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Abstract. We report on high-resolution C@=1-0 and/=2— [1991), were consistent with an over-all spherically symmetric
1 interferometric observations of the oxygen-rich semiregularass loss. Recent CO radio line interferometric maps of a large
variable RV Boo supplemented by single-dish multi-transitiomumber of AGB-stars are also consistent with this (Neri et al.
data of COf=1-0, 2-1, 3-2, 4-3). Detections of the thermdl998; considering the limited S/N-ratio), and in particular the
SiOw=0, J=2-1, 3-2) transitions as well as the vibrationallgetached CO shells of a few carbon stars appear to be very close
excited SiO¢=1, J=2-1) line are also reported. The interferto spherical (Olofsson et al. 1996, 1998, 1999). Opposite views
ometric COJ=2-1 observations, with a spatial resolution dfiave been given, e.g., by Stanek etlal. (1995) based on single-
aboutl”7, reveal a disk-like structure of siz€2 x 3”3 around dish CO(3-2) maps, but the spatial resolution as well as the
RV Boo. Furthermore, the position-velocity information alon&/N-ratios are limited.
a line through the center of the source at a position angle of However, there are also indications that the situation is more
about150° can be interpreted as a sign of Keplerian rotatiocomplicated than this. For instance, Margulis e{al. (1990) noted
Six symmetrically placed features, possibly corresponding ttwat a large fraction of the CO line profiles obtained towards O-
three rings, around a central feature are seen. These observatichsAGB-stars deviated significantly from that expected from a
may therefore, to our knowledge, present the first indicationssiferical envelope. For two objects there is also clear evidence for
a rotating disk around an AGB star. However, it cannot be fully more complicated spatial structure, V Hya (semiregular car-
excluded that the observed kinematical structure is caused Hyoa star; Kahane et al. 1996) and X Her (semiregular O-rich star;
bipolar outflow. From the single-dish CO observations we esahane & Jura 1996). Furthermore, Knapp etlal. (1998) found
mate the molecular mass of the source t@be10— Me. evidence for multiple winds with different expansion velocities.
This was corroborated by Kerschbaum & Olofsson (1999) in a
Key words: stars: variables: general — stars: AGB and positudy where they identified a small group of O-rich semiregular
AGB - stars: circumstellar matter — stars: mass-loss — radiod irregular variables, EP Aqr, RV Boo, X Her, and SV Psc (all
lines: stars are SRbs), that clearly show multi-component line profiles: typi-
cally a very narrow feature with a full width less tha® km s~1
is centered, within the uncertainties, on a much broader line
~18kms . The broad component is close to being parabolic.
The central peaks are very narrow, and, if interpreted as arising
The presence of extensive stellar mass loss on the asymptfytien expanding envelopes, they imply expansion velocities of
giant branch (AGB) is well established. It starts early on the2kms1.
AGB, and very likely increases as the star evolves, reaching One possible interpretation of such observations is outlined
its maximum at the end before a planetary nebula is forméd Kahane & Jura (1996) where they report on a bipolar outflow
Probably, the higher-mass stars reach higher terminal mass lssind X Her. They were able to spatially resolve the blue- and
rates, the so called super-wind phase, and there is also v@y-shifted sides of the broad component, and inferred a (weakly
likely a dependence on metallicity (Habing 1996). However, thgllimated) bipolar outflow, while the low-velocity emission,
details are less known, e.g., the geometry, which is the subjecti.ef, the narrow component, appears to outline a symmetric en-
this paper, and the small-scale density distribution. Informatigelope. Knapp et al[ (1998), on the other hand, suggest a sce-
on the geometry of the AGB mass loss was first obtained framario where episodic mass-loss playdker A similar narrow
interferometry maps of OH 1612 MHz maser emission (Boothspike in the middle of a broader line could also be interpreted in
al.[1981; Bowers & Johnston 1990). These, as well as CO rati®ms of emission from a long-lived disk as suggested by Jura
line maps of the carbon star IRC+10216 (Truong-Bach et al al. [1995) for the post-AGB object the Red Rectangle, and by
Kahane et al[{1998) for the “silicate” carbon star BM Gem.

1. Introduction

Send offprint requests 1®. Bergman (bergman@oso.chalmers.se)
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Table 1. Single-dish line measurements

Line Telescope HPBW I Twb ULSR Ve Note
(Y (Kkms™') (K) (kms™!) (kms!)
SiO(J=3-2,v=0) IRAM 19 250 0.25 8.6: 8.0:
SiO(J=2-1,v=0) 0OSO 44 1.11  0.12 9.4 7.2
SiO(J=2-1,v=1) 0SOo 44 0.60 0.14 7.7
CO(J=4-3) JCMT 11 8.87 1.11 10.2: 6.2:
CO(J=3-2) JCMT 13 6.81 0.86 7.4 7.5
213 0.38 8.4 2.8  narrow
5.00 0.52 7.6 8.4  broad
CO(J=2-1) JCMT 21 447 051 7.9 7.8
0.84 0.19 8.3 2.7  narrow
3.65 0.32 8.0 8.1 broad
CO(J=1-0) IRAM 22 3.21 0.33 7.9 8.1

Finally, one should note the well-known fact that deviations The Hipparcos parallax puts RV Boo at a distance of 390 pc
from spherical symmetry seem to be common if not the rule faiith a formal+-10 range of 280 to 640 pc. Integrating its spectral
planetary nebulae. Somehow, this asymmetry must be relagergy distribution from the visual to the far infrared leads to
to the properties of the AGB envelope. The evidence preseraljuminosity of 8100, (4200-21400Q..), respectively). This
favour that the AGB wind becomes axi-symmetric at the vegeems to be somewhat high when compared to typical O-rich
last stages of the AGB evolution, and that the interaction wiBRVs (Kerschbaum et al. 1997).

a fast wind from the post-AGB object further enhances the axi- From CO radio line observations the mass loss rate of
symmetry. RV Boo was estimated to be2x10~7 Mg, yr~! by Kahane

In this paper we will present and discuss CO radio line o8& Jura [1994). However, they noted the strange CO line pro-
servations, performed with the OVRO mm-wave interferometdiles which did not allow a good fit of their model. Ker-
of RV Boo, one of the sources with multi-component CO linschbaum et al! (1997), using independent measurements, ar-
profiles, together with additional single-dish, multi-transitiorived at~4x10~% M, yr~*. Kerschbaum & Olofssori (1999)
CO and SiO radio line data. assigned RV Boo to a group of objects with multi-component

CO radio line spectra. RV Boo was included in a number of
) ) maser-surveys butwas never detected [e.g., Spencefetal. (1981)
2. The semiregular variable RV Boo searched for SiO, Lewi$ (1997) for.B, te Lintel Hekkert et

The semiregular variables (SRVs; types SRa and SRb) ar@l1991) for OH].
quite numerous group of objects among the stars on the AGB. In The spectral energy distribution of RV Boo, as deduced from
a series of papers they have been studied in a broad and sysf4at-IR and IRAS photometry, indicates a significant contri-
atic way (Kerschbaum & Hron 1992, 1994, 1996; Kerschbaubtion by circumstellar dust, and it can be, to first order, ap-
1995; Kerschbaum et al, 1996). proximated by a combination of two blackbodies&800 and

RV Boo (IRC+30261, IRAS14371+3245, HIP71644) is an450K (cf. Kerschbaum & Hron 1996). Its dust mass loss rate
O-rich SRV of type SRb with a GCVS-period 6f140! and Was estimated to be abaitx 10~' Mg, yr~* from the IRAS
an amplitude in Johnson B of close to 2 magnitudes. Lebzel@}um flux (Kerschbaum et al. 1996), which suggests a gas-to-
(1999) found a radial-velocity amplitude ef4kms-!, from dust mass ratio of a few hundred. Young etlal. (1993a, 1993b)
NIR ro-vibrational transitions of CO, which is typical for thisfound no indications of extended emission in their analysis of
variability type. The associated period is roughly 42Photo- the.IR_AS data. The IRAS-LRS class is 22, i.e., weak silicate
metric data from the same group confirm this timescale of va@MISsion.
ation, but also indicate a more complex lightcurve with variable A comparison of a low resolution archive ISO-SWS spec-
amplitudes and a changing mean light level. trum of RV Boo (GT programmsprice: startyp} with typical

Its spectral class varies between M5I1l and M7111 with indiones of O-rich semiregulars (OT programnfiesrschb: orich-
cations of emission lines, which is not common among SRb va#fv/orichsrl/zzagb2pndoes not indicate deviating properties.
ables (Kerschbaum & Hrdn 1992). Since RV Boo is not presehfe emission of thevs ro-vibrational band of S@at about
in the IUE, ROSAT, or HST archives any chromospheric actiV-3#m and of theQ-branch ro-vibrational transitions of GO
ity is unknown. Little et al.[(1987) found no, or only marginal@round 15:m may indicate the presence of a warm molecu-
indications of technetium in its spectrum, and hence there islgb layer at a distance of a few stellar radii from the star (cf.
apparent evidence for a recent thermal pulse. Its IRAS-colodisttanont et al. 1998; Yamamura et[al. 1999). There are also
are similar to that of a red Mira-variable [region llla in the va§Mission features of amorphous silicates around 10 apd8
der Veen & Habing[(1988) diagramme]. In the classificatiogS Well as a prominent }an feature, which is quite typical
system by Kerschbaum & Hroh (1992) it is a “red” SRV. for low mass loss rate, O-rich AGB stars (e.g., Kerschbaum et
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al.[1997). It is frequently attributed to corundum (crystallin
Al,O3; e.g., Begemann et al. 1997). An alternative identifici
tion of the 13um feature in terms of MgAIO, (spinel) was
presented recently (Posch efal. 1999). No evidence is found <
the presence of crystalline forms of silicates. ,_g
Taken together, neglecting its strange CO radio line pr
files, RV Boo seems to be a quite normal low mass loss ra

semiregular variable.

3. Observations
3.1. Single-dish data

New observations in the Si@%0, J=2-1) and SiO«=1, J=2—
1) lines were obtained using the radome enclosed 20 m te
scope at Onsala Space Observdl¢6S0O), Sweden. The OSO
data were collected in April and June 1999. The main bee
efficiency of the telescope was 0.55, and the representai
noise temperature of the receiver was 150K. The beam s
is 44’ at 86 GHz. As spectrometers two filterbanks were us: =
(256x 250 kHz and 5121 MHz). Dual beam switching (beam*™
separation of about 1)1 in which the source was placed alter
nately in the two beams, was used to eliminate baseline rippl
All data were calibrated by the chopper-wheel method. Tl
CO (J=2-1, 3-2, 4-3) data were taken from Kerschbaum
Olofsson|(1999). The Si€0, J=3-2) and CQ{=1-0) spec-
tra, obtained with the IRAM 30 m telescope, were kindly prc %3
vided by Martin Groenewegen. FId. 1 shows all our single-dit ,_g
spectra. The intensity scale is given in terms of main bee
brightness temperaturé,,;,. Table[1 lists the corresponding
line measurements. The tabulated integrated line interdsiisy,
given in main beam brightness temperature scale and the be
size is given as the half power beam width (HPBW). The pei
temperatured,,1), the centre velocityu(sgr), and the expan- _.
sion velocity () were obtained by fitting a parabola to the line \x:
profile. In order to convert the given sy values into the helio-
centric frame 14.6 kms' has to be subtracted. The note in th
last column indicates if the broad or narrow components we
measured separately.

All line profiles (except the non-thermat1 SiO line pro-
file) in Fig.[Il look similar, i.e., they show a narrow central pea
surrounded by weaker red- and blue-shifted shoulders. Mo £
over, for the CO data there is a tendency that the central p¢ '_ﬁ
becomes more pronounced relative to the shoulders the hig
the frequency of the transition.

3.2. Interferometric observations and results

We have made high spatial resolution J&(—0 and 2—1) ob-
servations of RV Boo using the Owens Valley Radio Observ
tory (OVRO) six-element array. The observations were ma
in December 1997 and January 1998 in two different telescc
configurations with baselines in the range 15-119 m.

1 The Onsala 20 m telescope is operated by the Swedish Natio
Facility for Radio Astronomy, Onsala Space Observatory, at Chalmers
University of Technology
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Fig. 1. Single-dish SiO and CO radio line spectra of RV Boo
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Fig. 2.CO map of the integrated intensity in tHe2-1 transition at 230 -1 L L L . . .
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increment between contours 2sJy km s ~! beam~!. The measured OVRO, 3.5" beam

noise in the map i8.63 Jy kms ! beam™'. The lines denote the two 0,4 |- i
‘cuts’ used for the diagrammes in Fig. 5

0,2 4

A digital correlator configured with 64 channels provide
a spectral resolution of 0.5 MHz (or 1.3km'sat 115 GHz,
and 0.65km s' at 230 GHz). Absolute flux calibration was g, . . . . . .
obtained by measurements of Neptune and Uranus. The nez: -30 -20 -10 0 10 20 30 40
quasar 16114343 was used to monitor phase and gain vari Vi
tions. The flux densities of 1631343 during the time of ob- _ 3 3 _ _
servations were measured to be 2.3Jy at 115 GHz and 1.f}§{3'co J=2-1 (top) and/=1-0 (bottom) spectra at the kinematical

at 230 GHz. The instrumental passband responses were derfat < °f RV Boo. The middlg’=2-1 spectrum has been convolved

. . with the beam size at 115 GHz
by observing the bright quasar 3C273. Phase, passband, and
flux calibration was carried out using the Caltech MMA data
reduction package (Scoville et al. 1993). After thedata had have convolved the interferometric spectra withid Gaussian
been calibrated and the tracks combined into two single datasetam. Toward the centre position we obtain an integrated flux
spectral line maps were made using the CLEAN algorithm in tidensity 08145 Jy km s~! in the21” beam. The JCMT single-

NRAO AIPS package. The resulting synthesised beams (usitigh spectrum yields an integrated flux density®fy kms—!

0,0 - 4

uniform weighting of theuv data) are 18x 1”5 (PA = —71°) (using a conversion factor af7.6 Jy K~ valid for conversion
and 38x3’1 (PA = —67°) at 230 GHz and 115 GHz, respecbetween flux density and tHE,;,-scale in the case of a small
tively. source). This implies that, within the calibration uncertainties,

A map of the total integrated intensity of thie2—1 line is we observe all flux in the interferometer maps. In Eig. 3 we dis-
shown in FigiP. The map is centrecddt 950) = 1413709329 play theJ=1-0 and/=2-1 spectra at the centre of the source.
ando(1950) = 32°45'15"2. By fitting an elliptical Gaussian to Also displayed is the/=2—1 spectrum as convolved with the
the structure we find a source size 8243’3 (PA = 123°) J=1-0beam.
centred at the offsets’(6,-0'3). The measured offsets are con- The J=2-1 channel maps clearly show that the CO source
sistent with the expected proper motion of RV Boo since 195fructure varies with velocity, see Hig.4. The position shift
which amounts to (07,-0/2). The positional uncertainties ares most evident when comparing the maps at 7.0 kiand
estimated to be/{2. As can be seen in Figl 2 the source is clear§.6 km s!. To find the symmetry axis we made several cuts
resolved with ourJ=2-1 beam. It is marginally resolved at(of length 15”), at different position angles through the cen-
115 GHz, and therefore we will mainly use thie2—1 data tre offsets (06,-0'3), along which we determined the position-
in the analysis (the signal-to-noise ratio is also higher in thvelocity structure. Along a cut with position angle &° the
230 GHz data). structure becomes almost symmetric with respect to the emis-

To compare the total flux density of th&=2—1 interfer- sion centre, see the upper diagramme in[Big. 5. The lower dia-
ometer map with that of thg=2-1 single-dish spectrum wegramme in Fid.b shows the position-velocity structure along a
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1 3.3. Physical conditions

Using the estimated source siz&'24 3’3) obtained from the
J=2-1 interferometer map and the mean intensit9.g K) of

the CO(/=2-1) single-dish line profile, we obtain a lower limit

1 of 15K to the average excitation temperature inf2—1 tran-

- sition. This lower limit of 15 K can also be taken as a lower limit

4 onthe average kinetic temperature of the source (unless severe
| non-LTE effects are at work).

Since the exact nature of the emission around RV Boo is
unknown (it is definitely not a ‘normal’ spherical envelope) we
will crudely estimate the physical parameters by modelling the
observed line ratios under the assumption of a large velocity
gradient (LVG). We adopt a CO abundance with respecttofH
fco=2x10"* (see Kahane & Jufa1994). The velocity gradient,
Fig. 4. Selected COJ=2-1 channel maps. The channel velocity iglv/dr, is simply calculated as the line width divided by the
indicated in the upper left corner of each panel. The first coBource size~10° kms ! pcfl_
tour corresponds td.2 Jy beam™' and the contour increment is Using the integrated intensities in Tafile 1 (corrected for
0.2 Jy beam . The offsets are given in arcseconds and RV Boo [Seam filling) the CO line ratios become: 1.3, 0.61, and 0.96 for
located atq. 7, —0"2) the 2-1/1-0, 3-2/2—1, and 4-3/3-2 ratios, respectively. Here
the 4-3/3-2 ratio is rather uncertain due to the low S/N ratio of
the J=4-3 spectrum. The LVG modelling of the CO line ratios
points at a kinetic temperature larger than 25 K (in line with the
lower limit of 15 K found previously), and an4tensity in the
rangel032 — 1038 cm~3. Under these circumstances we were
able to fit the 2—1/1-0 and 3—-2/2—1 ratios reasonably well whilst
the modelled 4—3/3-2 ratio is afactor of about two lower than the
measured ratio. This could be a result of the poor S/N ratio in the
J=4-3 spectrum. Also, since we here assumed a homogeneous
model source the possibility that the central feature is more
pronounced in the/=4-3 spectrum (see Fig. 1), may have an
effect. The best fit was obtained when the velocity gradient was
set to 250kms! pc! (a factor of four lower than estimated
above), i.e., usingco/(dv/dr) =8 x 10~7 (kms 1 pc1)~1L.
Moreover, we find that the observed0 SiO 3-2/2-1 line ratio
of 0.43 is consistent with Hdensities less than0* cm—3 at
higher kinetic temperature§y{ > 25K) and for a reasonable
SiO abundance of a fewl0~". Since the line profiles of CO
and thermal SiO look similar (see Hg. 1) we conclude that it is
plausible that most of the emission from CO and thermal SiO
arises from the same source.

If we adopt an H density of 3<10° cm~3 we arrive at a
total mass of 310> M, for the CO line-emitting gas.

Intensity (Jy beam™?)

10

Position (")

—_—
PA=148 deg

10

Position (")

Vige (km s7) 4. Interpretation

Fig. 5. Position-velocity diagrammes along the two axes indicated he single-dish CO line profiles are reasonably described as
Fig.[2. The first contour correspondsd 5 Jy beam ™' and the con- consisting of two components: a broadl(6 km s ') symmet-
tour increment i90.15 Jy beam ™. Increasing position value corre-ric (except for theJ=1-0 line, where the red-shifted side is
sponds to decreasing RA offset in Hig. 2 stronger) component, with a much narrowe6(km s~1) com-
ponent, centered on the broad one, thatbecomes more prominent
the higher the transition, Figl 1. The latter must be an effect of
line (atPA = 148°) perpendicular to the symmetric cut. Heréncreased excitation requirements since the source is smaller
we see a systematic variation of source structure as a functiban~4". Thev=0 SiO spectra to a large degree resemble the
of velocity. We note also that the lower contours of the2—1 CO spectra, perhaps with a tendency for the broad component
brightness distribution (which are less affected by the beato)be stronger on the red-shifted side of the higher S/N-ratio
appear to have a symmetry axis of PASC°. J=2-1 spectrum. We managed to detect a weak and relatively
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narrow (a Gaussian fit gives a full width at half maximum c e CO(@2-1) observed Keplerian disk:

4.2kms!) SiO@w=1, J=2-1) maser feature (to our knowledge 2 |-
the first detection of maser emission from this star), which i
centred at-7.7 kms ! (roughly the centre velocity of all other
lines, see Tablgl1). The interferometer CO spectra more clez |
separate these two components, and inth2-1 spectrum a £
new, narrow feature on the extreme red-shifted side appe:5
Fig.[3. The latter appears to be spatially unresolved, since nig o
less prominent in the “convolved/=2—1 spectrum, and more 8
prominentinthe/=1-0 line (cf. the single-dish spectra). Amor¢2
careful examination of thg=2—1 data reveals the presence (&
seven features, six features are symmetrically platddy,+4, E
and+6 kms-1) around a central feature #8.3kms™!. These I (2-1) beam
features are clearly seen in the upper panel of[Fig. 5, and al I |
although less evident, in th&=1-0 data (not shown here). The -2 -
velocities of the six channel maps in Hig. 4 correspond to the \ i 1
locities of these six features. The central feature isvery narrc 5 & 4 =2 o 2 4 6 s

(~2km s 1) and becomes more prominent when only the hig| v_ (km/s)

est spatial resolution interferometer data are used. Thus, i 1s re!

unresolved and it is very likely coming from a higher-excitatioRig. 6. The velocity structure of the circumstellar CO emission from
region, i.e., it is the feature that becomes more prominent in tRé Boo. Filled circles are thg=2-1 points and crosses indicate the
higher transition single-dish spectra. Th&é.5kms ! features J/=1-0 points (see text for details). Plotted is also a Keplerian rotation
are spatially dislocated, as is shown in the lower panel of Frig.3/rve for a central mass at5 M,

This may point in the direction of a bipolar outflow (cf. Kahane

& Jura1996), butthere is additional kinematical structure. In Qfsgembles closely the very narrow features seen towards EP Agr
der to quantify this we fitted a Gaussian in each velocity channglq sy psc (Kerschbaum & Olofsson 1999).
of the data in the lower panel of F[d. 5. The centre positions of

these Gaussians, relative to the emission centre, are displayed as
filled circles in Figl®. The results for the=1-0 data are shown 5- Outlook

with crosses. There is clearly a systematic variation in the ”nﬁ'appears that among the low mass-loss rate AGB-stars there
of-sight velocity, even though it occurs on a scale smaller thay, pigher frequency of peculiar circumstellar CO line profiles.
f[he beam. Starting atthe_ex?reme r_ed-and blue-s_hlfted velocmﬁﬁs may suggest that the morphology of their circumstellar
in the./=2~-1 data the emission regions, symmetrically placed#pyelopes is more complex than that of higher mass loss rate
velocity with respect to the line centre, becomes more and M@igiects, although in the latter case the emission may not probe
(symmetrically) displaced, with respect to the emission cent{ge|| the density distribution due to saturation effects. In any
along PA-150" as the line centre is approached. This kinemalyse spatial information is of particular importance here in order
ical structure is very reminiscent of Keplerian rotation, and i reach a better understanding of the AGB mass loss process.
F|g.[EW_e have drawn lines correspondln_g to a_KepIerlan rotatigffe most nearby objects can be mapped in suitable molecular
curve with a central mass of5 M. The similarity between the gmjssions and with enough spatial resolutions with mm-wave
measured velocities and the Kepler curve around an object Witk rferometers. In the case of RV Boo, higher spatial resolution

a mass roughly expected for RV Boo (its high luminosity Mayat4 than presented here are required to convincingly reveal the
pointto an even higher mass) is striking, and an interpretationdf ,cture of its circumstellar envelope.

the form of a low-mass disk, seen close to edge-on, surrounding
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