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

. . . of the galaxy and the line of sight. Several methods have been
Disc galaxies are observed projected on the sky. Yet for_m%'lyoposed so far to obtain these angles, the most commonly used
purposes one needs to be able to deproject them. Thus in es being based on photometry or kinematics. A standard way

phological studies one needs information ofiefent 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 ralQiter ellipses is a measure of the IA, while the direction of

and strength_of bars, or_the shape (d_la_mond_-llke, elllptlca_l, le major axis gives the PA. Another procedure is based on the
rectangular-like) of bar isophotes. Similarly in photometric

tudi d cuts al ticular directi ik as kinematics within the disc, using two dimensional velocity
Studies one may need cuts along particufar directions, like §igqq g assuming that the emission comes from material in a

par Major or minor axis, or one may nee_d to compare arm Wi, giqy in circular motion around the center. The selected PA
inter-arm regions located at the same distance from the cenfer

o o "Nld 1A angles are those that minimize the departures from such
or one may need to correct for extinction. For studies mvolvmcg

the Tully-Fisher relation one needs to know the inclination o
the galaxy in order to obtain its velocity. Our own interest in These are not the only methods used in the literature
err ojection angles stems.from ”‘? fact that we_started a auglnyer (1942) used a special display table to rotate the galaxy
titative study of the properties of spiral structure in near-by d'?l%ages until they were circular. Grasbol (1985) applied a one
galaxies, and for this we first need to deproject all our imagqﬁ

. . S mensional Fourier transform to the intensity distribution in
Indeed the list of all studies for which it is necessary to knoWIe outer parts of galaxy disks and adopted the deprojection

the spatlgl orientation of_the galaxy |s.toollong to mclude hergngles that minimized the bisymmetrim (= 2) Fourier co-

We will study the spiral structure in disc galaxies decomy cient. Comte et al. (1979) used the distribution of HIl re-
posing each image by means of bidimensional Fourier tra ons in the Inf) — 0 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, namelylli ic spirals. Two dimensional Fourier analysis has also
position angle (hereafter PA) and the inclinat_ion angle (hert?féen used to determine the deprojection angles. Ceresi
after IA)' The.PA is the angle between the line of nodes Qthanassoula (1982) used the HiIl region distribution, select-
the projected image and the north, measured towards the el?@t'the angles that maximized the signal-to-noise ratio in the
Send gprint requests toC. Barbeg m = 2 component,_an_d ConsdE & Athanassoula (1988),
e-mail- cbarbera@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 viaised animage of NGC 4254 and selected the angles that max-
anonymous ftp tedsarc.u-strasbg.fr (130.79.128.5) orvia imized the axisymmetric component. Finally Gar€&omez &
http://cdsweb.u-strashg.fr/cgi-bin/qcat?]/A+A/415/849 Athanassoula (1991) and GaeGdmez et al. (2002) also used
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HIl region distributions and maximized the axisymmetric conrable 1. Properties of the galaxies in the sample.
ponents These authors also used a second method selecting the

deprojection angles that made the HIl 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 - Bs,R
properly in the case of perfectly axisymmetric thin disks in cir- NGC 2715 .SXT5.. 5.0 - Bs,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 AN
the presence of strong arms can bias the results. This bias is NGC 2976 .SA.5P. 5.0 3 B;,R
known as Stocke’sfeect (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
sufficiently circular to be used for deprojection, provided that NGC 3147 .SATA4.. 4.0 3 B;,R
there is no spiral structure and one can gfiisiently far out NGC 3184 .SXT6.. 6.0 9 Bs,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 RSXRA4.. 4.0 9 Bj,R
the outer parts, or by non-circular motions in the central parts NGC 3351 .SBR3.. 3.0 6 Bs, R
due to bars or other perturbations. NGC 3368 .SXT2.. 2.0 8 B;,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 - Bs,R
spectively. In Sect. 4 we assess our two methods and apply NGC 3631 .SAS5.. 5.0 9 Bs,R
them to our sample. In Sect. 5 we compare the values obtained NGC 3672 .SAS5.. 5.0 2 B;,R
by the diferent 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 thefdrent methods. In NGC 3810 .SATS.. 5.0 2 Bs,R
Sect. 6, we adopt the values of the PA and IA that we will use NGC 3877 .SAS5*, 5.0 - Bj,R
in our quantitative studies of the spiral structure in the sample NGC 3893 .SXT5*. 5.0 12 Bs,R
of galaxies. We summarize in Sect. 7. NGC 3938 .SASS.. 5.0 9 Bj;, R
NGC 3953 .SBR4.. 4.0 9 B;,R
NGC 4030 .SASA4.. 4.0 9 Bj,R
2. The sample NGC 4088 .SXT4.. 4.0 - B, R
Frei et al. (1996) presented a catalog of images of 113 galaxies NGC 4123 SBRS.. 5.0 9 By, R
in different pass-bands. All galaxies are nearby, bright and well NGC 4136 SXRS.. 5.0 o By, R
resolved and were selected to span all the Hubble classification NGC 4144 SXS6$. 6.0 B By R
classes. This catalog is thus ideal for statistical studies. NGC 4157 SXS3$. 3.0 B BJ.’ R
. . . . NGC 4178 .SBT8.. 8.0 - g,1,r
_ As we are interested in the_ spiral structure of d|st_: gala_x— NGC 4189 SXT6S. 6.0 2 e
ies, we selected from the Frei sample all the galaxies with NGC 4192 SXS2 20 _ .
Hubble types between 2 and 7. We included also the galaxies NGC 4216 SXS3* 30 : g
NGC 4340, NGC 4866 and NGC 5701 with Hubble typds
d 0 and the galaxy NGC 4178 with Hubble type 8, as their NGC 4254 SASS.. >0 o 91
an galaxy ype o, NGC 4258 SXS4. 40 g

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 galagMPpled. In the present sample, arm class 9 is much better rep-
name, Col. 2 the Hubble type and Col. 3 this type as coditFented 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 uniformlp this paper we introduce two methods, based on the Fourier
sampled, since types Sbc to Scd are clearly over-representexhsforms and which are closely linked to the two methods
Figure 2 shows the distribution of arm classes in the galawged by Gang-Gomez et al. (2002) for HIl region distribu-
sample. Again the dlierent arm classes are not uniformlfions. 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 ol ]
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 8 2ar .
NGC 4394 RSBR3.. 3.0 6 B;, R %
NGC 4414 SAT5$. 5.0 3 gir S 2
NGC 4450 SAS2.. 4.0 12 B,R e ol 10 1
NGC 4487 .SXT6.. 6.0 5 B, R T
NGC 4498 SXS7.. 6.5 4 g,i,r Z
NGC 4501 .SAT3.. 3.0 9 g,i,r
NGC 4527 .SXS4.. 4.0 - g,i,r e 7
NGC 4535 .SXS5.. 5.0 9 g,i,r L, ) ]
NGC 4548 .SBT3.. 3.0 5 g,i,r 1! 1 1]
NGC 4559 .SXT6.. 6.0 - g,i,r o L ! ‘ ! ‘ ! ‘ ! ‘ !
NGC 4569 .SXT2.. 2.0 - g,i,r L s0/a Sa Sib Sb_ Sbe Sc Sed sd Sqm
NGC 4571 SART.. 6.5 AN Hubble Type
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 (R0 ]
NGC 4689 SAT4.. 4.0 3 gir "
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 >< [ ]
NGC 5005 .SXT4.. 4.0 3 B, R E
NGC 5033 .SASS.. 5.0 9 g,i,r S
NGC 5055 .SXT4.. 4.0 3 g,i,r ig 7
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 - Bs.R A Class ?
NGC 5792 .SBT3.. 3.0 - B;, R . o .
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 SASG.. 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 .SXR4.. 4.0 9 B;, R Prax
NGC 6503 .SAS6.. 6.0 - B, R Pm= |A(p,m)| = f A(p,m)dp|. (2)
~Pmax

The value ofpmax is related to the resolution in Fourier space

coordinatesr( 6), andu = In(r). We define the Fourier trans-through
form of this image as: O = 1 _ N-1 3)
" 2Au 2 (Umax — Umin)
A(p,m) = fumax fzn I(u, 6) expli(pu-+ me)] dédu (1) WhereN is the number of points used in the Fourier transform
' tnn JO | ' 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 valuesigf = 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 tine= 2 component as a bar,
for our second method we simply minimize the ratio

45

BAG2 = . (5) I R AN ..,,‘,,,,,;,1,,,,.:;

In order to check the performance of our two methods, we | |
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 N
inclinations from 20 to 8C¢°. Then, these disks were interpo- | I | |
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-_ [~~~ "~ I A
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 |- —-— - —. — . — I SR A

lower than 30, where we obtained errors of the orderd¥ in ~ =
the values of PA and IA. | 1 |

We repeated these experiments adding a spiral componenct) ******* N = - —
to the disk. The artificial galaxy is then described by < T s
I(r,0) = /9

(~rofa) r—ro\?
+Ax e exp—( = ) cos(In(r) + 26),

20

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

and p are the constants of the model. In these cases we gy 3. Position (upper row) and inclination angle (lower row) found
covered again the deprojection angles with great precision, &-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*4nd the incli-
clinations lower than 30both methods recovered the PA with apation 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 0£2°. These error bars were doubledn &ll cases. For this particular example we adopted 30,A = 0.1,

in the case of very low resolutions. In the case of the valuls™ 25 = 125andp = 2.

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

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

These tests show beyond doubt that both our methods pe/dedrees. For each pair of angles (PA,IA) we deproject the
form very well, obtaining very accurate values of the deprd@/2xy image and we compute the Fourier transform (1) with
jection angles for artificially generated, yet realistic, galaxid&® nelp of a polar grid. Using Eq. (2) we then calculate the
in a variety of situations. Our methods can perform very wefoWer in €ach componentand then the value of the ratios BAG1
for very inclined, nearly edge on galaxies, with inclinations £4'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 @alaxies: NGC 6503, NGC 5055 and NGC 3631. The first has
case of very low resolutions. This indicates that our methoB8en chosen as an example of a good case, the second of ar
can be used also to obtain the values of the deprojection andié§rmediate and the third of a bad case. For each case, we
in the case of very distant galaxies. Thus, our methods cand)ée on a rectangular grid of (PA,IA) values, two grey scale
applied with confidence to samples of galaxies of cosmolo@l-c’ts’ 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 deprojecfi@ies- 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 sectiwith other methods. For the ellipse fitting of the outer isophotes
to the galaxies in the present sample. For each image we mban image we use the symbol P, for values based on a kine-
ceeded as follows. First we constructed a grid covering all thetical analysis we use a K symbol followed by another letter

4. Deprojection of the galaxies
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NGC 6503 (R) BAG1 (120 , 72) NGC 5055 (r) BAGT (98 ,58)
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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__ Yec 3631 ® 5461 (70 . 20)

are described in the text. 3

o
@

to indicate the kind of data used. Thus KH indicates HI velocitie
fields, KO optical velocity fields, KC is used for CO velocity _
fields and KS for long slit measures. For methods based on th
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 found 20 40 60 80 p, 100 20 40 0 180

in the literature. In Fig. 5 we show the results for the gala>9/ig_6_ 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 IA
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 capaktie m = 2 components that will bias results towards (PA, )
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 thee 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 wanfth 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 gficient to eliminate a more considerable region in the central parts of the image are
relatively small part. For example, for the Frei sample we fourtle 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 twarcular 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 bulgeseliminate a region enclosing the whole bar and, in cases with
These, being nearly spherical, look round on the plane of tar inner ring, 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

20 40 60 80 100 120 140 160 180

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

PA= 15 |A=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.

PA= 82 IA=41

Fig. 8. Deprojected image of NGC 3486 in tRfilter. PR L
PA = 28 1A =49

cases, however, we are left with the less bright and noisier pan& 10-Deprojected image of NGC 5364 in th¥filter.

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 Ui$g£as 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.qg. local structure on the images, may caunsethods. In Fig. 11 we plot the correlation betweenNbpeal-
substantial changes in the values of PA and IA at which thes determined using the BAG1 method against the values de-
minimum occurs, and thus large uncertaind@ andAlA. In  termined by the BAG2 method. The solid line corresponds to
order to quantify this#ect we proceed as follows. We first findthe best fitting straight line with a correlation ¢beient 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. Werrelation. For this plot we use all the galaxies in the sample,
then calculate the number of pair values of PA and IA withiboombining 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 wfhat 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 valldswill 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 T T T T T
7 [ All filters T All filters

r,R filters /

100
T
I
T
I

Number of Galaxies
50

In(N,) BAG2

e

0 20 40 60 0 20 40 60
Ny BAGT Ny BAG2

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, — R correlation, and 97, for the_r = Correlati_on' Th_ese
our methods to the and R pass-bands. The solid line correspond!0tS Show that the passband used in the galaxy image is not an

to the best fitting line, while the dashed line indicates a one to ofB@POrtant source of uncertainty in the determination of the de-
correlation. projection angles. There is tendencyRo fare better thaB;,

and forr to fare better than which in turn fares better thay
but the dfect 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 tNevalue. 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 dierent pass-bands. As can be seen, for the
great majority of images we obtain low values of theratio,
indicating that the deprojection values are well constrained. In
both cases, however, the distribution seems to be bimodal, and
there are a few galaxies for which we obtain large valuddsof
indicating that there are large uncertainties in these cases. Let
us now consider the source of these large uncertainties.

The main source of uncertainty is in fact the orientation of
the galaxy on the plane of the sky. For nearly face-on galax-
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 tHé;s values as a
In(Ng) BAG2 In(N;) BAG2 B, 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 diferent pass-bands using the BAG2 method. The lines dfethe 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 fall galaxies with inclinations

greater than 45 degrees. On the other hand, uncertainties may
obtained for the galaxy images infidirent pass-bands usingappear for galaxies with a lower value of the inclination angle.
the BAG2 method. It shows that there is a good correlation B@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 ids based on images are not sensitive to the PA angle and one
one to one correlation. The values of the correlatiorffoients has to turn to kinematic methods. There are, however, galaxies
range between.B5 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 betwegb, @or the uncertainties further.

In(N;) BAG2 i
In(N;) BAG2Z R
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Fig. 14. Effect of the inclination on the uncertainties of the deprojed=id- 15.Effect of the bar family type on the uncertainties of the depro-

tion angles determined by our two methods. The lower panel corjgction 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 leavingffazient 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 galady. this section we will compare the values of the deprojec-
To show this we took a non-barred galaxy, NGC 3486, aridn 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 dfls, 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 coubthtained 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 inclinatimatalog as a single group, as they constitute a large and rather
angles between 35 and 55 degrees and plot the values oftberogeneous 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 methodsnsider 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 thedéent cri-
of the galaxy) or Arm class (i.e. the presence of strong armigria on the power spectra obtained by bidimensional Fourier
The former must be due to the fact that the central region carteghsforms on the HlIl 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 | A T T T T
to all pairs of values, using a maximum likelihood algorithm I ]
(Press et al. 1992), which minimizes tpemerit function i ] , o g0

N —a- b N2
Y@, b) = Z u’ (6)
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whereo?, ando? are a measure of the errors for itie value.

In the correlations including the PA, we assign weights ac-
cording the 1A, since galaxies with low inclination have ill- I ] I
defined position angles. These weights are taken from a linear B ] .y
function of the IA, such that this weight is zero for a face on I ] L/
galaxy (IA= 0) and one for a galaxy with I1A 30 degrees. For ° 1 /
IA > 30 this weight is taken as unity. The; ando,; are taken “0 50 100 150 200 o o5 1
as the inverse of the weights, i&. = 1/w;. For the correlations P.A. BACZ COS(LA.) BACZ

with the IA we use unweighted values, i®q = o = 1. Fig. 16.Comparison f the PA values found by our two methods (left
Errors in the determination of the deprojection angles Wilanel) and of the corresponding IA values (right panel). Galaxies with

introduce a scatter in the plot and lower the correlationfitoe inclination less than 35 degrees are plotted with open symbols and

cient as well as increase the mean of the orthogonal distandks.remaining ones with full symbols. The solid line gives the least

We can use the parameters of these lines and the goodness sfifieres fitting straight line, calculated as explained in the text, and the

codficients to measure quantitatively the relative performang@shed one the diagonal.

of the diferent methods. For each straight line we obtain the

COS(LA.) BAG1

value of the zero pointa) and of the slopeh), as well as - [T T ‘AT
two measures of the goodness of the correlation. These are the & | . ] ' N Rl
weighted mean of the perpendicular distances of the pointsto | "] 1 2o |
the straight line and the weighted correlation fti@eent, 5 - S
defined as S R 1 3 v O
S g oy’
Sy wi(X = X)(yi - ) g 1° ~ e | o 4
P = 5 (7) < SL ° -o & 1 <° /'8
— [ l=d A
VEN (% - Q2T iy - )2 P T :
L © i © L
where the means are defined as ol */ ] Jeo *
_ NN wiX _ 2N wiy 7 ] J/
X= SRS e @ 1L
Zi:lwi Zi:lwi o’/HH\HH\HH\HH\‘; S S O S S
In Figs. 16-18 we show examples of correlations between ~ © 5% 190 159 =00 0 COS(LA) O i

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 agrt@@_se obtained from the kinematics. The layout is as in Fig. 16.

ment between them, with a weighted correlation fiorent

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

we show the correlations between our first method and the vérelation 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 M1 for the PA values and®6 for the IA values, Table 6 gives the number of points used in each correlation.

showing again a good agreement between these two methdgge 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 (199ly one of these values.

The correlation coficients 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 heieés determined in a statistical sense than the IA values, in good

a similar shape and similar correlation fibgients. agreement with what was already found by Ga€omez
The results of all the correlations are shown in Tables& Athanassoula (1991) and GaaeGomez et al. (2002). The

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

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

main diagonal correspond to the correlation of the PA valued)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(IA) values. We utsr than the rest, since all the correlations give both for the PA

the cos(lA) instead of the IA values because the former aad 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(IA) ones (lower triangle). All values
divided by their range interval and multiplied by 100 for the sake of comparison.

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 402 397 383 515 692 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

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

BAG1 BAG2 RC3 G D K P S
BAG1 097 095 091 084 091 Q74 088
BAG2 0.97 096 092 085 092 Q79 088
RC3 Q87 Q90 098 099 Q90 Q77 088
G 0.83 083 Q78 093 084 Q72 086
D 0.89 091 Q090 Q76 098 038 093
K 0.86 087 085 Q74 088 Q70 098
P Q78 Q78 Q74 Q055 069 Q055 047
S 091 091 083 080 085 088 063
pTT AT / derivation of the deprojection angles. In general, we can con-
el o/ f ] clude that all the methods for deriving the deprojection angles
. . ‘/d; ] are well suited from a statistical point of view.
2l ] .
3 - ° % ." - ° 6. Final adopted values
“ﬁo — . Z3r ',‘, ', ¢ b For each galaxy we need to adopt a pair of deprojection an-
22 o e i §/ ¢ pe ] gles that will be used for the subsequent analysis of the spiral
I 1 ° './/.: . | structure and which is based in all the information obtained for
Y b Y that galaxy combining the results oftiéirent methods. The re-
L ] - 1 sults of our analysis are shown in Table 7, which will be only
° ] 1 published in electronic form at the CDS. In Col. 1 we give the
N I =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 BAGL1 for each of the filters. Columns 4—
P A RC3 COS(1.A.) RC3

5 give the results of method BAG2. Column 6 give the filter
Fig. 18. Comparing the deprojected angles obtained with BAG2 withised 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 dispaes. 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 coéicients 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 meamojection method used to obtain these values. For photomet-
values. The lowest mean of the correlation feéent and ric techniques we use a P, for kinematics we use a K symbol
the highest mean distance is obtained for the values defetlowed 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 heterogsy 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 0f80 for BAG1 a S. In Col. 11 we give a code number to point to the reference
and Q9 for BAG2 in the case of PA and of.& and 088 from which these 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



C. Barbea et al.: Deprojecting spiral galaxies 859

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 0.01 326 542 -2.82 359 7.89 -8.37
RC3 Q06 005 148 -4.43 -8.10 -2.82 -2280
G -0.05 -0.02 005 -8.32 -451 713 -2410
D 0.12 009 008 022 416 2144 -0.99
K 0.03 003 -0.02 025 -0.04 191 -5.24
P 014 013 003 029 -0.33 -0.07 -17.18
S 002 004 005 017 -0.06 001 012

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

BAG1 BAG2 RC3 G D K P S
BAG1 101 098 094 104 095 097 100
BAG2 0.98 098 094 102 095 100 100
RC3 a87 089 101 103 102 108 111
G 107 103 098 103 098 103 116
D 0.77 081 087 061 097 094 100
K 0.88 089 103 061 106 109 104
P 081 083 103 060 164 123 103

S 096 094 092 a72 118 099 076

filters for this galaxy. These mean values are the values that Vaile 6. Number of galaxies for the PA correlations (upper triangle)
will use for this galaxy and method BAG1. Column 14 givesand 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 BAG1 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 uncertainf. S 48 47 36 30 24 35 92

7. Summary methods, because of theirfidirent biases, give ratherfttirent

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 iptojection 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 particularly well for galaxies with inobtained by our two methods and the rest of values found in the
clinations greater than 55 degrees. For less inclined galaxié§rature, we give a list of adopted deprojection angles with a
the major source of uncertainty is the bar strength. For nomeasure of their respective uncertainty

barred galaxies our methods perform well up to inclinations of

30 degrees. The tests qf our methods show as well that they ﬁ%’bendix A: Deprojection software

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

ate for samples of galaxies of cosmological interest. A statisli- order to facilitate the use of the two methods presented in
cal comparison with the values of the deprojection angles dbis paper we make available upon request the software neces-
termined using other methods shows good agreement betwsaty for the PA and IA calculation. For those wishing to write
the various methods, thus enhancing confidence in statistitt&ir own software we give here some technical information on
results. When deriving the values for a particular galaxy, hothe 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 AlA
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
NGC 4088 >2 ° 68 2 AcknowledgementsWe would like to thank A. Bosma for useful
NGC 4123 137 7 a7 4 . . . . .
NGC 4136 92 3 29 8 discussions. In preparing this paper we made extensnvz_a use of the
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