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ABSTRACT

Aims. We aim to study the physical conditions, particularly theigtion state, of the intermediate-temperature gas itoptanetary nebulae and
young planetary nebulae (PPNe, PNe). The information trebbservations of the fiierent components deliver is of particular importance for
understanding the evolution of these objects.

Methods. We performed Herschi@llFI observations of intermediate-excitation molecuiaes in the far-infraregubmillimeter range in a sample
of ten nebulae. The high spectral resolution provided byl ldIlBws the accurate measurement of the line profiles. Tmauahycs and evolution
of these nebulae are known to result from the presence ofaeas components, notably fast bipolar outflows and slalisfthat often are the
fossil AGB shells), and the interaction between them. Bsead the diverse kinematic properties of thfatient components, their emissions can
be identified in the line profiles. The observation of thegkénergy transitions allows an accurate study of the @&xait conditions, particularly

in the warm gas, which cannot be properly studied from thedoergy lines.

Results. We have detected FJRub-mm lines of several molecules, in particular'#€0, *CO, and HO. Emission from other species, like
NHs, OH, H,'80, HCN, SiO, etc, has been also detected. Wide profiles slgosometimes spectacular line wings have been found. We have
mainly studied the excitation properties of the high-véloemission, which is known to come from fast bipolar outffowtrom comparison with
general theoretical predictions, we find that CRL 618 showarticularly warm fast wind, with characteristic kinetemperaturd’, > 200 K. In
contrast, the fast winds in OH 231.8.2 and NGC 6302 are cold ~ 30 K. Other nebulae, like CRL 2688, show intermediate temtpees, with
characteristic values around 100 K. We also discuss howaimplex structure of the nebulae céfegt our estimates, considering two-component
models. We argue that thefflirences in temperature in thefdrent nebulae can be due to cooling after the gas accele(gtiat is probably due
to shocks); for instance, CRL 618 is a case of very recent@@tmn, less thar 100 yr ago, while the fast gas in OH 231482 was accelerated

~ 1000 yr ago. We also find indications that the densest gas tertok cooler, which may be explained by the expected ineretthe radiative
cooling dficiency with the density.

Key words. stars: AGB and post-AGB — stars: circumstellar matter, rl@ss— planetary nebulae

1. Introduction during the AGB phase (elg. Balick & Frank 2002). The presentl
o ) . observed bipolar outflows would then correspond to a pattef t

Asymptotic giant branch (AGB) stars, together with thekfit-  yg|atively dense shells ejected during the last AGB phaseti

cumstellar envelopes (CSEs) around them, evolve to form-planeir polar regions, accelerated by the shocks that prapaiya:-

etary nebulae (PNe), through the phase of protoplanetdry ng,q the PPN phase. Many aspects of this process are, however,
ulae (PPNe). AGB stars are mass-losing red giants surraungg; yet well understood.

by spherical, slowly expanding CSEs, while PNe, surrougdin
blue or white dwarfs, show in most cases strong axial symmetr The massive bipolar outflows in PPNe, as well as the unal-
or ring-like geometries and very fast bipolar jets. The $iaon  tered remnants of the AGB shells, usually show strong eonissi
time between these veryftirent stages is extremely short, onlyn molecular lines (e.d. Bujarrabal etal. 2001), which is tiest
about 1000 yr, during which the intermediate PPNe developgbl to study these nebulae. Several PPNe have been extnsiv
wide variety of structures. observed in mm-wave lines, including interferometric majib
PPNe and young PNe already present fast bipolar outflowssolutions~ 1. Thanks to those observations, the structure, dy-
along with slower components with velocities similar togb@f namics, and physical conditions in a number of PPNe are quite
AGB envelopes. These bipolar flows typically reach velesitf well known. The profiles of the molecular lines have been tbun
50-100 km s, and afect a sizable fraction of the nebular masso be composite, showing in most sources a central core plus
~ 0.1-0.3M,, (Bujarrabal et al. 2001). Such remarkable dynanwide line wings. Maps indicate that the line core basicatignes
ics is thought to be the result of the interaction betweeMBB  from the remnant of the slow AGB wind, which is found to be
and post-AGB winds: axial, very fast jets ejected in the \fi@sy  roughly spherical or confined to equatorial regions. On theio
post-AGB phases would collide with the denser materialteec hand, the line wings come from the fast bipolar outflows, \whic
are more or less elongated in the direction of the nebula axi
* Herschel is an ESA space observatory with science instrtspea-  @nd show in most sources a strong velocity gradient, the ve-
vided by European-led Principal Investigator consortiaaith impor-  locity increasing proportionally to the distance to ther.sBee
tant participation from NASA. examples in_Sanchez Contreras etlal. (2004), Fong et d16§20
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Alcolea et al. [(2007),_Castro-Carrizo et al. (2010), andHer -, cRL 618 ‘“co, Pco & o
references given below. 02 800 J=16-15 " 1760.486 GHz USB
However, observations of the lowiransitions are not very °tr H\ ]
useful for studying the warm gas components, in partichiose .1 |; i WHUHJLNH Pl nﬁﬂwm J -
heated by the shocks. The often obserde@-1 andJ=1-0 WU“J W“WW LA UU
transitions of CO only require temperaturBs ~ 15 K to be [ T e miets 61185 oz 0SB B

excited. Indeed their maximum emissivity occurs for exota
temperatures of 10-20 K, and the line intensities and litenin |
sity ratios depend only slightly on the excitation state étar

0

tively warm gas. Of course, observations in the visible @arne °F w

co J=10-9 1101.350 GHz LSB

infrared ranges tend to select hot regions, with typicalpgera- os:
tures over 1000 K. The proper study of warm gas, 100 Rx  oz:
<1000 K, therefore requires observations at intermediatewa o -
lengths, in the far infrared (FIR) and sub-mm ranges. oF ‘

Because of the crucial role of shocks in the formation of PNe, 00 s=10-9 1151.985 GHz LB
these warm regions are particularly important for undexsta
ing the nebular structure and evolution. In some well-gddi
cases, e.g. M 1-92, OH 231.8.2, and M 2—-56 (Bujarrabal etlal. ** |
1998/ Alcolea et al. 2001, Castro-Carrizo €f al. 2002), igah ° B e ‘
velocity, massive outflows seem to be very cold, with tempera' |
turess 20-30 K, which implies very fast cooling in the shockes |
accelerated gas. No warm component, presumably heated by re
cent shocks, has been identified in these sources until now. O:: L ‘

The only PPN in which detailed studies of warm acceler- e conoor Giie 158
ated gas have been peformed is CRL 618. Interferometricimag
ing of the 1?CO J=2-1 line shows that dense gas in axiaP'l
structures presents higher temperatures, typicalp0-100 K of
(Sanchez Contreras et al. 2004). But, precisely becauseenf .
relatively high excitation, the temperature estimate @sthcom-
ponents from CQJ=2-1 is uncertain. Maps ot’CO J=6-5 o5}
were also obtained by Nakashima et al. (2007), but with much
less information on the nebular structure. A first attemsttnly ~ °- — . "
such warm regions in the FIR was performed by Justtanont et al Vi (ks
(2000), from ISO measurements of CO lines as higi#87— Fiqg 1. HIFI observations including detectédCO, 13CO, and
36in CRL 618, CRL 2688, and NGC 7027. These authors mde@n:%o lines in CRL 618 Tmp VS. LSR velocities). The shadowed
found temperatures of several hundred degrees in theseesdUtegions indicate the velocity ranges in which we can expect
The lack of spectral resolution in the ISO data prevented agjjssion from the considered line, often mixed with emissio
discussion on the components responsible for the line @miss from other lines. Note for instance the emission of HCN super
which made dficult the interpretation of these results in nebuyosed tg'2CO 10-9 and the overlapping linéCO 16-15 and

lae showing very complex structure and dynamics. (This wogsH 3/21/2 (for more details, see the observed full-band spectra
and other previous ones are discussed in more detail in Sg¢the Appendix).

3.2.) Recent Hersch@llFI observations in the FIRub-mm of

CRL 618 (Bujarrabal et al. 2010), with ficiently high spec-

tral resolution, have confirmed the presence of high tentpera % Observations

in various kinematic components. The temperature deriyed

Sanchez Contreras et al. (2004) was found to be too lowatite f\We used the HIFI heterodyne spectrometer, on board the

gas showing temperatures typicaly200 K in the bipolar out- Herschel Space Telescope (Pilbratt et al. 2010, de Graaalyv et

flow, and significantly higher in its base. Similar high temgpe [2010), to observe a number of molecular lines in a total of ten

tures were found in the innermost regions of the slow compprotoplanetary nebulae (PPNe). The observed objects aee gi

nent. in Table 1, where we quote the observed coordinates and addi-
The Herschel Space Telescope is well-suited for studyitignal properties of the sources.

warm gas around evolved stars in the FIR and sub-mm. The high HerscheHIFI is an instrument very well suited to observe

spectral resolution that can be achieved with the hetemdyn molecular lines in the FIR and sub-mm domains, providing a

strument HIFI (better than 1 knTY is particularly importantin very high spectral resolution that allows the line profilese

our case: it is useful to identify theftiirent nebular componentsresolved. The data were taken using the two orthogonal HIFI

in the profiles and allows the analysis of the kinematicspalfs  receivers, H and V, available at each band, which were sygtem

mental parameter in the study of this warm, shocked gas. Hégally averaged after checking that there was no signifidént

we present HerschiéllFI observations in a sample of ten PPNderence in the lines detected in both receivers. The spaetier

and young PNe of several intermediate-excitation linesaha works in double side-band (DSB) mode, whidfeetively dou-

dant molecules2CO and'3CO, H,0O, OH, NH;, HCN, SiO, etc. bles the instantaneous IF coverage. Care was taken whes-choo

These observations have been obtained as part of the Hersahgthe local oscillator frequency, maximizing the numbkine

guaranteed-time key program HIFISTARS, which is devoted teresting lines that could be observed simultaneously.

the study of intermediate-excitation molecular lines ifulae A total of nine frequency settings were used (not all of them

around evolved stars. in all sources), between 557 and 1843 GHz. The settings were

658.506 GHz USB

691.473 GHz USB 4
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Table 1. Observed sources.

source | @ (J2000)] 6(J2000)] central star | previous CO data | comments; distance
C-rich nebulae

CRL618 04 42 53.7| +36 06 53.2 BO 2-1 and 1-0 mapshigh-J dat&

CRL 2688 210218.7| +364137.8 F5lae 2-1 map$

NGC 7027 210701.6| +421410.2 (0] 2-1 and 1-0 mags high-excitation nebula
Red Rectangle 061958.2| -103814.7 Al 2-1 and 1-0 maps equatorial disk in rotation
IRAS 222725435 | 2229 10.4| +5451 06.3 G5la 1-0 map$, 2—1 and 1-0 spectfa| isotrpic shell, no bipolar flow
O-rich nebulae

OH231.8+4.2 07 42 16.8] -144252.1] MOIll + AV | 2-1 and 1-0 mafshigh-J dat& | Calabash Nebula
Boomerang Nebulgd 12 44 45.4| -543111.4 Goll 2-1 and 1-0 spectta

Frosty Leo 93954.0| +115854.0 K71l 2-1 and 1-0 map$

IRAS 17436-5003 | 17 44 55.4| +50 02 39.5 F2-5Ib 2-1 and 1-0 spectfa HD 161796

NGC 6302 17 1344.2| -37 06 15.9 (0] 2-1 map¥ high-excitation nebula

References: *: [Sanchez Contreras et &l. (2004)jBujarrabal et al.[(2010), Nakashima et al. (200%)iCox et al. [(2000):: [Nakashima et al.
(2010); ®: [Bujarrabal et dl. [(2005)¢: [Fong et al. [(2006);": [Bujarrabal et dl. [(2001)2: |Alcolea et al. [(2001);°: |Alcolea et al. [(2011);°:
Bujarrabal & Bachiller[(1991), Sahai & Nymaln (1997;/Castro-Carrizo et al. (2005)% [Dinh-V-Trung et al.[(2008).
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Fig. 2. HIFI observations of CRL 618 including detected lines of
H,0, OH, and NH (T vs. LSR velocities). The shadowed re- "¢
gions indicate the velocity ranges in which we can expectemi °kt
sion from the considered line, often mixed with emissiomfro
other lines (see identifications in Fig. A.1).

1

—150 —100 50

i (km 57
Fig. 3. HIFI observations including detectédCO, '3CO, and
C'80 lines in CRL 2688 Tmp vS. LSR velocities).

chosen to observe th#CO and3*CO J=6-5, J=10-9, and

J=16-15 lines and the kD 1]_,0—10,1, 1]_,]_—00,0, 32,1—31,2, 31,2—

251, 42 2~4 3, and % 4—7»5 lines. Due to the wide simultaneous The observed full-band spectra are reproduced in the
frequency bands observable with HIFI and the double side bafippendix. In those figures we indicate the upper and lowes sid
system used, each frequency setting often include othes.linband (USB and LSB) frequency scales and the frequencies of in
Interesting molecular transitions also placed within theesved teresting lines placed within the observed bands. Contmias
bands are the N§iJ, K=1,0-0,0 and OHIT;,, 3/2-1/2 rotational been subtracted in all the spectra presented in this paper.

lines, as well as lines of €0, H,*80, vibrationally excited KO, The observations were obtained in the dual-beam-switching
SiO, HCN, CN, etc. (DBS) mode. In this mode, the HIFI internal steering mirror
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lines in the Red Rectanglé ¢y vs. LSR velocities).
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Fig.4. HIFI observations including detectédCO, 13CO, and ‘ 08 -10-15 1041 310 btz USn
C*®0 lines in NGC 7027 Tmp vs. LSR velocities). 100 [ ]
NGC 7027 H,0 & OH °r 3
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50 -

_ T T
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Fig. 5. HIFI observations of NGC 7027 including detected lines :
of H,O and OH T mp vs. LSR velocities). 100

oF

-100 -50 o 0 50
Vi (km s7)

chops between the source position and an emission-fregquosiFig. 7. HIFI observations including detect¢dCO and'3CO

3’ away. The telescope then alternatively locates the sounrcdines in IRAS 222725435 (T Vs. LSR velocities).

either of the chopped beams, providing a doubféedénce cal-

ibration scheme, which allows a moréieient cancellation of

the residual standing waves in the spectra. This procedoiresw

very well except for the highest frequencies (HIFI band veb The HIFI data shown here were taken using the Wide-Band
1700 GHz), where noticeable ripples were found in some sp&pectrometer (WBS), an acousto-optical spectrometeiptivat
tra, specially in the V-receiver. Other spuriotieets in the base- vides simultaneous coverage of the full instantaneous Helba
lines were found in a few cases, particularly around 1200 Ghitz the two available orthogonal receivers, with a specteabr
due to very diferent behaviors of the sub-band baselines, whidhition of about 1.1 MHz. In some cases, the spectra have been
were sometimes flicult to remove. smoothed to improve the/IS ratio.
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Fig.8. HIFI observations including detectédCO, 3CO, and
C'80 lines in OH 231.84.2 (Tmp Vs. LSR velocities). Note that
other lines appear in some spectra, see Fig. A.6.

5566.936 GHz LSB

0-Hz0 Jy =110~ 104

I
—100

Il
0 » 100 20c
Vise (km s7)

We processed the data using the standard HIFI pipeline in gy 9. HiF| observations of OH 231:81.2 including detected
HIPE software, with a modified version of the level 2 algamith |ines of H,0 (T, vs. LSR velocities). Note that other lines ap-
that yields unaveraged spectra with all spectrometer suabh pear in some spectra, see Fig. A.6.

stitched together. Later on, the spectra were exported ASSL
using the hiClass tool within HIPE, for further inspectititag- Boomerang Nebula  CO & H,0
ging” data with outstanding ripple residuals, final avenggand " =

calibration, and baseline removal. Even if spuriofis@s in the
baselines were in a few cases impossible to remove, we havi
only considered baselines of moderate degree, in genatadfu °
degree 1, at most of degree 3.

T
0-Hz0 Jic =110 101 556.936 GHz LSB

L Il L
E T T
60 200 J=6-5 691.473 GHz USB

The data were originally calibrated in antenna temperaturge
units and later converted into main-beam temperatufgg)( -
A summary of the telescope characteristics and obsenadtion |
uncertainties, including the spatial resolution and thaveo- -zt ‘ ‘ ‘ ]
sion factors to main-beam units, can be found in the Herschel 100 Vi (e 5 100
Observers’ Manual and the HIFI Instrument and Calibration ) . )

Web Page (see htifherschel.esac.esalint). We recall that thigl9- 10- HIFI observations including detecté&(_:(_) and HO
FWHM beam sizes range between about 33 and 12 arcsec {i€s in the Boomerang Nebuldy vs. LSR velocities).
versely proportional to the observed frequency) apg/Ta ra-

tios range between 1.3 and 1.5.

. . 3. Results
In Figs. 1 to 14, we show zoom-ups of selected lines de-

tected in our sources, ISR velocity andTp units. INCRL 618, In  several objects, namely in CRL618, CRL 2688,
some of these lines were already presented and discussedb}231.8-4.2, NGC 6302, Frosty Leo, and IRAS 1743003
Bujarrabal et al.|(2010); here we have reanalyzed all tha ddHD 161796), we can separate the emission of the line central
and included new observations. In Figs. 1 and 2, correspgndcore (which is the dominant peak in almost all cases) frorh tha
to CRL 618, we have indicated in grey the velocity range exf the line wings, which are expected to come, respectively,
pected for each line profile, because of the very complextspedrom the fossil AGB envelope and from the fast outflows result
and wide profiles characteristic of this nebula. Data of tlestm ing from the post-AGB axial acceleration (Sect. 1). We have
interesting sources will be described and analyzed in ldietai already studied in detail the case of CRL 6.8 (Bujarrabal.et a
forthcoming papers. 2010); our data of CRL 2688 and OH 231482, which are also
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Fig.11. HIFI observations including detectédCO, *CO, and .|
H0 lines in Frosty LeoTmp, vs. LSR velocities).

12 13 1r 2o J=6-5 691.473 GHz USB b
IRAS 17436+5003 CO & "“CO
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T T
100 [ oo J=10-9 1151.985 GHz LSB B 0.5 |-

50 |

—-100 -50 _ 0
Vise (km s7)

-50 - 4

wf Heo s=6-5 661,007 GHz USB 1 Fig.13. HIFI observations including detectédCO and'3CO
lines in NGC 6302 Tmp vs. LSR velocities).

20

b NGC 6302 H,0, OH & NHg
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100 |- 200 J=6-5 691.473 GHz USB E 002 [ NHy J=1o-0p 572.495 GHz USB E
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0.6 OH °I, 5 J=3/27-1/2" 183475 GHz LSB 1

L I
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50 100

-50 o
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Fig.12. HIFI observations including detected®’CO and °*
13CO lines, Tmp VS. LSR velocities, in IRAS 174365003  °F
(HD 161796). bl e p— 1

0.1 -

0.05 —

well known nebulae, will also be analyzed more in depth igos | E
forthcoming papers. 0.1 0—H,0 J,<_v,(n:1lvo‘—1o‘1 556.936 GHz LSB ‘ 1
In others (the Red Rectangle, the Boomerang Nebula,
and IRAS222725435), no line wings are detected. The ™!
Red Rectangle shows a peculiar dynamics dominated by}
rotation, involving only moderate speeds (Bujarrabaletal = - .

2005); see preliminary analysis of our data in Sect. 3.1. In Vise (iom 57)

IRAS 222725435, no fast flows have been detected to daf§y 14 HIF| observations including detected lines of®} OH,
and molecules are apparently abundant only in a relativelq NH, in NGC 6302 [mp vs. LSR velocities).
slow-moving shell [(Bujarrabal et ial. 2001, Fong etial. 2006)

The Boomerang Nebula, a less well studied object, shows a
low-velocity warm component plus, probably, very cold highshowing the highest angular resolution, are more sensditiee
velocity gas, which cannot be detected in higlO emission central part of the nebulaimage. Therefore, these datédeahet
(Bujarrabal & Bachiller 1991, Sahai & Nyman 1997). tect only the extremeSR velocities ¢ 10 and 40 km 34, since,
Finally, NGC 7027 is a complex nebula mainly composedue to projection #ects, the emission in these velocities comes
of a slightly elongated (empty) shell that shows many peculi from the central regions of the expanding shell image. The op
ities (Nakashima et al. 2010). Our line profiles are compositically thin 23CO lines and &0 J=6-5 show high intensity in
and intense, as expected in view of mm-wavelength dataidn tthe central velocities; they should come from slow gas wétyv
source, we did not try any simplified discussion in termsmédi high column densityt?CO J=6-5 shows a very strong self ab-
core and -wing emission because of its complex structure. Téorption in the blue part of the spectrum, expected in offica
interpretation is also hindered by the relatively largeltdagex- thick lines from expanding gas. This self absorption is much
tent of the nebula. Our single-point observations of £€2—-1 stronger in this line than in th&=2-1 andJ=1-0 ones, indicat-
(from the 30m telescope) ant:-16-15 (from Herschel), those ing the presence of particularly high opacity and relayiwvehrm
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gas in the shell. Finally we note that,& lines clearly come wing); for CRL 2688, we took respectively-B7.5-32.5],
from the fastest gas, though in this case the spatial réspli# [-62,-57], and [13,-8] km s™; for Frosty Leo we took re-
not very high. These results suggest thaOHormation in this spectively [13.5-8.5], [-27,-22], and [0+5] km s!; and
C-rich environment is a result of the shocks that acceldrdite for IRAS 17436-5003 we assumed respectively the ranges
gas. Curiously, the OH emission (observed with higher apat[-37.5-32.5], [-54,-49], and [-21,-16] km s'%.
resolution) is not intense in high-velocity features. Qingly, The case of OH231:81.2 is diferent, because it shows a
NGC 7027 is one of the sources for which the high-excitatiarery elongated CO-rich component with a very well-defined ve
molecular emission requires a careful modeling; resultsb&i locity gradient [(Alcolea et al. 2001), in which the fossil BG
soon reported (Santander-Garcia et al. 2011, in prepajati  envelope is not clearly identified. In this nebula, we sedct

In Table 2, we show characteristic intensities of the COdinghe LSR ranges $30.5:+35.5] (line core), [0+5] (blue wing),
averaged over representative regions of the profiles, thece [+61,+66] (red wing). The two high-velocity ranges correspond
and the blue and red wings, in the sources in which they cantoeregions clearly dferent from the central condensation (in
well defined. Intensities of $O lines in the same velocity rangesclumps 12 and 14 in the nomenclature [of Alcolea etial. 2001,
are shown in Table 3. The adopted velocity ranges are givervihich have been very probably accelerated along the nebular
those tables. In order to follow a procedure as objectiveoas paxis), but not very far from the center, to be sure that their
sible, avoiding any bias due ®priori ideas about the natureemissions are intense and well within the telescope beamsiz
of the sources, intensities are averaged in all cases olagitye The central velocity range we selected represents theatentr
ranges 5 km ¥ wide and defined following a standard proceelump, which, in view of its structure, kinematics, and chetny,
dure. This width seems a good compromise to yield an intensitoes not seem to befacted by post-AGB shocks (Alcolea et al.
average over a relatively large number of spectral chanhets 2001, Sanchez Contreras et al. 1997).
being narrow enough to allow the separation of each spdeaal In NGC 6302, most of the molecular gas occupies an equa-
ture, as we will see below, and to avoid integrating speceal torial torus or disk, in moderate expansion 15 km s') and
gions with too weak emission. In the definition of these vityoc perpendicular to the spectacular optical lobes, see maps in
ranges, we have taken into account previous observatidoaof mm-wave CO by Peretto etlal. (2007) and Dinh-V-Trung et al.
J CO lines to identify the dferent components in the line pro-(2008). These authors argue that the equatorial structymeb-
files, which are not always well seen in our profiles. In patic,  ably the remnant of the (late) AGB mass loss, not strongly al-
values of the systemic and expansion velocities of the stow-c tered during the post-AGB phase. The two-horn dominant fea-
ponents are mainly based on data and estimates of these-patane of our profiles appears as a result of the shape and rela-
eters by Bujarrabal et al. (2001). We have also confirmed fraiaely constant velocity of this component. There are alighh
published maps the identification of such features in teris welocity clumps extending partially along the lobes; beytlare
kinematical components and checked possible contamitsatioery patchy and only those at relatively negative velocitg-(
between their emissions. For the line wings, the repretieata sociated to the southeast part of the nebula) are intensegbno
velocity slots were slightly more separated from the cetften to be analyzed here.flcient photodissociation due to the UV
the slow-component expansion velocity, to avoid contativna radiation from the very hot central star is probably the oeas
from that component, in particular the relative minima dualt- for the distribution of molecule-rich gas found in NGC 6302.
sorption by the outer slow gas, which can be clearly seemresoTherefore, in this source we just considered its blue wiagge
profiles. In a few cases, the line core may also be contanuinafe53-48] km s, and the line core, range-25,-20] km s,
by emissions of fast outflows that, due to projectiffieets, may We will assume that these velocity ranges represent ragphct
showLSR velocities close to the systemic one; we have checkétke high-velocity molecular gas and the unaccelerated aginn
for each individual nebula, taking into account the exgtin- of the AGB shell, but keeping in mind that the nature of both
formation (see below), that this contamination is neglgifor components in this source may bé&edient than in other nebulae
the used velocity slots. studied here and the existence of large amounts of nebutar ga

We can see detailed information on the structure and kineet detected in molecular emission.
matics of CRL 618 in_Sanchez Contreras etlal. (2004); maps of We have computed wirigore CO intensity ratios and ra-
IRAS 17436+5003 are shown by Castro-Carrizo et al. (2004)ios between the observed lines and previous data of the
Both sources show an extended slow component, inside whic® J=2-1 transitions (for previous observations, see Table 1,
fast bipolar flows are placed, whose emissions can be welt idBujarrabal et al. 2001, and references therein). For thgsyiwve
tified in single-dish profiles_(Bujarrabal etial. 2001). Theng have taken the average of both line wings, except for NGC 6302
eral structure of CRL 2688 is similar, but the fast gas strua which only the blue wing is considered. See results inda&bl
ture is complex and several collimated jets exist, see Foaf e and in Figs. 15, 16, 17. It is obvious from these ratios thateh
(2006) and|(Cox et al. 2000, note that the extended componina wide variety of excitation conditions in the high-vatgc
is significantly filtered out in these interferometric datihe (presumably shocked) gas. In Fig. 15 we can see the/oong
relatively narrow velocity slot in the center used here minintensity ratios for three well known sources. These vimiet
mizes contamination by emission from jets running almost are not due to significant fierences in the central core intensi-
the plane of the sky, which can be present in this source; ties, for which the ratio with respect to the 2—1 transitiamies
the other hand, the contribution of the fast component to thery slightly from line to line and from source to source. The
single-dish profiles is well delimited by the absorptionttea '2CO and'*CO line-wing ratios with respect to thk=2-1 line
seen in single-dish observations. The fast bipolar flowsasfy are shown in Fig. 16, these ratios are also a measurement of
Leo are more extended than the slow molecular gas (thoutje excitation state of the high-velocity gas. The fastéase
smaller than the optical nebula), emissions from both cempaf the wingcore ratio with the energy of the levels in CRL618
nents being clearly separatedli8R velocity (Bujarrabal et al. shows that the temperature in its fast outflow must be high; th
2001,| Castro-Carrizo etidl. 2005). The resultingR velocity case of OH231.84.2 is completely dferent, with a clear de-
ranges taken for CRL 618 are 24.5-19.5] km s? (line cen- crease of this ratio, showing a cool fast flow; CRL 2688 seems
ter), [-49-44] kms? (blue wing) and [0+5] km s (red to be an intermediate case. For CRL 618 and OH284.83we
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Table 2. Characteristic intensities of the central core (or peak) wimgs of CO lines in the sources in which they can easily be

identified.

molecule line central core blue wing redwing  wjogre line-cor@-1-core  line-wing2—1-wing
averagelmp(K)  av. Tmp(K) — av. Trpn(K)
LSRvelocity ranges (km3): [-24.5-19.5] [-49-44] [0,+5]

CRL 618 2C0J=2-1 13 0.62 0.92 0.07 1 1
2C0J=6-5 1.08 0.35 0.29 0.3 0.08 0.42
12C0 J=10-9 1.8 1.0 0.74 0.47 0.14 1.1
12C0J=16-15 2.25 15 0.89 0.53 0.17 1.55
BC0J=2-1 2.3 0.006 0.24 0.053 1 1
13C0O J=6-5 0.29 0.04 0.057 0.17 0.11 0.4
3C0J=10-9 0.34 0.086 0.085 0.25 0.15 0.70
8Cc0J=16-15 0.14 n.d. n.d. - 0.06 -

LR velocity ranges (km3S): [-37.5-32.5] [-62-57] [-13-8]

CRL 2688 2Cc0J=2-1 24.1 53 1.24 0.14 1 1
2C0J=6-5 3.2 0.98 0.28 0.19 0.13 0.19
2C0J=10-9 5.55 2.0 0.55 0.23 0.23 0.39
2Cc0J=16-15 3.4 13 0.245 0.23 0.14 0.235
8C0J=2-1 6.5 0.6 0.22 0.063 1 1
13C0J=6-5 0.92 0.13 0.042 0.09 0.14 0.21
13C0J=10-9 0.84 0.085 0.028 0.067 0.12 0.14
8C0J=16-15 0.26 ~0.02 ~0.04 ~0.11 0.04 ~0.07

LSRvelocity ranges (km3):  [+30.5;+35.5] [0+5] [+61,+66]

OH231.84.2 2Cc0J=2-1 34 1.3 1.6 0.43 1 1
12C0J=6-5 0.33 0.047 0.12 0.26 0.1 0.058
2C0J=10-9 0.24 - - <0.2 0.07 <0.04
2C0J=16-15 <0.1 - - - <0.03 -
B3C0oJ=2-1 1.25 0.25 0.35 0.24 1 1
13C0J=6-5 0.15 - 0.03 0.1 0.12 0.05
13C0 J=10-9 0.085 - - <0.3 0.07 <0.1
13C0J=16-15 <0.2 - — — <0.2 -

LSR velocity ranges (km3): [-25~20] [-53-48] -

NGC 6302 12C0J=2-1 4.3 3.7 - 0.85 1 1
12C0J=6-5 0.705 0.14 - 0.2 0.14 0.038
2Cc0J=10-9 1.29 0.135 - 0.11 0.29 0.037
2C0J=16-15 1.0 <0.1 - <0.1 0.23 <0.02
B¥CoJ=2-1 1.3 1.2 - 0.9 1 1
18C0J=6-5 0.255 0.033 - 0.13 0.2 0.027
13C0 J=10-9 0.36 0.014 - 0.039 0.27 0.012

LSRvelocity ranges (km3$):  [-13.5-8.5] [-27-22] [0,+5]

Frosty Leo 2Cc0J=2-1 1.3 1.05 0.95 0.77 1 1
12C0J=6-5 0.031 0.017 0.016 0.53 0.0235 0.0165
BC0J=2-1 0.64 0.58 0.53 0.87 1 1
13C0 J=6-5 0.016 0.01 0.0075 0.55 0.025 0.016

LSRvelocity ranges (km$):  [-37.5-32.5] [-54-49] [-21-16]

IRAS 17436:5003 *2C0OJ=2-1 1.75 0.08 0.09 0.05 1 1

(HD 161796) 12C0J=6-5 0.94 0.01 0.01 0.11 0.054 0.12
2Cc0J=10-9 0.06 0.022 0.016 0.32 0.034 0.225
8C0J=2-1 0.72 0.08 0.09 0.12 1 1
13C0J=6-5 0.033 0.016 0.0105 0.4 0.046 0.155

Notes: See discussion on the respective velocity ranges in theReios wingcore and with respect to thi=2-1 lines (from 30-m telescope
data) are also indicated; in these cases, the average ofvibaihb is taken.

have an accurate idea of the temperature in the outflows fesm @.1. Comparison with simplified calculations of CO line

tailed model fitting of Herschel CO data, which indeed congirm

this preliminary interpretation. Bujarrabal et al. (205dpwed
that the temperature of the fast flow of CRL 618 is high,

> 200 K. However, we know that the fast flow temperature i
OH 231.8+4.2 is always cooler than about 30 K _(Alcolea et a

2011, in preparation).

emission

ﬁur line profiles must be compared with theoretical prediti

in order to derive the physical properties of the nebularfgas

the empirical data. Here we just present a simplified descrip
tion of the analysis to be performed, mostly based on single-
component, standard calculations. More detailed modeding
the nebulae will be performed in dedicated papers, whelie the

complex structures will be taken into account.
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Table 3. Characteristic intensities of the central core (or peak))waimgs of HO and OH lines in the cases in which they can be

measured.
molecule line central core blue wing red wing
averageln(K)  av. Tpp(K) — av. Top(K)
LSRvelocity ranges (kmS): [-24.5-19.5] [-49,-44] [0,+5]
CRL618 HO L1021 0.15 0.035 ISM?
H,0 131—0no 0.34 0.095 ISM?
H20 31-312 ~0.2 - -
OH 2[y, 3/2--1/2* 0.28 0.07 -
LSRvelocity ranges (km3): [-37.5-32.5] [-62-57] [-13-8]
CRL 2688 HO 1;1-0p 0.16 0.05 0.02
LSRvelocity ranges (km$):  [+30.5;+35.5] [0+5] [+61,+66]
OH231.84.2 HO 130151 0.29 0.026 0.078
H,0 13,-0np 0.55 - 0.16
H20 3,1-312 1.6 0.05 0.41
H,0 3,5-21 0.94 - 0.14
H20 4,415 1.26 0.03 0.03
H,0 635—624 0.17 - -
H20 734—755 0.13 - -
OH 2[1y, 3/2--1/2* 1.04 0.083 0.38
LSR velocity ranges (km3): [-25,-20] [-53~-48] -
NGC 6302 HO 130151 0.055 0.013 -
Hzo 11’1—%’0 0085 - -
OH 2[1y, 3/2--1/2* 0.25 0.02 -
LSRvelocity ranges (km3):  [-13.5-8.5] [-27,-22] [0,+5]
Frosty Leo HO 130151 0.025 0.019 0.024

Notes: See discussion on the respective velocity ranges in thel&M?: no value is given because of possible interstelatacoimation.
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Fig. 15. Line-wing over line-core main-beam temperature ratibig. 16. Wing intensity ratio between the observed lines and the
of the observed CO lines in the well studied sources CRL 6180 J=2-1 transition (from previous works) in the well stud-
CRL 2688, and OH 231:84.2 (J=2-1 data are taken from pre-ied sources CRL 618, CRL 2688, and OH 23448&; see Table
vious works); see Table 2. Note thdtdrent behavior of the rel- 2. A comparison between these ratios and estimates from our
ative line-wing intensity between CRL 618, which shows jgart simple, general models reveals values of the charactetésti-
ularly hot high-velocity outflows, and OH 23%8.2, in which perature compatible with estimates from detailed modeds (s
the flows remain quite cold. CRL 2688 is an intermediate cagext). Squares (continuous line) repres&@0 data and trian-
Squares (continuous line) represéA€O data and triangles gles (dashed lines) shal®CO data. Each rotational transition is
(dashed lines) shoWCO data. Each rotational transition is reprepresented by the energy (in K) of its upper level.

resented by the energy (in K) of its upper level.

lines (evert3CO lines seem often to present moderate values of
A comparison of the wing intensity ratio between our linethe optical depth).

andJ=2-1 (see Fig. 16) with theoretical predictions can be used To perform a very simplified estimate of the excitation cendi
to perform a rough estimate of the physical conditions ifdsé tions in our nebulae, we have carried out theoretical catmris
outflows in our sources, particularly the characteristiogera- of line ratios for a variety of values of the density and tenape
ture. Results from plain rotational diagrams, which reguip- ture (o andTy), using the well knowh.VG (large velocity gra-
tically thin and thermalized lines, are not accurate in ages, dient) formalism. We have assumed standard values for gie re
since lines a high a3=16-15 are only thermalized for densitieof the parameters that enter the calculation: distancestoghter
> 10" cm2 and optically thin emission is not expected'i€O R =6 10 cm, expansion velocityex, = 30 km s, and relative
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tio of the observed CO lines in sources that are less well ¢ el
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IRAS 17436-5003. Also in these cases, we can identify hot- s A )

ter and cooler fast outflows. Squares (continuous line st
12C0 data and triangles (dashed lines) sH8@O data. Each ro- Fig. 18. Predictions for the wing intensity ratios between the ob-
tational transition is represented by the energy (in K)®fipper served?CO lines and thé*CO J=2-1 transition obtained from
level. our non-LTE calculations for our three line$=6-5, J=10-9,
andJ=16-15, respectively dashed (black in electronic version),
dotted (red), and dash-dot (green) lines. Intensity ratos
abundanceX(*>CO) = 2 104, X(*3CO )= 10°°. It is obvious shown as functions of the kinetic temperature in the threelsa
that those conditions cannot be applied to all nebulaegsive for, respectively, densities equal to’1a0°, and 18 cm 3.
assume a single value for the prodBeX/Veyp (NiotR X/ Vexp rep-
resents the column density in the opacity undeNi@& approx-
imation). However, this approach is enough for our purpdse for the respective telescope beam widths (half-maximunmbea
understanding the general properties of the line inteassftom widths of the Herschel observations are given in Sect. 2;ave h
the theoretical point of view, particularly to give exangptd the adopted a value of 1or the 30m-telescope observations of CO
behavior of the line intensities and ratios depending orighe  J=2-1). In Figs. 20 and 21, we show predicted intensities; nor-
perature and density. Opacityfects are taken into account inmalized units are used to allow a better comparison between t
the calculations, under the usual assumptions of this flisma intensities of the dferent lines and sets of physical conditions.
The LVG approximation itself is fully justified in our case, The chosen units correspondfigy(K) calculated assuming that
since it is well known that PPNe often show strong velocitg-gr the model nebula with density,; = 10° cm™3 occupies a region
dients, with radial expansion velocities increasing maréess 1” wide, and taking the dlierent telescope resolutions into ac-
proportionally to the distance to the star. For this reas@ndo count (which are again much larger than the emitting regiom)
not expect strong radiative interactions between poigarsged make easier the comparison between predictions for other de
by a long distance and showing venyfdrent physical condi- sities, we have taken varying values of the emitting anggiizs,
tions. This approximation is appropriate for our purpodss a inversely proportional to the density, such that the totaiteng
because it does not require that details on the large-sehldan mass is similar for the tlierent model condensations. We can
structure are included in the code, provided that no radiati- check that the intensities are of the order of those obsefged
teraction between distant points takes place, allowingreegg instance a model clump 2” wide, with Ty = 100 K andnyt =
description of the line excitation for a number offdrent ob- 10° cm2 would yield a typical brightnesk,,(*?°CO J=10-9) ~
jects. Moreover, in our bipolar flows, often elongated analssh 1 K, similar to some of our observed line-wing intensities.
ing large velocity gradients, the emission at ea&R velocity The dependence of the predicted higline intensity on the
must come from a relatively compact region. In this way, themperature is clear, as expected, and can be seen bottein lin
code gives characteristic values of the brightness for éaeh ratios (Figs. 18 and 19) and intensities (Figs. 20 and 21¢ Th
from which we can readily calculate line intensity ratiofné. intensity of the relevant lines increases with temperatbue
intensities at a given velocity can be also estimated if vseiia® from a certain value oy it saturates and even decreases. Of
an angular size for the emitting region. course, the temperature limit of intensity saturation éases
Results of our calculations f6CO and*?CO are shown in for higher values of], which imply higher level energies. We
Figs. 18, 19, 20, and 21. In our analysis, we will focus onithe | can also see that the line intensity ratios tend to increage w
intensity ratios, since ratios depend only slightly on timedr the volume density, particularly for the highetvalues, but
and angular extent of the source and are more easily dedcriiee dependence is less clear than with respect to the tempera
by general models. Figs. 18 and 19 show predicted line ratinge. The general properties of the excitation of the high©
for several densities and temperatures, within the rangeded lines discussed here are thereforf&etent than those of low-
to explain our data. In this case we have assumed that the liegcitation transitions of high dipole moment species, fiken-
come from a region significantly smaller than the telescgae s stance HCO, SiO, etc, often observed with ground-based tele-
tial resolution (which is justified in our case), so that tliene  scopes. In these low-energy transitions with large radiatecay
parison of the predicted line brightness ratios must bescted rates, the emission depends strongly on the density (tbesity
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Fig. 19. Predictions for the wing intensity ratios between the ob-
servedt2CO lines and thé3CO J=2-1 transition obtained from probable that also in this case the complex nebula harbars ga
our non-LTE calculations for our three line$:6-5, J=10-9, with variable physical conditions.
andJ=16-15, respectively dashed (black in electronic version), As we see, even if the procedure depicted here is simple,
dotted (red), and dash-dot (green) lines. Intensity raticss the values we derive are quite self-consistent and consisfith
shown as functions of the kinetic temperature in the threelsa other more accurate results from detailed modeling.
for, respectively, densities equal to’1a®, and 16 cm3. We can also perform the same kind of analysis for
the less well studied sources NGC 6302, Frosty Leo, and
IRAS 17436+5003. Obviously, fast winds in NGC 6302 and
per unit volume being roughly proportionaltd,), because col- Frosty Leo show a very low excitation. In Frosty Leo,
lisional de-excitation is much less probable than radestiiansi- |Castro-Carrizo et al. (2005) predicted a low temperatumf
tions. However, its dependence on the temperature is ivéagt low-J observations, but our data indicate the presence of a
moderate, because the intensity saturation level is low. slightly warmer component at high velocity, with a temparat
From comparison of out3CO observational results with ~ 60 K (assumingye, ~ 10* cm3, following Castro-Carrizo et
model predictions in Fig. 19, we derive that the high-velpcial.). In NGC 6302, the fast gas must present a low temperature
CO emission in CRL 618 essentially comes from a regiofiat 40 K, and the density must be of about a few tn3; both
~ 150 K and with a densityio; ~ 10° cm3 (as we will see below, results are compatible with estimates by _Dinh-V-Trung £t al
our 12CO data indicate that the temperature could be somew{(2008) from interferometridd=2—1 mapping. The fast flow in
higher). In OH 231.84.2, our data are compatible with a temthe less well studied IRAS 17436003 must be more excited,
perature~ 30 K and a lower density. Both results are in goodith T, ~ 60 K andny ~ 10° cm™. In this object, the properties
agreement with detailed model estimates (see above disnus®f the molecular component and the evolutionary stage seem t
and Bujarrabal et al. 2010, Alcolea etlal. 2011). be similar to those of CRL 2688 (see e.g. Bujarrabal et al1200
Our 12CO observations of CRL 618 are compatible with thaote that lines in IRAS 17436003 are weaker, mainly because
predictions in Fig. 18 for a density of about®l@m~3 and a tem- it is more distant).
perature of about 270 K, higher than the value deduced from As mentioned, these estimates are in any case crude, partic-
13CO data. This discrepancy may come from the fact that, idarly in view of the probably complex structure of the eimigt
sources showing significant variations of the density withie regions. In order to investigate thoseets in general terms, we
region emitting at a given velocity, the optically thickCO must consider our calculations of intensity predictiongigs.
emission selects very dense regions léisiently than thé3CO 20 and 21. Let’s take a two-component case. In general, we can
lines, those denser regions being probably cooler (seaistiscsee that when there is a massive component myitts 10° cm
sion below on the line ratios predicted by two-componentmodnd Tx < 200 K the J=2-1 emission is always dominant in it
els).[Bujarrabal et al| (2010) deduce from their detaileddleto and, even if a dens@gvarmer component exists, the total inten-
fitting that the temperature of the high-velocity outflow mussity ratiosJ=10-9/J=2-1 andJ=16-15J=2-1 can hardly be
vary within this range, with typical values around 200 K, Ipro larger than~ 1/2. If there is a significant component witf
ably higher in the base of the outflow. Sanchez Contrerals eta200 K andny > 10° cm3, its J=10-9 and J=16-15 emis-
(2004) deduce a density similar to that given here (which wan would always be dominant over that of &dsegcool com-
also assumed hy Bujarrabal etlal. 2010). For OH 284.8, we ponent. This would explain the general trend of relatively |
derive from thé?CO linesTy ~ 30 K andn; ~ 10° cm™3, which  J=10-9/J=2-1 andJ=16-15J=2-1 ratios found in our data.
are again comparable to the values obtained from detailed mo We can also suppose that relativelffdse, accelerated com-
els by Alcolea et all (2011). ponents are systematically warmer, if the cooling afterckho
In the case of CRL 2688°CO line ratios are compatible passage is radiative (and, therefore, denser gas coas)tahis
with a temperature of about 100 K amg; ~ 10° cm™3. Such would yield regions witm ~ 10° cm™3 andTy > 200 K, whose
conditions are also roughly compatible with d8€O data. Itis emission is intense it?CO lines, but relatively weak iA®*CO
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NORMALIZED LINE INTENSITY (‘SCO) vs. KINETIC TEMPERATURE Values Of the maln_beam bl’lgh'[neSSV@t Th|S |S true even for
i i J=16-15, in spite of the poor-quality profile at this frequency.
1E J=10-9 & 1 18C0J=6-5 andJ=10-9 also show practically the same inten-

g I ] sities atV,. As we have discussed (Sect. 1), mm-wave CO data
are adequate to measure densities and total masses, hut ofte
yield underestimates of the temperature because thosadéind
to select the coolest components. So, if we assume the gensit
estimated in these regions by Bujarrabal etlal. (2005)}-1¢
cm~3, we conclude from comparison with our predicted inten-
sities, that the temperature in this representative regiari50
K, at least twice as high as the temperature deduced from mm-
wave lines. This result has important consequences fotithe-s
ture and dynamics of the equatorial disk in the Red Rectangle
Under the framework of the standard theory of the passive ro-
tating disks, the gas temperature directly controls thie eisent

3

o masdten™ Jo o w=dten™ from the equator (but comparison with observations f&alilt,
0 100 200 300 0 100 200 s K pecause the angular resolution of the existing maps is gt hi
Fig. 21. 3CO line intensities from our simplified model calcu€n0ugh to properly measure the disk width). The presence of

lations, for several values of the temperature and derssy, (N€Se high temperatures is also the most probable expanati
intensity normalization procedure in Sect. 3.1. of the detection of evaporation of gas in this source (i.eexof

pansion from a certain radiliep); in fact, we can readily show
that the thermal velocity dispersion becomes comparakiiegto
lines (with respect to dense regions). After taking the siois rotation velocity aRiep for Tx ~ 200 K.
of more cooldense components into account, one would get rel-
atively high'?CO J=10-9/J=2-1 andJ=16-15J=2-1 line ra-
tios, higher than the correspondifCO ratios. Therefore, the
presence of relatively weak line-wing emission'fCO high- As mentioned in Sect. 1, warm molecular gas in CRL 618 and
J lines, often found in our observational data, could be due @RL 2688 was studied in a few previous papers.
the presence of an important relativelffdse component, de-  Justtanont et al. (2000) deduce the presence of warm gas
tectable in‘2CO emission but practically not #i#CO lines. from 1ISO data of- 2CO emission, for transitions betweéa14—

The presence of selfabsorption by outer, less excited$aydB andJ=37-36. These authors clearly detect the presence of
(not included in our simple discussion) could also help te egas at temperatures higher than the typical values foure] bér
plain this trend. In this case, self absorption woul@éet mostly ~ 380 K in CRL 2688 and- 700 K in CRL 618, using simple ro-
low-J *2CO lines, since they present the highest opacities in lowational diagrams. This result is not unexpected, becaigbeh
excitation regions. This would yield relatively Io¥%CO J=2-1 J transitions tend to come from hotter regions. However, bk |
intensities and then relatively highCO J=10-9/J=2-1 and of information on the profile shapes (ISO spectra did notlveso
J=16-15J=2-1 ratios. The existence of selfabsorption undehe line profiles) prevents any attempt to discern from whieh-
these conditions is confirmed by the observed absorption fedar components such emissions arise. In the case of CRL 618,
tures in mm-wave CO profiles. this hot component could be very close to the inner HIl region

As mentioned, we have studied the case of CRL618 Iyt any conclusion on its properties remains very uncert@mm
means of detailed modeling of its line emission, based in ofimally point out that it is well known that simple rotationdib-
good knowledge of the structure of the nebulae from b®O grams can overestimate the characteristic rotationaléeatipre,
data (Bujarrabal et al. 2010), and we are analyzing in ddph tsince lower transitions typically show higher opacities.
high-Jlines of OH 231.84.2, CRL 2688, and NGC 7027, which  |Martin-Pintado & Bachiller(1992) observed cm-wave inver-
are also well known. sion transitions of Nil up to J, K=7,7, requiring several hun-

We are also studying in detail the CO emission from the Reliled K to be excited. They measured a typical temperature of
Rectangle, so here we just present a brief, simplified d&ons about 150 K in CRL 2688, compatible with our results, but
The Red Rectangle is the only PPNe or young PNe in whietithout a clear distinction between the nebular components
an equatorial disk in rotation around the central star ha&nbdn CRL 618, they detect lines mostly in absorption againet th
well detected (from mm-wave mapping, Bujarrabal et al. J005entral free-free continuum source. They were able to ifient
This disk is, as far as we know, the only molecule-rich contwo independent components. One of them, in slow expansion
ponent of the nebula. The structure of the line profiles is thand showing a temperature of about 270 K, is very probably
source is accordingly peculiar, because the outer paregbtb- the slow-expanding inner shell responsible for the nariow |
files come from the inner disk regions in fast rotation (rotat core found from Herschel high-CO data, see Bujarrabal et al.
is exactly Keplerian in them), which are relatively hot aredy (2010). The other component corresponds to the fast outflow
small. Meanwhile, the central part of the profiles mainly esm also discussed by Bujarrabal et al. (2010), and its temperat
from the outer disk. Let us take representativ#R velocities from NHjz data is about 150 K. The temperature derived by
around the systemic oné. = + 1.65 km s* (theLSR velocity [Martin-Pintado & Bachilleér[(1992) for the slow component is
of the center of gravity of this source+s0 km s1). These veloc- very similar to that of the very inner central region in slox+ e
ities correspond to the rotation velocity at the point atehtthe pansion studied by means of our CO data; but the Mirhpera-
dynamics change from pure Keplerian rotation to rotatiarspl ture of the fast outflow is slightly lower than the one founahfr
expansion Reep in the notation used by Bujarrabal etlal. 2005)pur results. We note that the fact that Martin-Pintado & Bleh
and there is a clear maximum of the CO lines in them. We can 48892) detect lines in absorption makes it vergfidult to iden-
in our spectra that?CO J=6-5 andJ=10-9 show very similar tify which part of the fast outflow is actually absorbing the

3.2. Comparison with previous estimates
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continuum, perhaps the warmest regions of the outflow are rfi@ble 4. Characteristic temperatures of the fast outflows derived
placed in front of the very small continuum source and wette nioi this work, compared with other nebular parameters.
actually detected in ammonia lines.

Finally, we mention the observations by Pardo etlal. (:2004% . T flow lifeti ‘
of CRL 618 in a high number of rotational transitions of #\0n COF\I’JLC6618 205 K ol'vlgg 'Te £ 1g‘°c‘m_3 re2er.
the ground and excited vibrational states. These authahsoge CRL 2688 100 K 200 yr 210 o3 13
the presence of a central, molecule-rich region With~ 250— OH 231 84.2 30 K 1000yyr =210 om 3 2
300 K. The excitation conditions and extent of this compdneny e 63;02 ' 40 K <800 yr 216 3 5
are very similar to those deduced by Bujarrabal et al. (26410) grosty Leo 60K  ~1700 yr 16 cm3 6
the inner nebula from the Herschel CO profiles. IRAS 17436:5003 | 60 K ~ 500 yr ~10fcm? 17

References: 1: this paper (Sect. 3.1); Z: Sanchez Contreraslet al.
4. Conclusions (2004); 3:/Cox etal.|(2000); 4. Alcolea etal. (2001); 5: fratata
] ) ) in IDinh-V-Trung et al. [(2008); 6: Castro-Carrizo et al. (200 7:
We present observations of FERb-mm molecular lines in ten|Hoogzaad et all (2007), Castro-Carrizo étlal. (2004).
protoplanetary or young planetary nebulae (PPNe, PNe), see
Table 1, obtained with the heterodyne spectrometer HIFI, on
board the Herschel Space Telescope. We focused on obsd#neoretical expectations and our data, we have estimasrdch
ing CO and HO rotational lines. We have detecté&tCO and teristic physical conditions of the fast gas in six nebufaeus-
13C0O J=6-5, J=10-9, and J=16-15 lines, and we also re-ing on the kinetic temperatures.
port observations of O 1; o—101, 11.1—000, 321—31.2, 312221, We must remember that such a comparison is not straightfor-
4y -4 3, B35—674, and B4—725 lines. 12CO was detected in ward, in particular because of the very probable complaicstr
all the sources. At least one,B line was detected from all ture and dynamics of the emitting regions. In fact, in view of
but three objects, IRAS 22225435, the Red Rectangle, andsome general trends in the comparison of our observatiomal a
IRAS 17436+:5003. In the most intense emitters, we have aldbeoretical results, we argue (Sect. 3.1) that several ooemus
found other lines within the (wide) receiver bands; the ;NHmay be systematically present and that the densest paft® of t
J, K=1,0-0,0 and OHIIy,, 3/2-12 rotational transitions are fast gas may be systematically cooler (see below).
particularly interesting; we also detected lines éf@, H,20, In the best studied objects, information obtained from pre-
vibrationally excited HO, SiO, HCN, and CN. vious investigations help us to understand the contribstiof
The obtained full-band spectra are presented in the Apgenthie various nebular components, and our discussion is ngere r
(in electronic form only). Selected lines are shown in Figgo  liable. For CRL 618 and OH 231+8.2, we can compare our es-
14. timates with results from detailed modeling of the FH&b-mm
Particularly rich are the spectra of CRL618, CRL 2688ine emission and we find that both results are quite contiste
NGC 7027, and OH 231481.2, which have been or will soonTherefore, we believe that our estimates of the density amd t
be discussed in dedicated papers. Several spectra of CRL p&8ature, although simple, are good approximations tovke a
were presented in a preliminary paper (Bujarrabal et al0p01age physical conditions in the fast outflows of the studidalne
here we show again those spectra, after careful reanalydis &e. We derive a relatively high temperature for the higloweigy
calibration, as well as new recent observations. gas in CRL 618, with typical valuég ~ 200 K, probably higher
We have performed a simplified interpretation of the CO linia the base of its (relatively compact) bipolar outflow. Heee
intensity in terms of general excitation state of the two mathe fast gas in OH 231481.2 is quite cold, at around 30 K, and
components of the profiles: the line core and the line wings.dhows no signs of significantly higher temperatures in amygia
is known (Sects. 1, 3) that the line core comes from a slowiig very elongated and extended outflow. In CRL 2688, a nebula
expanding component that can be identified with the remmianttbat is also relatively well studied, the characteristioperature
the AGB shell. On the other hand, the line wings come frowf the high-velocity gas is intermediat&, ~ 100 K. Table 4
fast bipolar outflows, which are thought to be acceleratetl ashows a summary of the derived characteristic temperatases
heated by shocks during the post-AGB phase. We argue (Seatsll as the time elapsed since the acceleration of bipolarsflo
1 and 3.1) that those FfBubmm lines are the best tool to studyor flow lifetime) and an estimate of the characteristic dgns
intermediate-excitation regions, in the temperature eant00 in that component. (In the estimates of the lifetimes andsden
K < Tk £ 1000 K, which are not well probed by mm-wave oties, we take results from previous studies into accouetrsk
optica/NIR observations. erences in the Table.) As we can see, there is a clear relagion
In Table 2, we give typical CO intensities of these featuresyeen the temperature of the fast gas and the time elapseal sin
as well as intensity ratios between them or between the wbderits acceleration, with clear extreme values for OH 234.2 and
lines and the)J=2-1 line (from IRAM 30-m telescope observa-CRL 618, and intermediate values for CRL 2688 and other neb-
tions), both fof2CO and'*CO. Significant ratios are representedilae. We interpret this result as showing that the gas was ac-
in Figs. 15to 17, see full description of the parameters tt.3 celerated and heated by the passage of a shock and it is being
As we can see, in CRL 618 the line wings are particularly iséencooled down since then. The density seems also to play a role,
and relatively more intense for the higheltiransitions, indicat- as expected, since radiative cooling increases with thelgas
ing particularly high temperatures in the fast gas in thisree, sity. For instance, the relatively félise gas in Frosty Leo and
as already found by Bujarrabal ef al. (2010). In others, nigta NGC 6302 is somewhat warmer than in OH 23348, for com-
in OH 231.8-4.2 and in agreement with results|by Alcolea et aparable times.
(2011), the fast gas seems significantly cooler. We have also discussed briefly other cases of interest:
We also present theoretical predictions of Fibmm line NGC 7027 and the Red Rectangle (Sect. 3). NGC 7027 shows
intensities for wide ranges of the kinetic temperature asi-d complex profiles corresponding to its well known very com-
sity, performed for a quite general case, see details in Sekt plex structurel(Nakashima et al. 2010). The molecule-rigHls
and results in Figs. 18 to 21. From comparison between theseslongated and very inhomogeneous and shows a composite
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velocity field. Detailed modeling is absolutely necessaryn-
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Sahai, R., & Nyman, L.-A. 1997, ApJ, 487, L155

derstand the molecular emission from this nebula. The molégénchez Contreras, C., Bujarrabal, V., Castro-CarrizoAkolea, J., & Sargent,

ular gas in the Red Rectangle forms an equatorial disk in rota,
tion (Bujarrabal et al. 2005, it is the only PPNe or PNe in vahicg,,

gas in rotation has been clearly detected). From a firstesubr

A. 2004, ApJ, 617, 1142

nchez Contreras, C., Bujarrabal, V., & Alcolea, J. 199%AA327, 689
ntander-Garcia, M., Bujarrabal, V., Alcolea, J., eR@lL1, A&A, in prepara-
tion

comparison between our profiles in the Red Rectangle and the=

oretical predictions, we derive a characteristic tempeeaky >
150 K (for the gas responsible for the profile maxima), whih i

at least twice the previous estimates from mm-wave data. Du

to the important role of thermalfiusion in this case (Sect. 3.1),
the high temperature in the disk must have strofigots on its
shape and kinematics and can, in particular, explain theepice
of gas evaporation in the outer parts of the disk.

Acknowledgements. HIFI has been designed and built by a consortium of
institutes and university departments from across Eur@amada, and the
United States under the leadership of SRON Netherlandgutesfor Space
Research, Groningen, The Netherlands, and with major ibotibns from
Germany, France, and the US. Consortium members are: Ca8la,
U.Waterloo; France: CESR, LAB, LERMA, IRAM; Germany: KOSMA
MPIfR, MPS; Ireland, NUI Maynooth; lItaly: ASI, IFSI-INAF, §servatorio
Astrofisico di Arcetri- INAF; Netherlands: SRON, TUD; PoirCAMK, CBK;
Spain: Observatorio Astrondmico Nacional (IGN), Centre Astrobiologia
(CSIC-INTA). Sweden: Chalmers University of Technology CR| RSS &
GARD; Onsala Space Observatory; Swedish National SpacelB8&ckholm
University - Stockholm Observatory; Switzerland: ETH Ziwji FHNW; USA:
Caltech, JPL, NHSC. HCSHSpot/ HIPE is a joint development (are joint de-
velopments) by the Herschel Science Ground Segment Camsortonsisting
of ESA, the NASA Herschel Science Center, and the HIFI, PAS®, SPIRE
consortia. This work has been partially supported by then8paVICINN, pro-
gram CONSOLIDER INGENIO 2010, grant “ASTROMOL” (CSD20094B8).
R.Sz. and M.Sch. acknowledge support from grant N203 58b840e Polish
National Science Center. K.J. acknowledges the fundingn fBNSB. J.C. ac-
knowledges funding from MICINN, grant AYA2009-07304. Thissearch was
performed, in part, through a JPL contract funded by thedWati Aeronautics
and Space Administration.

References

Alcolea, J., Bujarrabal, V., Sanchez Contreras, C., Neri& Zweigle, J. 2001,
A&A, 373, 932

Alcolea, J., Neri, R., & Bujarrabal, V. 2007, A&A, 468, L41

Alcolea, J., Bujarrabal, V., Soria-Ruiz, R., et al. 2011, A&n preparation

Balick, B., & Frank, A. 2002, ARA&A, 40, 439

Bujarrabal, V., & Bachiller, R. 1991, A&A, 242, 247

Bujarrabal, V., Alcolea, J., & Neri, R. 1998, ApJ, 504, 915

1 Observatorio Astronoémico Nacional (IGN), Ap 112, E-28803
Alcala de Henares, Spain

&-mail:v.bujarrabal@oan.es

2 Observatorio Astronomico Nacional (IGN), Alfonso XIPB|, E—-
28014 Madrid, Spain

3 European Space Astronomy Centre, ESA, P.O. Box 78, E-28691
Villanueva de la Cafada, Madrid, Spain

4 CAB, INTA-CSIC, Ctra de Torrejon a Ajalvir, km 4, E-28850
Torrejon de Ardoz, Madrid, Spain

5 Instituut voor Sterrenkunde, Katholieke Universiteit ken,
Celestijnenlaan 200D, 3001 Leuven, Belgium

6 Sterrenkundig Instituut Anton Pannekoek, University of
Amsterdam, Science Park 904, NL-1098 Amsterdam, The
Netherlands

7 Onsala Space Observatory, Dept. of Radio and Space Science,
Chalmers University of Technology, SE-43992 Onsala, Swede

8 Harvard-Smithsonian Center for Astrophysics, Cambridgé,
02138, USA

9 Max-Planck-Institut fur Radioastronomie, Auf dem Higél D-
53121 Bonn, Germany

10 The Johns Hopkins University, 3400 North Charles St, Baitin

MD 21218, USA

11 N. Copernicus Astronomical Center, Rabianska 8, 87-100iT,0
Poland

12 Joint ALMA Observatory, El Golf 40, Las Condes, Santiago,
Chile

13 Department of AstrophysiddlAPP, Radboud University
Nijmegen, Nijmegen, The Netherlands

14 Astronomical Institute, Utrecht University, Princetoepl 5, 3584
CC Utrecht, The Netherlands

15 Department of Astronomy, AlbaNova University Center,
Stockholm University, SE-10691 Stockholm, Sweden

Appendix A: Observational results (in online

version only)

In this Appendix we show the full DSB spectra obtained in our
program. USB and LSB frequencies are indicated in the figures
We also show the frequencies of some remarkable molecular
lines, which does not mean that these lines have been detacte
the corresponding sources. Depending of the line width<SAxd
ratio, the spectral resolutions were averaged to chanrdthwi
ranging between 0.5 and 1.5 kmt§except for the narrow lines

of the Red Rectangle, for which we adopted a resolution of 0.2
km s1). Selected lines are shown in more detail (and_8R
velocity scale) in Figs. 1 to 14.

Bujarrabal, V., Castro-Carrizo, A., Alcolea, J., & Sanzh@ontreras, C. 2001,
A&A, 377, 868

Bujarrabal, V., Castro-Carrizo, A., Alcolea, J., & Neri,R05, A&A, 441, 1031

Bujarrabal, V., et al. 2010, A&A, 521, L3

Castro-Carrizo, A., Bujarrabal, V., Sanchez Contreras Atolea, J., & Neri,
R. 2002, A&A, 386, 633

Castro-Carrizo, A, et al. 2010, A&A, 523, A59

Castro-Carrizo, A., Neri, R., & Winters, J. M. 2004, Asymmniel Planetary
Nebulae Ill: Winds, Structure and the Thunderbird, 313, 314

Castro-Carrizo, A., Bujarrabal, V., Sanchez ContrerasS@hai, R., & Alcolea,
J. 2005, A&A, 431, 979

Cox, P, Lucas, R., Huggins, P. J., Forveille, T., BachilRr, Guilloteau, S.,
Maillard, J. P., & Omont, A. 2000, A&A, 353, L25

de Graauw, T., et al. 2010, A&A, 518, L6

Dinh-V-Trung, Bujarrabal, V., Castro-Carrizo, A., Lim, & Kwok, S. 2008,
ApJ, 673, 934

Fong, D., Meixner, M., Sutton, E. C., Zalucha, A., & Welch, #.2006, ApJ,
652, 1626

Hoogzaad, S. N., Molster, F. J., Dominik, C., Waters, L. BVIE.Barlow, M. J.,
& de Koter, A. 2002, A&A, 389, 547

Justtanont, K., et al. 2000, A&A, 360, 1117

Martin-Pintado, J., & Bachiller, R. 1992, ApJ, 391, L93

Nakashima, J.-i., et al. 2007, AJ, 134, 2035

Nakashima, J.-i., Kwok, S., Zhang, VY., & Koning, N. 2010, Ad0, 490

Pardo, J. R., Cernicharo, J., Goicoechea, J. R., & Phillip&. 2004, ApJ, 615,
495

Peretto, N., Fuller, G., Zijlstra, A., & Patel, N. 2007, A&A73, 207

Pilbratt, G. L., et al. 2010, A&A, 518, L1



V. Bujarrabal et al.: Hersch@lIFI observations of molecular emission in protoplanetagiulae and young planetary nebulae 15

CRL 618
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Fig.A.1l. Full-band spectra obtained in CRL 618. We shibw, vs. upper- and lower-side band frequencies. Frequencissmé
relevant lines are indicated (which does not mean that thegletected in this source). All frequencies are correated®bppler
shifts due to the relative velocity of the source and thertmrrespond to rest frequencies. Continuum has beerastdxdrin all
the spectra presented in this paper.
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CRL 2688
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Fig.A.2. Full-band spectra obtained in CRL 2688; see caption of Fifj. A
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NGC
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Fig. A.3. Full-band spectra obtained in NGC 7027; see caption of Fif). A
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Fig.A.4. Full-band spectra obtained in the Red Rectangle; see capitiig. A.1.
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Fig. A.5. Full-band spectra obtained in IRAS 22271 35; see caption of Fig. A.1.
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Fig.A.7. Full-band spectra obtained in the Boomerang Nebula; se@oagf Fig. A.1.
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Fig. A.8. Full-band spectra obtained in Frosty Leo; see caption ofAity.
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Tyg (mK) 1843 1842 1841
— o — USB (GHz)
500 j OH 1_11/2 /2’1/212CO 16—15 ]
oMl I
! ]
L. | L L L L | L L L L | L] 1LSB (GHZ)
1834 1835 1836
Tys (mK) 1762 1761
100 E T T T 1’)7H20‘63'376‘2’4 T T T mx T T L: USB (GHZ)
E 18 CO 16— E
50 EH ¢°0 16-15 3
0 i
-50 £ 3
—100 £ 1 L L | I I I L | L 3 LSB (GHz)
1753 1754 1755
Tys (mK)1209 1208 1207 1206 1205
— ¥ USB (GHz)
F P~Hz0 455-415 ]
100
0 rl
|l ]
—-100 H L L L L | L L L L | L L L L | L L L L 7 13B (GHZ)
1193 1194 1195 1196 1197
Tyg (mK) 1165 1164 1163 1162
I T T T T T T T T T T T T T T T T T T T — USB (GHZ)
100 HCN 13-12 L1 0—He0 3p1-3,,
ﬁ ¥co pp- o—H,Q By .—24, N
0 M ki
~100 H
1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 5 1.SB (GHZ)
1150 1151 1152 1153
Ty (mK)1115 1114 1113 1112 1111
[ T T T T T T T T T T T T T T T T T T T T3] USB (GHZ)
50 pP—Hz0 1,;,-0gp 1360 10-9 P*Hzmo 117000 ]
I d
0 A
b | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l: 1LSB (GHZ)
1099 1100 1101 1102 1103
Tyg (mK) 694 693 692 691
150 T T T T T T T T T T T T T T T T T T T T = USB (GHZ)
100 Si0 16-15 2co 6-5 3
50 =
o i L
—50 L | h L L L | L L L L | L L L L | L L LSB (GHZ)
679 680 681 682
Tyg (mK) 661 660 659 658
T T T T T T T T T T T T T T T T T T T T — USB (GHZ)
o0 %o 6-5 c*®0 6-5 7
| !
on I
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 L 1 1.SB (GHZ)
646 647 648 649
Tyg (mK) 572 571 570 569
ET ,I T T T T T T T T T T T T T T T T T T T ™3 USB (GHZ)
10 [Hs 10=00 0-Hz0 130-1g; —
ol
f 0
-10 E
L L | L L L L | L L L L | L L L L | L L L1 1SB (GHZ)
557 558 559 560

Fig.A.9. Full-band spectra obtained in IRAS 1743803; see caption of Fig. A.1.
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NGC 6302
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Fig.A.10. Full-band spectra obtained in NGC 6302; see caption of Fity. A
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