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ABSTRACT

Aims. Shells in Ellipticals are peculiar faint sharp edged features that are thought to be formed by galaxy mergers. We determine the
shell and dust distributions, and colours of a well-resolved shell and the underlying galaxy in NGC 5982, and compare the spatial
distributions of the dust and gas phases, in order to investigate the origin of shells and dust in NGC 5982.

Methods. We use Spitzer data in the wavelength range from 3.6 to 160 um and HST/ACS optical data. Surface photometry, galaxy
models and residual images are determined using IRAF task ELLIPSE and GALPHOT task ELLIPFIT. After subtracting the galaxy
models, residual images are used to identify the shells. Excess emission is identified by subtracting a scaled stellar photosphere
emission template. Colours [3.6]-[4.5], [3.6]—[8.0] and [5.8]—[8.0] of the underlying galaxy and [5.8]—[8.0] of the excess emission
are obtained using techniques similar to those of Pahre et al. The [3.6]—[4.5] and V — I colours of a well-resolved shell are determined
using techniques of Sikkema et al.

Results. Shells are visible in the 3.6 um image, fainter at 4.5 um and undetected at 5.8 ym. We find two new shells, the outermost
identified so far in NGC 5982. All shells apart from shell 24 are on the photometric major axis. Shell 24 is the only one for which
reliable colours are obtained. It has colours [3.6]—[4.5] and V — I bluer than the underlying galaxy. Excess emission at 4.5, 5.8 and
8 um is widely extended. The ratio of excess to total emission decreases towards the centre, which could be related to a lower mass
loss rate from AGB stars. The [3.6]—[4.5] colour indicates a major contribution from late-type (K2-MOIII) stars towards the centre.
Dust traced by 24 um emission follows the stellar spatial distribution, supporting a circumnuclear origin. We find extended 160 ym
emission from cold dust, possibly forming a disk inclined to the principal axes, with a mass of a few 10° M. The warmer big grains
and/or smaller grains traced by the 70 um emission are confined to a small region elongated along the minor axis and shifted a few
kpc from the centre.

Conclusions. We detect for the first time shells from mid-infrared data. The very different distributions of dust, warm gas and HI gas
together with the presence of shells and a kinematically decoupled core suggest a minor merger in NGC 5982.

Key words. galaxies: elliptical and lenticular, cD — galaxies: photometry — galaxies: ISM — galaxies: formation — galaxies: interactions

1. Introduction

Shell galaxies (Malin & Carter 1980, 1983) are elliptical galax-
ies with faint, often sharp edged features in their envelopes,
which are generally interpreted as the remnants of mergers of
low mass, low velocity dispersion galaxies with the elliptical
(Quinn 1984; Hernquist & Quinn 1988). The study of the struc-
ture and morphology of these features is useful in interpreting
the parameters of minor mergers, and the importance of mergers
in determining the present day structure of ellipticals (Dupraz &
Combes 1986; Nulsen 1989).

The interstellar medium (ISM) in ellipticals mostly consists
of X-ray emitting hot gas (T ~ 107 K) but it may also contain
significant amounts of warm and cold gas and dust. Recent stud-
ies show that approximately 70% of ellipticals harbour HI gas
(Morganti et al. 2006); a similar proportion contains warm gas
(Sarzi et al. 2006). For a similar galaxy sample, Combes et al.
(2007) find a CO detection rate of 28% in the central regions.
The far-infrared emission in ellipticals gauges the bulk of dust,
which has masses from 10° M to 107 M, (Temi et al. 2004,
2007).

Our knowledge of the far-infrared emission from early-
type galaxies is largely based on Infrared Astronomical Satellite
(IRAS) data at 12, 25, 60 and 100 um. IRAS was successful in de-
tecting emission from dust with a wide range of temperatures in
many bright elliptical galaxies (Knapp et al. 1989). These obser-
vations were limited, however, by sensitivity, angular resolution
(~4" on the sky) and the lack of filterbands to gauge and resolve
the emission from cold dust. Infrared Space Observatory ISO
improved this situation, providing ~1.5" angular resolution ob-
servations at 150 and 200 um which are more sensitive to the
peak emission from ellipticals. It also included filterbands com-
parable to /RAS and mid-infrared imaging at an angular reso-
lution of a few arcseconds, to study the spatial distribution of
the mid-infrared carriers (see Ferrari et al. 2002; Xilouris et al.
2004). ISO could not always resolve the structure in elliptical
galaxies, which may have emission from Active Galactic Nuclei
(AGNSs), dense clouds, circumstellar dust and diffuse interstellar
dust (Temi et al. 2004). The modern Spitzer instruments IRAC
(filterbands at 3.6, 4.5, 5.8, 8,0 um) and MIPS (broad filterbands
at 24,70, 160 um) offer unprecedent sensitivity and angular res-
olution to much better differentiate the different dust compo-
nents in a sample of ellipticals with a wide luminosity range
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(see, e.g., Pahre et al. 2004, hereinafter PAFWO04). Spitzer IRS
is used to observe the spectral energy distribution (SED) of the
mid-infrared carriers in early-type galaxies (Kaneda et al. 2005;
Bressan et al. 2006).

It is thought that dust is produced by evolving red giant stars
in the old stellar population typical of ellipticals, and it is dis-
persed into the interstellar medium (ISM). Conversely, dust is
destroyed by sputtering in the host interstellar hot gas of ellipti-
cals. During their sputtering lifetimes big dust grains in the ISM
are heated by the interstellar radiation field and thermal elec-
tron impacts to temperatures that radiate in the far-infrared (see
Temi et al. 2004, and references therein). Small optically thick
clouds have been also observed in =50% of bright ellipticals
(van Dokkum & Franx 1995; Lauer et al. 2005). These clouds
are likely formed from dusty gas expelled from stars in the cen-
tral Kiloparsec of ellipticals (Mathews & Brighenti 2003). Dust
can be also produced in galaxy mergers and it is largely accepted
that ellipticals are formed by mergers. However, it is not straight-
forward to explain all kinematical and structural properties in
ellipticals by the current merger models.

NGC 5982 is a shell galaxy with regular major axis shells
(Sikkema et al. 2007, hereinafter SCP07), which identifies it as
type I in the classification scheme of Prieur (1988). The red-
shift is cz = 3017 kms~! (Smith et al. 2000), which corresponds
to a distance D = 43 Mpc assuming Hy = 70 kms~! Mpc~!.
NGC 5982 is the brightest galaxy of LGG402 with 4 mem-
bers (Garcia 1993). There is a possible very low activity level
LINER type nucleus (Ho et al. 1997). This galaxy harbours a
Kinematically Decoupled Core (KDC: Wagner et al. 1988), and
probably a rotating central disk (Emsellem et al. 2004). Outside
the core, the galaxy is slowly rotating (Emsellem et al. 2004) and
presents central boxy isophotes (SCP07).

This paper presents a photometric analysis of the shells and
the underlying galaxy in the elliptical (E3) galaxy NGC 5982
from Spitzer infrared data, and compares this with our earlier
analysis of HST/ACS V- and I-band photometric data (SCP07).
The observations and data processing are presented in Sect. 2.
Section 3 is devoted to the analysis of the data. The results and
their interpretation are presented in Sect. 4. Section 5 contains
the discussion of our results, and finally, Sect. 6 presents our
conclusions.

2. Observations and data processing

We use public Spitzer and Hubble Space Telescope (HST) data.
The first were retrieved from the Spitzer Data Archive using the
Archive Tool Leopard. The HST observations belong to our pro-
gramme to study shell ellipticals (GO9399, PI: D. Carter) and
are described in two earlier publications (Sikkema et al. 2006;
SCP07).

2.1. IRAC observations

NGC 5982 has been observed using the Infrared Array Camera
(IRAC; Fazio et al. 2004) on the Spitzer Space Telescope
(Werner et al. 2004) during the campaign IRAC005700 of
GO programme number 3403 (PI: J. Surace). NGC 5982 was
imaged using 14 exposures of 26.8 s (effective exposure time
per pixel) centred on different positions with the four IRAC fil-
terbands at 3.6, 4.5, 5.8 and 8 um. We use the standard pipeline
(version 14.0) post Basic Calibrated Data (post-BCD) products.
The mosaics resulting from the addition of the 14 exposures
have effective areas between 103 and 104 arcmin® and they are
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less noisy in an oversampled 7’ x 7’ square region centred on
NGC 5982. The image mosaics at 3.6 and 5.8 ym roughly sam-
ple that square region and a similar-sized region to the ENE side;
those at 4.5 and 8.0 um cover the square region and a similar
sized region to the WSW side. These image mosaics are large
enough to derive reliable values of the sky background to sub-
tract from the images. The angular resolution of the IRAC
images is FWHM ~ 1.8”.

The existing calibration of IRAC data is based on point-
source observations (Fazio et al. 2004). Extended sources re-
quire a different calibration. We use a similar approach to
PAFWO04 in order to determine instrumental magnitudes relative
to Vega. The aperture corrections of PAFW04 are based on large
aperture photometry of NGC 777 assuming that it has no dust
emission and that the 2MASS near-infrared and IRAC colours
match those corresponding to a MOIII star. This is a suitable
stellar type to match the SED from an early-type galaxy in the
K-band (Frogel et al. 1978). We also use the aperture corrections
of Reach et al. (2005, hereinafter RMCO05) and compare the re-
sults for both aperture corrections. The most significant differ-
ences are for the aperture correction at 5.8 um. See Sect. 3.2 for
a detailed discussion.

2.2. MIPS observations

NGC 5982 was also observed using the Multiband Imager
Photometer (MIPS) (Rieke et al. 2004) on the Spitzer Space
Telescope in three filterbands centred at 24, 70 and 160 um dur-
ing the campaign MIPS004600 of GO programme number 3403
(PI: J. Surace). Again we use the standard pipeline (version 14.0)
post Basic Calibrated Data (post-BCD) products. At 24 um,
with 2.45” pix~!, the resulting mosaic centred on the galaxy has
a field of view of 7.4’ x 8.2’. In addition there are two images
with fields of view of 5.6” x 8.0’ and 6.1’ x 10.1’, to the NE and
SW of the galaxy, respectively, that we used to determine the sky
background. At 70 um, the pixel size is 4” and the useful area is
1.2" x2.9’. At 160 um the pixel size is 8" and the observed area
centred on the galaxy is 6.3’ X 5.5". The sky background is esti-
mated at each wavelength and subtracted from the corresponding
image.

The angular resolution of the MIPS images is FWHM ~ 6",
~18"” and ~40" at 24, 70 and 160 um, respectively.

The same observations have already been used by Temi
et al. (2007) to derive luminosities of NGC 5982 at 24, 70 and
160 um of Ly; = 104036 erg s7L, Ly = 10092 erg s7! and

Ligo = 1074066 erg s7L.

2.3. HST/ACS data

HST ACS_WEFC camera data (Pavlovsky et al. 2004) obtained
with the filters F606W (V band) and F814W (I band) are used
here. For a detailed description of the observations and the data
processing see Sikkema et al. (2006) and SCP07, here we just
provide a summary. The field of view was of 202" x 202", with
a pixel size of 0.049 arcsec. The exposure times were of 1314
and 1020 s in the V- and I-bands, respectively. The 80% com-
pleteness levels were of 26.08 and 24.80 mag in V- and /-bands,
respectively. In this paper we use the V- and /-band images to
extract shell profiles in these filterbands (see Sect. 4.4) that were
not presented in SCPO7. We use the technique introduced by
SCP07 to determine the surface brightness locally in wedges for
the underlying galaxy and the shells.
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Fig. 1. Surface brightness at 3.6 um a), 4.5 um b), 5.8 um ¢) and 8.0 um d); surface brightness at 8.0 um e); contour emission maps at 24 um f),
70 pm g) and 160 um h) of NGC 5982. FWHM at 3.6, 4.5, 5.8 and 8 um is ~1.8”; FWHM ~ 6", ~18” and 40" at 24 ym, 70 ym and 160 um,

respectively.

3. Analysis

3.1. Mid- and far-infrared emission images

Surface brightness images of NGC 5982 of 100” x 100" in size
on the sky are presented in Figs. 1a—d, f—h corresponding to the

emission at 3.6, 4.5, 5.8, 8.0, 24, 70 and 160 um, respectively.
At first view, the surface brightness distribution at 3.6, 4.5, 5.8
and 8.0 um is very similar. The 24 um surface brightness distri-
bution is also very similar to them, but very different from those
at 70 and 160 um. The latter two are elongated along the



108

y (arcsec)

-100
x (arcsec)

y (aresec)
o

-100 100 =100

x (arcsec)

y (arcsec)

100

—=100 o}
x (orcsec)

=100

C. del Burgo et al.: Spatial distribution of dust in the shell elliptical NGC 5982

y (aresec)

x (orcsec) x (orcsec)

y (aresec)

100 -100 o] 100

x (arcsec) x (arcsec)

y (aresec)

100

x (arcsec)

x (arcsec)

Fig. 2. From top to bottom excess emission at 4.5, 5.8 and 8 um. First and second column results are obtained using the observed image at 3.6 um
as stellar emission template, and the PAFW04 and RMCO5 aperture corrections, respectively. Third column contains the results corresponding to
the galaxy model at 3.6 um as stellar emission template and the RMCOS aperture corrections. The surface brightness scale is the same for each
wavelength; it ranges from 0.0005 to 0.5 times the maximum (in logarithmic scale) corresponding to the second column. North is indicated by the

arrow; East is 90 degrees anticlockwise in the fop panels.

photometric minor axis of the galaxy, with the 70 ym emission
not resolved along the perpendicular axis. There is a double peak
emission at 70 um that is shifted with respect to the photometric
centre, with the bulk of the emission to the North. The 160 um
emission is more extended than that at 70 um, with emission to
both North and South of the centre.

The sky background is subtracted from each image.
Hereafter, we refer to each image corrected for the sky back-
ground as galaxy emission, observed emission, or simply ob-
served image.

3.2. Excess emission at 4.5, 5.8 and 8.0 um

A scaled stellar photosphere emission template is subtracted
from the 4.5, 5.8 and 8.0 ym images to obtain any excess emis-
sion' at these wavelengths. We follow a similar approach to
PAFWO04 but using the image at 3.6 um only instead of a combi-
nation of the images at 3.6 and 4.5 um as our stellar template. We
also use the GALPHOT galaxy model at 3.6 um (see next sec-
tion) as a stellar template. For each template, we use the aperture

! Other authors refer to these images as “dust images” or “non-
stellar” images (see PAFWO04).

corrections provided by PAFW04 as well as those of RMCO05
and compare the results. The stellar template is scaled to match
the corresponding theoretical colour of MOIII stars, before being
subtracted from the observed emission at 4.5, 5.8 and 8.0 um
(PAFW04).

Figure 2 shows the excess emission at 4.5, 5.8 and 8.0 um
in NGC 5982 for three of the four possible combinations of tem-
plates and aperture corrections. Figure le shows the contours
of the excess emission of NGC 5982 at 8.0 um obtained with
the image at 3.6 um as stellar template and the RMCOS5 aper-
ture corrections for comparison with the observed images shown
in Fig. 1.

We highlight some remarks resulting from our comparison
of the excess emission obtained with the two stellar templates
combined with each of the aperture corrections:

— The excess emission increases toward longer wavelengths.
At each wavelength, the ratio between the excess emission
and the total emission varies with the radius. These ratios
are higher when using the aperture corrections of RMCO05,
especially at 5.8 yum.

— Excluding a few central pixels, there are no significant dif-
ferences between the excess emission images obtained us-
ing the two stellar templates for a given aperture correction.
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Note also that point-like sources entirely remain in the ex-
cess emission maps when subtracting the scaled GALPHOT
galaxy model.

— There is a central dark spike that is prominent at 4.5 um (see
Fig. 2, top-left) and less visible at 5.8 um (see Fig. 2, middle-
left) when using the aperture corrections of PAFWO04. This
dark spike contrasts less with the surroundings when using
the aperture corrections of RMCOS.

— We have verified that this spike is not related to a cross-
correlation effect due to any difference in the /RAC instru-
mental profiles.

We also note that the present excess emission at 5.8 and 8.0 um
has a similar spatial distribution to that obtained using a com-
bination of the images at 3.6 and 4.5 um as stellar emission
template.

3.3. Surface photometry: global parameters

Surface photometry at wavelengths 3.6, 4.5, 5.8 and 8.0 um
is obtained using an ellipse fit with the task ELLIPFIT of
GALPHOT (Jgrgensen et al. 1992) and the task ELLIPSE from
the IRAF STSDAS package. The latter is used to measure the
flux using the same isophotal shapes defined from a reference
image (i.e., the 3.6 um image). ELLIPFIT provides us a galaxy
model and a table with the fitted parameters, including elliptic-
ity (€), position angle (PA), surface brightness () and the coef-
ficients C3, C4, S 3 and S4 (Carter 1978) for different distances
from the centre of the galaxy. Point-like sources, background
galaxies, dust features, bright shells and artifacts are identified
and masked by hand in an iterative way. Remaining faint shell
structures have a negligible effect on the results. The best fits are
obtained by allowing centre, PA and ellipticity to vary with ra-
dius. There is an excellent agreement between the values (e.g.
of € and PA) obtained using ELLIPSE and ELLIPFIT.

The inner region (r < 15-20") is poorly fitted compared
with the rest of the galaxy, especially for the 3.6 um image.
The differences between the observed image and galaxy model
are up to ~3%. This fitting problem was also noted at opti-
cal wavelengths by SCP07, who suggested that it could be due
to the KDC, which is ~10” in size (Mc Dermid et al. 2006).
Alternatively it may be related to the presence of dust or the
high density of point-like objects in the innermost region of
NGC 5982. The ellipticity gets significantly lower in the inner 4”
of the galaxy and it was not possible to fit smoothly the central
region. We obtain the best result using 6 harmonics. The values
of the C4 coefficient for a * 5" are very similar to those deter-
mined from the HST/ACS /-band image (SCP07), and indicate
a boxy structure (Carter 1978).

Global surface brightness profiles for NGC 5982 are shown
by plotting u for each fitted ellipse as function of semi-major
axis a. Figures 3a, ¢ and d respectively shows u, € and PA ver-
sus a at 3.6 um. To investigate the effect of the IRAC Point
Source Response Function (PSF) (FWHM ~ 1.8”) upon the sur-
face brightness, ellipticity and position angle profiles, we mea-
sure u, €, PA, §4 and C4 in the HST/ACS V-band image and also
in the image resulting from convolving it with the IRAC PSF at
3.6 um. We show only the results for € and PA (see Figs. 3¢
and d, respectively). The ellipticity drops toward smaller radii
partly as result of degradation of the angular resolution. The ef-
fect on PA is much smaller.
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We use a Sérsic (1968) profile to model the luminosity
at 3.6 um. This profile is defined by the equation:

1/n
H(r) = e + ¢ {(1) - 1}
Te

where ¢, = 2.5(0.868 n — 0.142) for 0.5 < n < 16.5 (Caon et al.
1993).

Table 1 lists the least-squares fitted values for ., n and 7, for
1.2” < a < 100”. The difference between the luminosity profile
at 3.6 um and the fitted model is plotted in Fig. 3b.

ey

3.4. Residual images at 3.6, 4.5 and 5.8 um in NGC 5982

We compute residual images from the difference between the
observed image at 3.6, 4.5 and 5.8 um and the corresponding
galaxy models at these wavelengths obtained from ELLIPFIT
(see previous section). Figure 4 (left) shows the residual image
at 3.6 um where faint shell-like structures are observed. The in-
nermost shells are much less resolved in the Spitzer images than
in the R-band (see Fig. 4, right) and the HST/ACS images. All
the shells are much fainter at longer wavelengths. The residual
image at 5.8 um does not show any shells. We note that the inner-
most shells are in a region where some 4.5 ym excess emission
is observed (see Figs. 2 (fop) and 4).

Residual images are only used to identify and locate the
shells. For the determination of the shell profiles and colours
we work within wedges as in SCP07 to avoid the effect of large
scale fluctuations in the sky background that affect the extraction
of faint shell properties.

3.5. Colour profiles

Colour profiles [3.6]—-[4.5], [3.6]—-[8.0], [5.8]—[8.0] for the un-
derlying stellar emission and the [5.8]—[8.0] colour for the ex-
cess emission (see Sect. 3.2) are determined using the isophotal
shapes obtained from the 3.6 um image. The colours are, there-
fore, measured for the same regions of the galaxy. Figures 3e—g
show the colours [3.6]—[4.5], [3.6]—[8.0] and [5.8]—[8.0], re-
spectively, using the RMCOS5 aperture corrections. Figure 3g
also shows the [5.8]—[8.0] colour of the excess emission ob-
tained from the PAFWO04 aperture corrections. The colour pro-
files are very sensitive to the sky background subtracted. Colours
[3.6]-[8.0] and [5.8]—[8.0] are especially sensitive to the sky
background emission at 8.0 um that may modify the colour pro-
file from a ~ 40”. Colours are also sensitive to the aperture
corrections (see Sect. 4.1), most significantly in the case of the
[5.8]-[8.0] colour of the excess emission (see Fig. 3g). However,
the differences in this colour using the two different stellar tem-
plates (see Sect. 3.2) are not significant. Azimuthally averaged
surface brightness profiles practically wash away the shells vis-
ible in Fig. 4. The shells are too faint in NGC 5982 to affect the
colour profiles (see Figs. 3e—g). As mentioned above, we use
the technique of SCP0O7 based on wedges to extract faint shell
colours (see Sect. 4.4).

4. Results and data interpretation
4.1. Excess emission

The isophotes of the excess emission at 5.8 and 8.0 ym show
a slightly different orientation of the major axis in comparison
with the total emission (i.e., stellar plus excess emission) at these
wavelengths (see Figs. 1d and e). The emission profiles at 5.8
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Fig. 3. Global parameters for NGC 5982: a) surface brightness at 3.6 um corrected for background (the continuous line is a Sérsic profile fit); b) dif-
ference between the 3.6 um surface brightness profile and the Sérsic fit; ¢) ellipticity corresponding to the 3.6 um image (points), the ACS/HST
V-band image (as derived in SCPO7; dashed line), the ACS/HST V-band image convolved with the IRAC PRF at 3.6 um (dash-dotted line); d) po-
sition angle PA (symbols as in previous panel); e) [3.6]—[4.5] colour for the underlying galaxy as well as the values for the KOIII (long-dashed
line) and K2-MOIII (short dashed line) stars as indicated by PAFWO04; f) [3.6]—[8.0] colour for the underlying galaxy; g) [5.8]-[8.0] colour for the
underlying galaxy (small circles) and for the excess emission using the aperture corrections of RMCO5 (triangles) and PAFW04 (asterisks). Values

corresponding to M 81 are also indicated (Willner et al. 2004).

and 8 um are significantly different from those at 3.6 um. This
is due to the observed excess emission at 5.8 and 8 um. For
each wavelength, the surface brightness ratio between the ex-
cess emission and the total emission varies with the radius. The
change is different for the two aperture corrections used here. If
applying those of PAFWO04, the excess emission at 8 um is ~17%

and ~37% of the total emission in the centre and for radii be-
tween ~4” and ~25” on the sky, respectively. These values
are 3% higher when using the RMCO5 aperture corrections. At
5.8 um, the values in the centre and outer region are respec-
tively of ~5% and ~20% when using the PAFW04 aperture cor-
rections. The values are 10% higher when using the RMCO05
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Fig. 4. Residual images of NGC 5982 at 3.6 um (left panel) and in the R-band (right). Some of the external shells are indicated by numbers
following the notation of SCP07. The two newly discovered shells are 25 and 26 (see text).

Table 1. Surface photometry at 3.6 ym and 4.5 um.

A He n Te N  rms
um  mag arcsec™> arcsec mag arcsec™>
36 18.18+0.04 58+0.2 319+0.6 79 0.040
45 1834+0.04 57+02 333+06 79 0.042

aperture corrections. The excess emission at 4.5 ym is more
elongated that that at 5.8 and 8 um (see Fig. 2), and repre-
sents ~1% and ~5% of the total emission at this wavelength
when using the PAFW04 and RMCO5 aperture corrections, re-
spectively. The excess emission in the centre is significantly
fainter, and is undetectable when using the RMCOS5 aperture cor-
rections. We discuss in Sect. 5.1 the possible cause of the ob-
served decrease in the excess emission towards smaller radii.

The [5.8]—[8.0] colour of NGC 5982 for the total emission
is moderately red. Once the dominant stellar emission is sub-
tracted, the [5.8]—[8.0] colour of the excess component is redder
at smaller radii. If using the PAFW04 aperture corrections, the
[5.8]—[8.0] colour of the excess emission approaches the values
found in the star-forming galaxy M 81 (Willner et al. 2004) for
a < 20”, and it reaches a value as high as 1.8 + 0.3 mag ata ~
1.2”. A value of ~2.06 mag is predicted by Li & Draine (2001)
for the Polycyclic Aromatic Hydrocarbon (PAH) emission, for a
range of 5 orders of magnitude for UV radiation field. However,
the [5.8]—[8.0] colour in the inner region is significantly less red
when using the aperture corrections of RMCO5 (see Fig. 3g).
The [5.8]—[8.0] colour profile of NGC 4203 (PAFW04) is also
sentitive to the aperture correction and shows a similar trend to
NGC 5982 when using the same aperture correction.

4.2. Colour gradients: underlying galaxy

The mid-infrared colours provide information about the mean
spectral type of the composite stellar population in the galaxy.
The [3.6]—[4.5] colour (see Fig. 3e) is redder towards larger
radii in NGC 5982. The colour change is comparable to a small

change in the stellar population among K giant stars, typical
for early-type systems. The [3.6]—[4.5] colour for the outer
regions is similar to that of KOIII stars. Towards inner re-
gions the [3.6]—[4.5] colour approaches values corresponding to
K2-MOIIT stars.

The [3.6]-[8.0] colour is nearly constant in the inner bulge
and similar to that found by PAFW04 in NGC 4203. However,
NGC 5982 does not present the same strong gradient from a ~
60”. The colour gradient from a ~ 40" is very sensitive to the
subtracted sky background at 8 yum.

4.3. Warm and cold dust

The dust carriers responsible for the emission at 24 um fol-
low the same distribution as the stellar component emitting
at 3.6 um, which suggests that the dust is circumstellar. Emission
at 24 um in the diffuse ISM of the Milky Way is due to very
small grains (Léger & Puget 1984; see also review of Draine
2003). At 18 um there is a broad silicate feature which is pro-
duced by Asymptotic Giant Branch (AGB) stars in ellipticals
(Bregman et al. 2006). The emission images of NGC 5982 at 70
and 160 um reveal a different distribution for the correspond-
ing carriers at these wavelengths from those responsible for the
emission at shorter wavelengths. Figure 5 shows the 160 ym
emission profile along axis PA = 121° together with the 3.6 um
emission profile smoothed to the same angular resolution.

The lack of correspondence between the 70 and 160 um im-
ages hinders the estimation of dust temperature. The bulk of
the dust is traced by the 160 um emission. The carriers at this
wavelength are likely to be large cold silicate grains which may
have ice mantles (see, e.g., Draine 2003). The peak emission of
warmer silicate grains will move towards shorter wavelengths.
In the Milky Way emission at 70 ym mostly traces very small
grains (Draine 2003). If the dust emitting at 160 um has a tem-
perature of ~20 K and properties similar to those found in most
elliptical galaxies from ISO data (Temi et al. 2004) we estimate
a dust mass of a few times 103 M. This is in the mass range



112

1.2 N

relative intensity

70.2 -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-3 -2 —1 0 1 2 3
arcmin

Fig. 5. Emission profile at 160 ym (dashed line) and 3.6 ym (continu-
ous line) along an axis with PA = 121° passing through the 160 um
emission peak. The 3.6 um emission profile has been smoothed to the
angular resolution of the 160 um emission profile. At top-right is a map
at 160 ym with the minor and major axis plotted as continuous lines,
and the PA = 121° axis as a dotted line.

derived from Spitzer data for a sample of ellipticals (Temi et al.
2007).

At 160 um we find a bright extended source with a peak
emission of 4.8 MJy sr™!, spatially co-incident within the errors
with 2MASX J15383273+5924022 from the 2MASS catalog of
extended sources (Cutri & Skrutskie 1998). This has counter-
parts at 3.6, 4,5, 5.8 and 24 um according to the images analyzed
here. No redshift is available for this source, but it may well be
in the background.

4.4. Shells

Shell structures are visible in the 3.6 um residual image (see
Fig. 4, left). These correlate well with the shells found in SCP07,
in particular in the ground-based R band image shown in their
Fig. 5 and our Fig. 4 (right). Below 40 arcsec radius, due to the
lower angular resolution of the IRAC images, the shells are not
as clear as in the HST/ACS V- and /-band data.

In general, the shells are much fainter in the 4.5 ym residual
image than in the 3.6 um residual image. We can not distinguish
any shells at 5.8 um. To the best of our knowledge this is the first
time that shells are observed in the mid-infrared.

We have discovered two probable outer shells from the mid-
infrared emission, labelled 25 and 26 (see Fig. 4 leff) which
are not visible in the HST/ACS images (shell 26 is mostly
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outside the field of view), although they do appear to be visi-
ble in the ground-based R-band image (see Fig. 4 right). These
shells are circular arcs, located at distances of about 126" (shell
25) and 150" (shell 26) on opposite sides along the major axis.
Shell 24, the outermost shell detected in the HST/ACS images,
is clearer in both the 3.6 image and the R-band image. This is
the only shell to lie on the minor axis of this galaxy.

Using the methodology outlined in SCP07, we determine the
luminosity profile of shell 24 by performing surface photometry
in circular and elliptical wedges, of a constant opening angle
chosen to fully include the azimuthal extent of the shell, centred
on the photometric centre of the galaxy, and extending to be-
yond the shell radius. Figure 6 (left) shows the resulting surface
brightness profiles at 3.6 and 4.5 um of shell 24 using circu-
lar wedges. Figure 6 (right) shows the residuals (i.e., difference
between the observed surface brightness and the galaxy model
extracted within wedges) versus radius (i.e., distance from the
photometric centre) at 3.6 and 4.5 um as well as in the R-band for
shell 24. The shell profiles are very similar at these wavelengths
and are in good agreement with those derived from HST/ACS
V- and I-band data.

An analysis of the shell profiles to learn about their 3D den-
sity distribution is carried out using the methodology described
in SCPO7. In the first model, it is assumed that the shell has an
intrinsic (rp — r)~%3 density distribution, where ry is the radius
of maximum stellar density. This model is predicted by theory
to describe the inner parts of phase wrapped shells (Dupraz &
Combes 1986; Prieur 1988). In the second model, it is assumed
that shells have an intrinsic Gaussian shape with thickness r,.
Although this model lacks a physical basis, it has been used
to describe spatially wrapped shells (Turnbull & Collet 1999).
Figure 7 shows the model fits for the V-band and at 3.6 um. The
Gaussian model is a better fit to the observations at all the wave-
lengths. The first model suffers from “noise” and a sudden drop
in flux at ry due to its discontinuous nature, and to the noise in
the data (see SCP07).

The mean colours of shell 24 are obtained. The [3.6]—[4.5]
colour of shell 24 is determined using both circular and elliptical
wedges. In each case we find a consistent mean colour difference
between the shell and the underlying galaxy of 0.05 + 0.01 mag,
in the sense that the shell is bluer than the underlying galaxy.
The mean colour of the underlying galaxy is [3.6]-[4.5] =
—0.08 mag at the shell position. The V — I colour of this shell
and the underlying galaxy at this position are also determined.
We find that that V —7is 1.16 £ 0.10 mag and ~1.25 mag for the
shell and the underlying galaxy respectively, indicating that the
shell is also bluer than the galaxy at optical wavelengths.

5. Discussion
5.1. Stellar populations: underlying galaxy

The stellar population in NGC 5982 is dominated by old stars.
The galaxy is classified as type YP, i.e., containing a young stel-
lar population mixed with the old one, by Michard & Prugniel
(2004). Mc Dermid et al. (2006) found that the stellar popula-
tion in the inner 2 kpc, corresponding to the size of the KDC,
has a luminosity weighted mean age of ~8 Gyr. Mc Dermid
et al. also claim that the KDC is unlikely to be the result of a
recent merger, although formation from a recent “dry” merger
is not ruled out. Sikkema et al. (2006) observed that the globu-
lar cluster populations in NGC 5982 are consistent with an old
(>5 Gyr) and evolved system. We find that the surface brightness
profile at 3.6 um resembles that corresponding to the HST/ACS
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I-band image. This indicates that the emission from old stellar
photospheres dominates the bulk emission at these wavelengths.
This further supports our assumption that the 3.6 um emission
is entirely photospheric and unaffected by dust emission, and
therefore it can be used as a stellar template to determine any
excess emission at 4.5, 5.8 and 8.0 um (see Sect. 3.2). We find
that the emission at 4.5 um is mostly photospheric, with a faint
excess emission. The [3.6]—[4.5] colour is bluer towards the in-
ner regions, with a profile that matches the colours of late K or
M giants (see Fig. 3e). Inner regions could have a major con-
tribution from low-mass AGB stars with lower mass-loss rates,
which would explain their low excess to total emission ratios

(see Sect. 4.1). Colour [3.6]—[8.0] is too red to be explained
by any stellar population. This may be a signature of the ex-
tended excess emission detected in NGC 5982. A similar value
for [3.6]-[8.0] was found in NGC 4203 by PAFW04 who inter-
preted it as due to warm dust emission at 8.0 yum.

5.2. Dust populations

Systematic uncertainties in the aperture corrections, especially
at 5.8 um, hinder the analysis and interpretation of the excess
emission colours (see Sects. 3.2 and 4.1). The excess emission
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at 8 um obtained using the two aperture corrections is very sim-
ilar. However, the ratio of excess to total emission at 5.8 um
is considerably higher when using the aperture corrections of
RMCO5 and it is more difficult to explain its origin since the
emission below 8 um is expected to be dominated by stellar
photospheres (Bressan et al. 2006). The mid-infrared SEDs of
passive early-type galaxies contain emission from mass-losing
oxygen-rich AGB stars, with a silicate emission feature at 10 um
(Bressan et al. 1998, 2006; Bregman et al. 2006). Some excess
emission at 5.8 and 8 um may originate in the moderately thick
circumstellar envelopes of the AGB stars, where silicate dust
grains are formed and heated to ~300 K (Bregman et al. 2006).
The IRAC filterband at 8 um is sensitive to the 9—12 um emis-
sion from silicates. At shorter wavelengths the continuum is pro-
duced near the stellar photosphere (Bregman et al. 2006). The
lower excess emission observed in the centre would be due to a
lower mass-loss rate from AGBs (see previous section).

Excess emission at 5.8 and 8 um may be due to PAH emis-
sion. There is a series of emission bands, emitting at 3.3, 6.2,
7.7, 8.6, 11.3, 12.7 and 16.4 um, observed in interacting early
type galaxies (NGC 4435: Panuzzo et al. 2006), starbursts and
AGNs (M87: Bressan et al. 2006). Bands at 6.2, 7.7 um, 8.2
and 8.6 um lie within the IRAC filterbands at 5.8 and 8 um. The
central [5.8]—[8.0] colour in NGC 5982 obtained using the aper-
ture corrections of PAFW04 resembles that from PAH emission.
This is not confirmed, however, when using the RMCO5 aperture
corrections.

The excess emission could be due to very warm dust heated
by a central AGN. It is not clear, however, whether there is a
central LINER in NGC 5982 (Ho et al. 1997). A low level AGN
may influence its surroundings. UV radiation from an active nu-
cleus could be hard enough to destroy PAHs and even very small
grains. Only big grains would survive. The dust destruction by
the AGN may be restricted, however, to a few hundred parsecs,
i.e., a region well within the IRAC PSFE. Sputtering by hot gas
can affect regions much farther out in the galaxy. On the other
hand, a depletion of small particles could be also produced by
dust coagulation, with the smaller particles being adsorbed onto
the surface of big grains, as is observed in dense regions of the
Milky Way (see, e.g., Stepnik et al. 2003; del Burgo et al. 2003,
and references therein).

The lack of definitive observations to determine the level of
AGN activity makes our discussion more difficult. It is plausi-
ble that AGB mass-loss could largely be responsible from the
extended excess emission in NGC 5982, as is observed in many
other early-type galaxies (Bressan et al. 2006). This is also in
agreement with 6.7 and 15 um extended emission observations
in early-type galaxies (Xilouris et al. 2004).

We find similar surface brightness distributions at 3.6 ym
and 24 um. This suggests that the 24 ym emission is mostly
due to circumstellar dust associated with the stellar component
traced at 3.6 um. In the diffuse ISM of our Galaxy emission at
24 pm is interpreted as due to very small (a few nanometer in
size) grains that are transiently heated by the stellar radiation
field and have a peak emission at ~60 um. Such very small grains
are likely to be the dust population traced by the 24 yum emission
in NGC 5982.

Big silicate grains can be traced by the Spitzer/MIPS filter-
bands at 70 and 160 um. Temi et al. (2004) used a two dust
temperature model to fit the far-infrared emission in a rather in-
homogeneous ISO sample of 53 early-type galaxies. They found
temperatures of around 40 K and 20 K, the latter being the dom-
inant component by mass. Generally, big grains would present
a continuous temperature range. In dense/cold regions of the
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Milky Way, the dust absorption/coagulation of small grains onto
the surfaces of big grains with ice mantles is favoured. This re-
sults in grains with enhanced far-infrared emissivities with re-
spect to the grains in the diffuse interstellar medium (Stepnik
et al. 2003; del Burgo et al. 2003). The different surface bright-
ness distributions observed in NGC 5982 at 70 and 160 um may
be partly due to changes in the abundances and properties (tem-
perature, emissivity) of dust. This far-infrared emitting dust,
consisting of grains of various size and temperature, appears to
be distributed in a disk inclined to the principal axes. If the aver-
age emissivity of the cold big grains were enhanced, as has been
proposed to explain the SEDs in spirals (Dasyra et al. 2005), less
dust would be necessary to account for the far-infrared emission.

The surface brightness distributions at 70 and 160 ym sug-
gest a dust source additional to mass-loss from the underlying
stellar population. In Sect. 5.4 we discuss the origin of this dust.

5.3. Origin of shells

Shells in NGC 5982 are expected to be the result of phase wrap-
ping. The well defined type I shells in NGC 5982 are thought to
be created by a minor merger with a small, non-rotating galaxy.

The large number of shells found in NGC 5982 indicates an
old age. We have revised the dynamical age of the shells in this
galaxy found by SCP07 taken into account our discovery of the
outermost shells. The dynamical age, estimated from Eq. (88)
of Nulsen (1989), using the outer shell radii found in this paper,
and assuming a mass for NGC 5982 of 4.57 x 10'' M, from the
fundamental plane method (Eq. (7) of van Dokkum & Stanford
2003) is 1.1 x 10? years.

We analyze the colours [3.6]-[4.5] and V — [ in the shell 24,
the only one found on the photometric minor axis. Both colours
of the shell are bluer with respect to the underlying galaxy. Blue
shells may indicate the presence of a younger stellar population,
not necessarily confined to the shells themselves. It may also
be related to the presence of a significant metal-poor compo-
nent within the shell. This hypothesis is supported by the pos-
itive correlation between metallicity and galaxy mass (Sandage
& Visvanathan 1978) and the expected much smaller mass of
the galaxy intruder with respect to the main galaxy. Finally, it
could be that the shells contain less dust per unit stellar mass
than the underlying galaxy or that the dust in the shells has
different properties. It is suggestive that the [3.6]-[4.5] in the
shell 24 resembles that in the central region of NGC 5982 where
a faint excess emission is observed. Blue V —1I colours have been
found in other shell ellipticals, for example, in the South side of
NGC 1344, which may be evidence for a relatively recent merger
event (SCP07).

Stickel et al. (2004) claimed to find a large amount (7 X
10* M) of cold (T = 15K) dust associated with atomic and
molecular gas in the northern shell of NGC 5128. We observe
only some extended and extremely faint emission at 160 um
(surface brightness of ~0.5 Mly sr~! above the sky background)
at the position of shell 24. We do not find any excess emission
at4.5, 5.8 or 8.0 um associated with this shell. We do find, how-
ever, a counterpart in the mid-infrared for the HI gas cloud found
by Morganti et al. (2006), which is close to the shell /3 found by
SCPO7 (see Sect. 5.5).

5.4. Origin of cold dust

The far-infrared emission in ellipticals is not entirely explained
by steady state models of dust production by mass loss from the
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old population of red giant stars and dust destruction by grain
sputtering in the hot interstellar gas (Temi et al. 2007). The ex-
cess of cold dust could have an external origin, from a recent
merger with another galaxy. However, Temi et al. (2007) argue
that the most plausible origin of the far IR emission is an internal
mechanism, whereby cold dust originating from mass-loss from
stars in the core is accumulated, and then buoyantly transported
to distances of a few kpc by intermittent energy outbursts from
AGNSs.

More precise spectroscopic observations are required to ver-
ify or exclude the existence of a low-level AGN in the nucleus of
NGC 5982, and to quantify the impact on the origin of the excess
emission.

NGC 5982 contains warm gas (traced by HB, [OIII]25007) in
the central 4 kpc that lies in a rapidly rotating central component
and in a filament extending from the core to the Southern side
(Sarzi et al. 2006). The ionized gas in the centre rotates in the
same sense as the stars and there is a velocity gradient along the
filament, with positive velocities in the Southern edge and neg-
ative velocities in the innermost part. Temi et al. (2007) found
that optical emission line fluxes from warm gas correlate weakly
with L9 and L;¢ in ellipticals, suggesting that the dust may be
responsible for cooling the warm gas. They also suggest that the
warm gas has an internal origin, being expelled by orbiting red
giant stars. Both results are, however, not definitive due to the
poor quality of the dataset. In NGC 5982 we find that the spatial
distributions of the warm gas and the dust are different. There is
no dust emission along the filament of warm gas. In the central
2.5 kpc region, the warm gas lies on some faint 70 ym emis-
sion, and it encloses the irregularly distributed patches traced
by optical absorption (SCP07). There is also a small patch of
warm gas which lies on the southern peak of the 70 um emission.
Dusty warm gas forms possibly optically thick central disks in
ellipticals (Lauer et al. 2005; Sarzi et al. 2004). The observa-
tions of SCPO7 in a sample of shell ellipticals indicate that the
dust seems to be out of dynamical equilibrium, forming irregular
patches and lanes. SCP07 conclude that shell ellipticals have a
higher dust prevalence than normal early type galaxies and that
external influences are responsible for the ubiquitous presence
of dust.

No HI gas is found in the central region of NGC 5982. In the
next section we describe in more detail the HI cloud found by
(Morganti et al. 2006).

In the internal dust origin scenario of Temi et al. (2007),
cooling to below 10* K and consequent molecular formation
are expected. Conversely, Combes et al. (2006) suggest that the
CO emission found in some ellipticals has been accreted in many
of them, and that it is the material fueling star formation. No CO
is detected in the central region of NGC 5982, with beam reso-
lutions of FWHM ~ 23 and 12 arcsec (Combes et al. 2006). We
note, however, that the upper limit for the H, gas of 3.7x 107 M,
(Combes et al. 2000) is approximately two orders of magni-
tude above our estimated cold dust mass. On the other hand, the
CO/H; ratio is very uncertain and the H, content may be under-
estimated by enhanced photodissociation of the CO molecule.

The central cold dust emission traced at 70 and 160 um
represents the bulk of dust in NGC 5982. If the dust seen in
Figs. 1g and h forms a disk inclined to the principal axes of
NGC 5982 then it would be expected to precess to the major
axis on a timescale of between 0.5 and 2 times the preces-
sion timescale (Steiman-Cameron & Durisen 1990). The sim-
ulations of Varnas (1990) suggest that this will happen in about
0.5-1.0x10° years. If the dynamical age (see Sect. 5.3) is greater
than the precession time then we would not expect to see the dust
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morphology found, however both of these estimated ages have
uncertainties of at least a factor two, and we cannot conclude
that they are inconsistent. The dust survival time (i.e., sputter-
ing lifetime) should be also consistent. It is expected to be low
in the centres of early type galaxies (~10% Gyr) although the
self-shielding in dust clouds may increase the estimates consid-
erably (SCP0O7). If the sputtering lifetime is much shorter than
the merger age and the dust has a external origin, then it was ac-
creted in the late stages of the merger or in a more recent merger.

5.5. Hl gas cloud

There is a small (~4 kpc in size) HI cloud located ~6 kpc to
the ENE of the optical photometric centre of the galaxy, with
a mass of 3.4 x 107 My and at a velocity of 2830 kms~!,
only ~200 kms~! lower than the systemic velocity (Morganti
et al. 2006). The HI cloud is close to the shell /3 found in SCP07,
located 27.3” (i.e., 5.7 kpc) E. We find emission at 3.6, 4.5, 5.8,
24 and 70 um which is very close to the centre of the HI beam
(see Fig. 8, top and bottom). There is no ionized gas detected on
the HI cloud although the ionized gas velocities are consistent
with the HI velocity (Morganti et al. 2006).

If the HI gas and cold dust observed in NGC 5982 have the
same origin, their very different spatial distributions observed
today suggest a severe disruption of these components. We note
that the dust mass estimated from the HI gas cloud is, depen-
dent upon the assumed gas-to-dust ratio, of a few times 10° Mo,
a value of the same order as our estimated dust mass (see
Sect. 4.3). A search for CO emission at the position of the
HI cloud would be valuable.

The very different distributions of the ISM components, the
presence of a KDC (Wagner et al. 1988) and shells, and the prox-
imity of other galaxies around NGC 5982 (Garcia 1993) suggest
a merger scenario to explain the shell formation and the origin
of dust in this galaxy.

6. Conclusions

We have performed a surface photometry study of the underlying
galaxy and shells in NGC 5982 from Spitzer IRAC and MIPS
filterband data. Our conclusions are the following:

— Shells are clearly detected from their stellar emission at 3.6
and 4.5 um. To the best of our knowledge this is the first time
shells are observed in the mid-infrared. In addition to the op-
tical shells noted by SCP07, we have discovered two most
external shells at larger radius. Most shells are regularly dis-
tributed on both sides along the photometric major axis. Only
shell 24 is in the perpendicular direction. We find this shell
to be bluer in [3.6]—[4.5] and V — I colours than the underly-
ing galaxy. The shell profiles in the optical, near-infrared and
mid-infrared are alike and well fitted with a Gaussian shape
model. The newly discovered shells cause a revision of the
estimate of the dynamical age to ~1.1 x 10° years.

— Following subtraction of the stellar contribution, excess
emission is observed at 4.5, 5.8 and 8.0 um. The 4.5 um
emission excess is very faint and concentrated in a disk-like
structure extending from the centre of the galaxy. The emis-
sion excess at 5.8 and 8.0 um is extended and possibly traces
dust originating from stellar mass loss.

— The distributions of surface brightness at 24 ym and 3.6 yum
are very similar. This shows that the dust emitting at 24 ym
has a circumstellar origin.
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Fig.8. HST/ACS V-band image (top). The centre of the image corre-
sponds to the position of the HI gas cloud detected with a beam of
36" x36"” (Morganti et al. 2006). The region inside the square in dashed-
line is zoomed (bottom) with 3.6, 24 and 70 um emission contours (thin,
thick and double-thick lines, respectively).

— Longer wavelength emission due to larger and colder dust
grains is more confined to the inner regions of the galaxy.
Warm dust traced by the 70 um image has a double peak a
few Kiloparsec to the Northern side of the galaxy, on the op-
posite side to the [OIII]A5007 peak detected by Sarzi et al.
(2006). Cold dust traced by the 160 um emission appears to
form a few (7-8) kpc radius disk, and represents the bulk of
the dust mass. It has a mass of a few 10> My, approximately
three orders of magnitude higher than that deduced from op-
tical obscuration alone, but consistent with what might be as-
sociated with a small HI cloud on the Eastern side detected
by Morganti et al. (2006).

— The very different distributions of the HI gas, ionized gas,
optical and cold dust and the presence of shells and a KDC
in NGC 5982 support a merger scenario in this galaxy.
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