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Abstract. We present an analysis of the ISO/SWS full resoll. Introduction

tion scan between 12.5 and 16: of the O-rich AGB star When low- and intermediate-mass stars evolve up the Asymp-

EP Agr, exhibiting a number of strong G@mission bands. , . =~ . !
We have developed a simple LTE model to calculate theor<t-,\(?p.C Giant B“?‘”Ch (AG.B)’ they_und'ergo.substanUaI mass loss
ngch determines their evolution in this phase. A complex

ical r min ingle-layer sl metry an . .
cal CO, spectra assuming a single-layer slab geometry a hemistry - based on either carbon or oxygen preponderance -

compared the SWS observations to this model in order to infalo . . .
the physical properties of the extended atmosphere. The sin's’lg“tlatecj m_the outflow qudlng to th_e form_atlon of molecul_es
layer slab model is able to reproduce the individual band profil d dust which are then dispersed in the interstellar medium.

quite well with optically thick bands (column densities typically %B stars are behevgd .tc.) be the main factqnes of .|nterstellar
10'85 cm~2). The derived excitation temperatures for the digust and contribute significantly to the chemical enrichment of

ferent bands are in the ran@e~ 350 — 700 K in a region which the gas of the galaxy. Although the analysis of observational

extends from 4 — 9, The fundamental CObending mode data and the results of hydrodynamical model atmosphere cal-

at 14.98um furthermore shows evidence for an optically thir?UIatlonS in recent years has greatly improved our knowledge

component arising from a much cooldf & 100 K) and more on some topics, the mass loss mechanism is still not well under-
extended R, ~ 100R,) layer. The strong spectral signatur(?StOOd' The way pulsation and dust formation affects the mass

of 13CQ, in the spectrum allows an (uncertain) determination>>. cmamns the subject of debate.

of the 12C/23C ratio~ 10. The parameters derived for the O Observations with the ISO/SWS Kessler et al. 1996, de
) Gtraauw et al. 1996 have revealed the presence of numerous

bands allow us to estimate the local temperature and densrﬁélecules in the outflows of AGB stars (Tsuji et al. 1997; Just-

structure of the extended atmosphere. We find that the deri\fenont et al. 1998: Yamamura et al. 1999a,b) T.he exc’itation

local gas temperatures are somewhat lower than predicted %%peratures of these molecules and their typical distances to
hydrodynamical model calculations wher he local - :
ydrodynamical model calculations whereas the local gas ?}Be central star suggest that the observed bands of different

sities are in good agreement with these models when using olecules are formed in slightly different regions : an “extended
abundances derived from chemical network calculations. TWe gntly 9 )

CO, layer extends from close to the stellar photosphere to tﬁténosphere '

inner part of the dust forming region which makes it a uniqu As the “extended atmosphere” is extending from the stellar
new probe of the whole extended atmosphere and the re E}(})tosphere to the inner part of the dusty circumstellar material
where dust formation takes place. at is generally believed to drive the strong AGB mass loss,

studying the physical properties of this region allows us to find
ey words: strs: AGB and posAGB —sars: ceumsiela SISO sveen Sl poseon b
matter — stars: individual: EP Agr — stars: late-type — stars; ™. ’
: . ) he infrared molecular bands are excellent probes to study the
winds, outflows — infrared: stars ) " ; .
physical conditions in the region of the most recent mass loss.
Moreover, the very presence of these molecules may shed some
light on thechemicalpathways to dust formation.
Justtanont et al. (1998) and Ryde etlal. (1998) independently
. . . reported the discovery with the ISO-SWS of ro-vibrational
Send offprint requests 1d. Cami, (cami@astro.rug.nl) emission bands of CObetween 13 and 17m, observed in

* Based on observations with ISO, an ESA project with instrumenjse spectra of O-rich AGB stars that also exhibit the:h@dust
funded by ESA Member States (especially the Pl countries: Franﬁ?ature

Germany, the Netherlands and the United Kingdom) with the partici- . . . . . )
pation of ISAS and NASA. The SWS is a joint project of SRON and By comparing the observations with optically thin LTE mod

MPE. els, Justtanont et al. (1998) and Cami et|al. (1997) concluded
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that the excitation temperature of the observed, @®ission Sect[2 summarizes the mostimportant backgroundinforma-
bands is of the order of 650 K and that the emitting,G&yer tion on EP Aqgr. In Secf]3 we present the data and the necessary
is probably located at a few stellar radii. The optically thin LTHata reduction processes used to obtain a high resolution and
model is able to reproduce the observed Q-branch band proftégh S/N spectrum. Sedil 4 describes in detail how our model
very well with a single temperature, but not the relative banslconstructed, how the different parameters change the appear-
intensities. Especially the fundamental bending mode at5 ance of the output spectra and how a quantitative comparison is
is always weaker than expected from optically thin LTE modetsade between models and observations. §éct. 5 discusses the
that fit the other C@bands; the 1m band is sometimes evenresults of this comparison. These results are discussed in the
seen in absorption. framework of hydrodynamical model atmospheres, pulsations
Ryde et al.[(1999) suggest that this is due to non-LTE effectsd dust formation in Se¢il 6.
Estimating that the bands are optically thin, they argue that the
density in the CQ emitting region is probably well over the2 EP Aar
critical density for thermalizing theotational levels - which q
determines the band width - but lower than the critical densiBP Agr is an M8 star classified as an SRb variable with a period
for thermalizing thevibrational levels - which determines theof 55 days (although this period is uncertain), at a distance of
relative strengths of the bands. This would explain why an op35 parsec Knapp et al. 1998, Perryman et al. 1997. The light
tically thin LTE model can reproduce the individual bands witburve shows a variable amplitude.
a single temperature but not the relative band intensities. How- Knapp et al. 1(1998) obtained high velocity resolution pro-
ever, even in an optically thin non-LTE situation, the relativifles of the CO(2-1) and CO(3-2) lines in this object, clearly
intensities of the P-, Q- and R- branch bands originating frorevealing the presence of two components in the outflow, both
the same vibrational level are only determined by their relatigentered at a radial velocity of -33 km/s. The first (broad) com-
EinsteinA coefficients; therefore the relative intensities of theggonent has an outflow velocity of 10-8 1.0 km/s while the
bands should be the same as for an LTE model - which is ricond (narrow) component has a velocity width of only4.5
the case for the observed bands. This suggests that the Q-brangtkm/s. The mass loss rates derived from these observations
bands may well be optically thick. are 2.3107 and 1.7 168 respectively. The authors suggest that
Gonzalez-Alfonso & Cernicharo (1999) present radiatiute narrow component may be due to the resumption of mass
transfer models of the pumping of GOModels neglecting the |oss after it has been stopped by some change in the stellar prop-
effect of dust produce strong emission in the /i region; erties. However, as the line profile of the narrow component has
when dust is taken into account, absorption results. Howeveigaussian rather than a parabolic profile, it is also possible that
these models cannot reproduce the spectra of those O-rich ABB star has a wide circumstellar disk; similar observations are
stars that show emission at 13.87 and 1q:frBand absorption analyzed by Jura & Kahang (1999).
at 14.98;m. Furthermore, these models predict absorption at Both the IRAS LRS and ISO/SWS spectra of EP Agr clearly
4.3 pm which is not observed. show silicate dust emission at 10 and.8i and a dust feature at
The chemical pathway for the formation of @ the ex- 13 ,m. Justtanont et al. (1998) showed that there is a correlation
tended atmosphere is recently explained by Duari et al. (1998¢tween the strength of the 18n dust feature in the spectra
While thermal equilibrium calculations yield a rather low £O0of O-rich AGB stars and the strength of the £Bands. The
abundance, shock chemistry provides the solution to form C@quivalent width of the 13m feature is the largest in EP Agr.
in large amounts. At small radii the dominant pathway for thany possible carriers for this feature have been proposed, but
formation of CQ is MgAl,O4 (spinel) seems to be the most convincing candidate
Posch et al. 1999. The correlation of the strength of thaerh3
OH+CO = CO, +H (1) feature with the presence of GBuggests that the formation of
where the OH is formed from the collisional destruction of waoth species is favoured by the same physical conditions.
ter. At larger radii R > 2R,) the dominant pathway is

CO+0+M— COy+M (2) 3. 1S0 observations and data reduction

producing a significant increase in g@bundance (up to 6 The data discussed in this paper is the SWS full resolution scan
10-°) although the reaction rate is quite uncertain. (AOTO6) of EP Agr in the wavelength range 12-1Gu% (AOT

In this paper we present a detailed analysis of the B&hds band 3a) observed on 4 May 1997. The data were reduced with
as observed by ISO/SWS in EP Agr. The £é@mission bands the SWS Interactive Analysis (IA) data reduction software pack-
are most pronounced in the spectrum of this object; the excaffe using standard 1SO pipeline products (version 7.0) at the
lent quality of the data - high resolution and high S/N - makdSO datacenter in Groningen. The observed wavelength range
this object an ideal testcase for comparing data with modeksscanned twice in different directions (the up- and down-scan).
We performed LTE model calculations including optical deptiariations in dark currents and memory effects in the detectors
effects for a simple geometry with one g@yer in order to generally produce differences in the fluxes seen in the up and
produce synthetic spectra that can be directly compared to tlwsvn scan. In this AOT band however, memory effects are small
ISO/SWS observations. and dark currents are negligible compared to the high fluxes.
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From overlaying the up- and down-scan for each of the 12 de-,
tectors in this AOT band, itis found that differences between the
up- and down-scan due to cosmic-ray glitches or signal jumps
are very scarce and only present a t % level. Themain ~ °
uncertainties in this wavelength range arise from instrumental
fringing. In principle a plain division of the data with the Rel-= «so
ative Spectral Response Function (RSRF) should correct for
this, but this is not the case as the RSRF is determined fram |
pre-flight measurements on extended calibration sources. AS Ell
consequence, the fringe pattern is not sampled at the resolu-
tion obtained for point sources, resulting in fringe amplitude sso
differences between data and RSRF. Moreover, pointing offsets
cause the observed fringe pattern to be slightly shifted with re-
spect to the RSRF. Although there exist several tools in IA to ™

‘defringe’ the spectrum after the responsivity calibration, we 1920 1o vae\Qfgff [um] oo e
found that for this kind of high-resolution observations the . .
tools are confused by the overwhelming amount of (relativenyl{g' 1. A representative part of the spectrum of EP Agr before rebin-

| t C ission li inth ¢ N fth ng. Closed circles are the data for all detectors in the down-scan, open
regular) strong C@emission lines in the spectrum. None o gquares are for the up-scan and the solid line is the RSRF for one of the

present defringing tools is able to get rid of the fringes withoWktectors, scaled and shifted for the sake of clarity. The nearly perfect
also changing the COspectrum. Therefore we chose anothghatch between both scans illustrates the excellent quality of the data.
strategy and performed the responsivity correction interactively lines are present in both scans, and not in the RSRF, confirming
using theresp_inter  routine. First, data and RSRF were dithat the fringes have been well removed and the lines are real. Note
vided in a high number (15-20) of bins of the same width. Faiso the clear presence of a €ne at 15.32um (indicated by the
each of the bins that do not contain strong Ginission bands, arrow), suggesting that the SWS resolution is higher than previously
the RSRF was shifted in wavelength direction until the fringdgought.

in the RSRF were coincident with those in the data. The shifts

thus found are virtually the same for all bins. Next, we enhanced o
giese scans are often larger than these uncertainties. For those

the RSRF in each of these bins in order to minimize the residu Snts where this is the case. we adopted the difference between
after division. The enhancement factors show a slight decreRSY ' P .
and down-scan as the observational uncertainty.

with increasing wavelength, as is expected when the resolutidh
increases with increasing wavelength. The shifts and enhance-
ment factors for the bins that do show strong emission bands aréviodeling the emission lines
an interpolation between the values found for the adjacent bins,

This procedure removes most of the fringes - although residuéid- Line data

are still present in some parts of the spectrum, especially in faghe observed spectrum (see Fily. 2) obvious strong emission
12 - 13um region where the RSRF drops below 30 % of thgands are present at 13.48, 13.87, 14.98, 15.40 and L6118
peak value. The observed emission lines however are presenfijsttanont et all (1998) identified these strong bands with ro-
both the up and the down-scan at the same flux level and g@¥rational Q-branch bands &CO, and!3C0O,. Furthermore
in the RSRF, confirming that the observed lines are real (s¢@re is a forest of (weaker) P- and R- lines clearly visible over
Fig. ). The main uncertainties left are possibly broad featurggnost the entire observed wavelength range. The main spec-
thatinfluence the underlying continuum. Next, the absolute flgpg| difference betweeh?CO, and 13CO, is the shift of the
levels of the different detectors are aligned and finally the spggndamental bending mode from 14.98 for 12CO, to 15.40
trum is rebinned. Narrow lines that are clearly present in bOHm for 13CO,. The presence of the fundamental bending mode
the up- and down-scan (see Hig. 1) allowed us to determine #§€3CQ, is necessary to reproduce the peak intensity at 15.40
actual resolution for this particular observation from the megm(see Fig[14). The other Q-branch bands do not show such
sured FWHM of these lines. We found a typical resolution @fiear evidence for the presenCeléco2 but may show up as
about 2800 at 15.8m, 40 % higher than generally assumed. Wg shoulder in the wing of the correspondif O, band (e.g.
finally rebinned the spectrum with a constant resolution of 25@@ound 16.2:m).
specifying an oversampling rate of 1 and applied a radial veloc- we searched the HITRAN database (Rothman et al. 1987,
ity correction to the whole spectrum. The resulting spectrumi992) for all known transitions of bot?CO, and*3CO, that
shown in Fig[2. fall in the observed wavelength range. Fig. 3 shows the vi-
The IA package provides an estimate of the uncertainties gational level scheme d8CO, and3CO, and the main in-
the datapoints in the rebinned spectrum which are determiriggted active vibrational transitions involved. There are 3 nor-
by calculating the variance of the flux values of the differemhal mods : 2 stretching and 1 bending mode. Thesymmetric
detectors for each bin. However, when reducing both the up- agiktching mode is E;“ _ Ez; type transition and hence is in-
down-scan separately, it is found that the differences betweggred inactive. The, bending fundamental band (at 14,98)

0
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Fig. 2. The full AOT band 3a spectrum of EP Agr after rebinning. Between 12 andifhe RSRF drops to very low values and moreover there

are no obvious C®bands in this wavelength range. We therefore consider the rapid variations in this part to be mainly due to fringe resiudals
superposed on the continuum. The solid circles define the continuum used for the analysis of ien@© Assuming that the 13n feature

is the only dust feature in this wavelength region, we chose only a few points longward.of iBorder to obtain a smooth continuum. The

grey line is a spline fit through these points and is used as a continuum when comparing data and models.

is a perpendicular transition; this band has a strong Q brarfobe opacity in this wavelength range. We used this expression to
band. More perpendicular transitions arise from the degenerdé&termineR, andT,. from the observed continuum in the short
excited states, having subsequently slightly higher frequencieavelength part of the SWS AOT1 low-resolution scan with
than the fundamental (see Fid. 3). The intrinsically strongesimplete wavelength coverage (2 - AB). This observation
band is thevs antisymmetric stretching fundamental band atas performed right after the AOT6 observation as part of the
4.25,m. This is a¥ — ¥4, type transition and hence onlySTARTYP program (PI S. Price). We derivé] = 264 R, and
exhibits P and R branches. Furthermore there are combinatign= 2447 K for a distance of 135 parsec and used these values
bands, e.g. at 13.48 and 13.8h. as input for the corrected blackbody stellar background.

From the transition probabilitieB;,, given in HITRAN we The main contribution to the continuum in the /5% region
can calculate the Einstein A coefficient for each transition Aswever comes from circumstellar dust. The SWS spectra show
Rybicki & Lightman (1979) the silicate bands in emission and a strong:h8dust feature.

Assuming that the dust emission is optically thin and that it is

N A3) located further out than the G@mitting layer, the dust contin-
gu 3hc? uum is merely an additive term in the final spectrum and we can
gence neglect this term by comparing the continuum subtracted
model- and observed spectrum. We determined the continuum
in the observed spectrum by fitting a cubic spline through the
13 um feature and determining the onset of the 48 silicate
band (see Fid.]2). This determination is rather ad hoc and may
4.2. The model significantly influence the results. A discussion of this point is

We modeled the observed emission lines using a single Iay%}’,en in Sect{ 414.
plane-parallel LTE model with a stellar background.

9 64mtu3,

Aul

whereg; andg, are the statistical weigths respectively for th
lower and upper level considered amg the frequency of the
transition.

4.2.2. The CQ layer

4.2.1. The background continuum In front of the star we put a single circular slab of molecules for
hich the temperatur&, the column densityV and the radius
-m 1S Specified. This radiu®.,, is larger thanR,, causing
the inner part of the slab to absorb the stellar radiation, while

The stellar continuum is approximated by a blackbody with
given effective radiu®, and effective temperatufe.. Engelke
(1992) derived an analytical expression to correct forfree-
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Fig. 3. Energy diagram fof>CO, and'3CO,. The vibrational levels are labeled using the notation of Herzberg (1945). Solid lines indicate
transitions that fall in the observed wavelength range; dashed lines are transitions that fall outside the observed wavelength range. Note that
not all of the bands show a Q-branch band (e.g. at 9.4 and,&8)4 The main difference betweéACO, and'3*CQ; is that the fundamental

bending mode is shifted from 14.98 to 1.

the whole layer produces emission. This is basically the sathe EinsteinA coefficients are rather small, natural broadening

model as used by Yamamura et al. (1999a; 1999b). will be negligible and hence we can use a Gaussian line profile.
Assuming the lines to be formed in LTE, the population disFhe optical depth is calculated on a high frequency resolution

tribution over the levels (both rotational and vibrational) onlgrid in order to accurately sample the optical depth profile. Tak-

depends off’ and can be calculated using the Boltzmann equiaig stimulated emission into account, the optical deptlat a
frequencyv for a transition at rest frequeney is given by

tion
Nu Gu —(Ey/kT) hl/o
= w 4 = — _
N Q(T) ( ) Ty An (b(]/, VO)<NlBlu NuBul) (6)

with g, the statistical weight of the upper levél, the energy With B, and B, the Einstein coefficient for absorption and

of the upper level with respect to the ground state energy affnulated emission respectively and where the normalized
where gaussian line profile function(v, 1) is

Q(T) = Zgief(Ei/kT)

]. 2 2
5 _ —(v=10)2/(Avp)
( ) ¢(V7 VO) AVD\/;Fe (7)

is the partition function at temperatufle, summing over al )

possible energy states. These parameters are all supplied by G&HONS

HITRAN database. §1Biu = guBuw (8)
Next we calculate the optical depth assuming that turbulent 2hi3

motions in the gas are the main source for line broadening. Aslu = = )

| with Avp = yy2uub the Doppler width. Using the Einstein

(&
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Fig. 4. The spectral difference betwe&tCO, and'3CO,. Top : pure Fig. 5. The effect of changing the temperatdFef the CG, layer (for
12co, T=800 K, N=10'® cm~2; Bottom : pure'®*CO, T=800 K, optically thin models). The lower spectrum is a model with100 K,
N=10'® cm~2; middle : the observed continuum subtracted spectrufi@ middle7’=400 K and the top one witli=800 K. The inset shows
of EP Aqr. All spectra are normalized to the maximum intensity arfijPlow-up of the 15.m region for the three models. All models are
are hence only illustrative for the different band positions, not the baR@rmalized to the peak flux.

intensities. The insets show blow-ups of the 15.4 and 16.2 regions.

and the Boltzmann equation with a FWHM determined by the resolution and rebinned to the
N SWS resolution.
FZ — 9 (hw/kT) (10)
v ) 4.3. The parameters and their influence
we can rewrite Eq[{6) as
N, Auhvo The model as described above has essentially 3 free parameters

T, = o(v, 1) (11) foragivenchemical compositiod®, N andR.,,. Changing any

An B, (T) of the parameters can considerably change the output spectrum.
The final profile is the sum of the profiles of all transitions con-

sidered. We used a turbulent velocity,+, of 3 km/s; this is a

typical value for the acceleration regiordfer & Dorfi 1997. 4.3.1. The temperatuf®
If a molecular layer is desired with more than one chemicahe temperatur& of the CG layer is the most important pa-
component, optical depths are calculated for each compongeter inthe model. Changing the temperature redistributes the
separately and summed. In this particular case we want to inelecules over the different energy levels and this has several

clude both!'2CO, and'3CQ, in the model if necessary (seeconsequences for the resulting output spectrum, as illustrated in

Fig.[4). Fig.[3.
The formal solution of the radiative transfer equation is Atlowtemperatures, most of the molecules are in the ground
given by state. Only a very small fraction of the molecules can get excited
. to even the lowest vibrational level, and hence only the funda-
I(r,) =1%"T" +/ e*W*T;)S,,(T,L)dr; (12) mental bending mode at 14.98n is present in the spectrum.
0

Increasing the temperature of the £ayer causes a redistri-
wherel? denotes the background intensity afidthe source bution of the CQ molecules in which the higher vibrational
function.InLTE,S, = B,(T) andin our single layer model thisenergy levels become more populated. The most obvious effect
is constant. Hence the solution of the radiative transfer equatiom the resulting spectrum is the appearance of bands arising
becomes from these higher levels, as can be seen from Eigs. $land 5. A
0 —r . secondary effect of this vibrational redistribution is the contri-
L(r) =Le ™ + B, (T)(1 —e™™) (13)  pution of hot bands to the spectrum. As the hot bands of the

and with7% = 0 for R.,, > R, the total emitted flux can be fundamental bending mode (at 14.881) have wavelengths

calculated by consecutively to the blue, higher temperatures cause the peak
R R of the band around 1pm to shift to the blue (see Figl 5).

F, = n(=2)2[I% ™ + (=22)2B,(T)(1 — e~ ™)) (14) Also the higher rotational levels within a given vibrational
D R level will become more populated at higher temperatures. The

with D the distance to the star. Finally, the spectrum is convolv€tbranches will consequently become broader (see the inset in
with the instrumental profile which is assumed to be a Gaussiaig [5), which is also true for the P- and R- branches; furthermore
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Fig. 6. The effect of changing the column densityof the CG; layer. ) . . .
All models haveI'=600 K. The lower is a model withv=10'" cm~2,  Fig- 7. The effect of changing the radius of the emitting region. All
the middleN=10"® cm~2 and the top onéV=10"> cm~2. The inset Models havd’=800 K and\'=10"" cm™*. From top to bottomfe, =3

shows a blow-up of the 16m region for the three models. All modelsfts Rem=2.2 R, Remi=_2.1 R., Rem=2.05 Ry, Rem_=2 R_* . Rem=
are scaled to the peak flux. R,; for the sake of clarity, the output spectra are first divided by the

continuum and subsequently scaled to show the same contrast.

the peak of these P- and R- bands will move away from the @4 hecome optically thick and thus produce a “continuum’-like
branch. deformation in the spectrum. This is especially the case in the

A final remark concerns the global intensity of the outpykgions next to the 16m band, where there is a dense forest of
spectrum. Although the optical depth in the lines generally dghes arising from different vibrational levels; when the column
creases with increasing temperatures (as higher vibrational |8¥'nsity is sufficiently high, they all contribute significantly to
els become more populated), the output intensity is generafy¢ spectrum, also in their wings, and this produces the defor-
higher for models with a higher temperature. This is mainly bgation. In the limit of infinite column densities, — oo for
cause the source functionincreases with increasing temperatyfi§irequencies and the output spectrum is a Planck function at
but also because more transitions become excited. temperaturd’ as can be easily seen from Eg.(14).

4.3.2. The column densityy 4.3.3. The size of the emitting regioRem

Changing the column density’ can also severely affect theTpe sizeR.,, of the circular CQ slab determines in the first
output spectrum (see Fig. 6). Increasing the column density Wjlhce whether the spectrum shows absorption lines or emission
increase the optical depth at any given wavelength. As longaes. If the slab has the same size as the star, a pure absorption
all lines are optically thin, this will only scale the entire outpu§pectrum results (see Fig. 7) unlé@ss T.. EnlargingRem will
spectrum to higher fluxes. cause the part that geometrically extends beyond the star to pro-
The first lines to become optically thick are the Q-branci,ce emission that gradually fills up the absorption lines, and
lines around 15:m. Increasing the column density will theneyentually results in net emission. This happens first at longer
start deforming the output spectrum as weaker lines gain moygyelengths where the background continuum has a lower in-
in intensity than the optically thick lines. This results in thref-énsity and hence the absorption is weaker; in such cases the
types of changes, often similar in appearance to increasing {88yt is a spectrum where the red part can be seen in emission
temperaturd’. while the blue part is still in absorption. The turnover to a net
First of all, the Q-branch band itself becomes broader. Whgfission spectrum happens in a very small range.ef When
the cores of the lines that contribute to the band are opticayl%Hl is much larger than this critical radius, the output spectrum

to the output flux. Moreover, the higher energy transitions alfgst scale up the output spectrum.

gain in relative importance to the output flux. As can be seen |, symmary we conclude that :

from Fig.[8, the peak position of the 18n band shifts slightly

to the blue, as also the hot bands start contributing to the outpdtthe temperatur&’ will cause the 14.98m band to broaden

spectrum. and shift to the blue; high temperatures are required to ex-
A second effect is that the relative intensities of the P- and plain the presence of hot bands in the spectrum.

R- branches increase slightly with respect to the Q-branch, due the column densityv determines the relative band intensi-

to the same effect. And finally, whole regions of the spectrum ties and bandwidths.
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— the extentR of the emitting region determines the peakssociated” distribution function, one can evaluate the prob-
intensities. ability of obtaining the observed value 6f, when the added

o ] ) ] parameter would be superfluous. In our case, the probabilities
Although thisis a rather simple model, it reproduces quite W%_He lower than 10 for all bands, indicating that introducing the
the observed band profiles (see Figs. 1010 14). The next secfigtinuum shift as an extra parameter is justified. Therefore we

describes how these fits are obtained. included this continuum shift for the entire minimization proce-
dure. Allowing also for a change in the slope of the continuum
4.4, Determining the model parameters on the other hand did not significantly improve tyig

4.4.1. Quantifying the quality of the fit )
) ) 4.4.2. Searching parameter space
In order to derive the model parameters that provide the best

fit to the observations, a quantitative comparison between thaé model parameters th;‘t provide the best fit to the observa-
model spectrum and the observed spectrum needs to be mi@Bs are those for whick (7', N, Rer,) has a minimum. We

This is done by calculating defined a grid iff” between 100 K and 900 K in steps of 50 K,
and a logarithmically equidistant grid iN in the range 18

s X0 1 Z (Yo — Ym)® (15) cm~2 - 10%° cm~2. At each of the grid points radiative trans-
= TN, —m & o2 fer is calculated for the give® and N and with theamoeba

7

downhill simplex method (Press et al. 1992, Sect. 10.4) we de-
wherey, andy,,, are the continuum subtracted flux values for thrmined at the same time the valueRy{,, and the continuum
observations and the model respectivelyre the uncertainties shift that minimizes the/? to a fractional tolerance of 10°.
on the data points (assuming that the uncertainties on the modelAs the observed spectrum of EP Agr shows Q-branch bands
spectrum are negligible); the sum runs over all data péWts  arising from vibrational levels at a very different energy, it is
the wavelength range considered and N, —misthe number [ikely that these bands are formed at different locations and
of degrees of freedom witln the number of free parameters. hence different excitation temperatures. Instead of fitting the

For agood fitx2 should be low, of order unity. ¥ is much whole spectrum we therefore determined the parameters for
larger however, this does not necessarily mean that the adogadh of the bands individually by defining a spectral window
model is a bad fit to the observations; a laggevalue can indi- of 0.4 ,m around the bands, centered at the band head. This in-
cate a doubtful error assignment or the presencgystematic cludes the whole Q branch and typically 10-15 P and R branch
errors in the data. transitions per vibrational transition.

We first minimizedy? using a model with only 3 free pa-  After the first run we introduced tH&C/*3C ratio as another
rameters’, N and R. It turns out that the best fit in this casefree parameter and calculated the correspongingalues. This
yields unreasonably high optical depths while fferemains significantly improves thg? for all bands except for the 13.48
quite large. A systematic error in the determination of the copm band which is apparently less sensitive to the contribution of
tinuum in the observations causes the line contrast to changéigQ,. We therefore also defined a grid'#C/!3C ratio values
such a way that high optical depths are required to reprodusfel, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 100; these values were
the line shape and the relative intensities; this is related to &tfosen to adequately sample the range of values typically found
broadband deformation for high column densities as descridadAGB stars Dominy & Wallerstein 1987; Smith & Lambert
in Sect[4.B. We therefore allowed the continuum to shift up and85, 1986; Sneden et al. 1986.
down in intensity (while keeping the shape as determined from
Fig.[@) and introduced this shift as an extra free parameteri'
the model and minimized the? again. The new? values are
much lower while the derived continuum shift is small comOnce the x2 is calculated on the grid points, the val-
pared to the line intensities. In order to assess the significanes of the!?C/*3C ratio, T and N and the uncertainties
of this parameter, we used tliétest of an additional term onon these parameters can be derived in the following way
this parameter_(Bevington & Robinson 1992, chapter 11). WBevington & Robinson 1992, Sect. 11.5). Fiy. 8 shows a two-

'4.3. The model parameters and their uncertainties

calculated dimensional projection of the? hypersurface onto thé{C/*3C
Ay? ratio, T') plane. For each'C/*3C ratio,T’) grid point, there are

Fy=— (16) 19?2 values that were calculated for each of the grid points in
Xy N. For this projection, we only consider the minimum of these

whereA? is the change ity2 when comparing the best fit with 19 values. The values for tHéC/!*C ratio andI” that provide
and without adding the extra parameter agdcorresponds to the best fit to the data thus correspond to the minimgnin
the best fit value with the extra parameter added. This raffyS Projection. A 1o contour on the derived parameters in this
is a measure of how much the additional term has improveEpjection s then found by evaluating for whicK C/*C ratio,
the value of the reduced chi-square and should be small wihvaluesx® < (x.;, + 1). Projecting the outer edges of this
the function with the added parameter does not significantly ifRntour onto thé2C/**C ratio axis gives the & uncertainties
prove the fit over the function without the added term. Using ttf§ the derived®C/'*C ratio; projection on thd” axis yields



570

Temperature (K)

J.Camietal.:

0.00

Fig. 8. Two-dimensional projection of thex? contours in the

0.05

0.10
3¢ /"*C ratio

0.15

0.20

C@emission in EP Aqgr: Probing the extended atmosphere

200 400 600
Temperature (K)

(13,120, T) plane for the 16.18m band. The contours enclosing™9- 9- Same as Fig.18 but for tha'(\) plane.

the minimum are &, 20, ..., 10r contours. ‘
540 — —
Table 1. The derived parameters for all the bands using a single layer [ ]
LTE model. The errors stated are the formal errors based og3he 520 —
analysis. i
= 500 -
Ae T log N R PC/MBC Timax < I 1
(pm) (K) (cm™?) () 2 ol 1
13.48 700% 18572% 44710 - 1.5557% j i 1
13.87 500%; 1857353 8675 10753  3.875% " ol ]
1498 3503 19.00%3 9.07)3 1005, @ 22577° - \
1540 4502 18572 7.2fl9 3028 219171 w0l ~__ ]
. . . r T
16.18 5503 1852 7.2703 60730 3.2+%2 i ]
Co | 1 1 1 |

13.30 13.40 13.50

.. .. Wavelength (um)
the uncertainties on the temperature. In a similar way one can

also determine the uncertainties dhby making a projection Fig- 10.The 13.48:mregion. The SWS observations are the diamonds
onto the [, N) plane (see Fid]9). However, as we only hav%onnected with the grey line; the observational uncertainties are indi-

2 . . . . cated by the vertical lines. The solid line is the best fitting model (see
theXV. v_alues for the.predefl.ned grid points, the accuracy is able[1). The dotted line is the continuum as in Elg. 2; the dashed line
best limited to the grid spacing.

. . .indicates the continuum shift derived by the minimization procedure.
For R andr we have no predefined grid and so the uncertaigse the fringe residuals in this wavelength region.

ties on these parameters have to be estimated in another way.

Both parameters depend @nand N; around the minimum

however, they are affected mainly by as the grid spacing best fits can be seen in Figs]10id 14. Bfirthe bands the

is logarithmic for this parameter. We therefore changédo derived parameters yield a maximum optical degth, > 1
within the derived 1o uncertainties while keeping tHE at its  for each of the spectral windows. As the optically thin models
best value and then determined tRethat minimizes they?; are a subset of the parameter space we studied, the first obvious
the resultingR values corresponding to the extredfYevalues conclusion is that the observations are better explained by an
were subsequently taken as the uncertaintie®0oAs m o« N  optically thick model than an optically thin one.

it is straightforward to calculate the changeriwhen changing It can easily be seen from E@.{14) that for the case of op-
N and also here we took the extremes as uncertainties\fe tically thick bandsF, « B, RZ and hence in our model the
note however that thg? corresponding to these extremes deshserved peak intensity is a good measure of the extenit
viates by more than one from the minimug# value; therefore the emitting region.

these formal uncertainties are probably rather conservative.

5.1. Temperatures

5. Results .
u The whole spectrum cannot be reproduced at once by a single

Table[] lists the derived parameters and their uncertainties tyer model. The temperatures derived for the individual bands
tained from they?2 for the different bands. The correspondingre significantly different, reminiscent of a temperature strat-
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Fig. 11.Same as Fig._10 for the 13.8in region. Fig. 13.Same as Fid._10 for the 15.40n region.
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Fig. 12.Same as Fid._10 for the 14.98n region. Note the sharp peakFig. 14.Same as Fid._10 for the 15.40n region.
indicating the presence of a much cooler layer on top of a warmer layer.

quite unaffected by the presence of tHe= 700 K layer, but

ification in the extended atmosphere. Q-branch bands aristhg flux in the 13.48:m band shows a significant contribution
from higher vibrational levels are then probing the hotter mdue to thel’ = 500 K layer. The main effect is that the extent
terial closer to the central star, while the emission from lowét.,, for the warmer layer decreases when compared to the sin-
vibrational levels arises from cooler material further out. gle layer model and thus th&,,,, values listed in Tablgl1 are

However, as can be seen from Hig. 5, any given band h@ebably too high.
comes stronger when increasing the temperature. When deriv-All the bands are reasonably well reproduced by a single
ing the parameters for a given band, one might therefore explegter model except for the 14.98n band. Upon inspection of
to see a significant contribution from the hotter layers as thabe peak position, itis obvious that an extra cdoH 100—200
hotter layers always show stronger emission in the bands arisijgand optically thin emission component is necessary on top
from lower vibrational levels (see Figl 5). However, as a conf the warmer component to reproduce the overall band shape.
sequence of all the bands being optically thick, emission froftnis component is probably the result of the dissociation of wa-
the hotter layers is shielded from view at those wavelengttes into OH molecules by the interstellar UV field followed by
where a cooler layer shows prominent emission features. ®reaction with CO which could produce ¢@ith a maximum
the other hand, a contribution from the cooler layers might @0, abundance of typically 10 at a few hundred stellar radii
present at those wavelengths in the spectrum where the hotteere the temperature is of the order of 100 K Willacy & Millar
layers are visible if the cooler material is optically thin at thosE997. Moreover, as the hot bands are consecutively shifted to the
wavelengths. blue (see Fidg13) and as these Q-branch transitions (fundamental

As a consistency check we therefore performed a test calas-well as hot bands) have the highest Einsteialues in the
lation for the 13.48 and 13.8#m bands with a two-layer model observed wavelength range, it can be expected that this band is
using the parameters from Table 1. The 13:8vband is indeed optically thick at all wavelengths. The shape of this band will
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therefore be the most sensitive to a temperature stratificatioqw
and the temperature derived for this band with the single-layer
model is probably somewhere in between the warmer and the
coolest layers. A two-layer model witA = 100 K, N ~106 "%
and R ~ 100-150R, for the second layer is indeed able to
reproduce the observed spectrum much better. Also the othel”™
derived parameters are probably not very reliable for this ba@.
As the EinsteinA coefficients for this band are rather high, 3%
one could expect to find the same problem for the fundamen-
tal 13CO, bending mode at 15.40m even though thé*CO, 600
column density is much lower. This band however is buried in
the forest of P-branch lines of the 14.2& 12CO, band and 400
therefore this effect is not obvious. Nevertheless the observa- ‘ L ‘ ‘ L
tions clearly show that the GQayer is extended and that the 2 4 6 8
temperature decreases with increasing radius (seEFig. 15).

i

f

o

Fig. 15.The filled circles are the temperatures and corresponding radii
derived from the observation. The solid lines are temperature profiles
with (from top to bottom)y=0.4,0.5,0.7.

The derived column densities are'30 cm—2 for all bands

except for the 14.9:m band, where the column density igan then compare the results found for the different bands with

slightly higher. As discussed in the previous paragraph, thisiiimperature and density profiles derived with different models.
a consequence of a temperature stratification and the presence

of hot bands in the spectrum as well as the presence of a much
cooler layer. 6.1. Temperature structure

5.2. Column densities

Bowen (1988) studied heating and cooling of a periodically
5.3. Isotopic ratio shocked Mira envelope. The radial kinetic gas temperature vari-

o ) ) ] ation in the circumstellar shell is represented by a power law
On first sight there is not a single value for tR€/*3C ratio that

is compatible with the results derived for the bands individually. (") = Test (r/R.) ™ 17)
However, the problem with the temperature stratification meghere the exponent may range from 0.4 to 0.7. Fig_L5 shows
tioned above willinfluence th€ C/**C ratio derived for both the the temperature profile for =0.4, 0.5 and 0.7 withLg — 2447
14.98 and 15.4pm bands and hence the values for these bangdgs in our LTE model. Temperature profiles obtained from hy-
are doubtful. The 16.1@m band on the other hand is rathefrodynamical atmosphere calculatiorisfhier & Dorfi 1997 are
insensitive for the adoptetC/'°C ratio as can be seen fromsimilar to then = 0.7 profile for the radial distances considered
the uncertainties. As the 13.48n band has the lowest opticalyere, The temperatures derived from the,@@nds are some-
depth, this would be the best band to derive th@/'°C ratio. \hat lower than expected from these models. This discrepancy
However, this is the weakest band and unfortunately the qualifay be due tqi) our conversion from? to radial distances,

of the spectrum in this region is not too good (see [Eig. 10) dyig) non-LTE effects ofiii) limitations on the hydrodynamical

to fringe residuals, which hampers a good determination of thgygels.

'2C/'3C ratio. The best guess for théC/'*C ratio is probably  The first possibility might be true for the 13.48n band

the one derived for the 13.§/m band which is both very sen-ina¢ siill has a relatively low optical depth. We recall that our
sitive to the contribution of3*CO, and not too optically thick. conversion is based on the assumption that the [agers are

We find a'*C/**C ratio value of 10 for this band. optically thick for every line of sight that crosses it. If this as-
sumption does not hold for the other g®ands, this would
imply that a significant part of the GQayer would be trans-
parent and hence we would see emission from the hotter layers
inside. Our consistency check described in $éct. 5 assures that
As mentioned above, the observed peak intensity is a good mibis is not the case. Therefore we can rule out this possibility
sure of the radial exterR in our slab models because the bander these bands.

are optically thick. In factR is merely a measure of the emitting  The rotational and vibrational molecular excitation temper-
surfaceand offers no direct measure of where the,G&yer is atures are the same as the kinetic gas temperature only in LTE.
located. In this section we will assume that each of the, CQVoitke et al.|(1999) calculated vibrational and rotational excita-
layers at temperatufgis located in a spherical shell around théion temperatures for COn an oxygen-rich dynamical model
central star and that > 1 for every line of sight that crossesatmosphere. They find that LTE holds only very close to the
this shell. With these assumptiofisis at the same time also acentral star. Close to the photosphere, the vibrational excitation
measure for the distance of this shell from the central star. \tégenperature drops below the kinetic gas temperature. Rt 2

6. Discussion
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also the rotational excitation temperature decouples from the'©'"

kinetic gas temperature. At 3B,, the difference between the
kinetic gas temperature and the rotational excitation tempera-
ture is already more than 300 K, and the discrepancy increases
with increasing radius. Our results show a smaller dlscrepancj
(at most 150 K) over a much larger range; moreover the dis-
crepancy does not get larger with increasing radius as would
be expected if non-LTE effects are the cause of the differences
between our results and the calculated temperature profiles.
We therefore conclude that the hydrodynamical models we
compared our results to are not yet adequate to describe the
temperature structure of a semiregularly varying AGB star. A
new generation of hydrodynmical models thatinclude frequency
dependent radiative transfer as described bBjner 1999 may

08
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solve this discrepancy. R/R,

Fig. 16.The local average figas densities derived from LTE modeling
(circles) assumingeo, = 6 1075, The dashed line is a density profile
and the solid line an average density profile for a stationary outflow
From the derived radiiz and column densitied” we can cal- assuming=1.5 km/s and\/=2.3 107 M, /yr.

culate the number of emitting GOnolecules\co, = N7R2.
To compare this with density laws derived for spherical models,

we redistribute this number of molecules into a spherical Shﬁplalyss this density profile is similar to the results of hydrody-
from R, to R and estimate the average Hensity in this shell namical model atmosphere calculationsfier & Dorfi 1997;

as in these models the density gradient is steeper betigeand

~ 3R, and locally there are density enhancements of an order
of magnitude due to shocks.

When comparing the lower limits on the densities derived
Note that if we would adopt an inner radius larger than from the observations with upper limits on the densities from
the average densities would increase. Eig. 16 shows the lacmldel calculations, we see that both are in reasonable agree-
H, densities calculated from the results in Tdble 1 adoptingw@ent. However, if we take an inner radius for the £l@yers
CO, abundance of o, = 6 10-°. This is the maximum C® that is larger tharR, and adopt a lower COabundance, the
abundance found in the chemical network calculations by Dudgnsities derived from our analysis could easily increase an or-
et al. (1999). The KHdensities estimated from our analysis arder of magnitude; if on the other hand we would adopt the mass
thus lower limits. loss rate of 1.7 10® and/or an outflow velocity of 10 km/s,

The density structure can also be derived from other obs#te theoretical density profile would decrease with an order of
vations. Using conservation of mass and assuming a stationagnitude and hence large discrepancies can easily be found.
outflow (v=constant), the local Hdensity is given by However, recent calculations in which frequency-dependent ra-

) diative transfer has been included in an existing hydrodynamics
n, (r) = M (19) codel Hifner (1999) show that the densities can increase dra-

’ Amo(r)r2mu, matically when compared to hydrodynamical models treated in

grey approximation.
The critical density for thermalization of the vibrational
bands of CQ is of the order of 1& cm™3. The densities de-
) f}fe n, Arr2dr rived might be somewhat low for thermalizing _the vibrational
ng, = —p———— (20) levels of CQ; however, as shown in the previous paragraph
fR: mr2dr these densities are only lower limits and could easlily be in-
3M R, — R, creased an order of magnitude in which case the gas density is
Tromm, B3 — B3 (21)  of the order of the critical density.

6.2. Density structure

nco, 1 Nco,
Xco,  Xco, (R} — RY)

(18)

NH, =

To compare this with our estimates, we have to calculate tm?
average density in a spherical shell frdtn to R, or

Fig.[16 shows the gas density;, (r) and the average gas den
sity profile adopting the mass loss rate derived from the broa
component in the CO line profilé\{ = 2.3 107 Mg /yr, see A good determination of th&*C/!*3C ratio would allow to pin-
Sect[2) and assuming an outflow velocity in this regiom ef pointthe location of this AGB star in the HR-diagram; the uncer-
1.5 km/s. Combining the highest mass loss rate with the lowésin value of 10 for thé?C/"3C ratio would indicate that no'$
outflow velocity assures that the derived density profile is anedge-up has occurred yet and places this object at the early-
upper limit to the gas densities. For the radii derived from o&GB, which is supported by the short period and the low mass

d% Evolutionary status
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loss rate. A firm determination of th&C/'3C ratio however CamiJ., Justtanont K., de Jong T., et al., 1997, In: Heras A.M., Leech
requires a multi-layer model. K., Trams N.R., Perry M. (eds.) First ISO workshop on Analytical
Spectroscopy. ESA-SP419, p. 159
) de Graauw T., Haser L., Beintema D., et al., 1996, A&A 315, L49
7. Conclusions Dominy J., Wallerstein G., 1987, ApJ 317, 810
; : ari D., Cherchneff I., Willacy K., 1999, A&A 341, L47
We have developed a simple LTE model for calculating sam %Igelke CW., 1992, AJ 104, 1248

spectra for the case of single-layer slab models. We quant] )nzAlez-Alfonso E., Cernicharo J., 1999, In: Cox P., Kessler M.F.

tively compared the model spectra with the SWS observations oqudsl) The Universe as seen by ISO. ESA-SP427, p. 325

EP Aqr for the different C@bands in order to infer the physicaIHerzberg G., 1945, Infrared and Raman Spectra of Polyatomic

properties of the extended atmosphere. The single layer mod&ligjecules. Van Nostrand, New York

is able to reproduce on an individual basis the observed bafsiner S., 1999, A&A 346, L9

profiles very well even though in some cases the effects oHafner S., Dorfi E., 1997, A&A 319, 648

temperature stratification is discernible in the band profiles. Allira M., Kahane C., 1999, ApJ 521, 302

the bands do show significant optical depth effects. Justtanont K., Feuchtgruber H., de Jong T., et al., 1998, A&A 330,
The parameters derived for the ¢@ands allow us to es- L17

timate the local temperature and density structure of the d@ssler M.F., Steinz J., Anderegg M., etal., 1996, A&A 315, L.27

tended atmosphere. When comparing these results with red&ftPP G-R., Young K., Lee E., et al., 1998, ApJS 117, 209

hydrodynamical model atmosphere calculations, itis found thF;ﬁEyman M., Lindegren L., Kovalevsky J., et al., 1997, A&A 323,

t.he tem_peratures are sl_ightly lower while the densities are MBS%ch T., Kerschbaum F., Mutschke H., et al., 1099, A&A 352, 609
likely higher than predicted by these models. Both from thgossw H., Teukolsky S.A., Vetterling W.T., Flannery B.P., 1992, Nu-
temperature and density structure we conclude that our LTEnerical Recipes in C: The Art of Scientific Computing. Second
assumption is justified. edition, Cambridge University Press, New York

The CQ, bands are a good probe to study the outer extendeethman L., Gamache R., Goldman A., et al., 1987, Appl. Opt. 26,
atmosphere of AGB stars and the region where dust formatior4058
is supposed to take place. Further thermal modeling of othgthman L.S., Gamache R., Tipping R., et al., 1992, J. Quant. Spec-

O-rich AGB stars that exhibit these bands is in progress androsc. Radiat. Transfer 48, 469
will be presented in a forthcoming paper. Rybicki G.B., Lightman A.P., 1979, Radiative Processes in Astro-

physics. John Wiley & Sons, Inc., New York
Ryde N., Eriksson K., Gustafsson B., 1999, A&A 341, 579
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