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ABSTRACT

We have conducted BV RI CCD surface photometry of three spiral galaxies ESO 598-G009, NGC 1515 and
NGC 7456. In order to understand the morphological properties and luminosity distribution characteristics for
each galaxy, we derived isophotal map, position angle profile, ellipticity profile, luminosity profile, color profile and
color contour map. ESO 598-G009, which has a bright bulge component and a ring, shows a trace of gravitational
interaction. NGC 1515 is a spiral galaxy with a bar and dust lane. NGC 7456 shows typical characteristics of a

late type spiral galaxy.
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I. INTRODUCTION

Surface photometry is a very useful method for un-
derstanding the structure and physical properties of
galaxies. From the surface photometry, it has been
known that the luminosity profile of elliptical galaxies
follows de Vaucouleurs’ v/ law and the disk of spi-
ral galaxies obeys exponential luminosity profile whose
central surface brightness has a nearly uniform value of
21.65 + 0.30 mag arcsec”%(Freeman 1970).

The quantitative morphology, based on the decom-
position of luminosity into distinct components, is ini-
tiated by Kormendy (1977b) who decomposed the lu-
minosity profile of red compact galaxies into disk and
bulge components, which follows Freeman’s exponen-
tial law and de Vaucouleurs’ r'/* law, respectively.
Since Kormendy’s pioneering work on the profile de-
composition, there have been many attempts to un-
derstand the structure of spiral galaxies via quantita-
tive morphology (Burstein 1979; Boroson 1981; Kent
1985; Simien and de Vaucouleurs 1986; Ann and Lee
1987), which lead to the understanding that structure
of galaxies along Hubble sequence can be described as
a function of the bulge-to-disk ratios.

The purpose of the present paper is to analyze
the structure of three, relatively poorly studied spiral
galaxies, ESO 598-G009, NGC 1515, and NGC 7456,
by deep BV RI CCD surface photometry. The basic
parameters of the program galaxies are given in Table
1.

ESO 598-G009 is a Sb(pec) type galaxy and its total
blue magnitude is 14.26 in the Third Reference Cata-
logue of Bright Galaxies (de Vaucouleurs et al. 1991,
hereinafter RC3). Using statistical analysis, Soares et
al. (1995) suggested that ESO 598-G009 is an isolated
pair which is a binary system with no companion inside
the 1 Mpc circle. Mathewson et al. (1992, 1996) gave

an information on inclination and heliocentric systemic
velocity.

NGC 1515 is a highly elongated intermediate barred
spiral galaxy, classified as SAB(s)bc in RC3. It has a

very bright nucleus and two main arms. Total magni-
tude in blue band is 11.95.

NGC 7456 is a late type spiral galaxy, classified as
SA(s)cd in RC3. Sandage and Brucato (1979) com-
mented for this galaxy that there are a few HII regions
and candidates.

The luminosity profiles for these galaxies were pre-
sented by Mathewson et al. (1992). However detailed
surface photometry has not yet been performed for any
of these galaxies.

The observations and the procedure of data reduc-
tion are described in section II. The isophotal maps,
luminosity profiles and color profiles and the results of
the profile decomposition are given in section III. A
brief summary of the present study follows in the last
section.

II. OBSERVATION AND DATA REDUCTION

The CCD frames were taken with the {/8 1-m Casse-
grain reflector at the Mount Stromlo and Siding Spring
Observatory (MSSSO) of Australia during a run in
September 1993. The detector used was the TK1024
chip manufactured by Tektronix, Inc., with a format of
1024 x 1024 pixels. The physical size of a pixel is 24
wm square which gives the scale of 0.618 arcsec/pixel at
the telescope. The more information about MSSSO 1m
CCD observation system can be found in Park (1993).

We corrected the images with the Image Reduction
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Table 1. Parameters of galaxies
ESO 598-G009 NGC 1515 NGC 7456

R.A.(2000) 20" 58™ 28° 4h 4™ 3 23" 02™ 10°
Dec(2000) -19° 58’ 55” -54° 06’ 10” -39% 34’ 9"
I'b 27.32, -36.59 264.1, -45.85 357.19, -64.16
Morphological type

in RC3 Sb(pec) SAB(s)bc SA(s)cd

in RSA? - ScIl Sc II-ITT

in ESO® Sb Sc Sc
Diameters in ESO 1.5" x 0.6’ 6.3'x 1.5’ 8.0' x 2.6’
Position angle in ESO 145 18 23
Rgs in RC3 0.39 0.67 0.53
b/ain ESO 0.4 0.24 0.33
Total magnitude(Br)

in RC3 14.26 11.95 12.18

in MCG® 14 - 12.5
(B—V)r inRC3 - 0.85 0.52
Inclination{degree) 62 81 70
Total magnitude 12.31 9.73 10.97

a : The Revised Shapley-Ames Catalog of Bright Galaxies (Sandage & Tammann, 1981)
b : The ESO/Uppsala Survey of the ESO(B) Atlas (Lauberts, 1982)
¢ : Morphological Catalogue of Galaxies (Vorontsov-Vel’yaminov, 1977)

and Analysis Facilities (IRAF), using standard tech-
niques of bias subtraction and division by the normal-
ized sky flat field. The reduction procedures for the
surface photometry of a galaxy, which consist of several
steps such as background sky subtraction, smoothing,
cleaning, and absolute calibration, were performed by
Surface Photometry Interactive Reduction and Analy-
sis Library (SPIRAL) package along with IRAF, which
was developed at Kiso observatory and implemented by
Masaru Hamabe in Japan (Ichikawa et al.1987). The
images of ESO 598-G009, NGC 1515 and NGC 7456 in
B-band are shown in Figure 1.

We examine the morphological properties of ESO
598-G009, NGC 1515 and NGC 7456, using the isopho-
tal maps which are made from density maps on SAOim-
age which allows easy identification of detailed features.
In all the isophotal maps, the interval of contours is 0.5
mag arcsec 2 and top is to the north and left is to the
east.

We have used the ellipse fitting method in SPIRAL
to determine the luminosity profiles along the major
axis together with the ellipticity and position angle of
each isophote. In the ellipse fitting method, the ob-
served isophotes are fitted to sets of concentric ellipses.
Position angle of each isophote is defined as the an-
gle measured counter-clockwise from the north to the
direction of the isophote’s major axis and its elliptic-
ity is 1 - b/a where a and b are the semi-major and
semi-minor axes.

Generally the luminosity of a galaxy is composed of

the luminosities from bulge and disk components. It is
commonly known that the luminosity profile of bulge
follows de Vaucouleurs’ law and that of disk follows
exponential law {Freeman 1970). We can decompose
observed luminosity into bulge and disk components
using the iterative decomposition method, which was
described in Choi et al. (1993).

III. PHOTOMETRIC RESULTS

(a) ESO 598-G009

The B-band image of ESO 598-G009 given in Figure
1(a) shows a bright bulge and ring shape, but does not
show clear spiral structure. Although this galaxy is
classified as Sb(pec), we can also find the existence of
low-surface-brightness arcs or plume which is face-on or
near face-on sheets at north (Schombert et al. 1990).

The structure is illustrated by the isophotal map in
Figure 2. Each tick in ordinate and abscissa represents
12.44". The innermost contour levels are 21.0, 20.0,
19.5 and 18.5 mag arcsec™? respectively for B-, V-, R-
and I-bands. In all bands an intermediate region be-
tween bulge and disk including a ring shape is clearly
shown. The isophotal maps in B-, V- and R-bands
show that the southern region of disk is larger than
the northern region, while the isophotal map in I-band
shows the opposite.

We can see the clockwise isophotal twist which may

be due to the spiral structure, which is supported by
the decreasing position angle profiles (Fig. 3) up to 40"
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Fig. 1.— The B-band images of (a)ESO 598-G009, (b)NGC 1515 and (c)NGC 7456.
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Fig. 2.— Isophotal maps of ESO 598-G009 in B-, V-, R- and I-bands. One tick indicates 12.44" (The top is north and the
left is east). The step of the isophotes is 0.5 mag arcsec™? ; the outmost isophotes are 26.0 mag arcsec™ in B- and V-bands,
25.5 mag arcsec”? in R-band and 19.5 mag arcsec™ in J-band.
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Fig. 3.— Position angle profiles of ESO 598-G009 along the major

axis in B-, V-, R- and I-bands.
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from the galactic center. In the same region, however,
the position angles have a little different values in each
band, while the ellipticity profiles (Fig. 4) have the
same features in all bands. HEspecially, the change of
the profiles is conspicuous at the intermediate region
(R ~ 15").

The position angle and ellipticity have the same
value in all bands at R ~ 35”. This may be another
evidence of the existence of a ring in this galaxy. At
R > 40", the position angle profiles definitely increase
in B- and R-band and the ellipticity profiles have the
lower values at bluer bands. These might be related to
the plume or arc shape. - '

The luminosity profiles along the major axis are
given in Figure 5. In all bands, the rising of lumi-
nosity at ring-like region (R ~ 35") is seen. At R >
40", however, another rising of luminosity at R > 45"
is shown in all bands except for I-band which is very
- noisy.

B — V and V — I color profiles and color contour
maps whose ticksize is the same as that in the isopho-
tal maps are given in Figures 6 and 7. B—V and V — I
color profiles become gradually getting bluer from cen-
ter to outer region and become more rapidly bluer at
R > 40", while the outermost redder region and red
dip in V — I color are due to photometric error such as
the estimation error of disk boundary and the noise of
luminosity in /-band. In general, this getting bluer pat-
tern in the outer part of spiral galaxy has been thought
to be mainly due to young stellar populations (Tinsley
and Larson 1978). By Reduzzi and Rampazzo (1996),
rings tend to be bluer than the nearby parts of the
galaxy. However the ring region (R ~ 35”) shows the
redder color in Figure 6, which may be due to the dust.
The outskirt except western regions shows bluer color
in B — V contour image and the western and north-
eastern regions shows bluer color in V — I. The plume
region, at R ~ 40”, has B — V color of 0.7, which is
consistent with Schombert et al. (1990).

Figure 8 shows the result of the profile decomposi-
tion. The dot-dashed line indicates the luminosity of
bulge, the dashed line presents the luminosity of disk
and the solid line indicates the combined luminosity of
the two components. It is difficult to decompose the
luminosity profile in I-band because of the low signal-
to-noise ratio of disk.

The decomposition profiles show a depression be-
tween R ~ 7" and R ~ 16", which is accentuated by
comparison with the following hump between R ~ 25"
and R ~ 35” caused by the spiral arms. These fea-
tures give an appearance of the type II disk of Freeman
(1970), which have been explained by the presence of a
lens (Freeman 1977), or by an inner cutoff in the disk
(Kormendy 1977a), or by a bulge that does not follow
the de Vaucouleurs law in all its extension (Boroson
1981), or by the combined effect of enhanced young
stellar population and its associated dust (Prieto et al.
1992). However, Marquez and Moles (1996) pointed

out that the type II profiles can be shown in the inter-
acting galaxies.

The total integrated magnitudes are 12.30, 10.73,
10.45 and 10.53 for B-, V-, R-, and I-band, respec-
tively.

(b) NGC 1515

NGC 1515 is a highly inclined intermediate type
barred spiral galaxy as shown in Figure 1(b). It has
a peanut or box shape bulge (Combes et al. 1990)
and two spiral arms. Isophotal maps of the NGC 1515
are presented in Figure 9. The ticksize is 18.72" along
the vertical and 18.25"” along the horizontal axis. The
innermost contour levels are 21.0, 20.0, 19.0 and 18.5
mag arcsec”2 for B-, V-, R-, and I-band respectively.

The bulge shows an asymmetric shape and the outer
contours of the bulge are more rectangular than ellipse.
There are isophotal twists in the isophotes of the bulge.
There seems to be a bar component whose major axis
is not aligned to the disk major axis.

Position angle profile (Fig.10) shows the similar pat-
tern in all bands, which has an ascent and descent from
the center to R ~ 30”. In this region, however, the max-
imum change of position angle occurs in I-band while
the minimum occurs in B-band. The increase of posi-
tion angle due to the spiral structure is shown at R >
40" in all bands. In all bands, the flat region (20” < R
< 30”) is the evidence of bar. It is shown in Figure 11
that the contours are gradually flattened except for the
central region which is mentioned in the position angle
profile.

In I-band, when the ellipticity has the maximum
value at R ~ 117, the position angle has 21° which
is maximum difference with respect to that of bar.
Isophotal twist in the central region can be explained
by three different mechanisms. Shaw et al. (1993) sug-
gested that leading gas shocks inside the inner Lindblad
resonance (ILR) distort the stellar orbits and cause an
inner twisted region at some fixed orientation relative
to the bar. Friedli & Martinet (1993) and Wozniak et
al. (1995) suggested that the inner twisted region is a
second, independently moving bar. Twists might also
be the result of triaxial bulges (Kormendy 1979).

The luminosity profiles (Fig. 12) show two dips of
luminosities, which are the region around R ~ 60" and
R ~ 120” and prominent in B-band. The rising of the
luminosity which may be due to spiral structure is seen
at R > 110” in all bands.

B —V and V — I color profiles along the major axis
(Fig. 13) show a small gradient from galactic center
to disk. However, the red color is seen in central and
outermost regions and the blue bumps are seen in the
same region that the luminosity dips are seen. B —
V and V — I color maps show the asymmetric color
pattern and blue color near spiral arms (Fig.14).

In order to understand the reason for the dips in
Figure 12, we plotted the luminosity distribution along
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Fig. 5.— Luminosity profiles of ESO 598-G009 along the major axis in B-, V-, R- and I-bands.
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Fig. 7.— (B —V) and (V — I) color contour maps of ESO 598-G009 (The top is north and the left is east). The contour level
is 0.8, 0.9, 1.0 and 1.1 in (B — V) color and 0.4, 0.6 and 0.8 in (Vv — I) color.
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Fig. 14.— (B —V) and (V — I color contour maps of NGC
1515. The contour level is 0.0, 0.2, 0.4 and 0.6 in (B — V)
color and -1.0, -0.8, -0.6 and -0.4 in (V — I) color.

the major and minor axes. At R ~ 60” and 120" ,
the luminosity profile along northeast major axis has
the prominent dip in B-band. The bumps and dip in
B — V and V — I color profiles could be explained by
dust lane. We can see that the luminosity at northwest
minor axis is higher than at southeast minor axis, which
means highly inclinated large bulge.

The decomposed profile (Fig.16) shows the type I
profile of Freeman (1970) and the luminosity bump at
100" £ R < 160" due to the luminosity of the well-
developed spiral arm. Because of the heavy contami-
nation by the luminosity of spiral arms, the luminosity
bumps are shown in all bands. Using these photometric
parameters, we could derive the bulge-to-disk luminos-
ity ratio in magnitude as 2.36 in B-band. This value
corresponds to the morphological type between T=4
and T=5 according to Simien & de Vaucouleurs (1986).
The integrated magnitudes are 10.45, 9.51, 11.08 and
10.67 for B-, V-, R-, and I-band, respectively.

(c) NGC 7456

NGC 7456, shown in Figure 1{c), has a very small
nucleus and no central bulge as in other Sc galaxies
with low central surface brightness of disk. The spiral
arms are multiple and fragmentary, which is known as
flocculent spiral structure by Elmegreen and Elmegreen
{1982).

Isophotal maps of the NGC 7456 are presented in
Figure 17. The ticksize is 18.6”, and the innermost
contour levels are 22.5, 21.5, 21.0 and 20.0 mag arcsec™>
respectively for B-, V-, R- and I-bands. We can see
a small nucleus and spiral structures. In B-band disk,
the blue spots which are suspected to be HII regions
are shown.

Position angle profiles (Fig.18) show slight decrease
pattern with a rapid increase in the central region (R
< 15"). Stark (1977) showed that the position angle
along radius is changed in triaxial bulge. At R < 15”,
the change of the position angle seems to reflect the
triaxiality of the nuclear component. Ellipticity of the
nucleus is 0.3, as shown in Figure 19, while that of the
disk region is nearly constant.

We can see the luminosity profile (Fig. 20) which
shows very small bulge component and that most of
the galaxy luminosity comes from the disk luminosity.
There are strong signs for spiral arm components which
are looked like a saw teeth, especially in B-band.

B — V color profile along the major axis (Fig.21)
shows nearly constant colors in R < 20" and becomes
bluer slightly with increasing radius up to R ~ 50"
V — I color profile shows generally the same trend with
B — V color except in the outer region. The opposite
pattern in outer region is due to the low signal-to-noise
ratio in redder bands. The color maps in Figure 22
shows the same trend as in Figure 21. We could not
find any evidence of HII region (Sandage & Brucato
1979) which might be confirmed from the observations
in He band.
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Fig. 17.— Isophotal maps of NGC 7456 in B-, V-, R- and I-bands. One tick indicates 18.6". The step of the isophotes is 0.5
mag arcsec”* ; the outmost isophotes are 25.0 mag arcsec™? in B- and V-band, 23.5 in R-band and 22.5 in /-band.
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Fig. 22.— (B —V)and (V —I) color contour maps of NGC
7456. The contour level is -0.6, -0.4, -0.2 and 0 in (B — V)
color and -0.2, 0, 0.2 and 0.4 in (V — I) color.

The result of the luminosity decomposition (Fig. 23)
shows a very small nucleus and exponential disk which
is affected by multiple spiral arms. The bulge-to-disk
ratio is 4.19 in B-band which corresponds to the mor-
phological type T=6 (Simien & de Vaucouleurs 1986).
The integrated magnitudes are 10.96, 10.76, 11.10 and
12.78 for B-, V-, R-,and I-band, respectively.

IV. DISCUSSION

The depression between R ~ 77 and R ~ 16", seen
in the luminosity profile of ESO598-G009 (Fig. 8) sug-
gests the type II disk of Freeman (1970) for the disk
of ESO598-G009, which is thought to be caused by
the secular evolution driven by bar (Ann 1997) or by
the interaction with companion galaxies (Marquez and
Moles 1996). Using statistical analysis, Soares et al.
(1995) suggested that ESO 598-G009 is a binary sys-
tem with the companion ESO 598-G011, which is an
Sc type galaxy located at the southeast with respect
to ESO 598-G009. Because the redshift information of
ESO 598-G011 is not known, it is not possible to figure
out whether or not ESO 598-G011 is a gravitational
companion of ESO 598-G009.

The dips in the luminosity profiles of NGC 1515 (Fig.
12) are thought to be caused by dust lanes which is also
apparent in the B — V and V — I color profiles. The
isophotal twists observed in the isophotal maps of NGC
1515 (Fig. 9) indicate that the bulge of NGC 1515 is
triaxial. The origin of the triaxial bulge is not clearly
understood but the presence of the inner Lindblad res-
onance (ILR) is a crucial to derive secular evolution
which leads to triaxial bulge (Shaw et al. 1993; Woz-
niak et al. 1995).

V. SUMMARY

Through this study we have investigated various
properties for the galaxies of ESO 598-G009, NGC 1515
and NGC 7456. The main properties are summarized
as follows.

ESO 598-G009, classified as Sb(pec), shows a bright
bulge and a ring. There seems to be a trace of the
gravitational interaction, such as a plume in the surface
brightness.

NGC 1515 is a spiral galaxy with a bar which is ap-
parent in the isophotal maps and in the position angle
profile. Its bulge-to-disk ratio, Ay, is 2.36 which is a
typical value for the galaxies with morphological type
Sbc or SBbe (Simien & de Vaucouleurs 1986). There
is a dust lane in northeast part of the galaxy.

NGC 7456 is a late type spiral galaxy with very small
bulge-to-disk ratio, Ay = 4.19 which corresponds to the
morphological type T=6 or late. Although NGC 7456
has very blue color, there is no clear evidence of HII
regions.
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Fig. 23.— Luminosity profile decompositions of NGC 7456 in B-, V-, R- and I-bands.
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