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Chapter 6
Galaxies and their Environment

Abstract: The mechanisms described in chapter 2 and 5 are used to study the
relationship between galaxies and their environment with the Value-Added Galaxy
Catalog of the Korea Institute for Advanced Study and Galaxy Zoo morphologies.

The outskirts of clusters are important regions for galaxy evolution because in-
falling galaxies interact with their environment when they leave low density voids
and enter high-density environments. However, these are also regions for which the
environment is difficult to quantify. Braglia et al. (2007) show that the fraction of
blue galaxies peaks between one and two viral radii away from the center of clusters.
In this chapter we demonstrate that this can be turned around: the edges of clusters
can be defined as high-density regions where the density field is dominated by blue
galaxies.

These regions are shown to contain a larger fraction of red spiral galaxies and
blue elliptical galaxies than is expected from the morphology density relation. The
structure of galaxies, quantified by their concentration index, is less affected by the
composition of the environment. This indicates that any morphological transition
in these regions is largely independent from the change in color and concentration.
Furthermore we detect an opposite effect for red galaxies in low density regions: these
are more likely to be spirals in the presence of other red galaxies.

These results are achieved through new query driven visualization techniques
that are demonstrated throughout the chapter. The mechanisms scale to very large
datasets by reaping the benefits of full data lineage and data pulling. This mini-
mizes the bookkeeping that is required of scientists, while scalability and data reuse
is ensured automatically.

Furthermore, several applications are used in cooperation through the abstraction
layer provided by the Simple Application Messaging Protocol, allowing independent
software to collaborate.
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204 Galaxies and their Environment

6.1 Introduction

Investigating the influence of environment is essential for studying the properties and
evolution of galaxies (chapter 1). Properties of galaxies correlate with their envi-
ronment: galaxies in dense regions such as clusters are red, massive, concentrated
and often ellipticals, while galaxies in sparse regions such as voids are blue, less
massive, extended and often spiral galaxies (Dressler, 1980; Whitmore et al., 1993).
These correlations differ in strength and it is a non-trivial task to disentangle this
multi-dimensional parameter space (Baldry et al., 2006; Ball et al., 2008). For ex-
ample, Van der Wel (2008) shows that the morphology of a galaxy—quantified by
its “Bumpiness” and Sérsic indices—depends mainly on its environment, but that
structure—quantified by Sérsic index alone—depends primarily on mass.

6.1.1 Quantifying Environment

Quantifying the environment of galaxies is a crucial but daunting problem in studying
the evolution of galaxies (chapter 4). This is especially true for intermediate density
regions at the boundaries of clusters.

However, these edges of galaxy clusters are crucial regions. For example, Braglia
et al. (2007) show that there is an increase in the fraction of blue galaxies in the
filamentary structures that connect the clusters. From this result we draw the hy-
pothesis that the boundaries of clusters can be defined by taking color into account
when estimating the environment: regions with a high density with a relatively large
contribution of blue galaxies form this boundary.

Furthermore, the environment plays a role on different scales: Park and Choi
(2009) show that a galaxy’s nearest neighbor can be more influential than the large
scale structure of the universe. Therefore we choose the Delaunay Tessellation Field
Estimator (DTFE, chapter 4) to estimate galaxy densities, because this method is
highly sensitive to local perturbation. These results are compared with a kernel
density estimator in order to study the effect of algorithm choice.

6.1.2 Query Driven Visualization and Data Pulling

In this thesis we developed new methods for visualization, which are demonstrated
by using them to create the catalogs and figures of this chapter. Query driven visu-
alization (QDV) is a technique to reduce the processing required to visualize data by
limiting computations to those subsets that are deemed interesting by the user. In
this thesis we see QDV as a continuation of data pulling, which extends the reduction
in processing to the creation of the datasets themselves (chapter 5).

For our mechanisms it is essential that catalogs are stored with full data lineage,
that is, all the information required to process them is stored (chapter 2). This
includes references to other catalogs that are used as input to the creation of the
catalog, called its dependencies, or progenitors. The net of dependencies chaining a
derived catalog to the original datasets is called its dependency graph.



6.1 Introduction 205

Data pulling mechanisms allow these dependency graphs to be created by re-
questing the required end product, in this case catalogs. The automatic creation and
processing of the dependency graphs ensures scalability, making the mechanisms ap-
plicable to large data sets. Several of these dependency graphs are shown to highlight
important features of these mechanisms.

This combination of data pulling with query driven visualization allows scientists
to visualize datasets which do not yet exist, simply by requesting them.

6.1.3 Applications and Interoperation

Exploring data interactively through query driven visualization is best performed by
using different applications together. The applications that were used for this research
are discussed in this chapter to highlight features of the query driven visualization
mechanisms.

All communication between the applications is performed through the Simple
Application Messaging Protocol (SAMP, chapter 5). The applications listed below
are improved versions of those introduced in section 5.3.3. These applications are
very basic, and are primarily intended to demonstrate the use of the designed SAMP
messages. Ultimately, support for these messages could be implemented directly in
visualization software. We summarize the applications discussed in this chapter:

� The Astro-WISE Environment is used to store and process all the catalogs as
Source Collections (chapter 2). In this chapter we describe Source Collections
with their class, which represents the action required to create the catalog, and
a unique identifier that can be used to look them up in Astro-WISE. Astro-WISE

tasks that cannot be performed through SAMP interaction are performed on
the interactive awe-prompt.

� The Simple Puller is used to request catalogs for visualization or further anal-
ysis. The Simple Puller was enhanced to also have a derive button to ask the
information system to define the requested catalog, but not process it1.

� The Tree Explorer is used to visualize the proposed dependency graphs when
requesting a catalog. Selecting a Source Collection in the graph highlights it
in the awe-prompt and in the Object Viewer, allowing it to be inspected or
modified if desired. Dependency graphs shown in this chapter are similar to
how they are shown in the Tree Explorer.

� Modifications to the proposed dependency graph can be applied over SAMP us-
ing the Object Viewer. The Object Viewer is also used to initiate the processing
and to send the result to other SAMP applications for visualization.

The final versions of most of the figures in this chapter were made with scripts that
use a specific Source Collection as input. These can be seen as potential precursors
to persistent graphs (section 2.7.4).

1The ‘derive’ functionality of the Simple Puller uses the catalog.derive message.
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6.2 Data Sets

The Value-Added Galaxy Catalog of the Korea Institute for Advanced Study is com-
bined with the Galaxy Zoo DR1 data, resulting in a sample with a high spectroscopic
completeness and by-eye morphological classifications.

6.2.1 Spectroscopic Completeness from KIAS VAGC

Sample selection is crucial in studying the environments of galaxies. The Value-Added
Galaxy Catalog of the Korea Institute for Advanced Study (KIAS VAGC, Choi et al.
(2010)) is a galaxy sample based on the New York University Value-Added Galaxy
Catalog (NYU VAGC) with improved spectroscopic completeness. The NYU VAGC
is based upon the Sloan Digital Sky Survey (SDSS) which has a spectroscopic incom-
pleteness due to fiber collisions. The area of KIAS VAGC covered by the spectroscopic
sample with completeness higher than 95% is 2 119 sterradian.

Besides spectroscopic redshifts, the KIAS VAGC also provides most of the other
parameters used in this chapter: the Petrosian absolute magnitude in the r-band, u−r
and g − r rest-frame colors, all K-corrected to z = 0.1 and the inverse concentration
index (iC).

6.2.2 Morphologies from Galaxy Zoo

An early version of the Galaxy Zoo 1 data (Lintott et al., 2011) is used to quan-
tify the morphology of the galaxies2. Galaxy Zoo is an online project that uses
crowd sourcing for the classification of galaxies. Volunteers can classify galaxies in 6
groups: ellipticals, clockwise spirals, anti-clockwise spirals, edge-on spirals, mergers
and stars/unknown.

We consider a galaxy as elliptical if more people have classified it as elliptical
than the spiral categories combined and as spiral if more people classify it as either
clockwise, anti-clockwise or edge-on spiral than as elliptical. Galaxies classified as
unknown/star are not included and mergers are not explicitly treated. Morphologies
are only included in our samples after the quantification of environment in order
to ensure that the estimated densities are not influenced by any incompleteness of
Galaxy Zoo.

6.2.3 Initial Sample

A sample of 215 175 sources is selected from the KIAS VAGC with DEC < 20.0
and 115.0 < RA < 250.0. 98 sources are removed from this sample after visual
determination that these are incorrect or duplicate detections. The resulting sample
of 215 077 sources is called sample A and forms the basis of our research in the rest
of the chapter.

2We thank dr. Sugata Kaviraj for allowing us to use his derivative of the Galaxy Zoo data.
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6.2.4 Initial Datasets Creation

We give a short description about how these data sets are stored as Source Collections
in Astro-WISE, because they are depicted in later figures of the dependency graphs
that are generated through query driven visualization. The Source Collection concept
is discussed in detail in chapter 2. They are described here with their class and a
unique identifier (integer) that can be used to look them up in Astro-WISE. The
following raw datasets are ingested as External Source Collections in Astro-WISE:

� External 256571 contains the 593 514 sources of the KIAS Value Added Galaxy
Catalog (KIAS VAGC).

� External 274271 contains the source identifiers of sample A, a manual subselec-
tion of KIAS VAGC.

� External 100181 contains the 585 634 220 sources of SDSS DR7 PhotoObjAll.

� External 256581 contains attributes for the 893 212 PhotoObjAll sources that
are part of Galaxy Zoo DR1.

These are used as progenitors for the following Source Collections:

� Select Sources 274291 uses External 274271 to select sample A from KIAS VAGC
in External 256571. This Source Collection is used as basis for the rest of the
chapter.

� Relabel Sources 278241 relabels the sources in Galaxy Zoo External 256581 from
their SDSS identifiers to their corresponding KIAS VAGC identifiers of External
256571. AssociateList 555511 is used for the identification. This AssociateList
contains a sky match between Galaxy Zoo and KIAS VAGC of which some
incorrect associations are manually rectified.

� Select Attributes 278361 selects only the morphology related attributes from
the relabeled Galaxy Zoo sources in Relabel Sources 278241.

� Rename Attributes 282401 renames the Galaxy Zoo attributes in 278361 to
more descriptive names.
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6.3.1 Pulling Density Defining Populations

Density defining populations are selected from sample A through data pulling mech-
anisms. This demonstrates several unique features of our query driven visualization
methods:

� Parameters that do not yet exist can be requested and will be derived recursively.

� These calculations are defined on the most general data set they are applicable
to, facilitating reuse.

� However, the calculations are performed only for the smallest data set that is
required for the creation of the final catalog.

� The parameters used in the derivation can be inspected and changed from within
the visualization.

Sample with Cartesian Positions

A subset of sample A (Source Collection 274291) with the Cartesian positions can
be requested even though no such attributes have been calculated for these sources.
Figure 6.3 shows how this is done with the Simple Puller. A dependency graph will
be created to calculate the Cartesian positions, because they are not available in the
original KIAS catalog. Cartesian positions can be derived from the comoving distance
of the sources, which in turn can be derived from their redshift.

This dependency graph is shown in figure 6.5, the created Source Collections are
described in section 6.3.2. The Source Collection used for the calculation of comoving
distances is highlighted in the graph in yellow and is inspected with the Object Viewer
in figure 6.4.

The Source Collections used for the calculation of the missing parameters are
created with catalogs that contain all the sources of the KIAS VAGC as progenitor.
This allows them to be reused if Cartesian coordinates or comoving distances are
required for a different subset of the KIAS VAGC (section 2.3.3). However, the
processing of the Source Collections in the dependency graph is limited only to those
sources that are in sample B (section 2.3.4).
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Figure 6.3: Screenshot of the Simple Puller application used to request a volume-complete
catalog with Cartesian positions. The proposed dependency graph to create this dataset is

shown in figure 6.5.

Figure 6.4: Screenshot of the Object Viewer application showing the details of the Source
Collection that is created for the calculation of comoving distances. This Source Collection
is highlighted in yellow in figure 6.5. This demonstrational application is described in more

detail in section 5.3.3.
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6.3.2 Created Source Collections

The following Source Collections are created automatically to construct the depen-
dency graph of figure 6.5:

� Filter Sources 283271 selects the volume-complete sample.

� Select Attributes 283261 selects no attributes from the volume-complete KIAS
VAGC sources in Source Collection 283271, because none of the attributes of
the original catalog is requested.

� Attribute Calculator 276871 is created to calculate Cartesian positions. It is
defined for the largest set of sources it is applicable to, instead of only for the
selected sources. In this case this is Source Collection 256571 with all the KIAS
VAGC sources.

� Attribute Calculator 276791 is used to calculate the comoving distance required
for the calculation of Cartesian positions in Attribute Calculator 276871.

� Select Attributes 271851 in turn selects the redshift required for Attribute Cal-
culator 276791.

� Select Attributes 271821 is used to provide the Cartesian position Attribute
Calculator 276791 with celestial coordinates.

� Concatenate Attributes 271851 combines the comoving distance and celestial
coordinates from Source Collections 271821 and 276791.

� Finally, Concatenate Attributes 283241 is created to combine the volume limited
selection of sources from Source Collection 283261 with the Cartesian positions
from Source Collection 276871.

The following Source Collections are created when using the Simple Puller to create
sample Bred and sample Bblue (shown later in figure 6.9):

� Filter Sources 284451 selects all sources with "urcolor" <= 2.3 from Source
Collection 283271, which are the blue sources.

� Select Attributes 284441 selects no attributes from Filter Sources 284451.

� Concatenate Attributes 284431 combines the selection of blue galaxies from
Source Collection 284451 with the comoving positions from the existing Source
Collection 276871.

� Filter Sources 284481 selects all sources with "urcolor" > 2.3 from Source
Collection 283271, that is, the red sources.

� Select Attributes 284471 selects no attributes from Filter Sources 284481.

� Concatenate Attributes 284461 combines the selection of red galaxies from
Source Collection 284471 with the comoving positions from the existing Source
Collection 276871.
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6.4 Quantification of Environment

A novel method is used to quantify the environment of galaxies using two density
parameters, derived from samples based on color. Sample Bred and sample Bblue are
each used independently to calculate a density field for sample B with the Delaunay
Tessellation Field Estimator (DTFE) (Schaap and van de Weygaert (2000), section
4.2.4), resulting in respectively densities ρred and ρblue. All densities are in units of
galaxies per cubic megaparsec. The total density and the relative contributions of the
two samples are respectively quantified as

ρtot = ρred + ρblue (6.1)

and
fρ =

ρred
ρtot

. (6.2)

Figures 6.6 shows the distribution of fρ and ρtot in sample B. Galaxies in regions
with a high density (high ρtot) are on the right side of the figure, those in regions
with a low density on the left side. Galaxies in regions where the environment is
dominated by red galaxies (high fρ) are in the top of the figure, those in regions
where the environment is dominated by blue galaxies are in the bottom of the figure.

The distribution has a crescent shape: in low densities neither the red or blue
galaxies dominate the environment, while high-density regions are either dominated
by blue galaxies or by red galaxies. This dichotomy at high density is caused by the
extreme sensitivity of the DTFE to local structures. The DTFE produces a very spiky
density field: a region with a small number of sources will be assigned a very large
density. This is a useful feature for our research, because it captures the influence of
the nearest neighbors of galaxies.

The value of fρ is not perfectly correlated with the fraction of red or blue galaxies.
The regions dominated by either red or blue galaxies still have a significant fraction
of galaxies with the opposite color. Most galaxies, even the blue galaxies, are in red-
dominated regions. This is to be expected because the majority of the galaxies in
sample B are red.
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6.4.1 Pulling Densities

The calculation of densities of galaxies is less straightforward than the calculation of
comoving distances and Cartesian positions, because the density cannot be derived
from properties of individual galaxies, but only from a sample of galaxies as a whole.

Two different samples need to be distinguished when estimating densities. The
target population represents the sources for which the environment should be quan-
tified. The density defining population is the sample that is used in the calculation
of the densities. The target population and the density defining population are in
principle independent samples; they might, or might not, contain the same sources.

A catalog with attributes that represent a density can be pulled, as long as it is
possible to determine what would be a good choice for a density defining population
for the requested sources. There are several ways in which such a mechanism could
be designed:

1. Use the target population as its own density defining population. This is a
sensible choice as default in a traditional setting where data is pushed. However,
in a data pulling environment it is not, because one could, for example, request
a quantification of the environment of only a handful galaxies that were deemed
to be interesting.

2. Use a specific preferred sample as density defining population. For example use
a volume-complete sample of an all sky survey. This could be a sensible default
if such a preferred sample is available.

3. Infer from the data lineage of the target population and related samples whether
there is a preferred way to create a density defining population.

Only the last mechanism might be sufficient to select density defining populations re-
quired for the research presented in this chapter. However, it would only be applicable
when a similar analysis has been done before, which is not the case here.

Therefore, user interaction is required the first time a density attribute is requested
for a specific set of sources. However, this can also be performed over SAMP, for
example using an application like the Object Viewer. Therefore, density parameters
can still be requested from within visualization software, even when no suitable density
defining populations can be chosen automatically. The density parameters can be
requested like any other parameter the next time they are required, because by then
they are already defined.

The Source Collections created for the calculation of densities will be shown in
figure 6.10, but are not explicitly described. Two Source Collections are created
manually to rename the density attributes so they can be included within the same
catalog.
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6.5 Analysis Samples

The environment quantification by ρtot and fρ can be used to study galaxies in dif-
ferent environments without having to examine galaxy clusters individually. The
volume-complete sample B is combined with Galaxy Zoo data in order to study the
influence of environment on the morphology of galaxies. 47 894 of the galaxies in
sample B are present in Galaxy Zoo, the other 123 sources are removed.

The density estimation is less reliable at the edges of the sample. Therefore a
subset of 31 272 sources is selected within 0.0 < DEC < 19.0 and 135.0 < RA < 235.0
as sample C. Sample C is used for further analysis and contains 20 991 red galaxies
and 10 281 blue galaxies.

6.5.1 Pulling Attributes

All the attributes defined in earlier sections can be discovered through data pulling
mechanisms. This means that they can be requested through query driven visualiza-
tion without requiring the user to specify where they are stored.

A subset of sample B has to be created manually in order to pull morphologies
from Galaxy Zoo in the same way as the other attributes, because there is no one-
to-one mapping between sources in these two data sets that can be used to do this
automatically. Therefore a Source Collection that forms the basis of sample C is
created as:

� Concatenate Attributes 287431 combines the KIAS VAGC of sample B in Source
Collection 283271 and the Galaxy Zoo data in Source Collection 282401. This
catalog contains 47 894 sources.

6.5.2 Creating Figures

Source Collection 287431 contains 47 804 sources that have photometry in KIAS
VAGC, morphologies in Galaxy Zoo and environment quantifiers in the Source Col-
lections created earlier. From this sample we first pull sample C, resulting in the
dependency graph shown in figure 6.9, with one new Source Collection:

� Filter Sources 287551 selects all sources from Source Collection 287431 that
satisfy the selection criterion ("DEC" BETWEEN 0.0 AND 19.0) AND ("RA"

BETWEEN 135.0 AND 235.0) AND ("redshift" BETWEEN 0.003 AND 0.097).
This is sample C.

This Source Collection is used as a basis to create the figures in this chapter through
query driven visualization. For example, figure 6.11a is created by requesting the at-
tributes elliptical, clockwise, anticlockwise, edgeon, unknownclass, density -

dtfe red and density dtfe blue for all the sources that satisfy "urcolor" > 2.3.
This results in the dependency graph of figure 6.10 which shows many of the catalogs
used in this chapter.
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6.6 Results

Figures 6.6 and 6.7 confirm that high-density regions that are dominated by blue
galaxies form the boundaries of clusters. Therefore we can use fρ in combination
with ρtot to compare the properties of galaxies in different environments.

The relation between morphology and environment is shown in figure 6.11. This
figure contains two subfigures with the same axis as figure 6.7. The color indicates the
fraction of elliptical galaxies in the different environments. The figures show that the
morphology of the galaxies depends on the composition of the environment. Regions
identified as the edges of clusters—high density, blue dominated—contain more red
spiral galaxies and more blue elliptical galaxies than can be expected from the total
density alone. In voids the opposite occurs for red galaxies: red galaxies are more
likely to be spirals in low density regions where the density field is dominated by other
red galaxies.

Figure 6.12 is similar to figure 6.11, but shows the fraction of concentrated galaxies
instead of the fraction of ellipticals. The structure of galaxies is quantified by the
inverse concentration index as iC = R50/R90, where R50 and R90 are the radii from
the center of a galaxy containing respectively 50% and 90% of the Petrosian flux in the
i-band. A galaxy is considered to be concentrated when iC < 0.4. The concentration
is less affected by the composition of the environment than morphology is.

The same analysis is repeated using a kernel density estimator in section 6.7 and
with the morphologies from KIAS VAGC in section 6.8 to study the effect of algorithm
choice on our results.
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6.7 Kernel Density Estimation

The DTFE was used as density estimator because it is sensitive to local structures,
resulting in the crescent shape of figure 6.6. The same analysis is performed with
a modified version of the Breiman kernel density estimator (MBE) (Wilkinson and
Meijer (1995), section 4.2.2) in order to study the effect of algorithm choice on the
results.

The MBE uses an Epanechnikov kernel with a size adapted to the local density
and has a good performance for astronomical data in general (chapter 4). An initial
kernel size of 10 Mpc (σopt in section 4.2.2) is set manually. An initial kernel size
of 5 Mpc was too small, undersmoothing the density field, especially for the blue
density defining population. A kernel size of 15 Mpc turned out to oversmooth the
distribution.

The distribution of ρtot and fρ as estimated by MBE is shown in figure 6.13. The
MBE produces a less ‘peculiar’ distribution of environment than the DTFE does.
There are no high-density regions that are dominated by blue galaxies and regions
with low densities are more diverse in composition. Nonetheless, two artifacts can
be seen. There is a ‘tail’ at low density, blue dominated regions. This is most likely
an effect of the chosen kernel size being too small for the blue population: the effect
is stronger when the kernel size is set to 5 Mpc. Furthermore, there are some low
density regions where the environment is almost entirely dominated by red galaxies.
This is probably again due to the kernel size being too small for the blue sample.

Two samples are defined using figure 6.13, analogous to figure 6.6 and with ap-
proximately the same galaxy counts. The spatial distribution of this sample is shown
in figure 6.14, analogous to figure 6.7. The environment quantifiers ρtot and fρ can
still be used to define different parts of galaxy clusters, even though there are no dis-
tinct high-density, blue-dominated regions. The detected clusters in red are similar as
those detected with the DTFE; the DTFE showing slightly thinner, more extended
structures. The galaxies in blue are farther from the cluster cores than with the
DTFE. It is difficult to define red and blue dominated regions that are as close to
each other as with the DTFE.

Figure 6.15 shows the effect of environment—as quantified by MBE—on the mor-
phologies of Galaxy Zoo. Figure 6.16 shows the effect on the concentration of galaxies,
as quantified by the inverse concentration index. A difference between the top and
bottom half of these figures can still be detected, although this is less pronounced
than with the DTFE (figures 6.11 and 6.12). Furthermore, an increased fraction of
red spirals and blue ellipticals is less constrained by the edge-regions identified in
figure 6.13 than with the DTFE.
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6.8 Comparison with KIAS Morphology

The KIAS VAGC contains its own morphological classification, that is not always in
agreement with Galaxy Zoo. The same analysis as with Galaxy Zoo was performed
with KIAS VAGC to study the effect of different morphological classifications. KIAS
VAGC classifies galaxies in early type and late type, where S0 galaxies are considered
early type and irregulars late type.

An automated scheme which uses the u− r color, inverse concentration and color
gradient in g− i is used to classify all galaxies. Subsequently, the small subset of the
galaxies that could not be classified reliably by the algorithm was inspected visually
(Choi et al., 2010).

The relation between morphology and environment is shown in 6.17, analogous to
figure 6.11. Figure 6.17a shows the same relation for red galaxies as figure 6.11a—the
corresponding figure for Galaxy Zoo classifications—only with even higher fractions
of red late type galaxies. Almost all blue galaxies in figure 6.17b are classified as late
type galaxies.

Figure 6.18 shows the difference between the classification of red galaxies of Galaxy
Zoo and KIAS VAGC as function of ρtot and fρ. Figure 6.18a shows the fraction of
red galaxies that are classified as spiral by Galaxy Zoo and as early type in KIAS
VAGC. Figure 6.18b shows the fraction of red galaxies that are classified as elliptical
by Galaxy Zoo and as late type in KIAS VAGC. The corresponding figures for blue
galaxies do not give any new information, because almost all blue galaxies are classified
as late types in KIAS VAGC.

Morphology is a difficult property to quantify and might be too complex to cap-
ture in a single parameters (Van der Wel et al., 2010). Therefore differences between
Galaxy Zoo and KIAS VAGC might indicate that the methods are actually quanti-
fying different properties. Therefore, a difference in classification makes a galaxy an
interesting object for further research, because this could help define the concept of
morphology better. A large number of these galaxies are located in the regions that
we identified as the boundaries of clusters. Assuming that galaxies interact with their
environment in these regions we can conclude that the difference in classification is a
result of evolution due to this interaction.
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6.9 Conclusions

We separate our discussion in astronomical conclusions and an evaluation of the query
driven visualization techniques.

6.9.1 Galaxy Evolution

The boundary regions of clusters can be detected as regions with a high density that
is dominated by blue galaxies. The Delaunay Tessellation Field Estimator (DTFE)
is a useful density estimator in this respect because it is highly sensitive to local
perturbations and allows identification of environments in a non-parametric way.

The kernel density estimator MBE is less suitable to study the properties of galax-
ies with this method. The MBE has more free parameters: an initial kernel size has
to be set and there is more freedom in defining environment on basis of the ρtot-fρ
diagrams than with the crescent shape produced by the DTFE. This freedom com-
plicates the definition of interesting environments without visual inspection of the
clusters. Finally, the effect of the composition of environment on galaxy properties is
less pronounced than with the DTFE.

Red galaxies in these boundary regions have a higher chance of being spiral galaxies
compared with other regions of similar density. However, this relation is inverted for
red galaxies in low density regions: red galaxies are more likely to be spirals in voids
where the density is dominated by red galaxies. The concentration index has a weaker
relation with the composition of the environment. This indicates that these regions
contain both extended and concentrated red spiral galaxies. The extended galaxies
suggest starvation or strangulation, a slow, non-disruptive process of gas stripping
(Larson et al., 1980; Bekki et al., 2001), resulting in galaxies with lower star formation
rates than galaxies with a similar structure in the field (Balogh et al., 1998).

So-called S0 galaxies are particularly difficult to classify. The population of S0
galaxies is not explicitly studied in this chapter because neither Galaxy Zoo nor
KIAS VAGC classifies these separately. S0 galaxies are disky, have little or no star
formation and a large bulge-to-disk ratio (Dressler, 1980).

Galaxy Zoo visitors might classify S0 galaxies as spirals due to their disky appear-
ance. Therefore, the concentrated red spirals might be S0 galaxies or their precursors.
In KIAS VAGC S0 galaxies are classified as early types. This would mean that fig-
ure 6.18a indicates the location of S0 galaxies that are classified as spirals in Galaxy
Zoo. Interestingly, these are primarily located outside regions identified as the edges
of clusters and are thus a different population from the red extended spirals in the
boundary regions. This is in agreement with Van der Wel et al. (2010), who argue
that it is important to distinguish between the S0 population as a whole and those
galaxies that have been affected by environmental processes.

Blue galaxies in high-density regions dominated by other blue galaxies have a
higher chance of being ellipticals. This is not accompanied by a change in concen-
tration. Therefore, these galaxies are probably not ellipticals turned blue, but spirals
turned elliptical due to interaction with their environment, e.g. through mergers.
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6.9.2 Evaluation of Techniques

The above results were achieved through data pulling in an environment with full
data lineage. This has several benefits, in particular with respect to collaboration,
bookkeeping and scalability.

The information system keeps track of all processing steps. Selection criteria and
process parameters are stored and can be recalled quickly, for example by collabora-
tors. Furthermore, process parameters can be changed from within external software.
This allows fast exploration of process parameters.

This high level of bookkeeping results in a seemingly complex processing pipeline,
such as in figure 6.10. However, this is only an apparent complexity because most
of the bookkeeping is automated and used to simplify the tasks required of scien-
tists. Firstly, dependency graphs as in figure 6.10 are created mostly automatically.
Secondly, processing steps can be defined on a conceptual level: scalability and reuse-
ability is implicit.

The SAMP abstraction allows several independent programs to cooperate effi-
ciently. In practice these applications do not even have to run on the same machine.
Furthermore, after the initial ingestion of the data, no manual file handling was re-
quired.

Therefore we conclude that query driven visualization in an environment with full
data lineage and data pulling is a powerful tool for astronomers. Scientists can focus
on the research they want to perform: bookkeeping, scalability, data sharing, etc. is
taken care of automatically.
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