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Abstract

Context. Low and intermediate mass stars lose a significant fractidheir mass through a dust-driven wind during the Asympt@iant
Branch (AGB) phase. Recent studies show that winds fromtjgute stars are far from being smooth. Mass-loss variatimesir on diferent
time scales, from years to tens of thousands of years. Tletieeus appear to be particularly prominent towards theafride AGB evolution.
The occurrence, amplitude and time scale of these vargtiomstill not well understood.

Aims. The goal of our study is to gain insight into the structurehaf tircumstellar envelope (CSE) of WX Psc and map the passibiability

of the late-AGB mass-loss phenomenon.

Methods. We have performed an in-depth analysis of the extreme edr&GB star WX Psc by modelinl) the COJ= 1-0 through 76
rotational line profileandthe full spectral energy distribution (SED) ranging frorid @ 130Qum. We hence are able to trace a geometrically
extended region of the CSE.

Results. Both mass-loss diagnostics bear evidence of the occurgdhmass-loss modulatiordiring the last~2000 yr. In particular, WX Psc
went through a high mass-loss phase~(5 10°° M,/yr) some 800 yr ago. This phase lasted about 600 yr and wasvied by a long period of
low mass lossNi~ 5 108 My/yr). The present day mass-loss rate is estimated to ®&0¢ My/yr.

Conclusions. The AGB star WX Psc has undergone strong mass-loss ratéiiyian a time scale of several hundred years during the las
few thousand years. These variations are traced in thegstremd profile of the CO rotational lines and in the SED. Weehaonsistently
simulated the behaviour of both tracers using radiativesfier codes that allow for non-constant mass-loss rates.

Key words. Line: profiles, Radiative transfer, Stars: AGB and post-A@Rars): circumstellar matter, Stars: mass loss, Stad&zidual: WX
Psc

1. Introduction inates the total ISM mass. About half of the heavy elements,
|recycled by stars, originate from stars of this mass interva

ements throuah material eiected by evolved stars. Such s Maeder 1992). Moreover, these stars are the dominantsourc
9 Ject y evo ’ dust in the ISM. When these stars leave the main sequence,
lose mass through a stellar wind, which is slow and dusty f;

| giant d ant h h . ﬂ{ey ascend the red giant and asymptotic giant branches (RGB
cool giants and supergiants, or through supernova expﬂ_ssmand AGB). During these evolutionary phases, very large ampl
The ejected material merges with the interstellar mattdrian

later | ted int i fst d it tude and long period pulsations (e.g. Bowen 1988) lift pho-
aermcor‘porag in on,ew generations of stars an p%( tospheric material to great heights. In these cool and dense
so-called ‘cosmic cycle’). The gas and solid dust partiphes

duced by evolved stars plav a maior role in the chemistr améalecular layers dust grains condense. Radiation pressure
y play J Y ag iently accelerates these dust grains outwards and théesgas

energy balance of the ISM, and in the process of star fornnati%Iraggeol along. The resulting mass-loss rate is much ldrgar t

Low and intermediate mass stars @D.6 — 8 M) are par- the rate at which the material is burned in the core and domi-
ticularly important in this process since their mass lossido nates the stellar evolution during this phase. Despitertip®i-
tance of the mass-loss process in terminating the AGB stella
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produced elements, the nature of the wind driving mechanisompared with results obtained in other studies. The cenclu
is still not well understood (e.g. Woitke 2006). sions are formulated in Sel. 6.

Recent CO and scattered light observations of AGB objects
show that winds from late-type stars are far from being simoo} opservations
(e.g.lMauron & Huggins 2006). Density variations in the cir-
cumstellar envelope (CSE) occur otffdient time scales, rang- The analysis is based @) rotational CO line profiles found in
ing from years to tens of thousands of years. Stellar polsati the literature andi) the SED in the range from 0.7 to 1306n.
may cause density oscillations on a time scale of a few huhdrehe applied CO-dataset is indicated with the supersgript
days. A nuclear thermal pulse may be responsible for variati Table[1. Main emphasis is put on the high-quality data ob-
every ten thousand to hundred thousand years. Oscillaionst@ined by Kemper et al. (2003) on the 13@MT telescope on
a time scale of a few hundred years are possibly linked to thtauna Kea, Hawai. The half power beam width of thedient
hydrodynamical properties of the CSE (see also §edt. 5.3). receivers was 19” for CO (2-1), 132" for CO (3-2), 108"

The mass-loss variations appear to be particularly mdfg O (4-3), 80” for CO (6-5), and €0” for CO (7-6). The
prominent when these stars ascend the AGB and become olute flux calibration accuracy was estimated to be 10r% fo
luminous. It is often postulated and in rare cases obserugd (1€ CO (2-1), (3-2) and (4-3), and~30 % for the CO (€5)

Justtanont et dl. 1996: van Loon et al. 2003) that the AGB evi?d (7-6) line because the flux standards, that are available for

lution ends in a very high mass-loss phase, the so-callezrsufi€S€ higher excitation lines, are less reliable. We naieith
gncipal pointing uncertainties, bearfiects, atmospheric see-

wind phasel(lben & Renzini 1983). The superwind mass-lo8

determines the quick ejection of the whole envelope and tfig: @nd systematics at these frequencies can conspiresagai
termination of the AGB phase. you to produce an error that is larger than 30 %. Unfortugatel

o . we don't have enough statistics information on standarcls et

To enlarge our insight in this superwind mass-loss pha?g’know for sure how bad a problem this was for the RXE and
and in possible mass-loss variations occurring during t WD receivers at the time of the observations

phase, we focus this research paper on the study of WX SCThe SED of WX Psc is that of a strongly readened Mira-

(leCHQ 011, IRAS 0103¥1.219’ CIT 3), one of the most type variable star with a period of 660 days and a K band am-
extreme infrared (IR) AGB objects knowin (Ulrich et lal. 1966) litude of 3.4 mag (Samus et/al. 2004). Two full spectral scan

WX Psc belongs to the very late-type AGB stars having a spgc-
tral type of M9— 10[(Lockwodd 1985). Given this spectral typ rom both spectrometers (Short Wavelength Spectrometer

and its very red colon(—K = 18), its dfective temperature can If‘i\r/z\ ?e%ng L;):g (\SVS;/::SQS; l;&egzzmgegjg\?:igﬁ;d g‘se
be estimated to bg 2500K (Hofmann et al. 2001). WX Psc is P .

. . : ’ to the pulsation of the star the flux levels of the SWS spec-
igg(zgygen—rlch, long-period variable (f560 days;. Le Bertre tra differ by a factor~2. We opt to use the SWS spectrum

taken on 15 Dec 1996 (tdt 39502217) and the LWS spec-

The Infrared Space Observatory (ISO) data show that W, from 15 Jun 1997 (tdt 57701103). Although these spec-
Psc is surrounded by an optically thick dusty shell, of whigl; have not been obtained simultaneously, the flux levels in
the presence of crystalline silicate features (Suh 2008)-is {,o overlapping region between SWS and LWS agree reason-

dicative of a high mass-loss rate (Kemper et al. 2001). In they \we|l because the observing dates correspond to phases
circumstellar envelope (CSE) SiO_(Desmurs etal. 20000 H g 38 and 0.66, i.e. roughly symmetric compared to the mini-

(Bowers & Hagen 1984) and OH_(Olnon et al. 1980) masg,m at 0.5. We have further used the 0-2%5 um near-IR
emission lines areldetected with expansion velocitiesingng gnectrum fron) Langon & Wood (2000) scaled to the flux-level
from 18 to 23kms". of the SWS spectrum. The IR spectroscopic data have been
Estimates of the mass-loss rate, based on the modeling@fplemented by optical and IR photometric data (Cutrilet al
CO rotational line intensities or (near)-infrared (dudiperva- 2003; | Dyck et al.| 1974, Beichman ef al. 1988; Smith ét al.
tions, span a wide range. Derived values lie betweéx 10~/ 2004; Morrison & Simon 1973 Hyland etlal. 1972), sub-
and 13x10™* M, yr* (see Tablgl1). The quoted gas mass-lossm photometry|(Sopka etldl. 1989) and radio measurements
rates are however often based on one diagnostics (e.gn-thg\waimsley et al. 1991; Dehaes et al. 2006) in order to constru
tegrated intensity of one rotational transition of CO) amti/o the full SED (see Fid]1).
trace a spatially limited region. To clarify our understamygd In the wavelength region up te8um, photospheric ab-
on the mass-loss process, it is crucial to studjedent trac- sorption features and emission features arising from densi
ers of mass loss covering a geometrically extended parteof #hhancements in the outer atmosphere caused by pulsational
CSE. We therefore have performed an in-depth analystbef |evitation are visible. Specifically, the CO first overtoneda
CO0J=1-0 through 7-6 rotational line profiles in combination H>0 vq Symmetric stretch ane asymmetric stretch band fea-
with a modeling of the spectral energy distribution (SE®® tures are arising between 2 and 38um, the small absorp-
demonstrate that this combined analysis gives us the plitysibtion peak around 4.Q&m is caused by the SiO first overtone,
to pinpoint the (variable) mass loss of WX Psc. with the stronger absorption peak at slightly larger wangtas
In Sect[2 we describe the data sets used in this paper. Tae-5um) mainly being due to the CO fundamental vibration-
method of analysis is outlined in Selct. 3, and the results frarotation band. From 6.24m onwards, the kO v, vibrational
both the CO line profile modeling and SED modeling are preending band is the main absorption feature. However, ®r th
sented in Seckl4. The results are discussed in SBect. 5 andpampose of determining the mass-loss history of WX Psc, a de-
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Figurel. SED of WX Psc (black), together
with the best fit dust model (gray) and the
best fitting constant mass-loss rate model
(dashed). The inset shows the same SEDs
using logarithmic axes in order to empha-
size the far-IR slope. Note that the large dis-
crepancies between the observed and mod-
eled SEDs between-Bum are due to the
representation of the stellar atmosphere by
— a blackbody. The wavelength range which
is dominated by (unmodeled) photospheric
4 features is to the left of the dotted line at
) 7 8um. The main absorption and emission
Observations —— 7| features in the 48um range are due to
Two shell model 1 H20, SiO and CO. The dust absorption and
Constant mass loss — - | 27" 20-¢ : P
emission is best traced beyond:i@ (see

1

N AL
e ——+—1—1—ww) text for more details). The dotted line in the
100 inset gives an indication of the level of the

Wavelength [um] photospheric contribution to the total flux.

Table 1. Mass-loss rates for WX Psc as found in literature. Data usetiis paper are indicated with the superscfipthe
appropriate telescope diameter (in meter) and beam siZ@ ére listed in the last column.

Observ. data M [Mo yr] Comments Ref. Diam. — beam
CO (1-0) 12x10° from analytical expression Knapp & Morris (1985) 7m — 100
CO (1-0) 24x 105 theor. model of Morris (1980) Sopka et al. (1989) 20m £ 42
CO (1-0) - Margulis et al. (1990) 14m —45

CO (1-0) - Nyman et al. (1992) 20m — 42

CO (1-0) 85(+x2.39)x 10°° from analytical expression Loup et al. (1993)

CO (1-0) 10x10° self-consistenT (r) + NLTE radiat. transfer Justtanont et al. (1994)

CO (2-1) 26x10° from analytical expression Knapp et al. (1982) 10m £ 30
CO (2-1) 10x10°° large diference between data and model___ Justtanont et al. (1994)

CO (2-1) 50x10° from analytical expression Jura (1983)

CO(2-1),(3-2), 014-80x10° from model Justtanont et al. (1994) Kemper et al. (200315m — (see text)
(4-3),(6-5),(7-6)

L - [12um] 20x10° dust modeling Kemper et al. (2002)

OH maser % 10° using Eq. (3) in Bowers et al. (1983) Bowers et al. (1983)

J,H,K + 13-21x10° spherical dusty wind with Hofmann et al. (2001)

SED+ ISI (11um) p oc 1~ from 137R, on

J,H, K + 13x10* spherical dusty wind Tevousijan et al. (2004)

ISI (11um)

J,H, K + 9 x 1078 last 550 yr spherical dusty wind cocoon Vinkovi€ et al. (2004)

SED 2x 1075, 550 — 5500 yr

tailed analysis of the atmospheric behaviour of this taigetabsorption of the 10m silicate feature3) the relative strength
not a prime issue. In the framework of the dust modeling pref the 10 and 2@m bands, and) the slope in the mid- to far-
sented here, we simply represent the central star by a bladk- These observables trace the relative amounts of dust nea
body. The assumption of a blackbody for the underlying stand further away from the star, i.e. the columns of warm and
does not influence the conclusions since dust emission and @mler material along the line of sight.

sorption dominates over photospherfieets beyond gm (see

Fig.[d). We focus on severdlstcharacteristics of the SED and3, Analysis

IR spectroscopy to estimate the mass loss. The most sigttifica ] ) ) ]
of these arel) the average reddening of the staj;the self- To constrain the dust-driven wind structure from its base ou

to several thousands of stellar radii, we use both molecular
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line fitting of the CO rotationall = 1 — 0 through 76 line 3.1.3. Parameter estimation, model selection, and the
profiles and dust radiative transfer simulations of the glob assessment of goodness-of-fit

SED and IR spectrum. The spectral lines are modeled u%- b ional line d bi kinds of
ing GASTRONOOM, the dust continuum usingpust. We The observational line data are subject to two kinds of uncer

; ; in Sect] ; inties: (1) thesystematioor absoluteerrors, with variance
briefly discuss both programs in SECL.J3.1. Special empha@g‘ arisi(ng)g e.g.)lirom uncertainties in the correction for vari

is given on the model selection procedure and on the meastges ¢ _ . -
of the goodness-of-fit in Se¢t._3.1.3. The results are ptedenat'Ons in the atm(_)spher_|c conczjmonsz and (2) Mlstma_\lor_
in Sect[#. randomerrorsa Wllth variancerg,, .WhICh ref!ect the variabil-

ity of the points within a certain bin. Both kind of errors leav

to be taken into account when estimating the model parame-
3.1. Theoretical code ters. In case of the CO line profiles, the statistical errors]

are smaller than the systematic errors. We hence will cocistr
3.1.1. GASTRONOoM a statistical method giving a greater weight to the line peofi

The observed line profiles provide information on the therm§1an to the integrated line intensity. Moreover, as dematest
dynamical structure of the outflow of WX Psc. For a propdf [Decin et al.|(2006), especially the line profiles yielcbsiy
interpretation of the full line profiles, we have developatie diagnostics for the determination of the mass-lissory.

oretical model (GASTRoNOOM - Gas Theoretical Research T0 determine the mass-loss history of WX Psc from the
on Non-LTE Opacities of Molecules) which first (1) calcuCO line profiles, a grid 0~300 000 models was constructed.
lates the kinetic temperature in the shell by solving theaequn & first step, the models for which the predicted line prefile
tions of motion of gas and dust and the energy balance did not fulfill the absolute-flux calibration uncertaintyterion
multaneously, then (2) solves the radiative transfer éguatWere excluded. This absolute flux criterion does not only in-
in the co-moving frame (CMF, Mihalas etldl. 1975) usinﬁlude the absolute flux uncertainty on the data as specified in
the Approximate Newton-Raphson operator as developed %gct[iz, but also incorporates the noise on the data. From the
Schonberg & Hempe (1986) and computes the NLTE levélD, the other models were treated equally when judging the
populations consistently, and finally (3) determines theeo-  quality of the line profileshape To do so, a scaling factor based
able line profile by ray-tracing. A full description of thea® ©N the ratio of the integrated intensity of the observed tiata

is presented in Decin etlal. (2006). The main assumption i$"¢ integrated intensity of the predicted data was intreduo
spherically symmetric mass loss. The mass-loss rate isedlo re-scale the observational data. From a statistical stantlp

to vary with radial distance from the star. Note that the gas athis scaling factor merely is an additional model parameier
drift velocity are not changed accordingly. Adopting a ealucounting for the calibration uncertainties.

for the gas mass-loss rate, the dust-to-gas ratio is adjust Assume a model for the re-scaled observed spectiat

the observed terminal velocity is obtained. For detailstan tVelocityi, i = 1,2,....nwith expected mean value ) = i,
thermal balance, the gas and dust velocity, and the treatmi@presenting the theoretical spectrum of the target. Tatestt

of variable mass loss we refer lto Decin et al. (2006). We &&l measurement errors are assumed to be normally distdbut
ready note that for solving the radiative transfer equaitiche with mean 0 and variance taken to be constant at all frequency
CMF-frame in the case of WX Psc, we have used a value R@iNtsi, i.e.ostay = ostar Hence, the model is assumed to fol-

the mass-loss ratd], equal to 1x 10°> My/yr. low a normal distribution
Vi = ui + &, whereg; ~ N(O, Ugtar)- (1)
3.1.2. MODUST A key tool in model selection and fitting, and in the assessmen

nj

Z [‘ IN(ostay) — IN( V271) — 1 (M)Z

) 2\ o stay

We have used the cod@pust (Bouwman et al. 2000) to model °f 900dness-of-fit, is the log-likelihood function whif:brﬂhe
the transfer of radiation through the dusty outflow of WX Psg'ormally distributed case, takes the fofrrdefined as:

This code has been applied extensively to model not only Nies

the dust in the outflows of supergiants and AGB stars (e.{g.: ( ] (2)
Voors et al.| 2000;_Kemper etlal, 2001; Dijkstra etal. 2003; =1

Hony et al. 2003; Dijkstra et &l. 2006), but also solid stae p whereNjines represents the total number of rotational lines be-
ticles in proto-planetary disks and comets (e.g. Bouwmaah eting 6, andn; the number of frequency points in theth line
2003). In short, the code assumes a spherical distribwgiarh profile (Cox & Hinkley! 1990). The model whichestfits the

as an outflow or shell, of dust grains in radiative equilibriu observed datenaximizeshe log-likelihood distribution.

that are irradiated by a central star. Here, we represemtthe One can derive three properties from the log-likehood dis-
tospheric energy distribution of WX Psc by a blackbody (seégbution (see Welsh 1996). First, for a given parametricelp
Sect[2). A special circumstance in the modeling of WX Psciisaximizing¢ leads to the so-called maximum likelihood esti-
that we account for two distinct dust shells (see $ect. £&). matoré for the model parameters. Denote &y the value of

the inner shell we do a consistent radiation transfer smhuti the log-likelihood function at maximum. Standard errors ar
for the outer shell we assume that the dust medium is opticalleduced as the square root of the diagonal of the negative in-
thin and that it is irradiated by the light emerging from the i verse information matrix. The information matrix is the niat

ner shell. We have verified that indeed the outer shell of W&f second derivatives of the log-likelihood function w.the

Psc is optically thin. model parameters.
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Table 2. (1 - @) 100% quantile of thg3-distribution, withp = roo0og
degrees of freedom and a significance level 0.05. é 1000 <
P x5 P x5 s OF E

1 3.8414588[ 11 19.675138 S g

2 5.9914645| 12 21.026070 @ IsE E

3 7.8147279| 13  22.362032 £ b 3

4 9.4877290| 14 23.684791 R 3

5 11.070498| 15 24.995790 s oF Vawr E

6 12.591587| 16 26.296228 g , 1

7 14.067140| 17 27.587112 10 ®) ®) (©) (o]

8 15.507313| 18 28.869299 Siop

9 16.918978 19  30.143527 2 10p .

10 18.307038| 20 31.410433 - 3

1078L ]

o

100 1000
Radius [R,]

Second, the log-likelihood function can be used to detefigure2. Upper: Estimated temperature profilmiddle: esti-
mine (1- @) 100 % confidence intervals for the model parammated velocity structure, arfmbttom:estimated mass-loss rate
eters, wherer is the significance level. Precisely this is don&i(r) for WX Psc as a function of radial distance to the star
through the method of profile likelihood, and the correspon¢black line). The shading region in the bottom panel display
ing intervals are termed ‘profile likelihood confidence mte the confidence intervals of the estimated mass-loss pagasnet
vals'. Let us focus on one of the parametersay. The pro-
file likelihood interval is defined as the valuesfor which
l, = f(go,?(go)) is suficiently close tofm. We use@(go) as the
parameter that maximizes the log-likelihood function sabj
to the constraint thap is kept fixed. Sticiently close is to be
interpreted in the precise sense thah2{ £,) < x?(e), where
X3(@) is the (1- @) 100% quantile of the? distribution. The
same procedure can be used for a group gfarameters si-
multaneously. In this casgis p-dimensional and the quantile
IS how of th_e)(f)(a)—dlstnputmn (see Tablgl 2).' In our case, th m = —31417. The 95% confidence intervals are determined
confidence intervals are influenced by the grid spacing Hayt t

. . . ; - by all models whose log-likelihootlis 2((m — ¢€) < x?5(), i.€.
E(;r;;(;;?neeto the true intervals if the grid spacing becomieis arz(fm _{) < 2499579 0r-3266 < ¢ < —31417. If we want

Third, the log-likelihood function can be used to compartg test if @ model with 3 episodes of high mass loss yields a

two different models, with a @erent number of parameters, significantly better result than with 2 high-mass epochsaree

introducing 4 extra pairsR, M;), i.e. 8 free parameters. Hence,
andp+r, as long as they are nested. The more elaborate mogel lab del with 23 , ferredwh
is preferred if 2(h" - £°) > v?(e), otherwise preference pointst € more elaborate mode! itt parameters s preferreawhe

Sim o om) = AR, the maximum of the log-likelihood of the 3-shell modét)
towards the simpler model.

2023 — (19) > 2 £23 > —-30641.
One should realize that the outlined log-likelihood metho(()})eys ' = fm) = x(a) O by =

does not force the accordance between observations and pre-
dictions to be better than a certain pre-specified level in @. Results
der to be acceptable. This is in contrast with the often used ; . . .
reducedy?-method, which requires that for a good fit the valug'l' Modeling the CO rotational line profiles

of the reduced¢? should be lower than 1 (or 2). Using the logComparing the observed CO line profiles with theoreticat pro
likelihood method, one is selecting the theoretical preaiis files predicted by a model assuming a constant mass loss con-
(and corresponding confidence intervals for the model pararfirms the hypothesis proposed by Kemper etlal. (2003) that
ters) with the best fit to the data in the framework of the agapli variable mass loss may play an important role in the shaping
theoretical model. of the spectral line profiles (see dotted line in [Eig. 3).

As an example, we describe the selection of the best model Using the procedure as outlined in Séct 3.1.3, a total
and the determination of the 95% confidence intervals of thenount of~300000 models was run to estimate the mass-loss
stellar and mass-loss parameters as derived from the CO history of WX Psc. A luminosity of x 10* L, was assumed,
fitting procedure (see Se€i. ¥.1). In Hig. 2 an example is showhich together with the integrated luminosity of the SEDgse
of a mass-loss profile with #M-phases and 3 small interfaces distance of 833 pc. The expansion velocity traced by &l lin
(each described by 2 parametdrs M_)). This mass-loss pro- profiles isv.,, = 18 + 1kms. For the carbon and oxygen
file is hence described by 6 paif’ ( M;), indicated with dia- abundances in the outer atmosphere of the target, we op¢to us
monds in Fig[R. Other free parameters in the grid computatithe cosmic abundance values of Anders & Grevesse (1989, see

were the stellar temperatufg, dust condensation radi&er,
and outer radius of the CSE, e, resulting in 15 free param-
eters in total. We note that for the modelling of WX Psc the
value of M at Rinner Was specified to stay constant till the first
decrease in mass loss-20R,, and also from 155B, on the
mass-loss was kept constant uiRl,.r. This is however not a
prerequisite to the code, but has been introduced to rethece t
rid computations. Our best-fitting model has a log-liketid
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Figure3. CO rotational line profiles of WX Psc (full grey line; Nymanadil1992] Kemper et al. 2003) compared wghblack
dotted line: the model predictions based on the paramesegs/an by Justtanont et'al. (1994), who assumed a constas® ma
loss ofM =1 x 10°° M, yr* and a distance of 850 pc, afig) full black line: the best-fit model with parameters as spedifi
Table3.

Table[3), and it is assumed that in case of the oxygen-rieh thtamon et al.|(1988) for a value of the mass loss equal to the
get WX Psc all of the available carbon will be locked in [£O mass-loss rate at the outermost radius point. We herebytwant
Other model parameters as stellar temperakyrr stellar ra- ensure not to go beyong the photodissociation radius as-calc
dius R,), dust condensation radilner, Outer radius of the lated byl Mamon et all (1938). Moreover, it is always checked
envelopeRyer and the mass-loss profile were kept free in thiaat the full line forming region (as traced bp) x p, see e.g.
grid running. In case of constant mass loss, the valug,@f, Fig. 5 and 6 in Decin et al. 2006) of all rotational CO lineslie

is set at the radius where the CO abundance drops to 1 %within Royeer.

its value at the photosphere, using the photodissociagisults Parameters characterizing the CSE of the model with the
of Mamon et al.|(1988) (see Decin et al. 2006). However, tist goodness-of-fit are specified in the second column of
CO photodissociation radius by Mamon et al. (1988) were olpable[3. The derived temperature profile, velocity strueand
tained in case of constant mass loss, and it is questionafle hinass-loss history are displayed in Fig. 2; a comparison be-
this applies when dealing with variable mass loss. In caset@feen observed and theoretical line profiles is shown inEig.
variations in the mass loss, we therefore opt to Haygras We note that the abruptness of changes in the mass-losprofil
free parameter, with the additional constraint tRafer should  causes the small-scale ripples seen in the CO line pigfiiés

be smaller than th&uwervalue obtained using the formula ofpresence of the noise in the line profile does however notinflu
ence the conclusions in this paper. The dust-to-gas ratle-is

1 Note that in case of a variable mass loss, the J&ratio is as-
sumed to follow the results of Mamon et &l. (1988). Since tialt
abundance of the main moleculg taries according to thi-profile, 2 Theoretical profiles are calculated with 150 impact parasrded
the total CO abundance varies accordingly. 200 quadrature point in the p d p-integral.
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Table 3. Parameters of the model with best goodness-of-fit f{@8—5) line is somewhat too high. This may indicate that the
WX Psc. In the second column models parameters as deriteghperature in region C, where the dominant part of thess lin
from the CO rotational lines are listed, in the third colurha t is formed, may be somewhat lower than is inferred.
parameters as estimated from the SED fitting are given. The

numbers in italics are input parameters that have been keptAlmost half of the models was run with a third shell ex-
fixed at the given values. There is, of course, an interdepeéending between 100 and~600R,, and with mass-loss rates
dence betweefl,, R, andL, and between.,, the distance, ranging between21078 and 3x10°° M, yr~. The model with

andmy from which the distance has been derived. the best fit hadVl =5 x 108 M, yr-1 both in region (B) and in
this extra third shell, i.e. the statistical analysis gipesference

parameter from CO lines from SED fitting to a 2-shell model above a 3-shell model. Models still haging

T, [K] 2000 2000 acceptable fit to the line profiles, all hawi< 2.5x107 Mg yr—t

R, [10%*cm] 5.5 5.5 in this third shell.

L, [10%Ly] 1 1

dust-to-gas ratio  0.004 0.004

&(C) [10°4] 3 -

£(0) [1074] 8.5 - 4.2. SED fitting

distance [pc] 833 833

Rinner [R*] 5 5 _ . -

Router [Ry] 1750 1500 The SED of the best fitting model is presented in Eig. 1 and

Voo [kmsT] 18 18 the implied model parameters are given in Tddle 3. As de-

M(r) [Moyr] (A)~610° (~5-30R,) ~410° (~5-50R,) scribed above, the model consists of two shells that présent
(B)~510° (~30-850R,) - episodes of high mass loss. The intermediate period offsigni
(C)~510° (~850-1450R,) ~310“(~800-1500R,) cantly lower mass loss is not modeled. In general, we find that
(D)~310° (~1450-1750R,)- the wind structure that best reproduces the observed SED has

" The outer radius mentioned in the. SED fi’Fting refers to theoutyery similar parameters to those derived from modeling the C
edge of the second shell, called region (C) in Elg. 2, andlshbe | yational lines. In particular, the two methods agree @nidh
compared 1o the 143, value derived from the CO modeling. cation of the inner edges of the two shells. The outer radii of
the shells can be chosen to be roughly consistent with the val
ues derived from the molecular modeling. It is impossible to
rived from the mass-loss rate and terminal velocity and squgerive statistical uncertainties on the derived pararsetieice
0.004. This value for the dust-to-gas ratio is quite un@ertathe best fitted model is not obtained through a formal fitting
As described in Decin et al. (2006), this value is taken @tst procedure (like was done for the CO lines). Such a formal fit-
throughout the entire envelope. However, a higher mass-l¢iig procedure is inhibited by the very unequal weightinatth
rate as in region (C) can drive a dusty wind with #felient s given to the various regions of the SED. For example, the re
velocity than in a low-mass region and perhaps also with-a difion which is dominated by water vapour emission and absorp-
ferent dust-to-gas ratio. In this respect, we note that tfferd tjgn is virtually neglected. While the integrated photosp
ent CO lines, originating from various parts in the wind, @ n componentis used as a constraint, no single optical wagtien
exhibit different line widths (Fid.13). range is given priority. In contrast the 8 — 2% range, which
Before comparing with the results of the SED fittingxhibits the clearest dust spectral signatures, is inegéetde-
(Sect[4.2), we first discuss the derivitiprofile and associ- tail. Furthermore, the IR-submm slope is used as a strong con
ated uncertainties (see bottom panel in Elg. 2). Acceptadite straint eventhough it is determined by far fewer points tien
ues for the mass-loss rate in region (A) range from 50° mid-IR part. However we can determine by how much we can
to 1 x 10°M,yr?, for region (B) from 25 x 108 to 8 x vary the parameters without significantly reducing the iyal
1078 M yr?, for region (C) from 4107°to 6.5x10° Mo yr™t,  if the fit. Varying, e.g., the inner radii of the two shell mdde
and for region (D) from k107 to 4x 107 M, yr~*. Especially by ~10 per cent, significantly degrades the quality of the fit.
region (C) with enhanced mass loss is constrained quite walé also note that the dust model results are less sensitive to
since the (high-quality) low-excitation lines are maintyred the precise extent of the dust shell than to the amount of mass
in this region. Notice that the temperature increase inoregicontained in the shell. Therefore, the outer radii are lesly w
D (see top panel in Fid.] 2) is quite uncertain: an altered temonstrained. An important conclusion that can be drawnas th
perature structure with a continuously decreasing tentpera the self-absorption and relative strengths of the 10 anah20
reaching 10K at the outer radius, yields line intensity pesfi silicate features arise from a dense and compact shell those
which are better for all low-excitation transitions, andadog- the photosphere. To illustrate this point we also show in[Big
likelihood that is significantly better than that of our ‘bdi$  the “best” fitting model using a single shell from a constant
model with an amounA¢ = 105. The main cause of uncermass lossNi= 1.510°M,; R=5-200 R,). A more extended
tainty in T(r) is that interactions between thefférent shells shell would yield too much cold dust and a less dense wind
and with the ISM are not taken into account. would not yield enough self-absorption. This compact sisell
Inspecting Figl B, we see a good resemblance between ltiogvever not sfiicient to explain the far-IR data. The slope of
observations and model predictions for the CO (1-0), (2rd) athe SED in the far-IR is dominated by cool material (see inset
(3-2) lines. The predicted peak intensity of the CO (4-3) amuFig.[1).
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4.3. CO versus SED fitting 5. Discussion

The diagnostic power of estimating the mass-loss histamyfr

The fact that these very fiiérent tracers yield such similar pam0deling the rotational CO line profiles and the full SED, is
rameters with respect to tHecation of the densest shells is€Vident. Both our CO and SED modeling are however based

remarkable and builds further confidence in the reality ef tfpn one common assumption, ngmely a spher_ically symmet-
mass-loss variabilities. However, it should be noted that t"'® envelope. We comment on this assumption In Sedl. 5_'1' In
mass-losgates derived from fitting the SED (column 3 in Sect[5.2 we compare our results to other studies. We discuss

Table[3) are higher than those found from modeling the C8€ time scale of the mass-loss variability and its impiarat
emission (column 2 in Tab[@ 3), by roughly a factor 6. Parti§" the possible mechanism driving this variability in SBcE.

the discrepancy can be accounted for by considering the ma-

terial contained in the regions t_hat are not_included inthst d 5 1 Structure of the circumstellar envelope

model (B and D). Some experimenting with the dust model-

ing shows that the éfierences can not be reconciled by adapthe detailed structure of the CSEs of AGB stars and the p&ysic
ing the dust composition alone. Upon perusal of Tdble 1,dtiving this structure remain unknown after half a century
appears that those studies that take the thermal IR emisgrstudy. The main reason being that the cool material is a
into account systematically derive a denser wind than tho&al challenge to high-resolution observations. From aesur
using gas tracers alone. Thefdrence may be related to theof AGB envelopes using millimeter interferometry, Neri &t a
assumed C(, ratio (see TablE]3). Under the assumption th§1998) concluded that most 70 %) AGB envelopes are con-
all carbon is locked in CO, the GB,-ratio used in this paper sistent with spherical symmetry. WX Psc belongs to the small
is 3104, |Zuckerman & Dyck (1986) used a value of 510 group of AGB stars whose CSE has already been studied us-
for the CQH,-ratio in O-rich giants, while_Knapp & Mortis ing different techniques, and for which several indications are
(1985) reported a value of 3 10 This value diters from AGB found for deviations from a spherically symmetric envelope
star to AGB star, as it is dependent on the amount of dredd#) Neri et al. (1998) fitted the CO (1-0) and (2-1) interfero-
up. We estimate the uncertainty on the usedi@atio to be a metric observations with a two-component Gaussian vigibil
factor 2. In addition, as described in S&ct] 4.1, the derieesd- profile consisting of a circular and an elliptical componéitite
to-gas ratio as calculated from the CO modeling is somewlgdicular flux-dominant component corresponds to a sphlerica
uncertain. This value is not only taken constant througtimeit envelope with a 296 diameter, the elliptical one to an ax-
whole envelope, but moreover it is assumed tihthe dust isymmetric envelope with major axis of’8 and minor axis
particles participate in accelerating the wind to the obsgér of 6”.8, and a position angle of45° (E to N). (2) Broad-
outflow velocity. The discrepancy in dust content between thand near-infrared polarimetry performec by McCall & Haugh
two types of models may signify that a sizable fraction of thd980) revealed that WX Psc is highly polarized in thand
dust, though present, does not contribute much to the aeeelg-band, while the polarization pattern is not dominant in the
tion of the wind. If some fraction of the dust particles fee- H andK’-band. This may either indicate an alignment of dust
tively shielded from illumination by the star, they will nftel  particles or an asymmetrical dust-shell struct8y.Another

the radiation force from the star and, by consequence, will riechnique of imaging the circumstellar dust is from bispeot
contribute to the acceleration of the wind. This kind of #hie speckle-interferometry. Using this technique, Hofmanalet
ing can typically occur in randomly distributed density iah (2001) showed that thie andK’-band images of WX Psc ap-
mogeneities (usually referred to as clumps) or can be duepgar almost spherically symmetric, while théand shows a
deviations of spherical symmetry. Only some fraction of thelear asymmetry. Two structures can be identified inJttand
dust is hence responsible for the driving; via collisiongwiie  image: a compact elliptical core and a fainter fan-like ctice,
inert gas, the gas is accelerated, which in it turn may accelglong a symmetry axis of position angl@8°, out to distances
ate the inert dust. In the acceleration of the gas partidlés, of ~200 mas.(4) Mauron & Huggins |(2006) imaged the cir-
not only assumed that all dust particles participate inpnis cumstellar dust in scattered light at optical wavelengtisile

ces, but also that the dust grains transfer all of the mommentthe images of the extended envelope appear approximately ci
they acquire from the radiation field to the gas through <oligularly symmetric in thé/-band, the Hubble Space Telescope
sions. Therefore, an alternative explanation could bettieae (HST) images revealed that the inner region of the CSE consists
is an incomplete momentum coupling between the dust adida faint circular arc at0.8"to the NW and a highly asym-
the gas in the wind (e.g. MacGregor & Stencel 1992). Lastiyetric core structure, with a bright extension out0.4”(or

an explanation could have been dust which is not partakingdAR. at 833 pc) at position angle45’. Most likely, the HST

the outflow but present in a stable configuration, i.e. a digkiage captures the extension of the core asymmetry seee in th
However, the gaseous material present in such a slowly-rotdband. They concluded that WX Psc is somewhat similar to
ing disk would be detected via the presence of a very narr#RC +10216 whereapproximate circular symmetry and shells
line profile (typically line width less than 5km¥ superim- inthe extended CSE co-exist with a strong axial symmetseclo
posed on a broad outflow component (e.g. as is the case of R\¢he star

Boo, Bergman et al. 2000). Since such a narrow component is Nevertheless, we assume a spherically symmetric geometry
not detected in any of the line profiles this explanation isdu for the whole wind structure when modeling the SED and CO
out. line profiles. The dferentdirect pieces of evidence for devia-
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tion of spherical symmetry all trace small scal€s200 mas). this model can explain both thleband asymmetry, being dom-
On larger scales, the shell does not appear to deviate sigiriited by scattered light escaping through the cone, and the
icantly from spherical symmetry. Note that the beam profilepherical symmetry seen in thé and K’-band images, being
used in the CO observations are larger thdnahd thus mea- due to predominantly thermal dust emission. This model also
sure the temperature, density and velocity averaged irralt-d fits the general structure of the SED quite well, but has some
tions in the regions where the lines are mainly formed. Heng@oblems in explaining the silicate feature aroundub® and

the main stellar and mass-loss properties can be inferoaa frthe photometric data at> 100um.

spherically symmetric models in fair approximation. Inlitya In general, the mass-loss rate in the spherical envelope de-
these average properties are formed from a superpositialh ofived by Hofmann et al.l (2001) and Vinkovi¢ et dl. (2004) is
these structures in this region. much larger than what is implied by the CO lines (see Hig. 4)
and is not consistent with the observed CO rotational liree pr
files (see Fig.6). The CO (D) through (%6) lines are a sen-
sitive probe of a geometrically extended part of the CSEe sav

In Sect[5.Z1L, we compare our results with mass-loss paraﬁ?é the innermost region. This again may indicate that pért o

ters obtained in previous studies also tracing the massvirs- (e dust does not participate in driving the wind.
ability of WX Psc. In Sec{.5.2]2, we focus on tieJ, H, and

5.2. Comparison with other studies

K’ images of Mauron & Huggins (2006) and Hofmann et al. - - -
(2001) probing both the dust-scattered stellar and galaght — 1 Qg L\ () (8) (©) (®) .
and the thermal dust emission. "
£ 10" -
Q N ~
5.2.1. Mass-loss parameters j 10°F .
Hofmann et al. [(2001) modeled the SED betwegmmland % 1 Q5 - - -
1 mm, together with the visibility functions at 1.24 band), % . -
1.65 H), 2.12 (K’) and 11um usingousty (lvezic etal 1997). — 10" F T T
The visibility data provide information on the innermost re 5| T This work @ an \
gions of the circumstellar environment, probing the scaite © O’ r '
properties of the dust (at) and thermal emission properties ] OZ | |

of the hot and warm dust (&, K and 11um). Assuming a
spherical outflow, they found that both the near-IR visileit 10 100 1000
as well as the mid-IR photometric points up to 1@0 could radius [R*}l

be well reproduced by a two-component outflow in which
dust condenses at 900K. The most recent mass 10ss, chagjtiire4. Number densities as a function of radial distance
from the star as deduced byfi@irent authors. Full black

terized by a constant velocity outflow (i,2.« r2),isM =
5 -1 i
1.3-21x107 Mo yr—. Atdistances beyond 13% the den- jine. gpherical CSE of this study; dashed black line: spher-
ical CSE ofl Hofmann et al! (2001); full grey line: spherical

sity decrease is shallower, matching- r~1° (see the dashed
black line in FigL4). At wavelengths beyond about 400this  csE of vinkovic et al. [(2004); dashed grey line: bipolar eon

model underestimates the observed flux. of Vinkovic et al. (2004); dotted grey line: number density

The J-band data reveal an asymmetry, andith®and vis- pipolar cone of Vinkovi¢ et all (2004) scaled to a sphere.
ibility shows a puzzling drop in théd-band at spatial fre-

quenciesz 14 cycles per arcsec, corresponding to structure

smaller than the condensation radius. The spherical mddel o

Hofmann et al..(2001) can not address_,these observatioes. Ei‘zz Dust scattered light

above issues were taken up by Vinkovic etlal. (2004). They ex

plain the image asymmetries as originating from about M), Besides the work by Hofmann et al. (2001) and Vinkovit ét al.
of wind material that is swept-up in an elongated cocoon who2004), HST observations by Mauron & Huggins (2006) also
expansion is driven by bipolar jets and which extends out tdrace mass-loss variability in the ambient environment o W
radial distance 0£1100 AU (or 30(R,), with an opening angle Psc. The HST-image shows part of a faint circular arc at
of ~30°. The two cocoons have a characteristic lifetime that ig0.8’(or ~180R,) from the center. We performed additional

< 200yr. To explain the mid-IR spectrum they invoke a sphesimulations introducing a third shell, positioned at thosd-

ical envelope (in which the cocoons are embedded) containtion (see Seck. 4l1). These simulations demonstrate theyit
~0.13M, of material extending out te35” (or ~8 000R,). be possible that a faint arc is present with a mass-loss rate
The size of the envelope corresponds to a dynamical flon2.5 x 10" M, yr~2, although the log-likelihood of this more
time of 5500 yr. Over time the mass loss rate has decreasgmphisticated model is not significantly better than forgime-
While M ~ 2 x 10" M, yr-! until 550yr ago, the most re- pler two-shell model. The presently available rotation& C
cent mass-loss is estimated to be or®x10°® M, yr~1. Two- line profiles can hence not be used to draw any conclusions
dimensional radiative transfer calculations demonstthtg on the presence of this faint arc.
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Mauron & Huggins|(2006) have obtained tBandV-band sented here. The limitations of the method are also cleailéWh
scattered light profiles of WX Psc. The scattered light is prehis yields good estimates for the average density as aiumct
dominantly due to external illumination of the shell. Thé@se of distance, neither the large-beam observations nor thersp
ages show a relatively smooth decrease of intensity as a fucal model have the power to draw conclusion about smalkscal
tion of distance and at face-value do not seem to necestimte(AR/R ~ 0.5) structures or asymmetries.
invocation of mass-loss variability to explain them. Hoegv
the observed scattered light profile is very sensitive tddaba- o
tion of the external illumination sources and the phasetianc 9-3. Mass-loss variability
of scatterers. Formally the expression that these authas
used to fit to the observed profiles under the assumption ef
form illuminations is incorrect. The expression that thgy a
ply concerns the scattered part of the observed intenditijyew

[}A§ already noted in Sedi. /1, Mauron & Huggins (2006) con-
auded that WX Psc resembles IRQ0216 where approximate
circular symmetry and discrete shells exist in the extereded
under uniform illumination this part exactly compensates tvelope. In case of IR€10216, the shell spacing varies be-
intensity which is scattered out of the beam. It is at prese een 200 and 800yr, although mtervalsl as short as 40 yrare
unclear how a variable mass-loss history would transléte ipeen close to the star (Mauron &_Hugglns 2(_)00)' The time
an observed intensity profile on the sky as a function of thedgACNY between sh_ell (A_) and (C) in WX PschQO yr T?e
parameters. Itis obvious that a forward peaked scatteving f Fotal envelope mass is estimated to be 030f which~95 %

tion will tend to de-emphasise any mass-loss variatiorergél I(Ssc:?aﬁatt;;je;nAzseglgtgr(E))s'i r%sigrrrr::angvév;(us;; iig :gs;\),/glcal
distances. But whether thigfect is sifficient to explain the > YF* )
P fion lasting some 100000yr, WX Psc has already 1886

smooth brightness distribution remains to be seen. A proA L ST ’ :
model for the light scattering in the CSE of WX Psc, takin %ftgg Ots:a(lr;ngailji tg? t 'Stlmq Zhgt(:()l:étsej'ZStIiao-r?hee\l/Seilnn?asei:gg

Into account its position in the galaxy, should be constdct cate that WX Psc is currently in its superwind phase. Assgmin
This, h ,isclearly b dth f thi : . . ;

15, NOWEVer, Is clearly beyond Ihe scope ot this paper that a typical oxygen-rich AGB star expels 0% during the
last 1000yr that it experiences a superwind mass-loss phase
(Marigo & Girardil2007), few such high mass-loss phases may
occur during the superwind phase of WX Psc.

To conclude, we use constraints from the dust and the CO Various models have been proposed for the origin of dis-
molecules in the shell to determine the density profile withicrete shells in CSEs. One type of models is based on the
the few to few thousand stellar radii regime. The tracers e weffects of a binary companion (see, elg., Harpazlet al.|1997;
are sensitive to these scales in a series of overlappingndist IMastrodemos & Morris 1999). A efierent scenario is invoked

steps. The real power of our modeling comes from ugioth by |Simis et al. |(2001), who suggested that such shells are
the spectral information and the absolute strength of the dbrmed by a hydrodynamical oscillation due to instabifitie

served quantities, be-it the molecular lines or the dusésxc in the gas-dust coupling in the CSE while the star is on the
These are all explained to satisfactory detail by the model pAGB. Soker|[(2000) invoked another mechanism, being a solar-

5.2.3. Conclusion
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like magnetic activity cycle in the progenitor AGB star. 80k Cox, D. R. & Hinkley, D. V. 1990, Theoretical Statistics
(2006) raised the possibility that semi-periodic osditlas in (London: Chapman & Hall)
the photospheric molecular opacity may be another caralid@utri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, 2MASS
mechanism for the formation of multiple semi-periodic arcs  All Sky Catalog of point sources. (The IRSA 2MASS All-
Sky Point Source Catalog, NASWAC Infrared Science
) Archive.|http//irsa.ipac.caltech.edapplicationgGatoy)
6. Conclusions Decin, L., Hony, S., de Koter, A., et al. 2006, A&A, 456, 549

In this paper, we have analyzed the rotational CG-O) Dehaes, S.,_ Groenewegen, M. A. T., Decin, L., et al. 2006,

through (7-6) line profiles of WX Psén combinationwith the  MNRAS, in press

dust characteristics in the full SED from 0.7 to 1300. This Desmurs, J. F., Bujarrabal, V., Colomer, F., & Alcolea, .1D@0

combined analysis yields strong constraints on the deasitly __A&A' 360, 189_ )

temperature structure over a geometrically large extethef Dikstra, C., Dominik, C., Bouwman, J., & de Koter, A. 2006,

circumstellar envelope, save for the innermost regionh €D ,_A&A' 449, 1101, ]

line fitting and dust modeling evidence strong mass-lossmodPiikstra, C., Dominik, C., Hoogzaad, S. N., de Koter, A., &

lations during the last 1700 yr. Particularly, WX Psc undemtv Min, M. 2003, A&A, 401, 599

a high mass-loss phas¥l ¢ 510°5 M/yr) lasting some 600 yr Dyck, H. M., Lockwood, G. W., & Capps, R. W. 1974, ApJ,

and ending-800 yr ago. This period of high mass loss was fol- 189, 89

lowed by a long period of low mass Ios!éfle 5108 Mo/yr). Harpaz, A., Rappaport, S., & Sler, N. 1997, ApJ, 487, 809

The current mass loss is estimated to-b& 10 My/yr. We Hofmann, K.-H., Balega, Y., Blocker, T., & Weigelt, G. 2001

want to emphasize that the time spacing of these mass los§&A, 379’ 529

modulations are independently well constrained by both thiony, S-, Tielens, A. G. G. M., Waters, L. B. F. M., & de Koter,

molecular gas and dust modeling. The uncertainty on the-masg™ 2003, A&A, 402_’ 211

loss rate in the dierent phases is estimated to be a factor ofi&y/and, A. R., Becklin, E. E., Frogel, J. A., & Neugebauer, G.

few, mainly caused by the uncertainty on the dust-to-gas ra-1972, A&A, 16 204

tio and the CQ@H, ratio, and by the assumption of a homogdP€n |- & Renzini, A. 1983, ARA&A, 21, 271

neous spherically symmetric envelope. Most importankig, tlvezic, Z., Nenkovaz M., & Elitzur, M. 1997, User Manual for

mass-loss history that we derive is significantiftetient from _ PUSTY (University of Kentucky)

a constant mass-loss rate model, and moreover implies tat W#ra: M. 1983, ApJ, 275, 683 _

Psc can have at maximum in the order of a few high mass-lo&§ttanont, K., Skinner, C. J., & Tielens, A. G. G. M. 1994,

phases during its final superwind evolution on the AGB. ApJ, 435, 852 ) , .
Justtanont, K., Skinner, C. J., Tielens, A. G. G. M., Meixner
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