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Abstract We have studied some properties including surface brightness in the u, g,
r, i, and z bands of the nearly face-on galaxy PGC 35105. By subtracting a model
surface brightness distribution from the observed image we obtain the residual image
that shows only the spiral arms freed from the contamination by the bulge. From
this we measured the inclination, pitch angle, and forbidden radius (identified with
the innermost point of the arm) for each of the two arms; and that for each of the
five observing bands. We found these three parameters are largely independent of the
observing band.
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1 INTRODUCTION

A spiral galaxy consists of a halo, a bulge and a disk. It would show spiral structure when it is
face-on. Freeman (1970) investigated the surface brightness of disk galaxies and showed that the
surface brightness — radius plot for a disk of spiral galaxy could be described by an exponential
decrease law, i.e.,

Ia(r) = Ioa exp(—=7/ra), (1)

where Iyq is the central surface brightness of the disk, r the radius and rq the scale length of the
disk.

In the plot of 1gI versus r, the outermost points of spiral galaxies tend to lie on straight
lines, that is, at large radii the surface brightness obeys Equation (1). It is the surface brightness
distribution to fit the outer brightness profile of disk galaxies.

In fact, we can observe that, in many profiles of disk galaxies, it is significantly brighter near
the center than the exponential law in the outer part. In 1959, de Vaucouleurs opted for a radial
luminosity distribution of spiral galaxies that can accurately be described by a combination of a
bulge and an exponential disk. The images of disk galaxies show that in most cases the additional
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brightness is contributed by a bulge, which could well obey the /4 decrease law (de Vaucouleurs

1948),
Iy(r) = Iop exp[—(r/m)"*], (2)

where Ig, is the central surface brightness, r is the radial distance, and r,, the scale length of
bulge. Some useful references are Simien & de Vaucouleurs (1986), de Jong & van de Kruit (1994),
Walterbos & Kennicutt (1987), and Wevers, Van der Kruit & Allen (1986). It turns out that a fit
to the composite profile of disk galaxy can be of the form of a bulge-disk decomposition.
Equations (1) and (2) can be represented by other forms, i.e., the disk composition

LIa(r) = I.q exp[—1.68(r/1ea — 1)], (3)

1/4]

and the bulge composition

In(r) = Lp exp{—7.67[(r/rep)/* — 1]}, (4)

where roq is the effective radius (radius that encloses half the total light of the disk), and Ioq is
the surface brightness at this radius, e, and I, are the corresponding parameters for the bulge.

In practice, the surface brightness I is in units of mag arcsec™2, the radius r in arcsec, and a
plot of 1g I versus radius r defines the surface-brightness profile, lg I can be derived from Egs. (3)
and (4). Then we obtain the expression (disk composition)

md = Med + (2.5/1n10) X 1.68(r/reqa — 1), (5)
and the expression (bulge composition)
my = Mep + (2.5/1010) x 7.67[(r/ren)/* — 1], (6)

where, mq and my, are the decomposed surface brightnesses in magnitudes, meq is the magnitude
at radius 7eq, and mep at 7ep.

After fitting the observed surface brightness profile with a sum of Egs. (5) and (6), we obtain
the parameters (Med, Ted, Meb and 7e,). Then we obtain the combined magnitude m at radius r.

The structure of this paper is as follows. The forbidden radius around the center of galaxy
is described in Section 2. The inclination of galactic disk is discussed in Section 3. In Section 4
we determine the pitch angle of a spiral arm and give an expression for the error. Our results are
presented in Section 5, and a discussion and conclusions are given in Section 6.

2 FORBIDDEN RADIUS AROUND THE CENTER OF A SPIRAL GALAXY

It may be noted that a spiral arm does not extend into a forbidden region (radius rg) around the
galactic center. The forbidden radius 7y can be obtained by measuring the most inward point of
the spiral arm in the image. Column 1 of Figure 1 displays the observed images of the spiral galaxy
PG35105 in the u, g, r, 7, and z bands. The spiral arms are easily seen in these images in general.
However, in the central region, the spiral arms are occasionally blurred by the bulge component.
So, we could only give approximate estimates of the innermost points of the arms, under personal
preconceptions on the pattern of the arms: it is not an easy matter to determine the exact value
of the forbidden radius rg under these circumstances.

In view of this, we first find the best fitting combination of Egs. (5) and (6) to the observed
image. Then, the fit is subtracted from the observed image, giving a residual image that shows
only the spiral arms without contamination by the bulge. We can then measure the innermost
point of the spiral arm free of blurring and without personal prejudice, and so determine the exact
forbidden radius.

Then, we can also further investigate the mathematical form of the spiral structure, and acquire
the inclination and the pitch angle by directly fitting the shape of the spiral arm in the residual
image.

However, in fact, there are two main errors in this approach, one is the error in the best-fitting
to the surface brightness profile, the other is the seeing. Examining the sum of the pixel flux (pixel
value) in the residual can reveal if the model is proper or not. When the fit is good, the total flux
in the residual image will be small compared to that of the original image.
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Fig.1 From left to right, Column 1: observed image of the spiral galaxy PGC 35105; Column 2:
residual image after the decomposition model fit has been subtracted from the observed image;
Column 3: fitting of the spiral structure; Column 4: histogram showing the number of pixels,
N (on a logarithmic scale) with a given flux (reckoned from a mean value). The rows from top
down refer to the five observing bands.
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3 INCLINATION OF THE GALACTIC DISK

Inclination of the galactic disk is the angle between the galactic plane and the tangent plane of the
celestial sphere. If we assume that the thickness of the galactic disk is infinite thin, the inclination
() is given by
d
= arccos | — 7
7 = arccos (5 ). (7)

where D and d are the major and minor isophotal axes of the disk, respectively. In fact, due to
the finite thickness disk and the bulge, the error of the inclination obtained by Equation (7) is not
negligible. Aaronson et al. (1980) refined the expression to

d
~ = arccos \/1.042(5)2 —0.042 +0.052 *. (8)

It may be noted that the value given by Equation (8) is still not exact enough. The reason is that
the values of d and D are only approximations due to errors. Ma et al. (1997, 1998) proposed a
method of determining the inclination of a spiral galaxy by fitting a spiral arm with a logarithmic
spiral. We can obtain a first approximate value (7o) from Eq. (8), then we adjust the value of v
around g, until the logarithmic spiral curve fits the spiral arm in the residual image. D5 and
das in Eq.(8) denote respectively the measured apparent major and minor isophotal diameters
defined by surface brightness level u = 25.0B mag per square arcsecond according to RC3 (Third
Reference Catalogue of Bright Galaxies).

4 DETERMINATION OF PITCH ANGLE

Hu et al. (2006) explained the method to obtain the pitch angle of the spiral arm, together with a
formula for the error. They determine the pitch angle by fitting a spiral to the arm in the galaxy
image of the form (p and 6 being the polar coordinates),

p(0,7) = po% exp [% : 3(977)} , (9)
where
f(0,y) = \/511129—|—cos219~cos2 v, (10)
and
B(6,~) = arctan tanf arctan tan b + km, (11)
cos cos "y

with k£ an integer.
Let (p;,0;) be the coordinates of the points on the spiral arm, we can derive A according to
the least squares principle, i.e., by minimizing the quantity

n

> loi = p(6;,7))* = min . (12)

i=1
5 SAMPLE AND RESULTS

For our sample, we selected from RC3 the galaxy PGC 35105 because it is nearly face-on, its minor
to major axis ratio being larger than 0.8. The images are taken from SDSS DR3.

The parameters of the bulge-disk decomposition were obtained by fitting the observed surface
brightness profile with a sum of Egs. (5) and (6). In Table 1, Columns 3, 4, 5, and 6 list, respectively,
the parameters med, Ted, Meb, and e, of PGC 35105 in the u, g, r, 7, and z bands. In the i-band,

L This is essentailly the same equation as Eq. (30) in the author’s previous paper (ChJAA 2006, 6(1),

p-50), except that, there, the last value was wrongly printed as ‘0.52’; the correct value is the value given
here, 0.052.
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Table 1 Bulge and Disk Parameters of PGC 35105 in Five Bands

PGC Band Meb Teb Med Ted
[mag arcsec™?] [arcsec] [mag arcsec™?] [arcsec]

(1) (2) ©)) (4) () (6)
U 26.63 +0.05 14.53 £0.38 25.02 £0.04 19.67£0.28
g 25.30 £0.04 16.97 £1.01 23.54 £0.03 20.10£0.61
35105 T 24.55 £0.04 15.94 £0.33 22.85 £0.03 18.06£0.35
1 23.38 +£0.04 6.51 £0.19 22.27 £0.02 16.65+0.21
z 23.82 £0.04 14.02 £0.31 22.24 £0.03 15.23+0.31

Table 2 Parameters of PGC 35105 in u, g, r, ¢ and z Bands

PGC Band 5 70 A+dA/A 1 AF,./Fp, 5 o To
[’ [kpc] (%] [°] (%] [°] [’  [kpc]
(1) (2) 3) (4) (5) (6) (7) (8) (9 (10
[ 27.06 1.772 9.72+36.5 11.63 2.2
35105 g 26.36 1.809 9.64+21.7 11.72 8.4
a-spiral r 26.90 1.803 9.68£27.6 11.67 5.1 26.69 11.67 1.788
arm 7 26.23 1.797 9.67+£30.1 11.69 3.8
z 26.89 1.757 9.69+£29.9 11.66 2.2
[ 2790 1.801 9.23+£31.2 1223 2.2
35105 g 26.561 1.925 9.38+£26.9 12.04 8.4
b-spiral r 26.22 1.810 9.33+£234 12.10 5.1 26.77 12.15 1.833
arm 7 26.46 1.822 9.23+£25.8 12.23 3.8
z 26.78 1.805 9.28£26.7 12.16 2.2

Tep = 6.51”, which is much smaller than the r, values for the u, g, v, and 2z bands, the reason is
due to the ill-PSF in the i-band (Wu et al. 2005).

Images referring to the five observing bands are displayed in the successive rows of Figure 1.
In this figure, Column 1 is the observed image, with the left spiral arm labelled “a”, and the right
one, labelled “b”. Column 2 is the residual image, obtained after subtracting the “decomposition
model” fit from the observed image. Column 3 shows the fitting of the pattern of spiral structure.
Column 4 gives the histogram of the number of pixels, N (on a logarithmic scale) with a given flux
(reckoned from the man value) in the residual image. From this histogram and the flux zero we
can calculate the total flux in the residual image (the value AF,. refers to the flux ratio of Table
2, Column 7).

Tables 2 lists the results for the two arms (a) and (b) in the five passbands. Specifically,
Column 3 gives the inclination; Column 4, the forbidden radius; Column 5, the winding parameter
and its error; and Column 6, the pitch angle. Column 7 gives the flux ratio of spiral to system,
AF,/F,, AF, being the sum over the residual flux histogram shown in Figure 1 Column 4, and
F,, is the sum over the original image (Fig.1, Column 1). The mean inclination, pitch angle, and
forbidden radius are given in Columns 8, 9 and 10, respectively.

6 DISCUSSION AND CONCLUSIONS

1. In Table 2, Column 5 shows that all five bands yield approximately the same forbidden radius
for either one of the two arms, and the differences being less than 4%. It implies that the
forbidden radius is, to a good approximation, independent of the observing band.

2. We also found that the different observing bands gave about the same pitch angle of the spiral
arm leading to the conclusion that the pitch angle is a constant for a given spiral arm, with no
dependence on the observing band. In Table 2, Column 3 shows that the inclination v is also
a constant.



180 T. Hu, Z. Y. Shao & Q. H. Peng

3. Aslisted in Table 2, the pitch angles of the two spiral arms a and b, are, respectively, 11.67°and
12.15°, with a difference of less than 4.2%. Their forbidden radii are 1.788 and 1.833 kpc, with
a difference of 2.5%.

4. In Table 2, Column 7 shows that the flux ratio of spiral-to-system we found is less than 8.4%.
This is reasonable since the total residual flux from a good fit should be small compared to the
total flux in the original image.

5. The image in the u band is not so clear. The main contributor to light in this band is the
young population, but a larger fraction of the light is obscured by the dust component. At the
much redder z band, the influence of dust becomes much smaller and the older population will
show up more clearly.
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