
 

 

 University of Groningen

Morphology and dynamics of the cosmic web
Aragón Calvo, Miguel Angel

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

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

Publication date:
2007

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Aragón Calvo, M. A. (2007). Morphology and dynamics of the cosmic web. [Thesis fully internal (DIV),
University of Groningen]. [s.n.].

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

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

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

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

Download date: 25-05-2023

https://research.rug.nl/en/publications/b0e93f78-af9d-4e82-b749-0f0e4942ae13


To be submitted as: Aragón-Calvo M. A.; van de Weygaert, R.; van der Hulst, M. J.; Szalay, A. S. and
Jones, Bernard J. T. – “Alignment of Galaxies in SDSS Filaments”, A&A 2007.

Chapter 5
Alignment of Galaxies in SDSS Filaments.

Science may set limits to knowledge, but should not set
limits to imagination.

Bertrand Russell

Abstract

We study the spin orientation of edge-on spiral galaxies with respect to the filament
in which they are embedded in a SDSS DR5 sample. The filament identification was
performed with the Multiscale Morphology Filter introduced in chapter 2. We dis-
cuss the various steps needed to compute the density field used as a base for the
morphological segmentation. We introduce a novel method for filling gaps in galaxy
surveys: the Delaunay Tessellation Field Interpolator (DTFI). The method exploits
the geometrical information present in the Delaunay Tessellation of the galaxy dis-
tribution. In order to understand the effect of the radial selection on the morpho-
logical segmentation we produced a mock catalogue and tested the MMF at various
levels of decimation.

Our results indicate that the MMF is able to successfully segment the Cosmic Web
even with strong decimation:

i) We study the galaxy and volume content in clusters, filaments and the field. Our
findings are in rough agreement with the results based on N-body simulations pre-
sented in chapter 3.

ii) The spin vector of spiral galaxies is oriented in the same direction as their parent
filament. This effect disagrees with our findings from N-body simulations. A trend
can be appreciated for a dependence on both color and luminosity. Blue galaxies
are more oriented than red ones and more luminous galaxies (Mr ≥ 19) are more
strongly oriented. Unfortunately, the limited size of our sample prevents us from
drawing firm conclusions.

5.1 Introduction

The matter distribution on cosmological scales displays a pervasive web-like texture.
This Cosmic Web (Bond et al., 1996) was already imprinted in the form of seeds

present in the initial conditions of the universe, assumed to have originated from ran-
dom fluctuations in an inflationary scenario. The Megaparsec-scale matter distribution
displays a wealth of structures forming an intricate network (Joeveer & Einasto, 1978;
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de Lapparent et al., 1986; Colless et al., 2001). Computer simulations have successfully
replicated these features in the galaxy distribution (Efstathiou, 1996; Jenkins et al., 1998;
Evrard et al., 2002; Springel et al., 2005) indicating that the observed cellular patterns are
a natural aspect of structure formation driven by gravitational instability. The complex
patterns seen in the matter distribution can be described as an interconnected network of
basic components:

• Massive clusters containing from tens up to thousands of galaxies. Clusters of
galaxies represent evolved systems with semi-spherical shape and high density.

• Elongated filaments spanning across the space often found in the intra-cluster re-
gions.

• Planar walls mostly found at the edges of large voids.

• Large empty regions known as voids.

Each of these morphological components of the Cosmic Web define a unique environment
in terms of its dynamics and gravitational interactions (see chapter 2). The morphological
components of the Cosmic Web are closely related with each other. Bond et al. (1996)
emphasized the role of density perturbations in the primordial density field in defining
the gravitational field responsible for the formation of the cosmic web. In their peak
patch picture the seeds from which massive clusters originate define the gravitational
shear that moulds the filaments, giving a simple explanation for the emergence of the
cellular patterns characteristic of the Large Scale Structure (see Bond et al. (1996); van
de Weygaert & Bertschinger (1996); van de Weygaert (2002)).

The effect of the primordial configuration that give rise to the Cosmic Web can also
be seen on scales corresponding to galaxies. According to the Tidal Torque Theory (TTT)
galaxies acquire their angular momentum as a consequence of the tidal shear defined by
the surrounding matter configuration (Hoyle, 1951; Peebles, 1969; Doroshkevich, 1970;
Fall & Efstathiou, 1980; White, 1984). The TTT provides a natural connection between
angular momentum of galactic haloes and the distribution of matter on large scales (Jones
& Efstathiou, 1979; Barnes & Efstathiou, 1987; Heavens & Peacock, 1988; Lee & Pen,
2002; Porciani et al., 2002; Mackey et al., 2002; Lee, 2004). Based on these arguments
several authors have searched for correlations between the orientation of galaxies (or their
associated dark matter haloes) and the local geometry in which they are embedded. Often
in the literature the term halo orientation refers to two different measures:

• The angle between the shape of the halo usually parametrized by its principal axis
of inertia and the LSS.

• The angle between the vector defined by the angular momentum of the, halo also
referred to as spin vector, and the LSS.
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Early works searching for alignments of haloes often showed contradictory results (Hat-
ton & Ninin, 2001; Faltenbacher et al., 2002; Bailin & Steinmetz, 2005) due to the am-
biguous characterization of the large scale structure. Recently there has been a renewed
interest in the problem motivated by the development of better descriptors of the local
geometry. From the theoretical point of view recent findings seem to have reached a con-
sensus that (Trujillo et al., 2006; Aragón-Calvo et al., 2007; Brunino et al., 2007; Hahn
et al., 2007b):

• Both the spin vector and the major axis of inertia of haloes located in walls lie in
the plane of the wall.

• The spin vector of haloes points in the direction perpendicular to the filament in
which they are located (at least until masses of a few times 1011 M� h−1 (Aragón-
Calvo et al., 2007), later confirmed by Hahn et al. (2007a).

• The major axis of inertia of haloes is strongly aligned with the direction of the
filament in which they are located.

On the other hand, the vast amount and variety of results found in the literature demon-
strates that the search for correlations in the real universe still represents a major challenge
(see table 5.1). Galaxy surveys impose severe limitations on the study of orientations due
to the following factors:

• The only available information of the shape or spin of galaxies comes from the lu-
minous baryonic matter, making it difficult to directly compare with N-body simu-
lations solely based on dark matter. The coupling between the spin and shape of the
baryonic and dark matter components is still not well understood. Van den Bosch
et al. (2002) and Chen & Jing (2002) found that the median angle between gas
and dark matter is in the order of  30◦. This misalignment between dark matter
and gas is sufficient to erase any primordial alignment signal between the galaxies
and their host filament or wall. This effect however, could be rendered trivial if the
gaseous component of galaxies retains its primordial orientation better than its dark
matter counterpart as suggested by Navarro et al. (2004).

• It is not possible to directly measure the shape of the dark matter halo in which
the galaxy is supposedly embedded. Elliptical galaxies are assumed to reflect the
shape of their host dark matter halo but this remains a mere assumption with no
solid evidence. This limits the search for correlations in the orientation of galaxies
to the more erratic spin vector.

• Large galaxy surveys only yield the galaxy’s projected shape and position angle
(PA) in the plane of the sky. These two measures result in a four-fold ambiguity
in the determination of the three-dimensional spin vector. In the case of ellipticals
there is no way to relate the shape and position angle with the spin vector.
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• Deviations in the shape of galaxies from ideal planar discs affects the estimation of
the inclination derived from their projected shape. Also the limiting resolution of
the telescope and atmospheric seeing affect this measure.

• It is not possible to derive the true position of a galaxy to within a few mega-
parsecs due to their peculiar velocities which affect the distance estimation. This
has a crucial impact in the characterization of the local geometry of the galaxy dis-
tribution. The so-called redshift distortions re-shape the observed distribution of
galaxies rendering it difficult to characterize the matter distribution.

• The intrinsic limitations of the survey such as magnitude limit and geometry set
constraints on the density of observed galaxies and the size of the structures we can
reliably identify.

Recently Trujillo et al. (2006) using a simple approach identified the walls surrounding
voids and found a significant correlation between the the spin of spiral galaxies and the
plane of the walls (assumed to be perpendicular to the void center). The same effect was
previously reported by Kashikawa & Okamura (1992) in the Local Supercluster and later
by Navarro et al. (2004). Lee (2004) noted the significance of the effect confirming their
theoretical prediction that the spin vector of galaxies in walls lies on the plane of the wall.
Paradoxically the alignments of real galaxies in filaments still remains unsolved in spite
of their relatively easier identification. Studies focused on filaments have been restricted
to specific regions in the sky. In particular considerable attention has been given to the
Pisces-Perseus Supercluster (PPS) given its prominence and clear filamentary nature. To
date however the effect is elusive, reflecting the extremely weak nature of the alignment
of galaxies in filaments found in N-body simulations (Aragón-Calvo et al., 2007; Hahn
et al., 2007b).

The alignments of galaxies with their surrounding matter distribution has important
consequences in weak lensing studies where the orientation of galaxies is assumed to
be random (Heavens et al., 2000; Croft & Metzler, 2000; Heymans et al., 2006). The
existence of a systematic alignment will set constraints on the applicability of lensing as
a probe of the underlying matter distribution (Lee & Pen, 2002).

5.1.1 Work plan

In this chapter we present a study of the spin alignment of spiral galaxies located in cos-
mological filaments identified in the SDSS. The filament identification was performed
using the Multiscale Morphology Filter. In section 2 we define the galaxy sample used in
this work and describe the systematics present in the data. section 3 describes the various
steps needed to derive the underlying density field from the discrete galaxy distribution.
Section 4 details the morphological segmentation performed with the MMF. Some gen-
eral properties of the Cosmic Web will be specified. Section 5 provides a short description
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Author Sample Ngals Results
Strom & Strom (1978) PPS 72 -Preference for the major axes of ellipticals to

align with PPS ridge.
Gregory et al. (1981) PPS 73 -Bimodal distribution, both ‖ and ⊥ to the PPS

ridge.
Dekel (1985) PPS -Search in pancakes, no evidence of anisotropy.
Flin (1988) PPS 118 -Tendency to align ⊥ to the supercluster plane.
Lambas et al. (1988) PPS -Morphology-orientation effect: ellipticals ‖ to

local supercluster features, spirals and S0 no
significant alignment

Cabanela & Aldering (1998) PPS 1400 -Reddest galaxies ⊥ to local large scale struc-
ture, bluest near supercluster plane isotropic PA
distribution.

Cabanela & Dickey (1999) PPS 54 -No significant evidence of alignment in the
sample.

Wu et al. (1997) Coma 128 -SO ‖ to cluster plane, spirals and irregulars ‖
or ⊥ to the cluster plane.

Flin (2001) Coma -Spiral aligned with the plane of the superclus-
ter.

Helou & Salpeter (1982) Virgo 20 -No evidence of anisotropy
Hu et al. (1995) Virgo 310 -Morphological dependence: spirals both ‖ and

⊥ to local supercluster plane, SO no significant
anisotropy.

Flin & Godlowski (1986) LSC 1275 -Spin vector tends to be ‖ to local supercluster
plane, projection of rotation axes in local super-
cluster tends to point towards Virgo cluster.

Kashikawa & Okamura (1992) LSC 618 -Near galaxies ‖ to LSC plane and far galaxies
⊥ to it. Galaxies in core and near Virgo point
towards its center.

Yuan et al. (1997) LSC 302 -Spin vector ‖ to LSC plane.
Hu et al. (1998) LSC 220 -Morphological dependence: S0 concentrated

towards LSC and ‖ to LSC plane, spirals
weakly aligned to LSC plane.

Hu et al. (2006) Review of galaxy alignments in the LSS.

Han, Gould & Sackett (1995) Ursa Major 60 -No significant alignment.

Trujillo et al. (2006) SDSS, 2dF 100 Galaxies aligned with the plane of the wall in
which they are located. Analysis restricted to
edge-on and face-on spiral galaxies.

Table 5.1: Previous studies of alignment in galaxies.

of the filaments identified with the MMF. Section 6 presents the main results on the orien-
tation of galaxies located in filaments and finally in section 7 we give concluding remarks
and some guidelines for future work.
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5.2 Galaxy Sample: The Sloan Digital Sky Survey

The results presented in this chapter are based on a galaxy sample selected from the
largest galaxy survey to date, the Sloan Digital Sky Survey (SDSS). The SDSS is a
wide-field photometric and spectroscopic survey carried out with a dedicated 2.5 me-
ter telescope at Apache Point, New Mexico (York et al., 2000). The telescope scans
continuously the sky on five photometric bandpasses namely u, g, r, i and z, down to
a limiting r-band magnitude of 22.5 (Fukugita et al., 1996; Smith et al., 2002). All the
data is processed by dedicated software for astrometry (Pier et al., 2003), identification
of sources and candidates (Lupton et al., 2001), candidate selection for the spectroscopy
sample (Eisenstein et al., 2001; Strauss et al., 2002), adaptive tiling (Blanton et al. 2003)
and photometric calibration (Hogg et al., 2001; Smith et al., 2002). An extensive analysis
of possible systematics uncertainties is described in Scranton et al. (2002). When finished
the SDSS will cover approximately 104 degree2. The main part of the survey is located
in the Northern Galactic sky, with an additional small area in the Southern Galactic sky.
In total it will provide ∼ 108 optical images in five bands and ∼ 106 spectra of galaxies
with mr < 17.77 (Gunn et al., 1998; York et al., 2000).

The spectroscopic targets are divided into three categories:

• The main galaxy sample (Strauss et al., 2002).

• The luminous red sample (Eisenstein et al., 2001).

• The quasar sample (Richards et al., 2002).

The main galaxy sample is complete down to an apparent r-band Petrosian magnitude
limit of mR < 17.77. The galaxy sample used in this work was obtained from the sky
server 1 using the SDSS CasJobs site 2. The website is based on SQL queries which can
perform a large number of pre-processing tasks (see appendix 5B). All galaxies with r-
band apparent magnitude of r < 20 were extracted from the spectroscopic main sample.
For each galaxy we obtained the position in the sky (ra,dec) and redshift z as well as
many other properties such as apparent magnitudes in the five bands (u, g, r, i and z),
isophotal radius, position angle in the sky, petrosian radius enclosing 90% and 50% of
the total flux, etc. The detailed list of properties queried can be found in appendix 5B.

Figure 5.1 shows the projection on the sky of the spectroscopic sample taken from
the latest data release to date3 (DR5). There are five large patches. There are also several
smaller ones corresponding to the last observed fields as well as many “holes” inside the
large areas. The holes are the result of bright stars, telescope artefacts and failures in sky
coverage. When finished the SDSS will completely cover the area in the center of the
map in figure 5.1, covering almost a quarter of the sky.

1http://www.sdss.org/
2http://casjobs.sdss.org/CasJobs/
3by the time this thesis was submitted a new data release was made available
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Figure 5.1: Projection on the sky of the SDSS-DR5 spectroscopic sample. The center of the plot
is in the direction α = 180, δ = 0. Contour lines delineate the edges of the survey. The gray area
indicates the area in the sky from which the galaxy sample used in this work was taken.

5.2.1 Survey Geometry

Angular mask

The coverage mask of the SDSS spectroscopic sample has a complex geometry due to
the fact that it is an on-going survey and several regions are still in the process of being
mapped. The edges of the large patches are not uniform and several holes can be seen
inside the patches. The edges of the survey introduce artefacts in the determination of
quantities such as the density field. Because there is no information available the density
field cannot be accurately computed in regions close to the edges of the survey. Two
properties are desirable for a survey in order to minimize the effect of geometry in the
determination of the density field:

• Large area coverage in order to include the largest possible volume. This is cru-
cial for the detection of filaments since small surveys and in particular thin slices
systematically “cut” elongated associations of matter that are not contained in the
plane of the slice. The same is true in the case of the identification of walls.

• Minimum perimeter/area ratio in order to minimize the effect of the edges in the
determination of the density field. Large perimeter/area ratios indicate intricate
edges while small ratios correspond to smooth edges. The area/perimeter ratio is
minimum for a circle.

Figure 5.1 represents the patch in the survey that most closely matches the above criteria
in the filled gray area. The study presented here is based in this particular patch. It
roughly corresponds to the range −70◦ < λ < 70◦ and 0◦ < η < 40◦ in the survey
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coordinate system (λ, η). This coordinate range corresponds roughly to (15◦ < δ < 70◦)
in declination (see figure 5.30). For convenience we rotate the galaxy sample in the survey
coordinate system (see appendix 5A):

ηrot = ηori − 50◦ (5.1)

where ηori is the original “latitude” coordinate of the galaxy and ηrot the “rotated” one.
The new “center” of the survey lies approximately at the equator of the celestial sphere.
In what follows we use the rotated survey.

Radial Extent

The radial extent of the survey is in the redshift range 0.01 < z < 0.11. This allows us to
study the local large scale neighborhood as well as moderately remote structures. The far
end of the survey has been chosen to be close to the peak in the radial selection function
(see section 5.2.4). Figure 5.2 shows the survey mask at three different orientations. Note
the complex general shape of the survey and its “corrugated” surface containing several
holes and small “pencils” in the periphery.

5.2.2 The Magnitude Limited Sample

The first step in our analysis is the determination of the underlying density field, traced by
luminous galaxies. The selection of an adequate galaxy sample is of crucial importance
in order to trace the intricate multiscale features in the large scale matter distribution. In
the determination of the galaxy sample we are faced with two possibilities:

• Magnitude limited sample, containing all galaxies with spectroscopic redshifts
down to a limiting magnitude. This sample is mainly limited by the telescope
capabilities. It provides a non-uniform distribution of galaxies along the line of
sight. Faint nearby galaxies are included while galaxies of the same luminosity
but at larger distances from us are no longer included. Magnitude limited samples
must be weighted with a function describing the dependence on the survey galaxy
number density as a function of their distance from us (see section 5.2.4). The great
advantage of magnitude limited surveys is the ability to use all available spatial
information present in the survey. The disadvantages are the non uniform coverage
and the (small) uncertainty in the “real” mean of the sample given by the weighting
function.

• Volume limited samples are based on galaxies restricted to a carefully defined
range in absolute luminosities such that over the complete survey volume all galax-
ies brighter a given luminosity are included. Volume limited catalogues are uni-
formly sampled avoiding the use of weighting functions. Their biggest advantage
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Figure 5.2: Three different views from the three-dimensional mask of the selected area.
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Figure 5.3: Mean inter-galaxy separation as function of redshift. The value at z = 0 corresponds
approximately to the mean inter-galaxy separation measured in the SDSS DR5 (see section 5.2.4).

consist in providing a uniform sampling of the galaxy distribution. The disadvan-
tage is that they are diluted and therefore miss out on the spatial resolution of the
galaxy sample. As a result, intricate small-scale patterns will be difficult to resolve.

For our purposes the magnitude limited sample is the best choice since it allows us to
take full advantage of all the spatial information contained in the catalogue. The use
of a weighting function to correct the variations in the mean density does not represent a
problem since the morphological characterization is computed locally and at scales where
the possible deviations from the “true” mean density due to uncertainties in the weighting
function are negligible.

The dilution in the density of galaxies significantly affects the ability to reconstruct
the intricate patterns in the galaxy distribution. Al large distances small features disappear
making it difficult to perform a morphological characterization (see appendix 5D). The
dilution in the number of galaxies also means that the amount of information will decrease
with redshift. It is not possible to correct for this effect. Potentially, we could use the mean
local density of galaxies to define a natural smoothing length at which the structures can
be reliably detected. Figure 5.3 shows the mean inter-galaxy separation as function of
their redshift (following the radial selection function described in 5.2.4). At the far end of
our galaxy sample z = 0.11 the distance between galaxies increases by a factor of two.
The mean inter-galaxy separation gives an indication of the smallest structures we can
resolve in the density field. Locally the spatial resolution we can achieve may be higher
given the clustering properties of the galaxies.
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Figure 5.4: Completeness mask of the same patch in the sky used in this work but corresponding
to the DR4 completeness mask given in the NYU-VAGC catalogue (Blanton et al., 2005b).

5.2.3 Angular selection function

The mean number of galaxies per unit area is assumed to be constant across the sky.
In practice the detection rate of galaxies varies slightly as a function of the position in
the sky. This is a combination of several factors including: telescope artefacts, fiber
collisions in highly dense regions (in the case of the spectroscopic sample), number of
available fibers, bright foreground stars, etc. All contribute to a variation in the mean
surface density of galaxies, encoded in the angular selection function. Blanton et al.
(2005b) provide a completeness mask for the DR4 release based on the Mangle software
(Hamilton & Tegmark, 2004). Unfortunately, the completeness mask for the DR5 release
has not yet been made public.

The completeness mask does not change significantly across the area of the survey.
The completeness mask of the same survey patch but for the DR4 release is shown in
figure 5.4. We construct the mask with values in the range [0-1] by assigning complete-
ness values to a grid of 0.04 degree2 resolution per pixel pixel in the range (α, δ) of the
survey. The completeness values were obtained from the mangle mask provided with the
NYU-VAGC galaxy catalogue (Blanton et al., 2005b). Figure 5.4 shows that it is safe
to assume the values of the completeness mask to be equal to unity in the complete area
of the survey with the exception of the edges and holes where the coverage is still not
complete.

5.2.4 Radial selection function

The selected sample of galaxies is magnitude limited. For a given apparent magnitude the
density of objects will decrease as a function of their distance from us. This change in the
density of observed objects is the combination of (to a first approximation) two effects:
the geometrical dilution of photons (which goes as r−2 in a flat non-expanding universe)
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and the shift in the energy of the detected photons due to the expansion of the universe in
which photons emitted at a given wavelength window are shifted to a redder bandpass or
filter. The geometrical dilution can be easily corrected while the shift of photons depends
on the spectral distribution. We used a simple formula to model the change in the mean
number of galaxies as function of their redshift given by Efstathiou & Moody (2001):

dN = Aφ(z)z2dz (5.2)

where A is a constant that depends on the mean number of galaxies. The dependence of
the mean number of galaxies with redshift is encoded in the function

φ = exp (−(
z

zr
)β). (5.3)

where zr is the characteristic redshift of the distribution and β specifies the slope of the
curve. The best fit to the observed galaxy distribution in our sample is shown in figure
5.5 (A = 6.8× 106, zr = 0.04, β = 1.09 ). The far end of our galaxy sample z = 0.11 is
close to the peak in the selection function. This limits the negative impact of the selection
function in the spatial resolution.

The decrease in the mean number of galaxies as function of redshift can be corrected
by weighting each galaxy with the inverse of the selection function evaluated at its red-
shift. This will provides us with a uniform density variation along the line of sight. The
survey geometry encloses a volume of approximately 7.3 × 106 h−3 Mpc3 with a mean
(weighted) inter galaxy separation of ≈ 2.5 h−1 Mpc. The main properties of the survey
used in this work are presented in table 5.2

Ngal Area Volume zmin zmax

∼ 100,000 3,330 squared degrees 7.3 × 106h−3 Mpc3 0.01 0.11

Table 5.2: Properties of the survey used in this work.

5.3 From galaxy distribution to density field

Some steps are necessary before computing the density field from the discrete galaxy
distribution.

• The correction of the redshift distortions produced by non-linear peculiar velocities.

• The weighting function used to correct the radial selection function.

• Rotate the survey to the equator.

• Fill holes in the survey with particles following the surrounding matter distribution.
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Figure 5.5: Redshift distribution of galaxies in our sample. The continuous line represents the
best fit to the data. The relative difference between the homogeneous case and the real distribution
is shown in the lower panel. Note the prominent overdensity at z = 0.07 corresponding to the
Sloan Great Wall (Gott et al., 2005) and the underdense regions around it.

5.3.1 Redshift and Distance

The expansion of the universe and its (assumed) isotropic nature provides a convenient
way to determine the distance to galaxies by means of their recession velocity:

rgal =
vrec + vpec

H0
(5.4)

where rgal is the distance to the galaxy, vrec the recession velocity of the unperturbed
Hubble flow, vpec the peculiar velocity of the galaxy respect to the Hubble flow and H0

is the Hubble parameter, parametrized by h:

H0 = 100h [km s−1 Mpc−1]. (5.5)

The recession velocity can be inferred from the spectra of the galaxy by measuring the
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shift in frequency of emission or absorption lines compared to the rest frame. This shift
is produced by the stretching of photon wavelenghts by the expansion of the Universe:

νe = (1 + z)ν0 (5.6)

where νe is the frequency of a photon when it was emitted, ν0 is the observed frequency
and z is the so-called redshift. More in general we can compute the distance to a galaxy
given its observed redshift according to:

r(z) =
∫ z

0

1
(Ωm(1 + z3) + (1 + Ωm − Ωλ)(1 + z)2 + Ωλ)

(5.7)

where Ωm and Ωλ are the matter density and cosmological constant parameters respec-
tively.

Figure 5.6 shows the raw distribution of galaxies in an equatorial slice across the
survey in the declination direction. The complexity of the galaxy distribution is evident.
Immense associations of galaxies, superclusters and large filaments mark the tapestry of
the galaxy distribution. A notable example is the c-shaped structure in the middle of
the slice extending almost one third of the radial extent of the survey. Inside the massive
associations we may observe small features. Conspicuous are the highly elongated fingers
of God produced by the high peculiar motions in the interior of groups and clusters. Also
striking are the vast empty regions, the voids pervading space. They provide an overall
impression of a foam (van de Weygaert, 2002) or a the Cosmic Web (Bond et al., 1996).
It is a characteristic pattern of the gravitational instability collapse scenario.

5.3.2 Redshift distortions and morphology artefacts

Peculiar velocities produced by large coherent flows and non-linear motions introduce
an extra factor in the estimated distance of the galaxies. Redshift distortions can have a
dramatic effect on the estimated distances and re-shape the large scale matter distribution.
The effect of redshift distortions is most outstanding in highly dense environments like
clusters and large groups and to less degree in the intermediate-dense filaments. Pairs
of clusters located along the line of sight can be stretched until they merge into a single
elongated structure, producing false filaments along the line of sight. Voids are polluted
by galaxies in clusters with very high velocity dispersions going as far as the inner regions
of even intermediate size voids. Small groups and pairs of galaxies are disrupted, their
members being found several megaparsecs away from each other. While in principle it is
possible to model the effect of peculiar velocities on large scales where structures are still
in the linear regime, the contribution from non-linear process present a major challenge.
The high velocities characteristic of the internal non-linear dynamics of virialized objects
give rise to the so-called fingers of God (see Hamilton (1998) for an excellent review).

The redshift distortions induced by the large scale coherent cosmic flows accompany-
ing the growth of structure also evoke significant patterns in redshift space maps. Pointed
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Figure 5.6: Equatorial slice through the SDSS sample. Each points corresponds to the redshift
and RA (rotated to the equator) of each galaxy in the sample.

out by Kaiser (1987) it is usually called the Kaiser effect. The effect increases the con-
trast of filaments and walls outside their infall regions (typically 4 h−1 Mpc, see chapter
3 section 3.8). It enlarges and elongates voids, making them appear larger and emptier
than they really are (Ryden & Gramann, 1991). The Kaiser effect has a favorable result
by enhancing the Cosmic Web. It may therefore potentially facilitate the morphological
segmentation. We do not attempt to correct it.

5.3.3 Finger of God compression

In order to correct the Fingers of God we performed a non-linear “compression” algo-
rithm, in a similar fashion as done by Tegmark et al. (2004). First we identify highly
elongated groups along the line of sight and posteriorly we “compress” them until their
dispersion in the transverse direction equals the dispersion along the line of sight (see
appendix 5C for details). Figure 5.7 shows the effect of the Finger of God compression
algorithm. The original distribution is shown in the top panel. The center panels show
the isolated fingers of God before (left) and after (right) the compression algorithm. The
bottom panel shows the final galaxy distribution with no fingers of God.
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Figure 5.7: Fingers of God removal in a slice of 6 degrees of thickness in declination. From the
original galaxy distribution we extract the Fingers of God (Middle left) and compress them on the
line of sight direction (Middle right). The final distribution without FoGs is shown in the lower
slice.
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5.3.4 The Density Field

The discrete distribution of galaxies must be translated into a continuous volume-filling
density field in order to be able to perform the morphological segmentation. It is there-
fore of crucial importance to optimally represent objects, structures, features and patterns
present in the Cosmic Web. The derived density field must have two important properties:

• The accurate representation of the features present in the discrete distribution. This
includes the morphology of the structures as well as their characteristic scale. The
density estimator must be able to follow the intricate patterns sampled by the galaxy
distributions reflecting their highly anisotropic nature.

• No artificial features must be included in the density field. This point is specially
significant in the low density regions where the sampling of galaxies is very poor
and most algorithms often introduce strong artefacts. In the case of galaxy sur-
veys where the mean interparticle separation is of the same order as the features
in the galaxy distribution this becomes critical. This property is very difficult to
fulfill since the density estimation ultimately will rely on assumptions regarding
the properties of the density field such as continuity of the density field itself and
its derivatives.

The Delaunay Tessellation Field Estimator

In order to translate the discrete distribution of galaxies into a proper continuous field
with the characteristics defined above we used the Delaunay Tessellation Field Estimator
(DTFE) (Schaap & van de Weygaert, 2000). The DTFE interpolation method was intro-
duced by Schaap & van de Weygaert (2000), for rendering fully volume-covering and
volume-weighted physical fields from a discrete set of sampled field values. The method
is self-adaptive and does not make use of any artificial smoothing procedure. It followed
the pioneering work by Bernardeau & van de Weygaert (1996) for using the Delaunay
tessellation of the point set as a natural and self-adaptive interpolation frame for recov-
ering the continuous velocity field sampled by the velocities at those points. Schaap &
van de Weygaert (2000) and Schaap (2007) extended this to the recovery of the density or
intensity field when one assumes it to be fairly sampled by the spatial point distribution.
The DTFE provides an excellent representation of the anisotropic features in the galaxy
distribution at all scales. However, it has the tendency of producing density fields with
strong triangular features as a result of the linear interpolation scheme that reflects the
sparse sampling of the galaxies in a real survey as shown in figure 5.8. More sophisti-
cated interpolation schemes such as the natural-neighbor filtering produce more smooth
density fields (van de Weygaert, 2002). The details of the DTFE method are explained in
appendix 5D.

Galaxies at the boundaries of the survey geometry will be assigned lower densities
due to their reduced number of neighbors. We must therefore “fill” the space around the



206 5. Alignment of Galaxies in SDSS Filaments.

Figure 5.8: 2D density field estimation from a discrete galaxy distribution (top-left panel). The
corresponding density field is shown in the top-right panel as well as two zoomed regions in the
bottom-left and bottom-right panels.

survey with randomly placed galaxies with the same radial selection function as the real
galaxies. We used a lower mean density of particles that the total “weighted” density
of the real sample for speed and weighted the random particles (in addition to the radial
selection function) accordingly such that the weighted mean densities are the same.

Rotation to equator

In order to minimize the volume of the box containing the wedge we rotated the survey
in the survey coordinate system such that its new “center” is located at the equator of
the celestial sphere as explained in section 5.2.1. The rotated survey was placed inside a
rectangular grid of 600 × 300 × 150 Mpc with of 512 × 256 × 128 pixels respectively.
The resolution per pixel is then  1.7 Mpc/pixel.
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Filling holes in the survey

Another important source of uncertainty in the density determination are the “holes”
present inside the angular mask of the survey (see figure 5.1). This was a major prob-
lem until the earlier data release DR4 but now it has been solved to some extent. The area
of the holes in the DR5 data release is negligible compared to the covered area (at least
in the region we used in our analysis). We account for the holes since they may introduce
unwanted geometrical artefacts like the “breaking” of filaments. Several approaches have
been proposed in order to deal with this problem, each one with its own advantages and
specific issues. The simplest way is to fill the holes with randomly placed filling points
simply following the selection function and not accounting for the clustering properties
of real galaxies, therefore treating low and high density regions in the same way. This has
a large impact on the DTFE reconstruction since galaxies located in low density regions
are connected through their adjacent Voronoi cell to other galaxies that can be far away,
thus “propagating” the erroneously assigned density. Another possibility is to extrapolate
the density field within the holes and subsequently interpolate the density field along the
direction perpendicular to the smallest extent of the gap in the data .This method relies
on the grid resolution and more important: it assumes that the density field changes only
along the interpolating direction, thus introducing strong artefacts. A more adequate tech-
nique is the use of constrained random fields, but unfortunately this implies smoothing
the density field on linear scales, erasing the features we seek to identify.

5.3.5 The Delaunay Tessellation Field Interpolation

We propose a new method based on the local geometry of the galaxy distribution de-
scribed by its Delaunay tessellation. The Delaunay Tessellation Field Interpolator (DTFI)
is ideally suited for the problem at hand. It naturally adapts to the intrinsic local geome-
try and scale of the galaxy distribution around the holes by exploiting the volume-filling
properties of the Delaunay tessellation. It is based on the observation that the tetrahedron
which intersect the holes in the data carry the geometrical information imprinted by the
adjacent point distribution. The density field is interpolated inside the “gap” following
the Delaunay Tessellation. This density field defines a probability function that is used to
“populate” galaxies inside the hole (see appendix 5D for a detailed explanation). Figure
5.9 shows the Delaunay tessellation of a particle distribution before (left panels) and af-
ter (central panels) a “hole” is cut along the x-axis. The DTFI interpolated distribution
is shown in the right panels. The DTFI removes the hole following the adjacent matter
distribution delineated by its Delaunay tessellation.

After survey boundaries and holes have been properly corrected we proceed to com-
pute the density field using a slightly modified version of the original DTFE code (Schaap,
2007). Each galaxy is then assigned a weight defined as the inverse of the radial selec-
tion function evaluated at its redshift (see section 5.2.4). The linear interpolation on the
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Original Hole Reconstructed

Figure 5.9: Filling of a hole using the DTFI: The left panels show the Delaunay tessellation (top)
and density field (bottom) corresponding to the biased particle distribution in an N-body simula-
tion. Central panels show the corresponding Delaunay tessellation and density field after a “hole”
has been cut from the original particle distribution. The hole is indicated by the horizontal shaded
area crossing the top panels. The final result of applying the DTFI is shown in the right panels.
The DTFI manages to reconstruct the original density field following the adjacent geometry of the
galaxy distribution.

grid is performed at 9 different random locations inside each 3D pixel and then averaged
in order to get a more accurate sampling of the density field. We produced a grid of
512 × 256 × 128 pixels sampling a box of 600 × 300 × 150 h−1 Mpc (see Figure 5.10).
The final resolution is 1.17 h−1 Mpc per 3D pixel. Performing the morphological analy-
sis in a grid of this size is computationally straightforward and is within the limit of the
smallest scales we can accurately reconstruct from the redshift distortions.

5.4 Morphological segmentation

For a detailed explanation of the morphological segmentation we refer to chapter 2 where
we describe the specific steps that comprise the MMF method. The complete MMF
pipeline includes the identification of clusters, filaments and walls (in that specific order).
In this work we restrict ourselves to the identification of clusters and filaments. Walls are
extremely difficult to identify directly mainly because of two effects:
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Figure 5.10: Top: galaxy distribution after correction of redshift distortions and the holes in the
survey angular mask. Bottom: the corresponding density field computed with the DTFE. The gray
shades correspond to the value of the density field in logarithmic scale.

• The faint galaxies delineating them, as suggested by their steep mass function (see
chapter 4, section 4.4).

• Their low surface density and contrast.
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Moreover, the morphological segmentation is affected by redshift distortions and the di-
lution of the density of galaxies as function of their distance from us. Our main goal is
to study the orientation of spiral/disk galaxies embedded in filaments and most of our
following discussion will be focused on them. Less attention will be given to clusters of
galaxies.

The biasing of luminous galaxies with respect to the more extended dark matter back-
ground has a positive effect on the morphological segmentation. It enhances the features
in the Cosmic Web by excluding galaxies from underdense regions, increasing the density
contrast of filaments and clusters. We do not attempt to correct it. In order to understand
the effect of the radial selection function in the identification of filaments we created a
mock catalogue using a simple bias prescription applied to dark matter particles in large
N-body simulation (see appendix 5E for details). We subsample the biased particles to
mimic the radial selection function of the real galaxy sample. We then compared the
galaxies that were identified in filaments with respect to the sample without decimation.
The ability of the MMF to identify galaxies in filaments is robust to strong decimation. In
the far end of the galaxy sample where the density of galaxies drops to ∼ 10% the MMF
identifies more than 60 % of galaxies in filaments with a contamination of almost 50 %.

5.4.1 Clusters

The first step in the morphological segmentation involves the identification of spherical
clusters. Figure 5.11 shows the density field used as input for the MMF (top panel) and
the surfaces enclosing regions of space associated to clusters of galaxies (bottom panel).
Large clusters identified with the MMF sit at the nodes of the Cosmic Web delineating
the large scale matter distribution. Voids can also be identified as the regions containing
no galaxies at all. Figure 5.11 shows all the clusters inside the geometry of the survey.
As a result some voids can not be fully appreciated due to projection effects. Clusters of
galaxies contain 15.32 % of the total number of galaxies inside 0.34% of the total volume
of the survey. These numbers are in rough agreement with our results computed from
N-body simulations in which the obtain 28.1% of the mass in clusters inside 0.38% of
the total volume (see chapter 3, section 3.5.1). Note that we assume that all galaxies have
the same mass. In reality galactic haloes in clusters correspond mostly to more massive
ellipticals. This may account for the difference in the mass content between clusters
identified in the SDSS and the N-body simulation.

The MMF is not ideally suited for the identification of clusters in galaxy surveys
because it assumes that clusters are spherical objects. The finger of God compression
algorithm described in section 5.3.3 systematically isotropizes line-of-sight elongated
overdensities. Groups that are disperse along the line of sight will be compressed to a
spherical configuration and identified as clusters by the MMF. This will include some
groups in filaments and even some filaments oriented in the radial direction. The con-
tamination will affect the cluster sample but not the filament sample since groups will be
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Figure 5.11: Density field (top) projected along the z-axis, and the three dimensional surfaces
enclosing regions of space identified as clusters (bottom).

only excluded from the filament sample but not included in the cluster sample. We do
not attempt to correct this effect, but we account for it in the determination of the random
samples in section 5.6.2.

The present implementation of the MMF does not yet include all criteria to make it
suitable for detecting clusters of galaxies in observational datasets. Other clusterfinder al-
gorithms explicitly developed for this purpose do specify various necessary criteria (Goto
et al. (2002); Kim et al. (2002); McKay et al. (2005); Merchán & Zandivarez (2005);
Berlind et al. (2006); Miller et al. (2005) see also Nichol (2003) for a review). Some of
the complications for identifying clusters of galaxies from redshift surveys include:
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Figure 5.12: Comparison between clusters identified with the MMF (gray blobs) and the C4
algorithm (circles). The circles are centered at the center of mass of the C4 cluster and scaled
with their radius provided in the catalogue. We also plot the galaxy distribution (black dots) after
finger of God compression.

• The geometry of the cluster is distorted due to peculiar velocities. It is often neces-
sary to perform a pre-processing of the galaxy sample in order to correct for such
distortions.

• Highly distorted clusters may intersect with other structures along the line of sight.
This introduces a level of contamination in the cluster by including galaxies from
other environments.

• Clusters of galaxies are composed of a mixture of galaxy types. Also the luminosity
between individual galaxies is different.
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Figure 5.12 shows clusters identified with the MMF and the C4 algorithm. The re-
gion shown encloses the DR2 sample from which the C4 catalogue was computed. We
extracted a region from the DR5 sample with approximately the same range in RA and
DEC as the DR2 sample. From figure 5.12 we can see that in general clusters identi-
fied with the C4 are also identified with the MMF. However, there are some differences
between the two samples

• A few clusters identified by the C4 algorithm are not identified by the MMF. These
clusters are close to the edges of the survey and therefore discarded from the MMF
sample.

• In some cases clusters are identified at a different position by the C4 and MMF
methods. This is a result of the method used to compute the center of the cluster
and line of sight contamination. The C4 catalogue provides the center of mass
and the position of the brightest cluster galaxy. In this study we used the center
of mass. Clusters identified with the MMF are first compressed along the line of
sight. The friends-of-friends method used to identify fingers of God may associate
clusters joined by thin bridges (often produced by the fingers of God) and therefore
the final cluster may contain galaxies far away from its original position. The final
result is a translation of the cluster’s position along the line of sight.

• There seems to be an excess of MMF clusters compared to the C4. This is mainly
due to the larger volume covered by the DR5 sample.

The C4 algorithm searches for clusters in a seven-dimensional space using both position
and color information. This makes it more robust to projection effects and redshift dis-
tortions than the present state of development of the MMF. The current implementation
of the MMF does not take advantage of the color information present in the galaxy cata-
logue. This could be included in the MMF method without much effort. A more robust
cluster finder based on the MMF will be the subject of a future study.

5.4.2 Filaments

Once we identified clusters of galaxies the next step is the identification of filaments.
Galaxies located inside clusters are removed from the original galaxy distribution and a
new cluster-free density field is computed. Figure 5.13 (top Panel) shows the cluster-free
density field and the surfaces enclosing regions of space with filamentary nature.

Filaments enclose 46.4% of the total number of galaxies and 7.95% of the volume
of the survey. This is in good agreement with our findings based on N-body simulations
described in section 3.5.1. The filamentary network depicted in figure 5.13 delineates the
spine of the Cosmic Web. Voids are clearly identified as regions with no filaments. A
good example is the huge void at α = 210o,z = 0.05 already seen in the density field
and clearly delineated by the filamentary network. There is an immense concentration
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Figure 5.13: Top: density field computed from the galaxy distribution after the galaxies residing
in clusters have been extracted. Bottom: the surfaces enclosing regions of space identified as
filaments. The filaments delineate the patterns in the Large Scale Structure more closely than
clusters.

of galaxies around 180◦ < α < 230◦ and z = 0.07. Such associations correspond to
superclusters and are commonly described as walls and filaments. Table 5.3 shows the
mass (defined by the number of galaxies) and volume content of clusters, filaments and
the field. In this case field refers to all galaxies that do not belong to either a cluster or to
a filament. This corresponds to galaxies in walls and voids.

Filaments identified from the galaxy distribution appear to be somewhat thicker than
filaments in N-body computer simulations. The reason for this twofold. One is the lim-
ited resolution of the density field, a second one is the smearing of small-scale features
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in the galaxy distribution due to the peculiar velocities of galaxies. Figure 5.14 shows
the enclosed density in shells of increasing radius, computed by binning the radial dis-
tances of all galaxies with respect to the spine of their host filament. This is equivalent
to measuring the linear density enclosed inside cylinders of increasing radius and fixed
length (see chapter 3 section 3.7.6). We computed the enclosed density profile from both
the “raw” galaxy distribution and the “processed” galaxy distribution after finger of God
compression. The “edge” of the filaments corresponds to the point where the curve fol-
lows a r−2 power law indicating that for larger radius the mass enclosed in the cylinder
does not change while the volume increases as r2. Filaments in the unprocessed distribu-
tion of galaxies are thicker (∼ 6 Mpc) than their counterpart in computer simulations (∼
2 h−1 Mpc). After removal of fingers of God filaments have a smaller radial extent due
to the compression of groups of galaxies embedded inside filaments. The compression
algorithm, however, does not correct the bulk velocities of the groups of galaxies them-
selves, only the redshift distortions due to their internal motions. This is the reason why
the filaments identified with the MMF look thicker even though the compressed (FoG)
filaments look thinner.

Figure 5.14: Enclosed density profiles of the raw galaxy positions (left) and after FoG compres-
sion (right).

% blobs % filaments % field
Volume filling 0.34 7.95 91.7
Mass content 15.32 46.54 38.14

Table 5.3: Inventory of the cosmic web in terms of clusters, filaments and the field delineated by
galaxies in the SDSS DR5. The field refers to galaxies that do not belong to clusters or filaments,
corresponding to galaxies in walls+voids. The mass corresponds to the number of galaxies.



216 5. Alignment of Galaxies in SDSS Filaments.

Figure 5.15: Galaxies in filaments after the filament compression procedure. The shaded area cor-
responds to a large void and the area inside the square corresponds to a large wall-like filamentary
system.

5.5 The Filament sample

An extensive quantitative description of the filamentary network is the subject of a future
study, here we provide a qualitative description. In order to fully appreciate the richness
of the filamentary network it is more convenient to use the “compressed” filaments, fol-
lowing the algorithm described in chapter 3, appendix 3.10. Note that this compression
algorithm is not the same as the finger of God compression. The compressed galaxy dis-
tribution enhances the filamentary network and produces a cleaner view of the structures.

Figure 5.15 shows the compressed filamentary network projected over the declination
axis. Filaments delineate cells of a variety of sizes. The complexity of the filamentary
network is remarkable. Large empty regions with almost no filaments are clearly visible.
Various composite systems comprised of several filaments cross the survey volume. The
size of the largest structures in this slice is of the order of a hundred Megaparsecs. Any
attempt to study the properties of the filamentary network requires the use of automated
methods given the number and complexity of the structures.

Figure 5.16 shows a cross eyed 3D stereogram of the two regions indicated in figure
5.15. The three-dimensional nature of the filamentary system and the void are better
appreciated with this kind of visualization. The size of the box containing the wall and
void is of the order of ∼ 100 Megaparsecs. Filaments in the top panels are preferentially
oriented perpendicular to the line of sight. This is in part a real effect as they are part
of a massive wall. However, the finger of God compression produces a systematic lack
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Wall

Void

Figure 5.16: Stereoscopic 3D visualization of the two zoomed regions shown in figure 5.15.

of filaments in the radial direction which adds to the impression of elongated structures
in the transverse direction. The enormous wall is in fact a complex filamentary system.
The cellular nature of the Cosmic Web is well represented by the filaments and voids in
the wall. Note that the lower part of the wall delineates the top of the void producing a
dramatic contrast in density. These wall-void or supercluster-void pairs are so pronounced
that often it is possible to identify them in the radial distribution of galaxies (see figure
5.5). Huge massive structures are often surrounded by equally vast empty regions.
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5.6 Galaxy Spin orientation in filaments

In this section we study the alignment of spiral galaxies located in filaments. In order to
unambiguously determine the spin vector of spiral galaxies one needs to know:

• The position angle (PA) in the sky measured in the counter-clockwise direction
from the North.

• The inclination of the galaxy with respect to the observer computed in terms of the
ratio between the two major axis of the projected galaxy. This assumes that the
galaxy is a perfect circle and that it is infinitely thin.

• The sense of rotation of the galaxy, usually determined by assuming that the spiral
pattern of the galaxy follows its rotation.

• The determination of the “receding” and “approaching” sides. This requires at
least two measures of the velocity field of the galaxy. This can be done with HI
observations or imaging spectroscopy.

Figure 5.17: Four-fold degeneracy only with PA and inclination.

The first three measures can be obtained from optical images, although the sense of rota-
tion from the spiral patterns requires an appropriate spatial resolution. The last measure
requires HI or optical spectroscopic observations. While a detailed analysis of the three-
dimensional spin vector of a small sample of galaxies is certainly possible, in the case of
large surveys it becomes unfeasible.

5.6.1 Edge-on and face-on sample

Optical surveys such as the SDSS provide enough information to derive the position an-
gle, inclination and, in some cases, the sense of rotation of the galaxy, but not the ap-
proaching and receding sides. This results in a four-fold degeneracy in the derived spin
vector (see figure 5.17). The study of spin alignments only requires the direction of the
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spin vector and not on its sense of rotation. This reduces the degeneracy to two-fold
which is still insufficient. There are two special cases where the spin vector can be unam-
biguously determined only from the PA and inclination:

• Edge-on galaxies having their spin vector in the plane of the sky.

• Face-on galaxies having their spin vector pointing along the line-of-sight (see figure
5.18).

Figure 5.18: Galaxies observed edge-on (left) and face-on (right).

This applies only to spiral galaxies which are assumed to be (to a first order) flat rotating
disks with their spin vectors pointing perpendicular to the disk. Given their triaxial shape
it is not possible to derive the spin vector of ellipticals. Galaxies can be identified as
edge-on or face-on galaxies in terms of their inclination according to:

Face-on:
rb
ra

> 0.98

Edge-on:
rb
ra

< 0.2

(5.8)

where ra and rb are the main axis of the ellipsoid representing the projected spiral. Using
this criteria we can identify face-on and edge-on galaxies with an uncertainty of ±12◦.
Face-on galaxies are more sensible to the ratio rb/ra. A variation of 0.02 has the same
effect than a much larger 0.2 in the case of edge-on galaxies. The disk pattern of spiral
galaxies departs from a perfect circle in most cases producing large deviations in the
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measured inclination. We restrict our analysis to edge-on galaxies since the determination
of their “real” inclination is more robust to systematic deviations.

Given the large number of galaxies in the filament sample it is unfeasible to perform
a visual classification of spirals. A common approach is to use the concentration index
of the galaxy (Doi et al., 1993; Abraham et al., 1994; Shimasaku et al., 2001; Goto et al.,
2003, 2004) defined as cin = r50/r90, where r50 and r90 are the radius enclosing 50% and
90% of the total petrosian flux of the galaxy. The concentration index is well correlated
with the Hubble type of the galaxy. A value of cin ∼ 0.33 provides a fairly good division
between late and early type galaxies with a percentage of contamination of 15% − 20%
compared to visual classification (Shimasaku et al., 2001).

Figure 5.19 shows the color-magnitude diagram of galaxies in clusters and filaments.
The concentration index provides a good division in the diagram. Galaxies of different
Hubble type occupy distinctly different regions in the Magnitude-color diagram. This
indicates that color can be used as an additional criteria to identify spiral over ellipticals
(Shimasaku et al., 2001; Strateva et al., 2001).

Unfortunately we can not apply the concentration index criteria to our edge-on sample
since the distribution of light is strongly affected by the inclination of the disk. We instead
applied a simple color cut-off including only edge-on galaxies with blue colors:

Petrog − Petror < 0.8 (5.9)

characteristic of late types. The highly elongated projected shape of the edge-on galax-
ies provides an additional constraint since early-type galaxies with such ellipticities are
extremely rare if not inexistent.

5.6.2 The random distribution

One sideback of the finger of God compression algorithm is that it systematically removes
filaments oriented along the line of sight. This is a result of filaments begin confused with
fingers of God and therefore compressed. The net effect is a lack of filaments along the
line of sight. This systematic effect must be taken into account before any attempt to
detect alignments.

The spin orientation of edge-on galaxies is restricted to the plane of the sky. The true
three-dimensional nature of the distribution of angles comes from the direction of the
filaments in which the galaxies are located ef . In the case of a genuine three-dimensional
distribution of ef the distribution of angles θ will be uniform in cos θ. The problem can
be better understood by considering two extreme cases:

2D : Edge-on galaxies inside filaments oriented with the plane of the sky. The random
distribution of the spin-filament angles is uniform in θ.

3D : Edge-on galaxies inside filaments oriented in any possible direction. The random
distribution of the spin-filament angles is uniform in cos θ.
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Figure 5.19: Color-magnitude diagram of galaxies in clusters (left) and filaments (right). We
divide the galaxies in early type and late type (top and bottom panels respectively) according to
their concentration index.

Ideally the distribution of angles between edge-on galaxies and their host filament is a
truly three-dimensional distribution. Due to the fact that there is a systematic lack of
filaments along the line-of-sight then the final random distribution is a intermediate case
between the 2D and 3D cases. It is necessary to derive the true random distribution in
order to apply our null hypothesis of a random orientation. We produced a random sample
by computing the complement of the angles between the line-of-sight and the direction
of the filament ef for each galaxy in the filament sample. This way we take into account
the systematics included from the particular geometry of the problem.

The true random distribution is shown in figure 5.20. Its departure from the three-
dimensional case is clear and if unnoticed will produce a false alignment signal even for
truly randomly aligned spin vectors.
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Figure 5.20: Random distribution computed from the sample of all galaxies in filaments.

5.6.3 Spin alignments

In order to assess whether or not the distribution of angles between the spin vector and the
filaments are consistent with a random distribution we applied a two-sided Kolmogorov-
Smirnov test. We compared the distribution of angles between the spin vector of the
galaxies and the direction of their host filament with the distribution of true random angles
described in the previous section. Additionally we computed the probability that the
mean cosine presents a value higher/lower that the measured. We weighted each value of
cos θ by a weight given by the true random distribution. The mean weighted cosines are
uniformly distributed in cos θ and have 〈cos θ〉 = 0.5 in the case of random orientations.
The probability that the angle θ of galaxies with 18 < Mr < 20 and g − r < 0.8 come
from the same distribution as the random sample is 6.0143 %. The sample contains 268
galaxies in total. The complete sample is consistent with a random distribution. From
N-body simulations we expect the alignment between the spin vector and the direction of
filaments to be very weak and correlated with the mass of the halo, more massive haloes
are more strongly oriented (see chapter 4). Also the alignment of galaxies may depend
on their Hubble type, late-type blue galaxies seem to be more oriented that early-type red
galaxies (Trujillo et al., 2006). With this in mind we divided our galaxy sample in bins
of absolute magnitude, assuming that more luminous galaxies are associated to massive
dark matter haloes. We only considered the half bluest galaxies defined as:

mp(g) −mp(r) < 0.65. (5.10)

where mp(g) and mp(r) are the petrosian magnitudes measured in the r and g filters. For
each bin we additionally generated new random distributions by randomizing the position
angle of all the galaxies inside the bin. This random sample (random sample B) is also
used in the two-sided K-S tests in addition to the random sample computed from all the
galaxies in filaments.
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Figure 5.21: Top: mean cosine (weighted) of blue galaxies (mp(g)−mp(r) < 0.65) in filaments.
The galaxy sample was divided in bins of 0.5 magnitudes in thickness and shifted in intervals of
0.2 magnitudes. Bottom: the two-sided Kolmogorov-Smirnoff probability for each bin in the top
panel (shaded area) and the probability that the weighted mean cosine is higher/lower than the
measured.

Figure 5.21 shows the mean cosine (weighted by the true random distribution) of
the angles between the spin vector of blue edge-on galaxies and their host filaments (top
panel) in bins of luminosityMr. The probability that the distribution of spins and the true
random distribution come from the same distribution is indicated in the bottom panel. The
thickness of each bin is 0.5 absolute magnitudes and we shifted the bins by 0.2 absolute
magnitudes. Contiguous bins are not independent. The values of each bin as well as their
probabilities computed from the two-sided K-S test and the cosine test are indicated in
table 5.4.

From figure 5.21 and table 5.4 we can identify two bins that have a significant align-
ment, namely the bins centered at Mr = 19.2 and Mr = 19.4. The K-S test gives a
probability of 0.5% and 2.9% respectively that the sample is consistent with a random
distribution. The cosine test gives larger probabilities but the trend is consistent with the
K-S test (lower panel of figure 5.21). It is interesting to note that the bins with the lowest
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Figure 5.22: Distribution of angles using the random distribution A (left panel) and B (right
panel) as reference. Shaded area indicates the Poisson noise.

probability of being random in both the K-S and 〈cos θ〉 tests correspond to the bins with
parallel alignment. If one considers only those bins then a trend arises: more luminous
galaxies are more strongly oriented. The two highest bins seem to contradict the trend
but they have significantly less galaxies.

Figure 5.23 shows the sample of galaxies in the luminosity range 19 < Mr < 19.5
and color g − r < 0.65 corresponding to the bins in table 5.4 with the most significant
alignment. On top of each galaxy we also plot the surrounding galaxies inside a sphere
of 15 Mpc in order to get an impression of the local large scale structure. The preferential
parallel orientation between the spin vector and the local direction of the filament can
be appreciated even by eye. The vector eF is surprisingly perpendicular to the mayor
axis of the galaxies in most cases. We show the individual galaxies in figure 5.24. The
images were taken from the sky server image retrieve tool. Galaxies 0 and 4 are a typical
examples of warped spirals. The warp in galaxy 4 is likely to have originated by the
interaction with the close companion in the North direction. Galaxy 29 also indicates
a close interaction with another spiral galaxy almost edge-on. From the sample of 39
galaxies there are 2 clearly warped and 2 interacting.

Mr -18 -18.2 -18.4 -18.6 -18.8 -19 -19.2 -19.4 -19.6 -19.8
Ngal 52 59 54 44 45 51 42 26 17 17
K-SA 0.13 0.38 0.19 0.07 0.27 0.34 0.005 0.017 0.64 0.71
K-SB 0.094 0.18 0.09 0.042 0.26 0.82 0.029 0.048 0.76 0.90
〈cos θ〉 0.51 0.50 0.52 0.54 0.49 0.482 0.565 0.642 0.45 0.460
p(〈cos θ〉) 0.32 0.41 0.26 0.13 0.49 0.33 0.07 0.006 0.24 0.28

Table 5.4: Probability of the null hypothesis (random orientation) using the Kolmogorov-Smirnof
test (K-SA and K-SB) and the mean cosine test p(〈cos θ〉). Galaxies were divided in bins of
absolute luminosity in the red band (Mr). The two columns in bold font indicate the bins where
the alignment signal is stronger.
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Figure 5.24: Optical composite images of galaxies 0-19 in Figure 5.23.
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Figure 5.25: Optical composite images of galaxies 20-38 in Figure 5.23.
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5.7 Summary and conclusions

• We studied the orientation of spiral galaxies located inside filaments in the SDSS.
This study is unique in its ability to objectively identify filaments by means of the
Multiscale Morphology Filter.

• We describe the various steps required to compute the density field from the galaxy
distribution. These steps include

– Correction of the radial selection function.

– Finger of God compression.

– Filling of gaps in the survey.

• We introduce an innovative technique for reconstructing the non-linear density field
in the gaps of the SDSS. The Delaunay Tessellation Field Interpolator (DTFI) inter-
polates the density field inside the gaps following the local geometry of the galaxy
distribution.

• We found that spiral blue galaxies tend to be aligned with their host filament. The
effect is small but significant (0.5% in the K-S test).

• The alignment seems to be present in a delimited range of luminosity. However,
we can appreciate a trend for more luminous galaxies to be more strongly oriented
than less luminous ones.

5A The survey Coordinate system

The SDSS is mapped in a spherical coordinate system with poles at α = 95◦, δ = 0◦

and α = 275◦, δ = 0◦ (J2000) (see figure 5.26). The survey equator is a great circle
perpendicular to the J2000 celestial equator. The transformations between the equatorial
system and the survey system are given by:

cos (α− 95) cos δ = − sinλ
sin (α− 95) cos δ = cosλ cos (η + 32.5)
sin δ = cosλ sin (η + 32.5)

(5.11)

as explained in Stoughton et al. 2002.

5B SQL query

SELECT p.ObjID,p.ra,p.dec,s.z,s.zErr,s.zConf,s.cx,s.cy,s.cz,

p.dered_u,p.dered_g,p.dered_r, p.dered_i, p.dered_z,

p.isoPhi_u,p.isoPhi_g,p.isoPhi_r,p.isoPhi_i,p.isoPhi_z,
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Figure 5.26: Galaxies in the survey coordinate system before rotation.

p.isoA_u, p.isoB_u, p.isoA_g, p.isoB_g, p.isoA_r,p.isoB_r,

p.isoA_i, p.isoB_i, p.isoA_z, p.isoB_z,

p.devPhi_u, p.devAB_u, p.devRad_u, p.devPhi_g, p.devAB_g,

p.devRad_g, p.devPhi_r, p.devAB_r, p.devRad_r,

p.expPhi_u, p.expAB_u, p.expRad_u, p.expPhi_g, p.expAB_g,

p.expRad_g, p.expPhi_r, p.expAB_r, p.expRad_r,

p.lnLExp_g, p.lnLExp_r, p.lnLDev_g, p.lnLDev_r,

p.petroR50_u, p.petroR90_u, p.petroR50_g, p.petroR90_g,

p.petroR50_r, p.petroR90_r, p.petroR50_i, p.petroR90_i,

s.eClass, s.eCoeff_0, s.eCoeff_1, s.eCoeff_2, s.eCoeff_3,

s.eCoeff_4

INTO myDB.galaxies_fin01

FROM SpecObj s, PhotoObj p

WHERE s.bestObjID = p.ObjID

AND p.dered_r < 22

AND s.objType = 0

5C Finger of God compression

Fingers of God are compressed as follows:

• Identify highly elongated groups along the line of sight.

• Compress the Fingers of God until their dispersion in the transverse direction
equals the dispersion along the line of sight.

The first step is performed using the well known Friends of Friends (FoF) algorithm in
which galaxies are recursively linked to other galaxies within a given linking volume
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defined by the linking length parameter b:

b ≡
(

4
3
πn̄galr

3
link

)1/3

. (5.12)

The mean number density of galaxies in the sample is given by n̄gal and rlink is the
linking length. The parameter b defines the local density threshold:

nthr =
(

4
3
π(rmeanb)3

)−1

= b−3n̄gal, (5.13)

where nthr is the density threshold defining groups of particles and rmean = n̄
−1/3
gal is the

mean interparticle separation.
In redshift space the groups present a characteristic elongated shape along the line of

sight. We used the approach of Huchra & Geller (1982) in which the distance between a
pair galaxies i, j is decomposed in line of sight and transverse distances:

D‖,i,j = (c/H0)(zi + zj) sin (θi,j/2)

(5.14)

D⊥,i,j = (c/H0) | zi + zj | .

where zi, zj are the redshifts to each galaxy and θi,j is their angular distance. Two galax-
ies are then linked if the two following conditions are satisfied:

D‖,i,j ≤ b‖n̄gal(z̄)−1/3

(5.15)

D⊥,i,j ≤ b⊥n̄gal(z̄)−1/3.

Here n̄gal(z̄) is the mean number density of galaxies as a function of the pair redshift
and b‖ and b⊥ are the line of sight and projected linking lengths in units of the mean

inter-galaxy separation rmean = n̄
−1/3
gal . A typical relation between the line of sight and

transverse size of the linking volume is b‖ = 8b⊥ (Tegmark et al., 2004; Berlind et al.,
2006).

Finally we compress the Fingers of God by making their transverse and line-of-sight
dispersions equal. The center of mass of the group before and after the finger of God
compression remains the same.
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5D The Delaunay Tessellation Field Interpolator (DTFI)

In order to correct gaps in the angular mask of the SDSS DR5 due to unsampled areas
we implemented a novel approach based on the local geometry of the galaxy distribution
traced by their Delaunay tessellation.

The Delaunay tetrahedra cover all the space with self adaptive scale: highly clustered
galaxies will define small volume tetrahedra, while disperse galaxies will define large
tetrahedra. In the case of points whose mean interparticle separation is comparable in
scale to the anisotropies in the point distribution (as the in case of galaxies in surveys) the
Delaunay tetrahedra also give an indication of the local anisotropy: isotropic distributions
contain mainly equilateral tetrahedra while anisotropic regions (like the edges of voids)
are covered by elongated tetrahedra extending over large distances connecting galaxies
that may be away from each other. The volume-filling property of the Delaunay tes-
sellation means that even unsampled areas are also covered by the tetrahedron, carrying
information on the local geometry of the galaxy distribution (see figure 5.27).

We can exploit this property of the Delaunay tessellation to perform a lineal interpo-
lation of the density field taking full advantage of the local geometry at the edges of the
holes. The general procedure is the following:

1).- We compute the density field from the galaxies in the survey inside a grid using the
DTFE field estimator described in appendix 2B, chapter 2.

2.- The density field is normalized in the range (0-1) defining the probability of finding
a particle/galaxy inside a given location inside the hole.

3.- A complication arises at this point since the density field in the interior of the hole
is not scaled one-to-one with the adjacent density field in the edges of the hole. For
instance, if the hole crosses a highly dense region the Delaunay tessellation will
reflect the local geometry of the particle distribution at the edges of the hole and
the estimated density will be lower than the original density field (with no hole).
However, if the hole crosses a void with no galaxies in its interior then the hole has
no effect in the estimated density field.

Assuming that only features above the mean density corresponds to a real structures
we discard all regions with density lower than the mean density inside the hole.

4.- Random points are generated inside the hole with the mean density of particles as
the regions with no hole.

5.- Finally the holes are filled by placing the random points following the probability
function given by the interpolated density field inside the hole.

6.- From the new particle distribution with no holes we compute the corrected density
field using the DTFE.
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Figure 5.27: Linear interpolation of a the density field inside a “hole” using the Delaunay tri-
angulation. From the original particle distribution (top) we extract particles in a hole (dashed
lines) running across the vertical axis (middle). The selected region (horizontal bars at bottom)
with particles (top) and empty (bottom) normalized in intensity show how the triangles follow the
adjacent point distribution and fill the hole.

Figure 5.27 shows the particle distribution (top panels), tessellation (middle panels)
and density field (bottom panels) of a distribution of galaxies before (left panels) and after
a hole has been cut along the x-axis (central panels). On the right panels we show the
DTFI “corrected” galaxy distribution. The original and reconstructed galaxy distributions
have great similarity. The reconstructed density field follows the local geometry of the
density field accurately.

Figure 5.28 shows the density field averaged along the y-axis of the hole in figure
5.27. We show the original density field (gray solid line), the density inside the hole (dot-
ted line) and the DTFI reconstructed density field (black solid line). The DTFI manages
to reconstruct the density field in both low and high density regions. However, some
“peaks” in the original density field are lost. They correspond to regions where there is
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limited geometric information, i.e. there are no galaxies close to the edges of the hole. In
such cases it is not possible to infer anything else

Figure 5.28: Linear interpolation of a the density field inside a “hole” using the Delaunay tri-
angulation. From the original particle distribution (top) we extract particles in a hole (dashed
lines) running across the vertical axis (middle). The selected region (horizontal bars at bottom)
with particles (top) and empty (bottom) normalized in intensity show how the triangles follow the
adjacent point distribution and fill the hole.

5E Mock Catalogues

In order to quantify the effect of the radial selection function on the morphological seg-
mentation of the galaxy distribution we produced a set of mock catalogues resembling
the observed galaxy distribution (see figure 5.29).

The catalogues were extracted from a large volume N-body simulation containing
2563 dark matter particles inside a cubic box of 500 h−1 Mpc. The simulation was per-
formed using the public version of the parallel Tree-PM code Gadget2 (Springel, 2005),
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Figure 5.29: Slice of 10 h−1 Mpc thickness across the entire simulation box. The size of the box
allows the large scale modes needed to simulate large structures such as filaments and superclus-
ters.

running on 8 double processor nodes on the linux cluster at the University of Gronin-
gen. We adopted the standard cosmological model Ωm = 0.3, ΩΛ = 0.7, h = 0.73 and
σ8 = 0.9, giving a mass per particle of 1.7 × 1011h−1M�.

5.7.1 Galaxy bias

The discrepancy in the amplitude of the fluctuations of the observed galaxy distribution
with respect to the expected matter fluctuations indicates the existence of a bias (Kaiser,
1984). We account for this bias by following the approach of Cole et al. (1998). We used
the sharp cut-off model (number 4 in their paper). In this approach the density field is
smoothed with a Gaussian window of width RG:
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Figure 5.30: Spatial distribution on a 10 h−1 Mpc slice of randomly sampled unbiased (left) and
biased (right) particles using model 4 in Cole et al. (1998). The threshold was chosen to give a
bias parameter of b = 1.3. The density of galaxies is the same in both slices.

GR = exp
(
−r2
2R2

G

)
, (5.16)

and we assign probabilities to galaxies according to:

Pν =

{
1 if ρ(r) ≥ ρT

0 if ρ(r) < ρT
(5.17)

where ρT is a density threshold below which galaxies are prohibited. This probability
function produces a bias larger than unity. The density field was smoothed with a Gaus-
sian filter of 0.7 h−1 Mpc dispersion. The threshold was chosen to produce a bias of
b = 1.3.

5.7.2 Radial selection function

In order to account for the dilution in the density of galaxies as function of their distance
from us we decimated the main mock catalogue at 10, 30 and 60% of the total number
of particles, corresponding to z = 0, 0.025, 0.06 and 0.1 in the galaxy survey. This set
of values covers the complete range of redshifts in our catalogue (see figure 5.31). The
radial selection plays a crucial role in the morphological segmentation by limiting the
spacial information, other quantities such as mean density or even correlation functions
are not so strongly affected.

Figure 5.32 shows the detection rate of galaxies in filaments as a function of the
subsampling of galaxies. The different subsamplings cover the range in redshift of the
galaxy sample used in this work. The identification of filaments is affected. However,
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Figure 5.31: Slice of 25 h−1 Mpc across the Z axis of the simulation box. On the left panel
we show the original biased galaxy distribution and on the right panel the same distribution after
applying the radial selection function described in section 5.2.4.

the effect of decimation is surprisingly weak. At the maximum redshift of the survey
(corresponding to roughly a galaxy fraction of 0.1 in figure 5.32) we can successfully
identify ∼ 65% of all the galaxies in filaments with a contamination of ∼ 50%.

Figure 5.32: Detection rate of mock galaxies in filaments as function of the selection function.
Solid line indicates the fraction of galaxies identified in filaments that were originally identified
in filaments (no decimation). Dashed line indicates galaxies that belong to other morphologies
but were identified as residing in filaments. The dotted line indicates a perfect match between
recovered and original identifications.




