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ABSTRACT

A numerical method is presented for the deprojection of disk images of normal spiral ga-
laxies and for obtaining their arm structure using the logarithmic spiral model. The method
is based on obtaining the points of local maxima and minima of the galactic image intensity
fluctuations through a smoothing process with the Savitzky-Golay filter. These points then
serve to determine the galactic disk inclination angles as well as the pitch angle of its spiral
arms. The method is applied to three galaxies: NGC 4939, NGC 5247 and NGC 157, finding
reasonable agreement with other results from the literature.

Subject headings: Galactic structure — numerical methods — image processing

RESUMEN

Se presenta un método numérico para la deproyecciéon de imagenes de discos de galaxias
espirales normales y para la obtencién de su estructura de brazos usando el modelo de espi-
rales logaritmicas. E1 método se basa en la obtencién de los puntos de maximos y minimos
locales de las fluctuaciones de la intensidad en las imagenes galacticas a través de un pro-
ceso de suavizado con el filtro de Savitzky-Golay. Estos puntos luego sirven para determinar
los angulos de inclinacién del disco galactico asi como el pitch angle de sus brazos espirales.
El método se aplica a tres galaxias: NGC 4939, NGC 5247 y NGC 157, encontrandose un

acuerdo razonable con otros resultados de la literatura.

Palabras clave: Estructura galactica — métodos numéricos — procesamiento de imagenes

1. INTRODUCTION

Before the application of analysis methods to the
structure of galactic disks, it is essential the determi-
nation of its orientations with respect to some given
coordinate system, or, in other words, its deprojec-
tion. Different methods are proposed for this effect,
which are divided into two main groups: kinematic
and photometric methods. In the former method, the
only thing considered is the rotation of the galac-
tic gas and its emission, thus determining an asym-
metric velocity field that allows to determine the
orientation angles under the assumption that the
gas flows in a uniform circular motion and that the
disk is an extremely thin system. Among the foto-
metric methods, the following are relevant: those ba-
sed on Fourier analysis of galactic images, such as,
for example, that of Garcia-Gomez et al. (2004), and
those based on the application of least squares to the
image points, which chosen with some suitable fil-
ter, correspond to the galactic arms; this is the ca-
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se, for example, of the works of Ma (2001) and Ma
et al. (1999). In general, the proposed methods allow
also to determine the pitch angle, which is the an-
gle between the tangent to an arm and the tangent
te to a circunference that passes through the same
pointand that is centered at the galactic center. This
angle allows to characterize the curling degree of the
arms and is strongly related to the galaxy morpho-
logical type (see e.g. Ma et al. 1999). Given its sim-
plicity, the logarithmic spiral model is usually adop-
ted to represent arms (see Binney & Tremaine 1987).
However, it is possible to obtain very reliable results
without any imposition for the arms shape, as in
the method described by Poltorak & Fridman (2007),
where only a monotonous behavior is required.

In this work we develop an alternative method
that consists of obtaining both the inclination an-
gles of a galactic disk, assumed to be thin, and the
pitch angle of its arms, assuming the logarithmic spi-
ral model. The method is based in determining local
maxima and minima of intensity fluctuations, with
which, through an iterative adjustment process, it
is possible to obtain the required parameters. Below
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we describe both the model and method used, and fi-
nally we apply the algorithm to three galaxies from
the OSUBSGS (Ohio State University Bright Spiral
Galaxy Survey).

2. DISK MODEL

For the mass density in the galactic disk we use
the following functional form:

pp(r,d) = i(r) {1+ fa(r) cos [f3(r,$)]}, (1)

where (r, ¢) are polar coordinates in the disk plane.
In turn, for the arms structure the following model
of logarithmic spirals is adopted:

f3(r,¢) ==y Inr+m(¢+do), (2)

where m is the number of arms and v is a parameter
of winding degree. However, in order to characterize
the winding degree of spiral galaxies it is most use-
ful the pitch angle, u, which is related to the later
parameters according to:

tanpzqzﬂ. 3)
Y

3. LOGARITHMIC SPIRALS

Curves called logarithmic spirals are obtained
from the equality

f3(r,¢) = const., (4)

and thus, the corresponding parametrization in the
(x,y) plane is given by:

x=e1?cos(¢p — ¢o), y=e??sen(¢p—¢o). (5)

Hereinafter these curves will be called simply arms
because they describe the different branches corres-
ponding to different values of the constant in Equa-
tion (4).

In addition, the orthogonal curves to the arms have
the following parametric representation:

x=e ?9cos(¢p—Aa), y=e ?9sen(¢-Ax) (6)

Both families of curves are shown in Fig. 1la for
g = 1, whereas Fig. 1b shows the arms for different
values of ¢. Note that the arms are more winded up
for smaller values of g, that is, for smaller values of
the pitch angle u.

4. GRID CONSTRUCTION

By using the families of curves described in the
previous Section, an orthogonal curvilinear grid is
constructed in order to have a better pixel position
representation than those that are given by the other
systems such as the cartesian and the polar ones. We
call this grid as the spiral grid.

As a first step we adopt the criterion that the arc
element length over an arm or over an orthogonal
line be of the order of a pixel:

As = (1+ p?)Y2Ar ~ 1 pixel, (7

where p = 1/q in the case of arms and p = —¢g in the
case of orthogonal lines. This is a convenient choice

because it is not possible to obtain more information
on scales smaller than the width of a pixel.

Given that according to Eqgs. (5) and (6) we have
A¢ = p Ar/r, the angular step corresponding to an arc
on an orthogonal line (A¢) is —g times the angular
step corresponding to an arc on an arm (A¢;), that is

Ap = —q Agy. (8)

Moreover, when considering the variation of the an-
gle ¢ along an orthogonal line, we have that its mi-
nimum value is ¢,,;, = —¢ In 7,4, and its maximum
value is ¢,ax = —q In ry,, where rpqx and rp,;, are
the values of the maximum and minimum conside-
red radius (in pixels units). If based on Eq. (7) we
define rypin = Ar =~ (1 +¢%)~1/2 and also

q
2)1/2° ©)

Ap~ ————————
rmax(1+q

then the number of segments of angular width A¢ on
an orthogonal line, N = (¢max — Pmin)/A@, is

N = Fax (14 ¢ Y2 In[rax (1 +¢%) 2. (10)

The ends of these segments constitute sampling
points throughout an orthogonal line; hence N is al-
so the number of these points throughout the same
line. 7,4, 1s measured from a center that is chosen
from the position of the brightest pixel in the galac-
tic center image.

Finally, it remains to define the number of ortho-
gonal lines in the array. Making use of Eq. (8), it is
evident that this number can be defined as:

2r
A(lsmin .
Typical values in this work are N ~ N, ~ 500.

N, =~ (11)

5. GRID ROTATION

The plane of the galactic disc is rotated with res-
pect to the plane of the sky (image plane) using Euler
angles (0k, ¢, ¥E):

x =x"cos ¢r — y’ sen ¢g cos O,

y=x"sen¢r +y cosdg cosOg, (12)

where (x’,y’) are cartesian coordinates in the disk
plane and (x, y) are the corresponding coordinates in
the image plane.

Given the form of the parametric equations for the
arms and their ortogonal lines, the rotation by v g
can be directly introduced in the phase. Hence we
can write:

X =ne 4 cos(¢p — Aa+nyg),

Y =e ?9sen(¢p - Aa+nyg), (13)

where the factor n was added to give account of the
sense in which the arms in the galactic image deve-
lop: n = 1 (-1) if the arms develop clockwise (counter-
clock wise). An example of a rotated spiral grid is
shown in Fig. 2.
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Fig. 1.— (a) Arms (continuous red) and orthogonal (dashed blue) lines for g = 1. (b) Arms for different values of g.
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Fig. 2.— Example of a rotated grid of logarithmic spirals. (Red
continuous lines are arm lines and blue dashed lines correspond to
orthogonal lines.) The rotation and degree of coiling were obtained
for the NGC 4939 image.

6. MINIMUM RADIUS

The studied images consist of uniform cartesian
pixel arrays. Each pixel has assigned to a position
and to a value of intensity. Since spiral grid does not
have this uniformity, because the density of arms
and orthogonal lines is greater towards the center,
we must choose a minimum working radius to avoid
the exaggerated repetition of intensity values, or, in
other words, to avoid that a given pixel be used more
than once by different arms and orthogonal lines. It
is evident that this radius must be much greater to
the previously chosen one, r,,;,, because this is used
only to construct the spiral grid that must be rotated.
In the following, the process of selection of this new
minimal radius is described: First we make a map-
ping of intensity with the rotated spiral grid, that is,
to each sampling point of the spiral grid the value
of intensity corresponding to its position is assigned.
The experience with the images that were used in
this work indicates that a reasonable criterion to de-
fine the minimal radius, R,,;,, is that at this radius
the number of contiguous points of equal intensity
is equal to twenty times the number of contiguous
points of different intensity. The count of these num-
bers of points is performed for all the orthogonal li-

nes (i.e., for all the directions in the plane (x’,y’)).
The number of sampling points in each of these li-
nes is increasing towards the galactic center since
A¢ = —qgAr/r, that is, A¢ > 0 for Ar < 0.

As an example, Figure 3a shows the count of the
number of contiguous points for the image of NGC
4939. In this Figure, one sees that the number of
points of different intensity is grater than the num-
ber of points of the same intensity (multiplied by
a factor of twenty) for numbers of sampling points
smaller than the corresponding to the intersection
of the two curves (near 300). Moreover, the election
of twenty factor is clearly justified in Fig. 3b, where
for the same galaxy and for a typical orthogonal line,
it is observed that for numbers of sampling points
greater than 300, the repetition of intensity values
originates a staggered structure towards the galactic
center, which is not suitable for the filtering process
to be described in the next Section. This is why the
inner region to the minimal radius has been removed
as shown in Fig. 2.

7. OBTAINING OF THE MAXIMA AND MINIMA OF THE
INTENSITY FLUCTUATIONS

To obtain the maximum and minimum fluctuations
in intensity, the intensity data is smoothed on each
of the orthogonal lines of the spiral grid. To do this,
the Savitsky-Golay filter is used (Press et al. 1992),
which consists of fitting a polynomial function to a
set of neighboring points close to a given point where
you want to estimate the value of the function. This
method then makes it possible to eliminate noise as
well as the effect of sudden variations of the afore-
mentioned function. In the present work, the filter
is applied to the data set of intensity versus number
of sampling points on each orthogonal line and two
types of smoothing are introduced: the first, called
coarse smoothing, with a number of neighbors N,/2
to the left and N,/2 to the right of each point on an
orthogonal line; and the second, fine smoothing, with
N¢/2 neighbors to the left and N;/2 to the right of
each sampling point. In both cases, the fitting poly-
nomial is quadratic, following the suggestion of the
implementation in Press et al. (1992). In turn, the
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Fig. 3.— (a) Total counts of the number of contiguous sampling point pairs along all orthogonal lines (401 lines) constructed for NGC
4939 as a function of the sampling point number along an orthogonal line, N4, which is increasing toward the galactic center. The count
is performed cumulatively from the galactic center. Ny (Ny.) is the number of pairs of sampling points of equal (different) intensity.
(b) Intensity plot for a typical orthogonal line of the same galaxy. The factor 20 is chosen so that the intersection of the two curves in
(a), represented by the vertical line in (a) and (b), separates the inner galactic region where there are too many sampling points for the
same pixel, or for the same pixel intensity, as seen in the step-like structure of the data to the right of the vertical line in (b).

choice of the number of neighbors arises from the ex-
perience of trying different numbers in the images
used in this work. Figure 4a shows the application of
this method to a typical orthogonal line of the galaxy
NGC 4939.

Once the coarse and fine smoothing has been ca-
rried out, the corresponding resulting intensity va-
lues are subtracted to obtain the fluctuations in in-
tensity. Then a fine smoothing is performed on these
fluctuations and finally a fine smoothing with fourth
degree polynomials is applied to the result of this last
process to obtain the derivative of the fluctuations.
The results are shown in Fig. 4b for the same ortho-
gonal line as Fig. 4a. Here it should be noted that
although fine smoothing of fluctuations is not neces-
sary, it allows for better visualization of them.

With the aid of the obtained derivative, the points
of local maxima and minima of the intensity fluctua-
tions can be obtained. These points constitute the da-
tabase for obtaining the degree of coiling of the arms
and the Euler angles of a galaxy under study. Howe-
ver, it may happen that certain points in this set are
spurious, that is, that the absolute value of the co-
rresponding intensity fluctuation is not high enough.
To correct this effect, those points whose absolute
fluctuation is less than a certain lower limit 61,,;, are
discarded. At the other extreme, there may be fluc-
tuations with very high local values due to the pre-
sence of globular clusters or small satellite galaxies,
for which the criterion of discarding from the set the
points whose absolute fluctuations exceed the value
of three times the root mean square deviation is cho-
sen. Figure 5 shows the images of NGC 4939, NGC
5247 and NGC 157 and their corresponding maxima
and minima of the intensity fluctuations found with
the method above described.

8. OBTAINING OF THE WINDING DEGREE

By using the parametric Egs. (5), the curves that
describe the maximum fluctuations of the intensity

are given by:
x = e?? cos(¢p — po + 2km/m),
y =e??sen(¢ — ¢o + 2kn/m),
k=0,1,...,m-1,

(14)

where k indicates the number of arm of the galaxy
under study. For the minimum intensity fluctuations
we just have to write (2k + 1) instead of 2k in the
above equation.

Therefore, for successive maxima or minima over
the same orthogonal line, we have:

_2r

q2

— . 15
m 1+ g2 (15)

Hence, obtaining the N, differences A¢ for all the
successive minima and maxima over all the orthogo-
nal lines, and then applying a simple statistics, the
parameter ¢ can be obtained.

9. ITERATIVE PROCEDURE

For the calculations, a FORTRAN language pro-
gram is used that is executed on a Linux platform.
An iterative procedure is carried out starting with a
non-rotated spiral grid and with a value ¢ = 1 for the
degree of winding. During the first cycle of iterations,
the Euler angles are estimated using the diagonali-
zation method of a matrix similar to the inertia ten-
sor used in mechanics for rigid bodies. In this case,
the points of local maxima and minima of the inten-
sity fluctuations play the role of particles of mass
equal to the square root of the absolute value of the

fluctuation in density: v/|6I|'. In any case, this first

1 There is no qualitative explanation for this choice, as it arises
from having carried out tests with different powers of | 61| so that
both the inner and outer regions of the galactic image are repre-
sented in a more or less balanced way in the equivalent inertia
tensor.
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Fig. 4.— (a) Sampling points (circles) and the coarse (blue dashed line) and fine (green continuous line) smoothing on a typical
orthogonal line of NGC 4939. (Graph of the Intensity as a function of the sampling point number along an orthogonal line, N4, which is
increasing toward the galactic center.) (b) Result of the difference between the fine smoothing and the coarse smoothing (continuous red
curve normalized to its maximum value) of (a) and its corresponding derivative (dashed blue curve normalized to its maximum value).

TABLE 1
Parameters obtained through the application of the method (variables without superindex) to the artificial galaxy described in Section 10
for different values of the number of arms, the pitch angle and the orientation angles with respect to the plane of the sky (variables

with superscript a). Euler angles are expressed in degrees.

No m q 3 [ q e PE
1 2 0.2 15 30 0.195+ 0.003 14+ 1 32+ 2
2 2 0.2 25 60 0.196+ 0.002 24.9 + 0.1 59.8+ 0.5
3 2 0.2 45 50 0.197+ 0.002 44.9 + 0.2 50.0+ 0.2
4 2 0.2 75 185 0.196+ 0.005 74.8 £+ 0.1 185.00+ 0.01
5 4 0.4 32 0 0.39+ 0.01 32.05 + 0.01 -0.10+ 0.03
6 4 0.4 60 135 0.39+ 0.01 60.000 + 0.003 135.00+ 0.02
7 2 0.1 30 120 0.101+ 0.001 30.2+0.1 120.2+ 0.1

choice constitutes only a first approximation that is
introduced in order to not manually enter the initial
Euler angles. In subsequent cycles, the Euler angles
are found by using a SIMPLEX (Press et al. 1992).
The SIMPLEX used here is a geometric figure in a
four-dimensional space that encloses the three angu-
lar parameters, the Euler angles. This changes its
shape and reduces its volume until a certain fun-
ction of the parameters reaches its minimum value
within an established error tolerance order. The fun-
ction chosen for this purpose is the root mean square
deviation (o) of the minimum distances between the
maximum and minimum points and the sampling
points on the arms of the model.

The steps followed in the iterations are roughly
described below:

i. The spiral grid is generated.

ii. Savitzky-Golay filtering is applied to the data-
set.

iii. Local maxima and minima of the intensity fluc-
tuations are found.

iv. ¢ parameter is calculated.

v. Euler angles are calculated using a SIMPLEX.

vi. A new spiral grid is generated and the enti-
re process is repeated until convergence is achieved
within the required error tolerance range in a num-
ber of Nj., iterations.

Once the iterative process is finished, the program
returns the winding degree parameter and the th-
ree Euler angles. The error in the Euler angles is es-
timated by performing the subtraction between the
values obtained in the first and last applications of
SIMPLEX (with a tolerance of 10~2 for o). In this last
iteration, the Euler angles reach a stable situation,
no longer suffering significant changes with respect
to the previous iteration. Note that in some cases one
must modify the range of sampling points on the spi-
ral arms of the model so that they cover all the points
of maxima and minima. Experience with the actual
galaxies studied in this work shows that the effect of
this modification introduces a maximum error of the
order of one degree.

10. APPLICATION TO NGC 4939, NGC 5247 AND NGC 157

Before applying the method to three galaxies from
the OSUBSGS sample, we have applied it to an ar-
tificial galaxy with different pitch angles and diffe-
rent orientations with respect to the plane of the
sky. This artificial galaxy (300x300 pixels) is built
from the model given by Eq. (1) with logq f1(r) =
3.6exp[-0.11log%, 7], and fa(r) = 20/r for r > 20 and
fo(r) = 1 for r < 20. The corresponding results for
different numbers of arms, pitch angles, and orien-
tation angles are shown in Table 1, where we can
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Fig. 5.— Images of the artificial galaxy No 6 of Table 1 (in terms
of logarithm of the intensity), their maximum (upper panel) and
minimum (lower panel) points, and the curves of the correspon-
ding model adjustment (black lines). Also shown is the ellipse that
comes from the projection of the galactic disk on the plane perpen-
dicular to the line of sight, whose semi-major axis has an inclina-
tion with respect to the y axis (North Galactic Pole) equal to the
position angle PA.

see that a good agreement is found between the pa-
rameters of the artificial galaxy and those obtained
with our method. An example of the application of
the method for parameter set No. 6 of this artificial
galaxy is shown in Fig. 5.

The method is applied to the images of three gala-
xies from the OSUBSGS set and for the H filter: NGC
4939, NGC 5247 and NGC 157, which are shown in
Fig. 5. The corresponding results are shown in Tables
1, 2 and 3 and in Fig. 6. In order to make the com-
parison with the results found in the literature for
these three galaxies, the angles must be expressed
in terms of the inclination angle /A and the position
angle PA, as well as the degree of coiling in terms of
the pitch angle, u . In the present case:

IA=60g, PA=¢p-90+££180 (£=1,2,3,...). (16)

Thus, /A is the angle between the axis of the ga-
lactic disk and the line of sight, and PA indicates the
orientation of the line of the nodes of the projected
disk and is the angle between this line and North,
measured towards the East. Since the position an-
gle PA is the angle between the north galactic pole
(y axis in Fig. 6) and the major axis of the ellipse re-
sulting from the projection of the galactic disk onto
the plane of the sky, and since the intersection of this
ellipse with that axis has two vertices, terms that are
multiples of 180 degrees can be added to the position
angle. For this reason we chose ¢ to have a positive

TABLE 2
Parameters obtained through the application of the method. Euler
angles are expressed in degrees.

Galaxy NGC 4939 NGC 5247 NGC 157
n 1 1 1
Niter 9 9 9
N 618 734 712
No 401 462 451
Ronin 13.5 15 15
N, 40 60 80
Ny 30 50 60
S lmin 0.1 0.1 0.1
Nonax 1531 960 693
Nonin 1578 1016 783
m 2 4 2
q 0.16+0.02 0.49+0.05 0.28+0.02
Ny 2252 984 566
O 52+1 19+4 50+2
ok 101+1 76+30 -56+4
VE 18+24 -47+32 90+2
TABLE 3

Comparison between the values of A and PA obtained in the pre-
sent work (UD) and by Garcia-Gomez et al. (2004) (G-G) for NGC
4939, NGC 5247 and NGC 157. (Values expressed in degrees.)

NGC 4939 UD G-G
IA 52+ 1 59+3
PA 11+ 1 8+5

NGC 5247 UD G-G
1A 19+ 4 24+ 5
PA -14+ 30 22+ 14

NGC 157 UD G-G
1A 50+ 2 46 + 3
PA 34+ 4 38+4

TABLE 4

Comparison between the pitch angle values obtained in this work
(UD) and by other authors: Ma (2001) (MJ), Ma et al. (1999) (MZ),
and Patsis et al. (1991) (PCG). (Values expressed in degrees.)

NGC 4939 UD MdJ

u 9+ 1 8.1(A) — 10.8(B)
NGC 5247 UD PCG

)i 26+ 3 30
NGC 157 UD MZ

)i 16+ 1 9+1

value less than 180 degrees for the position angle.

11. CONCLUSIONS

The acceptable precision of the obtained results
could indicate that the logarithmic spiral model is
both simple and adequate to describe the arm struc-
ture of barless spiral galaxies, despite the approach
that these are considered as flat objects.

However, a delicate aspect of the application of the
model to galaxy image data is the process of obtai-
ning the points of local maxima and minima of the
local intensity fluctuations with which the degree of
coiling and the orientation angles are obtained. The
precision of the results is sensitive to the number
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Fig. 6.— Images of the galaxies under study (in terms of logarithm of the intensity), their maximum (upper panels) and minimum
(lower panels) points, and the curves of the corresponding model adjustment (black lines). Also shown is the ellipse that comes from the
projection of the galactic disk on the plane perpendicular to the line of sight, whose semi-major axis has an inclination with respect to

the y axis (North Galactic Pole) equal to the position angle PA.

of neighbors considered in the Savitzky-Golay filte-
ring. Given the intrinsic irregularities of the ima-
ges, smoothing is better for a relatively large num-
ber of neighbors, but this decreases the extent of the
analysis region. At the other extreme, if the num-
ber of neighbors is relatively small, the extent of the
analysis region is greater, but the dispersion in the
positions of the maxima and minima is also greater.
Additionally, in the later case, the appearance of mo-
des with a greater number of arms is evident; but
the limitation on the number of pixels in the images
prevents obtaining precise results from them.

When comparing the results obtained for the orien-
tation angles and pitch angle of the three galaxies
studied with the values obtained by other authors,
an acceptable agreement is found, indicating that
the method developed in this work could be applied
to a larger sample of spiral galaxies. However, the-
re are large discrepancies with the results of other
authors for the position angle of NGC 5247 and for
the pitch angle of NGC 157. This indicates that a lar-
ger sample of galaxies must be taken to better test
the algorithm (work in progress). Moreover, ideas
arise to improve its efficiency that should be tested in

the first instance. One of them is to use not only the
maximum and minimum points of the fluctuations
but also other nearby points and assigning a statis-
tical weight to all the points considered, thus pro-
bably improving the sample and consequently the re-
sults. Another is to carry out a Fourier analysis of the
intensity fluctuations obtained with the Savitzky-
Golay smoothing along the lines perpendicular to the
arms, in order to obtain the angular parameters th-
rough the corresponding spectra.
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