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Abstract. We present ISO-SWS spectra of the O-rich Miraochemistry. Understanding the mass loss process is therefore
variable R Cas, showing GQin absorption and emission,important, and recent observations with ISO have made a sig-
and HO in absorption. The COabsorption feature is the nificant contribution to our understanding.
010 —00°0 ro-vibrational band at4.97um. The emission fea- In this paper, we report ISO-SWS observations o, @D
tures are tha0°0-01'0 and11'0 — 0220 ro-vibrational tran- absorption and emission in R Cas. There have been several re-
sitions at13.87 and 13.48um respectively. The water absorpported detections of carbon dioxide in AGB circumstellar en-
tion spectrum shows the, andvs ro-vibrational bands in the velopes with ISO, for example by Cami et al. (1997), Justtanont
2.75 — 3um region. Using LTE models, we derive physical paet al. (1998) and Ryde et al. (1999). Some of the,@&atures
rameters for the features. We find the £€mission tempera- which we have detected in R Cas have already been reported and
ture to be~ 1100 K. We discuss the nature of the G&ature at discussed by these authors. However, our SWS spectra of R Cas
15pmand show that it can be modeled as an emission/absorpti@ve a much highe¥/N than those previously presented. Also,
band by deviating from thermal equilibrium for the populatiowe have a remarkably clean spectrum of IRC+10011 showing
of the 0110 vibrational level. The HO absorption spectrum isthe first detection of the fundamental ro-vibrational band in
shown to arise from gas at different temperatures, but candssorption towards this object. The previously reported obser-
fit reasonably well with two components @ = 950K and vations of CQ in oxygen-rich AGB envelopes are summarised
T = 250K. The CG, emission and hot D absorption tem- in Table[1.
peratures are similar, suggesting that these features probe thaVe also report the detection of,® in absorption towards
same region of the inner envelope. We discuss the inner &as through its; andys ro-vibrational bands. The detection
velope chemistry using molecular equilibrium calculations arod water is one of the most remarkable ISO results, made possi-
recent modeling work by Duari et al. (1999), and find our olisle by the telescope’s privileged position above the atmosphere.
servations consistent with the results. Previous ISO detections of water in AGB envelopes are of emis-
We also report the detection of the @010 — 00°0 ro- sion in R Cas (LWS; Truong-Bach et al. 1999) and absorption
vibrational band in absorption towards another oxygen-rigchNML Cyg (SWS; Justtanont et al. 1996). Talble 2 summarises
Mira, IRC+10011. the physical parameters of R Cas.
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2. Observations

The observations were made using the Short Wavelength Spec-
1. Introduction trometer (de Graauw et al. 1996) on board the Infrared Space

Observatory (Kessler et al. 1996). The AOTO06 observing tem-
R Cas is an O-rich Mira variable on the asymptotic giant bran@h*ate was used, which has a resolution of 1500. The obser-
(AGB). AGB stars undergo mass loss, with slow yet massiv@tions formed part of a proposal to detect carbon-bearing
winds which return processed stellar material back into the ifrolecules in oxygen-rich circumstellar envelopes (Markwick
terstellar medium. In this way they play a crucial role in ag Millar 1997). The regions of the spectrum observed were
Send offprint requests 18.J. Markwick specifically chosen to include ro-V|brat|_onaI bands of molecules
(ajm@janus1.phy.umist.ac.uk) such as methane, HCNQ_HQ and GHg in an attempt to Iearn_

* Based on observations with ISO, an ESA project with instrumerf{a0re abou_t the produ_ctlon and chemlstry. of Carbon-bearlpg
funded by ESA Member States (especially the PI countries: FranBa0lecules in oxygen-rich circumstellar environments. We did
Germany, the Netherlands and the United Kingdom) with the parti®@0t detect these species which will be the subject of a future
pation of ISAS and NASA. The SWS is a joint project of SRON anpaper as it remains to be seen if the data reduction for certain
MPE. observing bands can be improved.
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Table 1.Reported observations of G@n O-rich Mira envelopes. Ref- calculated from data tabulated in HITRAN, but since this cal-
erences: Justtanont et al. 1998; Cami et al. 1997; Ryde et al. 199§lation depends on the statistical weights of transitions, it is in
‘E’ denotes feature seen in emission, ‘A absorptitfihe fact thatthe general a slightly different process for each molecule. The re-
CO;, v fundamental at 14.9im seems to appear in both emission anghajining parameters for the model spectrum are then the column
absorption will be discussed further in S&tt. 4. The detections rEporEféhsityN the excitation temperaturg, the envelope expan-

In this paper are shown in bold type. sion velocityv, and the instrumental resolutiaR = A\/A.

The expansion velocity is obtained from CO observations (eg.

Band pm__ Object(s) Loup et al. 1993). Assuming that the populations in each level
11'0 - 02’0 13.48 EP Agr, RX Boo, E can be characterized by a single excitation temperature, the col-
00— o1'0 1587 g g:g'SVCIZ—iaysa X Boo EE umn density in each ling; can be calculated. Then the optical
R Hya, R Cen. R Crt E depth in each line is given by
R Dor E TNNjfj(b(A—Ao),
01'0 —00°0 14.97 RXBoo, EPAqR Cas* E . . . .
R Cas’, W Hya, TX Cam, A Wh_eregb (/_\ — Xo) is a Voigt profile. In the calculation of the
V1111 Oph, V656 Cas, A Voigt profile, we took the value referred to as ttheppler pa-
IRC+10011 A rameterby some authors to be equal to the expansion velocity
01'0 — 00°0 15.40 EP Agr{*CQ) E of the envelope.
02°0 — 01'0 16.18 R Cas, W Hya, RX Boo, E The optical depths are converted to relative intensities via
R Hya, R Cen E

T

y=-e .

Table 2.Physical properties of R Cas. The values are taken from Hanlthe final spectrum is produced by mathematical convolution
etal. (1995); Bujarrabal et al. (1994); Loup et al. 1993; Perrymanwith a Gaussian profile whose width is equal to the instrumental

al. 1997. resolution.

Effective temperature Tes 2215 K L

Stellar radius R. 2.0 x 10" cm 3.2. Emission spectra

Elstancg ocit D 10?47;'[(12 pe The synthetic emission spectra were produced using a simple
xpansion velocity - ve D KMS thermal model. The intensity of a line is given b

Period P 430 days ) y 9 y

Mass loss rate M  1.0x10°%Mgyr! I, = N,Ayhvergs™!

Spectral type M7llle ) . )

Cf]emicalycﬁ)ass o whereN,, is the number of molecules in the upper lew], is

the Einstein coefficient andis the frequency of the line. If the
molecules are in thermal equilibrium,

The observing band containing th&:m observations suf- E,
fers severely from instrumental fringing, so this data was rél = Nemit {Q (T) } P (_kT)

duced using the SWS Interactive Analysis (IA) software pack- ] o )

age at SRON in Groningen. In the defringing process, an ¥heréNemi; is the total number of emitting moleculgg, is the
gorithm is used which mathematically removes the fringes {Atistical weight ofthe upper leve}, (T') the partition function,
Fourier analysis. Because of its undiscriminating nature, cerdn€ temperature anel, the energy of the upper level. Thg,

must be taken to ensure that real features are not re,-n(3\,edaH§,calcuIated from the transition probabilities, a quantity which
this method. is tabulated in HITRAN.

The resulting spectrum is then converted to Janskys using
_ the distance to the stér and the stellar radiug... The extent of
3. Spectral modeling the emitting region is calculated from the effective temperature

In order to derive the physical conditions in the absorbing affjthe star assuming a radial power law with index -0.6 for the

emitting gas we have made models using software to be includggtPerature. , ,
in the SWS 1A package (Markwick & Lahuis, in preparation), 1 ne model spectrum is completed, as in the case for absorp-
The spectra were calculated using the following methods. tion, by a convolution with a Gaussian instrumental profile.

4, Results and discussion

The synthetic absorption spectra were produced foIIowirﬁlgl' €O

Helmich (1996). For C@ and HO, the line positions were In Fig.[1, we plot thel3—-15 um spectra we obtained for R Cas
extracted from the HITRAN database (Rothman et al. 1992hd IRC+10011. On comparison, we see that R Cas shows emis-
which lists many lines in the bands we are considering heston features not present in IRC+10011, and that then fea-

The oscillator strengthg; and the partition function®(T') are ture has a different shape in R Cas.

3.1. Absorption spectra
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Fig. 1. The 13-15 pum spectra we obtained with ISO-SWS for R Cas ) o
and IRC+10011. C@is in emission in the envelope of R Cas andi9- 2- Spectrum of R Cas, showing the Q-branches of, @®ission

not in that of IRC+10011, possibly due to the difference in mass 1088

rate between the two envelopes. The Cf@ature at around5um
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nds atl3.48um and13.87um, together with a model spectrum,

shifted for clarity. The model parameters &fe= 1100K, Nemit =
T 10**, R = 1000. The continuum is a 2215 K black body.

is different in R Cas due to the presence of bands in emission.
IRC+10011, this feature is solely due to tiid 0—00°0 (v») absorption
band.

Table 3.Parameters used for the model spectra presented in this work.

N is column density in cm 2 for absorption spectra (Type ‘A) and the
number of emitting molecule¥..,i; for emission (Type ‘E’) spectra.
That we see C@®emission features in R Cas and not imhe figure captions give full information.

IRC+10011 could be due to the difference in mass loss rates for

the two envelopes. Ryde et al. (1999) states that in envelopgs Mol. Type T (K) N R
with low mass loss, the possibility exists for gas to becorge co, E 1100 7x 10 1000
trapped in a layer close to the star where it can get hotenoggh co, A 650 25x% 10 1000
for the observed emission to occur. Where the mass loss rafg is  CO, E 1100 7 x 10* 1000
higher, no such possibility exists and so there are no emisgfn CO, E 1100  10%2 (V) 1000
features. Our observations are certainly consistent with thisfaas  CO; A 900 5 x 106 1000
the mass loss rate of R Cas is about 100 times less than th& of CO: A 650  2.75x 10'® 1000
IRC+10011. H.O A 950 8 x 10'8 1500
HO A 250 6x10'® 1500

Fig[2 shows the spectrum we obtained for R Cas of €O M
emission. The features are the Q-branches of the ro-vibrational
bandsl1'0 — 0220 and10°0 — 0110 at13.48m and13.87um : . .
respectively (see Figl 3). Tablé 3 gives the parameters “?e‘?ﬁgffagggkeéﬂg(égzi)o%?égd rtr:lal';thi%f;?(t)urg;s;%%réls,g;fted
for all the model spectra presented in this paper. The mode h el y pm. g W

Fig.[2 was made using a temperatdte= 1100 K and number ES'S_ba;gé usqglg te”_‘QeVT"";‘”f: 650 Ktand (}otlﬁmngengtt}/
of emitting moleculesV.,;, — 7 x 10%. The resolution is = 2.75 x cm—<. The temperature of the absorption

1000, reflecting the fact that the data was rebinned as part of &® fixed by considering t_he width of the ban_d - at higiter

reduction process. The model temperafites been calculated more rotational levels are filled and so thg profile spreads out to
by considering the relative strengths of the Q-branches. We ffﬁ)&v er wavelquths. The peak absorpnon in the model spectrum
T = 1100 + 50K for the emitting gas, putting it at a radius’® clearly not in the same place as in the spectrum of R Cas -
of 6.4 x 103 cm or about3.2R. from th;e star. The number of it is shifted0.02um to the blue. Therefore the model spectrum

emitting molecules used to model the features can be conveljgag Igés@t] tlr?a??r:eabr;r?(;j(e::ar?fb:eh:aiiesiggtirﬁt 2'6;glzt;a£0i2tcﬁ d?rl{
into an average number density using 99 Y y 9

hot bands. We included tit2°0 — 0110 and0220 — 0110 bands
in our model but cannot reproduce the observed spectrum by
this approach alone.
It seems more likely that we are seeing absorption of the
emission coming from closer to the star by the gas further
At around15um the main CQ feature is the, bending out in the envelope. We have attempted to model this emis-
mode (see Fidl3). The selection rules for this bandX&fe= sion/absorption feature. Assuming vibrational LTE, and using
0, +1, giving rise to P,Q and R branches. Only the Q-bran¢he same parameters for the emission as required to fiBjim
is visible at the resolution of the ISO-SWS, due to the highbands, we get Figl 5. The observeghm feature cannot be re-
concentration of lines in it. produced like this for two reasons; thé'0 — 00°0 emission

Nemit
im0 RY)

(n) =

We find (nco,) = 650 cm 3.
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Fig. 3. Vibrational energy level structure of GOThe bands connected
by solid lines are the ones we have detected in R Cas. The wavelergi) 5. A model of all of the R Cas C@features, assuming LTE for

of each transition is shown in microns. the populations of the emitting vibrational levels. The emission due
to the 01'0 — 00°0 band is far too strong in this case to reproduce
the observation. The model parameters Bre= 1100K, Nemit =

7 x 10*,
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Fig. 4. Spectrum obtained of R Cas in th&um region, together with I S
a model spectrum of the Q-branch of the £findamentalv, ro- 14.0 142 144 146 148 15.0 152 154
vibrational band in absorption. The model parameterdare 650 K, Wavelength (micron)

_ 16 =2 _ - .
N =25x10"cm ", R - 10.00' T.he contmuum Was,f'tted by €Y€.Fig.6. The 15um feature in R Cas, with a model spectrum. The pa-
and the model spectrum is shifted in flux for clarity. It is clear that th%meters ard” = 1100K. N. ~ 102 for the emission bands. and

feature is not fitted by this model. (see text). T = 900K, N = 5 x 1016 cm~2 for the absorptions

is so strong that the column density required to absorb it is un-

reasonably large, and in addition, the shape of the feature is bahds, so the fit is obtained using only the D '0 — 00°0

fitted. If, however, we can deviate from a thermal population dfind. We find the temperature of the band te850 K with

the0110 vibrational level, the strength of the emissionatm column densityV = 3 x 10'¢ cm~2. Assuming a radial power

can be reduced and we get the fit shown in[Hig. 6. The parartew for the temperature in the envelope around IRC+10011, and

ters for the emission feature éfe= 1100 KandNy;1o ~ 1042,  takingT.¢ = 2100K, this puts the absorbing region of gas at

compared taVy;1q ~ 10%3 for the thermally populated case.about?R, from the star.

For the absorption featur&, = 900 K andN = 5x 106 cm 2.

The full fit using this approach is shown in Hig. 7 - the agreeme tz HO

is excellent. The deviation from equilibrium could be caused by ™

collisional de-excitation with bl by the preferential formation Water is a triatomic non-linear planar symmetric molecule. It

of CO, in excited states, or by a pumping mechanism. Alternaelongs to point groug’s,,, o it can exist in two distinct forms,

tively, Ryde et al. (1999) suggest that the difference in relatiegtho-H,O andpara-H,O. Levels in these different species have

strengths of the emission may be due to optical effects. different statistical weights, and so care must be taken when
Fig[8 shows the spectrum we obtained of IRC+10011 in teorking out the oscillator strengths. The ro-vibrational structure

15pm region. Now the feature is not complicated by emissiaf the s mode forJ < 3 is shown in FiglP.
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Fig. 8. Spectrum of IRC+10011, showing the €@, Q-branch in é 2500 ]
absorption, together with a model spectrum, shifted in flux for clarity.
The continuum was fitted by eye. The model parametersTare |
650K, N = 2.75 x 10*® cm™2, R = 1000. R00O| N
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The spectrum of R Cas showing water absorbing invits — :
. . . . 2.75 2.80 2.85 2.90 2.95 3.00
symmetric stretch angs asymmetric stretch is shown in Fig]10, Wavelength (micron)
together with a model spectrum. Due to the structure of the CO

bands we modeled above, raising the excitation temperatﬁ‘f% 10. Spectrum OT R Cas (bottom) showing the and v bands
of water in absorption. The two temperature model parameters are

makes the feature spread out as hlgﬁéevels are populated. T — 950K, N — 8 x 10" em~2, T — 250K, N — 6 x 10'® cm—2.

m the case O_f the §0 bands, the main absorption features 8Hhe resolutionk = 1500. The continuum is a 2215 K black body. The
differentat different temperatures (see Figl 11). For exampl@odel has been shifted for clarity.

the features a2.98—2.99 um can only arise from hot gas, but

the features arourtl75—2.80 um can only arise from cold gas.

In this way, one can decompose the observed spectrum intmparable{ 10'° cm~2), which is consistent with the cold
hot and cold components. We find that the main features aflumn being much longer than the hot one, as is demonstrably
the spectrum can be reproduced using a two temperature mdidelcase in a circumstellar envelope, assuming the temperature
with a hot component & = 950 + 50 K, corresponding to a varies with radius according to a simple power law.

radius of aboutR,., and a cold component @t = 250 + 50 K, The temperature of the hot component of water absorption
corresponding to a radius dbR,. This is the model shown is similar to the temperature we find for the carbon dioxide
in Fig[10. The column densities in the two regions of gas aeeission features. This suggests that some of ous &l
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:

Table 4. The top 15 molecules produced in a molecular equilibrium
calculation with parameters appropriate for R CASX) is the frac-
tional abundance of species X relative to total H nuclei. Also shown is
the percentage of the total oxygen/carbon which is used up in making
that speciesd(b) = a x 10°]

iéi

%

X  f(X) %O % C
H,  825(-1) - -

CO 9.25(-4) 7500  99.99
H,O 2.42(-4) 19.65 -

N,  1.07(-4) -
SI0  5.72(-5) 4.64 -
OH 7.39(-6) 5.99(-1) -

%

Relative intensity

%

|

=
O OWoWO~NOOUWNPE

AR SH 6.35(-6) - -
OC | L L L L | L L L L | L L L L | L L L L | L L L L

2.75 2.80 2.85 2.90 2.95 H.S - 5.92(-7) - .

Wavelength (micron) HCl 284(_7) - -

SiS 1.61(-7) - -

Fig.11. Models of the HO v and vs bands in absorption, from 1; = 1.40(7) - )

100-1000 K (bottom to top). The spectra are shown shifted for clarit3i2 TiO 1.33(7) 108(2) -

The prominent features are different at different temperatures. 13 PO é.OO(-S) 6..48(-3)
14 NP  6.80(-8) - -

H,O observations are probing the same region of the circud® CO  5.17(-8) 8.39(-3) 5.59(-3)

stellar envelope. The column density used in the model can

be translated into an average number density by integrating

n(r) over the region of the envelope we are probing. We find

(nm,0) = 7 x 10% em ™2, Now, using the previously obtainedfor R Cas are presented in Tahle 4. The physical conditions for

value for the number density of GOwe can estimate the the gas were; temperatufe= 2215K; C/O ratio = 0.75; total

[CO;] / [H20] ratio in the inner envelope, which we find toyressure? = 1.033 x 10~3 atm, corresponding to a density of

be~ 9 x 107, hydrogen nuclei of x 105 cm~3. We assumed solar metallicity
Also, we can crudely work out the mass loss rate of R Cagy oxygen.
using In Table[3, the molecules are listed in order of the absolute

abundance produced. From this, we see that water is the third

M = 4mr’n () vemp,, ,
most abundant molecule produced, with an abundanzd»k

wherer can be estimated from 10— relative to total H nuclei. Water also consumes 19.65% of
, T\ 5/3 all the oxygen. CQ has a lower abundance, but is the second
= ( ;ﬂ) greatest consumer of carbon after CO which takes the majority.

From these numbers, we arrive [&tO;] / [H20] =~ 2 x

The expansion velocity, derived from CO observations (seel0~* in the photosphere of R Cas, a little lower than the value
forexample Loup et al. 1993) is the same as the expansion veloe- obtained for the inner envelope from our modeling of the
ity of the whole envelope assuming that everything is coupletyservations. However, recent modeling work by Duari et al.
by collisions. The number density of hydroger) is obtained (1999) has shown that shocks induced by stellar pulsations can
from the column density of D by assuming an abundanceenhance the abundances of some species in the inner envelopes
ratio[H,0] / [Hz] in the envelope of ~ 3 x 10~%. Inthisway, of Mira variables. R Cas has a low mass loss rate, and so the
we derive a mass loss rate bf ~ 1076 Myr~!, consistent possibility exists for material to become trapped in a layer close
with previous estimates. to the star, allowing such chemical enhancement to occus. CO
is a species whose abundance is particularly affected in their
models. It is formed by OH, from the collisional destruction
of water by atomic hydrogen, going on to react with CO. The
Our observations suggest that we are probing the inner regiomef result of this is that COis formed at the expense of water,
the envelope, withr < 5R,.. To investigate what molecules areso the ratio of CQto H,O is increased, typically to a value of
formed in the photospheres of stars, and therefore what kindsodundl0~3. This isin good agreement with our observed value.
species we should expect to find in the stars’ inner envelop&be model of Duari et al. is based on a molecular equilibrium
we have computed molecular equilibria. The calculation is peralculation exactly like the one we described above, suggesting
formed by the method of steepest descent to minimise the Gilbbhat while molecular equilibrium has been shown to be a poor
free energy of the gaseous mixture (White et al. 1958; Sharpafproximation in the innermost regions of the envelope for some
Huebner 1990). In the present calculation there are 211 molspecies like S@(Yamamura etal. 1999), it can be good for other
ular species. The results of this study for conditions appropriatmlecules. It is particularly interesting to note that nearly all of

4.3. Inner envelope chemistry
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