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Abstract. For 32 non-active and 32 Seyfert spiral galaxies, optical and near- 
infrared surface brightness profiles are measured and the disc scalelengths are 
determined- It is found for the optical wavelength regions that the non-active 
galaxies show significant colour gradients within their discs, whereas the Sey
fert galaxies do not. In the near-infared, the observed colour gradients are the 
same for the non-active and the active galaxies.

A comparison of the optical data with model calculations indicates that the 
colour gradients in the discs of the non-active galaxies are caused by a combi
nation of an intrinsic colour gradient in the stellar disc and dust extinction. The 
Seyfert galaxies do not have a colour gradient in the stellar disc and are optically 
thin throughout the disc.
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1. Introduction
Galaxies are large objects in the Universe which are made of stars, gas and dust. Spiral 
galaxies are those galaxies which show a spiral structure. The main components of a spiral 
galaxy are the bulge, the disc and the halo. The bulge dominates the inner regions of the 
galaxy and contains stars of intermediate age. The disc dominates the outer regions of the 
galaxy and consists of a luminous disc with the spiral arms containing the young stars, and a 
dust disc. One of the properties of dust is its ability to absorb light in the ultraviolet, optical 
and near-infrared wavelength regions. Hence a certain percentage of the light emitted in a 
galaxy is lost by dust extinction inside the galaxy. In many edge-on galaxies the dust disc 
is visible as a dark lane. The halo i^found above and below the plane of the galaxy outside 
the bulge and contains old stars^lts surface brightness is normally so much lower than that 
of the bulge and the disc that it can be neglected.

In most galaxies, all energy output is due to radiation by stars. Such galaxies are called 
“normal” or “non-active”. However, there are a large number of galaxies with an active 
nucleus, powered by a supermassive black hole accreting material from its surroundings. In

’ Based on observations collected at the South African Astronomical Observatory, Sutherland, South 
Africa.
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this process a huge amount of energy is released. One class of active galaxies are the Sey- 
fert galaxies, named after the astronomer Carl Seyfert, who recognized them in the 1940s. 
They have a bright nucleus and a spectrum with strong emission lines. Apart from the active 
nucleus, a Seyfert galaxy cannot be distinguished from a non-active galaxy.

There are a number of ways to analyse the image of a galaxy. A lot of information can 
be obtained from the surface brightness profile which is a measure of the light intensity as 
function of the distance from the centre of the galaxy. Colour profiles are obtained from the 
surface brightness profiles of different wavelength regions.

Studies have shown that many spiral galaxies have a disc which becomes bluer with in
creasing radius. It is not clear yet what causes these colour gradients. They could be due to 
stellar population gradients, where the outer disc regions contain a higher fraction of blue 
stars than the inner regions. Alternatively, they can be caused by dust. Dusty regions appear 
reddened, because dust blocks blue light more than red light. We know that the density of 
the stars in the disc decreases with increasing radius, hence it is reasonable to assume that 
the dust density shows the same behaviour. This means that the dust extinction should be 
larger in the inner parts of the disc than in the outer parts, and the inner parts should be more 
reddened than the outer parts. Therefore, the outer regions of the disc' should appear bluer 
than the inner regions. Finally it is possible that we have a combination of both effects.

In order to find out which explanation is correct, a sample of galaxies of the same physi
cal properties but with different inclination angles, covering the whole range from face-on 
to edge-on view is needed. The reason is that the variation of the observed colour gradient 
with inclination angle is different for stellar population gradients and dust extinction.

The purpose of the present study is to investigate the colour gradients of galaxy discs as 
function of the apparent ellipticity which is a measure of the inclination angle. The galaxy 
sample includes both non-active and active galaxies, because it is not known yet whether 
there are differences between the properties of the discs of non-active and active spiral 
galaxies.

2. The data
The sample consists of 32 non-active and 32 Seyfert spiral galaxies. It is identical to the one 
analysed in Cunow (2001), except the fact that another four active galaxies were added to 
the sample. The galaxies cover the whole range from face-on to edge-on view. The global 
properties of the non-active and the active galaxies are similar, hence each subsample can 
act as a control sample for the other. Details about the selection and the properties of the 
sample are given in Cunow (2001).

For the sample galaxies, images were taken in the optical B, V, R and I  bands, and in 
the near-infrared J, H  and Ks bands covering a wavelength range from 440nm to 2.1 Jim. 
Table 1 gives the mean wavelengths for the different photometric filters. The observations 
were carried out at the South African Astronomical Observatory (SAAO) at Sutherland. The 
BVRI images were obtained with the SAAO and the Dandicam CCD cameras at the 1,0-m 
telescope. The JHKS data were obtained using the Dandicam near-infrared camera at the 
1.0-m telescope and the near-infared camera SIRIUS at the Infrared Survey Facility (IRSF).
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Detailed information about the instruments Table 1. Mean wavelength X0 for the
at Sutherland can be found at the SAAO photometric filters used in this work,
website [http://www.saao.ac.za].

The BVRI data were taken and reduced 
as described in Cunow (2001). The near- 
infrared data consist of a large number 
of short-exposure images. This is neces
sary, because the sky is very bright in the 
near-infrared, and an exposure time which 
is too long produces a saturated image. In 
addition to the galaxy images, sky images 
were taken in order to allow proper sky sub
traction, In the reduction process, the sky 
images are combined and subtracted from each galaxy image, and the different images
of a galaxy are combined to produce a final image. A detailed description of the reduc
tion procedures will be given elsewhere. The photometric calibration was done using the 
standard star measurements of Carter & Meadows (1995) and Persson et al. (1998). The 
random scatter between the measured magnitudes and the catalogue magnitudes of the 
standard stars is o  = 0.04 mag, which is similar to the random scatter of the BVRI mag
nitudes (Cunow 2001).

In addition to the data obtained at the SAAO, JHK% images from the Two Micron All Sky 
Survey (2MASS) were used. The 2MASS is a project which does a near-infaied survey of 
the whole sky. It produces JHK% images which can be downloaded from the Internet [http:// 
irsa.ipac.caltech.edu]. The data are reduced already, hence no further reduction and/or cali
bration is necessary. Details about this project are given in Jarrett et al. (2000).

3. Data analysis

3.1 Apparent ellipticities
For each galaxy, the apparent ellipticity e was measured. It is defined as:

e = 1 -  b/a,

where a is the apparent semimajja# axis and b the apparent semiminor axis of the galaxy. 
Thus we have e=0 for a circlelmd e = 1 for a line.

The inclination angle / of a galaxy is the angle between the line perpendicular to the 
plane of the galaxy and the line of sight. If  we see a spiral galaxy face-on, our line of sight 
is perpendicular to the plane of the galaxy disc, which gives i=0°. A face-on spiral appears 
round, hence we have e=0. The larger the inclination angle, the more elongated appears the 
galaxy and the larger is e. Edge-on spirals have *'=90° and 6=0.85.

The apparent ellipticities of the sample galaxies are obtained by using the apparent semi
major and semiminor axes a and b from the /  images. Details are given in Cunow (2001).

Filter \  (nm )
B 440
V 550
R 660
I 790
J 1250
H 1650

2100
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3.2 Disc scalelengths
For each galaxy and filter, surface brightness profiles were measured, with the surface 
brightness given in mag • arcsec-2. The profile is obtained by dividing the galaxy image 
into a large number of intensity intervals and fitting an ellipse to each interval. The radius 
is measured along the semimajor axis. An example of such a profile is given in Figure 1 of 
Cunow (1998).

The light distribution of a galaxy disc can be approximated by an exponential law. Since 
the astronomical magnitude is a logarithmic scale, surface brightness profiles following an 
exponential law are linear. The fit is done using the relation:

F = F 0exp(-r/rD),

where F  is the flux per solid angle, r the radius along the semimajor axis and rD the disc 
scalelength.

Disc scalelengths were determined for each galaxy and filter by using the linear parts of 
the surface brightness profiles outside the bulge. The measurement error for rD is a (r^  *■ 10% 
for BVRI and o(r0) = 15% for JHKS. More details are found in Cunow ̂ 1998, 2001).

3.3 Colour gradients
The disc scalelength is a parameter which describes how flat or steep a surface brightness 
profile is. The larger rD, the flatter is the profile. The colour gradients are given by the ratio 
of the disc scalelengths of different wavelength regions. If r0(Js’|) /r0(F2) is the scalelength 
ratio of a galaxy for wavelength bands Fx and F2 and if F{ covers a bluer wavelength region 
than F2, we have:

* r0(F,)/rD(F2) = 1: The disc colour does not change with radius, i.e. no colour gradient.
* rD(F,)/rD(F2) > 1: The outer parts of the disc are bluer than the inner parts.
* r0(F )l rD(F2)< 1: The outer parts of the disc are redder than the inner parts.

Hence the variation of r0(F,)/ rD(F2) with e can be used to study the variation of the colour 
gradients with inclination angle.

3.4 Results

3.4.1 Average scalelength ratios
Figure 1 shows the average scalelength ratios. Figure la  shows the optical ratios, Figure 
lb the near-infrared ones. In the optical wavelength regions, the non-active galaxies show 
significant colour gradients within their discs (the outer parts are bluer than the inner parts), 
whereas the active galaxies do not. In the near-infrared wavelength regions, colour gradi
ents are present for both the non-active and the active galaxies. The differences between the 
non-active and the active galaxies seen in the optical regions are not present in the near- 
infrared.
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(a)

B V R

F,
(b)

I J H

Figure 1. Average scalelength ratios <r0(F1)/r/:)(/'J)> for the sample galaxies. The open symbols 
denote the non-active galaxies, whereas the filled symbols denote the active galaxies, (a) shofrs the 
optical ratios with F2 = 1, (b) shows t̂hfi near-infared ratios with F2 = K...

The JHKS scalelengths are significantly shorter than rD(I), and die Ks scalelengths wre 
clearly shorter than rD(J) and rD(H), However, it is difficult to say whether the*4iffte- 
ences between the JH  scalelengths and rD(Ks) are significant. For J  and H  we find that 
<rD{J)lrD{H )> -1.02±0.03 for the non-active galaxies and <rp(J)/rD(H)> =*■ 1.03±0i02 
for the active galaxies. Hence no colour gradients exist for J-H . ■

--------------------------------------------------------- 2 6 6 ----------------------------------------------------------
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e

e

Figure 2. Disc scalelength ratios plotted against apparent ellipticity e. (a) shows the ratios between 
B and I , (b) shows the ratios between J  and H. The non-active galaxies are denoted by □  , the active 
galaxies by • .

3.4.2 Scalelength ratios at different inclination angles
Figure 2 shows two examples for rD(F^)lrD{F^) plotted against e. Figure 2a shows 
rD(B)/rD(l), Figure 2b rD(J)/rD(H). For the non-active galaxies, rD(B)/rD(l) increases from 
1.0 for face-on galaxies to 1.5 for edge-on galaxies, which means that the edge-on galaxies 
have larger colour gradients than the face-on ones, but rD(J)/rD(H)** 1 for all inclination 
angles. For the active galaxies, neither rD(B)/rD(I) nor rD(J)lrD(H) changes systematically 
with increasing £.
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Figure 3. Difference between average scalelength rarios <r[>(Fl)frD(F.) > for galaxies with e a  0.6 
and those for galaxies with e < 0.4. The open symbols denote the non-active galaxies, whereas the 
filled symbols denote the active galaxies, (a) shows the optical differences with f \= l, (b) shows the 
near-in fared differences with F7=K^
Diff = <rD(F,)/r0(F2)> (E * 0.6) -  rD(Ft)/rD(F2)> (e < 0.4).

Figure 3 shows the differences between <r0(Fl )/rD(F2y> for the galaxies with e £ 0.6 and 
<rD(Fi)/rD(F2y> for the galaxies with e < 0.4. These differences are a convenient measure 
for the change of with increasing e. In the optical wavelength regions, tine col
our gradients of the non-active galaxies with large ellipticities are significantly larger than
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those of the non-active galaxies with small ellipticities, whereas for the active galaxies no 
colour gradients exist, neither for the face-on galaxies, nor for the edge-on galaxies. In the 
near-infared wavelength regions, the colour gradients are the same for the face-on and the 
edge-on galaxies, and no significant differences exist between the non-active and the active 
galaxies.

4 Comparison with models

4.1 The models
In order to determine whether the observed 
colour gradients are caused by colour gradi
ents in the stellar disc or by dust extinction 
or by a combination of both effects, the data 
are compared with scalelength ratios ob
tained from images of model galaxies.

At present, model images in BVRI have 
been calculated. The model galaxies consist 
of a bulge, a luminous stellar disc and an 
absorbing dust disc. Two sets of models are 
used, (i) model galaxies without a colour 
gradient in the stellar disc, and (ii) model 
galaxies for which the outer parts of the 
stellar disc are bluer than the inner parts. 
The calculations were done for a variety of 
inclination angles and optical depths. The 
optical depth % is a measure of the dust con
tent of a galaxy. The larger x, the more dust 
is present. A dust-free galaxy has X = 0.

For the inclination angle i, the following 
values were adopted: 0°, 20°, 40°, 60°, 70°, 
80° and 84°. For the central face-on optical 
depth in the B band, x*  = 0; 0.5; 1; 3; 5; 
7; 10 was used. A detailed description of 
the model calculations is given in Cunow 
(2001).

The model images are analysed in the 
same way as the data of the real galaxies. 
For each model galaxy, the apparent ellip- 
ticity and the BVRI disc scalelengths are 
determined as described in Section 3.

Figure 4 shows the disc scalelength ra
tios plotted against apparent ellipticity e for

Figure 4, Disc scalelength ratios plotted against 
apparent ellipticity e for the models, (a) and (b) 
show a model without a colour gradient in the 
stellar disc, whereas (c) shows a model with a 
colour gradient.
Optical depth: + for t 0B = G, * for T0B = 0.5, 

o for t0B = l , o  for T0® = 3, a for t0b = 5, 
a for X„B =* 7, and »for t  8 = 10.
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the models. Figures 4a and 4b show a model without a colour gradient in the stellar disc, 
whereas Figure 4c shows a model with a colour gradient.

The main features of the scalelength ratios rD(F{)frD(F2) from the models are the follow
ing:
• The larger the optical depth, the larger is r J F ^ rJ F J .
• The smaller the wavelength difference between F, and Fy  the smaller is the increase of 

rD(Fi)/rD ^ )  with increasing \ B.
• For a dust-free galaxy, rJiF ftrJFJ  * 1 if there is no colour gradient in the stellar disc, 

and rD(Ft)/rD(F2) > 1 if the outer parts of the stellar disc are bluer than the inner parts.

(a) 20

r0(B )  1-5

rD{t)
1.0

0.5

------.---------------- 1 -  . U (a ) 2 0
□ □

* rD(B )
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'
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Figure 5. Disc scalelength ratios plotted against Figure 6. Disc scalelength ratios plotted against
apparent ellipticity e for the non-active galaxies, apparent ellipticity e for the active galaxies. The
The lines show the best-fitting models with t0b =1 line shows the best-fitting model.
(lower curve) and t 0B=3 (upper curve).
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* For an intermediate optical depth, rD(Fx)!rD(F^ increases systematically from face-on to
edge-on view.

4.2 Results
The model data are compared with the data of the real galaxies by using rD(B)/rD(I), 
rJB)/rD(R) and r0(V)/r0(I). The ratios rD(B)/rD(V), rD(V)/rD(R) and rD(RyrD(I) are not used, 
because the variation of the scalelength ratios with changing optical depth is so small that 
the fit is dominated by the scatter of the data.

For the non-active galaxies, the rD(B)/rD(I) data are fitted best with a model with a colour 
gradient in the stellar disc and an optical depth of xaB = 3. If rD(V)/rD(I) and rD(B)/rD(R) are 
included also, the result is the same, but the fit for x0B = 1 is almost as good as the one for 
t 0b = 3. The models with no colour gradient in the stellar disc do not fit the data. This means 
that the colour gradients observed in the discs of the non-active galaxies are caused by a 
combination of a colour gradient within the stellar disc and dust extinction. The galaxies 
show significant extinction in the centre, but they are optically thin in the outer regions (see 
Cunow 2001). Figure 5 shows the data and the best-fitting model.

For the active galaxies, the data are fitted best by a model with no colour gradient in the 
stellar disc and no dust (x0B = 0), which means that they are optically thin throughout the 
disc. Figure 6 shows the data and the best-fitting model.

5 Conclusions
The results of this work can be summarized as follows:

• Optical data:
-  Non-active spiral galaxies show significant colour gradients in their discs which 

increase systematically from face-on to edge-on view, whereas active spiral galax
ies do not.

-  The comparison with model calculations indicates that the colour gradients in the 
discs of non-active galaxies are caused by a combination of an intrinsic colour gra
dient in the stellar disc and dust extinction. Active galaxies are optically thin and 
no intrinsic colour gradient exists in the stellar disc.

-  The above results indicate that structural differences exist between the discs of 
non-active and active spiral galaxies.

• Near-infrared data:
-  Colour gradients are observed in both the non-active and the active galaxies. How

ever, it is difficult to say whether they are significant.
-  The colour gradients do not vary from face-on to edge-on view, neither for the non

active galaxies, nor for the active galaxies.
-  There are no differences between the colour gradients of the non-active and the ac

tive galaxies. Hence the differences found in the optical wavelength regions do not 
exist in the near-infrared.
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