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ABSTRACT

Aims. The late stages of stellar evolution are mainly governed by the mass of the stars. Low- and intermediate-mass stars lose copious
amounts of mass during the asymptotic giant branch (AGB) which obscure the central star making it difficult to study the stellar
spectra and determine the stellar mass. In this study, we present observational data that can be used to determine lower limits to the
stellar mass.

Methods. Spectra of nine heavily reddened AGB stars taken by the Herschel Space Observatory display numerous molecular emission
lines. The strongest emission lines are due to H,O. We search for the presence of isotopologues of H,O in these objects.

Results. We detected the '°0 and 'O isotopologues of water in these stars, but lines due to Hi*O are absent. The lack of '*O is
predicted by a scenario where the star has undergone hot-bottom burning which preferentially destroys '*O relative to '°O and '7O.
From stellar evolution calculations, this process is thought to occur when the stellar mass is above 5 M, for solar metallicity. Hence,
observations of different isotopologues of H,O can be used to help determine the lower limit to the initial stellar mass.

Conclusions. From our observations, we deduce that these extreme OH/IR stars are intermediate-mass stars with masses of >5 M.
Their high mass-loss rates of ~10™* M, yr~' may affect the enrichment of the interstellar medium and the overall chemical evolution

of our Galaxy.

Key words. stars: AGB and post-AGB — stars: mass-loss — circumstellar matter — stars: evolution — submillimeter: stars

1. Introduction

Low- and intermediate-mass stars (0.8—8 M) evolve onto the
asymptotic giant branch (AGB) after exhaustion of the central
He. During this phase, the stars continue nucleosynthesis in a
thin shell of He, surrounded by a larger H-burning shell (e.g.,
Iben & Renzini 1983; Habing 1996). During its AGB lifetime,
a star experiences a number of He-flashes that lead to a sudden
increase in its luminosity over a brief period of time. Owing to
efficient convection inside the star, the nucleosynthesis products
are mixed outwards (the so-called third dredge-up). Fresh car-
bon produced in the He-shell burning is transported to the stellar
photosphere and will increase the carbon-to-oxygen ratio, which
can turn the originally oxygen-rich stars into carbon-rich stars.

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

** Tables 3, 4 and Appendices are available in electronic form at
http://www.aanda.org

¥ Bruce Swinyard passed away on 22/5/2015 after a long fight with
cancer. His contribution to this work is very much appreciated.

Article published by EDP Sciences

The exact outcome of the nucleosynthesis and mixing events
on the stellar surface abundance depends on the stellar mass.
This is especially true when it comes to the process called hot-
bottom burning, where the base of the convective zone of the
hydrogen envelope is hot enough for CNO-cycle burning to
destroy carbon (Lattanzio & Wood 2003). There is observa-
tional evidence that the process of hot-bottom burning occurs.
Sackmann & Boothroyd (1992) observed a number of stars that
exhibit anomalously high lithium abundance which is thought
to be a byproduct of hot-bottom burning. This process is also
thought to prevent a star from becoming carbon-rich. The min-
imum limit of the stellar mass that can trigger this process is
estimated to be >5 M, for stars with a solar metallicity and
can be smaller for lower metallicities (Karakas & Lattanzio
2014). Another signpost that AGB stars are descendants of such
intermediate-mass main-sequence stars is a low '2C/'3C ratio —
during the AGB phase, more massive intermediate-mass stars
enter the CNO cycle which tends to produce '*C while convert-
ing '2C to "*N. The presence of *C is the main neutron source
for the s-process elements (Busso et al. 1999; Herwig 2005).
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Another possible route is thought to be from the >*Ne source in
intermediate-mass stars, which requires a higher temperature.

An attempt to estimate masses of OH/IR stars near the galac-
tic centre was carried out by Wood et al. (1998). They derived
a mass of ~4 M, for many of the stars in the sample using a
period-luminosity relationship. Two stars with the longest pe-
riods were thought to have masses of up to 7 My. A num-
ber of optically visible OH/IR stars have been observed to ex-
hibit a high Li abundance but show weak s-process elements
(Garcia-Hernandez et al. 2007, 2013). These authors conclude
that the stars have undergone hot-bottom burning but that there
is a mechanism that delays the onset of s-process element pro-
duction (Karakas et al. 2012). For OH/IR stars with an optically
thick circumstellar envelope, which prevents the direct determi-
nation of stellar abundance, other hot-bottom burning indicators
must be used. Two such stars (AFGL 5379 and OH 26.5+0.6)
have been observed with the Herschel Space Observatory (here-
after Herschel, Pilbratt et al. 2010) to have strong water emis-
sion lines in H)°O and H,O but no detection of the H}*O line
(Justtanont et al. 2013). An AGB evolutionary model for a 5 M,
star by Lattanzio & Wood (2003) shows that during hot-bottom
burning, '30 is preferentially destroyed with respect to the other
two isotopes. The Herschel observations of 30/ 0 ratios of <1
for these two stars are in contrast to the value of ~3 derived from
the interstellar medium (Wilson & Rood 1994).

In this paper, we present a larger sample of extreme
OH/IR stars — those with very dusty circumstellar envelopes such
that silicate dust features at 10 and 20 um are in absorption, in-
dicating high (M > 10™* M, yr~!) mass-loss rates. The obser-
vations of these stars were taken with all three instruments on
board Herschel in order to search for the emission lines of three
isotopologues of H,O as signposts for hot-bottom burning, with
the aim to obtain a lower limit to the stellar mass. Detailed mod-
elling of the line emission of H,O and other detected molecules
will be presented in the future papers. In Sect. 2, we present the
Herschel observations obtained as part of an open-time program
on OH/IR stars. We discuss the results of our observations in
Sect. 3 and summarize our findings in Sect. 4.

2. Observations

We obtained Herschel spectra of eight OH/IR stars selected from
the sample based on Justtanont et al. (2006). These stars all ex-
hibit the silicate dust features in absorption at both 10 and 18 um
and in some cases also show a water-ice band at 3.1 um. Table 1
lists all stars observed and presented in this paper for the first
time using the three Herschel instruments PACS, HIFI, and
SPIRE. As noted, some stars have had their spectra taken as part
of either a guaranteed time or another open-time program.

We observed four extreme OH/IR stars with the Herschel-
HIFI instrument (de Graauw et al. 2010), which happened to
be the last set of observations that Herschel did before the he-
lium ran out at the end of April 2013 (Fig. 1). The frequency
coverage for these stars are 1094.3-1098.4 GHz (lower side-
band, LSB) and 1106.3-1110.4 GHz (upper side-band, USB).
The LSB frequency covers the ortho-H,O transition of 31,—303
for all three isotopologues while the USB permits the observa-
tions of the ground state transition of para-H)’O 1;;—0¢. The
raw data (level 0) were processed with pipeline version SPG 11.0
to obtain the level 1 and 2 data. Further data reduction was
performed in HIPE12' (Ott 2010) with calibration files version

! HCSS/HSpot/HIPE is are joint developments by the Herschel
Science Ground Segment Consortium, consisting of ESA, the NASA
Herschel Science Center, and the HIFI, PACS, and SPIRE consortia.
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Fig. 1. Herschel-HIFI observation of four extreme OH/IR stars. The
spectra have been corrected for the LSR velocity for each object and
rebinned to ~2 km s~! sampling. The vertical lines indicate the ex-
pected position of the H}*O, H)’O, and HI°O 3,-3¢; transitions,
from left to right. The expected position of the H}’O 1;;—0q transition
(dashed line) from the upper side-band can be seen at the far right.

HIFI_CAL_15. Both polarizations were averaged together and
the final spectra had the baseline subtracted and rebinned. From
Fig. 1 it can bee seen that all objects, with the exception of
OH 30.7+0.4, show the emission line due to Hi°O. Using a
routine in HIPE12, we converted the antenna temperature to a
flux scale so that we have the same flux scale for all three in-
struments, assuming a point source. The line fluxes are listed in
Table 2.

We obtained SPIRE spectra of eight extreme OH/IR stars and
included OH 26.5+0.6 from the archive. The resolution of these
spectra is ~1.4 GHz, corresponding to 380 km s! at a frequency
of 1097 GHz hence the lines are not resolved and each observed
emission line can be a blend of different molecules. With the
help of the HIFI spectra of OH/IR stars (Justtanont et al. 2012),
we can resolve the contribution of strong emission lines mainly
due to H,O and CO.

The SPIRE data were reduced using the calibration files
SPIRE_CAL_12_2. The spectra suffer from high backgrounds
due to the location of these objects in the galactic plane and most
stars are thought to have a typical distance larger than 1 kpc.
Interstellar emission lines due to [N1I] at 205.178 um and [C1]
at 370.423 and 609.150 um can be seen in the spectra, with the
exception of AFGL 5379 which is thought to be closer than the
other objects. We performed background subtraction from our
spectra by investigating individual off-centre beams and selected
those that have similar background levels as the central beam.
However, the region between 300—400 um is badly affected so
that it is difficult to recover background subtracted data.

A number of the stars observed with SPIRE have been ob-
served using the PACS instrument. Together with the PACS data
taken by the MESS guaranteed time program (Groenewegen
et al. 2011) for AFGL 5379 and from another open-time pro-
gram (PI. M.J. Barlow) for OH 26.5+0.6, we have full spectral
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Table 1. OH/IR stars observed in the present work with observation identifiers (ObsID) indicated.

Source RA (2000) Dec (2000) ObsIDs Note
SPIRE PACS HIFI

OH 127.8+0.0 013351.2 +622653.2 1342268319  1342189956—1342189961 - PACS cal

AFGL 5379 174424.0 3155355 1342268287  1342228537/1342228538 1342250605 1,2

OH 21.5+0.5 1828 31.6 —-095810.7 1342268311 1342268748/1342268778 -

OH 26.5+0.6 1837325 —-052359.2 1342243624  1342207776/1342207777 1342244511  1,2,3

OH 30.7+0.4 184553.1 -014658 1342268309  1342268789/1342268790 1342271263

OH 30.1-0.7 1848419 —-025028.3 1342268316  1342269304/1342269305 1342271264

OH 32.0-0.5 1851262 —-010352 1342268317  1342268791/1342268792 1342271265

OH 32.8-0.3 1852222 —-001413.9 1342268318  1342268793/1342268794 1342271266

OH 42.3-0.1 190907.5 +081622.5 1342268308  1342268797/1342268798 -

Notes. The archived data taken from guaranteed time programs are indicated as 1 from MESS, 2 from HIFISTARS and 3 from another open-time
program. The PACS spectra of OH 127.8 were taken as part of the calibration time.

Table 2. Line fluxes of isotopologues of H,O in the observed HIFI range.

A(um)  Transition Isotope Line fluxes (10717 W m™2)

GL5379 OH26.5 OH30.1 OH32.0 OH32.8
269.272 111—000 16 18.2 8.3 a a a
270.774 111009 17 9.2 3.6 1.1 0.6 1.0
272.118 111—000 18 <0.8 <0.6 a a a
273.193 312—303 16 29.7 11.0 49 2.0 4.7
273.430 31-303 17 9.1 3.8 1.0 0.8 1.9
273.626 312—303 18 <0.8 <0.6 <0.4 <0.3 <0.4

Notes. “a” indicates that the transition is not observed. The fluxes for H}*O indicate the upper limit of the detection and as such can be regarded

as an estimated uncertainty of the calculated line fluxes.

coverage from 50 to 670 um for all the stars in our sample.
For OH 127.8+0.0, the data were taken as part of the calibra-
tion time (Lombaert et al. 2013). We used the calibration files
PACS_CAL_48_0 for our targets. The flux from the central
3 x 3 spaxels were extracted. We note that the data suffer from
significant leakage in the red part of the spectrum, which means
that the data between 95—100 ym and beyond ~190 um cannot
be recovered.

In the PACS spectral range, we identify the emission lines
as coming from H,O, and CO plus three sets of lines due to OH
at 79, 119, and 163 um (Fig. 4 and Appendix C). These lines
have previously been reported by Sylvester et al. (1997) and
Lombaert et al. (2013) and are thought to be the pumping line for
the OH masers seen in these objects. Although the archived spec-
tra from the short-wavelength spectrometer (LWS, Clegg et al.
1996) aboard the Infrared Space Observatory (ISO, Kessler et al.
1996) of some of these stars are very noisy, there may be a possi-
ble hint of an absorption of the infrared pumping line at 53 um.
The other infrared pumping line at 34.6 yum was first reported
towards two supergiants (Justtanont et al. 1996; Sylvester et al.
1997), but has not been detected towards AGB stars observed
with ISO. No strong emission lines due to other molecules apart
from H,O, OH, and CO have been reported from OH 127.8+0.0
(Lombaert et al. 2013).

3. Discussion

Justtanont et al. (2013) found strong H}°O and H}’O emission
lines in two extreme OH/IR stars, AFGL 5379 and OH 26.5+0.6,
while there is no detectable emission due to H%gO. This is in
contrast to what is observed in the interstellar medium and the

Sun (Wilson & Rood 1994) where '#0 is more abundant than
170. The question arises if other extreme OH/IR stars show the
same behaviour.

3.1. Resolved HIFI spectra

In four objects, we obtained HIFI spectra that cover the fre-
quency range of the 3;,—303 line for all three isotopologues.
From Fig. 1, we detect the main line at 1097.365 GHz
(273.200 pum) in all the sources except OH 30.7+0.4. The ex-
pansion velocity of these stars is typically 15 km s~!, hence with
an observed velocity resolution of 1 km s' the line is well re-
solved. The spectrum of OH 32.0-0.5 is too noisy to confirm the
detection of H}'O at 1096.414 GHz (273.430 um); H}'O can
be seen in OH 30.1-0.7 and OH 32.8-0.3, along with the H}’O
111—000 line from the upper side-band. No evidence of the H%gO
312—303 line at 1095.627 GHz (273.626 um) is seen in our spec-
tra (Table 2). This is similar to the non-detection of H}*0 in
AFGL 5379 and OH 26.5+0.6 where both H1°O and H}O lines
are clearly detected (Justtanont et al. 2013).

Based on these observations, we searched for the presence of
all isotopologues of H,O in the SPIRE and PACS spectra.

3.2. SPIRE spectra

In these spectra, we are able to discern a number of possible
Hé70 lines. The SPIRE spectrum of AFGL 5379 (Figs. 2 and 3)
shows the identification of both isotopologues, along with other
molecules such as CO, SiO, HCN, and H,S (see Appendix B)
although the lines are not resolved owing to the poor spec-
tral resolution of the SPIRE instrument (1/AA ~ 370—1290 for
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Fig. 2. The continuum subtracted apodized SPIRE spectrum of AFGL 5379 (histogram) with the Gaussian fits for H,O (red), H;O (blue),
CO (green), and H,S (yellow). Other molecules such as SiO, HCN, and the interstellar lines of [C1] and [N1I] are shown in cyan. The flux

for SPIRE and PACS spectra is in W m™2 um™".

670—194 um). In order to calculate the line fluxes, we employed
the special script in the HIPE data reduction package written for
unapodized SPIRE data (SPIRE_linefitting.py), taking into ac-
count the fit to the sinc function of the line profiles. For display
purposes, we show the apodized spectra (with the sinc function
corrected) together with the calculated Gaussian line profiles be-
cause the lines are unresolved, with a width of 0.078 cm™' for
unapodized spectra, i.e. Fiine = 1.08 X Fpeax X FWHM. However,
one caveat of the derived line fluxes is that the decomposed
molecular components depend only on the central frequencies
of the lines and not on the expected transition line strengths.
For this purpose we include species thath exhibit several tran-
sitions and select lines within the SPIRE range with an upper
energy <1000 K. We did, however, add an exception for the H,O
v, transitions as these lines can sometimes be bright when they
are masing. We listed the pair of detected H}°0 and H}’O fluxes
in Table 3. The estimated uncertainty for unblended lines is 30%,
increasing to ~50% for blended lines. For our purpose, blended
lines are defined as lines that have two or more species that are
separated by less than the spectral resolution of the instrument
and so the peaks are indistinguishable. In many cases, there are
lines that overlap with distinct peaks which makes the line flux
determination cleaner than the blended lines. We note that a se-
ries of lines due to H,S are detected in the SPIRE wavelength
range for most of our objects. The full list of all the lines de-
tected and plots of the SPIRE spectra observed can be found in
Appendix B and D, respectively.
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3.3. PACS spectra

For the PACS spectra, we fitted a Gaussian to individual lines to
derive a line flux as the lines are also unresolved with a resolv-
ing power of 1000—5000, corresponding to a velocity resolution
of ~300—60 kms~!, for the long and short wavelengths, respec-
tively. Since most of the lines are due to H,O, we decided to
fit these before attributing the unfitted lines to other molecules
such as CO and H,S. Figure 4 shows the continuum subtracted
spectrum of AFGL 5379. Unfortunately, the source was not at
the central spaxel when it was observed. This resulted in a loss
of flux. However, we corrected this based on the archived ISO-
LWS continuum flux data. The PACS data have been multiplied
by a factor of 1.78 to get the flux to agree with the ISO-LWS flux.
Another artefact is that the shortest wavelength part of the PACS
spectrum cannot be recovered as it is badly affected by the fore-
ground and background interstellar [O 1] 63 emission. We did not
detect any emission lines in the PACS spectrum of OH 21.5+0.5.
The PACS spectrum of OH 30.7+0.4 does not show definitive
detections of H;7O lines. These two objects are hence not listed
in Table 4.

The line fluxes of H}°O and H)’O are listed in Table 4. The
estimated uncertainty for each derived line flux depends on the
errors in baseline subtraction and the rms noise of the spectrum
which can affect the flux by ~30%. Two H%7O lines at 57.74
and 67.51 um are close in wavelength to much higher excited
lines of HyO 817—756 and 1143—1139, with upper energy levels
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Fig. 3. The continuum subtracted apodized SPIRE spectrum of AFGL 5379 (histogram) with the Gaussian fits for H,O (red), H;O (blue),

CO (green), and H,S (yellow). Other molecules are shown in cyan.

of 1270 K and 2652 K, respectively), so we do not expect the
calculated line fluxes to be much affected. We note here that al-
though Tables 3 and 4 list only pairs of detected H}°O and H}'O,

many H}°O lines with no accompanying less abundant isotopo-
logue are detected. The full list of all the lines detected and plots
of the PACS spectra observed can be found in Appendix C and E,
respectively.

3.4. H, O isotopologues

In all cases, we also searched for the presence of HéSO in the
HIFI, SPIRE and PACS spectra. It is clear that in the HIFI spec-
tra where line blending is not an issue, the 31,—303 transition
at 1095.627 GHz is below the noise limit (Fig. 1). In PACS and
SPIRE spectra, portions containing isolated unblended transition
with another possible lines have been carefully looked at, but
there is no emission detected above the noise. With these results,
we conclude that our sample of extreme OH/IR star spectra lacks
the presence of H}*O. The upper limit of the H}*O/H}’O line ra-
tios are given in Appendix A. Here, it is clear that the ratios are
below unity in cases where HyO lines are detected above the
noise. In the sample of oxygen-rich AGB stars from the guaran-
teed time program HIFISTARS with a lower mass-loss rate, with
the same frequency settings as for the OH/IR stars observed in
our open-time program (Justtanont et al. 2012), the line fluxes
of H%gO are always brighter than those of H?O for both the
111—000 and 31,—33 transitions (Fig. 5).

The absence of HéSO in these stars is counter-intuitive con-

sidering the observed isotopic ratio of '#0/'7O ~ 3 in the inter-
stellar medium. However, calculations of nucleosynthesis during
the AGB phase for intermediate-mass stars predict that for stars
with an initial mass larger than 5 M, the temperature at the base
of the convective layer is high enough to start hot-bottom burn-
ing, preventing the star from becoming a carbon star (see e.g.,
Lattanzio et al. 1996; Lattanzio & Wood 2003). At the begin-
ning of hot-bottom burning, '30 is destroyed while the produc-
tion of 70 is increased by an order of magnitude, hence the
130/170 ratio has an expected value of 10~® while the '°0/!7O ra-
tio is expected to be <350 (Lattanzio et al. 1996). Hot-bottom
burning will finally cease when the star loses most of its mass
such that the envelope mass is below 1 M. However, the third
dredge-up can still continue and will change the '>C/'3C ratio
while leaving isotopic ratios of other elements almost unaffected.
Studies of pre-solar grains reveal very few grains with extremely
low '80/'°0 ratios, which can possibly come from intermediate-
mass AGB stars (Lugaro et al. 2007; Nittler et al. 2010), while
most of the grains show oxygen isotopic ratios commonly ex-
pected from low-mass stars. The rarity of these presolar grains
with low 80 content is consistent with the expected popula-
tion of intermediate-mass stars assuming an initial mass function
(Salpeter 1955; Scalo 1986) and the relatively short lifetimes of
such stars.

The line flux ratios of Hé6O/Hé7O vary between about unity
and less than 10 where the corresponding transition of both

A115, page 5 of 38
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Fig.4. The continuum subtracted PACS spectrum of AFGL 5379 (histogram) corrected to the ISO-LWS flux level with the Gaussian fits for

H,O (red) and HyO (blue). Other molecules are shown in cyan.

molecules is detected (Tables 3 and 4). Most of our reliable line
flux ratios from HIFI give values between 2 and 5. This clearly
indicates that at least the main line is optically thick. In order to
derive isotopic abundance ratio from our observations, a radia-
tive transfer calculation must be performed, which will be ad-
dressed in a forthcoming paper.

4. Summary

The H,O line fluxes observed with Herschel are presented for
a sample of nine extreme OH/IR stars. These stars are close to
the galactic plane and are thought to be population I stars. They
all show strong H,O emission from the main isotopologue and
from H§7O. The absence of H%gO detection was unexpected con-
sidering the solar and galactic ratio of '80/!70O of 3—5 (Wilson
& Rood 1994; Wouterloot et al. 2008).

To explain this question, we propose that our sample stars
have undergone hot-bottom burning, which preferentially de-
stroys 80 relative to the other two isotopes. During hot-bottom
burning, the abundance of 7O is expected to go up by an order
of magnitude while the 80O abundance drops by more than two
orders of magnitude. For such a process to happen, the bottom of
the convective layer is required to be hotter than 80x 10° K. This
high temperature can be achieved in stars with initial masses of
at least 5 M, (Karakas & Lattanzio 2014). It should be noted that
hot-bottom burning ceases when the star loses sufficient mass
that the high temperature cannot be maintained. Although the
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isotopic ratios of most elements remain the same after this ces-
sation, the '2C abundance can increase thanks to the continua-
tion of the third dredge-up process bringing up carbon made by
the triple-alpha reaction. The materials expelled from these stars
will have an impact on local isotopic ratios and may also affect
the overall chemical evolution of the Galaxy.

The Herschel observations of OH/IR stars complement
previous optical ground based AGB star observations of the
7Li line by Garcia-Herndndez et al. (2013), which provides an-
other indication of the operation of the hot-bottom burning in
intermediate-mass stars. It may also be possible to search for sig-
natures of hot-bottom burning using elements synthesized dur-
ing this phase, such as ?*Ne and >Mg. Observations of isotopic
ratios of various elements together with theoretical calculations
of nucleosynthesis can yield better constraints on the initial mass
of these stars.
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Table 3. Line fluxes of isotopologues of H,O in the observed SPIRE range.

A&A 578, A115 (2015)

A(um) Transition  Isotope Line fluxes (x10~'7 W m™?)
OH127 GL5379 OH21.5 OH26.5 OH30.7 OH30.1 OH32.0 OH32.8 OH42.3

208.0763 T26—633 16 1.0 14.1 <0.3¢ 5.2 <0.7¢ 1.3 <0.3¢ 0.9 0.7
208.2052 T26—633 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6“ <0.4¢
212.5256 53-514 16 4.1 57.9 1.8 14.3 <0.7¢ 9.0 2.0 5.3 2.3
213.1557 5:3-514 17 1.5 20.2 1.0 7.3 <0.7¢ 2.6 0.8 2.2 1.7
226.7608 655—53 16 1.7 18.9 0.7 7.4 <0.7¢ 2.3 0.5 2.0 1.3
225.0480 625—53> 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6“ <0.4¢
231.2480° 827—T34 16 1.3 12.4 <0.3¢ 3.1 <0.7¢ <0.3¢ 0.5 1.3 2.1
233.7153 827—T34 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6¢ <0.4¢
234.5306 T43—65> 16 0.8 9.5 <0.3¢ 5.0 <0.7¢ 1.2 0.5 1.3 <0.4¢
226.1507 T43—65> 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6¢ <0.4¢
243.9740 20—211 16 2.8 31.5 0.7 11.1 <0.7¢ 4.6 0.5 3.4 <0.4¢
247.1536 250—211 17 1.6 8.7 <0.3¢ 3.0 <0.7¢ 0.5 <0.3¢ <0.6¢ <0.4¢
248.2468 4y—45 16 3.2 51.8 1.4 10.8 <0.7¢ 6.1 1.1 4.3 1.3
250.3256° 4y—45 17 1.3 5.2 <0.3¢ 2.2 <0.7¢ 1.4 <0.3¢ 0.6 <0.4¢
257.7948 351-312 16 4.6 66.6 2.4 16.6 0.6 8.7 2.2 6.6 1.2
260.9215 3,1-312 17 1.1 11.4 <0.3¢ 3.5 <0.7¢ 1.2 1.4 0.7 <0.4¢
258.8158 634—54 16 3.3 11.1 <0.3¢ 4.1 <0.7¢ 1.2 <0.3¢ <0.6¢ <0.4¢
252.0495 634—541 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6¢ <0.4¢
259.9823 310-25 16 3.1 26.8 0.6 7.6 1.7 3.5 1.9 4.1 1.1
256.6420 3122 17 2.2 17.4 <0.3¢ 6.2 <0.7¢ <0.3¢ <0.3¢ 1.8 0.6
269.2724 111—=000 16 2.2 23.2 <0.3¢ 8.6 <0.7¢ 3.6 <0.3¢ 1.7 <0.4¢
270.7745 111—=0¢0 17 1.4 11.4 <0.3¢ 4.1 <0.7¢ 1.2 <0.3¢ 0.8 <0.4¢
273.1931 31-303 16 3.6 36.0 2.2 12.1 <0.7¢ 4.1 1.3 5.2 0.9
273.4300 312303 17 0.5 12.7 <0.3¢ 1.9 <0.7¢ 2.9 0.6 <0.6¢ <0.4¢
303.45620 200—11; 16 2.5 22.6 <0.3¢ 7.8 <0.7¢ 3.1 1.0 2.3 <0.4¢
302.3565% 200—113 17 1.2 14.9 <0.3¢ 5.2 <0.7¢ 3.1 <0.3¢ 2.3 <0.4¢
308.9641 So4—43 16 0.6 9.9 <0.3¢ 5.6 <0.7¢ 3.0 <0.3¢ 2.8 2.9
303.4711% So4—43 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6“ <0.4¢
327.2231 45,—33; 16 0.8 13.2 2.7 5.9 <0.7¢ 3.7 4.3 5.6 6.0
317.2905 45,353, 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6¢ <0.4¢
398.6427 211202 16 14 20.5 1.8 5.9 1.4 2.8 1.9 2.4 <0.4¢
400.5467 21120 17 0.7 6.7 1.0 2.3 1.4 1.2 1.4 1.2 <0.4¢
482.9902° S530—44 16 0.4 3.2 0.6 1.3 6.7 <0.3¢ 2.1 0.8 <0.4¢
455.2615° S530—44 17 <0.2¢ <0.8¢ <0.3¢ <0.4¢ <0.7¢ <0.3¢ <0.3¢ <0.6¢ <0.4¢
538.2890 lio—10 16 0.9 6.9 <0.3¢ 1.3 <0.7¢ 0.8 0.7 0.6 <0.4¢
543.0817° lio—10; 17 0.8 4.6 <0.3¢ <0.4¢ 0.7 0.5 0.7 <0.6¢ <0.4¢

Notes. ” An upper limit of the detection. ’ Possible blend with another line.
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Table 4. Line fluxes of isotopologues of H,O in the observed PACS range.

A(um) Transition  Isotope Line fluxes (x10~'7 W m™?)
GL5379 OH26.5 OH30.1 OH32.0 OH32.8 OH42.3

57.6365 45-313 16 115.2 57.8 10.6 <1.6¢ 4.6 <2.7¢
57.7447% 45-313 17 <36.5¢ 41.1 <4.4¢ <1.6“ <3.1¢ <2.7¢
67.0892° 331—220 16 133.5 79.1 16.3 5.7 19.0 4.6
67.5081° 331—220 17 <13.8¢ 16.0 <4.4¢ <1.6% <3.1¢ <2.0¢
75.3807 351212 16 135.3 55.7 13.7 3.9 8.2 7.3
75.6381 351212 17 <25.9¢ 28.3 <4.4¢ 3.3 0.4 <1.9¢
75.9099 550—541 16 177.1 74.1 23.7 8.6 20.9 7.7
76.7892 550—541 17 <25.9¢ 20.0 <4.4¢ <1.64 <2.1¢ <1.9¢
89.9884 3,-214 16 254.5 84.0 333 124 22.5 12.9
90.4885 30,214 17 <24.7¢ 14.2 7.9 2.5 <2.1¢ 6.6
108.0732 251—119 16 100.1 34.0 9.5 3.7 6.6 2.0
108.7449 251—1y9 17 19.4 19.5 3.1 2.8 4.0 <0.7¢
121.7217 43,—453 16 227.9 70.5 25.4 7.7 17.2 7.0
122.8999 43,—455 17 13.6 10.9 4.2 2.1 2.5 <0.4¢
132.4084 dy3—414 16 176.8 50.6 17.8 8.3 13.2 3.5
133.0943 4y3—44 17 31.0 11.6 3.3 1.6 2.3 <0.4¢
134.9353 514=505 16 109.2 36.7 13.2 5.4 9.4 34
134.7376 514=505 17 15.5 9.9 <1.0¢ <0.5¢ 2.3 <0.4¢
136.4960 330—321 16 133.9 37.1 12.5 5.8 9.1 3.0
138.2514 330—32; 17 224 12.9 1.5 <0.5¢ 1.7 1.7
138.5278 31320 16 128.1 45.0 13.7 6.0 9.7 3.5
139.0864 313202 17 28.9 17.2 3.8 2.8 3.0 <0.4¢
156.1940° 35313 16 184.1 63.7 20.9 10.0 13.8 5.0
157.2836 3,-313 17 22.0 11.9 1.8 <0.9¢ <0.9¢ <0.5¢
156.2652" 5.3—43, 16 21.1 21.5 2.1 3.5 2.1 1.0
153.8758 S5x3—43, 17 <5.6¢ <4.1¢ <1.0¢ <0.9¢ <0.6% <0.5¢
179.5267 2101 16 122.8 46.8 10.7 5.9 2.4 <0.5¢
180.3302 21o—1¢ 17 45.7 32.3 5.3 <0.9¢ 0.7 <0.5¢
180.4883 251-212 16 112.3 39.0 11.2 4.4 1.3 2.0
182.0899 251212 17 41.5 15.2 <1.0¢ <0.9¢ <0.6¢ 1.7

Notes. > An upper limit of the detection. ’ A possible blend with higher excited H,O line.
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Appendix A: Line flux ratios

This section of the appendices shows the line flux ratios of Hi*O/H}”O. We note that since the H1*O is not detected, we give lower limits to the
line ratios. In the case when both isotopologues are not detected, the ratios are set to 1.0.

Table A.1. Line flux ratios of H}*O/H}’O observed by Herschel-HIFI.

Transition GL5379 OH26.5 OH30.1 OH32.0 OH32.8

111—=0¢0 <0.1 <0.2 a a a
312—303 <0.1 <0.2 <0.4 <0.4 <0.2

Notes. “a” indicates that the transition is not observed.

Table A.2. Line flux ratios of HI*O/HY’O in the observed PACS range.

Transition GL5379 OH26.5 OH30.1 OH32.0 OH32.8 OH423

422—313 - <0.3 - - - -
331—220 — <0.8 - - - -
321 —212 - <0.4 - <0.5 <0.6 -
550—54] — <0.6 - - - -
322—211 <0.7 <0.9 - <0.6 - <0.3
2,111 <0.3 <0.4 <0.3 <0.2 <0.2 -
432 —423 <0.4 <0.6 <0.2 <0.2 <0.4 -
dy3—4y <0.2 <0.6 <0.3 <0.3 <0.4 -
514—505 <0.4 <0.7 - - <0.4 -
330—35 <0.3 <0.5 <0.7 - <0.5 <0.2
313202 <0.2 <0.4 <0.3 <0.2 <0.3 -
3,,-313 <0.3 <0.6 <0.6 - - -
53—43 - - - - - -
215—1p <0.1 <0.2 <0.2 - <0.9 -
221 —212 <0.1 <0.5 - - - <0.3

Notes. The “~” symbol indicates that both H}*O and H}7O are not detected.

Table A.3. Ratios of H}*0/H;"O line fluxes observed with SPIRE.

Transition OH127 GL5379 OH21.5 OH26.5 OH30.7 OH30.1 OH32.0 OH32.8 OH423

T26—633 - - - - - - - - -
53-514 <0.1 <0.1 - <0.1 - <0.1 <0.4 <0.3 <0.2
625—53> - - - - - - - - -
827—T34 - - - - - - - - -
T43—652 - - - - - - - - -
250—211 <0.1 <0.1 - <0.1 - <0.6 - - -
422—413 <0.2 <0.2 - <0.2 - <0.2 - <1.0 -
3,1=312 <0.2 <0.1 - <0.1 - <0.3 <0.2 <0.9 —
634—541 - - - - - - - - -
312—291 <0.1 <0.1 - <0.1 - - - <0.3 <0.7
111—000 <0.1 <0.1 - <0.1 - <0.3 - <0.7 -
31-303 <0.4 <0.1 - <0.2 - <0.1 0.5 - -
200—111 <0.2 <0.1 - <0.1 - <0.1 - <0.3 -
S524—43 - - - - - - - - -
4233 - - - - - - - - -
211—202 <0.3 <0.1 <0.3 <0.2 <0.5 <0.3 <0.2 <0.5 -
S3—44 - - - - - - - - -
li0—101 <0.3 <0.2 - - - <0.6 <0.4 - -

Notes. The “~ symbol indicates that both H*O and H}7O are not detected.
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Appendix B: Compilation of observed SPIRE line fluxes

We present a table with line fluxes for the SPIRE spectra of extreme OH/IR stars.

Table B.1. Line fluxes of all lines detected in the observed SPIRE range.

Molecules A(um) Line fluxes (x10717 W m™2)
OHI127 GL5379 OH21.5 OH26.5 OH30.7 OH30.1 OH32.0 OH32.8 OH42.3

H,0 633—54, 194.4221 2.2 22.5 <0.3 7.9 <0.7 1.7 1.0 1.7 0.7
CO (13-12) 200.2725 1.1 11.3 <0.3 5.6 <0.7 2.9 1.5 2.7 1.7
H,0 vy 250—21;  200.6566 0.5 8.9 1.3 3.7 <0.7 <0.3 1.7 1.8 0.9
H,0 v, 553—43,  203.4464 0.7 2.2 <0.3 <0.3 <0.7 <0.3 <0.3 <0.6 <0.4
[N1] 3P, -*P, 205.1733 <0.2 10.1 17.4 25.0 38.6 31.2 34.6 20.3 11.5
H,0 7,6—633 208.0763 1.0 14.1 <0.3 5.2 <0.7 1.3 <0.3 0.9 0.7
H,O vy 42,—413 210.8308 0.6 7.8 <0.3 3.0 <0.7 <0.3 0.4 0.7 <0.4
H,0 553-514 212.5256 4.1 57.9 1.8 14.3 <0.7 9.0 2.0 5.3 2.3
HY0 553514 213.1557 1.5 20.2 1.0 7.3 <0.7 2.5 0.8 2.2 1.7
CO (12-11) 216.9273 1.6 13.1 <0.3 6.2 <0.7 2.2 1.6 1.9 1.0
H,S 35524, 220.9835 1.2 7.2 0.5 4.6 0.8 1.6 1.0 1.2 1.1
H,0 655—53, 226.7608 1.7 18.9 0.7 7.4 <0.7 2.3 0.4 2.0 1.3
H,S 554515 227.6838 0.5 2.2 <0.3 4.1 <0.7 0.7 <0.3 <0.6 0.6
H,S 514505 227.9266 0.8 53 0.5 1.7 0.8 1.7 1.0 0.9 0.7
H,S 634,—6,5 229.6524 0.7 3.7 <0.3 2.1 1.0 0.7 <0.3 <0.6 <0.4
H,S 835—7¢2 230.8229 1.8 24 <0.3 5.3 <0.7 0.8 <0.3 <0.6 <0.4
H,S 250113 231.0607 <0.2 8.7 <0.3 2.7 <0.7 1.7 0.8 1.6 <0.4
H,0 857734 231.2480 1.3 12.4 <0.3 3.1 <0.7 <0.3 0.5 1.3 <0.4
H,S 414—303 233.8997 1.3 10.8 <0.3 5.6 1.6 0.7 0.8 1.7 <0.4
H,S 440313 234.1534 1.9 8.9 <0.3 7.2 1.3 1.5 0.4 1.8 1.1
H,0 74365, 234.5306 0.8 9.5 <0.3 5.0 <0.7 1.2 0.5 1.3 <0.4
CO (11-10) 236.6133 0.8 9.6 <0.3 2.2 <0.7 1.5 0.8 0.8 <0.4
H,0 25024, 243.9740 2.8 31.5 0.6 11.1 <0.7 4.6 0.5 34 <0.4
NH; 2,-1; 246.6929 2.3 20.1 <0.3 5.8 <0.7 1.2 <0.3 0.8 <0.4
H;O 250211 247.1537 1.6 8.6 <0.3 3.0 <0.7 0.5 <0.3 <0.6 <0.4
H,0 45 —43 248.2468 32 51.8 1.4 10.8 <0.7 6.0 1.1 4.3 1.3
H,O v, 45p—413  248.6277 1.2 5.7 <0.3 1.5 <0.7 <0.3 <0.3 <0.6 <0.4
HY0 31,-2 250.3257 1.3 5.2 <0.3 2.2 <0.7 1.4 <0.3 0.6 <0.4
H,S 3125 250.6601 0.5 8.2 0.6 6.0 <0.7 0.8 <0.3 0.9 <0.4
NH; 2;-14 256.5724 0.4 <0.8 0.5 <0.4 <0.7 1.4 <0.3 0.9 <0.4
H;O 3125 256.6420 2.1 17.4 <0.3 6.2 <0.7 <0.3 <0.3 1.8 0.6
H,0 3,,-3» 257.7947 4.6 66.6 2.4 16.6 <0.7 8.6 2.2 6.6 1.2
H,0 6354—54; 258.8158 0.3 11.1 <0.3 4.1 <0.7 1.2 <0.3 <0.6 <0.4
H,0 31,2, 259.9822 3.1 26.8 0.6 7.6 1.7 3.5 1.9 4.1 1.1
CO (10-9) 260.2399 0.8 18.8 0.6 7.9 <0.7 35 0.6 1.4 0.7
H;O 3,1-312 260.9215 1.1 114 <0.3 35 <0.7 1.2 <0.3 0.7 <0.4
H,0 1;;,—009 269.2724 2.2 23.2 0.5 8.6 <0.7 3.6 <0.3 1.7 <0.4
H;O 111—009 270.7744 1.4 114 0.6 4.1 <0.7 1.1 <0.3 0.8 <0.4
13CO (10-9) 272.2046 0.7 4.8 <0.3 2.2 <0.7 1.0 <0.3 <0.6 <0.4
H,0 315-3¢3 273.1931 3.6 36.0 2.2 12.1 <0.7 4.1 1.3 5.2 <0.4
H;O 315-303 273.4300 0.4 12.7 <0.3 1.9 <0.7 2.9 0.5 <0.6 0.9
SiO (25-24) 276.6864 <0.1 0.7 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,S 2;1-1y 279.4393 1.0 8.8 <0.3 4.0 <0.7 1.5 <0.3 0.7 <0.4
HCN (12-11) 282.0294 <0.1 1.6 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (24-23) 288.1664 <0.1 2.9 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
CO (9-8) 289.1205 1.1 9.7 0.4 34 <0.7 2.0 <0.3 <0.6 <0.4
H,S 453-44 292.0500 0.7 4.6 <0.3 32 <0.7 1.2 <0.3 <0.6 <0.4
H,S 315202 298.9617 0.6 5.7 <0.3 3.7 <0.7 1.7 0.4 <0.6 1.3
SiO (23-22) 300.6476 <0.1 2.5 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,S 303211 301.8748 1.5 10.2 <0.3 3.9 <0.7 1.3 <0.3 <0.6 <0.4
HyO 200—111 302.3565 1.2 14.9 <0.3 5.2 <0.7 3.1 <0.3 2.3 1.2
13CO (9-8) 302.4147 <0.1 24 <0.3 1.0 <0.7 2.8 <0.3 <0.6 <0.4
H,0 20,114 303.4561 2.5 22.6 <0.3 7.8 <0.7 3.1 1.0 2.3 <0.4
HCN (11-10) 307.6410 0.4 34 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,0 5,4—45, 308.9641 0.6 9.9 <0.3 5.6 <0.7 3.0 <0.3 2.8 <0.4
SiO (22-21) 314.2667 <0.1 1.3 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
CO (8-7) 325.2251 1.1 9.5 2.3 3.7 5.5 34 2.5 4.4 3.0
H,0 45,-35, 327.2230 0.8 13.2 2.7 5.9 <0.7 3.7 4.3 5.6 6.0
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Table B.1. continued.

Molecules A(um) Line fluxes (x10717 W m™2)
OH127 GL5379 OH21.5 OH26.5 OH30.7 OH30.1 OH32.0 OH32.8 OH42.3

SiO (21-10) 329.1855 <0.1 2.2 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,O vy 2590—11;  333.3613 0.7 1.9 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
HCN (10-9) 338.3773 0.3 <0.8 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
3CO (8-7) 340.1812 0.4 34 <0.3 1.3 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (20-19) 345.5993 <0.1 0.9 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,S 64,65, 348.5420 0.5 <0.8 <0.3 1.6 <0.7 1.6 <0.3 <0.6 <0.4
H,O v, 211-2¢,  348.6097 0.5 5.2 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,S 65,—643 350.6485 0.3 <0.8 <0.3 3.2 <0.7 2.2 <0.3 <0.6 <0.4
SiO (19-18) 363.7438 <0.1 1.5 <0.3 <04 <0.7 <0.3 <0.3 <0.6 <0.4
[C1] (2-1) 370.4142 0.7 1.4 3.3 4.6 11.8 3.0 5.1 4.3 13.2
CO (7-6) 371.6504 0.6 7.8 <0.3 0.8 <0.7 0.7 <0.3 0.7 <0.4
HCN (9-8) 375.9465 <0.1 0.7 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (18-17) 383.9074 <0.1 1.4 <0.3 <04 <0.7 <0.3 <0.3 <0.6 <0.4
BCOo (7-6) 388.7432 0.3 3.6 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H,0 2120 398.6428 1.4 20.5 1.8 5.9 1.4 2.8 1.9 2.4 1.4
HyO 211202 400.5469 0.7 6.7 0.9 2.3 1.4 1.2 1.4 1.2 1.7
SiO (17-16) 406.4465 <0.1 2.2 <0.3 <04 <0.7 <0.3 <0.3 <0.6 <0.4
H,S 21,1y, 407.3080 0.9 7.0 1.3 2.2 4.7 2.5 2.1 3.0 <0.4
HCN (8-7) 4229119 0.2 1.8 <0.3 0.3 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (16—15) 431.8066 <0.1 1.6 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
CO (6-5) 433.5563 0.7 6.2 <0.3 2.3 1.9 1.5 1.4 1.5 <0.4
H,S 20,11 436.1862 0.6 4.1 0.4 1.9 <0.7 0.4 <0.3 <0.6 <0.4
3CO (6-5) 453.4979 0.6 3.1 <0.3 1.1 <0.7 0.4 <0.3 <0.6 <0.4
H,O v, 119g—1g1  455.6076 0.2 1.2 1.0 1.0 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (15-14) 460.5504 <0.1 1.2 <0.3 0.7 <0.7 <0.3 <0.3 <0.6 <0.4
H,0 53,44 482.9902 0.4 3.2 0.6 1.3 <0.7 <0.3 <0.3 0.8 <0.4
HCN (7-6) 483.2993 0.1 0.3 <0.3 1.4 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (14-13) 493.4052 <0.1 1.3 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
H>S 5590—54; 517.0628 <0.1 1.2 0.8 <0.4 <0.7 0.3 <0.3 <0.6 <0.4
CO (5-4) 520.2311 0.9 5.9 2.4 4.0 6.3 1.7 3.3 34 2.2
NH; 19—0g 523.6569 0.4 1.0 <0.3 1.0 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (13-12) 531.3171 <0.1 1.0 <0.3 0.6 <0.7 <0.3 <0.3 <0.6 <0.4
H,O0 1,9—1¢, 538.2890 0.9 6.9 <0.3 1.3 <0.7 0.8 0.7 0.6 <0.4
Hyo 1i0—101 543.0817 0.8 4.5 <0.3 <0.4 <0.7 0.5 0.7 <0.6 <0.4
HCN (6-5) 563.8207 <0.1 0.4 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
SiO (11-10) 575.5523 <0.1 0.7 <0.3 <0.4 <0.7 <0.3 <0.3 <0.6 <0.4
[C1] (1-0) 609.1350 1.7 2.0 5.0 8.1 17.6 59 6.6 7.1 13.2
CO (4-3) 650.2513 <0.1 5.2 2.9 5.1 17.0 3.7 7.1 7.6 7.5
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Appendix C: Compilation of observed PACS line fluxes

We present tables for the list of lines detected in the PACS spectra for individual objects.

Table C.1. Line fluxes calculated from PACS spectra of AFGL 5379.

Molecules Apm)  Fiipe (1077 W m™2)
H,0 45,-32 56.3250 88.9 £ 35.6
H,0 42,-313 57.6365 1552 £57.4
H,0 43,-37; 58.6991 166.6 + 38.7
H,0 826—735 60.1622 78.5 £40.7
H,0 669—065; 63.9281 164.5 £45.9
H,0 964—9s5 63.9940 81.6 £141.5
Hzo 625—514 65.1662 161.0 = 14.7
H,0 1033—1059 65.5763 96.2 £ 14.9
Hzo 7]6—625 66.0927 123.4 + 18.1
Hzo 330—22] 66.4377 74.5 + 18.3
H,0 331-2y 67.0892 133.5 £ 18.7
H,0 330303 67.2690 1343 £ 18.8
H,0 1 1s7—114g 70.0500 36.7 +17.0
H,0 v3 351212 70.2871 22.1 £17.1
H,0 8,7-83 70.7026 1399 + 17.3
Hzo 524—413 71.0673 177.6 +17.5
H,0 717606 71.5397 86.4 £ 17.7
H,0 551 —624 71.7878 33.8+17.8
H,0 707—616 71.9470 162.5 +17.9
H,0 81783 72.0323 93.7 179
H,0 1056—1047 72.7893 59.0 £ 18.3
H,0 937_928 73.6129 143.9 + 18.7
H,0 v; 423-31» 73.7448 38.5 £ 18.8
H,0 1047—103g 73.9603 80.9 + 18.9
Hzo 955 _946 74.5735 62.6 +19.2
Hzo 725 —634 74.9450 168.2 + 19.4
H,0 33,21 75.3807 135.3 £24.5
Hzo a 551 —542 75.7814 173.2 +24.8
Hzo a 753—744 75.8134 99.3 +24.8
H,0 ¢ 65,—0643 75.8300 298.2 +24.8
Hzo 550—54] 75.9099 177.1 +£24.9
H,0 65,—64, 76.4220 136.7 £25.2
H,0 755743 77.7615 174.8 +26.1
H,0 433> 78.7424 235.9 +£26.8
Hzo 6]5—524 78.9285 119.0 + 26.9
OH °I, 1/2721'13/2 3/2 79.1173 108.9 +27.0
OH M) 121132 3/2  79.1809 1312 +27.1
Hzo 946_937 80.2223 83.4 +234
H,0 853—844 80.5568 782 £235
H,0 726-717 81.2156 162.2 £23.9
Hzo 927 _918 81.4054 127.4 +24.0
H,0 835744 81.6902 542 +£242
H,0 v>2% 616—505 81.9761 64.3 £24.4
HZO“ 6]6—505 82.0315 229.6 £24.4
H,0 836—827 82.9767 155.8 £25.0
H,0 6¢6—515 83.2840 119.8 £25.2
H,0 Ti6—T07 84.7670 200.1 £ 26.1
H,0 954945 85.4248 1139 £ 17.7
H,0 845836 85.7688 128.6 + 17.8
H,0 352y 89.9884 2545 £ 19.6
Hzo 744—735 90.0498 148.0 = 19.6
H,0 vy 250—1y 92.1496 55.1 £16.9
H,0 1055_1046 92.3768 34.0 +17.0
Hzo 643 —634 92.8108 299.0 + 17.1
H,0 73572 93.3829 2099 + 17.3
Hzo 542—533 94.2096 3014 +17.6
Hzo 625—616 94.6441 2555 +17.8
H,0 44,43, 94.7052 3182+ 17.8
HZO“ 642—633 103.9163 93.3 +13.1
H,0" 615—06¢6 103.9402 173.8 £ 13.1
H,0 634—625 104.0937 139.0 £ 13.1
H,0 25,19 108.0732 100.1 + 14.1

Notes.  The line is blended with a nearby transition.
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Molecules Apm)  Flge (1077 W m™2)
Hyo 251—-110 108.7449 194 £ 143
HyS 827716 110.9346 159 + 8.0
HyS 81772 110.9364 159 + 8.0
H,0 v, 414303 111.4826 29.2 + 8.1
H0 5455 111.6280 100.8 + 8.1
Hy0 743-734 112.5106 66.4 + 8.2
H,0 441514 112.8029 31.1+82
H,0 414-303 113.5374 1373 + 84
H,0 533-524 113.9480 1934 + 84
H,0 957-10y. 114.4537 333 +85
H,0 734—643 116.7791 432 +7.1
H,0 937844 118.4053 214+73
OH M, 5232 1192325 119+ 7.4
OH 21_13/2 5/2-3/2 119.4417 -98+74
H,O 844—835 122.5222 374 +7.8
H>0 936—97 123.4605 402 +7.9
NH3 401300 124.9125 284 £ 8.1
H,0 4p4-33 125.3537 136.3 + 6.8
H,0 33,-32» 126.7140 170.2 £ 6.9
H,0 725-716 127.8842 1142+ 7.1
H,O0 vy 404-313 128.2586 212+7.1
H>0 945-936 129.3390 409 +£7.2
H,O 423—4]4 132.4084 176.8 £ 6.1
HyO 4r3—414 133.0943 31.0+6.1
H,0 836—743 133.5491 324 +6.2
Hy0 v 313202 134.1938 246 +6.2
H,0 514—50s 134.9353 109.2 £ 6.3
H,0 330-32; 136.4960 1339+ 64
H{’O 330—321 138.2514 224 + 6.6
H,0 313-2p, 138.5278 128.1 £ 6.6
H{’O 31320 139.0864 28.9 £ 6.7
H,S 523-43, 144.1417 31.0+54
H,O 4]3—322 144.5179 100.6 +5.4
H>S 35,-21» 144.7797 533+54
H,O 431 —49, 146.9228 1270 £ 5.6
H0 54,65 148.7904 394 +5.7
H,S 432—32] 150.1524 37.0+5.8
H,O vy 25,215 153.2704 229 +£6.1
H,O0 35,33 156.1940 184.1 +6.3
H,O0% 553-413, 156.2652 21.1+6.3
H,0 33,404 158.3116 449 + 6.5
H,0 845—7s2 159.0506 243 + 6.6
H>0 634—7¢7 159.4003 33.7+6.6
H>0 53,—523 160.5101 959 £4.5
H,S 514—423 161.8151 204 +4.5
OH* 2H1/2 3/2-1/2  163.1243 95.2 +£4.6
OH"2]_[1/2 3/2-1/2  163.3972 81.1 +4.6
H,0 734=725 166.8147 61.0 £4.1
H,0 624—6,5 167.0350 85.0 4.1
H,0 735—642 169.7388 34.0+4.2
H,0 633624 170.1392 60.6 +4.8
H,O v, 215104 170.9276 249 +£4.8
HQO \2) 413—404 172.3588 142 +49
CO (15-14) 173.6315 199 +49
H0% 533606 174.6069 53+5.0
HyO 393212 174.6259 142.0 +5.0
H,0 43,—5¢5 174.9201 575+£50
H>S 33125 175.5257 26.5+5.6
H,0 2y,—-1¢; 179.5267 1227+7.0
H{’O 21-101 180.3302 457+7.0
H,0 25,-2, 180.4883 1123 +7.0
H,S 45,-33 181.8342 20.6 + 8.6
Hyo 251212 182.0899 41.5+£8.6
CO (14-13) 185.9993 22.0 +9.0
H,O 4]3—404 187.1108 79.7 £9.1
HS 423312 187.3993 29.5+9.1
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Table C.2. Line fluxes calculated from PACS spectra of OH 26.5+0.6.

Molecules Aum)  Flpe (x10717 W m™2)
H,0 8,7-716 55.1310 108.2 + 18.4
H,0 45,-33 57.6365 577+ 144
H,0 43,-3,, 58.6991 76.1 £ 11.9
H,0 726—6;5 59.9871 53.7+9.3
HzO 82()—735 60.1622 44.1 +94
H,0 45,—4y4 61.8086 83.2+13.2
H,0 440-55 61.9162 38.0+13.2
H,0 93685 62.4179 13.5£13.5
H;0 9-99 62.4316 62.1 +13.5
H,0 8,5~707 63.3236 458 +13.9
H,0 8ps—717 63.4580 38.7+13.9
H,0 660—65, 63.9281 95.8 + 14.1
H>0 964—9s5 63.9940 574 +14.2
H;0 963954 64.8990 334+ 14.6
H,0 655514 65.1662 78.2 + 14.7
H,0 1035—1049 65.5763 59.0 + 14.9
H,0 655514 65.1662 77.6 £ 14.7
H,0 1035—1049 65.5763 60.3 + 14.9
H,0 7,6—65 66.0927 752 £ 15.1
H,0 33025 66.4377 45.1 £15.3
H,0 33,-2y 67.0892 79.1 £15.6
H,0 330—3¢3 67.2690 572 +15.6
H,0 vy 716—655 67.3654 243 + 13.7
H;O 331—25 67.5081 16.1 £ 13.8
H,0 1145—113 67.5854 26.5 + 13.8
H>O v, 351212 70.2871 36.7 £ 8.5
H,0 8,783 70.7026 75.0 £ 8.6
HzO 524—413 71.0673 76.1 £ 8.7
H,0 717605 71.5397 42.5 + 8.8
HzO 707—616 71.9470 78.4 + 8.9
H,0 8,783 72.0323 47.6 +9.0
H>O v, 797—616 72.5218 9.1+9.1
H,0 10551047 727893 387492
H;0 937925 73.6129 532 +94
H,O v, 455-31» 73.7448 33.6+94
H,0 1047—-1053 73.9603 40.7 £9.5
H,0 955—94¢ 74.5735 41.0+£9.6
HzO 725—634 74.9450 73.1 £9.7
H,0 3,2, 75.3807 55.7+49
HzO 854—845 75.4955 49.7 + 8.9
H;O 351212 75.6381 28.3 +8.9
H,0 551—54 75.7814 63.0 £ 8.9
HzO Ts3—T44 75.8134 98.9 + 8.9
H,0 65,645 75.8300 133.6 + 8.9
HzO 550—541 75.9099 74.1 £9.0
H,0 65,—64, 76.4220 73.7+9.1
Hyo S550—541 76.7892 20.0 £9.2
H,0 75,743 77.7615 81.6 +9.4
H,045-3» 78.7424 84.7 +9.6
H,0 615544 78.9285 64.6 £9.7
OH M, , 1/2-"TL, 32 79.1173 724 +97
OH I, 12-"I13, 3/2  79.1809 88.7+ 9.8
H,O v, 44143, 80.1388 36.1 £ 11.1
H>0 946—937 80.2223 67.7«11.1
H,0 855—844 80.5568 60.5+11.2
H,0 v, 440—45, 80.8397 257+ 11.3
H,0O 7y—717 81.2156 705+ 11.4
H;09,7-95 81.4054 82.6 +11.5
H,O 113g—115 81.5934 31.0+ 115
H,0 835—744 81.6902 48.8 £ 11.5
H20 v 616—505 81.9761 24+ 11.6
H,0 616—5¢s 82.0315 66.0 + 11.6
H,O 835857 82.9767 117.9 £ 11.9
H,0 6p6—3515 83.2840 93.7+12.0

Notes. © The line is blended with a nearby transition.
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Molecules Aum)  Fiipe (1077 W m™2)
H,0 v 606—515 84.0679 55.1+122
OH 3.0-2y9 84.4200 123 £ 12.3
OH 3,9—29 84.4204 123 +12.3
OH 3.0-2y9 84.4204 123 £ 12.3
H,O 716707 84.7670 89.5 +12.4
H,0 954—9;5 85.4248 37.4 £ 12.6
H,O 8.5—836 85.7688 83.8 + 14.0
H,0 35,2 89.9884 84.0 + 154
H,0 744—755 90.0498 105.1 + 15.4
HyO 3021 90.4885 14.1 £ 15.6
Hzo V2 220—1 11 92.1496 47.7 169
H,0 643—634 92.8108 121.6 = 17.1
H,0 73572 93.3829 128.5+17.3
H,0 54,—533 94.2096 959 £ 17.6
H,0 6,5—645 94.6441 98.8 +17.8
H,0 44,—45, 94.7052 101.9 £ 17.8
H,0 v, 515—404 94.8966 427+ 17.9
H,0 61,633 103.9163 762 + 4.7
H,0 65605 103.9402 18.7 £ 4.7
H,0 634—655 104.0937 48.4 + 3.7
H,0 1257;—1243 105.2274 77 £7.7
H,O v, 351-32 106.7648 13.1 +39
H,0 1055—9¢4 106.9978 13.5+4.0
H,O v, 514423 107.7044 10.6 + 4.0
H,0 25,—-1y 108.0732 34.0+4.0
HyO 251—1y9 108.7449 19.5 £ 4.1
H,0 v, 414303 111.4826 16.1 £4.3
H,0 5,4—5;5 111.6280 33.1+43
Hzo Ta3=T34 112.5106 349 +4.4
H,0 414,303 113.5374 40.8 + 4.5
H,0 535524 113.9480 629 +4.5
H,0 9,7,—10;. 114.4537 89 +6.8
Hzo V2 423—414 115.7146 11.0 £ 6.9
H0 1055—945 116.4241 85+7.0
H,O 115—115  116.5708 8.9+7.0
H,0 734—643 116.7791 233 +4.7
H;0 946—8s3 117.6840 8.3+48
H,0 v, 624—533 117.9483 5.9+4.8
H,0 937—844 118.4053 104 + 4.8
OH 21_[3/2 5/2-3/2  119.2342 8.8+49
OH ILy, 5/2-3/2  119.4417 8.5+4.9
H,0 45,—453 121.7217 705 +7.7
H,0 844—835 122.5222 222+ 7.8
HyO 43,—43 122.8999 109 + 7.8
H,0 936—9,7 123.4605 20.1 +79
H,0 v, 514—505 124.8494 17.2 £ 8.1
NH; 401—300 124.9125 17.2 £ 8.1
H,0 4¢4—313 125.3537 405+54
H,0 35,-32 126.7140 50.1 £5.5
NH;3 419313 127.1811 120+ 5.6
H,0 755716 127.8842 40.7 £ 5.7
H,0 v, 404313 128.2586 16.0 £ 5.7
H,0 945—936 129.3390 23.9+5.8
H,0 753—84¢ 130.3187 72+59
H,0 v; 55,—523 130.6752 159 +59
H,O 4)3—-444 132.4084 50.6 +£ 3.0
HyO 4y3—41, 133.0943 11.6 £ 3.1
H,0 835743 133.5491 14.8 + 3.1
H,0 v, 313202 134.1938 10.0 £ 3.1
H,O v; 355343 134.5825 9.6 +3.1
HI70 5,4—55 134.7376 9.9 +3.1




Table C.2. continued.

K. Justtanont et al.: Herschel observations of extreme OH/IR stars

Molecules Aum)  Fiipe (1077 W m™2)
H,0 514505 134.9353 36.7 £ 3.1
H,0 3335 136.4960 37.1+3.2
H,0 75580 137.6831 8.0+33
HyO 330—321 138.2514 129 £33
H,0 3132, 138.5278 45.0+3.3
HyO 31320, 139.0864 17.1 £33
H,0 v, 633624 140.0581 159 +34
H,0 4133 144.5179 314 +£3.6
CO (18-17) 144.7842 18.8 £ 3.6
H,0 45,45, 146.9228 435+34
H,0 54,—65 148.7904 19.0+34
H,0 954—8¢3 152.2396 3.6+3.6
Hzo V2 221 —212 153.2704 18.1 £3.7
HyO Sx—43 153.8758 3.3+3.7
H,0 v, 624—65 154.0193 9.8 +£3.7
H,0 3,,-33 156.1940 63.7 £4.2
Hzo 523—432 156.2652 21.5+4.2
H;7O 3»-313 157.2836 119+64
H,0 331—4y 158.3116 174 + 4.3
H,0 845—75> 159.0506 155+44
H,0 63,707 159.4003 17.4 + 4.4
H,0 53,523 160.5101 33.0+45
OH I, 3/2-1/2  163.1243 64.9 + 4.6
OH M, 3/2-12  163.3972 63.6 + 4.6
NH; 3;51-25 165.5965 24 +4.0
NH; 3112 165.7288 7.2+4.0
Hzo T34—T25 166.8147 31.8 £4.1
H,0 6,4—6;5 167.0350 373 +4.1
H,0 735—64 169.7388 19.6 4.2
NH; 350—25; 169.9674 243 +4.2
NH; 310—211 169.9888 244 +4.2
NH; 300—201 169.9962 244+ 42
H,0 633—624 170.1392 29.0 £4.3
H,O v; 21,—1¢ 170.9276 154 +43
H,0 533—6¢6 174.6069 2.6 £4.5
H,0 3p3-2) 174.6259 522 +45
H,0 45,—50s 174.9201 223 +4.5
H;0 2,-1¢ 179.5267 46.8 £ 7.0
H;7O 2101 180.3302 323+7.0
H,0 2,2y, 180.4883 39.0+ 7.0
HyO 21212 182.0899 152+72
H,0 4134, 187.1108 300+£7.6

A115, page 17 of 38



A&A 578, A115 (2015)

Table C.3. Line fluxes calculated from PACS spectra of OH 30.1-0.7.

Molecules Aum)  Flipe (x1077 W m™2)
H,0 45,33 57.6365 10.6 £ 2.9
H,0 45,3, 58.6991 16.8 £ 3.0
H,0 45,4, 61.8086 18.6 £ 3.3
H,0 640—65, 63.9281 18.5 +3.5
H,0 655514 65.1662 154 £33
H,0 1055—1050 65.5763 9.7+33
H,0 7,6—655 66.0927 114 +34
H,0 33,-25 67.0892 163 £3.5
H,0 330303 67.2690 104 £ 3.5
H,O v, 351-24, 70.2871 5.1+3.8
H,0 8,783 70.7026 16.6 3.9
H,0 5,4—443 71.0673 20.0 +£3.5
H,0 717606 71.5397 9.1+35
H,0 797616 71.9470 162 +3.6
H,0 8,7—80s 72.0323 11.5+3.6
H,0 937—-945 73.6129 14.8 £3.3
H,0 104~ 105 73.9603 71+38
H>0 955946 74.5735 6.4 +3.8
H,0 7p5—634 74.9450 19.5 3.9
H,O0 3,,-21 75.3807 13.7+34
H,0 85,—845 75.4955 17.5 + 3.4
Hzo 551—542 75.7814 189 +£3.5
H,0 65,643 75.8300 393 +3.5
H>0 55054 75.9099 237+35
H,O 65| —642 76.4220 204 £3.5
H,0 75,—743 77.7615 21.6 +3.7
H,0 4,33, 78.7424 342 +3.7
H,0 615554 78.9285 26.5+3.8
OH 2, , 1/2-2T15,, 3/2 79.1173 32.1 £3.8
OH I, 1/2-2T13, 32 79.1809 214 +38
Hzo 946_937 80.2223 82+44
H,O 853—844 80.5568 17.6 + 4.5
H>0 756—717 81.2156 245 +4.6
H,0 9,795 81.4054 19.8 £+4.6
H,0 835744 81.6902 104 £ 4.6
H,0 616—505 82.0315 249 + 4.7
H,0 836—857 82.9767 27.6 4.8
H,0 606—515 83.2840 22,0+ 48
H,O0 716797 84.7670 25.1+5.0
H;0 954—9,5 85.4248 13.5+£3.8
H,0 845—836 85.7688 259 +38
H,0 35,2y 89.9884 33.3+42
Hzo Taa—T35 90.0498 272 +4.2
HyO 30214 90.4885 79+42
H,0 643—634 92.8108 42.5+4.5
H,0 73576 93.3829 324 +45
H,0 54,—533 94.2096 32.8 +4.6
H,0 65616 94.6441 342 + 4.6
H,0 44,—45, 94.7052 44.1 £ 4.6
H,0 6,5—60s 103.9402 28+28
H,0 634—0655 104.0937 182+ 1.9
H,S 65357 104.5727 26+19
HyO 634—0)5 104.7528 29+19
H,0 25,—-1y9 108.0732 9.6 £2.0
HyO 21—y 108.7449 3.1+£20
H,0 5,4—55 111.6280 148 £ 1.6
H,0 Tu3—Ta4 112.5106 1.6+ 1.6
H,0 441514 112.8029 2.7+1.6
H,0 414,33 113.5374 13.8 + 1.7
H,0 5355524 113.9480 228 £ 1.7
H,0 734—643 116.7791 51+18
OH 2I13, 5/2-3/2 119.2342 49+ 18
OH 21_[3/2 5/2-3/2 119.4417 -50=+1.8
H,0 43,43 121.7217 254 1.3

Notes.  The line is blended with a nearby transition.
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Table C.3. continued.

K. Justtanont et al.: Herschel observations of extreme OH/IR stars

Molecules Aum)  Flige (10717 W m™2)
H,0 844—835 122.5222 5.6+1.3
HyO 435—43 122.8999 43+13
H>0 936—-9,7 123.4605 43+1.3
HzO 404—313 125.3537 122+14
HzO 331—322 126.7140 16.1 £ 1.4
NHj; 449313 127.1811 24+ 14
HzO Trs—T16 127.8842 120+ 14
H,0 945936 129.3390 56+1.4
H,04y3-4 4 132.4084 178 £ 1.2
HyO 43414 133.0943 33+1.2
H,0 836—743 133.5491 3612
H,0 514505 134.9353 132+1.2
HzO 330—321 136.4960 125+12
H,0 31320, 138.5278 13.8+1.3
HyO 313202 139.0864 39+1.3
H,0 43-31 144.5179 100+ 1.4
sta 321—212 144.7797 54+14
CO* (18-17) 144.7842 54+14
H,0 43,—45, 146.9228 148 £ 1.5
H,0 54,—6,5 148.7904 46+1.5
H,S 45,-3; 150.1524 46+1.2
H,03,,-33 156.1940 209 +1.3
Hy0% 503 —dny 156.2652 21+13
H;O 3313 157.2836 1.8+ 1.3
H,0 33,—44 158.3116 33+13
H,0 63,—7¢7 159.4003 30+1.3
H,0 55,543 160.5101 114+13
st 514—423 161.8151 27+14
H,S¢ 606—515 162.3344 35+ 14
H,S 616—505 162.3344 35+14
OH I, 3/2-1/2  163.1243 159 + 1.4
OH I, 3/2-1/2  163.3972 154+ 1.4
HzO T34—T25 166.8147 8.1+14
H,0 6,4—6;5 167.0350 112+14
H>0 633654 170.1392 75+1.5
H,O¢ 533 —606 174.6069 26+ 1.6
H,O0 303212 174.6259 174 £ 1.6
H,0 43,505 174.9201 6.9 +1.6
H>S 331—259 175.5257 38+1.6
H,0 2i,—-1¢ 179.5267 10.7 £ 1.7
H,0 2,2y 180.4883 112+ 1.7
H,0 4134y, 187.1108 109 £ 1.8
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Table C.4. Line fluxes calculated from PACS spectra of OH 32.0-0.5.

A&A 578, A115 (2015)

Molecules Aum)  Flipe (x1077 W m™2)
H,0 649—65, 63.9281 10.3 £ 28.2
H,0 655514 65.1662 48+29
H,0 33025 66.4377 43 +3.1
H,0 33,240 67.0892 57+19
H>0 330303 67.2690 7.7 +2.0
H,O v, 35124, 70.2871 3.5+2.1
H,0 8,783 70.7026 6.6 +26
H,0 5,4—443 71.0673 57+2.6
Hzo 717—606 71.5397 3.7+2.7
H,0 7¢7—615 71.9470 48 +2.7
H,0 817—8g 72.0323 33+£27
H>0 937—955 73.6129 63+19
H,0 v, 45531, 73.7448 53+1.9
H,0 1047;—-1053 73.9603 38+1.9
H,0 755—634 74.9450 8.0+19
H,O 35,-21, 75.3807 39+£22
H,O 85,—845 75.4955 63+22
HyO 301212 75.6381 34+22
H,0% 55154, 75.7814 7.4 +1.8
H,0% 65,—643 75.8300 144 +1.7
H,0 550—54; 75.9099 8.6+ 1.7
H,0 65,—64, 76.4220 74 +1.8
H,0 75,743 77.7615 75+1.8
H,O0 4,3-3, 78.7424 125+1.9
H,0 v, 643—634 78.9458 8.0+ 1.9
OH My 12-2T13, 32 79.1173 120+ 1.9
OH’I,;» 12-215, 32 79.1809 8.5+ 1.9
H,0 94695 80.2223 56+17
Hzo 853—844 80.5568 4.0+ 1.7
H,0 7y—717 81.2156 7.1 +£1.7
H>0 9,795 81.4054 6.7+1.7
H,0 835744 81.6902 43+ 1.7
H,0 616—5¢5 82.0315 59+1.7
H,0 835—8, 82.9767 75+18
H,0 6¢6—515 83.2840 8.0x1.8
H,0 716—77 84.7670 11.3+1.9
Hzo 954—945 85.4248 42+1.9
H,O 8.5—836 85.7688 74+19
Hzo 322—211 89.9884 124 +£2.1
H,0 744—735 90.0498 109 £ 2.8
HyO 30211 90.4885 2.5+2.8
H,0 v; 259114 92.1496 46+29
H,0 64363, 92.8108 11.6 + 3.0
Hzo T35—T 93.3829 7.4 +3.0
H,0 54,—533 94.2096 11.6 £ 3.1
Hzo 625—616 94.6441 11.0 = 3.1
H,0 44,44, 94.7052 9.6 £ 3.1
H>O v, 515—404 94.8966 3.7+3.1
H,0 6,5—606 103.9402 76+1.1
H,0 634—0655 104.0937 59=+1.1
H,O 2,,—-149 108.0732 3.7+ 1.0
H%7O 251110 108.7449 2.8+ 1.0
H,0 5,455 111.6280 46+ 1.1
H>0 743734 112.5106 39+1.1
H,0 41433 113.5374 51 +1.1
H,0 5355524 113.9480 55+1.1
H,0 734—643 116.7791 24+ 1.5
OH 2I13, 5/2-3/2 119.2342 32412
OH 21_[3/2 5/2-3/2 119.4417 20x1.2
H,0 43,—4,; 121.7217 77+1.3
Hzo 844—835 122.5222 28+13
HyO 43y—493 122.8999 2.1+1.3
H>0 936—95, 123.4605 24+13
H>0 v, 514505 124.8494 1.5+1.3

Notes. © The line is blended with a nearby transition.
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Table C.4. continued.

K. Justtanont et al.: Herschel observations of extreme OH/IR stars

Molecules Aum)  Fiipe (1077 W m™2)
NH; 401300 124.9125 16+13
H,0 4¢4—313 125.3537 49+ 14
H,0 33,-32» 126.7140 54+14
NH; 4,031, 127.1811 1.6+14
H,0 755716 127.8842 45+14
H,0 945936 129.3390 1.8+14
H,O 43444 132.4084 83+ 1.1
HI70 45,4y, 133.0943 1.6+ 1.1
Hzo 83()—743 133.5491 3.1 +1.1
H,O v, 313202 134.1938 1.5+ 1.1
H>0 514—5¢5 134.9353 54+1.1
H,0 330—35; 136.4960 58+1.1
H,0 31320, 138.5278 6.0+1.2
HyO 31320, 139.0864 28+ 1.2
H,0 41532 144.5179 47+13
H,0 45,—-4,, 146.9228 40+13
H,0 54,—6;5 148.7904 1.9+ 1.3
H,O vy 25125 153.2704 1.9+14
H,0%35,,-313 156.1940 103 £ 1.5
H,0% 555 —43, 156.2652 35415
H,0 35,—4 158.3116 10.6 £ 1.5
H,0 55—55; 160.5101 50+16
OHM, ;3212 163.1243 6.8+ 18
OH M1y, 3/2-1/2  163.3972 75+1.8
H,O T4—Ts 166.8147 6.0+1.9
H,0 6,4—6;5 167.0350 62+19
H,0 73564, 169.7388 2.7+2.0
H,0 653—6,4 170.1392 3.6+ 1.8
H,O v; 21,—1¢ 170.9276 27 +1.8
H>0 533—6¢¢ 174.6069 75+1.8
H;0 2,-1¢ 179.5267 59+£22
H,0 2,12, 180.4883 44+25
H,0 4434y, 187.1108 6.7 £ 3.0
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Table C.5. Line fluxes calculated from PACS spectra of OH 32.8-0.3.

Molecules Aum)  Flipe (x1077 W m™2)
H,0 45,-35, 58.6991 17.4 +£3.9
H,0 726—6;5 59.9871 9.6 £4.0
Hzo 82()—735 60.1622 9.1 +4.1
H,0 45,—44 61.8086 152 +43
H,0 9:5—99 62.4316 8.8+44
H,0 8,5—7¢7 63.3236 6.7 +4.5
Hzo 808—717 63.4580 7.5+4.5
H,O 660—65| 63.9281 26.0 £4.6
H,0 964—9s5 63.9940 11.5+4.6
H,0 84,—853 64.2136 8.6+4.6
H,0 655514 65.1662 16.4 +4.0
H,S 66;—53, 65.4293 7.0+4.1
H,0 1055— 1050 65.5763 9.9 +4.1
Hzo 716—625 66.0927 145+42
H,0 10g,— 1055 66.3322 72+42
H,0 33025 66.4377 10.7 4.2
H,0 33,-25 67.0892 19.0 +4.3
H>0 330303 67.2690 127+ 4.3
H,O v, 3,1-21» 70.2871 8.5+0.5
H,0 8,783 70.7026 154 +3.5
H,0 5,4—443 71.0673 16.5 £3.5
Hzo 717—606 71.5397 104 £ 3.5
H,0 7¢7—615 71.9470 11.7 £ 3.6
H,O v, 797—64¢ 72.5218 11.0+3.6
H,0 1055— 1047 727893 93+37
H,0 937945 73.6129 142 +3.3
H,0 v, 45531, 73.7448 9.0+33
H,0 1047;—-10s53 73.9603 7.8+33
H,0 755—634 74.9450 16.8 £+ 3.4
Hzo 321—212 75.3807 82+34
H,0 854—8,5 75.4955 13.8 +3.4
Hzo 551—542 75.7814 15.8 £3.5
H,0 65,643 75.8300 359 +3.5
H,0 550541 75.9099 209 £3.5
H,O 65| —642 76.4220 13.9 +£3.5
H,0 75,—743 77.7615 16.2 +3.7
H,0 4,33, 78.7424 27.9 +3.7
H,0 615554 78.9285 254 +£3.8
OH 21, , 1/2-2T15,, 3/2 79.1173 274 +3.8
OH %I, , 1/2-*T05, 3/2 79.1809 274 +3.8
Hzo 946_937 80.2223 100 =44
H,0 853—844 80.5568 124 + 4.5
H>0 756—717 81.2156 17.8 £ 4.6
H,0 9,795 81.4054 150+ 4.6
H,0 1135—11y9 81.5934 7.8 +4.6
H,0 835744 81.6902 103 £4.6
H,0 616505 82.0315 194 4.7
H,0 835—8, 82.9767 22 +48
H,0 6¢6—515 83.2840 20.1 £4.8
H,0 716—77 84.7670 26.8 £5.0
Hzo 954—945 85.4248 153 +4.1
H,O 845—836 85.7688 24.0 + 4.1
H,0 35,2y, 89.9884 225+4.2
H,0 744—735 90.0498 239 +35
Hzo V2 220—111 92.1496 125 +3.7
H,0 64363, 92.8108 35.1 +3.7
Hzo T35—T 93.3829 23.6 +3.8
H,0 54,—533 94.2096 293 +3.8
H,0 6,5—65 94.6441 31.0+3.9
H,0 44,44, 94.7052 28.0+39
H,0 6,566 103.9402 16.7 = 1.8
H,0 634—0655 104.0937 145+1.8
HyO 634—025 104.7528 48+ 1.8
H,0 25,—-1y9 108.0732 6.5+1.9

Notes.  The line is blended with a nearby transition.
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Table C.5. continued.

K. Justtanont et al.: Herschel observations of extreme OH/IR stars

Molecules Aum)  Fiipe (1077 W m™2)
HyO 251—1y9 108.7449 40+19
Hzo V2 414—303 111.4826 3.1+1.8
H,0 5,4—5;5 111.6280 9.6 + 1.8
H>0 743734 112.5106 77 +1.9
H,0 441514 112.8029 3.1+1.9
H,0 v, 350—35 113.2751 27+1.9
H,0 414303 113.5374 125+ 1.9
H;0 533544 113.9480 169+ 1.9
H,0 9,7,—10;. 114.4537 3.0+1.9
H0 1055-945 116.4241 3.0+2.0
H,0 734—643 116.7791 39+£20
H,0 43,—4; 121.7217 172+ 1.3
H,S 634523 122.2450 20+1.3
H,0 844—835 122.5222 50+1.3
HyO 43—43 122.8999 25+1.3
H,0 955-95, 123.4605 44+13
H,S% 7,6—615 123.8264 1.3+1.3
H,S716—0625 123.8401 2.1+1.3
H,0 v, 514505 124.8494 20+1.3
H,0 4¢4—313 125.3537 94+ 14
Hzo 331—322 126.7140 139+ 14
H,0 755716 127.8842 8.8+ 14
H,0 v; 404313 128.2586 30+14
H,0 945—936 129.3390 44 +14
H,O 4y3—dy, 132.4084 132412
HyO 4y3—4y, 133.0943 23+1.2
H,0 836743 133.5491 27+12
Hzo V2 313—202 134.1938 28+1.2
H,O v; 35,343 134.5825 25+1.3
HyO 514—50s 134.7376 23+1.3
H,0 514—50s 134.9353 9.4 +12.6
H,0 350—35; 136.4960 9.1 +12.9
H,O 31320, 138.5278 9.7+ 1.3
H;7O 31320 139.0864 3.0+1.3
H,0 41332 144.5179 62+14
CO (18-17) 144.7842 23+14
H,0 45,—-4,, 146.9228 103 £ 1.5
H,0 54,—6;5 148.7904 47+1.5
Hzo V2 221 —212 153.2704 21+16
H,0 35,-33 156.1940 13.8+ 1.7
H,0 35,—4, 158.3116 33+1.7
H,0 53—503 160.5101 71+1.1
OH I, 3/2-1/2  163.1243 10.0 + 1.1
OH I, 3/2-1/2  163.3972 89+1.2
H,0 734755 166.8147 33+1.2
H;0 6,4—6;5 167.0350 52+1.2
H,0 633—6,4 170.1392 3.1+0.8
H,0% 533606 174.6069 1.8+ 0.8
H,0%303-21> 174.6259 54 +0.8
H,0 45,505 174.9201 2.7+0.8
H,S 351 -250 175.5257 1.0+0.8
H,0 21,—-1¢; 179.5267 24 +0.8
HyO 21—1p 180.3302 0.7+0.7
H,0 2512, 180.4883 1.3+0.7
H,0 4434y, 187.1108 1.5+ 0.8
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Table C.6. Line fluxes calculated from PACS spectra of OH 42.3-0.1.

Molecules Aum)  Fiipe (x10717 W m™2)
H,0 6,554 65.1662 3.1+1.7
H,0 330-25, 66.4377 31417
H,0 33,—25 67.0892 4.6+ 1.7
H,0 330303 67.2690 6.9+ 1.8
H,0 797—616 71.9470 79 +3.8
H,0 93795 73.6129 57+28
H,O v, 453-3, 73.7448 6.4+28
H,0 104 —10s5 73.9603 49+28
H>0 955—946 74.5735 4729
H,0 7p5—63 74.9450 74+29
H,O0 35,-21» 75.3807 73+29
H,0 854—845 75.4955 3.8+3.0
H,0% 55,54, 75.7814 42 +3.0
H,O0%753—744 75.8134 8.0+3.0
H,0% 65,645 75.8300 47 +3.0
H,0 550—541 75.9099 7.7 +3.0
H,0 65,64, 76.4220 43 +3.0
H,0 75,—743 77.7615 7.1+3.1
H,0 4,3-3» 78.7424 8.2+32
H,0 9,795 81.4054 6.6 +3.4
H,0 616—505 82.0315 74+35
H,0 v, 54153, 82.3939 44 +35
H,0 835—857 82.9767 8.4+3.6
H,0 6¢6—515 83.2840 6.5+3.6
H,0 716—T0r 84.7670 6.7 +3.7
H,0 845834 85.7688 73+3.8
H,0 35,244 89.9884 129 + 4.2
H,0 744—7535 90.0498 79 +3.6
H,0 643—63 92.8108 15.0 3.9
Hzo 542—533 94.2096 92 +4.1
H,0 65616 94.6441 123 + 4.1
H,0 44,—45, 94.7052 9.7+4.1
H,0% 640—633 103.9163 56+13
H,0% 6,5—60¢ 103.9402 5.6+1.3
H,0 634—06,5 104.0937 43+0.9
H,0 25,—-1y 108.0732 2014
H,0 5,4—5;5 111.6280 5.6+1.3
H>0 743734 112.5106 23+13
H,0 414,303 113.5374 45+1.3
H,0 533544 113.9480 44 +1.3
OH ILy, 5/2-3/2  119.2342 32+15
OH ILy, 5/2-3/2  119.4417 17+15
H,0 43,43 121.7217 7.0+1.3
H,0 4¢4—313 125.3537 39+ 14
Hzo 331—322 126.7140 34+14
H,0 755716 127.8842 19+14
H,0 4,544, 132.4084 3.5+0.8
H,0 835—743 133.5491 26+08
H,0 514—50s 134.9353 34 +0.8
H,0 3503 136.4960 3.0+0.8
HyO 330—321 138.2514 1.7 £ 0.8
H,O 31320, 138.5278 3.5+0.8
H,0 4133 144.5179 3.1+09
H,O 45,4, 146.9228 3.5+09
Hzo V2 221—212 153.2704 22+1.1
H,O0%355-33 156.1940 5012
H,0% 5,343, 156.2652 09+1.2

Notes. © The line is blended with a nearby transition.
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Molecules Aum)  Flige (10717 W m™2)
H,0 53,55 160.5101 3.7+0.7
OH 21_[1/2 3/2—-1/2  163.1243 1.8 +0.7
OH Iy, 3/2-1/2  163.3972 2.8 +0.7
H,0 734755 166.8147 2.1+0.7
H>0 6,4,—6;5 167.0350 1.7+0.7
H,0 633—6y4 170.1392 1.8 +0.8
H, 0% 533—6¢¢ 174.6069 1.6 £ 0.8
H,0%3p3-21» 174.6259 24 +0.8
H,0 43,505 174.9201 1.3+0.8
HyO 21o—1¢ 180.3302 33+1.0
H,0 415—4, 187.1108 3.8+ 1.1
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Appendix D: SPIRE spectra

This section shows the continuum subtracted apodized SPIRE spectra (in W m~2 um™!) of the stars in our sample (histogram) together with the

Gaussian fits for H,O (red), H;O (blue), CO (green) and H,S (yellow). Other molecules are shown in cyan.
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Fig. D.1. The continuum subtracted apodized SPIRE spectrum of OH21.5+0.5.
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Fig. D.3. The continuum subtracted apodized SPIRE spectrum of OH 127.8+0.0.
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Fig. D.4. The continuum subtracted apodized SPIRE spectrum of OH 127.8+0.0.
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Fig. D.5. The continuum subtracted apodized SPIRE spectrum of OH 26.5+0.6.
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Fig. D.6. The continuum subtracted apodized SPIRE spectrum of OH 26.5+0.6,
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Fig. D.8. The continuum subtracted apodized SPIRE spectrum of OH 30.7+0.4.
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Fig. D.9. The continuum subtracted apodized SPIRE spectrum of OH 30.1-0.7.
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Fig. D.10. The continuum subtracted apodized SPIRE spectrum of OH 30.1-0.7.
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Fig. D.11. The continuum subtracted apodized SPIRE spectrum of OH 32.0-0.5.
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Fig. D.12. The continuum subtracted apodized SPIRE spectrum of OH 32.0-0.5.
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Fig. D.13. The continuum subtracted apodized SPIRE spectrum of OH 32.8-0.3.
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Fig. D.14. The continuum subtracted apodized SPIRE spectrum of OH 32.8-0.3.
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Appendix E: PACS spectra

This section shows the continuum subtracted PACS spectra (in W m~2um™") of the stars in our sample (histogram) together with the Gaussian fits
for H,O (red), Hé70 (blue), and CO (green). Other molecules are shown in cyan. We note that no circumstellar emission lines are detected in the
spectrum of OH 21.5+0.5. The PACS spectrum of OH 127.8+0.0 has already been publish by Lombaert et al. (2013) and is not presented here.
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Fig. E.1. The continuum subtracted PACS spectrum of OH 21.5+0.5.
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Fig. E.4. The continuum subtracted PACS spectrum of OH 30.1-0.7.
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Fig. E.5. The continuum subtracted PACS spectrum of OH 32.0-0.5.
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Fig. E.6. The continuum subtracted PACS spectrum of OH 32.8-0.3.
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Fig. E.7. The continuum subtracted PACS spectrum of OH 42.3-0.1.
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