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la.eduSummary. We review the re
ent Very Long Baseline Array and Hubble Spa
eTeles
ope observations of the �water fountain� pre-planetary nebulae, with longtime s
ale 
omparisons of histori
al water maser spe
tra. Parallax, proper mo-tion, dynami
al ages, and a

eleration measurements are dis
ussed for three sour
es(IRAS19134+2131, IRAS16342-3814, OH12.8-0.9). The �fth water fountain pre-planetary nebula 
andidate is 
on�rmed (IRAS19190+1102) with high angular reso-lution observations. (The fourth, W43A, is not dis
ussed in this paper.) Further su
hobservations, and, as well, time monitoring of the water maser spe
tra are 
ru
ialnext steps for the understanding of this short transition phase in the evolution toplanetary nebulae.Key words: pre-planetary nebulae, masers1 Introdu
tionIt is now well-a

epted that asymptoti
 giant bran
h (AGB) stars evolve into plan-etary nebulae (PN); however the me
hanisms and details are still un
ertain. Whatseems to be 
lear is that the period of transition (the so-
alled pre-planetary neb-ula � PPN � phase) is probably rather short, and thus observational eviden
e ofwhat transpires during this interesting phase is somewhat la
king. We know fromobservations of AGB stars and PN that the geometry of the 
ir
umstellar material
hanges dramati
ally from a nearly spheri
al distribution to many di�erent geomet-ri
al shapes [15℄, and that this transition period (or earlier) is very likely when theshaping o

urs.A parti
ularly interesting sub-
lass of PPNe is the group of so-
alled �water-fountain� nebulae, whose distinguishing 
hara
teristi
 is the presen
e of very high-velo
ity red- and blue-shifted water and OH maser features (one of the most extreme
ases, IRAS16342−3814 � hereafter I16342, has water maser features with radialvelo
ities separated by more than 250 kms−1). Sin
e the dis
overy of the high velo
-ity water masers in I16342 [12℄, several more water-fountain PPN 
andidates havebeen dis
overed, and high angular resolution observations of the water masers in
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es have been obtained using the NRAO's Very Long BaselineArray. Table 1 lists the known and 
andidate water fountains and the velo
ity extentof the water maser emission as determined from single-dish spe
tra.Table 1. Known (Top Five) and Candidate (Bottom Six) Water Fountain PPNeSour
e Other Name Radial Velo
ity Extent (kms−1) Referen
eIRAS16342-3814 OH344.1+5.8 260 [13℄OH12.8-0.9 100 [6℄IRAS18450-0148 W43A,OH31.8+0.0 180 [13℄IRAS19134+2131 105 [13℄IRAS19190+1102 100 [11℄, [3℄IRAS15445-5449 OH326.5-0.4 90 [5℄IRAS15544-5332 OH328.5-0.3 80 [5℄IRAS18043-2116 OH0.9-0.4 205 [5℄IRAS18286-0959 210 [7℄IRAS18460-0151 OH30.1-0.2 300 [7℄IRAS18596+0315 OH37.1-0.8 60 [5℄Mole
ular masers are, of 
ourse, ubiquitous in the 
ir
umstellar envelopes ofoxygen-ri
h AGB stars; in general the spatial distribution of masers in the AGBstage tra
es more or less spheri
ally symmetri
 shells of gas, with SiO masers nearthe stellar photosphere, water masers further out in the shell (a few tens to a hundredA.U.), main-line OH masers next, and �nally in the far rea
hes of the 
ir
umstellarenvelope (a few hundred to 1000 A.U.), the 1612 MHz OH masers. The total velo
ityspread of these masers is set by the expansion speed of the AGB eje
ta, whi
h typ-i
ally lies in the 5-20kms−1 range. In the water-fountain nebulae, the water masersappear to have been re-born in a fast out�ow. The high-velo
ity out�ows tra
ed bythe water masers appear to be highly 
ollimated based on VLBA observations of �vesour
es (see Table 2), and are likely the manifestations of the a
tive sites at whi
hthe 
ir
umstellar environments are being shaped by these jets.In this review, we will brie�y report on re
ent interesting results of VLBA andHubble Spa
e Teles
ope (HST) observations of the water fountain IRAS19134+2131[9℄, VLBA observations of OH12.8-0.9 [1℄, show VLBA results 
on�rming a �fthwater fountain PPN, IRAS19190+1102 [4℄, and dis
uss our re
ent interpretation ofthe water fountain I16342 [2℄.2 IRAS19134+2131 & OH12.8-0.9Imai, Sahai. & Morris [9℄ re
ently published VLBA observations of the water foun-tain PPN IRAS19134+2131 (hereafter I19134), along with opti
al images taken withthe HST to dete
t and lo
ate an opti
al nebula with respe
t to the water masers.Figure 1 shows the dete
ted opti
al lobes and the extent of the water masers in thisPPN. The agreement in size and orientation of the opti
al nebula and the water



Water Fountains in Pre-Planetary Nebulae 343Table 2. Properties of Water Fountain PPNeSour
e I16342 W43A I19134 OH12.8 I19190Estimated Distan
e (kp
) 2 2.6 8.0* 8 2Water Maser Angular Extent (mas) 3000 920 140 110 285Water Maser Linear Extent (A.U.) 6000 2400 1120 880 570One-Sided 3D Out�ow Velo
ity (kms−1) 152 145 89 58 52Dynami
al Age (yr) 125 50 40 90** 100Opti
al Lobes Dete
ted Yes No Yes No NoOut�ow Collimation (deg) 6 5 10 15 18Referen
e [2℄ [8℄ [9℄ [1℄ [4℄
∗Distan
e measured by trigonometri
 parallax
∗∗Dynami
al age estimate from a

elerationmasers strongly suggests that the lobes have been formed along the 
ollimated fastout�ow.

Fig. 1. From [9℄. Image of the PPN I19134, made with ACS/HST through a) theF606W, and b) F814W �lters. The solid line above the bipolar nebulosity shows theposition angle and size of the water maser high velo
ity out�ow.Imai, Sahai, & Morris used the VLBA to obtain absolute astrometry of the watermasers in I19134 over six epo
hs to analyze the maser motions whi
h 
onsist of the
ombination of annual parallax, se
ular motion, and intrinsi
 motions within the�ow. They obtain a distan
e to I19134 of 8.0+0.9
−0.7 kp
 from the Sun. A pre
ise distan
emeasurement to I19134 allows physi
al parameters to be a

urately determined;VLBA observations of other water fountain PPNe hold the promise of a

uratedistan
es to other members of this important transition 
lass of obje
ts.Boboltz & Marvel [1℄ have used the VLBA to observe the water masers in thewater fountain sour
e OH12.8-0.9 (hereafter OH12.8). They show that, althoughthe spread in radial velo
ities from this sour
e does not rival that from other waterfountain sour
es (see Table 1), OH12.8 does show the hallmark of the other water
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es when observed at high angular resolution. The extreme red- andblue-shifted masers are found in distin
t regions at the ends of a bipolar jet-likestru
ture. In addition, by using published (single-dish) spe
tra of the masers over
∼ 17 years, Boboltz & Marvel �nd (for the �rst time in a water fountain PPN) thatthe water masers in OH12.8 are a

elerating at a rate of 0.63 km s−1 yr−1.3 IRAS19190+1102The water masers in IRAS19190+1102 (I19190 hereafter) were �rst dis
overed byLikkel [11℄, who found masers spread in LSR velo
ity over 70 kms−1. Given thissour
e's 
older IRAS 
olor temperatures than the rest of her survey and the pe
uliar1612 and 1667 MHz OHmaser pro�les, Likkel suggested that I19190 was an energeti
mole
ular 
loud sour
e, although she did not rule out a �relationship to evolvedobje
ts with high-velo
ity water maser emission�. Indeed, the other water fountainPPNe have similar 
olor temperatures to I19190. Claussen, Sahai, & Morris [3℄ re-observed the water maser emission from I19190 in a survey of 
old OH maser sour
es(
andidate PPNe) using the NRAO 100-m Green Bank Teles
ope (GBT), �ndingmaser emission over a range of LSR velo
ities ex
eeding 100kms−1.Re
ent VLBA observations [4℄ of I19190 show that the high velo
ity masersare separated into a bipolar stru
ture of red- and blue-shifted features as in theother water-fountain PPNe observed with the VLBA. Figure 2 shows two VLBAepo
hs of the high-velo
ity water masers separated by approximately two years.Proper motions of the water masers over this time show that the two groups ofmasers are moving away from ea
h other at 2.7 mas yr−1 (in the plane of the sky),translating to a velo
ity of 26 km s−1 assuming a distan
e of 2 kp
. The 
al
ulatedthree-dimensional expansion speed (one-sided) is 51.7 km s−1 . Thus it appears thatI19190 should join the 
lass of bona �de water fountain PPNe.4 IRAS16342-3814One of the most extreme members of the water fountain PPN 
lass is I16342. Thissour
e has water masers spread over a range of radial velo
ities en
ompassing 270kms−1, the largest spread of velo
ities known, until re
ently (see Table 1), in thehandful of water-fountain nebulae. In the dis
overy single-dish spe
tra [12℄ and sub-sequent single-dish observations [13℄ (hereafter LMM92), the spe
tra show two maingroups of masers: one at radial LSR velo
ities from approximately 150 to 180 kms−1,and one at radial LSR velo
ities from −90 to −60 kms−1. In the LMM92 multi-epo
h study, no water maser emission was found in the intervening range of the
entral velo
ities, i.e. approximately −60 to +150 kms−1. LMM92 suggested thatthe water masers appeared to be re�e
tion symmetri
 about a 
entral velo
ity andanalyzed red/blue pairs of features (e.g. ∼ +170, −85; ∼ + 145, −55 kms−1) whi
hwere thought to be symmetri
ally situated about a single 
entroid velo
ity. In theiranalysis, they found that the 
entral velo
ity was +43.2 km s−1 with respe
t to theLSR. LMM92 also suggested that the members of the red/blue pairs presumablyarise on opposite sides and at similar distan
es from the star.
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Fig. 2. Map of the water masers of I19190 for two epo
hs: bla
k/white symbolsfor Mar
h 19, 2004, 
olored symbols for May 31, 2006. The angular expansion ratebetween the NE and SW groups of masers is 2.7 mas yr−1 or 26 km s−1 for a distan
eof 2 kp
.Sahai et al. [16℄,[14℄ studied I16342 in some detail in the opti
al and near-IRusing HST and the Ke
k Adaptive Opti
s (AO) system, and OH emission usingthe VLA. A bipolar nebula with lobes separated by a dark equatorial waist is seenin the HST images. The morphology implies that the lobes are bubble-like re�e
-tion nebulae illuminated by starlight es
aping through polar holes in a dense, dustyobs
uration of the 
entral star. The AO observations reveal a remarkable 
orks
rew-shaped stru
ture apparently et
hed into the lobe walls, whi
h is inferred to be thesignature of the underlying pre
essing jet. The VLA maps of the OH masers showfeatures with the largest red- and blue-shifted velo
ities 
on
entrated around thebright eastern and western polar lobes, respe
tively, while intermediate-velo
ity fea-tures generally o

ur at low latitudes, near the dark waist region. Figure 3 showsthe HST images overlaid with the OH emission (and the water masers, see below).VLBA multi-epo
h observations of the high-velo
ity water masers in I16342,reported in Claussen, Sahai, & Morris [2℄ (hereafter CSM07) show that the red- andblue-shifted masers lie at opposite ends of a bipolar stru
ture 2975 mas in extent,at a position angle of 66.1◦ east of north. The −66.0 and +153.0 km s−1 velo
itygroups form a velo
ity-symmetri
 pair in the sense of LMM92 and shows a propermotion of their separation ve
tor of 11.0 mas yr−1. This 
orresponds to a tangentialvelo
ity of 105.0 km s−1 if it is assumed that both members of the pair equallyshare their separation velo
ity (see Figure 4). The total three-dimensional speed(one-sided) of material in the 
ollimated fast out�ow, based on these measurements,is thus 151.9km s−1.CSM07 perform an analysis based on the 
hange in velo
ities of their velo
itygroups as 
ompared to LMM92. They �nd that the radial velo
ity out�ow speedhas in
reased by roughly 5 - 6 km s−1 over a period of about 14 years (from 1988to 2002), implying 1) that momentum has been added to the water maser emitting
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 38 < V(km/s) < 75Fig. 3. (a) A 
olor image of I16342, made of exposures taken with WFPC2/HSTthrough the F814W �lter in red and F555W �lter in green. (b) VLA OH 1612, 1665,and 1667 MHz maser features, overlaid on the F814W image. VLBA water masersare also show. Water masers in the velo
ity range VLSR = −20 to −33 km s−1 are
o-lo
ated with the blue-shifted OH masers.

Fig. 4. Water masers in I16342. Left. Masers in the northeast part of the out�ow,at +153.0 km s−1 radial velo
ity. Colors depi
t di�erent epo
hs of the observationsin 2002, separated by 1 month intervals. Right. Masers in the southwest part of theout�ow, at −66.0km s−1radial velo
ity. These two groups form a velo
ity-symmetri
pair (LMM92).



Water Fountains in Pre-Planetary Nebulae 347material by the jet, and thus that the jet in I16342 has remained a
tive, and 2) thatthe average a

eleration is ∼0.4kms−1yr−1. This is very similar to that found byBoboltz & Marvel for OH12.8. Measuring the a

eleration of the gas in the 
olli-mated fast out�ow provides an additional observable for 
onstraining hydrodynami
models of the intera
tion between the jet and 
ir
umstellar envelopes. Although thea

eleration of the wind is sensitive to model parameters (e.g [10℄), it has not beenused as a 
onstraint in su
h models, as the observational data has not, until re
ently,been available.5 SummaryHigh angular resolution observations of the water masers in water fountain PPNehave 
on�rmed the suggestion by LMM92 that the red- and blue-shifted masers lieon opposite sides of a bipolar out�ow. Comparison with opti
al HST images showthat, in two 
ases, a small bipolar nebula is likely being formed by the 
ollimatedfast out�ow (as indi
ated by the water maser jet) intera
ting with the 
ir
umstel-lar gas, eva
uating material and allowing stellar light to re�e
t from the walls ofthe 
avities thus 
reated. An a

urate distan
e measurement has been obtained forone water fountain PPN by absolute astrometry of the water masers. Careful 
om-parison between spe
tra over many years has suggested that the gas tra
ed by themasers is a

elerating in two obje
ts. Although not reviewed here, the motions ofthe water masers in W43A are well �t by a pre
essing jet model [8℄, suggesting thepresen
e of a binary 
ompanion of the 
entral star. Finally, the measurement of thethree-dimensional velo
ities of the jets and the extent of the maser emission give anestimate of the lifetime of the 
ollimated fast out�ow tra
ed by the water masers.These lifetimes, listed in Table 2, are very short (≤ 100 years), and thus 
on�rmthe rapid evolution from the AGB towards the PN phase. Further high angular res-olution observations of 
andidate water fountain sour
es will 
on�rm the bipolarnature of these sour
es. Repeated VLBA observations of water fountain sour
es willallow dire
t distan
e measurements, as well as determine the spatial evolution ofthe water maser stru
tures. High sensitivity and high velo
ity resolution spe
tralmonitoring, with the GBT, will permit a 
areful measurement of the a

eleration orde
eleration of the radial velo
ity of the masers, and add the a

eleration in manywater fountain sour
es as an observable 
onstraint on the models of the out�owswhi
h shape their 
ir
umstellar environments.A
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