.59+ 0.09 | 23.47+0.05| 5.18+ 0.15 | 34 | dirr CDGA
NGC 5781 | 1:30:14.61| -22:41:41.73| 21.67+0.07 | 19.78+ 0.04 | -9.98 | -11.87| 1.24 1.26+ 0.61 | 25.87+0.25| 10.93+3.21| 23 | dSph | CDGA
NGC 578 2 | 1:30:22.52| -22:51:00.47| 21.00+ 0.08 | 21.12+ 0.07 | -9.65 | -10.56| 1.06 1.75+2.26 | 24.74+0.93 | 4.49+6.42 | 70 | dSph | CDGB
NGC 7727 1| 23:39:52.37 -12:14:08.03| 20.32+ 0.04 | 19.33+0.03 | -11.52| -12.51| 1.12 0.82+ 0.3 | 24.99+0.08 | 13.68+2.12 | 23 | dSph | CDGA
NGC 7721 1| 23:39:34.61 -6:31:28.87 | 20.18+ 0.04 | 19.34+0.03 | -11.53| -12.37| 1.38 0.72+0.28 | 25.55+0.11 | 9.1+ 0.87 74 | dSph | CDGA
NGC 7599 1| 23:18:50.41 -42:23:48.90| 20.23+ 0.03 | 19.42+0.03 | -11.31| -12.12| 0.89 0.82+ 0.07 | 23.88+0.09 | 3.36+0.28 | 61 | dirr CDGA
NGC 7599 2| 23:19:39.46 -42:17:54.51| 19.83+ 0.03 | 18.75+ 0.02 | -11.71| -12.79| 1.17 0.7+ 0.03 | 23.97+0.03 | 4.78+ 0.09 | 25 | dSph | CDGA
NGC 7599 3| 23:18:50.41 -42:23:48.90| 20.23+ 0.03 | 19.43+0.03 | -11.31| -12.11| 0.92 0.65+ 0.07 | 24.02+ 0.06 | 3.75+ 0.16 | 60 | dirr CDGA
NGC 7599 4| 23:17:45.9Y -42:18:36.89| 19.55+ 0.03 | 18.51+0.02 | -11.99| -13.03| 1.10 0.44+0.04 | 24.48+0.02 | 8.9+ 0.15 106 dSph | CDGA
NGC 7599 5| 23:20:12.7Y -42:09:12.15| 20.99+ 0.05 | 19.71+ 0.04 | -10.55| -11.83 | 1.40 0.85+0.26 | 24.43+0.26| 2.54+ 0.56 | 68 | dSph | CDGA
NGC 7599 6| 23:19:02.44 -42:18:05.08| 22.23+ 0.09 | 21.10+ 0.07 | -9.31 | -10.44| 1.18 0.47+0.25| 25.6+0.28 | 3.22+0.42 | 26 | dSph | CDGA
NGC 7599 7| 23:17:34.84 -42:22:06.24| 22.36+ 0.09 | 21.09+ 0.07 | -9.19 | -10.45| 1.27 0.59+0.17 | 25.66+0.33 | 3.49+ 0.75 | 123 dSph | CDGA
NGC 7314 1| 22:36:23.26 -26:12:46.44| 19.57+ 0.03 | 18.33+0.02 | -11.76| -12.00| 1.23 0.91+0.11 | 23.12+0.09| 2.62+ 0.2 69 | dE CDGA
NGC 7314 2| 22:36:25.01 -26:07:45.11| 21.95+ 0.08 | 21.07+ 0.07 | -9.38 | -10.26| 0.84 0.49+0.43 | 26.05+0.17 | 5.45+1.48 | 54 | dSph | CDGB
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Name RA Dec Bo Ro Mg.o MRro (B=R) | n csb r reen| type | class
(1) (2) 3) (4) (5) (6) () (8) 9) (10) (11) (12) (13) | (14)
NGC 1365 1| 3:32:29.78| -36:05:17.40| 20.27+ 0.04 | 19.12+ 0.03 | -10.97| -12.13| 1.27 0.37+0.08 | 25.11+0.02 | 10.67+0.86 | 72 | dSph | CDGA
NGC 1365 2| 3:32:48.62| -36:09:11.24| 21.23+ 0.06 | 19.48+ 0.03 | -10.01| -11.76| 1.16 0.48+ 0.27 | 25.24+0.13| 5.96+ 0.84 | 50 | dSph | CDGA
NGC 1365 3| 3:34:07.88| -36:04:11.42| 23.02+ 0.13 | 21.25+ 0.07 | -8.22 | -9.99 | 1.24 2.12+8.05 | 25.17+4.37 | 3.56+30.76| 40 | dSph | CDGB
NGC 908 1 | 2:23:22.37| -21:05:19.83| 19.67+ 0.03 | 18.86+ 0.03 | -11.53| -12.34| 0.95 0.56+ 0.08 | 24.52+ 0.05 | 8.44+ 0.33 | 49 | dlrr CDGA
NGC 908 2 | 2:23:24.51| -21:13:03.36| 21.76+ 0.07 | 20.43+ 0.05 | -9.44 | -10.77| 1.14 1.49+ 4.22 | 24.63+1.93| 3.67+ 8.8 24 | dSph | CDGC
NGC 908 3 | 2:23:59.22| -21:12:10.71| 22.02+ 0.08 | 20.56+ 0.06 | -9.18 | -10.65| 1.28 0.39+0.21 | 25.6+0.15 | 3.85+0.27 | 65 | dSph | CDGA
NGC 1341 | 0:29:59.98| -33:15:18.72| 22.03+ 0.08 | 20.79+ 0.06 | -9.32 | -10.56| 1.17 0.55+0.18 | 25.54+0.17 | 3.4+ 0.33 25 | dSph | CDGA
NGC 134 2 | 0:30:38.13| -33:16:40.23| 23.57+0.17 | 24.33+0.31 | -7.78 | -7.02 | 1.19 0.42+0.97 | 25.99+ 1.18 | 1.94+ 0.7 21 | dSph | CDGA
NGC 134 dE| 0:31:02.77| -33:16:14.75| 17.30+ 0.01 | 15.79+ 0.01 | -14.19| -15.56| 1.23 1.20+ 0.08 | 22.52+0.07| 8.31+0.84 | 47 | dE CDGA
IC 4889 1 19:45:18.98 -54:16:16.58| 22.36+ 0.10 | 21.35+ 0.08 | -9.84 | -10.85| 1.09 1.53+2.48 | 24.99+0.86| 5+ 3.78 36 | dSph | CDGB
IC 4889 2 19:44:55.25 -54:11:56.95| 19.70+ 0.03 | 18.98+ 0.03 | -12.50 | -13.23| 0.92 1.15+0.18 | 23.46+0.17 | 2.83+0.56 | 74 | dlrr CDGA
NGC 3717 1| 11:31:54.19 -30:19:03.60| 20.42+ 0.04 | 19.52+ 0.04 | -10.92| -11.82| 1.03 0.71+ 0.05| 23.46+0.06 | 2.98+ 0.15 | 26 | dSph | CDGA
NGC 3717 2| 11:32:44.22 -30:16:09.22| 21.36+ 0.06 | 20.53+ 0.06 | -9.99 | -10.81| 1.01 1.16+£ 0.6 | 24.74+0.18| 10.4+1.25 | 86 | dlrr CDGA
NGC 3936 1| 11:52:39.64 -27:03:11.81| 18.52+ 0.02 | 17.23+0.01 | -13.21| -5.19 | 1.26 0.96+ 0.05| 22.91+0.05| 4.62+0.26 | 64 | dE CDGA
NGC 3956 1| 11:53:02.46 -20:34:56.82| 20.72+ 0.05 | 20.18+ 0.05 | -11.43| -11.97 | 0.89 1.08+0.21 | 23.88+0.16 | 3.06+ 0.52 | 108 dlirr CDGB
NGC 3956 2| 11:53:44.58 -20:24:08.96| 21.65+ 0.07 | 20.74+ 0.06 | -10.50| -11.41| 1.07 0.83+0.21 | 24.75+0.13 | 4.35+0.36 | 84 | dSph | CDGA
NGC 3956 3| 11:55:53.85-20:11:32.12| 19.58+ 0.03 | 18.27+0.02 | -12.57| -13.88 | 1.23 1.01+ 0.66 | 23.68+0.46 | 6.23+ 2.55 | 27 dSph | CDGA
NGC 3981 1| 11:54:36.00 -19:56:26.00| 20.69+ 0.05 | 20.21+0.05 | -11.18| -11.66 | 0.92 0.9+ 0.6 2454+ 0.14 | 11+ 3.77 150 dSph | CDGA
NGC 3981 2| 11:54:59.96 -19:58:54.79| 17.26+ 0.01 | 16.49+ 0.01 | -14.61| -15.38 | 0.90 1.16+0.75| 22.81+1.08 | 5.66+ 6.37 | 116 dlrr CDGB
NGC 4835 1| 12:57:19.28 -46:25:03.11| 20.24+ 0.04 | 18.82+ 0.03 | -11.66 | -13.08 | 1.23 0.61+0.1 | 24.12+0.06| 5.31+0.18 | 88 | dSph | CDGA
NGC 4835 2| 12:57:21.4?2 -46:22:16.37| 19.70+ 0.03 | 18.37+0.02 | -12.21| -13.53| 1.32 0.7+ 0.05 | 23.45+0.05| 3.88+0.14 | 73 | dSph | CDGC
NGC 4835 3| 12:58:09.19 -46:04:18.10| 16.45+ 0.01 | 15.60+ 0.01 | -15.45| -16.30| 0.86 0.62+0.04 | 22.14+0.04 | 11.75+0.51| 82 | dlrr CDGB
NGC 6810 1| 19:44:02.52 -58:37:41.65| 18.48+ 0.02 | 17.66+ 0.02 | -13.67 | -14.49| 1.06 0.62+ 0.05 | 23.46+0.02 | 7.55+ 0.14 | 32 | dlrr CDGA
NGC 6810 2| 19:44:54.18 -58:29:42.35| 18.40+ 0.02 | 17.93+ 0.02 | -13.74| -14.21| 0.95 0.42+ 0.05| 24.01+0.02 | 15.3+0.52 | 112 dlrr CDGA
NGC 4219 1| 12:15:28.66 -43:07:09.48| 23.35+ 0.18 | 21.15+ 0.08 | -8.48 | -10.68| 1.31 1.07+£0.55| 24.85+0.42| 3.78+1.69 | 111 dSph | CDGA
IC 47211 18:34:45.85 -58:31:33.43| 19.51+ 0.01 | 18.42+0.01 | -12.26| -13.36| 1.10 1.1+ 0.35 | 22.93+0.17 | 4.68+0.64 | 22 | dlrr CDGA
IC 47212 18:35:29.04 -58:36:26.96| 17.34+ 0.01 | 16.61+ 0.01 | -14.43 | -15.16| 0.95 1.28+0.11 | 22.11+0.08 | 4.98+0.58 | 71 | dlrr CDGA
IC 4721 3 18:32:54.26 -58:22:41.81| 21.46+ 0.07 | 20.16+ 0.05 | -10.31 | -11.61| 1.19 0.58+0.11 | 24.32+0.07| 3.79+ 0.1 92 | dlirr CDGA
IC 4721 4 18:35:02.50 -58:17:05.31| 18.13+ 0.02 | 16.35+ 0.01 | -13.65| -15.42| 0.88 0.87+ 0.05 | 23.08+ 0.02 | 12.48+0.28 | 91 | dlrr CDGA
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In Column (1) we give the name of the CDG and in Column (2) andh@& J2000 coordinates for RA and Dec. Column (4) and (5 tis¢ Galactic | ;

foreground extinction corrected magnitudes in the B- andaRd as measured by SExtractor. The shown errors are daltudg SExtractor. , the
additional calibration error from the zeropoints of 0.06wat taken into account in order to show the quality of thesuesment by SExtractor, but in
principle needs to be included. Column (6) and (7) consisteeocorresponding luminosity assuming the same distarasiutas as the observed hos
galaxy. Column (8) gives the measured Galactic foregrowtidation corrected B — R)g color when usingellipse (details are listed in Section 4.3)
typical errors are about 0.09 mag. Column (9) — (11) liststlesured parameters of the Sérsic fit to the SBP, namely thie 8&exn, the CSB and

the scale length r with the corresponding errors. In Colub®) (ve show the projected distance to the central massival sgi, assuming the CDG to
be at the same distance as the host galaxy. Column (13) gigedassified morphology and Column (14) the CDG class.
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SUMMARY AND OUTLOOK

We performed deep imaging on nearby massive spiral galax@ser to investigate their dwarf satellites
and the resulting environmentafects on the host galaxies. First of all we will summarize tegdiency

of tidal debris in this survey. Later on we will discuss theiatbance of dwarf galaxies around massive
spirals and compare our studied targets to other obsemgatkinally, we will discuss the observational
limits and give an outlook on how future observational e can improve this project.

8.1 ON THE FREQUENCY OF TIDAL DEBRIS

We find a variety of dierent faint features in the outskirts of our studied gakxighus the tidal features
in our survey are separated into broad categories of stredousigplumes and bridgéils. Itis impor-
tant to take into account that observational limits in SB datictability of faint features are influencing
the statistical analysis of imaging data in order to findltfdatures there. To summarize our results, we
find the following.

About 54% of all studied galaxies in our survey show signsdafi interactions. In 35% of all targets
signs of tidal tails or bridges can be identified, 11% showr@sa or clouds and only 8% show streams.
We note that our survey is biased in the sense that only yaeegalaxies were selected, preferentially
objects with signs of interactions. Several other survegigehstudied the frequency of tidal debiris,
but every single one has an individual approach and coveifferaht redshift space. Thus a direct
comparison is dficult.

Miskolczi et al. (2011) used the SDSS for these studies. Tihdythat about 6% of all galaxies show
streams and in total 19% of their targets have faint featufdthough their work based on the SDSS
is more limited in SB than our work, they find similar abundesmof streams and their quoted number
of 19% of galaxies which show faint features is similar to tluenber if in this work only faint features
would be taken into account.

A much wider redshift range (04 < z < 0.2) was studied by Atkinson et al. (2013). They find that
37% of all their galaxies show tidal features. These are theadivided into clear tidal features (12%),
convincing weaker tidal features (6%), marginal featu88$)(and hint for a potential tidal feature (11%).
Given that many of the studied galaxies in our work were $etewith a strong bias, especially those
which show major interactions, roughly the statistics agoeeach other.

A study of tidal features around elliptical galaxies can dend in Tal et al. (2009). 73% of all their
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studied galaxies contain tidal disturbances. Whether thigher detection rate, compared to the rate
we found in our work, is due to their observational limits aiedo morphological class of their objects
remains uncertain.

Cosmological simulations trace the build-up of halos wiitlhet Cooper et al. (2010) demonstrate that
the number of accreted satellites rapidly decreases waihitinass, therefore the probability of observing
bright streams around spirals is low. Given the fast decah@bbserved surface brightness (Johnston
et al. 2001) the frequency of the tidal features which areenkesl around galaxies suggests that the
observations are in agreement with the CDM model.

Taking into account the low surface brightness levels dfltfdatures, in principle deeper observa-
tions should reveal a higher number of tidal features. Timit [of ultra deep observations is several
magnitudes deeper than what is covered by our and the oth@ysumentioned. Mouhcine et al. (2010)
demonstrated that with modern telescopes ultra faint degging can be performed. Their observed
stream can also be resolved into single stars with 26.8 — 27.0 mag, they show e.g. that around
NGC 891 tidal features at such faint SB can be found. AdditignMihos et al. (2005) highlight that
also in the cluster environment ultra deep imaging couldiideonew insights into the study of galaxy
interactions. They report on an observed SB limit of 28.5 margec? in the V-band. These studies
suggest that the search for tidal features around galagiéld be improved by ultra deep imaging.

8.2 ABUNDANCE OF DWARF GALAXIES AROUND MASSIVE
NEARBY SPIRALS

Galaxy groups undergo several phases in their evolutiofilamentary large-scale structures field galax-
ies can be observed. The low-density parts of large-scaletstes can be also described as associations.
The massive galaxies in these associations do not seenetadghtvith other members, and only a few or
none dE are present there. Most of our observed galaxies #nese stage, therefore usually about two
or three dSphs down to a surface brightness limji©f27 mag arcse@ can be found there. UGC 071
is one of our target galaxies in so called associations.rdstigly, there a high number of dirrs are
found. These observations highlight that the group justesido agglomerate and the dwarf companions
have not yet been modified by interactions with their envinent. Tully et al. (2006) report on several
associations consisting only of dwarf galaxies. Therefm®ociations of dwarf galaxies must be taken
into account when the evolution of galaxies is studied. Thedas Venatici | cloud is described as amor-
phous filament, which is populated mostly by late-type dwathxies (Karachentsev et al. 2003b). This
is comparable to the galaxy population which we observedrat@JGC 071 and IC 4721.

The next phase in the evolution of groups is the stage of ag/guaup. In our data such envi-
ronments are represented e.g. in NGC 134. These groupsityy@ice a mixture of dSph, dirr and dE
galaxies. At this point the group started to stabilize ana@dwompanions were already processed by
their hosts. The next step in the evolution can be seen in@&e€lhe status can be described by mature
groups. In our survey this can be seen especially in the@mvient around NGC 7599. Like in the LG
two dominant spiral galaxies are observed close-by, amfditly, many dSph d@8Irr are found in these
regions. Another LG analog is the NGC 3956 - NGC 3981 systeswel@l dSph and dirr can be found
around these. Typical dE galaxies cannot be observed tihdeehanisms like dynamical friction can
cause that massive close-by companions are accreted osidednas thesdlects are a strong function
of the distance to the central galaxy. Over the stage of cotgraups galaxies evolve to fossil groups.
These targets are not included in this survey, as they aenagdas at a much larger distance.

In total around two to three CDG are found around each tarGéten the observational limits of
the limited field of view and the resolution of the detectastis in agreement what would have been
observed if the LG massive spirals or nearby groups like @oulor Centaurus A would have been
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observed at the same distance. We would have missed most @6{fhs due to the low resolution of our
camera.

The initial question of how common are features and compengéeen around the MW and M31 can
be answered with detailed observations. The studied neassarby spirals show similar properties in
terms of abundance of dwarf companions inside the obsenadtlimits, but the evolutionary stage can
be very diferent (see section about dwarfs around NGC 7331). Thisighgklthe past evolution the LG
was going trough. Especially the close proximity of the Migéc clouds and the high number of dE
around M31 mark these local examples as members of a matup gnd thus they areftiérent from
most of the nearby galaxies studied in our survey. In theréutoany interactions will happen in the LG,
e.g. the MW will merge with M31, also the recent infall of thealyellanic clouds show that the LG is
moving into a turbulent phase of group evolution.

Summarizing the abundance of dwarf galaxies around neadsgire spirals, a similar amount of
dwarf galaxies can be found around them. Previously knoserépancies like the missing satellite prob-
lem, which describes that a much higher number of subhalmdde found around the halos, cannot be
solved by the observations of this survey. But other medmasilike photoionisation already show that
different processes could be responsible for suppressing thieemwf observable dwarf companions.

The studied properties of the galaxies show (only roughthimsurvey) that the abundance of dwarf
satellites is not a function of the environment or the motplp of a galaxy. Instead it seems mainly to
be a function of the mass of the central galaxy. This is alreamjgested by numerical simulations (see
e.g. Elahi et al. 2013). Observations in the LG show that tarefraction of dwarf companions can be
found close-by, in Figure 8.1 (Grebel 2005) it is highlighteow many of the dwarfs can be found at
which radii. In order to compare the MW to the studied galskiethis survey two main limits have to be
taken into account. The covered area as a function of distsnshown in Figure 8.2 and the limitation
due to missing resolution is highlighted in Figure 8.3. Bath shown as function of distance. In Figure
8.4 the expected number of dwarf galaxies is plotted for esfance bin if the MW would have been
observed at same distance with similar limitations likegh&lied targets. Given that the MW has some
very bright massive companions (which is a not common faaxgas like the MW, see e.g. Busha et al.
2011), the number of CDG observed is quantitatively in agesd with the expected number of dwarf
companions.

Trentham & Tully (2002) demonstrate that in dynamically mevolved systems a lower number of
dirr is found and a higher number of dE is being observed. fdtis is used to argue that many of the
observed systems in this survey suggest that a reasonablentof late-type dwarf galaxies could be a
sign of more evolved systems. It must also be taken into atcthat we only have projected distances
for the CDGs, therefore these are only a lower limit for thal iistance of the studied companions to
the host galaxy.

8.3 OBSERVATIONAL LIMITS

Our work demonstrates impressively that small to mediumdsiglescopes can be used for deep imaging
of nearby galaxies. Our observational limit 0B~ 27 mag arcseg is close to the limit of what could
be achieved with modern detectors and this class of telescoponger exposure times would only
marginally increase the SB limits because it would take aflabserving time.

Furthermore, there are more limits than only the pure sigatdction. The detector properties itself
are setting restrictions, previously reported by the fleldficalibration. This limitation is given by the
detector technique and e.g. with the use of a higher numlaatettors this issue will require further and
intensive correction mechanisms. Stray light from thesisdpe and detector constructions are a major
issue as well, because bright sources like stars and thedtathssive galaxies themselves produce
features in the science images. Also many telescope - detemtnbinations show pupil ghosts. These
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Figure 8.1: The observed radii offterent dwarf galaxies in the LG, taken from Grebel (2005).
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Figure 8.2: The covered fiel&igure 8.3: The size of dwarFigure 8.4: The number of
of view versus distance. galaxies which can be resolvezkpected dwarf galaxies when
as a function of distance. moving the MW virtually to

the given distances and apply-
ing our observational limits of
resolution and field of view. It
stands out that our chosen dis-
tance range (majority of the tar-
gets is between 15 and 30 Mpc)
is very well chosen in order
to find possible dwarf compan-
ions around the targets with the
given limits of the telescope-
detector combination.
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can be more or less pronounced depending on the used filestzdtied objects.

There are additional intrinsic limits. Earthbound obs&ores are limited mostly by the atmosphere.
Modern techniques like adaptive optics can correct e.g.efffeet of dissolving light paths when light
is moving through the dierent layers of the atmosphere, but still reflecting lighthotg from artificial
sources are influencing deeper observations. Even if irsagign the same resolution and field of view

Comparison of SDSS, MOSAIC with
WIYN 0.9m and LAICA at Calar Alto 3.5
SDSS WIYN 0.9m LAICA

NGC 7331 A y

g=18.99

NGC 7331 B

g=19.64

exposure time t=53s t=210 min t=53 min

Figure 8.5: The observations of the same CDG wittedént filters. The same targets are observed with
SDSS, the 0.9m (MOSAIC) and the Calar Alto 3.5m (LAICA imagtelescope. Besides thefidirent
SB limits the influence of resolution onto the details of CBG®ighlighted in this image.

would be used in space-telescopes, there are still existisgrvational limits on the achievable depth.
In close proximity to the sun zodiacal light contributestidistly to the limiting background. Thisfict
could only be minimized at larger radii from the sun. Also &ic cirrus clouds intrinsically restrict the
detection of ultra-faint features. Only a small number afigts have studied these in detail, in order to
distinguish real faint features belonging to the studiddxjas from these cirrus clouds extensive infor-
mation about cirrus is necessary (see section 5.1 for adiudiscussion of cirrus). Finally, galactic stellar
halos will &fect the observations at ultra deep imaging of faint subktres of galaxies. Tidal features
like streams decrease extremely fast in the luminosity d&iséwable surface brightness, therefore it will
get impossible to identify these without resolving thengirstars.

In order to highlight the dferences of observational depth and resolution of the detégiescope
combination the observations of the same dwarf galaxiesiiht different facilities are compared in
Figure 8.5. The SDSS has a lower observational depth, bugBkémit of the 0.9m data and the Calar
Alto 3.5m data are similar. The comparison shows that the ghivey is much deeper than the SDSS
and on the other side demonstrates how better resolutigs keklassify the morphology and structure
of the CDG.

8.4 OUTLOOK

This survey includes data for about 60 galaxies. Data aisatyperformed on all observations and the
thesis reports on a considerable number of CDG. In orderrifiroothese as dwarf companions spectro-
scopic observations are necessary. The data include a higher of potential candidates although the
morphology cannot be defined clearly by the available reisoiu These candidates could complement
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the dwarf galaxy population of the studied galaxies, buy oatishift measurements can unveil the nature
of these objects.

It is planned to make the analyzed data publicly availakigiré similar studies could therefore use
the agglomerated data.

This project also was initiated in order to test the feaisjbilf modern imaging detectors, whiclffer
a much bigger field of view and therefore consist of much mimgles CCDs. The start with MOSAIC on
the WIYN 0.9m demonstrates that deep imaging is possible evien small telescopes and was planned
as a direct test for the One Degree Imager (ODI). Both cougghity the same observational solid angle
of one degree. The increased resolution of ODI (which willopethe WIYN 3.5m) helps to resolve
fainter and smaller substructures and increases the fieldwfcompared to MOSAIC on the 4m. The
study of the faint end of the luminosity function can be immo by a substantial factor. The thesis
demonstrates that the nearby universe shows very integestigets for these kinds of studies. Another
instrument which improves the outlined properties is thae@ of the dark energy survey (DECam).
With its field of view of 2.2 degrees on the 4m Blanco telescibpe a perfect instrument to not only
study the distribution of very high redshift objects butoallse environment of nearby galaxies. Another
very interesting instrument is Hyper Suprime cam, whichksarn the 8m Subaru telescope. With its
observational diameter of 1.5 degrees a very wide field af \@ecombined with the resolution of a 8m
class telescope. The studied topic of this work would tresoesly benefit if similar objects would be
studied with this detector.

At the moment the quality of the imaging data of this new detescis not reported. The most
challenging task is the data reduction of 900 Megapixel @18 for DECam). The experience of this
work demonstrates that fully automatic pipelines cannovigle high quality data. During the reduction
steps instantaneous adaption dfelient parameters is necessary. In addition, permaneritygcahtrol
is necessary to ensure that corrupted calibration files@resed. The extreme amount of data will need
the development of completely new data and reduction manege

In the future the most modern instruments will help to un@der the intriguing life of galaxies and
their companions. This thesis highlights the treasuretscdrabe found in nearby galaxies, the new class
of detectors could bring new insights into this topic and lddae the next step in this project.
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9.1 IRAF REDUCTION SCRIPTS

9.1.1 COORDINATE TRANSFORMATION

real ra,dec

intil

string name€istl,*list2,ra_string,dec_string

struct*flist, *flist2

flist = "N7314_B.list”

while (fscan (flist, name) EOF) {

hselect (nam@'[1]",fields="ra",expeyes, » "ex3")

hselect (nam@'[1]",fields="dec",expeyes, » "ex2")

listl = ("ex3") # associate temporary file with list variable

list2 = ("ex2")

j=fscan (listl,ra) # read the value of the airmass in the file patrameter air

j=fscan (list2,dec) # read the value of the airmass in the fikeparameter air

delete ("ex3",verify:no) # delete file ex3

delete ("ex2",verify:no) # delete file ex3

for(il=1;i1<=8;i1+=1) {

printf("%h\n",ra) scanf ("%s",ra_string)

printf("%h\n",dec) scanf ("%s",dec_string)

hedit (namg"["//i1//"]", "RA", ra_string, adé&no, addonly¥no, deleteno, verify=no, show-no,
update-yes)

hedit (namg"["//i1//"]", "DEC", dec_string, addno, addonlyno, deleteno, verify=no, showno,
update-yes) } }

9.1.2 HEADER EDITING

esohdr ("WFI_Imé&fits", "object”, querytypeno, nampsl, ntransient2, wcsdb-"esodb$wcs.db",
redo=no, fd1="", fd2="")
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esohdr ("WFI_Flatfits", "flat", querytype-no, nampsl, ntransient2, wcsdb-"esodb$wcs.db",
redo=no, fd1="", fd2=""

esohdr ("WFI_Darkfits", "zero", querytypeno, namps1, ntransient2, wcsdb-"esodb$wcs.db",
redo=no, fd1="", fd2=""

9.1.3 BASIC REDUCTION
intil,i2

real hc real cn real cf

string file_name,name,trunc_name, name_zero,name Riflanhame_dflat_B, name_sflat R,
name_sflat B, name_sflat R_fin, name_sflat B fin

struct*flist,*flist2

i2=5

T

it DEFINE THE FILE NAMES HERE ###HHHHHEHHHEHHHHET

T

name_zere"zero_n'/i2//™

name_dflat R"dflatn"//i2//" R"

name_dflat_B"dflatn"//i2//" B"

name_sflat_R"sflat_n'/i2//"R"

name_sflat B"sflat_n'/i2//"B"

name_sflat R_fia"sflat_n/i2//'RBB_Rc_162 ES0844"

name_sflat B_fia"sflat_n"/i2//'BBB_B_123 ESO878"

ccdproc (*.fits", outpue™, bpmasks"", ccdtype=" ", noproc=no, xtalkcoeno, fixpix=no, over-
scareyes, trimeyes, zerocatno, darkcoeno, flatcoeno, sflatcoeno, spliEno, mergeno, xtalkfile="",
fixfile="", saturatior="INDEF", sgron=0, bleed"INDEF", btrail=20, bgrow=0, biassee"!biassec",
trimsec="ltrimsec", zere"Zero", dark="Dark", flat="Flat"", sfla="Sflat"", minreplace-1l., in-
teractive-no, function="legendre", ordetl, sample"*", naveragel, niteratel, low_reject3.,
high_reject3., grow=0., fd="", fd2="")

zerocombine (‘Dark’.fits", outputname_zero, combiag€median”, reject"crreject”, ccd-
type="zera", processyes, deleteno, scale"none", statsee™, nlow=1, nhigh=1, nkeeg-1, mclip=yes,
Isigma=3., hsigma3., rdnoisee"OUTRON", gain="OUTCONAD", snoise-"0.", pclip=-0.5, blank=0.)

ccdproc (*FlatDomelma.fits”, output™, bpmasks"™, ccdtype=" ", noproc=no, xtalkcoeno,
fixpix=no, overscaayes, trim=yes, zerocctyes, darkcoteno, flatcoeno, sflatcoeno, splieno,
merge-no, xtalkfile="", fixfile="", saturatior="!saturate", sgrow0, bleed"meanr+3000", btraik15,
bgrow=1, biassee"lbiassec", trimsee"ltrimsec", zerename_zero, datK'Dark”, flat="Flat",
sflae"Sflat™, minreplace-1., interactive-no, functior="legendre", ordetl, sample"*", naveragel,
niterate=1, low_reject3., high_reject3., gron=0., fo="", fd2="")

flatcombine ("@flats_R.list", outpghame_dflat R, combirémedian”, reject"ccdclip”, ccd-
type="FLAT,SCREEN", processno, subsetsno, deleteno, scale"mode", statsee™, nlow=1,
nhigh=1, nkeep-1, mclip=no, Isigma3., hsigm&3., rdnoise"OUTRON", gair="OUTCONAD",
snoise="0.", pclip=-0.5, blank-1.)

flatcombine ("@flats_B.list", outpghame_dflat B, combir€median”, reject"ccdclip”, ccd-
type="FLAT,SCREEN", processno, subsetsno, deleteno, scale"mode", statsee™, nlow=1,
nhigh=1, nkeepg1, mclip=no, Isigma3., hsigma3., rdnoise"OUTRON", gainr="OUTCONAD",
snoise="0.", pclip=-0.5, blank=1.)

ccdproc ("@obj_R.list", outpet™, bpmasks"@bpm_R.list", ccdtype" ", noproc=no, xtalk-
cor=no, fixpix=no, overscaayes, trim=yes, zerocctyes, darkcoeno, flatcoeno, sflatcoeno,
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split=no, merge-no, xtalkfile="", fixfile ="BPM", saturatioa"55000", sgrow-1, bleed"mean+-20000",
btrail=15, bgrow=1, biassee"lbiassec", trimseg"!trimsec", zerename_zero, dae'Dark",
flat="Flat*", sflat="Sflat™", minreplace-1., interactive-no, functior="legendre", ordetl, sample"*",
naveragel, niterate-1, low_reject3., high_reject3., grow=0., fd="", fd2="")

ccdproc ("@obj_B.list", output™, bpmasks"@bpm_B.list", ccdtype" ", noproc=no, xtalk-
cor=no, fixpix=no, overscaayes, trim=yes, zerocctyes, darkcoeno, flatcoeno, sflatcoeno,
split=no, merge-no, xtalkfile="", fixfile ="BPM", saturatioa"55000", sgrow-1, bleed"mean+-20000",
btrail=15, bgrow=1, biassee"lbiassec", trimseg"!trimsec", zerename_zero, dae'Dark",
flat="Flat*", sflat="Sflat™", minreplace-1., interactive-no, functior="legendre", ordetl, sample"*",
naveragel, niterate-1, low_reject3., high_reject3., grow=0., fd="", fd2="")

objmasks ("@obj_B.list", "@om_B.list", omtypé€numbers", skys"@sky_ B.list", sigmas™",
masks"", extnames", logfiles="STDOUT", blkstep-1, blksize=-10, convolve="block 3 3",
hsigma:=3., Isigma=10., hdetectyes, Idetectno, neighbors"8", minpix=6, ngrow=2, agrow-=2.)

objmasks ("@obj_R.list", "@om_R.list", omtyp&umbers", skys"@sky_R.list", sigmas™,
masks"", extnames"', logfiles="STDOUT", blkstep=1, blksize=-10, convolve-"block 3 3",
hsigma=3., Isigma=10., hdetectyes, Idetectno, neighbors"8", minpix=6, ngrow=2, agrow=2.)

sflatcombine ("@obj_B_sf.list", outpghame_sflat_B, combiag€median", reject"ccdclip”, ccd-
type=" ", subsetsyes, masktype"lobjmask”, maskvalue0., scale"mode", statsee™, nkeep=1,
nlow=1, nhigh=1, mclip=yes, Isigm&6., hsigma3., rdnoise-"outron", gair="outconad", snois€"0.",
pclip=-0.5, blank=1., grow=3., fd="")

sflatcombine ("@obj_R_sf.list", outptihame_sflat_ R, combieg€median", reject"ccdclip”, ccd-
type=" ", subsetsyes, masktype"lobjmask”, maskvalue0., scale"mode", statsee™, nkeep=1,
nlow=1, nhigh=1, mclip=yes, Isigm&6., hsigma3., rdnoise-"outron", gair="outconad", snois€"0.",
pclip=-0.5, blank=1., grow=3., fd="")

FHH R R R R R T T R R R

HHHH TR T

R CREATION OF BAD PIXEL MASK — zero_co_bpm

HHHHHHHHHHHEH T

T T R

file_name="zero_nY/i2//" fits"

for(il1=1;i1<=8;i1l+=1) {

print(file_name/"["//i1//"]"

imcopy (file_namg"["//i1//"]", "zero_co_bpm_J/i1//" fits")

imreplace ("zero_co_bpm//i1//".fits",value=0,lower=INDEF,uppe&6)

imreplace ("zero_co_bpm//i1//" fits",value=1,lower=6.000001,upperINDEF)

}

T

HHHHHHHHHHEH T

A CREATION OF BAD PIXEL MASK — flats_co_bpm

HHHH TR T

TR T R R R R T T R T R R

file_name"sflat_n"/i2//"BBB_B 123 ESO878.fits"

for(i1=1;i1<=8;i1l+=1) {

print(file_name"[" //i1//"]")

imcopy (file_namg"["//i1//"]", "co_bpm_B_"/i1//" fits")

imreplace ("co_bpm_B //I1//" fits",value=1,lower=INDEF,uppe&5)

imreplace ("co_bpm_B //11//" fits",value=0,lower=5.01,uppetINDEF)

}
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file_name="sflat_n/i2//"RBB_Rc_162_ES0844 fits"

for(il1=1;i1<=8;i1l+=1) {

print(file_name"[" //i1//"]")

imcopy (file_namg"["//i1//"T", "co_bpm_R_}/i1//" fits")

imreplace ("co_bpm_R//i1//" fits",value=1,lowel=INDEF,uppe&5)

imreplace ("co_bpm_R/Ai1//" fits",value=0,lower=5.01,uppeeINDEF)

### ADD all the BPM together

imarith ("co_bpm_R_//i1//" fits","+","co_bpm_B_J/i1//" fits","flat_co_bpm_B_R_//i1//" fits")
imarith ("flat_co_bpm_B_R //il1//" fits","+","zero_co_bpm_/Jil//" fits","master_bpmy/il//" fits")

B R R

B R R R

B

HtHHHHHHH A CORRECTION OF THE BAD PIXELS FOR SFLAT

B

B R R R R R

Is sflat.fits » "sflat.list"

flist = "sflat.list"

for(il=1;i1<=8;i1+=1) {

print ("Starting to replace bad pixels with fixpix gftiame/"[" //i1//"] with master_bpnyyil//" fits",
» "logfile_fixpix")

fixpix (namé/"["//i1//"]", "master_bpm//il//".fits", linterp="INDEF", cinterp="INDEF", ver-
bose-no, pixels=no)

}

}
R P R R R R R A R R T T

ccdproc ("@obj_R.list", outpet™, bpmasks"", ccdtype="", noproc=no, xtalkcoeno, fixpix=no,
overscagno, trim=no, zerocceno, darkcoeno, flatcoeyes, sflatcoeyes, splitno, merge-no, xtalk-
file="", fixfile ="", saturation="!saturate", sgrow0, bleed"", btrail=15, bgrow=1, biassee"biassec",
trimsec="Itrimsec", zerename_zero, da'Dark", flat=name_dflat R, sflahame_sflat_R_fin,
minreplace-1., interactiveno, function="legendre", ordetl, sample"*", naveragel, niterate-1,
low_reject3., high_reject3., grow=0., fd="", fd2="")

ccdproc ("@obj_B.list", output™, bpmasks"", ccdtype="", noproc=no, xtalkcoeno, fix-
pix=no, overscaano, trim=no, zerocoeno, darkcoeno, flatcoeyes, sflatcoryes, splieno,
merge-no, xtalkfile="", fixfile="", saturatior="!saturate", sgrow0, bleed"meanr+5000", btraik15,
bgrow=1, biassee"lbiassec”, trimsee"!trimsec”, zere=name_zero, dae'Dark", flat=name_dflat_B,
sflatname_sflat B_fin, minreplacé., interactiveno, function="legendre", ordetl, sample"*",
naveragel, niterate-1, low_reject3., high_reject3., grow=0., fd="", fd2="")

HHHAHHHH R R R A A R R

HHHAHH R

A A A CORRECTION OF THE BAD PIXELS FOR EVERYAGE

HHHAHH R

HHH R R R R A R R

Is WFI*Ima'.fits » "FIXPIX.list"

flist = "FIXPIX.list"

while (fscan (flist, name)d EOF){

for(i1=1;i1<=8;i1+=1) {
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print ("Starting to replace bad pixels with fixpix gftiame/"[" //i1//"] with master_bpnyyil//" fits",
» "logfile_fixpix")

fixpix (name/'["//il//"]", "master_bpm//il//".fits", linterp="INDEF", cinterp="INDEF", ver-
bose-no, pixels=no)

}

}
HHAHHHHHHHHHHH R AR A

9.1.4 WCS SOLUTION

real ra,dec int il string namidist1,*list2,ra_string,dec_string,co_name strtftist, *flist2

flist = "obj_B.list"

while (fscan (flist, name)}d EOF) {

mscgetcat (hame, "c@hame, magmial6., magmax19., catalog"usnobl@noao", rmia30.)

msccmatch (name, “"cghame, yes, outcoordsoutnewco"”, usebpryes, verboseyes,
nsearck300, searchl100., rsearch0.7, chox1l, maxshift1l5., csig=0.4, cfrac0.8, listco-
ords=yes, nfit4, rms=7., fitgeometry"general”, reject3., updateyes, interactiveno, fit=no,
graphics"stdgraph", curset™")

delete ("outnewco",verifyno) # delete file ex3

}

9.1.5 DEPROJECTING IMAGES

real ra,dec int il,i2,i3 string nanidistl,*list2,ra_string,dec_string,trunc_name striftist, *flist2

flist = "obj_R.list"

while (fscan (flist, name)2 EOF) {

print (name)

i1 = strlen (name)

i2=i1-5

trunc_name= substr (name, 1, i2)

print(trunc_namg"tp.fits", » "tp_obj_R.list")

}

mscimage ("@obj_R.list", "@tp_obj_R.list", formsdimage", pixmaskno, verbose") .verbose",
wcssource"image", reference"WFI_Ima.30.fits[7]", raINDEF, decINDEF, scaleINDEF, ro-
tation=INDEF, blank=0., interpolant"sincl7", minterpolant'linear", boundary"constant", con-
stant0., fluxconserveno, ntrim=8, nxblock=1000, nyblock-1000, interactiveno, nx=10, ny=20, fit-
geometry"general", xxordet4, xyordee4, xxterms:"half", yxorder=4, yyordee4, yxterms="half",
fd_in="", fd_ext="", fd_coord="")

9.1.6 TRANSPARENCY CORRECTION

stsdas
int a, a2
string filename
filename="ngc3227_g0"
struct*flist, *flist2
flist = "3227gnumbers.list"
string tel,te2,te3,te4,comma string ee, photout reahxdxmnl,n2
xmax=0
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a=1

while (fscan (flist, a) + EOF) {

rd2xy(filenamg/a//"bg.fits", 10:23:33.261, 19:53:11.07, hotyes, » "co_tp")
list=""

list="co_tp"

printf ("%.s\n", list) | scanf ("%s %s %g %s %s %s %g", tel, te2, n1, comma, te3, te4, n2)
print (n1,n2, »"xyco_//filenamé/a//"bg")

delete ("co_tp", verifyno)

}

digiphot

daophot

inta

string filename

filename="ngc3227_g0"

struct*flist, *flist2

flist = "3227gnumbers.list"

string tel,te2,te3,te4,comma, ee, photout

real x1,xmax,n1,n2

xmax=0

a=1

while (fscan (flist, a) + EOF) {

daophot.photpars.apertei@

phot (imagefilenamé/a//"bg",coords="xyco_"//filenamé¢/a//"bg",output"photo_"//filename/a//"bg")
list=""# define the single output file of daophot task phot

#fields photout 2> row2 # read in only column 2 in file row2

#tselect row2 sum "rowf=5" #prints only row 5 which is the sum of all counts in the setrdyre
fields ("photo_//filenamé/g//"bg","2", lines="80", quit_if miss=no, print_file_r-no, > "sum")
list="sum"

j=fscan(list,x1)

printf("%.10g %.1gn",x1,a, » "gal_countg/a)

delete ("sum",verify¥no) # delete file m3

delete ("photo_//filenamé/a//"bg",verify=no) # delete file m3

delete ("xyco_objJg/"'bg",verify=no)

}

inta

string file_name, filename

flename="ngc3227_g0"

struct*flist, *flist2

flist = "3227gnumbers.list"

flist2 = "3227gnumbers.list"

string tel,te2,te3,te4,comma

string ee, photout

real x1,x2,xmax,n1,n2,tpcor

xmax=0

a=1

while (fscan (flist, a) + EOF) {

list=""

list="gal_counts//a
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j=fscan(list,x1,x2)

if (x1>xmax) {

Xxmax=x1

print(xmax,"new max value found")

¥

}

while (fscan (flist2, a)+ EOF) {

list=""

list="gal_counts//a

j=fscan(list,x1,x2)

print(x1,x2) print(xmax)

tpcor=xmaxx1

print(tpcor,a, »"logfile_tpcor_g")

imstat.formatno

imstat.fields-"mean,mode" #configure imstat only to display mode

imstat (imagesfilename/a//"bg.fits",binwid=0.1) # rediredt imstat output to file m3

imarith (filenamg/g//"bg.fits"," " tpcor,filenamgg/ "trp.fits") # use imarith to subtract bg (back-
ground) from the image, the result is ...bg.fits

imstat.formatno

imstat.fields-"mean,mode" #configure imstat only to display mode

imstat (imagesfilename/g//"trp.fits",binwidt=0.1) # rediredt imstat output to file m3

}

9.1.7 IMAGE PROCESSING

stsdas
intn,il,i2,i3
string list_all_files_mask,list_all_files_gap,mask gap_im,gal_name
string filename,name,trunc_name
real air,airmstar,airmend
real bg,exptime,xx,cf,cf_1,cn_1,hc,cn
struct*flist, *flist2
flist = "tp_obj_R.list"
while (fscan (flist, name)2 EOF) {
i1 = strlen (name) #+ 3
i2=il-5
i3=8
trunc_name-= substr (name, 1, i2) #=s "bcd"
list="" #initialize the cl list variable
#ex3="temp.file" #store a temporary file name in string ex3
print (name," ", »"logfile_airbgcor")
print ("The mean and mode of/fhame/" is:")
imstat.formatno
imstat.fields-"mean,mode" #configure imstat only to display median andeanod
imstat (imagesname,binwidt0.01) # rediredt imstat output to file m3
hselect (hname,fieldSAIRMSTAR",expr=yes,> "ex3")
list = ("ex3") # associate temporary file with list variable
j=fscan (list,airmstar) # read the value of the airmass in thérfio parameter air
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hselect (name,fieldSAIRMEND",expr=yes,> "ex4")

list = ("ex4") # associate temporary file with list variable

j=fscan (list,airmend) # read the value of the airmass in therfto parameter air

air=(airmstas-airmend)2

print ("AIRMASS: ",airmstar,airmend,air, »"logfile_amgbor")

x=10" *(0.028 air) # calculate the factor x for the airmass correcatiof28.is the extinction factor
ex (k=0.07) of filter g times 0.4, (0.4 x ex)

print ("airmass correction: ",x, »"logfile_airbgcor")

hselect (name,fieldSEXPTIME",expr=yes) scan(exptime)

XX = X / exptime

print ("exposure time: //exptim¢g/" and resulting correction factor: ",xx, »"logfile_airbgtp

imarith (name,™ xx,trunc_namg"ex.fits") # use imarith to multiply the image with the airrsas
correction factor x, the result is ...ex.fits

delete ("ex3",verifino) # delete file ex3

delete ("ex4",verify:no) # delete file ex3

print ("Image '//namg/" is extinction corrected already")

print ("The mean and mode of/trunc_namg"ex.fits is:")

imstat.formatno

imstat.fields"mean,mode" #configure imstat only to display mode

imstat (imagestrunc_namg"ex.fits",binwidt=0.01) # rediredt imstat output to file m3

imstat.fields-"mode" #configure imstat only to display mode

imstat (imagestrunc_namg"ex.fits",binwid0.01, > "m3") # rediredt imstat output to file m3

list = ("m3") # associate temporary file with list variable

j=fscan (list,bg) # read the value in the file into parameter x

print ("background: ",bg, »"logfile_airbgcor")

imarith (trunc_nam#'ex.fits","-",bg,trunc_namg'bg.fits") # use imarith to subtract bg (back-
ground) from the image, the result is ...bg.fits

delete ("m3",verify=no) # delete file m3

print ("Image 7/trunc_namg"bg.fits is background subtracted and extinction correatezhdy")

print ("the mean and the mode gfttunc_namg"bg.fits is:")

imstat.formatno

imstat.fields-"mean,mode" #configure imstat only to display mode

imstat (imagestrunc_namg"bg.fits",binwid=0.01) # rediredt imstat output to file m3

} # end of for loop

flist = "tp_obj_B.list"

while (fscan (flist, name)d EOF) {

i1 = strlen (hame) #+ 3

i2=i1-5

i3=8

trunc_name-= substr (name, 1, i2) #= "bcd"

list="" #initialize the cl list variable

#ex3="temp.file" #store a temporary file name in string ex3

print (name," ", »"logfile_airbgcor")

print ("The mean and mode offhamé/" is:")

imstat.formatno

imstat.fields"mean,mode" #configure imstat only to display median andenod

imstat (imagesname,binwidt0.01) # rediredt imstat output to file m3

hselect (hame,fieldSAIRMSTAR",expr=yes,> "ex3")
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list = ("ex3") # associate temporary file with list variable

j=fscan (list,airmstar) # read the value of the airmass in thérfio parameter air

hselect (name,fieldSAIRMEND",expr=yes,> "ex4")

list = ("ex4") # associate temporary file with list variable

j=fscan (list,airmend) # read the value of the airmass in tkarftb parameter air

air=(airmstar-airmend)2

print ("AIRMASS: ",airmstar,airmend,air, »"logfile_amgbor")

x=10" *(0.088air) # calculate the factor x for the airmass correcatiof28.is the extinction factor
ex (k=0.22) of filter g times 0.4, (0.4 x ex)

print ("airmass correction: ",x, »"logfile_airbgcor")

hselect (name,fieldSEXPTIME",expr=yes) scan(exptime)

XX = X / exptime

print ("exposure time: //exptimég/" and resulting correction factor: ",xx, »"logfile_airbgtp

imarith (name,*" xx,trunc_namg"ex.fits") # use imarith to multiply the image with the airrsas
correction factor x, the result is ...ex.fits

delete ("ex3",verifno) # delete file ex3

delete ("ex4",verify:no) # delete file ex3

print ("Image '//namg/" is extinction corrected already")

print ("The mean and mode of/trunc_namg"ex.fits is:")

imstat.formatno

imstat.fields-"mean,mode" #configure imstat only to display mode

imstat (imagestrunc_namg"ex.fits",binwidt=0.01) # rediredt imstat output to file m3

imstat.fields-"mode" #configure imstat only to display mode

imstat (imagestrunc_namg“ex.fits",binwidt=0.01, > "m3") # rediredt imstat output to file m3

list = ("m3") # associate temporary file with list variable

j=fscan (list,bg) # read the value in the file into parameter x

print ("background: ",bg, »"logfile_airbgcor")

imarith (trunc_namg'ex.fits","-",bg,trunc_nam@'bg.fits") # use imarith to subtract bg (back-
ground) from the image, the result is ...bg.fits

delete ("m3",verify=no) # delete file m3

print ("Image 7/trunc_namg"bg.fits is background subtracted and extinction correatezhdy")

print ("the mean and the mode gftftunc_namg"bg.fits is:")

imstat.formatno

imstat.fields-"mean,mode" #configure imstat only to display mode

imstat (imagestrunc_namg"bg.fits",binwidt=0.01) # rediredt imstat output to file m3

} # end of for loop

HHHAHH R R R R R R R A H

HHHAHH A H

#HHHHAHHHHE Producing masks and replacing gaps with z&resra

HHHAHH A H

HHH R R R R A

HHH R R R R

flist = "tp_obj_R.list"

while (fscan (flist, name)}d EOF){

i1 = strlen (name) #+ 3

i2=i1-5

i3=8

trunc_name= substr (name, 1, i2) #="bcd"
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print("Starting to replace the gaps with 0")

imcopy (trunc_namg'bg.fits", trunc_namg'gap.fits")

imreplace (imagesgtrunc_namg"gap.fits",value-0,lower=INDEF,uppe&-0.8)
imcopy (trunc_nam@'bg.fits", trunc_nam'mask.fits")

imreplace (trunc_naniémask.fits",value1,lower=-0.8,uppeeINDEF)
imreplace (trunc_naniémask.fits",value0,lower=INDEF,uppe&-0.801)

}

flist = "tp_obj_B.list"

while (fscan (flist, name)2 EOF){

il = strlen (name) #+ 3

i2=i1-5

i3=8

trunc_name-= substr (name, 1, i2) #=s "bcd"

print("Starting to replace the gaps with 0")

imcopy (trunc_namg'bg.fits", trunc_namg'gap.fits")

imreplace (imagestrunc_namg"gap.fits",value-0,lower=INDEF,uppet-0.3)
imcopy (trunc_namg'bg.fits", trunc_namg'mask.fits")

imreplace (trunc_naniémask.fits",value1,lower=-0.3,uppeeINDEF)
imreplace (trunc_nanjémask.fits",value0,lower=INDEF,uppe&-0.301)

}

FHH R R T R R T T R T R
HittHHHHHH

#HHHH# COMBINING SINGLE IMAGE TO FINAL IMAGE

HHHH T
T R
list_all files mask™

list_all files gap™

gal_nam= "N3981"

flist = "obj_R_long.list"

while (fscan (flist, name)2 EOF){

il = strlen (name) # £ 3

i2=i1-5

i3=8

trunc_name-= substr (name, 1, i2) #= "bcd"

list_all files masklist_all_files_masktrunc_namg"tpmask.fits,"

list_all files gaplist_all files gagtrunc_namg“tpgap.fits,"

} cf = strlen (list_all_files_mask) #= 3

cn= strlen (list_all_files_gap) #+ 3

cf 1=cf-1

cn_1l=cn-1

print(cf,cf_1,cn,cn_1)

mask_im= substr (list_all_files_mask, 1, cf 1) #s'bcd"

gap_im= substr (list_all_files_gap, 1, cn_1) #s'bcd"

imcombine (inputmask_im,outputgal _nany"R_mask",combine"sum",dfset"wcs")
imcombine (inputgap_im,outputgal _nany"R_gap",combine"sum",dfset"wcs")
imarith (gal_nam"R_gap",/",0al_nany"R_mask",gal_nait'R_f1")
list_all_files_mask™

list_all files gap™
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flist = "obj_B_long.list"

while (fscan (flist, name)2 EOF){

i1 = strlen (name) #+ 3

i2=i1-5

i3=8

trunc_name-= substr (name, 1, i2) #= "bcd"
list_all_files_masklist_all_files_masktrunc_namg“tpmask.fits,"

list_all files gaplist_all files gagtrunc_namg“tpgap.fits,"

} cf = strlen (list_all_files_mask) #= 3

cn=strlen (list_all_files_gap) #+ 3

cf 1=cf-1

cn_1l=cn-1

print(cf,cf_1,cn,cn_1)

mask_im= substr (list_all_files_mask, 1, cf 1) #s'bcd"

gap_im= substr (list_all_files_gap, 1, cn_1) #s'bcd"

imcombine (inputmask_im,outputgal nany"B_mask",combine"sum",dfset"wcs")
imcombine (inputgap_im,outputgal _nany"B_gap",combine"sum",dfset="wcs")
imarith (gal_nam"B_gap",7",0al_nany/"B_mask",gal_nanti'B_f1")

print ("CONGRATULATIONS: '//gal_nany" WAS SUCCESSFULLY REDUCED")

9.1.8 PHOTOMETRIC ANALYSIS

# necessary files : 3628 g _f1; 3628 r f1; 3628 g_minus_r

stsdas

int xg, yg, d12, xr, yr, xgrkp, ygrkp, xcount

string filename, filename2, fn3, fn4, fn5, tel, te2, comn3atied,image v, image_gr, struct_name

real x1, y1, x2, y2, x3, y3, ral, decl, mean_v, midpt_v, medstddev_v, npix_v, mean_r, midpt_r,
mode_r, stddev_r, npix_r

real zp_g, zp_r, mode_bg_g, mode_bg_r, midpt_bg_g, midptr, m_g, m_r, sb_g, sb_r, t_exp_g,
t_exp_r, mean_gr, midpt_gr, mode_gr, stddev_gr, npix_gr

t_exp_g-600

t_exp_E450

# #HH# photometry calculations

#

# the pixel scale is 0.258 arcseconds per pixelarea of 0.066564 arcsenoRd=er pixel

#

#m_g=(-2.5 (log(((midpt_v-mode_bg_ghpix_v)t_exp_g))}zp_g

#m_r=(-2.5(log(((midpt_r-mode_bg_thpix_r)yt exp_n)kzp_r

#sb_g=m_g+(2.5log(npix_v'0.066564))

#sb_Em_r+(2.5log(npix_r'0.066564))

Zp_g=26.97

zZp_r=27.25

#The average background value in the g-band is [midpt] [}188€165152736842 -
27.207406921053

#The average background value in the r-band is [midpt] [M@de681152394737 -
36.752034803158

mode_bg_g-39.339335870833

midpt_bg_¢-33.021605191667
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mode_bg_#-3.9142030833333

midpt_bg_E-10.104654279167

filenamez"3628 g minus_r_SDSS"

filename="3628 g_minus_r"

fn3="3628 g f1"

fn4="3628 r_f1"

fn5="3628_g_minus_r"

struct*fn_regl

struct*fn_reg2

struct*fn_reg3

struct*fn_reg4

struct*fn_reg5

struct*struct_newname

fn_regl="umbrella_regions_1.dat"

fn_reg2="umbrella_regions_2.dat"

fn_reg3="umbrella_regions_3.dat"

fn_reg4="umbrella_regions_4.dat"

fn_reg5="umbrella_regions_5.dat"

R T R T T T R A R A R

#iHHHHHE Calculating the/l$ ratio of each aperture #####H#HAHHHHHHHHHIH

real bg_g_tot, bg_r_tot, gain, rdnoise, s to n_g,s to_n_

gain=0.88

rdnoise= 5.0

bg _g_tot= 5983

bg r tot= 10412

#s_to_n_g= (midpt_v'gainysqrt((midpt_vgaink(bg_g_totgaink(rdnois€*2))

#s_to_n_r= (midpt_rgainysqrt((midpt_fgainx(bg_r_totgain}(rdnois€*2))

#midpt_v, mode_v, stddev_v, npix_v

#midpt_r, mode_r, stddev_r, npix_r

T R R

### reddening correction

real A g, ArhAgl Ag?2A g, 9.4, A g5 Ag6 AlQA g8 A g9 Arl
Ar2Ar3Ar4Ar5Ar6Ar7,Ar8ATro9

A _g_1=0.216161863918935

A_g 2=0.21420675378739

A_g_3=0.228259107857869

A_g_4=0.229481051690085

A_g_5=0.173882607324276

A _g_6=0.216161863918935

A_g_7=0.195755401920935

A_g 8-0.210174339141078

A_g_9=0.237545880982707

A_r_1=0.155649169473879

A_r 2=0.15424137596818

A _r_3=0.164359891790394

A_r 4=0.165239762731456

A_r_5=0.125205634913132

A _r_6=0.155649169473879
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A_r_7=0.140955324758143

A _r_8=0.151337801862675

A_r_9=0.171046910942465

# set the used radius calculated was 17

d12=30

# read in regions from ds9 region table

#print (fn_regl_struct)

#HHHHA R START OF THE SCRIPT #HH#H#HHHHHH A H

for (xcount1; xcounk=11 ;xcount=1) {

struct_newname'co_regions_j/xcount

A _g=0.241

A r=0.166

if (xcount== 1) {

A g=0.216161863918935

A_r=0.155649169473879 ;}

else if (xcount== 2) {

A g = 0.21420675378739 A r= 0.15424137596818 ;} else if (xcountld) {
A _0=0.228259107857869 A=0.164359891790394 ;} else if (xcountd) { A_g=0.229481051690085
A r=0.165239762731456 ;} else if (xcount5) { A_g=0.216161863918935 A=0.155649169473879
;} else if (xcount=6) { A_g=0.195755401920935 A=0.140955324758143 ;} else if (xcount7) {
A_g=0.195755401920935 A=0.140955324758143 :} else if (xcount8) { A_g=0.195755401920935
A r=0.140955324758143 ;} else if (xcount9) { A_g=0.210174339141078 A=0.151337801862675
;} else if (xcount=10) { A g=0.210174339141078 A=0.151337801862675 ;} else if
(xcount=11) { A g=0.237545880982707 A=0.171046910942465 ;} else if (xcountl2) {
A_g=0.237545880982707 A=0.171046910942465 ;} else print ("Error");

print (A_g,A_r)

while (fscan(struct_newname, x1, yH EOF) {

print (x1) | scan (xg)

print (y1)| scan (yg)

imstat (fn3/"["//(xg-d12)/":"//(xg+d12)/", "//(yg-d12)/":"//(yg+d12)/"]", fields="image, mean,
midpt, mode, stddev, npix", lowetNDEF, uppeeINDEF, nclip=0, Isigma=3., usigma3., bin-
width=0.01, formatno, cacheno, »"values")

list=""list="values"

printf ("%.s\n", list) | scanf ("%s %g %g %g %g %g", image_v, mean_v, midpt_v, modsddev_v,
npix_v)

delete ("values", verifyno)

# getting the ra dec coordinates from the g-band image

xy2rd(fn3, x1, y1, hms= no, » "co_r_stars")

list=""

list="co_r_stars"

printf ("%.s\n", list) | scanf ("%s %s %g %s %s %s %g", tel, te2, ral, comma, te3, ted) de

delete ("co_r_stars", verifno)

# calculated the values for the r-band image

rd2xy(fn4, ral, decl, hout no, » "co_tp")

list=""

list="co_tp"

printf ("%.s\n", list) | scanf ("%s %s %g %s %s %s %Qg", tel, te2, X2, comma, te3, te4, y2)

#print (x1,y1,x2,y2)
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delete ("co_tp", verifyno)

#print (tel, te2, aa, comma, te3, ab, te4)

print (x2) | scan (xr)

print (y2) | scan (yr)

imstat (fn4/"["//(xr-d12)/":" //(xr+d12)/", "//(yr-d12)/":"//(yr+d12)/"]", fields="image, mean,
midpt, mode, stddev, npix", lowetNDEF, uppeeINDEF, nclip=0, Isigma=3., usigma3., bin-
width=0.01, formatno, cacheno, »"values")

list=""

list="values"

printf ("%.s\n", list) | scanf ("%s %g %g %g %g %g", image_r, mean_r, midpt_r, modtddev r,
npix_r)

delete ("values", verify¥no)

# calculate the dierent colors in the colormaps of the kittpeak color map

#rd2xy(fn5, ral, decl, hout no, » "co_tp")

#

#list=""

#list="co_tp"

#

#printf ("%.s\n", list) | scanf ("%s %s %g %s %s %s %q", tel, te2, x3, comma, te3, te4, y3)

#print (x1, y1, X2, y2, X3, y3)

#delete ("co_tp", verif#no)

#print (tel, te2, aa, comma, te3, ab, te4)

#print (x3)| scan (xgrkp)

#print (y3)| scan (ygrkp)

#imstat — (fnB/"["//(xgrkp-d12)/":" //(xgrkp+d12)/", "//ygrkp-d12)/":" //(ygrkp+d12)/ T,
fields="image, mean, midpt, mode, stddev, npix", lowlNDEF, uppeeINDEF, nclip=0, Isigma=3.,
usigma=3., binwidth=0.01, formatno, cacheno, »"values")

#

#list=""

#list="values"

#

#printf ("%.s\n", list) | scanf ("%s %g %g %g %g %g", image_gr, mean_gr, midpt_gr, mgcle
stddev_gr, npix_gr)

#delete ("values", verifyno)

if ((midpt_v-mode_bg_@)0)

m_g=((-2.5 (log(((midpt_v-mode_bg_ghpix_v)t_exp_g))}zp_g)

else

m_g=0

if ((midpt_r-mode_bg_r30)

m_r=((-2.5*(log(((midpt_r-mode_bg_thpix_ryt_exp_r))}¥zp_r)

else

m_r=0

if ((midpt_v)>0)

s_to_n_g= (midpt_V'gainysqrt((midpt_vgainx(bg_g_totgaink(rdnoise€*2))

else

s to n g0

if ((midpt_r)>0)

if ((midpt_r-mode_bg_r30)
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s_to_n_r= (midpt_r‘gainysqrt((midpt_tgaink(bg_r_totgaink(rdnoisé€*2))

else

s to n r=0;

sb_Em_r+(2.5'1og(npix_r0.066564))

sb_g=m_g+(2.5log(npix_v'0.066564))

printtm_g, sb_g, m_r, sb_r, (m_g-m_r), (midptmode_v), (mean_/mode_v), (mean_/midpt_v),
(midpt_ymode_r), (mean/mode_r), (mean/midpt_r), s _to_n_g, s_to_n_r)

print((midpt_v-mode_bg_g), (midpt_r-mode_bg_r), »"rieed g_r")

printtm_g, sb g, m_r, sb.r, (m_g-m_r), (mode_gr-(A g r (midpt gr-(A_g-A_r)),
(midpt_vmode_v), (mean_/mode_v), (mean /midpt v), (midpt mmode r), (mean/mode r),
(mean_fmidpt_r))

print(s_to_n_g, s_to_n_r, »"sn") }

print(“this was region:", xcount)

print(“this was region:", xcount,»"sn")

}
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9.2 ADDITIONAL OBSERVED GALAXIES

9.2.1 MOSAIC - 4M MAYALL

Figure 9.1: NGC 3044 (SDSSband) ‘
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Figure 9.3: NGC 3953 (SDS§band)
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9.2.2 MOSAIC - WIYN 0.9M

Figure 9.5: NGC 524 (SDS&band)
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Figure 9.7: NGC 660 (SDSSband)

Figure 9.8: NGC 772 (SDS&band)
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Figure 9.9: NGC 1023 (SDS$band)
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Figure 9.10: NGC 2608 (SDSgband)
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Figure 9.11: NGC 4013 (SDSgband)

Figure 9.12: NGC 5529 (SDSgband)
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Figure 9.13: NGC 7013 (SDSgband)
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Figure 9.15: UGC 2531 (SDS@band)
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9.3 SELECTED COLOR IMAGES OF THE STUDIED GALAXIES

Figure 9.16: IC 4721
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Figure 9.17: I1C 4889

Figure 9.18: NGC 134
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Figure 9.19: NGC 150

Figure 9.20: NGC 578
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Figure 9.21: NGC 134

Figure 9.22: NGC 908
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Figure 9.23: NGC 1365
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Figure 9.24: NGC 1421

Figure 9.25: NGC 1425




160 APPENDIX

Figure 9.26: NGC 1532
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Figure 9.27: NGC 1964

Figure 9.28: NGC 2310
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Figure 9.29: NGC 1964
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Figure 9.30: NGC 2460
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Figure 9.32: NGC 3521
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Figure 9.33: NGC 3628
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Figure 9.34: NGC 3717

Figure 9.35: NGC 3936
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Figure 9.36: NGC 3956

Figure 9.37: NGC 3981
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Figure 9.38: NGC 4219

Figure 9.39: NGC 4835
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Figure 9.40: NGC 6810
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Figure 9.42: NGC 7599

Figure 9.43: NGC 7721
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Figure 9.44: NGC 7727

Figure 9.45: UGCA 071
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