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ABSTRACT

By modelling the axis ratio distribution of SDSS DRS galaxies we find the intrinsic 3D
shapes of spirals and ellipticals. We use morphological information from the Galaxy
Zoo project and assume a non-parametric distribution intrinsic of shapes, while taking
into account dust extinction.

We measure the dust extinction of the full sample of spiral galaxies and find
a smaller value than previous estimations, with an edge-on extinction of Fy =
0.28470-03% in the SDSS r band. We also find that the distribution of minor to major
axis ratio has a mean value of 0.267 £ 0.009, slightly larger than previous estimates
mainly due to the lower extinction used; the same affects the circularity of galactic
discs, which are found to be less round in shape than in previous studies, with a mean
ellipticity of 0.215 £ 0.013.

For elliptical galaxies, we find that the minor to major axis ratio, with a mean
value of 0.584 + 0.006, is larger than previous estimations due to the removal of spi-
ral interlopers present in samples with morphological information from photometric
profiles. These interlopers are removed when selecting ellipticals using Galaxy Zoo
data.

We find that the intrinsic shapes of galaxies and their dust extinction vary with
absolute magnitude, colour and physical size. We find that bright elliptical galaxies
are more spherical than faint ones, a trend that is also present with galaxy size, and
that there is no dependence of elliptical galaxy shape with colour. For spiral galaxies
we find that the reddest ones have higher dust extinction as expected, due to the
fact that this reddening is mainly due to dust. We also find that the thickness of discs
increases with luminosity and size, and that brighter, smaller and redder galaxies have
less round discs.

Key words: galaxies: structure, galaxies: general, galaxies: fundamental parameters,

surveys

1 INTRODUCTION

The study of the real shape of galaxies started as early as
galaxies were first classified into morphological types with
Hubble (@ ), who measured the b/a ratios for
galaxies classified as ellipticals. Many quantitative studies
were performed before the invention of the CCD cameras.

For instance [Sandage, Freeman & SLngd (IM), using the

projected axial ratios from 254 spiral galaxies from the Cata-
logue of Bright Galaxies (de Vaucouleurs & de Vaucouleurs
), determined that the disc of spirals were circular,
with a disc thickness defined as v = C/A, with A,B and
C' the major, medium and minor axis, respectively, given
by v = 0.25. A step further was given by ),

Benacchio & Galletta (1980) and Binney & de Vaucouleurd
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M), who did not assume that the disc of spiral galax-
ies was circular, and measured their ellipticity, defined as
e = 1— B/A. They found that the mean value of € was given
by e =0.1.

Lambas, Maddox & Lovedayl (1992) found that the dis-
tribution of € is well fit by a one-sided Gaussian distribution
centred on € = 0. They used a sample of ~ 13 000 galaxies

from the APM galaxy survey dMaddmgmlJllM) to find a

dispersion of o, = 0.13 and a mean of € given by (¢) = 0.1.
Rix & Zaritsky (1995) studied a sample of face-on spirals
(selected kinematically) in detail, and they found an ellip-
ticity of € = 0.045.

Other studies take into count the fact that from
spatially resolved observations of the inner kinemat-
ics it is possible obtain the 3D shape of a galaxy
(Binng‘yl Mﬂ; Franx, Illingworth & de Zgg]m{ m;
Statled [19944[0; [Statler & Fry [1994; [Bak & Statlei
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12000; [Statler, Lambright & Ball [2001). For msta,nce7

[Andﬁnsgnﬂ_al] (2001) and IAndﬁrﬁﬂn&_BﬁLshmiﬂ

used this method in 24 face-on spirals to obtain a mean

ellipticity of (¢) = 0.076, similar to the value obtained by
i i (1995). However, the fact that in both cases

the sample is composed entirely of face-on objects may

introduce systematic biases.

The advent of the Sloan Digital Sky Survey (SDSS,
) allowed studies with larger number of
galaxies with high-quality photometry. [@ (@), us-
ing a sample of spirals from SDSS Data Release 1 (DRI,
Abazajian et al] M) chosen to minimize systematics due
to seeing, found that the distribution of galactic disc el-
lipticities can be well fitted by a log-normal distribution
with a mean of (loge) = —1.85 and a standard deviation of
Ologe = 0.89. h[mg;en&_]ﬂ;aiﬁﬂ ([20_03) go even further. Us-
ing data from SDSS Data Release 3 (DR3, m
), they fit the distribution of axis ratios of both ellipti-
cals and spirals to triaxial models. Assuming a uniform tri-
axiality (i.e. all galaxies are either prolate, triaxial or oblate),
they found that spirals and ellipticals are consistent with
oblate spheroids and that high-luminosity ellipticals tend to
be rounder than low-luminosity ellipticals.

Elliptical galaxies were once believed to be axisym-

metric oblate spheroids, until [Bertola & Capaccioll 1925)

discovered that their rotation velocities were insufficient to

support such a geometry (@ ) suggested that el-
lipticals could be well descrlbed by a triaxial ellipsoid but

davies et all (1983) found that small ellipticals are better
fitted by oblate spheroids. This variety of shapes made it
difficult to obtain their intrinsic shapes using only their ap-
parent images, an approach which was often used for large
samples of ellipticals. In such cases it is necessary to as-

sume triaxiality as in [Vincent & Ryderl ([21)_03)7 or, follow-
ing [Binney & Merrifield ([l_9_9ﬁ)7 to use the misalignment be-
tween the internal isophotes of individual elliptical galaxies.
IMéndez-Abreau et all (2008) extended the study of the in-
trinsic shapes of spheroids to bulges in spiral galaxies. They
found that the bulge shape is consistent with a mean axial
ratio in the equatorial plane of (B/A) = 0.85.

The distribution of the shapes of spiral galaxies will be
additionally affected by dust extinction )
Optically thick dust obscuration aligned in the rotational
plane of spirals will cause edge-on objects to appear sys-
tematically fainter. This effect will introduce a bias in flux-
limited samples. It is important to quantify this effect to un-
derstand the true luminosities of galaxies, the distribution
of the interstellar medium (ISM) and the relationship be-
tween optical and infrared emission of galaxies (for reviews,

ee [Davies & Burstein [1993; [Calzetti 2001).

Studies of the brightness of galaxies as a function of
axial ratio should allow the effects of dust to be quan-
tified. m m% studying the shapes and bright-
ness of 16 000 galaxies from digitalized photographic plates,
found indication of an optically thick component in disc
galaxies, extending beyond the apparent optical extent of

the galaxy. However, Burnstein, Haynes & Faber (1991) and
Choloniewski (1991) showed that Valentijn’s results were
due in part to selection effects, and found that the diam-
eters of galaxies were independent of the inclination (for

further discussion, see |Davies et al] M; yalgnﬁjﬂ [L(M)

Expanding on the effects of selection biases with the inclina-

tion [Peletier & Wilner (11_992) emphasized that dust opacity

may depend on galaxy luminosity. Following this

) found a difference between face-on and edge-on lu-
minous galaxies of 1.3 mag in the R band, but found
no important difference in faint galaxies.

JE) measure the number of galaxies seen trough galac-
tic discs using images from the Hubble Space Telescope
WFPC2 archival data to measure the opacities of spiral
discs. This method has been previously applied to ground-
based data in other works (for example @
\Nelson, Zaritski & Cutri 1998; Keel & White [2001). Using
a different method, [Valotto & ngvangli ([JM use the in-
ner part of the rotation curves for spiral galaxies to derive
dust extinction.

Following other methods, a number of groups have stud-
ies the variation of the galaxy properties with the incli-
nation angle with respect to the line of sight, or directly
with projected galaxy shapes, to obtain the dust extinction
in spirals galaxies. ), using spiral galaxies
from the SDSS DR2 (Abazajian et all [2004), measure the
dust extinction by studying the luminosity function (LF)
of galaxies with different inclination angles, and using the
intrinsic galaxy shape obtained from the analysis of the dis-
tribution of projected axis ratios. They claim that the de-
crease in LF with the increasing the inclination is an ef-
fect of the dust extinction, where the disc optical depth is
roughly proportional to the cosine of the inclination angle.
But, in their calculation, they do not take into account the
effect of the dust in the distribution of the projected axis
ratios. Using a sub-sample of ~ 78 000 galaxies from SDSS
DR6 (Adelman-McCarthy et QIJM), Unterborn & Bxdgﬂ
@) find similar results for the dependence of extinction
on the projected shape. They use these results to define an
unbiased sample of spiral galaxies, and obtain the intrin-
sic shapes of this sample. They found that these galaxies
are consistent with flattened disc as was found by previous
works, but the definition of the sample makes it difficult to
compare these results with previous estimates.

(@), using the NYU-VAGC (Blanton et al 1) [M cata—

logue, which combines data from SDSS and the Two Mi-
cron All Sky Survey ([Skmmw&lj [21)_06)7 study the vari-
ation of galaxy properties with inclination. They found a
median extinction over the whole sample of 0.3 mag in the
¢ band. [Driver et all ([2@_7]) study the dependence of the
LF with inclination, by decomposing their sample of Galax-
ies in the Millennium Galaxy Catalogue (M ;

IE) into bulge and disc components, and are
able to obtain the residual face-on attenuation.

In elliptical galaxies, dust has also been found. For
example, [Ebneter, Davis & Djorgovski (llm used colour
maps to find evidence of dust in more than 30 % of their
sample of ellipticals, and 2.5 % of the galaxies showed evi-
dence of a dusty disc. But the amount of dust in ellipticals
is smaller than the amount of dust in spirals. [Knapp et all
(@) found that the amount of dust in an elliptical galaxy
is between 1 - 10 % of the dust in a spiral of similar
luminosity (see also [mj [m; Krause et al] [lm;
Leeuw et al“M). Temi et all ([M), using far-infrared ob-
servations, placed constraints in the mass of dust in ellipti-
cals in the range My st = 10° — 107M@ h~? (h is the Hubble
constant in units of 100 km s~ ! Mpcfl). This mass repre-
sents ~ 107° of the stellar mass. In spirals, the fraction




of dust mass over stellar mass is of the order of 5 x 107%
(Stevens, Amure & Gear [2005).

Padilla & Strauss (2008) (hereafter PS08) took in count
the effect of dust obscuration in the study of the intrinsic
shape of galaxies. They used a model with a normal dis-
tribution for v and a log-normal distribution for €, and use
non-uniform distributions of inclinations for their samples
to take into account the effect of dust, parametrized with
the edge-on extinction Fo, which removes edge-on galax-
ies from their samples. For elliptical galaxies, they set the
dust extinction to 0. They fit the dust and shape param-
eters using the observed b/a distribution of SDSS DR6

(Adelman-McCarthy et al] M) galaxies. To separate the

sample into spirals and ellipticals, PSO8 use the fracDeV
parameter, defined in [Abazajian et all (IM) This param-
eter indicates whether the luminosity profile is closer to
exponential (lower fracDeV) or de Vaucouleurs (higher
fracDeV). Using this model PS08 obtain a mean for  given
by (v) = 0.21 & 0.02, with dispersion o, = 0.05 & 0.015, a
mean for € given by (Ine) = —2.33 £ 0.13, with dispersion
ome = 0.78 £ 0.16, and Ey = 0.44 £ 0.24 for spirals. For
ellipticals they obtain (y) = 0.43 £ 0.06, o4 = 0.21 £ 0.02,
(Ine) = —2.2 4+ 0.1 and o1ne = 1.4 £+ 0.1. These results are
consistent with oblate spheroids.

Following PS08, [Shen, Shao & Gu (2010) (SSG10)
made a similar analysis for AGN host galaxies, but Wlth-
out considering dust. They found that the distributions of
o and ¢ for spirals fit well a sum of gaussians distribution,
instead a single Gaussian or log-Gaussian distribution.

Lagos et all dm ) apply the same analysis as PS08
to a sample of AGN host galaxies from the SDSS DR7Y
GAWMJ [ZLKH ). They found that type I and type
IT AGN have a similar intrinsic shape, consistent with the
unified AGN model, with a v = 0.23 + 0.08 for spirals and
v = 0.6 £ 0.24 for ellipticals. Also, they found that type
I AGN tend to be face-on, while type II AGN tend to be
edge-on, albeit with lower statistical significance.

This work builds upon analysis made in PS08, with the
aim to determine the real 3D shape of galaxies with different
intrinsic properties using data available in the Sloan Digi-
tal Sky Survey (SDSS), using an improved non-parametric
distribution of v and e.

With respect to PS08, this work presents three major
changes,

e We separate the sample of spiral and elliptical galax-
ies using data obtained by The Galaxy Zoo project
(Lintott et al![2008) in addition to the use of the fracDeV
parameter.

e We calculate the value of the dust extinction (Ep) using
the luminosity function, in a method unrelated to the fit of
distributions of b/a.

e We use a linear combination of 10 gaussian distribu-
tions, each one with a fixed mean and dispersion, to obtain
the total distribution of 7 following SSG10, and modify the
percentage of galaxies belonging to each gaussian, instead
of using a single gaussian distribution for . Which can be
considered to be to a non-parametric distribution. For ¢ we
use 10 gaussians or a log-normal distribution depending on
the sample.

The model for dust extinction is the same model used in
PS08. Throughout this work we assume a standard ACDM
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cosmology, with matter density parameter €2,, = 0.3 and
cosmological constant Q4 = 0.7.

This work organized as follows: Section [2] describes the
sample and different sub-samples of galaxies used in this
work. In Section [B] we describe the main ideas of the model
used to find the intrinsic shapes and the extinction. Section ]
presents the results of the main sample of galaxies, and these
results are compared with PS08, Section [fl shows the results
for different sub-samples separated by intrinsic properties of
the galaxies. Section [f] summarises and discusses our results.

2 THE DATA

The Sloan Digital Sky Survey (SDSS) is an imaging sur-
vey which covers approximately 14555 deg? of the sky, with
spectra and five-band photometry of a large number of ob-
jects, including more than 860 000 galaxy spectra in the
Data Release 8 (DRS, [Aihara et al] m . The description
of the technical details is in ).

Galaxy Zoo is a project that aims to classify the mor-
phology of a large number of SDSS galaxies. To reach this
goal, they initially used galaxies from SDSS Data Release 6
(DR, [Adelman-McCarthy et. al! [2008), and showed three-
colour images of these galaxies to internet volunteers, who
did the classification by eye. The description of the project
can be found in [Lintott et all (2008), and the first data re-
lease from the Galaxy Zoo project is available in the SDSS
web site along with data for the SDSS DRS8, and is described
in [Lintott et all (2011).

In this work we use data for all the galaxies from SDSS
DRS8 with both spectroscopic and Galaxy Zoo information
available. We K-correct the galaxy magnitudes using V3.2
of the code described in [Blanton & Roweid (2007). The fol-
lowing subsections describe the cuts applied to these objects
to remove biases and separate sub-samples.

2.1 Removing systematic biases in the sample

Masters et all (IM) analyse Galaxy Zoo galaxies and show
that there is a relationship between 9o and the b/a mea-
sured directly from imaging due to the effect of seeing. Using
the SDSS data, we calculate the value of (rgo), for different
b/a ranges. Figure [[l shows the results. As can be seen, we
find a relationship between 799 and b/a, in which the galax-
ies with log(a/b) > 0.8 tend to have a larger r9o. However,
r9o can be a noisy size estimator, and therefore we repeat
the analysis with rs5¢0; this size estimator shows the same
trend. Since both PS08 and this work use model b/a ra-
tios calculated using an exponential or de Vaucouleurs mod-
els convolved with the seeing, we repeat the analysis using
re (apparent radius obtained fitting an exponential model).
The trend found with rgo is still present with r.. Therefore,
from this point on we do not take in count galaxies with
log(a/b) > 0.8, that is b/a < 0.15, to avoid this systematic
effect. The removed galaxies represent less than 0.05 % of
the sample.

Following [Lintott et all (2011), we decided to use the
sample of spirals and ellipticals classified using the greater
criterion, that is, if a galaxy has been classified as spiral by
more than 50% of the volunteers, then the galaxy is con-
sidered a spiral, and the same for ellipticals. But Galaxy
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Figure 2. Distribution of fracDeV parameter for the spiral and
elliptical samples when the greater criterion is used.

Zoo classification is not enough, due to the fact that galax-
ies which are at large distances will appear as a blur. As
a consequence galaxies with an exponential luminosity pro-
file could be classified as ellipticals and galaxies with a de
Vaucouleurs luminosity profile could be classified as spirals.
Figure 2] shows the fracDeV distribution for the sample
when the greater criterion is applied, for spirals and ellipti-
cals; the figure shows that there is a number of galaxies in
the spiral sample with a de Vaucouleurs luminosity profile,
and galaxies in the elliptical sample with a exponential lumi-
nosity profile. To avoid this, we use the fracDeV parameter
(in SDSS r band) as a second filter, so a galaxy which is in
the spiral sample according the greater criterion and has a
fracDeV < 0.8 (the limit used in PS08) will be considered a
spiral galaxy, and a galaxy which is in the elliptical sample
according the greater criterion and has a fracDeV > 0.8
will be considered an elliptical galaxy.

The use of fracDeV as a second morphology estimator
is not enough to clean the sample of the bias due the classi-
fication by eye at large z. Figure [8 shows the percentage of
galaxies with an exponential profile considered as spirals by
the volunteers of Galaxy Zoo in bins of b/a, at different red-
shifts. And the same for ellipticals in the galaxies with a de
Vaucouleurs profile. It is clear that the percentage of spirals
is smaller in galaxies at z > 0.15, in particular the percent-
age of face-on spirals. Ellipticals are not affected by this
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Figure 3. Top: Percentage of galaxies considered as spirals by
Galaxy Zoo in the sample of galaxies with fracDeV < 0.8, in
bins of b/a for different redshift slices. Bottom: same as the top
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effect. We choose to remove from the sample all the galaxies
(spirals and ellipticals for consistency) with z > 0.15.

In addition, the sample has a cut-off in absolute mag-
nitude, with a magnitude limit in the r-band M, < —19.77,
that is, the minimum magnitude for a galaxy to be included
in the SDSS survey at z = 0.1; this cut allows the inclusion
of brighter galaxies at higher z. With these considerations,
the spirals sample contains 92923 galaxies, and the ellipticals
sample contains 112100 galaxies.

Figure [l shows the b/a distribution for these samples
weighted by 1/Vimez , where Vinas is the maximum vol-
ume corresponding to the distance at which a galaxy with a
given absolute magnitude enters the flux-limited catalogue
(my <17.77), and the distribution of b/a without weighting.
In further analysis, the 1/Vimae weight will be used always.

An important part of this work is not only to measure
the intrinsic shapes and the dust of the total the sample
of spirals and ellipticals, it is also important to verify how
the shape and the dust obscuration change with the intrin-
sic properties of the galaxies. For this reason we separate
the spiral and elliptical samples into sub-samples, these sub-
samples will be described next.



Table 1. Notation for the sub-samples of spirals rand number of
galaxies per sub-sample.

Sample Limits Number
sm1l —20.14 < My — 5loggh 26517
sm2 —20.5 < M, — 5log;gh < —20.14 26493
sm3 —20.91 < My —5loggh < —20.5 25255
sm4 M; —5logph < —20.91 14655
scl g—1r <0.58 23513
sc2 0.58 < g—1r <0.68 22915
sc3 0.68 <g—r<0.79 22828
scd 0.79<g—r 23666
srl Rso/kpec h < 3.2 26294
sr2 3.2 < Rso/kpc h < 3.88 25628
sr3 3.88 < Rso/kpc h < 4.74 23757
sr4d 4.74 < Rs0/kpc h 17244

2.1.1 Spirals

Figure B shows the b/a distribution for the spiral sample,
separated by absolute magnitude M,, g — r colour and ra-
dius Rsp. Table [Ilshows the naming convention for the sub-
samples that will be used in the rest of this paper. The
boundaries in the sub-samples were initially chosen to pro-
duce quartiles. However, we apply cuts in redshift afterwards
which changes the number of galaxies per sub-sample, which
are listed in Table [

Notice that the sub-samples were constructed by apply-
ing cuts on only one galaxy property at a time, and therefore
the other two properties could show variations among the
sub-samples (of increasing luminosity, for instance). We will
investigate this further in Section (4] where we will attempt
to make samples with variations in only one galaxy property.

As the main morphological classification was done by
human eyes (those of Galaxy Zoo volunteers), it is natural
to check the sample for biases. For instance, it is possible
that we may only have spiral galaxies over a given magni-
tude range. The top panel in Figure [6] shows the distribu-
tion of z, with the total distribution and the distribution of
different sub-samples of spirals separated by M,. This dis-
tribution is not different to the upper panels in Figure 1 of
PS08 (within the range of z). The bottom panel in Figure
shows the relationship between z and (b/a) for the total
sample of spirals and for different sub-samples separated by
magnitude. We can see that (b/a) does not change with z
apparently ruling out any further biases. Therefore we do
not place further cuts on these samples.

2.1.2  Ellipticals

Figure [ shows the b/a distribution for the elliptical sample
separated by different galaxy properties (M,,g—r and Rsg).
Table[2] presents the naming convention for the sub-samples.
As in the case of spiral galaxies, the sub-samples are quar-
tiles of the total sample with subsequent cuts in redshifts.
The number of galaxies in each sub-sample is listed in Table

The redshift distribution and the relation between red-
shift and (b/a) for ellipticals, including the total sample and
the sub-samples separated by M, are qualitatively similar
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Table 2. Names of sub-samples of ellipticals and number of galax-
ies per sub-sample.

Sample Limits Number
eml —20.57 < M, —5log o h 45246
em?2 —21.12 < My — 5logygh < —20.57 39454
em3 —21.6 < M, — 5log;gh < —21.12 20110
em4 M; —5log;ph < —21.6 7289
ecl g—r<0.93 30354
ec2 093 <g—r<0.97 31836
ec3 093<g—r<1.01 29673
ecd 101 <g—r 20237
erl Rs0/kpc h < 2.36 44420
er2 2.36 < Rso/kpc h < 3.28 37442
er3 3.28 < Rs0/kpc h < 4.51 21448
erd 4.51 < Rso/kpc h 8790

to the result for the spiral sample. The elliptical sample is
also unbiased in this respect.

2.2 Comparison Samples

In order to quantify the impact of Galaxy Zoo morpholo-
gies, we use samples of galaxies separated between spirals
and ellipticals only using the fracDeV parameter obtained
from SDSS DR6. As this sample is not affected by the bias
introduced by the Galaxy Zoo, we do not impose limits on
z. These samples are the same as those in PS08. Figure
shows the distribution of b/a for these samples.

3 MODEL PARAMETERS AND BEST FIT
SEARCH

Following PS08, the model uses the distributions of v and ¢
to determine the distribution of b/a for Monte-Carlo galax-
ies. The relationship between v and ¢ with b/a is given by
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(Binney & de Vaucouleurd [1981))
b |(V+Z2- V-2 +W )
a |\V4+Z4+ V=22 +W

Where V, W and Z are given by

V =[1 — €(2 — €) sin® g]cos’d + v° sin® 0 (2)
W = 4€*(2 — €)? cos® sin” p cos® (3)
Z=1—¢€2—-¢)cos’p (4)

Here, ¢ and 6 are the angles that characterize the ori-
entation of the galaxy relative to the line of sight. ¢ will

be treated as a random value between 0 and 27, and cos @
will be treated as a value between 0 and 1 with a non-flat
distribution that depends on FEy as we will specify later in
this Section.

The adopted distribution of « and € used in this work
can be separated in two categories. Each sub-sample is fitted
with both categories and we keep the results from the best
fit. The first category (r type) works well with distributions
of galaxies with low projected b/a values. It comprises the
sum of 10 gaussians with a fixed dispersion of 0.08, and
mean values going from 0.04 to 0.4 with a step of 0.04 for
v. For € we use the same distribution used in PS08, a single
log-normal with variable mean and dispersion.
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The second category (n type) works well for samples
of galaxies with larger b/a. The  distribution is the sum
of 10 gaussians, with fixed dispersion of 0.08, and means
going from 0.1 to 0.82. The e distribution is that of SSG10,
and consists of the sum of the positive side of 10 gaussians
centred in 0, with dispersions ranging from 0.02 to 0.2 with
a step of 0.02.

3.1 The dust extinction model

Following PS08, the model for dust obscuration in this work
assumes that the extinction is proportional to the path
length of the light through the galaxy. Then, the extinc-
tion by dust increases with the inclination of a galaxy.
(2007), [Unterborn & Ryden (2008) and Maller et al/ (2009)
find that the optical depth increases monotonically with in-
clination angle.

The model used by PS08 considers an oblate galaxy,
with axis ratios * = B/A and y = C/B. The total dust
extinction as a function of inclination 6 is given by

Eo(l+y—cosf) if cosf >y

E(0) = {EO

where Ey is the dust extinction in magnitudes in a galaxy
edge-on, and y can be extracted from the distribution of ~.
For the reddening, we can assume an analogue model.

(®)

if cosf <y,

R(0) =

{Ro(1+y—c059) if cos@ >y, ()

Ro if cosf <y,

where Ry is the edge-on reddening in magnitudes. In the
optically thin case, Ry is related to Eo via Ro = Eo/2.77 for
the r band and the g—r colour. PS08 found that their results
do not strongly depend on the proportionality between Ej
and Rp, and can be applied to both the optically thin and
thick cases.

The extincted luminosity function is given by

¢u(M,0) = ¢(M + E(0)), (7

where ¢(M) is the unextincted luminosity function, this can
be calculated using only face-on galaxies from the sample.
PS08 defines the ratio between number density of
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Figure 9. Luminosity function of the face-on and edge-on spirals.

the observed galaxies (considering extinction) and the un-
extincted galaxies of a given luminosity as fe(M) =
¢op(M)/p(M). For reddening PS08 they define fr(g — r),
as the ratio between the reddened and the intrinsic colour
distributions.

The ratio between the number of galaxies observed at
a given inclination and the intrinsic number of galaxies at
a given inclination is calculated multiplying the effects of
reddening and extinction together.

ST (M) FR(C) s (M) (CYW (C, M)ACAM
- T ™ 62(M)$(CYW(C, M)dCdM

¥(0)
(8)

Here, C' = g — r, and W is the correlation between C' and
M,.. PS08 assume that W is Gaussian, and their mean and
dispersion can be extracted directly from the data. The sub-
index s indicates that the luminosity and colour function
correspond to a particular sub-sample of galaxies. 1(0) de-
pends not only on the extinction and reddening, but also on
the colour and magnitude range of every sub-sample.

Using the 1(0) distribution, we calculate an inclination
0 for the galaxies in the simulated catalogue, which is used
in equations [2] and Bl and then these results are used in
equation [Tl to calculate the projected b/a of each simulated
galaxy.

In general, the dust decreases the number of galaxies
edge-on relative to face-on, that is, it tends to decrease the
number of galaxies with small b/a.

3.2 Extinction and luminosity functions

To obtain the value of Ey, we use the difference between the
luminosity function of the face-on and edge-on galaxies; as
an example Figure [@ shows the luminosity function of the
face-on and edge-on galaxies in the total sample of spirals.
There is a clear difference between the two LFs which we will
use to estimate Fy following the steps we describe below.

e For a given sub-sample of galaxies, we select the 10% of
the galaxies with the highest b/a values (face-on), and the
10% of galaxies with the lowest b/a (edge-on). We calculate
the LF for each of these selections of galaxies in different
luminosity bins.

e For each luminosity bin in the face-on LF, we calculate
the difference in magnitudes, to the edge-on LF at the same
space density. The average of this value is called AE.
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e We calculate the value of (b/a) for the face-on and edge-
on galaxies. With this value we get an equivalent cos 6 value
from Table 8 of PS08. We also use the values of () and ()
from PSO8 to obtain y.

e Using equation [Bl we calculate the value of Ey corre-
sponding to this AFE and the values of cos§ and y.

e We use this Fy to find a new distribution of intrinsic
shapes v and € for the sub-sample.

e Then we repeat the calculation of Ey from AFE, but this
time using the values of v, € and the relationship between
cos 0 obtained from the new fit.

e Finally we use this value of Ey to obtain the final dis-
tributions of v and e.

We calculate the differences between the first value of
Fo, using data from the PSO08 fit, and the Ey found using
data from our initial fit. We obtain differences that range
from 17% to 101% between the two values. We then repeat
the measurement and find new values for the extinction (E1)
from the fit obtained using the Ey value from the first iter-
ation. The differences between E; and Ey range from 0.9%
to 16%. Given these results we decide that one iteration is
enough to obtain a converged Ey value.

In the calculation of the error in Ey, we only take into
account the LF errors for the face- and edge-on galaxies. We
do not take into count the errors in the b/a — cos 6 relation.
We find that this second source of uncertainty does not affect
the most probable value of Fy and only slightly changes its
estimated error. We estimate that this error is always < 30%
of the value of Ejy.

In the case of the sub-samples separated by luminosity
we use the Fy value obtained at the median of the magnitude
corresponding to each sub-sample.

3.3 Metropolis-Hastings algorithm

To find the distributions of € and v which present the best
fit to the observations we use the Metropolis-Hastings al-
gorithm (Metropolis et all [1953; [Hastings [1970), which is a
Monte Carlo Markov Chain method for optimization.

The Metropolis-Hastings algorithm uses a proposal den-
sity (Q(z1,Z), where 1 and & are vectors in the parameter
space), to determine a candidate to the next point 7 from
the current point #. The probability « that 7 is the next
point in a chain is given by

o PE)QE, @)
O P@)Q(F, 1) ©)

Here, F(&) is the function we need to maximize. If @ is a
symmetric function, then Q(21, %) = Q(#, #1) and the algo-
rithm is a Metropolis algorithm, with a probability a given
by a = F(z1)/F(Z).

In this particular case, Z is the list of percentage of
galaxies for each fixed sub-distribution of v and e, for a total
of 20 parameters (fits of type n) or 12 parameters (type r).
For the proposal density @), we use a Gaussian function,
centred in the present point in the chain. Following PS08
we maximize 1/)(27 given by

2(2) = Nomodet(b/a, &) — N(b/a)]?
* (x) - b/¢§;;nS [ OjaCkk7Life(b/a) ’ (10)

where N(b/a) is the observed normalized frequency of a
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Figure 11. Top: Distribution for + in spirals selected by
fracDeV and Galaxy Zoo morphology. Bottom: Distribution for
€ in spirals. We also show the results for PS08 and the results for
spirals selected only by fracDeV. Vertical lines show the mean
of v and € of each sample.

given b/a + Ab/a (with Ab/a a half of the bin size),
Nmoder(b/a,{p}i) is the normalized distribution given by
the model, and 0jqckknife(b/a) is the error in the observed
distributions for a given b/a calculated using the jackknife
method using 10 jacknife samples. Throughout this work we
use a bin size 2A(b/a) = 0.025.

4 THE INTRINSIC SHAPE OF SDSS
GALAXIES

Figure [[0 shows the best fit models (lines) for the samples
selected with and without using Galaxy Zoo morphologies,
for spirals and ellipticals (observations are shown as sym-
bols). In the case of the spirals selected only by fracDeV
the Eqy value used for the fit was the value from PS08. The
results from these fits and their comparison to PS08 will
be discussed in the following sections. The models used in
the fits are type r for the two spiral samples, and type n
for the two elliptical samples (throughout, all the elliptical
sub-samples are fitted using type n).

4.1 Spirals

Figure[ITlshows the ~ distribution and the € distribution ob-
tained for these samples, as well as the best fit from PS08,
who used a single gaussian function to model the ~ distribu-
tion and a log-normal distribution to model the e distribu-
tion. For the sample separated by Galaxy Zoo and fracDeV
the dust extinction is Fo = 0.28470:03%, whereas the extinc-
tion found by PSO08 for spirals is slightly higher although
consistent with our estimate, Ey = 0.44 £+ 0.24. The figure
shows that the result obtained by the new non-parametric
model is in good agreement with the result found in PS08
for spirals selected by fracDeV. The mean of the « distri-
bution from the sample of spirals selected by fracDeV is
0.21 4+ 0.008, with a dispersion 0.108 4 0.004, very similar to
the PS08 results ((y) = 0.21 £ 0.02 and o = 0.05 £ 0.015).
But the shape we obtain for the ~ distribution is not well
represented by Gaussian distribution (the mean does not
match the mode), allowing more galaxies with larger minor
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Figure 10. Best fit model b/a distributions compared to the observations. Top: Spirals. Bottom: Ellipticals. Left: Selected only by

fracDeV. Right: Selected by Galaxy Zoo morphology and fracDeV'.

to major axis ratio, as well as flatter discs. The e distribu-
tion does not show significant differences between the two
samples.

Regarding the samples of spirals selected with and with-
out adding Zoo morphologies, the v distribution tends to
have a larger minor to major axis ratio when Zoo morpholo-
gies are used, with a mean given by 0.267 & 0.009 and with
a small dispersion, given by 0.102 4 0.004. The e distribu-
tion shows that galactic disks are rounder for galaxies se-
lected only by fracDeV, with a (€) given by 0.125 4 0.008,
and a dispersion given by 0.1 4+ 0.012. In comparison,
(e) = 0.22 £ 0.013 for the sample selected by fracDeV
and Galaxy Zoo (In PS08, we have (Ine) = —2.33 £ 0.13,
and oy, = 1.4 + 0.1, which correspond to (¢) = 0.18 and
oe = 0.12).

4.2 Ellipticals

PS08 report the possible contamination by spiral galaxies
in a sample of elliptical galaxies selected by fracDeV. The
distribution of b/a from ellipticals separated by fracDeV
(bottom left panel on Figure [0) shows a “hump” around
b/a = 0.2 to 0.4, which disappears in the sample selected
using Galaxy Zoo morphology and fracDeV (bottom right
panel on Figure [I0)). This can be caused by the presence of
contamination of spirals, since the hump at such values of
b/a is more easily produced by flat discs.

Figure shows the v and e distribution of the result
obtained by PS08. The v distribution shows that the results
using this method are in good agreement with the results
from PS08. The mean of the ~ distribution for the sample
of ellipticals selected using only fracDeV obtained with the
method used in this work is 0.438+0.005 , and the dispersion
is 0.19620.005, similar to the PS08 results ((y) = 0.4340.06,
o0y = 0.21 £ 0.02). But the 7 distribution obtained by this
work shows a peak at v below 0.5, close to the peak shown
in the ~ distribution for spirals (also shown in the figure

8 L T T T 1 1T T
— ellipticals --- PS808, ellipticals
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normalized frequency
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Figure 12. Top: Distribution for ~+ in ellipticals selected by
fracDeV and Galaxy Zoo morphology. Bottom: Distribution for
€ in ellipticals. We also show the results for PS08, the results for
ellipticals selected only by fracDeV, and the distribution for spi-
rals selected by fracDeV and Galaxy Zoo morphology. Vertical
lines shows the mean of v and e for each sample.

to reinforce this result); this peak allows the new model to
fit the hump discussed before. The model used by PS08 is
not able to show the presence of discs in the sample but
averages them with the intrinsic shapes of the ellipsoids,
slightly biasing the results. The e distribution shows that
the shapes of the galaxies in this model are rounder than
for the galaxies using the PS08 model.

The ~ distributions for ellipticals selected using Galaxy
Zoo morphology and fracDeV show that the elliptical
galaxies in this sample have a minor to major axis ratio
larger than the sample selected using only fracDeV, with
a mean given by 0.584 4+ 0.006. Also, the peak on the
distribution for the sample selected by Galaxy Zoo data is
unlikely to be caused by discs, but the peak on the ~ dis-
tribution for the sample selected only by fracDeV can be
caused by spiral contamination in the sample. This supports
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the idea that the “hump” in the bottom left panel in Figure
[0l is caused by contamination from spirals. The e distribu-
tion does not show significant differences between the two
samples.

The ~ distribution shows that spirals are flatter than
ellipticals. The e distribution shows that the spiral discs are
more elliptical than would be face-on ellipticals.

4.3 Low and High fracDeV discard galaxies

The results presented in this section pose questions about
the nature of galaxies with exponential luminosity profiles
that failed to be classified as spirals by Galaxy Zoo volun-
teers. Figure[[Tlshows that the final full sample of spirals has
larger values of v and e compared to the results of PS08, as
well as to our fit of the comparison sample. This can lead to
the conclusion that the low fracDeV galaxies discarded by
the Galaxy Zoo classification are thinner and have a rounder
discs than our final sample of spirals.

The median values of the discard low fracDeV galaxies
of magnitude, colour and size are —20.43, 0.77 and 2.84 kpc,
respectively. According to Table [I] these galaxies are simi-
lar to the other spiral galaxies in brightness and colour, but
smaller than the average spiral. The votes in Galaxy Zoo in-
dicate that very few of these galaxies are classified as mergers
or star/artefacts (4.39 % and 0.75 %, respectively) whereas
a considerable fraction of them are classified as ellipticals
(36.11 %). However, their majority is not given a definite
classification, that is, the citizen scientists of Galaxy Zoo
cannot reach a consensus about their morphology. Figure
[I3] shows the b/a distribution of the low fracDeV discard
galaxies. Given that we do not know the true morphology
of these galaxies, we show the distributions resulting from
using the two estimates of model b/a, the one obtained as-
suming an exponential profile and the other assuming a de
Vaucouleurs profile. These distributions indicate that, con-
trary to the expected results, these galaxies are rounder than
the average spiral, with a b/a distribution more similar to
that of elliptical galaxies. How is it possible that after re-
moving these galaxies (with apparently high ) we obtain
higher values of 7 for their intrinsic shapes? The answer lies
in the dust content.

PS08 measured the dust directly from the fit to the dis-
tribution of apparent galaxy shapes. They took advantage of
the fact that dust affects the b/a distribution by decreasing
the number of galaxies with low b/a. When PS08 estimate
the v and € their algorithm assumes that the dust content
is the cause of the number galaxies with low b/a, and infers
that galaxies are thinner. However, if the dust content were
lower the galaxies could actually be intrinsically thicker. In
our case, we used the dust estimated by PSO08 to fit the
b/a distribution of the comparison sample, and therefore we
obtained consistent conclusions with PS08 for this sample.
However, when we use the edge- and face-on luminosity func-
tion method to estimate dust for the low fracDeV discard
galaxies we obtain Eo = 0.14570053 | which is actually lower
than that of the main spiral sample. Therefore, the discards
have very low dust and are indeed rounder than the galaxies
in our spirals sample.

The galaxies with a high fracDeV but discarded by
Galaxy Zoo are different. Since dust does not play a role in
the determination of the shape of ellipticals, the difference
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Figure 13. b/a distribution for the low and high fracDeV dis-
card galaxies due to their Galaxy Zoo classification. The exp label
indicates a b/a calculated assuming an exponential profile. The
deV label indicates that b/a was obtained assuming a de Vau-
couleurs profile. Top: b/a distribution of the low fracDeV discard
galaxies, along with the b/a distribution of our sample of spirals.
Bottom: b/a distribution of the high fracDeV discard galaxies,
along with the distribution of our sample of ellipticals.

in the results found by PS08 and ours are consistent with
the b/a distribution of the high fracDeV discard galaxies
(Figure [[3). This distribution is more similar to that of spi-
rals than of ellipticals, with an important number of galaxies
with low values of b/a. Their medians in magnitude, colour
and size are —20.513, 0.91 and 2.88 kpc, respectively. These
are consistent with slightly blue ellipticals or very red and
small spirals (Tables [I] and 2]). The fractions of Galaxy Zoo
votes show that the majority of galaxies in this sample (61.06
%) are classified as spirals, and the rest are galaxies with-
out a definite classification from Galaxy Zoo, with a small
part of mergers and star/artefacts (less than 3.3 % combin-
ing both types). Using our method to estimate the dust of
this sample (using the values of spirals), we find a value of
Eo = 0.227055% very similar to that of the full sample of
spirals.

5 THE INTRINSIC SHAPE OF SDSS
GALAXIES WITH GALAXY ZOO
MORPHOLOGIES

In this Section, we discuss the results for the intrinsic shapes
of galaxies in different sub-samples, selected by their intrin-
sic properties. Figure [[4] shows the results for the mean val-
ues of v, € and Ey for the different sub-samples of spirals
selected according to their luminosity, size and colour, as
presented in Table [Tl Table [B1shows the values that charac-
terize the v and e distribution, along with the x?/d.o.f. and,
for spirals, the value of Ey and the type of fit (for ellipticals
all the fits are type n).

Figure [[5lshows the results for the mean values of v and
e for ellipticals defined in TablePlseparated by their intrinsic
characteristics. It is important to bear in mind that the dust
extinction for the elliptical samples is set to 0.

These results are discussed in the following subsections,
for spiral and elliptical galaxies separately.
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Figure 14. Best fit result for spirals, separated by different properties. The x-axes run with the sample number. The solid lines with
circles indicate the samples separated by luminosity, where the luminosity increase with the sample number. The dashed lines with
squares represent the samples separated by colour, where the value of g — r increases with the sample number. The dash-dotted lines
with triangles are the samples separated by size, where the size increases with the sample number. The dotted line and the shadowed
area indicate the value and associated error (respectively) of the total sample of spirals. In the sm and sr samples a small shift in the
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Figure 15. Best fit result for ellipticals, separated by different
galaxy properties. Symbols and line types represent the same as
in Figure [Tl for elliptical samples. Top: Variation of (7). Bottom:
Variation of (e).

5.1 Dependence on magnitude

The samples labelled as sm in Figure [[4] shows that the
brighter spiral galaxies have a larger dust extinction than
fainter ones, with a clear increasing trend.

The () values show that the faintest spiral galaxies
tend to have smaller minor to major axis ratio than the
brightest ones, whereas (¢) values show that the brightest
galaxies have less circular discs than the fainter ones. There
is a clear relationship between ellipticity and magnitude for
spirals.

The (e) values of the samples labelled as em in Figure
show that the more luminous elliptical galaxies tend to

be rounder in B/A than the less luminous ones, although
the variations are within the error bars.

The v distributions show that in general the more lu-
minous elliptical galaxies have larger minor to major axis
than the less luminous ones. The more luminous ellipticals
tend to be more spherical than the fainter elliptical galaxies,
which have more irregular shapes. The mean in the values
of v in Table Bl and Figure show an important decrease
in the mean from brighter to fainter galaxies.

5.2 Dependence on colour

The sub-sample named sc4, i.e. the reddest spiral galaxy
sub-sample, is not shown in Figure [[4] (the b/a distribution
of this sub-sample is in Figure [Hl) because non of our models
are able to fit the observed b/a distribution of this sub-
sample. Sub-sample sc3 is also difficult to fit, except when
using the method by PS08 (for sc4 this was also not possi-
ble). This is shown in Table [3] which includes a column with
the fitting method used. Also, it is important to take into
account that in the calculation of the errors in the shape
parameters for this sample (calculated with the jackknife
method, as all the errorbars in this work) it was necessary
to remove 6 outlier jackknifes (from a total of 100) by per-
forming an interquartile range technique (this technique did
not remove any jackknife results from the analysis of any
other subsample). There were no outliers in the results of
Fy from the jackknife samples.

Figure [[4] shows that the sc sub-samples exhibit a clear
variation of the extinction with colour. Eq varies from 0.4
magnitudes for the bluest sample, to ~ 0.7 for the reddest
sample. The value of () also varies with colour; the bluer
sample tends to show larger v values than redder ones. The
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value of (e) is highest for the reddest sample. This trend is
still present even when including the outliers for sc3, and
shows that the bluer spirals have more spherical shapes.
The (e) values of the elliptical ec samples in Figure
do not show a great variation with colour. This is also the
case for the values of (). This is confirmed by the top right
panel of Figure[7l where the b/a distributions of all the sub-
samples of ellipticals separated by colour are very similar.

5.3 Dependence on size

The b/a distribution of spiral galaxy samples corresponding
to different sizes (labelled sr in Figure [[4)) are fit by models
with slightly higher amounts of dust extinction for bigger
galaxies. But this trend is within the error bars.

The value of (v) is higher for larger galaxies, indicat-
ing a thicker disc for larger spirals. The value of (¢) varies
significantly with the galaxy size, indicating that the larger
galaxies tend to have a rounder shapes than the smaller
galaxies.

The (e) values for the samples labelled er in Figure
indicate that the sample of small ellipticals are characterized
by higher ellipticities than larger ones. For the (v) values,
the larger ellipticals tend to be rounder than small galaxies.

5.4 Interdependence between parameters

Galaxy luminosity, colour and size are correlated such that
brighter galaxies tend to be redder and larger. Consequently,
the trends found in this Section are not due to changes in
one individual property alone. For instance, the spiral galaxy
samples divided by galaxy luminosity as presented in Ta-
ble [ are characterized by median colours that differ by up
to 0.06 magnitudes. In the case of size, the colour differ-
ence between the smallest and largest galaxies is 0.05 mag-
nitudes. The colour selected spirals show median absolute
magnitudes with 0.13 magnitudes difference and 0.4kpc in
their sizes. For elliptical galaxies, the differences are com-
parable. Notice, however, that these variations are smaller
than the typical separation between the cuts that make our
sub-samples (Tables [ and 2]), so the effect should be small.

In an ideal situation we would make more stringent cuts
in the sub-samples of galaxies so that only one of the three
variables changes. However, the correlation between lumi-
nosity and size is very tight and does not allow for this ideal
situation to be reached. It is possible though to make the
following new sub-samples. (i) When selected by colour, we
remove galaxies until the medians of size and absolute mag-
nitude are the same as those of the total sample; (ii) in
samples selected by luminosity or size, the colour is forced
to show a constant median across the samples. This is the
case for both elliptical and spiral galaxy samples.

With these new samples we repeat the analysis of this
Section and find, as expected, that the values of Eo, (v)
and (e) are consistent with those for the samples in Tables[I]
and [2l The new sub-samples also show the same trends as a
function of galaxy properties as in Figures [[4] and This
is mostly due to the small change in the median values with
respect to the previous samples; this can also be inferred
from the b/a distributions, which do not show important
changes with respect to those in Figures [B] and [7}

6 DISCUSSION AND CONCLUSIONS

We build upon work by PS08 to obtain the dust extinction
and the distribution of the intrinsic shapes of elliptical and
spiral galaxies in the SDSS DRS8. The new model is an im-
proved version of the one presented in PS08 since (i) we now
apply the method by SSG10, of modelling the v = C//A and
e = 1 — B/A distributions as sums of many Gaussian dis-
tributions with fixed dispersions and means, with different
weights , (ii) we add the data from the Galaxy Zoo project

i IZQLIJ) as a second parameter to define spiral
and elliptical galaxy samples in addition to the fracDeV
parameter, and (iii) we measure the dust extinction affect-
ing each galaxy sample by studying the face- and edge-on
luminosity functions (only for spiral galaxies).

We show that the use of the Galaxy Zoo morphology
with fracDeV to classify the galaxies into spirals and ellip-
ticals improves the accuracy of the selection with respect to
using the fracDeV parameter alone. In particular, the use of
Galaxy Zoo morphologies helps to eliminate contamination
of spirals in samples of ellipticals. Spiral galaxy interlopers
cause the inferred intrinsic shapes of ellipticals to be biased
toward flatter shapes.

The improved model shows a good agreement with the
results of PS08 for the same samples of ellipticals and spi-
rals selected using only a limit on fracDeV, finding similar
values for both the mean and dispersion of v and e. How-
ever, our improved modelling shows details which the PS08
model was not be able to show, such as the excess of galaxies
with low 7 (disky shapes) corresponding to the spiral galaxy
contaminants in the sample of fracDeV ellipticals.

For the sample of spirals selected by both Galaxy Zoo
morphology and fracDeV, we found a lower value of ex-
tinction than for the fracDeV spirals of PS08, of Ey =
0.28475-03% compared to Eo = 0.44 4 0.24 of PS08. This can
be due to a contamination of elliptical galaxies in the spiral
sample used by PS08. This contamination can cause an ex-
cess of galaxies with high b/a values, which the PS08 model
compensates by adding more dust L; as a general rule, more
dust implies less galaxies with low b/a.

The « distribution for the total sample of spirals shows
that the spiral discs are in general thicker than previous
estimates, with an average v = 0.267 = 0.009. The e distri-
bution shows that spiral galaxy discs are slightly less round
than estimated by PS08. The difference in (€) between the
sample separated by fracDeV and the sample separated by
fracDeV and Galaxy Zoo is very similar to the one between
the PSO8 and Galaxy Zoo selected samples, showing that the
discrepancy is probably due to some level of contamination
of ellipticals in the spirals sample.

The ~ and e distributions for the sample of elliptical
galaxies selected by Galaxy Zoo morphology and fracDeV
show that these galaxies are more spherical than the esti-
mates of PS08. The ~ distribution has a mean in 0.584 +
0.006. The increase in (7) is mainly due to the fact that the
sample used in this work has less contamination by spirals
in the elliptical sample that the samples used in previous
works, thanks to the addition of Galaxy Zoo morphologies.
The e distribution shows that the B/A ratios are smaller for

1 PS08 determine the value of Eg and the distributions of v and
€ directly from the b/a distribution
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Figure 16. Bi-dimensional distribution of b/a and cos@ for the
total sample of spirals.

spirals, that is, discs are less round than the typical elliptical
galaxy.

We use these results to calculate the statistical distri-
bution of inclination angle ¢ for any given b/a. Figure
shows the bi-dimensional distribution of cos@ and b/a for
the total sample of spirals. This distribution shows that the
relation between cosf and b/a is close to a lineal relation,
but with an important dispersion. For small values of b/a or
cos @, the relation deviates from the linear relation.

We studied the variation of the intrinsic shapes of spi-
rals and ellipticals with absolute magnitude in the r-band,
g—r colour, and size. For spirals, we found that the most lu-
minous galaxies tend to have thicker discs than fainter ones.
The dust extinction tends to be lower for fainter galaxies.
As a function of g — r colour, bluer galaxies tend to be more
spherical than redder ones. The dust extinction shows a clear
relation with colour, in which the reddest galaxies have more
dust extinction than bluer ones. Galaxies with larger sizes
tend to have thicker discs than smaller galaxies. The dust
extinction does not show any strong correlation with the
size.

For elliptical galaxies, the absolute magnitude shows a
strong correlation with the v distribution, so that the more
luminous galaxies tend to have larger minor to major axis
ratios. The e distribution shows that the brightest galaxies
tend to have larger ellipticities. With g—r colour, the € and y
distributions show no change. With the galaxy size, € shows
a slight trend in which the larger galaxies tend to have a
larger € , but the v distribution shows that small ellipticals
are flatter than the larger ones.

These results can be used to test analytical and semi-
analytical galaxy formation models, and can give us some
clues about the relation between star formation and/or SN
feedback and the thickness of galaxy discs, since the intrinsic
characteristics that depend on star formation (such as colour
and dust content) are clearly related with the shape of a
galaxy.
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Table 3. Means and dispersions in v and e for sub-samples separated by different characteristic. Top: Spirals. Bottom: Ellipticals.

Shape of Galaxies in SDSS/Galazy Zoo

Sample Eq (v) Oy (e) Oe x2/d.o.f.  Fit type
total  0.284750%2  0.267+0.009 0.102+0.004 0.215+0.013 0.216+0.008  5.043 r
sm1 0 0.238 £0.006  0.107+0.004 0.119+£0.013 0.099+0.021  2.318 r
sm2  0.0657005* 0284 4+0.011  0.155+£0.01  0.115+0.008 0.104+0.005  4.232 n
sm3 024115015 0.3024£0.009 0.107+£0.004 0.178 £0.018  0.16 £ 0.02 3.175 r
smd 032570057 0.2974£0.013  0.105+0.006  0.25+0.011  0.197£0.008  3.271 r

scl  0.412700%%  0.426 £0.017  0.157+0.011  0.128 £0.005 0.109 +£0.003  3.507 n
sc2  0.303T005,  0.329:£0.009 0.103£0.005 0.153+£0.016 0.116 £0.018  1.435 r
sc3  0.66670055  0.34+£0.022  0.01440.025 0.454£0.011 0.238 +£0.006  1.789 PS08
srl 0.1157092% 0286 +0.012  0.1£0.004  0.215+£0.021  0.228 +0.017  7.903 r
sr2 011170035 0.265+0.008  0.108£0.005 0.144 +£0.014  0.162 =+ 0.019 1.97 r
st3 0.149700%2  0.28+0.01  0.169+0.008  0.1+0.008  0.091+0.005  1.742 n
srd 0156707052 0.406 £0.009  0.278£0.006  0.098 +£0.009  0.084+0.007  1.323 n
Sample () Oy (e) O x?/d.o.f.

total ~ 0.584+0.006 0.164+0.005 0.1174£0.01  0.101+0.006  7.998

eml  0.543£0.007 0.166+£0.006 0.122£0.01  0.103+£0.007  3.358

em2  0.6324£0.008 0.155+0.007 0.116£0.009 0.105+0.006  6.141

em3  0.659£0.013  0.15£0.011  0.11£0.009 0.098+0.006  4.736

em4  0.655+0.015 0.148+0.017 0.105+0.008 0.093+0.007  6.421

ecl 0.59 £0.004  0.166 £0.005  0.121£0.01  0.106 £0.007  1.645

ec2  0.579£0.006 0.156£0.005 0.113+0.009 0.092+0.007  2.489

ec3  0.557+£0.007 0.173£0.006 0.108£0.009 0.093 £0.006  4.154

ec4  0.577+£0.007 0.1724£0.006 0.118 £0.009 0.105+0.006  2.619

erl  0.525+0.007 0.156£0.006 0.11+0.009  0.098£0.006  4.437

er2  0.638+0.011 0.158£0.012  0.11+0.01  0.093£0.007  6.516

er3  0.675+£0.019 0.13£0.014 0.115+0.012 0.101£0.008  5.625

erd  0.674+0.014 0.151£0.013 0.13+0.009 0.113£0.006  3.595
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