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ABSTRACT

We present new R, I, and He imaging, and spectroscopy near He, for the barred galaxy NGC 4691, A
remarkable structure in the innermost regions, composed of four main unresolved sources symmetrically dis-
tributed around the center, is apparent in all R, I, and Ha images. The spectroscopic data reveal the existence
of a broad Ha component, AVeyuy = 1207118° km s™*, with a centroid that is blueshifted by some 500 km
s~ with respect to the normal emission of the galaxy. We interpret this broad-line component as an outflow
that is pushing gas out of the plane of the galaxy, most probably due to compact supernova remnants inside

dense H u circumnuclear regions.

Subject headings: galaxies: individual (NGC 4691) — galaxies: jets — galaxies: nuclei — infrared: galaxies

1. INTRODUCTION

Strong galactic outflows and winds have been observed in
bright far-infrared galaxies including M82 (Bland & Tully
1988), NGC 253 (Ulrich 1978), NGC 3079 (Filippenko &
Sargent 1992; Duric & Seaquist 1988), NGC 4945 (Whiteoak
& Gardner 1979), Arp 220, and NGC 6240 (Heckman, Armus,
& Miley 1987). In all cases, broad optical lines from the nuclear
region are interpreted as gas being blown out of the disk into
the halo by the action of a “superwind.” Here we present
optical spectroscopic evidence that suggests the existence of a
fast outflow in the barred spiral galaxy NGC 4691. This
outflow, an ionized shell expanding with velocities of about
V ~ 500 km s ! and blowing gas out of the plane of the
galaxy, is probably a result of the action of compact SN rem-
nants expanding inside H 1 regions near the nucleus.

NGC 4691 has been classified as an SBb pec and as an
RSBSOP (i.e., outer ring barred spiral early-type peculiar) in
the RSA (Sandage & Tammann 1987) and the RC3 catalogs,
respectively. In addition, it lias been identified as an H 11 galaxy
with a low ionization nucleus by Keel (1983). Long-exposure
photographs of this galaxy, like those in Sandage (1962), indi-
cate that it is almost face-on with a pair of spiral arms delin-
eating a circle around the center with a P.A. of ~10°. A stellar
bar is also apparent with a P.A, ~ 90°, The angular sizes of the
optical disk and bar are 2’8 x 2’3 and 110 x 045, respectively.
The heliocentric velocities for various lines are: ¥, ~ 1125 km
s ! (Sandage 1978), Vo = 1126 km s~ ! (Wikiind, Henkel, &
Sage 1993), and ¥V, = 1119 km s~! (Richter & Huchtmeier
1987). Here we adopt a distance of D = 22.3 Mpc{H, = 75 km
s~! Mpc™!; Tully 1988), and thercfore the lincar scale would
be 1" ~ 110 pc.

Nuclear 10 gm emission has been reported by Devercux
(1987), and the IRAS fluxes at the far-infrared bands suggest a
dust temperature of 40 K. This is about 20% higher than the
characteristic dust temperature of other isolated and barred
galaxies, {T;,> ~ 34 K (Solomon & Sage 1988; Garcia-
Barreto et al. 1993), and it is comparable to the temperatures
found in interacting galaxies, {T > ~ 4! K (Solomon & Sage
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1988). Radio continuum observattons at different wavelengths
yield a spectral index a2® ~ 0.46 (Garcia-Barreto et al. 1993),
suggesting a strong contribution from thermal emission, most
likely resulting from a recent episode of vigorous OB star for-
mation, Atomic and molecular hydrogen observations indicate
a ratio S(1)/Bry ~ (.86 (Puxley, Hawarden, & Mountain 1990),
also suggesting the existence of a rich cluster of OB stars
embedded in dense molecular clouds and providing a strong
UV radiation field.

In this paper, we present new optical observations (imaging
and spectroscopy) of the central regions of the galaxy. In § 2 we
describe the equipment, procedures, and results of the optical
observations. It contains a description of the spatial structure
seen in the R, I, and Ha images, along with the spectroscopic
results. The R, I, and Hx images reveal the existence of a
complex inner structure with four maxima (knots), distributed
in two symmetrical pairs around the center. Their spectra show
the presence of “ normal ™ H 11 region emission in all four knots,
but the brightest one, in the western part of the inner structure,
has an additional broad Hx component that is blueshifted with
respect to the normal emission. Of particular importance for
the discussion of the present data is the position of the nucleus.
We describe the position of the nucleus adopted by different
authors and give arguments based on our observations to
identify the position of the nucleus in § 3 together with a dis-
cussion of the possible origins for the structure and the broad-
line component, A brief description of models for expanding

shells and galactic winds is presented in § 4, and the final con-

clusions are summarized in § 5.
2. OPTICAL OBSERVATIONS AND RESULTS

The optical observations were performed at the Observ-
atorio Astronomico Nacional in San Pedro Martir, Baja Cah-
fornia, México, using the 2.12 m telescope {/7.5 equipped with a
1024 x 1024 Thompson CCD detector using the broadband
Johnson filters R and I, and a set of narrow-band filters cen-
tered at the wavelength of Ha for imaging. For spectroscopy
we used the same system coupled to a Boller & Chivens
spectrograph. The detector scale gives a spatial resolution of
0725 per pixel in the imaging mode, giving a field of view of
425 x 425, and a 1.6 A pixel ' spectral resolution and a
spatial resolution of 0773 pixel ™! in the spectroscopic mode.
The details of the observing runs are summarized in Table 1.
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TABLE 1

LOG OF OBSERVATIONS OF THE BARRED GaLaxy NGC 4691

Observation
Type Date Instrument Filter
Imaging ............ 1992 Jun 3 CCD 1024 x 1024 R, 1, Ha
1993 Dec 15 CCD 1024 x 1024 Hax
Spectroscopic...... 1993 May 31 B&C, CCD 1024

Every image was bias-subtracted and then flat-fielded with
the NOAO-IRAF software by using an average of three 5 s
exposures of blank fields taken at twilight or sunrise. Different
flats were obtained for each filter. Two images were taken with
the broadband R (4, =~ 6340 A, A1 ~ 400 i) and I (4, ~ 8040
A, Al ~ 1660 A) filters, each with 90 s. Two images, 300 s each,
were taken with the narrow-band filters centered at 4 ~ 6459 X
with Ad ~ 101 A, for the continuum, and at 1 ~ 6607 A with
A2 ~ 89 A for the redshifted Ho plus continuum. Al images
were calibrated and edited for cosmic rays and bad pixels. A
second set of narrow-band Hex images was obtained during
1993 December, in order to corroborate the structure seen in
the first run in 1992 June, The new images were also bias-
subtracted, flat-fielded, and calibrated using the same software.
The final Hx images presented here were obtained by subtrac-
ting the continuum, In order to do this, we selected one pair of
the 1992 June line + continuum and continuum images each of
300 s integration time observed one after the other with similar
sky conditions. The image scale was 1:1 for the subtraction.
The subtraction was done after the positions of field stars from
both images were determined. After the subtraction, the field
stars disappeared almost completely from the final He emis-
sion image. The seeing in 1992 June was about 1"-173 with
clear sky. No image has been amplitude calibrated. In both
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runs, 1992 June and 1993 December, the same Ha structures
were observed, even though we had poorer sky conditions in
1993 December. For the R and I images, we selected the best
single image in every filter; that is, we did not combine or add
any pair of images. Figures la and 1b show the corresponding
R and I images of NGC 4691, while Figure 2 shows the
continuum-free Hx image.

The spectroscopic observations were done on 1993 May 31
with a Cassegrain spectrograph with 600 grooves mm ™! at a
grating angle of 13°. The central wavelength was chosen in the
red part of the spectrum in order to inctude the [N 1], Hz, and
[S 1] lines. The scale was 0”73 pixel " and 1.6 A pixel ~? in the
spatial and dispersion directions, respectively. The slit length
was 80 pixels long by 10 pixels wide positioned at P.A. ~ 90°,
that is, E-W. The slit was positioned on the brightest optical
region of the galaxy on the declination corresponding to the
brightest two southern knots, later identified in this paper as
knots 1 and 2. The on source time was 1200 s followed by a 1 s
exposure of a tungsten lamp. The appropriate flats were used
to flatten the galaxy spectra. The data were bias-subtracted
and flat-fielded using the NOAQO IRAF software. In order to
extract the spectrum of the line emission from NGC 4691, we
used the routine “apall” from IRAF, where we co-added the
pixels involved in the galaxy spectra after defining the most
adequate aperture. The “splot™ subroutine was used to
measure the strengths, central wavelengths, widths, and fluxes
of the emission lines. Figure 3 (Plate 1) shows a gray-scale
image of the spectra from the central region of the galaxy. The
orientation is as follows: east 1s to the left, west is to the right,
and the dispersion axis runs with A increasing upward, Notice
also that there are two spectra separated by 17 pixels. The
eastern spectrum displays lines with similar properties at those
reported in previous observations, but the western spectrum
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FiG. 1—{a) Image of NGC 4691 in the broadband filter R (4, ..., > 6340 A). The bar shows the angular scale for 10”; 1 corresponds to a linear scale of 110 pc at
a distance of 22.3 Mpc. Figures have not been amplitude calibrated. The four most intense peaks of the central structure are marked. North is up, east is left. () Image
in the broadband filter I (A, == 8040 A). Scale and orientation are the same as in (a). Notice that similar structure is observed at I and R images, with knot 3 being
the strongest at .
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FiG. 2-—Images of NGC 4691 in the narrow-band filter Ha + N 11 after
subtraction of the continvum,. The four strong peaks are observed in this
image, as they were in R and [ images. In Hy, however, knot 3 is the weakest.
Scale and orientation are the same as in Fig, 1.

has not been reported before (de Vaucouleurs & de Vaucou-
leurs 1967; Chromey 1974; Sandage 1978).

2.1. The Spatial Structure of the Innermost Region

Figures 1 and 2 show images in the R, I, and He filters of the
innermost 38" region of the barred galaxy NGC 4691. The
same basic structure with four bright knots is present in all
three images. It is difficult to distinguish which one of them, if
any, is the compact nucleus of the galaxy, since there is no
obvious dominant red peak. By analogy with other barred
galaxies, like NGC 3351 where the compact nucleus is the
strongest peak in the I-band image (Kennicutt, Keel, & Blaha
1989), the compact nucleus in NGC 4691 could be feature 3 in
Figure 1a. The two main arguments in favor of this are that (a)
it is the strongest feature in the [-band image, and (b) it is much
weaker in the Ha image. Nonetheless, this is only a possibility,
and more observations and dynamical studies are needed to
determine the exact position of the compact nucleus. Figure 4a
shows slices of the I, R, and Hx images taken across the galaxy
to the E-W direction at the declination of the two bright knots
labeled 3 and 4 in Figure 1a. Figure 4b shows the correspond-
ing slices of the I, R, and Hax images taken at the declination of
knots 1 and 2.

The relative separation and strengths of each bright knot in
the three images is listed in Table 2. Notice that the relative
séparation of knots 1 and 2 is about 12'5, similar to the separa-
tion of ~ 1373 between knots 3 and 4. Similarly, the separation
in declination between knots 1 and 3, some 4", is similar to the
separation between knots 2 and 4, which is about 4'7. The
FWHM diameter for knot 1, about 272, is very similar to that
of knot 2 in all three images. This indicates that the knots are
barely resolved and that their angular extent corresponds to
» about 240 pc in linear diameter. The same occurs with the
- FWHM diameters of knots 3 and 4, which are about 2" in the

three images.

GARCIA-BARRETO ET AL.

TABLE 2

RELATIVE POSITIONS AND STRENGTHS OF THE
STRONGEST PEAKS IN NGC 4691

Image Relative
Band Knot AX AY Strength FWHM
R....... 1 +3788 —1770 475 2716
2 —8.76 —-1.74 592 1.83
3 0.0 0.0 378 2.13
4 —13.45 0 209 2.19
Io...... 1 +3.73 —1.24 405 2.54
2 —8.46 —1.74 373 2.0
3 0.0 0.0 406 2.51
4 —13.19 0.2 194 2.4
Hx...... 1 +4.65 -2.5 226 2.1
2 —8.29 —-2.24 462 2.1
3 0.0 0.0 52 2.3
4 —-13.29 +0.74 89 2.9

NoTte—Relative positions in each band were taken relative to knot
3. The strengths are relative for each band image; positions, relative
strengths, and FWHM were taken from the routine splot in IRAF.

2.2. The Spectra of the Innermost Region

The sky was carefully sclected for two cases. In the first case,
only the pixels not affected with any galaxy emission were
selected. In the second case, we have eliminated the narrow-
line emissions from the galaxy in order to isolate the broad-line
components of the western spectrum. We believe that the
second case does not affect the possible emission of broad-line
components of [S n] and [N n]. If broad [N n] components
exist, they are probably blended with the observed broad Ha
line, but this is not the case for broad [S 11].

Figure 5 shows the spectra from the eastern and western
parts of the central regions of NGC 4691 calibrated in wave-
length, sky (case II), and flux, but not in redshift. The eastern
spectrum shows “normal ” narrow He, [N 11], and [S 1] lines.
The western spectrum also shows these narrow lines but with
an additional broad Hx component. The narrow lines in both
castern and western parts have the redshift of the normal
galaxy. The instrumental FWHM, FWHM,,,, =~ 3.23 A, was
obtained from fits to several isolated lines from the comparison
lamp spectra. The lines from the NGC 4691 spectra were then
fitted and their flux was obtained using the routine splot of
IRAF. Table 3 lists the results for the broad and narrow lines.

Redshift determination—The redshift was derived with the
relation z = (A, — Arcet)/Arest- Using the narrow He line, one
obtains z ~ 0.00372 for the eastern spectrum. This redshift
translates into a systemic recession velocity of v ~ 1116 + 3
km s~ !, which corresponds to the velocity reported for NGC
4691 from optical (de Vaucouleurs & de Vaucouleurs 1967;
Chromey 1974; Sandage 1978), neutral hydrogen (Richter &
Huchtmeier 1987), and CO observations (Wiklind et al. 1993).
The redshift computed with the {S 1] lines is a bit different,
z ~ (0.00384, and it corresponds to a systemic velocity of
v =~ 1150 + 3 km s~ . This velocity difference, about 30 km
s™', could be ascribed to internal gas motions within the
galaxy, and we concfude that the spectirum with narrow lines is
generated in the disk of the galaxy.

Figure 6 shows the observed eastern and western spectra
corrected to the redshift of the galaxy using the sky described
as case L. Figure 7 shows the spectra calibrated in redshift,
except that the narrow lines were subtracted in an attempt to
isolate the broad Hx line (case II for sky). The centroid of the
broad Hea line in the western spectrum is blueshifted with
respect to the narrow-line component and has a redshift of
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F16. 4—(a) One-dimensional plots of the relative strengths of the ! (upper), R (middle), and Ha (botzom) images at a fixed declination of knots 3 and 4. East is left
and west is right. (b) same as (a), but at a constant declination of knots 1 and 2.
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F1G. 5.—S8pectra from the eastern (upper) and western (lower) parts of the
barred galaxy NGC 4691 calibrated in wavelength, sky, and flux, but not in
redshift. The western spectrum, with a broad Ha line, was oblained after
subtraction of the sky assuming that the weak [N u] and [$ u] lines, scen in
Fig. 3, have the redshift of the normal galaxy.
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6600 6700 6800 £500 6600

subtracted (as part of the sky).

TABLE 3
OpnicAL EMisSION LINES IN THE INNERMOST REGION oF NGC 4691

Aront Aons Ve FWHM" FWHM
Line (A) &) (km s '} A) kms ") Flux®
Narrow Lines
[Nm]...... 6548.1 65724 1112.5 3.24 148.3 4.5
Ho......... 6562.8 6587.24 11164 3.09 141.1 354
[N]...... 65834 6608.17 11279 294 1339 139
[Su] ...... 6716.4 6742.25 11538 2.60 116.0 4.5
[Su]...... 6730.8 6756.67 11523 316 140.7 42

Broad Lines

Ho......... 6562.8 6577.03 650.0 31.0 1207.1¢ 372

* Velocities computed from V = (4, — 4., )Jc/A,..., where ¢ is the velocity of light (the
ypical error in the velocity determinationis + Skms™').

* FWHM deconvolved with an instrumental response FWHM, ~ 3.23 A,

° Flux is in units of 10~ "*ergss ™! cm 2.

? Typical error in the velocity widthis +50km s ™%

6700 680G

Wavelength (angstroms)

F16. 6—Spectra of the innermost region of the barred galaxy NGC 4691
calibrated for the redshift as determined from the Ha line of the upper (eastern)
spectrum. The lower (western) specttum was obtained assuming that the N o1
and § 1 lines belong to the object at the redshift of the upper plot and were not
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(lower) was obtained after subtracting the narrow-line components (as if they
were part of the sky) in an attempt to isolate the broad Ho component.

z ~ 0.00217, corresponding to a systemic velocity of v ~ 650
km s '. The possible implications of the presence of this broad
line and its velocity difference are discussed in the next section.

Line widths—The FWHM for the [N 11], Hx and [S 1] lines
of the eastern spectrum range from AV = 116-148 km s~ * and
are similar to the H 1 line width reported by Richter & Hucht-
meier (1987), AV, =~ 132 km s~ '. The corresponding FWZI
for the narrow Ha line is only about AV =~ 625km s~ !, and all
these values correspond to those expected in a normal spiral
galaxy (Rubin, Whitmore, & Ford 1988).

The FWHM and FWZI for the broad Ha line in the
western spectrum, AV(FWHM) ~ 1207%1%° km s~ ' and
AV(FWZI) = 3875 + 50 km s~ !, respectively, are certainly
large for a normal galaxy and seem to be closer to the charac-
teristic values observed in Seyfert galaxies (Osterbrock 1989;
Wilson & Nath 1990).

Is there any blueshifted [N 1] and [S u]7—Figure 6 shows
the spectra of both the eastern and western regions, corrected
for the redshift of the galaxy, z ~ 0.0037. As stated before, the
western spectrum shows narrow lines superposed on the broad
Hz line, and the peak intensity of this broad component is
blueshifted with respect to the narrow lines. The intensities of

the western [S 1] lines are about 10 times weaker than in the
eastern spectrum, and there is a small wavelength difference
between the [S 1] lines in the two spectra of Ad ~ 1.5 A. The
corresponding velocity difference in these two sets of lines is
about 60 km s~ !, which is about twice the redshift difference
between the narrow Ha and the [S 11] lines and could well be a
result of errors in correcting for the system redshift.

More important, however, is the fact that there are no broad
or blueshifted [S 1] components in the western spectrum at the
level of our signal-to-noise ratio (see Fig. 6). The widths of the
weak [S ] lines in this western part, on the other hand, are
similar to those obtained in the eastern part. Subtracting the
narrow lines from the western spectrum, defined as case
number two for the sky selection in the previous section, we do
not see any trace of [S 1] at all (see Figs. 5 and 7). This sets a
lower limit on the electron density of the region emitting the
broad He component, In the case of the [N 1] lines of the
western spectrum, [N 1] 16584 is clearly superposed on the
broad He line and is at the redshift of the galaxy. In Figure 7
one notices several small features that, if real, could be identi-
fied as weak components of [N 11]. One of them, at A = 6584 A,
clearty corresponds to a residual of the subtraction of the
normal narrow [N 1] 16583.4 line. We should stress that the
shoulders at 6580, 6571, and 6565 A could be spurious features
from the subtraction process. However, if real, they could be
interpreted as the blueshifted components of [N n] 16583.4, If
this were the case, they indicate blueshifted velocities of 155,
565, and 840 km s~ !, respectively. The feature at 4 = 6530 A, if
real, could be interpreted as a blueshifted component of [N 1]
26548.1 with a velocity of 815 km s~'. Obviously, additional
high-resolution observations are needed to clarify this issue,
but the possible existence of these components sets important
constraints on the electron densities of the regions generating
the broad components.

Line ratios—The line ratios in the eastern spectrum are Ho/
([N 1] 16583.4) ~ 2.54, Ha/([N 1] 16548.1) ~ 7.86, Ha/(N 1]
i6548.1+[N 1] i6583.4)~ 192, [N 1u] A6583.4.LA[N u]
A6548.1) ~ 3.1, HaA[S 1] A6716.4+[S u] i6730.8) ~ 4.06,
[Su] A6716.4/[S 1] A6730.8 ~ 1.07.

Notice that all the [N u]/He ratios along with the ratio of
[O ml/Hf (Chromey 1974) give characteristic values of disk
H 11 regions (or even perhaps nuclear H 11 regions; Kennicutt et
al. 1989), and that the S 1] line ratio indicates an electron
density of n, ~ 700 cm ™ 2.

In the case of the western spectrum, the corresponding [N 1]
line ratios cannot be estimated with reliability because of the
broad Hx component. In the case of the [S ] lines, their ratio
is similar to that of the eastern part, and the resulting electron
density is also similar. Thus, the regions emitting the narrow-
line components have electron densities of about 700 cm ™3,
but the lack of broad [§ 1] lines impties densities well in excess
of 10* cm ~* for the broad Ha emitting region. If one assumes
that the possible [N 1] bumps are not real, the lack of broad
[N 1] lines would imply densities above ~ 10° cm ~3 (see Table
3.11 in Osterbrock 1989).

3. DISCUSSION

The overall optical appearance of NGC 4691 indicates a
“normal ” barred spiral galaxy, but the central regions display
symmetrical gas structures and vigorous star-forming activity
with evidence for energetic events. Here we discuss a series of
different possibilities to understand the spatial structure and
the origin of the fast-moving gas.
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3.1. Position of the Compact Nucleus of NGC 4691

Of particular importance for the discussion of the present
data is the position of the compact nucleus. Its exact location
has not been properly addressed so far. In Table 4 we list the
positions associated with the compact central region of NGC
4691 reported by several authors, using different techniques
and different wavelengths. Chromey (1974), for example,
reports that he carried out his observation around the geo-
metrical center of the galaxy, but gives no coordinates for the
position of the central region of NGC 4691. Devereux (1987)
reports 10 ym observations with a 575 aperture centered on the
brightest optical region of NGC 4691 but again gives no coor-
dinates for the compact nucleus. Gallouét, Heidmann, &
Dampierre (1975) determined the best optical position of the
galaxy from a Palomar Sky Survey film using a Zeiss microme-
ter machine. For NGC 4691, given the peculiar structure of the
central region, we believe that the POSS plate is not the best
image to locate the position of the compact nucleus. We note,
however, that the position adopted for the optical nucleus by
many authors is the position reported by Gallouét et al. (1975).
Low-resolution observations at centimeter and millimeter
wavelengths can only give the best mean position of the peak
intensity of the radio continuum (beam size 1’, Condon 1987)
and CO emission (beam size 43", Tacconi et al, 1991; beam size
13", Wiklind et al. 1993), but they cannot pinpoint the location
of the compact nucleus. Hummel et al. (1987), on the other
hand, report high-resolution observations of the radio contin-
uyum emission at 1.49 GHz using a beam of only 173. Their
position of the central radio continuum emission is also given
in Table 4. The intensity of this radio continuum component is
only 4 mJy and could be interpreted as arising from either a
very weak compact nucleus or to a circumnuciear H 11 region.
Similar circumnuclear H 11 regions have been observed in other
normal barred galaxies with no radio continuum emission
from the compact nucleus; for example, in NGC 4314 and in
NGC 1326 (Garcia-Barreto et al. 1991a, ¢).

From our set of observations, the location of the compact
nucleus seems to be marked by knot 3. Our images show that
knot 3 is the strongest feature at the I band and the weakest in
Ha. It is also located at the geometrical center of the R and I
extended emission images. Since the compact nuclei of other
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normal barred galaxies are also bright in the I band and weak
in Ho emission (see, for example, NGC 3351, Kennicutt et al.
1989; NGC 4314, Benedict et al. 1993; NGC 1326, Garcia-
Barreto et al. 1991c), we therefore suggest that knot 3 defines
the position of the compact nucleus. An optical rotation curve
with Fabry-Perot techniques would be extremely useful in
order to determine the dynamical center of the galaxy NGC
4691.

3.2. Possible Origin of the Innermost Spatial Structure

The spatial structure of the emitting gas in the innermost
region of NGC 4691, with four bright knots, is very intriguing,
The distribution of the knots is very symmetrical (two similar
pairs), and the linear extent of these pairs is also very similar.
Carbon monoxide observations by Wiklind et al. (1993) show
molecular emission in the bar, and this gas seems to be concen-
trated in two major complexes symmetrically located around
the nucleus in the cast-west direction. These bright peaks are
separated from each other by about 247, but the authors do not
indicate the exact position of the nucleus. A weak CO peak at
the midpoint of the main CO peaks, but with a 10" north
displacement, was interpreted as originating from an inclined
disk or from a molecular gas outflow, Notice, however, that
they do report the existence of blueshifted gas with velocity
dispersions of only 30-45 km s~ ', yet they do not report any
higher velocity molecular gas (the reasons for this are unclear,
but one possibility is that they tuned the receiver only at the
expected velocity of the normal galaxy). The separation among
the optical knots is only ~12"; therefore, the ionized gas lies
inside the CO peaks. Both the optical and CO peaks are
oriented in the same east-west direction. Low-resolution radio
continuum emission at 20 cm with a beam size of about 60”
{Condon 1987) shows an unresolved source associated with the
central regions of NGC 4691 and an additional unresolved
source at an angular distance of about 82" to the SE with no
bright optical counterpart. The relative orientation between
these two sources is similar to the relative orientation between
the optical knots 1 and 3 or 2 and 4.

Is NGC 4691 a merger ™—The remarkable symmetric struc-
ture in the R, I, and Hx images (Figs. 1 and 2) could be inter-
preted as resulting from a merger. The IRAS fluxes at the

TABLE 4

PosITiONS OF THE CENTRAL REGION OF NGC 4691

R.A{1950.0} Decl.(1550.0) Method Reference
1284576 .. ..o —03°04 Optical de Vaucouleurs & de Vaucouleurs 1967
Optical Chromey 1974*
12M45™39:5+04...... —03°03'28" + 3 POSS Gallouét et al. 1975
12°45™39° ... —03°03:6 Optical Sandage 1978
12°4576 ..o — 0304 Ha Keel 1983
12545™38%9 . ..., —03°03'3%" Radio continnum  Condon 1987°
IR 10 pm Devereux 1987¢
12°45™39%5 ... —03°0328" Hi Richter & Huchtmeier 1987¢
12045™39:38 _.......... —03°03'3973 Radio continuum Hummel et al. 1987¢
12%45™40° ... ... —03°03'30" cO Tacconi et al. 1991F
12°45™387 ......ov —03°03'36" CcO Wiklind et al. 19938

* Geometric center.

* Beam size ~1",

¢ Centered on the brightest optical object (575 aperture).
4 H 1 beam 19",

* Beam size ~173,

' CO(1-0) beam 43"

£ CO(2-1) beam 13",
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far-infrared wavelengths indicate (1) a high FIR luminosity,
Lgg =~ 10*° L, (2) a relatively high dust temperature, T; ~ 40
K, and (3) IRAS colors characteristic of a galaxy having under-
gone recent star formation (see, e.g., Helou 1986).

As mentioned before, the dust temperature is similar to
those derived in strongly interacting galaxies, (T,,.> @41 K
(type 4 of Solomon & Sage 1988), whereas the IRAS FIR and
CO luminosities are more similar to those of weakly inter-
acting galaxies (type 0 or 1 of Solomon & Sage 1988). Also,
among 35 barred galaxies with (7,,> ~ 30K and {L, > ~ 5.6
x 10° Lg (Garcia-Barreto et al. 1991a, b, ¢, 1993), NGC 4691
has the second highest dust temperature as well as a high FIR
luminosity. The Palomar image shows NGC 4691 as an almost
face-on barred galaxy with two long spiral arms extending in
the N-S direction, but there is no evidence for tidal tails or for
any other feature that could be ascribed to a recent interaction.
The closest galaxy on the plane of the sky, NGC 4684 with
Uoye = 1589 km s~ %, is located some 11 galaxy diameters away
in the NW direction. The velocity difference rules out any
physical association and, at best, one could say that NGC 4691
is a weakly interacting galaxy of type 0 (Solomon & Sage 1988).

Are the structures a result of gravitational lensing?—The
peculiar symmetry of the structures could be interpreted as-
resulting from gravitational lensing from a massive foreground
object. The right ascension separation of the two bright knots
is similar to the distance between the two weaker knots. Simi-
larly, the two eastern knots are separated in declination a
similar distance as the two western objects. The large angular
separation, however, rules out the gravitational lensing inter-
pretation. The naturc of the alignment is unknown, but it
seems to be a coincidence, since there are additional structures
that could be interpreted as the starting point of the spiral
arms in the most southeasterly and northwesterly parts of the
images. The knots could very well just be giant molecular
clouds with embedded giant H 1 regions moving in the deepest
part of the gravitational potential well.

Are the structures a result of galactic dynamics?—In spiral
galaxies, the orbits of the stars and the gas can crowd at spe-
cific distances from the galactic center, forming the so-called
Lindblad Resonances. In particular, the gas is transferred
inward from the corotation radius to the Inner Lindblad Reso-
nance (ILR}in orbits parallel to the bar. Inside the ILR, the gas
rotates in orbits perpendicular to the orientation of the bar
(Binney & Tremaine 1987). The structure seen in our optical
images could be interpreted as if the four bright optical knots
were part of a nuclear ring inclined to our line of sight. This
would explain the highly symmetrical distribution, but it
would require the compact nucleus to be at the midpoint. In
NGC 4691 there is no bright central source in either the I, the
R, or the Ha images, but this could very well be because it is
outshined by the bright knots.

3.3. Possible Nature of the Broad-Line Spectrum

The spectroscopic observations of de Vaucouleurs & de
Vaucouleurs (1967), Chromey (1974), and Sandage (1978) indi-
cate that they studied only the eastern spectrum of the galaxy.
It is unclear if they simply missed the second spectrum or if the
broad component was very faint, or did not exist at all, at that
time. Some facts, however, seem to indicate that the broad
components were problably faint or nonexistent. Chromey
used a long slit, with 30", at several different position angles.
Three of them were along the bar (P.A. = 240°, 260°, and 270°),
and he should have noticed the broad-line spectrum on the
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western side of the galaxy if it existed at the same time. Simi-
larly, using the 5 m Palomar telescope, Sandage reports the
existence of extended emission across the decker at P.A. ~ 79
for the NGC 4691 observations, and he reports that the overall
conditions of the measurements were excelient. It is difficult to
imagine that he missed the broad component under these con-
ditions.

There is a series of separate possibilities for the nature of the
broad Ha component. The spectroscopic analysis of the
eastern spectrum indicates that it is associated with a normal
H 1 region nucleus galaxy, with a systemic velocity of
V ~ 1116 km s~ * at a distance of about 22.3 Mpc, in agree-
ment with other optical and radio observations. We therefore
assume that NGC 4691 is at that distance and discuss briefly
some possibilities for the origin of the broad component under
this assumption.

Is NGC 4691 a Seyfert galaxy?—A broad Ha line width of a
few thousand km s~ ' could be associated with the nuclear
activity of a Seyfert galaxy. The western spectrum of NGC
4691 displays a large velocity, AVpwuy = 1200 km s™1, charac-
teristic of a Seyfert 2 galaxy (Osterbrock 1989). The physical
conditions indicated by the observed line ratios for the eastern
spectrum, in addition to the line ratios of oxygen and Hf
derived by Chromey (1974}, suggest a normal H 11 region
nucleus (see also Kennicutt et al. 1989). There are several gal-
axies which display composite properties of both starburst and
Seyfert nuclei (e.g., Marziani et al. 1994), and the far-infrared
properties of Seyfert 2 galaxies indicate strong star formation
activity (e.g., Dultzin-Hacyan & Benitez 1994). Thus, NGC
4691 could well be a galaxy with a composite nuclear region.
Two arguments against this Seyfert-like interpretation,
however, are that the centroid of the broad Ha line is blue-
shifted with respect to the galaxy (z,,, ~ 0.00372 and z,, =~
0.00217) and that the western broad-line knot is not coincident
with the compact nucleus (§ 3). The active region would then
be displaced from the compact nucleus and moving away from
the galaxy, extremely unusual and unlikely properties for these
types of objects. As a result of the distance of NGC 4691 and
the fact that there is no optical evidence of any foreground
object on either the Palomar plates or any other more recent
optical photograph of the galaxy (see Sandage 1962 and our
Fig. 1), we believe that the possibility of the existence of a
foreground galaxy is extremely unlikely.

s the broad-line component a result of an expanding shell or a
galactic wind?—The narrow [N 1] and [S u] lines of the
western spectrum are at the redshift of the galaxy, and the
centroid of the broad Ha component is blueshifted by some
500 km s~ ' with respect to these lines (see Fig. 6). One could
therefore conclude that the narrow lines are produced in H 11
regions located within the gaseous disk, whereas the broad Ha
line arises from an ionized gaseous component that is out-
flowing from the disk. This outflow could be ascribed to an
expanding supernova-driven shell or to a galactic wind that is
almost aligned with our line of sight. We favor the scenario of
having an expanding shell due to supernovae because of the
lack of broad {S ] lines.

In this interpretation, one might expect a shell of atomic
hydrogen also to be ejected. The H 1 spectrum presented by
Richter & Huchtmeier {1987) shows the main line at the veloc-
ity of the galaxy, ¥ ~ 1115 km s !, plus weak emission at
V ~ 600 km s ! very similar to the centroid of the broad
component. Obviously, Richter & Huchtmeier disregarded any
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association with the weak emission because it was not
expected. New observations of H 1 and CO with higher spatial
resolution and covering a wider bandwidth would be desirable.
Also, given that no OH megamasers have been found at the
velocity of the normal galaxy (Baan, Haschick, & Henkel
1992), a new search with an extended bandwidth would be
desirable.

To conclude, a fast-moving or expanding shell is the most
likely origin of the broad component, and we focus on the
details of this idea in the following section.

4. EXPANDING SHELLS AND GALACTIC WINDS

Expanding shells are commonly detected as optical or 21 cm
line structures, surrounding either single massive stars or OB
associations in our Galaxy and other nearby gaseous galaxies
{e.g,, Chu, Treffers, & Kwiter 1983; Tenorio-Tagle & Boden-
heimer 1988; Dufour 1989; Dubner, Niemela, & Purton 1990;
Brinks 1994; Rosado, Le Coarer, & Georgelin 1994). Evidence
for the presence of galactic winds, on the other hand, has been
reported in several galaxies (e.g., Ford et al. 1986; Armus,
Heckman, & Miley 1990; Duric & Seaquist 1988; Heckman,
Armus, & Miley 1990; Filippenko & Sargent 1992; Dettmar &
Leiber 1993). Both expanding shells and galactic winds are a
result of the same type of perturbation: mechanical energy
injection from massive stars.

The basic event is the bubble created by the action of a single
star: a wind-driven cavity, or the composed remnant created
by a supernova exploding in a wind-driven cavity. The sizes
and properties of these structures depend on both the stellar
energy input and the density of the ambient medium (e.g.,
Tenorio-Tagle et al. 1990, 1991; Terlevich et al. 1992; see
review by Franco 1994), The combined effect of stellar winds
and supernovae from a stellar cluster can drive large
superbubbles and, if the expanding structure is able to break
out of the disk, can pump rmass and energy into the galactic
halo (c.g., Bruhweiler et al. 1980; Mac Low, McCray, &
Norman 1989; Norman & ITkeuchi 1989; Heiles 1990; Silich et
al. 1994; see reviews by Tenorio-Tagle & Bodenheimer 1988
and Tomisaka 1994). If the thermal velocity of the halo gas
remains below the escape velocity, the gas simply circulates in
a galactic fountain (e.g., Shapiro & Field 1976; Chevalier &
Oegerle 1979; Ferrara & Einaudi 1992). When the energy
injection rate into the halo reaches a certain critical value, the
outflow can overcome the gravitational potential of the host
galaxy and a galactic wind is created (e.g., Chevalier & Oegerle
1979; Tomisaka & Tkeuchi 1988; Heckman et al. 1990; see
review by Habe 1994). Thus, the energy injection provides an
appropriate feedback control to the mass exchange among the
disk and the halo and, depending on the star formation rate,
the expanding shells can create fountains or winds at galactic
scales.

The expansion velocity inferred from the observed broad Hyx
component, some 500 km s !, is within the expected velocity
range for a galactic wind (e.g., Heckman et al. 1990). The exis-
tence of Hx emission, in turn, indicates that a cooling shell has
already formed and that the outflow should be in an advanced
evolutionary stage (c.g., Habe 1994). The size of the expanding
region, however, restricts the validity of this interpretation.
The extent of the bright western knot (knot 2 in Fig, 2) pro-
vides an upper limit to the diameter of the expanding shell. As
stated before, its FWHM angular size of 2713 corresponds to a

» linear diameter of about 240 pe. This is very small for a mature
' galactic outflow unless, of course, the outflow is highly colli-
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mated or 1s stil in an early stage. The possibility of a highly
collimated outflow cannot be completely ruled out by the
present observations, but unless there is a strong B-field tube
almost aligned along our line of sight, it seems very unlikely.

The presence of an Ha shell during the early stages of galac-
tic wind evolution, on the other hand, would indicate that this
is not really a wind, but either a single supernova remnant
evolving inside an H 11 region or a multisupernova shell (a
superbubble) carving its way out into the halo.

Supernovae interacting with normal H 1 regions display
broad Hu and [S 1] line components (Rosado et al. 1994). In
fact, shocked regions in general have very strong [S ] emis-
sion, and the broad-line components of either resolved or unre-
solved sources are more easily detected in sulfur emission than
in He. Thus, both normal SN remnants evolving inside H 11
regions or superbubbles emitting in He should display very
strong [S 1] emission. As already stated, the fact that the broad
[S 1] component is not present indicates that the expanding
shell has densities well in excess of n, ~ 10* cm ™2 (see Table
3.11 and Fig. 5.3 in Osterbrock 1989). A conservative estimate
indicates that the missing broad-line components are at least
an order of magnitude fainter than the detected narrow lines,
and the expanding shell should have densities above some 10°
or 108 cm 3,

Such a large density, along with the large speed, indicates
that the expanding shell is probably a “compact supernova
remnant” generated by one or several exploding massive stars
that were still embedded in their parental molecular cloud or
H 1 region (Terlevich et al. 1992, 1995; Franco, Arthur, &
Miller 1994). Actual evidence for SN remnants with broad
optical emission lines, resembling Seyfert galaxies, has been
reported by Filippenko (1989), and the origin of the broad Ha
component could well be ascribed to this new type of object.
For SN remnants evolving in ambient densities below 10°
cm™?, the transition from a nearly adiabatic to a strongly
radiative shock occurs at about the time of thin shell forma-
tion, t,. A large fraction of the SN energy is radiated away by
this process, and the remnant reaches its peak luminosity
during this epoch. The onset of thin shell formation occurs at
the time (Franco et al. 1994b)

ty = 287 x 10%EH4n 47 yr . o)

where E;, is the energy in units of 10°! ergs, and ny is the
number gas density in the ambient medium. The maximum
luminosity is achieved at about 1.65t,;, and the strongly radi-
ative epoch is over at about 1.87,,. Thus, the gas is compressed
into a thin and cool shell in a timescale of about 0.8¢,,. The
average remnant luminosity during this epoch of strong radi-
ative cooling can be approximated by

(LY ~ 1.2 x 105ELA4p37 [ )

and the maximum luminosity is, roughly, a factor of 2 above
this value. The average radiative flux coming out from the
remnant during shell formation scales as E3'*n}%7, and the
average temperature of the emitting gas scales as E3/'*n3”
(Franco et al. 1994a). All these dependences show that the
timescales for cooling become shorter but the emitted spectra
became harder and the photoionizing flux increases as the
ambient density increases. Thus, remnants evolving in high-
density media generate a large ionizing flux and create bright
photoionized regions ahead of the shock front. At densities of
the order of 10° cm ™2 the onset of thin shell formation occurs
only some 40 yr after ejecta thermalization, and the average

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995ApJ...451..156G&db_key=AST

J. - T4517 CI56Ga

]

[T995A

No. 1, 1995

luminosity of a single remnant reaches values of about § x 107
L, which are similar to the luminosities of an entire massive
cluster. This formulation is not valid above n, ~ 10° ¢cm™?
because the strong cooling regime occurs before gjecta therma-
lization is completed, and only a reduced fraction of the SN
energy participates in the strong cooling regime. Nonetheless,
detailed numerical models of remnants evolving in ambient
densities of 107 cm ™ ? indicate that these objects can reach He
luminosities of about 10° L, in timescales of less than 10 yr
after the explosion (Terlevich et al. 1992, 1995; Franco et al.
1993). Together these results show that SN remnants in
ambient densities above 10* cm ™3 can reach peak luminosities
between 10° and 10® L, and they should have an obvious
impact in regions with vigorous star formation: they should
create bright photoionized regions, as bright as an entire
massive stellar cluster, with peculiar large-velocity features.
This scenario can explain the outflow in NGC 4691 and, given
the short timescales for thin shell formation, could also explain
the reason why the broad Ha component was missed in pre-
vious studies: it probably was not there.

The observed luminosities are in agreement with those
expected from a compact SN remnant embedded in alarge Hu
region, The Hg luminosity of the narrow-line spectrum is
Ly, =2 x 10*° ergs s71, in agreement with the luminosity
derived by Keel (1983). If all this emission is generated in
“normal” H 1 regions, then the suggested number of Lyman
continuutm photons, ~3 x 10°! 571, is equivalent to about
5000 O7 stars (see Panagia 1973). This is consistent with the IR
results reported by Puxley et al. (1990), which require some
10%2 57! ionizing photons to excite the entire central IR emis-
sion. The extent of the bright western knot seen in Figure 2
could be interpreted as a characteristic diameter of a giant
molecular cloud, with H 1 regions embedded, at the disk of the
galaxy. The Ha luminosity of the broad-line component is also
similar, Ly, ~ 2 x 10*® ergs s~ !, indicating a similar energy
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output in both the emission from the quict and fast ionized gas.
Thus, the Ha luminosities indicate that all knots have an
important contribution from normal H 11 regions and that the
broad-line component is only an additional component, prob-
ably excited by a compact SN remnant.

5. CONCLUSIONS

We have presented new broadband and narrow-band
imaging and spectroscopic observations of the central region
of the barred spiral galaxy NGC 4691, A broad Ha line has,
been detected with a velocity centroid at a bluer velocity rela-
tive to the normal galaxy. Qur observations are interpreted as
having a normal galaxy at a distance of about 22 Mpc with an
expanding shell. This perturbed gas could be driven by the
action of one or various compact supernova remnants evolving
in the H 11 regions located close to the center of the galaxy. The
possible existence of [N 1] at bluer velocities than the systemic
velocity of the galaxy and the lack of any blue velocity com-
ponent of [S 1] suggest that the ambient electron density is
high and that [S 1] is probably collisionally de-excited. More
spectroscopic observations are needed in order to confirm the
existence of the [N 1] lines at bluer velocities, Likewise, more
dynamical studies are needed in order to determine the posi-
tion of the compact nucleus.
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PLATE 1

Fi6. 3.—Gray-scale image of the spectra observed toward the gataxy NGC 4691, The slit was oriented in the E-W direction at the approximate declination of the
two brightest knots seen in Fig. la. The spectrum seen on the left side (east) corresponds to the bright knot labeled 1, while the spectrum seen on the right side (west)
corresponds to the bright knot labeled 2 in Fig. 1a.
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