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Abstract. We have employed time-dependent two-componetiite circumstellar dust emission during a thermal pulse cycle,
hydrodynamics/radiative transfer calculations to investigate theth for a carbon-rich and an oxygen-rich dust shell.

structure, dynamics and emergent spectral energy distribution We demonstrate that it is unrealistic to assume a fixed ve-
of dusty circumstellar shells around carbon and oxygen stassity profile which is independent of mass loss rate: to a first
in the final stages of their AGB evolution. These internallgpproximation, the gas velocity is a bimodal function of the
consistent, physical models describe a stellar wind driven Byass loss rate. A short event of high mass loss doésim-
radiation pressure on dust grains and subsequent momengiiranslate into a correspondingly narrow, high-density shell
transfer to the gas component via collisions. Detailed steligoving through the circumstellar envelope. Rather, the signa-
evolution calculations, with a prescribed mass loss rate that ifufe of a short mass loss peak broadens due to velocity gradients
function of the fundamental stellar parameters, have been ugedt moves towards the outer regions of the wind. Hence, this
as a time-dependent inner boundary condition for the numghardly a viable scenario to explain the existence of very thin
ical solution of the coupled equations of hydrodynamics amdolecular shells that have recently been detected around some
frequency-dependent radiative transfer governing the structdegbon stars. Our simulations suggest a more promising mecha-
and temporal evolution of the circumstellar dust/gas shell. nism producing thin shells of enhanced gas density in the outer
The calculations are based on one particular evolutionasgions of carbon-rich AGB shells: interaction of winds of dif-
track for an initial stellar mass/; = 3.0 M and a final mass ferent speed and density.
M = 0.605 M, but for different assumptions concerning the

composition of the dust grains: amorphous carbon or “astiRey words: stars: AGB and post-AGB — circumstellar matter —

nomical” silicates. Using our hydrodynamics code to simulaigars: Mass loss — dust, extinction — hydrodynamics — radiative
the dynamical response of the circumstellar wind shell to thgnsfer

evolutionary changes of the stellar parameters, we find that the

large temporal variations of stellar luminosity and mass loss

rate associated with the final thermal pulses near the end of the

AGB evolution lead to characteristic, time-dependent signatur, Sintroduction

in the density structure and emergent energy distribution of the

circumstellar dust shell. We present the resulting “loops” in ti@efore turning into planetary nebulae, low to intermediate mass

IRAS two-color-diagram, which we find to extend to regionstars (1-8\/,) are found to evolve along the Asymptotic Giant

quite remote from the simple color-color relation defined bgranch (AGB). In this phase, mass loss dominates over nuclear

steady state models. burning and finally terminates the AGB evolution by reduc-
These time-dependent hydrodynamical models explain timg the mass of the stellar envelope below some critical limit.

existence of carbon and oxygen stars with excess emission rigigh mass loss rates betweernrf@nd 104 M, yr—! are very

A 60 and 10Q:m as a natural consequence of the sharp decreaien detected, mostly by excess continuum radiation in the in-

of the mass loss rate following a thermal pulse, leading to tfrared, originating from thermal emission of circumstellar dust

development of aletached dust shelAs an illustration, we (e.g. Herman et al. 1986; Jura 1987; Bedin 1987; Schutte &

present a series of synthetic spectra and correspondingriO0Tielens’1989), and by the presence of molecular rotation lines

surface brightness distributions showing the time-evolution fsbm different molecules seen in emission at submm, mm, and

cm wavelengths (e.g. Knapp & Mortis 1985; Netzer & Knapp

Send offprint requests tMatthias Steffen 1987).
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It is now generally accepted that the mechanism respaadis & Wood 19983; Bbckef 1995), which, due to the occurrence
sible for such high mass loss rates during the AGB evolutiaf thermal pulses, lead to considerable variations of the mass
is based on the efficiency of radiation pressure on dust grailuss rate on time scales which are short compared to the flight
Shock waves generated by Mira-type stellar pulsations are e of a gas parcel through the circumstellar envelope. Hence,
sential for accelerating the outflow from the stellar surface tbe situation is far from steady state and time-dependent hydro-
the sonic point where the gas becomes cool enough at suffrnamics/radiative transfer calculations taking into account the
ciently high densities to allow heavy elements to condense“&mg-term” effects of stellar evolution are needed for a phys-
grains. The dust grains belong to one of two different typesally consistent interpretation of the observed spectral energy
(1) silicate-type grains, found around so called “oxygen starahd surface brightness distributions of mass losing AGB stars.
with an abundance ratio C/Q 1, and (2) carbon-based grainsThis is particularly important for understanding the formation
around “carbon stars” with C/G 1. These dust particles effi-and structure of multiple shells, revealing part of the the pre-
ciently scatter and absorb photons, extracting momentum amalus mass loss history. Ultimately, analysis of the observed
energy from the stellar radiation field. The acquired momentupnoperties of the circumstellar shells of a large number of AGB
is transferred to the gas by collisions between dust particktsrs should allow to check the presently adopted mass loss laws
and gas molecules (see e.g. Gilman 1972; Salpetei 1974; Kveokl, if necessary, to derive empirical corrections.

1975; Goldreich & Scovillé_1976), while the absorbed energy A first brief report of time-dependent hydrodynamical wind
is re-radiated at infrared wavelengths. calculations similar to those presented here was given by Vas-

Up to now,hydrodynamicamodels of dust driven winds onsiliadis & Wood [1992), who used a simple one-component
the AGB donot generally include the “long-term” variationshydrodynamics code (Woad 1979) ignoring the details of dust
of the stellar parameters and mass loss rate (on stellar evolutiadiative transfer. The circumstellar density and velocity struc-
time scales of the order af) to 10° years as opposed to stellartures they find seem to be very similar to those obtained in the
radial pulsation time scales of several If#y9, although itis presentwork. However, Vassiliadis & Wodd (1992) did not com-
well known that the stellar luminosity and (very likely) the maspute the emergent spectral energy distribution for a comparison
loss rate undergo significant variations when so-called “thermeith observations.
pulses” occur on the upper AGB (e.g. Iben & Renzini 1983).  We have developed a new code which is suitable to treat the

In fact, recent observations have clearly revealed the exisne-dependent two-component radiation hydrodynampricb-
tence of so called “detached shells” around a number of AG&n of dust driven stellar outflows in spherical symmetry. The
stars, which has been taken as strong evidence that mass doste includes a detailed solution of frequency-dependent radia-
may be temporarily interrupted (e.g. Willems & de Jong 1988ye transfer in the dust component and provides synthetic emer-
Chan & Kwok[1988; Zijlstra et al. 1992; Olofsson etlal. 1996gent spectra. It is designed to take into account the evolutionary
Izumiura et all 1996, 1997). However, the exact evolutionachanges of the stellar parameters and the resulting variable mass
behavior of the mass loss remains unknown. Two general stss rate through a time-dependent inner boundary condition
narios have been proposed that relate mass loss interruptifmmshe system of partial differential equations describing the
to the rapid luminosity variations occurring when AGB stamsiodel of the circumstellar shell. In a previous paper (Steffen
undergo a thermal pulse cycle. Both of them are based on #tal[19974, henceforth Paper 1), we have tested this code and
observation that all carbon stars with excess emissidB@pm have used it to study the hydrodynamical properties and spectral
are optically visible. In the first scenario (favored by e.g. Zuclenergy distributions afteady stateolutions for a variety of dif-
erman_1993 or Olofsson et al. 1996) the far infrared excesdasent parameters. In the present work we apply the code to the
explained by a rather low steady mass loss, only interruptedtbye-dependentase, elaborating on preliminary investigations
a short high mass loss peak, possibly caused by a thermal pytsealished before (Szczerba & Marlen 1993; &uberner et al.

In the second one (e.g. van der Veen & Hahing 1988; Egan etE97/1998; Steffen et al. 1997b; Steffen & Szczerba 1997).
1996) a quite long period of high mass loss followed by a phase In Sect. 2 we describe the modifications (relative to the equa-
of greatly reduced mass loss in the aftermath of a thermal puligns given in Paper I) and additional assumptions incorporated
produces a detached shell and corresponding excess emissinoour code for the treatment of the time-dependent case. The
provided that the mass loss minimum lasts long enough to allawput data taken from stellar evolution calculations with mass
for sufficient expansion and cooling of the dust shell before thess (Bbcker[1995) are briefly discussed in Sect. 3, while the
high mass loss resumes and obscures the star again. In therfetin results of our computations for one particular evolutionary
mer case it seems that the mass loss “pulse” does not last laagk, but assuming different dust properties, are presented in
enough to create a detached dust shell containing enough magtett. 4. In Sect. 5, we compare the observed distribution of AGB
to account for the observed emission at long wavelengths (Egdsjects in the IRAS two-color-diagram with the color evolution
et al[1996), a conclusion supported by the present work.  computed from our dynamical models, and show that the ob-

From the theoretical side, it is presently not possible to dserved spectral energy distribution of the prominent carbon star
rive mass loss rates along the AGB from first principles (exceptScuti (Groenewegen & de Jong 1894; Olofsson et al.|1996)
for some very cool, high luminosity carbon stars; see Dominénd the detached dust shell of the another well-known carbon
et al. 1990, Arndt et al. 1997). Existing stellar evolution calcwstar, Y CVn, (Izumiura et al. 1996) are explained in a natural
lations resort to semi-empirical mass loss prescriptions (Vassilay by our models, as is the rapid transition to the post-AGB
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phase. Finally, in Sect. 6, we summarize the main conclusideghe total mass inside radial coordinatet = /8RT/mpu
of this work and close with some remarks on possible futuneeasures the thermal velocity dispersion of the gas particles
improvements of the AGB winds models. at temperaturd” (for the molecular weight we assume@d~
1.3, corresponding to gas of solar composition with hydrogen
in atomic form; the choice of: is not critical, see Paper )
and gqnocx IS discussed below. Note th% means the time
Our model calculations are based on the following assumptiodsrivative off at a fixed position of the moving grid. All other
The central AGB star's luminosity,. (t), effective temperature, symbols have their usual meaning. The first term on the right
T.x(t), and mass loss raté/ (), vary as a function of time ac- hand side describes the acceleration due to the gas pressure
cording to the stellar evolution calculations byoBker [1995). gradient (gas pressure term), the second term corresponds to the
The mass of the stak/. (¢), changes in agreement with the pregravitational force and the third term accounts for the dynamical
scribed mass loss rateXfl. /dt = — M ; note that)/ is defined coupling between gas and dust (friction term).
here as a positive quantity). The evolutionary track used for the The last termganock, IS Our simplistic approach to represent
examples presented in the following is for a star with an initifihe time-averaged outward acceleration of the gas due to shock
massM; = 3.0 M which, due to mass loss, is reduced to a finataves generated by the Mira-type pulsations of the central AGB
massM; = 0.605 M, when the end of the AGB is reached. star. Itis introduced as an artificial acceleration term supporting
Atsome distance from the star the outflowing gas has cooldu outflow, designed to ensure that the gas velacigannot
to the dust condensation temperaturg,{(4) and dust is as- drop significantly below a minimum velocity,. On the other
sumed to form instantly at this radius(t), which must very hand, we requirg.cc to vanish whenever the gas outflow
closely coincide with the sonic point (critical point). Since at gelocity u exceeds the limit,. The free parametes, anduy,
given distance from the star the dust temperature is a functior(of < u;) control the magnitude and rangegof,.x. The values
L., Tu, andM , the location of the dust formation pointcan adopted here fot, anduy, areu, = 3 km/s andu;, = 4 km/s
vary considerably over a thermal pulse cycle on the upper AG&,, = u1, see Sedt. 2]5).
typically by a factor of 2. After their formation the dust grains We have constructed the following analytical expression for
of single size are accelerated away from the central star by gaock:
diation pressure, drift through the gas and drag along the gas M
component due to the frictional coupling provided by dust- ook = ——= g1 (u r), 2
Collispions. piing p y 9%%h0ck 2 g1(u) g2(r) (2)
A radiation hydrodynamics code, originally developed t@shere
investigate the dynamical evolution of protostellar clouds, is
employed to solve the time-dependent equations of hydrod

2. Time-dependent hydrodynamical model calculations

3
( “b—“a) if u < w,

namics and frequency-dependent radiative transfer for a t 6( u) = 0 R otherwise 3)
component ‘fluid’ consisting ofjas and dust under the as-
sumption of spherical symmetry. Details about the numericahd
methods used are described by Yorke &iel (1977), and by .
Yorke [1980a 1980b). The code has been modified extensively 1 If 2vese > uy
to adapt it for the modeling of dusty stellar outflowsmbving 92(r) = (”{f;':f;?) if U < 2ese < up 4)
grid is employed to keep the dust formation point close to the 0 if 2Vese < Ua
innermost point of the numerical mesh. The basic equations to
be solved in this context are given below. Here
2G M,
2.1. Equations of radiation hydrodynamics Vesc = r ©)

The structure and time evolution of the stellar outflow i& the local escape velocity at distancéorm the star. Notice
governed by the following set of partial differential equationghat there is no particular physical model behind the analytical

(basic equations of hydrodynamics): form of genock.
Evidently, g1 (u,) = 1, SO gshock just balances the gravi-
Equation of motion for the gas component: tational attraction if the gas velocity equals at least in the
o ou 1op  GM, inner region;r < r,, Whereves. > “_b/2 and the second fac-
o + (u vgrid)a* Y tor go(r) = 1. The factorgy(r) was introduced to ensure that
por T gshook Vanishes in the outer part of the shell> r,, where
+ ng ma?(w — u)y /7% + (W — 1)2 + Gehock, (1) Vesc < u,/2, irrespective of the actual gas velocity For a

stellar mass ofM, = 2M our choice ofu, anduy gives
whereu andw are the gas and the dust velocity (relative te, ~ 1.310' cm andr, ~ 2.410'® cm. It can be shown that
the central star), respectively,,iq is the radial velocity of the for these parameters the terminal outflow velocity will always
moving grid, p is the gas density is the gas pressuré/, be larger tha.8 u,.
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In simulations performed witlgshoc = 0, we sometimes Energy Equation for the dust component:
found conditions where the net acceleration of fas was
negative due to the weak coupling between gas and dust durﬂjgg (T2Frad> =0 (10)
periods of low mass loss, resulting in a gas flow back towards Or
the star (the same behavior was also found by Vassiliadisyhere F,,, is the frequency-integrated radiative energy flux.

Wood[1992). Such situations cannot (presently) be handled imge temperature of the dust component is related to the equi-
self-consistent way by our code and lead to unrealistic densitium radiation field by

structures. We circumvented these problems by introducing

Yshock: / Caps(v)J,dv = / Cabs (V) B, (Ta)dv (11)
JO JO
Equation of continuity for the gas component: ) . . i
whereJ, is the angle-averaged specific intensity ddis the
op 10 5 v  Op Planck function at the local dust temperatite Note thatJ,
+ 2 (7‘ pu) = Ugrid (6) . . L. .
ot r20r or does not only represent the direct stellar radiation but also in-

In addition to the usual terms on the left hand side, the term eides the thermal emission and diffuse scattered radiation from

the right hand side describes the Change of the gas densitytk&dust shell. Details about the method used for the numerical
seen by an observer attached to the moving grid) due to the gifdution of the equation of radiative transfer in spherical geom-
motion relative to the density distribution in the inertial fram&try are given in Paper I and in Yorke (1980b).

of reference. We presently do not solve the energy equation for the gas
Equation of motion for the dust component (single grain): ~ component. Instead, we simply take
—F
ow b (w—v .d)aﬂ _ Ceils  GM, Energy Equation for the gas component:
ot U Ar T myg drr2e r2
p T =Ty, (12)
— ma?(w — u)\/T* + (w — u)?, @)
mq

an assumption which needs to be modified for applications
wheremq anda are the mass and radius of a dust grain, respaghere the gas temperature is a critical quantity (e.g. for the

tively, ¢ is the speed of light, and calculation of molecular emission line profiles).
v 0o oo Finally, we would like to point out that the numerical scheme
Coxt = / Cext(V)F(v)dv // F(v)dv (8) employed for the solution of the hydrodynamical equations is
0 0

fully implicit. This means that the time step of the simulations is
is the flux weighted extinction cross section (including absorpet restricted to the Courant time step. This is a very important
tion and isotropic scattering’e.; () = Caps(v) + Csea(v)). advantage in the present application where it is necessary to
The first term on the right hand side of E8§.7 describes tleever long time intervals.
acceleration of a dust grain by radiation pressure, the second
term corresponds to the gravitational deceleration by the ceméai
mass (usually much smaller than the radiative acceleration),”
and the third term again accounts for the dynamical couplifitne solution of the set of equations given above depends on
between gas and dust. Interaction between dust particles (“dhst geometrical and optical properties of the dust grains and
pressure”) and the effect of shock waves on dust are neglectbéir abundance. In this study we Usestronomical” silicates

or amorphous carbonwith properties as specified in Taljle 1

Dust opacities

Equation of continuity for the dust component: (see also Fig. 1 of Paper I). The corresponding opacity data for

on 19 on “astronomical” silicates were kindly provided by B. Draine (for

a—td + 29 (r2nd w) = vgrida—d, (9) details see Laor & Drairie 1993), and were taken from Rouleau
T T r

& Martin (1991) in the case of amorphous carbon. In the hydro-
where nq is the number density of dust grains. Hence, th@namical calculations we use a grid of 169 wavelength points
total amount of dust in the computational domain is givegiistributed unevenly between 0.01 and 3160

by the fluxes through the model boundaries. Condensation or

evaporation of dust is not considered. . . _ )
2.3. Initial condition, radial grid

For a given dust density distribution, the thermal structurghe time-dependent simulations start from a steady state solu-
of the dust shell is determined by the radiation field of thgon (see Paper 1) computed for the stellar parameters and mass

central star, which, for simplicity, is assumed to radiate as|@s rate corresponding to the initial tirhe The distance of the

blackbody withTsg = Teq. The energy equation for the dusinner edge of thelustshell from the central stafeond, is given
component stipulates the condition of radiative equilibrium gt the condition

any time:
Ty (Tcond) = Teond (13)
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Table 1.Dust grain properties and abundances used in this work. Ttleanges on time scales much longer tharn, the moving grid
corresponding optical properties are shown in Fig. 1 of Paper |.  can closely follow the position of the dust condensation radius.
Variations on time scales much shorter thgry are essentially
ignored. We have chosef,iq = 500 yrs, corresponding to the
shortest time scales encountered in the variations of the stellar
Grain size jm] 0.05 0.05 parameters during a thermal pulse. This choice also ensures that
Specific mass densit) the resulting grid velocities are always small compared to the

Astronomical | Amorphous
Silicates Carbon

—3
p_lgcm .] 330 1.85 gas outflow velocities. If necessary, the hydrodynamical time
Condensation . . . .
step,At, is reduced to restrict the grid motion ovAr to be
temperature [K] 800 1300 . . .
_ always less than the distance between any two adjacent grid

Dust-to-gas ratio oints

§=pa/p 0.0050 0.0015 pOoINtS.

The alternative to employing a moving grid is to use a fixed
grid which is large enough to cover the whole range of possible

whereT...q is the dust condensation temperature (see Eibledi)SI condensation radii. In this case one wo'uld hqve to deal
andTy(r) given through EJ_I1. For the initial model, the comWith more or Ies_s extended_ dust-fr_e_e regions in the inner parts
putational radial grid starts af (o) = 7cond, the inner edge of of the porr_lput_atlona_l domaln, requiring sp_eC|aI treatment. 'I_'h|s
the dust shell, and ends at an outer radius(to) = 3 10'8 cm complication is avoided in thfa moving grid approach, wh|ch
(~ 1 pc). All models used for this investigation haie= 480 W€ found to be more economic (in terms of the number of grid

radial grid point spaced according to points required) and more straightforward.

qifl -1
ri=r1+(ry —r1) qN—T

T i=1,N. (14) 2.5. Boundary conditions

hoosi . | h dThe boundary conditions af essentially determine the nature
By choosing an appropriate valge> 1 we have concentrate of the solution. At themoving inner boundarye adopt a con-

the grid points in the inner part of the model such that the spat@l ¢ ntial velocity which is identical for the gas and the dust

resolution in the innermost parts (acceleration region) is fOHBmponent and is taken to be 3 km/s, close to (but not smaller
times better than for an equidistant logarithmic grid coverirman) the local isothermal sound speed:

the same radius range with the same number of points.

In order to take into account the presence ofittterstellar v, = u(r;) = w(r) = 3 km/s= cs(Teond) a7
medium(ISM), we modified the initial steady state solution _ _ _ _
in the outer parts where the gas density drops belgw; = The gas density at the inner boundary is then given by

10723 g cm 3. Here we requirep = pism, pa = 6 pism, and AL
u = w = 0. An example of an initial velocity and density,(r,)(t) = #
structure, including ISM, is shown in F[g. 3 (left hand panels). Arri (t)u

The role of the ISMis further discussed in Séct.4.1.1. The mass loss rate as a function of time through the inner bound-
ary of the dust shell}/(¢), may, in principle, be specified in an
2.4. Controlling the grid motion arbitrary way. In this work it is enforced in accordance with a

particular stellar evolution sequence as described below. The

Since the stellar parameters and the mass loss rate change Wit density is related to the gas density via the dust-to gas ratio
time, the position of the dust condensation raditys,q, will

(18)

S 6 as

follow these variations.

Our calculations employ a grid that moves with a timepg(r1)(t) = & feond (M) p(r1)(t). (19)
dependent velocityy,,ia(t), relative to the central star such _ )
that The functionf..,q (M) controls the degree of dust conden-

sation and is defined as

71(t) & reona (). (15) 9 i <0
The grid velocity is uniform throughout the grid, i.€,q is 108 feond(#) = ¢ —2(22° =32*+1) if 0<z <1 (20)
independent of and the initial distribution of grid points given 0 if x>1

by Eq[I4 is only translated as a whole. Based on the approx-

imationrT? = const, i..0r/r = 26T /T, vgrq iS cOmputed where

as L Jog(M/M;)
log(My/M

,ri®) (Tdma» ) 1) | ag s/

Ti T n . . y
Terid cond with M; = 1077 Mgyr~t and My = 31077 Mgyr—t
The time constanty,;q controls the response time of the gridrhis means that we assume the process of dust condensa-
motion to changes of the dust condensation radiug.Jf; tion to become inefficient below mass loss ratesiéf =

(21)

Vgrid (t)
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31077 Mg yr~1, which via Eq[I8 may be translated into a HRD of Sequence RGev603, M=3.0 Mg, M=0.805 Ve

critical gas density opy ~ 510~ 16g cm 3. 40F on PPN .
Although, due to the finite value of the time constanty, [ ]
the actual dust temperature at the innermost grid point can devi- 3.5 | .
ate somewhat frorfi,.,.q, it is assumed that dust condensation, ]
and hence dust acceleration, always beging @. < soF N =
For the computation of the radiative transfer, we apply a'@ r EAGB
time-dependendtellar radiation field at the inner boundary of 2 2 5| .
the dust shell, with a spectral energy distribution corresponding 1
to that of a blackbody &z (star) = Teg(t), and with a net 20F 3
radiative flux given by E WD MS ]
1 .5 L 1 1 1 1
L.(t)
F(star) = pr—rry (22)

At the outer boundaryy(t), w(t), p(t) and pq(t) can be
computed consistently from the hydrodynamical equations in
the case of aupersonioutflow considered here. We assume an
external, isotropic (“interstellar”) radiation field to be incident
on the outer boundary, characterized by a blackbody temperg-
tureTpp(external) = 3 K.

3.6 O

log L./L.

3. Stellar evolution with mass loss 34 i
For a complete definition of the problem, we finally have to 35|
specify the basic properties of the central star as a function of r
time. These aré...(t), Tee (t), which together define the stellar  30[

radius R, (t), andM(t). The mass of the central stav/.(t), 3.60 358 356 3.54 352
then changes in accordance with the mass loss rate. log T
For the solar-composition stellar model adopted as a ty|p

|-g. 1. Top: Evolutionary track of a stellar model with an initial mass

ical example In thl.s work, the changes Of_ the stellar parar&-s Mg inthe Hertzsprung-Russell-Diagram according to stellar evo-
eters during the different stages of evolution, from the maﬂrﬁion calculations with mass loss by d@&lker (1995). This diagram

sequence through the red giant branch, the asymptotic gigfers the basic stages of evolution, from the main sequence (MS)
branch, the planetary nebula phase and finally towards the Whit@®ugh the red giant branch (RGB), the early AGB (EAGB), the the
Dwarfregime, are illustrated in the corresponding Hertzsprungps-called “thermally pulsing AGB” (TP-AGB, boxed region at upper
Russell-Diagram in the upper panel of Fig. 1. right) and finally the proto-planetary nebula (PPN) and planetary nebula
According to stellar evolution calculations with mass log®N) phases leading towards the White Dwarf (WD) regime. Open dia-
by Blocker [(1995), this model suffers a total of 17 helium sheonds are plotted in time intervals of 1000 yrs (beginning-ato yrs)
flashes (thermal pulses) on the so-called “thermally pulsir‘fgthe first 10000 yrs of post-AGB evo!ution, and in time interva}ls of
AGB” (TP-AGB) and looses about 80% of its initial mass durl 000 yrs thereafteBottom: Close-up view of the “thermally pulsing

. . . " G
mlﬂ? this ?tage. tTheI endt of AGE’ elvogg(,iln and_ trar?sgltt))n o tlﬁéel'um shell flashes (thermal pulses) over a period of abauit0® yrs
phase of a proto-planetary nebula ( ) is signaled by a ragh looses about 80% of its initial mass. The final four thermal pulses

increase ofl . at constant.... After a few thousand years the_ o |apeled “14” - “17".
star will be found at the center of a planetary nebula (PN). When
the nuclear energy generation ceasesg.at=> 100 000 K, the

B". During this phase of evolution, the model suffers a total of 17

S . . AGB and the following few thousand years of the post-
| ty begins to drop and the st tually cools int tlilg nd d ng f :
urninosity begins fo drop and the star eventuatly coo's Into B evolution is plotted in Fid.J2. The final thermal pulses on

White Dwarf (WD) regime. S .

In the context of the hydrodynamical simulations of the Ciltheog‘gB recur on a typical interpulse time scale of roughly
cumstellar gas/dust shell described inthe remainderofthiswo?l?, | thyrs. ding stell luti lculations the effect
we will only consider the final phases of evolution on the TP- nthe corresponding stetiar evolution caictiations the etiec

AGB, covering the last four thermal pulses (number 14t0 17, 8‘f mass loss on the stellar evolution is taken into account through

lower panel of Fig.11). For the sake of simplicity we will hence? Parameterized mass loss description:

forth refer to pulses number 14, 15, 16 and 17 as the ‘firsfiy = 438107 M, %' L,2" Mz [Moyr '], (23)
‘second’, ‘third’ and ‘fourth’ (or final) thermal pulse, respec- ] ]
tively. where the Reimers (1975) mass loss rate is

(Mo yr=]. (24)

The temporal evolution déiminosity effective temperature . L.R
i =4107"° —=
mass loss ratandstellar masgluring the last 350 000 years onr = .
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Fig. 2. Stellar luminosity, effective temperature, mass loss rate and mass (from top to bottom) vs. timéferm@&del sequence after @tker

(1995), including the final four thermal-pulse cycles on the AGB (negative times). For mass loss rates between the dotted horizontal lines (middle

frame), the dust condensation fraction is assumed to drop smoothly by a factor of 100 [Sée Eq. 20). At time zero the stellar effective temperature
rises sharply (see second panel), marking the beginning of the model’s post-AGB evolution. Labels A to J are referred to in the text. For details

of M (t) see also Fig§. 10 and]19

This mass loss formula (Eq.23) is based on hydrodynamicalResults of the numerical simulations

calculations of shock-driven winds in the atmospheres of long- ) ) )

period Mira-like stars by Bowen (1988), taking into accourft-1. Time evolution ofaqrcum_stellar s_heII with amorphous

radiation pressure on dust in a schematic way. The resulting ¢arbon dus- a paradigmatic overview

AGB mass loss rates dramatically increase with the stellar lu- . .
o . : he example results presented in the following are based on

minosity. As a consequence, most of the mass is lost dunng} e

last few thermal pulses before the end of the AGB evolution ( r?esfjealllg ;\:g\l,l;::oi:: T:?uze gcrg ?Jise(:j“ggdalr:i::gfjfv;lfjsef\(taci::r?;
lower panel of Fid.R). In our example, the initial mass 813 b < p

is reduced to a final mass of 0.605, oundary condition for the hydrodynamical simulation of the
' ' long-term evolution of the circumstellar gas/dust shell as ex-
plained in SecE2]5. The dust is assumed to condense as grains
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Model No. 0, Time=-325067.0, M.= 2.617 Model No. 560, Time=-308564.0, M.= 2.592
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ot " " " = s ot 1‘4 1‘5 1‘6 1‘7 1‘8"" Fig. 3. Velocity field, density structure, and
log [cm] log r [cm] ;pectral energy distribution at two different
times for the model sequence based on the
Model No. 0, Time=-325067.0, M.= 2.617 Model No. 560, Time=-308564.0, M.= 2.592 stellar evolution dz_itaShOW':] In F' 2.Dustis
-4 ‘ ‘ ‘ ‘ -4 ‘ ‘ * ] assumed to consist of grains aiorphous

16F \_\_ ] 16f ~ ] carbon The left hand panels show tlii-

[ ] tial conditionsfor the time dependent calcu-
lations, corresponding to a steady state so-
lution for stellar parameters and mass loss
rate at timet = —325067 yr (time “A’ in
Fig.[d), modified in the outer regions such
thatp = 10723 g/cn? and the outflow ve-
P 1 o] locity is zero to represent the presence of
26F e -26F T 7 Tsid theinterstellar medium. The right hand pan-
. els are for time = —308 564 yr, roughly

-18F i . b -18F

20+

Log (p) , Log(p,) [g/cm®]
N B

Log (p) , Log(p,) [g/cm®]
)
N

14 15 16 17 18 14 15 16 17 18

log r [cm] log r [cm] corresponding to the time of minimum mass
loss rate between “B” and “C” (see Fig. 2).
Model No. 0, Time=-325067.0 Model No. 560, Time=-308564.0 Upper panels gas (solid) and dust veloc-
BETTTT ‘ ‘ T T BFTTT ‘ ‘ o T ity (dotted) as a function of radial distance.
T f B :f%%ghShell EY :Eg%ghsr]en Middle panels: radial distribution of gas
S F PN ERE 7 (solid) and dust density (dotted). In both
5k / N iy i panels, the two faint dashed lines indicate
P S . ER 3 i ther 2 (gas-/dust) density laws represent-
; _9; i \ ] ; ok E ing the initial steady state solutiohower
S F AN E I E panels stellar input spectrum (dot-dashed)
o 10k / ‘\\ { ¢ 10k f and the emergent spectral energy distribu-
2 F \ E = ‘ E tion (solid) which is the result of processing
- _112 ! ATy "\eiuwfu E - a1k PR LY e e E ofthe stellar radiation by the dustygnvel_ope.
10 05 00 05 10 15 20 25 10 05 00 05 10 15 20 25 Timeandcurrentstellarmassaregiveninthe
log A [pm] log A [um] frame headers.

of amorphous carbon with properties as given in Table 1. The seen that it has nothing to do with the formation of detached
initial velocity at the dust formation point; is assumed to be shells.

constant{; = 3 km/s) throughout the sequence. Velocity field, density structure, and spectral energy dis-
tribution of the model serving as the initial condition for the
time dependent calculations are shown in the left-hand panels of
Fig [3. The properties of steady state models have been described
The initial model was obtained as a steady state solution (sedetail in Paper I. We notice that typically such models show a
Paper |) for stellar parameters and mass loss rate atttime constantgas outflow velocity of the order of 10 km/s over a wide
—325067 yr (corresponding to time “A’ indicated in Fifl 2).radial range, leading to a radial density dependgnee r—2.
Subsequently, the steady state solution was modified in the odibe ratio of dust and gas density is approximately constant and
regions such that = 10~2% g/cm?® and the outflow velocity corresponds to the assumed dust-to-gas rate0f0015, mul-

is zero to represent the presence of the interstellar medium {igflied by the factor/w (feona=1 sinceM > 31077 Mg yr—1,
SectZB). Obviously, itis unrealistic to introduce the interstellaee Eq§.119 arld R0).

medium in this way since it will have been pushed much farther After about 18 000 yrs, the stellar luminosity and mass loss
out by the stellar outflow during the previous evolution. Theate have dropped to a local minimum and conditions have
only reason for doing so is to demonstrate that the interactiohanged significantly. The right hand panels of Eig. 3 show
of the slow AGB wind with the ISM is not producing any majothe situation at time¢ = —308564 yr, roughly correspond-
observable features in the stellar spectrum; in particular, it witlg to the time of minimum mass loss rate between “B” and

4.1.1. From the initial model through the “first’ thermal pulse
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St \\ S corresponding to the time of minimum mass
s °F AN 1 8 9 E loss rate between “D” and “E” in Fif] 2. No-
5 : / \ ] 5 10 tice that, in this and the following figures of
= . i 9 this type, ther—2 reference lines in the den-
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log A [um] log A [um] where they represent the initial steady state.

“C" (see Fig[2). Due to the low mass loss rate g@sdensity inner parts has increased by a factoro? while the gas veloc-
in the inner part of the shell has decreased by almost two @yhas decreased by a factor=f3. In the emergent spectrum,

ders of magnitude. In additiorf.ona is now only 0.01 since the detached dust shell is clearly seen as a conspicuous excess

M < 1077 Mg yr~t, as may be seen from F[d. 2. As a resulgemission beyond ~ 25 um (lower panels).

thedustdensity has dropped by almost four orders of magnitude Finally, we notice that at the boundary between the stellar

(see middle panels) and the frictional coupling between gas agid and the “interstellar medium” some matter has been piled

dust is no longer sufficient to drive the outflow, as indicated lq_)p giving rise to a local density enhancement neat0'8 cm.

the low gas outflow velocity; ~ 3 km/s, and the high velocity At the same time, this interaction front has been pushed outward

of the dust component, ~ 22 km/s. Rather the gas is driversomewhat, while in the outermost parts of the model the inter-

solely by virtue of the “shock wavesgsnoc. (see Ed.R). stellar medium is still unaffected (note thatoa = 0 in the
However, in the outer part of the shell & 3107 cm), outer parts of the model). In the considered wavelength range of

velocity and density still more or less correspond to the mufli¢ €Mergent spectrum we do not see any signature indicating
higher mass loss rate before the onset of the thermal pul‘:l:l?. interaction of the stellar wind with the ISM.

This means that detached shelhas been created which, in

the present case, is much more pronounced for the dust coiM- 2. Further evolution

ponent than for the gas component. The main reason for the

different behavior of the dust and gas components isMhe During the further evolution the mass loss rate increases steadily
dependent factof.,.q and the fact that the dust velocity in thefor about 80000 years and replenishes the inner low-density
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regions of the shell. After some time the dust condensation tshifted slightly to the red. Notice that the “interstellar medium”
comes efficient againf{,nq=1) and the number density of dushas meanwhile almost been pushed out of the computational
grains exceeds the critical limit for driving the outflow. The leftdomain. Its presence is only indicated by the low velocities near
hand panels of Fi§] 4 show the situation at time —224 564 yr  the outer boundary.

(time “D” in Figs.[d and_ID), just before the onset of the next . .
thermal pulse. The velocity and density structure closely resem- At the next minimum of the mass loss rate gt time
ble that of the initial steady state model, exceptin the outermést 210 700 yr (right-hand panels of Fifl4), the coupling be-

regions that still exhibit the signature of the previous thermat cc " 984S and dust has again be_come _ms_ufﬂment to drive the
pulse. The pronounced density minimum near 2 1018 cm is outflow due to the low dust density, as indicated by the slow

the result of the extended mass loss rate minimum between '{é;]kmés) gas flow Wh',,ChI |st;uppct)rted o.nly b&’} the assulmgtd
and “C". The emergent SED is not sensitive to the conditions iy |0CK Wave pressure-. In the outer regions the gas velocity
‘Iﬂl is about 11 km/s, corresponding to the outflow velocity be-

the outermost parts of the shell and hence is very similar to t th | t© b 0 d Inthe i :
of the initial steady state solution, again showing a monoto fe the mass 1oss rat€ began to decrease. In tne |nnetr2eg|ons,
e dust density is again very low and followspa ~ r

decrease of the flux towards longer wavelengths. Since lu 16 .
W out tor ~ 10-° cm. Farther out, however, we see a dis-

nosity and mass loss rate are somewhat higher than initially, tﬁ ti f the dust density with a local ;
gas outflow velocity is somewhat higher while the drift velociNct Increase ot the dust density with a focal maximum near
ity w — u has slightly decreased. Due to the slightly increasé

overall density, the emergent spectral energy distribution ha

3 10'" cm, representing againd@tached dust shelin the
ergent spectrum, this excess concentration of dust is seen as
n unmistakable excess emission\at 25 um.
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The general hydrodynamical structure at this time is very Duringthe following minimum (right-hand panels of Hig. 5),
similar to that during the mass loss minimum of the ‘first’ thetthe mass loss rate no longer falls beld#= 107 M, yr—'.
mal pulse. Note, however, that the detached dust shell is soHence, the dust condensation efficiency is hardly reduced
what broader due to the fact that duration of the period of réf.on.a =~ 0.5). Nevertheless, we see that the dust density is
duced dust condensation efficiendy(.a < 1) is significantly still insufficient to couple efficiently to the gas component and
shorter for the ‘second’ thermal pulse, as may be seen by fti-drive the outflow. The gas velocity is still only about 3 km/s
lowing the dotted horizontal lines in Fig. 2. in the inner shell, while it is about 12 km/s in the outer shell. As

The same sequence of events occurs when we follow pgfore, adetached shell has formed. However, itis apparent that
evolution from the ‘second’ to the ‘third’ thermal pulse. Thdhe radial structure of the dust shell is now much more similar

general hydrodynamical structure and emergent energy digigithat of the gas shell. This is because the temporal varigtion of
bution before the onset of the ‘third’ thermal pulse, shown fi€ factorfeond is now largely reduced and because the drift ve-
the left-hand panels of Fifl 5, is again very similar to the siQCity inthe outer parts is relatively small. Since the dust density
uation encountered before the previous thermal pulse. Dudtéhe detached shellis now significantly higher than during the
the higher mass loss rate the overall density is somewhat largigVious thermal pulse, the absolute fluxes near 60 ang00
the drift velocity is somewhat reduced, and more of the stel@fe now distinctly enhanced. At visual wavelengths, however,
radiation at visible wavelengths is absorbed by the circumstelfAe Shell is optically thin and the central star freely visible.

dust and reradiated in the infrared. The interstellar medium has During the following 76 000 years of evolution the mass
now been completely pushed out of the computational domalioss rate increases by a factor of 100. Shortly before the ‘fourth’
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and final thermal pulse occurs, the model AGB star has becomass loss rate af/ = 109 M, yr—'we find the visual optical
completely obscured by the surrounding dust shell: the opticlpth to bery, ~ 2, so the optical visibility of the central AGB

depth in the visual X = 0.55 um) is 7y ~ 33. The plots for star is still somewhat reduced. The hump in the spectral energy

time ¢t = —42950 yr (left-hand panels of Fifl6) show thatdistribution neai 60 and 10Q:m clearly indicates the presence

the outflow velocity is slightly lower than before the ‘third’of a detached dust shell.

thermal pulse. The reason is that due to the larger optical depth

(densities have mcregsed by a factor of 10) fewer hlg.h—ener%)i_& End of the AGB evolution

photons are now available to accelerate the dust grains. In the

outer parts the density structure deviates markedly from tAethe end of the AGB evolution, when mass loss rate is at its

usualp ~ r~2 law, reflecting the more pronounced (compareshaximum (/ ~ 1.310~* Mgyr—!, L, ~ 6500 L in our

to the earlier cycles) temporal increase of the mass loss raxample), the visual optical depth of the dust shetiis~ 140

during the previous evolution. and the outflow velocity in the inner shell is quite uniform, about
At the minimum at timg = —32 077 yr (right-hand panels 10 km/s. This is at the lower end of outflow velocities observed

of Fig.[6) the dust density is still sufficient to drive the outflovin dusty carbon stars (cf. Habing et[al._1994, Fig. 8), indicating

without the support of “shock waves”, although only marginallyhat the luminosity of our stellar model and/or the adopted dust-

As before, a detached shell has formed due to the steeply tegas ratio is somewhat low. Increasihgandé by a factor of

creasing mass loss rate. For the reasons given above, the spatiauld lead to a more typical outflow velocity close to 20 km/s

structure of the gas and dust shell are now almost identical. Adecording to the scaling relations given by Habing et al. (1994).
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After the mass loss rate has dropped to the Reimers rate: 10 km/s. At the same time the dust drift is relatively small
(M ~ 31077 Mgyr') at timet = 0 (left-hand panels of due to the close coupling of dust and gas. Note that the duration
Fig.[7), density in the innermost shell has diminished by almastthe periods of low outflow velocity decreases in the course of
three orders of magnitude and the central star begins to shime AGB evolution, because on averalfeincreases with time
through the expanding shell agaif (= 8). Since the dustin the and falls less deeply below the critical limit for each consecutive
inner regions is now exposed to the unobscured stellar radiatitrermal pulse.
which moreover now originates from a star with greatly reduced The temporal variation of the gas density closely follows the
mass and rapidly increasing effective temperature, itis stronglyriations of the mass loss rate enforced at the inner boundary
accelerated and reaches a maximum velocity o€ 50 km/s. of the shell. However, it is modified by the time-dependence of
Despite the low coupling, the gas component is initially alshe gas velocity, leading to a reduced amplitude of the overall
strongly accelerated up to more than 20 km/s. The radial densjtys density fluctuations (sinceis small when)/ is low and
distribution clearly reflects the steadily increasing mass loss ratee versa). One important point to note here is that while the
before the end of the AGB evolution in the outer parts of the shelttended periods of low mass loss rate are clearly seen in the
and the subsequent sharp drop from the AGB to the Reimg($) data at = 3 107 cm, the short-term variations of the mass
mass loss rate in the inner parts, resulting in a characteriggigs rate (labeled ‘2’,'3in Fig.1l0) occurring before the eventual
shape distinctly different from the simpte~ »—2 relation. long-term decline of\/ arenot detectable. Obviously, the as-

We extended our hydrodynamical simulations somewhsdciated density fluctuations are smeared out quickly by hydro-
into the post-AGB regime, using the mass loss prescriptidgnamical effects and have largely disappeared before reach-
shown in the upper panel of FIg.119. After 660 yrs of post-AGig the outer regions of the shell. We have checked that the
evolution (see right-hand panels of F1y. 7) the gas/dust shell kasall-scale density structure dasst disappear due to numer-
completely detached from the star which has increased its eff@@l limitations (e.g. due to the deteriorating spatial resolution
tive temperature t@ s ~ 8500 K. Due to the low Reimers massof the numerical grid with radial distance). It is a consequence
loss rate the gas density in the inner part of the shell is very lawi,the rather complex physical behavior of the system, related
and the dust moves outward with high speed> 100 km/s) to the fact that, due to optical depth effects, the outflow ve-
since it is largely decoupled from the gas. As a result, the ilocity is a non-monotonic function of the mass loss rate. As a
ner shell is now essentially devoid of hot dust, even though stibnsequence, the density peak related to mass loss “eruption”
feona = 1: the visual optical depth isy ~ 0.5, and the cen- ‘3’ runs into the density depression related to the preceding
tral star is again unobscured at optical wavelengths. The dsbrt mass loss reduction ‘2’, resulting in a partial cancellation
density distribution during this phase of evolution producescd the density fluctuations. The usual assumption that the out-
characteristic double-peaked spectral energy distribution shoflaw velocity is independent of mass loss rate, often made in

in the lower right panel. semi-empirical models of time-dependent dusty outflows (re-
The transition from the AGB to the post-AGB phase is disent examples: Groenewegen & de Jong 1994; Shul1997; Shu
cussed in more detail in Sect.b.4. & Jones 1997), is clearly not valid in this case (for details see

Steffen & Sclinberner 1998).

Surprisingly, however, we see strong short-term density
enhancements (of a factor of 3 to 4) near the end of the
The sequence of events described in the previous sectiphases of low mass loss rate (see middle panel hear
demonstrates that the time-dependence (on stellar evolutiops0 000, —170 000, —90 000 yrs). These are caused by local
time scales) of the density structure and velocity field of a cicompression of the gas where matter with higher velocity runs
cumstellar AGB shell is probably quite complex. In order tinto regions of lower velocity and higher density: the density
summarize the main features, we display in Eig. 8 the tempopalaks coincide with the times of steep velocity increase, i.e
evolution of the gas and dust velocity (top), the gas and dulsey are related to the switch over from a slow, “shock-driven”
density (middle) as well as the dust temperature (bottom)tata faster, “dust-driven” wind. Note that the transition from the
an intermediate radial position,= 31017 cm, over the time slow to the fast wind happens quite abruptly when the mass loss
interval of~ 325000 yrs covered by the simulation discussedate exceeds a critical limif\{ ~ 10~ M, yr—1). It has noth-
above. ing to do with the assumed time-dependent dust condensation

Obviously, the gas velocity prefers one of two distinct statesfficiency f.ona (M), but is a general property of the dust-driven
whenthe massloss rate is below some critical limit, the couplimgnd: below a critical wind density, the coupling between dust
between gas and dust is insufficient to drive the outflow vand gas in insufficient and the gas outflow cannot be maintained,;
radiation pressure on dust and the flow is essentially driven foy wind densities even slightly above this limit, however, the
the artificial acceleration term,.. representing the pressureoutflow is accelerated efficiently. This property inevitably leads
of the shock waves produced by the stellar pulsation. In thsan almost bimodal dependence of the outflow velocity on the
state,u =~ 4 km/s, and the drift velocity of the dust relativemass loss rate, and consequently to the formationioél in-
to the gas is largest during these periods. For sufficiently hitgraction regions These manifest themselves as thin shells of
mass loss rates, on the other hand, the driving mechanism bas@thnced gas density (and probably enhanced gas temperature
on the radiation pressure on dust is taking over and leadsa®well). We propose that these features are related to the ori-

4.1.4. Summarizing the dynamical evolution of the shell
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Dust and Gas Velocity at r=3.0x10*" cm (Amorphous Carbon)
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Dust and Gas Density at r=3.0x10"” cm (Amorphous Carbon)
-20 T T T T
"?g L |
o 22 —
s [ ]
g8 |
> 24 B ] Fig. 8. Top: Gas velocity (solid) and dust ve-
= F 4 locity (dotted) as a function of time at a dis-
260 ' 41 tance ofr = 310'" cm from the star (data re-
300 200 100 o interpolated from the moving grid to constant
time [1000 yr] r). Data are taken from the model sequence
ith amorphous carbon dust, for
Dust Temperatur r= 3.0x10"" and 3.0x10'® cm (Amorph rbon computed wit o o
80 ust empe ature at 3,0 0 and3.0 O, cm_(Amorp ousyCa bon) which details are shown in Fidd. 3[fbMid-
L ] dle: Similar plot of the gas density (solid) and
60 1 the dust density (dotted). For a more direct
+ -4 comparison, the dust density has been divided
- [ ] bythe dust-to-gas ratié,= 0.0015. Bottom:
E 40— -]  Temporal variation of the dust temperature at
- 4 7 =310" (upper) and- = 310® cm (lower
00 e ~ ‘f _]  curve). The general time-dependence of the
r ST T 7  dusttemperature, including the sharp final in-
ol ‘ ‘ ‘ ‘ -4 crease reflects the variation of the stellar lu-
-300 -200 100 0 minosity and effective temperature, modified
time [1000 yr] by the temporal variation of the optical depth.

gin of the very thin molecular shells detected in CO emissi@mombined effect of the temporal variationbf (¢), Teg (), and
around a number of carbon stars by Olofsson et al. (1998). Thigt) which determines the column density, i.e. optical depth,
point is further discussed in a separate publication (Steffeni&a non-local way. One can clearly see that the dust tempera-
Schbnbernef 1998). ture increases during the mass loss minima when the absorption

The dust density closely follows the gas density, except fef the stellar radiation by the intervening dust diminishes and
some phase shift caused by the fact that the dust velocity it flux spectrum incident on the dust grains shifts to shorter
times, significantly higher than the gas velocity. And, of cours&/avelengths. The final sharp rise’tf is caused by the greatly
the dust density is reduced by an additional factor of up to 16gAuced optical depth of the inner dust shell, combined with a
whenever\/ < 3107 Mg, yr—" (cf. Sect[Zb), an effect morecongldgrable increase of the stellar effective temperature at the
pronounced during the earlier thermal pulses. beginning of the post-AGB phase.

The dust temperatufg; atr = 3107 cm varies between 55 d Fmglly, we point .OUt that all the time-dependent hydro-
18 ynamical features discussed abovendd depend on the as-
and 35 K. Atthe outer boundary of our model 310 cm), sumed time-dependence of the dust condensation efficiency fac-
Ty is close to 20 K. Remembering thag is computed as the P Y

radiative equilibrium temperature of the dust grains, it is evtlc-)rfCond (see Eq5.19,20). A testrun wiffi,ua = | shows very

dent that, at a fixed distance from the stAy,depends on the much the same temporal behavior as seen irFig. 8.

stellar Iummqsny and effective temperature, as well as on tﬂgz_ Model calculations for a shell with silicate dust

column density of dust between the central star and the con-

sidered radial position. In this sense the temporal variation Dfie model sequence described above was based on the assump-
T, seen in the lower panel of Figl 8 can be understood as tien thatthe dust condenses as grains of amorphous carbon (AC).



M. Steffen et al.: Hydrodynamical models and synthetic spectra of circumstellar dust shells around AGB stars. Il

Model No.6320, Time=-42470.1, M.= 1.518
T T T T ——

25F

20F 1

u,w [km/s]

10F T i

(o] S s s ‘ -
14 15 16 17 18
logr [cm]

Model No.6320, Time=-42470.1, M.= 1.518
T T T T T

AN

-14(
-16F
-18F

-20f

Log (p) , Log(p,) [g/cm®]

261 i w1
14 15 16 17 18
logr [cm]

Model No.6320, Time=-42470.1
T T T T T T

—.— : Star
Star + Shell

Log AF, [erg cm?s™ at 1kpc]

" N

' A O P
-10 -05 00 05 10 15 20
log A [pm]

Log (p) , Log(p,) [g/cm’] u,w [kmis]

Log AF, [erg cm®s™ at 1kpc]

25

20

15

10

-14

-16

-18

-20

-22

-24

-26

-10

-11
-1.0

Model No.7100, Time=-32020.0, M.= 1.376
T T T T ——

14 15

16
logr [cm]

17 18

Model No.7100, Time=-32020.0, M.= 1.376
T T T T T

14 15

17 18

16
logr [cm]

Model No.7100, Time=-32020.0
T T T T T T

—.— : Star
Star + Shell

\
AP P PR e
05 1.0 15 20
log A [pm]

LT
05 00

E

25

Fig. 9. Velocity field, density structure, and
spectral energy distribution at two different
times from the model sequence computed
with dust grains composed 6astronomi-
cal"silicates. Thetimes aré = —42470yr
(left hand panels), roughly corresponding
to time “H” indicated in FiglR, and =
—32020yr (right hand panels), roughly cor-
responding to the time of minimum mass
loss rate between “H” and “I” in Fig]2. Note
that the silicate features are seen in absorp-
tion before the thermal pulse and change
into emission during the subsequent period
of low mass loss rate. For comparison with
the carbon star sequence, seel[Hig. 6.

We have computed another sequence assuming the dust to toat least a factor of bwer than for amorphous carbon grains
dense as grains of “astronomical” silicates (AS) with propertieser the wavelength range 0.2 taih, which is centered on the

given in Tabléll (see SeCt.2.2). In all other respects the two sgaximum of the stellar spectral energy distribution. However,
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quences are identical. In particular, they are based on the satueto the presence ofthe “silicate features”, the absorption cross
stellar evolution sequenck, (t), T (t), M(t) and cover the section of AS exhibits strong local maxima ned0 and20 pm,
where the extinction cross section per unit messeedshat of

same period of time.

We do not discuss here the very details of the hydrod
namical evolution of the circumstellar shell with silicate dus
since this case is in principle very similar to the one presentgd
for amorphous carbon dust. As an example, we only show

tra‘cleiation.

hydrodynamical structure and emergent spectral energy distfi-

bution before and after the final thermal pulse (Elg. 9). This plot
is made for the same instants of time as Hig. 6 in order to allg

a direct comparison.

AC by up to a factor of 5. In comparison to the case of AC,
fﬁis non-monotonic wavelength-dependence of the extinction
éfficiency of AS gives rise to a qualitatively different response

The main difference, however, is the lower overall extinction
é%iciency of AS between 0.2 to#m. This leads to a lower

0 _changes of the spectral energy distribution of the incident

average acceleration and outflow velocity (especially during the

The main differences arise from the different absorpticarlier thermal pulses), even though we adopted a higher dust-
properties of “astronomical” silicates. Assuming a fixed graito-gas ratio for AS { = 0.005, instead of6 = 0.0015 for
size ofa = 0.05 um, their extinction cross section per unit masaC). As a consequence, the features in the density structure are
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Mass Loss Rate over Thermal Pulse Cycle (RGev605, B2)

Fig. 10. Close-up of Fid_R, showing the tem-
poral variation of the mass loss rate of our

A E standard stellar model\; = 3 M) dur-

B ] ing the ‘second’ thermal pulse cycle, about
= F 3 ] 200000 yrs before the end of the AGB
2 5 ' 4 evolution. For mass loss rates higher than
% E ] 31077 Mg yr~! (upper dotted horizontal
T peseskeseTeeye JUUUUUVRTES e st line) the dust condensation fraction is as-
2 r Pt ] sumed to be 100% of the value given in the
o> b 7 = last row of Tabl€&ll, dropping smoothly to
et ] 1% of this value for mass loss rates below

SRR A B 1107 Mg yr—* (lower dotted horizontal

7 R N N i B line). The times labeled “1” to “10” (and

“m”) serve as reference points for the data

B D m E ]
c | ‘ | ‘ \ ‘ N shown in the following figures. The separa-
-220 =200 -180 -160 tion between two adjacent diamonds corre-
time [1000 yrs] sponds to 1000 yrs.

closer to the star at a given time (compare Higs. 6.and 9). Alsesumes and replenishes the inner shell with hot dust, the spec-
the average density of the outflow is somewhat higher, and tha energy distribution gradually reddens and the flux maximum
phase shift between the fluctuations of gas and dust densitymear 10Qum disappears. At timeé;q, about 64 000 years after
more pronounced. Due to the higher overall dust density, théirae ¢;, the mass loss rate has reached its former value and the
is hardly any excess emissiona®0 and 10Q:m inthe example spectra at times,;o andt; are practically indistinguishable.
shown in Fig®D. This temporal variation of the emergent spectral energy dis-

In the following sections we will present a detailed compatribution translates into an extended loop in leftmost part of
ison of the photometric properties derived from the sequencdbs IRAS two-color-diagram, as shown in the lower panel of
computed with amorphous carbon dust and with “astronomicdig.[I1. Note that around the time of minimum mass loss rate
silicate dust, respectively. the object spends several thousand years in region “Vla”, at po-
sitions in the IRAS two-color-diagram which are quite remote
from the main color-color relation valid for steady state models
for amorphous carbon dust (cf. Fig. 14 of Paper ). In contrast,
the excursion into region “VIb"#;) takes less than 1000 yrs.

In order to illustrate in more detail how the emergent spectral The time evolution of the radial distribution of the surface
energy distribution changes during a typical thermal pulse cyclgjghtness at\ 100u:m, i.e. the emergent intensity projected
we have chosen the pulse centered ea —210 000 yrs as an onto the plane of the sky, is shown in the top panel of[Eify. 13. At
example. The time-dependence of the mass loss rate during tinie ¢,,,, in the middle of the extended period of mass loss “in-
thermal pulse is fully resolved in Fig.1L0. terruption”, the intensity distribution shows a local maximum
at a distance of abo®10!” cm from the central star, corre-
sponding to a ring-like structure on a surface brightness map.
During the further evolution the position of maximum bright-

For the “carbon star’” model sequence Computed with am®€sSsS moves outward. However, since this ring—like feature is
phous carbon dust, which has been described in detail in the grsber broad (width~ 10 times separation from the star, see
vious sections, we have evaluated the emergent spectral en@lg9 middle right panel of Figl4) and the intensity contrast is

distribution and the spatial distribution of the surface brightne¥gry low, it will be hard to detect, unlike the associated excess
as a function of time. emission in the SED, which is a prominent feature.

4.3. Variation of emergent spectrum and surface brightness
distribution during a thermal pulse cycle

4.3.1. Model fluxes for carbon stars

As this model runs through the ‘second’ thermal pulse cy-
clez the emergent spectral energy distribution changes withtimg 2. Model fluxes for oxygen stars
as illustrated in the upper panels of Higl 11. At timmeéhe SED
corresponds to that of a steady state model With= 3500 K, For the “oxygen star” model sequence computed with dust con-
L, = 6500 L, andM = 310~% M yr—'. About 15 000 years sisting of “astronomical silicates” (see Séctl4.2), we have eval-
later (timets), the SED has shifted considerably toward shorteiated the emergent spectral energy distribution and the spatial
wavelengths. Beyond 25.m, however, the flux diminishes atdistribution of the surface brightness in exactly the same manner
a slower rate, leading to the development of a relative excesgsffor the “carbon star” sequence.
emission in the IRAS pass bands centered on 60 and:.&00 The temporal variation of the emergent spectral energy dis-
As was demonstrated above (Selcts. 4[1.1,14.1.2), this is chatebution over the ‘second’ thermal pulse cycle is presented in
teristic of the presence of a detached dust shell. As mass ltssupper panels of Fig.112. At tinte the SED corresponds to
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Carbon Star: M=3.0, M=0.605 (1-5):
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Fig. 11. Time sequence of spectral energy
distributions over the thermal pulse cycle
shown in FigZID, assuming the dust grains
to be composed aimorphous carbomvith
properties as given in Talilé 1. The emer-
gent spectra for times to t5 (see labels in
Fig.[10) are presented in thepper panel,
while those for timegg to t1 are displayed
in the middle panel. Note the pronounced
excess emission at60 and 10Qum at times

ts andts. Thelower panel shows the cor-
responding loop of this object in the IRAS
two-color-diagram, with positions at refer-
ence times; to tqo indicated by+ signs
(the positions fot; andt;, coincide). Open
diamonds outline the time evolution in steps
of At = 1000 yrs. Note that the excursion
toregion “VIb” (¢2) is of very short duration.
The “star” in region | marks the position of a
black body withT" = 3000 K. Subdivision
into regions after van der Veen & Habing
(1988).
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that of a steady state model wifif = 31076 M, yr~'. The mass loss resumes and replenishes the inner shell with hot dust,
silicate features near10 and 2Q:m are seen in emission (withthe spectral energy distribution gradually reddens, the silicate

some self-absorption in the center of thedffeature). Attime emission features reappear and the signature of the detached
t4 the silicate features are still prominent. But only 3000 yrs latdust shell in the far infrared vanishes. As in the case of the car-

(t5) they have essentially disappeared, since the inner partdoh star model, the spectra at timggs and¢; are practically
the shell are now almost devoid of “hot” dust. At the same tinirdistinguishable.
the “cool” dust, now located in a detached shell, stands out as
an excess emission in the IRAS 60 and L@®pass bands. As

The corresponding loop in the IRAS two-color-diagram is
shown in the lower panel of Fig.112. Note that this loop is more
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r ‘ L ] distributions (top and middle) and corre-
041 5 7 sponding loop in the the IRAS two-color-
0.2 = B diagram (bottom) over thermal pulse cycle
“k Via J4 shown in FigID, based on the same stel-
? 00 VI b ] lar evolution sequence and presented in the
E r 6 vV ] same way as the results shown in Ed. 11,
= 02 . but now assuming the dust to be composed
e f 41 of “astronomical” silicates Again, the col-
W -0.4— — ors at timest; andt;, are almost identi-
g C V - cal. Excess emission at60 and 10Qwm is
0.6 - again clearly seen attimesand t, while at
o8 ¥ —  the same time the silicate features at 9.7 and
C | At=1000 yrs 1 18um are essentially absent. In contrast to
100 T, S —————————— T R R the very short excursion to region “llIbt4),
0.6 0.4 0.2 0.0 0.2 0.4 0.6 the extended loop into region “Via” takes

log [F, (25) / F, (12)] more than 10000 years.

extended, both in horizontal and vertical direction, than the lofipxes at 12 and 2bm are initially almost equal. Since the sili-
traced out by the carbon star model. The main reason is the diite features temporarily disappear in the course of the thermal
ferent wavelength dependence of the silicate opacity: the statise, the ratio of the fluxes at 12 and/2% varies over a larger

ing point (timet,) is located in a lower position in the IRASrange than in the case of amorphous carbon dust. Consequently,
two-color-diagram because the opacity gradient in the far itire loop is more extended in the horizontal direction. The reason
frared is steeper for “astronomical” silicat&3.{,s(AS) ~ A=2 for the larger extent in the vertical direction is not so obvious. A
while Q.ns(AC) ~ A~1); the loop starts farther to the rightcomparison of the dust density distributions in the oxygen and
because due to the presence of the silicate emission features#rbon star outflows, respectively, reveals that due to the lower
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Fig. 13. Time evolution of the radial inten-
sity distribution atA 100um showing the
formation and development of a detached
dust shell for part of the carbon star se-
quence (top) and part of the oxygen star se-
quence (bottom). Times; to ¢ty are iden-
tical to those used in Figk. 111 ahdl 12, re-
spectively. In addition, the intensity distri-
bution has also been evaluated at titpe
the time of the local minimum of the mass
loss rate at ~ —209 000 yrs before the end
of the AGB evolution (see also F[g.]10). Al-
though intensity is given in arbitrary units,
the scale is constant for each panel, so the
relative variation of the intensity distribution
within the two time sequences is reproduced
correctly. Because of the higher dust veloc-
ity in the carbon star model (top), the dust
shell is much more extended and located at
greater radial distances than for the oxy-
gen star model (bottom). In consequence,
a detached dust shell is much more clearly
visible in surface brightness maps produced
for the oxygen star model than for the car-
bon star model, although in both cases the
amount of excess emission at 60 and 1690

is very similar (cf. Figd 1l arfd12, tintg).

167

outflow velocities the density gradients are somewhat steepera surface brightness map. During the further evolution the
in the former case. This leads to a larger amplitude of the colmwsition of maximum brightness moves outward at a speed of
variations for the oxygen star model. about 6 km/s while the emission from the detached shell fades

Note again that in the middle of the time interval of low masaway.
loss rate, the loop of our oxygen star covers several different
regions of the IRAS two-color-diagram, spending thousands of
years at positions which are quite distinct from the main color-

. Comparison with observations

color relation valid for steady state models with silicate dust (at.is presently a widely accepted idea that single carbon stars are
Fig. 12 of Paper I). formed during the evolution on the AGB when C-rich material

The time evolution of the surface brightness distribution & dredged-up from the interior to the O-rich photosphere just

A100um, is displayed in the bottom panel of Hig]13. At timesgfter a helium shell flash (Iben & Renzini 1983, Willems & de
close to minimum mass loss rate the intensity distribution shodsng 1988). The transition from O- to C-rich chemistry could
alocal maximum at a distance of abauit0'” cm from the cen- be very fast, taking place on a time scale of the order of years
tral star. It is much narrower and has a higher intensity contréshvelope mixing time). The model proposed by Willems and
than in the case of amorphous carbon. Because our simulatidagong assumes that mass loss is strongly reduced, compared to
produce lower velocities for the oxygen-rich outflows, the déhe previous phase of evolution, when the photosphere becomes
tached dust shell has a higher density and is confined to a smalletich for the first time. In consequence, a detached O-rich shell

width, so it may be more easily detectexbea ring-like structure expands away from the visible C-rich star. Up to now 19 carbon
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Sample of Observed Carbon Stars
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\l/L\ Ml lla 4 C stars (thick dust shells, central stars not
-1.0— — detectable in visual surveys; asterisks) are
r 1 1 1 1 1 1 b courtesy of K. Volk (priv. comm.) Only ob-
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— T T ‘ ‘ ‘ C starsBottom: Computed evolution of the
05 AmorphOUS Carbon|-|  standardcarbon starmodelinthe same IRAS

two-color-diagram, based on the stellar evo-
lution sequence shown in F[@. 2. The hydro-
dynamical simulation covers four thermal
Vib | pulses during the final 350 000 years of AGB
\Y i evolution, each of which produces a cor-
L~ responding loop in the two-color-diagram,

g
g |
g W // 4 distinguished here by different symbols:
~ =0-yrs b squares (B-C), diamonds (D-E), plus-signs
- : ol I \VA (F-G), and asterisks (H-1), plotted at equidis-
g b 7 tanttime intervals of 1000 years, while small
7 triangles are used otherwise (A-B, C-D, E-
lHa ] F, G-H, I-J). The sequence starts somewhere
At=1000 yrs _| in region VII, reaches the position marked

L i “t=0" at the end of the AGB and leaves the
S S I E S diagram to the right when entering the post-
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6  AGB phase (the zigzag motion after= 0
log [F, (25) / F, (12)] is of numerical origin).

rich stars with oxygen-rich envelopes are known (see e.g. Kwakile the life time of a detached shell is about! M&ars (cf.

et al[1997). Figs[11[1R). Consequently, the fraction of carbon stars with
Simple modeling (without hydrodynamical effects and witdetached shells should be significantly lower than 10% if a mass

constant mass loss rate) of the O-rich envelopes moving awa§s interruption occurs only once at the beginning of the carbon

from the star, performed by Willems & de Jorig (1988) angtar’s life.

by Chan & Kwok [(1988), accounts not only for C stars with According to the mass loss formula applied in this work,

silicate dust emission, but also for the optically visible C stansterruption of mass loss happens a few times during the live

with 60 m excess originating from dust that is too cold to shoaf a carbon star (assumed here to last at least 350 000 years).

any signature in the mid-infrared wavelength range. Excess at@0r approach explains in a natural way the observational fact

and/or 10Qum is usually interpreted as a signature of a detach#tht most of the envelopes around C stars withu@0excess

shell. In a few cases, re-analysis of IRAS data, observaticar® carbon rich. Note, however, that we did not consider the

with ISO or even high-resolution ground-based observatiottansition phase when both sorts of dust (silicate in the outer

have confirmed the existence of such shells (Waters[etall 198d¢ carbon in the inner part of the envelope) could co-exist.

Izumiura et al. 1996, 1997; Olofsson et/al. 1996).

. There ISa v_veII known DFOb'em with the scenario proposeéj_l_ The distribution of AGB stars in the IRAS two-color

inthe late eighties. Namely, it seems that the detached envelopes diagrams

around visible carbon stars are rather carbon-rich than oxygen-

rich (see e.g. Zuckerman 1993). The estimated life times ©fer the time interval of 350000 yrs covered by our sim-

C stars is between 2@nd 16 years (e.g. Claussen etlal._ 1987)lations (FigR), the computed IRAS colors, (E5)/F,(12),
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Sample of Observed Carbon Stars
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- r 7 Fig.15. Same as Fi§. 14, but presenting
r b the distribution of observed and computed
F b carbon stars in the IRAS (100/60 versus
L At=1000 yrs 4 25/12)two-color-diagramtoinclude also the
L S S S S U R 100um flux. The big “star” near position (-
-0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.6,-0.45) in the lower diagram represents
log [F, (25) /F, (12)] the black body point fof” = 3000 K.

F.(60)/F,(25), F,(100)/F,(60)) vary in correspondence withprobability of finding objects in different parts of the diagram.
the dust composition and its distribution inside the shell heatédhould be keptin mind, however, that our models are based on
by the central source of radiation. Each of the four thermalsingle evolutionary track. Only when the model calculations
pulses produces a distinct loop in the IRAS two-color-diagrarfigally cover a representative sample of initial stellar masses, it
(lower panel of Fig$. 14 tb17). The evolutionary behavior afill be possible to constrain the variety of proposed mass loss
the computed colors can be compared with the distribution lafvs from a detailed comparison with observations.

the observational data in the same color-color diagrams (upper

panel of Figd. 14 t6 17).

From the comparison presented in Fig§[I#-17 it is obvi-
ous that the problematic co-existence of the both C-based dndrigd14 andI5 we compare our theoretical results for the
Si-based dust, as required by \e#& Elitzur (1995) in the carbon-rich envelope with corresponding observations in two
framework of steady state models, is absolutely not necesseifferent IRAS color-color diagrams. In Higil4 the regions in-
if the time-dependence due to evolutionary changes of the stepduced by van der Veen & Habirig (1988) are shown for refer-
lar parameters and mass loss rate are taken into account. €ge. The agreement with observational data is quite remarkable
tracks not only cover the areas with observational data but alsdoth diagrams.
explain (roughly) the observed relative population densities of What is the most important point, &ker's mass loss for-
the different “cells” in the IRAS two-color-diagrams. Since thenula can explain carbon stars with 6t excess: The objects
theoretical points are plotted at equidistant time intervals (lafcated in region Vla (which cannot be understood in the frame-
1000 years), their number density is a direct measure of therk of steady state models) are carbon stars just having suf-

5.1.1. Comparison for carbon stars
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the standard oxygen star model in the same
IRAS two-color-diagram, based on the stel-
lar evolution sequence shown in Hig. 2. As
for the carbon star sequence (figl 14) the
four thermal pulses during the final 350 000
years of AGB evolution lead to four distinct
loops in the two-color-diagram (for an ex-
planation of the different symbols see cap-
tion of Fig.[14). Again, the time interval be-
tween two adjacent symbols is 1000 years.
The sequence starts off somewhere in region
llla, and leaves the diagram to the right at the

log [F, (25) / F, (12)] end of the AGB evolution.

fered a thermal pulse and are presently in the middle of thelor would become slightly bluer, resulting in a better agree-
subsequent phase of “mass loss interruption” (cf. Willems & dheent with the observational data. Possibly, the structure of the
Jong[1988; Chan & Kwok, " 1988) with mass loss rates reduceidcumstellar dust grains changes from amorphous to more or-
by at least an order of magnitude. dered forms at the highest mass loss rates.
The only C stars which cannot be readily explained by our
models are the extreme C stars (marked by asterisks in[Figs :
and15). As has been suggested by Volk efal. (1992), those s?;rfgz' Comparison for oxygen stars
are probably near the end of the AGB evolution and are CharmFigsﬁ anﬂ?l a similar Comparison has been performed be-
terized by huge mass loss. However, our models withamorph@g&en oxygen-rich stars and models based on dust composed of
carbon cannot explain their positions in the IRAS two-color digstronomical” silicates. Itis now established from observations
agrams even for mass loss rates as high as 30 yr~'. that mass loss is subject to interruptions also in the case of O-
We suggest that the extreme C stars could be explainedrhph stars (Zijlstra et al. 1992). As a natural consequence of such
the presence of graphite grains, which have a very broad featorass loss variability, detached shells are expected to develop re-
around 3Qum (Draine & Lee[ 1984, see also Fig. 1 of Paper Ipeatedly (not only once during the transition from oxygen-rich
This feature, contributing to the 26n IRAS band, would shift to carbon-rich surface composition). Agreement between our
our tracks to redder colors. Graphite grains would also explaitrack and the observational data in [Eig. 16 is fairly good, with
slight disagreement in the, IFLO0)/F,, (60) color seen in Fi§. 15, the exception of the oxygen-rich stars with silicate absorption
because the extinction cross section of graphite decreases njor@rked by asterisks). However, as has been already shown by
steeply with wavelengths than for amorphous carbon, so tledijn (1987), O-rich stars in the upper part of regions Illb and
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r b the distribution of observed and computed
F b oxygen stars in the IRAS (100/60 versus
L At=1000 yrs 4 25/12) two-color-diagram. Again, the big
o v e “star” near position (-0.6,-0.45) in the lower
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6  diagram represents the black body point for
log [F, (25) /F, (12)] T = 3000 K.

IV require different dust properties to be explained. Namely, for To understand the situation for these stars with silicate emis-
wavelengths longer than about 3, the absorption coefficient sion, we should point out that O-rich stars are somewhat less
should decrease less steeply with wavelength than it does in¢lelved than carbon stars. They are therefore somewhat less
case of “astronomical” silicates. luminous and have lower mass loss rates, implying smaller
wm fluxes on average. In consequence, contamination from
cirrus emission could be more severe in this case, resulting
§0tentially spurious 100m fluxes.

Again, changes in the optical properties of silicates as pro-
posed by Bedijn{1987) would better explain the observed po-

Some of the observational points in region VIb might actuitions of stars with silicate absorption,(&00)/F, (60) will
ally be more massive O-rich supergiants moving off the giapfcrease).

region with reduced moss loss. They should be removed from
this sample of AGB stars once identified.

Again stars with 6Qum excess are pretty well explained by’lOO
mass loss reduction associated with the decline of Iuminosﬁ
after the helium shell flash. Note, that the predicted time scal
agree quite well with the observed density of data points.

. 5.1.3. The influence of.onqa
In the F,(25)/F,(12) versus F(100)/F,(60) diagram

(Fig.[17) the situation is somewhat worse. While stars with d&s is to be expected, the photometric properties derived from
tached shells are still quite well explained by our models, thesar dynamical models depend somewhat on the assumed dust
is a lot of data points in the upper part of diagram. These ofendensation efficiencf...q. A test calculation for the carbon
jects showing silicate emission (probably) cannot all be duedtar sequence witffi.,.,q = 1, but otherwise identical parame-
contamination with massive O-rich supergiants. ters, revealed that the loop corresponding to the ‘first’ thermal
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pulse (cf. lower panel of Fifg.14), remains almost unchangeshject. Clearly, the model could have been improved by ad-
while the amplitude of the ‘second’ and ‘third’ loop is reducegusting the stellar parameters, the dust-to-gas ratio and the dust
by about a factor of 2. The last loop is again identical. The lagize distribution. Remaining differences in the UV will probably
ter coincidence is easily explained because, for the last lodgappear when using a realistic stellar flux distribution instead
feond = 1 was also valid for the original sequence and we haweé assuming a black body spectrum. This is, however, not the
already seen that the choice fif,,q has no significant influ- purpose of the present work.

ence on the dynamics of the outflow. The close agreement of For completeness, we show in the bottom panel of[Fig. 18
the *first’ loop is explained by the fact that during the “masfhe emergent intensity at different wavelengthd2, 25, 60,
loss interruption” after the ‘first’ thermal pulse, the density odnd 10qum) as a function of the impact parameter for model
hot dust in the inner shell is not sufficient to produce significagis?. \We note that a detached dust shell is clearly visible at
thermal emission: the flux at 12 and 2 is totally dominated || wavelengths, unlike the situation shown in the top panel
by the stellar radiation. A further reduction of the dust densif Fig.[T3, but very similar to the model of the oxygen-rich
(feona < 1) does not make any difference. Of course, the “oldjust shell displayed in the bottom panel of Fig. 13. Obviously,
dust seen ak 60m is also identical since it was produced ghe outflow velocities in the wind of the cool carbon star are

times of high mass loss whefa,na = 1. Together, this implies comparable to those in the oxygen star with the original (higher)
that one may expect extended loops to correspond to the pre;.

vious thermal pulses (not covered by our simulation). For the
subsequent thermal pulses, however, the minimum mass loss
rate lies at increasingly higher levels (cf. Fiy. 2) and the du&3. The detached dust shell of Y CVn

emission at 12 and 24m is no longer negligible. This explains

why the shape and extent of the ‘second’ and ‘third’ loop dér].the previous Tchontwethhave see? tdhat, dgr|o_ur;d thte t'dm? 0 f
pends on the choice gfona. minimum mass loss rate, the computed radial intensity distri-

bution shows a local maximum at distances of a @4 cm
from the central star, corresponding to a ring-like structure in
5.2. The spectral energy distribution of S Scuti the surface brightness (lower panel of [Fig. 18). The computed
Observationally, several objects with excess dust emissfgﬁen.sny maps show the ring-like structure to be most promi-
around 60 to 10@m are known to have well-detached She”gentmthe farinfrared, ~ 100 um. Indeed, such detached dugt
(e.g. Olofsson et al_1996). A prominent example is the Weﬁ_hells ha\{e been detected by I_RAS (Waters etal.[1994; Izumiura
: g [.1997) and by ISO (Izumiura et al. 1996).
studied carbon star S Scuti (cf. Groenewegen & de Jong 199%)?d i T
We selected one post-flash hydrodynamical model from our !N anearlier publication (Steffen & Szczetba 1997), we have
standard carbon star sequence which comes closest to theG@gPparedthe radialintensity distribution\at00.m computed
served spectral energy distribution of S Scuti at 60 andz00 from hydrodynamical model SS2 (see Sectl 5.2) with the surface
(see top panel of Fi.18). Obviously, the model is somewtRfightness map of the carbon star Y CVn obtained 80 m
too hot to fit the observed fluxes at UV, visual and near infrard§th the ISOPHOT camera on board therared Space Ob-
wavelengths. At this instant, the model’s central star has an 8¢/vator(ISO) by Izumiura et al (1996). The comparison with
fective temperature df,g ~ 3700 K. the synthetic data shows a remarkable qualitative agreement (for

Slptails see Fig. 6 of Steffen & Szczefba 1997). In both cases the
_signature of @etached dust shea$ clearly discernible as alocal
ém_aximum in the brightness distribution. In the model the shell's
3-10'" cm where the dust temperature

In order to obtain a better overall fit, we have comput
another sequence wiflig reduced by 25% relative to the orig
inal track, keeping the stellar luminosity unchanged (the stef**™""
lar radius increases accordingly) as well as retaining the d§&piSsion peaks near~
properties and numerical parameters. Somewhat surprisin&‘rfd ~ S0 K.
we found the dynamics of the circumstellar matter to be con-
siderably affected: the outflow velocity is markedly reduceg 4 Transition to the post-AGB phad®AS 17437+5003
and the density correspondingly enhanced. Obviously, the effi-
ciency of the radiative dust acceleration is reduced significanbservationally, the end of the AGB evolution is characterized
because the cooler central star radiates fewer photons at shdyyetn optically thin dust shell with a somewhat hotter stellar rem-
wavelengths where the dust absorption cross section is largaaht shining through. Obviously, the mass loss rate must have
Although the wind velocity is now unrealistically low, the endropped by orders of magnitude on a very short time scale. The
forced time variation of the mass loss rate Eig. 10 again legsisysical reasons for this rapid decline of mass loss, however, are
to the development of detached dust shells and correspondyagunknown. In the empirical mass loss modeling bgd&er
excess emission at 60 and 0. (1995) the rate is coupled to the period of the fundamental radial

For this sequence, the observed spectral energy distributrsational modeP, forcing the transition from the high AGB
is matched most closely at time= —203 115 yrs, whenT.g rate to the much lower Reimers rate (Reimers 1975) to occur
= 2770 K, L, = 3300 Lo(model SS2, dot-dashed line in thébetween periods oP = 100 and 50 days. It happens that this
top panel of Fid. 18). The agreement is quite remarkable everocedure leads to a mass loss reduction of about two orders of
though we have not fine-tuned the model to fit this particularagnitude within 100 years (cf. FId. 2 and top panel of Eig. 19).
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Fig.18. Top Observed spectral energy
distribution of the well-known carbon star
S Scuti (different symbols; data from Groe-
newegen & de Jong, 1994) compared with
two different theoretical spectra. The first
one (solid grey, model SS1) is taken from
the model sequence shown in gl 11 at
timet = —212677 yrs (close tots) such
that the model spectrum fits the fluxes at
60 and 10Q:m. The corresponding dashed
line shows the assumed input spectrum of
the AGB star at the center of the detached
dust shell, a blackbody with.s = 3700 K,

L, = 3400L¢. The second spectrum (dot-
dashed, model SS2) is taken from a similar
sequence which was computed with: re-
duced by 25% relative to the original track.
The optimum fit is obtained at time =
—203115 yrs, whenT.g = 2770 K, L, =
3300 L. The remarkable agreement with
the observed spectral energy distribution is
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A= 100.0 pm

a natural result of the temporal variation
of the mass loss rate seen in Fig. 10. Re-
maining differences in the UV may disap-
pear when using a realistic stellar flux dis-
tribution instead of assuming a black body
spectrum (corresponding dashed lir&)z-
tom: Emergent intensity at 12, 25, 60, and
100pm as a function of impact parameter
for model SS2. Intensity is in arbitrary units,
normalized to be identical for all wave-
lengths at- = 2107 cm. A detached dust
shell is clearly visible at all wavelengths.
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Note that the zero point of our time scale is defined such thatnimum of the gas density located near= 10'® cm at the
P(t=0)=50d. beginning of the post-AGB evolution (middle panel of FEigl 19).

As mentioned in Sedi. 4.1.3, we have extended our hydrody- The corresponding changes of the emergent spectral energy
namical simulations several hundred years into the post-AGtribution are illustrated in the bottom panel of [Eid. 19 for a
regime, using the mass loss law shown in the upper panelsghulation based on silicate dust grains. During the covered time
Fig.[19. Indeed we find a rapid detachment and thinning of tirerval of about 570 yrs, the strong silicate absorption feature
dust shell as the density of the newly formed hot dust decreasesr 1Qum is seen to disappear rapidly with advancing shell
sharply at the end of the AGB evolution (due to the largelyetachment, while the thermal emission of the dust becomes
reduced mass loss rate and the sharply increasing dust driftpegressively more concentrated at far infrared wavelengths. At
locity) and gives no detectable signature. The time evolutionthfe same time, the previously totally enshrouded AGB remnant
the dustdensity in the inner parts of the shell during the trarbecomes visible, giving rise to a characteristic double-peaked
sition to the post-AGB phase is shown in the middle panel efhergy distribution. The synthetic spectrum computed for time
Fig.[T9. The rapid depletion of the inner dust shell, caused by= +250 yrs shows a stunning agreement with the observed
the sudden drop of the mass loss rate neal, is clearly seen. spectral energy distribution of the well-known post-AGB object
Note also that the outer parts of the actual dust density ptBAS17436 +5003 =HD 171 796. The comparison is presented
file are considerably steeper than suggested by tRelensity in Fig.[20. In principle, the very good agreement of observed
law indicated by the dotted reference line, a consequence of &mel computed spectral energy distribution indicates that the ob-
steadily increasing mass loss rate near the tip of the AGB. Tégrved relation between the evolution time scale of the star and
mass loss minimum after the final helium shell flash, centeredla¢ detachment time scale of its circumstellar envelope is basi-
t ~ —30000 yrs (top panel of Fid. 19) gives rise to a deep localally matched by theory. This implies that the mass loss formula
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Mass Loss Rate at End of AGB [Sequence RGev605 (B2)]
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Fig.19. Top Mass loss rate adopted dur-
ing the transition from the AGB towards
higher effective temperatures (blow-up of
rightmost part of Fid.R2, using mon-linear
time-axisto resolve details near0). Mid-
dle: Radial distribution of the dust den-
sity at 3 selected times indicated in the up-
per panel {i, t2,t3) as obtained from the
sequence computed with dust grains com-
posed of “astronomical” silicates. The outer
parts of the dust density profile are consid-
erably steeper than suggested by the
density law indicated by the dotted refer-
ence lineBottom: Corresponding emergent
spectral energy distributions (solid lines) at
timesty, t2, t3. The dashed lines indicate the
corresponding intrinsic spectra of the central
1 10 100 star, for which the effective temperatures are
A [pum] given in the legend.

Oxygen Star: M=3.0, M;=0.605 (RGev605/ic24)
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adopted for the end of the AGB evolution and the wind velocitiesidden drop of the mass loss rate rtear0, over the considered
predicted by our model closely reflect the actual situation. time interval of 100 yrs is clearly seen. The differences between

Finally, in the top panel of Fi§21, we compare the radial didhe carbon-based and the silicate-based models in the inner part
tribution of thegasdensity obtained from the sequences witff the shell are caused the the different outflow velocities. We
amorphous carbon dust and with dust of “astronomical” sfiave mentioned before (Séct.l4.2) that the radiation pressure on
icates, respectively, at the beginning of the post-AGB phagiicate grains is less efficient than for grains of amorphous car-
(about 50 and 150 yrs after the end of the AGB evolution). TH®N and hence the outflow velocities are lower for oxygen-rich
outward motion of the inner edge of the gas shell, caused by st shells. This can also be seen in the lower panel ofHig. 21.
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Model No. 7910, Time = 248.0

log r [cm]
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Fig. 20. Spectral energy distribution at time
t3 (solid, also shown in the bottom panel
of Fig.[I9) compared with observed fluxes
of IRAS 17436+5003 = HD 161796 (dia-
monds; data from Hrivnak et al. 1989). Note
that the observations seem to indicate this
object to be slightly hotterT{.s ~ 7000 K)
than the central star of the moddl.¢ ~
6300 K) which, however, was not designed
to fit this particular post-AGB star!

Fig.21. Top Radial distribution of the gas
density about 50 (left-) and 150 yrs (right-
shifted curves) after the end of the AGB evo-
lution as obtained from the sequences with
amorphous carbon dust (solid) and with dust
of “astronomical” silicates (dashed), respec-
tively. The outward motion of the inner edge
of the gas shell, caused by the sudden drop
of the mass loss rate near= 0, over the
considered time interval of 100 yrs is clearly
seen. Note that the actual gas density drops
considerably faster with radial distance than
suggested by the~2 density law indicated
by the dotted reference linBottom: Simi-

lar comparison for the gas velocities.

Over the main parts of the shell, however, the density struc- The density and velocity structure shown in gl 21 consti-
ture is very similar for both type of models. As was seen faute the starting point for the subsequent development of a plan-
the dust density before (middle panel of Figl 19), the actual gaisry nebula. The data are ideally suited as initial conditions for
density also drops considerably faster with radial distance thifne hydrodynamical modeling of planetary nebulae and have al-
p ~ r2, reflecting the mass loss history during the previousady been used successfully for this purpose §Bbarner et
50000 years of evolution.
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al[1997[1998). The results will be the subject of a more detaileg.. based on more physical models, and the incorporation
discussion in a forthcoming paper. of anenergy equation for the gas componeBased on the re-

sulting improved models, CO dissociation and line formation
computations could be performed to study the problem of the

6. Concluding remarks origin of thin detached CO shells in more detail.
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