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Abstract. We present long-slit [SII]λλ6716/6731 spectro-
scopic observations of the Herbig Ae/Be star, LkHα 233. An
extended (>∼±5′′) high-velocity (Vrad ∼ ± 120kms−1) bipo-
lar Herbig-Haro (HH) jet is detected for the first time. Such
jets are rare amongst Herbig Ae/Be stars. While the red-shifted
counter-jet is observed to begin 0′′.7 from the centre of the stel-
lar continuum emission, the blue-shifted jet can be traced right
back to the continuum peak. We interpret this asymmetry as be-
ing due to the occultation of the counter-jet by a circumstellar
disk. Given the distance to LkHα 233, the proposed disk has an
upper limit to its projected radius of about 600 AU. The jet, at
a position angle of 250◦, is perpendicular to the inferred disk
orientation based on polarization measurements and bisects the
optical bipolar nebula associated with this star.

Close to the star itself (<∼2′′) the [SII]λλ6716/6731 emis-
sion is resolved into 2 velocity components. The high velocity
component can be identified with the extended jet, whereas the
broad low velocity component is probably a disk wind following
the suggestion of Kwan & Tademaru (1995).
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1. Introduction

Optical forbidden emission, such as the [OI]λ6300 line and the
[SII]λλ6716/6731 doublet, has long been used to obtain details
of outflows from T Tauri stars (TTS) and Herbig Ae/Be stars
(HAEBES). Indirectly they can also be used to infer the distri-
bution of optically thick material around such stars. Appenzeller
et al. (1984) and Edwards et al. (1987) were the first to notice
that the profiles of the forbidden lines were often asymmetric
with the red wing either missing or diminished. They proposed
the simple but elegant idea that this asymmetry was due to the
receding flow being occulted by an optically thick circumstel-
lar disk. A somewhat naive analysis (see, e.g., Basri & Bertout
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1993), based on the emission measure of the forbidden lines,
suggested disk sizes, in the case of TTS, of around 100 AU.

Actual forbidden line profiles of young stars can be complex:
often two blue-shifted components are present, a high velocity
velocity component (or HVC), which can reach velocities of a
few hundred kms−1 in TTS, and a low velocity component (or
LVC), with velocities of perhaps a few kms−1 with respect to
the systemic velocity of the star (see, e.g., Hartigan et al. 1995).
Kwan & Tademaru (1988, 1995) developed a model to explain
these double-peaked profiles in which they attributed the high
velocity peak to a jet, presumably related to the high velocity jets
sometimes observed at greater distances from young stars (e.g.
Edwards et al. 1993 or Ray 1996). The low velocity emission is
then taken to originate from either a disk wind or disk corona,
with the width of the line determined by rotational broadening.

While a sizable number of TTS have double-peaked forbid-
den emission line profiles (Edwards et al. 1987, Hartigan et al.
1995) the number of HAEBES known with similar characteris-
tics is relatively small. One such object is LkHα 233 (Corcoran
& Ray 1997) an A5e pre-main sequence star (d = 880 pc), as-
sociated with a bipolar nebula (Herbig 1960; Calvet & Cohen
1978; Staude & Els̈asser 1993) having an optical size of about
0.1 pc. The nebula has a distinct X-like morphology with bright
reflection limbs at 50◦/230◦ and 90◦/270◦. Although molecu-
lar lines are observed towards the star (e.g. Cantó et al. 1984),
no molecular outflow has been detected (Leverault 1988). It
is a Hillenbrand Group II star (Hillenbrand et al. 1992), and
thus has a spectral energy distribution that rises with increas-
ing wavelength out to beyond 100µm. Broad band polarimetry
carried out on the star and nebula by Aspin et al. (1985) show
deviations from a centro-symmetric pattern in keeping with the
presence of a large “polarization disk” having an estimated ra-
dius of about 15000 AU. The orientation of the “disk” and the
position angle of the intrinsic polarization close to the source
is about 155◦ (Vardanyan 1979; Vrba et al. 1979; Leinert et al.
1993). Speckle interferometry, performed in the near-infrared,
(Leinert et al. 1993) shows that the source is surrounded by a
light scattering “halo” of about 1′′ in size. The polarization of
the halo is greater than 10% (at approximately the same position
angle as mentioned above) and its discovery prompted Leinert
et al. (1993) to suggest that LkHα 233 is highly embedded and
optically visible mostly in scattered light. Hamann (1994) found
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the [FeII] lines in the spectrum of LkHα 233 to be blue-shifted
(at about -150 kms−1) with respect to the permitted CaII lines,
suggesting the presence of a high velocity outflow from this
star. Observations by us (Corcoran & Ray 1997) with a ran-
domly oriented slit showed a clear double-peaked profile for
the [OI]λ6300 and [SII]λλ6716/6731 lines. Here we present
long-slit spectroscopic observations of LkHα 233 and its im-
mediate environment and observe for the first time an extended
optical jet from the star.

2. Observations and data reduction

The data presented in this paper were taken in December 1994
at La Palma, using the Intermediate Dispersion Spectrograph
(IDS) on the Isaac Newton Telescope. The TEK 3 1280x1180
pixel CCD was employed as the detector and the R1200Y grat-
ing used as our dispersing element. The spectral resolution ob-
tained was 0.39̊A/pixel and the spatial resolution 0′′.33/pixel.
Additional data used in the plot of the extent of the forbidden
[SII]λλ6716/6731 emission (position angle of 226◦ in Fig. 1)
are from a large sample of HAEBES spectra described in Cor-
coran & Ray (1997).

The long-slit data were reduced using the IRAF1 long-slit
package with bias subtraction, flat field correction, sky subtrac-
tion and wavelength calibration applied. Additionally the stellar
continuum was subtracted from the region of interest (here the
wavelength range about the [SII]λλ6716/6731 lines). This sub-
traction is necessary to increase the contrast of the forbidden
emission line region with respect to the background thus pro-
viding greater detail close to the star. J. Solf (see, e.g., Böhm
& Solf 1994) developed a method of subtracting a model con-
tinuum using an appropriate standard star rotationally broad-
ened to match the rotation of the TTS, as used in the obser-
vations of TTS by Hirth et al. (1994). Examining a number
of standard stars of spectral types A taken at the same time
as the HAEBES observations, we note that the photosphere of
LkHα 233 should be essentially featureless at∼6716/6731̊A
and thus no significant contribution from photospheric absorp-
tion lines is expected. Therefore, we found it satisfactory to use
a simple continuum subtraction method. We fitted each row in
the wavelength domain with a low order polynomial, interpolat-
ing across the forbidden line region. The continuum image was
constructed from the resulting fitted rows. Difference frames
(e.g. Fig. 2) produced by subtracting the continuum frame from
the original frame, then contain only line emission.

All velocities indicated (e.g. Fig. 2) are with respect to
the stellar rest velocity as estimated using the sodium (Na D)
interstellar absorption lines (see Corcoran & Ray 1997), and
from photospheric iron lines. The typical error in velocity is±8
kms−1. The positional error is±0′′.3. The results of the obser-
vations at various position angles are presented in Table 1, with
velocities and extent of the high- and low-velocity components
averaged over the two lines of the [SII]λλ6716/6731 doublet.

1 The IRAF software is distributed by the National Optical Astron-
omy Observatories under contract with the National Science Founda-
tion

Fig. 1. Spatial extent of the [SII]λ6731 emission in the LkHα 233 jet
(solid line) and counter-jet (broken line) as a function of position angle.
Greatest extension of the blue and red-shifted forbidden line emission
is at position angles∼ 250◦ and∼ 70◦ respectively. The extent is
measured as the first emission line contour above the background 3σ
level.

VHVC and VLVC are the average velocities, relative to the stel-
lar photosphere, of the centroids of the HVC and LVC of the
[SII]λλ6716/6731 lines, respectively.∆VHVC and∆VLVC are
the full widths half maximum of the HVC and LVC, corrected
for instrumental width, in kms−1, as determined by a gaussian
fit to each component. The error in the FWHM measurements
is ±20 kms−1. Yf - Yc is the extent of the forbidden line from
the stellar photo-centre measured from the first contour of the
forbidden emission above the background 3σ level.

3. Results and discussion

While we suspected the presence of a jet from LkHα 233 on the
basis of our earlier forbidden line study of this star (Corcoran
& Ray 1997), direct narrow-band imaging appeared difficult,
especially close to the source, because of the intensity of the
associated reflection nebula. Instead several long-slit spectra of
LkHα 233 were taken at a range of position angles in an at-
tempt to spectroscopically map the immediate region around
the star. We do not reproduce the full set of position-velocity
(PV) diagrams here for reasons of space. Fig. 1 shows the varia-
tion of extent of the jet and counter-jet with position angle. The
complete set of position-velocity diagrams indicate the HH-type
jet/counter-jet is at a position angle of 240-250◦/60–70◦. This
is along the symmetry axis of the bipolar nebula (PA≈250◦)
and perpendicular to the polarization angle in the vicinity of the
source, i.e. 155◦ (Vrba et al. 1979; Leinert et al. 1993).

Fig. 2 presents the position-velocity diagram for LkHα 233
along its outflow axis as determined from Fig. 1. Clearly shown
are the jet and counter-jet emerging from diametrically opposite
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Table 1.Geometry and velocities of the jet/counter-jet from LkHα 233.

Source P.A. VHVC VLVC ∆VHVC ∆VLVC YHVC
f - Yc

(◦) (kms−1) (kms−1) (kms−1) (kms−1) (′′)
LkHα 233 226 -130 -30 80 – +1.7

240 -140 -25 80 180 +2.4
247 -125 -15 85 160 +5.0
250 -120 -30 85 150 +4.3
290 -100 -40 90 160 +1.7

LkHα 233 226 +100 – 60 – -1.3
(counter-jet) 240 +115 – 55 – -4.1

247 +100 – 80 – -4.2
250 +110 – 55 – -4.4
290 +80 – 95 – -0.8

Fig. 2. A position-velocity diagram of LkHα 233 in the region of the
[SII]λλ6716/6731 lines. The slit has been oriented along the outflow
axis as determined from Fig. 1. The velocities are relative to the stellar
rest velocity (vertical lines), electron densities are indicated in square
brackets ([ ]), and the spacing of the continuum levels is logarithmic,
scaling by factors of 21/2. The horizontal line marks the centre of
the continuum emission as determined from the fitting procedure (see
Sect. 2).

sides of this young stellar object. The jet has a maximum blue-
shifted radial centroid velocity relative to the velocity of the star
(vertical lines) of -140 kms−1 and the counter-jet a maximum
red-shifted radial centroid velocity of +110 kms−1. Also present
is blue-shifted LVC emission but this is seen only close (<∼ 2′′)
to LkHα 233. The electron densities, as measured from the ratio
of the [SII]λ6716/λ6731 lines for a representative temperature
of 104K, are marked in Fig. 1 in square brackets, at various
points along the jet and counter-jet, and are accurate to about±
20%. Nearer to the star, electron densities are quoted for both the
LVC and HVC. Away from the star’s position, electron densities
can only be measured for the HVC (i.e. the jet and counter-jet).
As one would suspect, electron densities are higher closer to the
star than further away.

Rather interestingly, the red-shifted counter-jet cannot be
traced as close to the stellar photo-centre (horizontal line in

Fig. 2) as the blue-shifted jet. Additionally there is a blue-shifted
low velocity peak (VLVC ≈ -25 kms−1) only seen close to the
star. The fact that the low velocity material is blue-shifted and
that the red-shifted counter-jet is not seen to reach all the way
to the star suggests there is obscuring circumstellar material,
presumably a disk, that occludes the initial few tenths of an
arcsecond of the receding outflow. The angular separation from
the stellar photo-centre to the edge of the counter-jet is∼ 0′′.7
which implies an upper limit for the projected radius of the disk
of approximately 600 AU. Leinert et al. (1993) placed an upper
limit of 100 AU (FWHM) on the unresolved core they observed
using near-IR speckle interferometry and a dimension of about
1′′ on the “scattering halo” they detected around LkHα 233.
Clearly the occluding object is not the unresolved core but rather
is comparable in size to the scattering halo. The blue-shifted
asymmetry of the forbidden emission line region does suggest
a disk-like or other flattened geometry, however. Note that the
blue-shifted LVC emission is broader than the HVC emission
(see also Table 1) and may be modelled (see Kwan & Tademaru
1995) as a rotationally broadened disk wind.

There is a possible over-subtraction of the continuum at the
[SII]λ6716 line which may effect the calculated values of the
electron densities, Ne, close to the stellar photo-centre. Fig. 2
shows that both the HVC and LVC emission at the [SII]λ6716
line is restricted essentially to the western side of the star, unlike
the [SII]λ6731 line. If the photospheric spectrum of LkHα 233
is not purely continuum in the region of the 6716Å line, then
there may be a problem of over-subtraction during the removal
of the continuum. However, no absorption line at that wave-
length is visible in the spectra of two spectral standards of
types A5II and A7V taken during the same observing run as
the LkHα 233 data. As no comparable effect is observed at
[SII]λ6731, and the red-shifted counter-jet is observed not to
reach the stellar continuum centre in either line, the inference
of obscuring circumstellar material is not affected.

Measurements of HH objects and jets associated with lower
mass stars (see, for example, Hartigan et al. 1994) show typ-
ical [SII]λ6716+λ6731/Hα line ratios close to 1. Such ratios
are indicative of low excitation shocks with shock velocities in
the range 15–40kms−1. A comparison of the Hα (not shown
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here) and the [SII] line intensities from the LkHα 233 jet and
counter-jet indicates that low excitation shocks must be respon-
sible for the emission. Interestingly there appears to be a differ-
ence between the jet and the counter-jet in that the counter-jet
is of somewhat lower excitation on average than the jet itself.
We note also that the absolute velocities, with respect to the
systemic velocity of the star, in the counter-jet are lower, and
the line widths probably smaller, than in the jet (see Table 1).
Such intrinsic asymmetries are common amongst bipolar HH
jets (e.g. HH 30, Ray et al. 1996) and arise close to the source.
Their origin, however, is not fully understood.

In view of the rarity of jets from HAEBES, further stud-
ies of this outflow are obviously required including deep di-
rect narrow-band imaging. Although not used here, deep direct
imaging could be useful in determining the large-scale mor-
phology, and to some degree the history, of the outflow from
LkHα 233. Is there, for example, evidence of episodic energetic
outbursts in the past? If so then this would indicate that there
may be an equivalent of the FU Orionis phenomenon amongst
the rarer HAEBES. Spectroscopic studies also of LkHα 233 it-
self, e.g. of the first overtone bands of CO (Chandler et al. 1993)
in the near-infrared, might also show evidence for Keplerian ro-
tation by the innermost regions of the disk indirectly detected
here.
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