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Abstract. We present results from systematic Herschel/HIFI observations of molecular lines
in the FIR/sub-mm from young planetary nebulae. The high spectral resolution provided by
the hetorodyne spectrometer HIFI allows properly studying the line profiles, whose structure
corresponds to the various kinematics of the most massive nebular components, including fast
bipolar outflows and slow shells. In particular, we have studied the excitation properties of
the high-velocity (dense) flows. In some cases we find typical temperatures of the fast gas over
100-200 K, though in others it remains cool, £ 30K. We argue that the thermodynamics of the
molecule-rich bipolar outflows is driven by fast radiative cooling, after the passage of the shock
that accelerated it.
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Low-J molecular transitions, in the mm-wave domain, have been often observed in
protoplanetary nebulae (PPNe) and young planetary nebulae (PNe), using ground-based
telescopes. These transitions are very useful to study the nebular structure, mass distri-
bution, and dynamics. Very massive components, representing most of the nebular mate-
rial (~ 1 Mg), are often detected, including fast bipolar outflows. Molecule-rich bipolar
outflows, which are thought to result from shock interaction, carry large amounts of
mass (0.1-0.3 Mg ) and are the basic phenomena in the formation and evolution of PNe.
However, low J transitions cannot properly probe the excitation state of this molecule-
rich gas, mainly when its temperature is higher than about 100 K, because of the very
low excitation required by those lines. To study this warm, intermediate-excitation gas,
observations of intermediate-excitation transitions are necessary, which have in general
frequencies, in the submm or FIR. Warm molecule-rich components are particularly im-
portant in our case because they include the fast dense outflows.

We have performed systematic observations of high-J molecular lines in PPNe and
young PNe using HIFI, the high-resolution spectrometer on board Herschel, as part of
the Herschel guaranteed time key project HIFISTARS. We have observed a total of ten
nebulae in transitions of ?CO and *CO (J=6-5, 10—9, and 16—15) and HyO (11 0—1¢ 1,
1171*00’0, 32,1*3172, 3172*2271, 42’2*41’3, and 7374*725), as well as rotational lines of NH3
and OH, and lines of C'%0, H,'30, vibrationally excited H,O, SiO, HCN, CN, etc.

The high sensitivity and spectral resolution of the instrument allowed an accurate
study of the complex line profiles, whose structure corresponds to the various kinematics
of the nebular components, particularly the fast bipolar outflows and slow shells. See
examples in the figure. In our first works, we have focused in deriving the excitation
state of the high-velocity bipolar outflows. Detailed modeling have been carried out in
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Table 1. Characteristic temperatures of the fast outflows derived from our data; the lifetime
of the fast outflows and their characteristic densities are also given.

|source | T flow lifetime Ntot |
CRL 618 200K £100yr  510° cm™®
CRL 2688 100 K 200 yr ~10% cm™®
OH 231.8+4.2 30K 1000 yr  ~ 210° cm™?
NGC 6302 40K £80yr 210" em™
Frosty Leo 60 K~ 1700 yr 10* cm ™3

IRAS17436+5003| 60 K~ 500 yr  ~ 10% cm™3

= CRL 2688 ‘ZCO, ISCO & C‘GO
T T o J-16-13 1760.488 GHz USB T
. St L T o g e
IR il r H 'HJ “L
2co J=16-15 1841.348 GHz USB
° T T I 1 T
o T i i T
12cg j-10-9 1151.985 L8

658.608 GHz USB 3

o s .

GHz USB

“150 “100 “s0 o 50
View (lom &™)

Figure 1. Observations of CO lines in the PPN CRL 2688.

the best studied sources; for others a more general analysis was performed. In some
cases, notably for the well-known nebula CRL 618, we detect the presence of fast gas
components with temperatures higher than 200 K (Bujarrabal et al. 2010). In other
cases, e.g. OH231.8+4.2, the fast-flowing gas is found to remain cool, under ~ 30 K
(Alcolea et al. 2012). Results for some objects are summarized in the table (see general
discussion and other cases in Bujarrabal et al., 2012), together with other properties of
the flows. We find that the temperature of the fast outflows in our sources falls with
the time elapsed since the acceleration took place. For instance, the lifetime of the fast
molecule-rich flow in CRL 618 is shorter than about 100 yr, while that of OH 231.8+4.2
is about 1000 yr. Some dependence with respect to the density is also found, denser gas
being in general cooler. Both results strongly suggest that the thermodynamics of the
massive fast outflows in PPNe is mostly driven by fast radiative cooling after the passage
of the shock responsible for their acceleration.
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