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ABSTRACT

Context. Water fountain stars represent a stage between the asyorgitit branch (AGB) and planetary nebulae phases, when the
mass loss changes from spherical to bipolar. These typegobfeel objects are characterized by high-velocity jetshi@a 22 GHz
water maser emission.

Aims. The objective of this work is to detect and study in detail ¢ireumstellar gas in which the bipolar outflows are emerging
The detection and study of thermal lines may help in undedétg the nature and physics of the envelopes in which tlseget
developing.

Methods. We surveyed the CO arldCO line emission towards a sample of ten water fountain #taosigh observing thd =1 — 0

and 2 — 1 lines of CO andCO, using the 30 m IRAM radio telescope at Pico Veleta. All weger fountains visible from the
observatory were surveyed.

Results. Most of the line emission arises from foreground or backgtGalactic clouds, and we had to thoroughly analyse the
spectra to unveil the velocity components related to ths sha two sources, IRAS 18460-0151 and IRAS 1859815, we identified
wide velocity components with a width of 3540 km s that are centred at the stellar velocities. These wide coemts can be
associated with the former AGB envelope of the progenitan. gt third case, IRAS 18286-0959, is reported as tentaitivéitis case a
pair of narrow velocity components, symmetrically locatéth respect to the stellar velocity, has been discoverezlaldb modelled
the line emission using an LVG code and derived some globalipal parameters, which allowed us to discuss the possiftge of

this gas in relation to the known bipolar outflows. For IRA268-0151 and IRAS 1853®315, we derived molecular masses close
to 0.2 My, mean densities of f&m3, and mass-loss rates of M, yr. The kinetic temperatures are rather low, between 10 and
50 K in both cases, which suggests that the CO emission iagfi®m the outer and cooler regions of the envelopes. Naditvas
possible for IRAS 18286-0959, because line contaminationnot be discarded in this case.

Conclusions. The molecular masses, mean densities, and mass-loss stiteated for the circumstellar material associated with
IRAS 18460-0151 and IRAS 18596315 confirm that these sources are at the end of the AGB oraji@ring of the post-AGB
evolutionary stages. The computed mass-loss rates aregatherhighest ones possible according tocurrent evolutyomdels,
which leads us to propose that the progenitors of these fi@tatains had masses in the range from 4 to8 We speculate that CO
emission is detected in water fountains as a result of a C@damce enhancement caused by current episodes of lowatitin
mass-loss.

Key words. masers — stars: AGB and post-AGB — stars: evolution — stadvidual (IRAS 18460-0151, IRAS 18596315,
IRAS 18286-0959) — stars: winds, outflows — ISM: molecules

1. Introduction evolved stars, such as the magnetic launching from a sitale s
(Garcia-Segura et al. 2005) or a binary system (Soker 1998).
Planetary nebulae (PNe) display a variety of morpholodies A crucial step in this study is identifying the sources that

purely spherical (see, e.Q., Jacoby et al. 2010) to bipolaven have just made the transition from spherical to collimatedsn
multipolar (Sahai & Trauger 1998). Non-spherical PNe are @dss. The group of objects often referred to as water foontai
particular interest, because the explanation of the peottest stars (hereafter WF) are probably the most appropriateicand
shapes them is still under debate. There is growing evidehcelates. WFs are evolved objects (mostly late AGB and post-AGB
highly collimated jets in evolved stars, which are belieteplay stars) with water maser emission tracing high-velocityion,

a key role in the subsequent shaping of PNe (Sahai & Traudaster than the typical velocities seen in AGB mass-lossanst
1998). For low- and intermediate-mass star8<8 M), ashort- of 10— 30 kms(see, for example, Neri etlal. 1998). Candidate
lived transition from a spherical to a collimated mass-lass objects to this class are usually identified by their broddare
some point between the asymptotic giant branch (AGB) and tite spread £ 50 kms?) in their water maser spectra. Since
PNe stages is therefore expected. Several processes have the first identification of IRAS 16342-3814 (Likkel & Morris
proposed to explain the nature of collimated ejections @s¢h [1988), this novel group of sources has grown very little imau
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ber. A total of only 14 candidate WFs have been reported sarrow width of the line precluded these authors to asaetite
far (Engels et al. 1986; Deacon etlal. 2007; Deguchi et alZ20@&ssociation of the CO emission with the WF.
Suarez et al. 2008, 2009; Day etlal. 2010; Gomez/et all2011). We conducted sensitive CO ad@CO observations of ten

When water maser emission in WFs is observed with intéf{Fs, involving theJ = 1 — 0 and 2— 1 transitions, using
ferometers, it seems to trace highly collimated jets, wigh dthe 30m IRAM radio telescope at Pico Veleta. Our goal was to
namical ages as young as 100yr [Boboltz & Marvel 2007; survey the largest possible number of WFs to obtain new reli-
Imal [2007h] Day et al. 2010). In IRAS 18286-0959, the watéple detections of thermal line emission associated wiglseh
masers are tracing a double-helix structlire_(Yunglét alpo10bjects, and hence to derive some global physical parameter
In all cases, these recent ejections represent one of thiestarthe emitting regions.
known manifestations of collimated mass-loss in evolvadsst

WFs are thought to possess a thick, expanding circumsi2l-Observations and strategy
lar envelope (CSE), that was expelled during the AGB phase. . i ) _
The maser emission in these sources may be produced whBf observations were carried out using the 30 m radio tejeesc
a newly produced jet strikes into the CSE (Irhai 2007a). Th Pico Veleta, Spain, during two runs in June 2009 and June
scenario explains the highly collimated jets of OH angOH 2010. The new EMIR (Eight Mixer Receiver) was _us_ed for all
with velocities higher than 100 knBoboltz & Marvel[2007; the observations. The focal plane geometry of this instnime
Day et al[ 2010, Gémez etlal. 2011) and very short dynamic@iowed us to gather 3mm and 1 mm data simultaneously in two
time-scales. After some decades, the tip of the jet is erptot linear po_Iarlzatlons. In this case, we selected the simatias
have reached the outer regions of the CSE, where physical cgpservations of CQ = 1 — 0 (115.271GHz)and = 2 > 1
ditions for maser pumping are no longer met. The thick CSE §830-538 GHz) in one receiver configuration, ardoJ =1 —

WF is evident by their high obscuration in optical waveldrggt 0 (110.201GHz) and = 2 — 1 (220.399GH?z) in a second

. . setup.
_The modelling of the broad-band spectral energy distribl="pg v\ 1o \VESPA and WILMA autocorrelators were con-
tion (SED) of the thermal dust emission may give important,

clues about the envelope in WFs and also about the presencg ﬁed as backends at all the observed lines. With VESPA,
disks (Duran-Rojas et al., in preparation). SED modelliraym equency spacing of 312kHz and 1.25MHz was employed

. >\~ . . : in the 3mm and 1 mm lines. This is equivalent to 0.81 and
in principle, provide hints about the circumstellar make, lu- 0.85 kms? at the CO and3CO J = 1 — 0 frequencies; at

minosity of the system (e.g., including both the enveloptae 0 5 _ 5", 1 jines; the velocity spacings are twice as high. The
disk), and the physical structure (density and tempergitoe o, ool handwidth employed was 160 MHz and 320 MHz at
files). Unfortunately, SED modelling |s_st|II hampered bynm 3mm and 1 mm, which provided an actual velocity coverage of
free parameters that are poorly constrained due to the @il _ 360 kmstin a’II the lines. On the other hand, each module of

ogthe sfources (Istzta)r,lenvelop?, disks, jets) and the lackasie the WILMA autocorrelator provided 1 GHz of bandwidth and
edgeo somego a parame ers. ) o a fixed spectral resolution of 2 MHz. The wide instantaneous
The detection and detailed study of line emission from thegzndwidth of EMIR (8 GHz in SSB at 3mm) allowed us to tune
mal gas is a key in providing additional valuable informatiothe |ocal oscillator to include thECO J = 1 — 0 line in the
about the physical characteristics of CSEs, mainly abaitdh O setup. Therefore, we used another WILMA module to cross-
tal mass, the mass-loss rate and the global kinematics. @O aReck the!3CO J = 1 — 0 line emission within the CO setup,
13CO spectra have been widely observed in AGB and post-AGheit with a poor velocity resolution (5.4 km'.
stars; modelling them has been used to determine the msss-l0 The observations were made under typical winter conditions
rate, the total mass, and other physical parameters (seex{fo (precipitable water vapour column close to 4 mm), registeri
ample| Teyssier et al. 2006). So far, IRAS 16342-3814 st 0 atmospheric opacities at 225 GHz between 0.1 and 0.4. Tiypica
WF where thermal line emission has been unambiguously Egstem temperatures were 110-450K at 3 mm, and 160-600K at
ported (He et al. 20()8 Imai etlal. 2009) From the detectibn Qmm The resultingn’s (three_sigma) were between 8 mK and
the CO and (tenta’[ivelﬁCO J=2->1 |ineS, He et &l. (2008) 92mK at3 mm, and between 26 mK and 250 mK at 1 mm.
have determined an expansion velocity of 46 ki bigherthan ~ The antenna temperature scale was calibrated every 10-12
that expected in an AGB envelope (typically 15 km)sSurpris- minutes by the standard chopper wheel method, that is, by the
ingly, the COJ = 3 — 2 line reported recently (Imai et/al. 2012)sequential observation of hot and cold loads, and the bliyik s
shows a dferent klnem_atlcs, de|_O|ct|_ng an even broader p_roﬂ}q)t and cold load temperatures were room- and liquid-nénog
(> 200 kms™). These high-velocity dispersions have been intefamperatures, respectively. Sky attenuation was detedhim
preted by the kinematics related to the collimated ejecéilso rea| time from the values of a weather station, the measureme
traced by water masers, instead of with the expanding m®tios} the sky emissivity, and an atmosphere numerical modél-ava
of the CSE. able at the observatory. Furthermore, we regularly obseaset
Imai et al. (20009) illustrated the fiiculty of properly identi- of standard line calibrators (Mauersberger et al. 19893}, essti-
fying CO associated with WFs when using single-dish observaated an uncertainty lower than 20% in all the observed lines
tions. Most of these objects are at low Galactic latitudetapce- All the intensities throughout the paper are made with respe
fore multiple Galactic foreground and background CO compts a scale of main-beam temperatuiig,§), assuming main-
nents are also gathered within the telescope beam. It issnedeam diciencies of 0.75 and 0.52 at 3 mm and 1 mm. Velocities
sary to take spectraffiset from the target position, and identifyare given with respect to the LSR.
whether there are CO components that are presentonly @rthet We surveyed all the WFs known in 2010 that are visible
get position, and at a velocity close to that of the star. letaill. from Pico Veleta. The sample includes ten sources, detailed
(2009) reported a tentative detection of 0= 3 — 2 emis- Table 1. In the table we included other common names for the
sion associated with IRAS 18286-0959, since it was onlygmes sources, their equatorial coordinates (J2000), distarigakc-
in spectra taken towards this source. However, its largecitgl tic latitudes, and approximate velocities with respech®ltSR.
offset & 25 kmst) from the central velocity of the jet and theThe two distances quoted for IRAS 18113-2503 are kinematic
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Table 1. Sources observed

IRAS name  Other name RA Dec d b Visr Ref.
J2000 kpc deg  kntd

16552-3050 GLMP498 16:58:27.30 —-30:55:08.0 19.6 +7.3 +20 1,2

18043-2116 OHO0.9-0.4 18:07:20.86 —21:16:10.9 6.4 -04 +90 3

18113-2503 18:14:27.27 -25:03:00.5 6.70r10.0 -3.6 +100 4
18139-1816? OH12.8-0.9 18:16:49.23 -18:15:01.8 — -0.9 +60 5,6
18286-0959 18:31:22.95 -09:57:21.1 3.6 -0.1 +41 7.8
18450-0148 W43A 18:47:41.16 -01:45:11.5 2.6 ()] +34 9,10

18460-0151 OH31.0-0.2 18:48:43.02 -01:48:30.5 2.1 -0.2 +125 11,12
18596+0315 OH37.1-0.8 19:02:06.26 +03:20:15.5 4.60r8.8 -0.8 +90 13
19134+2131 19:15:35.22 +21:36:33.9 8.0 +4.6 -65 14
19190+1102 19:21:25.09 +11:08:41.0 8.6 -15 +20 15

References. (1) [Suarez et al.| (2007); (2) Suarez et al. (2008); (3) Deatat (2007); (4)_Gomez etial. (2011); (5) Engels etal. (1986
(6)(Boboltz & Marvel (2005); (7) Imai et al. (2013a); (8) Yuegal. (2011); (9) Diamond et al. (1985); (10) Imai et al. (2Pq11)Deguchi et al.
(2007); (12) Imai et al. (2013b); (13) Gomez et al. (1994%)(Inai et al. (2007b); (15) Day et al. (2010).

Notes. In boldface are given the most common name and that usedgwatithis paper.

Unclear association of IRAS 18139-1816 to OH12.8-0.9, abtypdue to wrong coordinates in the IRAS catalogue.

Kinematic distances provided for IRAS 18113-2503 (seé text

Unknown distance to OH12.8-0/9. Baud etlal. (1985) prop8dext due to its membership to a group of evolved stars lodateards the Galactic
Center.

distances derived in this work, using the Galactic rotatimuel Table2. Upper limits of the undetected sources
of Reid et al.|(2009).

All the observed sources are located in the Galactic digk, an IRAS name co Co
most of them at Galactic latitudes as low $ < 1°. Therefore, 1-0 2-1 150 2-1
the CO and®CO lines are expected to be heavily contaminated =~ 16552-3050  0.83  0.64  0.36 —
by Galactic background or foreground emission that origisa 18113-2503  1.08 215 0.25 0.27
in local gas and spiral arm clouds along the line of sight. 191342131 061 072 053 1.61

Therefore, we selected position-switching as the obsgrvin _ Lo _ -

mode and were especially pcareful in selectgi]ng an apprc%)rigl[mes Three-sigmamslimits in K km s, Veelocity width of 40 km st
. : - assumed.

reference position. For each source, we trigtedént reference

positions by moving away from the Galactic plane, until we ob

tained clean spectra, that is, without line emission agi$iom 3. Results

the reference position.

However, a position used for reference that is too distaﬂ"{l'
usually produces a worsening in the baselines, and we hadrioFigs. 1 to 4 the spectra towards the star position are de-
compromise. Typical distances to the reference positiogie w picted, correspondingto CO = 1 — 0,%COJ =1 - 0,
1000". COJ =2 — 1,and®C0OJ = 2 — 1. In all cases but the

To associate a velocity component to a WF, we proceedé@O J = 1 — 0 line of IRAS 16552-3050 and OH12.8-0.9
with a strategy of five-points crosses, that is, by obserting (Fig. 2), spectra are taken from the VESPA autocorrelatar; f
wards the star position, and another four points locatédaivby non-detections, a smoothing of three channels was appied t
from it, in the east-west and north-south directions. Thjzega- the spectra. Line emission, with multiple velocity compuoise
tion of 24’ corresponds approximately to the half-power beaiws present in most of the spectra, but it mainly arises in-fore
width (HPBW) at 3 mm, and twice the HPBW at 1 mm. Due tground and background Galactic clouds. Notable exceptions
galactic foregrounfibackground gas clumps, one can expect sitRAS 16552-3050, IRAS 18113-2503 (both without CO emis-
nificant variations in the emission along24owever, if we saw sion), and IRAS 191342131 (with only a narrow component),

a velocity component present ONLY at the star positionwais which are the sources with the highest Galactic latitudeun o
suspected to be associated to the WF, and was analysediin detample. Table 2 provides the upper limits of the CO &@D

When a WF source had no CO emission at the star pogglocity-integrated temperatures in these cases, asguaiine
tion or only a narrow component far away from the stellar vavidth of 40 kms™.
locity, it was excluded from the five-points strategy. Besmof The foreground and background molecular emission makes
time restrictions, we were unable to observe ¥@O setup in it difficult to ascertain the presence of emission associated with
IRAS 16552-3050 and OH12.8-0.9; in these sources, we we target sources. Therefore, special care must be takerdin
only able to use thd = 1 — 0 spectra from WILMA, which ing this association. We propose a set of three requirentlesits
were observed simultaneously with €0 setup (as explaineda particular velocity component must fulfil for it to be coufesied

Overview

above). as probably associated with the WFs: (1) it is presaiy at the
Data reduction and analysis were made using the GILDAXar position; (2) it persists at least in two of the obserirsek;
softwaré. and (3) it is centred as closely as possible at the stellacitg!

These three criteria are independent of any additionat-inte

1 GILDAS is a radio astronomy software developed by IRAM. Segretation of the geometry and kinematics of the CO-emitterg
http://www.iram.fr/IRAMFR/GILDAS). gion in WFs, and we consider them as indispensable require-
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Fig. 1. COJ =1 — 0 spectra towards the ten WFs surveyed. The (shortened)esaame is indicated at the top of each spectrum. Note the
different intensity ranges in the panels. All the spectra spark@0s* of coverage to facilitate line width comparisons among theses. Spectra
corresponding to IRAS 16552-3050 and IRAS 18113-2503 haem lsmoothed to three times the original velocity spaciregl Rertical bars
are located at approximately the stellar velocity to féaié additional association. Most of these velocity congmis arise from background or
foreground Galactic clouds, as discussed in the text.

ments. In addition to these considerations, another riétiate- A component of about 40 knts width was detected

striction can be imposed if we assume that CO emission arisesthe four lines observed, andnly towards the star posi-

in an expanding circumstellar shell, or in the region whéis t tion. In addition, this component is centred close to thé ste

shell interacts with the stellar jet, or evenin the innekdihere- lar velocity, inferred from the double-peaked OH spectrum

fore, we expect lines to have widths consistent with expagdi(te Lintel Hekkert et al. 1989; Engels & Jiménez-Esteban/200

motions found in AGB envelopes, or larger {5 kms?). and also the KO emission|(Deguchi et al. 2007). To emphasize
After a thorough analysis of the five-points pattern of athe feature, the velocity range (1,1%5) km s*has been shaded

sources and all emission lines, we identified two strong can-the figure. This is the only velocity range where the above

didates that might possess thermal gas associated with: themantioned characteristics are found for this source.

IRAS 18460-0151 and IRAS 18596315; as we see in the next  hq contrast between the star and tHsource positions

section, broad components are detected towards thes@Solie i more notable in the twd = 2 — 1 lines. In contrast, the

a third case, IRAS 18286-0959, we discovered a pair of narey¢ 5 = 1, 0 line shows a velocity component significantly

CO velocity components, symmetrically located with respec arrower than the other lines

the mean OH and O maser velocities (Sevenster et al. 1.99ﬂ )

Imai et al. 2013a). While this source does not meet the three The line ratio of CO (2-J)1-0) is higher than 2. This is

detection criteria we imposed, we cannot discard that the @0 unusually high value for extended insterstellar clowd® (

emission is associated with this WF, although with circuetist €.9., LSakamoto etal. 1€95), but it is more typical of a com-

characteristics dierent from those of the other two detectionact, unresolved source, which reinforces the associafitris

We therefore include this source as a possible (albeit weriat  component to the CSE of the WF. The CO(2130(2-1) ra-
tive) detection in the following discussion. tio is remarkably low (between 2 and 3). This is also uncom-

mon for an interstellar cloud, but similar values have beem
o in the WF IRAS 16342-3814 (He etlal. 2008; Imai et al. 2012)
3.2. Individual sources and some AGB and post-AGB envelopes (see, for example,
3.2.1. IRAS 18460-0151 B_ujarrabal et al. 2001, 2005; Teyssier et al. 2!006)_. T_hismipisi _
discussed in Sect. 4, where we analyse the emission and esti-
This is the clearest detection reported in this work andoif-c mates of physical parameters.
firmed, would be the second WF known to show associated
thermal line emission, after IRAS 16342-3814 (He et al. 2008
Imai et all 2009, 2012). Figure 5 depicts all the final spetira 3.2.2. IRAS 18596+0315
wards this source; for each of the observed lines, a crosaref p
els shows the spectra at the five positions observed. Tdatédeil This case is quite similar to IRAS 18460-0151, although the a
the identification of the associated feature, a zoom in Bitgn sociated CO anfCO components are weaker than those of that
and velocity was applied. source. Figure 6 displays all the final spectra for this sewsin-
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Fig. 2. Same as Fig. 1 for thEfCO J = 1 — 0 line. Spectra from IRAS 16552-3050 and OH12.8-0.9 cowedpo the WILMA autocorrelator.
Spectra corresponding to IRAS 18113-2503 and IRAS 192331 have been smoothed to three times the original velspaging.
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Fig. 3. Same as Figs. 1 and 2 for the QG- 2 — 1 line. Spectra corresponding to IRAS 16552-3050 and IRAIS 28503 have been smoothed
to three times the original velocity spacing.

ilar to the previous figure. Again, a zoom in intensity andbeel IRAS 18460-0151, thé3CO J = 1 — 0 line is the less evident,
ity was applied to emphasize the feature of interest. while the twoJ = 2 — 1 lines are the clearest.

In the velocity range (9A.05) kms?* (shaded in the figure),  The line ratio of CO (2-1)1-0) is unusually high (around
there is significant emission only towards the source, am&n®), as in IRAS 18460-0151. The GBCO observed ratios are
elsewhere. As in the previous case, this is noted in all thetspl not as low as in IRAS 18460-0151; they vary between 3 and 5,
lines observed in the survey. The whole range of emission ddépending on thd — (J — 1) used for the computation. The
this feature is indeed wider, as we show in the discussionnAsimplications of this diference is also discussed below.
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Fig. 4. Same as Figs. 1-3 for tHdCO J = 2 — 1 line. The sources IRAS 16552-3050 and OH 12.8-0.9 haveewn bbserved in this transition.
Spectra corresponding to IRAS 18113-2503 and IRAS 192331 have been smoothed to three times the original velspaging.

3.2.3. IRAS 18286-0959 In the other two components, the observed (Z11D) line
ratio is lower than one. As we discuss below, thi$atence with

This case is clearly dlierent from the previous ones, because wespect to IRAS 18460-0151 and IRAS 1859315 is a signa-

did not find a wide velocity component. However, we did detegiire of diferent physical and excitation conditions.

a pair of narrow lines, symmetrically located with respedite

stellar velocity. Figure 7 depicts all the final spectra togathis ) ) )

source, similar to Figs. 5 and 6. Unfortunately, we dealhwit. Analysis and discussion

strong contaminatiqn in thefizet ppsitions ofthetva?CO Iines_ 4.1. Possible origin of the detected CO

at one of the velocity ranges of interest. For this reasog, Fi

contains only the CO lines at the five positions observed. To analyse and characterize the molecular gas associatked wi

As was previously pointed out by Imai ef 4l. (2009), the @€ three WFs that may show circumstellar CO emission, we iso

spectrum of IRAS 18286-0959 is rich in narrow component&ted the intrinsic CO velocity components by subtractipg-s

due surely to its location in the Galactic plane. Nonettelego thesized @f-source spectra (obtained, in turn, as the average of

of these narrow components are particularly intense toswirel the four outer spectra of each source). The results areniezse

star position and are weaker elsewhere. These two compondhf9- 8 for the three sources and for all the observed lines.
lie at ~ 7 kms® and 66 kms!, and are partly shaded in the The wide component found in IRAS18460-0151 and

Fig. 7 to facilitate comparison of the intensities amongfthe IRAS 18596+0315 strongly resembles those of the circumstel-

positions. The association of these narrow componentetafs |ar €nvelopes found in fierent stages of late-type stars, such

is very tentative, but worth analyzing to the extent thasehéata S Planetary nebulae (see, for instance, Bujarrabal e086)2
allow (see also the discussion|by Imai e{ al. 2009). and post-AGB stars (Bujarrabal etlal. 2001; Teyssier let0al62.

. , _ Wide components of 30-40 km'sare commonlly associated

Stellar velocities inferred from maser lines —due to th@ino it the previous AGB envelopes of these objects.
nature and circumstellar origin—may have large unceresrdf In the case of IRAS 18286-0959 the velocity components
up to 20 kms* (te Lintel Hekkert et al. 1989). Even taking intoare narrower than in the other two cases, and the emission (if
account this potentially large uncertainty, the mean vé&of i i associated with the source) probably arises from alemal
the OH and HO masers are probably not far from the stellaf, e concentrated region; there are also some examples of ci
velocity, and the CO mean velocity is also close to it. Anothemstellar envelopes that show this double-peaked praiile,
important factor is that the line profile is contaminated bg t though —to the best of our knowledge— in C-rich evolved stars
contribution of foreground and background clouds, esplgciagy (Yamamura et 4l. 1993; Bujarrabal & Cernichiaro 1994). B
the blueshifted component. increasing the degree of speculation, we can explore whetthe

Imai et al. (2009) (their Fig. 2c) detected three velocitgneo CO arises from a thin dense shell that surrounds a bipolédycav
ponents in the CAQl = 3 — 2 line towards the star position,as in the model of IRAS 16342-3814 made by Imai et al. (2012).
after subtracting the contribution of thef-@ource positions; The water jets recently studied by Yung et al. (2011) are-orga
the approximate velocities of these components are 10-km shized in a double-helix structure, which may produce a phir o
40 kms?, and 65 kmst. In our data, the 40 knT$ component symmetric bullets, which are detected in CO.
is not particularly intense at the star position, being daiely The weaknesses of the lines (except IRAS 18286-0959), the
inthed =2 — 1line. unresolved nature of the emission, and the lack of detailed i
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Fig. 5. All spectra observed towards IRAS 18481151. Each cross of five spectra corresponds to one of ther@€ [T he relative locations of the
spectra indicate the relative positions of antenna paistithe centre towards the WF and fodiiset positions, 24away from the WF. The lines
are indicated on top of each cross. The velocity range frofitd 1145 km s has been shaded to facilitate additional comparison. Asidéed in
the text, this velocity range depicts significant emissioly at the star position.

formation about the geometry and physics of the envelopes pr Table 3 shows the results of the fitting, and the thick red
vent a more detailed modelling. Nonetheless, first-ordpr@ap lines of Fig. 8 plot them superposed on the observed spectra.
imations were made by fitting the spectra. The shell methdte fittings are sflicient as a first approximation. The mean
available in GILDAS was employed for IRAS 18460-0151 andelocities agree very well with the assumed systemic stella
IRAS 18596-0315. This method fits horn-type profiles for cirvelocity deduced from the masers. In IRAS 18460-0151 and
cumstellar envelopes, providing as outputs (1) the areh®f IRAS 18596+0315, the two CO lines and the= 2 — 1 line of
spectrum; (2)Vqk, the central velocity; (3) the expansion ve*CO are optically thick, while thd = 1 — 0 line of13CO is op-
locity (Vexp), deduced from the full width at zero-level; and (5jically thin in both sources. In any case, the fitting for thstline

s, a shape parameter that is measured as the horn-to-centrésréhe least reliable of all, particularly for IRAS 18598315.

tio, which depends on the line opacity and takes values ftbmSome hints of possible asymmetries are also noted and atle wor
(for optically thick lines, parabolic shape) to infinity (f[double- to be studied in detail during follow-up observations.

peaked, optically thin lines); values close to zero arerprited Average expansion velocities (weighted by the inverse
as optically thin, flat-topped lines. The method assumes uBjuare of the errors) are 20.1 kmisand 17.7 kmst for
form physical conditions and does not take into accountiptess |RAS 18460-0151 and IRAS 18596315. These velocities are
asymmetries due to excitation or clumping. For IRAS 1828@pnsistent with an AGB origin of the molecular gas, as men-
0959, this fitting method did not converge and we performggned before.

Gaussian fitting of the two components independently. From Table 3 we can also quantify some important line ra-

tios. The CO and3CO (2- 1)/(1 - 0) ratio varies between 2
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Fig. 6. Same as Fig. 5 for IRAS 18596315. This is similar to IRAS 1846151 and presents a wide component only at the WF positiom. Th
shaded area reaches from 90 to 105 kin's

and 3 in IRAS 18460-0151 and IRAS 18508315, except for 2CO/*3CO line ratio is very common in PNe _(Bujarrabal et al.
13CO in IRAS 18460-0151; this unusually high line ratio is du005%) and proto-PNe (Bujarrabal etlal. 2001).
to the low vglocity-integrated temperature measured it6© The question arises why CO is detected in some
J =1 - 0line. For IRAS 18286-0959, the CO £21)/(1-0) WFs (IRAS18460-0151, IRAS 18596315, and probably
ratios are 0.4 and 0.6 for the blue and red components; tieése JRAS 18286-0959), while in others (e.g., IRAS 16552-3050,
ues, more typical of diuse clouds, indicate fierent excitation |RAS 18113-2503, or IRAS 19132131) it is clearly absent.
conditions in this source. In the remaining four sources (IRAS 18043-2116, OH12.8-0.9
Another interesting reading of the Table 3 may be mad¥43A, and IRAS 191981102), Galactic contamination pre-
by Compu[ing the C¢3CO line ratio in IRAS 18460-0151 andVvents any COﬂC'!JSlV@ association or nOﬂ-a_SSOClatlon ofdx0et
IRAS 18596+0315 independently for each transition. In all WFs, because in these cases there are intense spectral-compo
cases except for thd = 1 — 0 case of IRAS 18460-0151nents in the stellar velocity range. Unfortunately, the tistec-
these ratios are extremely low, between 2.6 and 3.3. It ishwoHONS and unambiguous non-detections preclude any statlgt
noting that Imai et dl.[(2012) have measured similar valnes $ignificant discussion, and all suggestions must needsgbgyhi
IRAS 16342-3814. This low line ratio may be interpreted ifpeculative. We do not see any correlation of detectalyiliti
terms of high opacity of the CO line, or a real decrease 8Pvious physical parameters, such as the source distartbe or
the isotopic ratio produced in specific events of the statuevoenvelope masses (estimated by Duran-Rojas et al., in @repar
tion, such as the first dredge-up at the beginning of the R&BN). Itis p_OSS|bIe that .CO is detected in WFs where the abun
(Karakas & Lattanzi 2007), or the deep mixing at the end @fince of this molecule is enhanced.
the same phasg (Eggleton et al. 2008). This last hypottiests, To explore this possibility, we investigated the morphol-
discussed by He et al. (2008), is supported by the fact thata logy of the water maser emission where high angular reso-
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Fig. 7. Same as Figs. 5 and 6 for IRAS 18286-959. In this casefferdit pattern is proposed in the CO @A@0 associated with the WF. Two
narrow velocity components, symmetrically located witbpect to the stellar velocity, are found with a higher intigrtewards the star position.

Table 3. CO and'3CO parameters

SHELL FITTING

Source Line Area Vik Vexp S
K kms? kms? kms?
IRAS 18460-0151 COH 0 10.6(2.6) 127.1(3.5) 19.9(0.9) -0.72(0.21)
IRAS 18460-0151 CO2>1 21.3(1.7) 125.3(1.9) 18.3(0.6) -0.85(0.08)
IRAS 18460-0151 3CO1—0 0.4(0.1) 125.0(5.1) 10.3(3.0) 1.02(0.71)
IRAS 18460-0151 3C0O2—-1 6.6(0.6) 126.3(1.4) 21.8(0.5) -0.96(0.06)
IRAS 185960315 CO1-0 2.2(0.4) 89.9(1.4) 16.0(1.4) -0.95(0.17)
IRAS 18596+0315 CO2-1 6.5(0.9) 87.3(1.8) 18.8(1.8) -0.83(0.54)
IRAS 18596-0315 3CO1—- 0 0.8(0.2) 83.1(6.2) 23.9(5.1) 0.06(0.52)
IRAS 18596-0315 3C0O2—-1 2.0(0.3) 90.3(1.6) 18.3(1.5) -0.93(0.27)
GAUSSIAN FITTING
Source Line Area Vpk AV Tok
K kms?! kmst kms? K
IRAS 18286-0959 CO L Oblue 12.0(0.5) 6.5(0.5) 4.6(0.4) 2.5(0.3)
IRAS 18286-0959 CO & Ored 41.2(0.6) 66.5(0.6) 7.4(0.7) 5.2(0.4)
IRAS 18286-0959 CO 2> 1blue 5.3(0.6) 7.5(0.5) 4.9(0.6) 1.0(0.2)
IRAS 18286-0959 CO 2> 1red 26.1(0.7) 65.6(0.4) 6.1(0.6) 4.0(0.3)

Notes. One-sigma errors within parenthesis.

lution was available. In the sources without a clear deteie-the gas phase (due to chemical reactions or evaporation of
tion of CO emission, the water masers trace only bipolares), the detection of CO lines would be favoured in sources
jets, with well-separated redshifted and blueshifted comemts with current episodes of low-collimation mass-loss (initidd

(Imai et all 2007; Suarez et/al. 2008; Gomez et al. 2011)ewhio the collimated jets), where shocked regions would ocaipy

in IRAS 18460-0151 there is a central maser structure tgacilarge solid angle. However, the proper evaluation of thisspo
low-collimating mass loss. If shocks enhance CO abundance
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Fig. 8. Final spectra in the three cases reported as probable ideteaf CO and'3CO gas in WFs. These spectra are the result of subtract-
ing synthesized f6-source from on-source spectra for each source and tr@msthe superposed red lines are fits as circumstellar stfietls
IRAS 1846G-0151 and IRAS 185980315) or Gaussian profiles (for IRAS 18286-0959). Each @@#mnd transition has been fitted independently
(see text).

bility would require interferometric observations, to el@hine The code did not provide satisfactory results for

whether CO emission is co-located with water masers. IRAS 18286-0959 for either of the two components. The
low (2-1)/(1-0) line ratio that is observed could only be re-
produced atn(H,) values well below 18cm3, typical of

4.2. Physical parameters interstellar clouds, andN(CO) abnormally high. Nonetheless,
and regarding our observational findings and those of Imaii et

Aiming to shed more light on the origin of the detected CO arfd009), this case should not be ruled out because the CO is
13CO, and also to estimate the physical parameters of the garly contaminated by foreground or background Galactic
velopes, we have proceeded with non-LTE radiative modglliremission.

using our own code of thearge Velocity Gradient (LVG) ap- For the other two sources, a summary of the best-fit results
proach. For a given set of physical conditions —mainly the kis shown in Table 4. For IRAS 18460-0151, the LVG approach
netic temperaturdy, H, volume densityn(H>), line width and does not provide any solution fdi, above 50K. FofTy=10K

CO column densityN(CO)—, this code iterates and computes thde solutions are optically thick, and for the range 20-50& t
population of the rotational levels, and predicts someiliten- line emission is optically thin (or moderately thick foy=20 K).
sities. More details of the LVG methodology is provided ie thThe case of IRAS 18598315, for a distance of 4.6 kpc, is re-
appendix. markably similar to IRAS 18460-0151. In both cases, thel tota
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envelope masses are betweef.2 and 0.4 M, the mean den- of the order of 10*°M yr%, and the CO emission is moder-
sities around 16cm3, and the mass-loss rates of the order @itely thick. The kinetic temperatures derived are rather lo
10%My yr~1. The CO emission in IRAS 1859®315 is more the range from 10K to 50 K. Taking into account the moderate
opaque than in IRAS 18460-0151. THE/*C ratio —computed opacities derived from the line profiles, we favour the lov va
as the ratio between the column densitie$26fO and'3CO—is ues ofTy, which is also consistent with a scenario where the CO
low in both cases, although in IRAS 18460-0151 it is not exceprises from the cold, outer parts of the envelopes.

tionally low. For IRAS 18596-0315 we also discovered a wide velocity

The line profiles (Fig. 8) and their corresponding shell fisomponent. For the near kinematic distance (4.6 kpc), thé LV
ting (Table 3) show that the envelope is characterized by-maésults were similar to those of IRAS 18460-0151. For the far
erate opacities. Taking this into account, the lower vabfeg, Kinematic distance (8.8 kpc), however, we predict higheeit
should be favoured. Another strong argument that favowdlp temperatures (30-50K), large envelope masseg ), and
is provided after comparing the CO opacities dfelient transi- mass-loss rates one order of magnitude higher. These lastsva
tions; the (2-1)(1-0) opacity ratios are unacceptably high for thare hard to explain with the usual parameters found in otkG A
highestTy, because they exceed the observed line ratios by fanvelopes, or with theoretical consideratians (Bloecle&%).

The low values oTl are consistent with a scenario in which CO  For IRAS 18286-0959, we found two narrow velocity com-
arises from the outer parts of the envelope. ponents, symmetrically located with respect to the stelidoc-

Low temperatures also characterize the CO emission in mif¢t ~ 30 km s™'apart. Previous observations of the same source
of the known post-AGB star (Bujarrabal etlal. 2001, andrrefét theJ = 3 — 2 transition [(Imai et al. 2009) failed to detect
ences therein). Furthermore, the values of the mass eragldpese components, but reported another narrow comporeee cl
and the mass-loss rates agree very well with those deriveed pP the stellar velocity. Line contamination by Galactic kac
viously (Knapp & Morris[ 1985{ Bujarrabal etldl. 2001, 2b0osground dfects the computation of parameters and prevents fur-
De Beck et al. 2010). The high mass-loss rates derived frem ther conclusions. Nonetheless, it is possible that the Gtz
LVG fitting are compatible with the mass-loss experienced i&fises from somewhere in the jets traced by the water maser at
the AGB stars with the highest masses (Bloecker 1995). Thd€,GHz, and this case deserve a more detailed analysis in the
the original masses of these sources are estimated to be infgfiure. We speculate whether CO is detected in WFs in which
range of 4-8 M. low-collimated mass-loss enhances the CO abundance ia-a rel

The resulting parameters derived for the far kinematic diévely large area of the envelope.
tance of IRAS 185960315 (8.8kpc) is, however, dramatically _The detection and study of circumstellar envelopes around
different with respect to the others. Firstly, the range of jsssi WFs are the key to understanding how the mass ejections took
values ofT is more restrictive, in the range 30-50K. Secondlﬁ,!aCe during the last stages of evolution of these objedts. T
due to a higheN(CO), the mass grows to 2Mn(H,) is close to Nigh mass-loss rates derived from our CO data indicate teat w
10° cmr3, and the mass-loss rate is of the order of*I, yr-2. are seeing the mass ejected at the end of the AGB phase, and
This case is indeed puzzling. The envelope mass is very laffat these objects derive from relatively massive (48 bto-
(although compatible with that obtained by Duran-Rojasl et adenitors. Sensitive, high-resolution observations aeeniitural
in preparation), and the mass-loss rate reaches a valuis that follow-up of this work, and they may show how mass is ejected
high within current model< (Bloeckér 1995), and has not be@hthe very end of the AGB phase, and its influence in shaping
observed in evolved stars with a low- and intermediate-mpess Multipolar planetary nebulae.
genitor. Unless something really unique occurs in this 8®ur acknowiedgements. JRR acknowledges support from MICINN (Spain) grants
this result favour the nearest kinematic distance for thig®e, CSD2009-00038, AYA2009-07304, and AYA2012-32032. JFG, MIS and
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Table 4. Results from the LVG modelling of IRAS 18460-0151 and IRAS98+0315

MASS-RELATED PARAMETERS

Source Tk N(CO) mass n(Hy) Vexp M 12c/13¢
K 107cm? My  10°cm3  kms! Mgyr?
IRAS 18460-0151 10 1.57(0.44) 0.20 7.85(2.4) 20.1 61m* 30
IRAS 18460-0151 20-50 1.50(0.32) 0.19 7.50(2.1) 20.1 5194 23
IRAS 1859603153 10 2.70(0.83) 0.35 13.5(4.1) 17.8 .930* 9
IRAS 18596+0318 20-50 1.91(0.26) 0.25 9.55(2.3) 17.8 .820° 7
IRAS 18596:031% 30-50 18.0(4.8) 2.32 90.0(23) 17.8 .6403 13
OPACITIES
Source Tk (K) CO 1-0 CO2-1 ¥co1-0 BBco2-1
IRAS 18460-0151 10 0.82(0.46) 1.65(0.70) 0.04(0.02) @)
IRAS 18460-0151 20 0.23(0.10) 0.90(0.60) 0.01(0.01) @GBY
IRAS 18460-0151 30 0.09(0.04) 0.62(0.30) optically thin
IRAS 18460-0151 40 0.04(0.02) 0.45(0.25) optically thin
IRAS 18460-0151 50 0.01(0.01) 0.37(0.21) optically thin
IRAS 18596-0315" 10 1.47(0.60) 2.66(1.20) 0.20(0.09) 0.43(0.18)
IRAS 18596-0315" 20 0.04(0.02) 1.10(0.40) 0.04(0.03) 0.21(0.14)
IRAS 185960315 30 0.02(0.01) 0.73(0.40) 0.02(0.01) 0.14(0.12)
IRAS 18596+0315 40 optically thin
IRAS 18596+031% 50 optically thin
IRAS 18596-031% 30 0.97(0.40) 2.90(1.20) 0.10(0.03) 0.32(0.07)
IRAS 18596-031% 40 0.63(0.35) 2.12(0.70) 0.06(0.02) 0.22(0.09)
IRAS 18596-031% 50 0.38(0.20) 1.40(0.50) 0.04(0.01) 0.14(0.07)

Notes. CO abundance of 10 assumed. Distances from Table 1. One-sigma errors withienjizesis.

a Assumed distance is 4.6 kpc.
b Assumed distance is 8.8 kpc.
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Appendix A: LVG modelling -

The LVG approach is a method that solves fdfetient geome- 10° |
tries the radiative transfer equations and the level pdipus. E 3
iteratively and without assuming local thermodynamicalieq C ]
librium. It is based on the escape probability method first ing 10% 7 |
troduced by_Sobolev (1960). This methodology has been and E [ ]/ 3
is widely used for determining the physical parameters of ré s F a
gions observed through their molecular rotational lines.ike = ;3 | ]
creasingly popular online version of this method is RADEX E E
(van der Tak et al._2007), which we also used in this work for £ — 1-0 intensity =
cross-checking. 2 [ 2—-1/1-0 ratio 7

The methodology consists of decoupling the radiative trans LA S IR ! ‘ L1
fer from the level population trough introducing a paramgte 10'° 10" 10
that measures the probability of a photon to escape the cloud N(CO) (em™?)
For an uniform sphere, it is computed by

Fig. A.1. Example of the fitting using the LVG approach. The contours

correspond to the observed values of he 1 — 0 line intensity (red)

and the (2-2)1-0) line ratio (green), together with their correspomgdin
B=QA-€7)/7, (A.1) errors.

wherer is the optical depth of a given transition. For an optically The mass was computed by integrati¢CO) over the pro-
thin cloud,7 — 0 and thereforgg — 1, and all the photons jected disk:

escape the cloud. In contragtbecomes lower for an optically

thick cloud, with a limit value of zero.

We modgLIed a uniform spherical cloud with an arbitrary rd¥l = 1.1 (2 m4) Xc§ [ 12, N(CO)], (A.2)
diusrq, = 10° AU, typical of AGB envelopes. A sphere of this .
size, located at the )é?stances quoted in Tgble 1, V\E)OU|d sdlaie where m, is the mass_of the hydrogen atom, and the factor 1.1
most some arcsec in the sky at the observed frequencies; thgpco_untﬁ forhthe mentlloneohlfhass abundance. rectly f h
fore, we ran the code for a single point that concentratethall Finally, the mass-loss rate was cpmputed dlre_cty rom the
emission from the envelope. The crude geometry that we ha(fﬁ)r'ved n(Ha), W'th the only assumption O.f "f‘ stationary mass
introduce is, however, glicient to provide first-order estimates°>>' and following the equation of continuity:
of some global parameters, and is useful to constrain the the

retical models under development (Duran-Rojas et al.,ep@r - 4 (2 Vexp [1.1 n(H2)] (A.3)
ration). out Texp ’
We corrected the observed line intensities by the beamsfilli ~ We remark that the mass-loss rate computed here is not the

factor (which is diferent for each source and frequency). A COurrent mass-loss of the sources (that are probably in tee po
abundance with respect to,HXco) of 10* and a B mass AGB phase), but are the mass lost in the former AGB phase,
abundance of 90% were assumed. The collision partnersareddring which the envelope was expelled.
and He, and the collisional cirients used were taken from
Green & Thaddeus (1976). We note that, although reasonable,
these assumptions certainly constitute an oversimpiifiocatnd
would translate into significant uncertainties in our résurhe
uncertainties quoted in Table 4 (one-sigma)NgCO) andn(H-)
are the result of the LVG model, considering only the underta
ties in the fitting (Table 3). For the total mass and the mass-I
rate, the uncertainties were computed by the standard faemu
of propagation errors.
We ran the LVG code independently for the CO dA@0O
species and for dierent values off (from 10K to 100K, in
steps of 10 K). For each temperature, we computed the regliati
transfer for a grid oih(H,) and N(CO), trying to find the best
fit to the observed line intensities and the (2(1)0) line ratios.
After determining the column densities, the opacities amcee
lope masses were obtained. Fig. A.1 shows an example of the
fitting, where the contours represent the obserded 1 — 0
line intensity and the (2-1(1-0) line ratio; the position where
the two sets of contours intersect determines the most pteba
value ofN(CO) andn(H>) for this value ofTy. The uncertainties
in N(CO) andn(H,) are also obtained from this fitting.
For IRAS 18596-0315, the procedure was applied twice,
once for each of the possible kinematic distances (Tabléof);
IRAS 18286-0959, we also ran the code twice, once for each ve-
locity component.
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