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Chapter 1
Introduction

In this chapter, we introduce and motivate the need for the research conducted in this
thesis. To this end, in Section 1.1 we introduce and justify this thesis object of research.
Section 1.2 situates the subject of study and introduce the common notation used in our
field of research. Section 1.3 gives a complete vision on the different theories which try to
explain the spiral structures of galaxies. Section 1.4 focuses on the relevant observations
and their interpretations suggested by the theories. Section 1.5 shows the mathematical
basis of the methods which are the main subject of this thesis. Finally, the structure of the

rest of this thesis report is presented in Section 1.6

1.1 Motivation

Our motivation is to give a quantitative classification of disk spiral galaxies according to

their morphology, particularly on the presence (or not) of a central bar-shaped structure.

A galaxy is a vast collection of stars, gas and dust held together by mutual gravitational
attraction. Galaxies are found in a wide range of shapes, sizes and mass, but can usefully
be classified into groups according to their morphologies. The first and most famous clas-
sification was made by Hubble (1926), hnown as the Hubble sequence. He identified four

main types of galaxies: elliptical, lenticular, spiral and irregular.
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1.2 Galaxy classification

Elliptical galaxies have smooth, featureless light distributions in three dimensions. Their
projected shapes are elliptic. They are denoted by the letter E followed by a number from
0 to 7, which describes their degree of ellipticity on the sky, then EO corresponds to a round
galaxy and E7 would be a strongly elliptical galaxy. The most common shape is close to
E3. This classification depends on the intrinsic shape of the galaxy, as well as the angle in
which the galaxy is observed. Hence, some galaxies with Hubble type EO may be actually
elongated.

Lenticular galaxies consist of a bright central bulge surrounded by an extended flattened
disk with no gas, dust, bright young stars, or spiral arms. These galaxies are basically a
transition class between elliptical and spiral galaxies and are labeled by the notation SO in
Hubble's classification scheme.

Approximately two thirds of all galaxies are spiral galaxies, Eskridge & Frogel (1999).
60% according to Buta (1989). Spiral galaxies consist of a flattened prominent disk of
bright young stars, gas, and dust; a near-spherical halo of stars; and a central non-disk-like
concentration of stars named bulge which may or may not be present. Disks are thin and
show a clear spiral structure called spiral arms. The spiral arms vary greatly in their length
and prominence. Moreover, many spiral galaxies contain also a bar-like structure extending
from the central bulge. Approximately two thirds of all spiral galaxies show clearly a central
bar so Hubble assigns the symbol S to spiral galaxies and denotes as SB the barred spiral
ones. As in the case of elliptical galaxies, Hubble divided spiral galaxies into a sequence of
four types called Sa, Sb, Sc, Sd. From a to d the spiral arms become wider while the bulge
becomes smaller.

Irregular galaxies are those which do not fit into any category because they show no
particular pattern. Hubble denoted irregular galaxies by the Irr symbol. A minority of
Irr galaxies are spiral or elliptical galaxies that have been violently distorted by a recent
encounter with a neighbour. However, the majority of Irr galaxies are simply low-luminosity
systems rich in gas such as the Magellanic Clouds. These galaxies are designated Sm or Im
to indicate their kinship to the Magellanic Clouds.

In 1959 Grard de Vaucouleurs, de Vaucouleurs (1959) complemented the Hubble clas-
sification system by introducing a more elaborated classification system for spiral galaxies.

De Vaucouleurs introduced the notation SA for spiral galaxies without bars, maintaining
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the Hubble's notation SB for barred spirals, and introducing a new category denoted SAB
for an intermediate class containing weakly barred spirals. Lenticular galaxies are also
classified as unbarred (SA0) or barred (SBO).

All those different approaches on galaxy classification show the importance of under-
standing the physical properties of spiral galaxies. A better comprehension of all the phe-
nomena related to the spiral structure will allow a better understanding of spiral galaxies.
Note that the spiral arm structure is the main classification subject. Spiral arms have
a central role because they are the primary site of star formation, so their strength and
shape provide important clues to the dynamics of the gas and stars within the galactic disk.
Moreover, spiral arms may be the main force that drives the secular dynamic evolution of
galactic disks.

These are the main classification schemes used to comprehend the rich structure of
spiral galaxies. All these schemes are however, quite qualitative. Our aim is to give a more
quantitative scheme of classification that could provide better clues to understand the spiral

structure of disk galaxies

1.3 Spiral structure theories

1.3.1 Density waves

The first approach on the origin and evolution of the spiral structures was made in 1929
by the Swedish astronomer Bertil Lindblad, Lindblad (1929) who recognised that spiral
structure arises through the interaction between the orbits and the gravitational forces of
the stars of the disk. Lindblad and his collaborators focused their research on individual
orbits and resonance efects associated to these orbits, but they did not study the cumulative
effect into the galaxy dynamics properly. So their work was not well suited to quantitative
analysis. Goldreich & Lynden-Bell (1965) looked at the spiral structure as an instability of
the total combination of gas and stars triggered by an increase in gas density. This theory
can explain multiarmed structures but cannot explain long bisymmetric arms arising from
the center of certain galaxies. Oort (1962) recognised the truly nature of the problem.
He showed that spiral structures come from a different rotation of the stellar disk, but a
cummulative effect and persistence theory is still needed. Lin & Shu (1964), (1966) made

the crucial step. They recognised that spiral structure in a stellar disk could be regarded
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as a density wave, a wavelike oscillation that propagates through the disk in pretty much
the same way that waves propagate over the ocean surface. As a result, the combination of
both the Lindblad theory, where the spiral rotating pattern remains unchanged over many
orbital periods, and the density wave theory, leads to the hypothesis that spiral structure
is a quasi-stationary density wave in a frame of reference rotating around the center of the
galaxy at a definite angular speed and unchanged amplitude. In this theory, the persistence
of a regular grand design may be maintained despite the presence of differencial rotation.
In addition, it is shown that a two-armed spiral pattern is only possible when the basic
rotation curve is similar to that of the Milky Way system. The presence of a symmetric
structure in galaxy disks is a signature of a spiral density wave. This differencial rotation
can't explain star formation so Roberts (1969) suggested the existence of an additional
stationary two-armed spiral shock wave that may form the triggering mechanism for the
gravitational collapse of gas clouds, leading to star formation. In this scenario, the density
falls down very quickly after the collapse and the star formation must be restricted to very
narrow regions. Observations must show regions of luminous, newly born stars with HII
regions lying on the inner side of each gaseous spiral arm. Newly born stars cause strong
radiation fields, that ionize hidrogen gas. Ionized hydrogen gas is also known as HII, so the
star forming regions are known as HII regions. Assuming that HII regions lie in spiral arms,
the study of their distribution in spiral galaxies can help us understand the mechanism that
controls the star formation on a large scale, mainly the spiral structure. This shock wave
effect should take place in the concave or convex part of the arms according to the sense
of rotation ot the spiral on the disk. If the spiral rotates at a lower speed than the galaxy
disk, the shock should be in the concave part of the arms. If the spiral rotates faster than

the galaxy, the shock should be placed in the convex part.

However, those theories present some problems. First they are based on Lin & Shu
(1964) approximation which uses very twisted spirals. Toomre (1969) shows that any exist-
ing spiral wave in the disk of a galaxy must somehow be replenished to persist. Otherwise,
dissipation would erase any spiral structure on the long term. Several sources of such
replenishment are proposed. Toomre (1981) proposes a possible mechanism called swing
amplification that occur in a thin disk of stars with a Gaussian spread of radial velocities.
During swing amplification events, spiral patterns grow and decay while swinging around

from leading to trailing orientation. Such events have been frequently seen in numerical sim-
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ulations of the dynamical behaviour of galactic disks such as Sellwood & Carlberg (1984).
Those authors showed the second and more important problem: the importance of gas and
star interactions to form spiral galaxy patterns. They describe how gas fluctuations can
agree with swing amplification theory. Spiral instabilities increase star velocity dispersion
heating the disk until it is stable. Dissipation comes through gas accretion or star forma-
tion. This balance between cooling and heating is responsible for instabilities that maintain
transient spiral patterns. So, interstellar gas is linked to spiral structure. The absence of
interstellar gas and the asbsence of spiral arms are the principal features that distinguish

lenticular or SO galaxies from spiral ones.

Moreover interstellar gas is not uniformly distributed, its distribution is much more
complex. Gas accumulates in little clouds, that through inelastic collisions, form giant
molecular clouds which, in turn collapse to form stars. This process take place in spiral
arms. So models that combine large scale effects like density waves with small scale effects
like cloud-cloud collisions and supernova explosions can help us understand how global
galactic shocks can be formed and persist. Levinson & Roberts (1981) introduced a cloud-
particle model that embodies both concepts, density wave and stochastic star formation.
They show that compression ridges associated with galactic shocks on the large scale are
the products of the interaction of cloud-cloud collisions and supernova explosions. In this
model, the collisional mean free path for gas clouds is about 100 or 200kpc. It seems certain

that local processes can play a significant and observable role in global spiral structure.

Roberts & Hausman (1984) continued the study of the spiral pattern and star formation
with numerical models showing that large scale galactic shocks are possible in a cloudy
interestellar medium, even if the collisional mean free path is as long as 2 kpc. Thus, the
value of the gas cloud system's collisional mean free path has remarkably little effect on
galactic structure. When the cloud collisions are the main star formation mechanism, the
population of young stellar associations formed during this procesus show a stable spiral
pattern. In contrast, when the star formation is dominated by supernova explosions the
spiral structure is unsteady. Later, the same authors Hausman & Roberts (1984) studied
the gas cloud system's kinematics and concluded that the global density distribution and
velocity field are pretty much independent of stellar parameters. They show that the
distribution of young stellar associations is quite sensitive to assumptions about the mean

lifetimes of bright stars and the susceptibility of their parent clouds, to repeated closely
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spaced acts of star formation. Well defined spiral arms exhibited by the stellar associations
are possible only when the average delay time between star-triggering events and stellar
burnout are rather short (maximum time delay < 20Myr). Beyond this delay time, the
amount of stellar associations spreads on the disk and washes out the spiral pattern. The
mean velocity field of clouds shows tipped oval streamlines similar to Roberts' theoretical
model, Roberts (1969). By varying the parameters which describe star formation and cloud-
star interactions, the authors can reproduce a wide variety of spiral pattern morphologies.
Kimura & Tosa (1985) showed that the global distribution of molecular clouds in a galaxy,
specially the existence of clouds in the interarm region, mainly depends on the lifetime of

molecular clouds regardless of the amplitude of the density wave.

More recently, Roberts & Stewart (1987) showed that the distribution of giant molec-
ular clouds only can present large-scale galactic shock structures when the mean free path
between cloud-cloud collisions is short (A.~200pc). For longer mean free path (A.~1000pc)
they find more symmetric, less shocklike, density and velocity profiles. Those theories seem

to have great interest for galactic spiral patterns studies.

Trying to explain the enhance star formation rate in spiral arms, Cepa & Beckman
(1990) show evidences that the accepted spiral density wave theory is not enough to explain
star formation rate in grand-design galaxies. They put in evidence that an additional
specific triggering effect is needed, perhaps associated with the supersonic propagation of
the density wave through the gas. They found high HII densities in the arms and very
low HII densities in the corotation and in the Lindblad resonance radii. Therefore, some
nonlinear star formation rate enhancement mechanism is needed. Other authors focused
on the study of the inner strong and symmetric spiral arms presented in most galaxies with
spiral density waves. Elmegreen & Elmegreen (1995) found that only the strong symmetric

part of the arms end at corotation, with weaker or bifurcated arms extending beyond.

Opposite to grand-design spiral galaxies with well-defined spiral arms, flocculent spiral
galaxies have weak and poorly structured arms. This fundamental difference makes floccu-
lent galaxies an important class of objects in the study of galactic structure. Thornley (1996)
found low-level, two-arms spiral structure in the inner disks of a sample of nearby flocculent
galaxies, that can be the result of self-excited spiral denstiy waves maintained by feedback
between the stellar disk and the more dissipative, self-gravitating gas disk. Elmegreen et

al. (1999) confirms this two-armed structure with an arm-interarm contrast increasing with
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radius, as they do in grand-design galaxies. But the contrast is much smaller, indicating
that they density waves are very weak. This result is consistent with the modal theory
of spiral density waves, Bertin et al. (1989a) (1989b), which maintains that density waves
are intrinsic to the disk. This denotes the importance of careful kinematic studies of spiral

galaxies over all degrees of structure.

Gnedin et al. (1995) focused on the gravitational torque depending on the non-axisimetric
mass distribution due to massive spiral arms. If persistent, the gravitational torque would
remove most of the angular momentum from the inner two scale lengths of the disk and
deposit it in the outer part of the disk. The inner part of the disk would contract, and the
outer part would expand. This tendency could be modified by infall of new material into
the disk.

The wide range of spiral arms needs a detailed morphological classification to help
further studies. This is the main reason which led Elmegreen & Elmegreen (1982) to
introduce a 12-division classification system for spiral arm structure independent of the
Hubble galaxy type. This classification is based on the regularity of the spiral arm structure
and stresses the properties of arm continuity, length, and symmetry. The classification starts
from arm class 1 for chaotic appearance and no symmetry fragmented arms, with differing
pitch angles, to arm class 12 for two long and sharpy defined symmetric arms, dominating
the total appaerance. Pitch angle measures how tightly the spirals arms are wound and it is
defined as the angle between the line tangent to a circle and the line tangent to a logarithmic
spiral at a specified radius. In a later paper Elmegreen & Elmegreen (1987) reduced the
number of classes by elimination of arm classes 10 and 11, because these were not directly
related to the spiral structure. According to this classification, they derive the fractions of
all spiral galaxies that have grand-design spirals with bars or companion galaxies and, the
fraction of spiral galaxies in various environments that have purely flocculent arms. That
is it, they determine what effect companions or bars may have on spiral arm structure.
They show that most galaxies appear to have symmetric continuous arms and that bars

are correlated with spiral density waves.

It is interesting to point out the corelation between bar and spiral structure in galaxies.
Elmegreen & Elmegreen (1989) showed that the presence of a strong, long and flat-shaped
bar in early-type galaxies is able to produce strong and symmetric arms, which extend out

to the corotation resonance and can fill the entire disk outside the bar. While weak, short
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and exponential-shaped bars which tend to occur in late-type galaxies, may not be able
to propagate outwards in the region immediately beyond the bar. This difference in bar-
spiral correlation is consistent with the theoretical prediction that short-wavelength trailing
spirals propagate outwards beyond corotation and inwards inside corotation.

Sellwood (2012), Sellwood & Carlberg (2014) collect previous contributions to spiral
wave theory to present their broad picture where apparent rapidly changing spirals result
from the superposition of a small number of relativey long-lived coherent waves. The
evolution of each disturbance, through a resonant scattering feature, creates the seeds for
a fresh instability. Their simulations present considerable evidence to support their broad
picture, but some details are still not substantaited.

Another recent scenario is based on N-body simulations of a cold, unbarred, collision-
less stellar disk. D’Onghia et al. (2013) showed that the spiral patterns are not material
entities but statistically long-lived density waves induced by local density perturbations. In
particular, it is very difficult to produce persistent grand-design two-arm spiral structure

in these simulations of an isolated stellar disk.

1.3.2 Self-propagation star formation theory

The density wave theory combined with interstellar clouds collision which collapse to form
stars seems attractive for symmetric two-armed spirals. Another way to approach the
spiral structure formation issue is to see it as the result of star formation rather than the
origin. From this point of view, high-mass young stars, which are created in spherical shells
of gas, quickly evolve and, at the end, they die as supernova that generates shock wave
fronts. Those shock waves will start new star formation. This process will be referred to a
self-propagating star formation. When this process occurs in a differentially rotating disk,
regions of star formation are naturally drawn out into spiral features. Thus, spiral features
are continually replaced by new ones as they wind up and disappear. The formed structure
is not the attempted classical two-armed symmetric spiral pattern, but it is asymmetric
and broken. In Lin & Shu (1964), (1966) density wave model need a mechanim to create
and maintain the density waves, self-propagating star formation model of spiral structure
introduce random spirals which may well complement the ordered structure induced by
density waves. This new approach, where sequential star formation causes waves of star

formation to propagate through the galaxy, was proposed by Mueller & Arnett (1976)
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and the physical process that explains this self-propagation star formation mechanism was
theoretically described by Elmegreen & Lada (1977). Miller (1978) confirms this theory
showing the quantitative agreement with a series of numerical experiments for an axisimetric
disk. This experimental confirmation requires quantization conditions for matching growth

rates and to agree with the radial extension and wavenumber of the disturbances.

This model of deterministic sequential star formation of Mueller & Arnett (1976) was
modified by Gerola & Seiden (1978). They replaced a stochastic sequential star formation
depending only, on the probability of star formation, in the neighborhood of a new star and
showed that stochastic star formation can form large scale spiral patterns. Furthermore,
this method can distingish different types of galaxies according to their rotating velocity.
Comins (1981) improved the method by replacing the constant probability of star formation
from supernova shocks by a variable probability that decreases with the galactic radius as
galaxy gas distribution does. In this case, the method becomes less effective, so it is more
difficult to form large scale spiral structures, and only works for radii between the inner and
outer Linblad resonances in a dynamiacal model. A new extension comes from Seiden et al.
(1982) who includes a two-component gas, active and inactive. The active component is the
gas that is available for star formation. The inactive gas can be activated by supernovae,
ionization front shocks or stellar winds after a certain time. This two-component gas is
essential to get feedback from the interaction between the stars and gas. Those authors
show that their method can explain the gas distribution observed in the galaxy and, at
the same time, produce two-armed large and symmetric structures. However they are not
stable, and the galaxy alternates from very active star formation situations to less active

situations.

Nozakura & Tkeuchi (1984) propose a new model based upon the viewpoint that the
global spatial structure of a galaxy is produced by the local physical process and its prop-
agation. They show that spiral structures can be regarded as dissipative structures formed
within phase transition of the interstellar gas that become spiral as a result of the differ-

encital rotation.

Junqueira & Combes (1996) performed self-gravitating simulations of the coupled stellar
and gaseous components, to investigate the role of gas dynamics in the gravitational insta-
bilities of galaxy disks. Spiral structure needs a cooling mechanism to subsist. Gas with its

dissipative character, acts as a regulator and can prolong the phase of dynamical instability
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to account for the spiral density waves observed in so many spiral galaxies. They suggest
that the gravitational coupling between the stars and gas plays a fundamental role in the
formation and dissolution of stellar bars, depending on the gaseous mass concentration and
on the degreee of dissipation.

Other authors suggest that asymmetric components in disk galaxies are related to the

mass accreation rate of galaxies, and thereby, constrain their mass evolution, Zaritsky &
Hans-Walter (1997)

1.4 Comparing theory with observations

Spiral arms are formed by different components. The stellar component is formed by old
star and young star associations (OB associations). We can find also HII regions, molecular
clouds and a diffuse gas component. Each of these components is considered as a spiral
arm tracer. In this paragraph we will show the relevant observations on spiral structure

and their interpretation with the proposed theories.

1.4.1 Star arms

The accurate way to study a stellar arm is to count every individual star and analyse
its spatial distribution according to its age. However, this is a huge work and the actual
optical resolution is not enough to identify every star separately. Nevertheless, Dixon (1971)
applied this method on M33 and showed that the star distribution along the southern arm
of M33 is in agreement with a density waves, where old stars are placed in the inner part.
Since this method is limited to very close galaxies, Dixon et al. (1972) proposed a new
method to study spiral structure in more distant galaxies. The goal is to use colour index
UB and BV as indicators. The first one can be used as a star's age indicator and the
second one can indicate how interstellar extintion affects the stars. They show that the
use of those index is congruent with counting stars. Following this method, Schweizer
(1976) performs photometric studies for some close spiral galaxies and he shows that disk
colors are very uniform with no color gradient. In contrast, arms are significantly more
blue than the disks and have a highly composite spectrum. The ratio of arm intensity
to disk intensity increases with radius, which explains the well-known outward bluing of

spiral galaxies. He detected broad spiral paterns in the underlying disks of the galaxies.
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These patterns represent variations in the surface mass density of the disk, which increases
with radius, reaching about £20% to £30% of the mean surface mass density, in the zone
of the outermost HII regions. He found that these asymmetries in the surface brightness
across spiral arms is less pronounced and less frequent than one would expect. However,
thanks to photographic improvements, Yuan & Grosbol (1981) measured color variation
and surface brightness across a spiral arm and showed that variation is relatively smooth
and symmetric, with little dependence on the distance to the center of the galaxy. Their
observations are consistent with the two natural consequences of the density wave theory,
namely continuous process of star formation within a cloud behind the shock, and the
tendency of new stars to fall back to smaller distances to the center after their formation.

Due to lower angular momentum of the cloud behind the shock.

Elmegreen & Elmegreen (1984) used blue and near-infrared surface photometry to mea-
sure disk scale lengths, spiral arm amplitudes and spiral arm color variations in 34 spiral
galaxies. They found that spiral arm morphology correlates with photometric changes in
the galaxy images and show that star formation and stellar density enhances the color
evolution in star systems. The following results were obtained: extreme flocculent galaxies
have very little structure in their old stellar population disks. Galaxies with strong devel-
oped arms can show stellar variations often exceeding 60%. For intermediate-type spiral
galaxies the blueness of the arms is independent of the arm amplitude, so star-formation
mechanism may be independent of these density variations, or star-formation rate would

have to saturate to the same value of the stellar density amplitude.

A more modern approach to study spiral structure in disk galaxies was proposed by
Elmegreen et al. (1989). This procedure involves removing the central part, mainly the
galaxy disk, in order to emphasize the spiral arms and other nonaxisymmetric structures.
So, the spiral structure can be studied; comparing the maxima and minima positions with
theoretical predictions, and determining inner and outer resonances. This technique has
been applied to grand-design galaxies like M51, M81 and M100 with good results, but is
still an issue. Notice that the minima in intensity are not necessarily at the position of
resonances, they can be originated by the superposition of two different components, if

there is a phase coupling.

Substracting one galactic component can introduce errors on the remaining image, so, it

is a risky procedure. It is possible to obtain all galactic components of a disk galaxy without
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removing any component. A Fourier decomposition of the galaxy image using a suitable set
of basic functions, like logarithmic spirals, offers the possibility to measure the amplitude
of spiral and bar structure in galaxies. Danver (1942) has discussed the mathematical
form of the spiral arms in galaxies. After analysing six types of simple mathematical
spirals, he chooses the logarithmic spiral as the best fit to express the form of the arms.
Despite this innovative work, subjective pattern recognition methods were widely used and
sometimes lead to erroneous conclusions. Simien et al. (1978) have studied the distribution
of HII regions and OB associations in M31. They have reached the noteworthy conclusion
that the most probable spiral pattern of M31 is not the classical two-armed trailing spiral
suggested by Arp (1964) but a one-armed leading spiral obtained by Kalnajs (1975) thanks
to a Fourier analysis of the observed structure. This demonstrates the importance of using
an objective algorithm to decide the best fit to describe the spiral structure of galaxies. This
method was applied to galaxy images by Iye et al. (1982), Takase et al. (1989), Considere
& Athanassoula (1982) and Considere & Athanassoula (1988), but unfortunately it is not

extensively developed.

1.5 Two-dimensional Fourier analysis

In this work, we use the method proposed by Kalnajs (1975) of a two-dimensional Fourier
analysis of the HII regions distribution as an objective method to study the properties of
spiral galaxies. The method consists of choosing a logarithmic spiral basis of functions
and calculating the Fourier coefficients of the HII region distribution on that basis. It is
important to stress that, in this method, the specific form of the basis functions does not
constrain the analysis. The basis functions only give a reference system in which we can
obtain parameters to describe the distribution of HII regions.

The observed HII region distribution, which has all the objective information, shows the
presence of a specific structure and plenty of points scattered all over the galaxy plane. It
is difficult to decide which of those points follow a pattern and which points are someway
random, not following any pattern. We are not looking for a method to clean those disturb-
ing random points, but for a method that, objectively, manages to find out the structure
from all the distribution points.

Thanks to this method, we can find out the parameters of the logarithmic spiral functions



UNIVERSITAT ROVIRA I VIRGILI
ANALYSIS OF THE SPIRAL STRUCTURE IN DISK GALAXIES USING THE FFT TRANSFORM
Carlos Barbera Escoi

1.5. Two-dimensional Fourier analysis 13

that best represent the observed HII region distribution, between all the basis of functions.
So, we can derive the main spiral pattern (signal) from the observed HII regions distribution

that appears somehow randomly distributed on the galaxy plane (noise).

1.5.1 Mathematical equations

The logarithmic spiral basis function are given by f(u, ) = expli(pu+mb)] in the logarith-
mic polar coordinates (u, #), where v = [n(r). The angular periodicity number m indicates
the number of arms, and p is the logarithmic radial frequency or a measure of the direction
and tightness of winding. The tightness of the arms winding is measured by the pitch angle
i by the relation tan(i) = —m/p

1.5.2 Equations for HII regions

Let o(r,0) the HII region density on the galaxy plane, the galaxy mass is given by:

+o00 2m
M = / / o(u,0)rdodr (1.1)
0 0

Changing the radial coordinate r by its natural logarithm u the previous equation is:

M:/Om /O%u(u,e)dﬁdu (1.2)

where p(u,0) = o(u,0)e* or in polar coordinates u(r,0) = o (r, 0)r?
Each of the N HII regions, with polar coordinates (r;, 6;) in the galactic plane, is treated
as a point with weight 1/N in order to normalize the total mass to unit. Then the density

can be expressed as a sum of delta-functions

N
1
(u, 0) = NZa(u—uj)a(e —0) (1.3)
n=1
The Fourier transform of such distribution is expressed by

+oo  ptT
A(p,m) = / / (w, B) e~ Putmd) gy, (1.4)
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where replacing p(u, 6) by (1.3)

1 N

o0 —+m
A(p,m) = / / o O w))5(6 — B o (1.5)
—oo Jom Y

exchanging integrals and summation we have
1 N +oo +m )
Alp,m) = > / 5(u —u;)0(0 — 0;)e P mD dhduy, (1.6)
n=1v 700 J—T

As the Fourier transform of the delta function is given by

Fo e —an)) () = [ 8 — aje do = e

—00

finally, we get the Fourier coefficients in the expansion of our observed distribution pu(u, @)
XN
_ —i(pu;+mb;)
A(p,m) = N ;:1 e (1.7)

A(p,m) are complex functions. The angular frequency m is an integer number that
represents the number of arms in the studied galaxy structure. For m = 0 (axisymetric
case), m = 1 (one-armed component), m = 2 (two-armed component) and so on. The
radial frequency p is related tho the pitch angle i of the spiral, tan(i) = —m/p and takes
values, regularly spaced, in the interval (—pmaz, Pmaz). We consider p,,q., = 128 because for
this value we get a pitch angle i = 0.45° that corresponds to a very coiled (winding) spiral.
For i = 45°, p is 1. For spirals wider than 45°, p takes values between 0 and 1. For our
study we calculate A(p, m) for p € (—128,128) and for m = 0 to 8.

To recover the mass density we perform the inverse Fourier transform of the coefficients

A(p,m) given by the following expression
N &t -
plu,0) == > / A(p, m)e” "m0 dp (1.8)

Fixing the angular frequency m we recover the mass density related to this m-armed
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spiral using the inverse Fourier transform
0) = l " A —i(putmof) g 1.9
/’l’mo(u7 ) 47T2 (p7 mo)e p ( : )
and multiplying by 1/7r* we get the function S,,(r, )
1
S (1,0) = pim(r,0)— (1.10)
r

since .S, is a complex function, to recover the density distribution of the m-armed structure
by taking the real part
o(r,0) = Re[Sp,(r,0))] (1.11)

Now, we can recover the original galaxy.

1.5.3 Equations for galaxy images

Once we have developed the transforming method for HII regions, we now implement it for
galaxy images. There are many reasons to use galaxy images. The increasing number of
available galaxy image catalogs allows us to work with samples big enough for statistical
studies. Galaxy images give much more information and this information comes from the
whole galaxy disk and not only from the HII regions. We are not limited by the number,
sizes and masses of the HII regions, we have homogeneous information covering the whole
galaxy. Moreover, the availability of galaxy images, for the same galaxy, with different
pass-bands opens the possibility to study the reliability and performance of our methods
to different color images.

For each galaxy image we have a matrix representing the observed light intensity dis-
tribution in the plane of the sky, as measured in units of the sky brightness. Those digital
images are Nx/N matrices centered at the galaxy center. First of all, we need to clean
the image subtracting foreground stars and normalizing to the sky background using the
brightest pixel of the image. In this way, we obtain a relative intensity matrix I(z,y) of
the galaxy, which will be the basis of our analysis. From this relative intensity matrix
I(x,y), we perform a polar coordinates interpolation with logarithmic radial coordinates
(u = In(r)) to obtain a new data matrix, /(u,d). Where u € (—o0,00) and 6 € [0, 27|. The

first step to perform in this interpolation is to define the 2-dimensional grid for the variables
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(u,0). We must keep in mind that we will use this grid to compute the Fourier transform
of the function I(u,#) in order to obtain the corresponding coefficients in the frequency
domain (p,m). Since in Fourier's theory the spatial domain and the frequency domain are
related, we are going to adapt our spatial domain grid to have enough resolution in the
frequency domain. As we have already seen for the case of HII regions, the optimal domain
for the radial frequency p is p € (—128,128). So the starting consideration to generate the
grid is to fix pyee = 128. In other words, we want that all our Fourier transformed image
fits in the fixed interval for p. To meet this restriction, according to the sampling theorem,
the maximum value for the radius is defined by e = 1/2Ap where Ap = 2pe./n s
the frequency sampling step and n is the size of the sampling grid for the variables (u, ).
It worth noting that the relative intensity matrix I(z,y) of the galaxy image is a NxN
matrix while the interpolated one, I(u, ), is a nxn matrix. For technical reasons of the
Fast Fourier Transform routine we use, we must add also a 27 factor. Therefore, in our
case Upmqe = m/Ap. The last parameter that needs to be fixed is the sampling number n.
This value is linked to the size of the initial galaxy image matrix Nx/N. Lower values of n
will not profit all the information of the galaxy image, giving not enough accurate results.
So, we need to take n big enough for good accuracy but not too big for computation time
considerations. After different tests, for our galaxy images, values from 2'° provide enough
accurate results, therefore we agree to fix n = 2!'. We should take into account that the

sampling number must be a power of two to use Fast Fourier Transform routines.

With this relative intensity matrix in polar coordinates, we can proceed as in the case
of HII regions, calculating the Fourier transform coefficients with bidimensional techniques.

We have that the transformed image is defined as

+oo 27
Alp,m) / / I(u, 0)e= 9 gy (1.12)
—00 0

where angular and radial frequencies take the same values as for HII regions.

Opposite to the case of HII regions, where we worked with very few data points coming
mainly from the spiral structure, here we have much more information coming from all
the galaxy components including the background disk or m = 0 component. Some galaxy
components as the galaxy bulge, must be removed prior the transformation. The galaxy

bulge is the brightest part, and not removing it could result in a very strong axisymmetric
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component that will disguise the weak non axisymmetric component that contain all the
information from the galaxy spiral structure. The goal is to keep only the information
coming from the galaxy disk where all the spiral structure can be found. The galaxy disk
will be fitted with logarithmic spirals by Fourier thecniques. Afterward, our deprojecting
techniques try to render the disk circular. The bulge is nearly spherical and looks round
on the plane of the sky. Therefore, if we do not remove the bulge and the bulge-dominated
region, when trying to deproject the galaxy, we will stretch it, given an elongated structure
which will be interpreted as a bar structure, giving strong spurious signals in the m = 2
components that will bias the results. Furthermore, for strongly barred galaxies, if we keep
this inner structure, our methods try to circularize the bar, not the external disk, resulting
in biased results as well. For these cases, in order to ged good values of the PA and IA, it
is necessary to eliminate a circular region enclosing the whole bar, also if an inner ring is

also present, this should be eliminated as well.

Despite the size of the inner part of the galaxy, we must remove it for all the galaxies
before proceed with our computations. This is relevant because, in this new scenario, our
relative intensity function I(u, @) will abruptly fall to zero, at the radius of the removed
inner part of the galaxy, resulting in a jump discontinuity. Calculating the Fast Fourier
Transform in these circumstances will produce a strong numerical effect known as the Gibbs
phenomenon, adding spurious terms to the Fourier series of the function. We propose to

localy apply a sinus filter to gently decrease our function values to zero.

I(u,0) for u > wpmin

]f(u,H) = I . (
(u,0)sin

Te¥

26umm) for u < Upin

Where ,,;,, is the radius of the removed inner part of the galaxy.

Once dealed with these problems for the lower grid values of u, we can concentrate in
the other end of the grid. For grid values of u approaching the disk galaxy limit, no filter is
needed because the relative light intensity slowly falls down to the sky background. Finaly,
for grid values overcoming the galaxy disk limits we set the function value to the relative
light value of the sky backgrond, ie, to zero. So, once fixed the radius of the removed inner

part, u,,;, and the radius of the disk galaxy extend, u.,; the final working function is:
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0 fOI' Uezt <u S Umaz
[f('Ll, 0) = I(u7 0) fOI' Umin S U S Uext

et

) for —Umaz S U < Umin

rw s (

After all these previous remarks and considerations, we can calculate the Fast Fourier

2eumin

Transform and move to the frequency domain where we will work with the complex functions
A(p,m) to extract information that will help us to first deproject the galaxy images from
the sky and calculate the position and inclination angles. Secondly, to measure bar strength
on disk galaxies and classify them according to their bar mophology and finally. Third, to

measure and identify the spiral structure of disk galaxies.

1.6 Structure of the Thesis

This thesis is structured as compendium of four papers that we present in Chapter 2. Three
of them are related to deproject disk galaxies from the plane of the sky to the plane of sight
and the last one to quantify the bar strength on disk galaxies. The first one uses information
from HII regions distribution to find the deprojection angles. Presenting two deprojection
methods and applies them to a sample of 88 disk galaxies. The second and third papers
present two new methods for galaxy deprojection, BAG1 and BAG2, based on Fourier
analysis of their images. After testing the methods, we aply them to two galaxy samples;
Frei et al. (1996) sample with 79 galaxies, and Ohio State Univerrity Bright Spiral Galaxy
Survey with 158 galaxies. We have compared the resulting deprojection angles of BAG1
and BAG2 with data from the Third Reference Catalogue of Bright Galaxies (RC3) ? and
other estimations found in the literature. We found that our deprojection methods perform
very well, except in cases where the galaxy is nearly face-on, where only the estimates from
kinematics are reliable.

Chapter 3 summarize the main conclusions and some conslusion on the bar distribution
as well as the future directions of research to go further using Fourier technique to quantify

morphological structures on disk galaxies.
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Chapter 2

Contributions of the Thesis

The main contribution of this thesis are included in this chapter. We include a complete
copy of the fourth papers that present our research. The doctoral candidate is author of

those fourth journal articles published and indexed in ISI-JCR.

2.1 Analysis of the distribution of HII regions in ex-
ternal galaxies. IV. The new galaxy sample. Po-

sition and inclination angles

Garcia-Gomez, C., Athanassoula, E., and Barbera, C., Analysis of the distribution of
HII regions in external galaxies. IV. The new galaxy sample. Position and inclination
angles. Astronomy and Astrophysics 389, 68-83 (2004) EDP Sciences. DOI: 10.1051/0004-
6361:20020460

19
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Abstract. We have compiled a new sample of galaxies with published catalogs of HII region coordinates. This
sample, together with the former catalog of Garcia-Gémez & Athanassoula (1991), will form the basis for sub-
sequent studies of the spiral structure in disc galaxies. In this paper we address the problem of the deprojection
of the galaxy images. For this purpose we use two deprojection methods based on the HII region distribution
and compare the results with the values found in the literature using other deprojection methods. Taking into
account the results of all the methods, we propose optimum values for the position and inclination angles of all

the galaxies in our sample.

Key words. galaxies: structure — galaxies: spiral — galaxies: ISM — ISM: HII regions

1. Introduction

Catalogs of HII regions of spiral galaxies can be used to ob-
tain a great deal of information on their underlying galax-
ies. For instance, we can study the radial profile of the
distribution of HII regions and compare it with the radial
distribution of the light in different wavelengths. We can
study also the number distribution of HII regions accord-
ing to their flux and use this information to study the star
formation rate in galaxies. Yet more information can be
obtained by Fourier analyzing the spatial distribution of
the HII regions. The distribution can then be decomposed
into components of a given angular periodicity, whose
pitch angles and relative amplitude can be calculated.
Using such results for a large sample of galaxies should
provide useful information on the properties of spiral
structure in external galaxies. With this aim, we started
in 1991 a study of all catalogs published until that date
(Garcia-Gémez & Athanassoula 1991, hereafter GGA;
Garcia-Gémez & Athanassoula 1993; Athanassoula et al.
1993). Since then, however, a large number of new catalogs
has been published, nearly doubling our initial sample.
This warrants a reanalysis of our previous results, par-
ticularly since the new published catalogs extend the ini-
tial sample specially towards barred and ringed galaxies,

Send offprint requests to: C. Garcia-Gdémez,
e-mail: cgarcia@etse.urv.es

* Tables 2 and 3 are only available in electronic form at
http://www.edpsciences.org

which were sparse in the first sample. The new sample
contains also a large number of active galaxies.

In this paper we will concentrate on the fundamental
step of the deprojection of the HII region positions from
the plane of the sky onto the plane of the galaxy, determin-
ing the position angle (hereafter PA) and the inclination
angle (hereafter TA) of each galaxy using several methods
of deprojection. In future papers we will study the spiral
structure of the galaxies which have a sufficient number of
HII regions and use the whole sample to study the global
properties of the spiral structure in external galaxies. This
paper is structured as follows: In Sect. 2 we present the
new sample and in Sect. 3 we discuss the different meth-
ods of deprojection used to obtain the values of PA and
TA. In Sect. 4 we give the PA and IA values adopted for
the galaxies in our sample and finally in Sect. 5 we com-
pare the values of the PA and TA obtained by using the
different methods of deprojection.

2. The sample

Several new catalogs of the distribution of HII regions in
external galaxies have been published in the last decade.
These come mainly from the surveys of Ha emission
in Seyfert galaxies from Tsvetanov & Petrosian (1995),
Evans et al. (1996) and Gonzélez Delgado et al. (1997),
from the Ha survey of southern galaxies from Feinstein
(1997) and the Ha survey of ringed galaxies by Crocker
et al. (1996). There have also been a considerable num-
ber of studies of the HII region distribution in individual

Article published by EDP Sciences and available at http://www.aanda.org or

http://dx.doi.org/10.1051/0004-6361:20020460
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C. Garcia-Goémez et al.: Analysis of the distribution of HII regions. IV. 69

R Table 1. General properties of the galaxies in the new sample.

24 _ _ _. 0ld Sample

" Name T S AC SS N  Ref.
B QT | g ESO 111-10 PSXT4.. 3.7 - N 64 1
H L ESO 152-26  PSBR1.. 1.0 - Y 236 1
z ESO 37724 SAT5*P 50 - N 59 2
3 . IC 1438 PSXTI1*. 07 - Y 44 1
2| 1 IC2510 SBT2*. 23 - N 70 2
EN F- IC 2560 PSBR3*. 3.3 - R 137 2
1C 3639 .SBT4*. 4.0 - N 112 2
1C 4754 PSBR3*. 2.6 - N 114 1
1C 5240 SBR1.. 1.0 - N 119 1
° ! NGC 0053 PSBRS3.. 0.6 - N 66 1
. Nf;a]zlr fﬁ’;ﬁﬁ ::;::)s e NGC 0157 SXT4.. 4.0 12 Y 707 8
. - . . R NGC 0210 .SXS3.. 3.0 6 Y 518 1
g}%.riéi(]))nl:.trlbutlon of galaxies as a function of number of NGC 0598 SASG.. 6.0 5 N 1272 18
NGC 1068 RSATS3.. 3.0 3 N 110 3
NGC 1097 .SBS3.. 3.0 12 Y 401 6
NGC 1386 .LBS+.. -0.6 - N 44 2
galaxies: NGC 157, NGC 3631, NGC 6764 and NGC 6951 NGC 1433 PSBR2. 2.0 6 R 779 1
(Rozas et al. 1996); NGC 598 (Hodge et al. 1999): NGC 1566 SXS4. 40 12 Y 679 9
NGC 3198 (Corradi et al. 1991); NGC 3359 (Rozas et al. NGC 1667 SXR5. 5.0 N 46 3
2000b); NGC 4321 (Knapen 1998); NGC 4258 (Courtes NGC 1672 SBS3. 3.0 5 N 260 6
et al. 1993); NGC 4736 (Rodrigues et al. 1998); NGC 5194 NGC 1808 RSXS1. 1.0 N 206 9
(Petit et al. 1996); NGC 5457 (Hodge et al. 1990; Scowen NGC 1832 SBRA. 4.0 5 R 206 1
et al. 1992); NGC 6184 (Knapen et al. 1993); NGC 7331 NGC 2985 PSAT2. 2.0 3 N 110 3
(Petit 1998) and NGC 7479 (Rozas et al. 1999). NGC 2997 SXT5. 5.0 9 R 373 5
From these studies we have retained all galaxies with NGC 3081 RSXRO.. 0.0 6 N 75 6
an inclination less than 80° and with a sufficient number N 58 9
of HII regions listed. Indeed, more than 50 HII regions NGC 3198 SBT5. 5.0 N 104 9
are necessary to allow a study of the spiral structure. NGC 3359 SBT5. 5.0 5 v 547 4
Nevertheless, we included also five galaxies with fewer NGC 3367 SBT5. 5.0 9 R 79 3
HII regions because we judged that they described fairly NGC 3393 PSBT1*. 1.0 - R 20 9
well the galaxy disc. In Fig. 1 we show the number of cat- NGC 3631 SAS5. 5.0 9 Y 1322 8
alogs as a function of the number of HII regions they have. NGC 3660 SBRA. 40 9 N 59 3
The solid line corresponds to catalogs of the new sample, NGC 3783 PSBR2.. 15 9 N 58 9
and the dashed line corresponds to the sample used in NGC 3982 SXR3*. 46 2 N 17 3
GGA (1991). From this figure we see that the quality of NGC 4051 SXT4. 4.0 5N 123 6
the two samples is roughly the same. NGC 4123 SBR5. 5.0 9 N 58 5
The properties of the galaxies selected for our study NGC 4258 SXS4. 4.0 Yy 136 16
and of their HII region catalogs are listed in Table 1. NGC 4321 SXS4. 4.0 12 Y 1948 12
Column 1 gives the galaxy name. Columns 2 and 3 the NGC 4507 PSXT3.. 3.0 5 N 92 9
Hubble type (T) and the Hubble stage (S) from the RC3 NGC 4593 RSBT3.. 3.0 5 v 112 9
catalog (de Vaucouleurs et al. 1991). Column 4 gives the R 45 5
arm class (AC) as defined in Elmegreen & Elmegreen NGC 4602 SXT4. 4.0 N 218 9
(1987). Column 5 classifies the spiral structure (SS) seen N 16 5
in the HII region distribution, which we obtain by eye es- NGC 4639 SXT4. 4.0 2 R 190 6
timates as in GGA (1991). If we can see a clear grand de- NGC 4699 SXT3. 3.0 3 N 104 3
sign spiral we give a classification Y in Col. 5 and N on the NGC 4736 RSAR2. 2.0 3 N 168 3
contrary. Intermediate cases are classified as R. Finally, in N 90 17
Col. 6 we give the number of HII regions in the catalog (N) NGC 4939 SASA. 40 12 Y 250 9
and in Col. 7 a key for the reference of this particular cat- v 206 6
alog. The number distribution of galaxies as a function of NGC 4995 SXT3. 3.0 6 R 142 3
galaxy type is shown in Fig. 2. The solid line corresponds NGC 5033 SAS5. 5.0 9 R 493 6
to the number distribution of types for the galaxies of NGC 5194 SASAP. 40 o v 477 .
the new sample, while the dashed line corresponds to the NGC 5364 SATAP. 4.0 9 R 174 5
sample used in GGA (1991). As in the previous paper the NGC 5371 SXT4. 4.0 o Y 100 3

peak is for galaxies of type Sbc. Nevertheless, this sample
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Name T S AC SS N  Ref.
NGC 5427 .SAS5P. 5.0 9 Y 300 2

Y 164 1

R 78 6
NGC 5457 .SXT6.. 6.0 9 Y 1264 13

Y 248 14
NGC 5643 SXT5.. 5.0 - N 214 2
NGC 5861 SXT5.. 5.0 12 N 55 5
NGC 6070 .SASG.. 6.0 9 N 61 5
NGC 6118 .SAS6.. 6.0 - N 117 5
NGC 6221 .SBS5.. 5.0 Y 173 2
NGC 6300 .SBT3.. 3.0 N 977 1

N 317 6
NGC 6384 SXRA4.. 4.0 9 R 283 5
NGC 6753 RSAR3.. 3.0 8 Y 541 1
NGC 6764 .SBS4.. 3.5 5 R 348 8
NGC 6782 RSXRI1.. 0.8 Y 296 1
NGC 6814 .SXT4.. 4.0 Y 734 15

Y 131 6
NGC 6902 .SAR3.. 3.1 - R 467 1
NGC 6935 PSARIL.. 1.1 - N 166 1
NGC 6937 PSBR5*. 4.9 - Y 213 1
NGC 6951 SXT4.. 4.0 12 Y 664 8
NGC 7020 RLAR+.. -1.0 - N 68 1
NGC 7098 RSXT1.. 1.0 - R 188 1
NGC 7219 RSAROP. 0.0 - Y 139 1
NGC 7267 PSBT1P. 1.0 N 122 1
NGC 7314 .SXT4.. 4.0 N 151 6

N 117 2
NGC 7329 .SBR3.. 3.0 - R 349 1
NGC 7331 .SAS3.. 3.0 3 N 252 10
NGC 7479 .SBS5.. 5.0 9 R 126 11
NGC 7531 SXRA4.. 2.8 3 R 549 1
NGC 7552 PSBS2.. 2.0 - N 78 5
NGC 7590 SAT4*. 4.0 - N 129 2

(1) Crocker et al. (1996), (2) Tsvetanov & Petrosian (1995),
(3) Gonzalez Delgado et al. (1997), (4) Rozas et al. (2000a),
(5) Feinstein (1997), (6) Evans et al. (1996), (7) Petit et al.

(1996), (8) Rozas et al. (1996), (9) Corradi et al. (1991), (10)
Petit (1998), (11) Rozas et al. (1999), (12) Knapen (1998), (13)
Hodge et al. (1990), (14) Scowen et al. (1992), (15) Knapen
et al. (1993), (16) Courtés et al. (1993), (17) Rodrigues et al.
(1998), (18) Hodge et al. (1999).

contains many more earlier type galaxies than the previ-
ous one. Indeed, in the previous sample most galaxies are
of type Sbc and later, while in the new one most are Sbc
and earlier.

In Fig. 3 we compare the arm class classification of
Elmegreen & Elmegreen (1987) with our classification of
the arm structure present in the HII region distribution.
The left panels refer to the galaxies in the new sample and
the right panels to the galaxies in the GGA (1991) sample.
The upper panels correspond to galaxies classified as Y,

New Sample |
— — — 0ld Sample

16

Number of Galaxies
10

0 2 4 6 8 10
L S0/a Sa Sab Sb Sbc Sc Secd Sd Sdm Im
RC3 Type

Fig. 2. Distribution of galaxies as a function of galaxy type.

the second row of panels correspond to the galaxies clas-
sified as N and the third row contains the galaxies clas-
sified as R. The last row contains the distribution of all
the galaxies according to arm class. The figure shows that
galaxies classified with higher number in the arm class
have a tendency to have well developed arms in the dis-
tribution of HII regions. There are, however, exceptions
as e.g. NGC 5861 which has been given an arm class 12
by Elmegreen & Elmegreen (1987), but has no apparent
spiral structure in the HII region distribution.

We should also note that our new sample is formed
mainly by barred and ringed galaxies. This is shown in
Fig. 4 where we can see the number distribution of galax-
ies as a function of bar type as given in the RC3 catalog.
In the upper panel we show the distribution of bar types
of the galaxies of the GGA (1991) sample. In the mid-
dle panel we show the distribution for the new sample
and in the lower panel the distribution of bar types of the
two samples combined. While the first sample was biased
towards non-barred galaxies (upper panel), the new cata-
log is biased towards barred and/or ringed galaxies (mid-
dle panel). This gives a quite uniform total distribution
(lower panel).

Our final aim is to study the spiral structure outlined
by the HII region distribution. Obviously, this cannot be
done with a catalog with a number of HII regions lower
than 50, and only the richer catalogs will be considered for
this purpose in a forthcoming paper. Nevertheless, useful
information on the galaxies can be obtained even from the
less rich catalogs, as e.g. the orientation of the galaxies as
seen in the sky and the radial scale of the distribution,
which can be compared with the radial scale length of
galaxy discs (Athanassoula et al. 1993).
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Fig. 3. Comparison of the arm classification of Elmegreen &
Elmegreen (1987) with our own classification of the arm struc- r 1
ture present in the HII region distribution. The histograms
give the number of galaxies as a function of the Elmegreen & S -
Elmegreen (1987) arm class. Left panels are for the new sam-
ple and right ones for the old one. The upper panels contain L i
galaxies with prominent spiral structure in their HII region
distribution. The second row, galaxies with no such structure. o b v
The third row contains galaxies which are intermediate or un- A X B
classifiable, and the fourth row, all galaxies together. RC3 Type

3. Deprojection methods

The first step in order to study the distribution of HII re-
gions is to deproject the images of the galaxies. For this we
need two angles, namely the position angle (PA) — which
is the angle between the line of nodes of the projected im-
age and the north, measured towards the east — and the
inclination angle (IA) — which is the angle between the
line perpendicular to the plane of the galaxy and the line
of sight —. An IA of zero degrees corresponds to a galaxy
seen face-on.

Two basic groups of methods have been used so far to
determine these angles. The first one is based on photom-
etry and images, and the second one on kinematics. The
most standard way to use images is to fit ellipses to the
outermost isophotes and measure their axial ratio. This
method, which is often used in the literature, is well suited
for discs which are not warped, and requires photometric
images with high signal-to-noise ratio in the outer parts,

Fig. 4. Distribution of galaxies according to the bar type clas-
sification of the RC3 (1991) catalog.

where the influence of non axisymmetric components like
arms and bars is minimum. Several variants have also been
proposed: Danver (1942) used a special display table to ro-
tate the galaxy images until they were circular. Grosbgl
(1985) applied the one dimensional Fourier transform to
the intensity distribution in the outer parts of disc galax-
ies and adopted the deprojection angles that minimized
the bisymmetric Fourier component.

Another classical method uses a two dimensional ve-
locity field of the galaxy. Assuming that the emission
comes from a thin planar disk, which is in circular mo-
tion around the galaxy center, we can select the deprojec-
tion angles that minimize the departures from such a flow.
This method is particularly well adapted for HI kinemat-
ics, which covers the whole galaxy disk. During the last
decade, however, this method has been applied also to
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data coming from CO and Ha kinematics, which are gen-
erally more restricted to the central parts. This method
is specially well suited for measuring the PA. In the case
of warps, a tilted ring model can be used, but the values
of the deprojection angles will not be uniquely defined, as
they will change with galactocentric radius.

Searching in the literature, we can also find other kind
of methods to derive the deprojection angles that do not
use the techniques described above. Comte et al. (1979)
used a plot of the HII region distribution of M 101 in
a log(r) — @ plane to fit a straight line to the arms, us-
ing the hypothesis that the arms are well described by
logarithmic spirals. Iye et al. (1982) applied the two di-
mensional Fourier analysis to the galaxy NGC 4254, using
a photometric image, and chose the deprojection angles
that maximize the axisymmetric component. Considere
& Athanassoula (1982) also applied Fourier analysis but
used instead published catalogs of HII regions. The crite-
rion that they used was to maximize the signal to noise
ratio in the m = 2 component. This same criterion was
used by Considére & Athanassoula (1988) but using in-
stead photometric galactic images.

In this paper we will use two methods, which were al-
ready introduced by GGA (1991). For our first method
we use two dimensional Fourier analysis of the galaxy im-
age. We decompose the HII region distribution in its spi-
ral components using a basis formed of logarithmic spirals.
Since the deprojected galaxy should be more axisymmetric
than the projected one, we can calculate the deprojection
angles are as the angles that maximize the ratio:

B(0)
Sy B(m)
where the B(m),m =0,..., N are defined as:

(1)

Bm) = [ 1A | dp @)
and the function A(p,m) is the Fourier transform of the

HIT region distribution, considered as a two dimensional
distribution of §-functions of the same weight:

+oo
I

N
XY 0w — uy)3(6 — ;) P dudf  (3)
j=1

+71'1

A(p7 m) = B N

1 N
- Z efi(puj+m0j).
N

In the above (rj,0;) are the polar coordinates of each
HII region on the galaxy plane, u; = Inr; and N is the
total number of HII regions. The details of this method
are outlined in GGA (1991). It is clear that this method
will work mainly for distributions which have a clear sig-
nal of all the components of the spectrum, specially the
m = 0 component which corresponds to the background
disk distribution.

Our second method was also described in GGA (1991).
This method is specially devised for HII region distri-
butions. If an axially symmetric distribution of points is
divided in Ny equal sectors, like cake pieces, and it is suffi-
ciently rich, then we expect to have a roughly equal num-
ber of HII regions in each piece, when viewing it from a
line of sight perpendicular to the disc. If the same dis-
tribution of points is now viewed from a skew angle and
we again use sectors, which are of equal surface in the
plane perpendicular to the line of sight, then the number
of HII regions will not be the same in all sectors. Thus
the correct deprojection angles will be those for which the
number of points in each sector is roughly the same, or, in
other words, when the dispersion around the mean value
is minimum.

None of the methods described are free from system-
atic errors. In fact they all work perfectly well for the
theoretical case of a razor thin, axisymmetric disc in cir-
cular motion around its center but present more or less
important problems for galaxies deviating from this ideal-
ized case. When we fit ellipses to the isophotes, the pres-
ence of strong bars and/or spiral arms can bias the results,
if the isophotes are not sufficiently external. However,
Athanassoula & Misiriotis (2002) show that even for very
strong bars the isophotes in the outermost part of the
disc are sufficiently circular to be used for deprojection. If
we use the velocity fields in HI, the external parts of the
galaxy may be warped, in which case the deprojection an-
gles will be ill defined. Our methods also can suffer from
systematic problems. For instance, in the case of the first
method, if the HII region distribution delineates mainly
the m = 2 arms and there are only few regions in the
background disk, the ratio (1) will not be well defined and
the method can find difficulties. Our methods can also
find problems in the case of highly irregular distributions,
as well as in strongly barred galaxies where many HII re-
gions are concentrated in the bar region. In these cases
our methods will erroneously tend to circularize the bar.
A similar difficulty appears when many HII regions are lo-
cated in some galaxy rings. Buta (1995) using his Catalog
of Southern Ringed Galaxies showed that rings need not
be circular. The outer features have an average intrinsic
axis ratio of 0.8740.14 while the inner features an average
of 0.84 &+ 0.10. This indicates that some rings must have
an oval nature. Our methods, however, will tend to circu-
larize these structures when they dominate the HII region
distribution. Thus they will attribute to a face on case an
IA of 12.5 degrees if there was an outer ring of axial ratio
of 0.87 and of 9.8 degrees if there was an inner ring of axial
ratio 0.84. Of course if only part of the HII regions are in
the ring component, then the error could be smaller. In
such cases, where HII regions delineate the several compo-
nents, we obtain secondary minima in the results obtained
by our methods. It is thus necessary to check if some of
these minima give better results than the principal mini-
mum, which can be strongly biased by some of the effects
described above.
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Fig. 5. Deprojected HII region distribution of the galaxies in
our sample with rich catalogs and clear spiral structure.

Thus, instead of relying on a single method in the cru-
cial step of deprojecting the galaxy image, a comparison
of the values given by the different methods is in order.
In this way we can choose the pair of deprojection angles
that suit best a particular galaxy. Our two methods, in
conjunction with the literature values, were used in our
first sample of HII region distribution of spiral galaxies
(GGA, 1991). In this paper we will use this procedure to
the HII region catalogs published in the last decade. We
should, however keep in mind that our new sample has a
high fraction of barred and ringed galaxies, where our two
methods may not perform as well as for the galaxies in
the GGA (1991) sample (see Fig. 4).

4. Notes on individual galaxies

In this section we give some comments on the deprojection
angles chosen for each individual galaxy. This information
is shown in Table 2. In Col. 1 we give the galaxy name.
In Cols. 2 and 3 we show the PA and IA obtained using
our two methods. In the first row we show the values for
our first method, while in the second row those for our

Fig. 5. continued.

second method. If there are more than one catalog for a
particular galaxy, the values found using our methods are
displayed in the following lines. In Cols. 4 and 5 we show
the main values of PA and TA respectively found in the
literature. In Col. 6 we give a key to describe the method
used to obtain the literature values. P is used for pho-
tometric values, KH is used for values determined using
HI velocity field, KC for values determined using a velocity
field in CO, KO for optical velocity fields, KS is used when
the values come from slit spectra determinations and fi-
nally O is used for methods different to the previous ones.
In Col. 7 we give a key for the reference where this par-
ticular determination can be found. This key is resolved
in Table 3. Finally in Cols. 8 and 9 we give the adopted
values of the PA and TA respectively. This same struc-
ture is repeated in the second group of columns. Using
the finally adopted values we can deproject the catalogs
of HII regions. The deprojected distribution of the richer
catalogs showing with spiral structure are shown in Fig. 5
while in Fig. 6 we present the rest.

ESO 111-10: this is a galaxy with apparent small
size and the catalog of HII regions is not very rich.
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Fig. 6. Deprojected HII region distribution of the rest of the
galaxies in our sample.
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Nevertheless, our two methods give a good agreement
NGC 1672 NGC 1832

when we use a secondary minimum for the second method.
We adopt the mean of both methods, which agrees well
with RC3.

ESO 152-26: for this galaxy the HII regions are
placed mainly in the arms and in the inner ring. Our two

methods give the same value for the position angle and PA-170 1A= 34 | PA-128 1A= 48 e
close values for the inclination angle. Eye estimates, how- NGC 2985 NGC 3081

ever, show that the value of the PA is not satisfactory, .

presumably because our methods try to circularize the ,h"l-"\{-- . o
ring. We thus use the PA from the photometry of Crocker L ";* il YooE

et al. (1996) and the mean of our IAs, which is also the
mean of the literature values.

. . . . P.A= 180 LA= 36 PA= 91 LA= 39 PA= 91 IA= 39
ESO 377-24: this is a small sized and not very in- T ETCT o 335 aC 5993
clined galaxy. The number of HII regions in the catalog - ) .
is also small and both methods give a minimum at val- a4 RS o
ues more appropriate for a more inclined galaxy. Using . . : .. N toan
secondary minima for both methods we get a reasonable ) N ol
agreement with the values from RC3 (1991). We finally e Ty o e
36 LA= 71 PA= 10(; ) LA= 40 P.A= 80 LA= 27

adopt the values from the second method, which are in PA=
agreement with the photometry and close to the values of
the first method.

Fig. 6. continued.
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IC 1438: the HII regions are placed mainly in the arms
and the ring of this nearly face-on galaxy. The two meth-
ods are in good agreement. But as there is no background
disk of HII regions, the first method may be biased by
the presence of the spiral structure. We thus keep the PA
from the second method, which coincides with that found
by Crocker et al. (1996). For the TA we take the average
of our two methods.

IC 2510: this is a galaxy of a very small apparent size.
Nevertheless, as it is quite inclined, our two methods give
results in good agreement and we keep the mean of the
two, which is, furthermore, in good agreement with the
literature values.

IC 2560: our two methods are in good agreement for
this galaxy and we adopt the mean of their values, which
agrees well with the PA given in the RC3 (1991) and the
Lauberts-ESO catalogs (1982), and with the TA of the
former.

IC 3639: this is a nearly face-on galaxy in a small
group. The catalog of HII regions is quite irregular and
does not show any spiral structure. We adopt the values
from our second method, which are in agreement with the
PA of Hunt et al. (1999) and the average IA of all methods.
Note, however, that there is a lot of dispersion around the
mean values, which could mean that our estimate is not
very safe.

IC 4754: this is a ringed, small size galaxy. Nearly all
of the HII regions of the catalog are placed in the external
ring. Our methods are in agreement for the IA and the
agreement for the PA is only reasonable, but the values
from the PA are poorly determined as the projected cat-
alog looks quite round. We prefer to keep the values from
the second method, which are in agreement with two of the
photometric values for the PA and all the values for the
TA.

IC 5240: this case is quite similar to the previous one.
Again the HII regions are placed mainly in the external
ring, but as the galaxy is quite inclined, both methods are
in reasonable agreement. As before, we keep the values
from the second method, whose PA is in excellent agree-
ment with all the literature values, and the IA with the
results of the Lauberts ESO catalog (1982).

NGC 53: the HII regions are placed only in the outer
ring and their number is quite low. On the galaxy image, it
seems that the inner ring is not oriented as the main disk,
but along the bar. Our first method tends to circularize
this ring which is not necessarily circular. So, we keep the
mean values from the photometry of the RC3 (1991) and
the Lauberts ESO catalog (1982).

NGC 157: this galaxy seems to be a bit irregular
and this is reflected in the rich catalog of HII regions.
Nevertheless the two methods are in excellent agreement
between them and in fair agreement with the literature
values Thus, we keep the mean of our values.

NGC 210: the HII regions trace very well the arms
and the inner ring. Our two methods are in agreement
with the literature values and thus we keep the mean of
our values.

NGC 598: our two methods are in good agreement
but the values that they give are not in agreement with the
rest of the literature values, probably due to an incomplete
sampling of the galaxy disk in the HII region catalog from
Hodge (1999). Thus, we prefer to keep the mean of the
kinematically derived values.

NGC 1068: the HII regions are placed only in the in-
ner bright oval, and the values obtained using both meth-
ods, while in agreement, are inadequate. The values given
by Sénchez-Portal et al. (2000) also pertain to the inner
bright oval. Thus, we take the mean of the values from the
velocity fields.

NGC 1097: our two methods agree well for the values
of TA, but the discrepancy is higher for the PA. The first
method gives rounder arms, so its PA and TA values must
have been highly influenced by a Stocke’s effect (Stocke
1955), while the second gives a rounder central part. These
latter values agree very well with the HI kinematical val-
ues from Ondrechen (1989) as well as with three of the
photometrical estimates, so we will adopt the values from
the second method.

NGC 1386: our two methods give identical results
for this quite inclined galaxy, which are furthermore in
agreement with the photometric estimates. We adopt the
values from our two methods.

NGC 1433: the HII regions trace very well the inner
ring of this galaxy. Both methods try to circularize this in-
ner ring giving a strong disagreement with the kinematical
values. We adopt the values from the velocity fields.

NGC 1566: this galaxy was also studied in the first
paper, where we used the catalog by Comte et al. (1979)
which traces also the external arms. For this new cata-
log, the HII regions are placed mainly in the inner oval
part and the results of our methods disagree. The val-
ues obtained from the first catalog by GGA (1991) are
in good agreement with the values from the kinematics,
so we adopt the mean values of the GGA values and the
optical velocity field from Pence et al. (1990).

NGC 1667: this galaxy has a small apparent size,
with a catalog with a low number of HII regions.
Nevertheless, as the galaxy is quite inclined, the two meth-
ods are in reasonable agreement and we give the mean of
both methods.

NGC 1672: our second method does not converge,
probably due to the strong bar present in this galaxy. On
the other hand our first method gives a PA value in good
agreement with the photometric values form RC3 (1991)
and the Lauberts-ESO catalogs (1982), but the value ob-
tained for the IA value seems too high. We keep the values
from the RC3 catalog.

NGC 1808: there is a good agreement between the
two methods, but the HII regions trace only the inner
bright oval part and there are no regions in the outer arms
or disk. The outer disk in the galaxy image seems to be
much less inclined. For this reason we prefer to keep the
kinematic values from Koribalski et al. (1993).

NGC 1832: this galaxy was studied also in the
first paper, but using a catalog with a low number of
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HII regions. Using this new catalog, the two methods are
in good agreement, and there is a rough general agreement
with the rest of the values from the literature. Thus we
keep the mean of our two methods.

NGC 2985: the HII region distribution is quite irreg-
ular, but despite this fact, the first method gives values in
reasonable agreement with the RC3 (1991) catalog. The
second method does not work. We adopt the mean be-
tween our first method and RC3 (1991).

NGC 2997: this galaxy was also studied in the first
paper using a similar catalog. Using the new catalog we
find values for the TA that are in reasonable agreement
between them, while the values for the PA are not so
well constrained. The mean of the two methods are in
agreement with the kinematical values from Milliard &
Marcelin (1981) and the photometric values from the RC3
(1991) and, to a lesser extent, with the rest of the values.
We adopt the mean of our two methods.

NGC 3081: for this galaxy we have two catalogs
with distributions of similar shape, the HII regions being
mainly in the inner ring. As both methods try to circu-
larize this ring we prefer to adopt the mean of the values
from the photometry and kinematics from Buta & Purcell
(1998).

NGC 3198: there is a good agreement between our
two methods for this quite inclined galaxy. There is also a
general agreement with the rest of methods. The projected
HII region distribution, however, seems somewhat irregu-
lar, and this may bias our two methods, giving higher val-
ues from the PA. For this reason we prefer to adopt the
mean values from the HI kinematical studies of Bosma
(1981) and Begeman (1987). Note that these are in good
agreement with our second method and reasonable agree-
ment with the first.

NGC 3359: our methods are not adequate for this
galaxy because a lot of HII regions are located in the bar
region. We thus keep the mean of the kinematical values
from the Ha velocity field from Rozas et al. (2000b) and
HI velocity fields from Gottesman (1982) and Ball (1986).

NGC 3367: the values given by the various methods
cover a broad range of values. Our two methods give the
same value for the TA, which is furthermore in agreement
with the value from Danver (1942). The average of the two
values of the PA are in agreement with the photometry
from Grosbgl (1985). We thus adopt the mean of our two
methods.

NGC 3393: the situation for this galaxy is highly un-
satisfactory. The PA of 160 is mainly reflecting the orien-
tation of the bar, so it can be dismissed. The estimate of
41 degrees comes from the outer isophote, but this seems
to be heavily distorted, partly by the arms. Our methods
should suffer from Stocke’s effect (1955). Since our pur-
pose in the following pages will mainly be to study the
spiral structure and our two methods agree well, we will
adopt their average for our future work. We stress, how-
ever, that this is due to the lack of any better estimate.

NGC 3631: this is a nearly face-on galaxy, and thus
although we use a very rich catalog, the values of PA

and TA are not very well constrained. We adopt the value
of the PA derived in the kinematical analysis of Knapen
(1997). However, the kinematic analysis did not give a
value for the TA, so we adopt the mean of our methods for
this angle, which is in rough average with the photometric
values.

NGC 3660: the catalog of HII regions is quite poor
and the values of PA and TA are not very well constrained.
Nevertheless, the two methods are in good agreement and
in rough agreement with the photometric values from RC3
(1991). We adopt the mean of our two methods.

NGC 3783: the HII regions of this catalog populate
an inner ring. Nevertheless, our two methods are in good
agreement with the only PA value that we found in the
literature and with the TA of RC3 (1991). There is also
a rough agreement with the IA values from other studies.
We adopt the mean of our methods.

NGC 3982: this is a small apparent size galaxy nearly
face-on and the HII region catalog is quite poor. Both our
methods have two clear minima, however, and are in good
agreement between them. Moreover, they are in rough
agreement with the photometry, so we adopt the mean
values of all methods.

NGC 4051: the HII region distribution is somewhat
irregular and the first method gives results only in rough
agreement with the values from the second method. We
finally adopt the kinematical values of Listz & Dickey
(1995), which are in general agreement with most of the
photometric values.

NGC 4123: the number of HII regions is quite low and
the HII region distribution traces mainly the bar region.
The first method does not work properly, so should be
neglected. The values from our second method are in good
agreement, with the values from the kinematics. Seen the
poor quality of the HII region catalog we adopt the mean
values from the kinematics.

NGC 4258: as our two methods are in agreement for
this quite inclined galaxy we adopt their mean value which
is in agreement with the results of the velocity fields of
van Albada (1980) and van Albada & Shane (1975).

NGC 4321 (M100): this galaxy is not very inclined
and thus the value of the PA is not well constrained. On
the other hand, there is a rough agreement about the TA
for the rest of the methods. We adopt the kinematical
values of Guhatakurta (1988).

NGC 4507: the galaxy has a small size and the HII re-
gions populate a ring. Our two methods do not work prop-
erly because they try to circularize the ring. We adopt the
deprojection angles obtained in the photometric study of
Schmitt & Kinney (2000).

NGC 4593: this is a strongly barred galaxy for which
there are three published catalogs of HII regions. Our two
methods are in good agreement for the richer catalogs but
the first method gives discordant results in the second cat-
alog and the second method does not work at all. Thus
we discard the values from the second catalog. The mean
of our values are also in general agreement with the pho-
tometric values, except for the case of the I photometry
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by Schmitt & Kinney (2000) who give a higher PA value
than the rest. We adopt the mean values of the results of
our two methods applied to the first and third catalog.

NGC 4602: all values of the PA are in rough agree-
ment, except for the value given by Mathewson & Ford
(1996), which by eyeball estimate does not look very rea-
sonable. We adopt an average value of our two methods
and both catalogs, which also agrees with RC3 (1991) and
Danver (1942).

NGC 4639: there is good agreement between the val-
ues obtained by our methods. Thus, we take the average
values. This is also in agreement with the literature values.

NGC 4699: we adopt the average of our two methods,
which is in good agreement with the photometric values.

NGC 4736: for this galaxy, we have two catalogs.
In both cases, nearly all the HII regions are placed in the
external ring. Our four results are only in rough agreement
and they are, furthermore, not very reliable since they
pertain to the ring. Thus, we prefer to adopt, the mean
values given from the velocity fields (Bosma et al. 1977;
Mulder & van Driel 1993; Buta 1988) which are in good
agreement between them and also with the average of our
two methods and the two catalogs.

NGC 4939: we have two catalogs of similar richness
for this galaxy. It is quite inclined and the two methods
are in rough agreement for both catalogs. We take the
averages of our two methods and the two catalogs, which
is in agreement with the photometric values and the value
given in GGA (1991).

NGC 4995: our two methods give identical results,
which we adopt, since they are also in good agreement
with the photometric values from RC3 (1991) and Grosbgl
(1985).

NGC 5033: a number of estimates are available for
the deprojection angles of this galaxy, and all cluster in a
relatively narrow range of values. The results of our two
methods are in good agreement between them and with
the rest of the estimates. The deprojection of the HII re-
gion distribution is particularly sensitive to the adopted
value of the TA. We tired several averages of the individual
estimates both straight and weighted by our judgment of
the quality which resulted in identical values. We adopt
these mean values.

NGC 5194 (M 51): our two methods are in good
agreement, but the values of the position angles in partic-
ular, using the primary minima, are quite discordant with
the values obtained from the analysis of the velocity fields.
Note that they are also similar to some of the derived pho-
tometric values. The deprojected galaxy using our values
looks quite good, as already noted in GGA (1991). There
is, however, a secondary minimum, which is in agreement
with the values derived from the velocity fields. With these
values we get also a round deprojected galaxy. We adopt
the value from Rots et al. (1990), which are as stated,
in agreement with the average of the secondary minima
value.

NGC 5364: we take the average values from our two
methods, which is in agreement with the rest of the values
in the literature.

NGC 5371: the galaxy was too big to fit in the CCD
frame used by Gonzalez-Delgado et al. (1997), so that,
the PA values found using this catalog can not be very
reliable. We thus adopt for this galaxy an average of the
photometric values.

NGC 5427: here the two methods and the three cat-
alogs give different results, which again are very different
from the literature values. This is not surprising as the
galaxy is not very inclined and there is no derived velocity
field in the literature. For lack of any stronger criteria and
looking at the deprojected images obtained with all these
values, we decided to adopt the result of the first method
and the richer catalog. However, it should be stressed that
these are very ill defined values.

NGC 5457 (M 101): this galaxy is nearly face-on.
Thus, the values of the PA are not well constrained. Our
methods prefer a galaxy completely face on but, as the
galaxy is quite asymmetrical, we have decided to adopt
the values obtained by the HI high resolution study of
Bosma et al. (1981).

NGC 5643: the catalog of HII regions has an irregu-
lar distribution. The outer parts look also irregular in the
galaxy images. Thus, our two methods as well as the pho-
tometric values are very unsafe. For lack of any stronger
criteria, we adopt the results of the first method, which
give a rounder deprojected object. It should nevertheless
stressed that is a very unsafe estimate.

NGC 5861: there are very few HII regions in this
catalog, so we adopt the values given by Grosbgl & Patsis
(1998). It should, nevertheless be noted that, although the
catalog is poor, our results are in fair agreement with the
photometric ones.

NGC 6070: there is a good agreement between our
two methods and the results available in the literature.
We adopt the average of our two methods.

NGC 6118: for this galaxy we have, as in the for-
mer case, a good agreement between our methods and the
literature values. Thus, we adopt the average of our two
methods.

NGC 6221: the HII regions trace mainly the arms
and give a rather irregular distribution, so that our second
method is not reliable. There is a good agreement between
our first method and the photometric value from Pence
& Blackman (1984). We finally adopt our first method
values. Note that the IA is in good agreement with the
remaining photometric values.

NGC 6300: the results of the kinematical values of
Ryder et al. (1996) and of Buta (1987b) are in perfect
agreement, so we adopt these values. Our two methods
are less reliable, since the HII regions are mainly lying in
a ring for both catalogs. Nevertheless, it is worth noting
that there is a reasonable agreement between our values
and the adopted ones and also with the rest of the values.

NGC 6384: our two methods agree between them and
we have adopted the average of their values. Our TA values
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agree well with the photometric ones, while the PA does so
reasonably well. The IA given by Prieto et al. (1992) seems
more reliable than that of Sdnchez-Portal et al. (2000),
since the data extend further out in the region which is
less influenced by the oval bar. This agrees with the mean
of our values. The PA we adopt is somewhat higher than
those given by the photometry. The deprojected catalog,
however, has a round shape and thus we keep our values.

NGC 6753: our two methods agree reasonably well
between them, so we take the average values which are in
good agreement with the photometric values.

NGC 6764: our two methods give identical results
and also agree quite well with the available photometric
values, so we adopt our values.

NGC 6782: we adopt the average of our two methods,
which is in reasonable agreement with the photometric
values, as in the previous galaxy.

NGC 6814: this is a nearly face-on galaxy and as a
result the values of the angles are not well constrained. We
have two catalogs of different richness. As the PA can not
be well constrained using our methods, we have decided
to adopt the values from the kinematics of Listz & Dickey
(1995) which are in fair agreement with the values ob-
tained by our methods for the less rich catalog from Evans
et al. (1996). Note that the richer catalog of Knapen et al.
(1993) has a well delineated strong northern arm which
can bias our results.

NGC 6902: we adopt the average of our two methods
which is in good agreement with the results given in the
RC3 (1991) catalog, and agrees also with the average of
the rest of the literature determinations.

NGC 6935: the HII regions trace the outer ring only.
Our second method does not work, and converges to a
value with too high inclination, so we neglect it. We adopt
the result from the first method which is in good agree-
ment with the inclination of the RC3 (1991) catalog.

NGC 6937: no reasonable minimum was found by
the first method and we adopt the values from the second
method, which agree well with the inclination of the RC3
catalog, but not so well with the values quoted by Crocker
et al. (1996).

NGC 6951: we take the average of our two values
which are in good agreement with the values derived by
Grosbgl (1985).

NGC 7020: the few available estimates agree well
with our two methods, so we take the average of our two
values.

NGC 7098: our two methods try to circularize the
inner ring so that, even though they agree well between
them, they are not very meaningful. We thus adopt the
average of the photometric results.

NGC 7219: the first method does not work very well,
so we list a secondary minimum. Our adopted values are
the average of the two methods and are in reasonable
agreement with the few available literature values.

NGC 7267: the few HII regions are mainly in and
around the bar and not in the surrounding disc. We thus
adopt, the value given by Crocker et al. (1996), which is

in reasonable agreement with the other photometrically
determined estimates.

NGC 7314: our two methods applied to the two cat-
alogs give results in very good agreement. We thus adopt
their mean value, which is also in good agreement with
the few results available in the literature.

NGC 7329: our second method converges to an incli-
nation angle which seems too large. We thus neglect it and
take the result of the first method, which is in reasonable
agreement with the little that is available in the literature.

NGC 7331: the results of our two methods agree very
well between them, and with the main kinematic esti-
mates. We thus adopt the average of our two methods.

NGC 7479: this is a difficult galaxy since, on top of
a bar, there is a major m = 1 asymmetry, clearly seen in
the deprojected image for both catalogs. This can bias our
methods, thus we prefer to adopt the kinematical value
from Laine & Gottesman (1998), which is in good agree-
ment with the results given by our second method.

NGC 7531: this galaxy is quite inclined, so it is cru-
cial for the PA to be accurate. Our first method gives a
value which is, by visual inspection, not acceptable. We
thus adopt the result of our second method, which is in
good agreement with the kinematic values.

NGC 7552: the HII regions are mainly concentrated
in and around the bar region and thus can not give useful
information for the deprojection. We thus adopt the values
from RC3 (1991).

NGC 7590: our two methods give results that coin-
cide, so we adopt their average values, as they are also in
reasonable agreement with the few available photometric
estimates.

5. Discussion

In this section we compare the different methods used to
determine the deprojection angles (PA, IA). Our aim is to
see whether any one is inferior or superior to the others.
We compared 7 methods, or groups of methods. Our two
methods (method 1 and 2) constitute a group each. The
values obtained by Danver (1942) form group D, those
by Grosbgl (1985) form group G, and the values from
the RC3 catalog form group RC3. The sixth group (kine-
matics, K) includes all the values obtained using informa-
tion from HI or optical velocity fields. Finally the seventh
group (photometry, P) includes all results obtained fitting
ellipses to the outer parts of the galaxies. The values in
these last two groups do not constitute homogeneous sam-
ples, but the methods used by the different authors are
very similar. Moreover, the kinematical method is quite
reliable, specially for the determination of the PA.

For comparing any two methods we fitted a straight
line to all pairs of values, using a maximum likelihood
algorithm which minimizes the x? merit function

ey (4)
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Fig. 7. Correlations between the values of the PA and IA de-
rived using our two methods. Solid line. Diagonal (perfect cor-
relation). Dashed line. Best fitting weighted linear correlation.

Fig. 8. Same as Fig. 7 but for the correlations between our

first method and the results from HI kinematics.

Table 4. Weighted mean orthogonal distances for the PA cor-
relations (upper triangle) and cos(IA) (lower triangle).

where 02, and o2, are the errors for the ith value (Press st 2nd RC3 G D K P
et al. 1992). Ist 71 105 113 96 133 165

When using our values, we assigned a weight to each 2nd 7.4 9.1 8.9 6.2 114 14.1
catalog of HII regions as follows: If the catalog is very ir- RC3 9.9 10.1 62 57 93 10.1
regular with a small number of HII regions we assigned a G 92 90 6.1 11.6 16.0 178
weight of 0.1. If the number of HII regions is small but the D 13.7 119 59 121 94 207
catalog looked quite regular we assigned a weight of 0.3. K 9.5 9.7 5.0 6.8 9.7 15.8
If the catalog has a fair number of HII regions, but the P 129 16.2 7.7 101 113 109

distribution has some irregularities, we assigned a weight
of 0.6 and, finally, if the catalog looked regular and had a
fair number of HII regions we assigned a value of 1.0. We
introduced a further weight, this time for the PA values
of all the methods, to take into account the fact that for
galaxies nearly face on, it is difficult for any of the meth-
ods to assign a reliable value of the PA. We thus assigned
a low weight to the PA values of nearly face-on galaxies
and a weight of 1. for all the rest. The errors were taken as
the inverse of the weights, or, in cases with two weights, as
the inverse of their product. In all the correlations we dis-
carded the galaxy NGC 5194. For this galaxy, the values
determined for the PA and TA using the kinematical in-
formation are in clear disagreement with the values deter-
mined using any of the other methods. This must be due
to the strong interaction with the companion, NGC 5195.

Some illustrative correlations between pairs of meth-
ods are shown in Figs. 7 to 9. In Fig. 7 we compare the
results of our two methods, in Fig. 8 our first method to
the kinematical values and in Fig. 9 our first method to
the photometrical determined values. To compare quanti-
tatively the results of these and all the remaining correla-
tions (not shown here) we used correlation coefficients as
well as the weighted mean of the orthogonal distances of
all the points to the best fitting straight line. The results
of the comparison are shown in Tables 4 and 5. Tables 6
and 7 give the coefficients a and b of the linear regressions.
In all cases the values above and to the right of the main
diagonal correspond to the PA, and the values under and
to the left of the main diagonal correspond to the cos(IA).
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Table 5. Weighted correlation coefficients for the PA correla-
tions (upper triangle) and cos(IA) (lower triangle).

1st 2nd RC3 G D K P
1st 092 094 087 094 096 0.79
2nd  0.98 096 0.89 096 092 0.83
RC3 0.87 0.88 096 0.98 0.88 0.89
G 089 077 0.84 0.89 0.79 0.75
D 08 091 094 0.51 0.94 0.59
K 098 08 093 086 0.89 0.81

P 077 069 083 0.68 0.82 0.71

Table 6. Zero points of the best fitting straight line for the
PA correlations (upper triangle) and cos(IA) (lower triangle).

1st 2nd RC3 G D K P
1st 72 122 57 85 99 5.2
2nd 7.2 3.0 -0.1 1.0-4.1 —4.8
RC3 —8.8 —19.0 4.1 —-14-82 4.5
G —3.1 9.3—-19.5 14.6 1.2 15.6
D 9.5 -85 171 7.3 —-2.0 2.5
K 5.3 —6.9 22.4-10.2 15.5 —26.5
P 8.7 4.3 133 29.2-12.7 7.7
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Table 7. Slopes of the best fitting straight line for the PA cor-
relations (upper triangle) and cos(IA) (lower triangle).

Fig. 9. Same as Fig. 9 but for the correlations between our
first method and the results from the photometry.

We chose the cos, rather than the angle, since the former
is uniformly distributed. Note that the values of the or-
thogonal distances and of the coefficient a for the case
of cos(IA) have been rescaled so as to make them directly
comparable to the corresponding values of the PA. For the
comparisons we pooled together the data of the galaxies of
the new sample presented in this paper and the galaxies of
the previous sample (GGA, 1991). Obviously a perfect fit
between two methods would imply a correlation coefficient
of 1, a weighted mean of the orthogonal distances of zero,
as well ¢ = 0. and b = 1. Random errors will introduce a
scatter, which would lower the correlation coefficient and
raise the value of the weighted mean of the orthogonal
distances. Systematic differences, as would occur e.g. if a
given method systematically overestimated or underesti-
mated the geometric angles, would change the values of
the coefficients a and b.

We note that, although no two methods we have used
agree perfectly, there are also no glaring discrepancies.
No method seems to overestimate or underestimate ei-
ther of the deprojection angles. Also no method seems to
give systematically smaller correlation coefficients, which
would be indicative of a large random error in the results
of this method. All correlations range between accept-
able and good. The worst correlation coefficient, 0.51, is
found when comparing the cos(IA) of Danver and Grosbgl.

1st 2nd RC3 G D K P
1st 0.96 0.89 087 0.90 0.87 097
2nd  0.93 0.95 1.01 097 098 1.04
RC3 1.02 1.12 094 1.01 1.03 1.01
G 099 093 1.12 0.85 1.02 0.91
D 088 1.03 0.79 0.88 1.02 1.03
K 093 1.04 081 091 0.92 1.30

P 088 091 0.89 083 1.28 0.91

This, however, is not due to one or several discordant
galaxies, but rather to the fact that the galaxies are rela-
tively few and are all clustered at low inclination angles.
Nevertheless, the correlation is quite acceptable, as wit-
nessed by the orthogonal distances and the coefficients of
the regression line. It could be expected that two meth-
ods that rely on similar principles would give results closer
to each other than methods based on different principles.
We thus found it particularly gratifying to note the good
agreement between either of our two methods and the
kinematics, which is considered to give very reliable de-
terminations and relies on very different assumptions.
One can thus conclude that all methods are acceptable
for statistical analysis of samples of disc galaxies. In par-
ticular our two methods are as good as the other methods
used so far and can give equally reliable estimates of the
deprojection parameters. On the other hand if we are in-
terested in the PA and IA of a particular galaxy it is best
to apply several methods. The reason is that the differ-
ent methods suffer from different biases —i.e. warps in the
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external parts, non elliptical isophotes or not well defined
backgrounds — which might be more or less important in
a particular case.
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Abstract. We present two methods that can be used to deproject spirals, based on Fourier analysis of their images, and discuss
their potential and restrictions. Our methods perform particularly well for galaxies more inclined than f8® non-barred

galaxies more inclined than 35They are fast and straightforward to use, and thus ideal for large samples of galaxies. Moreover,
they are very robust for low resolutions and thus are appropriate for samples of cosmological interest. The relevant software
is available from us upon request. We use these methods to determine the values of the position and inclination angles for a
sample of 79 spiral galaxies contained in the Frei et al. (1996) sample. We compare our results with the values found in the
literature, based on other methods. We find statistically very good agreement

Key words. galaxies: structure — galaxies: spiral

1. Introduction while the IA is the angle between the perpendicular to the plane

of the galaxy and the line of sight. Several methods have been
. . %posed so far to obtain these angles, the most commonly used
purposes one needs to be able to deproject them. Thus in Wes being based on photometry or kinematics. A standard way

phological studies one needs information ofiafent sizes and is to fit ellipses to the outer isophotes. The axis ratio of the

their ratios, e.g. to obtain the shape of rings, the axial rat ; : . -
. : o ter ell f the IA, while th t f
and strength of bars, or the shape (diamond-like, elliptical, Blter e IPSES 1S @ measure ot e while the direction o

. . o . . thie major axis gives the PA. Another procedure is based on the
recta_mgular-llke) of bar isophotes. Slrr_ularly n ph_otome_trlc as kinematics within the disc, using two dimensional velocity
studles. one may neeq cuts along particular directions, like ﬁiéds and assuming that the emission comes from material in a
pa:r majoror m|n0||r ax?,é)r (t)rt]r? may negldtto corrf]paretrz]arm Wiin disk in circular motion around the center. The selected PA
inter-arm regions located at In€ same distance from the ce_né%rd IA angles are those that minimize the departures from such
or one may need to correct for extinction. For studies mvolvng
the Tully-Fisher relation one needs to know the inclination o
the galaxy in order to obtain its velocity. Our own interest in

o These are not the only methods used in the literature.
d_ep_rOJecuon angles stems_from ‘h‘? fact that we started a QU8 hver (1942) used a special display table to rotate the galaxy
tltatlvg study ofthe properyes of spiral structgre n near-.by d'?r%ages until they were circular. Grgsbol (1985) applied a one
galaxies, an_d for this we T'rSt need _to quTOJeCt all our 'Mag%imensional Fourier transform to the intensity distribution in
Indeed the list of all studies for which it is necessary to knoW|e outer parts of galaxy disks and adopted the deprojection
the spatial orientation of the galaxy is too long to include hergngles that minimized the bisymmetrim (= 2) Fourier co-

We will study the spiral structure in disc galaxies decony cient. Comte et al. (1979) used the distribution of HII re-
posing each image by means of bidimensional Fourier tra ons in the Inf) — ¢ plane to fit straight lines to the arms
forms. The first step is to deproject the galaxy image. Itis th der the hypothesis that they are well described by Ioéa-
necessary to determine the two deprojection angles, namely i ic spirals. Two dimensional Fourier analysis has also
position angle (hereafter PA) and the inclinat?on angle (herlgféen used to determine the deprojection angles. Ceresi"
after IA)' The_ PA is the angle between the line of nodes Athanassoula (1982) used the HIl region distribution, select-
the projected image and the north, measured towards the elﬂat’the angles that maximized the signal-to-noise ratio in the
Send gprint requests toC. Barbes, m = 2 component, and Congit® & Athanassoula (1988),
e-mail: charbera@etse.urv. es applied the same criterion to galaxy images. lye et al. (1982)

* Table 7 is only available in electronic form at the CDS vidised an image of NGC 4254 and selected the angles that max-
anonymous ftp tadsarc.u-strasbg. fr (130.79.128.5) orvia imized the axisymmetric component. Finally Gar&omez &
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/415/849 Athanassoula (1991) and GeaeGomez et al. (2002) also used

Disc galaxies are observed projected on the sky. Yet for m

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20034186
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HIl region distributions and maximized the axisymmetric comFable 1. Properties of the galaxies in the sample.
ponents These authors also used a second method selecting the

deprojection angles that made the Hll region distribution most Name T S AC Filters
uniform. NGC 2403 .SXS6.. 6.0 4 g,i,r
All methods used for the deprojection of disk galaxies suf- NGC 2541 .SAS6.. 6.0 1 g,i,r
fer from some kind of systematic errors. They will all work  NGC 2683 .SAT3.. 3.0 - B;,R
properly in the case of perfectly axisymmetric thin disks in cir- NGC 2715 .SXT5.. 5.0 - B;,R
cular motion about their centers, which is never the case for NGC 2775 .SAR2.. 2.0 3 B;,R
real galaxies. Thus, when we fit ellipses to the outer isophotes, NGC 2903 .SXT4.. 4.0 4 g,i,r
the presence of strong arms can bias the results. This bias is NGC 2976 .SA.5P. 5.0 3 B;,R
known as Stocke'sfiect (Stocke 1955). On the other hand, NGC 2985 PSAT2.. 2.0 3 B;,R
Athanassoula & Misiriotis (2002) show that, even for very NGC 3031 .SAS2.. 2.0 12 g,i,r
strong bars, the isophotes in the outermost part of the disc are NGC 3079 .SBS5. 7.0 - B;,R
suficiently circular to be used for deprojection, provided that NGC 3147 .SAT4.. 4.0 3 B;,R
there is no spiral structure and one can gfiisiently far out NGC 3184 .SXT6.. 6.0 9 B;,R
from the center of the disc. The reason for thi§atience is that NGC 3198 .SBT5.. 5.0 - g,i,r
spiral arms extend far out in the disk, while bars are confinedto NGC 3319 .SBT6.. 6.0 5 g.i,r
the inner parts. Kinematical methods can be biased by warps in NGC 3344 RSXR4.. 4.0 9 B;, R
the outer parts, or by non-circular motions in the central parts NGC 3351 .SBR3.. 3.0 6 B;,R
due to bars or other perturbations. NGC 3368 .SXT2.. 2.0 8 Bj;, R
The two deprojection methods, which we will introduce NGC 3486 .SXR5.. 5.0 9 B;,R
here, are based on the Fourier analysis of galaxy images. In NGC 3596 .SXT5.. 5.0 5 B;,R
Sects. 2 and 3 we introduce the sample and the methods, re- NGC 3623 SXT1.. 1.0 - B;,R
spectively. In Sect. 4 we assess our two methods and apply NGC 3631 .SASS.. 5.0 9 B;,R
them to our sample. In Sect. 5 we compare the values obtained NGC 3672 .SASS.. 5.0 2 B;,R
by the diterent methods, i.e. our two methods and those pre- NGC 3675 .SAS3.. 3.0 3 B;,R
viously used in the literature. This will allow a quantitative = NGC 3726 .SXR5.. 5.0 5 B;,R
comparison of the performance of theffdrent methods. In NGC 3810 .SATS.. 5.0 2 B;,R
Sect. 6, we adopt the values of the PA and IA that we will use NGC 3877 .SAS5*, 5.0 - B;,R
in our quantitative studies of the spiral structure in the sample NGC 3893 .SXT5*, 5.0 12 B;,R
of galaxies. We summarize in Sect. 7. NGC 3938 .SASS5.. 5.0 9 B;,R
NGC 3953 .SBR4.. 4.0 9 B;, R
NGC 4030 .SAS4.. 4.0 9 B;,R
2. The sample NGC 4088 SXT4.. 4.0 - Bs R
. . . NGC4123 .SBR5.. 5.0 9 B;,R
Frei et al. (1996) presented a catalog of images of 113 galaxies v
L . . NGC 4136 .SXR5.. 5.0 9 B;,R
in different pass-bands. All galaxies are nearby, bright and well
e NGC 4144 .SXS6$. 6.0 - B;, R
resolved and were selected to span all the Hubble classification
. . . . . NGC 4157 .SXS3%. 3.0 — B;,R
classes. This catalog is thus ideal for statistical studies. ;
. . . . NGC 4178 .SBT8.. 8.0 - g,i,r
As we are interested in the spiral structure of disc galax- .
. . . . NGC 4189 .SXT6$. 6.0 2 g,i,r
ies, we selected from the Frei sample all the galaxies with N .
: ) GC 4192 .SXS2.. 2.0 - g.i,r
Hubble types between 2 and 7. We included also the galaxies NGC 4216 SXS3* 30 3 i
NGC 4340, NGC 4866 and NGC 5701 with Hubble typ€s ' ' ) 9
d 0 and the galaxy NGC 4178 with Hubble type 8, as their oo t2od  -SASS. 5.0 A
and 9 and the galaxy with FUbble type ©, as thell -\ 5c 468 .SXS4.. 4.0 - AN

disks have a regular shape and they are not too inclined. Fer
the same reason, we discard nearly edge-on galaxies, in which
structure is not visible.

We are left with a sample of 79 galaxies, the general prop- )
erties of which are listed in Table 1. Column 1 gives the galaxMpled. In the present sample, arm class 9 is much better rep-
name, Col. 2 the Hubble type and Col. 3 this type as codékpented than the other arm classes.
in the RC3 catalog (de Vaucouleurs 1991). Column 4 gives
the arm class as defined in Elmegreen & Elmegreen (1987).
Finally, Col. 5 gives the filters used when observing each of the peprojection methods
galaxy images. Figure 1 shows the distribution of galaxy types
for our sample. We note that Hubble types are not uniformln this paper we introduce two methods, based on the Fourier
sampled, since types Sbc to Scd are clearly over-representethsforms and which are closely linked to the two methods
Figure 2 shows the distribution of arm classes in the galaxwged by Gana-Gomez et al. (2002) for HII region distribu-
sample. Again the dierent arm classes are not uniformlyions. Letl(u,6) be the image of the galaxy written in polar
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Table 1.continued.
- 20
Name T S AC Filters ar j
NGC 4303 .SXT4.. 4.0 9 g,i,r 17
NGC 4321 .SXS4.. 4.0 12 g,i,r 16
NGC 4340 .LBR-.. -1.0 - B;,R g Sr A
NGC 4394 RSBR3.. 3.0 6 B;,R ::f
NGC 4414 .SAT5S. 5.0 3 g S 2
NGC 4450 SAS2.. 4.0 12 By,R ool 10 1
NGC 4487 .SXT6.. 6.0 5 B;,R = -
NGC 4498 .SXS7.. 6.5 4 g,i,r 2
NGC 4501 .SAT3.. 3.0 9 g,i,r
NGC 4527 .SXS4.. 4.0 - g,i,r o 7
NGC 4535 .SXS5.. 5.0 9 g,i,r . .
NGC 4548 .SBT3.. 3.0 5 g,i,r 1t ot Tt
NGC 4559 .SXT6.. 6.0 - g,i,r oL ‘ ‘ ‘ ‘ ! ‘ ! ‘ !
NGC 4569 SXT2.. 2.0 - g,i,r L soo/a Sa Ssb Sb S%c Sc Sgd Sd ng
NGC 4571 SART.. 6.5 - gir flubble 1ype
NGC 4579 .SXT3.. 3.0 9 g.i,r Fig. 1. Galaxy distribution as a function of galaxy type.
NGC 4593 RSBR3.. 3.0 5 B;, R
NGC 4651 .SATS.. 5.0 9 g,i,r
NGC 4654 .SXT6.. 6.0 4 g,i,r ol =0 ]
NGC 4689 .SATA4.. 4.0 3 g,i,r "
NGC 4725 .SXR2P. 2.0 6 g,i,r
NGC 4826 RSAT2.. 2.0 6 g,i,r .o
NGC 4866 LAR*/ -1.0 - B;,R g i ]
NGC 5005 .SXT4.. 4.0 3 B;, R E
NGC 5033 .SASS.. 5.0 9 g,i,r B
NGC 5055 SXT4.. 4.0 3 gir ‘é 1
NGC 5248 .SXT4.. 4.0 12 B;, R 2
NGC 5334 .SBT5*. 5.0 2 g,i,r .
NGC 5364 .SAS6.. 4.0 9 B;,R
NGC 5371 SXT4.. 4.0 9 B;,R
NGC 5585 .SXS7.. 7.0 1 B;, R
NGC 5669 .SXT6.. 6.0 5 B;, R ° ‘ ‘ ‘ ‘ ‘
NGC 5701 RSBTO.. 0.0 - BiR L S A 2
NGC 5792 SBT3.. 3.0 - B;, R . L .
NGC 5850 SBR3.. 30 8 B,.R Fig. 2. Galaxy distribution as a function of arm class.
NGC 5985 .SXR3.. 3.0 9 B;,R
NGC 6015 SASS6.. 6.0 - B;, R Fixing the value ofm, we can calculate the power associ-
NGC 6118 .SAS6.. 6.0 - B, R ated to this component simply as:
NGC 6384 .SXRA4.. 4.0 9 B;,R Prmax
NGC 6503 .SAS6.. 6.0 -  ByR Pm= |A(p,m)| = f A(p,m)dp|. 2)
~Pmax

The value ofpmax is related to the resolution in Fourier space

: , . h h
coordinatesr( #), andu = In(r). We define the Fourier trans-t roug
form of this image as: Drmax = 1 N-1 3)
T 280 2 (Umax — Umin)’
Umax 21 . . . .
A(p.m) = (U, 6) expli(pu+ me)] dodu. 1) WhereN is the number of points used in the Fourier transform
(p.m) .[mm fo (1.6) expl(p ) @ in the radial dimension, usually = 256 orN = 512.

In our first method we try to minimize thefect of the spi-
In this equationp corresponds to the radial frequency and ral structure by minimizing the ratio:
to the azimuthal frequency. Thus tme = 1 values corre-
spond to one-armed components, the= 2 values to two- BAG1 = (4)
armed components and so on. The values,@f = In(rmin)
andumax = IN(rmax) are set by the inner and outer radius of th&his is equivalent to maximizing the contribution of the ax-
image, or of the part that we will analyze. isymmetric component. Since a badly deprojected galaxy will

P1+P2+'~~+P6
P0+P1+‘-~+P6
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look oval, and thus contribute to tle= 2 component as a bar,

for our second method we simply minimize the ratio ol 7 BAGLY 7 BAGZ )
P2 ) A ]
BAGZ:P—O- (5) At Bl I S|
,,,,, 1 _ e

In order to check the performance of our two methods, we | o | J \",

tested them using artificially generated, yet realistic, galaxiess |
In the first series of tests the artificial galaxies were simple o
axisymmetric exponential disks. We projected this disk using ¥
inclinations from 20 to 8C°. Then, these disks were interpo- | | |
lated with square grids with decreasing resolution, in order to
simulate the ffect of lower resolution in more distant galax-
ies. We investigated resolutions ranging from 30800 pixels

to 40x 40 pixels. For all these cases, we applied our two meth-
ods and compared their results with the true values of the de-"
projection angles. In all the cases our methods performed ex-
tremely well. The deprojection angles were recovered exactly,
except in the cases of very low resolutions and inclinationsg |- - - —-—.— [ SRR A

lower than 30, where we obtained errors of the ordes® in - -
the values of PA and IA. It

We repeated these experiments adding a spiral component - — — — — — — N -
to the disk. The artificial galaxy is then described by r T b

I(r,6) = -1/

20
T
I
T
I

— 2
+A s gl T/ exp[— (%) ] cos(In(r) + 26),

wherer, § correspond to the polar coordinates and\, ro, o 200 100 =00 100

and p are th? Constantslof Fhe model. In these cases We gy, 3. Position (upper row) and inclination angle (lower row) found
covered again the deprojection angles with great precision, i&}-our two methods. The results for BAG1 are in the left column,
though not exactly. A typical example is given in Fig. 3. For inthose for BAG2 in the right. The position angle is*4fd the incli-
clinations lower than 30both methods recovered the PA with aation angle 30(full line), 45° (dashed line), 60(dot-dashed line)
precision of+4°. For inclinations higher than 3@ve recovered and 73 (dotted line). Note the excellent performance of all methods
the PA with a precision o£2°. These error bars were doubled" &l cases. For this particular example we adopted 30, A = 0.1,

in the case of very low resolutions. In the case of the valuls™ 250 = 125andp = 2.

of 1A, all methods recovered the 1A value exactly in all cases,

except in the cases of very low resolutions where the precision o
of the values of I1A was about2°. possible range of values of the PA and IA in increments of

These tests show beyond doubt that both our methods pred€9rees. For each pair of angles (PA,IA) we deproject the
form very well, obtaining very accurate values of the deprd@/@xy image and we compute the Fourier transform (1) with
jection angles for artificially generated, yet realistic, galaxi€d® nelp of a polar grid. Using Eq. (2) we then calculate the
in a variety of situations. Our methods can perform very welOWer in €ach componentand then the value of the ratios BAG1
for very inclined, nearly edge on galaxies, with inclinations &'d BAG2. We repeat this for every (PA,IA) pair on the grid.
great as 80 degrees and they are also very reliable in the mbp§ OPtimum values are those for which we have a minimum.
difficult cases of galaxies nearly face on. An interesting result Ve illustrate the use of our methods with the help of three
of the test is also the good performance of our methods in @@laxies: NGC 6503, NGC 5055 and NGC 3631. The first has
case of very low resolutions. This indicates that our methoBen chosen as an example of a good case, the second of ar
can be used also to obtain the values of the deprojection andikgrmediate and the third of a bad case. For each case, we
in the case of very distant galaxies. Thus, our methods cand)e, on a rectangular grid of (PA,IA) values, two grey scale
applied with confidence to samples of galaxies of cosmologfﬂ'-OtSv one for the values of BAG1 and the other for the valugs
cal interest. We will apply these methods to the galaxies of tREBAG2. Light shades denote low values and dark shades high
present sample and then compare the values of the deprojectid€s: We also superpose, on the grey scale plots, isocontours.
angles determined by our methods with the angles determirfdtf values in the parentheses above and to the right of each

by the rest of the methods that can be found in the literaturePanel correspond to the values of the PA and IA that give the
minimum value of the ratio in each case, i.e. the values that

render the image most axisymmetric. The symbols depicted in
each graph show the results found in the literature, obtained
We applied the two methods described in the previous sectioith other methods. For the ellipse fitting of the outer isophotes
to the galaxies in the present sample. For each image we myban image we use the symbol P, for values based on a kine-
ceeded as follows. First we constructed a grid covering all thatical analysis we use a K symbol followed by another letter

4. Deprojection of the galaxies
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NGC 6503 (R) BAGT (120 , 72) NGC 5055 (r) BAGT (98 ,58)

PA
BAGZ (120, 72) BAG2 (98 ,56)

80

60

IA
40

20

80

80

40

20

o

0 20 40 60 80 PA 100 120 140 160 180 0 20 40 60 80 PA 100 120 140 160 180

Fig. 4. Results of our methods for the galaxy NGC 6503 and tHeg. 5. Results of our methods for the galaxy NGC 5055 and the
Rfilter. The upper panel corresponds to our first method and the lowdilter. Layout as in Fig. 4.

panel to the second method. We give the values of the PA and IA of the

minimum in parenthesis in the upper right part of each panel. Symbols__ x¢¢ 553t ® AcT (70 . 20)

are described in the text. 3

- = =

o
@

to indicate the kind of data used. Thus KH indicates HI velocityg
fields, KO optical velocity fields, KC is used for CO velocity

fields and KS for long slit measures. For methods based on the
spiral structure we use a S. The™mark the position of the -/
minimum values of BAG1 or BAG2, depending on the plot.

The squares correspond to the mean weighted values given i
Table 8 and obtained from BAG1 (or BAG2, respectively) and’
all the images of this galaxy and finally, the filled circle markss
the location of the adopted values for this galaxy as explained
in Sect. 6. Figure 4 shows our results for NGC 6503, a good
case where the position of the minimum is well constrained by
both methods, which further agree well between them and alsc
with the rest of the estimates, as given by other methods fouri 20 10 60 8, 100 120 L0 160 180

in the literature. In Fig. 5 we show the results for the gala)iyig.& Results of our two methods for the galaxy NGC 3631 in the

NGC 5055. . ) Rband. Layout is as in Fig. 4.
NGC 3631 is an example of a very poor case and is shown

in Fig. 6. As we can see, all the methods give values of the 1A
that are in general agreement, while the values of the PA asean elongated shape, thus giving strong spurious signals in
not well constrained. Only the kinematical methods are capakiie m = 2 components that will bias results towards (PA,HA)
of constraining the value of this angle for galaxies with low0,0). Thus for this kind of galaxies it is necessary to avoid the
inclinations. In Figs. 7-10 we show the images of NGC 335Bulge-dominated region and use mainly the disc in calculating
NGC 3486, NGC 4501 and NGC 5364, deprojected with thie Fourier transform. For the Frei sample we found that, for
adopted deprojection angles. such galaxies, we had to avoid the inner region within a ra-
For the computation of the Fourier transforms it is necedius equal to 20% of the extent of the image. For a few cases
sary to avoid the very central parts of the galaxies as we waxkith great bulges like NGC 3031, it is necessary to go even
with logarithmic radial coordinatesi(= In(r)) and the center to 30%. Another galaxy type where is necessary to discard a
will give a singularity. In general it is sficient to eliminate a more considerable region in the central parts of the image are
relatively small part. For example, for the Frei sample we fourtde strongly barred galaxies, like NGC 3351 or NGC 4548. If
it sufficient to eliminate the innermost part of the image, whicle keep this inner structure, our methods try to render the bar
is within a radius equal to 10% of its extent. There are twadrcular and not the external disc. As the bars are normally of
cases, however, where it is necessary to discard a larger regiarger dimensions than the bulge, for these cases it is necessary
The first case corresponds to galaxies with noticeable bulgiseliminate a region enclosing the whole bar and, in cases with
These, being nearly spherical, look round on the plane of theinnerring, also that ring. In some cases this includes a region
sky. When deprojecting the galaxy, the bulge will be stretchedthin a radius equal to 50% of the extent of the image. In these

BAG2 (76 ,18)
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NGC 3351 (R} NGC 4501 (r)

PA= 15 IA=42

Fig. 7. Deprojected image of NGC 3351 in tRfilter.
PA =141 IA=60

NGC 3486 (R)
Fig. 9. Deprojected image of NGC 4501 in thdilter.

NGC 5364 (R)

PA= 82 IA=41

Fig. 8. Deprojected image of NGC 3486 in tRfilter.

PA = 28 /1A =49

cases, however, we are left with the less bright and noisier p4r& 10-Deprojected image of NGC 5364 in thilter.

of the galaxy image and we can expect larger uncertainties.

It is crucial to consider how well our two methods condetermined values. We can thus Udgas a measure of how
strain the deprojection angles they find. Indeed if the minimuwell constrained the values are.
in figures like 4, 5 or 6 is very shallow, then any small per- Let us now compare the relative performance of our two
turbation, due to e.g. local structure on the images, may caasethods. In Fig. 11 we plot the correlation betweenNp®al-
substantial changes in the values of PA and IA at which tles determined using the BAG1 method against the values de-
minimum occurs, and thus large uncertainth@& andAIA. In  termined by the BAG2 method. The solid line corresponds to
order to quantify this #iect we proceed as follows. We first findthe best fitting straight line with a correlation ¢heient of 092
the minimum and maximum of all BAG1 and BAG2 values oand a slope of @5, while the dashed line indicates a one to one
the grid, and divide the range they delimit in 20 equal parts. WWerrelation. For this plot we use all the galaxies in the sample,
then calculate the number of pair values of PA and IA withioombining ther and R pass-bands. It shows that the perfor-
the lower most 5% of this range and calculate the rafig,of mance of the two methods is comparable, BAG2 giving some-
the number of pair values in this bin over the total number afhat better constrained values.
pair values. This value is a measure of the size of the well sur- We next consider whether there is any dependency of the
rounding the minima. For well constrained validswill be uncertainty on the color used to obtain the galaxy image.
small and the larger it gets the greater is the uncertainty in threFig. 12 we give the correlations between tNg values
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T T T T —— T [ T
. 4 [ All filters All filters
r,R filters v

Number of Galaxies
50
T

- o

0 20 40 60 0 20 40 60
N, BAGT N, BAGZ

Fig. 13. Distribution of the number of galaxies as a function of the
Ns values for our two methods. The left panel corresponds to method
BAG1, and the right panel to method BAG2.

In(N,) BAGT

Fig. 11. Correlation between thdls values determined by applying B, — Rcorrelation, and 87, for the.r = correlatilon. Th.ese
our methods to the and R pass-bands. The solid line correspondB!OtS Show that the passband used in the galaxy image is notan

to the best fitting line, while the dashed line indicates a one to oHBPOrtant source of uncertainty in the determination of the de-
correlation. projection angles. There is tendencyRxo fare better thaB,,

and forr to fare better than which in turn fares better thap
but the éfect is small. The correlations for the values obtained
using the BAG1 method are similar.

In Fig. 13 we show histograms of the distribution of the
number of galaxies as a function of tNg value. The left panel
corresponds to the values of the BAG1 method, while the right
panel corresponds to the values of the BAG2 method. Based on
the results of Fig. 12 we have pooled together in these plots all
the images in the dlierent pass-bands. As can be seen, for the
great majority of images we obtain low values of thgratio,
indicating that the deprojection values are well constrained. In
both cases, however, the distribution seems to be bimodal, and

4 there are a few galaxies for which we obtain large valug$sof
- indicating that there are large uncertainties in these cases. Let
s 1 usnow consider the source of these large uncertainties.
@ - s . The main source of uncertainty is in fact the orientation of
L . the galaxy on the plane of the sky. For nearly face-on galax-
. 1 ies it is dfficult to determine the IA and, particularly, the PA.
Thus, for these galaxies we may expect greater uncertainties.
This is shown in Fig. 14 where we plot tiés values as a
function of the inclination angle, pooling together all the im-
Fig. 12. Correlations for theNs values determined using the galaxy2des in the” andR pass-bands. The lower panel corresponds

images in dferent pass-bands using the BAG2 method. The lines dethe BAG1 method and the upper panel to the BAG2 method.
asin Fig. 11. This figure shows that the deprojection angles are very well

constrained by our methods fail galaxies with inclinations

greater than 45 degrees. On the other hand, uncertainties may
obtained for the galaxy images infiirent pass-bands usingappear for galaxies with a lower value of the inclination angle.
the BAG2 method. It shows that there is a good correlation H&dch uncertainties are indeed expected for galaxies with incli-
tween the values obtained usingfdient colors. The solid line nation angles less than 35 degrees. Indeed, in such cases, meth-
indicates the best fitting straight line, while the dashed line izods based on images are not sensitive to the PA angle and one
one to one correlation. The values of the correlatiorfibtients has to turn to kinematic methods. There are, however, galaxies
range between.B85 and 094, the lowest values correspondingvith inclination angle between 35 and 55 degrees which have
to the correlation between theandr filters in the upper left large uncertainties, and we want to examine the source of these
panel. The slopes of the lines take values betwe®s,@or the uncertainties further.

In(Ng) BAG2 r
In(N) BAG2 i

In(N,) BAGZ i
In(N,) BAG2 R

0 2 4
In(N,) BAG2 B,

In(N) BAG2 r
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Fig. 14. Effect of the inclination on the uncertainties of the deprojed=i9- 15-Effect of the bar family type on the uncertainties of the depro-
tion angles determined by our two methods. The lower panel corfgction angles determined by our two methods. The lower panel corre-
sponds to method BAG1 and the upper panel to method BAG2. ~ SPonds to the BAG1 method and the upper panel to the BAG2 method.

We find a systematic trend with family (i.e. with the ex- ) ) )
istence of a bar). In Fig. 15 we pldts as a function of bar becayse of the bar, thus leavingffezient disc area for the
strength using our two methods and restricting ourselves fgurier transforms.
galaxies with inclinations between 35 and 55 degrees. We note
a systematic increase ®f; with bar strength. Thus, the bar
strength is a significant source of uncertainty for both our meth-
ods. This is due to the fact that for barred galaxies we us&aComparison of the deprojection methods
smaller fraction of the image, thus making our methods less
precise and less immune to “noise” or structure in the galaxy. this section we will compare the values of the deprojec-
To show this we took a non-barred galaxy, NGC 3486, anidn angles determined by thefidirent methods. In making the
calculatedNs discarding the innermost 50% of the image asomparisons we grouped the methods in groups which are as
for the case of strongly barred galaxies. We found a consideomogeneous as possible. We thus group together all the val-
able increase o5, thus proving that it is the reduction of theues determined by the kinematics, as all authors use similar
fraction of the image that we use in the Fourier transform thatethods for data reduction. We also group together all values
introduces this uncertainty. Hubble type and Arm class coutthtained by means of ellipse fitting to the outer isophotes. We
in principle also &ect the uncertainties of our two methodsuse also the values of the RC3 (de Vaucouleurs et al. 1991)
To test this we constrain ourselves to galaxies with inclinati@atalog as a single group, as they constitute a large and rather
angles between 35 and 55 degrees and plot the values oftbemogeneous sample. The same can be said for the values de
Ns ratios as a function of Hubble type and Arm class. We digrmined by Grgsbol (1985) and Danver (1942). We will also
not find any significant trend, thus indicating that our methodensider another group formed by all the previous determina-
are not &ected by the Hubble type (i.e. the relative bulge siz@ns of the deprojection angles obtained from théedent cri-
of the galaxy) or Arm class (i.e. the presence of strong armtria on the power spectra obtained by bidimensional Fourier
The former must be due to the fact that the central region carvweshsforms on the HIl region distribution of the galaxies. This
out because of the bulge is smaller than that carved @ites us a total of six groups.
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For comparing any two methods we fitted a straight line _[ "~/ T o
to all pairs of values, using a maximum likelihood algorithm & 1 * o go
(Press et al. 1992), which minimizes tiemerit function i ] , ° g0
N 2 3L o B
2 (yi —a—bx) 5 -
a9b = T o Lo o 6 ~ S
K(@.b) 21] 7 Ol e .
1 3 /72 L * e i
whereo?; ando? are a measure of the errors for fitievalue. = gt p ] \5/ s%e s
In the correlations including the PA, we assign weights ac- 3 :
cording the IA, since galaxies with low inclination have ill- -
defined position angles. These weights are taken from a linear ° [ « ] A
function of the IA, such that this weight is zero for a face on P ] L/
galaxy (IA= 0) and one for a galaxy with IA 30 degrees. For N ‘ ‘ 1 e / ‘ J
IA > 30 this weight is taken as unity. Tlhg; ando,; are taken 0 50 100 150 200 0 0.5 1
as the inverse of the weights, ie. = 1/wj;. For the correlations PA BAGZ cos(la) BAcz
with the IA we use unweighted values, i = oi = 1. Fig. 16.Comparison i the PA values found by our two methods (left

Errors in the determination of the deprojection angles willanel) and of the corresponding IA values (right panel). Galaxies with
introduce a scatter in the plot and lower the correlatiorfitoe inclination less than 35 degrees are plotted with open symbols and
cient as well as increase the mean of the orthogonal distandes.remaining ones with full symbols. The solid line gives the least
We can use the parameters of these lines and the goodness &ffiares fitting straight line, calculated as explained in the text, and the
codficients to measure quantitatively the relative performangé@shed one the diagonal.
of the diferent methods. For each straight line we obtain the

value of the zero pointa) and of the slopel), as well as ol /]
two measures of the goodness of the correlation. These are the & [ . ] r 0 //6
weighted mean of the perpendicular distances of the pointsto | ] , 8o |
the straight line and the weighted correlation féoéent, ° - S
defined as B - ° ° 1 5 v/.,‘..ooo o
S o E L // 1
SN wi(x = X) (i — y) g ~* | o 4 |
pP = 5 (7) < SL s -o o) B j e //'
\/ZiNzl wi(x = X)) Ly wi(yi - )2 «Tr o T o 2 /it
where the means are defined as - 7 Yy 7 I o
_ Thiwix _ 2N iy L ]
X=Sn o VTSN (8) * 17
Zi:l wi Zi:l wi [} ’/ | | 1 | ] o | T
H H 0 50 100 150 200 4] 0.5 1
In Figs. 16-18 we show examples of correlations between P A Kimematios COS(LA)  Kimematics

methods. In Fig. 16 we show the correlations between the val-

ues derived for the PA (left panel) and the IA (right panel) fdrig- 17. Comparing the deprojected angles obtained with BAG1 with

our two methods. As we can see, there is an excellent agf@@-se obtained from the kinematics. The layout is as in Fig. 16.

ment between them, with a weighted correlation fioent

of 0.97 for the PA values and @7 for the 1A values. In Fig. 17

we show the correlations between our first method and the vegurelation coéficients of the linear fits and Tables 4 and 5 the

ues derived from the kinematics. In this case, the correlation @0 points and slopes of the straight lines respectively. Finally,

efficients are @1 for the PA values and 86 for the IA values, Table 6 gives the number of points used in each correlation.

showing again a good agreement between these two methdtge that for a given pair of methods these numbers do not need

Finally, in Fig. 18 we show the correlations between our sei@ be equal for the PA and IA correlations, as some authors give

ond method and the values given in the RC3 catalogue (199anly one of these values.

The correlation coicients are in this case®6 and 087, again Both the figures and tables show that the PA values are bet-

showing a good agreement. All the rest of the correlations haigs determined in a statistical sense than the IA values, in good

a similar shape and similar correlation @dgents. agreement with what was already found by Gat€@mez
The results of all the correlations are shown in Tables& Athanassoula (1991) and GaasGomez et al. (2002). The

to 6. Table 2 shows the mean weighted orthogonal distancesrtean correlation cdicient for the PA values is.86, while the

the regression lines. The values above and to the right of thean correlation cdgcient for the 1A is 081. But this éfect is

main diagonal correspond to the correlation of the PA value®ly marginal.

while the values below and to the left of the main diagonal We can not single out any particular method as being bet-

correspond to the correlations of the cos(lA) values. We ussr than the rest, since all the correlations give both for the PA

the cos(lA) instead of the IA values because the former aaad IA zero points near zero and slopes near 1, thus indicat-

uniformly distributed in the sky. Table 3 shows the weighteidg that none of the methods gives a systematic bias in the
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Table 2. Weighted mean orthogonal distances for the PA correlations (upper triangle) and the cos(lA) ones (lower triangle). All values :
divided by their range interval and multiplied by 100 for the sake of comparison.

Table 3. Weighted correlation cdgcients for the PA correlations (upper triangle) and the cos(lA) ones (lower triangle).

BAG1 BAG2 RC3 G D K P S
BAG1 179 353 568 524 510 824 610
BAG2 206 332 549 531 548 721 7.00
RC3 468 445 303 233 444 757 669
G 4.02 397 383 515 692 1016 690
D 471 455 405 543 260 1660 432
K 5.34 569 457 572 529 941 289
P 468 513 614 559 643 795 1299
S 493 457 476 440 588 534 696

BAG1 BAG2 RC3 G D K P S
BAG1 0.97 Q95 091 084 091 Q74 088
BAG2 0.97 096 092 085 092 Q79 088
RC3 Q87 090 098 099 090 Q77 088
G 0.83 083 Q78 093 084 Q72 086
D 0.89 091 Q90 Q76 098 038 093
K 0.86 087 085 Q74 088 Q70 098
P Q78 Q78 Q74 055 069 055 047
S 091 091 083 080 085 088 063
i AT / derivation of the deprojection angles. In general, we can con-
®[ o/ o clude that all the methods for deriving the deprojection angles
. . «?; are well suited from a statistical point of view.
g * T o~ /'o
§ § .“ e 6. Final adopted values
S o gﬁ B ',, ', ¢ 1 For each galaxy we need to adopt a pair of deprojection an-
2= 3 ] ZT * (e gles that will be used for the subsequent analysis of the spiral
° './/.t . structure and which is based in all the information obtained for
ol e 1 b2 that galaxy combining the results offidirent methods. The re-
° 54 - sults of our analysis are shown in Table 7, which will be only
° published in electronic form at the CDS. In Col. 1 we give the
N T =Y A galaxy name, then for each galaxy we give in Cols. 2-3 the
0 50 100 150 200 0 0.5 1

results of method BAG1 for each of the filters. Columns 4—
5 give the results of method BAG2. Column 6 give the filter
Fig. 18. Comparing the deprojected angles obtained with BAG2 withsed to obtain the image. Columns 7—8 give respectively the PA
those obtained from the RC3 catalogue. The layout is as in Fig. 16 and IA measured for this galaxy using other methods that were
found in the literature. Column 9 gives a weight for these val-
determination of the values. We can also check the dispees. These were obtained deprojecting the galaxy image in the
sion in each method either by computing the mean of tloe R pass-bands and are just a measure of the degree of round-
correlation co#ficients of a method over the rest, or by usaess of this particular image using these particular values of
ing the mean distance. None of the methods has medms deprojection angles. Column 10 gives a code for the de-
which are strongly discrepant with the rest of the meaojection method used to obtain these values. For photomet-
values. The lowest mean of the correlation fée&ent and ric techniques we use a P, for kinematics we use a K symbol
the highest mean distance is obtained for the values defettowed by another letter to indicate the kind of kinematics
mined using the ellipse fitting to the outer isophotes, bused. Thus, KH indicates HI velocity fields, KO optical veloc-
this could be due to the fact that this is the most heteroggy fields, KC is used for CO velocity fields and KS for long
neous set of data. Our two methods give mean correlatislit measures. For methods based on the spiral structure we use
codficients with the rest of the methods 080 for BAG1 aS. In Col. 11 we give a code humber to point to the reference
and Q9 for BAG2 in the case of PA and of.& and 088 from whichthese values were obtained, which is resolved at the
for the BAG1 and BAG2 method respectively in the casend of the table. In Cols. 12-13 we give the mean PA and IA
of IA. This indicates that our methods are well suited for thef the values obtained by method BAG1 using all the available

P.A. RC3 COS(LA.) RC3
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Table 4. Zero points of the best fitting straight line for the PA correlations (upper triangle) and the cos(IA) ones (lower triangle).

BAG1 BAG2 RC3 G D K P S
BAG1 0.55 294 827 -5.95 568 1045 -3.56
BAG2 001 326 542 -2.82 359 7.89 -837
RC3 Q06 005 148 -4.43 -8.10 -2.82 -22.80
G -0.05 -0.02 005 -8.32 -4.51 713 -2410
D 0.12 009 008 022 416 2144 -0.99
K 0.03 003 -0.02 025 -0.04 191 -524
P 014 013 003 029 -0.33 -0.07 -17.18
S 002 004 005 Q17 -0.06 001 Q12

Table 5. Slopes of the best fitting straight line for the PA correlations (upper triangle) and the cos(IA) ones (lower triangle).

BAG1 BAG2 RC3 G D K P S
BAG1 101 098 094 104 Q95 097 100
BAG2 0.98 098 094 102 095 100 100
RC3 Q87 089 101 103 102 108 111
G 107 103 098 103 098 103 116
D 0.77 081 087 061 Q97 094 100
K 0.88 089 103 061 106 109 104
P 081 Q083 103 Q060 164 123 103

S 096 094 092 Q72 118 Q099 Q76

filters for this galaxy. These mean values are the values that Vele 6. Number of galaxies for the PA correlations (upper triangle)
will use for this galaxy and method BAG1. Column 14 giveand the cos(IA) ones (lower triangle).
a weight for these values as in Col. 9. Columns 15-17 give

the same values as Cols. 12-14, but for method BAG2. Finally BAGL BAG2 RC3 G D K P S

in Col. 18 we give the adopted PA value for this galaxy com-BAG1 76 66 48 29 89 124 48
puted as the weighted mean of all the available values and iBAG2 76 65 47 28 88 123 47
Col. 19 the uncertainty in this value of the PA, computed as the RC3 66 65 38 25 76 117 36

weighted dispersion. Columns 20-21 give the same values for G 48 47 38 18 46 94 30
the adopted IA. In Table 3 we give only the adopted valuesand D 29 28 25 18 53 46 24
their uncertainties for each galaxy. In Col. 1 we give the galaxy K 39 38 31 30 22 107 145
name, in Cols. 2-3 the adopted PA and its uncertaif# and P 122 121 115 92 46 73 92
in Cols. 4-5 the adopted IA and its uncertaini. S 48 47 36 30 24 35 92

7. Summary methods, because of theifiirent biases, give ratherfféirent

In this paper we introduce two new methods to obtain the d@sults, specially for the case of PA in nearly face-on galax-
projection angles of disc galaxies. These are based on twoi€$ These biases do not make it possible to determine the de-
mensional Fourier transforms of galaxy images. We also iprojection parameters of a galaxy with a precision better than
troduce a way of assessing the accuracy of these estima#gund five degrees. Finally, using a combination of the values
The methods perform particu|ar|y well for ga|axies with inDbtained by our two methods and the rest of values found in the
clinations greater than 55 degrees. For less inclined galaxiégrature, we give a list of adopted deprojection angles with a
the major source of uncertainty is the bar strength. For nofeasure of their respective uncertainty

barred galaxies our methods perform well up to inclinations of

30 degrees. The tests o_f our methods show as well that they ﬁ?ﬂ)endix A: Deprojection software

be used for low resolution images, thus making them appropi-

ate for samples of galaxies of cosmological interest. A statistit order to facilitate the use of the two methods presented in
cal comparison with the values of the deprojection angles dhis paper we make available upon request the software neces-
termined using other methods shows good agreement betwsary for the PA and IA calculation. For those wishing to write
the various methods, thus enhancing confidence in statistittair own software we give here some technical information on
results. When deriving the values for a particular galaxy, hothie methods.

ever, it is best to apply more than one method to obtain the We found it more straightforward to do the interpolation
values of the PA and IA, sinceftierent methods introduce dif-on the plane of the sky. For this we first define on the plane
ferent biases. It can thus be that for a particular galaxy tvad the galaxy an appropriate polar grid, which we project on
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Table 8. Adopted values of the deprojection angles for the galaxies Tiable 8. continued.

the sample.

Name PA APA 1A AIA
Name PA APA 1A AIA NGC 4535 5 7 46 3
NGC 2403 124 3 57 3 NGC 4548 146 4 41 2
NGC 2541 170 2 57 7 NGC 4559 147 3 67 1
NGC 2683 41 2 73 3 NGC 4569 23 1 63 2
NGC 2715 19 3 68 4 NGC 4571 44 4 32 3
NGC 2775 158 3 37 3 NGC 4579 94 3 37 1
NGC 2903 20 4 61 3 NGC 4593 104 3 44 1
NGC 2976 142 3 63 4 NGC 4651 78 4 49 2
NGC 2985 178 6 37 3 NGC 4654 122 3 57 4
NGC 3031 153 4 56 3 NGC 4689 163 3 35 3
NGC 3147 150 5 32 4 NGC 4725 38 5 51 3
NGC 3184 84 59 18 11 NGC 4826 111 2 53 4
NGC 3198 39 3 70 3 NGC 5005 68 3 64 2
NGC 3319 38 1 62 3 NGC 5033 173 2 62 2
NGC 3344 156 1 24 6 NGC 5055 100 1 57 2
NGC 3351 15 4 42 5 NGC 5248 103 6 46 7
NGC 3368 157 6 50 1 NGC 5334 14 4 41 2
NGC 3486 82 9 41 6 NGC 5364 28 4 49 3
NGC 3596 155 8 27 2 NGC 5371 17 5 46 6
NGC 3623 175 - 75 - NGC 5585 37 6 50 2
NGC 3631 152 - 20 6 NGC 5669 50 5 47 3
NGC 3672 9 3 67 3 NGC 5701 88 - 24 1
NGC 3675 0 1 66 1 NGC 5792 84 - 75 -
NGC 3726 13 2 52 3 NGC 5850 156 12 34 5
NGC 3810 25 6 44 2 NGC 5985 16 3 58 2
NGC 3877 36 1 77 1 NGC 6015 28 4 62 3
NGC 3893 171 5 50 1 NGC 6118 55 3 63 1
NGC 3938 22 1 12 7 NGC 6384 32 5 48 3
NGC 3953 14 2 58 4 NGC 6503 121 2 73 2
NGC 4030 29 5 41 2
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Abstract. We use two new methods developed recently (Barbera et al. 2004, A&A, 415, 849), as well as information obtained
from the literature, to calculate the orientation parameters of the spiral galaxies in the Ohio State University Bright Galaxy
Survey. We compare the results of these methods with data from the literature, and find in general good agreement. We provide
a homogeneous set of mean orientation parameters which can be used to approximately deproject the disks of the galaxies and

facilitate a number of statistical studies of galaxy properties.

Key words. galaxies: structure — galaxies: spiral

1. Introduction

The accurate determination of the deprojection angles of a spi-
ral galaxy is a necessary first step before one can study quan-
titatively its morphology, photometry or kinematics. These an-
gles are the position angle (hereafter PA), which is the angle
between the line of nodes of the projected image and the north,
measured towards the east, and the inclination angle (here-
after IA), which is the angle between the perpendicular to the
plane of the galaxy and the line of sight.

In this paper we use the two methods based on the Fourier
transform of galactic images developed recently (Barbera et al.
2004, hereafter BAG) and combine them with information ob-
tained from different sources in the literature to obtain accurate
values of the deprojection angles of the Ohio State University
Bright Spiral Galaxy Survey (hereafter OSU) sample of bright
galaxies. We will use this information in subsequent papers to
deproject the galaxy images so as to be able to study the spiral
structure in disc galaxies by decomposing each image with the
help of bidimensional Fourier transforms.

The OSU survey has been described thoroughly in Eskridge
et al. (2002) and will not be discussed further here. The Early
Data Release (20 June 2002) is a magnitude limited sample
containing 205 disc galaxies with Hubble types 7 > 0, appar-
ent magnitudes Mp < 12 and diameters D < 6!5. As in the
preceding paper (BAG), we have concentrated on the galaxies

Send offprint requests to: C. Garcia-Gémez,
e-mail: cgarcia@etse.urv.es

* Table 1 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/421/595

with Hubble types 2 < T < 7 for which the Fourier methods
can be usefully applied. This brings our sample to a total of
158 galaxies which, when combined with the disc galaxies of
the Frei et al. (1996) sample, will constitute a sample of about
200 galaxies with different Hubble types and with information
in different colour bands on which we will base our subsequent
studies on spiral structure in spiral galaxies.

2. Deprojection methods

The determination of the deprojection angles of spiral galax-
ies can be made using different methods, usually based either
on the photometry, or on the kinematics. In the photometric
methods ellipses are fitted to the outer isophotes of the images.
The axis ratio of the outer ellipses is given as a measure of
the IA, while the direction of the major axis of the ellipse gives
the PA. The observation of the gas kinematics within the disc,
with the determination of two dimensional velocity fields, is
another commonly used method. It is necessary to make the as-
sumption that the emission comes from material in a thin disc
in circular motion around the center. The selected PA and IA
angles are those which minimize the departures from such a
flow. This method is the most reliable one for the determina-
tion of the PA of galaxies near face on.

Several other methods can be found in the literature. For
instance, Danver (1942) used a special display table to ro-
tate the galaxy images until they looked approximately cir-
cular. Grgsbol (1985) used a one dimensional Fourier trans-
form of the intensity distribution in the outer parts of galaxy
discs and adopted the deprojection angles that minimized the
bisymmetric (m = 2) Fourier coefficient. Comte et al. (1979)

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20035735
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used the distribution of HII regions in the In(r) — 8 plane to
fit straight lines to the arms, under the hypothesis that they
are well described by logarithmic spirals. Two dimensional
Fourier analysis, similar to the methods presented in BAG, has
also been used previously to determine the deprojection an-
gles. Consideére & Athanassoula (1982) used the HII region
distribution, selecting the angles that maximized the signal-
to-noise ratio in the m = 2 component, and Considere &
Athanassoula (1988), applied the same criterion to galaxy im-
ages. Iye et al. (1982) used an image of NGC 4254 and selected
the angles that maximize the axisymmetric component. Finally,
Garcia-Goémez & Athanassoula (1991) and Garcia-Gémez
et al. (2002) also used HII region distributions and maximized
the axisymmetric components. These authors also used a sec-
ond method selecting the deprojection angles that make the HII
region distribution most uniform with azimuth.

In BAG we introduced two new methods, again based on
the Fourier transforms, which are closely related to the two
methods used by Garcia-Gémez et al. (2002) for HII region
distributions. Let /(u, 6) be the image of the galaxy written in
polar coordinates (r,6), and u = In(r). We define the Fourier
transform of this image as:

Umax. 27
A(p,m) = f I) I(u, 0) expli(pu + m6)] dodu. (D)

In this equation, p corresponds to the radial frequency and m to
the azimuthal frequency. Thus the m = 1 values correspond to
an asymmetry, the m = 2 values to a bisymmetric component,
and so on. The values of upin = In (Fmpn) and umay = In (Fpax)
are set by the inner and outer radius of the image, or of the part
that we will analyze.

Fixing the value of m, we can calculate the power associ-
ated to this component simply as:

'Pmax
Po = [A(pm)| = ‘ f Alp.m) dp‘. ®)

Pmax

The value of pn,x is related to the resolution in Fourier space
through

1 N-1

L Nt 3
2Au 2(Umax — Umin) )

Pmax =

where N is the number of points used in the Fourier transform
in the radial dimension, usually N = 256 or N = 512.

In our first method we try to minimize the effect of all non-
axisymmetric structure by minimizing the ratio:

P +Py+---+ Pg
Py+Pi+---+ Pg

BAGI1 = “)
This is equivalent to maximizing the contribution of the ax-
isymmetric component. Experience shows that components of
order larger than 6 are too noisy to be of use. Since a badly
deprojected galaxy will look oval, and thus contribute to the
m = 2 component as a bar, for our second method we simply
minimize the ratio

BAG2 = —=. )

None of the methods proposed so far are free from systematic
errors. They are designed to work properly in the case of per-
fectly axisymmetric thin discs in circular motion about their
centers, which is rarely the case for real disc galaxies. For in-
stance, when we try to fit ellipses to the outer isophotes, the
presence of strong arms, or (pseudo-) rings can influence the
value of the PA, and hence also the IA. This particular bias is
known as Stock’s effect (1955). On the other hand, warps in
the outer parts of the discs, or non-circular motions in the cen-
tral parts due to bars or other perturbations, can bias the results
of the kinematical methods. The methods based on the Fourier
analysis of the images are also not free of systematic biases,
but their results are as reliable as the kinematical methods, as
shown in BAG. Thus, the more reliable way of determining the
deprojection angles is to compile the information of different
sources and to combine the results in order to minimize the dif-
ferent biases. This is the procedure we followed for the spiral
galaxies in the Frei et al. (1996) sample and we will also follow
it for the present sample.

3. Application to the OSU sample of galaxies

For each galaxy in the sample we proceed as follows to deter-
mine the deprojection angles. First we make a thorough search
in the literature of all the determinations of the deprojection
angles using different methods. Then we apply the BAG1 and
BAG?2 methods to each of the images of the galaxies in the
sample. The values obtained for each method and each image
are averaged to give the results of each of our two methods.
We then use the literature values and the values determined by
our two methods to deproject the broad band B image of each
galaxy. We do not use the H band image, since, sometimes at
least, it goes to less depth than the B band image, and since
for some galaxies the field of view is too limited. According to
the shape of the deprojected image we give a weight to the pair
of determined deprojection angles. If the deprojected image is
neatly round we give a weight of 3; we diminish the weight
as the deprojected image deviates from circular shape. This
allows us to spot some systematic errors, as e.g. cases where
the photometry does not extend to sufficiently large radii, and
thus minimize their effects on the finally adopted value. These
weights, together with other information on the quality of the
individual studies, considerations on how appropiate a particu-
lar method is for the galaxy at hand etc., are taken into account
when adopting the final (PA, IA) values.

We checked our results by visual inspection of all the de-
projected images. We found that for 35 out of the 158 galax-
ies (22%) a correction to the value obtained by the weighted av-
erage of all results was necessary. Three categories of galaxies
were particularly affected : 1) galaxies with strong outer spiral
structure or outer (pseudo-) rings, like the galaxies NGC 1350,
NGC 5247 and NGC 7479; 2) highly inclined galaxies with a
strong bulge, like NGC 3169 and NGC 4856; and 3) galax-
ies seen very face-on, like NGC 3938 and NGC 4303, for
which the determination of the position angle is difficult. For
the galaxies in groups 1) and 2), normally a typical correction
of 5°—10° was necessary, while for very face-on galaxies our
methods can give values for the PA quite different from the
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values determined using other methods. Where adequate, we  Table 2. Adopted values of the deprojection angles for the galaxies in
preferred the determination based on HI kinematics, but in the sample.
other cases we adopted the criterion that the outer disk isophote

has to be circular. This percentage of correction bodes ill for a Name PA APA 1A AIA
full automation of the deprojection process in case of very large IC 4444 55 2 34 5
samples, as becomes possible e.g. with the Sloan Digital Sky IC 5325 14 13 31 2
Survey. NGC 150 119 2 61 3
The results of our analysis are shown in Table 1, which NGC 157 38 4 46 3
will be published in the electronic version only. In Col. 1 we NGC 210 163 5 51 3
give the galaxy name, then for each galaxy we give in Cols. 2 NGC 278 39 7 22 4
and 3 the results of method BAG1 for each of the colour NGC289 132 8 41 5
bands. Columns 4 and 5 give the results of method BAG2. NGC 488 9 4 39 2
gl 20? case6s the C(t)lllour kl)andi ar:a1 hstt(aidt in Llie‘segluepce B, NGC 578 107 4 57 4
. Column 6 gives the colour band used to obtain the image.
Columns 7 and 8 give respectively the PA and IA measured for NGCoI3 118 > M 2
. . . . NGC 685 97 - 35 6
this galaxy using other methods that were found in the liter-
ature. Column 9 gives a weight for these values. These were NGC779 160 -7 2
obtained deprojecting the galaxy image in the B band, and are NGC 864 3 12 43 3
just a measure of the degree of roundness of this particular im- NGC 908 71 2 63 1
age using these particular values of the deprojection angles. NGC 1003 95 L7 1
Column 10 gives a code for the deprojection method used to NGC 1042 112 - 35 -
obtain these values. For photometric techniques we use a P, for NGC 1058 145 - 15 8
kinematics we use a K symbol followed by another letter to in- NGC 1073 164 - 19 -
dicate the kind of kinematics used. Thus, KH indicates HI ve- NGC 1084 38 6 53 4
locity fields, KO optical two-dimensional velocity fields, KC is NGC 1087 1 2 5 2
used for CO velocity fields and KS for long slit measures. The NGC 1187 135 6 40 6
§ymbol KP indi.cates a combination of .the information com- NGC 1241 143 3 55 1
ing from both klnem.atlc and photometric analyses. For meth- NGC 1300 87 _ 35 _
ods based on the spiral structure we use a S. In Col. 11 we
. . . NGC 1302 180 1 17 -
give a code number to point to the reference from which these NGC 1309 75 6 2% |
values were obtained, which is resolved at the end of the ta-
ble. In Cols. 12 and 13 we give the mean PA and IA of the NGC 1317 78 -
values obtained by method BAG1 using all the available fil- NGC1350 6 6 59 1
ters for this galaxy. These mean values are the values that we NGC 1371 133 245 1
will use for this galaxy and method BAG1. Column 14 gives NGC 1385 174 5 51 3
a weight for these values as in Col. 9. Columns 15-17 give NGC 1421 6 7 8l 5
the same values as Cols. 12—14, but for method BAG?2. Finally, NGC 1493 71 2 21 -
in Col. 18 we give the adopted PA value for this galaxy com- NGC 1559 63 1 57 3
puted as the weighted mean of all the available values and in NGC 1617 106 1 62 1
Col. 19 the uncertainty in this value of the PA, computed as NGC 1637 31 — 40 -
the weighted dispersion. Columns 20 and 21 give the same val- NGC 1703 177 _ 30 _
ues for the adopted IA. In Table 2 we give only the adopted NGC 1792 137 2 6 2
values and their uncertainties for each galaxy. In Col. 1 we NGC 1832 17 1 46 3
give the galaxy name, in Cols. 2 and 3 the adopted PA and NGC 1964 29 A 1
its uncertainty APA and in Cols. 4 and 5 the adopted IA and its
uncertainty AIA. NGC209% 12 26 -
NGC 2196 50 8 39 2
NGC 2280 163 - 67 -
NGC 2559 6 - 63 1
4. Comparison with data in the literature NGC 2775 158 3 38 3
. . . NGC 2964 94 2 54 3
Some of the galaxies are present both in the Frei et al. (1996) NGC 3059 0 0 B
and the Ohio (2002) samples. We have made a consistency
check between the values determined by the BAG methods us- NGC 3169 50 3053 4
ing different images in different passbands for these galaxies, NGC 3223 128 4 48 3
obtained with different instrumentation. NGC3261 77 1440 1
NGC 3275 30 - 20 -

In order to compare the values obtained using the two
samples we fit a straight line to all pairs of values, using a




UNIVERSITAT ROVIRA I VIRGILI

ANALYSIS OF THE SPIRAL STRUCTURE IN DISK GALAXIES USING THE FFT TRANSFORM

Carlos Barbera Escoi

2.3 Deprojecting spiral galaxies. Application to the Ohio sample

o4

598

Table 2. continued.

C. Garcia-Gomez et al.: Deprojecting spiral galaxies

Name PA APA TA AIA
NGC 3319 39 2 6l 4
NGC 3338 96 3 55 5
NGC 3423 31 14 34 2
NGC 3504 155 - 19 3
NGC 3507 92 11 28 5
NGC 3511 73 2 69 0
NGC3513 123 9 36 7
NGC 3583 125 2 51 2
NGC 3596 146 8 29 3
NGC 3646 50 2 60 3
NGC 3675 180 - 63 -
NGC 3681 108 3 11 16
NGC 3684 130 5 47 3
NGC 3686 18 6 39 3
NGC 3705 122 - 65 -
NGC 3726 14 2 53 3
NGC 3810 25 5 45 2
NGC 3877 36 77 1
NGC 3887 9 7 42 4
NGC 3893 169 5 5l 2
NGC 3938 21 I 11 6
NGC 3949 119 2 52 2
NGC 4030 32 6 40 2
NGC 4051 132 2 43 5
NGC 4062 99 2 66 2
NGC 4100 167 2 72 1
NGC 4123 132 7 48 5
NGC 4136 97 8 31 7
NGC 4145 101 8 55 -
NGC 4151 21 1 21 1
NGC 4178 33 2 72 2
NGC 4212 74 I 52 3
NGC 4254 59 329 5
NGC 4303 137 27 -
NGC 4314 79 14 26 2
NGC 4388 90 2 74 4
NGC 4394 111 4 25 3
NGC 4414 160 4 54 4
NGC 4448 93 1 67 1
NGC 4450 175 5 5l 4
NGC 4457 82 - 31 -
NGC 4487 76 6 52 3
NGC 4504 143 2 51 2
NGC 4527 68 2 70 2
NGC 4548 141 5 35 11
NGC 4571 42 8 32 3
NGC 4579 94 4 37 2
NGC 4580 159 5 43 4

Table 2. continued.

Name PA APA 1A AIA
NGC 4593 98 16 46 2
NGC 4618 23 10 38 4
NGC 4643 58 11 37 4
NGC 4651 78 5 48 2
NGC 4654 122 3 57 4
NGC 4665 115 329 2
NGC 4666 41 - 74 1
NGC 4689 162 5 36 4
NGC 4698 168 - 67 -
NGC 4699 45 2 43 3
NGC4772 145 1 65 2
NGC 4775 93 - 18 -
NGC4781 117 4 62 2
NGC 4818 0 - 72

NGC 4900 0 - 18 -
NGC 4902 102 21 23 7
NGC 4930 55 9 40 4
NGC 4939 8 5 59 3
NGC 4941 17 1 59 2
NGC 4995 96 347 2
NGC 5005 65 - 63 -
NGC 5054 159 2 54 1
NGC 5085 39 9 38 7
NGC5101 140 - 32 -
NGC 5121 27 5 35 2
NGC 5161 78 1 66 1
NGC 5247 22 14 24 5
NGC 5334 15 3 43 5
NGC 5371 8 - 46 5
NGC 5427 72 6 32 6
NGC 5448 108 4 66 3
NGC 5483 21 5 26 3
NGC 5643 108 2 23 0
NGC 5676 46 1 6l 1
NGC 5701 45 - 20 -
NGC 5713 12 2 30 2
NGC 5850 160 11 34 4
NGC 5921 137 10 36 3
NGC 5962 109 4 45 2
NGC 6215 78 - 34 -
NGC 6221 178 6 50 7
NGC 6300 115 6 50 1
NGC 6384 32 4 48 2
NGC 6753 29 4 34 3
NGC 6782 45 - 26 2
NGC 6902 155 1 45 3
NGC 6907 45 1 32 3
NGC 7083 5 1 58 4
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Table 2. continued. L ‘ / - c
8 = (] — 00 /
oL o
Name PA APA 1A AIA A 5
NGC7184 62 L 73 2 ° g’ *
2k . . ‘) oS
NGC 7205 69 360 1 = o o B " '.... °
L]
NGC7213 30 7 15 2 d < N 3 0/ )
NGC 7217 86 5 29 4 St A 2‘8 i 4 -'\' )
<9 o — —_ L]
NGC 7412 45 - 42 - o y 7
o0© S %4 ® L4
NGC 7418 137 2 40 3 o r 4
NGC 7479 35 7 44 4 3. . | /e
© q
NGC 7552 175 7 38 5 'O./ 5 /
NGC 7582 157 - 65 - 2 1 N
NGC 7606 146 - 68 - B L S et cHE T
0 50 100 150 =200 0 0.5 1
NGC 7713 172 3 68 - P.A. RC3 COS(1.A.) RC3
NGC 7723 4 8 4 ! Fig. 1. Comparison of the deprojected angles obtained with BAG2
NGC 7741 166 4 43 5

maximum likelihood algorithm (Press et al. 1992), which min-
imizes the y? merit function

& (i — a— bx;)?

2
X (a,b)= 5 5
oyt b2,

(6

i=1

where a'ii and O'Zi are a measure of the errors for the ith value.

In the correlations including the PA, we assign weights ac-
cording to the IA, since galaxies with low inclination have ill-
defined position angles. These weights are taken from a linear
function of the TA, such that this weight is zero for a face on
galaxy (IA = 0) and unity for a galaxy with IA > 30 degrees.
For IA > 30 this weight is taken as unity. The o,; and o; ap-
pearing in Eq. (6) are defined as the inverse of the weights, i.e
o = 1/w;. For the correlations with the IA we use unweighted
values, i.e. oy = 0y = 1.

The comparison (not shown here) between the values of the
BAG1 method derived for the galaxies in the Frei sample and
those in the Ohio sample is excellent, the correlation coeffi-
cient of the PA values is 0.97, and for the case of the cos (IA)
values is 0.98. In the case of the BAG2 method the correlation
coefficient is 0.96 for the PA values and 0.94 for the cos (IA)
values. These values indicate that our methods give comparable
values when used on images taken from different samples and
with different passbands. Thus, this is a further indication of
the robustness of our two methods, which, added to the relative
comparison with the other methods presented in BAG, shows
that our methods can be used with confidence.

We also compared the results for our methods with data
from the RC3, and with kinematic data available in the liter-
ature. We show in Figs. 1 and 2 the comparison with BAG2.
Results for BAG1 are similar and thus will not be shown here.
In Fig. 1, the correlation coefficient is 0.96 for the PA val-
ues, and 0.87 for the cos (IA) values. The three outlying points
above the correlation in the left panel of Fig. 1 correspond to
three late spirals with a very open spiral structure while in the
inner parts there is a late type bar.

As for the comparison with the kinematic data, in Fig. 2,
the correlation coefficient is 0.84 for the PA values, and 0.85 for

with RC3 values, for the galaxies present in the Ohio sample.
Left panel corresponds to the correlation for the PA values, while the
right panel shows the correlation for the cos (IA) values. Galaxies with
inclination less than 30 degrees are plotted with open symbols and
the remaining ones with full symbols. The solid line gives the least
squares fitting straight line, calculated as explained in the text, and the
dashed one the diagonal.
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Fig. 2. Comparing the deprojected angles obtained with BAG2 for the
galaxies in the Ohio sample with data obtained from kinematics in the
literature. The layout is as in Fig. 1.

the cos (IA) values. There is thus a good correlation, but not an
excellent one. Excluding the galaxies for which the inclination
is less than IA = 30 degrees, the correlation improves signifi-
cantly. The correlation coefficients now become 0.96 and 0.88
for the PA and the cos (IA), respectively. This reflects the fact
that for galaxies not far from face-on only the kinematics can
provide a good estimate for the deprojection angles. It also ar-
gues that our methods fare very well for all galaxies which are
not nearly face-on.

5. Summary

In this paper we calculate the deprojection angles of the spiral
galaxies in the Ohio State University Bright Galaxy Sample.
These values are determined using all the information compiled
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in the literature, plus the results of two methods based on the
Fourier analysis of galaxy images developed recently by some
of the authors (BAG). We thus provide a homogeneous set of
values for the deprojection angles, a necessary first step for a
number of statistical studies of disc galaxy properties.

We have also compared the results of BAG1 and BAG2
with data from RC3 and with estimates from large scale kine-
matics found in the literature, and find that our methods per-
form very well, except for cases where the galaxy is nearly
face-on, where only the estimates from kinematics are reliable.

Our methods, as well as most of the other ones, rely on
two assumptions, which, if found to be considerably wrong
could introduce a significant bias. The first assumption is that
the galactic discs are thin. Although corrections for thickness
are possible, as e.g. advocated in the RC3, they are rather cum-
bersome, have to rely on statistical evaluations and can also in-
troduce some bias. The second assumption is that discs are not
oval. The question of noncircular disks is not an easy one to set-
tle on a statistical basis, as indicated by recent work by Ryden
(2004). If discs are indeed found to be oval, then the result of
all deprojection methods will be flawed and several results on
galactic discs will need to be revised. This will also have con-
siderable implications on the density distribution in galactic ha-
los. Discussing them, or divising new methods which can find
the orientation parameters for such disk galaxies is beyond the
scope of this paper.

From the discussion in the previous sections we can con-
clude that our two methods fare at least as well as other depro-
jection methods, but that the best approach is to compile results
from different methods and use them all to obtain the values of
the orientation parameters. Of course this is lengthy and will
be difficult to do for large samples, such as the ones that can be
obtained from the Sloan Digital Sky Survey.
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ABSTRACT

‘We present two methods for bar strength measurement on disc galaxies based on a two-dimensional Fourier analysis of their images.
Our methods are able to recover the whole spiral structure of disc galaxies and are very robust when comparing the results from
images obtained with different filters. In particular, these methods are capable of detecting small bars regardless of the filter used to
obtain the galaxy image. Our relative measurements of bar strength show a good agreement with different bar indicators used in the
literature. We use our methods to determine the general morphologies indicated in the Third Reference Catalog of Bright Galaxies
(RC3 catalogue) classified as non-barred (SA), mildly barred (SAB), or barred (SB) galaxies. Our numerical indicators are in good

agreement with the three galaxy populations estimated visually.

Key words. galaxies: structure — galaxies: spiral

1. Introduction

Most disc galaxies show bar components when studied in
the near-infrared (NIR; Eskridge et al. 2000; Knapen et al.
2000;  Grosboletal. 2004; Marinova & Jogee  2007;
Menéndez-Delmestre et al. 2007). The strength of the de-
tected bar, however, varies within a very wide range, from very
strong and long bars to small short bars or more massive ovals.

Intuitively, the difference between a weak and strong bar is
clear, but there is no unique definition of bar strength. Thus, a bar
is called strong if it includes a large portion of light (or mass) of
a galaxy, but sometimes longitude and thickness of the bar is also
considered. But, is a very thin short bar stronger or weaker than
a long massive oval? The answer is not unique and depends on
the definition used.

Different attempts to measure the bar strength can be
found in the literature. Elmegreen & Elmegreen (1985) and
Regan & Elmegreen (1997) used the ratio between the peak sur-
face brightness in the bar to the minimum surface brightness
in the interbar region. Martin (1995), Martinet & Friedli (1997),
and Chapelon et al. (1999) used the axis ratio and bar length.
Rozas et al. (1998) used the ratio of the flux inside the bar to
the flux outside excluding the bulge. Aguerri et al. (1998) and
Aguerri et al. (2000) used the ratio between the amplitudes of
the Fourier m = 2 and m = 0 components. Seigar & James
(1998) used a parameter called the “equivalent angle” defined
as the angle subtended at the centre of the galaxy by a sector of
the underlying disc and bulge that emits as much light as the bar
component within the same radial limits. Abraham & Merrifield
(2000) introduced the parameter

5 “12 +1/2
Soar = = [arctan(l—?) — arctan (l—)) , (D)
Ve bar aJbar

where (b/a)p,: 1is the intrinsic axial ratio of the bar
that is obtained from the deprojected image or calculated
from its apparent axial ratio and inclination of the galaxy

Article published by EDP Sciences

(e.g. Abraham et al. 1999). This parameter is closely related to
a morphologist’s subjective notion of bar strength and maps the
bar strength into a closed interval from zero to unity. A non-
barred galaxy has a value of fi,, = 0, while an ideal galaxy
with a bar of infinite strength has a value of fi,, = 1. Galax-
ies with a value of fy,; > 0.11 correspond to systems in which
(b/a)* < 0.5 and should be classified as barred, as shown in
Abraham et al. (1999). This parameter was used by Whyte et al.
(2002) to study the bar distribution in the Ohio State University
Bright Spiral Galaxy Survey (hereafter OSU) sample of bright
galaxies Eskridge et al. (2000) and showed some evidence of a
bi-modality in the distribution that would suggest that barred and
unbarred galaxies are not the extreme of a single distribution.
Aguerri (1999) used the parameter €, = 10(1 —b/a) as a measure
of the bar strength and showed that there is a strong correlation
between bar strength and star formation activity; Shlosman et al.
(2000) also used this parameter to show that in active galaxies
there is a deficiency of “thin bars” (i.e. bars with high elliptic-
ity). Marinova & Jogee (2007) have recently used this parameter
to study the distribution of barred galaxies in the OSU sample.
Using this parameter, these authors do not find evidence of a bi-
modal distribution, and note that bar fraction and bar strength do
not seem to depend on Hubble type. They also note that a signif-
icant portion of unbarred galaxies in the Third Reference Cata-
log of Bright Galaxies (RC3 catalogue) by de Vaucouleurs et al.
(1991) turn out to be barred when studied in H band images. This
higher portion of barred galaxies in the infrared had already been
referred to by Eskridge et al. (2000) on visual inspection.

Using numerical simulations of the dynamics of disc
galaxies, Combes & Sanders (1981) introduced the bar torque
as measured by the Qp parameter, which is a measure of the
relative amplitude of the second harmonic over the axisymmet-
ric force. Buta & Block (2001) and Laurikainen & Salo (2002)
used this bar torque Qp as a measure of bar strength. This pa-
rameter is defined as the maximum value of the ratio of the
tangential force to the mean axisymmetric radial force, i.e. it is a
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local criterion. When using images in the K band, Block et al.
(2001) noted that this parameter correlates only weakly with
the optical bar type as listed in the Revised Shapley Ames by
Sandage & Tammann (1981) and de Vaucouleurs (RC3) cata-
logues. This could be because some bars with strong bulges
have their azimuthal forces diluted by the average radial force
exerted by strong bulges. Block et al. (2002), Laurikainen et al.
(2004), and Buta et al. (2004) have calculated this parameter for
the galaxy images of the OSU sample. This parameter corre-
lates well with deprojected bar ellipticities, even though the cal-
culation of this parameter requires some model assumptions on
the vertical density distribution of the discs (Laurikainen & Salo
2002). Such a correlation is to be expected as the shape of the
bar is related to the shape of the orbits supporting it and these
should depend on the global force field. Buta et al. (2004) also
showed that the Qy, parameter correlates well with the fi,: pa-
rameter derived by Whyte et al. (2002) for the OSU sample.

Nevertheless, the Q) parameter can be influenced by the
torques exerted by spiral arms. Buta et al. (2003) introduced a
method that separates the influence of the spiral arms from that
of the bar. This methodology was based on the previous analy-
sis of some barred galaxies by Ohta et al. (1990). This method
uses the assumption that the distribution of the Fourier ampli-
tudes as a function of radius are symmetric for each component.
The main component is thus identified in the even harmonics and
subtracted from the galaxy image, so that the bar strength can be
calculated separately from that of the arm. In this case, however,
strong symmetric arms can couple nonlinearly with the bar com-
ponent and a direct substraction of the arm component can give
an unreliable value of Q. Buta et al. (2005) applied this method
to the galaxy images in the OSU sample and found that the dis-
tribution of bar strengths declines smoothly with increasing Q,
where more than 40% of the sample have Qp, < 0.1. The Qy
parameter can also be influenced by the existence of a classi-
cal bulge. For this reason, Durbala et al. (2009) first subtract this
bulge contribution from the image before calculating the numer-
ical value of the Qy parameter.

Finally, Speltincx et al. (2008) applied this parameter to the
OSU sample to compare the bar strengths in the B and H filters
and concluded that the ratio of bar strengths in the two filters
is on average Qp/y = 1.25 and that this is mainly due to the
reduced bulge dilution of the radial forces in the B band. They
showed also that this parameter could be used with confidence
to quantify bar strength at high redshifts.

Other bar strength definitions can be obtained from reason-
able combinations of the bar strength attributes, i.e. its length,
axial ratio, and mass. In some simplifying cases, only one of
these attributes is used, which leads to clear-cut measuring sys-
tems, which, nevertheless, do not take into account all the bar
properties. This is not, however, necessarily a disadvantage,
since the right mix of attributes in any strength formula is un-
known. In fact, there is no right or best strength criterion. Some
criteria are more adequate than others for a given application,
while other criteria may be more suitable for another particu-
lar case. Here we introduce and test some new criteria for the
bar strength, all of which take the global (as opposed to local)
strength of the bar into account. They are all based on the Fourier
analysis of galaxy images and are introduced in the following
sections.

This paper is organised as follows: Sect. 2 gives a general
introduction to the two-dimensional Fourier analysis technique
and, as an example, applies it to a disc galaxy with a well-
developed global bi-symmetric pattern. In Sect. 3 we present the
sample and the new measures of bar strength. Section 4 applies
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this technique to model barred galaxies and to some represen-
tative examples of galaxies. Section 5 compares these measures
between them and discusses the effect of wavelength on the bar
strength. In Sect. 6 we compare our values to those previously
used and in Sect. 7 we make a global comparison of the values
measured by our indicators with the classification as non-barred
(SA), mildly barred (SAB), or barred (SB) galaxies according to
the RC3 catalogue. We conclude in Sect. 8.

2. Fourier analysis technique

The two-dimensional fast Fourier transform (FFT) method,
which analyses the spiral structure of disc galaxies, was
first introduced by Considere & Athanassoula (1982) for the
HII region distribution and, independently, by Iye et al.
(1982) for a photometric image of the galaxy NGC 4254.
Considere & Athanassoula (1988) used it for a sample of im-
ages of bright spiral galaxies. It was later fully developed by
Garcia-Gomez & Athanassoula (1991), who introduced the pos-
sibility of dealing with the whole complexity of Fourier spectra,
separating all the signals present in each spectrum. In this paper,
we apply this method to galaxy images and, in this section, start
by summarizing the main points. More information can be found
in Barbera et al. (2004), and Garcia-Gémez et al. (1991).

We use the galaxy images in the bright galaxy sample of
Frei et al. (1996) and in the OSU sample. As we are only inter-
ested in the relative intensities, we use the uncalibrated images,
first removing foreground stars and subtracting the sky back-
ground. We then centre the images on the pixel with the highest
density. The next step is to deproject the galaxy image 1,(r, 6)
using the position angles (hereafter PA) and inclination angles
(hereafter IA) of each galaxy to obtain the light distribution of
the galaxy on its equatorial plane I(r, 6). The step of deprojecting
galaxy images is a crucial phase of the whole process because
a bad deprojection contributes to the Fourier spectra with spu-
rious signals. The deprojection of the galaxy images has been
treated in detail separately for the Frei and OSU sample in the
papers by Barbera et al. (2004), and Garcia-Gomez et al. (1991),
respectively, but we briefly describe the process for the sake of
completeness. Basically, the Fourier deprojection method aims
to minimise the relative power of the component associated with
an oval distortion. Any oval component gives a strong signal in
the bysymmetric component (i.e. a symmetry after a rotation
of m degrees). If we choose a bad pair of deprojecting angles
(PA, TA) the galaxy disc looks oval and, hence, we get a stronger
bi-symmetric signal in the Fourier spectrum. Thus, we can ob-
tain a good guess of the deprojection angles by comparing the
power in this component over the rest of the components of the
spectrum.

Given the deprojected image of the galaxy I(u, ), where
u = In(r), we calculate the two-dimensional Fourier transform
defined as

Unax (27 )
A(p,m) = f f I(u, 6)e" "™ dgdu.
0

Umin

(@)

The Fourier transform is a very convenient tool for the ana-
lysis of the spiral structure as we decompose the galaxy image
using the orthogonal basis of logarithmic spirals. Spiral arms
are known to follow this function approximately (Danver 1942;
Kennicutt 1981; Ma 2001). In Eq. (2), p corresponds to the ra-
dial frequency and m to the azimuthal frequency. While p is a
real variable, m only takes integer values. The spectra obtained
with m = 1 correspond to one-armed spirals, or asymmetries
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within the galaxy image. The m = 2 spectra correspond to bi- ' ' ' ' ' '
NGC 4303 (g) m=1 m=2

symmetric signals, i.e. signals with a periodicity of m radians.
These signals are associated with the common two-armed spi-
rals, which look the same after a rotation by & radians around
the galaxy centre, or to a bar. Similarly, the m = 3 spectrum are
associated with signals corresponding to three-armed spirals and
so on for the spectrum of m = 4 and higher azimuthal frequen-
cies. The radial frequency p is related to the pitch angle i of the
spiral arm via the relation

— m .
tan(i)

p= 3)
In order to obtain a good resolution in the frequency space, we
fix the range of radial frequencies, (—pPmax, Pmax), DY setting
Pmax = 128 and with a rate of sampling of §p = 0.125, giv-
ing a total of N = 2!' samples in the Fourier transform, which
is very adequate for our purposes. The value of du is fixed to the
value of the maximum radial frequency through the expression

271'_77

ouw=——= .
N6p  Pmax

“)

Then, the range of radial frequencies is linked to the range of u
values (—Umax, Umax) DY the relation
N éu N

Umax = T = 5 ()

In order to avoid aliasing (Gibbs phenomenon) we taper the val-
ues in the central part of the galaxy by the function
Fo { sinz(’—zr ﬁ :

¥ < Fmin
I: 72> Fmin- ©®
Here the length rp;, depends on the structure of the galaxy and
is obtained for each galaxy image separately after visual inspec-
tion. This ry;, was selected as a fraction of the radius at 25th
magnitude (R25) of each galaxy. When this selection was made
we calculated the galaxy spectra and ensured that the spectra
of all m values were not dominated by the signal of the central
bulge. Bulges are not perfectly round and symmetric and, if the
value of the ry, is selected too small, bulge residuals dominate
all the spectra through higher harmonics. Thus, an asymmetric
bulge gives strong signals in the m = 1, while a symmetric bulge
entirely dominates the m = 2 component. These signals also
dominate the corresponding associated higher harmonics. If such
very bright structures are not tapered out, they can dominate the
Fourier transform and hide the contribution of the remaining spi-
ral components. This procedure is described in Fig. 1, where we
show the effect of the selection of the value of r,;, on the spectra
of the galaxy NGC 4303. When using a value that is 20% lower
than the value actually selected, the m = 1 spectrum is domi-
nated by a strong signal in the central part, centred around val-
ues of p = 0. On the other hand, when using the selected value
of rmin the spectra are dominated by the signals in the m = 2
spectrum, i.e. the central oval of this galaxy and the arms. This
signal does not change appreciably when using a value of 7y,
20% higher than the value actually used.

Following the above described procedure, we obtain a series
of spectra for each galaxy image: one for each value of the az-
imuthal frequency m. Each of these spectra is combination of
signals corresponding to spirals with the same multiplicity but
with different pitch angles, each associated with different values
of the radial frequency p.

In Fig. 2, we show the modulus of the m = 2 Fourier spec-
trum of the galaxy NGC 4535 obtained from an r band image,

rmin -%20

[A(pm)|

[A(p,m)|

rmin +%20

[A(p,m)|

Fig. 1. Upper panel: modulus of the m = 1 and m = 2 Fourier spectra
obtained from a g band image of the galaxy NGC 4303 using a rpin
value lower by a 20%. Middle panel: same spectra obtained the right
value of ry,. Lower panel: spectra obtained using a value of ry;, 20%
higher.

and we plot normalised amplitudes for the spectra. We are only
interested in the relative amplitudes of the signals and this means
that the galaxy images do not need to be calibrated when com-
paring the signals of each galaxy. As can be seen in Fig. 2, the
different spectra of each galaxy can be very complex. This means
that many different signals contribute to each spectrum and, in
order to recover the galaxy image properly, we need to unravel
this complexity. We do so by fitting the modulus of each spec-
trum by a sum of Gaussians as follows:

— p)2
(p-p)) ] )

Ng
A(p.m)] = Z Cjexp (— =

J=1 J
In this relation, p; represents the central frequency of the
Gaussian, o; its dispersion, and C; its amplitude. The number
of Gaussians used in each fit, Ny, depends on the complexity
of the spectrum and thus varies from spectrum to spectrum and
from galaxy to galaxy. In the upper panel of Fig. 2 we show,
as a typical case, the result of this fitting process to the m = 2
spectrum of the image in the r band of the galaxy NGC 4535.
We have used a total of five Gaussians for this particular fit and
the fit obtained is excellent; the difference between the modulus
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NGC 4535 (r)

m=2

0.6

|A(p,m)l|

04

A(M_Mﬁtted)

-10 0 10

p

Fig. 2. Upper panel: modulus of the m = 2 Fourier spectrum obtained
from an r band image of the galaxy NGC 4535. This modulus has con-
siderable substructure, due to the presence of many components. We
superimpose using a dotted line the Gaussian fit, obtained as described
in the text. Lower panel: difference between the value of the m = 2
modulus and the Gaussian fit. This fit, whose quality is typical for our
sample, reproduces very well the m = 2 modulus, in spite of the latter’s
complexity.

and the fit is hardly visible over most of the range of the radial
frequencies p. The small difference between the modulus of the
spectrum and the Gaussian fit can be measured in the lower panel
of Fig. 2, where we show the differences between the two values
as a function of radial frequency. The fits for other values of the
azimuthal frequencies or for other images of different galaxies
are of similar quality and do not depend on the passband used.

Since we assume that each of these Gaussians corresponds to
a different signal and that all signals add up to constitute a par-
ticular spectrum, we can recover their contribution to the galaxy
image by simply Fourier transforming back each of the signals
separately. The spectrum of a component must be a complex
function as is the case for the spectrum of any m component
of the galaxy image, i.e.

A(p,m) =| A(p,m) | 9P, ®)

For each of the fitted Gaussian components, given a fixed value
of m, we keep the same complex phase as in the transformed
spectrum. Then the fitted spectra in the complex domain, can be
expressed by

Ne —»)?) .
Amm=ZQﬁ4gﬁ¥%wm ©)
J=1 J
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[A(p,m)|

[A(p,m)|

Fig. 3. Principal m = 2 components for NGC 4535. The upper panel
shows the deprojected galaxy viewed in the r band. The second and
third rows of panels concern the bar and the main spiral components,
respectively. In the left we give the modules of the selected components
(dot-dashed lines) and the total m = 2 modulus (solid line). In the right-
hand panels we superpose the density of the component on the galaxy
image. It is clear that these two components alone give a reasonable but
not perfect reproduction of the main features of the galaxy. For a more
detailed comparison, more components should be used.

Thus, the density of each component can be recovered through
the following inverse Fourier transform:

=)

1 —(p-pj)’*
Djy(u,0) = chjeXp[TZ

) eiqﬁ(p,m)e—i(pu+m9) dp,
J

—00

(10)

where D ,,(u, 6) is the density distribution corresponding to the
Jjth Gaussian component of the azimuthal frequency m. In the
second and third rows of panels in Fig. 3 we show the result of
the inverse transformation of the two highest components in the
m = 2 spectrum of the r band image of the galaxy NGC 4535.
The major peak corresponds to the bar component, while the sec-
ond highest peak gives a two-armed structure. It can be noted,
from this figure, that this component gives a general outline of
the main two-armed spiral, but this is far from perfect. This is
because the two-armed spiral seen in this particular image is the
result of the superposition of all the components in this spec-
trum. This shows that to recover the details of a galaxy image,
it is necessary to use a decomposition of the spectra including
all the main signals. This procedure can be used to recover and
analyse all the details of the spiral structure of a galaxy image.
In this paper we concentrate exclusively in the bar signals and
we leave the detailed analysis of the spiral structure for a forth-
coming paper.
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3. Samples and bar strength measures
3.1. The samples

In this paper we work with two galaxy samples: the Frei sam-
ple (Frei et al. 1996) and the Ohio State University Bright Spiral
Galaxy Survey (OSU; Eskridge et al. 2002). From these sam-
ples we only kept galaxies that are less inclined than 65°, do
not have very luminous foreground stars projected on the image,
and without strong irregularities. Thus we get 25 spiral galaxies
in the g, r, and i passbands and 35 galaxies observed in the B;
and R passbands from the Frei sample. For their deprojection we
use the values found in Barbera et al. (2004).

The OSU provides deep, photometrically non-calibrated
images of a complete magnitude limited sample of nearly
200 bright, nearby, well-resolved spirals. This survey selects
galaxies with Hubble type SO/a or later with a magnitude in the
blue B < 12 and a diameter D < 6 arcmin. For a number of
these all colours BVRJHK are available, while for a few some
bands are still missing. From the OSU Early Data Release, we
have taken only those galaxies with galaxy type 2 < ¢ < 7, which
are less inclined than 65° and for which we have position and in-
clination angles calculated with the same method as for the Frei
sample (Garcia-Gomez & Athanassoula 1991). This gives a total
of 128 galaxies for which we analyse the B and H images. All of
these galaxies have already been classified as SA, SAB, and SB
in the RC3 catalogue. Thus, in this paper, we use this standard
classification for the barred galaxies of our sample.

We analysed all the images following the procedure outlined
in Sect. 2. We also obtained the relevant spectra and decomposed
the modulus of each single spectrum in its Gaussian components.
Then, we were able to obtain all the spiral components in each
of the m Fourier spectra for all the galaxy images. This gives a
wealth of information on the spiral structure for each galaxy. In
Table 1 we show all the components in the m = 1,2, and 3 spec-
tra that are within the 25% of the maximum signal for all the
example galaxies in this paper. We computed all the components
in the following m spectra: m = 1,2, 3,4, 6, 8 for all the galaxies;
we plan to use this information to analyse the spiral structure of
disc galaxies in a forthcoming paper. In Table 1, Col. 1 gives the
NGC galaxy name, Col. 2 the filter used in the image, Col. 3
the corresponding m Fourier spectra, and in Cols. 4—6, we give
the parameters of the Gaussian components, namely their cen-
tre, peaks, and dispersion. The bar components are showed in
boldface, as their discussion is the main objective of this paper.

3.2. Measures of the bar strength

We understand intuitively that stronger bars have more promi-
nent bar components (i.e. bar Gaussians in the spectra). We have
several ways of quantifying this fact using the measurements ob-
tained with the FFT transform technique. We can choose to use
the amplitude of the fitted Gaussian, its integrated modulus, or
its power to characterise the bar strength. We use uncalibrated
galaxy images and some caution must be taken when comparing
the signals from different galaxies.

We examine the m = 2 spectrum of each galaxy im-
age to see whether there is a bar component or not. Such a
component would necessarily have a peak within the range
-1.0 < p < 1.0. The bar component, however, does not
need to be the strongest signal in the m = 2 spectrum. So, we
define the bar component as the highest signal within this partic-
ular range. We designate its amplitude or central peak by Cg and
its radial frequency by pg while its dispersion is defined by o3.

For each bar signal we then define the value of the bar modulus,
hereafter By,

Prmax )2
By = Cs f exp (-("—ZB)) ap, (11)
P 207
and similarly, we define the bar power as the value
— o2 )2
Bp=C2 f exp (—M) dp. (12)
—Pmax 0g

Either of these two values, By, or Bp, can be used to characterise
the bar signal.

To avoid problems with non-calibrated images. All images
are normalised to their maximum brightness, this is, the intensity
value of the brightest pixel after cleaning up the images from all
foreground stars and bad pixels. For all the galaxies in our sam-
ple this centring process is critical. If the images were not cen-
tred in this brightest pixel, we obtained a spurious contribution
to the m = 1 component clearly visible in the spectrum.

In this way, the By, and Bp values can be used to compare
bars in different galaxies. With this normalisation, these values
are a relative measure of the importance of the bar signal within
each galaxy. These parameters can also be further normalised to
other galaxy properties, as are the power or the modulus in the
m = 0 or m = 2 spectrum, or we can also use the sum of all
the spectra combined. The m = 0 component corresponds to the
underlying galaxy disc. The normalisation provide measures of
the bar that can be helpful to understand the bar strength in re-
lation to other galaxy components and can also be used to relate
the bar signals from different galaxies. We have to be careful
with these normalisations, however, as a poorly defined disc in
a galaxy image can considerably bias the value of some param-
eters for a particular galaxy when using their m = 0 component
in the normalisations.

Thus, the bar modulus can be normalised to the total modulus
of the axisymmetric component (m = 0, Byy), the total modulus
in the bi-symmetric component (m = 2, Byp), or to the total
modulus of all the components combined (Byy), to obtain the
bar parameters defined as in the following expressions:

C fpmlx exp( ([1 pB) )dp

Pmax

By = (13)
o 1A, 0>|dp
C ]‘Pmdx ( (p pB) )dp
Pmax
By = . u (14)
L 1A, 2)1dp
Pmax (p—pp)*
B 0 L P (_ 2 ) i (15)
MY = max
3 [0 1A(p.m)ldp
and similarly the expressions:
Co [ exp (-2 ) ap
Bpo = B — (16)
L5 1A, 0P dp
o [ exp-227 ) ay
Bp = —F5 - (17)
L 1A, 2P dp
CB _1:)"““* exp( (P PB) )dp
BP _ max (1 8)

%[0 1A, m>|2 dp
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Table 1. Parameters of the Gaussian components of the Fourier decomposition for the galaxies used in the text.

NGC Filter m  Centre Peak Disp NGC Filter m  Centre Peak Disp
0210 B 1 1.570 0375 1.184 4303 r 1 -0.376  0.968 1.595
2 0.661 0.992 1.278 2.052 0437 0.936
—2.287 0384 1.022 4.042 0.325 0.669
0210 H 1 0.172 0495 1.334 -3.622 0.253 0.822
2 0426 0.980 1.394 2 -0.068 0.641 0.960
-2.140 0355 1.063 -3.477 0292 0.705
1073 B 1 1.030 0367 1.087 4535 ¢ 1 —0.538 0.449 1.036
-2.378 0.264 1.481 2 0.488 1.010 0.969
2 0.005 1.004 1.227 3312 0.627 0.719
1073 H 2 0.010 1.013 1.325 -2.309 0.456 0.681
4303 B 1 -1.316 0925 1.102 -4.125 0305 0.789
1.368 0.701 0.694 5.811 0289 0.541
0.112 0400 0.629 4535 i 1 -0.329 0.967 1.120
-3.603 0377 0.623 1.789 0385 0.922
3.184 0.302 0.577 -2.385 0.261 0.742
2 0.802 0.521 0.733 2 0468 0.998 0.914
-3.607 0.385 0.684 3356 0423 0.686
-1.501 0341 0416 -2.190 0.287 0.696
4303 H 1 -0.045 0981 1.491 4535 r 1 -0.270 0.498 1.899
2 0.692 0.613 0.906 0997 0473 1.204
—2.120 0.248 0.487 2 0.626 0.899 0.928
4303 ¢ 1 0.161 0972 0.926 3417 0511 0.664
2416 0.612 0.831 -2.076 0345 0.563
-2.064 0451 0.776 5.880 0225 0.594
4417 0310 0.581 5247 B 1 0256 1.012 1.289
2 0.766  0.792 1.033 —2.746  0.489 0.848
-3.553 0.774 0.753 5443 0270 1.168
-1.463 0428 0413 2 -2.991 0949 0.863
-5.695 0.292 0.758 -1.061 0.761 0.629
3 -1.533 0276 0.736 0.999 0384 0.799
-3.418 0254 0.516 2.599 0.292 0.786
-5.479 0245 0.568 3 2275 0547 1.045
4303 i 1 -1.211 0588 1.125 5247 H 1 -0.392 0991 1.157
0460 0375 1.212 2 -0.875 0.497 0.640
1.477 0374 0.771 -3.454 0469 0.708
-3.719 0321 0.805 2.509 0.262 1.231
3.536 0.306 0.708
2 0425 0.986 1.188

for the case of the power of the components. We note that ),
means that m = 0, 1,2, 3,4, 6, 8. We normally exclude the m = 5
component, which is usually a flat component, from our analysis.

exponential disc and a Ferrer two-dimensional bar. The density
distribution of the latter is given by the expression

1-dx,y)": dx,y <1
px.y) = {( « y))o; dg, Z; >1 (19)
4. Application to model bars and to a few fiducial where
barred galaxies
x 2 y 2 20
o o= (2
4.1. Application to model bars *x.9) a - b (20)

In order to better understand our results, we first applied our
method to model galaxies, composed simply by adding an
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a and b are the major and minor axes of the bar and # is the con-
centration index describing how fast the density decreases with
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Fig. 4. Spectra from the idealised barred galaxy images with different
concentration indexes and an axis ratio of 0.2. The results for the m =
2 components are given in the left-hand panels and for the m = 4 in
the right-hand panels. A dashed vertical line is placed at p = 0. The
numerical values of a, b, and n are given in the upper left corner of
the left panels. The three signals are normalised to the maximum of the
three values.

increasing distance from the centre. We always use an exponen-
tial disc with a scale length of 20 units, while we change at will
the values of the axes ratio a/b and the concentration index 7.

Figures 4 and 5 show the m = 2 and m = 4 spectra of differ-
ent idealised bars embedded within an exponential disc. In Fig. 4
we show the effect of different values of the concentration index
n on the shape of the bar signal. The signals are normalised to
the maximum fiducial value of the three units to facilitate the
comparison. We can see that higher values of n give bar signals
having narrower profiles, but similar strengths. The secondary
maxima that appear at both sides of the bar signal are entirely
artificial because the combined intensity of the artificial bar and
disc has a jump at the ends of the bar. In all cases, however, the
modulus of the main components in the m = 2 spectrum has a
bell shape and is centred at p = 0. The effect of increasing the bar
axial ratio while keeping the bar concentration index constant is
shown in Fig. 5. We can see in this figure that round bars give
rounder signals, i.e. with larger dispersion and more extended
wings. Also, as the bar becomes rounder, the relative importance
of the signals is lower. This kind of signal can be easily lost
when combined with strong arms. Thus, the clean separation of
signals is an important step in the study of the spiral structure of
galaxies. Strong bars, on the other hand, are better represented
by model bars with a concentration index that is larger or equal
to n = 2 and axis ratios with values (b/a) < 0.5.

Of course, these cases are very idealised. Owing to various
irregularities or asymmetries, galactic bars do not necessarily

Fig. 5. Spectra from the idealised barred galaxy images with different
bar axis ratio and an n = 2 concentration index. The results for the
m = 2 components are given in the left-hand panels and the m = 4 in
the right-hand panels. A dashed vertical line is placed at p = 0. The
three signals are normalised to the maximum of the three values.

give signals that are symmetric with respect to their maximum.
The modulus of the spectrum then requires more components to
be properly described. This was the case for NGC 4535, in Fig. 3,
where the main spiral was not entirely logarithmic and more than
the single maximum component was necessary to give a proper
description of the m = 2 spectrum. Moreover, spirals often start
off from the end of the bar, so the location of the maximum may
be somewhat offset from p = 0. The Gaussian corresponding
to the bar component is hereafter called the bar Gaussian, for
brevity.

4.2. Application to a few fiducial barred galaxies

In this paper we focus on the detection and classification of
bar structures in galaxy discs. The standard galaxy classification
of barred galaxies used by de Vaucouleurs (1963) distinguishes
three families of disc galaxies: SA, SB, and SAB. Galaxies in the
SA family have no bars, SB galaxies have a clear bar component,
while SAB galaxies are intermediate. In practice, this means that
the SAB family is a mixed bag. It contains galaxies with fat
ovals, galaxies with short bars, or simply unclear cases. In the
more recent RC3 catalogue by de Vaucouleurs et al. (1991), this
galaxy classification is maintained and it will be followed in this
paper. In this section we apply our technique to four disc galax-
ies with different morphologies for the bar structures that have
been classified accordingly in the RC3 catalogue. This allow us
to check whether our method based on the analysis of the Fourier
spectra can be used to identify bars and measure bar strengths in
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Fig. 6. Blue images of the four analysed galaxies: NGC 5247 (upper
left), NGC 1073 (upper right), NGC 210 (lower left) and NGC 4303
(lower right).

disc galaxies. We show images in the blue passband of these four
galaxies in Fig. 6.

A visual examination of NGC 5427 does not reveal any bar
and, thus, this galaxy has been classified as SA in the RC3 cata-
logue. On the contrary, NGC 1073 is classified as SB in the RC3
catalogue and shows a clear strong bar structure. We have also
included the galaxies NGC 210 and NGC 4303, both of which
are classified as SAB in the RC3 catalogue, showing different
types of bar or oval structures. Indeed, NGC 210 has a clear oval
structure, while NGC 4303 has a short bar. The features in the
spectra of the B passband are also clearly visible in the spectra
from the H filter for the same galaxies. In Fig. 7 we show the
galaxy images in the H passband. Although the spiral arms are
now dimmer and smoother than in the B band, the main galaxy
structures are still clearly visible.

In Fig. 8 we show, in the first column, the m = 2 spectra
for these four galaxies as calculated from the B passband im-
ages while in the second column we show the same spectra ob-
tained using H passband images. As we can see, the spectra of
all these galaxies are very complex. Only the m = 2 spectrum of
the strongly barred SB galaxy NGC 1073 shows a strong signal
centred at p = 0. Even in this case, the spectrum is not perfectly
symmetric, however. In the case of NGC 5247, we have a very
broad m = 2 spectrum, which is the result of the combination of
the central structure and the asymmetric multiple strong arms,
which give signals for different values of the radial frequency p.
In the case of the strongly barred galaxy NGC 1073 the spec-
trum shows indeed a strong signal, approximately centred on
p = 0. This galaxy also shows an asymmetrical two-armed spi-
ral, which appears in the spectrum as a very small peak on the
right side of the main peak, as well as some other minor com-
ponents. All of these contribute to the m = 2 spectrum and their
blending finally gives a strong signal that is not perfectly centred
on p = 0. This blending is clearly seen in the m = 2 spectrum
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Fig. 7. Near-infrared images of the four galaxies: NGC 5247 (upper
left), NGC 1073 (upper right), NGC 210 (lower left) and NGC 4303
(lower right).

of NGC 210, whose image shows a strong oval and rather dim
spiral arms. The m = 2 spectrum of this galaxy shows an asym-
metric strong peak that is not centred at p = 0, resulting from
the blending of the oval signal with the signal from the dim spi-
ral arms. NGC 4303, whose image shows stronger arms and a
more complex structure, also has a broad spectrum that is the
combination of all these components. As in the case of the B
passband, the H image of NGC 5247 shows the broken arms,
which give two strong signals with no apparent bar. For the case
of NGC 1073 the strong bar signal is biased by the dim bar sig-
nal of the arms giving an asymmetric composed signal. Finally,
the combined signals of the bar structure and the arms give also
complex signals in the m = 2 spectra for the galaxies NGC 210
and NGC 4303. Comparing these two sets of spectra we can see
that while the shape of the spectra can be somewhat different us-
ing two different passbands, when decomposing the spectra and
obtaining all the signals separately, there are no great differences
in the relevant components detected in all the passbands. We can
conclude that in general the spiral or bar features of a galaxy are
common to B and H passband, as is the case for these exam-
ples. This result suggests that the passband used by the Fourier
technique for the detection of bar and spiral components is not
a decisive factor and that the bar or spiral components can be
normally detected in all the passbands.

Finally, we can study the performance of our method, when
using images with lower resolution coming from deep samples
of cosmological interest. For this analysis we select the strongly
barred galaxy NGC 1073 because in this particular case our
method gives a well-centred strong signal in the m = 2 spectrum
corresponding to the bar, while the dimmer two-spiral struc-
ture is also represented by a smaller signal. We start with the
NGC 1073 galaxy image from the OSU galaxy sample using
the B passband. We degraded the resolution of the image suc-
cessively by a factor 2 and recalculated its m = 2 spectrum for
each image. Next we can study the effect of the reduction of the
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Fig. 8. Spectra from the B and H band images of the four galaxies shown
in Figs. 6 and 7. From top to bottom, NGC 5247, NGC 1073, NGC 210,
and NGC 4303 are shown. We can compare the results for the m = 2
components in both passbands. In the left panels we have the spectra for
the B passband, while in the right panels the m = 2 spectrum for each
galaxy in the H passband. A dashed vertical line shows the location of
p=0.

image resolution on the signal of the bar and spiral component.
The initial image has a resolution of 640 x 640 pixels, while we
degrade down the resolution successively until we reached a fi-
nal resolution of 20 X 20 pixels, i.e. a reduction in resolution by
a factor 32. We show the result of this analysis in Fig. 9. The left
column shows the successively degraded images of NGC 1073,
starting from the initial image with 640 x 640 pixels. In the right
column, we plot the signal of its corresponding m = 2 spectrum.
We show only three additional images with resolutions reduced
by factors 4, 16, and 32. Lowering the resolution is equivalent
to placing this same galaxy at longer distances by the same fac-
tors. Comparing the original signal of the m = 2 spectrum with
the spectra of the lower resolution images, we can observe that
our method is able to recover both the strong bar signal and the
lower signal corresponding to the dimmer two arm structure,
even at such lower resolutions. Thus, we can be confident that
our method will be also useful with samples of cosmological in-
terest with galaxies located much father away. This opens the
possibility of studying the evolution in time of the spiral struc-
ture of galaxies via larger and deeper samples. The main prob-
lem with such studies, however, will be the requirement to use
images with a well-defined disc, which is an essential step to
obtaining a reliable deprojection of the image.

“ NGC 1073 (B) m=2
= 1 -

P

Fig. 9. Starting with the initial image in the B passband for NGC 1073,
in each row, results of the degraded resolution in the left column and the
resulting m = 2 spectrum of this degraded image by reducing resolution
factors of 4, 16, and 32. We can recover the main features of the m = 2
spectrum even at very low resolutions.

5. Bar indicators as a function of passband

For each galaxy, we have at least two images in different pass-
bands. One of these is located in the blue region and the other
in the red or NIR region. Thus, in the case of the Frei sample
we use the g or B passbands for the blue and we use the r or R
passbands for the red or NIR. In the case of the OSU sample,
we use the B filter for the blue region, while we use the H filter
for the red or NIR. For all the images for which we detected a
signal, we can compare the strength in the two passbands. This
procedure can show whether bars are in fact more prominent in
the red or NIR than in the blue region as has been claimed by
some authors. We used all of our bar indicators to compare the
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Fig. 10. Correlation between the values of the log,, By parameter for
the blue and red filters. The bold line is the diagonal, while the dashed
line is the standard least squares bisector line. The dot-dashed, dot-
ted, and dot-dot-dot-dashed line correspond to the robust optimal M-
regression line, the robust mean biponderate regression line, and the
robust winsorised regression line, respectively. The S A galaxies are rep-
resented as filled circles, the S AB galaxies as open circles, and the S B
galaxies as open stars. The upper panel gives results for the OSU sample
and the lower panel for the Frei sample.

strength of the bar signal in different passbands and all of these
indicators give comparable results. We discuss here only some
of these indicators for the sake of brevity.

In Fig. 10 we show the linear regression of the parameter
log,, By for the blue and red passbands for both samples. For
the linear regression we can compute the standard regression
line and we can also perform robust regressions, which are less
biased by the presence of outliers. Here we include the optimal
M-regression line, the mean biponderate regression line and the
winsorised regression line, as suggested by Huber (1981). The
figure shows that all the linear correlations give similar results,
and we can conclude that our samples are not strongly biased by
outlier galaxies. We can also perform a significance test using a
bootstrap technique on the values of the slope for the standard re-
gression line and for the optimal M-regression line. In the case of
the Ohio sample, the 95% confidence interval for the slope of the
standard regression line is [0.61,0.93], while the same interval
for the optimal M-regression line is [0.63,0.93]. Both intervals
exclude the value a = 1 for the slope of the regression line and
we can conclude that bars in the B passband give stronger values
for our indicators than the same values in the H passband for the
Ohio sample galaxies. The same confidence intervals for the Frei
sample give values of [0.71,1.17] and [0.77,1.19]. Here, both
intervals include the value a = 1 for the slope and, in this case,
there is no significant difference between the values of the bar in-
dicators in the blue passband and red passband. Thus, our results
suggest that bars in the far-infrared (H passband) appear dimmer
with respect to the background galaxy than the same bars in the
blue or red passbands. We obtained similar results using the Bp
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Fig. 11. Correlation between the values of the log,, By parameter for
the blue and red passbands for the SA and S B galaxies separately. The
layout is the same as in Fig. 10. The solid line corresponds to the diag-
onal, while we show only the optimal M-regression line for S A (dash-
dotted line) and S B (dashed) galaxies separately.

indicator instead of the B, indicators and, in this case, the 95%
confidence intervals for the standard regression line in the Ohio
sample is [0.61,0.91] and the same interval for the optimal M-
regression line is [0.63,0.97]. In the case of the Frei sample both
intervals are [0.74, 1.16] and [0.80, 1.22], respectively.

The fact that the values of the slopes are very near unity in all
the cases indicates, moreover, that for the galaxies with a signal
detected in both passbands, there is no evidence of a significant
difference between bar strength in different passbands. However,
not all galaxy images in our sample showed a bar signal us-
ing our definition. All the galaxy images from the Frei sample
showed bar signals in both passbands. For the galaxy images se-
lected in the Ohio sample, however, only three galaxies from the
128 selected, namely NGC 4051, NGC 4580, and NGC 4699,
failed to show a bar signal in any of the passbands at all, while
16 galaxies failed to show a bar signal at least in one of the two
passbands. Five of them did not show a bar in the H image and
the rest of 11 galaxies only showed a bar signal in the B band. We
have to emphasise, however, that in these cases, we could have
detected a bar signal if we had used a larger interval for the defi-
nition of the bar signal. In fact the interval selected, (-1 < p < 1)
(see Sect. 3.2), is somewhat arbitrary. If we relax this condition,
we can detect a bar signal in both passbands.

Some authors (Laurikainen & Salo 2002; Marinova & Jogee
2007) have suggested that bars can be more easily detected in
the infrared passbands than in the blue region of the spectrum.
We used our bar indicators to compare the difference between
S A and S B galaxies for the different passbands in our sample
to check this result. The results are compared using the robust
optimal M-regression line separately for the S A and S B galaxies
in Fig. 11, where we compare the values of the log,, By param-
eter for the blue and red filters. There is no apparent difference
between SA and S B galaxies, and a bootstrap analysis of the
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Fig. 12. Correlation of the values of the By, 5 parameter for the blue and
red passbands for the two samples. The layout is as in Fig. 10, but here
we only show the standard linear regression line (dash-dotted line) and
the robust optimal M-regression line (dashed line).

slopes at a 95% confidence level confirms this result. The in-
terval for S A galaxies in the Ohio sample is [0.22,0.97], while
for S B galaxies this interval is [0.50, 1.10]. In the case of the
Frei sample, the interval for SA galaxies is [0.91, 1.42], while
the interval for S B galaxies is [0.46, 1.55]. Thus, our data does
not show any significant difference between SA and S B galax-
ies when using our bar indicators. We can conclude that when we
use the Fourier technique there are no apparent differences in the
bars detected for a particular galaxy using different passbands.
These results are only valid for the set of passbands used in the
galaxy samples selected for our analysis. It would be useful to
extend the comparison of the bar strength to other passbands,
such as the UV, using this technique to ascertain if there is some
particular passband where the bars are more prominent.

In order to compare the bar signals we can also use the nor-
malised values of our parameters described in Sect. 3.2. These
normalised values, however, must be used with caution. For a
particular galaxy with very well-defined arms or a poorly defined
disc, the normalisation process can give a very biased indicator
value. However, the results using the rest of the indicators are
very similar to the results already shown in this section. In Fig.12
we show the correlations for one of the normalised parameters,
namely the By 5. parameter. Here we only show the standard lin-
ear regression line (dash-dotted line) and the robust optimal M-
regression line (dashed line). The 95% confidence intervals for
the slope do not show a significant difference between the bar
indicators in the blue and red passbands. In the case of the Ohio
sample these intervals are [0.57,0.90] for the standard regression
line and [0.80, 1.02] optimal M-regression line. In the case of
the Frei sample these intervals are [0.67, 1.02] and [0.85, 1.00],
respectively.

Using the normalised indicators, however, it is true that the
values of the bar components for non-barred galaxies, as clas-
sified in the RC3 catalogue, are higher in the infrared than in

the blue passbands. This is apparent in Fig.12. This would be in
agreement with the claim that disc galaxies appear to be more
barred in the infrared than in the visible passband. On the other
hand, galaxies classified in the RC3 catalogue as barred, appear
to have higher values of the indicators in the blue passband than
in the red. The regression lines fail to give any significant differ-
ence between SA and S B galaxies. We will explore this result
further in Sect. 7 using the distribution of the values of the nor-
malised indicators.

6. Comparison between different bar indicators

We can find two ways of measuring the bar strength in
the literature. The first is a measure of the maximum rela-
tive non-axisymmetric torque strengths (hereafter Q) intro-
duced by Combes & Sanders (1981). This parameter was used
by Block et al. (2002), Buta et al. (2004, 2005), and more re-
cently by Speltincx et al. (2008). The second method, used by
Whyte et al. (2002) and Marinova & Jogee (2007), is to give a
measure of the bar ellipticity. These authors have concentrated
their efforts in the OSU sample.

The problem of detecting a bar component has been ad-
dressed by different authors who have suggested indicators based
on particular properties of the bar component. In this section
we want to compare the performance of these indicators on the
galaxies in the OSU sample, which has been used for different
groups to measure bar strengths. We compare the relative effi-
ciency of our bar indicators, namely By, and Bp, with the f,:
indicator used by Whyte et al. (2002), the bar torque O}, used
by Block et al. (2001), Buta et al. (2004), and Speltincx et al.
(2008) and, finally, the ellipticity €,,r used by Marinova & Jogee
(2007).

As the bar indicators measure different bar properties, they
are not directly comparable and a linear correlation does not
seem to be an appropriate way to compare the results of the
different groups of authors. Instead of the classical Pearson lin-
ear correlation coefficient, the Spearman and Kendall correlation
coeflicients seem to be more suitable for this study. These non-
parametric coefficients are more appropriate for the case of sam-
ples that are drawn for unknown distributions; see Press et al.
(1994).

Given a set of values x;, we define the rank among these sam-
ples as R;. If we have a second sample y; drawn from a different
probability distribution, we define the rank within this sample as
S, then the Spearman rank correlation coefficient r is defined
by

%i(Ri— R)(S:-5)

ESTETNSTEEE

where R and § are the mean values of each sample. The values
of this parameter must be within the range —1 < r; < 1, and
the closer the value of |rg] to 1 the better the correlation. The
significance of these values against the null hypothesis of zero
values can be tested by computing the parameter

@2y

) (22)

which is distributed approximately as a z-Student distribution
with N — 2 degrees of freedom. This approximation does not
depend on the unknown original distribution of the data values,
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which makes this method very appropriate to our purpose be-
cause the probability distribution of the values of the bar indica-
tors is not known.

Table 2. Comparison of the correlation coefficients between the differ-
ent bar indicators for the galaxies in common.

On the other hand, the Kendall 7 coefficient uses only the rel-
ative ordering of ranks. Given N data points (x;, y;), we consider By | Bp | Block| Buta | Spelt.| Mari. | Whyte
all the possible N(N — 1)/2 pairs of data points. A concordant 329 | 81 98 | 133 110 130
pair occurs if the relative ordering of the x; values is the same as By 099 | 0.12 | 034 | 037 | 0.12 | 045
the relative ordering of the y; values, while a discordant pair oc- 099 | 017 1 025 | 024 | 0.08 | 045
curs on the contrary. In the case of ties, the pair is not considered 092 1012 10351036 | 011 | 032
as concordant or discordant and the pair is taken as an “extra y : : - . - .
pair” if the tie is in the x values or an “extra x pair” if the tie 81 98 133 110 130
is in the y values. If N, is the number of concordant pairs, Ny Bp 0.00 0.15 | 0.36 | 0.39 | 0.18 | 0.48
the number of discordant pairs, E, the number of extra x pairs, 0.00 0.20 | 0.36 | 0.37 | 0.15 | 0.47
and E, the number of extra y pairs, the Kendall 7 coefficient is 0.00 0.15 | 0.25 | 0.26 | 0.09 | 0.34
defined as 75 | 52 46 66
N. - Ny 3) Block | 0.28 | 0.18 0.83 | 0.79 | 0.66 | 0.75
T= :
INe ¥ Ne + B, VN, + N + E; 0.09 | 0.05 0.79 | 0.56 | 0.69 | 0.74
0.11 | 0.07 0.69 | 0.72 | 0.54 | 0.57
This value lies in the range [—1, 1], taking extreme values only in 68 63 67
the case of complete rank agreement or complete rank reversal, Buta | 0.00 | 0.00 | 0.00 0.80 | 0.60 | 0.82
respectively. The approximate distribution or the 7 coefficient in 0.00 | 0.00 | 0.00 076 | 059 | 0.80
the null hypothesis of no correlation is approximately normally 0.00 | 0.00 | 0.00 058 | 044 | 061
distributed with zero mean value and a variance of 106 |84
Var(t) = 4N + 10 (24) Spelt | 0.00 | 0.00 | 0.00 | 0.00 047 | 0.62
ON(N - 1) 0.00 | 0.00 | 0.00 | 0.00 0.55 | 0.70
We use all these parameters with a significance level of @ = 0.95 0.00 | 0.00 | 0.00 | 0.00 0.40 | 0.53
to compare all the measurements of bar strength. In the upper di- ) 73
agonal of Table 2, first we show the number of galaxies in com- Mari. | 0.21 | 0.06 | 0.00 | 0.00 | 0.00 0.61
mon within the OSU sample, and then the values of the Pearson 0.26 | 0.12 | 0.00 | 0.00 | 0.00 0.60
correlation coefficient, Spearman correlation test, and Kendall 7 0.26 | 0.12 | 0.00 | 0.00 | 0.00 0.46
coefficient for each pair of authors. We also include the corre-
lations between the values of our two indicators, By, (first row) Whyte| 0.00 | 0.00 | 0.00 0.00 | 0.00 0.00
and Bp, and the comparison between the indicators used for the 0.00 | 0.00 1 000 | 0.00 | 000 | 0.00
rest of the research groups. We include in the comparison only ’ ’ ’ ’ ’ ’
two of our bar indicators as we obtain comparable results using 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

the rest of our bar indicators. In the cases where both B and H
images were used, we combine all the values to strengthen the
correlation. In the lower diagonal, we show the respective p val-
ues of the three correlation coefficients for this particular sample.
The p values lower than @ = 0.95 indicate a significant correla-
tion up to this level of significance. The p value is defined as the
probability of obtaining a certain value for the coefficient in the
case of null hypothesis of no correlation.

The values in Table 2 show that the bar indicators used in
different works but using similar criteria to define the bar are
in good agreement. The values obtained from the correlation
tests are not close to the unity, nevertheless, this fact does not
indicate that the correlations are not significant. As the val-
ues compared come from different bar indicators and are es-
timated using completely different methodology, a tight linear
correlation between them is not to be expected. The values of
these rank correlations are in all cases significant, i.e. they are
significantly different from the zero value as is indicated by
the low p values. The agreement is better for the cases where
the values of the bar strength came from a similar methodol-
ogy as is the case in Block et al. (2001), Buta et al. (2004), and
Speltincx et al. (2008). Our bar indicators have significant posi-
tive correlations with these indicators, except for the case of the
values quoted in Block et al. (2001). The correlation between the
values of our bar indicators and the values from these authors,
while given positive correlations, cannot be considered signif-
icant at the confidence level of 95%. Likewise, our values are
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Notes. In the upper diagonal we find the number of galaxies in com-
mon and the values of the Pearson, Spearman, and Kendall correlation
coeflicients. In the lower diagonal we find the respective p values of the
correlations. Values of 0.00 indicate p values lower than 107>,

not well correlated with the ellipticities of the bar as quoted in
Marinova & Jogee (2007). This is not surprising, we have seen
in Sect. 4 that our method is sensitive to the bar shape, in the
sense that the rounder the bars, the lower the power in the m = 2
spectrum. We have good agreement, however, with the fy,, in-
dicator used by Whyte et al. (2002). We can conclude that there
is, in general, a reasonable agreement between the different bar
indicators used in the literature.

7. Distribution of the bar indicators

In this section we use the values of our bar indicators as a mea-
sure of the general morphologies of galaxies indicated in the
RC3 catalogue. In this catalogue the galaxies have been divided
visually in three populations, namely SA, SAB, and SB, accord-
ing to the visual strength of the bar, if present. In a SA galaxy
no bar is present as seen by visual inspection, SB galaxies show
a clear bar, while SAB galaxies are a mixed class were we can
find small bars, ovals, and unclear cases. Our bar indicators give
a numerical value for the bar strength and we would like to
check whether our indicators reproduce the general properties of
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Fig. 13. Number of galaxies as a function of their bar modulus in the
OSU sample. The upper left panel includes all galaxies, while the three
others include only the SA, SAB, and SB families. In each panel the
solid line corresponds to the values obtained for all the images irre-
spective of the filter used. We also separate the values for the galaxies
studied using the B filter (blue) and H filter (red). The scales for the
ordinate are not the same for all panels. The vertical arrows indicate
the mean value for each population, while the length of the horizontal
arrows indicate the value of the sigma of the distribution.

galaxies as derived from visual inspection. Our indicators should
be able to recover the three galaxy populations in a general way.
Thus, we can expect that barred galaxies from the SB type should
have higher values of the bar indicators, SA galaxies should get
lower values, while mixed class SAB should also produce a set
of mixed values.

Figure 13 gives histograms of the number of galaxies as a
function of their bar modulus in the OSU sample. The top left
panel includes all the galaxies. The solid line corresponds to the
distribution obtained using all the galaxy images, irrespective of
the filter used. The distributions in blue correspond to the galaxy
images obtained with the blue B filter, while the distributions in
red correspond to the galaxy images obtained with the infrared
H filter. We used the same codification for the other panels of the
figure, where we separated the galaxies according to their clas-
sification in the RC3 catalogue in SA (non-barred), SAB (inter-
mediate), or SB (barred) galaxies. The vertical arrows indicate
the position of the mean of each population, while the horizon-
tal arrows show the length of the standard deviation within each
sample.

Using these distributions we can perform a series of sta-
tistical tests to ascertain if there are any differences between
the galaxy populations. We start with the top left panel to see
whether we can find any differences between the global popula-
tion and blue or infrared populations. For this comparison, we
can use measures of location for the distribution of the param-
eters. Here we use the standard mean and also robust measures
of location, such as the median and @-trimmed means, which
are less biased by outliers than the classic standard mean. In the

same way we can use the classic standard deviation as a measure
of dispersion around the mean, but we can also use more robust
measures of dispersion, such as the normalised standarised me-
dian absolute deviation (NMAD). The mean value of the global
population is 3.6, while the standard deviation gives a value of
0.5. Using only the blue or the infrared populations, the mean
and standard deviation obtained are also 3.6 and 0.5. The median
for the combined population also gives a value of 3.6, while the
median values of the B and H populations are both of 3.7. The
NMAD is computed to have a value of 0.4 in the three cases. In
the case of the a-trimmed means we also obtain values of 3.6 for
the three populations. Thus, our data allow us to conclude that
there are no differences in the bars detected with B or H pass-
bands using the Fourier technique. This is in agreement with the
results obtained in Sect. 5. This is confirmed by statistical tests
on the mean difference of the location measures for the three
distributions. An standard z-test on the difference of means, as-
suming that the populations are normal is unable to detect any
difference in the means of the three galaxy distributions. This is
true also for the case of the non-parametric statistical tests on the
difference of the median values as the Wilcoxon-Mann-Whitney
test or the robust generalisation of this test proposed by Mee
(1990). A global non-parametric test for the comparison of the
distributions, such as the Kolmogorov-Smirnov test, is also un-
able to separate the entire population from the population in the
B or H passbands at the 95% confidence level.

If we repeat our analysis but this time separate the three
galaxies populations using their SA, SAB, and SB visual class,
we obtain similar results. None of the robust tests are able to
obtain any difference between the combined population and the
population obtained from the B or H passbands. Thus, all the
distributions can be considered equal from a statistical point of
view. We can find no differences in the bar detection levels us-
ing the blue or infrared passbands with our technique. Contrary
to the methods used by other authors (Laurikainen & Salo 2002;
Marinova & Jogee 2007), our method seems to be able to detect
bars irrespective of the filter used to obtain the galaxy image.

We can also compare the distribution of the values of the bar
indicator By, separately for the SA, SAB, and SB galaxies also
using the standard and robust measures of location. For the SA
population, the mean, median, and a-trimmed mean give values
of 3.46, 3.51, and 3.51, respectively. In the case of SAB galax-
ies, these values are 3.59, 3.64 and 3.62, respectively, while in
the case of SB galaxies, we obtain 3.74, 3.72, and 3.73. The
differences between the SA, SAB, and SB are statistically sig-
nificant at the 95% confidence level. The standard t-Student test
on the difference of means give a confidence interval at the 95%
level for the mean difference between SA and SB galaxies of
[-0.39, —0.15], excluding the zero value. This test is barely able
to separate SA from SAB galaxies, giving a confidence inter-
val of [-0.23,0.00], while it is able to separate the SAB from
the SB population with a confidence interval of [-0.27, —0.03].
This could indicate that the SAB population is more similar to
the SA than to the SB population, but confirms the idea that this
galaxy type is a mixed bag of values. The robust tests on the
mean differences agree with the classical test. Thus, the gener-
alised robust Wilcoxon-Mann-Whitney test from Mee (1990) is
also able to separate the SA from the SB populations, giving a
confidence interval at the 95% level on the ratio of means of
[0.59,0.72], excluding the 0.5 value. This test is also able to
separate SA from the SAB populations with a confidence in-
terval of [0.52,0.64] and the SAB from the SB galaxies with
confidence level of [0.51, 0.65]. Thus our bar indicator By, per-
forms very well in detecting the bar components of galaxies and
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Fig. 14. Number of galaxies as a function of their bar power. The upper
left panel includes all galaxies, while the three others are indicated sep-
arately for the SA, SAB, and SB families, respectively. The layout and
symbols are as in Fig. 13.

is in overall good agreement with the visual classification of the
RC3 catalogue from de Vaucouleurs et al. (1991). Similar results
were found when using the bar power indicator instead of the
bar modulus and are not given here for the sake of conciseness.
The distributions and means obtained using this bar indicator are
shown in Fig. 14, which shows the same layout as Fig. 13.
When we look at the distribution of our bar indicators, we
can conclude that the relative strength of the bar in disc galax-
ies is a continuous parameter that is sometimes difficult to detect
visually or with any qualitative measure. It is better to define
the strength of the bar with a quantitative measure as the By, or
B, parameters obtained from the Fourier analysis of the images.
The values of this parameter in normalised images span about
three orders of magnitude and could be used to define the degree
of the bar phenomenon in a particular galaxy. Using the values
from our analysis, we can define the set of non-barred galaxies as
the galaxies with log,,(By) < 3, the set of mildly barred galax-
ies as galaxies with 3 < log,,(By) < 3.5, and the set of barred
galaxies as those with log,,(By) > 3.5. This quantitative classi-
fication could be particularly useful when studying galaxies with
no previous qualitative classification as any set of galaxies that
is not included in the RC3 catalogue with cosmological interest.
We can try also to use the normalised bar indicators to see if
these features can be enhanced. In Fig. 15 we show the distribu-
tion of the values of the natural logarithm of the normalised bar
indicator By, where we normalised the bar component modu-
lus to the modulus of the m = 0 spectrum, which corresponds to
the strength of the underlying disc. The layout of Fig. 15 is also
similar also to that in Fig. 13. As for the former cases, the mean
value of the total distribution cannot be distinguished from the
mean value of the distribution of B or H passbands. Moreover,
as in the case of the B); indicator, the total distribution, the distri-
bution of B passband images, and the distribution of H passband
images cannot be differentiated from a statistical point of view.
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Fig. 15. Number of galaxies as a function of the natural logarithm of the
By bar indicator. The upper left panel includes all galaxies, while the
three others are indicated separately for the SA, SAB, and SB families,
respectively. The layout and symbols are as in Fig. 13.

As in the case of the non-normalised indicators the only
significant effect is found when analysing the difference be-
tween the population of SA, SAB, and SB galaxies. The 95%
confidence interval for the mean difference between SA and SB
galaxies in a standard t-Student test is of [-0.61, —0.37], clearly
excluding the zero value and indicating a significant difference
between SA and SB galaxies. This is true also for SA and SAB
galaxies with a confidence interval of [-0.38,—-0.13] and for
SAB and SB galaxies, with confidence interval [-0.35,—0.11].
The robust generalisation of the Wilcoxon-Mann-Whitney test
performs equally well, clearly separating the three galaxy types.
The normalised values seem to perform a bit better when trying
to separate the galaxy types, but we must stress that all the differ-
ences between galaxy types result to be statistically significative
despite any of our bar indicators used. If for instance, we use the
normalisation by the sum of all the moments, i.e. the bar indi-
cator By, the results are again similar to the results obtained
with any of the non-normalised indicators. The distributions for
the values of the natural logarithm of By, y are shown in Fig. 16.
A similar result is obtained using the B, indicator; see Fig. 17.

8. Discussion and conclusions

In this paper we have introduced a new method to study the spiral
structure of disc galaxies. This method uses a two-dimensional
FFT on galaxy images. It is based on a similar method ini-
tially proposed by Considere & Athanassoula (1982) for the
HII region distribution and, independently, by Iye et al. (1982)
who used this method on a photometric image of the galaxy
NGC 4254. Later, Consideére & Athanassoula (1988) used it on
a sample of images of bright spiral galaxies. These authors con-
sidered only the maximum component of each spectrum but the
galaxy spectra can be very complicated owing to the presence
of various components of different multiplicities. The method
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Fig. 16. Number of galaxies as a function of the natural logarithm of the
By 5 bar indicator. The upper left panel includes all galaxies, while the
three others are indicated separately for the SA, SAB, and SB families,
respectively. The layout and symbols are as in Fig. 13.

was fully developed by Garcia-Gémez & Athanassoula (1991)
for the HII region distribution. These authors introduced the
possibility of dealing with the whole complexity of the Fourier
spectra, separating all the signals present in each spectrum.
In this paper we adapted this method to be applied on pho-
tometric galaxy images. Some other authors also applied the
two-dimensional FFT on photometric galaxy images, for in-
stance, Block & Puerari (1999), Block et al. (2001), and Buta
et al. (2003, 2004). In these papers however, only the maximum
component was used for the analysis of the spiral structure. In
a later paper, Buta et al. (2005) made an effort to include more
components for each spectrum in a way similar to the present
method. Our method is more general, however, as we are free to
use as many components as necessary to obtain very good fits of
the galaxy spectra, while we can recover the whole spiral struc-
ture of any galaxy image with great accuracy.

We used this method extensively on two large homogeneous
galaxy samples, namely the Frei sample, Frei et al. (1996) and
the Ohio State University Bright Spiral Galaxy Survey (OSU)
Eskridge et al. (2002). In this particular paper, we only concen-
trated on the detection and analysis of barred structures. We
introduced some bar strength indicators based on the Fourier
decomposition of the galaxy images. These new bar indicators
perform equally well from a statistical point of view as other bar
indicators, namely the bar torque introduced by Buta & Block
(2001) and Laurikainen & Salo (2002) and the bar strength mea-
sured by the f, introduced by Abraham & Merrifield (2000)
and used by Whyte et al. (2002). Our bar indicators are not
so well correlated with the bar ellipticities, as suggested by
Athanassoula (1992), which were used in Marinova & Jogee
(2007).

The first point to be stressed is that we are able to detect
the barred component with comparable strength in any of the
galaxy passbands used to obtain the galaxy images in the former

Fig. 17. Number of galaxies as a function of the natural logarithm of the
By, bar indicator. The upper left panel includes all galaxies, while the
three others are indicated separately for the SA, SAB, and SB families,
respectively. The layout and symbols are as in Fig. 13.

samples. Thus, we do not find evidence of the case of a higher
fraction of barred galaxies in the infrared as has been suggested
by Eskridge et al. (2000) or Marinova & Jogee (2007). The dis-
tribution of bar strength for the galaxy images obtained in the
blue cannot be distinguished from the distribution of the bar
strength obtained for the galaxy images obtained in the infrared
region of the spectrum. When using our bar indicators in the
Ohio sample, there is a minor effect that is more statistically
significant for the case of stronger bars in the blue than for the
galaxies in the far-infrared . On the other hand, our bar indicators
are able to statistically separate the SA, SAB, and SB population
of galaxies in order with the visual classification of the galax-
ies in the RC3 catalogue. Our method is able to separate the bar
component from the rest of the spiral components and in about
the 95% of the galaxies is able to detect a bar component, irre-
spective of its galaxy type. Thus, the vast majority of galaxies
seem to harbour a bar in its stellar disc.

The strength of this bar, however, can be measured within a
range of about three orders of magnitude. Thus the visual clas-
sification of galaxies as barred or non-barred is clearly justified.
Our parameters could be used, however, as the basis of a more
quantitative classification of the bar phenomenon.

This is intended to be the first paper of series in which we
want to study the spiral structure of disc galaxies deeply. We
intend to extend our analysis to the other spiral components
with the aim of searching any links between the global spiral
structure and the dynamical properties of galaxy discs. Another
possible application of out method could be the study of the
strength of the bar in a set of galaxies of cosmological inter-
est. We would be able to study whether galaxies at larger dis-
tances appear to be more barred than neighbouring galaxies.
This Fourier technique could be also used for large samples of
galaxies. In this case, major issues should be addressed. The first
should be of course the determination of the deprojection angles,
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as the Fourier technique should be used on a face on image of the
galaxy. The deprojection methods used by different authors and
using different methodologies can sometimes give very different
results (Barbera et al. 2004; Garcia-Gomez et al. 1991. Particu-
larly for nearly face-on galaxies. For these cases, the PA could
only be determined with some certainty using some information
on the velocity field of the disc. For galaxies with inclination
angles of values 40° < IA < 65° all the deprojection methods
give comparable results and these galaxies could be deprojected
using an automated procedure. A second important issue is to
determine the parameter ry;, used in our calculations, namely
the size of the galaxy bulge. This value could be computed in a
large sample using automated decomposition of the photometric
galaxy profile. We have shown that the Fourier analysis is not
very sensitive to this value as long as we clearly avoid the inner
bulge. We think that this value could be computed with enough
precision using the photometric profiles of the galaxies. The use
of the Fourier analysis of the spiral structure in these large sam-
ples of cosmological interest could be very useful to understand
the evolution of the spiral structure of galaxy discs.
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Chapter 3

Conclusion and Further Work

3.1 Thesis Achievements

In this thesis we have applied Fourier techniques to develop tools to quantitatively analyze
the morphology of spiral disk galaxies. We have developed methods to deproject disk
galaxies and to measure the strength of any spiral component including bar perturbations
in disk galaxies showing a bar component. As we are interested in a quantitative analysis,
we need data samples big enough and over a wide range of different types of disk galaxies,
which could allow us to perform deep statistical studies to fully exploit our methods. With
this objective in mind, we started by using HII regions catalogues (76 sample number)
which have been used to check our two deprojecting methods. This first work concluded
that our two methods are as good as the other methods used so far and can give equally
reliable estimations of the deprojection angles. Furthermore, our two methods are well
correlated not only with other methods relying on similar principles, but also with methods
based on kinematics which are considered the most reliable ones, specially for determining
the position angle, PA.

In order to improve our statistical studies, we looked for richer catalogues and we moved
to galaxy image catalogues which provide huge and complete information from all the
galaxy components. Using information from galaxy images brings us new challenges and
opportunities to verify our two deprojecting methods and to go further in our study of
the morphological structure of disk galaxies. So, thanks to the use of galaxy images, we

can carry out more accurate studies and prove that our two deprojecting methods perform
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particularly well when determining the inclination angle, IA. Our two methods, continue
to work well when determining the position angle, PA for galaxies with inclinations greater
than 55 degrees. For less inclined galaxies, the major source of uncertainty is the bar
strength. For non-barred galaxies our methods perform well up to inclinations of 30 degrees.
Therefore, our two methods provide good results when determining IA. They are in good
agreement with other methods in the literature and show the same limitations as others
when trying to determine PA. It is worth noting that our methods do not introduce any bias
on the deprojection angles. Moreover, the richness of the galaxy image catalogues allows
us to use images from different samples and with different passband. So, we can confirm

the robustness of our methods which can be used with confidence.

Our methods are based on the assumption that galactic disks are thin and circular.
Assumptions shared by most of the other methods in the literature. The thickness and
the instabilities of the disk are related to the mass placed in the halo. Comins et al.
(1997) showed that massive halos help to suppress disk instabilities and recommended a
halo containing 75% of the total mass of the galaxy. In addition to that, determining the
ellipticity of the disk on spiral galaxies is a statistical issue as showed in Ryden (2004). If
disks are oval, our results will need to be revised as the results from all the deprojection

methods in the literature.

We would like to point out that we do not assume that the disk spiral structure is
logarithmic. We fit the disk spiral structure to a basis of logarithmic functions because
using those basis functions, we get less Fourier's terms than using other basis. If some
spiral structure is not adequately represented by a logarithmic spiral, our technique will

simply use a certain additional number of components in order to describe it accurately.

Our methods have the ability to provide good results with few information from the
disk. This has been shown when deprojecting galaxies with a strong bar component where
we need to remove all the circular fraction of the image affected by the bar. Consequently,
the remaining area of the disk where to apply our methods can be small. This, however,
has proved to be not a major difficulty. Moreover, thanks to this ability, we can apply
our methods on low resolution images allowing to perform studies with catalogues of dis-
tant galaxies. This can have important implications to the study of spiral structure in a

cosmological context.

When using our methods to measure the strength of the bar component, we proved that
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we can isolate the bar component regardless of the filter used to obtain the galaxy image,
and regardless of the strength of the bar component. These features provide results in good
agreement with different bar indicators used in the literature and show good agreement with
the morphologial classification in three categories: non-barred (SA), mildly barred (SAB)
and barred (SB) galaxies. In addition to this agreement, we have a numerical measure
of the bar strength showing a clear difference between the two classes, SA and SB, and a
continuous transition halfway between them, that can be merged in the SAB class.

After all those statistical analysis proving the performance and robustness of our meth-
ods, we can start applying them to huge galaxy image catalogues to classify and characterize

disk galaxies.

3.2 Further Work

Thanks to the ability to work with low resolution images, we can focus on larger catalogues
of galaxy images including distant galaxies. We want to enlarge our database of spirals
galaxies calculating their deprojection angles, and describing quantitatively their whole
structure. This may allow us to perform studies of cosmological interest.

In orther to go deeper in the characterization of spiral structure, we will modify our
methods for quantifying spiral arms. As we are able to isolate the arms, we can proceed
studying them individualy. The first parameter which we can measure is the pitch angle,
which will be compared to other galactic parameters to test spiral arms genesis theories.
We will continue measuring the arm's width for a better understanding of spiral structure
and its relation with other galactic properties like its mass distribution. Meanwhile, we
are interested in the bar arms interaction with all the concerning implications on galaxy
formation. We are now in the position to study how arm structures and amplitudes vary

with radius, Hubble type and different bar properties.
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