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ABSTRACT

We present narrow-band images in the lines [O m1] 45007 and Hoa + [N 1] 116548, 6584 and long-slit spec-
troscopy along the bar of the Seyfert 2 galaxy NGC 5643. The continuum subtracted [O u1] and Ha images
show that the emission of the high excitation gas is elongated along the bar direction and extends to ~1 kpc
to each side of the nucleus. Farther out, there is low-excitation emission due to H 1 regions along the bar.
Our data confirm previous suggestions of a biconical morphology for the high-excitation gas and indicate that
the cone axis is slightly tilted relative to the bar.

We study the reddening in the central regions and find that the most obscured region is located at ~3” W
from the peak of the continuum, which is also the region with the highest gas density. We speculate that the
active nucleus is hidden and located there. The available data is consistent with the nuclear obscuration being
due to the presence of a dusty torus, which would also be responsible for collimating the ionizing radiation
and producing the biconical morphology.

The stellar population derived from the spectra is moderately old in the central region and young in the
H 11 regions along the bar. Within 10” of the nucleus we find that the absorption lines are diluted by a blue
continuum. We discuss the origin of this continuum.

The fluxes of the emission lines are obtained and plots showing the distribution of the line fluxes and ratios
along the bar are constructed. The ionic and total abundances of the H 1 regions are calculated. The oxygen
and nitrogen abundances increase toward the center reaching, respectively, solar and 2 times solar values.
Photoionization model calculations for the high-excitation extended narrow-line region gas confirm these

values and indicate that the sulphur has the same abundance relative to solar as nitrogen.

Subject headings: galaxies: abundances — galaxies: individual (NGC 5643) — galaxies: Seyfert —
galaxies: stellar content — galaxies: structure

1. INTRODUCTION

Recent investigations have been finding an increasing
number of Seyfert 2 galaxies with optical morphologies in the
emission lines that indicate anisotropic escape of the ionizing
radiation (Wilson 1992 and references therein; Storchi-
Bergmann, Wilson, & Baldwin 1992; Pogge 1988a, b; Storchi-
Bergmann & Bonatto 1991). For at least eight galaxies with
available narrow-band images and long-slit spectroscopy it
was verified that the data are consistent with the presence of an
obscuring torus which collimates the ionizing radiation
(Storchi-Bergmann, Mulchaey, & Wilson 1991, hereafter
SBMW), as predicted in the “ Unified Scheme ” for Seyfert gal-
axies (Pier & Krolik 1992; Antonucci 1993 and references
therein).

NGC 5643 is a southern barred spiral galaxy, with morpho-
logical type SBc(s)II-III and a high-excitation emission-line
spectrum (Sandage 1978), classified as a low-luminosity Seyfert
2 by Phillips, Charles, & Baldwin (1983). NGC 5643 seems to
be another example in which we have an obscured active
nucleus with anisotropic escape of the ionizing radiation: in
observations with an imaging Fabry-Perot spectrometer,
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Morris et al. (1985) found that this galaxy presents extended
optical line emission, with an elongated morphology along the
E-W direction (which is coincident with the bar direction). A
similar structure is seen in radio observations with the VLA,
and a model is proposed in which a gaseous disc perpendicular
to the bar collimates the radio emission and causes anisotropic
escape of the ionizing continuum along the bar. In order to
further investigate the properties of the active nucleus and
high-excitation gas of NGC 5643 we have obtained narrow-
band images of the nuclear regions, and long-slit spectroscopy
along the bar of the galaxy.

Another goal of this work is to study the chemical abun-
dance of the nuclear gas in order to verify previous results that
indicate a selective enrichment of nitrogen and sulphur in
active nuclei (Storchi-Bergmann & Pastoriza 1989, 1990).
These results were based on emission-line ratios from the
narrow line region (NLR), which were compared with photo-
ionization model results. As NGC 5643 has several H 11 regions
just beyond the high-excitation gas, we will be able to compare
the chemical abundances obtained for these regions (for which
the physical processes are better understood) with those
derived for the NLR.

Another property of NGC 5643 is that it is an X-ray source
with Ly ;-4kev) = 1.32 x 10*' ergs s™! as found from
ROSAT observations by Boller et al. (1992). Antonucci & Ols-
zewski (1985) derived a bolometric flux of 2.1 x 1072 ergs
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cm~2 s, NGC 5643 is also an IRAS source with coadded
IRAS flux Fig = 1.915 x 107° ergs cm ™2 s~ ! (Mulchaey et al.
1993) and infrared spectral indexes o(60, 25) = —1.96 and
(100, 60) = —1.71. Phillips et al. (1983) found from radio
observations Py, = 8 x 10" WHz !sr !,

We adopt the systemic velocity obtained by Reif et al. (1982):
1200 km s~ ! (heliocentric) or 970 km s~ ! (galactocentric).
Using Hy = 75 km s~! Mpc™?, the distance of the galaxy is
then 13 Mpc, and the angular scaleis 1” = 62.7 pc.

2. OBSERVATIONS

2.1. Direct Imaging

Direct images of NGC 5643 through filters centered on the
redshifted [O m] 15007 and Ha + [N 1] 116548, 6584 emis-
sion lines (which we will refer to from now on as [O 11] image
and Ha image), as well as on the adjacent continua, were
obtained at the Cerro Tololo Inter-American Observatory
(CTIO) 0.91 m telescope using a CCD detector on the night of
1990 March 12/13. The scale of the frames is 075 per pixel
Table 1 presents a log of the observations.

The individual images were corrected for bias, flat-fielded,
and flux-calibrated using a standard star from Stone &
Baldwin (1983). The point-spread function (PSF) of the line
plus continuum and the continuum images were compared,
and the one with the smaller PSF was convolved with a Gaus-
sian function in order to match the one with the larger PSF.
Each continuum image was then scaled by a factor such that
the integrated number of counts for the stars in the field was
equal to the corresponding value in the line plus continuum
frame. Finally, images in [O 11] and Ha were produced by
subtracting the appropriate continuum frame from the line
plus continuum frame.

2.2. Long-Slit Spectroscopy

A long-slit spectrum of NGC 5643 at position angle 90°
(which lies approximately along the bar of the galaxy) was
obtained with a CCD detector on the Ritchey-Chrétien spec-
trograph attached to the CTIO 4 m telescope on the night of
1992 May 28/29. The exposure time was 30 minutes. The
observations covered the spectral range 3400 A-7500 A at 8 A
resolution. The slit width was 2”, and the scale along the spatial
direction was 079 per pixel. The reductions, including flux cali-
brations, followed standard IRAF procedures.

Spectra were extracted binning together 2 pixels at the
nucleus and to 18” E and W of the nucleus, each corresponding
to a 270 x 1”8 angular aperture (113 x 125.5 pc at the galaxy).
Farther out, more pixels were binned together in order to
improve the signal-to-noise (S/N) ratio. Table 2 presents the
positions relative to the nucleus of the extractions as well as the
corresponding window dimensions.

TABLE 1
CCD IMAGEs oF NGC 5643

Filter Exposure
(A/AA) (minutes) Comments
4700/190 ....... 15 continuum
5024/15 ........ 25 [O m1] 45007
6477/72 ........ 10 continuum
6606/76 ........ 10 Ho + [N 11] 116548, 6584

TABLE 2
PosITIONS AND WINDOWS FOR THE EXTRACTED SPECTRA

Position Window

Nucleus, 1”8 E, 1"8 W,

3"6E,3"6W,..., 18'0E, 18'0W .................. 178
27O W e e 18.0
46.8 W oo 19.8
65, T W e 18.0
T8.3 W ittt e 7.2
198 E ittt e 1.8
25, 2 i s 9.0
333 it 7.2
43 2 s 12.6
55 8 it 12.6
67.5E e 10.8
BLOE ttiirtiit i e 16.2

3. RESULTS

3.1. Morphology

Figure 1 shows the Ha image (before subtraction of the
continuum) of NGC 5643. In this image one can see the
nuclear region and the bar running E-W, as well as several H 11
regions along the bar and spiral arms.

The continuum-subtracted [O 11] calibrated image is shown
in Figure 2. This image maps the high-excitation gas, which is
restricted to the nuclear region, shown enlarged in the figure. It
can be seen that the gas distribution presents an elongated
morphology aligned with the bar, with dimensions at the 2 ¢
isophotal level of 30”(1.9 kpc) along the E-W direction and
13”5 (850 pc) along the N-S direction. We will call this region
the extended narrow-line region (hereafter ENLR). The point
of strongest emission is coincident with the nucleus (as deter-
mined from the continuum frames), but there is a second
(fainter) peak of emission at about 6” to the E. The emission to
the W extends to similar distance from the nucleus as that to
the E, although is much fainter.

Figure 3 shows the Ha continuum-subtracted calibrated
image, corresponding to the same region shown in Figure 2. It
can be seen that its morphology is similar to that of the [O 1]
image, except for a blob at a distance of 16” E (1 kpc) from the
nucleus, which is not present in the [O 11] image and is thus an
H 11 region.

We have then constructed an excitation map, shown in
Figure 4, dividing the [O m] image by the Hx image. The inner
isophotes are consistent with a projected conical morphology
for the high-excitation gas. The point with highest [O 11]/Ha
ratio is not coincident with the nucleus but is located at 576 E
(350 pc), suggesting that the excitation is highest at this loca-
tion. A similar behavior of the excitation was found in the
ionization cone of NGC 3281 (Storchi-Bergmann, et al. 1992).
To the W of the nucleus [O m]/Ha decreases, but presents a
small increase again at 873 W (520 pc). Although the [O 11]/Ha
ratio essentially maps the excitation, it is also affected by
reddening. We will come back to this point in § 3.3.

3.2. Stellar Population

After correcting the extracted spectra for the galactic
reddening E(B—V), = 0.125 (Burstein & Heiles 1984), we have
measured the ratio between the continuum fluxes at 5870 A
and 4020 A. We have also measured the equivalent widths (W})
of the following absorption features: K(Ca 11) (spectral window
3908 A-3952 i), G band (4284 A-4318 A) and Mg 1 (5156
A-5196 A) (caution should be taken in the use of this line in the
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FiG. 1.—Contour map of the Ha (line plus continuum) image of NGC 5643; contours are at 4%, 7%, 10%, 18%, 35%, 51%, and 67% of the peak brightness above
the sky. N is to the top and E to the left.
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FiG. 2—Contour map of the continuum subtracted [O m] 45007 image of the central region; contours are at 1%, 3%, 6%, 9%, 17%, 35%, 49%, 67%, and 80% of
the peak brightness above the sky.
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F1G. 3—Contour map of the continuum subtracted Ho + [N 1] 146548, 6584 image of the central region; contours are at 1%, 2%, 4%, 7%, 12%, 20%, 40%,

54%, and 74% of the peak brightness above the sky.
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FiG. 4—*“Excitation map ” of the nuclear region, the result of dividing the [O m1] 15007 map by the Ha + [N 1] 116548, 6584 map
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F1G. 5—W,’s are plotted as a function of distance from the nucleus. The
nucleus is represented by a square. Characteristic W, values for the templates
$3, 84, S5, S6, and S7 are shown at the right edge of each panel.

nuclear region due to contamination by [N 1] 15200 emission),
in order to study the stellar population along the bar.

Figure 5 shows W, as a function of distance from the nucleus
for the various absorption lines. As a reference, we also show at
the right edge of each figure typical values corresponding to
stellar population templates for spiral galaxies, from the library
of synthetic spectra of Bica (1988). The templates with W,
values similar to the ones observed by us are S3, S4, S5, S6, and
S7. These templates are synthetic spectra composed of different
percentages of star cluster spectra of several ages and metal-
licities. The template S3 contains only the contribution of stars
older than 10° yr; in S4 95% of the light at 5870 A comes from
old stars and 5% from young and intermediate age ones; in S5
the contribution is 85% from old stars and 15% from young
and intermediate age; in S6 the old star contribution is 75%,
and 25% is from young and intermediate age ones; finally, in
S7 30% corresponds to old stars and 70% to young and inter-
mediate age ones.

It can be seen that the largest W, values are found between
10” and 20" to either side of the nucleus, corresponding to
S3-S4 templates. The W, values systematically drop by
30%-50% right at the nucleus and fall off even more at posi-
tions far from it, corresponding then to S6-S7 templates.

Figures 6 shows the continuum ratio 5870 A/4020 A for the
same positions as above. It can be seen that they are consistent
with the W,’s at these locations, corresponding to the same
population template, except for the nucleus, where the ratios
imply redder populations than the W,’s or the presence of
interstellar reddening.

3.3. Emission Lines

We show in Figure 7 the spectrum of the nucleus (which
samples the high excitation emission) and of an H 11 region at
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FI1G. 6—Continuum ratio 5870 A/4020 A as a function of distance from the
nucleus. Values of the templates are shown at the right edge of the figure.

4372 E. The fluxes of the emission lines were measured in order
to study the gas excitation, reddening, density and abundances
at several locations along the bar. As the spectral resolution of
the stellar population templates is much lower than that of our
spectra, we preferred not to subtract the templates from the
spectra. We only corrected the Ha and Hf emission lines (the
more affected) for the effect of the underlying absorption using
the corresponding equivalent widths in the stellar population
templates. The values of the measured fluxes relative to the HS
flux are shown in Table 3. We identify, in the last column, the
region from which each spectrum originates.

We will use through the rest of this paper the following
notation: [O m1] to represent [O 1] 144959 + 5007, [N u] for
[N n] 246548 + 6584, [S u] for [S u] 146717 + 6731 and
[O 1] for [O 1] 43727.

In Figure 8 we plot the logarithm of the fluxes of the emis-
sion lines [O m1], Ha, [O 1], [N 1] as a function of distance
from the nucleus. It can be seen that the strongest [O 1]
emission comes from the ENLR, while for the lower excitation
lines there is relatively strong emission also from the H 1
regions along the bar. In Figure 9 we plot the fluxes of [O 1]
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F1G. 7—Spectrum of the nucleus (bottom) and of an H 11 region 4372 E (top).
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TABLE 3
EMissioN LINE FLUXES RELATIVE To Hf

WAVELENGTH (A)

[Nev] [Oun] [Nem] [Om] Hen [Om] [Ni1] [O1] Ha [Nunu] [Su] [Su] [Arim]
3869

PosITION 3426 3727 4363 4686 5007 5200 6300 6563 6584 6717 6731 7135 F(Hp) OBSERVATION
0.87 3.06 1.20 0.42 0.32 13.51 0.32 1.00 581 6.33 2.08 1.64 0.37 114.0 a
126 381 1.37 030 031 1452 031 108 640 689 220 200 091 56.9 a
3.22 1.06 0.49 0.26 12.21 .. 135 718 8.65 3.09 2.79 0.44 16.3 a
2.87 e ... 033 10.39 .. 096 619 7.50 275 2.25 ... 10.2 a
2.90 0.97 11.78 073  6.10 7.27 2.53 1.95 79 a
2.39 e .. e 12.00 e 070 589 7.13 2.73 1.84 .. 7.0 a
1.54 e e .. 7.73 0.75 456 533 2.04 1.40 .. e 52 a
1.13 432 3.11 3.97 1.50 0.84 38 a
1.75 3.54 3.17 3.50 2.4 a
3.88 3.19 3.44 1.6 a
4.00 3.10 4.30 1.0 a
0.79 4.10 1.32 0.46 0.34 13.39 0.30 097 550 5.99 2.10 1.80 0.45 87.3 a
073 417 1.19 034 035 1369 026 078 438 492 179 141 039 61.6 a
0.72 3.54 1.07 0.23 0.32 12.28 0.17 0.57  3.60 3.70 1.30 1.02 0.34 50.5 a
087 442 1.30 033 030 1181 014 053 356 330 109 08 029 382 a
091 3.94 1.19 0.35 0.28 9.78 0.13 048  3.58 2.82 0.98 0.67 ... 279 a
0.86 3.39 1.05 0.19 0.26 7.23 . 0.31 3.83 2.51 0.84 0.64 e 19.1 a-b
. 2.46 0.66 .. . 4.60 .. 033 423 244 0.84 0.67 e 144 a-b
1.53 0.30 e ... 2.20 .. 016 489 2.52 0.81 0.62 e 15.9 a-b
1.37 . e e 1.24 s - 4.96 2.35 0.72 0.51 e 16.4 a-b
1.56 s ... ... 1.05 .. . 449 2.26 0.69 0.51 .. 9.4 a-b
2.39 e . . 1.33 ... .. 5.08 297 0.89 0.78 . 3.6 a-b
1.65 3.10 3.06 1.14 0.89 8.0 c
1.22 e e e 0.23 ... 0.08 4.06 1.72 0.59 0.42 ... 139.0 b
1.56 3.10 1.58 0.69 0.53 16.3 c
1.66 3.13 1.57 0.68 0.45 4.7 c
1.10 1.41 3.10 241 0.78 0.63 9.7 c
1.07 ... .. ... 0.58 ... ... 4.43 2.03 0.55 0.41 .. 31.6 b
1.18 e e .. 0.38 . . 4.44 1.88 0.72 0.50 ... 55.9 b
1.45 4.12 1.69 0.79 0.61 26.7 c
1.66 0.40 3.81 1.52 0.82 0.53 39.6 b
2.33 ... .. e 0.62 . ... 3.86 1.31 0.76 0.48 o 27.2 b
Notes—Hp fluxisin 10~ !* ergs cm =2 s~ !. In the last column, a refers to ENLR, b to H 11 region, and c to the bar of galaxy.
46300 and the high-excitation emission lines [Ne v] 13426,
[Ne 1] 43869 and He 11 14686, which can only be found in the s T T T ...;h' L
inner region of the ENLR. It can be seen that the emission is = F &, g
more extended to the E side of the nucleus, falling off abruptly S 2F ..' ~ =
. . . . . . = . !
to the W. The high-ionization line [Fe vii] 16087 was found in go yE* e L o E
the nucleus and in the spectra at 1”8 E and 178 W. = E | * | . | ]
. . . . . . O Il Il Il | 7
The gas excitation can be further studied using the emission 8 L
line ratios [O mr]/Hp and [O u1]/[O 1], which are good ioniza- ~ F . S . E
tion parameter indicators. These ratios are shown in Figure 10. T 2f * e ¢ .aq,p‘.. ~ .
[O m]/[O 1u] was corrected for reddening using the ratio & 1E S “ o]
Hoa/Hp (see below), assuming an intrinsic recombination value F | | ‘% 3
of 3.1. It can be seen that these ratios are high throughout all 8 L B B S ey B L A F—t—t—t3
the ENLR, falling more or less abruptly at its edges. = £ H . E
The [N 11]/Ha and [S 11]/Ha ratios are also a measure of the Z 2F ., * . ﬂ." ‘ =
. . e = re ]
gas excitation, although they are also sensitive to the presence & 1E °y . ¢
of shocks and to the abundance of the gas (we will come back — F ~ e
to this point in the next section). These ratios are also shown in 0 FH—+—t ]
Figure 10. The [N 1]/Ha ratio has a value between 1.4 and 1.8 = 3 s o E
for the points between 20” W and 3”6 E from the nucleus, then S 2K . . S . 3
decreases gradually to the east, reaching the lowest value of 0.6. ] ] 3 ¢ c L~ ~, . . ]
The ratio [S n]/Ha shows similar behavior, being about 0.8 < E ¢ ‘e *
between 20” W and 3”6 E, decreasing out gradually to 0.25. ) o N ¥ S
The [S 1] A6717/26731 ratio, corresponding gas density, 50 0 -50
Ha/Hp, and corresponding E(B— V) are shown in Figure 11. It arcsec
. . ~ - 3 .
can be seen that the highest density Val}lles (~450 cm ) do not FiG. 8—Logarithm of emission-line fluxes as a function of distance from
correspond to the nucleus, but to 178 W and 376 W. The the nucleus, in units of 10~ *® ergs cm 251,
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Fi1G. 9.—Emission-line fluxes as a function of distance from the nucleus, in

units of 10™*6ergscm 25~ 1.

density at the nucleus is about 200 cm 3. Several points along
the ENLR present densities of this order or smaller. Inspection
of the E(B—V) plot shows that the points with the highest
density are also the ones with the highest reddening, with
E(B—V) = 0.70-0.80. At the nucleus E(B— V) = 0.60, while to
the E, there is an abrupt decrease to E(B— V) = 0.15 at 5", and
farther out a small increase again to E(B— V) = 0.2-0.25.

We have also calculated the ratio [O m]/(Ha + [N 1]), in
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FIG. 10.—Emission-line ratios along the ENLR. [O m]/[O 1] was cor-
rected for reddening.

FiG. 11.—From bottom to top: emission-line ratio [S 1] A6717/[S 1]
26731; gas density in cm ™ 3; emission line ratio Ha/Hp; calculated reddening
E(B— V) for intrinsic He/Hp = 3.1.

order to compare with the excitation map (Fig. 4). In Figure 12
we show both the observed values and the ones corrected for
reddening. The observed ratio shows the same behavior as in
the excitation map, but when it is corrected for reddening, the
whole region from about 9” E to 9” W presents similarly high
values, indicating high excitation in all the ENLR. The smaller
[O m]/(Ha + [N 1]) value at the nucleus and to the W of the
nucleus is thus a reddening effect.
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F1G. 12.—Emission-line ratio [O m]/(He + [N 11]) in the ENLR: (bottom)
observed; (top) corrected for reddening.
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4. DISCUSSION

4.1. Stellar Population, Reddening, and Excitation

The W,’s and continuum ratio 5870 A/4020 A (Figs. 5 and 6)
indicate that the stellar population between 10” and 20" at
both sides of the nucleus is dominated by old and intermediate
age components. Farther out, the continuum becomes bluer
and W, decreases, consistently indicating the increasing contri-
bution of young stars in the H 11 regions beyond the ENLR.

In the nucleus the situation is different: the continuum has
the same color as in the parts just outside the nucleus (i.e., still
quite red, indicating an S3 population), but the W, values
decrease to values characteristic of about an S6 population.
We interpret these contradictory results to be due to dilution
of the stellar continuum by a featureless active galactic nucleus
(AGN) continuum which has been reddened and scattered
throughout the immediate volume around the actual contin-
uum source. From Figure 10 it can be seen that the reddening
is indeed high at the nucleus and neighboring points.

Farther out in the ENLR the reddening seems to have a
different effect on the continuum and in the gas emission: while
the continuum ratio remains constant at the expected value for
an S3-S4 template, suggesting no or little reddening, the gas
emission indicates a strong reddening to the W and small
reddening to the E. The strong reddening to the W can explain
the more abrupt decrease in this direction of the blue high
excitation emission lines along the ENLR shown in Figure 9.
The line ratio [O m]/Hp and the reddening corrected ratios
[O m]/[O u] and [O m]/(Ha + [N 1]) (Figs. 10 and 12) show
that the excitation of the gas to the W is the same as that to the
E. Our interpretation is that we are seeing two similar elon-
gated structures of high-excitation gas, one in front of the bar
to the E and the other behind the bar to the W, with the latter
being obscured by dust in the bar.

Morris et al. (1985) propose a model in which the gas flows
down the bar toward the nucleus, forming a disc orthogonal to
the bar major axis. This disc could then collimate the radio
emission (as they observe) and also the ionizing continuum
that would escape within a cone along the major axis of the
bar. Our results suggest that the disc axis must be tilted relative
to the bar, such that the ionizing continuum illuminates gas in
front of the bar to the E and behind the bar to the W.

It is interesting to point out that Morris et al. (1985) find that
the region of greatest line width and blueshift (— 100 km s ™!
relative to predicted velocities from the derived rotation curve)
is located at about 3” W of the peak continuum brightness and
speculate that there could be the Seyfert nucleus. From Figure
11 it can be seen that we find the strongest reddening and
highest gas density at this same position, corroborating the
suggestion that the Seyfert nucleus could be located there.

4.2. Obscuration of the Nucleus

If the nucleus is indeed hidden at ~3” W of the peak bright-
ness, then the observed dilution of the W, values at the central
points would not be due to direct contribution of the blue
ionizing continuum, but probably to its scattered light. We can
test if we are seeing the ionizing continuum directly by
assuming a spectral shape and using the observed blue contin-
uum flux to estimate the number of ionizing photons coming in
our direction. We can then compare this number with the
number of ionizing photons seen by the gas in the ENLR; if the
source radiates isotropically and the nucleus is not obscured,
the two numbers should be the same. This method is described
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by Wilson (1992) and was used by Kinney et al. (1991) and
Storchi-Bergmann et al. (1992).

We have adopted the spectral shape for the ionizing source
F, = Av™ % From the dilution of W(K [Ca 11]) 13934 A at the
nucleus, and assuming that the stellar population value is that
corresponding to the region between 10” and 20” from the
nucleus, we obtain a flux for the blue continuum at 3934 A of
53 x 1076 ergs cm~2 s™' A~ After correcting for the
nuclear reddening of E(B— V) = 0.6, we get for the number of
ionizing photons at Earth N, = 0.362 photonscm ™25~

We have then used the photoionization code CLOUDY
(Ferland 1991) to obtain the ionization parameter, U, from the
emission-line ratios along the ENLR. From the ionization
parameter we can calculate the number of ionizing photons
emitted by the nuclear continuum source per second. When
scaled to the distance of the Earth, the flux of these ionizing
photons is

N,y = Unr’c/R? photons cm =% 571,
where n is the gas density, r is the distance from the ionizing
source of the point where the emission lines are measured, and
R is the distance of the galaxy. This calculation gives N, =
7.69 photonscm ™25~ !

Comparing the number of ionizing photons seen by the gas
with the number of ionizing photons seen at Earth gives the
result N;,/N;,, =~ 21. We thus conclude that if the nucleus is an
isotropic UV source and if the dilution we observe in the W, at
the nucleus is due to direct nuclear continuum light, it is
further absorbed by ~3 mag. Another possibility is that the
nucleus is much more obscured (and not located at the posi-
tion corresponding to the peak of the continuum light) and
that the observed dilution in the central W,’s is due to scattered
nuclear continuum light. This possibility is supported by the
fact that the dilution is observed not only at the nucleus, but
also in the neighboring points. A diffuse excess in the near-UV
continuum emission, interpreted as scattered nuclear contin-
uum light, was recently observed by Pogge & De Robertis
(1993) in an imaging study of three Seyfert 2 galaxies with
ionization cones.

4.3. Origin of the Mid- and Far-Infrared Emission

From the above discussion, as well as from the results of
Morris et al. (1985), we conclude that this galaxy is another
example in which we have a conical morphology probably
resulting from shadowing by a dusty obscuring torus. We
follow the reasoning of SBMW in order to test this hypothesis:
using the observed opening angle of the cone, as well as the
photon flux seen by the high excitation gas, we can calculate
the luminosity incident on the torus L; if the torus is indeed
present, this luminosity should be reemitted in the infrared,
and Lp should be comparable to L,z obtained from the IRAS
fluxes (after correction for contribution from the disk of the
galaxy).

The necessary parameters for the calculations are 1) the
photon flux in the direction of the cone, which was calculated
in the previous section, 2) the opening angle of the bicone,
which we adopt 6 = 50° as estimated from Figure 4 and 3) the
fraction of the IR luminosity which is emitted by the nucleus.
We have used the scale factor 0.36, given by Roche et al. (1991)
as the ratio between the 12 ym luminosity as observed from the
ground (with a small aperture) and the corresponding IRAS
luminosity. A similar method was applied by Edelson &
Malkan (1986) to a sample of Seyfert 1 and 2 galaxies: they
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have used ground-based measurements in small apertures at
10.6 um and 21 um to calculate the fraction of the IRAS fluxes
at 12 ym and 25 pym due to nuclear emission. The fractions at
12 um agreed with those at 25 um. The same scale factor was
used to calculate the nuclear emission at 60 um and 100 ym. As
Edelson & Malkan (1986) say, this probably overestimates the
nuclear contribution at these wavelengths, as the bulk of emis-
sion could arise in the disk. On the other hand, for a few
galaxies for which they had ground-based small aperture fluxes
also at 100 um, the scale factors are essentially the same as
those for 12 um. We thus adopt the same scale factor for all
IRAS wavelengths, keeping in mind that the calculated L
may be an upper limit.

The calculations give a predicted torus luminosity of Ly = 7
+ 5 x 10° L. For the observed nuclear infrared luminosity
we get Lz (nuclear) < 3.6 x 10° L. These values fit well into
the trend found by SBMW (see their Fig. 1) for the other
galaxies with ionization cones and suggest that a dusty torus is
indeed present.

4.4. Chemical Abundance
4.4.1. Hu Regions

We calculated the ionic abundances of O*, O**, S*, and
N* for the H 1 regions, using a three-level atom calculation
(McCall 1984). A two-zone model was adopted for the electron
temperature: for O** we used T([O 1)) obtained from the
calibration of Pagel et al. (1979), as it was not possible to
measure the emission-line [O 111] 14363 in our spectra; for O™,
N*, and S* we used T([O 11]) from the parameterization given
by Campbell, Terlevich, & Melnick (1986). For the gas density
we used the value calculated from the ratio [S i} 16717/16731.
From the ionic abundances, the total abundances relative to
the solar value were calculated, using the following assump-
tions: O/H=O*/H* +0O**/H* and N/O=N*/O".
Although Garnett (1990) has recently pointed out that the last
relation should be used with caution for high-metallicity H 11
regions, we have compared our results with Garnett’s Figure 2
and concluded that the maximum error introduced by this
assumption in the nitrogen abundance is 20%. We have not
calculated the total abundance of sulphur, owing to the
absence of information about the abundance of S** (Garnett
1989). The adopted solar abundance values were N = 7.08,
O =891,and S = 7.23 from Aller (1987) and Grevesse (1984).

The results of the calculations are given in Table 4. From the
errors in the measurement of the emission-line fluxes and the
uncertainty in the determination of the temperature, we esti-

TABLE 4
H 11 REGIONS ABUNDANCES

PosiTiON

PARAMETER 46"8 W 33"3E 43'3E 67'SE 81"E
12+ logN*/H* ......... 791 797 795 - 7.82 7.58
12+ logS*/H* .......... 6.75 6.71 6.83 6.85 6.63
12+1ogO*/H* ......... 8.64 8.65 8.73 8.66 8.53
12 +logO**/H* ....... 7.94 8.39 8.25 8.06 7.88
12+1ogO/H ............ 8.77 8.84 8.85 8.76 8.62
12+ 1ogN/H ............ 8.03 8.16 8.07 7.92 7.66
TOm] .oevvviieenenen. 5760 5630 5520 6070 7260
TOH] ceeviiiiiienns 7030 6940 6860 7250 8080
N (em™3)..oiiiinnen. 50 78 30 10 10
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F1G. 13.—Nitrogen and oxygen abundances of the H 1 regions as a func-
tion of the distance from the nucleus. Lines fitted to these points are also
shown. Triangles represent oxygen, and squares represent nitrogen abun-
dances. The open symbols correspond to the H 11 region to the W.

mate that the mean errors in the calculation of the abundances
are about 0.2 dex for the H 11 region at 81” E and about 0.1 dex
for the remaining ones. In Figure 13 we plot the total abun-
dances of N and O as a function of distance from the nucleus,
where a clear gradient is observed: 12 + log (O/H) increases
from 8.62 (0.5 times the solar value) at 81” from the nucleus to
8.84 (0.9 times solar) at 33”; 12 + log (N/H) increases from 7.66
to 8.16 (0.5 to 1.5 times solar). Drawing a straight line through
the points (we preferred to fit a line by eye due to the small
number of points of our sample; see e.g., Vila-Costas &
Edmunds 1992) and giving less weight to the point correspond-
ing to the H 11 region at 81” E owing to its larger uncertainty,
we get the slopes —3.1 x 1073 dex arsec ™! (—0.05 dex kpc ™)
for oxygen and —6.6 x 1073 dex arsec™! (—0.11 dex kpc™?)
for nitrogen. Although based on a small number of data points,
these gradients are well within the range presented by the
oxygen abundance in similar Sc galaxies (Vila-Costas &
Edmunds 1992). It can be seen that N/H shows a steeper gra-
dient than O/H. We also show in Figure 14 that there is a
linear dependence between log (N/O) and 12 + log (O/H). This
kind of behavior is expected if nitrogen is at least in part a
secondary element, which means that its production depends
on the initial CNO abundance of the stars producing it. We
have compared our result with the models of chemical evolu-
tion presented by Alloin et al. (1979) in their Figure 4. The locii
occupied by our points agree very well with the results of the
models in which nitrogen is partially primary and partially
secondary.

We have compared our calculated oxygen abundance with
that obtained from the parameterization of Dopita & Evans
(1986) and also with the recent calibration of McGaugh (1991).
In both cases the abundances show a similar gradient to that
obtained from our calculations, but with a systematic shift of
0.15 and 0.2 dex, respectively, towards higher abundances. As
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442. ENLR

Using the above estimates, we assumed that the abundances
in the nuclear region are solar for O and 2 times solar for N, in
order to model the ENLR using CLOUDY. Based on previous
works (Storchi-Bergmann & Pastoriza 1989, 1990) which
suggest that N and S are overabundant in the nucleus of active
galaxies, we set the S abundance, relative to the solar value,
equal to that of N (also relative to the solar value). The other
elements were kept at the solar value. In order to verify the
effect of a varying abundance of N and S, we have also calcu-
lated models with solar and 3 times solar abundances for these
elements. The other input parameters for the models were con-
stant gas density N = 300 cm ™3 (see Fig. 11), a typical AGN
ionizing continuum (option “table AGN” in CLOUDY), and
ionization parameter in the range —3.5 <log U < —2.0. As
we have found that the nuclear region is obscured, we have
also calculated models including the presence of dust, with the
chemical composition of the grains given by Cowie & Songaila
(1986). The corresponding heavy element abundances were
depleted from the abundance of the gas.

We show in Figure 15 the observed emission-line ratios
[S u]/He, [N n]/Ha and [O m]/Hp versus the reddening cor-
rected [O 11]/[O 1] ratio for points within the ENLR, together
with the model values. Although this region seems to extend to
about 15” from the nucleus, the emission-line ratios for the
region between 9” and 15” present intermediate values between
high-excitation and H 11 region ratios. The effect is more pro-
nounced to the E. We conclude that the emission from this
region is a mixture of contributions from the high-excitation

[OIY[ONN] red. cor.

F1G. 15.—Comparison of the emission-line ratios of the high-excitation gas
with photoionization models. The open squares represent the nucleus. Lines
represent photoionization models for a gas density n = 300 cm ™3 and ioniza-
tion parameter in the range —2.0 <log U < —3.5. Models with solar abun-
dances are identified by the symbol © . The models with nitrogen and sulphur
abundance 3 times solar are indicated by 3N, 3S and the models with nitrogen
and sulphur abundance 2 times solar are always the middle line. The ratio
[O u]/[O m] was corrected for reddening using the measured Balmer decre-
ment Ho/Hp. The dashed lines are models without dust, and the solid lines are
the models with dust.

gas and H 1 regions along the bar and decided to compare
with the high-excitation models only the ratios within 9” from
the nucleus. From the figure it can be seen that [N 11]/Ha and
[S n]/Ha can be reproduced both by models with and without
dust, for S and N abundances about 2 times solar in the models
with dust, and for models with N and S 3 times solar for
models without dust. This result agrees with that found by
Storchi-Bergmann & Pastoriza (1989, 1990) for a large sample
of Seyfert 2 galaxies and low-ionization nuclear emission-line
regions (LINERs). These authors did not consider the presence
of dust in their models. The present work shows that when dust
is included, a smaller excess of nitrogen abundances relative to
solar is required, and the general agreement between different
line ratios is better. The [O n1]/Hp ratios from the ENLR of
NGC 5643 are very high and do require the presence of dust to
be reproduced. The values are somewhat higher than those
predicted by the models with N and S 2 times solar—as
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obtained from the other two diagrams and the H 1 region
models.

In order to find a better agreement between the models and
the observed emission-line ratio [O ur]/HB, we tried to vary
the O abundance of the gas, in the models, keeping the total
abundance (gas + dust) of oxygen equal to the solar value. We
obtained a slightly better agreement between the observed
[O ur]/Hp ratio and the model values increasing the O abun-
dance in the gas from 0.62 to 0.80 times the solar value, but the
agreement was poorer for the ratios [N 11]/Ha and [S ]/Ho.
Then we realized that because of the small equivalent width of
the HB emission, its flux is very sensitive to the underlying
absorption—an underestimation of the correction by 10% is
enough to bring the observed [O u1]/Hp ratio to the observed
values with O solar and N and S 2 times solar abundances. We
thus conclude that we have probably underestimated by about
10% the correction for underlying Hf absorption in the high-
excitation spectra and that the models which best reproduce
the observations are the ones including dust, N and S abun-
dances 2 times solar, and the other elements with solar abun-
dance.

5. SUMMARY AND CONCLUSIONS

NGC 5643 seems to be another galaxy which fits into the
“Unified Model ” for Seyfert galaxies: the excitation map and
distribution of emission-line ratios support previous sugges-
tions that the ionizing continuum is collimated within a
bicone; there is an increasing obscuration and increasing gas
density toward a region ~3” W from the nucleus, reinforcing
the previous suggestion that the active nucleus is hidden there
(calculations also show that on the assumption of isotropic
nuclear emission, we are not seeing the nuclear light directly);
we detect the presence of a blue continuum diluting the
absorption lines in the inner 10”, which is probably due to
nuclear scattered light; and the high-excitation emission and
IRAS luminosity are consistent with the presence of a dusty
torus obscuring the nuclear source and collimating its radi-
ation in a cone. Our data also show that the cone axis is tilted
such that we see excited gas in front of the bar to the E and
behind the bar to the W.
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We were able to obtain gas abundances for H 11 regions
along the bar of NGC 5643 and found an increasing abun-
dance toward the center, reaching O/H = solar and N/H ~ 2
times solar at the nucleus. The gradient in N/H is steeper than
that of O/H and indicates both primary and secondary origin
for nitrogen. Models for the ENLR gas can successfully repro-
duce the emission-line ratios if the presence of dust is taken
into account and the abundances of N and O are those derived
from extrapolation toward the nucleus of the H 11 region abun-
dances, with the S abundance equal to that of N.

This work confirms previous results of an overabundance of
nitrogen and sulphur found in the nucleus of ~160 active
galaxies from models of their NLR (Storchi-Bergmann & Pas-
toriza 1989, 1990), as we have shown that the abundances
derived for the NLR agree with those obtained for the H 1
regions. But it is necessary to include the presence of dust,
which makes the derived overabundance of N and S somewhat
smaller (e.g., from 3 to 2 times solar in this case).

These enhanced metal abundances are not all that sur-
prising. There is now considerable evidence for abundances of
2-10 times solar in the stars in the central regions of our
Galaxy and others (Rich 1988; Arimoto & Yoshii 1986; Bica
1988; Bica, Arimoto, & Alloin 1988). The broad emission line
regions in luminous QSOs also have high nitrogen abun-
dances, ranging up to at least 10 times solar (Hamann &
Ferland 1992, 1993; Baldwin et al. 1993). NGC 5643 and the
other Seyferts studied by Storchi-Bergmann & Pastoriza (1989,
1990) are all massive galaxies in which the central stellar popu-
lations should have gone through much evolution, so that the
gas found there should show evidence of the resultant nuclear
processing.
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